-2- TECHNI CAL FIELD This invention relates to catenated phosphorus nmater-
ials, their preparation and use, and to sem conductor and ot her devices

enpl aykng! them These materials include high phosphorus
p0|ngE§EMides(i-e--1 phosphi des where the polyneric gg;&%?éiggl
mai nt akned) , al kal i met al pol yphosphi des, nonoclinic

and new forms of phosphorus. Vapor. transport is enployed in naklng
the crystalline, polycrystalline and anbrphous phosphorus and polyphosphlde
materi-als in bulk, thick and thin filnms. Flash evaporati on and cheni cal

vapor depos't'on‘Mé%ééﬁ%kéé’§§§§#5$%&%fﬁé'=rlaﬁ cgpdgnsedophase techni que
is utilized in pr TP

e—poryphosphi des.
Di ffusion doping is enpl oy Bt Qr3RLS

",'dQEELEEEy of these materials.
Rectifying junctions are formed gﬁgi@@ @%teamavs by appropri ate. netal
contacts. The filmmaterials nmay be used as optical coatings. Powdered
crystals and anorphous materials may be used as fire retardant- fillers.
The crystalline materials, especially the fiberous forns,. may be enpl oyed -

as the high tensie—sensponrents—of—oinforcad—plasti-cs— _BACK LI RT.
During the past several decades, the use of sem-
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conductors has becone ever increasingly wdespread and inportant.
'Silicon based seni conductors, for exanple, have generally been successfuk.
in providing a variety of useful devices, such as p-n junction rectififéry}
‘(di odes), transis- tors, silicon control rectifiers (SCR s), : /-
phot.ovol taic cells, |light sensitive diodeé and the like.' However, due to
the‘hfgh cost of prodUC|ng crystalline si Ilcon and the ever-increasing
demand for seniconductors over a broadenfng range of applicati.ons, there
has ~been a need to w den correspondingly the scope of availabl e useful
sem conductor, materials, Useful §E§gﬁ9E§HP¥Q%§Upf t he present invention,
have energy band' gap in the ran o3 eV (nore speC|f|caIIy
1.4 to 2.2 eV); a photoconductive ratio greater than 5, (nore

specifically betmeﬁﬂlsﬂlhvéHEioﬂOrQQQies %d“ﬁﬁ%@ﬁaﬁédyPhE%bNaﬁms -RERH -
10[err]. and 1012 ohmc n%? nore,s eC|f|caIly co ct|V|§¥ range,.

of 10[err] to ®df&rrt i’(?drﬁne araﬁa° d'Fs"’andaBHy T af® EBPF]“F%

uader' . anbi enbtheaeawms camnsll by i . then&\ccou‘ﬁesgl watesiidls ime)ude high

material s may b duct] they or
pur e insul atorg P‘%’gg%ose%s‘:’eIl pcoqané> |ng rreﬁe’rla %m%?ﬁ%é)rreet%&é the

‘ctiteria may bpodmelrd@r ed mﬂm’msef s semlmmrc#%) in t helkahiext @gtal .

this invention ! 0 ti no £
petrol eum baseBO?Xér ay sour ce ‘he ?’eént |%fd§c‘é)mr cia ﬁ%t |1¥i&¥ly g?rms °
seni conduct or PheSPRSXAISH anéhRSlequrrfe dsni eppdoves im sBakipg pthe

an ﬁeffeclt : ve %9%}3—%\&%@ C gBayaeyethiliine dn@t ankﬁ:pl‘i&lﬁs apndsphdrus and
borent i, Lr oRCIYRRGSRIMAS s MARTIHES. dfbr FRAR: s ERkehaaich, ehin films.
Flash evaporation and _chemlcal vapor deposition are used to

make thin films. A condensed phase technique is utilized in

producing crystalline and polycrystalline p01yp'hosphides. .

) D:.ffus:.on doplng is employed to raise the conductivity of

- these .mat_erz.als.. Rect;fy:.ng junctions are formed on ‘the

materials by appropriate metal contacts. The £ilm materials .- '

~may be used as ' optical coatingh. . Powdered crystals and
amorphous mater:.als may be ‘used as fire retardant fillers.
The crystalline materials, especially the fiberous forms,-,
may be employed as the high tensile components of reinforced
plastics. - T .
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.'partlcularly i n the forn1of ‘thin films, are nore desirable than single

ne forns due to potenti al Iomer cost of production. Anor phous

plctors also have better electrical qualities-than :

. - alline forns of the same material as used in many sem conductor

- devi ces. -4- The seniconductor industry has continued its search for

~useful ‘new seniconductor materials “B8yond crystalline silicon, and e

. like. I'n the non-silicon crystalline area, single crystals of

'sefri conducti ng conmpounds, |nclqueﬁG§BQ§ =5,_and_InP, are in commerci al

. use. Many ot her sem conduct or P R8T heen utilized for specialized
-purposes. For exanple,” CdS and seleniumare utilized as the photoconductor
in many xerographigumBehi nase Igadhi SARYdca uctor ice
means a devi ce incl.udi ng a seﬁr% con?uct ordlcrrte?ltegrl‘ldsﬁ%m wl% fiffite.
“enpl oys el ect$d qé% U adtdS (hSFOPE, p¥ern. éPéE?ﬂénngldevMmdespred&nrand -

it is anon- dm@ﬁfﬁ&h&.deSiEECOﬁUbhgﬁatggh TIHARGAWILE T OF§ EB@@?%Z'rhaVe
- xer ography, q§ﬁ§¥51§§c§nt natergdsi t he sphorus I n a ca :
tube, or the Gigh §89ES5F S e og\}FPY’o‘?h%goﬁ mm@yugfhaxeeﬁebn
- stated to hwﬁavxnﬁﬁcoﬁdqhtasggmnnnumct$onnﬁeytlgigrgnq@@@désIﬂgyyéhSLS_

oxi di zabl e a%fﬁeactgyflcgﬁd gg noyn form & { %‘OSth&‘%ﬁ as been

successfully e oyed as a. use sen1co r photovoltalc
3 ls, light sensztlve diodes, and the llke. However, due

'to the high cost of produc1ng crystalllne s11icon and the
ever-lncrea51ng demand for semlconductors over a broadenlng
'range of appllcatlons, there has been' a need to widen

: correspondlngly the scope of avallable useful semiconductor
materlals. ' '

;o

“ Useful semlconductors of the present lnventlon, have
R energy band’ gap in the range of about 1 to 3 eV (more
'speclflcally 1.4 to 2.2 eV); a photoconductlve ratzo greater
than 5, (more spec1f1ca11y between 100 ‘and ~ 10,000); °
' conduct1v1ty between -about 10> and 10712 (ohrn—c:m)-l
(moxre speclflcally' conductxv;ty in the range of 107 - to
10-9 (ohm-cm)), and chemical and phy51cal stablllty under
- ambient -operating cond:.t:.ons. Accord:.ngly, -while many
(1.' materlals may be semiconducting in the sense’ they are not
- pure metals or . pure insulators, only those semlconductlnqo)
materials which meet these criteria may be considered to be
- useful semlconductors in the context of this invention.
~ Given the present _need to develop alternative rion-
' petroleum based energy sources, ' the potential commercial -
‘utility of a semiconductor: 1ncreases dramatlcally.when ‘the
'semlconductor also exhibits an effective photovoltaic
- characteristic, that is, the ability' to. economically and
efflclently convert solar energy into electrical potential.
" From an economic standpoint, amorphous semiconductors,

partlcularly in the form of th1n films, are more desirable

than 51ng1e crystalline forms. dup to potential lower cost of
productlon.' Amorphous semiconductors also have better

e'electrlcal qualltles than polycrystalline forms of- .the same
_mater1a1 an used in many sem;conductor dev;ces.



The group 3-5 materials such. as gallium phosphide and indi um phosphide are
t’etrahedrally bonded and thus,- as will be pointed out below, are clearly
di stingui shed fromthe corrpounds di scl osed herein. Furthernore, ei é
sem conduc- ting properties are not. dominated by phosphorug-
phosphorus bonding, i.e. the primary conduction paths are not th
phospfior us-t o- phosphorus bonds. O hers have di'scl osed hydrogenat ed
phosphorus having a structure simlar td* bl ack phosphorus and havi ng
semicon- ducting properties: Considerable work on hi gh phosphor us

pol yphosphi. des has -heen dane b r oup, heade n, Schnerin

The various reports Y7 MY i’rfgq%saft’év 3?‘%% t}'ﬁ‘ﬁ%‘gs%tﬁhﬁgﬁﬁﬁgu§°r
cont ai ni ng poquﬁﬁlslphlmcospmnonﬂwqtdmvmqtﬁldhsed beyonidyst ervsaalllRhe
(M = group r@;épl) hes yphosphi des are produced by heating a
m xt ure of rreta]l an pr?d‘sf] horu??ﬁéa seal ed anpule. Von Schnering reports -
t hat based orfn tl’tﬁheﬂqn'Sl%’e‘?%tﬁ}éﬂalbbmqmmm degéngle- grystels of

ctassified as y&kﬁf&m@ﬁwn@émpauadsl aiﬁbiﬁhlﬁ%n%%zxs?‘mhaﬁ‘at ahg! InB5aate
“that these corrpounds are, or should be, insulators or sem conduct ors, i.e

‘not metals. MOHbETMECIAbY#rus-, also called Httorf's phos-
‘phorus, is prepar equcooﬂhég tseﬂﬂtﬂ)rﬂfddﬂoﬁrmatéﬁmhw@l &ﬁv@%@é"@ru%ﬂﬂﬁied

lead as foll i t e, phosph d_30 | ead . ted sl
e Mot n ARt iA S BIROSERy [EPE FERRRLENCLAS, Fpd AeTeRdun dre

tenperature. "dtklized as the photoconductor in many xerogra_phlc machines.

ey

, In this application semiconductor device means a device
N2 including a semiconductor material whether the device
' employs electrical contacts, that is, .is an electronic
device, or whether it is a non-electronic- device, such as
_ the photoconductors employed in xerography, phosphorescent -
'_\/ , materials : .the phosphorus in a cathode ray _tube,- or the
. " like. o S |
Although some of the known forms of phosphorus have
been stated to have . sem1conduct1ng propertles, . many- are.
unstable, hlghly ox:.d:.z_able and reactive, and no known form
of phosphorus has been successfully employed as a . useful

semlconductor. . _ o D
' The group 3-5 materials such ‘as gall:.um phosph:.de and
/\ indium phosphide are tetrahedrally bonded and thus, as will
V be pointed out below, are clearly d:.st:.ngu_:l.shed_ -from-. ‘the
- compounds disclosed he-rein"._" Furthermor_:e,. their semiconduc=
ting properties are not dominated by phosphorus-to-
o phosphorus bonding, i. e.. the primary conduct:.on paths are

" not the phosphorus- to-phosphorus bonds.

ML

Others have dlsclosed hydrogenated phosphorus hav:.ng a
structure similar to black phosphorus and having semicon-
ducting properties. 3 - a

Considerable work on h:.gh phosphorus polyphosphldes has
been done by a group . headﬂd by 11, G. von Schnerlng. The
various reports from this group indicate that the highest
phosphorus contalnlng polyphorplnde compound they have pro-'

duced is crystalllne MP]_5 M = group la metal). These

polyphosphldes are produced by. heating a mixture of metal
and phosphorus in a sealed ampule. Von Schnering ;'eports

that based on their structure polyphosphides



. cghprise two ayers

- exhibits need . f or stable

solutlon S then cooled at the rate of 10[err] per day for 11 days to. = -

o(r]C, ‘and- cooled rapidly to room tenperature thereafter. It is

n xbx& ectrolyzed in a solution of 2kKg of ‘| ead acetate in 8 liters of 6%
p( acid; -and the phos- phorus is collected in a watch gl ass pl aced

"~ the anode Nearly square tabularbcrystals about 0.2 x.0.2 x O. 05WED

are obtained in thIS way.. The structure of this prior art nonoclinic:

phosphorus ha ed _by Thurn and_Krebs. ~ The crystals
% o)(fjﬁt' é?‘%%onaﬁl‘%/ SCBPPBHBQﬁhd-r‘hsaquS@JJca& sanseybes

paral l el , af@d Q”ﬁhh%rmpans @hakawaesé‘dﬁmﬁﬁun@€n£ﬁ89”§r EHQ&}F Fe,
e

phosphorus 1n%h§éﬂd¥§5dﬁ1ééﬁiégﬁéﬁgt T of ers al] being parallel, "bu
f layers elng dé'%éﬁ%?% FPar to the tubes in

the tubes in the seco pair

‘the first pair oﬁ°ﬁﬁé;%§l°'T QﬁxnuﬁlﬁOtrmalieota$£tbaﬁfb§enphos_

- det er mi ned, phasusgl |issprbpakead and deRong, di es

.sumary of ?5]‘% X art g t h sect#m@%hgg horusﬁéf‘pg ar?h?‘é?‘? uehiEe of
~the Elenent3@ ggﬁferry ahﬁé hkers i 97¢f'ﬂh1teﬂphmspmmrus and
roperties g OF t axe rsbovEX I t
prop leod ! ﬂtmmo ysels heye 8q ab;‘sf‘({g% %‘éﬁ&?ﬁ

- Because of %b@bh SR | hehae £ trlc roperties can
determ ned. The prep ara%?én 5??h|g SﬁFlﬁfﬁé g QFQﬁQRR§¢#mnrephoThe

- according téotﬁeﬁaﬁ(ﬂse#he¢scvelgdcampWheémuté | 68 Q¥ USRI da l%b 11

el ectronic aﬁ e RBOSBY [ n- The r|or also
3¢ o %.&ﬁosp %@S rﬁ ﬁﬁgun BW Esepeaéturelre

rptardants &Pf??gl e ﬁﬁ;qﬁﬁkaekﬁnﬁnolxzed inlélsdlﬁﬁléﬁlafoﬁﬁgngf
| addi tives idepdasidetsatel 8RS @S BiePS @ "84 ChbBLEc acid, and the phos- ‘U
| phorus is collected in a watch glass placed under the anode. |

Nearly square tabular crystals,_about 0.2 x.0,2 x 0. OSmm,
: are obtained in this way.

The structure of this prlor art monoclinzc phosphorueu/
_-has "been" determlned by Thurn and Krebs,

The crystals
~ comprise two .layers of pentagcnal tubes of phosphorus with

_all of the tubes parallel and thén another pair of layers

l.of all pentagonal tube phosphcrus, the tubes ‘in the second
pair of layers all being parallel, but the tubes in the
- second pair of layers belng perpendlcular to _the tubes in
the flrst pair of layers. fThe space group of _the crystals
S | has been determlned, ‘as well as the bond angles and bond -
R o dlstances. See the summary of the prlor art in” the section
'“Phosphorus" from “The Structure of the Elements by Jerry
: Donahue, ‘published in 1974. : Lo
The electronlc properties of' Hittorf'._ phosphorus
.crystals "have not been reported. Because of their small
| size the electrlcal propertles cannot be readily dete¥mined.
' - The preparatlon of high pur1ty electronic grade phos-
phorus according to the prlor art is very complex and time
.consumlng, rhus electronlc grade phosphorus is very expen?
sive, _ S
) ' The prior art"'also exhibits. a. need for stable
o phosphorus _compounds  for, use _as fire .-retardants.
Crystalline forms have addltlonal utllaty as reinforecing
additives in’ plastlcs, glasses and other materlals.



-6- DI SCLOSURE OF THE | NVENTI ON W have discovered a family of al k@@'al
pol yphos- phide materials possessing useful sem conductor, opt I cal ,

mechani cal properties. Useful Sem conductor Properties By "polyphosphide”
we nean a material dom nated by multiple phosphor us-t o- phosphor us _
bonds.- By. "useful sem conductor"” wee+ean not only that the conduct|V|ty
is internedi ate between insulators and netals, but also the denonstration
of ~4. host of usef ul properties: - Stability - -~ Resilient materi al '
striicture - Bandgap i BESQERSURE reMJEHE t INVENTION 1 to, 2.5eV) - Hi gh
inherent resistivity, but with ability to be doped - Good

phot oconductivity - Efficient |um nescence - Ability to forma:
rectifying juncti & -haveagiisaoyerede f.épmddvact adtalieinetaly pedpehgs-
tures (for sMIGONAHELRESNsbYpdEOESSERS ARRbI es(eﬁu%%%'d%‘dﬂbr, op&&t:huty
to be forned as_ | ar e a,re armr hous thin filnms - lity to be forned

as ductile p(ﬂ‘vjrré'ﬁ ehbt$Phosphi des are a un| que fam I y of
materials possessi ng aI I of these features.

Useful Semiconductor Properties

By "polyphosphide" ' we mean a material domlnated by
multiple phosphorus~to-phosphorus  bonds. - By . "useful
semiconductor" we mean not only that the conductivity is
intermediate between 'insulatOrs and metals, but '_also the
demonstration of a host of useful properties:

- Stability - ‘

-  Resilient material structure :

- Bandgap in a useful range (typlcally 1 to. 2. 5ev)

- - High inherent resistivity, but with ability to be
doped Co '

- Good photoconductlvxty .

- _Efflcn.ent luminescence

- Ability to form a rect:Lfy:Lng ]unctz.on |

- Ability to be formed at relatlvely low- tempera-

_ tures (for sem:l.conductors) by processes amenable
. ) to scale~up . ' IR

- Ability to be formed as large area amorphous th:.n
L " fllms ® . . ' . g

- °  BAbility to be formed as ducti_le pblyme:i'c fibers - -

The polyphosphxdes are a um.que fam:.ly of materials
S possess:.ng .all of these features.

