-1- 663. "Form ng sem conductor devices enpl oying

cat enat ed phosphorus materials and such devi ces” 1 Thi s
invention relates to form ng sem conductor devices enpl oying catenated -
phosphorus nmaterials and to such devices. In general, the materials used—
may iwelude high 5 phosphor us pol yphosphi des (i.e. p h gfﬁgmhere t he
polyneric nature is maintained), alkali ne “al pol y- phosSphides, nonoclinic
phosphorus and new forns of phosphorus. Vapor transport may be enployed in
making the crystaplifen pgéa{féaﬁ@éédzn%&}lc&m QBRRAEYe410  and
pol yphosphi de nater ars A ; asnh evaporation
and chem cal vapPBOHBRAEYT | Bh-PeRisy < , S8'h filnms. A condensed
phase techni que nay be ut|I|zed in produ0|ng crystalllne and pol y-

crystal line pol yphosphi des. Diffusion doping nay be 15 enpl oyed to raise
the conductivity of these materials. Rectifying junctions nmay be forned
with the materials by appropriate netal contacts. The filmmaterials may
al so be used as optical coatings. Powdered crystals and anorphous material s
may further be used as fire retardant 20 fillers. The crystalline
materials, especially the fibrous fornms, may al so be enpl oyed as the high
tensil e conmponents of reinforced plastics.




25 30 35 -3- 1 During t he past several decades, the use of

sem - conductors has becone ever increasingly w despread and inportant.

Si | i gefipbased senm conductors, for exanple, have generally been successful
0]

) i ng a variety of 5 useful devices, such as p-n junction _ .
of s (diodes), transistors, silicon control rectifiers (SCR s), / ad
phots—Vvoltaic cells, Iight sensit+2e diodes, and the |ike. However, due to-~

t he high cost of producing crystalline silicon and the ever-increasing -
demand for sem conductors 10 over a broadening range of applications,

therd has been Ehhselinveniiornrebries pndionping remigqndusgtaail abl e use-

ful sem C&B@EEEQreﬂﬁ.’tS{riﬂéscaé@@iﬂé SPHG SPRERES St ¥ id1e dHEesent

i nvention, have an energ band gap in the range of about 1 to 3 eV (nore 15
speC|f|caFPySE°H #8v5CeSey): a photoconductive ratio greater than 5, (more
specifically bemnegénéﬁﬂlandhéﬁmimﬁwiakscnsehumaynigclnnemmmghabout 10[ err]

o 400 2o b SRR SEh LBSIpAIBEELI0ECIL 67 A idag e ange of 10
ambi ent opet@Emenyccenture ohs. majptairedll \alkahi anekaly Hﬁhmwlajs may be
sem condughb8phifdesNemSRHEEL 1€ Yphosphorus and new forms of
phosphorus. Vapor transport may be employed in making
the crystalline, polycrystalline and amorphous phosphorus
10 and polyphosphide materials in bulk, thick and thin films.
Flash evaporation and chemical vapor deposition may be <
used to make thin films. A condensed phasé technique
may be utilized in producing crystalline and poly-
crystalline polyphosphides. Diffusion doping may be
15 employed to raise the conductivity of these materials. o/
Rectifying junctions may be formed with the materials by '
appropriate metal contacts. The film materials may also
be used as optical coatings. Powdered crystals and
amorphous materials may further be used as fire retardant
20 fillers. The crystalline materials, especially the fibrous
forms, may also be employed as the high tensile components
of reinforced plastics.
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are not pure netals or pure insulators, only those sem - conducting

mat eri als which neet these criteria nay be considered to be useful éééa
sem conductors in the context of 25 this invention. Gven the pres

need to develop alternative non- petrol eum based energy sources, the
potential commercial utility of a semiconductor increases dranatlcally when
the sem conductor also exhibits an effect+¥%e photovotaic 30

characteristic, that is, the ability to econonically and efficiently
convert solar energy into electrical potential. Froman economc

st andpoi nt, lanor phous Bemisgnghet brst §©Y?¥%hl%§¢%d¢$ht#ﬂ?fQﬁQnQﬁ semir

films, are nore @%Bbcté%ehhgaﬁeébﬁ@8v§f)’§ﬁ¢?4'édé‘ﬁ1%ﬂf Wi f o a O nnt | al
| ower 35 cost of production Al hous sem conductors al so have _better

el ectrical quallﬂWQQrFﬁQﬁ poPyEigeR aPR PRl FYPHEORAUG IR St Tl @MBLe »as
used in many semhaoedgeherallkyi beén sucedssiffilk Hempwwnidiicigra ivaduittyy dfas

continued ifs segrgh EOQeyggggrk Sg*sggkéogdﬂ& { i SR A %ﬁ?“%@ques)

crystalline S|I|con Icon Crys | Ne "ar ea
single crystals sransystoem cahlieon ngoebn%mtlﬂmmn%'@)/\s pheiP- and

InP, are in CO”“BBQ%QEcuéél1thY1Qﬁﬂeée§§5%£¥5“353dgsfﬁﬁﬁﬁ'ﬁﬂé3ﬂ1%£ﬁ been
utilized for speglalized BULPOSeEne FOL ¥Rl & r S S8 UM 1 1 ne
silicon and the ever-increasing demand for semiconductors
10 over a broadening range of applications, there has been a
N need to widen correspondingly the scope of available use-
ful semiconductor materials. '
Useful semiconductors of the present invention, have
an energy band gap in the range of about 1 to 3 eV (more
N~ 15 specifically 1.4 to 2.2 eV); a photoconductive ratio
greater than 5, (more specifically between 100 and 10,000);
=5 and 10712 (ohm-cm)-1

(more specifically conductivity in the range of 10”8 to

a conductivity between about 10

9 (ohm-cm)-l); and chemical and physical stability
20  under ambient operating conditions. Accordingly, while
many materials may be Semiconducting in the sense they
are not pure metals or pure insulators, only those semi-
conducting materials which meet these criteria may be
N’ considered to be useful semiconductors in the context of
25 this invention.

Given the preserit need to develop alternative non-
petroleum based energy sources, the potential commercial
utility of a semiconductor increases dramatically when
-the semiconductor also exhibits an effective photovotaic

30  characteristic, that is, the ability to economically and
efficiently convert solar energy into electrical potential.

From an economic standpoint, amorphous semiconductors,
particularly in the form of thin films, are more desir-
able than single crystalline forms due to potential lower

35 cost of production. Amorphous semiconductors also have
better electrical qualities than polycrystalline forms of
the same material as:used in many semiconductor devices.



are utilized as the photoconductor in many xerographic 10 machi nes. In

this i cation sem conductor device neans a device including a
seniégggictor mat eri al whether the device enploys electrical contacts, that
i's, i n elect- ronic device, or whether it is a non-electronic device, /15 _
such as the photoconductors enpl oyed in xerography, phos- phorescent -
materials, the phosphorus in a catfode ray tube, or the |ike. Al though some ~
of the known forns of phoSphorus have been stated to have sem conducting .
properties, are 20 tjye, and no
knowh form of pﬁ%ﬁpﬁ%’?’c&o % %d% sysf u’ar%< rrptﬂov‘eed'éllPifat*:ssr esaeﬁasfje ul

senm condutborusdfiel gnempsanECMImt@x @%mnaalss dretandngrrstiglild@eand i ndi um
phosphi deggf c&ﬁtr @d{ﬁélylgﬁnded and thus, as 25 w | be pointed out

bel ow, are c early distinguished fromthe conpounds di scl osed her.ein.

Fur t her nor e, th@PrtBQn’i‘Qn'%th%?‘i' REYF i ite 228% HR&chi AR
phosahorusfteempb@ﬁm@tuﬁgb@mpmds eindheding reaAs c Guiuctamh Jmdt,hs are

not the phosphorus-t -gh gphgéus bonds. 30 Q hers have di scl osed
hydrogenaf®d phoSBABFLE #avi®G a structure similar to black phosphorus and
havi ng seni con-Manyt oblhepr sgricorduc on Natkerinls iave dreen gitighi@&ashor us

pol yphOSp?bFeépQé§an£add S¥ed, UrPP SBARSIL bYcds Gnd/ We1 M | ng. 35

The various reports fromthis roug gdlcate that the
are utilized as the p otoconductor in many xerographic

10 machines. :

In this application semiconductor device means a
device including a semiconductor material whether the
device employs electrical contacts, that is, is an elect-
ronic device, or whether it is a non-electronic device,

15 such as the photoconductors employed in xerography, phos- Y,
phorescent materials, the phosphorus in a cathode ray tube,
or the like.

Although some of the known forms of phosphorus have
been stated to have semiconducting properties, many are

20 unstable, highly oxidizable and reactive, and no known
form of phosphorus has been successfully employed as a
useful semiconductor,

The group 3-5 materials such as galiium phosphide
and indium phosphide are tetrahedrally bonded and thus, as

25 will be pointed out below, are clearly distinguished from
the compounds disclosed herein. Furthermore, their semi-
conducting properties are noi dominated by phosphorus-to-
phosphorus bonding, i.e. the primary conduction paths are
not the phosphorus-to-phosphorus bonds. _

30 Others have disclosed hydrogenated phospherus having a
structure similar to black phosphorus and having semicon-
ducting properties. _

Considerable work on high phosphorus polyphosphides
has been done by a group headed by H.G. von Schnering.

35 The various reports from this group indicate that the



produced is crystalline MP15 (M= group |a netal). These pol yphosphi des
produced by heating a m xture of netal and phosphorus in a seal ed anpul &
Ven thgering 5 reports that based on their structure pol yphosphides "
are classified as val ence conpounds in a classical sense, and that this
means that these conpounds are, or shoul d 1%~ i nsul ators or seni conductors,
i re not metals. Monoclinic phosphorus, also called Hittorf s phos- phorus,

i s prepared ccordlng to the ior art fron1mh|t ggorus and | ead as
follows: 1g whit} E1eRb SRR *ﬁé"r&%ﬁj %&F‘H“@a@ F?é 24esCOMPOURS a nel t
in a seal ed tube tmeﬁaﬁhfir@rmk-dmidbé drs a:rs;rinrallmmlee tmut =t gppapalarmetdby.
solution is then e t 0[ r . 11.d

520[err] C, and co raplcﬁﬂb é?%é?ﬁ% & erg%ﬁgg Pﬁergagégé.alﬁxggﬁggx?f
el ectrolyzed in anetﬂlnanﬁ1nﬁosprnus|maa@ scelgdeampudel.i t ¥pp Sehperiuegtic
acid, and thge phosepds Ughd 5 tfa&léde@rﬁ(%de&ras‘ﬂ%h%'%u‘é?leaﬁélgbﬁé@ﬂhﬂaéﬁ the
anode. Nearly square tabul ar crystals, about 0 X x O Om are
obtained in this way. The structure of this prior art nonoclinic phosphorus
has been determned by Thurn and Krebs. The «crystals

-4a- 1 hi ghest phosphorus cont ai ni ng pol yphosphi de conpound they have E



conprise two |ayers of pentagonal tubes of phosphorus with all of the tubes
paral lel, and then another pair of |ayers of all pentagonal tube

phosphorus, the tubes in the second pair of layers all being parallel, but
the fples in the second pair of |ayers being perpendicular to the tubeg j
t he st pair of layers. The space group of the crystals has been

determ ned, as well as the bond angles and bond di stances. See the summary ~
of the prior, art,in the section Phos horg§ fron1"£he Str cture of the
7

El enentse SLaggifiesnafud2isnss sRERPPAR98740 THe cSpP3perti es of
H ttorand pihatphehiis megssakhabavwheasa ckmmgsbumraﬁd, oBeshosPd obet hei r
smal | size,the electrical pr riles £ |Iy determ ned. The
prepar éf‘F&r*a&prﬁ é’h l?(r;"?itcyoo%ﬁga réosﬁ’l C SG'P etp %ég horus according to the
prior art i doneckicdipl ehcarhaiuse, conksmi eplledis Bivtorbfhéc phade
phosphg&muss VEd yp%gmeas'y@comg peaortnear;snaisar exfiidi tonige need

for bl e phosphor us ire retardants.

as
Cryst aPhoS@hFus #a9e &&Si t?%nﬁ?lﬁ?‘f’?r t }ganr sk PhRsRiyereF verdi n
pl asti @ag @faa%%ﬁd ¥k Qiéwtredreébmh} Sto a méltlin a sealddietgbdagonow been

o scongiiicr L hladl SHCL! AL POLPAR T TBLSLLelcgosognal 10 11
proper tsiodsition is then cooled at the rate of 10° per day for 1l
days to 520°C, and coocled rapidly to room temperature
thereafter. It is next electrolyzed in a solution of 2kg of
lead acetate in 8 liters of 6% acetic acid, and the phos- ~’
phorus is collected in a watch glass placed under the anode.
Nearly sqguare tabular crystals, about 0.2 x 0.2 x 0,0.omm,
are obtained in this way.

The structure of this prior art monoclinic phosphorus
has been determined by Thurn and Krebs. The crys:als
comprise two layers of pentagonal tubes of phosphorus with
all of the tubes parallel, and then another pair of layers
of all pentagonal tube phosphorus, the tubes in the second
pair of layers all being parallel, but the tubes in the
second pair of layers being perpendicular to the tubes in
the first pair of layers. The space group of the crystals
has been determined, as well as the bond angles and bond
distances. See the summary of the prior art in the section
"Phosphorus”" from "The Structure of the Elements" by Jerry
Donahue, publishéd in 1974.

The electronic properties of Hittorf's phosphorus
crystals have not been reported. Because of their small
size the electrical properties cannot be readily determined.

' The preparation of high purity electronic grade phos-
phorus according to the prior art is very complex and time
consuming, thus electronic grade phosphorus is very expen-
sive.

The prior art also exhibits a need for stable
phosphorus compounds for use as fire retardants.
Crystalline forms have additional utility as reinforcing
additives in plastics, glasses and other materials.,



5 Usef ul Sem conductor Properties By "pol yphosphide" is neant a materi al
dam nated by nultipl e phosphorus-to-phosphorus bonds. By "useful sem -

conductor" is neant not only that the conductivity is internmedi ate betwegen
insulators and nmetals, but also the 10 denonstration of a host of usgggy

propeﬁrfes: - Stability - Resilient material structure - Band

in a useful range (typically 1 to 2.5eV)-g- H gh i nherent resistivity,
but with ability to 15 " be doped - Good photoconductivity -
Efficient |um nescence - Ability to forma rectifying junction -

Ability to he fornmed aTheetahagehgw| been edpsceversl a family of alilwle’s meftad
sem conduct ors id f d
)”§¥12598§?E§§eaﬂ$9éPi§1éOgigﬁéékiﬁk %mapd¥¥l(? &Uctﬂlorne

as large area a ous forme

pol ymeric fiber sszgl?ﬁédﬁﬁr'?ﬁho%ﬁh‘i"ﬂ%% %?eoﬁt:‘cﬁﬁlqlﬁe“# %QV%C%t¥ﬂ%r§les
possessing all of these features. Preservation of Utility in Miltiple Forms
30 t is,equa I,_ n|f|c e _useful properties remain
essential |l y“cons L p Sheeh e Hert cal conposi tions and
physical forns (cryst anl Hpowuhamhm@ sis mMeantra knetemidge dominated by

pol yphosphi des apg1tRg18NpbHo¥pREFAs-to-phosphorus bonds. By "useful semi-
conductor" is meant not only that the conductivity is

intermediate between insulators and metals, but also the
10 demonstration of a host of useful properties:
- - Stability
- Resilient material structure
- Bandgap in a useful range (typically 1 to 2.5eV)
- High inherent resistivity, but with ability to
~ 15 be doped
' - Good photoconductivity

- Efficient luminescence
- Ability to form a rectifying junction
- Ability to be formed at relatively low tempera-
20 tures (for semiconductors) by processes amenable
to scale-up
- Ability to be formed as large area amorphous
thin films
N - Ability to be formed as ductile polymeric fibers
25
The polyphosphides are a unique family of materials
possessing all of these features.

Preservation of Utility in Multiple Forms

30 It is equally significant that the useful properties
remain essentially constant over a wide range of chemical
compositions and physical forms (crystalline and amorphous).

To our knowledge, polyphosphides are the only useful
semiconductors in which desirable single crystal-like

35
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,phase materlal. And even when they are forced to, the amor-
phous form loses some very desirable features of its crys-
talline counterpart.

The dominant known semiconductor (silicon) has a tetra-
hedral coordination in its crystalline form. Any attempt to

. make it amorphous (to make amorphous Si) is known to be ac-

companied by a breaking of the tetrahedral bonds, leaving
"dangling bonds" that destroy useful semiconducting proper-
ties. Pure amorphous Si is useless: uhstable and crumbly.
Attempts to satisfy the dangling bonds with Hydrogen or
Fluorine have been only partially successful.

Central Role of Structure

We believe that the preservation of useful properties
among the multiple forms of the polyphosphides are a direct
result of the structure of the materials which, in turn, is
made possible by the unique properties of phosphorus,
particularly its ability to form polymers dominated by 3
phosphorus to phosphorus covalent bonds at the vast majority
of phosphorus sites.

t he

In the crystalline form, the polyphosphides of the type -

MPls (with M = Li, Na, K, Rb, Cs) have a structure formed
by a phosphorus skeleton consisting of parallel tubes with
pentagonal cross section. These phosphorus tubes are linked
by P-M-P L.idges shown in Figures 4, 5 and 6. The building

block for this MP]_S atomic framework can be viewed as PB



ability to form polymers dom nated by 3 phosphorus to phosphorus coyg

bonds at the vast mmjority of phosphorus sites. In the crystalline S

t ke pal yphosphides of the type MP15 (withgM = Li, Na, K Rb, Cs) have a =
structure formed by a phosphorus skel eton consisting of parallel tubes with
pent agonal cross section. These phosphorus tubes are |linked by P-MP

bri dges shown i r(flaxﬁiérde%)ﬂ 2P r}ﬂ.gﬁ.d e gy |adidlg4£b| OCtormdd WY St s socia~

atom c franmework .can a‘a (for P4 rigidunits) and
MP7 (formed by ttl’r«?naggg at’f%?@fnl\ﬂﬂf %5'“ gid units) Using the

bui I di ng bl ocks or clumkfg sthiesbui béingbblockKooyalclnsters réaserildd iabdere,

(Russi an Chemi c 3(2), S he h
pol yphosphi de corrp%eéwé’s coﬁ d%be %%g%edggé\egl% ”gé‘?ééfé% erqrg"l[mcua'tsll ng Vlew’
basi ¢ bui |l di ng 48§12d0ks19%8) sbeveer stheOW 1¥ nthatnthgise |Rolyt~phOSPhlde

pessi bl e to congdnpdunad aeqmlaunser e Gsf r pERYRELSchayafdri ffs SAWing
phosphorus skel etons. In our W% 3 We ha\éqejss nt hesi zed by vari ous

t echni ques descrh |Begtc aP8o DORSPELSi-ons HENG8ye in
type [MP7]a ] pHigroipled ik is pnslslbgeeat@rcohbam'uc& d ham'glwvahmber of

p??ﬁﬁﬁﬁ?liﬂa@ﬁ%@%%ﬁ% PHEE ndv R HE TS R, onBfirorus, WhEtEidhs,
greater than 15. Thdse our work, we have synthesized by various techniques
described later, MP]_S crystals and also compositions of
- the type [MP7]a [Pslb with b much greater than a.
These novel phosphorus rich compounds originally observed as
"fibers", "whiskers", or "ribbons" are referred to in this
investigation as MP < with x much greater than 15. These
low metal content materials are prepared by vapor transport
as thick films (greater than 10 microns) of polycrystalline
fibers and large boules (greater than 1 cm3) of amorphous
- character. The polycrystalline fibers exhibit the same
morphology as KPls whiskers. )

The structural framework of the £first MPx {x much
greater than 15) crystalline materials we discovered is dom-
inated by a phosphorus skeleton similar to the phosphorus
framework of the MPls compounds.

We have found that the useful electrical and optical
properties of these crystalline materials .MPIS and MP
(x much greater than 15) are similar. The properties of
these materials are therefore dominated: by the multiple P-P
covalent bonds of the phosphorus skeletons with a
coordination number somewhat less than 3. To our surprise
we have also discovered that the useful electro-optical
properties of these materials were essentially preserved for
MPls and MPx (x much greater than 15) crystalline materials
and their amorphous counterparts.

Unlike previously known materials, this is a one dimen-
sion rigid structure and is resilient in the following

made possi ble by the unique properties of phosphorus, particularly its
‘t

[
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| ow netal content materials are prepared by vapor transport as thick filns

(greater than 10 mcrons) of polycrystalline fibers and | arge boul es
(gre@ than 1 cm 3) of anorphous character. The polycrystalline fibers
exhi t he sane norphol ogy as KP15 whi skers. The structural framework of

the first MP[err] (x nuch greaterSthan 15) crystalline materials we

di scovered is dom inated by a phosphorus skeleton simlar to the
phosphorus framework of the MP15 conpounds. W .have found that the useful
el ectri cegnedd oPrecRPlpPbpePhids calysthRdssYRMpSTa Hisnaemt domwal (&rivP15

and  MP £xi R greater wdapeldvar awun iﬁr thENeL RURPEE £ b8 £0bm! Ngse

mat eri al s_ar eﬁ%hgr &?‘&? domRrbat ed gg t he Ru 51 | e P-P coval ent A honds of

the phdSHHdT 8k Bor GPRatic¥n SYTIRSSTYs AERFARY d€s t han

3. To oucapabbei of wecbemmodhsdndi stover edrtaldaﬂalt heaysefhd dindtegase@ti cal

propert| e ri.al p e 5 and
%ér@étﬁpgiegggkgtd ﬁq %f%r c£§€£ﬁ+%i%%t églga %gﬁh"ﬂ"ﬁelsr ahfr phous

count er pEhexre kS i 1O prhaming v aam ft esitaiong t ltetrahedrale dionds sion

rigid st(esdrdenabilohs hfsbekenbsi nghhe a0l 3QW 1Y 15 ctENHecallte
pol ypho é)hl de crystal symmetry is very low (tri -., clinic), \ﬁebel I eve

that in PRRSPROFESyi o¥ifhond t MRNGH ykoHeR o IRFURAGHRILS TRIIBAT + Hharow
symmet rysiibieon 3l can aepaptemathagreatedaisivigictural]ddtrder witfout

|ncreaseghe creation of dangling . bonds. The polyphosphides are
polymeric in nature. The result is a polymeric amorphous
structure with no apparent X-ray diffraction peaks, one with ~
longer-range local order than is achievable with conven-
tional 'amorphous semiconductors. We believe that this
gradual onset, in the structural sense, of amorphicity is

thre reason for the preservation of the desirable crystal ~
properties in the amorphous polyphosphides.
Distinguishable from Known, Useful Semiconductors
The composition and structure of the family of poly-
phosphides clearly distinguishes them from all known, useful
semiconductors:
Group 4a (Crystal Si, amorphous Si:H, etc.)
3a~-5a (III-V) (GaAs, GaP, InP, etc.)
2b-6a (II-VI) (Cds, CdTe, HgCdATe, etc.)
Chalcogenides | (Aszse3)
1b-3a-6a (CuInSez)

Distinguishable from Known Forms of Phbsphorus
The alkali polyp_hosphides (MPx, M = Li, Na, K, Rb,

Cs; where x = 15 and much greater than 15) are phosp® drus
rich. 1In cases of "high x" material they are almost all
phosphorus. Nonetheless, their structure (parallel

pentagonal tubes) and their properties (stability, bandgap,



structural disorder that characterizes the anorphous state. There is no
.ri-pping apart of strong tetrahedral bonds (coordi nati on nunber of 4) as in
silicon because the phosphorus, with a much | ower coordination nunzgiz}han
sklicqn, can accept nmuch greater structural disorder w thout the cr on:
of dangling bonds. The pol yphosphi ded0-are polyneric in nature. The
result is a polyneric anorphous structure with no apparent X-ray
diffracti on peaks, one with Ionger-range,lgcag order than_js achi evabl e
with conven- cessactiyityphonbotoepndBRadvisyd. clearlpeldisfingpish tihem
?Ladual Onsetﬁﬂdh}aflsk?wﬁd” Iogpﬁsﬁ?sfhm&QWﬂﬂygﬂ(ylafk;hwﬂygﬁzyéﬁxuw,
e preservation o e desjra .Crys properties in amr phous . ,
pol yphosphi deE€%pj s#f gu‘f’s‘ﬁa%tre %r’ﬁ\él’fﬁg\m 'gﬁgf Lﬁt%‘fﬁ%ﬁu%’%lﬂwhlp?
conposi ti on aathonkr kdiesee varitus farnlsy axle ddlsgusisleds peldss clearly
di stingui shes the S m : 4 -
(Crystal Si, anor %@%ﬁ%g@?ﬁaﬁ@gﬁ I%ﬁl c\‘:})gﬁ:q'lf";"t %%'(SGSK?&C%%f Ipnt}:?s
etc.) 2b-6a (phopus itself. cfhe @d’l“@,nqw, iz ¢#hisCanedod@d dhween some-
(As2Se3) |b-3yHad confusing. The FAAowny istittasidelse cfl\\{aroradlglfégbt ﬁ&cgségie of

Phosphorus The al kali pql yphgsEhi Ees %NP' err!EE M = Li,

where x = 15 and nuch greate orus rich. |In cases of
"high x" material they are alnmexiphwis phedpiphasphorus\ojst el geserict higgxm

structure (parallel pentag(}QﬂJ tH?.iS) ﬂ&q—-éﬁf&aﬂ?ﬂg”ifénﬁtabéfityred
bandgap,
phosphorus, usually prepared by thermal

~ treatment of white phosphorus.
2, Violet P _
This microcrystalline form of red phosphorus
is prepared from charges of pure P, either

white or amorphous red, by extended thermal
treatment.

3. Hittorf's P _
Crystalline form of red phosphorus struc-
turally identical to Violet P. Hittorf's P
is prepared in the presence of a large excess
of lead. Despite this, the terms "Hittorf's
P" and "Violet P" have often been used inter-

— changeably. The crystal structure consists
of double layers of parallel pentagonal
tubes, with adjacent double layers perpendic-
ular to each other in a monoclinic cell.
Hittorf's P crystals are somewhat larger
(approximately 100 microns) than violet P
microcrystals.

4. Large Crystal Monoclinic Phosphorus
Even larger crystals (several mm), essential-
ly isostructural with the above two, are
described herein. These novel crystals are
prepared by Vapor Transport (VT) treatments




-10- conductivity, photoconductivity) clearly distinguish themfrom all
known phosphorus materials (black, white/yellow, red, and violet/ Hittorf).
The ructural rel ationships anpong these vari ous forms are discussed bel ow.
Qur’ k has done nuch to clarify this aspect of phos- phorus itself. Th
nonmencl ature in this area has been sone- what confusing. The foll ow ng
sunmari zes our current usage. 1. 1l_Am)rphous P or Red P Anorphous red
phosphorus is a generic termfor —all non-crystalline forns of red
phosphorus, wusually prepared by thermal treatnent of white phosphorus.
2. Violet P This mcrger L I QSph ed from
charges of pure P, eit gﬁ%?%% ggogggggegugmgggg by g&#ﬁhﬁ%ﬁ ﬁgééal
treatment. 3. Hi ttorfO% pher yatkpiineld oratﬂPéfreF’éfd}ph6§Eﬁ§F&§lstfg§-

turally identical to \ig¥weitipn Hds otﬁes fhi-@e pe&ggrtgq_sl n theapyggence of a
| arge excess of | ead. ﬁﬂQf |te t.his
|

P! l et P"
have often been used %aﬁ%%agfﬁse?ﬁﬁ g?y§ﬁkpg§tﬂ§hQN%chH B;O ©

ppm) in these large crystals of phosphorus.
5. Twisted Fiber Phosphorus
A crystalline form of phosphorus described

herein prepared by VT treatments of amorphous

P charges. Believed to be
nearly-isostructural with polycrystalline -
MP_ “ribbons".
ROLE OF THE METAL: WHY PHOSPHORUS IS NOT GOOD ENOUGH
The many allotropic forms of elemental P are evidence N
for the variety and complexity of the bonds and structures
that are accessible with phosphorus. We lack a detailed,
comprehensive model of exactly how the alkali metal works,
but have developed a large body of data showing that the
metal stabilizes phosphoriis so that a single unique struc-
Ny



of double | ayers of parallel pentagonal tubes, with adjacent double |ayers

perpendi c- ular to each other in a nonoclinic cell. ittorf's P crystals
are somewhat |arger (approximtely 100 m crons) than violet P

m crocgrystals. 4. Large Crystal Monoclinic Phosphorus Even | arger
crystéTé (several mm, essential- ly isedi2-uctural with the above two, are
descri bed herein. These novel crystals are prepared by Vapor Transport (VT)
treatments of al kal i - phosphorus charges. The inclusion of the alkali is

apparent |y esseémcieal mayr e meeilester t Asomar ghecremsamislie /ofl \pitentially

confirms the pLga8iad1ef stMdurdez00 to 2000 ppm) in these |large crystals
of phosphorus. 5. Tw sted Fi ber, Phosphorus A c;istalline formo

[ s f .
phosphor us descri be¥ kP08t FtepdradtoySome; r edkabht et bnorhpud e lowing
char ges. uBdleisdved phendmena ocdw :nearly-isostructural with

%Cgml lI'Eg xn ;:Ib rézﬁ’ih@%% %oﬁéslﬂ%e@%mm%ed )fS’orNO;rhe

vari ety and conpl exBy ofTa Hdher@rtenthdhaty ktknesn single phase is acces-
sible to the P, it can only do so at high tempera-
tures and of a size limited to microcrystals
(e.g., Violet P), or

cC. At high pressures (e.g., black P).

D. Without an alkali metal in the charge, the MPx
type of structure is not formed by vapor trans-
port. Rather, the twisted phosphorus.fiber form
we have discovered is obtained. This crystalline
phase is metastable and the structure is not well
defined as shown by our X-ray, Raman and photolum-
inescence data.

The presence of alkali metal in vapor transport favors
the all-parallel untwisted phase. It also, as discovered by
us, favors large crystals of monoclinic P to form at a
different temperature. |

The dominant role of structure, not composition, as the
determinant of properties is made clear by noting that KPx
AL (x much greater than 15) has properties (bandgap, photolum-

inescence, Raman spectra) that are essentially those of
KPI.S' but are somewhat different from those o©f monoclinic
P. _

It is clear that even a little alkali metal can serve
to select a stable phase. But will non-alkalis work? Krebs
reported non-alkali polyphosphides, with tubular structures
consisting of 2b-4a-P,, (2b = 2n, C4, Hg and 4a = Sn, Pb).
Why do these form: _

A speculative hypothesis is that these materials form
in the tubular structure because the Group 4a element is
amphoteric and can occupy a P site in lieu of P.

One can cémpute an effective electron affinity of the
Pig framework based on the ionization energies of the
alkali metals, all of which are less than or equal to 5.1

-~



that are accessible with phosphorus. W |ack a detailed, conprehensive

nodel of exactly how the alkali nmetal works, but have devel oped a | arge

bo f data showing that the netal stabilizes phosphorus so that a single
un@ struc- -12- ture may be selected fromthe ensenble of potentially .
av ble structures. Wthout at-least some alkali netal, the foll ow ng )
undesi red phenonena occur: A The phosphorus is unstable (e.g., Wite P). ~
B. To the extent that a known single phase is acces- sible to the P, it =
can onlev.do Lnet damgh tiwpetarn}uresiealagé aeSEsethivEi t edniCation

m crocr, A g. I Q ) W Of. G . AL _high pressures (e.qg., black P).
D. V\ﬁ%)%élaénf%l k%?lly rr‘%e%gﬁfi FIHe titar qecfch%é‘%f‘ﬁ y S ﬁg‘r utfre is

not fordketianP yapeemppunds.porkll Raf h&reksHe materddlphaspted uabolieber form
we havg,f}e o £&k i e OPERL PEE: o P §egﬁy§ﬁ IbPeeQQQiet'os mgt a3t abl e and
the structure is not well defined as shown by our *X-Tay, man and

phot ol um i nescence data. The presence of alkali netal in vapor transport

favors usErull [PRGPERTEES unt wi sted phase. It also, as discovered-by us,

favors Tar Youdt yrﬁéfla? ?LLiré?.g?.dd!inslc%vFéxtyo vﬁa?sr 'rrt]:}?;tathe KPls whiskers

' (single crystal) were stable semiconductors, with an energy
bandgap corresponding to red light (1.8eV) and exhibiting
efficient photoconductivity and photoluminescence. These
are the hallmarks of a semiconductor with potential
applications in electronics and optics. Whiskers of the

other alkali MP]_S materials also have these prorerties (M
= Li, Na, Rb, Cs).

To realize their potential, the materials had to be -
prepared in a size and form suitable for fabricating devices
and for testing. We recognized that the crystal habit,
however, is not conducive to growth of large, single
crystals that are free of crystallographic “"twinning".
Large, twin-free single crystals are the basis of nearly all
semiconductor device technology tod.ay. Polycrystalline
materials are less desirable because even if the individual
grains are large, the presence of grain boundaries serves to
destroy some desirable properties due to the physical and -
chemical discontinuities that are associated with such
boundaries. Hence, our attention turned to the amorphous
forms we had discovered.

Useful amorphous semiconductors, whether used as a
junction device such as a photovoltaic cell, or as a coating
such as in an electrostatic copier, have been generally made
as thin films for extrinsic reasons (cost, manufacturing
ease, and application need) and intrinsic reasons (material
problems in the bulk amorphous state).

We have disc::overed that KPJ.S can be made as a stable
amorphous thin film (by Vapor Transport). (This cannot be
done with silicon: amorphous Si is not stable, while single
crystal Si is.) _ .

Stable, bulk, and thin film amorphous KP-x (x much
greater than 15) can also be made by vapor transport '



different tenperature. The dom nant role of structure, not conposition, as
the determ nant of properties is made clear by noting that KPx (x much
greater than 15) has properties (bandgap, photolum inescence, Ranan
spectra) that are essentially those of KP[err], but are somewhat dlffer
from those of monoclinic P. 1t is clear that even a little alkali netal
serve to select a stable phase. But will #&m-al kalis work? Krebs reported
non- al kal i polyphosphides mﬁth tubular structures consisting of 2b-4a-Pl4
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Wi th an energy electrostatic copying). In fact, the high inherent

° ohm-cm) is an

resistivity (approximately 108 to 10
10 advantage for such junctionless system applications.

Electronic and opto-electronic devices all require
that some junction be formed in or with the material.
This requires lowering the resistivity of the material
by doping.

— 15 We have discovered than Ni diffused into KP15 serves
the purpose of reducing the resistivity of the material by
several orders of magnitude. Surface analysis has demon-
strated that Ni diffusion from the solid state (KP15
deposited onto a layer of Ni) follows a normal diffusion

20 pattern during the growth process of the film.

Device configurations with Ni as a back contact and
diffuser; and other metals,.such as Cu, Al, Mg, Ni, Au, Ag
and Ti as top contacts, lead to junction formation. Junc-

N tion Current-Voltage (I-V) characteristics have been

25 measured with these top contacts. Junction Capacitance-
Voltage (CV) characteristics have been measured with Al
and Au top contacts. The data indicates double junction
formation with a high resistance layer near the top contact.
The high .resistance layer is an undoped portion of
30 the KP15 film which results from the present doping
procedure.

A small photovoltaic effect (micro amp current under
a short circuit condition) has been observed.
35



bandgap corresponding to red light (1.8eV) and exhibiting efficient

phot oconductivity and photol um nescence. These are the hall marks of a

sem ductor with potential applications in electronics and optics.

Whi s of the other alkali MP15 materials al so have these properties (M= ,
Li, Na, Rb, Cs). To realize their potential, the materials had to be '
prepared in a size and formsuitabjg$or fabricating devices and for ~

testing. W recogni zed that the crystal habit, however, is not conducive =

to growh of large, single crystals that are free of crystall ographic

"tw hni NgSYNTHESES OR POLYREOSPHIDES crystals are the basis of nearly al

sem conduct or Lce e lyEr 144 ials are

| ess desirable :§§¥gﬁsaéréevg€£llg#f)ﬁ% ?lg%%?t u%crggv%%i Iynaz't%rdel%%‘é%&{t he
presence dhafrwihl bprAdee cRoLEPRRSPh iR F KABHIRE MR e Pt oper ti es
due to thgnahpsrgrblragd. chem cal discontinuities that are associated with
such_boundari es. Hence, our attention turned to the anorphous forns we had
di scBvered. Usef ul anor phous sem conduct ors, whether used as a junction
devi ce such as a photovoltaic cell, or as a coating such as in an

el ectrostatic copier, have been generally made as thin filns for extrinsic
reasons (cost, manufacturing ease, and application need) and intrinsic
reasons (material problens in the bul k anorphous state). W have di scovered
t hat KP15 can be nmade as a stabl e anorphous thin film (by Vapor Transport).
(This cannot be done with silicon: anorphous Si is not stable, while single

e’



crystal Si is.) Stable, bulk, and thin film anorphous KP[err] (x mnuch
greater than 15) can al so be nade by vapor transport. -14- 1

There is evidence that these pol yphosphi des are unusual in yet anot y.
The usgful properties of these materials MP[err] and MP[err] (x nuch
greater than 15) are simlar in their crystalline fornms and their anorphous
5__ counterparts as shown in Tables X¥15and XVI| bel ow. Applications
utilizing anorphous thin film KP15 requiring no junctions can be readily
envisioned (e.g., electrostatic copying). In fact, the high inherent
resistivity (approx edpRhage e an 10 advantage for such
junctionl ess systemrappl reakir8nNgo EhECHFGEESs BE DIY heInBOl HINCWGEVI Cces

all require that sone_junction be forned in or_ with the terial. This
requires |owering t ﬁBaFeZﬁgFEH‘?ya fsnﬁetm%??t’ﬂr cﬁ;ﬁ%oll?own Ve
have di scovered thanrfNstdrtingedhange ¢RiSiedrows irhe momasimeaf ofeduci ng
the resistivity of hg;iRBLEE! by s |3 orgler rgyyq . Surface
anal ysi s hgs denon- st%ated.?ﬁg? Kﬁ g??#%é}oﬁquéﬁg%he solI'd state (KP15
deposited onto a | af8¥sbprliinerard chisll PRIVRIYHFF¥LAOAMPAG aXfattern

during the growt h ppeeaaseal the film Device configurations wwth N as a

back cont act ang. Single Source Vapor Transport Synthesis (1S~-VT)

A starting reactant charge is located in one area
10 of an evacuated tube which is heated to a temper-
e ature, Tc, which is greater than Td, where Td
represents the temperature(s) of other area(s)
of the tube where materials deposit from the
vapor. Crystalline MPls; crystalline, poly-
~— 15 crystalline (bulk, and thin films) and amorphous
bulk high x, MPx: monoclinic phosphorus; star
shaped fiber; and twisted fiber phosphorus are
produced.
C. [TIwo_Source Vapor Trangport Synthesis (2S-VT)

20 ' Source reactant charges loaded in an evacuated
chamber are separated physically by distance with
a deposition zone between them. The two sources
are heated to temperatures greater than the

N deposition zone (in order to get amorphous

25 material, at least; see below). The deposition
zone need not be the coldest one in the system,
but a colder area should not be able to trap
more than one component. 2S~-VT was the first
method used to make thin film amorphous KP15.

30 Polycrystalline and amorphous thin films of MPIS and
polycrystalline thin films and bulk amorphous
high x, ML are produced.

X
D. Melt Quench

A charge is heated in a sealed evacuated tube
35 (isothermally, if possible) to temperatures




di ffuser; and other nmetals, such as Cu. Al, Mj, Ni, Au, Ag and Ti as top
contacts, lead to junction formation. Junc- tion Current-Voltage (1-V)

char { stics have been 25 measured with these top contacts. Junction
Capa e- VoI tage (CV) characteristics have been neasured with Al and Au
top acts. The data indicates double junction formation with a hi gh

resi stance |l ayer near the top censget. The high resistance layer is an ~
undoped portion of 30 the KP15 filmwhich results fromthe present doping ~
procedure. A small photovoltaic effect (mcro anp current under a short
circuit condi;téaaérhahabe’eheobsel’aéﬁg Point" -dsldetiermir@®AdNHIES| S OF

POLYPHOSPHI DEE hggggrg ggégéabgﬁl Ig.ﬂg ésr,lg% NEs hauts q.}eslqpvered that wll

produce pol ypho vary Q& ng* I on and nD ogy. 5 -15- A
Condensed Ph§§9r€®r$%ﬂe8?§l ief relmg s tHhe Heahg s"sh%T i sot her nal
heat - up, removed from the furnace and rapidly cooled.

5 CsP. glass has been produced.

7
E. Flash Evaporation

A charge in powder form is fed in small amounts,
under a slight Argon flow, into an RF-heated
susceptor, which

10



soak (heating at set tenperature), and cool down of starting charge carried

out in a container of 5 m ni mum vol une. There is no vapor
transport. Crystalline and bul k polycrystalline MP [err] are produce@
Singl e Source Vapor Transport Synthesis (IS-VT) A starting reactant e
is lotdated in one area 10 of an evgcuated tube which is heated to a
tenper- ature, Tc, which is greater than™d, where Td represents the _
tenperature(s) of other area(s) of the tube where materials deposit from

t he vapor. Crystallizne s tal ld . 3 | ,
and thin film) anda%mmrlxgﬁq%‘o%&é%#ﬁieﬁﬁ’ﬁ% e?srlﬁrer?otr?orcﬁ‘ynﬁa%do‘{s%h%@lfg’

star shaped fiber; Ingids fhed susFEPEHOs MR Re%8E 3 duk throrh Sour ce
Vapor Transport Synighetupus?Paéh wHere it iUrae HRashaNtfcdaddato |suteitt

i n an evacuat ed cha r are separated physi.cally. by distancg with, a
-deposi ti on zone bet \%tég"n st“rfgrﬁc%e ﬁb"{dlfr c‘é'g:eﬁ%e%etact &?R’dﬁ%rﬁ}b‘} &Wes
greater than the depdetelyn vaporizen thaelaharggauchoripiothe composition
material, at |east; el ]ﬂaf‘si&?i 'r.O{an?

col dest one in the so?gtq%% ‘l%ulé:al;{)lf er ar eéaés ou?i@}en%}?gse%_lie?t%t% a%f
nore than one conpolswder daingnianted « stThRTRRPE stkrean nkkAirpeted | m
amor phous KP15. 30 jnto dePletfdoifdtidd | difandieh ammerdioe dtiikds | édondr VP15

and surfaces, resulting in condensed-product materials.
Amorphous films have been produced.
F. Chemical Vapor Deposition (CVD)
In general, this refers to production of material by
mixing two (or more) vaporized components which ust
undergo some chemical reaction to give products. As
“ practiced by us, K and P 4 are independently metered
into furnaces where they are rapidly vaporized and
carried downstream by the Argon flow to a cooler
reaction chamber where the combined streams yield
condensed product materials. ‘
The significance of CVD lies in that of these methods,
it is the most amenable to scale-up and to doping in
situ, 4i.e., simultaneous synthesis and doping of
material. amorphous thin films of KPlS have been
N~ produced.