B L

L

Preservation of Utlllty in Multiple Forms

"It is equally 51gn1f1cant that the useful propertles
remain essentially constant over a widea range of chemical

compositions and physical forws (crystalline and amorphous).
To our knowledge, pnlyphosphides are the only useful _
semiconductors in which desirable single __cryst-al-lik_e'



- Preservation of Uility in Multiple Forns It is equally significant that
the useful properties remain essentially constant over a wi.de range of
gggnlcal conpositions and physical forns (crystalline and anorphous). To

J)know edge, pol yphophides are the.anly useful sem conductors in &g;ch

rable single crystal-llke -7- properties are preserved in the
‘anmor phous form This is of mmjor technol ogical significance because the

flmor |ohousI fytrdpelzecﬁts tdvee | ﬁ@éseﬂ%@hafcertdﬁolaenomlcbﬁ tleanesse'mié-ld sf|Q£
arge scal e icatio suc ovoltaiec ce arge area di ays,
and el ect r & é{) %fég ﬁbggbgﬁf?ﬁ/ncfh erﬁ% t%“ gg

seni conduc-ig oas |t<hei haeasheyncdne nafehdainlesadahd @item s&sﬁémt;sahgl fophase
mat eri al . v rc , 0, | Sone
Vory dosi r ANESY GhATE Ry EYeRELobe! R ad I ABIGL RO el PIE | THEGe
known seri coreiictiapXaysi cang ¢k&£%¢@%tahlcheqpa¢réaord|natlon inits

crystalline formye ARy bt QR t&émpﬁobleﬁm%]@?xouén&&he B © s@HIRE §HBH§-S')

is knowmn to be ac- conpani ed b breaking of the tetr

| eavi ng " da¥RFS ndSboFhRT they d’é%t?%? 1T Bhndfctd n@tﬁblﬁeﬁlngtliees '
Pure armrP"tﬁk@s@méﬁeﬂﬁ@iﬁssm&né{réﬁ'ﬁhéﬁdtﬁéé kg £6kCRAPLY, tReSalioxty

the dangling bond qé;%grggen or I ne %%&Q only partiall _
successf ul ?ﬁﬁtﬁ?@y Y?ﬁ? ﬁ e%&?v 5n of
usef ul propeallﬁse counterpart. .
IV The dominant known semlconductor (sxllcon) ‘has a tetra-
B -_hedral coordination in its crystalllne form. Any attempt to ~/
'make it amorphous (to make amorphous Si} is ‘known: to be ac-
companled by a breaking of the tetrahedral bonds, leavxng'
"dangling bonds” that destroy useful semlconductlng proper- -
- ties. Pure amorphous Si is useless: unstable-and crumblyf‘/
| :-Attempts ‘to satisfy the danglz.ng bonds with- Hydrogen or
Fluorine have been only partlally successful. ’

'Central Role of Structure

We believe that the. preservatmon of useful propertles
~ among the multlple forms of the - polyphosphides are a dzrect
—~ l“f ' result of_the:structure of the- materials which, in.turn, ‘is
- made possible by the unique properties of phosphorus,.
-part:.cularly its ability to form polymers dom:l.nated by 3
f_phosphorus to phosphorus covalent bonds at the vast majorlty
of phosphorus sites. - :
In the crystalllne form, the polyphosphldes of the. type S
MP o (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 bridges-shown in Figures 4, 5 and 6. The building
‘block for this MP, o atomic framework can be viewed“as Pé



among the nultiple forms of the pol yphosphi des .are a direct result of the
structure of the materials which, in turn, is made possible by
uni que properties of phosphorus,. part|cularly its ability to, fo
. polymers dom nated. by 3 phosphorus t o ghosphorus coval ent bonds at
vast nmejority of phosphorus sites. In the crystalline form the.
pokhyphosphi des"of the type MP15 (with M= Li, Na,, K, ~Rb , Cs) have a:
strycture forgedrhgdab hQSp Origyigk endie @@@ﬁly@tl G dHmel I Wi_t h
pent agonal crgss._se bg %s? ho%phoP t ubed gre Ilnke&? t‘ﬂep%%?%%m‘y
bri dges shown iR" FPE g A0 X il di ng bl ock for th| s MP15
atom ¢ framework ctsibg \mm/\/elm:abdi?ﬁg bl(:ébsrmﬂ h:)lu%tBrsr Id]aldi:ﬁluefds)ab%%

MP7 (formed by, sogha- gti 4 UIt Usi.-ng t he
bui | di ng bl oc Egg glgustﬁelrs degécl‘r’? o ovéellg ovar?n aé'w ReViied 7

(Russi an Cherrﬂéép)Re\A%W) 48b9yed197l@)°rm/@clltyhetimtl these tﬁmltyghmmme
pol yphosphi dece&gema@s esuhd h@etrﬁ@a&%dasaeolyafyrh&rfatgrﬁ 1§1£f§ ”letﬁ}g .

basic buil di ng | ocks nonomer s Hence I N~ princi 'S poSSi

-0 construct &Pe3Fge }?Rﬁ\’o‘ér BRidadnac mlgakfor k%shavpﬁ@“\@ﬁ‘é-sanéi%phdrms
skel etons. | npeihcipille L& hm/epsssibmsl aasl Byn¥Rkueus ateqfartF@Jexiuﬂséfrlépd

o1 R et S R ST Ud i ook B iaRond o1

conpounds ‘ori gi nal IIn @mmmd:as»éfhbeessynEWesikeaS‘b,y afar :mdﬁJOlechﬁqhes
referred to i yddues ot e, Ofeds MBrylbhls® JHENAseR! BnbBEle 18ns of
' - the = type [MP.7]_a [Pslb thh., b much greater than a.
Y 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 mater;\.als are prepared by vapor transport. .
o . as thick films (greater than 10 microns) of polycrystall:.ne
fibers and large boules (greater than 1 cm) of . amorphous-
- character. The polycrystalline ' fibers exh:.b:.t the same
norphology as KPJ_5 whiskers. - : - . _

" The structural framework of the flrst MP (x much
greater than 15) crystalline materials we d:.scovered is dom-
inated by a phosphorus skeleton similar to the phosphorus
framework of the MPls conipounds. : . -

We have found that the useful electrJ.cal and oth.cal-
properties of -these  crystalline materials MP].S- and -MP
{x much greater than 15) are similar. The properties of
these materials are there'fo're' 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 fhese materials were esséntially preserved for -

15 and MP {x much greater- th'm 15) crystallme materials
and their amorphous counterparts ' '

2t

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



|l ow netal content materials are prepared by vapor transport. as thick filns
(greater than 10 nicrons) of polycrystalline fibers and | arge boul es
(greater than 1 cm) of anorphous character. The _polycrystalline fibers
Q@hl bit the same norphol ogy as KPE®-whi skers. The structural franewprk
W first MP[err] (x much greater than 15) crystalline materials '
covered is dom inated by a phosphorus skeleton simlar. to the
- phosphor us senseewo Mhep fpaliyphivieh icdeourata 1 \eyrmeetry cisdve byt Lowe( tosif ul

~electrical caaﬁlerytlca' proasrta S evd tﬁQES‘in Céxzétékhhgﬁngﬁt gfo@:LSthé/P 15

and  MPx (X nuch_greater than 15) are simlar. roperties ese
materi al s SE¥SHEr é?%r’éh%loﬂi“ﬁﬁt’@ﬂuﬁy foga mihe plew Fﬁlp‘“E%‘G'EY ghtterbadisis of

' the phos plapab 1es ket etautommdddt i iy caer danagi aduaunhaly SQKEV\hﬁ:EcJ:€§§eahan _
To Ourtsistcrr prise we have. al so djscovered that the usefu

eI ectro- op EV ST eRF T 1 hRAE RREEACERS 1RESe eﬂ??%?ll‘?“%r%@?‘?ed
for MP15 artheex @Ls rmoh glippti.ag t apart5) oﬁrystﬁbh?gnetaarehedi:alanﬁohamr

GorRnous SUUNARA fan AP W ONELY S0V TRLELLELR: BRLRGER 2:RE°

~dinmen- sionTiIgl ructure and I'S resilient
- sense. . Thehssphshnsphi editdy y st amushmibweri scoordihewipnr i nunbeni c):han *

Ve bel i eve dihafedd) téfnt ééé&'@g%n} ef%aésrcmgélcu&glt H%s@%&PhQH?hE@E

- “the low synmetry naterial s ca accommo dua
~_increased sﬁ%c?@'ﬁ&#%of’éerd%%%l%%ar%’t‘%ﬁq zeé"%epaﬁsﬁmlslﬁét eare
/- - polymeric in nature. The result is a polymeric amorphous

structure ‘with no appdren.t A-—_ray diffraction peaks, one with o/
'long.er-range'-l_ooal' ofc_ie__zr than is achievable with conven- '
tional ~amorphous' semiconductors-.' '~ We believe that th:l.s
gradual onset, in the structural sense, ‘of amorph:.c:.ty is _
the reason for the preservation of the desirable crystal\/
propert:.es in the amorphous polyphosphldes.

_Dz.stlngu:.shable from Known, useful Semlconductors "
The composition and structure of the fanuly of poly—
'phosphldes clearly d:.st:.ngu:.shes them f.rom all known, useful

sem:.conductors' _
h Group 4a | (Crystal Si, amorphous Si:H, etc.) A
3a~-5a (III-V) . . (Gans, GaP, InP, etc.) ~f
. 2b-6a (II-VI) (cas, caTe, Hng’I‘e, etc. )
Chalcogenidés'.' ~ (Bs,Sej)
- 1b-3a~6a (C;u_In_Sez)

Distinguishable from Knoﬁn Forms' of Phosphorus

- The alkali polyphosph:.de (MP_, M = Li, Na, 'K, Rb,

Cs; where x = 15 and mur'h greater than 15) are phosphorus
| rich. '.-In" cases of "htgh x" material they are almost all
phosphorus. - Nonetheless, their  structure ' (pérallel
pentagonal tubes) and thf::.r__pr.ope_rties'- (stability, bandgap,

-



There is no ripping dpart of strong tetrahedral. bonds (coordination
nunmber of 4) as in silicon because the phosphorus, wtha uch

| ower coordination nunber than silicon.,, can accept nuch gré%;f/
structural disorder without. the creation of dangling bonds.

pol yphosphi des are polyneric in natujg- The result is a polyneric

amyr phous structure with no apparent X-ray diffraction peaks, one with

| onger-range |ocal order than is achievable with conven- tional anorphous
~sem conduct essduct¥eithel i petotbrductivity) adtbéaryetdigtiddif s r whiewr al

, of = higity, s th f - ' f th i,r abl
cense. O SERRN b S SR 0" e Reghe LD oL e RS o
Known, Usefnedgemedndictlety THéttonfbsi.t i Bre amtmiotuntal e refl atiensiriigsy of
pol y- phosplingag ehedel yathshbngpi-nles LaaLbLAULE! beliggun,  usel ul

sem conductors: “[err] Distinguis om Known rms of Phosphorus

-10- conducti vi t Pur meskodwfd Rnsinysh EPegiryifysthiguiaspectemf mivast |
known phosppgeeasmaieeid.s theagkmenibeiye! haweniad aredghad ?Jé’ér{ some-
Hittorf). T%% s%h%ctural r 'atloq hi ps anong these various forns are

di scussed b¥Pa% CBREURIIE -hadPGok@lHRWANE, S AP Sh ORI T GRFReISY YRR .
phorus itself. The nonencl amorghous! P ®rarRed Pas been sone- what conf using.

The fol lowi ng. sunmari zes o4, CULTEAT USR8, Lono AT POU ER1eBEd Rerm

for all ' non~-crystalline forms of _.red
phosphorus, usually prepared by thermal
"treatment of white phosphorus. -
2. Violet P _ .
This microcrystalliné_form of ‘red phosphorus
is;prepared'from.chgrges of pure'P,-either'
\/} | | white or amorphous red, by extended thermal
' treatment. . oL
.3.  Hittorf's P - . | _ e
Crystalline form of red ‘phosphorus struc-
lturally identical toIViplet P; Hittorf‘s P
is prepared in the presehce 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
i : - of double layers of parallel pentagonal
' tubes, with adjacent double layers perpendic-
ular to each other in a monoclinic cell.
Hittorf's P c¢rystals are somewhat larger
(approximately 100 microns) than viglet P
microcrystals. ' |

;

It

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




Arrorphous red phosphorus is a generic termfor all non-crystal line
: r_g red phosphorus usual |y prepared by thermal treatment of
phosphorus 2. Violet P This mcrocrystalline formof red
ﬁt@) orus is prepared fromcharges of pure P, either white or anorphou
ked,_Hy extended thermal . t r.eat ment=11: Httorf's P_Crystal line for of
red phosphorus struc-.turally identical to Violet P. . .Hittorf's Pis
- prepared in the presence of a_|large excess of |ead. ‘ﬁ‘llte this, the
terms "Hittorf's P' and "of optkapi-RRPEPBPLER" |shargesed | eringhuaieabl y.

The crystal structure Corb%ﬁ Sttsneof adnubhe i@y%rpi:a%fedaryal La.gls.ea%&taqg%ak
tubes, with adjacent doub ers %ﬁp%p‘ - ular to each othe 5.
monoclinic cell. Httorf' ’c‘? B st &r el 2EFRe Ty E A ger‘“‘“‘"1 ysis

-(approxi mately 100 micr or:sc)nfiratns vthé epr@sehceoofy stlXali 4(500 Lo ge00oyst al

Monocl.i'ni ¢ Phosphorus Eve rger S essential _
i sostructural with the ﬁ%’%e 2 s\gégé ?éé‘aé %ﬁ%ﬁ%l%ﬁ R oTﬁégguﬁdvel N
crystal s are pr epar il by Tebstedr Bibeor Phosphotugat nents -

- A crystall:.ne form of phosphorus described:

' here:.n prepared by VT treatments of’ amorphous

-
-

P - charges. ‘Believed  to be

B | _ nearly-isostructural with polycrystalline
- ) . UMD Wl " : S , .
__f‘_. | o MP_ r:.b_bons.._ o R L

ROLE OF THE METAL- WHY PHOSPHORUS IS NOT GOOD ENOUGH
The many allotrop:.c forms of elemental P are ev:r.dence
~ for the variety and complex:.ty of the bonds and structuresu
. ‘that .are access:.ble with phosphorus. "We lack & detailed,
comprehens:.ve model of exactly how the alkali metal works,
but have developed a large and body of dar:é showing that the
metal stabilizes ph'osphoros so that a single unique'struc-

&y



-of al kal ir- phosphorus charges,. The inclusion of the alkali is apparently
essential for formation of the large crystals. Analysis confirns the
presence of- alkali (500 to 2000 ppm) in these |large crystals of phosphorus
5. Twi sted Fi ber Phosphorus A crystalline formof phosphorus described-
herein prepared by VT treatnents of ampyphous P char ges. S|}
BehLeved to be nearly-isostructural with = polycrystal |l
"ribbons" ROLE OF THE METAL: WHY PHOSPHORUS I'S NOT GOOD ENOUGH The many =
al l'otropi ¢ f annee ofmay erteat sde Ratred evimtenc &Heor ehldempakel eb¥ apdtéﬁﬁnhﬂtt y

of the bonds A t h are accessible with phosphorus Ve | ac
det ai | ed, conprgheﬁgﬁgéyég c#u?% exactly how the al kali netal.works, but

have devel oped a I'Bktrowhd dbdyledstiateemsow ikaltihametthd ,methe. sfehﬂ.bwzag

. phosphor us sqgﬁ&@élﬁeélg[méﬁoqahguscéafuc- - 12-
51 ture nmay be selec from the ensenble of potentially avai | abl e
structures, Wthots atThecBBPSPRgRRS Afkunstablal (e.ghe. WhakroR) ng

undesi red phenoneng. ocome: tne extBRtPBRARNGr Wnduh Lalsa@t& &nﬁ@.za lsV\QbE%stE)
; e 0 |

D oncy e Satent that SeKB0US BhI%ke BR238n 335055 o) Bepln Aomperat
m crocrystal s tures and .of. a size llmlted to mlcrocrystals _
' " (e.g., Violet P), or
C. At high pressures (e.g., black P).'
-Without an alkali metal in the charge, the MP
» type of structure is not formed by vapor trans—
' port. Rather, the twisted phosphorus.fiber form
we have discovered isiobtained; 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 dfsCovered'by
.us} favors large crystals of monoclinic P to form at a
different temperature.

The dominant role of structure, not compoéition,faSAthe'

—~ determinant of properties is made clear by noting that KP
o (x much greater than 15) has properties (bandgap, photolum-
— inescence, Raman spectra) that are essentially  those .of
'KPls, but are somewhat different from those of monoclinic

pP.