G. Molecular Flow Deposition (MFD) -

This is -a multi-source vapor transport technique that
draws on 2S-VT and Molecular Beam Epitaxy (MBE).
Independently heated sources are used and the vaporized
species ‘are allowed to reach the substrate (also
independently heated) at a controlled rate not
achievable with 28-VT. The deposition takes place in
an evacuated chamber with in situ monitoring of the
deposition (also not available with 25-vT). The
chamber may be sealed or continuously evacugted to
control pressure.
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However, for potential useful semiconductor
plications, the emphasis of our work has changed from the

preparation of single crystal materials to that of amorphous
materials ~ either in bulk or large area thin films.

Among all the MP,; materials KP; 5 is a unique

crystalline higher polyphosphide (x the same as or greater

th
co

Kp

an 7) compound which exists for the K-P systenm. (In
ntrast, the other alkali metals can form compounds with x

7 or x = 11, such as CSP7, NaP7, RbPll' etc.).
11 and KP7 do not form as compounds. For this reason,

the K-P system 1is easier to control than the other
alkali-metal-P systems, where multiple compounds can form.

it

In addition, from the results of our experimental work,
is apparent that whenever K + P are vaporized, by

whatever means, and brought in the proper ratio ([P]/[K] the
same as or greater than 15) to a zone whose temperature is
in the proper window, amorphous KPlS will form. By this
window we mean the temperature must be low enough to prevent
- crystallization of KPls and high enough that KPx, where

X

is much greater than 15, is not deposited.
Based on this tenet, all synthesis methods can be seen

to operate on the same general principle. Each method
simply used different means to achieve control of source
vaporization or control of deposition. The two source

Sy

stems (2S-VT, CVD and MFD) are particularly useful as the

important variables can be independently controlled.

t.a

Based on the above considerations, KPlS amorphous in
in £films has been selected by us as our leading

composition for the development of useful semiconductor
materials.

-
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The vapor streamis directed into an evacuated chanber where it kes
cool er surfaces, resulting in condensed-product materials. Anorphou .
fkl ms have been produced. F. Chenical Vapor Deposition (CVD) In general,
this refers to production of material by mxing two (or nore) vaporized
component s whi ch nmust undergo some chentt&F reaction to give products. As
practiced by us, X and P[err] are independently nmetered into furnaces where
they are raﬁidlygégﬁggk?ed and carried downstream by the Argon flowto a
cool er reaction where the conbi ned streans yield condensed product
materials. The significance of CVDlies in that of these nethods, it is the
nost anenabl e to scal eqyp ,a ORILAM ;| LiH, +ia€ ' 4 “i
synt hesi s and dopi ng o%ﬂngt rf% ?q R?ﬁg%ggpﬁé£ytﬁ?ﬁ n???%é?giﬁgézyé?o eﬁhges’
been produced. GPOoVBIS&diumaporyBhrerbbdet Vohskard) ofakoytls L £t jLansiftce
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. I ndependent eated _sources are_u and. t he vapori zed, speci.es are
allowed to reachgﬁﬁén&%éfr 8?8pf5?§85i35e§§hﬁe%ﬂ?/n ]eaftecﬁas aqetoefmlnefby
controlled ratex-may dififeaabienwpf ha 26l vgle Téry siepbstha torthenlany gtiadce weare
an evacuated chagper W iR ysShibo BNkayersu Ofnd fCchEROY M1 Heie M-

. . . S
available with 25VT). h _ o .
conductors. When measuring an emission at 4°K under argon

of the resultant vapor streamis the sane as that of powder bei nect ed.
)

10 laser illumination, photoluminescence was observed having an
energy of 1.8 eV, thus indicating that the material possibly
had a band gap within this energy range.

Later, in order to determine the conductivity of these
whiskers, leads were attached with silver paint. In order
~— 15 to see if the leads were actually attached to a very small
crystal, it was placed under a microscope while the conduc-
tivity was measured. Surprisingly the conductivity changed
dramatically when the crystal was moved in the microscope,
changing the illumination. A photoconductivity ratio of 100

20 was measured with the unilluminated conductivity of the
whisker being about 10 S (ohm-cm)-l. To establish whether
the whiskers had a band gap, measurements were then made of
the wavelength dependence of the photoconductivity, the

Al wavelength dependence of the optical absorption and the
25 temperature dependence of the conductivity of the whisker.
These measurements, together with the photoluminescence
measurement at 4°K, established that the whiskers had a
band gap of approximately 1.8 eV. Thus it was established
that KP15 crystalline whiskers were potentially useful
30 semiconductors. _ _
An amorphous film was formed on the inside of the
quartz tuk. during the vapor transport production of the
KP15 whiskers., This amorphous film was also found to have
a band gap on the order of 1.8 eV and a photoconductivity
35 ratio on the order of about 100. Like the whiskers, the



chanber may be seal ed or continuously evacuated to control pressure.

-17- KP Materials A large variety of polyphosphide materials of different
phys#al fornms and conpositions were initially prepared during our
invZ%E?gations. However , for pot enti al usef ul sem conduct or

appl tions, the enphasis of our work has changed fromthe preparatioﬁ‘ﬁf
single crystal materials to that o{ %nnrphous materials - either in bulk or ~
| arge area thin filnms. Anong all % MP15 materials KP15 is a

uni que crystalline higher polyphosphide (x the sane as or greater than 7)

conpound %?PBhSiibsf%lmfﬁ’idté?ﬁ &E’cﬁyﬁéﬂncondd@tpﬁwaﬁ ,ammaﬁther al kal i
nmetal s can orn1conpoun S CSP7

NaP7, RoPp&pLY, 10e¢ fohm= ?é&l andT@$§ ﬁg oo} ?%ﬁ?ﬁiﬁ§Q§#héhﬁ1 For this
reason, thesoKwl®s aypbeentisllpasseful t semtoomdwttorhan the ot her
aIkaIi-netaI-P systens, where nultiple conpounds can form In addition,
fromthe results of our experinental work, it is apparent that whenever K +
P are vaporized, by whatever neans, and brought in the proper ratio
([P]/[K] the same as or greater than 15) to a zone whose tenperature is in
t he proper w ndow, anorphous KP15 will form By this w ndow we nean the
tenperature nust be | ow enough to prevent

T~



crystallization of KP15 and high enough that KPx, where x is much greater

than 15, is not deposited. Based on this tenet, all synthesis netho n
be seen to operate on the sane general principle. Each method s

used different

.
nmeans to achi eve control of source vaporization or control

of deposition. The two source systeqg_(2S-VI, CVD and MFD) are
particularly useful as the inportant variables can be i ndependent |y~
controll ed. Based on the above considerations, KP15 anorphous in t[err]in

films has been Se'eﬁﬁéddebyémaﬁh@HrpféééhEQdCQBPQﬁbtEQQeBQBrEh@as whether

devel opnent of
inquiry into t
of about 1 cm

]ﬁésef ul conduc% pat eri al s. SUMVARY | n a, general
151aF8P P& PTPRBERRI B8s 1a]§(9teas%‘1'¥ﬁﬁﬁu7tﬁ & PSR hRBe ShtA-SRBYs
used eyt ﬁeﬁlconaacmprpﬂusedtwnsl wgbehe@ugseeywpetanme or
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KP15 It was al

sbililizedvEprdsenironfiscsorr poicdiuctiane sond - thenfutlochardken

measuring an eghsprRpish BlECthKdEidsr ATIy &&c?éasgrthkl VaRB3! aBnsp POt

phot ol um nescence was obseryed havi

that the mater

an ener hus in

expeptRent| §nAa8n¥ Bﬁﬁg°gaﬁsvm %F-"t%% V&f&’gﬂ%ﬂhﬁeha}lﬁt é'-lhe

in order to desamei weef@t poopgectigsly of these whiskers, |[eads were

attached with

st Veﬂf@e' ntrnan);I \%Sor transport experiments the inventors
were astonished to find that the polycrystalline and amor-
phous materials that were produced by vapor transport where
a single source of a mixture of potassium and phosphorus is
heated and material condensed at the other end of a =losed
tube, were not KP].S but when measured by wet analysis were
KP < where x seemed to range from about 200 to about 10,000.

The inventors have since made the amazing discovery
that the affinity of phosphorus for potassium, or any alkali
metal for that matter, in single source vapor transport
causes initial deposition of M:Pls as the most stable
polyphosphide. If there is an excess of phosphorus, then a
new form of phosphorus will be deposited. (MPx where x is
much greater than 15) This new form of phosphorus has the
same electronic Qualities as KPls and is a useful
semiconductor.

During the course of their investigations the inven-
tors, in an effort to form thin films of polycrystalline and
amorphous KPls and other alkali metal analogs which could
not be formed by single source vapor transport, conceived of
a two source (separated source) vapor transport method in
which the alkali metal and the phosphorus are spaced apart
and separately heated. By_controlling the temperature of a
separate intermediate deposition zone, thin £films of MP15
where M is an alkali metal, have been made in polycrystal-
line and émorphous forms. This technique has also led to
the production of thin. films of polycrystalline and thick
films of amorphous phosphorus material of the new form, and
other materials presumably polymer-like having the formula

MP_, where M is an alkali metal and x is much greater than

15.



15 to see if the leads were actually attached to a very,small crystal, it
was placed under a m croscope while the conduc- tivity was neasured.

Sur pg&%i ngly the conductivity changed dramatically when the crystal was

nov e the m croscope, changing the illum nation. A photoconductivit -
rati o~of 100 20 was neasured mnth the unillum nated conductivity of t

whi sker bei ng about 10 (ohn}cﬁj To establish whether the whiskers had~

a band gap, neasurenents were then made of the wavel engt h dependence of the ~

phot oconduct,| vi t he, wavel engt endence of the optical absorption and
the 25 teﬁ%% b%ﬂfb ALPRnEEFCe ‘g} ﬁ RO FITRy ShemeCahi JIBECT These

measur e:mmbsitianget fegrd \Npu:bpblse phot olssnri neseenaarrma:sm emeplosdit idrer r ] K,

?ftagglégﬁgg§ %%M?ﬁ§£§%§“$ag? P?ﬁgt f approximately 1.8 eV. Thus

efs were potentially useful
30 sen1coﬁﬂ%cﬂ§ﬁsMﬂyléﬂn#bﬁo@@fmwhﬂ\@ﬁrf@ﬂhed0®mphh§phn§eée(ﬁhahe

quartz ‘syﬁﬁ #89n€@§ ¥8RObell bANS FY ﬁ&ﬂyfu 185n&ﬂ8t5§%5 Yhigsker s.
Thi s anor phous p

' mwas al so found to have qu e order “of 1.8
eV and ¥2pF®t SESMddctti%itRE LY r at Kaown F%aérld@ro hgtsitt GRG0 . havg ke the

mhlskerghetheormulaSaannDrphigs fahalhadl%n elﬂ@trmaﬂe(uumggavémgd/(ﬁ
??prOXIthag presumaﬁay p§1§her fggggwé ist hav1ng thew%%fﬁﬁfgﬂﬁéfed that
where x is much greater than 15.

Also during these investigations single source vapor
transport has been improved over the prior art by control- A
ling the deposition temperature toc be constant over a large
area, so that large area thick films and boules of polycrys-
talline and amorphous MPx where x is much greater than 15 .
have been formed. ~

Large quantities of crystalline and polycrystalline
MPlS' where M 1is an alkali metal, have bheen made by
isothermally heating together stoichiometric proportions of
an alkali metal and phosphorus. This condensed phase method
produces excellent MPx where x ranges from 7 to 15 for use
in single source vapor transport. The condensed phase
method itself is facilitated by the prior mixing and grind-
ing together an alkali metal and phosphorus in a ball mill
which is preferably heated to a temperature in the neighbor~-
hood of 1l00°C. This ball milling surprisingly produces
relatively stable powders.

All of the parallel tube polyphosphides have a band gap
of approximately 1.8 eV, photoconductivity ratios much
greater than 5, (measured ratios haviﬁg a range from 100 to
10,000), and low conductivity in the order of 1078 o

% (ohm-cm) ~1.

Since we have discovered that the amorphous forms of
these materials, i.e. alkali polyphosphides MPX where x is
greater than 6 formed in the presence of an alkali metal
have substantially the same semiconductive properties, we
conclude that the local order of the amorphous materials is
the same, i.e.all parallel pentagonal tubes substantially
throughout their extent.



al so was a potentially useful sem conductor. -19- The problemthen
pr-esented to the inventors was whet her KP15 coul d be produced as | arge
crystals, such as silicon, used in sem conductor production, whether

pel ycrystalline or annrphous films of KP15 could be reproducibly mad&®
and utiTized for sem conductor productlonh and the full charac- terization
of the materials produced by the vapor traﬁsport experi nent and any

anal ogous nmaterials which n1ght have t he sane useful properties. After nany

vapor transport experlnen Nt or re a | al, the
pol ycryst al 15 ne and a tlghg P%’gféh\%ﬂﬁ%tg \/\gé%n%r%?dgc%hc?l{)yg\%)pg)
transport where @hsinmgd e(hwartoelof) aonakeutebomdepoa‘as’shejmaamlmmgfnorus is
heated and Wter'ﬁios&%ﬂ&%@%ﬁt% PBﬁiHQPSraE do 01 errf %eredpfég?ﬁxt e not

KP15 but when neasure wet analysis were X seenmed to range
from about 200 t ®@T&VdEe H?eOGGnd‘Fﬁ 1PHVE%PB$sa‘I‘|‘éth%¥ el e 1398 ianazi ng
di scovery tmt tmgnmmwt@mtprabephgsghorus for potassium or any alkali

nmetal for that matter S e vap transport ca ses itial
deposition of M [errh]e ¢ eflﬁ ggﬁégt 4 ?é%l%h% yoplhlbspah '3 rlf tfﬁere
is an excess of mmwh@msusanemnathempabembioxph@wmlmg vild deminant

deposited. (M %rorn]du‘&*’c‘ibﬁ éa*tﬁsnuﬁﬁ Gﬁéabﬁfaﬁ‘élﬂ 150a1l 'Bﬁiéle"ir}c %f@s%f
phosphorus has the sane_ el ectrog qualities ,as  KP15 and
usef ul materials, provide the good semiconducting propertles

10 The phosphorus atoms are trivalent and the catenations form
spirals or tubes having channel-like cross sections. The
alkali metal atoms, when present, join the catenations
together. Atomic species other than phosphorus, particul-
arly trivalent species capable of forming 3 covalent hom-

— 15 atomic bonds, should also form semiconductors,

Thus we have invented new forms of phosphorus and
methods of making the same, solid films of amorphous and
polycrystalline MPx and methods and apparatus for making
the same, methods and apparatus for making metal poly-

20 phosphides by multiple temperature single source techniques,
methods and apparatus for making high phosphorus polyphos-
phides by multiple separated source techniques, methods and
apparatus for making MP15 by condensed phase techniques

L _ in polycrystalline forms, semiconductor devices comprising
25 polyphosphide groups of seven or more phosphorus atoms
. covalently boanded together inpentagonal tubes having a
band gap greater than 1 eV and photoconducdtivity ratios of
100 to 10,000, semiconductor devices comprising MPx where
M is an alkali metal and x is greater than 6, and materials
30 having a band gap greater than 1 eV and photoconductivity
ratios of 100 to 10,000, semiconductor devices formed of a
high piroportion of catenated covalently bonded trivalent
atoms, preferably phosphorus, where the catenated atoms are
joined together in multiple covalent bonds, the local order
35 of which comprises layers of catenated atoms which are



sem conductor. During the course of their investigations the inven- tors,
in an~effort to formthin filnms of polycrystalline and anor phous KP15 and
otheigﬁlkali nmet al anal ogs which could not be formed by single source vapor
transgort, conceived of a two source (separated source) vapor transport
method in which the alkali nmetal and the phosphorus are spaced apart ant”
separately heated. By controlling2tfe tenperature of a separate

i nternedi ate deposition zone, thin filns of MP15 where Mis an al kal

netal, have been_made in_ polycrystal- |ine and anorphous fornms. This

t echni que PRE&1APdo1ipcE2ER LRECHrdBACERONIBYCEHidT e fRATRL IS J&1 W&t al | i ne
and thi f:koft'hbmg Qfgleaﬁﬁtlahﬂﬂﬁotl?bﬁﬁpﬁﬂéwbm:}%if:i?é pi]nﬁd"\;ggmﬁv/\\%ﬁ‘w&, and ot her
material s presu ol.ymer-1like having the r a : re.Mis an
alkal i meCEPIARROYCteR SERTPR PP hatig crn atkaly ekl aRdid O sed Ml ash
Evaporati on, Chem cal Vapor Deposition, and propose to use Ml ecul ar Fl ow
Deposition nmethods for synthesizing these naterials. W use MPx as the
formula for all polyphosphides. As will be pointed out bel ow, for useful
sem conductors, x may range from?7 to infinity. Known al kali pol yphosphi des
have the formula MP7, MP[err], and MP15. We have discovered that
presumably pol ynmer forns exist having the fornmula MP[err]



where x is nuch greater than 15. Al so during these investigations single
source vapor transport has been inproved over the prior art by control-
ling the deposition tenperature to be constant over a large area, so that>*
| arge .area thick filnms and boul es of polycrys- talline and anorphous
NP[erfT/mhere X i's much greater than 15 have been formed. Large quantities
of crystalline and polycrystalline MP[errB2mhere Mis an alkali metal, have
béen nmade by isothermally heating together stoichionetric proportions of an
al kali metal, and osphor.us.. _This_caondensed _phase net hod produces excel |l ent
VPl or 1] wherle % 1RTSRE Ko, seFUas e 6ST BRRRSEn] RRE Cifber ‘o FeAeEEntive
transport. The covaridarised tephdied bohlledist sefficteftly| gredter bkhamethe
prior m xing and Wgs e Q [ d SRhe in a
ball mill which irg{dg%gf &%%ﬁ? %g'tgtgggttgg gbggﬁpggg%%%g{lanstﬁg hateaial " od
of 100[err]C.  WEewaemductipngngemigppanstayl gevieedutermed| ef i camgowdd| e

powders. Alls of tdampalsahnigelatt b8 spOk¥wBheapELEEEd AN et Dedéh dawi ©fhaving a
approximately 1. 8. eV, phot&condgctlxl%y ratiostgucg g&qﬁter thag%ﬁ,
(measured ratios &8 OFaftde LPPSH {06°V3EBL5HOTOTASH L2 T eRF L AR t y
in the order ofpreFefabdyl®hpsbhorny,|snd] having akkahi enetal evioms), t hat

t he anor phous for, f\+4; : 86k abS+nk- | PO i ]
where X is greaté%ﬁfﬁgﬁhggégngg a?ﬁﬁkhghﬁrgﬁgﬂ%gaéf°§n$§fﬂgff?ﬁ§f§?wﬁ2§§“
substantial Iy t hdU@&td o8efevdREset MoEhpRspeft fREMINE Bork | SRRIGIRAUG IR

| ocal order 1@f tl@evagesphaeshoakedbifaispifig such semiconductor devices,

. methods of conducting electrical current and generating
electrical potential utilizing such devices.
We have therefore discovered a whole class of
materials to be useful semiconductors, some members of the
~— 15 ‘class having been first produced or properly characterized
by us, and others of which have been produced in the prior
art with their useful semiconductor properties being
unknown until our discoveries and inventions.
All of these materials have a band gap within the
20 range of 1 to 3 eV, preferably within the range of 1.4 to
2.2 eV and most preferably about 1.8 eV. Their photo-
conductivity ratios are greater than 5 and actually range
between 100 and 10,000. Their conductivities are within

5

. the range of 10 -10_12(ohm-cm)-1, being in the order of

25 10~ 8(ohm-cm)~t.

Those skilled iu the art wiil readily understand that
the alkali metal component M of polyphosphide or any
appropriate trivalent "ide" capable of forming homatomic
covalent bonds, and having the formula MYx may comprise

30 any number of alkali metals, (or combination of metals
mimicking the bonding behavior of an alkali metal) in any
proportion, without changing the basic pentagonal tubular
structure and thus without significantly affecting the
electronic semiconductor properties of the material.

35 We have further discovered and invented methods of



t he me, i.e. all parallel pentagonal tubes substantially through
t hei tent. 1 In all the pol yphosphi des, the 3
phos rus-to-phos- phorus (homatom c) coval ent bonds at the majority
phosphorus sites dom nate any ot her bonds present to provide the condu
paths and they all have sem - 5 conductor properties: The coval ent
of the phosphorus atons,all of wga2d-are used in the catenation provid
t he dom nant conduction paths and the parallel |ocal order in these
materials, provide the good sem conducting properties. 10 The phosph
at ont aredopingl the mmtieriwml sa0frthe orvdnting pitidlizing tddmEangavi ng
channel -1 C S i T 1 ] n present, joi
X En H’éﬁé etoiem Jif M d@ddl | &S %hnac%té%lp ?eosp%{)lf

catenations together. Atom c species other t rus, particul -
trival ent COPeRF eLvibhabl Eurgt ¥enFi iy S RMIRHAPATAR using AloniAl,bonds
shoul d alse, fMg M BL[M AHNATL] Oiét Silicemvepdians, idnEPEhP¥dsyure of
phosghorus apd gethods of making the sanme, solid filns of anorphous an
polycryst%??lﬁ% RPx and nethods and apparatus for naking the sane, net
and apparatus for making netal poly- 20 phosphi des by nultiple
tenperature single source techniques, methods and apparatus for mnaking
phosphorus pol yphos- phides by nultiple separated source techniques,
nmet hods and apparatus for nmaking MP15 by condensed phase techni ques
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I n polycrystalline forms, sem conductor devices conprising 25

pel yphosphi de groups of seven or nore phosphorus atons coval ently bonded
t oget her inpentagonal tubes having a band gap greater than 1 eV and :
phot oconductivity ratios of 100 to 10,000, sem conductor devices conprising
NP[erPT’where Mis an alkali netal and x_,s_greater than 6, and materials

30 havi ng a band gap greater than 1 eV and photoconductivity ratios of

100 to 10,000, sem conductor devices fornmed of a high proportion of

tCﬁtenat ed CQ\éal ently b?ﬁ_@eﬂnbg'rﬁai'@ﬂ%‘oﬁtfoBarlé)éﬁiclerﬁbid ﬂi‘é)l sgﬂan:“%msp/ﬂr}ere%
e catenated atgng.are ned. together in nultiple, coval ent s,. the

| ocal order 35 (gilwﬁPEhQESﬁpFnggslgﬁﬁr%lfﬁ %%é%nﬂﬁ@ﬁ?%ﬁQﬁﬁféﬁ%Qﬂ%%ﬁ%?ase
-2la- parallel iroemdoakthiajéy.and the |ayers are parallel to each other, the

catenations preferablyTP%%Qgﬁgﬁgg?gﬂQ@ﬁgéngﬁe SELb RN PTo e fifshtion

conprising an al kali me cat'enated structures
wher ei n t he Snunbendofligga¥esti ve coval ent catenated bonds is sufficiently

greater than the nunberrhef sBRNc6AEEEBOLINNOSEFalS {ENURIv S JMliHd Present
sem conducti ng, senicggdup%ogedevig s_fgrne 'oé cor é%”"%hé%e i&§¥HHéSi”9
at least two cat sRXPBELORI P&V ACKIGRI VARESFRCR
photoconductors such as in photocopying equipment; light
emitting diodes; transistors, diodes, and integrated

10 circuits; photovoltaic applications; metal oxide semi-
conductors; light detection applications; phosphors
subjected to photon or electron excitation; and any other
appropriate semiconductor application.

In the course of our work we have also produced for

15 the first time large crystals of monoclinic phosphorus.
These crystals are obtained from vapor transport technique
using an MP15 charge or mixture of M and P (M/P) in vary-
ing ratios.

Surprisingly, these large crystals of monoclinic

20 phosphorus contains a significant amount of alkali metals

. (500 to 2000 ppm have been observed). Under the same
conditions, these crystals cannot be grown without the
presence of alkali metals in the charge.

Two different crystal habits have been observed for

25 these large crystals of phosphorus.

One crystal habit was identified as truncated
pyramidal shape crystals as shcwn in Figure 39. These
crystals are hard to cleave. The other form is a platelet-
like crystal and is cleavable as shown in Figure 40.

30 The largest crystals we have produced in the habit
shown in Figure 39 are 4 x 3 mm x 2 mm high. The largest
cry.tals we have produced in the habit shown in Figure 40
are 4 mm square and 2 mm thick.

The crystals are metallic looking on reflection and

35 deep red in transmission. Chemical analysis indicates that



skeleton of at |least 7 covalently bonded catenated atons, preferably

ph rus, and having alkali netal atons, conductively bridging the

sk n of one unit to another, junction devices, nethods of form ng such
se nduct or 10 devi ces, methods of doping such sem conduct or devi ces,
met hods of conducting electrical current and generating el ectrical
potential utilizing such devices-o¥g-have therefore discovered a whole ~
class of materials to be useful sem conductors, sonme nenbers of the 15

cl ass having been first produced or properly characterized by us, and

ot heils ofthhbcbohaaénbeanwpeodufedmiEOOhEOpZDOO partsi parthielliessef ul

sem condugteo e be n u t i

hventi ongs AHRRRR-BRCET. TrRdLE EORM0: RLLsy OH e BROEPLER! BEEPORS. g of

1 to 3 eVRappsf spaBLtyantn| ﬁlfﬁereaﬁgélothgrma%oaqalzyequamentbkl preferably
about 1.8ceMsitient Rh@hOtheopdueki ¥rtyHI BLbPE' &I Fh8EFWSRLEs] han 5 and

actual ly range between 100 and 10, 000. Their conductivities are within the
rang€ of 105-10 12(ohmcn)1l, being in the order of 25 10 [err](ohmcm 1
Those skilled in the art will readily understand that the al kali metal
conponent M of pol yphosphi de or any appropriate trivalent "ide" capable of
form ng homat om ¢ coval ent bonds, and having the formula MY[err] may
conprise 30 any nunber of alkali netals, (or conbination of netals

m m cki ng the bondi ng behavior of an alkali nmetal) in any proportion,

wi t hout changi ng the basic pentagonal tubular structure and thus w thout
significantly affecting the



el ectroni ¢ sem conductor properties of the material. 35 W have

further discovered and i nvented nethods of -22a- 1 dopi ng the
materials of the invention utilizing doping with iron, chrom um and niC/-
to increase the conductivity. Junctions have been prepared using A, Au{T

Cu, Nﬁf Ni, Ag, Ti, wet silver paint, ang% oi nt pressure 5 cont acts.

-23- 1 The incorporation of arsefifc into the pol yphosphi des (al

paral | el tubes) has al so been denonstrated to i ncrease conductivity. These

dopi ng metheds are al sghgebiuRinOstehddedt | OFyStals BYbwH SGPUHe prERnce
sem conduct or materials and devi ces gi th %#ese t invention Bave a w de
rﬁ‘&it %S

variety of uses. 9fhE€&1PRcERJIELBREE o LY Bh dByAssgee
equi prent ; | i ght o@nRubiagudli DAeBiglirand? séloswe, petilosiast 401D iande gasleetmlo

CLyourt i phot ovght s ARELAERC) Vs TEARIoPASR T AP UGS el

exci tation; 5and atyret fier thpsopeieekiniei phorklarys.applicati on.

The crystals may be utilized as a source of phos-
phorus; as optical rotators in the red and infra-red
portion of the spectrum (they. are birefringent); as
substrates for the growth of 3-5 materials such as Indium

10 Phosphide and Gallium Phosphide. They may be utilized in
luminescent displays or as lasers,

We have grown from the same charge and deposited at
a slightly lower temperature the star shaped fibrous
crystals shown in Figures 44 and 45.

15 We have also grown by vapor transport a crystal
‘allotrope of phosphorus, the twisted fiber of phosphorus
shown in Figure 46.

The polyphosphides may also be used as fire retar-
dants and strengthening fillers in plastics, glasses, and

20 other materials. The twisted tube and star shaped fibers
should be of particular value in strengthening composite
materials because of their ability to mechanically inter-
lock with the surrounding material. The platelets should
be of particular value in thin sheet material where glass

25 flakes are now employed.

The film materials of the invention may also be
utilized as coatings for their chemical stability, fire
retardant, and optical properties.

30

35



In the course of our work we have al so produced for 15 the first time
| arge crystals of nonoclinic phosphorus. These crystals are obtained from
ransport techni que using an MP15 charge or mxture of Mand P (M P)

vap
in

phoSpHorus contains a signific
have been observed). Under the

- ing ratios. Surprisingly, these large crystals of nonoclinic 20
%%% amount of alkali nmetals (500 to 2000 ppm

me conditions, these crystals cannot be

grown without the presence of alkali nmetals in the charge. Two different

crxstal

phdsphor us.
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other formisrtgepbab8bfit-ihvket Loy SHPOvEdEsi & hétRY@bOE BSrBhwwn in Figure
t.crystals we have g[oduced in the habit shown in

40. 30
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5t crystals we have produced

i nsthe lgabit slrowndingFaguaterlahreodpnisingarataheadt mstonek. The
s are gphabhbAt! PREE Qfonarﬁgifﬁﬁbgﬂ?ﬂgg ﬁévig%i@ﬂirﬁgrmﬁla:

crystal
transm

ssi on. em cal anal ysi

s i'ndicates t hey contain

anywher e f r onMBQOWherebaoM paePLepRRt#i 21 dhkd}1 aPRERE S n2RAIX Their powder
X-ray diffracteppepahter 6Be atom ratio of P to M, x being at least

7; the number of consecutive covalent phosphorus-to-
phosphorus bonds being sufficiently greater than the
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number of non-phosphorus-to-phosphorus bonds to render

the said material semiconducting; and
(b) attaching to the said material means for electrically
communicating with the said material to utilize the

said material as a semiconductor; the said semi- "

conductor having chemical and physical stability

under ambient operating conditions, an energy band

gap of from 1 to 3 eV, a photoconductive ratio

greater than 5 and a conductivity between 10~

-12 1

10 (ohm-cm) .

° and

The present invention also provides a semiconductor

device which comprises:

(a) a material as defined above;

and
(b) means attached to

the said material for electrically

communicating with the said material.

The present invention may be regarded as being more

convenient than the prior art and less expensive.

Reference may also be made to a divisional application

85 16583, which, inter alia, relates to similar materials.

In accordance with the present method, there is

preferably provided a material comprising, at least as

one component thereof, at least two polyphosphide units,

each unit having a skeleton of at least 7 covalently

bonded phosphorus atoms,

the said units having associated

-~

=



Raman spectra and differential thermal analysis are all consistent with the
prifor art Hittorf's phosphorus. 5 -24- 1 Phot ol um nescence of
crystals grown in the presence of Cesiumin Figure 41 and crystals gro n
the presence of Rubidiumin Figure 42 show peaks at 4019 and 3981 Cn](2225
whi ch indicate a band gap of about 2.1 eV at roomtenper- 5 ature f

this nonoclinic phosphorus. The crystalkSamay be utilized as a source of
phos- phorus; as optical rotators in the red and infra-red portion of t he
spectrum (they. are blrefrlnqggéh% as sybstrates for the growh of 3-

mat eri al s Such BTS¢ Umal OFfi ddkadd astelumteRos HﬁdéaldTﬁé§aﬁéy be
) UL ilized |d ndl Unhéresl et onth &mrﬁuh&ltheas' Ib&ialgangmhhapaﬁgmwom%r gRellBecaane
charge an eposj t [ er r r p

fibrous cr ystalésfs oﬁ}?%lﬁ—" tﬂ‘r tets 43%\6%8@%% %e1etoh %\f‘égﬁm%ggl §glt|’own
by vapor transpord tahe:rwchlmaéaelratarlop@vempno@pndr €8p pﬁemaméu'edetebmngfl

phosphor uss sho 'Ehéqéﬂﬂd3ﬁﬁ%sﬁﬂ@%uBQEbPQQ%BBhGQ%s”BBnQES0 Bgrésﬁgeﬁérﬁbi?,
retar- dants and strengtheni.n illers in_plasti ot her

materials. The* %ﬁ%t Rofye asFﬁFe§ﬁ&ﬁe&°PPBéF%nghoﬁFdiﬁésﬁfaEaPPFcuIar

val ue in strengthening conposite
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materi al s because of their ability to nmechanically inter- lock with the

surrounding material. The platelets should be of particular value in thin

—~at eri al where gl ass 25 fl akes are now enpl oyed. The filmnmaterials

invention may al so be utilized as coatings for their chem cal .

ty, fire retardant, and optical properties. 30 35 251

Having illustrated the field of 49 present invention, it will now be

di scussed nore specifically. The present invention provides a nmethod of

form ng a sem conductor device which conprises: 5 (a) providing a

mat er i al eoguneitnghatedast s yohe spdvipien da inige tdef formudry MRgsphi de

havi ng t [\ i ng en a i al ; and x

repr esen'p'gh %Iﬁéefwatngnﬁér?\‘ag%ele%édotf%q{ %%al\ﬂ)% _E‘%irt%%’a%’%]de%s?l e?%'ets ﬁg% Iﬁur_rber of

consecut i the cotem aatishaxhhbris M.ox hping at leggdsghiordd HH8I€1Bei ng

suf fi cijen@l{é/h ﬁﬁggﬁtéﬂm lt}fggg HiRelergly mmdplgedq;plgqr tfa-ohpiplt_@sphevushbondsd

to render the sai terld sem.conducting; an attaching to the sa

matetial neans & ]rﬁajtaﬁricﬁyléjgergﬁmycé%vﬁ B %ﬁ)dtgﬁé’ ofi gqﬁ%t erial to

utilize thet 1o 2.2 electaiah nadldrs,ale.@& substiaodriaddwyod;. 8t kd esdrdnseni -
volts, and/or a photoconductivity ratio of from 100 to

10,000. It may comprise a single alkali metal or at least
two different alkali metals. The material may be polycry-
10 stalline or amorphous.

In certain preferred embodiments of the present \J
method, in the said material at least 7, e.g. 15, phosphorus
atoms may be bonded to other phc-phorus atoms per each of a
metal atom in the said material. There may be at least

15 500 phosphorus atoms per each of a metal atom in the said N
material.

It is particularly preferred that the polyphosphide
correspond to the formula: MPx wherein M represents an
alkali metal and x is from 7 to 15. The subscript "x"

20 may be substantially equal to 15 or greater than 15. The
material may be defined by the formula: [MP7]a [Ps]b,
wherein b:a is the atom ratio of [PS] to [MP7].

In the present devices, it is preferred that at least
6/7ths of the atoms have 3 homatomic bonds exclusively, N

25 more preferably at least 14/15ths have 3 homatomic bonds.

In certain preferred instances, the material in *he
present devices may be characterized in its local order by
tubular columnar structure, more preferably the tubular
structures in a local order are all generally parallel.

30 The columnar structure may be channel-like and/or penta-
gonal when viewed on end.

Preferably, the major componen. atoms of the material
are trivalent, more particularly they are one or more
pnictides, in particular they are predominantly phosphorus.

35 The average bond angle is generally greater than 98° and



conductor having chem cal and physical stability under anbient operating

conditions, an energy band gap of from1l to 3 eV, a photoconductive ratig-—
greater than 5 and a conductivity between 10 and [err] 20 10 1

(ehmcn) The present invention also provides a sem conductor device which—
conprises: (a) a material as defined above; and 25 (b) nmeans attached
to the said material for electrically co@famicating with the said material.
The present invention nmay be regarded as being nore convenient than the

prior art and | ess expensive. Reference may al so be de to di vi sj.gnal
application 80 W 1HEs Ry O SPaced 3t 4o P‘Qggﬁeg?t grg’PnEFalForribgri al s.
| n accordance w tAddihe qiteds ertomse idfodnet ber moire fiéferahtyepenentedtizan

mat erial conpri si t St . nt, _t , S

pol yphosphi de uniafn%msgé)c%etglrﬁ tcﬁg%%é%ggg&g‘ﬁepgnggpsg{j F%gg%gg ‘té‘(v){’/a entl y
35 bonded phosptarau fattdies satilfe codienagions hadi mgyafeosei apeductionsg - 1

therew th ats| easfa e fdi@lve tiRledl. aP2@felrAB152i €nadl katendBighsai #MBach
conductively bri glg%fthe hos horﬁs skele&qn of ope Ynlt with the
phosphorus skel et Sh € @l generally parallel.

The material may be formed as the deposition product

from vapour transport in a deposition zone from separated

sources of phosphorus and an alkali metal. The atom ratio
10 of phosphorus to metal may be substantially 50 or greater,

more preferably substantially 200 or greater, most

preferably substantially 1000 or greater. The amount of

metal is preferably less than 1,000 parts per million.

The material may be formed of a single crystal or may be

— 15 in the form of a thin film.

A device in accordance with the present invention
may comprise a junction, which may comprise a metal
selected from Cu, Al, Mg, Ni, Au, Ag and Ti, preferably
Ni. The material may be doped with atoms of another

20 pnictide, such as As. Also, the material may be doped
by diffusing therein a metal having occupied outer f or
d electronic levels, such as nickel, iron or chromium.
The present devices may comprise metal contacts selected
“ from Cu, Al, Mg, Ni, Au, As and Ti. Preferably, the
25 devices in accordance with the present invention comprise
a material corresponding to the formula: MPx wherein M
represents Li, Na, K, Rb or Cs; and x is at least 7.
Having defined the present invention, it will now
be discussed and illustrated in more general terms.
30
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and the said material having a band gap primarily determned 5 by the
i d_phosphorus-to-phosphorus bonds. Mre preferably, there is provided a

| conprising, at |east as one 10 15 20 25 30 35 -26- 1
¢nt thereof, a pol yphosphide having the formula MP[err] wherein M

represents an alkali nmetal; and x represents the atomratio of Pto M N d
being at least 7; and wherein the2said nmaterial has an energy band gap of -

from1l
1.4 to

to 3 eV. 5 The material provided may have a bandgap of from =
2.2 electron volts, e.g. substantially 1.8 electron volts, and/or a

phot dbconduct i vi Ferrat felber furdenstrrding @bothe t(naiire &gt idkviectss ngl e

al kal i

nmebal tRE §ﬁvé§€§éntV@ef’éfé@é@néh&!li@|be midl fo the fetRwialg my be

pol ycry- 10 stalline or anmorphous. | n certain referre enbodlnents of

the presefietiblRBgdesariREIQR; dt?'fl&?%r’r’él copneetiqn With fhe Reagmss hhor us

at ons

nayphfy bngderawbngs hein phiopéior us at oms per each of a metal atomin

the said materigheydhes & 0By b plahfifdlc 1Pieow - AIPSHI Uit 0TS per each

of a“netal atom
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section of single source vapor transport apparatus;
FIGURE 2 is a diagrammatic view of a portion of the
vapor transport apparatus of FIGURE 1;
FIGURE 3 is a diagrammatic view of another single
source vapor transport apparatus;
FIGURE 4 is a computer diagram from X—ray diffraction g,
data of phosphorus atoms in MP15 where M is an alkali metal;
FIGURE 5 is a computer diagram from X-ray diffraction
data of a cross—-section of KP15 showing how the covalent
bonding of the phosphorus atoms of FIGURE 4 forms a N’
pentagonal tubular structure;
FIGURE 6 is a computer diagram from X-ray diffraction
data in longitudinal section of KP15;
FIGURES 7 and 8 are photomicrographs of KP15 crystal
whiskers;
FIGURE 9 is a powder X-ray diffraction fingerprint of
crystalline KP15;
FIGURE 10 is a powder X-ray diffraction fingerprint of
crystalline KPx where x is much greater than 15; ~—
FIGURE 11 is a diagrammatic view of an experimental
reaction tube for two source vapor transport;
FIGURE 12 is a plot of temperature versus length for
the reaction tube of FIGURE 11;
FIGURE 13 is a diagram of the P to K ratio of the
reaction products in the reaction tube of FIGURE 11,
FIGURE 14 is a schematic diagram of apparatus for a
two source vapor transport;



material. It is particularly preferred that the pol yphosphi de correspond to
the fornmula: MP[err] wherein Mrepresents an alkali netal and x is from?Z
to 15. The subscript "x" 20 may be substantially equal to 15 or great
than 15. The material may be defined by the fornmula: [MP7]a [P8]b, where
b’a i$the atomratio of [P8] to [MP7]. In the present devices, it is
preferred that at least 6/7ths of the aT®®®% have 3 honatoni c bonds

excl usively, 25 nore preferably at | east 14/ 15ths have 3 homatom ¢ bonds.

oS EC | kAR T Rl b, UG O cofsly e g

characterizéd inits | umar structure, nore
preferably the t alpphaatssrailustsatadainoBiGURBEJGEE; are all generally

parallel. 30 The col HTRORES BUSLUL Eq TBYr Dems BEENG, o | &€ AWK ISr DA dEion
gonal when viewed on end. Preferably, thé mgjor conponents atons of the

material are trivabenformiFe SaBfreuraprey tR_YSBPE  one or nore pnicti des,
in particul g they aremgegeninans! ¥ phagpanmasic 3biew Tk @ viea blyenioond

L

spaced at an angle of I Ona one- or nor
different el ement(SEMian atomsfolmt hé gsanewaf PORsOfraphesprherise MBe WREHL t¥o

or more of the sgid fRheR2bheas 2REnMRY;fOr m conduction
FIGURE 21 is a photomicrograph of an etched amorphous
10 surface of such high x MPx synthesized by single source
vapor transport;

FIGURE 22 is an photomicrograph of an etched amorphous
surface of such high x MPx synthesized by two source vapor
transport;

15 FIGURE 23 is an photomicrograph of the same surface as
shown in FIGURE 22; )

FIGURE 24 is an photomicrograph of an etched surface
perpendicular to the surface shown in FIGURES 22 and 23;

FIGURE 25 is an SEM photomicrograph of the upper

20 surface of an amorphous'thin film of KP15 synthesized by
two source vapor transport;

FIGURE 26 is a cross-sectional view partly in diagram-
matic form illustrating the formation of a junction;

FIGURE 27 is an illustration of the oscilloscope

25 screen in the experiment illustrated in FIGURE 26; and

FIGURE 28 is a cross—-sectional view partly in diagram—
matic form illustrating the formation of a junction;

FIGURE 29 is an illustration of the oscilloscope
screen in the experiment illustrated in FIGURE 28;

30 "FIGURE 30 is a diagram of a photosensitive resistor;

FIGURES 31, 32 and 33 are illustrations of oscillo-
scope screens showing junction activity in devices;

35



5 pat hs therebetween. Preferably, the catenations in each | ocal order
are | generally parallel. The material may be forned as the deposition
pr t fromvapour transport in a deposition zone from separated sources
of sphorus and an alkali netal. The atomratio 10 of phosphorus to

metal may be substantially 50 or greater, nore preferably substantlaIIY‘éOO )
or greater, nost preferably substagtially 1000 or greater. The amount of
nmetal is preferably less than 1,000 parts per nmillion. The nmaterial nay be
formed of a single crystal or nay be 15 in the formof athinfilm A
devi de in accorEéﬁHBEﬁnBﬁ t B8 %B@s@ﬁtarﬂvéh@t%noﬁagaﬁ%ﬁﬁta%@ea junction,

whi ch ”HYVEQEHE'§§p§1€8téieé@%@é&fdpéfeﬂtiyl fh, jiRctbn devicdy; and Ti,
preferably N . material ma atons of anot her 20

th
pni ctide, such §§ HEE SAI &8, atﬁ%°ﬁa?gr?%Paﬁh§a%%ed%%%dr%®1§ﬁ49%%lng t herein
a netal hagi agfaaegpoadodufeeqhencydo! £pb1 Déd Cpd eyt Sal smshjéksldmskfl 4
iron.or chromu esen Yg CO t act el ecte
fronPCu. Al , gkﬁaﬂﬁ B ig ; gf¥#§£%re et d nge f?éﬁﬁfrmcﬁﬁli% f#i
accordancemnpuhetnélbnésénto|ﬁonmtm@noebnp¢¢seh@snmwem$al corresponding to

the formula: MPyrgabaEesd Ms'8PpRE€ShEckbgrdpn &¢ BbcP*sQa?i Mnonds at
| east 7. FEVIngnﬁﬁflngﬂﬁthe pr esent |nvent|on it wil now be di scussed and

1p4 8SBBAEPSF terns. 30 35
FIGURE 40 is a photomicrograph of a crystal of mono-

i|lustraté&

10 c¢linic phosphorus;
FIGURE 41 is a diagram of the photoluminescence \;
response of a crystal of monoclinic phosphorus;
FIGURE 42 is a diagram similar to FIGURE 6 of the
photoluminescent response of a crystal of monoclinic phos-
15 phorus; and -’
FIGURE 43 is a Raman spectrum of monoclinic phosphorus;
FIGURES 44 and 45 are SEM photomicrographs of another
new form of phosphorus;
FIGURE 46 is an SEM photomicrograph of still another
20 new form of phosphorus;
FIGURE 47 is a side diagrammatic view of flash
evaporation apparatus;
FIGURE 48 is a cross-sectional view taken along the
line 48-48 of FIGURE 47; ' N
25 FIGURE 49 is a cross—-sectional view taken along the
line 49-49 of FIGURE 48; and,
FIGURE 50 is a diagram of chemical vapor deposition
apparatus.
The same reference numbers refer to the same elements
30 throughout the several views of the drawings.

35



-27- 1 For a fuller understanding of the nature and objects of the
i nvention, reference should be had to the follow ng det ai | ed descri ption,
taken in connection with the accom panying draw ngs, in which: 5

FIGURE 1 is a diagrammatic view partly in cross section of single so .
vaporYransport apparatus; FIGURE 2 is a d| agrammatic view of a portion of
t he vapor transport apparatus of FI GURE BOFIGURE 3 is a dlagrannatlc Vi ew
of another single 10 source vapor transport apparatus FIGURE 4 is a

conputer diagramfro n@é%@} é@ﬂ@&hsd%ace%ﬁ@o ‘ﬁﬁbﬁ”ﬁ% @nM’lS

where Mis &an al kal i comput er. di agram f.rom
di ffraction datahbghapesshores Ry Rifosahisies MR @gWW@WetMé1§09&IéﬁFa}5

bondi ng of the Hh&%@foré&%aa%m&; fdz%?%fl ﬂﬂ?féﬁho&u&emﬁa| atrebuflar
structure; FIGURE 6 15§ a cogfuter di a a dlff ctlon b

| ongi t udi nal secPebhewed K (§Iﬂ£§ éir hot"8% SQfaﬁﬁga ?1R515
crystal 20 5 whigéeysrystdiRiné o anqlqmtars X- ﬁm/txalﬁ.fervacttlhart finngetpri nt

of crystalllne KP15: . FE fir
crystalline KP[ e?FYSK‘i\?‘l%EJ Bg %rgd Irfﬁ% rea erﬁiﬁlrf?rllt lf%%‘tll %dfelrn%‘kgrsl %eOf

is a di agramtltomewoélwg%mmmlmrus tubes havmg pentagonal cross
sections as shown in Figures 4, 5 and 6. All of the

pentagonal tubes are generally parallel on the local scale
10 and in MP15
tubes are connected to each other by interstitial alkali
metal atoms. In the new forms of phosphorus, many, if not
most of the alkali metal atoms are missing. However, it
appears that one new form of phosphorus formed in the

double layers of the pentagonal phosphorus

~— 15 presence of very small amounts of alkali metal atoms grows
from vapor deposition in the same form as MP15. One
experiment to be discussed below indicates that at least
one form of this is by growth of the new form of phosphorus
on a layer of MP15' The MP15 may act as a template causing
20 the phosphorus to organize in the same structure. All of
the materials having these all parallél pentagonal
phosphorus tubes have been found by us to have a band
gap between 1.4 and 2.2 eV and most on the order of 1.8 eV.
" Photoconductivity ratios range from 100 to 10,000. Thus
25 it is indicated that all high phosphorus alkali metal
polyphosphides from MP7 through MP15 and more complex
forms and mixed polymers of MP15 and the new form of
phosphorus discovered by us (MPx where x is much greater
than 15), which all have the all parallel pentagonal tube
30 structure, if stable, will be useful semiconductor
materials, barring the inclusion of elements that would
act as traps, cause the formation of grain .oundaries, or
the like.
In all of these materials having the all parallel pen-
35 tagonal tubular structure, our investigations indicate
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di agrammati c vi ew of anot her

5
and 120 a
phosphor

phot om crogr aph of

tube for two source vapor transport; FIGURE 12 is a plot of
tenperature versus length for the reaction tube of FIGURE 11; FIGURE 13 is
a di mof the Pto Kratio of the 30 reaction products in the reaction
t ube FIGURE 11, FIGURE 14 is a schematic diagram of apparatus for a tw .
sourceé vapor transport; 35 -28- 1 FIGURE 15 is a diagram of ~0One
of the elenents of the apparatus-ghlustrated in FIGURE 14; FIGURE 16 is a
reaction tube for two source vapor transport;
FIGURE 17 is a diagrammatic view of a ball mll; FIGJRE 18, 19
rtdiagc dive myldliedier eODALANOYSaSRYALEEM FROSPhATHET PG a new form of
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Sur Pace as shown
is further our opinion that the presence of alkali metals

in the charge, even when resulting in trace amounts in the
new forms of phosphorus we have discovered, promote growth
of the materials in forms that maintain the same structural
and electronic properties a.S'KP15 or as monoclinic phospho-
rus, depending on deposition conditions.

The family of semiconductor members to which the
subject invention is directed comprises high phosphorus
polyphosphides having the formula MPx wherein M is a Group
la alkali metal, and x is the atomic ratio of phosphorus-
to-metal atoms, x being at least 7. Metallic elements of
Group la most suitable are Li, Na, K, Rb, and Cs. Although
francium presumably is suitable, it is rare, has not been
involved in.any known synthesis of MPx and is radioactive.
High phosphorus polyphosphides where M includes Li, Na, K,
Rb or Cs have been formed and tested by the inventors.

The polyphosphide compounds as presently defined must
contain an alkali metal. Some of the new forms of
phosphorus must be formed in the presence of minor amounts

if not unmeasurable amounts of alkali metal. However, other

metals may be present in minor amounts as, for example,
dopants or impurities.

KP15 and, as we later learned, a new form of phospho-
rus was first synthesized as follows.

Referring to Figure 1, a two temperature zone furnace
10 comprises an outer sleeve 12 preferably constructed of
iron. Outer sleeve 12 is wrapped in a thermally insulative
coating 14 which can comprise an asbestos cloth. The
furnace was constructed in the laboratory shop of the -
inventors.

han‘@f ?ﬁfg gﬁ'o\ﬁﬁ%r LANRes tcon?iﬁcto'gl &&EE%?LJBE 231ks an
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FI GURE 24 is an photom crograph of an etched surface perpendicular to the
surface shown in FIGURES 22 and 23; FIGURE 25 is an SEM phot om cr ogr aph_of
t he upper 20 surface of an anorphous thin filmof KP15 synthesized by t
sQurce_vapor transport; FIGURE 26 is a cross-sectional view partly in
diagram matic formillustrating the formation of a junction; FIGURE 27 is
an illustration of the oscill oscope 25-31gereen in the experinent
illustrated in FIGURE 26; and FIGURE 28 is a cross-sectional view partly in
diagram matic formillustrating the formation of a junction, FIGURE 29 is
an illustration of theWesdisedogcBJE aépmeRathor A€ akputi kEptvelasistrated in

FIGURE 28, 30  reactant@B6 39 ifaraadeadpam @k anehol DeetFative sasmSIO) ;
FI GURES 31, 32 a39£$3 are |Ilu§trahlons ofdoacbllo- scope screens show ng
junction activity inh&&Ffi £&S Pygsphoyus and U.6.g pHROLHSSHMN HrYs oy e

pl ot s of capacit araamsrer sus applied electrical potential in junction
devices; FIGQURE 37 is a plot of capacitance and resistance as a function of
frequency of applied potential of devices; 5 FIGURE 38 is a

di agram of a preferred formof sealed anpoule utilized to form nonoclinic
phosphorus; FIGURE 39 is a photom crograph of a crystal of nono- clinic
phosphor us;



FIGURE 40 is a photom crograph of a crystal of nono- 10 clinic
Ay us; FI GURE 41 is a diagram of the photol um nescence response of a

of nonoclinic phosphorus; FIGURE 42 is a diagramsimlar to Fl GURE
phot ol um nescent response of a crystal of nonoclinic phos-

15

phorus'; and FIGURE 43 is a Raman spectrum of nonoclinic phosphorus; Fl GURES )

44 and 45 are SEM phot om crographs of anot her new form of phosphorus;
FI GURE 46 is an SEM phot oni crogr a@-of still another 20 new f or m of
phosphorus; FIGURE 47 is a side diagranmatic view of flash evaporation

apparatus; FI.GURE 48 i s a cross-sectional viewtaken, alo he_|] 48- 48
of FI GURer¥ed ynder nitrogeg ke Mp3rts fd‘?"?%sﬁ-,éem BhaF €$e§\f?3ﬁ£€§él ong

t he |inghé9phdsphdridRiasiovashdd FePdRtedly svithli agesonel, cirahi 34r vapor
30t B8 Ru: O veR oY whEnEhST i3 (WU ded 4 CoptRohgE, TAEELE FEN! S
phosphothe seilyenil sedeshsid.fied by the
After being charged with reactants 36, tube 32 was
evacuated to, for example, 10”4 Torr, sealed, and then
placed in furnace 10. Tube 32 was mounted at a slight
incline in the furnace. Power supplied to conductors 24 and
26 was adjusted to establish a temperature gradient of, for
example, 650°C to 300°C from heat zone 28 to heat zone 30.
With the above described inclination of furnace 10, react-
ants 36 were assured of being located in the hotter temper-
ature heat zone 28.
After maintaining furnace 10 at these conditions for a \J/
sufficient period of time, for example approximately 42
hours, power to conductors 24 and 26 was terminated and tube
32 was allowed to cool. Upon reaching ambient temperature,
tube 32 was cut open under 2 nitrogen atmosphere and the
contents of tube 32 were removed. The contents were washed
with CS, to remove pyrophoric materials, leaving approxi-
mately 2.0g of stable product. This resulted in a yield of
approximately 33 percent.

-

Using this form of synthesis, various phases of resul- ~

tant product occur at well defined positions within tube 32
as illustrated in Figure 2. A dark gray-black residue 40
coupled with a yellow~-brown £film 42 is typically produced at
the extreme end of hot zome 30, where reactants 36 are
initially located. - Moving in a direction of decreasing
temperature along tube 32, there is next found black to
purple film deposits 42 which are a polycrystalline
material. Next to film deposi«s 42 is an abrupt dark ring
of massed crystallites 44 and immediately adjacent crystal-
lites 44 is a clear zone wherein whiskers 46 are grown. A
highly reflective coating or film deposit 48 is found on the
lower portion of tube 32 in the beginning of cold zone 28.
Above film deposit 48 a deep red film deposit 50 occasion-
ally occurs depending on the temperature maintained in the
zone. The deéosits 48 and 50 can’' be polycrystalline,



hi gh phosphorus pol yphosphi des MP15 where Mis an alkali netal, and the new
forms of phosphorus forned, are all believed to have simlar |ocal order
whet her crystalline, 5 pol ycrystal line or anorphous. W believe n
both ¢rystalline and anorphous MP15, this local order takes the formg

el ongat ed phosphorus tubes havi ng pentagonal cross sections as shown in

Figures 4, 5 and 6. Al of the pentagonal-33rbes are generally parallel on
the |l ocal scale 10 and in MP15 double |ayers of the pent agonal phosphorus

b dt h t.h titial atons. In
the new formb of SBSBROTTY Hhab TNt sy Sl TarearranaRar PEeu,
are m ssing. Fbmem@terialeﬂﬁnﬁndnngunn(ﬂhelnaacﬁammsohnnhmembera$u&ernedtin
the 15  presence;pf &€fYerd®dd %P;HHN% g ngqié%l I STRE gl 5 8?569&81 ebb8y

vapor deposition in the same forma e experi nent | SCussée
bel ow i ndi cat es tatViich dak angrPhasnmsterriiad .i s by growth of the new form

of phosphorus on a | ay®insd ﬂ‘!ﬂ%&% 1sTiae d‘d?ﬂtinrﬁ%x:sa%m@ératheap %eleales' ng
20 t he phosphorgi t 0 .0rga g, sane structur
I

material s havi ng These 5§ arzeﬂq °p L2584 838E0F5§ F858§1H3v§u5€en
found by us to hasteown Uancf‘lgap‘dﬁetlvmm 2. 4t$mdnatareVoﬁndihEDmaten1ahe or der

of 1.8 eV. Phot oqgtgggzjt t {3 fr s 25 It
is indicated that all] hﬂiééih %&%&&%ﬁ%ﬂgﬁ% |%Wt:kggo§bl§ 988 hggg from MP7

t hrough MP15 and SHAE CoRAvstsldine ét’rli’dsllﬁei'édtﬁolpﬁf@%YéFa iBeafhd t he new
form of phosyphor usnabigtooer ed v rder( M3 eanli pohate XheSreuWeBigheahgr than

151} whi ch all f“&%%édk%‘?é d%%ggi%ehag%%tgggggloft%glform layers of
material, a three zone furnace was constructed and is
illustrated in Figure 3. As herein embodied, the three
zone furnace 54 is essentially identical to furnace 10

~— 15 illustrated in Figure 1, in that furnace 54 comprises
an outer iron sleeve 56, a tube 60, and a reaction
tube 58. For purposes of simplicity, asbestos wrappings
of outer sleeve 56 and tube 58 have been omitted from
Figure 3. Furnace 54 is primarily distinguishable from
20 furnace 10 in that tube 58 is much longer in comparison
to tube 32, and is preferably on the order of 48 cm in
length. 1In addition, furnace 54 has associated with it
three distinct heat zones, 62, 64 and 66 which are
~ individually controllable to create a more definitive
25 heat gradient along tube 60. Tube 60 may be supported
by asbestos blocks 68 and 70 in a manner so as to
provide for an inclination of tube 60 and reaction tube
58 toward heat zone 62, in order to keep reactants 36
in proper position.
30 Very good quality preparation of KP15 whiskers
were obtained using temperature set points of 550,
475, and 400 degrees centigrade'in heat zones 62, 64
and 66 respectively. It was also found that bulky
deposits generated in furnace 10, when loaded into
35 inner sleeve 60 of furnace 54 and reheated in the



30 structure, if stable, will be useful sem conductor materials, barring
t he %ﬁg%usion of elenments that would act as traps, cause the formation of

gr ai undaries, or the like. In all of these materials having the al

par al pen- 35 tagonal tubular structure, our investigations indicate -
-31- 1 that the nultiple continuous coval ent phosphorus-to- phosphorus
bonds of the tubes being substantréﬁ?y greater in nunber than the nunber of -~
ot her bonds will provide primary electrical conduction paths for electrons -
and 5 es and t hu I e to p

furthér ou 8§|nﬁgﬁntﬁ§%89 ¥Eﬂﬁgg§gggéog} ?EQFE n%?g$§ gﬁﬁ%ﬁg charge even

when resul ttiondgorm ﬁn&medapgamts Lihkehthase obrfElms HBD3Bhorus we have

di Scovereda%ghg gear oWt Bighirkhe mBher baly Wﬁ'eﬁ%”ﬁléﬁa&oﬂ@l ntain the same
structural el ectronlc propertlggTﬁs or as nonocl i ni ¢ phospho-

rus, depen&ﬁﬁ@eéﬁtﬁ€ﬁo§ﬁtﬁﬁn essdi #PBnR¢ W?ﬁn??? of seni conduct or
menbers to whi cnnhhecsmmj gtrucnueali onfoemdtientend Kb rcsy&stéllgh

phosphor us sphi f e i s a Goup
15 la aIPEPF‘%??aFn §ﬁ§098th %Qg ogéguég ggﬁoééLﬁ %r%%$¢ o et al
atons, x bwasg at least 7. Metallic elenents of (}oup Ia nost suitable are
Li, Na K, Rb, and Cs. Although francium presunably is suitable, it is
rare, has not been

10 |
o’
15 : -’
20
'\./:
25
30
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phosphorus pol yphosphi des where Mincludes Li, Na, K Rb or Cs have

formed and tested by the inventors. The pol yphosphi de conpounds as
presently defined nust contain an alkali nmetal. Sonme of the new forns of
phosﬁﬁ6rus must be forned in the presengg of m nor anounts 25 I f not
unnmeasur abl e anounts of al kali netal. ﬁéver, ot her netals may be present
i-n m nor anmounts as, for exanple, dopants or inpurities. KP15 and, as we

| at er | earned, or Ofﬂﬂgfh' figst lszed ol |
30 Ref%%ig%\ééo gusre ,gacﬁ%éfaei,\rrg?r a'{.arredz?lone urlﬁg’ce%%&faf i
conpri ses an ot®klectedyewibhpr aper autpmagrst r ddfdaastomespr-cut & dJikxnus

12 is wrapped éi‘n_l%lé herimdda) | BEUl Bd 0 V&GV d aldmehiesh €28 CHEMEEEEdaMang
asbest os cl ot h. e éur nace wgs constructed in the | aboratory sth_ Qf the
35  inventorgnounted;on g gGlags, IpPRTa oiea FHEBFERED LY B WERFE TR ned by

reactants 36 iditectamethddsAsusiwgi bl usdtr=ll i o @&4dl eindepedehtr akflec-
phosphor us andtg)m@sg OfAle.Otéﬁél diLlE" Qvetxreanfécated by an electron map and

differential Fourier synthesis.

i nvol ved in any known synthesis of MP[err] and is radioactive. 20 ~®

Typical needle-like crystals were examined by high
magnification and scanning electronic microscopy (SEM). The
resultant SEM photographs of the <cross section of the

. needles show that the needles are apparently composed of
dense fibrils rather than hollow tubes. Marked twinning of
the whisker crystals is also discernible on the microphoto-
graphs of KPlS whiskers in Figures 7 and 8., The diameter

~— of the primary fibrils of the whisker-type crystals is esti-
mated to be approximately 0.1-0.2 microns. Larger fibrils
seem to have a fine structure consisting of parallel
lamellae of approximately 500 angstroms thickness.

From the initial crystal data refinement study, the
stoichiometry of the studied potassium phosphide compound
appears to be KPls.

The phosphorus atomic framework of the compound is
formed of identical unit tubes with a pentagonal cross

~ section. The tubes are unidimensional along the needle axis
direction. The phosphorus tubes are parallel to one an-
other. In the simplest description, double layers of
separated phosphorus tubes are connected by a layer of
potassium atofns. As judged by the inter atomic distances,
the K atoms are at least partially ionically bonded to P
atoms. A cross sectional view of a whisker is presented in
Figure 5.

More specifically, each potassium site is associated
with a rigid unit of 15 consecutive phosphorus atoms having
a structure as illustrated in Figure 4. In this rigid unit
all the phosphorus atoms but one are bound to three other
phosphorus atoms. The other phosphorus atoms are chained,
with the missiné bonds linked to a potassi\_:m atom as shown
in Figure 5. Thus, the potassium atom appears to 1link



-32- ferred under nitrogen to quartz tube 32. Prior to transfer, the _
sphorus was washed repeatedly with acetone, and air dried. However, this °
Ming is considered optional, as is the solvent selected. After being
ged with reactants 36, tube 32 was evacuated to, for exanple, 10.

4[err] Torr, sealed, and then'3;§"aced in furnace 10. Tube 32 was ,

nount ed at a slight incline in the furnace. Power suppl led to conductors 24~

and 26 ted to establ t enper r exgnpl e,

650[er Gé[%?‘?l}%nﬁ on‘ﬁt %%‘% gﬂ%gg one OQE'W%% thgﬁabove

descri lgae |Mesmtgame®f stunciorel0, potaas iumnhes3ehaarhqlsr 88986 bei ng
002t sl IR A SIGHEEPE arhilcR Al A% 60, f4199ATBAA! 81 7ERG furnace

10 at ffes€ conditio or~a_sutficient period,_of or Hg%\
appr oxiresPeior ivelyour TheyoReF ddstangest chaer24 Lom 36:3[\%% ‘t% ad and

tube 33npWA%oNd @tﬂﬂésp A0athe Psspieslé Nghaihs cvary ebpeweenr 87°t ke 32 was
cut open _under n|tro nosphere and the contents of tube 32 were
remvedlﬂhé”@orﬁvéﬁasg washed with CS2 to renove pyrophoric materials,

| eavi ng appIHbSenmt €loyms. q ofayexdd e stouhisire Thavingsan edvexageyi el d of
appr oxi rra%f'{?r cggt téﬁdf?ffénhﬁfl: RS S B@rao%%et;lﬁa_ses of

resul - occur at I ned positions within tube 32
i || ust rsanedzqnd\mme @lwlﬁaﬂ'@%ﬁ]&?nbﬁabﬂsrEsFaﬂélﬂﬁ SEEPCEYTS AP

yel | ow-f Qe fddd¥dnd ind Viri§ e | EPBEPCEdriiviluntxatons whdchf dwt zone
30, where reactants, 36 aL ° °
form their three onds within the :ange of 87° to 113° with
the average above 98° may form- the same catenated structure -
as MP,. If the bonds are covalent the material can be
expected to have the same electronic properties as MP .
Table I gives the crystal 1a.tt:|.ce parameters and atomic

positions we found for crystalline KP,..
TABLE I

Crystal Lattice Parameters For KP].S

Triclinic system
Unit cell parameters ' hed
a= 9.087 a° (+ 0.15) A°

b= 11.912 A® (+ 0.10) A°
c= 7.172 A° (& 0.15) A°

o = 101.4 (+ 0.1)°
A =107.9 - (£ 0.2)°

= 89.3 . (+ 0.1)°

The unit cell is primitive with one molecule per unit cell
and a volume of 723.3 Cubic Angstroms



initially located. Myving in a direction of decreasing tenperature al ong
tube 32, there is next found black to purple filmdeposits 42 which are a
Jpolycrystalline material. Next to filmdeposits 42 is an abrupt dark ring
of magsed crystallites 44 and inmediately adjacent crystal- lites 44 is a
icl ear zone wherein whiskers 46 are grown. A highly reflective coating or
*filmdeposit 48 is found on the | ower p®6+ion of tube 32 in the beginning
of cold zone 28. Above filmdeposit 48 a deep red filmdeposit 50 occasi on-

ally occurs depending on the tenperature nmaintained in the zone. The
deposits 48 af@acREIrRYMP,be polycrystalline, -33- 1 anor phous or

a mxture of polycrystahki ngigndsanaeplonsy rat £ £k PR O Y a_EHb\iéWe
reactants and tenper tur?. At the extrene end of, cold zone 2%%|s a nass or
a

t t
filmdeposit 52SWRPERFELafBPHAGHEI PR+ @ gentrosymmetnic By §RAGS 5
conti nuous tenperaupr wighadhenstbichithethptgivem by X cold zone of the

reaction tybe shown inTﬁggggg§egpaﬂgf§gfkhfagaﬁ So Pl i P B &3] Ata

deposited actually varies contli nuous romhigh quality crystalline
whi skers to pol yoFy&Pakl PRAYESYSHalliRe prbekial |l & RAPRYF nanipul ate the
reacti on and attienpmihatdeposst shewgeinrroguoé ni fTHiB | shars e et eri al |

a three zone fulLpgee was, cRNShLUCLE8PEnkFnd! 4 15L) ARbddL HauT e 3 AS

herein enbodied?
Similar X-ray powder diffraction data have

10 been observed for whiskers and polycrystalline MP
- materials with
M= Li, Na, K, Rb and Cs.
In all these isostructural compounds, the

15

structural framework can be viewed as formed of parallel
~ 15 pentagonal phosphorus tubes. These tubes are linked
by a P-M-~P bridge.
The rigid units for this type of structure are
P4 and MP3. The building block for the atomic frame-
work can bg viewed as [P4 - MP3] or [MP7].
20 Therefore:
[wp,] + 2[P,] — [P, - MP, - P ]
which represents the basic structure MPlS'
Of course, one of the building blocks in such
[ compounds may be present in much larger quantities
25- than the other. 1In the case of MPX, for example, there
may exist building blocks of [MP7] and [P8], which
are present in a ratio of a to b, respectively. 1In
such a case MP, could be éxpressed in the form
[MP7]a[P8Jb, wherein mathematically x = (7a+8b)/(a).

30 It is also possible for a compound to have b
much greater than a and have the same basic structural
framework.

This type of polymer like tubular structure
will result in "fibers" or whiskers of the type MPx
35 with x much greater than 15.



zone furnace 54 is essentially identical to furnace 10 15 illustrated in
Figipe 1, in that furnace 54 conprises an outer iron sleeve 56, a tube 60,
and&z/reacti on tube 58. For purposes of sinplicity, asbestos w appi ngs of
outer sleeve 56 and tube 58 have been omtted from Figure 3. Furnace SUS
primarily distinguishable from20 furnace 10 in that tube 58 is nuch

| onger in conparison to tube 3>36@am is preferably on the order of 48 cmin-
|l ength. In addition, furnace 54 has associated with it three distinct heat =~
zones, 62, 64 and 66 which are individually,cantrollahle to create a nore
definitive 25 Whiskens aﬁi’tderﬁma\’lcdﬁ’g“ﬁﬂﬁg"@%. %1%?53 68 ®be supported by
asbest ostypeois_ 6HL Nk Hrdatexr rohanerl 000 AM=0d ,pNayi & Rbr, an inclination

of tube cti t - e i der to keep

react antésSs BQ{L&? gb?eoeﬁle%%e%%ﬁ:.o w&ﬂeﬁy\i%} glg(g)rdtc?it}ggﬁty preparation of
KP15 whiatare (arautH Hd usding thenyapetutea®sPogdi nt s of 550, 475, and
4005 degr&ssn d 91 afife ML hpAlpoaees AEFAEtioh GAtacoEethesel y. It was

al so found that. bul ky d Si t.s, nerated in furnace 10, en | oaded into 35
or | oIRkAR B A, AR LAY RS e ERE S £ok 8T

above-i dendréd izedid enpry gneateyr dhiamtlS wadedr coppere to formfilmdeposits
li ke thosey Ofifdd {Bh 4% Yhown in Figure 10. '

10



illustrated in Figure 2, but only when a high zone tenperature of at | egsq
400-475[err] C was used. 5 Unit cell structural information on ;;?
crystals produced in accordance with the nethod descri bed above was 10 e '
20 25 30 35 -34- obtained by single crystal X-ray diffraction data, and’
collected with an automated diffractoneter. A fibrous single crystal
- of 100 m crons dianeter was sel ected and_nounted on a glass fiber. The
structure was determ ned by direct nethﬁag‘using a total of 2,544

i ndependent reflec- tions. Al the atons were | ocated by an el ectron nap
and differential Foyrier synthesis. pi cal needle:zlike crystals wer

exani ned by hi gh magfii F3tFIP T §§§nﬁHﬁf§a%§ﬁrQﬁﬁﬁfhﬁ% 08R3KS %SEﬁFher
The resul tant SEbhphotregr dpasedf die merossgeexl i @rads t reotded epholspivotrinat

the needl es arg,383a" cabey GoTPAasb Alndlense; Lot Larhatherol Hap hol haw

tubes. Marked tW nRin crysta SIs a alscernl L& ‘on tHS'
m cr ophot o- RbPls, CsPl,. The other "alkall metals appear to play the

same role as K.

From structural data we concluded that numerous com-
pounds can be formed which will be based on pentagonal cross
section tubular building blocks. We also found that in
phosphorus materials, at least partially, the phosphorus

e atoms can be replaced by other pnictides, such as As, Bi or
Sb. Substitution under 50 atom percent is possible, without
adversely affecting the basic structure of the high
phosphorus polyphosphides.

— In Table Il are shown the various AM’X carpounds synthesized
that we have tound the same structure as crystalline KP

as
15
shown by XRD powder diffraction fingerprint analysis.

TABLE II
Rigid units _ MP3. and P4
Building blocks [P4-MP3] or [MP7] and [P8]
/4 . - _
N~ Basic structure [P4 MP7 P4] or [MPlsl

M: Li, Na, K, Rb, Cs

Compounds Isostructural With Crystalline KPls

[ ] []
MxM 1-x P Y P15-y
with: 0 £ x £ 1
y £ 7.5

M and M' from Group la
P' from Group 5a (As, Bi, Sb)



graphs of KP15 whiskers in Figures 7 and 8. The dianmeter of the primary
flbI’Is of the whisker-type crystals is esti- mated to be approxi mately

pa | amel | ae of approximately 500 angstrons thickness. Fromthe
initial crystal data refinenent study, the stoichionetry of the studied
pot assi um phosphi de conpound appﬁgés to be [err]P15. The phosphorus atom c
framewor k of the conpound is for identical unit tubes with a
pentagonal cross section. The tubes are unidinmensional along the needle
axis directi p h S ar gl.l h In
the sinples J'tc'jlt'asf F‘?%g Qﬁg%ﬁ%{jpg I%‘g}ds) Q‘fg ?erpéa\%a ?%hé&%tﬁgr ds t ubes
“are contisat eﬂhbyCaYIS&?érllOF patiaks e prodwceds ipuddwd dypanatiat &f atonic
di stancgg,,the K atpmand ezatwé@srupgart | ghdwedOR] cahhyyhgrdeds t @pig atons.
A cross s%ctlonal Vi ew of whi sker resented in Figure 5., More

speci f i patY§rysheh! b’&?ag'é"r‘uﬂi“gi‘ pBops &‘S‘éb(’:’llé‘tléd wlthoruh dgndigHteingr 15

2 mcrons. Larger fibrils seemto have a fine structure consisting of

consecuthy€ phespheaterdlaQss Hayi f@eassﬁ\éue@uﬁeo@\aubwm@t rdidy gure 4.

In this rigid t all .t hos rus. ns but. ear houn t t.hr ee

ot her ﬁﬁ%s%l’i‘&r t#g#hsor‘ﬂp srh?elp%‘t hg’ngh‘&gﬁ&'us"aﬁ’o earé %ﬂ' $ ith the
m ssi ngpbopdstionkedfroma pBL, §si tm atpm a&oéhowmd sdipgurssirgly Thus, the
pot aSSIH%%&ﬁ@EBSaE& thd | fgnperature_s in the three zone furnace

illustrated in Figure 3 would produce ax:iorphous forms of
MP]_S. It was therefore necessary to greatly refine the
methods of producing these materials and to invent a new two
source vapor transport apparatus in order to successfully
produce polycrystalline and amorphous MPlS materials. The
very high x materials which are now thought to be a new form ~r
of phosphorus, have also been prepared by this method by
initially depositing M-Pls and thereafter cutting off the
source of alkali metal so that only phosphorus vapor is
présent for deposition of phosphorus. Additionally,

a condensed phase process has been extensively investigated

using molar charges of MP_ materials where x varies

from 7 to 15. In this method the stoichiometric

mixtures are heated isothefmally to reaction and

then cooled. We have produced a wide variety of MPx W,

materials in this manner which are crystalline or

polycrystalline powders.

There follows a detailed description of the methods we
have employed -to synthesize high phosphorus materials and
how we have measured the electro-optical characteristics and
demonstrated that they are useful semiconductors.



-35- tubul ar phosphorus units through a mssing P-P bridge. In the

I nvestigated structure, potassium has phosphorus atons as nearest neighboggg>
_at distances of 3.6A, 2.99A and 2, 76A, respectively. The P-P distances va
from2 13A to 2.58A. The bond angles at the phosphorus chains vary between
87[err\]’ to 1130 and average 1020. Arsenic_forns a |ayered structure having

- an average bonding angle of 98[err] andi%Ts is not known to be a useful ~
gem conductor. Bl ack phosphorus has a simlar structure and an average

bondi ng angle of 96[err]. Trival ent at ich ¢ formtheir three bonds
within the range of 87[ &% pg%a‘i Zgg]igﬁ\ﬁgtlﬁ’eg %‘?;& “h%"b‘ﬁ/e 98 may form
the sanme catenated struct %’2@%1 & ¥Jom?£ gf@fféFﬁgu 2§ coval ent the

mat eri al can be expected t c—ha i

. erties as MP Table
| gives the crybitodugttiew paraneters and atonmic positions we found for

talline KP15. T th Gy - 15, dT i Gl § ni
crystalline AR dediiyad el %f‘oé %‘[fe)ﬁ?g?ﬁ?({)é]igﬁAéP'%grt& ANkfstem

system Unit cell paraneters a = ; . . er b = 11.912
Alerr] ([err] 0ta05r93eR rYaROE spegcigy wiefh|Ybeid) PRPRREEs -9 cgndensation

([err] 0.1) [erst=ddPdsftion, atl apprdpriateertdmperdurks, is €hELéEd Ovdpor

Th ni [ rimtij ] . it
e unit ce gr nsggééy? ép 828 g%&?%ﬂf% ‘%iéﬁﬂésféﬂf where the source

materials are held in close contact and heated together at
about the same temperature, the further description as a
"single source” technique is applicable.

N The methodology described by Von Schnering was essen-
tially a single-source vapor transport technique, although
the charge sometimes consisted of separate ampoules of metal

o and phosphorus heated to nearly the same temperatures. How-

ever, the flow of vapor species to the deposition zones was
effectively the same as when the metal and the phosphorus
are first mixed together. More specifically, in single
source vapor transport the vapor species are first brought
together at a high temperature and then are deposited at a
lower temperature.
The following indicates our development of the techni-
que as it has been applied to the preparation of alkali
L metal polyphosphides and the departure from von Schnering's
method, which results in improved, more selective prepara-
, tion of: crystalline metal polyphosphides of the type
KPls; low alkali-metal content polyphosphides,
polycrystalline material, of the type KPx, where x is much
greater than 15; and a new form of amorphous phosphorus, in
which the alkali metal content can be 1less than 50 PEM
(parts per million).

The studies we have made fall into several
categories: type of charge, charge ratio, tube length and
geometry, and temperature gradient profile. The following
examples illustrate the temperature dependent product
deposition relationships we have discovered and our improved
temperature controlling methods that result in the selective
preparation of desired products.



and a volune of 723.3 Cubi ¢ Angst r oms -36- Space group P[err] The

dlest attainable symetry in the above structural configuration is a
osymretric Pl space group with the stoichionmetry given by KP 5. 5
correspondi ng X-ray powder diffraction data for KP15 pol ycrystall
material with copper illumnation is shown in Figure 9. This shows thenﬁj
spacing with the corresponding X-ré0- ntensities. Simlar X-ray powder
diffraction data have 10 been observed for whiskers and polycrystalline
MP15 materials with M= Li, Na, K, Rb and Cs. In all these isostructural
conpaunds,Genrrak Metheds: framework can be viewed as formed of parallel 15
pentggonal pposphﬁrus tubes. These tubes are |linked by a P-N$P bridge. The
rigid units for this type of stru P4 d|n bl ock
for the atomc 4% #hes ]2/% ad'hgc sph[%ﬁ'& %se‘m g
Ther ef or e: qhPEE tuB§§4]at redgéud pnﬁssuFHSMbabﬂut eséﬁ@%rlhe ba5|c
structure NPhR. »Pk168Ub$Cn8NEws  eibReRts! Fhfige PEPGKSP /M SUS/L

to 30/1, with 15 to 1 as the most common charge. The
elements are generally ball-milled together, prior to

loading in the quartz tubes. The millings are carried

out with stainless steel balls and mills and last for
10 at least 40 hours. The mills are usually heated to

100°C for the duration of the milling, to assist in Qa

the dispersion of the metal in the red phosphorus '

powd-..

The milling achieves an intimate contact of the _

15 two elements in as homogeneous a manner as possible. R

The nioducts of the milling are generally fine powders

which are easily manipulated in a dry box and may be

stored with little noticeable deterioration. The

powders show remarkable stability when exposed to air
20 and moisture, compared to the stability of their

constituents, especially the alkali metals. For

instance, direct addition of water to the powders

only results in combustion of materials in random

cases and on a small scale. "
25 '

Preparation fo MPls_single crystals, polycrystalline and

amorphous materials

A mixture of the elements (alkali metal and red

30 phosphorus) is sealed at reduced pressure (less than
1074

long by .5 cm in diameter. Tube 58 is supported

Torr) in a quartz tube 58 (Figure 3), about 50 cm

inside the heating chamber of a Lindberg (Registered
Trade Mark) Model 24357 3-zone furnace in one of two
35 ways. One method employs a second quartz tube 60 as



conmpounds may be present in nmuch larger quantities 25 than the other. In
the case of MP[err], for exanple, there may exi st buil ding bl ocks of
JMP[err] and [P8[err], which are present in a ratio of a to b,
respegtively. In such a case MP[err] could be expressed in the form|[M
[err]P8[err], wherein mathematically x = (7a+8b)/(a). 30 It is
‘al so possible for a conpound to have b nuebBagreater than a and have the
sanme basic structural franework. This type of polyner |ike tubul ar
structure will result in "fibers"” or whiskers of the tgpe_NFierr] 35 with
X nuch greatédr th&nsppport pigse,WWRIRBr 4Sandpbhy Ry yReAH| $Retl® bers" of
tBe typg MP vm'th@lhlagibe_»a{,earzhbaﬁrbﬂoehél\/ﬁéhtih@bexemabtsx Eﬁ)a.ﬁ‘ﬁé@t@@eﬂ
observed to cryst ize 0] nper.-.atur out 400Lerr]C) usinpg the
vapor transport 5%1°°@Eb%§i&&giE%Thguﬁprégago&ﬁgrCaFPf?éch%ﬁgdﬁfﬁpof t hese
materials are substtamm dinicf inke saseribgt dheorekPtant$ memabnxinsthech
greater thangl5 updelecaPBRhel.! | #HkNBthER hStBBAWIFLRuFLotE$ 10 £d0

use supports built of woven tape 137,139 wrapped

about the reaction tube in an expanding spiral, an

inch (2.54 cm) wide, and filling the circular cross-

section of the

10
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We can conpare the structure described above to other structures based
o;@- agonal cross section phosphorus tubes. The KP15 conpound is
iNgogtructural to LiP15, NaPl15, RbP15, CsP[err] The ot her alkali netals
appear to play the sane role as K Fromstructural data we concluded thgt
nunmer ous com pounds can be fornediwhich will be based on pentagonal cross
section tubular building blocks. W also found that in phosphorus

materials, at |east artially, the phosphorus at one ¢ r;?ggrrcqgl_aced by
ot her |hebtirigdelsgrbsuich This Agverpitaps Mgy besigds iof (9 V6K TideF "BOS5tOm per cent
i 'S POSSiBL Eros Wi iBRHE r RIVEHgEh berali I Rate Mprkhefrhastar serumdwme of the high
phosphorus pofl yphosphides. In Table 11 are shown the various [err] capounds
synt hesCempanhht @& Waventgliadst he Thand asteurc tisr eoref egmpest Fidimee iRRL5 as
shown by, XRI pouder ndi fid a6l iidhdd NGeR RGN, ,anakygi S; Rigjgd units
MP3 an%n_P4 Buildi.ﬁg l_)éocks &\Pﬁ{}%ljg] or [ MP7] an ié-mb 3
Basi c suphpgukbe two gpifgpenpimeshopgpege glescribed below. Li, Na, K
Rb, Cs Conpogndsrkaethhtst aral dWikBnOusspdlddutae Kilb dPPYlying dhekgyl5-Y
wi t h: O X 1¥’;< 7.5 Mand M fr(imGrou I?

to the system via the resistance elements of the furnace.
If a sufficiently high temperature is applied to the re-
actants, while other portions of the tube are held at appro-

priate lower temperatures, products will deposit, or con-

dense, from vapor species. The temperature differential

which drives this so-called "vapor-transport" synthesis, is
achieved in a 3-zone furnace by selecting different s~tpoint
temperatures for the individually controlled heating _
elements. o/

METHOD 1. See Figure 3. The 50 cm tube, containing
the reactants, is held by the second quartz tube in the 61 cm
long heating chamber. Application of a thermal gradient by
manipulation of the 3 set-points results in a generally
linearly-falling gradient. That is, the slope of the grad-
ient, AT/d, where T is temperature and 4 is distance along
the chamber, is approximately constant between the centers
of the two outside heating elements. This linear gradient,
applied over the long dimensions of the tube, functions to ~
cleanly separate the variety of product materials formed in
the réaction. The products occur in a characteristic
pattern of decreasing temperature of deposition: dark purple
to black polycrystalline £films; a ring of  massed
crystallites; "single" crystals or whiskers; red films of
small-grain, polycrystalline morphology; and, at coldest
temperatures, dark grey amorphous material.