It is clear that even a little alkali metal can serve’
to select a stable phase. But will non-alkalis work?. Krebs
reported non-alkall polyphosphldes, with tubular structures
consisting of 2b- 4a—P14 (2b = ?n, ca, Hg and 4a = Sn, Pb).
Why do these form? ' _

A speculative hypothe51q is that these materials form
in the tubular structure because the Group. 4a element is
amphoterlc and can occupy a P site in lieu of P. _ _

One can compute an cffocttve electron afflnlty of the

15 framework based on the 1on1zatlon energles of the
alkali metals, all of which are less than or equal to 5.1



- (e.g., Violet P), or C.© At high pressures (e.g., black P). D. W t hout
an alkali nmetal in the charge, the MP[err] type .of structure is not forned
by/wapor: trans- port. Rather, the tw sted phosphorus fiber formwe have

- dig¢p¥ered i's obtained. This crystallim&phase - is netastable and the

structure is not well defined as shown by our X-ray, Ranman and photol um
i néscence dae¥. Thenér.egggc'e g_fn_ altgp?:li metal in vapor transport favors t%
al |l -parall el { sted phase. 7t $o, &aldudedeer o us, favors large
crystal s of ?r%ﬁ%%*’f‘ﬁié Pfes. ¢>bheratp@5g§_,f3%gr ent t_errp'eé_rééq}r"é Henidat et
id et eTMRRM Ebdnpr apesh i 65 | SLE

" rol e  of struébude-Pnp CORPRRSIgS 0N, t he
lrgg err] _(dxtsl'rmcﬁJgrQ&-éfrethmh MmakeRds 1R O ‘g%‘jﬂe%bpv
a e

. evus Pt
‘clear by hotpfgetd | )
* (bandgap, . phot ol umfﬁé"é‘é%hb‘é’}lzﬂahan" i@SSt'gﬁg ‘that aré-e
those of KP[err], but are somewhat different frof Pho88ual Bo Wt gi avgl ear
But

that- even a USHEUIE i Lt al -can serve to select a stable phase.
w Il non-al kalTs >~ .reported non-al kali pol yphosphi des, with o
t ubul ar stru((;tur@é‘%dﬁ‘%ﬁ@tiﬁgiﬁiaib&&gﬁg%f_ 22}5; Ztg1 Cd, 11g and 4a = Sn, =
- Pb). Wy do (sliegdef @uyaA9pecul ati ve hypothedi®® ithathathé hese: jal's- :
_formin thebgﬂgglaar :t?rz; u%tla)r g&f)%%aﬁ%%blﬁes_@nbdan&acﬁb‘égem .i@iﬁ%ﬁ%i@??ﬁ'ﬁ
and- can occupy d-P Fe¥respondingfl to £08 g qonmput e an &P 3 eemeegyron -
tclhé:’ Q‘:l ) .z%EVbnandn-@,g{ﬁitﬁ{'g

- affinity of effdchent fpRoENe sed on
 .t¢f po mh?%ﬂ“§€%V}sgs Q#ﬁﬂipﬁbﬁﬁlﬁﬂiﬂéﬁéﬁgbe Th

e alkali gpgal %heal Iha Imark e o
of a semic nductor with . otenti
: P ntial

a . » - . N
i:llcatlons. in _electronics"and optics., Wh

“other alkalj ' these
ther a;kall MPlS materials alse hav o

= Li, Nar_ Rbr. Cs).. ’ . e the

Is of the ./

howeve : : . _
cryst :' L [OF conducive to growen op 1
stals that are 'thof large, .
Large, twin-fre. ® free of crystallographig et g,
o ree single Crystals arefthe.bas. _EWinning*,
le basis

-semi¢°nducto:_ deviCe,'technoiogy tod: Of nearly a1
| _ ay.

Polycrystalline

 destz s i :
iy roy spme_de51rable Properties due to'th
c L > L] o .- ) : |
b ewlcélg.Q}Scontlnulties ‘that are 'asso.' :
oundari Br et eid coetat
: da;;esﬁ_aHgnee, our attention turneg )
orms we had discovered. . - =

d..with such
the. amorphous -

_ _ » OF as a goating
as thin fiim . ~ 1 Mave been generall ,
ease, and S for extrinsic ‘Teasons (cost, man'ul_f.= Y Mmade
’ a i : . ) . e a $
Problems j PPlication need) and ‘intrinsic rea cturing
SMS In the bulk amorphous state). = sons (material -
We s g4 Trakel. . o
 amorph have discovered that KPic can be made = .
Iphous thiji s . N o e as a .
hin f£ilm (by Yapor Transport) (This - Stable
' -7+ \This cannot pe

done with silicon... - C
| | Slllcon: amorphous sj is not stab] .
crystal Si is.) o SrHRLe, while single

Stable, bulk. ang . s SRR e -
- ___F"L'._'ler- .bulk, and thin film - amorphous KP
SRR <

als.o.-.be made by vapor transport



-13- eV. One "can, in turn, .calculate- -effeéctive ionization
potentials for other possible conpositions such-as the 2b-4P[err]- =N
" conpounds. All of Krebs materials ‘noted above have "effective ioniz w&ﬁ\

| ess than or equal to 4.8 eV. USEFUL PROPERTIES Qur major initial cnégg_’;y
was that the KP KP[err] whiskers (single crystal) were stable
semteonductors, with an energy bandgap céshresponding to red light (I.8ev).
and exhi biting efficient Photoconductivity and photol um nescence These
are the hallmarks of a semiconductor wth potential applications in .
el ectroni ¢s and opt There iphpykéesceothatie thelser pallyphospRiBesnneri ahasalado

have these propgr i , T hekr n "
the materials Egd%te%sbaex%i:e:o%rggy?n ?P‘sel zc%)eafnu 19%#%*123?% Igf tBBES Haﬂ:'e’r

fabricating devaéésM&qq,f Bt i . "WEDr sixrAtisedthaat 16he a:neyssamlham tin -
however, - is lagblrceﬁq;lscﬁa\mlnteo £ G &nd Ofneh 8r 8Rorphblg! @ounte¥Hadts as

that are free | 1o phi -1 nn|n Large, tw n-free single
crystals are tﬁ@oﬁgsﬁg ﬁﬁkﬁgér%yq %séﬁ or '

devi ce. technol ogy

togay . rolycrystambpnﬁcm&nemsautummalhgﬁSnmﬁﬁphbmctchthEHSﬁx 2 iﬁﬁ4dmr-
i ndi vi dual grains are e ai n_boun S serve _
destroy sone dedt r%?—ei‘gé%‘gie?r%%]ecs af(géllg'hy%‘l‘ l%’h%‘g EEmgcal €leckro

di sconti nui t i-estattiltat copging) assobm atfed.'rt,vvl the éu@’n bbohdaenes.redeatsl vioty
attention turnq%ﬂﬁ%&Jya&yggyﬂEﬁ% to 107 ohm-cm) is an advantage for such

junctionless system applications.

Electronic and opto-electronic devices all tequire thct
some junction be formed in or with the material to provide a
sharp discontinuity..in the potential energy -felt by the
charge carriers. This requires lowering the resistivity of
the material by doping. o

We have discovered that Ni diffused into KPls sexrves

the purpose of reducing the resistivity of the material by

“several orders of magnitude. Surface analysis has demon-

strated that Ni diffusion from thé solid state (KP15 deposi=

ted onto a layer of Ni) follows a ncrmal diffusion pattern

during the growth process of the £ilm.

Device conf:.guratlons with Ni as a back’ contact and

— diffuser; and other metals, such as Cu, Al, Mg,.Nl, Au, Ag

Ry and Ti as top contacts, lead to junction formation. . Junc-.

tion Current-Voltage (I-V) characteristics havelbeéh measur-

ed with these top. contacts. Junction Capacitaﬁcé— Voltage

(CV) characteristics have been measured with Al and'Au top

s contacts. The data indicates double junction formation with
' a high resistance layer near the top contact. ' e

- The high resistance layer is an undoped portion of the’

KPls film which results from the praesent doping'pfocedure.

" A small photovoltaic ecffect (micro amp current under a
short curcuit condition) has been ohserved.
SYNTHESIS OF POLYPHO°PHTDF5

Below are described the methodr we have discovered that
will produce polyphosphldes of varying composition and mor-
phology. - '

|
e



forhs/me had di scovered. Useful anorphous sem conductors, whether. used

as “j.Unction device such as.a photovoltaic cell, or as a coating such as
i n-a ctrostatic copier, hare been generally made as thin films for
extri reasons (cost, manufacturi rgsease, and application need) and

intrinsic reasons (material problens in the bul k anorphous state). W hqxg
di scovered that KP[ err] can:be made as a stabl e anorphous. thin
film (by vaPor TESRLBREEE Phagk dCPAnSyhthesdegne with silicon: anorphous Si
Is not stable, whhke gé@gkg BY I bulk, and thin
film anorphous #PLe gxenugh% eafggstﬁiﬁifgﬁhﬁéﬁaélQ@Qi?qﬁmkSQﬂk
vapor transport Tﬁ éetst§WPG§n¢@rBhatahﬂe&@oppEuﬁmgxaguégg%gyg§
unusual in yet aobahge mayrleﬁhauusghug RIoARES; Il s %f t.hese nat r- |als
MP[err] and MP &ﬁegg greater than 15) are simlar A rEMT %
crystalline forns and tfelP 3ﬁ89§h56§“§8@ﬁﬁerp§ﬁN§ta§laWQmand15&ﬂHes XV
and XVI 1 bel ow. ppb?crgstamslnE|Mpé ngr@ng&aag%%dthln fil-mKP15 requir--ing
Red :

no junctiong cangb a ny,i_¢ ., electro- static ‘copying). In;
.fact the high i ﬁ'ig §5L¥cg %v ‘.55 S8 ynghegist d LE3MVEN | ohn}cn)
‘i's an advant age %o?téﬁéhnpuﬁsac@nhesshaygée&sa Rlcla¢ali @RS onfd eGld P 5Hm

opt.o-el ectronic gegbggg |1 u hat_ s nction be fornme |n or Wth *
Che mat ori ol tC)grQV| eé tdBAVULRE chhalg geateg to a temperature, Tc,

1s greater than Td, where Td represents . the
'temperature(s) "of other area(s) of the tube where

.
materials dep051t from the vapor.

Crystalline MPlS{ N
crystalllne, polycrystalllne (bulk, -and thin  films) )

and amorphous bulk 'high X, MP_; monoclinic
P .

.phosphorus, star shaped fiber; and twisted- fiber
phosphorus are produced. '

_'C:Z Two Source Vapor Transport Synthe51s (ZS—VT)

.Source reactant charges loaded in an evacuated chamber-
.are separated phy51cally by distance with a- -deposition
zone between then. The two sources are heated to
temperatures greater than the dep051tlon zone (in order
to get amorphous material, at least; see below) .-The.
| | dep051t10n zone need not be the coldest one ~in the
i .E' o .system, but a coloer area should not be. able to trap .
‘more than one component., 2S-VT was the first method A%J
used to make thin film. amorphous KPlS'- ‘Polycrys-
talllne and amorphOLs thln films of MPlS -and poly-

crystalllne thin fllms and bulk amorphous hlgh X, - MP
~ are produced '

D. MelL Quench , - . S K

.A charge is heated in a sealed evacuated tube
_(isothermally, if possible)  to  temperatures greater
than the "melting point" as determined . by endotherms
observed in DTA experiments, and held there for some

__per;od of time. The: _tuhe is then removed from the
furnace and rapidly cooled, . CsP7 glass has been
produced.

E. Flash Evaporation

A charge in powder form is fed in small amounts, under

a slight Arqgon flow, into an RF-heated susceptor, which



sharp discontinuity in the potential energy -felt by the charge carriers.

This requires lowering the resistivity of the material by doping. W have
discovered that Ni diffused into KP[err] serves the purpose of reducing
the resistivity of the material by several -orders of magnitude. Sur
anal ysis has denon- strated that Ni diffusion fromthe solid state (
depdEf- ted onto a layer of N) follows¥mormal diffusion-pattern during
the growm h process of the film Device configurations with Ni as a back

‘contact and diffuser; and other netals, such as Cu, Al, My, NI, Au, Ag and
Ti as top contacts*9 MAEARINER1FBrteBPeRRTBRES greeteri thauabeut - 800Page

(1-V) characteri st |mfweub@e§u§@e§wr eelhéwﬁatéiaféf iQppuEOEﬂfB'tf?
Junction CapaC|tanqe Vblta e haracteri stics have been neasu ed W th
Al and Au top cont arLuous, rl’?\’&?ch’f‘e%sdob’blEh?ﬁﬁ%u%ﬂmﬁﬁirﬁ?l@ﬁnﬁﬁﬁﬁ

a high resistance Im:ylersuueﬁacdme t’np:.soma.cnteffhedhtchra A3y 28R keyer is
an undoped portion of Its resent dopi
procedure. 15 A s eg{% 1E’;lil'%:éne %ﬁé% ai‘rpgg]ﬁﬁr'%h ﬁﬂﬂ@?sétgﬂﬁrt
curcuit condition) O%@ee@s@bt@mvewap@vmem L £fk YPAGEPR DERaBebsw

are described the wehs \ ere h I u
_pdl yphosphi des of \%Q/ E@lﬁ%sﬁﬁgﬁggﬁ ghé @hgﬁk LeREaR ?g directed -

ngn evacuated chamber where J.t strikes cooler .
surfaces, resulting in condensed-product materlals.---. |
Amorphous films have been produced.

F. Chemical Vapor Deposition (CVD)

In general, this refers to production of material by
mixing two (or mofe_) vaporized components which must
undergo some chemical reaction to give products. - 2As -
o practiced by us, K and P‘i are J.ndependently metered
into furnaces where they are rapidly vapor:.zed -and
carried downstream by the Argon flow to a cooler
reaction chamber where +the: combined streanis yield
condensed product materials. - = S
The significance of CVD lies in that of these methods,
it is the most amenable to scale-up and to- doping--in
situ, i.e., simultaneous synthesis and:. doping of
m material. .AmOrphou_s thin £films of KPls have -been
' produced. : '_
G. Molecular Flow Dgposz.tlon (MFD)

This is a mult:.-source vapor transport techru.que that
draws on 2S-VT and ' Molecular Beam Epitaxy (MBE).
Indépeqdently heated sources are used and .the vaporized
species are allowed to reach the substrate {also
independently heated) at a controlled rate not
achievable with 2S-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 conﬁinuously evacuated to
- control.pressure. ' ' '



A Condensed Phase (CP) Synthesis This refers to the process of
Tl heat-up, soak (heating at set tenperature), and cool down of
ycharge carried out in a container of mnimmvolunme. There is no
tvransport. Crystalline. and bul k .polycrystalline MP15 are produced. -
: Si'ngl e Source Vapor. . Transport Syntl €sis. (IS-VI) A starting reacta@
charge is located in one area of an evacuated tube which is heated to a
“tenperature, l?%_1'5V\%‘}w‘rl-'cdzirJi._.'.a_lg_reater than Td, where Td represents the
tenperature (S) g her—_area(s) of the tube where materials deposit
fromthe vapar,.. ,%Olés’%-g?ITY‘?\’élﬁ/PYcPﬁsPallyphesphﬁggy Lystalline (bulk, —and
thin films) RWF&hor s andll ‘éomﬁéis&[}' X I\/@ =rials edhddififeirent
phosphor us; sterimhaned fihess; and, twste Fer Weres phiaded aang pbegggs-ga
C. Two Source Vey)or Tr ansporJt %ﬁ?ﬁ?’h%’si s (2S-VT) Source reactant charges
| oaded in an evaclaé¥®hanberfar e sepstet ey physical Ly by distance with
a. deposi ti on 2peld chdtiveny),. 4K, Jhe. WO Sour cB¥efle’ heembdondGctor
terrperaturespggggrrgrtitohan he’ dep%S|§$'5n°f0|%1r(_iwomf cheés_t&agg% émgrghous
material, at_least; S66 Bl GiPIleTimrydapdsing@y; zone, need n T9 hEr PR ethe
%}- %ﬁs N HRRtwE amotpidus

col dest one PACeRéadgoromichu d:coniy it g0 o € iR Maaniet amotyy
nmore t han one -congg; : 2 S- was i e thin
fil'm anor phous : Kgfg?f’ - al_l. ' W-ydﬁ&f tmhtbpeayand K%m')r-pho'us thin films
Pb }lle.eywdﬂe'mepéb}ﬂhigﬁﬂfdgnd( bul k “an phbds Bi ghindqud

B

of~MP[err] aft¥
are producedth&h 7)Meldh ch . X the same as : |
P -7 m@é%'_?;% which exists £ OF greater

= 7 or x = - . .
KP.. and Kp ll' Such as csp NaP,, Rbp
“11 3nd kP, do not fomm as compounds 7 T ste.).
the RK-P System. is  easier to "
al.l.cal;—:meta.-l-P Systems, where multiple compes W/
... In addition, from the resules “mpounds can form,
*t 1S apparent that whenever x .

whatever mea _
same ue o-_ €ans, and brought in the proper ratio ([P1/1K] s
. O gnpe - . . : . A2 ‘the:
in the pro 7 at.er. than 15) to a zone whose ‘temperatux tl?e
winge roper window, amorphous KP._ wi1l . woeocature is
AAOW we mean the temperature must é: o Orm. By this
crystallization ' T , '
. i mﬁ . ation .of KPJ_5 and high enough that T TERR
x C0 greater than 15, is not deposited, - HPys 'vhere

Based -on thi L
_to operate on J;sh tepet’ all synthesis methogs can be S
. ' the. same general mpfmesoe. . . O%.Seen
Ssimply us . g : : Principle. __Each.
S etY used. different means to achieve conéz'-cim“f - method
Tk, O source

P are v_apg,rized,-_- by

' Th_e._ ‘two source

ontrolled,

: - nfations - L '
: thln films has been selecteq by ' KPIS |Srerphous in
: s = Y us as ' d3

_ Composition for  the development of . o leading

materials. . useful semiconductor



A charge is heated in a seal-ed evacuated tube (isothermally, if

possible) to tenperatures greater than the "nelting point" as determ ned

by endot hernms observed in DTA experinments, and held there for sonmes mod

of time. The tube 1is then renoved fromthe furnace and rapidly (. cbdled.
CsP7 glass has - been produced. E. Fl ash Evaporation A charge

powder formis fed in small anmobunts, undarg-a slight Arqon flow, into an

PF- heat ed susceptor, which -16- is nmintained at tenperatures greater

t han-about 800C. Inside-the susceptor, the material is put through a

tortuous path where it is, in theorySUMMARM to contact hot surfaces. This

Is intended to rapidly and com pletely vaporize the charge such that the

conposition of the resultant vapor streamis- the sane as that of powder

bei ng inj ected. TheIPagolederédminguwiinvedindiP i Hhe natwiacehirelyohearhides,

where it strikestaeelidhm 1§HI¥§§6§phi§éU|miMéf‘sC%'Id&eiﬁ&@'tp'fLOdéh?t'in' length

mat eri al s. - Anor phous L, L1l ns _have been produced. F. Chem cal | Vapor,

Deposi tion (CVEFTEnPFOFMcad bvhisd el (SOURGE pYRRRE t FEAPROTat er T inNesti-

M xing two (or gavis)y Wheod gk ndgoneht shibi pAtersialuitergs Tuteritiied dby
reaction to grve

_i hdependent | y ﬁ%'[r(%r Ce)gll.iﬁﬁroa ‘:'TA"'[S?'r‘-"I[)r ?%élﬁir@/ﬁuzvg?ggfaﬁ% ;lK?%L%?Xi'é%l%n‘&ere
: .. KPyg. It was also discovered that these crystals were semi-
conductors. When measuring an emission at 4°K under argon
N laser illumination,-photoluminescence was cobserved having an o
- energy of 1.8 eV, thus indicating that the material possibly
had a band gap within this energy range. o

Later, in order to determine the conductivity of these
whiskers,. leads were attached with silver paint.. In order
L 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
was measured with the unilluminated conductivity of the
whisker being = about 10" % (ohm-cm)”l. 7o " establish
whether the whiskers had a band gap, measurements were then
made of the waveiength dependence of the photoconductivity,
the wavelength dependence of the optical absorption and the
temperature dependence of the cénductivityﬂbf the whisker.
. These measutements, together with 'the"photbluminescence'
measurément at 4°K, established that the'whiékeréfhad a band
gap of approximately 1.8 eV.;-Thus;itlwaS'establised that
) 'KPiS crystalline whiskers - were potentially *° useful
‘semiconductors. _ _

An amorphous £ilm was. formed on the inside of the
quartz tube during the vapor transport production of the
lKPlS whiskers. This amorphous film was also found to have
a band gap on the order of 1.8 eV and a photoconductivity
ratio on the order of about 100. Like the whiskers, the

. amorphous £ilm had - an electrical  conductivity of
approximately 10”8 (ohm~cm) ~2. Thus it was established
' that it also was a potentially useful semiconductor.