A series of experiments have shown that the amorphous
material will not form in these sealed tubes if the coldest
temperature is greater than about 375°C. Similarly, the
occurrence of the red polycrystalline material could be

greatly reduced by keeping the lowest temperatures at or
above 450°C. |



P" from G oup 5a (As, Bi, Sb) -38- Initially the inventors found, as

previously stated, that the crystalline whiskers produced in the apparatus <
.of Figures 1, 2 and 3 were MP15 However, anal ysis of the polycrystalli ne

and anoy phous material s, although indicating that these materials had the
same sem conducting properties -as the MRIpywhi skers, had widely variable
‘stoi chionetric proportions from M to MP 00 and surprisingly no ~
200 10, 000 mani pul ati on of the terrperatures in the three zone

furnace illustrated iwe Fhgvéealseoutshnd oduae %ale'iKE ofp '\/F’v?ﬂl' tnot
was therefore (r#ecessary t.o reatl refine 8&' e rret ods 0 r odde llgr t hese

materials and t &9 Nelt §RERS ‘EECEPPEE Yrans &BEFXFG? ngr fzpd
to successfully qmunplmqoohgfbelysalasl foemeadd aamorqiﬂoum.gw]ﬁ materials. whdle x

very high x mat 'W{q apgy’ ught to be a new form of phosphorus,
have al so been glrepare xﬂﬁ)ttﬁéls nmet jEqigby initial li depositing MP 5 and
thereafter cutting ofMETHRD by khe oWoHSE| itara ahodderfatseXive medsphABlys to

vapor is presentorifedit &w0§e5benonoftubehmq1§o as éddibb9val lparfiers tc
condensed phase rocess haée been extensiy

y investi ed usin nol ar
charges of NPP T whepEvegn v&ﬁ?es three, q’Factd'“PS Qnes; s These
met hod the stoi q&ummsrs gyive rise to steeper drops between the zones, but a

flatter gradient within the center zone. The result is a
step-like temperature profile, which can be manipulated to

. selectively produce products by providing appropriate ranges
of deposition temperatures.

A. Determination of Product Deposition Temperatures

In von Schnering's announcement of the preparation of
single crystals (whiskers) of KPlS’ he described the
preparation from the elements as entailing the heating of
the elements~~potassium and red phosphorus--in a
"temperature gradient” of "600/200°C", in a 20 cm or so
quartz tube. He further states the crystals form at "300 to
320°C". The furnaces used were apparently single element
furnaces in which the gradient arises via heat loss from one

~ _ end of the tubes sticking out of the furnace.

In the first improvement on this procedure, a three-
zone furnace as shown in Figure 3, with independently
controlled heating elements, and a 61 cm long heating cham-
ber (Lindberg Model 54357 3-zone furnace) was .employed, to
achieve and control the applied gradient. By supvorting the
reaction tube, which was now extended to approximately 52 cm
long, in a second, open quartz Eube, which was, in turn,
supported by asbestos blocks, a generally linear temperature
gradient, A T/d, was approximately constant between the
centers of the two outside heating elements. The power to
these elements were controlled by a Lindberg Model 59744-A
Control Console, which uses three, independent SCR-propor-
tional band controllers to maintain the tempeératures
selected on manually set thumb-wheels. '



m res are heated isothermally to reaction and then cool ed. W have
pr ed a wide variety of MP[err] materials in this manner which are

crys¥al line or polycrystalline powders. There follows a detailed
description of the nethods we have enployed to synthesize high phosphorus:
materi al s and how we have neaswgg. the el ectro-optical characteristics arrd
denonstrated that they are useful sem conductors. -39- Preparation of

St abl e Hi gh Phosphorus Materials by the Vapor Transport Technique froma
Singl e Soumpge | DihedHEyLeR1TRAGE aEkit Tt OF apRRliWaNdovst f ithleeNiofgergy to a
system.to create vapor s§e0|es whi ch yLeId‘Products on condensati On or
deposﬂﬂf“&ﬁ?lé?ﬁlsapﬁbéo'b‘??a BACEAPBr FUPes, S8Ved FRoCkeapty $RBAEPBRL". For

t he thbov%@gidtygmi pﬂﬁdwber en%&wrmhw CEOTRled | BhS tHe h@éﬁt'i?ncl ﬁse
contagt and heated together at .about e_sane_tepperat yr the further
descr& iSﬁééﬁg}sWQQé%ée%&nﬁc%yaf%% %¥hﬁ§l?sp%bggFEaBFeSé?ﬁ%aﬁéPﬂodology
descr iteagperatvare Stfhrdeponi tieon esdark pugple tosbhgtk- poliyceyshapdr
transpQrls t Lgug, hoyghnbhe egh td Ies { St gparate
anpouﬁg'gtegfffqgﬁgf e.a.ncf?i pﬁ%sghp}nu%%ﬁeataée%?lgaéﬁ' tﬁgﬂijé%egtgﬁgggigtur es.
How &Fer  WhASker&wiof T9@porikpecicls €8aldeoxaissi t PeAYSEHEEadAhine
morphology, and, at the coldest temperatures, dark grey,
amorphous materials. ' '

Example I
A Lindberg Model 54357 3-zone furnace as shown in
Figure 3 comprising heating elements embedded in a refrac-
tory material in separate cylindrical sections of 15.3 cm, h
30.6 cm and 15.3 cm lengths, for a total heating chamber o
length of 61 cm,was used for this example. The diameter of
the chamber is 3 cm. Controlling thermccouples (not shown)
are located at about 7.0, 30.5, and 53.5 cm along the 61 cm
length. ' '
The ends of the heating chamber were plugged with glass
wool to minimize heat loss from the furnace. A 60 cm long by
4.5 cm diameter quartz tube was held at a slight angle, by
asbestos biocks, in the heating chamber. .
The quartz reaction tube was round bottomed, 49 cm long N~
by 2.5 cm in diameter, and reduced to a narrow addition tube
10 cm long by 1.0 cm wide. Under a dry nitrogen atmosphere, -
6.51 g of red phosphorus and 0.62 g of potassium were trans-
ferred into the tube. The atom to atom ratio of phosphorus
to metal was 13.3 to 1. The phosphorus was reagent grade
(J.T. Baker). Thé tube- was evacuated to 10’4 Torxr and
sealed by fusing the addition tube several cm's from the
wider part of the tube such that the total length was 51.5
cm. The sealed tube was placed in the 3-zone furnace as
described above and the set point temperatures of the three
zones brought_ho 650°C, 450°C, and 300°C over a period of 5
hours, and held theré for. another 164 hours. The power was



effectively the same as when the netal and the phosphorus are first m xed

t oget her. More specifically, in single source vapor transport the vapor.-
species are first brought togéther at a high tenperature and then are N
deposited at a | ower tenperature. The follow ng indicates our developnent(iiji}
of the techni- que as it has been applied to the preparation of alkal

‘met al pol yphosphi des and the departure fr@g+von Schnering's method, which ~
results in inproved, nore selective prepara- tion of: crystalline netal

pol yphosphi des of the type KP15; | ow al kal i - et al cont ent

pol yphosphi des, slpmtyo:ffsteatdl Ghenmivan ak}lovedhdot YpRoKPXO wimbrient itempenta-

greater than 15 \fngén%’ é‘tnﬁﬁ/e ?B%% %”‘&E:@i‘i&':% ?J&;%r%t‘)?ﬁ)g:r% ﬁ | Orﬁé" thﬁze tube

al kali netal con can ess t
studi es we haV%aswﬁGE opgp| ungggoa §€VeP&FI@5F@g@mm9§Pﬂ%Hﬁakﬁ Qﬂﬁigﬁ? bag.

charge ratio, ?Eﬂﬂbbténd:cg@l@ﬁéd/ ,oBNdr{retpeLahe", € pdydreidit a41Gfrd €. and
The foll ow ng ex Il.lustrate the tenperature dependent product

deposition rel ot %?ﬁﬁ f@TRSve di scovered and our inproved tenperature
control ling methods IhaTabgeulRIL,n the different prepasstingn paraietiercs used

g; gdgg;s'éd i n- 496rlseve%eré£h%t bads 22 a!lli@é.d,”%%n&ngﬂ:ﬁd tﬁ’x@%éjsof
products observed in each run. Prior to being cut open, the
tubes from the first three runs were inspected as to the po-
sitions along the tubes of several products: the dark ring
of massed crystallites, and the start of red polycrystalline
films. The whiskers were always observed between these two
points. These positions were later correlated to the tem-
peratures along the gradients created by the noted set

points. These data are recorded in Table IV.



quartz tubes, at reduced pressures (about 10 4 Torr). 5 Atomratios of
t gty el enent’'s range fromP/ M= 5/1to 30/1, with 15 to 1 as the nost
cdohb? charge. The elements are generally ball-nilled together, prior to.
|o!£ﬂ’g in the quartz tubes. The millings are carried out with stainlesg,
steel balls and mlls and | ast fe4540 at least 40 hours. The mlls are
usual ly heated to 100[err]C for the duration of the mlling, to assist in
the di spersion of,the nmetal in the red phosphorus powd . The mlling

achleveslgn |nt|natq ont act Q; the 15 two el enents in as honbgeneous a
manner asup055|bl he prodmmxs of the mlling are generally fine powders
whi ch aregea5|ly na ul at e a dry box and may be stored with little
noti ceabl 8 deteripr& fon. Tﬁéébowders show remar kabl e stability when
exposed to air 20 and noi sture, conpared to the stability of their
constituents, esppcimal | yat he alkasi metals. For instance, digect addition
of water $o the pamdbrs onl yyresukts 4 n conbustion of naterﬂ&]s I n random
cases andhon a snpl M scafe. 25 Prpakation fo MP15 §nghe cr¥stals,
pol ycryst,gl"lil ne awdm_armr Bhoug natferi®l s A mixture of§ thg el egents (aI kal i
metal andored 30 E?osp rug) isc:seagl ed at reducegéf ure:(less than 10
4 Torr) |H a quar ube 8¢6F|gu-e , about 50 c .5 cmin
di aneter. Tube 58|i ¥ supPorted -3
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Conmpany), or woven-glass. The latter is preferred primarily on safety and

pepfer mance criteri a. The inplications of using the two different nethods
ar@i?}scribed bel ow. The reactants are driven to products by applying
gy to the systemvia the resistance el enents of the furnace. If a \

ensg

sufficiently high tenperature is applied to the re- actants, while

ot her
portions of the tube are held at4dppro- priate | ower tenperatures, products~
wi |l deposit, or con- dense, from vapor species. The tenperature )
differential which drives this so-called "vapor-transport” synthesis, is

achi eved i nThes-ipfRriatier e EEPnsdinass rfy'@i trlatent wast psedt toemser at ur es

for thapliighdi ¥hdualdatichirol bed tenfirtdtig &£l 8ARNSrodE

Figure 3. The 50 cm_t ub
quart z T8be $HIHR 6T ¢M
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fg at |
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enperature an drstance al ong thécha

See

3 contqinuﬂg the reactants,is hel d by the second
P& g.xhafBBF2T ApfiPi c&CFBn &VeF t tfer nal
gr adi enfenpermmniyril adangn of kbeuld Jdt -PoilOLE,r asid t senies @Enestaildly

%Jslae{gl BYLHr quﬁenga E{ﬁ.}s' | §urt R sl Opf-bOf the ragq;Gg_;azg)tsoé.er r]T/d,

appr oxisatidlar lgbnstimt opsetieef tdrPasiiion of trleei.t\mplmﬁ_mfwihleiﬁé ng
el ementifire i Ss ldgiedr Sresligitab AP 45 PVEFod he ¢ 008 ), "BRGE

t ube,

i n t he mat&dqd hn depopite

functions to cleanly separate the variety of product materials fornmed
d%rSH Bt Whegbc e | howgsStehbeUerERLYERC YR%tern of

decr easd i@ MBE0ACYr € Wferdelobs tha8: rdaskdpwop|md@, MéCimorphous

pol ycrystalli fil s, ri of sed_crystallites; "single" -
cryst al®@%F 3t s glss;ég%%nf%‘ns 0 ls%lﬁg-rbp’g?‘ﬁ, ~5'6'i'yc1r’§/sf"§I"FF‘net%? phol ogy,_/
and, attempeiesture was used eventually ended in a failure of the

reaction tube, before products could actually be harvested,
this temperature-product rélationship for the amorphous
material was confirmed in later runs using more advanced
techniques). Assuming a mid-range value, an upper limit for
deposition of amorphous material was taken as about 375°C.
The pressures in the heated tubes were not measured.

B, Temperature Gradients Which Favor
Growth of Single Crystals (Whiskers)

Usiné the knowledge of the deposition temperature-
product morphology relationships of Tables III and IV, im-
provements in the synthetic technique were sought which
would allow greater selectivity of product type. Methods
were sought for manipulating the temperature profiles in the
furnaces which would result in larger areas of the tube sur-
face being within the appropriate Eemperature ranges for
given products. Several available materials with low ther-
mal conductivities, and in easily manipulatable forms were
checked for use as barriers to heat transfer in the fur-
naces. Woven tapes of -asbestos proved a suitable product
for both supporting the reaction tubes and creating complex
gradients, consisting of arcas of fairly flat, or isother-

mal, temperatures, separated by areas (across the barriers)

f the

of steep drops or gradients. These so-called "step-like" -

profiles were applied in all the subsequent examples where
specific products were being sought in maximum yields,



tenperatures, dark grey anorphous material. A series of -experinents hayg
shown that the anorphous nmaterial wll not formin these seal ed tubes @ /
.the coldest tenperature is greater than about 375[err]C Simlarly, —the-
occurrence of the red polycrystalline naterial could be greatly reduced by
keepi ng the | owest tenperatures at or anb‘p,y_e 450[err] C -42- W have al so
-found that polycrystalline MP15 will not°formin single source apparatus.

The pol ycrystalline and anorphous materials formed are all high x materials

where x is nuch gr ] T . e .

only to orient t heﬁ?%%ﬂ%ﬁ'ﬁéﬁ}%%lélég%%%%%/%ﬁgaré)%%r%é?%géxg"g%
heat - t r ansf er tepPexadnra herofides Hrvami ngan z&fesrun Was e toarvser & ghoxe
rise to steepgoldQPScEOLLMEEN tiyse ZBRESnadditi £ f kdt tef1Dr afeeNayé t Hin Ehe

center zone. The result is a step-like tenperature profi|e, which can be
mani pul at ed t 888G | 9*%‘??}}35?".06{%@'%7 od&Bt §at¥3'3’pr’8\5‘?%li n§PEFBr MfFTeat RIVIGRRS

of depositi onwithpesbass ee_ooAl., wHidler nelpeédostein PlosksicofDepeat | | ®ut not

Lepen e VAPPREIUN, S PSS Ly Elnd AL SR LER Slegh0LSn

el ements as erkhg Ichahere waddis rhpeAuse cthe cfurnaces - poe aactual ly adelsigned

phosphorus--i ko Kold a process tube along its length, for flow-through
applications, rather than for enclosed systems, as are being
run in these methodologies.

- The following examples were all aimed at trying to pro-
mote growth of single crystals, both larger in size, and in
greater yields, both as a percentage of product forms, and
in absolute yields. These results were indeed achieved.

Example II

A Lindberg Model 54357 3-zone furnace identical in de-
sign and size as that of Example I was also used in this
example., The elements were likewise driven by the same man-
ually set model 59744-A Control Console. The ends of the
heating chamber were plugged with a heat resistant ceramic-
like maﬁerial, to minimize heat loss from the furnace. The
reaction tube was supported in the heating chamber by two

N~ rings of woven tape of asbestos. One of these was located
between 16-19 cm and the other between 42 and 45 cm along
the chamber. This put both rings complately inside the
center heating section, just beside the junctions of the
center elements and those of the two outer sections. The
rings were constructed such that the tube was held at a
slight angle. The ring served to insulate the heating zones
from each other by acting as barriers to heat transfer.

The quartz reaction tube (Figure 3) was round bottomed,
48 cm long by 2.5 cm in diameter, and reduced to a narrow
addition tube 162, 10 cm long by 1.0 cm wide. Under a dry
nitrogen atmosphere, 5.47 g of red phosphorus and 0.50 g of
potassium were transferred into the tube. The atom to atom
ratio of phosphorus to metal was 15.1. The phosphorus was
99.9999% pure. The potassium was 99.95% pure. The tube was

4



tenperature gradient” of "600/200C', in a 20 cmor so quartz tube. He

f er states the crystals format "300 to 320[err]C'. The furnaces used
apparently single elenment furnaces in which the gradient arises via

heat -1 oss fromone end of the tubes sticking out of the furnace. In they

first |rrproverrent on this procedg e, a three- zone furnace as shown in

Figure 3, with independently controlled heating el enents, and a 61 cmlong ~
heati ng cham ber (Lindberg Mddel 54357 3- zone furnace) was enpl oyed, to
achi ev ggg tr a ed, g4 a Qg N h ﬁg% n tube,
whi ch e\e/\i’/as nogvé)%xtendfed t QBH:r oxr?irraglg%&tegz ntg! nghgsg:o oxgen

quar t Zubesevarsh & s |ﬁfqmrﬁhesU$§§Ft @@rM/Oés G’s‘,lhﬁ such thafenerally

i neartﬁ@n@seaiua@n@r@mm 53 eeml T‘Nke "&%Mr%MSEYﬁﬁ%‘éﬁar&n bet ween
the centers of the two outside eatlr&ge%berrent ower to these
1.

el enertRe wel & Wht FHT@AFSDy 28 1 @oVisg 7ang Af%t BEE Rt e, which
uses ttemperatdepsndEnth8CRhprep@onds cmacbucj]wdtcoanoebl er4575°cc nadit ai n t he.

t enper LS I e al I |
i near%&fgl P%g Cé |lgn émégpﬁ eq over W %f& ghﬁg Si ons '?&f}h Freaction
t ube, Berhewrse c'rl;anpngerpm Shute offr itet \aldf qmmcaom eat adnrce orned in

the reggedi efle, mzprmwéaoesueow & of RAlAERY l@dﬁéﬁ@éﬁﬁ@ & ¢igereasing
t enperature of deposition: Jt%urple to bl ack polycrystal -
inherent coo :.ng rate o e furnace. The tube: was cut open

under a dry nitrogen atmosphere in a glove bag. The
products'consisted of crystalline and polycrystalline forms. Y

Table V lists the processing parameters for a number of
other such runs (Aata for the above example are from the run
with reference number 10). ’



line fi Inms; a ring of massed crystallites; single crystals or "whiskers”;
red films of small-grain, polycrystalline norphol ogy, and, at the col dest
tenperatures, dark grey, anorphous materials. Exanple | A Lindberg M
"54357 3-zone furnace as shown in Figure 3 conprising heating el ements
enbedd®d in a ref rac- tory material in separate cylindrical sections of
-15.3 cm 30.6 cmand 15.3 cmlengths, foPOa total heating chanber length of ~
61 cmwas used for this exanple. The dianeter of the chanmber is 3 cm
Controlling thernocouples (not shown) are |ocated at about 7.0, 30.5, and
53.5 cmalong the 61 cmlength. The ends of the heating chanber were
pl ugged with glass wool to mnimze heat loss fromthe furnace. A 60 cm

long by 4.5 cmdianeter quartz_tube was held at a slightjangle, by asbestos
bl ocks, in the heating canmberws The quartz reaction tuberwa® round
bottoned, 49 cmloffy by 4.5 cmui n i aneter, and reduced $#0 @ narrow
addi tion tube 10 @1 ong|oy 1. @ crdwile. % URer<a &y nigrogen atnosphere,
6.51 g of red phg&@ghgrus jar 062§ of P a®i uR wRe trgnsg ferred into
the tube. The atom to atjomratio of phosphorus to netal was 13.3 to 1.
The phosphorus was o eagerjt grade (J. T. Baker). The tube was evacuated to
10 4 Torr and seal & by fluskng& ha8additi on ubg seyeral cnls fromthe
wi der part of the@&ube sychlthgt the TotZ I/ngh VS 555 Tn  The seal ed
tube was placed imgife 3-1zoge furnpcesas Jlesri fed @pvelanfl.t he set poi nt
tamaaUNesoft% t hr ee -
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zones brought to 650[err]C, 450[err]C, and 300[err]C over a period of 5
hours, and held there for another 164 hours. The power was -44- shut

o] nd the oven allowed to cool to anmbient tenpera- tures at the inherent
C ng rate of the furnace. The tube was cut open under a dry nitrogea/
athnwsphere in a glove bag. The products consi sted of crystalline,

pol ycrystal line, and anorphous foPks. In Table 111, the different
processi ng paranmeters used for several other runs are listed, along with
the types of products qgbserved in each run. Prior to being. cut open, the

t ubes fromtﬁiﬁf|P§ttqh%ﬁﬁruﬁgnﬁeré9$ﬁﬁﬁ&§ dlést?FYﬁEagbl“§|UQ%% al ong
t he tUQ%lﬁrﬁ@&@IBinér%&ﬁ§ t PRedaf ke Td 10 odf %sedngwstoadyldﬂaq% and

Lhe start of{ go ‘satral i_.ne flléns T{I ¥\/n ég . re alt@?ﬁt& observed
et weer§Hes2 Y ﬁ? THEEE Josit ¥ PR Swet e | AP8r (? VYRS 8% he tem
peratunmstarnmgsthergradwe9551nreabedohm tbé fatled siefpasiiteds.infheee dat a
are ”ﬂégﬂfgr'ﬁﬂ3§ﬂ5k|¥he tubes and were usually limited to the
last 10 or so cm of the tube, though there was usually some
overlap with the single crystals. Single crystals from
these runs were characterized by X-ray powder diffraction
. patterns as having the same structure as KP,, as
determined from XRD data. Wet chemical analysis of the \
crystals were difficult to obtain with great accuracy, in ~
part because of their stability, which required extreme
conditions for digesting the materials for analysis. (See
the tables VIII through XI oh analytical data below)
The polycrystalline films were also characterized by
X~-ray powder diffraction methods and wet methods. The films
showed varying degrees of crystallinity, and the patterns
were similar in several aspects to that of KPlS, but yet
were distinctly different in others. Furthermore, the wet
analysis, coupled with flame emission spectroscopy consis-
tently showed the alkali metal content to be in the part per
million range (i.e. less than 1000 ppm and often less than

500 ppm), and with P/K ratios ranging from about 200 to 1 to
about 5000 to 1.

c. Thermal Gradients Which Favor Growth of
Polycrystalline and Amorphous Materials

Following the successful improvements in production of
single crystal materials, a similar series of experiments
wos'car:ied out to manipulate the 3-zone furnace and asbes-
tos rings to find the stepped thermal gradients appropriate
to selectively produce the polycrystalline and amorphous
materials observed in earlier runs.

These earlier runs suggested the témperatures necessary
for obtaining the desired products.' Wthat remained to be
shown was how to optimize these products. Table VI shows

. the type of profiles used and the products observed.



- 46- -47- The information fromthese two tables was used to es- tablish
the relationship of tenperature and product-type. The single crysad or
_KP[err] appear to form over a tenperature range of about 40 +
10[err]C, the center of which varies fromrun to run, but which |ieswaround
465- 475C. Similarl y, the onset of deposition of red, polycrystalline
-materials appears to be about 450 + 10[e+t¥3-C. Finally, anorphous materi al
deposited even when the |owest: tenperature was around 350[err] C. Wen
this was raised to 400[err]C, no anorphous naterial was observed.

(Al though the rua in whjch this penpegatyre way used eventually ended in a

failure of the rgaction fube, befdre pHodurts edul d actual |y be harvested,
thi s tenperaturefproduct|{relati onfhi p for 3 e ﬁmrphous materi al was
confirmed in latlr runs bsing nor§ adv@ceg} ecdni ques). Assunming a
m d-range val ue, wan uppef limt fgr degositton-®f arorphous material was
t aken as about 335[err]c The @ressure® i n;tme eated tubes were not
measured. B. Tgnperatufe G iedts W3 cheltavos Growth of Si ngle Crystals
(Wi skers) Usi ng®t he® knop &dgeSof Sthe Fepoditti ofi tenperatdre- product
nmor phol ogy rel atbon%r\i ps| of, Tapl 3% L1l ,and |V, Jm provenents in the
synthetic techni gue were sgught Ich would all ow greater selectivity of
product type. Meghods % X X X % >
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wer e sought for manipul ating the tenperature profiles in the furnaces which
3+esult in larger areas of the tube sur- face being within the

‘Jate tenperature ranges for given products. Several avail able

s with ow ther- mal conductivities, and in easily mani pul at abkgs =

¥8”were checked for use as barriers to heat transfer in the fur- naces.

Woven tapes of asbestos proved a suitable product for both supporting the =~ °

reaction tubes and creating conpbPéx gradients, consisting of areas of )

fairly flat, or isother- mal, tenperatures, separated by areas (across the

barriers) of steep drops or qgradients. These so-called "step-like"

profil es wihe abprstdrin amMhidte 53 bskquenbiecsnmsife$heh&rampdeciille

P Qdﬁ%&wa@ﬂeﬂd&é@ua% | BeRPEraMkse! 98 the 4G arffitd halsddrPrigyement
I C

el ped gain nore reprodugi ble tenperaiure profites fromrun to run
ws ( GRRIPLE o EBF§ diTBATanEE LIgpE G ARAE TS QY 1STANGTR 5803 i n the
heat i ngredpedesra@iést. Noteaunpriminghheselwepeophoggeypaist kwederss wool ,
whi ch hel ped I 1 byt not very efficient]y. The |ar
cylin ?%'g‘f' g‘gipgma?géérgéégg %}iﬁnt E'&e‘ #&%é‘FX'v(aﬁos',“pbaerceéfusteo tHEFUrfraces are
act ualssctieen grfed t &hiegl dtheproekdestubkempengtire |eagt wafsedf [tow t hr ough

appl i Cog4 @S, éétfg than EekoRc! 2880 S¥ShiFle 2§13 Enbeidihiptbid t hese
met hodol ogi es, The Tollow ng exanples were all aimed at trying to pro-
material was found, as anticipated. With the 425°C center-~

section temperature, however, nearly two-thirds of the

~ tube's interior was covered with polycrystalline films, and -’
only a small number of whiskers were found, meaning the
films could be vroduced almost exclusively.’
In the third and fourth runs, though, where the coldest
temperatures were held at 350°C (cold enough for ahorphous e
material to be formed in the first run), and the center zone
temperatures were 1lowered to 375 and 350°C,

the amorphous
materials were not formed in large amounts at all.

Instead,
large amounts of both single crystals and'polycrystalline
material were found over a fairly short space of the tube,
and at best, only thin films of amorphous materials may have
formed in the rest of the tubes. The same phenomenon was
observed in the next two runs as well, although there were
X definitely thin amorphous films in one run. Apparently most
vapor species are condensed out in the polycrystalline and
single crystal forms and no significant vapor travels to the
region which is cold enough to form amorphous forms.

Example IIT

A Lindberg Model 54357 3-zone furnace identical in
design and size as that of Example I, was also used in this
example. The elements were likewise driven by the same
manually set Lindberg Model 59744-A Control Console. The
ends of the heating chamber were plugged with heat resistant
material  to minimize heat loss from the furnace. The
reaction tube was supported by two rings of woven asbhbestos
tape. One of the rings was located between 16-19 cm and the

other betwecen 42 and 45 cm along the chamber. This puts



note growm h of single crystals, both larger in size, and in greater Yyi Icg
both as a percentage of product forns, and in absolute yields. These ;

_results were indeed achieved. Exanple Il A Lindberg Mdel 54357 3-zone
furnace identical in de- sign and size as that of Exanple | was also used
in this exanple.- The elenents were |ikew se driven by the sane man- ually
-set nodel 59744-A Control Console. The ends of the heating chanber were

pl ugged with a heat resistant ceramic- ldke material, to mnimze heat |oss
fromthe furnace. The reaction tube was supported in the heating chanber by
two rings of woven tape of asbestos. One of these was | ocated between 16-19
cmand the 0tB@EN“¥1 démpndté2yCrie i) £hE EEEEEtheaEBH&5£§§ POk fst
ri ngs conpl et gﬁy |ns\,$t he C(ﬁnter heat | % section ust beside t

junctions of DESi88nt'dhe cPBRAERLSNENS B% GENERE (SUERRRET Wédhi dhesernet
ri ngs were comtser uoved outelr tsattidnst ubernvasrhnbd aiere Sk-'bgbitr&lule@ dten

d f h qth
ot ora o hEU ML AP ABR Rl G EELC A Bt P Hirues

bottoned, 48 &m@ limsplate thepheatingneoees dfiwbm @hmiedotmea, nayrasting as

addi tion tube phi$i el &8 HIME BrahdeLHm W de Under a dry nitrogen
at nosphere, 5.47 g of red hos hor us and O. of potassium were

transferred into tﬁé‘eu%’é‘ SRAFH MY "’d’l‘éﬁn‘f%ﬁl’fﬁ‘md prokkemeds ¢8 m@t dbng
was 15.1. The mhm@w&m&&@@ﬁ%rwrﬁdxﬂs@dp@é@%&ﬁfa\@sa%l%%p%ﬁe
The tube was 10 em long by 1.0 cm wide. Under a dry nitrogen atmosphere,
kh 5.93 g of red phosphorus and 0.50 g of potassium were
transferred into the tube. The atom ratio of phosphorus to
metal was 15, The phosphorus was 99.9999% pure, The
potassium was 99.95% pure. The tube was evacuated to 3 x
~ 10"4 Torr and sealed by fusing the addition tube several
cm's from the wider part of the tube such that the total
length was 51 cm. The sealed tube was placed in the 3-zone
furnace as described above. The temperature gradient was
driven to 600°C, 465°C and 350°C over a period of hours and
held there for 72 hours. The power to the elements was then
shut off §imultaneou.sly and the furnace allowed to cool to
ambient temperatures at the inherent cooling rate of the
o furnace. The tube was cut open under a dry nitrogen atmos-
phere in a glove bag. The products consisted of single

crystals, polycrystalline films,and amorphous material.

D.  Production of Cylindrical Boules of
Amorphous Polyphosphides

It was evident from the experlments descrlbed J.n sec~
tion C that to obtain large amounts of amorphous mater1a1
improvements needed to be made in the processes already
being used. It was recognized that in order to get bulk
forms of the material, as opposed to thin films, the con-
ditions appropriate for gfowth had to be confined to a
smaller space than previously allowed. This translated into
allowing only the extreme end of the tube to be at or below
375°C or so. This was accomplishable in principle by use of



cuated to 10 4 Torr and sealed by fusing the addition tube several
the w der part of the tube such that the total |length was 52 cm
d tube was placed in the 3-zone furnace as described above and

poi nt tenperatures of the three zones brought to 600C, 475C and_,

450[ err] C over a period of 4 hours, and held there for another 76 hours.
The power was shut off to all thresszones at once and the oven allowed to
cool to ambient tenperatures at the inherent cooling rate of the fur nace.
The tube was cut open under a dry nitrogen atnosphere in a glove
bag.1 Théher thermal cbasrierd. of Hevgwen) | 1 hevamicr b ywegegnidedetiasy ns.
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the formation of the other materials. This was accomplished
by raising the center zone temperatures to levels which
would be too high for formation of polycrystalline or single
crystals. The only area then where these materials were
favored were through the area of the thermal barrief, where
rapid'temperature drops occurred.

As shown by the following exmaple, and other experi-
ments summarized in Table VII below, further improvements -
in the procedure were worked out. The first was the use of e

Honeywell Model DCP7000 Digital Control Programmers to drive
the heating elements. This allowed the pre-programming of
the temperature changes such that reporducible treatments
could be made from run to run. Both controlled heat-ups
and cool-downs could be accompllshed e11m1nat1ng tube
fallures and production of white phosphorus. The latter
often occurred when tubes were cooled rapidly and phosphorus
vapor condensed as P,. This was often the reason materials
appeared reactive. This reactivity could often be removed
by soaking the materials in solvents which would'dissqlve
away the white phosphorus. The second improvement was the
"routine of applying an "inverted gradient" of 300-490-500°C
across the tube from the metal/phosphorus source to the
deposition zones before vapor transpbrt, which cleared the
deposition zones of materials, which might affect nucleation
processes. _

| By far, the most impertant improvement, however, was
redesigning the geometry of the tube. Insteadjof a long
tube of nearly uniform 2.5 cm diameter,'the body of1the
tube was shortened to about 30-32 cm and the 10 mm diameter



|l ast 10 or so cmof the tube, though there was usually sone overlap wt
the single crystals. Single crystals fromthese runs were charactg

_by X-ray powder diffraction patterns as having the same structurf "
"KP15 _as determined from XRD dat a. Wet chem cal analysis of the
cryst\Ts were difficult to obtain with great accuracy, in part because of
-their stability, which required extrene5éenditions for digesting the
materials for analysis. (See the tables VIII through XI on analytical data

bel The pol talline fil |
11 Bt i on' et (S G etos o FLBHRS. 201 TEPBHBRBR0 APy, G ey SOt ofnat

crystallinity, a?dflfhﬂ hﬁ-?paixrt erfing hisr etuhermlemamadsesea&alhapbetspaoethat of
KP15, but yel wepe disiinct]y ifferent | nyRblekhss TUELDSr UBERT oh NFavel
anal ysi s, coupl P i T S5 L Bni ST On spectroscopy consis- tently showed
the al kali netalpleorgdkent to be in the part per mllion range (i.e. |less
than 1000 ppm and often |l ess than 500 ppm, and with P/K ratios ranging
fromabout 200 to 1 to about 5000 to 1. C Thermal Gradi ents Wi ch Favor
G owt h of Polycrystalline and Anorphous Materials Follow ng the successful

i nprovenents in production of single crystal materials, a simlar series of
experinments was carried out to mani pul ate the 3-zone furnace and asbes- tos
rings to find the stepped thermal gradients appropriate to selectively
produce the polycrystalline and anorphous naterials observed in earlier
runs. These earlier runs suggested the tenperatures necessary

N



for obtaining the desired products. Wat renained to be shown was hbw to

opt pFpxe these products. Table VI shows the type of profiles used and the
pro@s obser ved. -52- -53- The first run, which is the subject of
t he nple 111, just duplicated the tenperatures of the ranges used i

Exanple |, the linear falling gradients now changed to a stepped gradient.

Not surprisingly, all product t_yggs were found, with sonme variation in
quantity, conpared to those of section A Wen the col dest tenperature was
raised to 400[err]C, as in the second run of Table VI, no anorphous

mat er isg] WeLgundané‘stﬁEt '\Fég@f egﬁax\ébarghﬁ]t%%{ﬁ ] g?%f{‘ég £hagt ! on

terrper ature ver near | Irds_o teri b was cover ed

with FERSEIGRt hecARe fﬁ-lﬂr%e atdtdh| §03iQmwaRuleioey éﬂdﬁmssl@ﬁs imer e found,

meani ngrdd¥irg | TengEn) daderne odonaiitabAes Foexghuwthetibre! Amprovied.r d and
fourth runs, though, where the coldest tenperatures were hel'd at 350[err]C
(cold enough for anorphous nmaterial to be forned in the first run), and the

cente@g&@eratures were |owered to 375 and 350[err] C, the anorphous
materials verg ;e "Rl | 889872l we Akuhlace!,"Siddtical in

design and size as that of Example I was also used in this
example. The elements, however, were driven by a Honeywell
Model DCP-7700 Digital Control Programmer which enabled
processing to be pre-programmed and carried out in a repro-
ducible fashion.

The ends of the heating chamber were plugged with heat
resistant material to minimize heat loss from the furnace.
The reaction tube was supported by two rings of asbestos u
tape. The rings were constructed such that the tube was
held at a slight angle. The rings also served to insulate
the heating zones from each other.

The quartz reaction tube was round bottomed, 33 cm long
by 2.5 cm in diameter, and reduced to a narrow addition tube
162, 20 cm long by 1.0 cm wide. Under a dry nitrogen atmos-
phere, 7.92 g of a ball milled charge of atom to atom ratio
of 15 to 1 was loaded into the tube which was evacuated to 1l
x 1074
from the wider part such that the total length was 43 cm
long. The sealed tute was placed in the 3-zone furnace
using the woven barriers described above. |

With the tube between 6 and 49 cm, one thermal barrier
at 16-19 cm and the other at about 38-40 cm, the Honeywell
Programmer was used to apply an "inverted gradient” of' 300,
490, 500°C for 10 hours. After the furnace cooled at the
inherent rate .Z the furnace, the tube was moved to lie
between 12 and 55 cm. The thermal barriers were also re-
arranged to lie at 18.5-21.0 cm and 44.5-47 cm. The pro-
grammer then drove the gradient to 600°, .485°, 300°C for 64
hours. The programmer then took the tube through a con-
trolled cool-down sequence to a 180, 190, 200°C gradient,

Torr and sealed by fusing the addition tube 10 cm \./

-

-
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found over a fairly short space of the tube, and at best, only thin 9y -
of anorphous materials nay have formed in the rest of the tubes. TR ane
“phenonenon was observed in the next two runs as well, although there were
defi nT'fer thin anorphous filnms in one run. Apparently nost vapor species
-are condensed out in the polycrystalli+®7-and single crystal forns and no
significant vapor travels to the region which is cold enough to form

anor phous fornms. Exanple 111 A Lindberg Mddel 54357 3-zone furnace

i dentical inwhdshgwanheliddms 4 Habund . EXBlI®| Sutnav@swas Sehesedl idwdli o

exanpl e. T I : i kew s iven by the sa manyal |y set
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wer e pl ugged thiet fure@ca.esi stant material to mnminimze heat loss from

the furnace.  Thed eagtd oRat Uéﬁt"‘%e%uﬂﬂﬁdézﬁda b)ﬁr(-"‘%{ﬂ-lrg%ienm a%ﬁ%ﬁ% hera.

asbestos tape. . One of the rings was | ocate et ween m an

bet ween 42 afdH5 ok FERYSt RE GhaAbbrem 1pmg peiid homggeneous anagphous
conpl etely i vl thecoantal hesh i tige Zadeitisst chgsi de2t peigupst ipns of the
center el enents W#]hh thoss gf t two oufer sections. The fings were
constructed such that IFeYtiBe WasSREPTRLt OXReInF WS FFe ShRYd avsoTableed

to insul ate MI&.heating zones from each other, by acting as

| arge anmpbunts of both single crystals and pol ycrystalline materi al
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The quartz reaction tube was round bottoned, 48
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Under a dry nitrogen atnosphere,
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and ;gé furnace allowed to coo

The tenperature gradient
to 600[erk] C, 465C and 350[err] C over a period of hours and held
he power to the elenments was then shut off

to anmbi ent tenperatures at

The tube was cut open under a dry

g;nﬁver I:;D

Pr oducti on of

Anorphous =i yphosphl des It was evident fromthe
egcribed in sec- tion Cthat to obtain |arge anmounts of
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allowing only the extreme end of the tube to be at or bel ow 375[err] C or_
so. This was acconplishable in principle by use of -55- 1 the the
barriers. However, it was also recognized that if the conditions for
formatjon of other materials, i.e. single crystalline MP15 or

pol ycrystalline. MPx (x is nuch greater‘?%én 15), were al so avail abl e over
a large area of 5 the tube, these materials would act as "traps" for
vapor species. It was therefore, also necessary to discourage the formation
of the other materials. This was acconplished by raising the center zone
tenperatures to |l evels which would be too high for formation of

polycrystalline et single 10 crystals. The only area then where these
materials were fawpredfwere through the area of the thermal barrier, wher e
rapi d tenperatBre 8iropk occurred. As shown by the foll owi ng exmapl e, and
ot her experi- @ent® supmarized in %blg VE4 el ogg further inprovenents 15
in the proceduse re Momked»ouv he sfirst was 4« he use of Honeywel| WMbde
DCP7000 Digital trof ﬁrog%anmers:-to:ndrhve tbhe‘:heatlng el ements. This
al l owed the pre-prograpm ng of the tenperature changes such that
r epor duci bl e t qﬁggté gpul g bg n@de,gron1rqn t@ run. Both controlled
heat - ups 20 d 'COELd Jdecym Irshed el imnating tube
failures, and pro ctlonrofcvhl osphorus:nThm Iatter often occurred
when tubes were cool edjrapidly and phosphorus
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vapor condensed as P4. This was often the reason material s appeared
reactive. This reactivity could often be renoved 25 by soaking the

mat | s in solvents which woul d dissolve away the white phosphorus. The ,
se i mprovenent was the routine of applying an "inverted gradient” of , +
300-790-500[ err] C across the tube fromthe netal/phosphorus source to the
deposi tion zones before vapor traf8port, which cleared the 30 deposition «
zones of materials, which mght affect nucleation processes. By far, the -
nost inportant inpraovenment, however gqs redesi gning the geonetry of the

tube. I|nsted®eresulshs; showed: the viells of materiad dtanbeefaimly body of
t he 35independst sdsﬁrttmeobnargboaltypao-ﬁhcgl.arudkmhexfuiglamﬂb&rrmh o
- 55a- it tube 160 (Figure 2 nat hene seal ed_such t hat about
5.7 cnt %g %Jﬁ’%sr}' tteﬁec %%‘f%’{%%% Bga_ééaﬁ%’%l’“é’ Fpace TIFIFRr i HBEFFoMaSt & he
tube. ViASkimdits dependeneyt odn wied dlomethe P/B6ratiozon@he gaedtdre vapor
[ransPehle EAltive BRLLAE, I feB8E i) GFE ABRALLE!, ShHL t oBRE! dnPul kY
cyl i nder,s %f %n- creasing length, as the conditirons’for gro WeT e
inpron&?l of material.” As the amorphous material is essentially
phosphorus, this reflects a lower vapor pressure of phos-
phorus over a metal-phosphorus charge the greater the metal
content; hence, a slower rate of growth for identical
thermal conditions.
Table VIII contains some analYtical results on amor- -’
phous boules prepared. It shows potassium content, as de-~
termined by wet methods. It also shows trace constituents

shown to be present by Flame Emission Spectroscopy.



size as that of Exanple | was also used in this exanple. The el enents
however, were driven by a Honeywel |l Mbdel DCP-7700 Digital Control
'Progrggner whi ch enabl ed processing to be pre-programed and carried out in
a repro- ducible fashion. The ends of thglﬁeating chanmber were plugged with
-heat resistant material to mnimze heaf °oss fromthe furnace. The
rreaction tube was supported by two rings of asbestos tape. The rings were
constructed such that the tube was held at a slight angle. The rings al so
served to insulate the heating zones fromeach other. The quartz reaction
tube was round bottoned, 33 cmlong by 2.5 cmin dianeter, and reduced to a
narrow addition tube 162, 20 cmlong by 1.0 cmw de. Under a dry nitrogen
at nos- phere, 7.92 g of a ball mlled charge of atomto atomratio of 15 to
1 was | oaded into the ®ube which was evacuated to 1 x 10[err] Torr and

Exanple 1V A Lindberg Model 54357 3-zone furnace, identical in desi gn

seal ed by fusing the agditijon tube 10 cmfromthe w der part such that the
total length was 43 &gl ond. She ®al ed tube was placed in the 3-zone
furnace using the wogen bandrikrs dgscribed above. Wth the tube between 6
and 49 cm one thernm@ sbarrlier at 46-19 cmand the other at about 38-40 cm
t he Honeywel | Progya wds -dsed Bo apply an inverteed gradient” of 300,
490, 500[err]Cﬂor 1% Bourd. “Aftermt he fureace evel e®at the inherent rate
of the furnace, Jthe RMe wds nov¥dgto7lie AetwedhPi2&nd 55 cm The thera
barriers were alpsol rg-& s oV - ™ =M\
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arranged to lie at 18.5-21.0 cmand 44.5-47 cm The pro- grammer then drove
the/ghadi ent to 600, 485, 300[err]C for 64 hours. The programmer then took
the through a con- trolled cool -down sequence to a 180, 190, [err] .
gr asi-ent , -57- which was held for 4 hours. The furnace was then allowed -
to cool to anbient tenperatures at the inherent cooling rate of the

furnace. The tube was cut open qnﬂfl a dry nitrogen atnosphere and 4.13 ~
grans of a 2-3 cmlong solid honogéneous anorphous boul e recovered fromthe =
addition tube 162 (Figure 3). The results of several other runs are shown

in Table Vllpapies 3%, x and ¥P-af@CokCatahis AR hANE dbelfsed pirterial
to be {Ql Wéthods on product from vapor transport synthesis.

The P/M ratios in the tables are atom ratios unless
otherwise noted.

TABLE IX

SINGLE CRYSTALS (WHISKERS)
FROM VAPOR TRANSPORT

Ref. No. ____Charge ___P/M Total*

38 K/Pyg 19.1 .94.5

6 - K/P 19.1 -98.8 '
B - - o/

10 K/P;s - 19.1 99.4

11 K/P3q 16.4 96.1

17 K/Pg - 11.3 87.7

* Analytical mass balance %M + %P detected



i ndependent of the charge type - i.e. ball mlled, or the pre-reacted
condensed phase products. However, there was a distinct dependency of a\l d
.on the PFMratio. The greater the relative ambunt of netal in the charde

t-he lower the yield of material. As the anorphous material is essentialTy
phosphorus, this reflects a | ower vapor pressure of phos- phorus over a

- met al - phosphorus charge the greater the-é®tal content; hence, a slower rate =~
of growth for identical thermal conditions. Table VIII contains sone

anal ytical results on anor- phous boules prepared. It shows potassium
content, as de- termned by wet nethods. It also shows trace constituents

shown to be present by Fl'ane Em ssion Spectroscopy. -62- Tables I X, X
and XI are of analytical data obtained by wet methods on product from vapor
transport synthesis. The P/Mrati 0Spj tables are atomratios unl ess
ot herwi se noted. TABLE | X SI NGLE (WH SKERS) FROM VAPCOR TRANSPORT
Ref. No. Char ge amorPHOYS MATERIATS! FROM VAPOR TRANSPORT
Ref. No. Charge P/M Total*
39 K/P15 2500 W 100.3
16 K/P15 1750 w 99.7
21 K/P15 2300 w 92.8
.
25 K/?7 3500 W 97.9
26 K/Pls 6200 W 97.8
23 K/P15 greater than 98.2
4500 W
24 K/P15 7000 W 93.3
24 K/PIS 25000 W 99.5
27 K/P5 greater than 99.7
84000 E
28 K/P15 7800 W 98.2
82500 E
~ 29 K/P15 25000 E 94.8

W) Wet analysis
E) Plame_emission spectroscopy
* Analytical mass balance $M + %P detected
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three zone furnace. The profile takes the independent charges to
eIevated tenperatures, relative to che center zone between the two
s\t uents. In this zone, the vapor- ized constituents conmbine to form
¥ewosi ted product of KP 15 in the formof filnms on the reactor wakls.
¢gom plete details appear in Exarnple V below) In the second

appardtus, as illustrated in Figgge 14, a substantial section generally
indicated at 102 is at anbient tenperature held outside the three zone
furnace 104. This section includes a stopcock 106 and ball-joint 108

arrangenment usedpi@pashte¥s bhemkewipredswhespigdd«ed to carryout the
reaction. Thi s ?tgyn@we ségakbengecholigu@de requires | ower tenperatures
for this portion of the set up, but allows. tor rapid and nondestructive
i nsertion of a glass "boat™ which holds the phosphorus and netal sources.
The boat Lmbxxehoﬁpgﬂdeslﬁpvm:hrdm espgned Lo held fwetddmantal hss
substr 4 (FL 49 t I r be, de e These
film &(bgf x’I%.m-'con gura |ons s%eﬁgs ‘]ﬂﬁ}%l{la{?rs%a c|;ér:$lg plbéljen'?t #lt' &Idew ce
desi greereini Agi M EPA Ry, OThELREFALER ARWIGR tarhiidyrRa detavseles a
cold t{Rppbeh \WSSBQU@?\A:.&W&%II e yREesRhas, pWBb%ho'r%sl Oélﬁéd into
the zone cl osest to thB% |de ecti ) deROSIte -67- in th
out5|d%e%%E?F8§ i Anfar ﬁ%un%% e@%ﬂgFﬁth a8 it ther side of a

deposition zone. All examples have been carried out on the

K-P system.

In the first method, as shown in Figure 11, the phos- ~
phorus and potassium charges are held at opposite ends of a
sealed quartz tube 100. The tube is subjected to a temper-
ature profile as shown in Figure 12, achieved by use of a
three 2zone furnace. The profile +takes ‘the

charges to elevated temperatures, relative to

independent

che center
zone between the two constituents. In this zone, the vapor-

ized constituents combine to form the deposited product of
KPlS' in the form of films on the reactor walls. (More com-
plete details appear in Example V below)

In the second apparatus, as illustrated in Figure 14, a

substantial section generally indicated at 102 is at ambient
temperature held outside the three zone furnace 104.
This section includes a stopcock 106 and ball-joint 108
arrangement used to achieve the low-pressures desired to
carryout the reaction. This alternate sealing technique
requires lower temperatures for this portion of the set up,
but allows for rapid and nondestructive 1nsertlon of a glass
"boat" which holds the phosphorus and metal sources. The
boat 112 (see Figure 15) also is designed to hold metal on
glass substrates 114 (Figure 14) upon which the films are to
be deposited. These film/substrate configurations serve as
initial starting points for device designs, as indicated
below.

The section outside the furnace provides a cold trap

for vapor species. Specifically)phosphorus, which is loaded

into the zone closest to the outside section, is deposited



hi ghly pyrophoric white form Because this trap exists, the vapor pressure

-conditions of the systemare quite different fromthe totally-heated
_systenms described above. It follows that the tenperature conditions
successfully yield desired products in the first apparatus, are not
appropriate for the second appar at us. The conditions appropriate for the

latter were independently determ ned. _,Z_r_rple Vinthe 54 cmlong by 2.5 cm =~
di aneter quartz tube 100, with a 10 cmlong by 1.0 cmdi anmeter neck 116,
shown in Figure 11, phosphorus and potassi um were | oaded, under dry

nitrogen conditiogns, inta opposite_en e in _an at tg_at
ratio of 15 tlonl.%p'?hem‘b :acg iﬁ?ncf‘gg.SQg& %"“r% gwégg Bgaéd FHY alg][y? dggpﬁ:?’n@g
smal | pi eces,higbdyipgropR8gicnwhetghfprinat oBgceupeltBiwi thraphestisties, the
oriented verty, y Le ] heg nBld @{Lﬂ.ﬁagj: d; B SHd A,
in the cup. Thg%}gogﬁ%%fgﬁgéégg.ﬁg\gg%‘%}gv\as theq%de to %)\r,\\g %E%e,dqt heé]% St)?:
grams of pi ecEsoBatheytabrhdYmiRrpBRatEd teRSuRgSCRébedp abrge. THE e arEs
then seal ed byhhHsitie eémpBeataek Iddhcitidnx I iZhTotlccdbertube wasetden

arranged in a_Li mdbgrg del 5435&-8 5ZQne ftur naa%e to |lie centered ampngst
the three zonS8S1ERY PFREVFRE MOdEPS5A35PE RRFPER XS 2 ME Moty ' RP%-2
and 6 inches f&5. 2he30sécomdd appazadtms,. t HEh&S moodi thamszonesropr8datd afwlr 8

around the tubke RAFSER vae ADdepen ety e D " and zones 2 and
3. Not only did these tapes support the tube, they insulated the center
zonhe Example V
A In the 54 cm long by 2.5 cm diameter quartz tube 100,
with a 10 cm long by 1.0 cm diameter neck 116, shown in
Figure 11, phosphorus and potassium were loaded, under dry
— nitrogen conditions, into opposite ends of the tube, in an
atom to atom ratio of 15 to 1. The potassium (99.95% pure)
was loaded firs£ by dropping small pieces, totaling 0.28g in
weight, into a cup 118 with the tube oriented vertically.
The pieces were then melted and allowed to resolidify in the
cup. The phosphorus (99.9999%) was then added to the tube,
the 3.33 grams of pieces easily being manipulated around the
cup 1l1l8. ' The tube was then sealed by fusion of the neck
116, at 5 x 10 ° Torr.
~ N The tube was then arranged in a Lindberg Model 54357-S
’ 3-zone furnace to lie centered amongst the three zones. Un-
like the Model 54357, which has zone lengths of 6, 12 and 6
inches (15.2, 30.5, and 15.2 cm), the S model has zones of
8, 8 and 8 inches (20.3, 20.3, and 20.3 cm). Two woven
asbestos tapes, spiraled around the tube, held it at the
junctions of zones 1 and 2, and zones 2 and 3. Not only did
these tapes support the tube, they insulated the center zone
from the higher temperatures of the outside zones. A
schematic -representation of the resultant temperature
profile is shown in Figure 12. A Honeywell Model DCP-7700
Digital Control Programmer was used to drive the three heat-
ing zones through an appropriate warm-up period, to the 450,
300, 450° gradient, which was held for 72 hours, and then

"through a 15 hour cool down sequence to ambient temperature.



from the higher tenperatures of the outside zones. A schematic

repr ese ion of the resultant tenperature profile is shown in Figure
12. A ywel | Model DCP-7700 Digital Control Programmer was used to .
drive hree heat -

. i ng zones through an appropriate warm up period, \\9 *
the 450800, 450[err] gradient, which was held for 72 hours, and then

t hrough a 15 hour cool down sequéﬂce to anbi ent tenperature. -6 3- The =~ °
materials forned in the tube were analyzed by the foll ow ng procedure. b
First, in a dry nitrogen atnosphere, the tube was cut into seven tubular
sections, oFhgpmaseriaks efgregdalin dif nEubsyvase nadyaed dvh €18 bi de

saw. PE%Q.@.&WQBgt hrddddrd ourwlwtlhensa:taﬁps n(i @8R Ia/u;l&sm@f@ns or
greater in thickness), were renoved |nd|V|d val ly m ned b)

X-ray
di ffraH‘ieorF‘i hﬁf“aué’é’t THRE? eREVAD ulgr §§8h1°§§ct| IRBTO%LD; ect ed
to anmagely égua\hetlem;rmsis biheuBeK ofit ios sdfl.itdem depobitie f=awd for the

sect] obs Bl | 1 AAEY £ OUEEAS s FOLILI FeR St YA ItlEr ST vas

nposIitions were a out fner’al |¥ farl
Wi t hi nmmmwaanﬁn sif thh@kmsabdswenrpl Gﬁ?@‘ft@ @redntmo}lvh@- rrat erial

as KP[ fdi1y M¥fnirREaly 18- MBF &1 feratt Bdn PONEIRH ﬁxheﬁérac'i'h@“r@ﬁﬁiﬁms for
t he naterlals f ound haV|n a P/K of about 14, which clearly showed they
mat che@&tho&& oPaRb15se€Fgﬁ€r Y#8m 8P @ﬂ:@tﬁﬂl sk‘érsa’éi‘lbﬂk by wet

methods.

The P/K ratios of the deposits found for the sections R
are indicated in Figure 13, For the center regions, where T o~
was approximately 300°C, the bulk compositions were about
1*/1, which falls within'the accuracy limits of the methods
employed to 1dent1fy the material as KPjs. More revealing
were the X-ray powder diffraction patterns for the materials
feund having a P/K of about 14, which clearly showed they
matched those of KP, e/ either from s:nqle whiskers or bulk
polycrystalline material. Furthermore, the patterns clearly
showed the presence of both polycrystalline and amorphous

materials in about a one to one ratio, as manifested by
broadening of the peaks.

Example VI

The apparatus used in this example was modified rela-
tive to that of Example V., The quartz tube 119 was fabri-
cated with "nOzélesf 120 and 122 ségregating the two end
chambers froﬁ the center one (see Figure 16). Under dry

.nitrogen- conditions, melted potassium' (0.47 g, 99.95%
purity) was added to fhe outside chamber indicated at K, and
allowed to resolidify. The addition tube 124 was then fused
shut. Phosphorus (5.58 g, 99.9999% pﬁrity) was then added
to the other outside chamber indicated at P and the whole
apéaratus evacuated and sealed at 1 X 107° Torr, by fusion
of the second addition tube 126. The phosphorus to potas-
sium ratio in the system was 15 aana to 1l atom,

The sealed tube 119 was 41 em 1onq, and was

centered
amongst the three consecutive 20.3 cm zones of a Lindberg



polycrystalline material. Furthernore, the patterns clearly showed the

presence of both polycrystalline and anorphous materials in about a one to

_one ratio, as nanifested by broadening of the peaks. Exanple VI The %}

apparat us used in this exanple was nodified rela- tive to that of Exanplg
V. The quartz tube 119 was fabri- cated wth "nozzles" 120 and 122

. segregating the two end chanbers fromthe center one (see Figure 1.6). =
tnder dry nitrogen conditions, mel t ed@® pot assium (0.47 g, 99.95%
purity) was added to the outsi de chai nber i ndi cat ed at K and allowed to

resolidify. The.a u sthenf horus

99. 9999% pur i P'§fe g\'ﬂéh?ﬁg-ts gdeé é‘?ﬁ%er s?g%r ﬁ& 1ﬁ5| ca('grgsd acfg
and t he whol ewappar eﬁakamwaﬂeasan@maaﬂaﬁ aardur)G 16he fobe, e 1dusitora of
the second ad@h&'ﬁgnEQQ%n%zgf i%ﬁb§h9sgggrgs1é%dxgéﬁ%ssﬁugh5a§'o'f%ié%;w

system was 15 he seal tube 119 was 41 cm | on
cent ered anpn§dticme Q%rléélf&ﬂ%ebﬁ?l Hubeg. 3 ayz ofed bft.ed Llr*rﬁjbéi?fgter z@®

Model  54357- lsfd%cap%ef Wildes ﬁé‘rﬁfﬁ@é chiLt{H@ro%t(':rﬂe %r\/@yen iz‘i}b@&é
EER IO kb e e
center zone fgabvehaehs dhatee e'rqaanatgjrmeﬁ tHweowgh sa deanongs . pdx tedieyto a
500, 355, 700°C gradient. (The phosphorus was at 500°C, the
potassium at 700°C. The center zone temperature was select-
- ed as 300°C, but because the insulating characteristics of
the woven tape ate limited, heat spillover from the side
chambers raised the center 2zone temperature to the 355°C
level.) This gradient was held for 80 hours, and then a 24

- hour cool-down sequence was followed.
When tube 119 was cut open, under dry nitrogen condi-
tions, using a silicon carbide saw, it was found that nozzle
122 between the potassium zone XK and the center =zone had
become clogged with material, which looked like polyfibrous
KP15. The center zone contained thin, 1light red films;
thicker, darker red films; and several, relatively large,
monolithic boules. The two largest pieces were each about 4
em long, by 1 cm wide, with a maximum thickness of about
4mm, One side of each piece is relatively planar, while the
other has a convex configuration, associated with growth
against the inside walls of the cirxcular reaction tube.

Wet analysis of this material showed the potassium
content to be extremely low, as a bulk analysis, at less
than 60 parts per- million. Electron Spectroscopy for
Chemical Analysis (ESCA) indicated that the potassium
content of this material decreased rapidly outwardly of the
tube wall on which it was first deposited. At 100 angstroms
the ratio of P-K was about 50. As measured by ESCA the P-K
ratio on the final surface deposited was in the order of
1000. X-ray diffraction studies showed the material to be
amorphous. '



wel | Model DCP-7700 Digital Control Programrer was used to drive the three

heatlng zones through a wann up period, to a 500, 355, 700[err]C gradient.
\phosphorus was at 500[err]C, the potassiumat 700[err]C. The center-

g“Yenperature was select- ed as 300[err]C, but because the insulating,

teristics of the woven tape are Iimted, heat spillover fromthe side

chanbers raised the center zone réﬁ%érature to the 355[err]C level.) This ~

gradient was held for 80 hours, and then a 24 hour cool -down sequence was

fol | owed. _When tuge 119 was cut open, under dry nitrogen condi- tions,

using a s \ ide saw, it was found that nozzle 122 between the

pot assi um zoneUdenddtneniermdgen zaomd itbicisec dhd & I gfetediteld pattasi-al |

whi ch Iookegrflmggg ﬁ@%{%ﬁﬂg&’f &%Dré d{z%nsrfm&fe F£lon? Y€ theO¥piered thin,

l'ight red St ker several , relatlvely Iarge
monol i t hi BoBbuseetiqne 198 (%r‘g@s]tmtﬁbc%%av\éfyé'%‘acrf%ﬁt exedmiradg, by 1

cmI W%-,de Mhﬂa)abagt(lmm (j_:\igd@n@smpf ary tmeqD v@’g&fﬂldmeqf t@ach piece i 3
rel ative conv.ex i gur.a ciate
with gr om%ﬁgﬁgbﬁg‘%’( thtw‘? n%hf%ljen véj;ar%s osfua‘ﬁteracﬁer Cjﬂp} react Fon tubﬁ(3 et
anal ysi s efchhabowtt 2r5 atm shonedy He qotveists ,urwem:mtlamd temdbgoerendanel y | ow,

as a bul keappi ¥Si fpe 5! £S8n! 130 | | ikt 1Elzectron
Spect rosco%y %‘% l&%emscal @%éSI S ESCA% | nd| cat ed. that - pot assi um

cont ent oETRREsOFpPRPFRROF S 9% P 1t % RRERIRSA JOTh e Mal | on
whi choi t Mastﬁewtwdﬁ@osaa@m td\t tHO o ppesi teoroutdivle ajdatien R-32 wefs about

50. As measlrgd, by BN bASsFRKrESUS AP 4 MR LddU: AN AP RALD vas T

t he order
which readily pours out and fills in the bottom of section

132. Pyrex dividers 113 keep the P and K and <ubstrates
from sliding in the boat 112. The 35 cm long boat 112 was
15 then carefully slid into the 60 cm long by 2.5 cm diameter o

"Pyrex" reaction chamber 134 of Figure 14, until section 128
with the potassium abutted the round bottom, closed end of

the chamber 136. A "Buna-N" O-ring, size 124 was then clam-

ped into the O-ring joint 102, and the "Teflon" (Registered

20 Trade Mark) stopcock 106 (supplied by ChemVac, Inc) screwed
~ down t1ght1y On a vacuum line, the stopcock 106 was re-
—4 Torr. The
stopcock was then re-closed, sealing the reaction chamber.

opened and the chamber pumped down to 8 x 10

The reaction chamber is arranged in a Lindberg Model AN

25 54357-S 3-zone furnace. As shown in Figure 14, two woven-
glass tapes 137 and 139, spiraled around the tube, suppor%ed
the chamber at the junctions of zones 1 and 2, and zones 2
and 3. These tapes forming thermal barriers (TB) were set
to just lie completely within the center zone. A third

30 spiraled tape 138 was used to support and thermally insulate
the point where the apparatus exits the heating chamber of
the furnace. A cylindricai plug 140 of a ceramic ike
material was used to stem heat loss out of the furnace
opening at the other end of the chamber.

35 This arrangement of the apparatus results in section



1000. X-ray diffraction studies showed the material to be anorphous.
-70- 1 Exanple VI1 Under dry nitrogen conditions, 0.19 g of nelted -
Qotas- sium (99.95% purity) were transferred to one of the outer- m)st@
séctians 128 (5 cmlong) ofa 'Pyrex" (Registered Trade 5 Mar k) boat
(Figure 15). The nmetal was allowed to resolidify. Two plain glass
‘substrates 114 (see Figure 14), each aboifa<7.5 cmlong by 1 cmwi de, were
laid end to end, filling the 15.3 cmlong center section 130. Next, 1.36
grans of ph spho 9,.999% pur obt ai ned form Johnson 10 Mat t hey)
wer e added ?o th{eé]%p sthe ‘U{) ]Jé/s‘iéﬁ'ﬁadﬁ’lﬂgzt&e Pedagsium tohd ighgdshonus
ibs in a P‘ixed-.sithegtlarn:d red oirng \Womd, rserdidon u@rn]r %gﬁlth(;&&ﬁgf ghbggkatgge
ottom of sectio \, rs e P an and ,substrates
fromsliding in f oat {kgé( é:l%] é‘%‘;’ orﬁlljs%r?g) dat eff}r\ﬁa§°f§ angdy ggetion
carefully slid |¥fi% thetsd kAt RptBLIding Ehodiphosusr to lie in_thPyféxst
reacti on chanbernds3é- of Figure 14, until section 128 with the potassium
abutted the round bottom closed end of the chanber 136. A "Buna-N' O-ring,
size 124 was then clam ped into the Oring joint 102, and the "Tefl on"
(Regi stered 20 Trade Mark) stopcock 106 (supplied by ChenVac, |nc)
screwed down tightly. On a vacuumline, the stopcock 106 was re- opened and
t he chanber punped down to 8 x 10 4 Torr. The



stopcock was then re-closed, sealing the reaction chanber. The reaction
chanber .is arranged in a Lindberg Mdel 25 54357-S 3-zone furnace. As

shg@iNi n-Figure 14, two woven- glass tapes 137 and 139, spiraled around the .
ttu%gb‘upported t he chanmber at the junctions of zones 1 and 2, and zones/2 *

and\.% These tapes formng thermal barriers (TB) were set to just lie
conpletely wwthin the center zone7lA third 30 spiraled tape 138 was used ~_°
to support and thernmally insulate the point where the apparatus exits the '
heating chanber of the furnace. A cylindrical plug 140 of a ceramc |ike

mat er i dingvezonsed Io alem nesultssino@ FraehEgqmaitc € Hgde RPRAT&he ot her

end of &fie KhanbesurSPge the £hRhdcd,’ Atgaiient! ddbamaiadus results in
section -/70a= 1 128 o? the boat 112 contglngnghghg §$ta55|un1to lie
within the thiBenaguelagMagded ReRti/difYadtebhtbi APHG“SdbsStrHAE™Y lie in

t he ceRifd ,u¥d sesoadivieghenghzere haet ivvr tdamt ks dfhtdwggtbeatwanomt ai ni ng
phosphaorus_to.li.e

in a | 4%ePEEG ntilrgfs'gﬁgi’;[)‘bter 2-tefn€% eﬁun%esou%éfgle%épﬁ ng%e?i(g(?' ;(rarts):JleLts
t enmper a3 ¢ 100°C- in the phosphorus zone, the substrate zone, and
the potassium zone, respectively. Then, as rapidly as pos-
sible (approximately 18 minutes) the gradient was driven to
500, 300, 400°C, where it was held for about 8 hours. The
furnace was then allowed to cool at its inherent rate, to a o
profile of 100, 100, 100°C, which took about 10 hours. The ~
furnace then was allowed to cool to room temperature.

The tube 134 was removed from the furnace. The section
outside the furnace contained deposits of white, yellow, and
yellow-red materials, all of which were probably phosphorus
in varying stages of polymerization. The phosphorus heating
zone was clear of material, while the potassium zone con-
tained a variety of materials, ranging in color from tan, to
yellow, to orange.

The latter extended slightly into the center zone,
which otherwise was covered through one-half of its length,
next to the potassium zone, with a dark film, which trans-
mitted red light when a source lamp was shone through it.
The remaining half of the zone was clear of material. The
apparatus was opened under dry nitrogen conditions, the
pyrex boat 112 withdrawn, and the glass substrates, covered
with the red film, removed from the boat, and placed in a
tightly sealed bottle, for later analysis. (When the re-
mainder of the materials were exposed to ambient conditions,
the phosphorus deposits in the exposed section of tube would
generally burn vigorously, though those closest to the phos-
phorus source did not exhibit such reactivity. The ma-
terials which were in the potassium-source section of the
apparatus were very reactive when exposed to moisture. They
generally burned vigorously, apparently by the production of
hydrogen via reduction of water.)

The technique was repeated several times. Further ex-
amples are noted'én Table XII. '



A Honeywel | Model DCP 7700 Digital Control Programmer was used to drive the
three heating sections through a warm up period in which the tenper

_were brought to 100, 150, 100C in the phosphorus zone, the substrat e@s
and the potassium zone, respectively. Then, as rapidly as pos- sible
(approximately 18 minutes) the gradientywas driven to 500, 300, 400C, where
«it was held for about 8 hours. The furnace was then allowed to cool at its
imherent rate, to a profile of 100, 100, 100[err]C, which took about 10
hours. The furnace then was allowed to cool to roomtenperature. The tube
134 was reroved fromthe furnace. The section outside the furnace contained
deposits of whitg, yelljow, and yellowred materials, all of which were
probably phosphoRls in jvarying stages of polynerization. The phosphorus
heati ng zone waszcl ear jof nmakeri=al, vdhil e the potassi wn zowe con- tained a
variety of matergals rlanging in color fromtan, to yellow, to orange. The
| atter extended & ightlly into the center zone, which otherw se was covered
t hrough one-hal f of its | ength, next to the potassium zone, with a dark
film which trangs tled red |ight when a source | anp was shone t hrough
it. The remaini.n Ealf of the zome was cbearo ofonmatericl . ®ie apparatus was
opened under drygﬁ tﬁo en comdli thons, vt hel py exmboad M2 widhdrawn, and the
gl ass substrates® Boverfed with the red film renoved fromtheg boat, and
placed in a tightly sea ed bottle, for later analysis. & (V\h@ the re-

. mai nder of the materiall were exposedgto anbi ent condltnons ghe phosphor us
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burn vigorously, though those closest to the phos- phorus source
eXhi bit such reactivity. The ma- terials which were in the.

Ut source section of the apparatus were very reactive when exposed

to noisture. They generally burned vigorously, apparently by the produc{ion =
of hydrogen via reduction of water.) The techni que was repeated several :

*

times. Further ex- anples are noted-in Table XII. -72- -73- There ~
exist limting conditions for thé‘preparation of .the dark filns which *
transmt red light. |If the tenpera- tures in the two source zones are

fropped oLl OMhbye Bxist "UhINIRG c8Ra0LIIAR Fol! end EaRRUAL S BB °) ) !

formed, as manifeste eposi t ramatl c-
Sini | arthe €agk £ Hilns e?’éﬁ&@s Yeangnht t Hédpélrlfghﬁmncéfc rﬁteactempsu:iacs of

two other&ésdn igieet kwal sddhted 2zBAR7 S xE Z8PEp éan%@lqsgﬂ@ﬂw rgsthat in
Lhe S ocR, hlBAS 4o Rep L8 THERE! Witk gl PRBSBIALIE, S0V Eentg ol sed
phosphoawsmsnmﬁestednhyemhcelengEEOb@wﬂHEgﬁepnsftgo@ﬂopesaramat&c5|ng|t
to 525G pjyes §1ﬁ§&5§ﬁyﬁe§ﬁbﬁle differences between the performance
characteristics of two otherwlse identzcal Model 543575
3-zone furnaces’ requxre that in the second furnace-(B), the
temperature of the phosphorus source be raised to higher
temperature (see run numbers 50, 51 and 52). Raising the {J_
phosphorus source temperature to 550°C gives a good result,
raising it to 525°c g;ves a better result.
Analysis of materials from runs 46, 47 and 48, by Scan-
ning Electron Microscope with electron diffraction analysis ;)
(SEM~-EDAX) methodologies revealed the material to be KPls
films, on the order of 6-~7 microns 1n thickness, and to be
of an amorphous character, with no discernible structure
evident in the micrographs.

Summary of Vapor Transport Conditions. |

Processing features for controlling product types are:
1) Use of a three zone furnace for more uniform temperature
control; 2) Extended tube 1length; 3) Use of thermal '\J
barriers for temperature gradient control; 4) Use of ther- |
mal plugs at ends of oven; and 5) Use of extended narrow
addition tube to obtain cylindrical boules.

Ranges of ’conéiti'ons_'- for one source vapor transport
are: ' :
1) Reaction zone temperatures rangeffrom 650~550°C; Cold
zone deposition temperatures range from 450-30&°c.

2) Deposition temperature for single crystaie of_KP15 were
found to range plus and minus 25°C around a center value of
465-475°C. o

3) Deposition temperature for polycrystallihe films were
found to range from about 455°C down to-375°c.



-Analysis of materials fromruns 46, 47 and 48, by Scan- ning El ectron
M croscope with electron diffraction anal ysis (SEM EDAX) net hodol ogi

e~
revealed the material to be KP[err] films, on the order of 6-7 m'cro
thicggﬁss, and to be of an anorphous character, with no discernible

structure evident in the mcrographs.. Summary of Vapor Transport Conditions
Processing features for controlling prodifct types are: 1) Use of a three =
zone furnace for nore uniformtenperature control; 2) Ext ended tube

| ength; 3) Use of thermal barriers for tenperature gradient _control;
4) Use of thef} mieRfgition ERARCSRtYFEnfomd2BPreBEvVs! foamsdell Haer odew
addi tion tubefbemotzitﬁlt ph6¥bh?§ﬁb%&|an@@t_ IﬁSom'Be@@et SB?{S‘"GOG@“’H wfé@u@aet
sour ce vapor transpor re: eaction zone tenperatures range from :
530- 2500 col d0DaRe B sty (RHREEUIAE (AR TG ¥E02 S90] £P r feEeh)
Deposition tenperature for single crystals of KP15 were found to range plus

and mnus 25[err] CTﬁ{aOcl:'lggd ngn; ef?lyaMlg QJL%r4c6e5'v%7p5>[rerfrr]OQS %)rf [f)%QOSi tion

tenperature for polycrystalline filns were found to range from ahout
455[ err] C dowhormingshutk P, 5 mayer Debvstng o ketiserld @PPOrE Y&tvr phous

forms of the @ﬂﬁ%?ﬂdﬂ&g,DHE§BEQEE§rEaW9€ fa5@mcaboplhe 3491 &R L& doydrd¢ 0 aha

| east 300[err]. No | ower tenperatures wore: investigated to date) . .
deposit zone at 300°C; deposits were thick films 'of mixed

polycrystalline and amorphous KP,g: for bulk amorphous KP_ '

(x much greater than 15 the new form of phosphorus, Figure

gd?? 16 apparatus): Phosphorus at 500°C, Potassium at 700°C and

.deposit zone at 355°C. K source bécame plugged, deposit was

bulk amorphous KP*; for thin films of amorphous KP,. (Figure

o 14 apparatus) Phosphorus at 500°C, Potassium at 400°C, and
N/ -

substrate at 300°C.

For thin films of KPlS' the Phosphorus source may be
raised to 525°C and amorphous‘KP15 is still produced. If
the Phosphorus source temperature is dropped to 475°C, the
system does not yield KPls. If the Potassium source
temperature is dropped to 375°C, the system does not yield
KPls.. The substrate temperatures may be raised to 315°C and
the system will still yield KPls, but not if they are raised

U to 325°C.

Preparation of Polycrystalline Metal Polyphosphides
in Large Amounts Via "Condensed Phase- Synthesis" .

Although not formed in a physical state appropriate to
the tapping of ‘their useful semiconducting properties,
alkali-metal polyphosphides of the type;MPls;.MP7, and Mpll;
can readily be  prepared in gram or more quantities bv a
technique we call “"condensed-phase” synthesis. Before using
this technique, the reactants are generally brought in inti-
mate contact by a ball-milling procedure. Decagram or more

_.quantities of the elements are loaded in ball—mills,'under
dry nitrogen conditions, in the desired metal to phosphorus,
atom to atom ratio, e.g. P/M 15 to 1 for MP,g. The sealed
mills are then utilized for 40 or more hours to reduce the



The conditions for two source vapor transport for form ng bul k KP15
materigls are (Figure 11 apparatus); Phosphorus, tenperature at 450[err]C,

Pot & m at 450[err]C, and deposit zone at 300[err]C, deposits were thi€k
- fil m xed pol ycrystalline and anorphous KP15; for bul k anmor phous o/
KP[ e (x much greater than 15 the new form of phosphorus, Figure 16

apparatus): Phosphorus at 500[ er ~[/G~ Pot assi um at 700[ err] C and deposit
zone at 355[err]C. K source becane plugged, deposit was bul k anor phous
KP[err], for thin filns of anorphous KP15 (Figure 14 apparatus) Phosphorus
at 500[GAMAIDENEE a5 (An WeldoBied.c hemegeReQys at £xee-F3oMing ®@owor thin

films dePl5ThiheniIms phseUgenetaqa yae dsed adﬁﬁﬂngozﬁzﬂdﬁﬂs] orNgb

anor phag err is stjll uced. .| f e Phosphorus ,souyce tenperature
is dro l?% h‘?ﬁér“rg]'c tend gygt ‘n(?o does trg gnexdf; incyeasepe

Pot assitl.ha i'sbmdetYecrﬁematallecuompmmmte(ﬂunr@a{m mid 11, syst em does not

i el d KP15. t at dth
Systomui ] ATELER) BF Enke W&ﬁ%ﬁ%%p geRezsish] 100U P 1
Pr epar 8% o¥5 F%r9eﬁg‘/sra|eﬁ| $© PeENantd \ARRAIHIE dander (drycnikTogen v i a
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kel 4t S| BEBEBh PR AR AR P oS R SEARAFRE SBros i |y be
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ggggraﬁs‘fprought In é\ﬁé ﬁ%t SL?E)J%'F%(S: égu%eal f&éﬂ%&'ﬁl %c%d%é ':;_
Decagr TRFE) . .
- The reaction is carried out by subjecting the tube to
an ever increasing temperature, under isothermal conditions, |
until the applied temperature reaches 500 or :525°C. By. 7
.isothermal conditions we mean that the whole mass of ma-
terial is always as nearly as practicable at the same tem-
perature to prevent vapor transport from hot to cold por-
tions which would result in non-uniform products. The high-
est _.s'oaking temperature is held for a substantial time,
during which a powdery polyc:ystailine or crystalline prod-
uct is formed. A typical soaking time is 72 hours. The
longer | the reaction, or soaking time, the more crystalline
the product (as manifested by grain size, sharpness of X-ray - v
powder-diffraction lines, etc). The hot tube is also taken
through a cooling period (more than 10 hours) to ambient
tempe_:_".aﬁure-. - Slow cooling- is not ‘necessary for the
reaction, but prevents tube breakage due to the different
thermal coefficients of the products and the quartz' ampoule.. -
Both the heat-up and cool-down periods have been ob-
. served to best be devised as -relatively long (more than 10
hours) with soaking at intermediate temperatures (e.g.; 200,
. 300, 400, 450°C.) for 4-6 hours. Failure to follow these
slow heat-ups or cool-downs often resulted in explosions of
- the reaction tubes. However, the products of the condensed
- phase reactions were the same as 'in slow cool down except
that a small quantity of residual phosphorus would be whlte
rather than red phosphorus.



quantities of the elements are loaded in ball-mlls, under dry nitrogen

condi ti ons,

_PIM15 to 1 for MP 15 The. sealed mlls are then utilized for 40 or fwo
hour s t,0 reduce the -75- conponents to a well-mi xed honpbgeneous,

free-fTowi ng pow der. The mlls are general |y heated during 20 hours or- so

}

in the desired netal to phosphorus, atomto atomratio, e.g

O

sof the'mlling to about 300[err]C  Thi GLS done to increase the fluidity
of netal component during the mlling. portion of the mlled m xture,
generally 10 grans or nore, is transferred to a quartz anmpoule, under dry

ni trogen con
by 6.5 cmin

& e vrigpe anpoule ranges in size from2.5 cmin dianmeter

cmin dianmeter by 25 cmin |ength, depending on

the charge size tol®eSpasaasseRE Fhdaldpanikledamistyrer afliceeapentsgrade

(general ly | esgosprords anﬁobbkaégﬁ%nreﬁﬁihﬂ”atémcib“4%$ﬁ“¥aéEb5%%”f§tk£9
the tube to an ever increa FégFé .g_aturg 8under I sot hermal _ condi ti ons,

until the apptted&%enbEfaf
condi tions meqﬂnnaztbabethehmbhleapasedotona-stehuabnbsbqlwamsc&Sdﬂ%m@ﬂéraS

P 08" 8r CM5okens By %ot heRnéf.ameter

I ons

practicabl e a%ewfoﬁama ,Itﬂeén Fgghgkg?e b p&§¥§ng_?\é%§\ r%rbda%sggrt fr.om hot .

to cold por-

resu N non-

Iy & ﬁﬁgen

est soaki ng tenpélatgne-ls Fhed ftabey 9&%%tansah¢dt|as dadungdwhmahsaure
powdery p0|yCQISkahbrﬁeTBEr§r£§t%hkhﬁ% Rhednarrow section a centimeter or

so0 above the wider part of the tube.

The tube was supported in the center zone of a Lindbexg
Model 54357 three-zone furnace by a second quartz tube, or
liner, which was, in turn, supported in the radial center of
the heating chamber by asbestos blocks. The 3-zone furnace
heating elements were driven by a Honeywell Model DCP-7700
‘Digital Control Programmerlwhich enables processing to be
preprogrammed and carried out in a :eproduéible fashion.
Using the programmer, the reaction tube was subjected {0 the
following temperatures for +the indicated lengths of time:
100°C, 1 hr; 450°C, 6 hrs.; 500°C, 18 hrs.: 525°C, 72 hrs.;
300°C, 2 hrs.; and 200°C, 4 hrs. (When all three zones are
controlled at the same temperature, the center zone is high-
ly isothermal, with a temperature variance of less than 1°C
across the zone). _ |

After the furnace cooled to amblent temperature, at the
inherent cooling-rate of the furnace, the reactlon tube was
removed £from the furnace. Under dry nltrogen conditions,
the ‘quartz ampoule was cut open using a 5111con carbide saw,
and the dark purple, polycrystalline mass removed. A sample
of the material was subjected to compositional analysis.
Wet analysis gave a P/K ratio of about 14.2 to 1, which is
accurate to about 6% of the theoretical value of 15 to 1.

Products from similar runs on K/P15 charges fell in the same -

range values, as shown in Table XIII.