Mol @

carried downstream by the Argon flow to a cool er reaction chanber where
t he conmbined 'streans 'yield condensed product materials. The significance
of CD lies in that of these nethods, it is the nbst anenable to scal e-up

andZB», doping in situ, i.é., simultaneous synthesis and dopi ng of -_

mat@ . Anorphous thin filnms =3~ KP15 have been produced. G o’/
ar- Fl ow Deposition (MFD) This is a multi-source vapor transport

- technique that draws on 2S-VT and Mol ecular Beam Epitaxy VBE) .

I'ndependent | y Fdg &FRIATL IR PIRIAN LAY ERethapbryeREOsFeWpEsWhatler

al l oned tp. reg6tildt be mtdRided cas(ahggel RSN | sucheatedilicdh, a

controlled lré’i\t.e not. achi evabl e w th %S— VT. ng dego ition tq&es, place in

an evacuat¥FC I WP L (REHOATEHPR AgWBEERRE 833_5?"??8!? ¢BBs&F not

avai | abl e amaxphoS- fi)lms Pife ERgpbecomdyd bbesexd¢produciblyi mades! and

evacuat ed o pr L7~ eri. akgeqvar of
PA yphospr#%eﬁ%%?él% S %‘ﬁygﬁ %?5?1% 8!%?@%%& rr%{&ané‘%o%gg%i ??‘g?s%were .
- initially terigationiuef ngheumaterdsdisypretecedohy éhe vapiat transgostit ial -

cuseful - S80ECORKICt DG APRY | §ARLEGSus! MR LATNAS SRl Ui {:kh%% hanged
~fromthe preparation_ of smgle cryStal materials to that of anorphous -
. same useful properties. - . :

After many vapor transport ékp‘e’riniehts - the inventors
_weré a-stohished to £ind that the po_ly'crystaliine and amor-
phous_mé.terials that wvere produced by vapbr transport where
" a single source of a mixture of potassium and phosphorus is W/
heated and material condensed at the other end of a closed
tube, were not KP . but when-measured_ by wet analysis were
' KP,, where X seeme'd:-to range from about'200.to about 10,000.
' " The -inventors have since made the amazing. discov'eryu
that the affinity of phosphorus for potassium, or any alkali
metal for that matter, in single, source vapor transport -
causes initial - deposition of MP,; as the ‘most _stable
polyphosphide. - If there is an excess of phosphorus, then a
new form of phosphorus will be deposited. (MPx--whére x is -
~‘much greater than 15) This new form of phosphorus:-has the:
—~ " same électrohi’c ‘qualities as KP;g and. is ca usef\_xl'...
semiconductor. L S Se
_'buring the course of their investigations the inven-:-
" tors, in an effort to form thin films of polycrystalline and
_ amorphous KP . 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 'a'_lkali" metal _ana the phosphorué‘ ‘are spaced apart
and separately heated. By controlling the temperature of a -
separate intermediate deposition zone, ‘thin films of MP, .
where M is an alkali metal, have been made in polycrystal-
_line and amorphous 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 'x_nateri-'als presumably poly'rn_er-l'i_ké having the formula _
MPx_, where M is an a:_lkali metal aind xl is much g'réater than

1%



materials - either. in bulk or large area thin filns. Anong all the-MP15
materials KP15 is a unique crystalline higher Pol yphosphide ( ﬁn?;.sane as
or greater than 7) conpound which exists for the K-P systemy.- n :
contrast, the other alkali netals can form conpounds with x 7 or x =
11,7 such as GCsP7, NaP7, RbP[err], -gpc.) and KP7 do not form as
conbbﬁnds For this reason,. the K-P system is weasier to control -
~ than the other alkali-netal-P Systens, where nmultiple conpounds can form

In addition, from twe lhesnel t8196 Wedexpnasﬁemxaépmkmﬁ; | GhePR] €Rlapor |

t hat whenever vapori zed and brought, |n :
t he proper rau%’??ﬁ'f? da Iggpgg’eor éré’asteerMPﬁlﬁﬁugﬁ)r L eV z AePQRiddon
t enper at ure i snethods @¢DpeynhhadnmmnanbhpbeumaKEkea&b will form By this

i ndow we nean the aty e S € £ t
\émryst allization of v?(%rlrg@éar%g% Qﬁ gﬂgu fhg.wuﬁ L% e'?]r SX?XREPSPQldSSﬁUCI{*S'

greater than r&lllsb%oﬁoﬂ%bﬁglﬂéﬁ BaééﬂroﬁQMnusetmbt$emitosdncherss X may

nmet hods can bergggd ECoRPIr &l iwfinite. SﬁﬂgwﬂeQQRQ%1p?Um¥?Nd§phldé§MHave
met hod sinply used |ffeient means_t o--.achi eye contro

vaporization bR€ cEAFPEEE oHP;edep¥Biy ¥ onand THB, stwo Weouh@vesy Sligapvered
(2S- VT, CVD anghAEDpresamadlyl opt Byher useimb axide haPDRG akheV Fdrali18s RN

ot phods. | (HVREETET BE FeB 88aRex BRaBl 18" [V " Us" 5 Cour leading
conposition for tAdsodehetiopnebhesef lmﬁgasmixsorsiu@w Bsouetealvapor
' transport has been improved over the priox art by control-'
o ling the deposition temperature to be constant over a-lafge
area, so that large area thick films and boules of poljcrys—
talline and amorphous MP, where x is much greater than 15
have been formed. _ _
N Large quantities of crystalline and polycrystalline’
' MP, ¢, ‘where M is an alkali metal, have been- made'.by
heating together isothermally st01chlometr1c proportlons of
an alkali metal and phosphorus. This condensed phase method
produces excellent MPx whefe X ranges from 7 to“LS for use
in single source vapor transport. . The condensed phase
method itself is facilitated by the prior mixing and grlnd-'
—~ 1ng together an alkali metal and phosphorus in a ‘ball mill -

hood of 100°C. This ball mllllng surprLSLngly produces
relatively stable powders. _ o _

All of the parallel tube. polyphosphldes have a band gap
of approximately 1.8 . eV, photoconductxvxty__;atlos much
greater than 5, (measured ratios having a ranée from, 100 to
. ' . 10,000), and 16w conductivity in the order of 10-8 to

% (ohm-cm) "1, ' ' .

Since we have discovered that the amorphous forms of
these materials,.i.e. alkali polyphosphides: MPx'where X is
greatex than 6 formed 3in the presence of an alkali metal
have substantially the =same semiconductive properties, we
conclude that the local order cof Lhe amorphous materials is
‘the same all parallel 'pentagonal tubes substantially
_throughout their extent. ' o h

which is preferably heated to a temperature in the nelghbor- -



.- conductivity changed

- 18- "SUMMVARY I n a general inquiry -fnto the nature of - polyphosphides
potaSSLun1ponphosph|de whi skers of about 1 cmin Iength wer e produced by
. si ngl/efspurce vapor transport. In investi- gating the properties-of this

mateN¥@y/ it was deternmined by x-ray diffraction of a single crystal that
- the crystals were KP[err]. It was al so gl scovered that these crystals we\g
- sém - conductors. Wen neasuring an e sion at 4K under argon | aser

iI'lum nation, photolum nescence was observed having an energy of 1.8 eV,

t hus indicating that dihe. fméerd ﬁ ad bapd thint

ener gy range é@&gr j,nor der to &ete& rﬁndeegt]hetggn Pﬁ\%{gPYﬁEPsrﬁesT@hos-
‘whi skers, a r ShOPRLOREE) wi Cevalend: fands - air-n btheer majosdeyi f ofhe
| eads were thgsPlhqraStan:hed ﬁemanXEéYaﬁgﬂbthQEYSbﬁhs bkeBarPl ngo%‘,n%er

m croscope \A@héectcl;, VI t As neas . -Qurprisingly
gr a%%t % t he CEE)EV alaldashave cgemacohductor

m cr oscope,. Eﬁ‘éﬂﬁ?hﬁeﬁhe i1 um nat | on. A phot oconductivity rati-o of .100.

about - 10[er1] (oes coytarry B8R of CRBMTLhERb Bl ACARRE Aibicrs: whks

~ about 10[err (ohrré1 n?.‘
. band gap, ne25trRfeht3nwkhe Fﬁeﬁnﬁﬁdenoprohedmgel:hegﬂbmﬁlalaﬁl&deaﬁaugfnbae

phot oconductpaths ah@e ﬁm/ebgﬁgmegegggggn%edg tqf é\%]cal bsor tion and

t he. tenperat‘urgfe ndeﬁcﬁ of the conductivity of ?5?3 eram §epro-
measur enent s\ - ¢9ge h ?ﬁ@lﬁﬂﬁtiBFEhﬂEesEWMUrem ‘phodphorhl,

.

est abl i. shed atmtst ferevhitsiond ehad anaarng‘gar&a@‘enzﬂbq_rdyg MeLekY- %mt Va ThUS '
0 -

i€ was estab | 1ine. whiskers were .
useful- 15 potent *Mnt_}f Charmcixi %e cross sections. The alkali - metal

atoms, when present, join the catenations together. Atomic
species. other than. phosphorus, particularly trivalent spe=
c:.es capable . of form:.ng 3 - covalent homatom:.c _ bond-s-,
should also form semlconductors. o T

A

Thus we - have :anented new - forms of phosphorus -and
. methods of making the same , solid f:l.lms of amorphous -and
- polycrystalline MP. - and ‘methods .amd apparatus for making

the - same, methods ‘and = apparatus for mak:.ng metal

polyphosphldes by multiple temp’efature s:.ngle source
‘techniques, methods and apparatus for making hJ.gh ‘Phosphorus
polyphosph:.des by multlple separated source techm.ques,
_ : o . .methods and apparatus for making MPlS by condensed phase'

techniques in polycrystalline forms, sema.conductor devices \J
compr:.sJ.ng polyphosphide groups of seven or more phosphorus. :

atoms covalently bonded together in pentagonal tubes having 2
a band gap greater than 1 eV and photoconduct:.v:.ty ratios of
. 100 to 10,000, "semiconductor devices comprising MP ‘'where
-~ M is an alkali metal and x is greater than 6, and materxals
hav:Lng a band gap greater than 1 ev_and photoconduct:.v:.ty-
ratios of 100 to 10,000, semlconductor devices formed of a
high. proportlon of catenated covalontly bonded trivalent
- . atoms preferably phosphorus whpre the catenated atoms are’
_'JOJ.ned togPther in multiple covalont- bonds the local order
of -which conpr:..se*_ layers of catonatnd at:oms which are
parallel in each layer and the Lzyerv are parallel to each
_ other, the catenatlons preferably being pentagonal tubes,
-sem:.conductor devices compr:LsJ.ng an alkal:. metal and said-



sem conductors. An anorphous . filmwas. fornmed on the inside of the quartz
tube during the vapor transport production of the KP15 whiskers. This
anor phous fil mwas al so found to have a band gap on the order of 1.8 Caah
a photoconductivity ratio on the order of about 100. Like the whi sker S5

t he”anorphous film had an el ectrjgal conductivity of
apprbilnately 10 (ohmcm J[err], ‘Thus: it was established that it

al so was a-potentially useful sem conductor. -19- The problemthen

presented to idaenated orsa:mwm heshdRE £ 1 | th€ OUh@mb&r pr QEUCEQnsééuki‘We
crystals, such_as .si I|c ug@d I S conductcyCl roducti oh; whet he

pol ycrystal | i if& &'leé‘rﬁ)r ‘ﬁ%ﬁ% ) Rondsy T kpit r SHPBAGE] tﬁ*}P"’rraGBe
and utilized frombsem cdndmwcwmmd onpords the fnéhdehar 8Qacht efnhkakial

of the materi t r S cXPe
anal ogous mat (?I’I a{'l S whi ch rﬁl 8 \é\%ggt ugttsg:nrre@%{sﬁé?gg p";&oﬁ% 3d %W?Puﬁgﬁy
vapor transporqo‘-é%ﬁdélmﬁan"ﬂ% ﬁéStn\ié’FPt sraremrtedisunhtshedach immhdhalwangt e

pol ycrystal | i ngat HOb£ pélpua.ear&t efi @o%élf@{ti’iﬁrﬁoﬂagﬂuc@&é}%
transport. where a single source of a mixture of potassium and orus s

heat ed and natR¥§E8T enPEPSEIATNS ot ARE RGNS cPéBéélltuBéet r e 3fOMS

KP15 but when gerdusteilydly Wt idgahysithenaie ldtonef EokeSafiiRY £68 aabifer,
f rom about 200 to 1;_';\.bout rﬁ1_0 000. The .i,nv nt%ﬁ? ve .since de the ammzi ng
di scovery thatIFHREE3Y | YA phdSHIS LmSHChn Femieonductor

devices, methods of doping such . ‘semiconductor devices,
/’* methods of conducting electrlcal current and generatlng
N electrical potential utlllzlng such devices.

We have therefore discovered a whole class of materials
to be useful semiconductors, some members -of the  class
having been first produced or properly characterlzed by us,

[ and others of which have been produced in' the prior art with
their useful semiconductor propertles being" unknown until
our discoveries and inventions. . ,

All of these materials have-a band gap within the xange
of 1 to 3 eV, preferably within the range of 1.4 to 2.2 ev
and most preferably about 1.8 eV. Their photoconduct1v1ty

ratios are greater than 5 and actually range between 100 and

o~ | 10,000. Their conductlv:LtJ.es are within  the range of
o 10-5- (ohm-cm) :!', _ being in the - oxder = of.
~ 8 (ohm-cm) ™%, - '

Those . skilled in the art will readlly understand that
the alkali metal component M  of polyphosphl_qg_ or any

. . appropriate trivalent "ide"  capable of forming homatomic
covalent bonds, and having the formula MYx may comprise
. 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.

~ We have further diccovered and invented methods of
dopincf the materials of tle invention utilizing doping with
iron, chromium and nickel, to increase the conductivity.
Junctions have been prepared using Al, Au,‘Cu,'Mg{ Ni; Ag,
Ti, wet silver paint, and point pressure contacts.,



nmetal for that matter,. in single source vapor transport causes initial
~deposition of M15 as the nost stable polyphosphide. |If there is an
exqes@ phosphorus, then a new form of phosphorus will be deposited.- (M
wher € IS x much greater than 15) This new form of phosphorus has the same
electronic qualities as KP15 and -3 a. useful sem conductor. Duri Q%{
~"the course of their investigations the inven- tors, in an 'effort to for
.thin filns of pol¥crystal | i ne and anor phous KP[err] and other alkali netal

~anal ogs whi ch couTBendineergaraeibdy ogi n rge vappy transport,
O st he e o ptsphides

concei ved of (a11 [ LLES ated squrce) vapor :
whi ch. the al ka }Aﬁ?ret al- gnéﬁtsﬁgs- ph@?pl‘ﬁﬁ& keen sgemedsaparbdand SeRaalsl v

heated. By TOM ?SH'Y'ﬁE)Yt he tenperature of a separate internediate

deposi tion zone, Thésef8bpengf mVER Mis an alkali netal, have been
made in poly | A éﬂ%ﬂg;“%om’rﬁ? PRXits ofe o dowenad.onl a@g ed

&{Q/&%@I - line and anorp

to the productTo ¥ thin. fil ms-.of polycrystalline and thick filns of
anor phous phosphdfhe semieonduetot g : m_a ther- materials
presumably polwdfeesdd ke hayi ng t?r,e f'ggsﬁlﬁi&?ﬁ_aﬁﬁ%"kﬁ?% @f theapresenal
and x is much greater than - J0:de Yamiety smfisakdd ash pRgor %53955
positron

~Cheni cal: Vafliotegrnductors antipr @goSEy, - t%d?@c%%#' ?erqég%%e. Oﬁ:ﬁ;ghtf :
' use A r X Hol§ or

oo v e e LG, “aloier ana dnsagrated etn:
- | s s * applications; metal ‘oxide semiconduc-
tors; light detection applications; phosphors Subj.’ect' a
"photon Or electron excitation; ang any other. apj e; =
-semiconductor application. - : ' ~ Ppropriate
. In 'ghe course of our work we have a'l'sb"prod{xc.:'ed fc; .th.
_fJ_.:;st_ time large. crystals of monoclinic.phogphbrus ;h °
| crgstgls ‘are obtained from vapor ‘transport i"..échn'i' \;e ?sw
MP15 charge or mixture of M and P (M/p) ip varﬁ"n: ra::::g'

Surprisingly, these large crystals of ménoclinic, phosphorus

. contain a significant amount of alkali metals (500 to 2000,
PPm have been observed). Under the same CO:l;x'ditj_b.'” % 2000
. crystals ~cannot be grown without the -1ons,
metals in the charge. _ T

| these
Presence of alkali

Two di’ff__ergnf.’ crystal habits have been 6bsérved .for

these large crystals of phosphorus. \./‘

h One crystal habit was identified as trunéatéa .'py:.:.;m-nidal
Shape crystals as ‘shown in Figure 39. fThese cyrstals 'are-'

~ hard to cleave. The other form is a platelet-like crystal

F andl. is cleavable as shown in Figure 40,

'J.'h.e -largest crystals we have produced J.n the--h'abit
shown. in Figure 39 are 4 x 3mm X 2mm high,
crystals we have produced in the Hhab
are 4mm square and 2mm thick.- . '

: The largest
it shown in Figure 40

- The crystals "ar_e metallic l-doking on refléction and

.ceep. red in transmission. ' Chemical analysis indlicates that

they. contain anywhere from 500 to-  2000 parts pér million of
.a_lkal_l metal. - Their powder X-ra :

- Raman spectra -and differential thermal analysis are all

_c'onsistent_with ‘the prior art Hittorf *s phosphorus

ay 'd'i'f’fra'q'ti:b'n patterns,



wi |l be pointed out below, for useful seniconductors, x may range from7 to
infinity. Known al kali polyphosphides have the formula M7, -MP[err],
and MP15. We 'have discovered that presunmably polymer fornms exfsts -
having the formula MP[err] where x is much greater than 15. Al so d&&Etng
t hese investigations single source vapgé transport has been inproved over
the_prior art by control- |ling the depo $%i on tenperature to be constant

over a large area, so that large area thi-ck filns and boul es of polycrys-
tal'line and annrpq9%§

: [ reater t.han.l15 have been
formed. Large quant |%J|§/§éﬁ{% s@%ﬁé&étéﬁ ?ﬁgggg%g %%F;sl@r 7ot aT1e RERERRET ©F
where M is Cesium| ital iFiguneal 41 hade ciysbalsmdeowhy inedthegpregender of
| sothermal |y giI&NATOLT | §1BURROTRHOAY PRailekabt iﬁvﬁd 24 PhgapBaris.