-~



uct |s formed. A typical soaking tinme is 72 hours. The |onger the :

rea n,, or soaking tinme, the nore crystalline the product (as manifested .
by /¢ si ze, sharpness of X-ray powder-dif fraction |lines, etc). The-hot .,
tu ‘al so taken through a cooling period (nore than 10 hours) to ankipent *

P Slow cooling is not necessary for the reaction, but
prevents tube breakage due to the different thermal coefficients of the ~
products and the quartz anpoule. Beth the heat-up and cool -down peri ods N
have been ob- served to best be devised as relatively long (nore than 10
hours) with soaking at internmedi ate tenperatures (e.g. . 200, 300, 400,
450[err] C.) for 4-6_hours Fai lure to follow fhese slow heat - ups or

cool -downs often regul ted |fgowyggtpn'glé)ﬁ u“'i.g!‘,‘c,@guc,cguggbes However, the
products of the confi@nsed}phdse’ Teacti.ons™ tere e sae~ads' in sl ow cool
down except that a geal quﬁfjtml;f%”&éﬁﬁﬁg@:ﬁﬁqﬁﬁﬁ&yg “foul d be white
rat her than red phogphorusg anple VIl 19.5 gram; of a ball
mlled mxture of r a3t @gnﬂﬁﬁcﬁ)ﬁghﬂgﬁﬁlﬁ aEgRFTIin an atomto
atomratio of 15 toeBesap transrerred into & 6.5 cm1OnN§ by 2.5 cm
di aneter quartz tube.,.v\,hl th tapered to a 8 cmlc%nf? by 1.0 cm di aneter
section. The transfér“ vas| AR TATACSARBRILY ﬁf’-@;ﬁ?&)ndl tions. The
tube was sealed AEEredunBRRPFESIONRIZSNRFSERIAIIN
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(1 x 10 Tor
w der part of

r) by fusing the narrow section a centinmeter or so above the
the tube. The tube was supported in the center zone of 3

_Lindberg Model 54357 three-zone furnace by a second iquartz tube, or | b %
which was, in turn, supported in the radial center of the heating chanber

by asbestos bl ocks. The 3-zone furnace h

ting elenents were driven by a

*Honeywel | Model DCP-7700 Digital Control"? rogrammer whi ch enabl es
-processing to be preprogramred and carried out in a reproducible fashion.

ot 5 T T, SO S, WOra 08 R B

6 hrs.; 500[ ersgigjeatedr $0 moxphelpgica} mnalysow{er

200[err]C, 4
t enper at ur e,
vari ance of |

¥Ry powdggd dif-
he Sact {dHepagkbrhlr 402 0NGSs@r RateRliallsl afbrd £B8A$AYE matched

t he center ne h- |y isothernmal, h t enper qt ur e
L EhAHS] POEALAeR. Er | the L BRag T ARrys tale KB o mas 5 EFCo

anbi ent tenperghcéed, bpt théevapberepanspolritngethbdsokcittied elriseadwere.he

reaction tube was rﬁgvgﬂFLégghiggyf U&Q@CGF&Q&Q@ %ﬁ%zﬂi ttrOOg%Lélce%gi‘%ﬂ%

the quartz anpoul e

purpl e, polyc
about 14.2 to

ng a silrcon-car € saw, an g
rpsosphonusnaystenspyvas. is sindicatsdd tim theetiablenas Compari-

subjected to 9 9Sidé OpfRk ¥R! dakd JE! chRaleyShacd2yL18, Pt botRl each

whi ch Is _accurate, to_about ,6%.of the theoretical ,val ye qf
Lished, the.

15 to 1. Produethef apdsithatyohtadned RRpEIngHS fRRYFER]S| RSt
val ues, as shogfialogdaBl pakure of the products, i.e. they all have basic-

‘ally the same all parallel pentagonal tubes of covalently
bonded phosphorus. '

Milling Metals with Red Phosphorus

Introduction _

We have utilized ball milling to prepare homogeneous,
intimately contacted mixtures of red phosphorus with Group
la and group 5a metals. ' '

" The milled products are relatively air stable and they
pr'ovide conveniently handled starting materials for the pre-
viously described condensed phase and single source vapor
transport_: techniques. Their stability indicates that 'poly-
phosphides have formed at least in part during the milling
process. '

Summary
The Group la metals (with the "exception of lithium)
have proved to ball mill easily with red phosphorus. The

facility of milling becomes even more pronounced with the

lower melting metals, typified by rubidium and cesium. A
problem arises when the Group ‘1la M/P ratio is varied from
1/15 down to 1/7. The increased metal content generally
results in severe agglomeration of the charge onto the walls
of the ball mill. Fortunately, the agglomerated products
are easily si:raped from the mill and crushed through a 12
mesh sieve. Lithium and arsenic are somewhat difficult to



-77- -78- In addition, several sanples fromdifferent runs were _

ed to norphol ogi cal analysis. The XRD powder dif- fraction patterns
) materials were readily matched to those obtained fromthe single
agﬁPP15 sanples pro- duced by the vapor-transport nethods cited

el sewhere. The net hodol ogy was carried over to other netal - phosphorus

systens, as is indicated in the taBPe. Conpari- sons of the XRD data of

these materials, both with each.other and that obtained on single crystals
pducts, i.e. they all have basic-

t abl i shedq_the anal ogous nat,ur f.the,
S5l he BAAL Befngafan SEARGATABALL BHELOAR| PROGEFERE | Qb orReHIOLr
phosphor uaarithekisngniehaghew hbl RedgPpospber us | ntroducti on W have

utilized ball mlling to prepare honbgeneous, intimately contacted m xtures

of red phosphorus with Goup la and group 5a netals. The m |l ed products
are rel at Reagenaj Puci syl e and they provide conveniently handl ed startlng

matewsi al s for thBeipi@1aYi GXpb¥iA68EA1L b@érﬁoagsa\sle&'a@m Fide Sh source

vapor transport techniques. Theiy stabil] | ndi cates that. on Pﬁosphides
have fornBBdaFepaget g aﬂ%rPhﬁﬁPFﬂﬁthe “?I??%guse only hlgh puri
- metals and electronic grade (99.999% and 99.9999% pure) red

phosphorus obtained from Johnson Matthey.

10 Mode of Milling : S .
A.  Standard Ball Milling (Hotation) L o/
This was originally the method of choice for the alkali '

M/P'systems However, we have used more intensive grinding
processes (cryogenic and vibratory m1111ng) ‘for the other .
15 group 5a metals. _ ' b
The stainless steel ball mills were fabricated "in |
house" and as shown in Figure 17 comprise a cylinder 150
with these dimensions --4.5" (11.4 cms) O0.D. X 6" (15.2 cms)
X 1/4" (0.63 cms) wall thickness. The top of the mill is
.2Q provided with an inner flange 151 to accept a Viton O-ring
152. A-étainléss steel top 154 is held in place by a bar
155 tightened down with a screw 156. _ . _
One mill has smooth inside walls.  The second mill was -
_ constructed with three baffles welded onto the walls from NS
25 top to bottom. These act as lifters for the balls and
reagents and result in more efficient grinding.
A total of less than 50-60 g reagent charge is desir-
- able. Initial milling ‘experiments used 1/4" (0.63 dms)
- stainless steel balls; we have since achieved better results
_30 with a mixture'of 1/4" (0.63 cms) and 1/8" (0.32 cms) stain-
less steel balls. '
. Cryogenic Milling (- 196°C)

This was accompllshed using the Spex freezer mill
(available from Spex Industr;es,.Metuchen, N.J.).
35 - Due to equipment limitations, .only small quantities
(2-3 g) can be miiled in a singie_operatiqn-ehqwéver, this
can be done quickly at_liquid nitrogen temperatures (in a



‘process. Summary The Goup la netals (wth the exception of lithium- have
proved to ball mll easily with red phosphorus. The facility of mlling
beconmes even nore pronounced with the lower nelting netals, typified by .
r tbi dhwm and cesium A problem arises when the Goup la MP ratio is varied
from1/15 down to 1/7 The increased netal content generally results in
‘spvere aggl oneration of the charge onto tT8%al I's of the ball nill. {%é;g
"Fortunately, the aggl onerated products are easily scraped fromthe mll an
crushed thrqugh g, [ -k 4 a sen| - i f i cylit,
fo g 119" RatfelCSE 8 FUF pibbiLts T thdl UGS XEmAT Riste, Rl
har dness and hi graPikityi #8 pedweing Regrowdex riqxm 5 the hardpfe gng thigher

\e/éperi nent al Y\DrJﬁeﬂﬁfﬁgrﬁ?ﬁﬁnétQ?M%ﬁﬁ?iﬁit@?%ﬂ@%&d ni?%gdgrgu@wgo ngelr then
now use only high puri e S a el ectroni ¢_gr.ade .. 0 .

05, 0699% pur &) B8 BASEFRERASTbER oF S P SO 4B Bt HE L i) Do Ty 13t
MIling A. 5 Standatbr&abtyMillng (Rotation) This was originally the

nmet hod of choice for the alkali MP systens. However, we have used nore

i ntensive grinding processes £cryogenic and vibratory mlling) for the
ot her Vibratory Milling -

The equipment (Vibratom) is available from TEMA, Inc.

Cincinnati, Ohio. _
10 This is essentially a ball mill, but instead of using a
A : rotating mofion,'dircular vibrations are generated--similar
to that of a paint shaker. The dimensions of the mill are
5%" (13.3 cms) OfD._X 3.5" (8.9 éms) height X 1/8"'(0.32 cms)
- wall thickness. '
N 15 - The mill does not contain baffles. We have used this

mill for the difficult to mill elements such as As.

Time of Milling

There has been considerable variation here. Generally,
20 the duration of hot milling is not less than 40 hrs. Nor
more than 100 hrs. To some extent, this has been determined
'by the system being milled. Less time is required for the
lower melting Cs and Rb systems.

25 Temperature of Milling
'This has either been at ambient-temperatdre or the

mills have been externally heated to approximately 100°C
with a heat lamp. Ambient temperatures are suitable for
low melting point metals such as Cs (28.7°C) and Rb

30 (38.9°C). External heat lamp application to 75-100°C for
3-4 hours was definitely beneficial for the Na- (97.8°C) and
K (33.7°C) systems. Heating to 100°C was of no value with
Li (108.5°C). We conclude that stable products are the
result of milling melted alkali metal and phosphorus.

35



15 group 5a netals. The stainless steel ball mlls were fabricated "in

house and as shown in Figure 17 conprise a cylinder 150 with these

digmepdi ons --4.5" (11.4 cns) OD. X 6" (15.2 cns) X 1/4" (0.63 cns) wal |~

t ess -The top of the mll is 20 provided with an inner flange 151 {9

ac a Viton Oring 152. A stainless steel top 154 is held in place by a
bar’ 155 ti ghtened down with a scr8l-156. One nmill has snooth inside walls. -~

Ihe sggond m il m%s constructed with three baffles welded onto the walls
rom top to_bottom .These act as |lifters for the balls and reagents

andlresuﬁﬁlﬂnMﬁéﬂénéfPﬁcgéﬁnsgr|ndlng A total of less than 50-60 g ?eagent

charge is desir- abre. Tnitral mlling experinments used 1/4" (0.63 cns)

stainless steel balls;. we:.have since achieved better results 30 wth a

m xture @xaibplde (J. GBeﬁerpnaﬁdNQ/888(0T3219n¥¥V%taln- | ess steel balls.

Cryogenic M 'd@? 1%%@&%5% Lg alAr§ waﬁ a&ﬁoﬁﬁhaﬁbfdd%tﬂﬂniégsSpeX freezer
mllg (avail abl'e fro ustries, Mtuch e Due to

equi pmentsteedi badilomd 1 oﬁP9t§ﬁﬁPqu§§ﬂt8tPés 3" S(é) %anC%é #2183 in a
si ngl e opeisat isteeinoweIer wakhchatgedbeidnane. nai gky1avr atom) d9ai 98%Bgen

Eggﬁﬁr 3Lgﬁﬁsng§?§ fn] Uleed M1nera.5.t S OEhgmf etvoanghgs}z 93“&5 this

(2.36 atom) of 99. 9999% pure red p (from Johnson Matthey
. Chemicals). The mill was sealed and rotated on a roll
10 . station for a total of 71 hours. The m111 was heated to s

approx1mate1y 100°C for 4 hours by playing a heat lamp on '

its surface. . The m111 contents were dlscharged in the dry

box to a 12 mesh_s1eve and pan. No agglomeratlon of the

product was observed The steel balls were separated from S
15 the product on the 51eve A total of 76 4 g of black _ . o’

powder product was obtalned

' Ball Milling of Cs/P,

20-"E:r.ample X (Reference No. 115 Table XIV)
Under nitrogen in a dry box -a baffled stainless steel
ball mill containing 450 g 1/4" (0.635 cm) and 450 g 1/8"
(0.3175 cm) stainless stell balls was charged with 12.12 ¢ \EZ
25 (.0912 atom) of 99.98% pure Cs (from Alfa/Ventron Corp.)
and 19.77 g (.638 atom) of 99.999% pure red P (from Johnson
Matthey Chemicals). The mill was sealed and rotated on a
roll station for 46.5 hours at ambient temperature. (no
external heat source applied). Upon opening the mill in
30 " the dry box, almost total_agglomeration of the product
was observed on the mill walls.  This material was scraped
"off with a spatula and discharged to a 12 mesh sieve and
pan. The chunks of product were then crushed through the
sieve. A total of 27.8 g of product was collected in the

35 pan.

w



cability in reducing to powder form the harder and higher nelting netals

such as lithiumand arsenic. These can then be co-ground with red

phosphorus in the rotating ball nmll 5 or vibratory mll. Vibratory @
'Mlli@g The equi pnent (Vibratom is available from TEMA, Inc., G ncinnatiy
Ghio. 10 This is essentially a ball mll, but instead of using a
srotating motion, circular vibrations afé2generated--sinilar to that of a ~

pai nt shaker. The dinensions of the mlIl are [err]" (13.3 cns) O D. X 3.5"
(8.9 cns) height X 1/8" ( cns) 4 wal |, thi 5. 235, 114 o I ! does
not contain baffles.TabA# 3%{3’2 Tiges &he rﬁggf?%eoéi mH e ?%rgnb‘lll% -

el ements such asneAlsTiwirthofreld Iphiosph®rase has peeni@m%s’deeaﬁie thesation
here. Generally, 20 ..t i . Qf: kLbbhBg is not |ess than 40 hrs.
Nor nore than 169 errsl.a]%g ag"(grre%tde tel%%'nlé?kl ?th'ggageen determ ned by the
systembeing mlled. Less tine is required-for the lower nelting Cs and Rb
systens. 25 Tenperature of MIling This has either been at anbient
tenperature or the mlls have been externally heated to approxinately
100[err]C with a heat |anp. Anbient tenperatures are suitable for |ow
melting point netals such as Cs (28.7[err]C) and Rb 30 (38.9C). External
heat | anp application to 75-100[err]C for 3-4 hours was definitely
beneficial for the Na. (97.8C) and '
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phase_begins to form Analysis on these materials wet chem cal, XRD and

ED sistently show x to be nuch greater than 15 (typically greater

t ha 0). A typical powder XRD diagramfingerprint of crystalline .

MP[ eR (x nuch greater than 15) is shown in Figure 10. As indicated ing/ i

Tabl e XV, anorphous MP naterials can x be formed in bul k form (boul es) by

the vapor transport tech- niques:86fhese boules are formed in the narrow end ~ -

160 of tube 32 (Figures 1 and 2) the narrow end 162 of tube 58 of Figure . ©

3, or as pieces of material_ ~Figure 16. These materials show no

X-ray diffraction. peaksAng rlgran® were used in our study to

charac- terize the degree of anDrph|c1ty of ‘the material s obtained -8

8- by these techni gyes. _‘These anDr oy I terials X_1s much

greater t hah® % ﬂH War?‘ﬁﬁﬁe "sam "'{edl'lﬁ’g;an((s;c con\}\g{r: ’b%a

sem comdabt grreattearhml'meslS,f othewaf*wr fprmcsdisuplgosphcmus) i magegdalisue of

et er | &feaag%z%ngfeﬁmwaepé{la%r‘éﬁas%:%oowﬁeﬁt Bl sSutLLoOnaatyhgr ] a new
orus e us er

form of “phosp resu t1ng hi gh anor pho or X
substrSFE® VAPEY GYRRBPOFE WiR &R §PUrcseni(@§n¥ddror condensed

phase processes and chemical vapor deposition (CVD).

TABLE XV
e, M = Li, Na, K, Rb, Cs J
X ! X = 15 X much greater than 15
. single = X - X
1s-VT - crystals _ L
‘ poly. . ' B,ZTF o
- amorphous - B
single
2S-VT - crystals
‘poly. =~ TF | TF
émorphous TF | . B.- C
. single
Condensed crystals X
Phase poly. B*
cCVvD>D | amorphous- TF
X: = crystals/whiskers
¢ = Bulk greater than 10 micrometers thick
TF: =

Thin £ilm 1ess than 10 m1crometers thick

B* Powder



properties with electro-optical response alnost identical with whiskers of
KP15. We therefore conclude that the | ocal order of all MP[err] materials
_Where-x = 15 or is very nmuch greater than 15 (when solidified in the.

presence of alkali netal) exhibit the sane |ocal -order substantially - l%
t hroughout their extent. This locat87order is the all parallel
»-pent agonal phosphorus tubes. Anorphous high x, KP materials were =

prepared with mirror finish surfaces for elecéro-optical eval uati on.
Routine surface pr &b afaiPo¥athe PRI PhoUS PRt FheTS | TRFRVRARMES s VRS
DLOCESS: ngt. _hjs;t;gmasl%J?dﬂr aﬁisﬁut‘si,ngef@rﬁn@h_ ; ditng, as appi rsg;hnici ilsdsliy\gryaﬂt&ll-
chemical etching. S ace wor k mage. i pduced. duri ng su pL Ogessi hg S
are known to aﬁf‘?’b?ctb‘l ¢ eﬁee%é%’o‘?‘gg’f? caf %ér?‘ggﬁ%n%%”gf"% 1t c%%%%’?:’f%@ Eg &8
materials. - Treretoléd atdephows, was: fleamesed-on ass8ssamd tHThnirgdeshahld
processi ng steps j t o J20R9 € ol I L 00p«* ,
processi ng st %w#]e:€ghg(g‘éng?€?ﬁgﬂ€% @égéguﬂgg?%égﬁoﬁe ?ﬁgé?p#‘g\pl)\%ga?i on of
hi gh quality m rrorThe nephlygisacls. MEphe RIYPFHIMine orakeghaks MRS ga¥ent

1to 2 cmin XL engtddchrPerdabhee VEb PREarest 7wibh aas! oMasesedadianeadle
saw usi ng ‘m ni num pressure.

Each, waf er s sliced to thi ckness . of , =~ ~
approxi mat el y ¥4, thf P°WYWHln%§“g?lﬂ?Pﬁm%eﬂgla faterials have
br omi ne/ HNJ[ er §1¢ Ob&éh Oprodilleedeiimy eheutbiem et thiht Ehgmdamage the
t hi ckness of each fer was, reduced hi_s ;chgm cal .e_‘;ﬁpi
approxi mately 50 my\ﬁ?gﬁﬁ%?%ﬁ%geﬁb%lfé \?/glrde ﬁiqéﬁ vgals ed g%db%ﬂrsck(exd fnth
ir@,wsions andgreater than 15) were obtained by vapor transport (one

source and two sources). These polycrystalline thin films

~nucleate on glass substrates (or glass walls) and show
dense packing of parallel whiskers growing perpendicular to
Y, the substrate. SEM photomicrographs, Figures 18, 19, and 20

of such materials show a large ‘physical separation between
the KPx whiskers.

These polycrystalline thin films are formed at low
temperatures from around 455°C to 375°C where the amorphous

- phase begins to form.

Analysis on these materials wet chemical, XRD and EDAX

consistently show x to be much greater than 15 (typically

" greater than. 1000). A typical powder XRD diagram

o fingerprint of crystalline MPx (x much greater than 1l5) is
shown in Figure 10. _

-~ _ '_ As indicated in Table XV, amorphous MP_ materials can
be formed in bulk form (boules) by the wvapor transport tech-
niques. These boules are formed  in the narrow end 160 of

- tube 32 (Figures 1 and 2), the narrow end 162 of tube 58 of
Figure 3, or as pieces of material in zone 2 of Figure 16.
These materials show no X-ray diffraction peaks.

XRD powdet diagrams were used in our study to charac-
terize the degree of amorphicity of the materials obtained



voi ds. . The high x, KP[err] anorphous material appears to be void free.
A standard | ow tenperature wax (nelting point about 80C) was used to nount
cﬂﬁn X, KP[err] wafers onto a polishing block. The wafers were then.. .
|l appg& At 50 rpmat 2 minute intervals individually with a 400 and 600 §,C
grit ing distilled water as a lubricant with a 50 g/cnferr] weight
until a snooth surface was achi evgd- The final polishing step was carried .
out for one hour at 50 rpmwith 50 g/cn2 weight on a Texmet cloth with 3 =
m cronet ers di anond coinpound and | apping oil as extender. This polishing
stteﬁ ua ;&ié%?&hﬁ@ué\ddlt'rﬂ@%tehfdnfdﬁﬂfbﬁﬁ nge € ﬁ@tfeﬁgamg shefeatx S0 rpm
Wi cm on_a roclo r m.cr ers
ganma ai‘l%rﬁ“ﬁé ARPRNRY oﬁmq él s"t‘?rf %g’f p\éﬁ%i (’?é’d'u‘rsg'%ei equi re
scrupuluaisng n daem“eauioheanl rsgerrstcepsiuatca: sotlechﬂmaqthew t Iﬁosub&aﬁmt
rinsin Y es gpr e thEs ¢ i_que g uallty
mrrorg;’]?él&nli%]y ggurface §? cﬁpﬁr{ d. Ry cF'f H\a%%@latq. chawglglﬂ? hd |

I nal ormed on
st:andarmPreetdn o§Papid 050(BUEHF§F Pexr ]npdmsm r@f eMui Ereney @ne“m ot

et chi nggrpé% romnent role in wafer pre- paration, surface treatnment,
pre-devi ce preparation, .netal zation and device proce55| ngrsNurrerous'

review arti ciRS aF&Siihiing ehi‘:‘éber #g thex amorphous or

substrates were shown to have useful semiconductor
properties with electro-optical .response almost identical

with whiskers of KPlS‘ - We therefore conclude that the
local order of all ME‘x materials where x = 15 or is very
‘much greater than 15 (when 'solidified' in the presence of
alkali metal)' exhibit the same local order _substantially
throughout their extent. This 1local orxder is the all
parailel pentagonal phosphorus tubes.

Amorphous high x, KP_ materials were prepared with
mirror finish surfaces for electro-optical evaluation.
Routine surface préparation of. these amérphou_s materials
includes several processing steps such as cutting,
' embedding, lapping,polishing, and chemical etching. " Surface
work damage induced during such processing steps are known
to affect the electro-optical performance of semiconductor )
materials. Therefore, attention was focused on assessing N
techniques and processing steps leading to a "damage free"
surface. The following processing steps-have been found to
- be  suitable for the preparation of high quallty mirror
finish surfaces. ' ' : _ :

- Embedded boules of high x, 'KP_ ‘(about 1 to 2.cm in
length) from Table VII were cut’ w1th a slow. speed diamond
saw using  minimum pressure. Each wafer was sliced to a .

. thickness of approximately 1 .m. The wafer was then
immersed 1n a. bromine/HN03 solution. To remove sufficient
cutting damage the thickness of each wafer was reduced by
this chemical etching by approkimately 50 micrometers. The
wafers were then washed and checked 'fof inclusions and

voids. The high x, KP_ amorphous material appears to be
void free.



chem stry and the: pr'actlcal aspects of etching processes. However, nost
I nformati on on speC|f|c etchants is wdely scattered throughout the

_scientific literature. An attenpt was made to bring together essential

“isnf orpmti on that shoul d be useful to the selection of an etching process '
rel evant to these anorphous high x material s. Speci al attention was

Iv

rates.

| app
wer e

was used to slwe}legmdlrpbilsm ootk hsur fageawdspashievwaders of " high x

*pl aced on etching procedures and process®&%-used for surface preparation.

was found that sone of the -etching solutions and procedures
currently used for GaP and InP are applicable but with different etchl

The fol | owi dg 8tanfagdsclen | SETPREREWFS FR%g MRLEing - pajnt bget

15/ é?‘;/o gg[ﬁﬁwd[) r?ég?{&{%?@'*[?érwné ort-.hegenl egnl x £t Wi ngwaﬂadspcanah: ag
- % % pol i shi ua S oxi ma
1 micron. lﬂ@_J shi AP ghthe ‘ﬁ%f w%’é?uﬁ%ﬂ raPPgﬁ %?pgp pBM éﬁ'l ég

- 1HC1:2

i ng -
prepare

Hl‘i[rﬁftre] 11(1&%8&2}; fmrdmardnalrﬂgg veikhdanmed0 aénér 600 t31Qg gmdt
" obigio 2 diMilida |l DML a0 L LLBES RS wi PRV OB2 SRATRYER”
OI’ I ca SOI’ P (0]

I oh nmeasurenents ve techni que

material as thin aspfh SFhal RpbeieREAS HEUPEwad &afreed 686S foy/ SbhesShour

at 50 rpm with 50 g/c:__n2 weight on a 'I‘exm_et cloth with 3
micrometers diamond compound and lapping oil as extender.

This polishing step was followed by an add:.tional fifteen

minute polishing step at 50 rpm with 50 g/cm wezght on a
microcloth with a slurry of 0.05 micrometers of gamma
alumina suspension in distilled water. All procedures
require scrupulous in between cleaning steps in a sonic bath
with subsequent rinsing and drying. '

Samples prepared by this technique have a high quallty
mirror £finish surface. The £final polishing sﬁep was
performed on standard metallographic Buehler | polishing
equipment. | ' '

Chemical etching plays a prominent role in wafer pre-

paration, surface treatment, pre-device preparation , metal-

lization and device processing.

Numerous review articles are available covering the
chemistry and the practical aspects of etching processes.
However, most information on specific etchants is widely
scattered throughout the scientific literature. An attempt
was made to bring together essential information ""{:'hat should
be useful to the selection of an etching process relevant to
these amorphous high x materials. Special attention was
placed on etching procedures and processes used for surface
prepafcation. "It was found that some ~f <the etching

‘solutions and procedures currently used for GaP and InP are

applicable but with different etching rates.
The following etching solutions were selacted and test-

ed:

-~



| so polished on both sides and used to neasure the band gap by
ifcah\absorption. - Etching techni ques were devel oped to reveal

uc- tures and to thin down small areas to 0.2mmthick for optical
ion. Several etching solutions were selected and tested. The bes{ :
chem cal solution was found tol¥$ . m xture of 6.0 g potassium hydroxide, 4

g red potassiumferric cyanide a 50 mM distilled water at 70[err]C. ~ °

Application to -reveal an etching pattern takes |less than 60 seconds. This ~

solution is /6 Stghl e ?r(ﬁnb usgd wi.t.h repr cible.etchin ates.
After. embed |.-(rail'go,\% cu???ngaj?;\- ‘pol .§ﬁa§§ \gg%er 3 esetb?h’efh%rpgﬁés KP ,
(x UUCROQEQQFGE than 15) from Tables VIl and VII1 have been etched.
Typi cal .m i%OQ!rrzHC@QF%e%:H’%TE ﬂ’&ﬂ%f«‘ﬂshix{&rﬂi%ﬁ'éuaﬂ'éﬁ‘ s@kegtehi ng

S.

treatment after Figure 21 is a photom crograph at 360

30 seco _
magni fi cat i Bﬁ’pﬁp*tlﬁ‘@t@tc‘l%i PRI MR surface cut perpendicul ar to the
axi s “of ~an5anmbypweighitoNa0al sovlitormefer i cher@gi@aD PYLESREhE Source vapor
transport Rghgrgnce o 28y ol V, ' hopeyconb_microstructures
with well ge??ﬁ'ed gor!rinﬁbr%-a(']f%e\;ﬁrﬁ%cr%én% f%?%%gygg Wﬁgge&%%ﬂgﬁconb
m crost ructftes sustimg Andrlappindor an etching pattern on a material

having a twoRg1MRNY MR, HSHT Ferd PRy bl 806 M ageparal | el tubes).

Several samples were prepa.f:ed_- for optical abso:ption
measurements. The above tebhnique- was used to slice and o’
polis_h on bot_:h,_s_id_es_iamorph_ous wafers of high x material as

. thin as 0.5mm. Reference sam_plé_s_of GaP and GaAs crystals
 were ~also polished on both sides and used to measure the
band gap by optical absorption. = o . : o’/
 Etching techniques were developed to reveal microstruc-
tures and to thin down small areas to 0.2mm thick for
optj.cal f a'bsorp'_cion. -

Several etching solutions were selected and tested.

- The best chemical solution was found to be a mixture of 6.0
g_ potassium hydroxide, 4 g red potassium ferric cyanide and
50 ml distilled water at 70°C. Application to-reveal an
etchi_ng' pattern .i:a_kes less than 60 seconds. This solution

is very stable and can be used with reproducible etching -
rates. |

After embedding, cutting and polishing, several samples
-of amorphous KPx,_ (x much greater than 15) from Tables VII
~and VIII have been etched. Typical microstructures were
. revealed from this chemical etching treatment after 30
seconds. . | S
Figure 21 is a phét_omicrograph at 360 magnification of
. the etching battern- on a surface cut perpendicular to the
axj.s of an amorphous 'boule, of high x material grown by
single source vapor transport (Reference No. 28, Table VII)
showing honeycomb micros'tructu'res_ with well defir;ed domains
a few microns in size. These honeycomb microstructures are
characteristic for an etching pattern on a material having a
two dimensional atomic ‘framework (such as parallel tubes).



9 Figure 22 is a photom crograph at 360 nmagnification of the etching

pattern on a surface cut perpendicular to the axis of growmh of the
_aror phous high x material grown by two source vapor transport in Exanpl e

V. Fi,gure 23 is a photo- mcrograph of the same etched surface as shown

in Figure 22 at 720 magnification. Figupe-24 is a photom crograph at 360
=magni fication of an etched surface perpendicular to the surface shown in -~
‘Figures 22 and 23 and shows an etching pattern characteristic of tubular

packi ng. Thus we comcude RRoMist e PhRdiomdiRr@IEARTe e 3 hQt magnrifbpakipn of

material s vherg ab V"*&er&i(féée MeaR HBARIA télﬂrhrl5to' tﬁe
where the annun ﬁﬂ %%% I S gs little as 50 pg{ts e# I'1ion al

have as their Fbéél°5rEéPWPHeOSeﬁﬁ&géﬁ&FPpHBspﬁdPﬁsxtHE§§réPﬂh8F°&PIbY ko

Fara||?| ftggurcﬁpiﬁ ofo?ELspoQt indapbhele @Iter Fagume Herﬁ%ndl®uﬁ&b-
ayer (monoclin 0s gor S El ectro, Opti.ca aracterlzat on_of,.Hi

Phosphor us Nht@ﬁFéBgrPB nPgnéhéodFPS 9§C§ UH§h6¥% Fhe %ﬂ%ﬁt%g %ﬁ?ngrzz
characterizati atk %9 magniddcattioon angheecﬂﬁsnalaMmhduamicnmqraph at 360

pol ycrystal | ing f hlgﬁca%qg ”?5 aﬂhogicﬁehnssﬁggaQQU| d%#ular o the
charact eri zat i Of SCoNsI St s Of ) tical neasurenents o es wt

el ectrical consmrémcs (%meptllﬂonf'bﬁi‘gées pR3t oRDifi r?é*scéhée)sr’(c’ms ePécter*-'lCéH-lng
measur ement s. %rmplc%awatt@ﬁ%t% ldfedibtiia Wik ildgon- ductivity,

t enper ature depe nt conducti vi t phot oconduc- tivit

wavel engt h
dependence of phot OE'MG'I‘FVFPVC géﬁ %l%‘?‘?yai’?bé?b¥§) eg\F{gEPl"%caHhat our.

mﬁgﬂﬁenentS\MMH1rmnmértﬁms where M is an alkali metal where x is much
greater than 15, i.e. where the amount of alkali metal is as
, little as 50 parts per million all have as their local order
the pentagonal phosphorus tubes either all
" parallel (the MP, g form) or double alternating
perpendicular layer (monoclinic phosphorus).

Electro-Optical Characterization of High
Phosphorus Materials from One Source Vapor Transport

The electro-optical characterization was carried out on
51ngle crystal whiskers, on polycrystalline films, and amor-
;/ _ phous.fllms and boules.  The characterization consists of
g%} (1) optical measurements on samples with no electrlcal con-
tacts (absorption edge, photoluminescence) (2) electrical
measurements with simple contacts of linear behavior (con-
ductivity; temperature dependent conduttivity, photoconduc-
tivity, wavelength dependence of photoconduct1v1ty, con-
ductivity type) (3) electrical measurements with non-linear
or rectifying contacts with metals whlch are lndlcatlve of
the semiconducting behavior.

From the above data we extracted the properties which
indicate that all materials produced have electrical cri-
teria for useful semiconductors, that is, they all have an
energy band gap ~ from 1-3 eV; conductivity between
1073
10,000, and chemical and.physicaL'stability under ambient
operating conditions. '

-10_12(ohm-cm)71; a photoconductivity ratio f£rom 100 to



\

onducti ng behavior. Fromthe above data we extracted the properties
'indicate that all materials produced have electrical cri- teria for
0l sem conductors, that is, they all have an energy band gap froo¥
1- 3 eV conduct|V|ty ~between [err]5-[err]0-12(ohmcm |; a _
phot oconductivity ratio from 16®2z-0 10,000, and chem cal and physical ~
stability under anbient operating conditions. -92- Measurenents were
carried:out on the follow ng equip- nent: (1) Absorption edge
Zei ss 2 beaMebRuaedewnits bierspeatrdest eputPhoholting niasleswcing eguipw
tenperg{gge (4[err]K) cryostat and | aser excitation (2) Conductivity _
e and 4 probe neasurenents Tenperature Depen- dent conductivity
from 3@@[ er APROF@tBP[ﬂeﬁd]% in am eV&RLSS ot eedmathean®hviotbheuctivity
with light source of approximtely SRRFWERE¥BYel engt h dependent

photoconductlv % Xe lanp |ight_source and nono; ¢h ; tor
Photo umlnescence = Low temperature (4°K) cryostat

and laser excitation

(2) Cpnductivity  . - 2 probe and 4 probe measurements

Temperature Depen=- :
dent conductivity - from 300°K to 550°K in an evacu-
o ated chamber
Photoconductivity - with light source of )
' ' approximately 100mW/cm
Wavelength dependent

photoconductivity - Xe lamp light source and mono- o
- chromator _ . o

Conductivity type“ - thermdelectric power measurement
with hot and cold probhes

(3) wet 51lver palnt was used to provide a temporary
junction to materials. with a photovoltaic opencircuit
voltage of 0.2V measured under illumination.

Metallic and pressure contacts forming 5uhctions were
evaluated for their current VOltage characteristics_ on a .
Tektronix (Registered Trade Mark) and tracer. ' L

Data on samples from the broad class of materials under et
inVestlgatlonure summarlzed in Tables XVI, XVII, XVIII and
XIX. ' N |

| ~ Table XVI summarizes the basic physical, chemical and
electro—optlcal proPertles of the prototype materlal namely_
'KPX, X ranging from 15 to much greater than 15,

in varlous
- physical forms and chemical compos;tlon.



Conductivity type - thernoel ectric power neasurenment with hot and cold
probes (3) wet silver paint was used to provide a tenporary
junction to materials. with a photovoltaic opencircuit voltage of 0.2
measuiked under illum nation. Metallic ang pressure contacts formng
junctions were evaluated for their curre - vol tage characteristics. on a
Tektroni x (Registered Trade Mark) and tracer. Data on sanples fromthe
broad class of materials under investigationare sumari zed in Tables XVi,
XVIl, XVIIl and, Xl X. Table XVI summarizes the basic physical, chem cal and
electro optlcalmpropertles of the prototype material namely KP, x rangi ng
.from15 to nuchmgreater than 15, in various physical forns and chemi cal
conposition. - -94- Tabl e XVI1 shows the properties of Goup |a
(al kali netal) ol ypfosphi des of various conpositions and physi cal form
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starting charge proportions of P to K of about 15 (i.e. between 10 to
Bel ow 10 the yield decreases; above 30 the physical properties of the

.anorphous boules begin to deteriorate. = -100- TABLE XIX KP from

di fferent starting charges anal yzed [err] in Tables I X, X, and Xl above :
STARTI NG CHEM CAL  X- RAY ~5%CONDUCTI VI TY PHOTO CHARGE ‘
*ANALYSI.S PONDER (ohmcm CONDUCTI VI TY PATTERN -
RATI O K/ P15 reagent crystalline x = 15 A lo[err]- 10-9

102-10[ err] pol ycmadtlal | XMBI >shHowiss thep properties 1@f 1@roup la f(ekksdd
amor phous meta}) pdfyphodfhi@beuse Wadtddd composiifbes ladd Pisy prce:

crystalline 10 pol yc e
[err] 15 gorm. We opggrved that tférﬂ‘&f%ﬁﬁﬁﬁ% X %§> 5“

anmor phous  1@18..pendent oflgﬁeKhBEQlCMﬂﬁﬂﬂéﬁnft be Dar-SS, K,ARb, Cs:
10[ err]

| | |
- 102-03 amPﬁWo'ﬁ}scaJlUl? x?g§ ér Ir!][;g.‘](':if a%?l c.u.orphous gbé@le or .

10 9 - £illm) ; and chemical compos:.t:.on, x = 15 or much greater than
15.




pol ycrystalline x >> 15 B 10[ err] 10 anor phous

K/ P125 crystalline polycrystalline anorphous x >> 15

poor iﬁp‘ical properties A = pattern simlar to crystalline KP[err] B =.-
pattq&H‘Linilar to crystalline [err X -101- We conclude that all \J/
thesé—mfiterials in whatever form%fave a band gap between 1 and 3 eV, nore

particularly in a range from1l.4 to 2.2 eV, since 1.4 eV is the | onest
phot oconductivity peak we nmeasured and 2.2 eV is the estimated band gap of
red phosphorus. The data further indicate:- that the band gap of the
best formof these materials is approximately 1.8 eV Furt her nore,
their surprising high photoconductivity ratios of from 100 to 10, 000

‘indicate that they are very good semi conductors. Doping Bul k anor phous

X and Xl abovePR =in ou threetyqne-funnace havi ng a conposition x nuch

MP[ err] boulesﬁpntainea by si e source vapor transport: (Tables VI, VI,
greater than 1<Eean b prOQe§sed byebitd i Ng, el appi ng, gol i shing) and
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etching into high quality, mrror finish wafers of about 0.5 cm di ane

It is on these sanples that we have been able to performelectrical
_measurenents with different geonetrical arrangenents of -electrical
contagts to determne accurately the bul k conductivity of the materials:/

By 2 probe and 4 probe neasurenents, we9dscertai ned the bul k conductivity
-of these nmaterials to be 10-8 to I0[err] (ohmcm . Thi s
conductivity is too low for the nmaterial to be able to forma sharp
junction with rectfahlag ikt ti symmagdeesor ethet \REPRARtIGH m OF f imiked
foreign el emgpd1yResphiauki ahawanbwhsaithesie tmn@mwtmmmmﬁ rﬂnéﬁhwe

materi al and | ncrease c her

anor phous seBbRhdB8: § n%ﬁ‘[ﬁ]es‘éﬂﬁﬁ"ﬁﬁ éﬂal?r%%gm%sofpiaﬁﬁ'&ﬁ i g -
~the material twtion affast ohh® sdnesctiisvipiossdbile amd graited enpesddet Son

we find int a n neg q Ito _
appr oxi mat el y{%a?fe %tlﬁ'e ga";pl)navI %g‘ ql%ls’g Ehg J Fé?% LtI§'evél sutﬁ%l
| ow conducti veayional| é@génshot oconduct i vi ty ratl o] | ndl cate a small nunber
of dangling bonds. This indicates that a strong perturbation -102- of

the el ectronic wave function of the P-P bond will be required to nodify the
conductivity and conductivity type. Two approaches were taken: (1)

substitute As or Bi into the P site; (2) diffuse a foreign elenment iinto the -

. anor phous

\\./A



matrix. In the first nmethod K/ As[err]/P13 has As incorporated into the
mat ri X, -The conductivity is increased by 2 orders of magnitude (Table

XV and the material remains n type. In the second nethod, after tryi.ng
many % gntional diffusers (e.g. Cu, Zn, A, In, Ga, KI) in vapor, liquid
and sott+d phase diffusion with ne98dccess, we found a surprising success
with the diffusion of Ni and then Fe and Cr fromthe solid phase. For ~

e

exanple, a layer of N was deposited by vacuum evaporation onto a well
prepared surface of a high x,- KP[err] wafer. After annealing for several
hours, the Ni was found to diffuse for. about 0.5 mcroneters into the sub-
strate and the conductivity increased by nore than 5 orders of magnitude.

The conductivity is still n type. Mre specifically, 1500 angstrons of
Ni wer e deposited onto the wafer in a Varian resistance heated
vacuum 6 evaporator —under pressure of 10 Torr. The sanple was seal ed
in an evac’uat%d Pyrex tube and heated for 4 hours at2350[err]C.  The top
N |ayer was Eenovep. The conductivity feasured bytthe two probe nethod
showed an in ase from B8 to®greater ahan &0[ekr]. oFflectro
spectroscopy dfewr chenicat anakysis &ESGH) degih ﬁ)r ofilikhg of the
sanpl e showed the d} ffusion depth to be 0.4 m crometirs and the cheni cal
~bonding of the NI tp be Niferr], i.e. free N in thesmaterial. The
wavefunctionEof the N overlaps with electronic wavefunctions in the
P-P matrix, #fectipg the conduction (mobility). The Ni concentration is
greater thans _ oot
D .
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about 1 atom percent. Evaporated gold top contacts or dry silver paint in
copl anar fashion formohmc contacts to the doped |layer. Variations in LRe
di ffusion tenperature show 350[err]C to be optimum for N diffusion.
Variation in the diffusion tine follow the diffusion equation (diffusieai”
depth is proportional to square root of o -103- 1 tinme) and 1500
angstrons of NI heated at 350[err]C for 690 hours, showed diffusion depth of
1.5 micronmeters as neasured by ESCA. 350[err]C approaches t he hi ghest

tenpera- ture thes gggr W%Jﬁﬁﬁa&rﬁ romﬁﬁge?gaélggjagﬁt ?J:otp%rtﬁies bta:”ined

di ffusi on can al so Be acconmnplis suc rom a
Ni - Ga nelt, ofréemordiffexenr sghzsdndsuehangef rltﬁﬁlms car Wenyfings thet ykhe

further foundyiggt Eﬁoﬁadt%sshs%swné@{n@@h%a{ Madeirilbhe abemea from
processi ng procedures. we took a cut wafer froma

bul k anor phou$tAFGANS lﬁﬁ@%b?&f’ﬁ’é’d’%“tﬁ@& gl &Csdtr & 2RIt t Adnspore-
and evapor at edebW@eanda reos30) .i r Belowt a0 t thedyibed diechresseés;t abdve t3e

doped mat or i aEPEnAREAEAL" BiRpESYIke (B8 U2, ABBRERE R0 ber e

curve tracer.déheghorhse.vaf er of high x material we evaporated 300

-~



E angstrons of nickel

and 200 A of
We then evaporated two 20

i ron,

then heated the wafer to 350[err]C
1 mm radi us al um num

for sistseen hours.
contaOOO angstrons thick and upon neasuring the current voltage

char acke

mat eri al

non- | i near
produced by. single 25

stic with the Tektroni x curve tracer
agai n obtained a ful

g@@ﬁacteristic. On anot her waf er
K Te vapor -transport,

bet ween the al um num dot

of hig
we evapor at ed 50

angstronms of nichronme and then heated the wafer for diffusion at 350[err]d

for sixteen hours.
characteristic
ni ckel, iron an

COBMARIENG - 103a-

&hrom
Iomerlng conductivity and t
can be effected with wet silver

- W\ then
angstrons thick onto t he waf

AR,

Y6 I fdfen s
e

T

pai nt,

gt

at on the ower con uct|V|ty ‘material
pressure 35

two alum num 1 nmradius dots 2000,
in measured a full-

%glggga concl ude that%
€s

non-1 i near

materials for i
junctions

: contacts and al um num
@HEMIGAE "ERSRAES| descoipuéeraeyCr pubrg-occupi ed d or

f CHARGES!l ectronic | ANALYSISl (POWDER | ap(dﬂluhhcﬁnhe phosgbRpbusTEvwYEkS are

expected to be able to affect tHRATTERN RATIO
K/P, ; reagent '
crystalline x=15 A 1078-107° 102-103
polycrystalline x)) 15 B 10" 7-1077 102 i;;
amorphous x)) 15 amorphous 10~ 8-107° 102
K/P, g pure - -
crystalline x=15 A 1072 102 o
polycrystalline xJ3) 15 B 1078 102
amorphous x> 15 amorphous 10~ % 103
K/B3q :
crystalline x = 15 A 1072 102
polycrystalline x5} 15 10~ 10%-103
amorphous x)) 15 S
_ ~
K/Ps
crystalline x=15 A 1072 10
polycrystalline x» 15 B 1078 10 |
amoibhéus |
K/P125
crystalline
polycrystalline
~ amorphous x)) 15 poor physical
properties
A= patﬁern s@m@lar to ctystalline_KPl
B = pattern similar to crystalline ng



-104- conductivity in these materials such as to give p-type materi al

.Materi alt

and
formp/n junctions for solid state devices. Anorphous Hi gh Phosphorusc§§§
By Two Source Vapor Transport Two types of materials were ob ed

by t hi_s nethod and the properties of these were investigated. 1)

Anor phous bul k KP[ err]
*side and x is nuch greater than 15 on the ot her.

the hypot hesis of the tenplate effect, which is very strong in this

i nst ance.
quality,,

The surWaceontladeutthartd q:idl i Sthesle smapeeindsofinvevlyatedr form

e n
conduct|V|ty neggu%3§E gggﬁq%§bﬁgﬂlvflgﬁd lérl) 4 téﬁﬁ %gtﬁgﬁig%g% I
and the photxrrgeiudbonm t y-dat f-'-@ Z%e?r]evbndélnpﬁl ulnﬁaw\bnlcﬁ the mdbwes
greater thanpdOf&esdduct i9ippot geardughi vmbxsa%ab I %napplﬁow meirel ¥ sat ¢he

1.8eV, indicatip and of tha The_ data | nd |cates that the P-P
bond domi nat®%t ’c'ﬁ%tﬁﬁg aagﬁfagaanoo%pﬁegi; PHPSBBPERSs of The Jaka efuzthesr

wel | as thosgndicdesbl eStﬁ@v‘I: 20 | badd |- gapndoX| \theneistts Sbfxﬁng:f these

photoconductlv i o4 | n t h,ahi y | evel of,
dangl i ng bondskégféf; h%gg§ %&% %e s &f KP%? %gfé gﬁggrﬁd f%efﬁble
XI'l) deposi teulrpmalg‘aashlfshl cl@lsommthVEvatyretmti@qepfdeﬁnemt ed®n tchem

for a back CeB} ggh inEEStEh'tBaE' ey TR2eS VTS Ydda FimilddndutdPs .

deposi tion o

opens t

Doping
' Bulk amorphous MPx boules obtained by single source

vapor transport (Tables VI, VII, X and XI above) in our

three zone furnace having a composition x much greater than
15 can be processed by ”cutting, 'lapping, polishing, and
etching into high quality, mirror finish wafers of about O S
cm diameter. -

It is on these samples that we have been able ¢to
perform electrical measurements with different geometrical

‘arrangements of -electrical contacts to determine accurately

the bulk conductivity of the materials. By 2 probe and 4

' probe measurements, we ascertained the bulk conductivity of

these materials to be 10°% to 1072 (ohm-cm)-l. This

conductivity is too low for the material to be able to form"

a sharp junction with rectifying properties. Therefore, it

was our aim to find a foreign element (dopant) which would
- affect the conduction mechanism in the material and increase

conductivity. . As is typical - of other amorphous
semicOnductors, the presence of small amounts of impurities
in the material do not affect the conductivity and, above
room temperature, we find intrinsic behavior with an
activation energy equal to approximately half the bandgap,
indicative of a midgap Fermi level. The low'conductivity
and large photoconduct1v1ty ratio indicate a small number of
dangling bonds.' This indicates that a strong perturbation

(Exanpl e VI) wheLe x equal s approximtely 50 on one
Surface anal ysis supports

-~



{ -

opportunity to manufacture many types of thin filmdevices. The anorphous
KP15 thin filns deposited by the 2 source technigue have a thickness

OToxi mately 0.5 mcronmeters over an area of 3 cn2. The filmis e
Aind t he surface roughness does not exceed 2,000 angstrons. The fidm *
cally stable. Figure 25 is a photom cro- graph at 2000
magni fi cation of the surface of -aro2-of these KP15 filns. The adhesion to =~ °
the substrate is excellent. Quantitative analysis of the filmwas perforned
usi ng a Scanni-ng El-ectron M croscope (SEM. and an Energy Di spersive _
X-ray OEDAHe Medsttargriiic Wwhwecofpusiidronodf the Pi-Pmbesdf sidd tbebe in

t t
o oone Bt (e S |0 R RuCOTPON (4, cdiiSpBlib ety £pgES T O
. properties 5@Kb§§nﬂﬂadhe$nweI¢l%@kﬁ%cﬁ‘%*mﬁ%#*?h%?ﬁ% bﬁpaﬁlﬁ%tyﬁép Ni into

bul k amPROWs R . (AN N £ fihddn d 7o resgrVepanah €dintboth8cagbaphoasbstrat e
170 to forn1a back contact for the anorphous KP15 | ayer 174 as shown in

Flgure"@GIIHhe Ni serves as a back contact .and a diffuser. ESCA and SEM
profiling shmwsxHd ik fhosRodi BYREL ¢a§ 4l hasntrhs t imctPabrateéd intoat a

ot o D BBEF TR DTS e BRic B Y, R° iR ar BybeRgers Do S
glass5naghatuﬁbeuTamn¢exV}Ib)p and the mater1al remalns n type..

In the second method, after trylng many conventlonal
diffusers (e.g. Cu, Zn} Al, In, Ga, KI) in vapor, liquid and
solid phase diffusion with no success, we fqund a surprising
success with the diffusion of Ni and then Fe and Cr from the
solid phase. _For example, a layer of Ni was deposited by

~ vacuum evaporatlon onto a well prepared surface of a high x,
KPx wafer. After anneallng for several hours, the N1 was
found to diffuse for about 0.5 micrometers into the sub-
"strate and the conductivity increased by more than 5 orders
of magnitude. The conductivity 1s still n type.

More spec1f1cally, 1500 angstspms of Niwere dep051ted

onto the wafer in  a Varian | resistance heated vacuum

evaporator under pressure of 10 6Torr. The sample was

. sealed in an evacuated Pyrex tube and heated for 4 hours at
350°cC. The top Ni layer was removed. The conductivity ‘s%
measured by the two probe method showed an increase from |

1078 to greater than 1074, 'Electro  spectroscopy for

. chemical analysis '(ESCA)- depth profiling of the sample

showed the diffusion depth to be 0.4 micrometers and the

chemical bonding of the Ni to be Ni®, i.e. free Ni in the

material. The wavefunction of the-'Ni overlaps with
electronic wavefunctlons in the P-P matrlx, affecting the
conduction (mobility). The Ni concentration is greater than

about 1 atom percent. _ _ .

Evaporated gold top contacts or dry silver paint in
coplanar fashion form_qhmle cqntacts'to.the-doped layer.

Variations in the diffusion temperature show 350°C to
be optimum for Ni diffusion. o

Variation in the diffusion time follow the diffusion
equation (diffusion depth is proportional to square root of



pressure. -Part of the NI surface is then nasked with a Ta mask in order to
have a material free zone for electrical contact. Two m croneters of
.anorphous KP15 174 is deposited in our two source apparatus onto the ff

f-i 1 ml72. The conposi- tion of this filmhas been identified to be \a

it is anorphous and has nore than 1% N diffused into the film Pressure
-contact with an electrical probe was appl®Bed to the top of the KP15 film
The two | eads, fromthe back contact and the top pressure contact, were

connected to a Tektronix Tracer 176 ohserve, t he o v age
characteri sii cs. t1Pfé FBF%&%SQ%%%H@?? s?# gﬁoﬁ’?%teeq &t ia-q‘-’Lq ycf%orpgeotssur e
contact juncti onhbarshoshowad FpfifesPon déptin ofhdl Catneisconatets @ wWith a

barrier height oRe?gaggg BngEHAfenésb‘bt%ﬁ?f@}é%ﬁ%ﬁ%%{ﬁhfﬁ?%%}iﬁ%ﬂaéyﬁpe

28, we al so deposi vacuum evapor ati ol L contact 178
onto the top sutfizeethgseotmor KiPABs dnwtehbaks |BaRrbe gubjiesHiedhytad-he two

source techEi que on §&;NyikaY8iodBlaeDsh 188 Dcdnpl Bsited Udni e 19GQuid/ie
connected t

e Tektroni x curve tracer 6, .as shown d nmeagsured t full
forward and reveP§&SB a§EAR aslfromj%%%’t'f% 'B%f e %3%10"? n&ﬁ d’Lﬁpeorgg'ﬂha\lfjﬁ%’ch
thus indicated tkathCasf 6rom Nuncarbosyligdsthese materials. Subsequently,
smaller metal dots wple,fgppabtRlrafobRd £RAL L id O Wod Gimfduse the

ef fect of | eakage cuiren .
behavior under the above processing procedures.

’ 10 . For example, we took a cut wafer from a bulk amorphous
N/ high x boule obtained by the single source vapor transport’
and evaporated 500 angstroms of iron onto it and then
diffused it into the wafer at 350°C for sixteen hours.
Applying two pressure probes to the doped material gave a
N 15 full non-linear characteristic on the Tektronix curve
tracer. _

On another wafer of high x material we évaporated 300
angstroms of nickel and 200 Z of iron, then heated the
wafer to 350°C for sixteen hours. We then evaporated two

20 1 mm radius aluminum contacts 2000 angstroms thick and
upon measﬁring the current voltage characteristic with the
Tektronix curve tracer between the aluminum ddts, again
‘obtained a full non-linear characteristic.

= On another wafer of high x material produced by single.

25 source vapor transport, we evaporated 500 angstroms of
nichrome and then heated the wafer for diffusion at 350°C
for sixteen hours. We then evaporated two aluminum 1 mm '
radius dots 2000 angstroms thick onto the wafer and again
measured a full non-linear characteristic between the two

30 aluminium dots.

We thus conclude that nickel, iron and chromium are
useful diffusants in these materials for lowering
conductivity and that on the lower conductivity material
junctions can be effected with wet silver paint, pressure

35 contacts and aluminum contacts.



! 5 at the edges of the contacts. 10[err] cnR area top contacts and 10
' cnR top contacts were deposited in the vacuum evaporator through nechani cal
& e |-V characteristics shown in Figure 31 were observed with Cu, - .
Al top contacts. They appear as the breakdown 10 voltages of tyo -
back di odes in each instance. Sim |l ar curves were obtained wth N,
Ti, My, and Ag as the top contactd®3®ve nost significant difference appears ~ °
in the fact that Au contacts change the |-V characteristic after 15 -
applylng 10V evl ce. act er.i tlc come asynmetric, as
shown in Flguk% gﬁgeg ﬁbP@s&ﬁﬁﬁ %gc? Fs Folh E gecpréedudi nt er f ace
cafter thlsu"ﬁbmmhq; epﬁ@¢69910Tﬂevbﬂsrmhag"caa oupsilapewt ity ohaerved with
Au, and i HRydBHdre l1>év%t1§ewad ofiplblirel 280pGliabo0 E8NLRELE. THE 20
form ng" "does not pernanentl ect the device; réappears every
time a voltage is applied. Fbatlng t he device at 300 C does not affect the
phenonmenon. Cooling the device to -20[err]C results in very sharp |-V
- characteristics (Figure 33). 25 It appears as if the "form ng" may
-be a breakdown of a high resistance | ayer renmining between the diffused
part of the device and the top contact. Capacitance - voltage (CV)
characteristics shown in Figures 34,35, and 36 point-in the sane direction.
Al and Au top contacts have C-V character- 30 .istics of double diodes,
but convert into singlé diode behaviour in the case of Au contacts. If we
assune a dielectric constant of approxi mtely 10, we can extract a




carrier concentration of approximately 1016 carriers per 3 cmnear the
junction and a carrier nmobility of 35 approximately 10 2 to 1lcn®/volt

second. Frequency -106a- dependence of the capacitance and resistanfg
in Flé-w'e 37 can be used tonodel the nultiple junctions that can formi

such a structure with a graded diffusionypgefile in the -107- t

active material. In addition, poor bulk naterial quality (low density) and ~
rough surface norphol ogy coul d contribute to the conpl ex observations.

Nonet hel ess, | goaguotitdeyr ihi otheseaidteriaks armugihoas tto ghvecept-hype
filmKP15 5 : n rateds ch as
"formng" wt hmggaf ggicéﬂg 2?? gh\/\ggﬁap‘slgaggggrgvgggwgtg E'\i? ggﬁeg\gggﬁ' g’?’ gd thin
films deposited on Ni. This filmis not pure KP15, but has excell ent

quality. No C Xmete?ﬁadgnﬁ&gﬁﬁ@h&@@ﬁotﬁslﬁatetrliha case. The device, which
was very thin, had a goo reggonse tonl ght and a small (106 anps) current
was drawn fro ions when illumnated with
visible |ight. Two types of materials were obtained by "this method and
the properties of these were investigated.
1) Amorphous bulk KP_, (Example VI) where x equals
approximately 50 on one s:.de and x is much greater than 15
on the other, Surface analysis supports the hypothesis of

s the template effect, which is very strong in this instance.
The surface of a cut and polishéd sample is of very high
quality, low number of -defects and voids, uniform etching
pattern. . _

N/ The conductivity measured was by the two probe
technique 10'1°(ohm-cm)l-1 and the photoconductivity ratio
under illumination of 100 mW/cmz is greater than 1()3 The
photoconductn.v:Lty peak is approx:l.mately at 1.8eVv, indicating
a bandgap of that order. The data indicates that the P-P
bond dominates the electrical and optical properties of this
material as well as those in Tables XVI, XVII, XVIII and
X1V, and its strong photoconductivity ratio is consistent
with a highly reduced level of dangling bonds.

2) Amorphous thin films of KPlS, (Reference No. 47
Table XII) deposited onto glass slides which have a metal
layer depos:.ted on them for a back contact to the thin film.
The success :.n the thin £ilm deposition of KP15 opens the
opportum.ty to manufacture many types of thin film devices.

The amorphqus KP; ¢ thin films deposited by the 2
source technique have a thickness of approximately 0.5
micrometers over an area of 3 cmz. The film is uniform
and the surface roughness doe. not exceed 2,000 angstroms.
The film is chemically stable. Figure _25 is a photomicro-
graph at 2000 magnificaﬁion of the surface of one of these

KP,. films. The adhesion to the substrate is excellent.
Quantitative analys:.s of the film was performed using a
'Scanm.ng Electron Microscope (SEM) and an Energy Dlspers.we



Ve expthat KP15 thin filnms made by CVD technique 15 wll result in

im behavi or when the filnms are suffici- ently thick. At the nonent
,een too thin and have been found to short out. The formation -of

junctiom$ with these nmaterials indicates that they nmay be utilized to fQm =

pn junctions, 20 Schottky diodes, or Metal Oxide Semi conductor (MOS)

devices. W expect that by utilizing the above noted cl asses of dopants, ~.°
that the materials can be convert®dto p-type conductivity and thus will be
useful in the entire range of sem conductors. 25 The

phot oconductivity ratio was obtained in all t h_'es__engé formng a
seni cMFRN of ERRX) creasupemenhy odhenRaBIROf tdan n¥hgt thidifedwas t he

mat er ifduddres! Bet ihC%blr)éeﬁ@HEJmm{iﬂgeV*ﬁe{' | homiTHa B eaagisfeﬂ@ﬁi.sed t wo
%ter as 30

si ngl &5&' ect.rtodes 80 and, 82 attg.c e ial, illustrated

in Fi qii% 0" 8P CpReFHFLARY Y] °?‘8ge§g§|§‘§gl angy \Rimhols %, S¥H0 copper
stri pLae ahehd@® wor aniddesielelot mi-optiieth Y (proppasStesubstoasetid. A
sanpl %i’]?&. of KP15, nmde according to the above teachings, a s bridged
across strips 80 and 82 at 35 one end thereof and attached thereto by
silver pai it g¥iew ofiorhe \@iE&fusingt capiedd kidy hef opdosinteo ebdikof strips
80, Bhnid¥prulusate a A a6l rELBh R9LeRbkAlevi)drit dPloht &nehé NELEbY |
substrate 170 to form a back épntact_ f_é'r the amorphous KP,
layer 174 as shown in Figure 26. '
The Ni serves as a back contact and a diffuser. ESCA A
and SEM profiling shows Mi to diffuse significantly into the
KP, ¢ £ilm 174 at 'a rate of 200 angstroms per hour during
the KPlS growth process. _
In more detail,we deposited by vacuum evaporation 1500 _ o
angstroms of Ni 172 onto a glass slide 170 at 10" %Torr.
pressure. Part of the Ni -sufface is then masked with a Ta
‘mask in order to have a material free zone for electrical
contact. - | | -
_ Two mic_romgt_é_rs of amorphous KP,, 174 is deposited in
our two source apparatus onto the Ni film 172.. The composi-
tion of this .f_il_l.m _'ha_sl ‘been ide'htified to be KP,g, it is
amorphous and has more than 1% Ni diffused into the film.
Pressure c_ontiat:t with an electrical probe was applied
to the tbp of the KP,y film. The two leads, '_frOm the back
contact and the top pressure contact, were connected to a
_Tek__ttonii; Curve _T:ra_ce.r 176 to observe the current voltage
 characteristics, The forward characteristic of the recti-
fying pressure _'c.::ontact juncﬁion is shown in Figure 27, which
indicates a jﬁh_ction with a bar_x"ier height of 0.5eV and
‘current in the mA range. |
As shown.in__F_iQﬁ_re 28, we also deposited by .vacuum
. evaporation a 2mm radius Cu contact 178 onto the top
‘surface. 180 of a __KP]_5 "amorp'hqu_s _layt_ér '182 grown by l',c..he two
source technique on a Ni layer 184 deposited on a glass
substrate 18._6-. We connected the Tektronix curve tracer 176,
as showh, and measured the full fprwafd and.' reverse biased



pernmts measurement of the resistivity of the KP15. -108- The resu
device of Figure 30 and sim |l ar devices using our other materials
_established that our high phosphorus materials can in fact be used t
contrngl the flow of electrical current, at least as a 5. photosensitive
resistor. In addition, our materials show | um nescence characteristics with
-an emi ssion peak at 1.8 eV at tenperatdrt&§-of four degrees K, and -

I"'um nescence at anbi ent tenperatures. 10 Preparation of Large Crystal
Monocl i nic P Rubidi um W have f und t.ha

produce | arhe cri&teiiqh %% °$Wo%Bh%?%ggeiag}gﬁﬁgggggh &iéhﬁé?

encapsul at ed,

i nthepic WGy forms anunlﬁmB with mhﬁsetmakesi®l§n1quartz tube

was vertically positi
Lenperat ure gy adi ent Sipged bt . Spinler pRtat, a3tsskire) BE0661 bdu e top
552[ err] C whi | e ¢ortacys din arderupe wedussi fb8i ﬁégeag 88olerkage cuyrents

heating forsapproxi¢fd eddge®? dPOWhHs chhQahltEe was
of nonoclinic p

truncated pyram

10

20

25

30

35

edrendtsp ngbetacyst al s
%zghog&as zistolparc ef\ltaascts were 82;:8%9%01' Qnt pﬁef\%&lﬂ;
evaporator through mechanical masks. The I-V
characteristics shown in Figure 31 were observed with Cu,
Au, and Al top contacts. They appear as the breakdown
voltages of two back to back diodes in each instance.
Similar curves were obtained with Ni, Ti, Mg, and Ag as the
top contacts. )

The most significant difference appears in the fact
that Au contacts change the I-V characteristic after
applying 10V to the device. The I-V characteristic become
asymmetric, as shown in Figure 32, and a mere ohmic contact
i s formed at the Au interface after this "forming" process.
The "forming" is consistently observed with Au, and
intermittently observed with Ag and Cu top contacts. The
"forming'" does not permanently affect the device, but it
reappears every time a voltage is applied. Heating the
device at 300°C does not affect the phenomenon. Cooling the
device to -20°C results in very sharp I-V characteristics
(Figure 33). | ' '

"It appears as if the "forming' may be a breakdown of a
high resistance layer remaining between the diffused part of
the device and the top contact. Capacitance - voltage (C-V)
characteristics shown in Figures 34,35, and 36 point in the
same direction. Al and Au top contacts have C-V character-
istics of double diodes, but convert into single diode
behaviour in the case of Au contacts. If we assume a
dielectric constant of approximately 10, we can extract a
carrier concentration of approximately 1016 carriers per

cm3 near the junction and a carrier mobilify of

2

approximately 1of to 1cm2/volt second. Frequency



25 were found in the upper (cooler) region of the tube. W found that
crystal nonoclinic phosphorus can al so be prepared fromm xtures of

n the atomratio of I to 15 (RbP15). Cesi um and Sodi um Large
stal s of nonoclinic phosphorus were also grown via vapor W

s usi ng either CsP15 or NaPl5 charges fornmed in our condensed phase
process. |In each run approxi mat et3}0&~5 g of the appro- 35 priate al kali
nmet al polyphosphide mas seal ed in vacuo -108a- in a quartz tube (10 mMm
OD x 6 mml th 8.9 cm ubes re then ected to a

t enper - a@ﬁ?%n%?é E@%rP%Eﬁﬁlﬁ%&F%u %ga 5§§¥b 5% char ges
wer e mai néan nisd aée&Sﬁ&ﬁbM | thd mul'lt:il‘[ﬂé qpmcrﬁlddsa ﬂhab:es:amerf@rnmmt ai ned

ool of ot B pnStle A LU, 4 TR Sk Slde LA Savels

-109- The norphol ogi es of ‘the nonoclinic phosphorus crystals -

H



grown from CsP15 and NaP[err] - condensed phase charges appear to
be very simlar, that is, stacked square platelets. This is in

contrast to the truncated pyram dal habit of the nonoclinic phosph
ctystals grown froma RbP15 charge. W found that |arge crystal
phosphorus can al so be prepare fromCs/Pll, and Cs/Plerr] and Cs/P ]

‘mi xtures maintai ned at hi gh tenperatures:lO%t assi um Usi ng simlar processes.
we have al so produced nono- clinic phosphorus crystals from condensed phase
KP15, and from mi xtures of K/ P[err] and K/ P125. Lit xperipents
have beeh %ﬁﬁ&ﬂﬁn@ﬁﬁerlﬁﬁtr1qqtﬁﬁqhﬁﬁﬂ¥osEWHFU?ugﬁapﬁe§rlaﬁoﬂ89éﬁtyme
expect that |argelew yddmdityonanld mwgmmmfwammhdmsogy epalddcbnopibhiee

materials under érQAé”c(ﬁﬁ¥B§ éﬂE%rJ; ofﬁB%gQ%r?%thegph %15Hef89 ure

of the alkali rese Seens not Se | nportan grature at
whi ch t he chargeatbomarnﬁd?ﬂecm pmppmw oy siompeet hd nt 61ﬂ~neKEigst al

growth procgss. had bddif derchralteRy Cs/ Pl ball mlled system large
crystals were produced |n experi ments where the char e was i ntai ped_ at

555[err] C and 554[ er r |XSme ahqye, ORERRs Pe2fhefCRBERE WAL thel d
at 565[err] C andAw4td® cuntiaartge wmn&dJsm|omsemuabzatweteapnoduapdrated

Referring to Fiouisy Shaisl Nedy elheied MY 3th 18°n0topLed x8, 0 9™

‘but has excellent quality. No C-V dependence was seen in
10 this case. The device, which was very thin, had a good
-6

A response to light and a small (10

amps) current was drawn
from it under short circuit condltlons when illuminated with
v151b1e light.
: We expect that KP15 thin films made by CVD technique
~ 15 will result in similar behavior when the films are suffici-
ently thick. At the moment they have been too thin and have
been found to short out.
The formation of junctions with these materials
indicates that they may be utilized to form pn junctionms,
20 Schottky diodes, or Metal Oxide Semiconductor (MOS) devices.
_ We expect that by utilizing the above noted classes of
dopants, that the materials can be converted to p-type
conductivity and thus will be useful in the entire range of
semiconductors. ,
25 The photoconductivity ratio was obtained in all these
o by forming a semiconductor device compfising our material
and means attached to the material for electrically
communicating with it. This means compriéed.two single
electrodes 80 and 82 attached to the material, as
30 illustrated in Figure 30, _

More specifically, for a single crystal of MP15, two
copper strips 80 and 82 wei adhesively attached to a glass
substrate 84. A sample 86, of KP,,, made according to the
above teachings, as bridged across strips 80 and 82 at

35 one end thereof and attached thereto by silver paint 88.



condensed phase process in vacuo in a 12mm O D. x 6mm|.D. x 8cm |l ong gl ass

tube 27Q.__The top was sealed with a 16mmdi ameter flat glass surface 272.
Fill t R’é\ 74 is provided with a constriction 276 at which it is sealed .-
af ter Y8y Qgi ng and evacuation. The tube was subjected to a tenperature \J/

gradi ent=such that the flat surface 272 at the top of the tube was nmain-
tained at 462[err]C, while the chaggge-at the bottom of the tube -110-
was nmi ntained at 550[err]C. After heating for 140 hours ap- proxinmately
hal f of the original charge had been transported to the flat surface. The
resul ti ngMéter 090 | a kiadived et avathe | ampwesii o ereksarof istadips 180 w2 nmade up

entirely bt oL i 3 £ 4 == t Jdesiged |ar crystal
nonocl i ni %f“r:) ps%ﬁ%%nuis}.l %_%%fr\lglséd 49%(?11: r}l%ﬁ;ir eé(g%\ﬁgpﬁé(glcﬁﬁ carno(gftf;ﬁ‘ﬁs/esoaﬁ‘ this
product aPeTRBtArfEPs TXHINRY T | the inAs iy v ytheTHKP GEM :
phot om crographs-of Figures 44 and 45 proved to be a surprise. The

i ndi vidual "fibers" consist of bundles of long platelets which are attached
such that they appear to be star-shaped rods when viewed fromthe end.

This material is thus quite different in appearance fromthe "twi sted

tube" fibrous  phosphorus produced via vapor transport froma 99.9999%
red phosphorus charge (see bel ow). W conclude that the condensing
tenperature to form '

-



| arge crystal nonoclinic phosphorus should be in the range of 500[err] to
560[err]C. Further experinents indicate that the preferred condensi ng
tenperature is about 539[err]C. The charge nust be heated to a tenpg r,_e
aboveN545C and bel ow 5650C as previously indicated. Qur - pref erree
s 550 to 560[err]C with about 555[err]C giving the best results.

=€t of
Conposition W have produced nmonocl i ni gggphosphorus fromcharge ratios of
P to alkali netal of 11 to 125. However a ratio of about 15 seens to work
best. Characteristics of Mnoclinic Phosphorus Condensed from Vapor in the
Presence of an Alkali ivkéatedi Dt Ievicd i @iYury QI 2pd JimIQAr.
magni fication showi ng a.pyram dally shaped nonoclini rystaal, ., of oS-
phor us preparedQ?Ybﬁgi ?gi??Fﬂgf(ﬁébiﬁaégieﬁﬁéif(ﬁ%kééﬁiéﬁgpgtﬁngQES
cleave. Sini| ahighysho$phares pratkrials rean ichdiapds het iusiedi /g sodi um as
the alkali netabontrdf £RYCs BPBIE T SIMSIA S ArdeHtge 35 18a%t32% 3TN 1
Figure 40 is a photomcro ;@gh, at 80X magnification, of a crystal of
monocl i ni c5phosBRetetensbitte e vall nilled mixture of Cs/Plerr].
These platelets are eapy a&dditimyve durt materd-dlsk shxwediumingiseiehee crystal s
can be pro- 5 AL f e 1Produc crystals
in this habit agh?gggge%{sgglm% on a@gﬁxgeeng]%n%n%\é%%%ﬁ Rodvat
temperatures of four degrees K, and luminescence at

ambient temperatures.
10
Preparation of Large Crystal Monoclinic P

Rubidium
We have found that the RbP15 can be utilized
15  to produce large crystal monoclinic phosphorus.
A 0.62 g sample of RbP15
in a 10 mm O.D. x 6 mm I.D, x 5.0 cm quartz tube was
vertiéally positioned in a crucible furnace and sub-

encapsulated, in vacuo,

jectéa to a temperature gradient such thgt the RbP15
20 charge was maintained at 552°C while the top of the
tube was maintained at 539°C., After heating for
approximately 22 hours, the tube was opened and
single crystals of monoclinic phosphorus, as large
as 3.0 mm on edge, in the form of truncated pyramids
25 were found in the upper (cooler) region of the tube.

L We found that large crystal monoclinic phosphorus
can also be prepared from mixtures of Rb and P in the
atom ratio of 1 to 15 (RbPls).

30 Cesium and Sodium

Large single crystals of monoclinic phosphorus

were also grown via vapor transport using either CsP15
or NaP15 charges formed in our condensed phase
process., In each run approximately 0.5 g of the appro-

35 priate alkali metal polyphosphide was sealed in vacuo

-~



We have determ ned that the crystals are birefringent. Wen pl aced bet ween
crossed polarizers in a polarizing m- croscope, they rotate the |ight and

allow/somef it to 10 pass through. Thus they may be utilized as -
bi ref 9 devi ces such as optical rotators in the red and infra-red \/
porti ap o the spectrum’ Chem cal analysis indicates that they contain

anywhere from 500 to 2000 partslp8a=-mllion of an alkali netal. They 15

are made in a process which takes as little as 22 hours versus the 11 days
enpl oyed in the process of the prior art to produce Hittorf's phosphorus.
The powdéped XuﬁﬁﬁzdFPP?aéiPoﬂmpgt?erﬁ-6fm?h£s%°kr?§-l?%ﬂ§his consi st ent
with thaig.of cihie pPheOkuBel Wektothea 20bjepbedpborastedpershot ol uni nescence

spectra shown in_FEigures 4 d, 4 ' e ' Argon | aser Raman
spect r omBtBFE ﬂrﬁébgatpggﬁﬁagﬂiF9%h§€£?§£g¥e§?¥%i2%§£¥ved-mﬁth a hal f width
of about phogphéde Thargeadwedeemainbahnedaptob>PeuwhPle ev 25 at room

temger at l&p@- +bpe Beg¥he ¢dbneBeGhbidMmuPsLthAkea &tisi£b@g a nmonoclinic
crystal of ph

osphorus prepared_in the_presepnce. of cesi while the Figure
42 spectPﬁﬁﬁﬁaégtQREﬁsusﬁgﬁgﬁnﬁﬁﬁPTﬁ?é 5ﬁ%§gﬁ§?h§ec%ﬁﬂ%ﬁ%%d in the presence
of rubi dsgtard0plateletsTbeé Ranaolipict phosphofaguferdd&iwas taken utilizing-
a nonocl 0l S rus | formed in the presence of Rubidium The
peaks 286?°§8§B82§g?ISSzﬁé%SEESS are at wave nunbers, 285, 367, 465, 483,
and 529. Evaporated dots about 25 microneters in dianeter were

10 : -



35 deposited on large crystals of nonoclinic phosphorus (froma - 111 a-
Rob/ P15 source) for electrical neasurenents. The resistance of the crystals
was found to be 106 ohmto 10 ohm and practically independent of the .-
geonet+y of the 1 crystal and the size of the contacts. This

reflects surface resistance. These crysLQbE-nay be utilized as the n
"substrate for depositing 3-5 materials such as | ndi um Phosphi de or Gs ~
5 Phosphide. They may be utilized as phosphors in |um nescent

di spl ays, sem condugher ﬁorbﬁ&@bgmeanéfa&mé andbhoglimier phbspherust kefystals
sem conducti ng deV|ce Fi ber Pho rus nce of

res
the alkali met&r°YH t c%har :prea?gdto |t?%%?e?ﬁe?hepBP8§
| arge crystal appeati nto phesphvemys. slimiala.enpt &hato pksducstacked smmlame

crystals of g“gi’&i:éi‘é‘éspho 2, g U FEgm 4:9194959:?? %eéraheaeaarggés}mal

m m cking th onditions used successfu vari ous

net al / phosphorh@biysfstheTmanogliaia P prseborng rRFOEF2 ks c IFWIphEFreR a
was produced. e xeﬁaf e.a 0.6 g sanple of 99.9999% pure red phosphorus

was heated at 552 ounﬁ'%%é?’céﬁﬁédcigg 'E‘%&ﬁ%&ifhlc phosphorus can

also be prepare £from Cs/?ll, and CS/P11 and_Cs/Pls
mixtures maintained at high temperatures. :
Potassium : :
o ' Using similar processes we have also ' produced mono- .
clinic phosphorus crystals from condensed phase KPls, and
from mixtures of K/P3o and K12125,
. Lithium
(% No experiments have been conducted with
' | lithium/phosphorus charges. However, we expect that large
crystal - monoclinic phosphorus can be prepared from the
materials under similar condltlons.
Effect of Temperature _

While the nature of the alkali metal present seems not
to be important, the temperature at which the charge is
maintained is apparently very important to the crystal
growth process. In the case of the Cs/P11 ball milled
system, large crystals were produced in experiments where
the charge was maintained at 555°C and 554°C. However, in
experiments where the charge was held at 565°C and 545°C, no
1arqe,monocllnic.crystals were produced.

Referring to Figure 38, using our preferred apparatus,
we sealed a 0.6gm sample of RbPls prepared by our
condensed phase process in vacuo in a 12mm O.D. x 6mm I.D. x
ch'long glass tube 270. The top was sealed with a l6mm
diameter flat glass surface 272. Fill tube 274 is provided
with a constriction 276 at which it is sealed after charging
and evacuation.

The tube was subjected to a temperature gradient such
that the flat surface 272 at the top of the tube was main-
tained at 462°C, while the charge at the bottom of the tube



positioned 10nm outside dianmeter x 6nminside diameter 20 quartz tube.
The tenperature gradi ent between the bottomand top of the two and
t hr @€ arter i nches (6.985 cns) long tube was 43 C. After heating for 24
hou re than hal f of the charge had been transported to the top thirssof
obe where a boul e had forneq., 4,25 Surprisingly, the boule was )
found to consist entirely of a réd fibrous material. Several | ong ' ~:
“(approxinmately 1.5mm) fibers were found in the vapor space at the bottom of
t he boylke. A\ﬂ!ﬁ{mi Seexaperat | gl t R HERR. "R fL1HET Re eal.ed that
they are tvI\‘/} sted. 30 _ XRD _dat a secu?’eg gn'?ﬂte *?ﬁrgaégr%a?@ri al were
found PEoNamatedno el af dhes nigdnadn charge yaxdhheate Wnangrtatere x is
much gkeakfe Ethar Eurflc@ure 46 is an SEM photom cro- graph at 500
magni ficati of these. fiber Differential thernmal analytical data was
found to- be 38 rapiFFins (BoBraR-akhr Hodle SRGc EPERTAR Much i
mat eri dned. -Ikl2sas FpadewopDEAtdeedyniafat uwbEorhha ightsireldeati b o
consists o sipgl e: er 6 C The second heat pl ot
consi sts 0&9-2- s{"ﬁ% edgﬁgg%ﬁerlﬁl%% b(%? %gg‘é]slestggxg{:fg&)feré‘]‘ﬁpﬁmrqsﬂ&
: . Figures 44 and 45 are SEM photomicrographs of this product
at 200 and 1000x magnification,respectively. '

The SEM photomit:rogr'aphs of Figures 44 and 45 proved to
be a surprise. The individual "fibers" consist of bundles
of long platelets which are attached sucf_;_tha{: they appéar had
to be star-shaped rods when viewed from the end. ' This
material is thus quite different in- ap'pea'ranc'e from +he
‘"twisted tube”" fibrous phosphorus prbdu'ced via '~ vapor -
transport from a 99.9999% red phosphorus charge (see below). A

We conclude that the condensing temperature to form
large crystal monoclinic phosphorus should be in the range
of 500° to 560°C. Further experiments indicate that the
preferred condensing temperature is about 539°C. '

The charge must be heated to a temperature above 545°C
and below 565°C as préviously indicated. Qur preferred
range is 550° to 560°C with about 555°C giving the best
results. ' : - ' : -

Effect of COmp_bsiti"c_m_

~ 'We have produced monoclinic 'phosphoru's from charge
‘ratios of P to alkali metal of 1l to 125. However, a ratio
of about 15 seems to work best. -

Characteristics of Monoclinic Phosphorus Condensed from
Vapor in the Presence of an Alkali Metal

Figure 39 is a photomicrograph at 50X magnification
showing a pyramidally shaped monoclinic crystal of phos-
phorus prepared from a RbPlS _charge. These crystals are
hard to cleave. Similar crystals are produced from charges
utilizing sodium as the alkali metal. -We have produced
crystals as large as 4 x 3 x 2mm. . '



1 The DTA data secured earlier on polycrystalline high x ma- terial :
consists of a first heat single endotherm-- at 61l4[err]C and a second eé%S
.single endotherm-- at 590[err]C. Thus, we observed substanti al '\

sim RKarities between the fibrous phos- 5 .phorus prepared from 99.9999%
red phosphorus and polycrys- talline high x material. Flash Evaporation W
~have succeeded in formng stable thin f rhdlanor phous coatings on glass and ~
ni ckel coated gl ass substrates using a 10 fl ash evaporation process. The

fl ash evaparati on apparatus i enerally indicated at 302.in Figure 47. |t
conprises & gl ass cyIﬁH&@F936§ g&nﬁe8¥8§°wbcﬁ°6£ﬁaﬂn1%§s§8%1T%%?1§h%%%3°“’
Ehrough.tugagg.Qﬁ?@iﬁﬁg@nausogumphbediaﬁcipheSpBGSusfpsqgucpdyfrubea3h£ll
eservoir s [fi M I KP15 . epsed
Phase met hod. |%1%%?dggPﬁg%gépgﬁdﬁézgglof gﬁgfgté?%?gggﬁér%?§yg€%giggted at
314 and picked lemve Hatid aicer1Akgoshgasst hr SighlaRecTBAtylF GaMP PIO-
indi - catedsat Flfped trridieR chawgel BthKt/bg r eagkOhav84proagssedde ks oays

tube 317 into a steel, susceptor 318. The sceptor 2 | § ,heated nmeans
of a RF coil 3191 dhBis ta B e258%afS) 898 808 3?8?@“%?% {é}ghggg t he

KPl? to gagor!ze. At twee ayve dfe tierind n@di7 thags shewnrysti&lguaredbirafnongént.
Is forne y in orat | bl | S : ngr t Delj d

at 320 in Figur@ﬂkgflﬁﬁvgﬁlq% pIS?éf?%ii%?_?%%%faggﬁéiggssngiXE%gghg$%ﬁes
317 and 320 ar e cuagdqre artheyuresadeo thee Lightqapdt AL AOFhEOBRJCEF 1T bR 317

by neans of; gragnasddineHPdudm .Ce-ThiNth3g2mafhoekaidliped sapbireftringent
dkﬁ;OClateS into, its . : . .
. g _ devices such as optical rotators in the red and infra-red
portion of the spectrum.
Chemical analysis indicates that they contain anywhere
from 500 to 2000 parts per million of an alkali metal. They
ot 15 are made in a process which takes as little as 22 hours
versus the 11 days employed in the process of the prior art
to produce Hittorf's phosphorus.
The powdered X-ray diffraction pattern of these crys-
- tals is consistent with that of the prior art Hittorf's
20 phosphorus. _
The photoluminesceﬁce spectra shown in Figures 41 and
42 were taken with an Argon laser Raman spectrometer. A
- broad peak at 1.91 eV is clearly observed with a half width
e of about 0.29 eV. This indicates a band gap of about 2.0 eV
25 at room temperature. | '
The-Figure 41 spectrum was taken utilizing a monoclinic
crystal of phosphorus prepared in the presence of cesium,
while the Figure 42 ‘spectrum was taken using monoclinic
phosphorus condensed in the presence of rubidium.
30 The Raman spectrum of Figure 43 was taken utilizing a
monoclinic phosphorus crystal formed in the presence of
Rubidium. The peaks 280, 282, 283, 284 and 285 are at wave
numbers 285, 367, 465, 483, and 529. o
Evaporated dots about 25 micrometers in diameter were
35 ~deposited on large crystals of monoclinic phosphorus (from a



constituents and the vapor is carried by the Argon gas 30 through the

ori 321. The filmis deposited on a cool er substrate 324. The
sub & may be heated by neans of hot wires 326 fed by
el ed aI connections 328. Al umina,tube 317 has a one-quarter inch (O. 639

cn) outside dianmeter and one-ei ghth inch.(0.3175 cm inside 35 di aneter.
Tubes 320 .have a one-si xteenth incht ](%J' 159 cm outside dianeter, are
one-quarter inch (0.635 cn) |ong and have four one-si xteenth i nch (0.159

cnm) diame hol es_thr h them,. .. - rat i s operated under a
vacuum ofﬁg/l_?uﬁo SOUE rﬁ“ %ﬁ%‘?tﬂ]o ' Gfﬁu ““ﬁ‘gg cron thick may be
fornmed i nreanstmﬁcqpofotl&efcmtmlsluims fcmnd htpelmj lcﬂ ohurtot he substrate

324 reacheg?ash@NPRE EtPlal )F@@é’i» 0%’14’&1‘{?‘1’ wd ts out
at room tenperature géﬂ%s ?n? 24 y preheat ed to 200 err (%em cal Vapor.