Thi s condensed phase_ nethod produces excell éent [err ere. x ranges from
7-to 15 for udklFR 3dpRYFEtesodr cdanfapdiaP t rafispsPeut  2md - e¥ndaksegoom
phase nethod tégsgetateréachbki tRLedmbNobNENnPET BRoBbKbRAsANd gi'ind- ing

t oget h Ik tal apd.phosph . LI "mi Ll which bl
heated (o a tenperBPar ETVACANS MaVgRBoRthbBAdopS S08opEFe) X Phimpuoas:’

mlling surpassopgigalprotatessréhatheekpdstand cipfwarared pobitbént bE the

aral l el tube sphj h . . . approxi 1. e
thtoconducti§gg§¥9§§tiggggﬁuc %rgggggiﬁﬁg%ég)Kn%%su$%§?£§%¥8§ H%anéﬁf
range from 109rowth0p600y5 materikrdw suvohdaot Indipm Phosphddeomsd Gadfliut08
to 10 10[er Si ' ednt : r-
of sThese m[at erbl}‘glggﬁla% gﬁ;egl ?@aa{;%%h‘gg%ﬁ?%gg I%B Fg?nrl?j Ié\%hcg;ﬁg ?E%?ig ea{%r'
than 6 fonnedasnl@f@TSresence of an al kali netal '

" We have grown from the same charge and deposited at a
slightiy lower temperature the star shaped fibrous crystals
shown in Figures 44 -and 45, - 'i ,
We have also grown by " vapor transboft”:a crystal
D ‘allotrope of phosphorus,” the twisted fiber of  phosphorus
shown in Figure 46. , | -
The polyphoéphides may be used as fire ;etaxdgnts.and
strengthening fillers in plastics, glasses and other
materials. The twisted tube and star shapeé iibers should
be of particular value in stréngthening'éompqsite materials
because of their ability to mechanicalily inie:lock with the
surrounding material. The platelets should be of particular
value in thin sheet material where g_lasé .flakes are now
employed =~ L S
' The film materials of the inVentidn.may 53 utilized as
coatings for_iheir-éhemical stability, firé xetardant.ahd
* optical properties. o - ' LT B

A 34



~ sem conductors

have substantial [y the same setniconcluctive properties, we conclude that

t he Iopal order of the anorphous materials is the sanme all - parallel
. .penta o tubes substantially throughout their extent. -21- In al
“the p hosphi des, the 3 phosphoru3¥§o phos- phorus (homatom c)
coval ent bonds at the maj ority phosphorus sites dom nate any othgp
bonds present to provide the conduction paths and - they all have
sem conductor pro p e | h ns all of
i ch o used” ] o s Hissst® G0l S9N AT AR ARATE ¥

“and the par :MH,@IWI}QMH & de ane meg@r@aﬂ@rtua&% F &S winge orh@ogeod-

sem conduct i gy iR | igiSimari e phoQphloRuds andMk alse giridat@rethaand t he-
- catenations form.sp |rals aVIE%@& annel -] i ke cross sections. The

al kali rmet alS&tofRt %é‘t‘? ﬁr%é‘fé'nt%%a]nolcﬁ'y I1®1s together. Atomc
speci ess ot her thdt ishgeeferoed gheati Muliz lopet orvmoaw adfkalicmesalsapabl e
O o 19 En U A sudiO R 1s 19 B0 4 R0 T

us we I nvent pgHosp ar 05 and

net hods of MEEpghere daks adoliedsiti Mns Eﬂeaﬁre@% mat@ TGl mpgt al | i ne MP
and met hods w @ PRERAEDS they fHtule t[Im» sarm nwhféqdﬁn idtégerapparat us

_ _ ,
L T (L ok e b O 0
pol yphdgphi: d@:ld:))of rﬁnstll ;IIM?.,]sepaealee'dllszqumm maacdmloapuempent
atoms are trivalent. :
In solid phosphorus material according to the
- present invention the phosphorus atoms may be joined -
togéther_by mﬁltiple covalent phosphorus-to-phOSphorus
15  bonds forming subétantially pentagonal tubular arrays of
bonded phosphorus atoms the local order -substantially '
throughout the said phosphorus being defined by the said
tubular'arrays having predominantly all of their axes
generally parallel to each other. Such materials may be
20 'charaoterized in their local order by tubular columnar
' structures, which are generally parallel. When viewed
'on'end, such columnar structures may be channel-like
'and/or péntagonal, . _
'Preferébly, the'present materia1s have bandgaps
25 substantially within the range of from 1.4 to 2.2 eV,
more preferably SﬁbStantially 1.8 eV; and a photocon-
ductivity ratio Within the range of from 100 to 10,000.
Materials in accordance with the present invention may be
formed of a single crystal or they may be polycrystalline or - =~ .
30 amorphous. In such materials, at least 7, more preferably at
1east15 rhosphorus atoms may be bonded to<ﬁﬂmu'phosmxnus
atoms per each of a metal atom.
The present materials may be in the form of a film
or coating, for example on a glass or metal substgate.
35  Crystalline MP_ materials in accordance with the present



met hods and apparatus for making MP[err] by condensed phése techni ques in
pol ycrystal line forns, sem conductor devices conprising pol yphosphi de
groups of seven or nore phosphorus atons coval ently bonded together in

z ab .

. pentagonal tubes having a band gap greater than 1 eV and phot oconducti
ratjiQs. 0-f 100 to 10,000, sem conductor devices conprising MP[err] wh
is an-alkali metal and x is greater t1®8h 6, and material s havi ng a ban
greater than 1. eV and photoconductivity ratios of 100 to 10, 000,

sem condugct or devices forned of.-a _hi I 0 ' f cate .cqvalently
bonded tlf i val ]érﬁ{e%ﬁ]bor% mpa?a(‘%eer an) ﬁfﬁ%s?% ﬁ‘og’&; tlj\ﬁro%e%rfgo rtcgiglgc g\%‘tg tlégsatfg) are
-j oi ned toget hetomppsikte inatenield and bdeds examplecamagyr der egbedgiedcin

conprises |aygrssdfor GatiANAl8Es #aQ@iathi ch  are parallel in each layer
and the layers are parallel to each other, _the Cit?%nati ons preferably being

pent agonal tubes, -Seif RFFRFoARYSRtIOD adFsr TSRS t Bk FetrtdBhand

sai d-. 5 - 22-plad gty matfericluicdtainadle as tthe deposdtionl produgecuti ve
coval ent cate i.s. suf.fiLgientl I I t r. of

non- cat enat ed oﬁ%s&%quéreaﬁ%@%%ug%loﬁtsee}()ﬁaﬁ%?g?ﬁhgtgn @ctélaﬁlé{&lérsge)%fconduct or
devi ces f or nedehfsphamisuvgParodnd dihey vaporefft ongo ramors: ¢ tadist,s andach

unit having a skedldn igh JnRAathofucoY FoaFidnsSpidRd malesaaed at oms

r ef er abl hasphor nd having -al'kali, nmetal, ato conducti vel
bri dgi ng 1 he RIHAADIS i SERMICAL, VARG SePIShtdTon  The, BESESSSitRods

of formi@y sutte mesdwariduc odr tdm/imentnmg:odhw vafpord ariamg postc h
sem conduct or céﬁ%@fzs% providing heated separated sources of M and
N\’ P and a separate deposition zone having a substantially
constant temperature over an extended area. MPx in
accordance with the present invention may also be produced
15 by a process which comprises heating together M and P and
N4 then cooling to room temperature. - The chemical vapor
deposition process comprises separate gas streams |
of vaporized phosphorus and alkali metal over a condensing
substrate.
20

25

30

35



nmet hods of

conducting_pelectfical‘ current and generating electrical

potential utilizing such devices. W have therefore discovered a whol.e
class>of materials to be useful -seniconductors, sone nenbers of the

¢l a§syhavi ng been first produced or properly characterlzed by us, and
ot h of which have been produced in'the prior art with their useful

sem conduct
i nyenti ons.

or properties being unknow2antil our discoveries and

3 eV, preferably within the range of 1.4 to 2.2 eV and nost preferably
‘about 1.8 eV. Their phot BRIFFUDESGRIPTEON RF PRE PRAWENGShan 5 and

actual ly range -between 100 and 10, 000. - Their . conductivities' are within
of [err] Those. skllled inthe art will readily understand that

the range-
the al kal i
trival ent -
the formul a
~conbi nati on

net al Fegmporfarid oW Wideiot §abnmi o Bhe drngtaper 8pdi apdects of

thde"in¢enabbs, Ofréﬂliﬂérﬂge hemiuaE Cbeovué@ntwom aembﬂhag .

unb
5ot RPRFARFRGR R 4G cRBRTOrLoR M1SH WY ASEERT i n”
any proportp@mynnqtﬁnﬂwxﬂgampzn)whmcha3|c pentagona

broperti oo of 1 e ISR L1184 L ADRaARE: FL 6L EATLECRET SRIEHBEY seesion

OVGI’

‘met hods of @uﬁmsngquea m:em avaper tirenispeark |appanaﬁus zéegoudpnagtani tthe
iron, chromi éagagﬁckel to |ncrease the conductivity. Junctions.have

been prepare

Ti, wet silver paint, _and

| Au ' :
potnt pressure C(ﬁf%g% 'is a dllv%ranmat:.c view of a portion of the

vapor transport apparatus of FIGURE 1;.

FIGURE 3 is a dlagrammatlc view of another sxngle'

- source vapor transport apparatus according tco the invention;.

'data of phosphorus atoms in MPls where M. ls an alkalx_/

FIGURE 4 is a computer dlagram from x-ray diffraction

metal; _ .

FIGURE 5 is a computer dlagram from x—ray dszractlon
data of a cross section of KPIS showing how the covalent
bonding of the phosphorus atoms of FIGURE 4 forms. a

pentagonal tubular structure, - _ _
FIGURE 6 is a computer diagram from X-ray dlffractlon. :

data in longitudinal section of KPls,
FIGURES 7 and 8 are photomicrographs of KPls crystal

' whlskers,'

" source vapor transport accordlng to the 1nventlon,

FIGURE 9 ls a powder X-ray dlffractlon flngerprlnt of
crystalllne KPIS'

FIGURE 10 is a powder x-ray dlffractlon fingerprint of

crystalllne KP “where x is much greater than 15;

FIGURE ll is a dlagrammatlc view of an experlmental
reactlon tube for two source. vapor transport according to
the invention;

FIGURE 12 is a plot of temperature versus length for
the reactlon tube of FIGURE 11; :

FIGURE 13 is a diagram of the P to K ratio of the
reactlon products in the reaction tube of FIGURE 11; '

FIGURE 14 is a schematic diagram of apparatus for a two

-

Al'l of these materials have-a band gap within the range of 1 to

tubular structure and

b}



-23- The incorporation of arsenic into the Pol yphosphides (all paral
tubes) has al so been denonstrated to increase conductivity. These d
nmet hods are al so part of our invention and di scovery. The sem condu
material s and devices of the present invention have a wide variety' of

uses. - These include photoconductors: such as in photocopying equi pnent;
| i ght” emitting diodes; transistors, diodes and-integrated cir- cuits;
phot ovol tai c appllcatlons; metal oxi de m conduc- tors; light detection

appl i cations; phosphors subj ected to photon or electron excitation;, and

any’ ot her- appropri ﬁ%oﬁguﬁt A A Qﬁ%H C5%i Blle !dk tPRe CRYERENRE WF MRLK
we have al so produce for I rst ti e crystal s of nnnocllm
phosphor us. 'ﬂﬂEﬁ?ﬁﬁ%ﬁn%ﬂ%ﬁ%ﬁ%ﬁ%ﬁﬁaimeﬁl¢9 Vapor transport technique

using MP15 charge afigini uLe Qfs M a8gdaBr&MnBXikn \)/:?évY'BB laHdt®er react;.on
Sur pri singly, tBese | arge crystal s of nDnocllnlc oﬁg orus cont a
significant a S iad a.WSI?°H§F§I§rﬁﬁﬁb'§EF3ﬁﬁﬁF pPRFAEYLNBER BB%e%U%ﬁ?’

Under the sanetigmngditions, these crystals cannot be grown without the

f al kal i th di ff ts_h
Deenobeerven for (AR 15 1000 BELdEpdiR ;g LR BE SHRIE BRE hRCORNE
identified as iagntQHEMBp@mmmmdhbnshape crystals as -shown in Figure 39. .
These cyrstals are ﬂ“ﬁ% 8 theays. anJhSOOEQSrBE%HEhE %1%%&-‘8heiul~.%araphs

crystal and is cl eava

as” shown
(SEM's) of a fllm of a new form of phosphorus MP where x

is much greater than 15; _

-\/ FIGURE 21 is a photomlcrograph of an etched amorphous
surface of such high x MP synthes:.zed by s:Lngle source
vapor transport accordlng to the lnventlon,

FIGURE 22 is an photomicrograph of an etched amorxphous
. surface of such high x MPx synthesized by two source vapor
transport according to the invention; | .

FIGURE 23 is-an photomlcrograph of the same. surface ‘as
shown in FIGURE 22; ' _ .

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

FIGURE 25 is an SEM photomlcrograph of the upper.
surface of an amorphous thin _f:le of KPlS synthes:.zed.by...
two source vapor transport according to the invention;

FIGURE 26 is a cross sectional view partly in diagram-

. matic¢- form  illustrating the formation of a " junction

according to the invention; _ | o

FIGURE 27 is an illustration of the osc1llosc09e screen
in the experiment illustrated in FIGURE 26; and . ,.

FIGURE 28 is a cross sectional view partly in 3iagram-
matic - form illustrating the " formation of a Jjunction
according to the invention;_

FIGURE 29 is an illustration of the oscilloscope screen
in the expecriment illustraﬁed in FIGURE 28;

FIGURE 30 is a 'diaqiam of. a 'photosensitive' resistor
acccrding to. the inventicn; o

FIGURES 31, 32, and 33 are illustrations of oscillo-
scope screcns showing junction activity in devices according
to the invention; . T



The |argest crystals we have produced in the habit shown in Figure 39 are
4 x 3mm x 2mm high. The |argest crystals we have produced in the habit
shown.in Figure 40 are 4mm square and 2mmthick.- The crystals are -

et; aI/Nc | ooking on reflection and deep red in transm ssion. Chem cal-

ana s indicates that they contain anywhere from 500 to 2000 parts pb-/
mlli nof al kali netal. Their powRl@+ X-ray diffraction . patterns,
‘Raman spectra and differential. thermal = analysis are all consi stent with
t'he prior art Httorf's ghosphorus " -24- Photol uni nescence of crystals
grown in the prdSERBEDF 3desidin ARAFB§uREes Plats cpfsEAPICEERRFS VarRus

presencecﬁaﬁﬁmnéuuanb&tEu@anegﬁkéﬁﬁw&peﬁij@hdﬁxahaaév§88&cmddafdlm$1ch
i ndicate rggg .about 2.1 eV at room tenperature for this
_ monocl i ni ca%%o%p%oi’ *r 8 érystal-s may be.utilized as a.source

of . phosphorus; aBIGPRECAV istatpisti nft hﬂpra&ﬂtambe ndmd- rediptahicen & 4 he

arer s chabeltn  SE kpRENRhak SR5° CHRbRER Blhere St THY) Msvides ¢

ndram They
utilized i naFeRrabngecho uhspllaysn@ﬂ-oas | asers. We have grown from t he same

charge and depospiegrat 38 S{&0Rt 1414 &Emerﬁﬁf&w& $oh %lapéga%/ed -

fi.brous crystals_shown_i.n Figures 44 and ave. also- grown

vapor tran§’BBPPleautéﬂ-}§F§I I"cﬁ’?‘bﬁ&?’b?cbh%‘sﬁhBP8§Ph°FH§_m¢Qréf-ffg bee of
phosphor US the invention;

o o - FIGURE 39 1s a photom;crograph of a crystal of mono--
- elinic phosphorus accord:.ng to the :mventlon, B \/

FIGURE 40 1s a photom.xcrograph of a crystal of mono- o
clinic phosphorus accordlng to the -invention; e
N FIGURE K 41 is a d:.agram of the photolum:.nescence
response of a crystal of monocl:.ru.c phosphorus accord:.ng toJ

- the invention; o ' .