Deposition W have prepared th|n films of KP15 by neans of Chem cal
Vapor Deposition. A typical chem cal vapor deposition reactor i's shown in
Figure 50. It is constructed of Pyrex. The reactor chanmber 401 is a 26 mm
|.D. x 27.0 cmlong tube in the center of which. is positioned a 6.0 mm
|.D. x 30.0 cmlong tube 402 which serves-as both a thernowell and
substrate hol der. The



thernmowell is held in position by an adjustable Oring collar 403.
The vent tube 404 allows for-the continuous renoval of the gaseous exhaust
Stream It is attached togza trrap (not shown) which renoves the unpeald
phospherus before venting of the streamto air. The vent tube 404 @3
O-rlng collar 403 are attached to the reagtor chamber 401 through a2 0
.Derr]. 0 ring joint 405. The reactor "Chanber .401 is located in a
reS|stance furnace generally indicated at 406. Mol ten phosphorus is netered
by a pisto pumr(yrgftalsr&%‘ﬁn)thet E&%Egafatﬂleocgﬁthces Copis| Peyléebe sdPface
into a vaporlzatlon chanber nol t en phosphorus I's evaporat ed

in the vaporlzaﬁﬁﬁ¥%ﬁﬁﬁ%hr 408 by a strean1of argon which. is injected into
the vapori zation chanmes@O&rtyisltaughmayhbe fitdliwed| a®. thénsebstrabe fa)9.

The gaseous. phoppiolus/Ql 408 shi2aTLed! lanl BE TRACLA’ pROSHREde | OF WhN iu

nozzl e 410. Opéni ng aporation
chanber 408 i s Bhosgthddle.n @hﬁqsm@Wabeeu@wéhzgénESaph9SPhG¥%aIb@ %Nm¥ﬂﬂ§°9$t

gaseous m xture Ofsh %@§5@%%1%%Qdﬁﬁgggs'SIE§E9§edahBthtBﬁafﬂﬁﬁéoma€$ﬁﬁﬁmﬁ

d

2s & shroud %B're%qa%‘é%%efééwmw“ g e BecdRY oREer = ¢ ho syot o bt ough 60"
mm | .D. tube 413. Both the potassiun argon stream and neat - -115-
Twisted Fiber Phosphorus
10 The presence of the alkali metal in the charge appears
K;s : to be critical to the production of large crystal monoclinic

phosphorus. We attempted to produce large single crystals
of monoclinic phosphorus from 99.9999% pure red phosphorus
by mimicking the conditions used successfully with the

ae; 15 various alkali metal /phosphorus systems. This attempt
failed. No monoclinic phosphorus was produced. For example,
a 0.6 g sample of 99.9999% pure red phosphorus was heated
at 552°C in a sealed evacuated tubein a vertically
positioned 10mm outside diameter x 6mm inside diamefer

20 quartz tube. The temperature gradient between the bottom
and top of the two and three-quarter inches (6.985 cms) long
tube was 43°C. After heating for 24 hours more than half of
the charge had been transported to the top third of the tube

s where a boule had formed. .

25 Sufprisingly, the boule was found to consist entirely
of a red fibrous material. Several long (approximately
1.5mm) fibers were fbund in the vapor space at the bottom
of the boule. Miéfoscopic examination'of the deep red fibers
revealed that they are twisted.

30 XRD data secured on the fibrous material were found to
match those secured earlier on polycrystalline KPx where x
is much greater than 15, Figure 46 is an SEM photomicro-
graph at 500 magnification of these fibers.

_ Differential thermal analytical data was found to be
- 35 similar to that secured on polycrystalline high x material.
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argon streamenter the reaction chanmber 401 at 414. The pot assi um ar gon
and nedl -aiyon lines (412, 413) are located in a resistance oven generally
[ ¢ 415. The substrate 416 is positioned-on,the thernowell 402.
The texperature of the substrate 416 is deternined by a thernocoupl e 411/
positioned directly below the substrate 416 on the thernowell 402. During
operati on, ovens 406, 411, anHl2#45 are nmintained at appropriate

t emper at ur es. The gaseous reactant streans enter the reactor chanber at
410 and 414. The exhaust gas m xture | eaves the reactjon chanber through
{he vent FabetwoaDT4nhdeaeTmiaati PRt f bRAmt LS haeatibRi? bt €OnsEStThe

substrat egrapesiBglbabn@dtabri ACPR2BCU(LvOFagd): 35Pher s¢€ond eeat

1205 of RAPEcCRHBLBRE E And:berao bt PaPE i Bpae aftser af 38 e

reactor over a tmo hour period. The total Argon flow rate i's maintained at
250m per mnute during the run. A nunmber of experinents were conducted in
whi ch phosphorus/ argon and potassi um argon were fed sinultaneously into

the reactor. The phosphorus/ argon stream was nmi ntai ned at
approximately 290[err] C and the potassiunfargon streamat approxi mately
410[err]C. The calculated atomratio of reactants in the reactor was P/ K
approximately 15. The reactor was nmaintained at -300-310[err]C In a
typi cal experrnent the liquid phosphorus feed rate was 0.34m per

-~



hour. Anorphous KP15 filns mefe prepared using ni ckel -on- gl ass
substrat es. The filnse are about 0.3 mllinmeters thick. Wt @)
time of 1.0 hour, the films produced were found to have nom nal KR :

conposit i on.

The thi ckness of the filmwas dependent on the. position. of

the particular substrate in the reactor. Exam nation of the filns using
"SEM showed themto be quite uniform -1136- Purification of Phosphorus 50
grans of Atonergic phosphorus, "99.95% pure”, was subjected to a 450-300C
gradient for 75 days. After this admttedly very long tinme, 21%of the
mat eri al ramai nGtheb®TAndazndsé0red earliéanroe polpcrygptakl imoripighuss odmd k

deposits

. Previops, | p be_I ggs a
99.9[err]096pure, é%ﬁ§ éﬁnger toqggé%péﬁ&g %ﬁB%?%n?%B#?hEQP &%I?%E ¢
magnesi um sodi R a?ﬂoF%qq‘%d?ﬁaés Sinede e@ﬂmtll'!le?@s“('aﬂlt §P8afer Thuﬁ owe1%
and some great eropsewvdd C&%stamlmrr%tﬁm&lrﬁq%rssbelwebn%ﬁe EQbrlShéO h8g-
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Flash Evaporation

We have succeeded in forming stable thin film amorphous
coatings on glass and nickel coated glass substrates using a
flash evaporation process. The flash evaporation apparatus
is generally indicated at 302 in Figure 47. It comprises a
glass cylinder'304_connected to a vacuum system (not shown)
through tubing 306. Argon is supplied at inlet 308 of sup-
ply tube 310, Reservoir 312 is filled with powdered_KP15
formed by the Condensed Phase method. It is agitated by
means of a vibrator generally indicated at 314 and picked up
by the flow of Argon gas thfough the venturi generally indi-
cated at 316. It then flows into the reactor 304, passing
through tube 317 into a steel susceptor 318. The susceptor

_is'heated by means of a RF coil 319 to a temperature of at

least 900°C, which causes the KP,g to vaporize. At the end
of tube 317, as shown in Figure 49, a nozzle is formed by
incorporating a plurality of small tubes generally indicated
at 320 in Figure 48, having a plurality of small orifices
321. Tubes 317_and_320 are alumina and tubes 320 are:held
within the end.df tube 317ﬂby’méans of magnesium oxide ce-

‘ment 322.

~ The KP15 upon vaporlzatlon dissociates into its
constituents and the vapor is carrled by the Argon gas
through the orifices 321. The film is deposited on_a ccoler
substrate 324. The substfate may be_heated by means of hot
wires 326 fed by électrical,connections_328.

Alumina tube 317 has a one-quarter inch (0.635 cm)
outside diameter and one-eighth inch (0.3175 cm) inside
diameterﬁ Tubes 320 have a one—sikteenth ihch'(0.159 cm)
outside diameter, are one-quarter inch (0.635 cm) long aad
have four one-sixteenth inch (0.159 cm) diameter holes
through them. ' | |

~



af orenenti oned treatnent. -118- 1 Material A was a residue,
I'n col or, throughout the charge zone, which did not undergo

ort. Material designated Material B was a hard boul e of )
Jight in color, which did not vaporize, 5 primarily because/
fon in the charge zone results in it being at a slightly | ower
tenperature than 450[err] C. Mater<d1da4-C was an anor phous boule in the cold
zone. Cearly, nost of the inpurities of the charge remain in Material A at
fairly concentrated anounts. The high 10 inmpurity | evels would be
expected to Thee apparatus Im\eopeapbedpr\mﬁa}r eaofvatwephafus0al atgi ven

termera@usﬁm sEe | AR ?I-%%Xuse‘ﬁlr&g af‘ ugﬁ i" m@EﬁEﬁy t‘fﬁ]c'k rﬂ%e&és t he

val ues Tor the 1 niti e materi a pretty
pure nafermeg ify twnmeogoupum%éﬁfémerbemh@ugs& t B reher ends @f e

Icont ?m ﬁ?ﬂf. th'EflkstﬂEstﬁ&té_Umzﬁ ﬁealéaeslnan?:&g gg%@ertdmxza?mw%pat ed
evel S s, gqateri a a i eve (0] 0 a WOrI S
ooy hOPBeRains; bn- vasthet B '40arfe Ao s Fowm, femkeratits 4Uoisp,

costs abnitidl)lgopileheagedntd®®00°C. Cl earl y,: we have .illustrated a cost

effecti ¥feff8b829vapor Deposition

We - have prepared ‘thin f:.lms of KPls' by means of
Chemical Vapor ‘Deposition. : '

A'typical- chemical vapor deposition reactor is shown in
Figure 50. It is constructed of Pyrex. The reactor chamber
401 is a 26 mm I.D. x 27.0 cm long:' tube in the center of
whic!. is positioned a 6.0 mm I.D. x 30.0 cm long tube 402
which serves as both a thermowell and substrate holder. The
thermowell 'is held in position- 'hy “an’ adjustable O-ring
collzr 403. The vent tube ‘404 allows for the continuous
removal of the gaseous exhaust stream. It is attached to a
trap (not shown) 'which removes the unreacted phosphorus
before venting of the stream to air. The vent tube 404 and
O-ring collar 403 are attached to the reactor chamber 401
‘through a 2.0 cm I.D. O ring joint 405. The reactor chamber
401 is located in a resistance furnace generally indicated

at 406. B - . - v

'Molten phosphorus is metered ‘by a piston pump (not
shown) through a 1.0 mm I.D. capillary tube 407 into a
vaporization chamber 408. The molten phosphorus is
evaporated in the vaporization chamber 408 by a stream of
argon which 1s 1n3ected into the vapor:.zat:.on chamber 408
through the 6. 0 mm I.D. inlet tube 409. The gaseous

' phosphorus/argon stream enters the reactor chamber through
nozzle 410. The nozzle 410 has an open:l.ng of 4.0mm. The
evaporation chamber 408 is located in a resistance oven -
generally lndlcated at 411.

A gascous mixture of potass:.um and argon is metered
_1nto the reactor chamber 4017 through inlet tube 412 which
has a 6.0 mm I. D. ' Neat argon, Whlch acts as a shroud for
the potassium/argon stream, enters the system through 6.0 mm
I.D. tube 413. Both the potass;um/argon stream and neat

¥



for purifying red phosphorus to a high degree which nmay be regarded as
being particularly applicable to the present invention. 25 30 35

.I NDUSTRI AL APPLI CATI ON Thus we have di scl osed an entirely nem/classfgt}
phospheérus sen conductor materials. These sem conductors conpri
catenated covalent atonms where the _gggenated coval ent bonds serve as
“"t.he primary conduction paths in the nmaterials. The catenated atons form
paral l el colums as the predom nant |ocal order. Preferably the atons are
trival ent and &wgm berteas arlers that meiotiord ubhbmberspiOnl akr 414, .The

channel -1 1 ke e_colum a of e_or re
different ele n&% %P%r?%ntvxgao ngreﬂtéarpeg tg%? &gggd é&ﬁgnﬁE.e cﬁﬁg
di scl osed in ptrtadcxesishagbe ppvenphgeneraddynirddcphedt ae 435ri conduct or
materials of this ofﬁéssubzleeaeel Aaleuces % @f&%@a%ﬂstn@ xaam%ﬁis 495,

the fornmula MP_where X ranges ron17 to entirely new materials where
X is very nuchtRf ekeBPemmres of aF’PbEFﬁ(?FPcaﬂlﬁ)uﬂ-ﬁos%%t%’a‘f‘b“ed by a
phosphor us. 1Txﬁ§rmm¢empaés4ranpb91ehenaatairéedlysbaQawathensubEQua&e0h16

seven or nore gﬁc¥ﬁbc¥ﬁggﬁégglinaezpentagonal

During operation, ovens 406, 411, and 415 .are
maintained at appropriate temperatures.  The gaseous
‘ reactant streams enter the reactor chamber at 410 and 414.
"’ The exhaust gas mixture leaves the reaction chamber through
' the vent tube 404. The desired film forms on the substrate

416. | B
The substrates ‘are maintained at a temperature of
L 310-350°C, the temperature being maintained constant to plus

or minus 2°C. _ | |

In a typical run l.24g of white phosphorﬁs and'0.13g of
‘potassium are delivered into the reactor over a two hour
period. The total Argon flow rate is maintaired at 250ml
per minute during the run.

A number of experiments were conducted in which
phosphorus/argon and potassium/argon were fed simultaneously
into the reactor. The phosphorus/argon stream was
maintained at approximately 290°C and the potassium/argon
stream at approximately 410°C. The calculated atom ratio of
reactants in the reactor was P/K approximaéely 15. The

reactor was mairitainéd at 300-310°C.. In a typical
experiment the llquld phosphorus feed rate was 0.34ml per
hour.

Amorphous KP15 films were prepared using nickel-on-
glass substrates. The films are about 0.3 millimeters

thick. '

With a run time of 1.0 hour, the films produced .were
found to have nominal KP,; composition. The thickness of
the film was dependent on the position. of the particular
substrate in the reactor. Examination of the films using
SEM showed them to be quite uniform. |
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They may be characterized as having the fornmula MPX where

greater than 6 and they nmay be characterized as conprised of
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Sts a pol yphosphi de having the formula. NP[err] where Mis an

netamnyuioussanﬂlemstsﬁcwéﬂetbenatem93950n99°§9hprﬁh¢p be

r|ze 5 Vi g3 ba e hage 1 g0V, at from
t"‘f %,h%nd 9Tgord}ﬂh I%est n&q’erl a]%r éiﬁg‘\?g Sle‘gcog\?é/rsga\(?j!r| gs'f%’m mat el y

hé{&?‘ﬁmpﬂPiilégwtéllaékéater than 0.01%, and some greater
than 0.05%8). This material costs about $220 per kilogram.
In comparison, "99%" P from Alpha Ventron is $17/1b., or
$37.5/Kilo. .

Table XX summarizes the results of flame emission
spectroscopy on three materials generated ‘by the
aforementioned treatment. '
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wi thin the range of 100 and 10, 000. 10 These materials may be
further characterized by their trivalent dom nant atom c species; the
.homat om ¢ bonds forned by:the.dom nant species; the coval ent nature_
tthesé<onds; the materials' coordination nunber of slightly |ess ?Qgg;
the materials' polyner nature; their fospgr+on 15 in the presence{of
‘alkali nmetal or netals m m cking the bonding of alkali nmetals wt

dom nant species; in the crystalline form their pentagonal parallel tubes
either all parallel in KP15-like materials, paired parallel crossed |ayers
i n monocl i ni ¢ phosphorus, or all parallel twi sted 20 tubes in tw sted fiber
phosphorus; their-ability to form anorphous filns and boul es retaining
their electronic qualities; and by their nethods of nanufacture; and ot her
gqualities nade apparent in the preceding description. The anorphous
material s we have di scovered nmaintain the 25 electronic qualities of the
KP all parallel pentagonal 15 tube structure and in theory, at least, it
appears that that structure is maintained in the |ocal scale in our

anor phous materials. However, we do not wi sh to be bound by any particul ar
theory in this matter. 30 W have di scl oseé junction devi ces,

phot oconducti ve (resisti%e) d'e“w'ée's:;, ph6:[ ovol t ai Ccdé;\:ll ces and phosphors
made from these ma]‘:;er al 5 355 E_g g 5§
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We have discl osed resistance | oweri ng dopants, nanely N ckel, Chrom um and
Iron, leading to the conclusion that substantially the entire group of

atom c -spes{ es having occupied d or f outer electronic levels nay be -
utilizeg ’o t he appropriate atom c size. W have di scl.osed resi st ans&
| ower i pstitutional doping with Arsenic which indicates that all G-oup
5a net a ny be utilized. W haé8-di scl osed junction devices having

a back contact of Ni, Ni diffused therefrom and top contacts of Cu. Al,

My, N, Au, Ag, have ed hor us wherein
the local order¥ g?ﬁl?ﬂ'l s\%gt%ng %%%ygpar tF'%enta é?&tp’ljbes twi st ed
fi ber phosphmughontd thencdiaingec ZoMespbich dind F?Q\Fe“fl F—‘F?S& VRESE new forns

of phosphoriis, dh6 2P0 ARSI Id%lgnﬂt%dabnhte&rialll el wagdamanedl bbutef or m
require the presence of, an alkali  netal uh ﬁa ﬁg(%smlon V& have
hiichs did

di scl osed Yottt teFdddhodd ity lﬁolcf&rogrst e oV 2RPT4%8here Mis an

al kalg rTEt;ﬁ*Lmar\Aﬁwc'bee:aame itts' potsdd ivar iinutheechergeucboe desudés finom al |
of the al t L8 N | fers of MP[err]
where X i sl%ucerﬁg gaatt gﬁ% lllénc ucﬁteﬁlrgegjaatgvl\'/ fglrh%qo?ggﬁlgsphor us,

anmor phous Matierial “@fs lam 3marPhons Pesde dm the ceddoZORPLerr] W have

di scl osed net hodﬁeﬂflffﬂkrhagtana{:hQOiﬁiﬁﬁlﬁﬁtl@Ql@ﬁst@élcbﬁél@géleﬂétﬁﬁﬁm of

phosphor us, tn&é¥g¥{ (Lftfg%r J“%%H@éﬁtré% %gg%o%%%rce E%%hﬂ'%ﬂes

10 1mpur1ty levels would be expected to g1ve ‘rise- to a lower )
vapor pressure of phosphorus at a given temperature The -/
impurity level of the materlal pretty well reflects the
values for the initial charge material. The boule, Material
C’

15 the major observed contaminant. Taking the sum of g¥f
contaminants, at their maximum indicated levels, this
material has a purity level of 99.997%, at worst. The

is a pretty pure material, with the sodium content being e

comparable materlal, obtainable from commercial sources,
as 99.999% P, costs about $1, 800/kilogram.

20 Clearly, we have illustrated a cost effective method
for purifying red phosphorus to a high degree which may be
regarded as being particularly applicable to the present
invention.
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W have di scl osed net hods of making our high phosphorus materials by two
source vapor transport. W have disclosed a nethod of making pfgh
.purity phosphorus. W have discl osed nmethods of making crystalling ﬁn’ae
&mor phous forns of MP[err] where x ranges from7 to 15 by con- dehsed phase

nmet hods. W have di scl osed chem cal vapqrcdeposi tion, flash evaporation and
"nol ecul ar fl ow deposition nethods. I néu§t rial applications of the - ~

senm conductor materials and devi ces we have di scovered are nanifest,

runni ng the whol e ganut of se% Tl AdRRIFGATGS. The crystalline
materials may al so be used as ' fl akes 5 for
pl astics, glasses and other materials. The materials may al so be used as

coatings on netal Ssphikase REFe 0dHiR/C1HRER | M4 SentDeellyC Rl NEBasBY o i
. a Substrate fromfhre, ‘oxi dation, or chemcal, atftack._ . The coat, ngs, na e
enpl oyed for PRESPNPRBEar 88 FAREHFELE nJRatREY TR | i gThes® se&ﬁ'ﬁﬂ%lﬂ ors

qualities. Themprigebe catpnated Wdedvaldret atoms where - thent ardtadmatasd
antireflection Lhg i nf.rared Ophic I ' - JRy ed
2 tire rotar feebiphEPBoRRs Ferder s id prinprymBhude AR, pdkhd 10 B
as an optical magexisds.15The catenatesh@iamshEami@analdel malumnsas theed

crystalline tg gRaRinhRY Qocaisidide’ PH AR [HE S8 idle WY BASlent

' and have bonding angles that permit tubular, spiral or

channel-like columns. The columns may be joined by atoms of

N2 one or more different elements bonded to two or more of the
" catenated columns. '

We have disclosed in particular high phosphorus and

mixed pnictide semicohductor materials of this class. These

f\,_,« include high phosphorus polyphosphides of the formula -MPx :
~where x ranges from 7 to 15 and entirely new materials where
x is very much greater than 15 -- for all practical purposes
pure phosphorus. ' '

These materials can be characterized as containing
groups of seven or more atoms organized into pentagonal
tubes. They may be characterized as having the formula

| Ml?'x where x 1is greater than 6 and they may be
C characterized as comprised of phosphorus in a molar ratio of
~ phosphorus to any other atomic constituent greater than 6;
they may be characterized as high phosphorus materials where
the phosphorus atoms thereof in substantially all 1local
orders comprise phosphorus atoms joined together by 7-mu11;iple
covalent p-p bonds organized into layers of all parailel
pentagonal tubes. They may be characterized as
polyphosphides containing alkali metal atoms wherein the
number of consecutive _coval'enf phosphorus-to~phosphorus
bonds is sufficiently greater than the number of
non-phosphorus-to-phosphorus bonds to render the material
semiconducting. They may be characterized as having a
skeleton of at least seven cova'lently"bonded phosphorus
atoms having associated therewith at least one alkali metal
atom, conductively bridging the phosphorus skeleton of one



ot herwi se stated. Annrphous as distinct fromsinglecrystal or _
pol ycrystalline, means anmorphous to X-ray diffraction. Al periodic table
refereomees Jare to the table printed on 20 t he \insi.de front- cover of the,

60t h fedigign of the Handbook of Chemistry and Physics published by the

Pr ess , Boca Raton, Florida. Al kali netals are identified thereon and
hereic N Goup ta and pnictides V@G oup 5a. Al ranges stated herein are~s
inclusive of their limts. 25 By senmiconductor device we nean any

device o t til '
Gt donduatibit ga b & e ARORRRoRURo JKEIRLERS OEr ABBELERGUBRESHABFY T egar di ess

of how th%hyMUé(vuwﬂaﬁiera&euehb as ppllyphospideohayipgotheolfbainuda
junctions, fra |st

ey al so BEad T B r A TOpRIRT Sk (B A0 pA8e 1 TETCTER
1. A met hod ﬁhesermahgraaESHWEbdU@cf@WtMEw|Qhﬂﬁﬁﬁtﬁfk%ﬁﬁwb%es (a)

provigi ng tf?a W I $rddited! thaash @y ORfa% £ goapepent
theresgf Jﬂq{fehos nf&greg&ﬁa\% ng the formnula: ga ls efgfn M represents
b

an al kal | anﬁeﬂ £ 9T Hhes st Fﬁ@eiﬁﬁ&ﬁrgﬁl age 51F8°Mfr§ ei ng at
| east 7; 1dppnugﬂmateaw dQrss et i Theyomalyebe pghespledewrized- by having

a photoconductivity ratio greater than 5; more particularly,
within the range of 100 and 10,000. ' '

10 . These materials may be further characterized by their
trivalent dominant*atbmic species; the homatomic bonds
formed by the dominant species; the covalent nature of
these bonds; the materials' coordination number of slightly
léss-than 3; the materials' polymer nature; their formation -

15 in the presence of an alkali metal or metals mimicking the ’>4f
bonding of alkali metals with the dominant species; in.the
crystalline form, their pentagonal parallel tubes either
all parallel in KP15-1ike materials,_péired parallel crossed_
layers in monoclinic phosphorus, or all parallel twisted

20 tubes in tWisted_fiber phosphorus; their ability to form
amorphous films and boules retaining their electronic
qualities; and by their methods of manufacture; and other
qualities made apparent in the preceding description.

The amorphous materials we have discovered maintain the

25 electronic qualities of the KP15 all parallel pentagonal
tube structure and in theory, at least, it appears that that
structure is maintained in the local scale in our_amorphous
materials. However, we do not wish to be bound by any '

_ particular theory in this matter. o

30 : . We have disclosed junction devices, photoconductive
(resistive) devices, photovoltaic devices and phosphors
made from these materials.
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phosphorus bonds being sufficiently greater than the 10 _ nunber of
non- phosphor us-t o- phosphorus bonds to render the said nmateri al
.sem conducting; and (b) ,attaching to the said material nmeans fe
él ectwical ly connunlcatlng with the said material to utilize thg{sdix
material as a sem conductor; the said senqiny 15 conduct or H1TQ
"chem cal and physi cal stabilrty under anbi ent operating conditions, an
energy band gap of from1l to 3 eV, a photoconductive ratio greater than 5
‘and a conductivity Wet ursare 18feclbsedd re{iarttdndeohbewering. dopahtest hhears,

claimed in cla er, e_i pr rial risin
| east as one. cg%gﬁ\eﬁ%t (ﬁ}%’r‘%’}lﬁ 3Pa é(}otn V\g po??g%hggatﬁ e ﬁﬁf’?ggséﬁﬁhqﬁ’rﬁ
havi ng a skel esuhsthngialldyst thecoeaténel yghowpedHhetphdcusspeciss tHaving

sai d units havj cigt h t Y-y L a t
sai d al kali rrnglgug?'ggs d?o‘ﬁlguitlsgg}% Ql%tctbrl t&%&% eg(g#%(sgﬁorhgitslgg}agt rc}?

of one unit wi Pk ERE BRB§%%%?&%% sdfzeznot her unit, and the said
mat eri al having a bwed m@epanmdsseaietesasnadcby lbﬁeﬁﬁh@ subst1tutlonal

o or ol RRESRG TR AEnE yhich, Ahdiqakes, SRERNN Gethe fa Betals
2.2 el ectron vmaysbenutddizeghot oconduct ivity ratio of from

We have disclosed Jjunction devices having a back

contact of Ni, Ni diffused therefrom, and top contacts of
KV; Cu, Al. Mg, Ni, Au, Ag, and Ti. |

o We have dlsclosed new forms of phosphorus wherein the
local orders are all substantially parallel pentagonal
) tubes, twisted fiber phosphorus and monoclinic phosphorus.
o We have formed these new forms of phosphorus by vapor
g deposition. The all parallel and monoclinic form requiie

the pres_enoe of an alkali metal during deposition.

We have disclosed both -amorphous and polycrystalline
films of MP,g where M is an alkali metal. We have con-
structed various semiconductor devices from all of the all
parallel pentagonal tube materials, including wafers of
MP where x is much greater than 15, including a new form

._ of phosphorus, amorphous thin films of KPls and amorphous
N~ thin films of KP_. S

We have dlsclosed methods of making metal polyphos-

-phides and two new forms of phosphorus by controlled -two
- temperature single source techniques. : -

We have disclosed methods of making our high phosphorus
materials by two source vapor transport.-

We have disclosed - a method ' of mak:mg high purity
phosphorus.

We have disclosed methods of making crystall:.ne and
amorphous forms of MP_ where x ranges from 7 to 15 by con-
densed phase methods.

We have disclosed chemical vapor deposition, €£flash
evaporation and molecular flow deposition methods.



100 to 10,000. 5 4. A met hod as cl ai ned iﬁ claim 3 wherein the said

mat eri al has a bandgap of substantially 1.8 electron volts. 5. A net hod

as cl o in any of clains 1 to 4 wherein the said paterial conprises a |,

si ngl+¢}gl}jal i netal . 6. A nethod as claimed in any of clainms 1 to 4 \ ©
wher ei 0 the said materi al nBrlses at least two different alkal

met al s.~77. A net hod as cl ai ned ﬁLany of claims 1 to 6 wherein the said -~g
material is polycrystalline. 8. A nmethod as claimed in any of clains 1

to 6 wherein 15 e, sa rla nmet hod as cl ai ned
i n-anyt of cl ai rrsIﬁ‘ti‘t‘ﬁtﬁlﬁ\iﬂe?%P I‘F"h Jt?féss?d&h%t%‘?'ﬁ"a@%quéé%tma/t%ﬁor us
atons are bam:letémga:eai ey hplvcasnli@coyea’edrmrpemaaacfbsmf zumatiag ahemin the

sai d it e o1 2 Gamptd or ATRLAMADCATALbT LAl RS el tPne

phosphor us ons “ar e rus-a er ea
at om i n t h@atsird aka @evarlspl be uﬁeﬁeaﬁoaeagfemmsdfnheesaandgf&hbeeu n

there zare aloq qaqststé% PRAsRRRISU A %ﬁfﬁe@el‘naQ@QEaQE a fRbahagbeihig the 25
said materi al A nmethod as claimed in any of claine 1 to 11 wherein

in the salHmﬁbﬁéﬁﬁb§ﬁhP&@dwﬁbeﬁﬁ 39g§50n meta s, glass, and othe;

materials. Such coatings may protect a substrate from
fire, oxidation, or chemical attack. The coatings may be
employed for their infrared transﬁitting, visible light

- 10 'absorbing gqualities. - They may be employed w1th other -y
materials as antireflection coatlngs on 1nfrared optlcs ]
The materials may also be used as fire retardant fillers
and coatings. Monoc11n1c phosphorus may be used as an
optical rotator. ' ' - o

15 It should be understood that we have used crystalline ‘?’

- to mean single crystals or polycrystalline material unless
otherwise stated. Amorphous as distinct frmmsingleprystal
or polycrystalline, meéns amorphous to X-ray'diffraction.
All periodic table references are to the table printed on

20 the inside front cover of the 60th edition of the Handbook
of Chemistry and Physics published by the CRC Press Inc.,
Boca Raton, Florida. Alkali metals are identified thereon
and herein in Group la and pnictides in Group 5a. All
ranges stated herein are inclusive of their limits.

25 By semiconductor device we mean any device or
apparatus utilizing a semiconductor material. In part-
icular, semiconductor device includes Xerographic surfaces
and phosphors regardless of how they are excited, as well
as photoconductors, photovoltaics, junctions, transistors,’

30 integrated circuits and the like. ' N

Reference may also be made to a divisional applica-
- tion 85 16583.
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125 and x is from7 to 15. 13. A ngfﬁaa_a§‘érarned—rﬂ any of claims 1 to

12 wherein in MP[err] x is SUbStantleﬁm A net hod as
clainmed in any of clainms I.to 12 wh "”ML'”” rr] X is greater fhe
al sy { 0'

15. 15~ A nmethod as clained in any bec 4 wherein the
material is defined by the formula: a _[err] wherein b:ais th
ratio of [P8] to [ MP7] 16. A nethod s clalned I n-any of clains
10 substantially as herein described. 17. A sem conduct or devi ceWhi ch
conprises;y (a) ¢ almgterlal as defined in any of clainms 1 to 16; and (b)
means attached to the said material for 15 - electrically
comuni cating With t leMeih@dnafcfPEpingge sepigeadeeter devieediick|aim 17

-wherein at | eagomprisks:of - the atons have 3 homatomi c bonds excl usively.
o Pave 5 FHR e SRSable" b SHE B LS gk Fansd a0 O 1
component thereof, a polyphosphide having the formula:
MP wherein M represents an alkali métal; and x
-represents the atom ratio of P to M, x being at 1east
7; the number of consecutive covalent phosphorus-to-'
phosphorus bonds being sufficiently greater than the
) 10 .number of non-phosphorus-to-phosphorus bonds to render
% ' ' the said material semicondudting; and _
(b) attaching to the said material means for electrically
communicating with the said material to utilize the
.said material as a semicoqductor} the said semi-

) 15 conductor having chemical and physical stability under
-ambient operating conditions, an energy band gap of
from 1 to 3 eV, a photoconductive ratio greater than
“5 and 10712

. 2. A method as claimed in claim 1 wherein there is

5 and a conductivity between 10 -1

(ohm-cm)
20 provided a material comprising, at least as one .component

thereof, at least two polyphosphide units, each:unit having
a skeleton of at least 7 covalently bonded phosphprus atoms,
the said units having associated therewith at least one

N alkali metal atom, the said alkali metal atoms conductively

| 25 bridging the phosphorus skeleton of one unit with the .
phosphorus skeleton of another unit, and the said mate:ial
having a band gap primarily determined by the said
phosphorus-to-phosphqrus bonds.
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1 20. A device as clained in any of clainms 17 to 19 wherein the said
material is characterized in its |local order by tubular columar structure.

21. Kdevice as clained in claim?20 mher t ubul ar

structyy®kg :in a local order are all gener “ﬁB ﬂlﬁﬂ! A device as, =
cl ai jégﬁ' any of clainms 17 to leyhereln ent atoms of the
said nmeterial are trivalent. 23. Ha deV|ce -as clalned in any of clainms 20

to 22 wherein 10 the said columar structure is channel -like when vi ewed

g“d gd. A ﬂ%\ép%ﬁ 23 sham@&' w apyiffi C!;@' a%q é%ﬂ%g}é@ﬁre' n the
sal en vi A

ol Uurmar tnm ure1s gg
devi ce a§hél§Fﬁédmﬁﬁe§h?1ohaélal nqga?o°24fﬁﬁ§rérﬁ 6ﬁe20? more pni cti des

other thaneRt?b8 ROEEE8Nhnd76r a PhEEYLERAASLEVRLYEHatNoaBY OFol ains 17 to
25 wherein the 88n8§90f the atons are spaced at an average angle of greater
%2

t han 98[%PP] A device as clained in any of clains 17 to 26
wheBei n #he boAdmethotihesatdaimedeispataiimald- wheaaghetbé Saddh 87 to

109[ err A V[,C aj ' _ | Qi 7 ein
add?tioLgP%atéﬁé 8?§0%e88?aﬁ%Febg?g¥2$5%§¥é€i%g £ gsﬁ%%c%gog §$gﬁ% of the
sai d caténatloﬁsmﬁFéoﬂoﬁéeﬂlbéPﬁEehnt%BYo?fn6}%1@F ithkos4j whegeéAati ons. 30

35 the said material comprises a single alkali metal.
6. A method as claimed in any of.claims.l to 4 wherein
10 the said material comprises at least two different alkali )
metals. S - : o’
7. A method as claimed in any of claims 1 to 6 wherein
‘the said material is polycrystalline. :
8. A method as claimed in any of claims 1 to 6 wherein

15 the said material is amorphous. L 3 -’
9. A method as claimed in any of claims 1 to 8 wherein

in the said material at least 7 phosphorus atoms are bonded

to other phosphorﬁs atoms per each of a metal atom in the

said material.
20 10. A method as claimed in claim 9 wherein 15 phosphorus -

atoms are bonded to other phosphorus atoms per each of a

metal atom in the said material. '

11. A method as claimed in claim 9 wherein there are at -

least 500 phosphorus atoms per each of a metal atom in the A
25 said material. ' :

12, A method as clalmed in any of claims 1 to 11 wherein

in the said polyphosphide MPx '
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1 29. A device as clainmed in claim28 wherein the said additional
atons form conducti on paths betwee ’m! MMHES to which they are
bonded. 30. A devi ce as.clainmed WMHENﬂ“n 7°'to 29 wherein 5=
the saig catenations in each |ocal ordér are™all generally parallel4d§i \

A device as clained in any of clains 17 to 30 wherein the said mat
formed as the deposition product from #&four transport in a deposith
from separated sources 10 of phosphorus and an al kali netal. 32. A
device as claimed in any of clains_17 to 31 wherein the atomratio of
phosphorud to Addak i §ﬁ8§thFPaFﬁy 50 or greater. 33. A .device as

c:c aimed in cI allm 32 \ghm@ehadt he &aadméﬂoﬂhll5ny wtcpaixﬁ_ssubﬁbam!wgﬂ;é:yemo

of greater. evi aiped.in ¢ erein the said atom
ratio is substéﬁt kly i gES?aﬁFé3?% e%%a %CICE as claimed in claim
34 wherein theldouné Gﬁtbhé 88 dlakmed is ¢e$Sthehaﬂm$0D part2 pererein

mllion. 20 36 Mmp Axdggl Qeggeglghggdlsn any of clalns 17 to 35 wherein
the said materi,al a single crystal ‘A devi ce as, cl aj med

|
T N IR R A SRR o G P K

thin film 38. theAsd&ulmata31alaisedefﬂnemybpftnéafammdﬂaio[mﬁ 25 [Pg]b,
conprising a JW%%& e9%- b:a is the atom ratio of [P8] to [MP7].
16. A method as claimed in any of claims 1 to 15
¢ 10 substantially as herein described.
~ 17. A semiconductor device which comprises:
(a) a material as defined in any of claims 1 to
16; and , |
- (b) means attached to the said material for
\“? 15 electrically communicating with the said
- material.
18. A device as claimed in claim 17 wherein at least
6/7ths of the atoms have 3 homatomic bonds exclusively.
19. A device as claimed in claim 18 wherein at least
20 14/15ths of the atoms have 3 homatomic bonds.
A,
25
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devi ceAds s ai ned in cIa|n139 mhereln t netal is Ni. 41.
A devi a@) clainmed in any of clains 1 \ﬁm@@\m mm‘ he said material L&

39. A device as clainmed in claim38 mherein tHe séid 'unctfon conprises a
netal selected fromCu, A, My, N, ; 30 35 40. A

q

doped “=;yfatons of anot her pnictide. wm Asdevice as clainmed in
claim 4% wherein the said pnictijgde-is As. 43. A device as claimed in any .y
of clains 17 to 42 wherein the said material is doped by diffusing therein =~
a metal having occupied outer f or d electronic levels. 10 44, A devi ce

as1 cl ai2fed i A demine48swhbabmedt he saydofophaimsslieteci@dvhennini ckel ,

iron and, ghggghuﬁFté?Ial deSVéfﬁcﬁérﬁﬁéﬂnfﬂ i PsaD¥cRl 6+@kFBpy7 to 44
conprisin tal contact selected fromCu A, My, N, Au, As and Ti. 15

46. Atﬁgvﬂé§ §91uMBRRe8tTRCERTCof clains 17 to 45 substantially as herein
described. 20428e9@c85as claimed in claim 20 wherein the said

5 tubular structures in a local order-are all generally
parallel ' ' _
22.. A device as claimed in any of claims 17 to 21 wherein
the major domponent atoms of the said material are trivalent.
23. A device as claimed in any of claims 20 to 22 wherein
10 the said columnar structure is channel-like when viewed on -
end. ' _ _
24. A device as claimed in any of claims 20 to 23 wherein
the said columnar structure is pentagonal when viewed on
end. ' : RN
15 25. A device as claimed in any of claims 17 to 24 wherein .
one or more pnictides other than P are present.
26. A device as claimed in any of claims 17 to 25 wherein
the bonds of the atoms are spaced at an average angle of
greater than 98°. '
20 27. A device as claimed in any of claims 17 to 26 wherein
the bonds of the atoms are spaced at an angle of from
87 to 109°. , '
28. A device as claimed in any of claims 17 to 27 wherein

G

additional atoms of one or more different elemenfs than
25 atoms of the said qatenations are bonded between two or
more of the said catenations.
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29. A device as claimed in claim 28 wherein the said
additional atoms form conduction paths between the caten-
ations to which they are bonded.

30. A device as claimed in any of claims 17 to 29 wherein

" the said catenations in each local order are all generally

parallel.

31. A device as claimed in any of claims 17 to 30 wherein
the said material is formed as the deposition product from
vapour transport in a deposition zone from separated sources
of phosphorus and an alkali metal.

32. A device as claimed in any of claims 17 to 31 wherein
the atom ratio of phosphorus to metal is substantially 50
or greater.

33. A device as claimed in claim 32 wherein the said atom
ratio is substantially 200'of greater.

34. A device as claimed in claim 33 wherein the said atom
ratio is substantially 1,000 or greater.

35. A device as claimed in claim 34 wherein the amount of
the said metal is less than 1,000 parts per million.
36. A device as claimed in any of claims 17 to 35 wherein

the said material is formed of a single crystal.
37. A device as claimed in any of claims 17 to 36 wherein

" the said material is in the form of a thin film.

38. A device as claimed in any of c¢laims 17 to 37
comprising a junction.

39. A device as claimed.in claim 38 wherein the said
junction comprises a metal selected from Cu, Al, Mg, Ni,
Au, Ag and Ti.
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40. A device as claimed in claim 39 wherein the said
junction metal is Ni.

41, A device as claimed in any of claims 17 to 40 wherein
the said material is doped with atoms of another pnictide.
42, ~ A device as claimed in claim 41 wherein the said
pnictide is As. .

43, - A device as claimed in any of claims 17 to 42 wherein
the said material is doped by diffusing therein a metal
having occupied outér f or d electronic levels._'

44, A device as. claimed in claim 43 wherein the said

- dopant is selected from nickel, iron and chromium.

45. A device as claimed in any of claims 17 to 44
comprising a metal contact selected from Cu, Al, Mg, Ni,
Au, As and Ti.

46. A device as claimed in any of claims 17 to 45
substantially as herein described.
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