FIGURE 42 is a dlagram smu.lar to. FIGURE 6 of the
photolum:.nescent response of a crystal of monocln.n:.c phos-
phorus according to the invention; and : _

~ - FIGURE 43 is a Raman spectrum of monocllm.c phosphorus .
according to the 1nventlon. . NEEEE '

FIGURE 44 ‘and . 45 are SEM photom:.crographs .0f another-

" new form of phosphorus accord:.ng to the 1nventlon, . T

FIGURE 46 is an SEM photom:.crograph of st:.ll another_
new form of phosphorus accordmg to the 1nventlon,

_ FIGURE 47 is a side dlagrammatn.c view of flash evapora-.
t:.on apparatus accordlng to the 1nventlon, S o

_ . FIGURE 48 is a cross sect:.onal v:l.ew taken along the
line 48-48 of FIGURE 47; . v

" 'FIGURE 49 is a cross sectlonal vww taken along the
.line 49-49 of FIGURE 48; and, _ _

' FIGURE 50 is a d:.agram of chemlcal vapor depos:.t:.on
apparatus, accordlng to the: 1nvnnt:10n. _ ,

' - The same reference numbor refer to the same elements
. throughout the several vicws of _i he draw:.pgs._ .



shown in Figure 46. The pol yphosphi des may be used as fire retardants and
strengthening fillers in plastics, glasses and other materials. The
~twisted tube and star .shaped fibers should be of particular value in

strengt heni ng conposite materials because of their ability to mechang

I nterl ock-wth the surrounding material. The platelets should be of
.partTﬁuIar value in thin sheet material whe gl ass fl akes are now enpl oyed
‘The filmmaterials of the invention may be Utilized as coatings for their
chemical stability, fire retardant and optlcal properties. - -25- The
present |nven5|§nc%%&§&®% toume 6 iduveRierdl ' MP wherein Mis one or nore
nmet D ily phosphorus; and x is .
greater than six; which is other t han crystalline KP15. 5 ' It is

preferred that Mis o N nples,of such materi _
I nclude NaP[err] KP n%g%[eﬂ?? andgéééferr?Lgﬁrfé?x ?g feléﬁgﬁnflo?hsxempll '
pr esent naterlalsfn®® b dé?lMQgﬂnPHQKPHQnuﬁnEplﬁﬁﬁosphiées]MWE reihere M is

ateger b s Mchpgr£pk&111RERal P! 8HAT tReRluDEBrhE bECpALAPhLAuS Frhad! are
[err]:[MP[err]. Cenperally, j or _conponent _atoens are Iva

solid phosphorus %%}eP?%PeXEQOFﬁ ﬁf%ﬁ)%%ﬂ#%ﬁ%séﬁﬁaimﬂﬁﬂ3RwlVhetbﬁessﬁﬁﬁﬁgl':

atoms may be joi nBfne, polycrystalline or amorphous. We beleive that in both
crystalline and amorphous MPls, this local order takes the

form of elongated phosphorus tubes having pentagonal cross

7~ . sections as shown. in Figures 4, S and 6. . All.- of the
pentagonal tubes. are generally parallel on the local scale
and in MPlS_ double layers of the pentagonal phosphorus
tubes are connected to each other by interstitial alkali
metal atoms. In the new forms of phosphorus-of'oureinven-,
s tion, many, if not most of the alkali metal atoms are
missing. However, it appears that one new form  of phos-r

phorus formed in the presence of very small amounts of
alkali metal atoms grows from %apor deposition in the same
form as MPls. One experiment to. be discusseéd below indi- -

‘cates that at least one form of this is by growth of the new

form of phosphorus on a layer of MPlS‘ The - MPls may act

— -as.a template causing the phosphorub_to organize in the same
structure. All of the materials having these-all parallel
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-
l1.8eV. Photoconductivity ratios range from 100 to~-10,000.
Thus it is indicated that all high phosphorus alkali metal
polyphosphides from MP, through .MP, and - more complex
forms and mixed polymers of MPlS and the new form 'of phos-
phorus discovered by us (MPx where x is -much greater than
15), which all have the all parallel) pentagonal tube
structure, if stable,. will ~ be useful = semiconductor
materials, barring the inclusion of elements that would act
as traps, cause the formation of grain bhoundaries, or the

like. ' I

In all of these materials having the all parallel pen~
tagonal tubular structure, our investigations indicate



t oget.her by multiple coval ent phosphorus-to-phosphorus 15 bonds form ng
subst‘ﬁi'ally pent agonal tubul ar arrays of bonded phosphorus atons the

| ocal r substantially throughout the said phosphorus being defined by
the s@ydytubul ar arrays having predonmnantly all of their axes generally
paralle€l to each other. Such nateridl s nay be 20 characterized in theln

ol A octngY LHEUnR] e £B14Bak: PRIYGL &fséawmCagaggﬂgfasﬁewh&n“

When- vi emeah suc col umar ur es annel or
pent agonal bopdef efabhg, t@hésprSQQtSﬁbﬁéﬁﬁé}%lh&vérﬁﬁﬁﬁﬁapé pgmber than

subst anti akhy WulhBbp bReotR8BEbOhASI VI 1. froPide 2peYmatipr 8196t eeabl y
substantially hin_t he.range of

duct i
from 100 tﬁoﬁéuﬁﬁéonwﬁ?ggfafg ﬁf Eﬁ?ﬁﬁniggmﬁgpefh%nﬁm%égﬁtprﬂvéﬂ?lon may
be forsed gbod semgbenduysbalpDOpehEyeaay bt psl furybenl bitneopingon
anor phous £S Saed t e at S
phosphorustégo %BQ ggggéggédeg %k%? méta il ospﬁgfﬁgga§gﬁgge eggﬁ &h%ﬁ
met al atcnwesﬂﬂélpgeséntrﬁﬁﬁeﬂmﬁugtﬁaynb£h¢nnﬁﬂe fosmm 8f HhPFPH?BPSCHStlng, :

fO[ exalﬁpl fa98 alggasérea i‘éhoﬁé'bgi'éﬁtﬁ o85theGnisealihlseiWPEornk ) o
materials in accordance ese t he
form of reitRPor BRAG ﬁﬁPe?ﬁﬁl?a?Sr g ggf%% ﬁﬁ?e?# gréﬁgc gg¥p§r§ﬁSFe my *
be enba@ded5|ﬂpggass as mopbalints phoepharuSThéepeedeng pnvémppshtabso

relates tog gtﬁoﬂsgh 5 phosphorus naterlal 'obt ai nabl e as the
dep05|t|on pr :

The famlly of semlconductor members to which the subJect
invention is dlrected comprlses hlgh phosphorus polyphmqﬁudes

'hav1ng the formula MP wherein M is a Group la alkali metal, ‘a)
" 15 and x is the atomic ratlo 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 poly-
" 20 phosphides where M includes Li, Na, K, Rb or Cs have been
formed and tested by the inventors. (Subject, of course, to
‘the above-mentioned proviso regarding crystalline KP;5.)
‘The polyphosphide compounds of this invention as presen-
tly defined must contain an alkali metal. . Some of the new
25 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 phosphorusl
30 was first synthesized as follows. B S .
Referring to Figure 1, a two temperature zone furnace 10
comprises an outer sleeve 12 preférably constructed of iron. i
Outer -sleeve: 12 is wrapped in a thermally insulative coating
14 which can comprise an asbestos cloth. The furnace was
- 35 _constructed in the laboratory shop of the inventors.
We used 2 P/K mole ratio of about twelve (12) as reac-
tants 36 in furnace 10. As one illustrative example, 5.5 g
of red phosphorus aqd 0.6 g of potassium were. trans-



of vapor transport from separated heated sources of phosphorus vapor and

t he vapor of one or nore netals, and to such a hi gh phosphorus,

pol yphosphi de material obtainable by chem cal vapor deposition. The process
for 10 the production of the present MP[err] by vapor transport co riffg
provi di ng heated separated sources of Mand P and a separate depositijon\_J/
zone™havi ng a substantially constant téﬁ%&?ature over an extended area:

in x accordance with the present invention may al so be produced 15 by a

Pageees, I ChBeTEG S8 e B0 odl P, Boant cpeoR LS rLgy

vapor O process COMprises
streans of vabBfi RPSHvypHorvas anasheRalrepesitaidlyw ewibh c acédosieng and air

substrate. 20a23e3Q 3Howeved'; aRiEFwQE%Rl;PEIsO\&QF%J&ErMN@énEQC &s is

ful 'er understandi ng of the nature and objécts of the invention, reference
shoul d be had*'§ Fﬁgvﬁﬂq(ﬁﬁ¥ﬁfQﬁﬁ%ﬂled description, taken in connection
with the accom Afitmyyi bgidgavnehgsgelin wihtish rdddddiftsl i35 ,2 .duper waLhs
ey Vo ByEARCrLO o Bihdp )" TP Yord " W edPPUA Vinen
_ placed in furnace 10. Tube 32 was mounted at a slight
incline in the furnace. Power sﬁpplied to conductors 24 and
26 was adjusted to establish a temperature gradient of, for
I 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

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 a nitrogen atmosphere and- the
contents of tube 32 were removed. The cbntents-were washed
with CS, to remove pyrophoric materials, 1leaving approxi- -
mately 2.0g of stable product. This resulted in a yield of -
P approximately 33 percent. | v ‘
Using this form of synthesis, various phases of resul-
U 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 zone 30, where'_ reactants 36 are
initially 1located. - Moving in a direction of décreasing
temperature along tube 32,'-'the'r'e is next found b.'l‘ack to
purple £ilm deposits 42 which are a :polycrystalline
material. Next to film deposits 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 fi;m déposit'48 is found on the
lower portion of. tube 32 in the beginning of cold zone 28.
Above f£ilm depbsit 48 a deep red film deposit 50 'occasion-
ally occurs depending on the temperature'maintained in the
zone, The deposits 48 and 50 can" be polycrystalline,



i nvention; FIGURE 2 is a diagrammatic view of a portion of t-'he vapor
transport. apparatus of FIGURE 1;; FIGURE 3 is a diagrammatic view of

anotfier, single source vapor transport apparatus according to the
i nvén n, FIGURE 4 is a conputer di agram from X-ray diffraction data of

phos rus atons in VP where Merr]-33-an al kal 15 netal; FIGURE 5 |s\@
copputer diagramfrom X-ray diffraction data of a cross section of KP15 .
show ng- how the coval ent bondi ng of the phosphorus atons of FIGJRE 4 forns.
a pent agonalammlhicaxs stotrucaurmxﬁmflJRlbﬁ P ly coyrgha ek ing agmﬁn fanmnpho\ﬂy

diffraction n t 1 gr@;

phot om crogrz?phs 0 KP errj% staf'ﬂgm%:g (e:?]:.sm§E %&El‘: |s§z§l povvder ethe
di ffracti on eMtF§EEr &R C‘F?i alkonge P15 @ QumRes 19r jSilm péﬁ@@ﬁlk r%’y
di ffract|on\,jﬁﬂg,er,pg|g}ﬁop§h@uysﬁ\a{;brmglKP[ erri where x is nmuch greater than
15; FIGURE 11 |s§aird| agrammati.c view of ,an experinental reactiqn tube_for

two source vapor ¥R pEPEIGcdSr f nGOPSIPHEUSHASRRE TRt W EURE 2SS ens L3Pt . .
of tenperat whe Vessusohengich floe ¢tbddr canki of thlee fadli@iRtudbde HEWRELAS3 -

abe of B CTudE i e 2 gl RREC el RO NaL Sl gget el
source vaporad:trwmbbprwaara.asr ch:cwgtinuouslyn\fmm amigh. quality - crystall:.ne
whiskers to polycrystall:.ne to amorphous. - In order +to.
~ ' manlpulate the reaction and attempt to deposit large areas
_of uniform layers of material a. three zone -furnace was
constructed and 'is illustrated in Figure. 3. .. As herein ™
eiub_odied, the three zone furnace 54 is essentially identical'
_ Ito furnace 10 illustrated in Figure 1, in. that furnace 54 .
: '_comprlses an outer iron sleeve 56, a tube 60, and a reactior
tube 58.__ For purposes of s:.mpl:.c:.ty, asbestos. wrappings o\J
: outer sleeve 56 and tube 58 have been omitted from Figure 3.
".Furnace 54 is primarily dlst:.ngu:.shable from 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. In addition,
' furnace 54 has associated w1th it three distinct heat zones,
- 62, 64 and 66 which are individually controllable to create.
S a more definitive 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 tc _keep'reactants"BG_- in
proper. position. .. . _ 5 : .
| " Very good quality preparat:.on of KPlS whiskers were
_obta:.ned using temperdture set points of 550, - 475, ‘and 400
- degrees centigrade in heat zone_s 62, (4 and 66 respectively.
It was also found that bulky deposits generated in furnace
10, wheh_loaded into inner sleeve_ 60 of furnace 54 and
feheated in the aboire-j.dentified temperature gradient, would
‘sublime to form'film dnposits like those of films 48-52°
:Lllustrated 1n Figure 2, but only when-.a high zone tempera- )
ture, of at least 400~ 475°C was used, . o
_ Unlt ‘cell structural information on. KP].S czQstels
produced ;m accordance with the method described above was



-28- FIGURE 15 is a diagram of one of the el enents of the apparatus
illustrated in FIGURE 14; FIGURE 16 is a .diagrammatic vi ew of anot her
reaction tube for two source. vapor transport according to the inven- ti
FIQJRE 17 is a diagrammatic view of a ball mll accord- ing to the

i nvention; FIGURES 18, 19 and 20 are SQI\/% ning el ectron m crographs (SEM s)
of &fil mof a new form of phosphorus I[perr] where x i s fmuch greater than
15; FI'GURE 21 is a photonicrograph of an etched anmorphous surface of such

high x MW sm&md&dﬂw Hilll e SUHYER MAPK-raydNAREEr agesohdi Bathg tfaexd
i nventi on;

S an hotom crographof et ched anor phoys ace
of such hi gh %%@%t HELF edaBy ?%gmggﬁflcedﬁgSSFcfpﬂﬁgﬁﬁrt agco%(h
the i nventi orgirk XBJREXZ3 tiad anf pkﬂcnﬁ)nmmgma;phdd:hméhersams s wdlastad sdrm/m
in FI.GURE 22; g%%’? | .RDO r og
per pendi cul ar (%:d e éﬁrfa;cgfdggwt%q?eg GGJ%S %r‘gér}tf%hs% Cﬂé&@%@gneﬂ by
SEM phot oni cibegaphmeshodshaisippen sm:ttfadceoﬁ)f 2aﬁ4amm@¢¢mh fxlelﬁiheﬁ-

KP15 synt heSIéﬁsany t W9 1SHHL Ca¥BREY derr%nsPGéété&C EtY) éPe&E?oh“)ﬁ%@t'% .
FIGURE 26 is a ross sectionat viewpartly in diagram matic form _
i I | ustrati ng 9ikEerentiat; BRuripr §Yntﬁ‘ﬁ§tlrson according to the invention;

Typical needle-like crystals were examined by high
magnification and scanning electronic microscopy (SEM). The

~ resultant SEM photographs of the c¢ross section of the
' needles show that the needles are apparently composed of
o 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-
e _ m_ated to be approximately 0.1-0.2 microns. Larger fibrils
' -seem to have a fine .structu-re consisting of parallei"
lamellae of approximately 500 angstroms thickness.

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

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 1layers of
separated phosphorus tubes are connected by -a  layer of
. potassium atoms. As _judg.ed by the. inter atomic distances,
) S the K atoms are at least partially ionically bonded to P

atoms.- A cross sectional view of a whxsker 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
pho§phorus atoms. The other phosphorus atoms are chained,
with the missing bonds linked to a potassium atom as shown
in Figure 5. Thus, the potassium atom appears to link



FIGURE_27 is an illustration of the oscilloscope screen in the experinment
R u%?ted‘i n FIGURE 26; and.. FIGURE.28 is a cross sectional view partly
i n-di am matic form illustrating ¢he formation of a junction
according to the invention; ‘FI QURE 2935s an illustration of the

osci |l oscope screen in the experinment illustrated in FIGURE 28; FI GURE 30
i s 4 di agram of a photosensitive resistor according to. the invention; A

- FI'GURES 31, twulayndpBesphoris| ustita | al‘i80ﬁ§h0%0hﬁi§sn§§0ﬂep55&-gaaé shg@sng

junction acghei iivies S AGGHM he invention
34; 35 and 36 ar evg ggg&k@ﬁca acl tanc% vg?éﬁgséﬁﬁl &P cPleEPheaRspGtams al

in juncti orPYUNFRE SSCESFSPH’SI"LSO athddistancennof FBCORE 27993 and o, 7¢a,
capaci tancereaspba:temelyance'rna @-bumjgt(y},cég ‘;%%quepg)ﬁ (g 1aﬁ{)l gedgo%taint i al

of devices t o, the_jnvention;, FlGURE i STa di‘agram

preferred f'gt%n%‘%l' ?%ﬁe%@%uF%eu?hPﬁﬁﬁﬂrpé FBRANAONESYI betweens BT to
accordi ng tbllheammvamerm@e E@ELFE 39 is-a photom crograph of a crystal of .
nmono- clinic ph 48 finy §g.Lhe invention, FIGURE 40 is a o

phot oni cr og‘;gph' of a crystal of rm SYSERR i SETHRISIR r DaVABGor el n@vieradee -

i nvention; PSR anglesofa 984 apdinthbé lshmowmﬁ@wmtaesg@nge useful

. semlconductor. ~Black phosphorus has a s:.m:.lar structure and
- an average bonding angle of 96°., Trivalent. atoms which can - -
form their three bonds within the range 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 lattice parameters and atomic
pos:LtJ.ons we found for crystalllne KP

t1st T
. TABLE I -

Crystal Lattice Parameters For KPlS '

Triclinic system
- Unit cell parameters .

. a= 9.087 A° (+ 0.15) A°
b = 11.912 A° (+ 0.10) A°
L e=  7.172 A° (+ 0.15) A° - .
=101.4 - (+ 0.1)° T e
= 107.9 ° (+ 0.2)° - '
= 89.3 (+ 0.1)°

The unit eell is primitiv-e wir.h on2 molecule per unit 'cell
and a volume of 723.3 Cubic Angstrems . -



response of a crystal of nonoclinic phosphorus according to the invention;

FIGURE 42 is a diagramsimlar to FIGURE 6 of the photol um nescent- response. -
of a crystal of nonoclinic ..phos- phorus according to the invention; ar ™
FIGURE 43 is a Raman spectrum of nonoclinic phosphorus according to thel{J¥ /
invention. FIGURE 44 and. 45 are SEM photg@icrographs of anot her new for

- phosphorus according to the invention; . FIGURE 46 is an SEM
phot.6m crograph of still another new form of phosphorus according to the
invention; Fl GdRE A7 4y Sipde diagrammatic view of flash evapora- tion
appar atus accordi lvention; FIGURE 48 is a cross” sectional view
taken al ong the |in@heghighss triadyRd neblerisonmetay ip Lhe Ghowe storctural
view taken al or@rifligudadtion %% otefrt FBEu8Lra8dp. Fl e 58rbipawdird0rala
of chem cal vapqr_ .deposition anarZ}u _according té the invéntion. The
sane reference e FYFhdYsdha sl enent's t hroughout the several
views of the drawi nghe cor8@spBREInODE-FEOR ARG NGAGTE rBid iIONVENZLEN fde
hi. gh phosphoru teLj s LDV ' empli- fied by.the high. .
phosphor de. pol Wiiasphe ST TRl EibE. LI CERYY, cober” sadSptadtagn 1o
forms of phospdvayn f aprelgwre #fd4 bThisveshowshahe sidri Bpaclingal witherthe
whet her crystalgorresponding X-ray intensities. : S .

Similar X-ray powder diffraction data have been obser-

—~. ved for whiskers and polycrystalline MPls materials with
M= Li, Na, K, Rb and Cs. - .
e In all these isostructural compounds, the structural

framework can be viewed as formed of parallel pentagonal
phosphorus tubes. These tubes are linked by a P-M-P Bridge;

The rigid units for this type of structure are P, and

N : MP3. The building block for the atomic framework - can be
v1ewed_as [P4 - MP3] or [MP7]; .
Therefore: :

[MP7] + 2[P4] —_> [P4 - MP7 - P4].
which represents. the basic structure MPls.

Of course, one of the building blocks in such compounds
may be present in much larger quantities than the other. 1In’
the case of MPx, for ekample, there may exist 'building'
blocks of [MP7] . and [PB], which - are present 'in a ratio
of a to b, respectively. In such a case MPx could be ex-
pressed in the form [M?7]a[P8]b, wherein mathematically
x = (7a+8b)/(a). - .

It is also possible for a compound to have b much
greater than a and have the same basic structural fr;hework.
.. _ This type'of polymer 1like tubular structure will result

in "fibers" or whiskers of the type MPx with x much greater
than 15. . . -

Whiskers and polycrystalline "fibers" of the type MP_
with x greater than 1000 (M=Li, Na, K, Rb, Cs) have been
observed to crystallize at low : temperature (about 400°C)

- using the vapor transport technique. The X-ray powder
diffraction data of these materials are substantially the
same. Data for KP_ where x is much greater than 15 under

comer i11uminatinn 3a cheon in Fiemprs 10



~line, polycrystalline or amorphous. W beleive that in both crystalline and
anor pttgus MP15, this |ocal order takes the form of el ongated phosphorus

t.ub vi ng pentagonal cross sections as shown in Figures 4, 5 and 6.
Al -Xof/t he pentagonal tubes. are gen 7ally parallel on the |ocal scale and
in MP15 double Ilayers of the pent a? nal phosphorus tubes are connectgd

to-~each other by interstitial alkali metal atons. In the new forns of

phosphor us- of ou fs e
atons are m ssi néqe n%,%p CH\BQI? ap ea?g ﬁkgggi%g\%l tgrgmaoﬁo&aen %ﬁéﬁ{a?ﬁs
formed in tis&ywcdsmese bfaseéryogrrapenangamaé ofrasRal seabiah apbnspgonus '

fromvapor qepps.ti Gfhd rkpthecsﬁ?euaarmsaaé\@é&u&&ﬁp%lﬂ?ﬁt tOnaBe_,-
di scussed bel ow 'i ndi - cat¥3 i\st one formof this istBy grokfh of

the newf or BB phdsPhpsus fea PHRF Bt FRbis MetRls I\niiiBeﬂﬁyt&ctP]s@(at e
tenpl ate causn) ddle pig)sep,horus to orgam ze in the same structure. Al of

the materials ha : se -all.p pent p horus t ubes have
been found by us\gtooq'h r‘éCB‘éﬁal %%ﬁet%eﬁof%% Qg WETRRE 6™ he -
order of 1. &mﬂn&mmmﬁitﬁnrmdwhmhosllhnge based d>ﬁOpénta§oﬁaQ ctioss it

sl cat e Lhaoal Lbial PhRSPIaLS kbl T Sle POLURNOBRILECR LI 0T,

through fornms and m Xed yrrers of
t he new for rehdspheius pmlﬁlﬁovéﬁedlﬁ?sns mmmzafy whdihe x Phosphorus

greater thanydgns c‘!%%bai'épfﬂi’é’@dtﬂ? @Eﬁe?ab%|1|&|lde%e”tsiﬂﬂf‘3éstﬂ§e Bi or

£t ructure, it stable, usef ul semi conduct or ,materi al

barring the $®el u%‘%lb?l"-’o?“%}%?re% er haP akaRgPEEcent isapossiblss f"H-é:hc’“t.
formation Ofatw'éiréle unSﬂfeesmgr e | llk@s:.d:n alth:ueﬁ-.utrbesaaﬂat eheal high \J

havi _”_9 th_e al hogghoru gfyphosphldes. _
- - Table II shown the various MP compounds synthesized
that we have found the same structure as crystall:.ne KP:LS' as_
: shown by XRD powder d:.ffract:.on f:.ngerpr:.nt analysis. L\

"TABLE II

Rigid units ‘ MI_>3 _an’d- Pé
Building blocks [P -MPB] or [MP7] and [pel
£ . - ; “MP <P 1 or o
: Basic structure [P4. MP.7 P4] or lMPlsl _
M -+ 1i, Na, K, Rb, Cs - i

Compounds Isostructural With CrYStallins_ KPlS' |

: l'- . : . - Ce e e
1-x Ty Fis-y T e
£ x £
£ 7.5

M and M' from Group la

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



. tagonal tubular structure, our investigations indicate -31- 1 that
the multiple continuous coval ent phosphorus-to-phosphorus bonds of the
t ubes being substantially greater in nunber than the nunber of other b
Wi I'I" provide primary electrical conduction paths for electrons and hol(€eg
and thus provide 5 good sem conductor properties. It is further our
oplﬁrbn that the presence of alkali neta% in the charge, even when
resulting in trace amounts in the new forns of phosphorus we have
di scovered, pronote growh of the materials in forns that faintain the sane
structural and el edfVdriadt 1o obBRt iEWeRtoEs £Pundy, 28 REgYdoMsily stated,

phosphorus, depgidithe oarylep@m1nsnwme@let:1sorts:odﬁuéci aith | ¥hef awamcwr
menbers to mhu;h t he sg t|on [ i rect rlses

phosphor us pol - aV|ng h&F8r ol b5 MP[ ére?%aﬂygﬁsa‘ﬁgoﬁbe
| a aIkaIi|ﬂﬂe#qlquigsthbdmmetamdenmmﬁmhwu$|mmbérpabsphalﬂhem@hnbﬁaicatbng

bei t | €] 1
(00! Lo led SRS Sl | S AUARL hfpkon
has not been rasokhed Mﬁynyhkﬁmssynhﬁ@&@dﬁ WPVERRRbded stoichiometiie.

Hi gh phosphorﬁrd ayn pf@émhlwhes \Aheé& Mp .ncl udes 'a'nd N§u Bis F%’ Ra

have .been for nd t ested ? the 3% entors. rse,
above- ment i ondRHIRRAAELRGGF aths LEFReRatYRe S, Fh?héﬁ&ﬂﬁuﬁﬁﬁ$hﬁﬂ€nace
conpounds of tmmswmcn orinasrpg@ﬁena twygullef ipysivest arepbRbUsAERKR bf

etals Some ofyd he ney 28, ol Ol e BROSRRUNL TP ¢80 SRR Tedlhe the
‘ methods of produc;ng these materials and to invent a new two
source vapor transport apparatus in order to successfully
produce polycrystalline and amorphous MP15 materlals. 'The
very high x materials which are now thought to be a new form
of phosphorus, "have also been prepared by this method by
initially depositing MPls and thereafter cutting off the
‘source of alkali metal so ‘that..only' phosphorus vapor is
present for deposition of pﬁosphorus. Additionally,
condensed phase process has been extensively.investigated in
which molar charges of MPx materials where x varies from 7
to 15 has been investigated. In this method the
—~ stoichiometric mixtures are heated isothermally to reaction.
- and then cooled. We have produced a wide variety of;MPx.
s materials in this manner which are crystalline or
: polycrystalline powders.

N

There follows a detalled descrlptlon of the methods we
have employed to synthesize hlgh phosphorus mater:.als ~and
how we have measured the electro-opt1ca1 characte;xstxcs and
demonstrated that they are useful semlconductors.



~anpunats if not unmeasurabl e amounts of alkali netal. However, other netals
present in mnor anounts as, for exanple, dopants or inpurities.

d, as we later learned, a new fqQrm of phosphorus 30 was first

besized as follows. Referring to ifg ure 1, a two ténperature zone

furnace 10 conprises an outer sleeve 12 preferably constructed of iron. \

Quter sleeve 12 is w ed | t her | a oat.ing 14 which can
conpri se an ashestos gfg :2 %an% gggh%@ 5 gh'E ﬁ}@%&gd inthe - .

| aboratory shop of the TRYERLPES SE K ratlo of about twelve-
(12) as reac- tants 36 i ' “ ive exanple, 5.5 g
of red phosphatrednafions g of potaSS|un1mere trans- - -32- ferred under
nitrogen to quart%&UEecﬁal ubr b@r abgmria@sfserfufdien&h ULoas giashad
repeatedly with acetong, air . dried However, IS mashln I S

consi dered ofPi GR&RLe ¥aP§’rt FRESIPFe D iSh ¥itdd P Eﬂ%éﬁ‘: S

reactants 36or- aebes:ihwas ev:aca@mbriate tempexakpkes J.L-O[cenrﬂe&r Otapor

seal ed, and, then _plgced, in fur Tube unted at_a

S Toht i ol | EPRBPRE rur FQFe LS T LARHTRT A PasEsiane: BPEtes thiny Sakes
adj usted to mateliiadls sarenbeldt ine gkesk euonbaotfandeharaqtleé wigtthed Gato
-3000C from heat...z0 8 he W, t e ﬂgﬁgg

inclination %ﬁ o &r rn]%c% fég‘ eér{‘ﬁngFéQ?é V\'/éeﬂr.ée ggggggg irglf R afe
the hotter téﬁpesl%ﬁmqedattes&ﬁew is applicable.
- The methodology descrlbed by Von . Schnering was essen-

tially a slngle—source vapor transport technlque, althougha

- the charge sometimes consisted of separate ampoules of metal

~and phosphorus heated to nearly the same temperatures. How-.
ever, the flow of vapor species to the deposltlon zZonés was
effectlvely the same as when the metal and the phosphor\“)
are flrst. m;xed together. . More speclflcally, in single
source vapor transport the vapox species are first brought
together at a high temperature and then are deposited at a
lower temperature.

The followzng 1nd1cates our development of the techni-~

" que as it has been applied to the preparation. of alkal:.
N metal polyphosphldes and the departure from von Schnering's
' method, whlch results in improved, more selective prepara-

ocated |n

"

tion of-_ crystalline metal polyphosphldes "of ‘the type\qf

15. ~ low alkali-metal - content polyphosphides,
polycrystalllne material, of the type: KPx, ‘where x is much
greater than 15; and a new form of amorphous phosphorus, in

which. the alkalimetal content can be less . than ,50 ppm.

(parts per mllllon)

The inventions we "have made -fail into several
categories: type of charge, charge ratio, tubellength 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. |



After maintaining furnace 10 at these conditions for a sufficient period of
time, for exanple approximately 42 hours, power to conductors 24 and 26. mas
term nated and tube 32 was allowed to cool . Upon reachi ng anbi ent

t efiperature, tube 32 was cut open under 4@-ni trogen atnosphere and. the
contents of tube 32 were renoved. The content's were washed wth CS[err
renoye pyrophoric nmaterials, |eaving approxi- mately 2.0g of stable
product . ThISG@QEQEueﬁéﬂﬁdasyle|d of approximately 33 percent. Using-this
formof synth&STs, vartous phases of resul- tant product occur at well
defined positions wthin tube 32. as illustrated in Figure 2. A dark

gray- bl ack resi due 20 adkalliethedailh amdy aleldowhityspioxiud a2 s&ltecplmalq\yartz
produced at t tre e ot wh eact.adt s
L T i L e

R et écreasi ng te?‘r{p raturAe"°m
al ong tube 32rathigrse 0§ rhbet thdlbmanhst a‘aqgﬁ pfxomf P/ =Hepddi to IQ/1,

which —are ayiig| yﬁyééa%' b€ ¢ txﬁééé" t étfh:f(ﬂé m d@RQS' tl%m‘é%éss &e
abrupt dark ring of nmasse cryst l1tes 22 an at el adjacen
crystal - |iteSenegally chads M%e#@ﬁﬁt%ﬁFskePSIQB & glmmng ALRi gHR§

. reflective coajudieortihésn deprei inid8ihgsl avad it | suel WM | SPaDhlégbe

- 32 in the beginni of _cold zone .28. Above filmde 05|t 48 d red fllm
deposit 50 occ,%fsq?r}g bails gpd,md ép@ﬁ’(ﬂ nph 1oe éraéttu%@ ﬁ%f?

t he zone. TheilXepasét asudBlyamdated@ ian100eC ﬁtdrthl’yétdhlraI&&on of 38he
amye-phous  or ﬂf( x!ilée t?é ggi@é Y& at:l{eI nc?lsglenpsz.gr@éf) Y€ metal in the red

phosphorus powder.

The milling achleves an intimate contact of the two
elements in as homogeneous a manner as possible. " The prod-
ucts 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 remark-
able stability when exposed to air.and moisture, compared to -
‘the stability of their constituents, especially the alkali
metals. For instance, direct addition of water to the pow-
ders only results in combustion of materials in random cases
_ and on a small scale. s
~ . L

Preparation of MP single crystals, polycrystalllne
and amorphous mat%§1alq .

A mixture of the elements'(alkali metal énd red phos-
‘phorus) is sealed at ‘reduced pressure' (less .than 10"'4
Torr) in a quartz tube 58 (Figure 3), about ‘50 cm long by
2.5 cm in diameter. Tube 58 is supported inside the *heating
chamber of a LindbergLMddel"24357-3ézone furnace in one of
two ways. One method employs a second quartz tube 60 as a
support piece, which is, in turn, held in the chamber, away
from the heating eclements, by asbestos blocks 68 and 70,
such that the coupled tubes rest at an incline, insuring the
reactants remain in the _hoitest rone. The other method

(Figure 14) is to use 'éupports built of woven tape 136
wrapped about the reaction tube in an.expanding spiral, an

inch wide, and fillihg the circular cross section of the

%i ne®P®n N



materi al depending on the reactants and tenperature. At the extrene end of
coldsZone 28 is a mass or film deposit 52 which is anorphous material .
Sincfe{tthere is a continuous tenperature gradient from*. the hot zone to the
col d of the reaction tube ShOMﬂ_Iﬂ Figures 1 and- 2, the nature of the
mat eNLaf's deposited actually varies co }lnuously fron1h|gh qual ity "’
crystalline whiskers to polycrystalline annrphous In order to..

mani pul ate t t at of cuni form

| ayers of mm eearél'?& b?' E_m%QQ zotrvllg" %r‘sr'lg%éejg\/\gép%on%&g 'ﬁgé%nﬂf fgvariety

i | 1ustrated of n Fahamiads: As Asbesitosanbodiidber frax d.br\efaoztoneCfalrbmmdsm i s
essential ly ¢depiagpl &8 FOGORACG140s! ”’i‘ﬁUQE‘E@e‘rn:.E' gife%ejrgehnly?g. rily

furnace 54 conprises an outer |ron sl eeve 56, a tu ction
tube 58. FoPhpFRfedys drdsiBaH 1%Q%Pc%sﬁééf—6§lawr apﬁhﬁgslwlm%¥°%$ ed®fe

56 and tube @§1£?V%beWooaiffegleﬁtom&aagea§e E@rs@&%e%ﬁeidw marily
di stingui shabl e éom fur n

_ chlo
conparison to tub&t82FeaR af‘E“‘p?EFe&ﬁfﬂ'?n ?1°t RE° BV ‘1‘}‘9 | SRR,
I n-addi tion, téumhecesﬂteﬂnavlasm atesigtahcet eﬂemtﬂa s6f Nthehefirmanes,

Gefinit 32%@%%?@?*’ Fedfy ' hiHR (YofSORLOLLEs | SoBlT8R0 50 BRA" xe-
asbest os bl osktagBsanwhildei pthemapostionsaoft che cmttba e heild mt |am:b1r®ﬂ
of tube 60 aa@;aeactld%ztu@ém pérheuRsd, hﬁd{ﬁ%t 110 G C

r€actants 36. in proper position. Very preparation. OF IfL%n‘
whi skers wer @eBsea; ‘&sﬁ‘f?@qxérrﬁmlﬁse se’trhSmh%‘sP%?a upe 4Vstferrntiol

degrees cent y,g5ade dﬂdaeattrzweéoﬁaanédandagérl'-e&a%%fpo\ﬁlny sydthésidy) sgs
. found that byl m{.e SI 'S geréeorn%t %%Qn%c;e“ by selectlng dlfferent setpo:.nt
temperatures for the individually controlled heating
elements. B o .
METHOD-1. See Figure 3. The 50 cm tube, conta:.m.ri\./
the reactants is held by the second quartz tube :Ln the 61 cm
long heating chamber. Appl:.cat:.on of a thermal grad:Lent by
_manlpulat:.on of the '3 set-points results -in a generally
+ - linearly-falling grad:.ent. That is, the slope of the grad-

. ient, AT/4, where T is temperature and d is dJ.stance ‘along -
the chamber, is approximately constant between the centers
of the two outside heating elements. This llnear grad:.ent. -
applied over the 'ion'g dimensions of the tube, _funct:.ons to - -
cleanly separate the variety of product materials formed in ™7
the reaction. The products occur in a character:.st:.c
pattern of .deéreasing temperature of depos:.t:l.on- dark purple
to black polycrystalline . films; ~a rxing .of massed
crystallltcs, "single” crystals or whiskers; r_ed“films of
'small—graln, poiycrystalline morphelogy; ahd,_'- at coldest
temperatures, dark grey amorphous materiai. o |

- A ser:.es of expenments 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 polycryc,talllne nater:.al could be

'greatly reduced by keeplng the 10west temperatures at or
above 450°C._"



10, when | oaded into inner sleeve 60 of furnace 54 and reheated in the
above-identified tenperature gradient, would subline to forn1flln1depOS|ts
like those of filns 48-52 illustrated in Figure 2, but only when a hj
zone tenpera- ture.. of at |east 400- 4751@51]C:mas used. Unit cel
structural |nfornation on KP15 crystals produced, in accordance " with
'netﬁqﬁ descri bed above was -34- obtained by single crystal X-ray
difftaction data, m.ndhsoélaqfs%d £OMAD tRAL wm@y@@amhgrwowm not'
f|brous-S|ngIeeééﬁﬁztal of, 1 m crons di aneter was sel ected and ¥ouni'ed on

a glass fiber rﬁ&Pﬁ VERUERR o ARPREA TN -di r'ERe ROINGIYSEailddng and
total of 2,544 amukmmcherrnatefisrs foened adle dlle WidHBx Wed€el DEDS OFhéie 2R
el ectron map and(%JJ z§¥g%§gr éﬁ%ﬁﬁ% synthesis. Typi cal needle-1ike

g

crystals were %xan n hification and scanning el'ectronic
m croscopy (SEM. TWETI@IIZariIhSEMQJmn ogragehs hoflders csesve sauit oondfly t be
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(—\ selectively produce products by p:ovxdlng appropriate ranges
of deposition temperatures.
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A. Determination of Product Deposition Temperatures

In von-Séhneri#g's annouhcement of the preparation of
“single crystals (whiskers) of KP,5, he described the
preparation from the elements ag entailing the heating of
the elements~-potassium and "red. phosphorus--in a
"temperature gradient" of "-6b0/200°c" , in a 20 em 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 gradlent arises via heat loss from one'
end of the tubes sticking out of the furnace. .
N - In the first improvement on-thls.procedure; a three-
" zone furnace as shown in Figure 3, with independently
controlled heating eleﬁénts,land a 61 cm long heating cham- ..
ber (Lindberg Model 54357 3-zone furnace) was .employed, to
achieve'and control the applied gradient. By suppogting-the
reaction tube, which was now extended to approximately 52 cm
long, in a second, open gquartz tube, which was, in turn,
: supported by asbestos blocks, a generally linear temperature
| gradient, j},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 (hree, independent 'SCR-propor-
tional band controllers +to maintain the ’températures'.
selected on manually set thumb-wheels. .



stoichionetry of the st udi ed potassium phosphi de conpound appears to be
KP15™ The phosphorus atomc franmework of the conpound is fornmed of
i-de fi}' gcal unit tubes with a pentagonal cross section. The tubes afe

uni nsional along the needl e axi-s43% rection. . The phosphorus tubes are
par el to one an- other. In the sinplest description, double </
|-ay€rs of separated phosphorus tubes are connected by a |ayer of

pot asm um at orm'lhe Annadgegl b’altLliag | gt Al i @t By (hpid]&le'mceeert hthd<| abags a][ e
at | east rtia | O P ato t ona ew o

a whi sker %a e‘é’fﬁ e%é ﬁi" %gg@éo spec Y%‘il IE"? °i8 Ypﬁ?&%?i‘]ﬁ‘n site

i s associ &thed V\prhe&){r iff dpunducctf m&tqnnebeutﬁmq@osphm aeeckibaving a
structure g (#ﬂd!ﬁié@é Sk dd F rguaecﬁarakeeibge &' ngtae t o2l hewsau

phosphorus at dns but one are bound to t hr ee ot orus atons n?h
ot her phodisiRara Bt hrderemi e : WiaRk HBrBflé’rsFﬁgbBéﬁBsPpﬂ-ﬁréedst"—éla'

pot assi um ggyum ﬁﬁlﬁBQW% | Py ngenﬁsse@@rysﬁ@ﬁl:@@é@ssbﬂﬂg@;&o@rﬂrﬁﬁﬁfyﬁ to.
i nk -35- tubuyl hosphorus uni t's throu a m ssing | In the °
i nvest i gat®d s " ot §8si St REs ‘b€ ssﬁ'%lc}r’u‘@%ﬁ’d}rs POLY éé% “hbors
at di Stan&ﬁ@r[ﬁﬁoﬁo@ﬁ, 21:9&% atd £hd6AoXdspectenpleyatules P—&’aﬂkstgm@fa,s

vary from2 13A}ﬁ§ ? g bond angl es at’ the phosphorus chains.vary .

bet ween 879" err average 102[err] Arsenl c forms a. Iayered N
s,t,.r\-ucture havi ng an aver age ' :

Example I. R : _ _ _

' A Lindberg ‘Model 54357 3-zone furnace as shown in .
Figure 3 comprising heating elements embedded in a refrac- N
tory material in_separate cylindrical sections of 15.3 "cm,
.30.6 cm and 15.3 cm lengths,'for a total heating chamber
‘length of 61 cm was used for this example. The diameter of -
the chamber is 8 cm. Controlling'thermocouples {(not shown) \4ﬂ
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 dlameter quartz tube was held at a sllght angle, by
~asbestos blocks, in the heatlng chamber. _

The quartz reaction’ tube was round bottomed, 49 cm long
by 2.5 cm in diameter, and reduced to a narrow addition tube’ j
10 cm long by 1.0 cm wide. Under a dry hnitrogen atmosphere,
6.51 g of red phosﬁhorus and 0.62 g of pbtassium-were trans-
ferred ihto the tube. . The atom to atom ratio of phosphorus ,'“
to metal was 13.3 to 1. The phosphorus was reageng_grade - e
(J.T. Baker). The tube was evacuated  to _lp-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 51.5
cm. The sealed tube was placed in the 3-zone furnace as
described above and the set point temperatures of the three
zones.brought't63650°c,_450°c,-and 30q5C_over a period of §
hours, and held there for. another 164 hours.. The power was



bondi ng angl e of 980 and this is not known to be a useful sem conductor.
Bl ack phosphorus has a simlar structure and an average bondi ng angle o
96[err]. Trivalent atons which can formtheir three bonds within the raﬂgé!'
- of 870 to 1130 with .the average above 98 may formthe sane catenated -
structure as MP[err]. I f the bonds covalent the material can be
expéeted to have the sane el ectronic progérties as MP Table | gives the
~crystial lattice paraneters and atonic p03|t|ons we found for crystalline

KP[err]. TABLE | [err]. The.unit cell i tiye: e :
uni[t c]ell and ﬁh’ég ot1925N8 QTR %% ggms %ég Q;g alg@gér:‘%gup &E%Péﬁ-]
The hi ghest attareabhe syenamMpnanﬁtRDQﬂxnﬂanﬂﬂaunﬁuthe naee at | Dre | tubke
centrosymmet ri g, Bl ghkl qpRRA RO cwyt hittogdi S OEB i dYe HYER HYove bag.

KP[err]. The correspon ing ray powder diffraction data for KP[err]
polycrystalI|néhﬁapgﬁdﬂcﬁﬁt¢P%%b%%¢d|PFuﬁF&Eﬁ%ﬁ%%ﬂ?rsmﬁﬂ¥9F¥$#iﬂ#%P%r and
This shows 't hgnérpRacisNFo¥rd. the corresponding X-ray intensities.

Simlar X-ray powd di ffract] been obser- ved for

p5lycrystal I\ ne NPLSTERUe Shhy { PDRE ALY EeRant PRRPSARIIG, BTRAP T ouBed

i sost'ructural (f@lfpcumﬁbral hetsieruatunsil afe alnbsoed ,calong witkedtls typpesdof
of parall el pent

J%ué%s observed in each run. Prior to being. cut open,.the
tubes from the first three runs were inspgcted_as'to the po-.

" - sitions along the tubes of several products: the dark ring
| of massed crystallites, and the start of red polycxystalline

~ 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. N
" _



phosphorus tubes. These tubes are linked by a P-MP bridge. The rigid
units f t‘his type of structure are P[err] and MP3. The building bl ock
om c franmework can be viewed as [P4 - MP[err] or [MP[err]

[ MP7] + 2[ P4l -) [P4 - MP7 4 Pl which represents the basic
MP[err] O course, one of th@ bui | di ng bl ocks in such conpoundiv,

may-be present in nmuch larger quantities than the other. In the case of
MPX, for exanpge, thefe may exist building blocks of [MP7] and [P8],
which are presgnt in ratvo of 1o b, respectively. In such a case

MP[err] could Be ex- p edsed indde form [MP7 a [P8] [err] . wherein

mat hemati cal | yax = (7 SEWE(a). i@ 4 s also possible for a conpound to have
b much greatergthan a pnd have t heYsane basic structural framework. This
type of polymer |ike tjubylar atructure will result in "fibefrs" orgwhiskers
of the type MPlerr] wifh « nuoh seatet t®an 15. Whiskers and a
polycrystalllne "fiberfp"gof tge ?&pe MPlepr] with.x greaper t thanEiOOO (0
=Li, Na, X, Rb§Zs) h e&beenmob§erveq:tqmcrystalIrze atolown te&berature
(about 400C) ugimg the vapors anspert « techni que. Ehe § o X-rgy powder :
diffracti on dagta of these materials ane substantrally thg s#pe qata for- KP -
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We can conpare the structure described above to other structures based on
pent agonal cross section phosphorus tubes. The KP15 conpound -is
isostructural to LiP[err], NaPl15, RbP15, CsP15 The other alkali netals_ . .
appear to play the same role as K From:-structural. data we concl uded a
numegous com pounds can be formed whi ch-ygll be based on pent agonal
sectign tubul ar building blocks. W also found that in phosphorus
materials, at least partially, the phosphorus atonms can be repl aced by

ot her pnictides, such as As, Bi or Sb. Substitution under. 50 atom percent
is possible, without adversely. affecting the basic structure of the
hi gh phosphorus pol yphasphi des. Table Il shown the various MP[err]
conpounds synt hesi zed that; we have found-the sane structure as ecrystalline
KP15 as -shown by XRDJ er, diffraction fingerprigtsanal ysis. [err]
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MP[err].

VP15~ eri

depositing MP15 and thereafter cutting off the source of alkali metal so

that only phosphenas jy@RematS ol SSK the8é +HBP e Gﬁaoé .uso@@seaoggs--

Addi ti onal |
whi ch nol ar

been investhgat edngle | rcxydttsls nebhodkp

heat ed i sot
variety of

pol ycryst al
nmet hods we
have measur

~

It was therefore necessary to greatly refine the met hods of
proﬂuging these materials and to invent a new two source vapor transport
apparaf.us in order to successfully produce pol ycrystal | i ne and anor phous

als. The very high x mategfal s which are now thought to be a -
ne rm of phosphorus, have al so been prepared by this nethod by initigl)y

gh condensed hgse,grocess has been extensively investrga ed in
Akt s toye rvgf RFORERLP; &% hRBPeratyspi and r product-type. has

ér%}f_%‘\{“%gsg_%?ﬁ%i ?3{115. aéﬁgrﬁt‘t]eg?
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vVangepovidmms . rithert® f ohhowdwt dehatched idascatpihdn 466-uhsec.
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e e efectro-optical characteristics an

temperature was used evéntually ended'in a failure of the

reaction tube, before products could actually be harvested,

this temperature-product relationship for the amorphous
material was confirmed in later runs using more advanced

techniques). Aséuming a mid-range value, an upper limit for
deposition of amorphous material was taken as about 375°C{gdz

The pressures in the heated tubes were not measured.

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

Using the knowledge of the déposifion températufe-
product morphology relationships of Tables III and IV, im-
provements in the synthetic technique were sought- which
would allow_greéter selectivity of product type. Methods

were sought for manipulating the tempe:éture profiles in the

furnaces which would result in larger areas of thg'tubeﬁéur-

- face - being within the appropriate temperature ranges for

for both supporting the reaction tubes and creating complex

given products. Several available materials with low ther-
mal conductivities, and in.easilyimanipulatable”fbrég were
checked for use as barriers to heat transfer. in the fur-
naces, _wOven'tapes of asbestos proved a éuitable product

gradients, consisting of areas of fairly flat, or isother-
mal, temperatures, separated by areas {across the barriers)

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

profiles were applied in all the'subsequéﬁt examples where
specific products were being sought in maximum yields.
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e techni que,  f applying sutficient e a system
O'e]?mi WRen thaspradudiat 38e ckMd8A93Ey opo amorphous:

material was observed. (Although the run in which this
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or deposition, at appropriate tenperatures is called "vapor transport". _ .
For the follow ng discussion, where the source materials are held in CE:’/)
cont act and heated t oget her at about the sane tenperature, the further\
description as a "singl-e source" technique is applicable. The nethodol ogy
descri bed by Von Schnering was essen- tiglly a single-source vapor

traﬁsport t echni que, although the charge sonetines consisted of separate
anpoul es of metal and phosphorus heated to nearly the sane tenperatures.

How ever, the fhﬂmqﬁhwapnmpsceemeﬁttohﬁbh ﬂemp&atgangQBQE wa§roduc1ble
effectively t Jret and the_phqgspho are first m xed

t oget her . ﬁg é§spe8§€|23ﬁ¥v%hﬁ f%h&\erg8urE éﬁb VEFankPolfe: e TRE8r
speci es are f§$9ktdpr 68Femicogbyher oft makpghalerper 4idde thel ghps ate the
deposited at el THIRPA Hg11dhe fﬂJ | Ox¢: kﬂ%cat ' wefd k, Bd%da

of the techni- que as it has been applied to the pre ar 1 on 0
metal pol ypho&bH? 084288 WIRE dephiehr deknnd verescAnesi ref shmetthocbuh\hmrt

results in |nwéﬁyedffﬂaienﬁﬁyectmhe m&@@@réylhha&lcﬁﬁ galsy alr@! Hﬂ@%en@?&%
polyphosphlde he $ ¥$$ KE%& # g al kal i - net al cont ent

pol yphosphi des, p%?a% FEt YRt Re°REfE Ftheo UERECAF, ArRpRGTR L 1 fes igned
‘nmich greater tbahold: anpraceswy ftube oilojmrﬁ.lt@usléﬁmphofdﬁ, filowAthibulghe

fvent fone vAPPERCEER0nRE LEERRL"RRARC eBReplhein Rl s 30 o g

charge rati o, *enbén| thgsa EﬁuhgéoﬁognyS-and tenperature gradi ent --profile..
The” fol | ow ng exan@hgsfohhbughgag verg%% gmeﬁe%@gﬂylngp t%dliﬁ:to-

deposition rel ati onshi ps we have our
N, mote growth of 51ngle 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 wére plugged with a heat resistant ceramic-

‘ . like material, to minimize heat loss from the furnace; The

7o reaction tube was supported in the heating chamber by two

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 completely inside the

center heating section, just beside the .junctions of the

~center elements and those of the two outer sections. The

rings weré constructed such that the tube was held® at a

o - slight angle. The ring served to insulate the heéating zones
from each other by acting as harriers to heat transfer.

The quartz reaction tubgmkFigure 3) was round bottomed,

48 cm long by 2.5 cm in diameter, and reduced to a narrow

addition tube 162, 1€ cm long by 1.0 cm wide. Under a dry

nitrogen atmosphere, 5.47 g of rod phosphorus and 0.50 g of

potaﬁsium 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



tenperature controlling nethods that result i'n.the selective preparatibn of

desired products. -40- Ceneral Methods: An alkali netal and red
ph 's,ﬁ orus are.sealed in quartz -4 tubes, at reduced pressures (about
10 X%/ Torr). Atomratios of thetmmse#errents range fromP/ M= 5/11to -

30/1, with 15 to 1 as the nost common charge. The el enents are general |/
batl-mlled together, prlgr to loading in the quartz tubes. The mllings
are carri e@vaduatidch sbail0ldssreteckndal $sabad eyl ISuﬁﬂng atie f addatibpast

40 hours. '[h [ ual | e 0 ]1C ur n,of_ the
mlling, to g’ssé &?Tlf\1 f gadlgs %Pgll %r?%gf$%%elpné$ F ﬁ\% ?§8 ﬁggbh&]’u
powder . Théhe [§9%al abhh@#éswéﬁ iR |9t e Theat aeaJedf tulbe twas epbm;qu ipn as

honbgeneous 1 MBBRAGNASERRHAER! €as T d¥ika USEéva édhe th' IQ&a int
general |y fine powders which are easily manipulated in % box a
)

be
stored wit FMRYTAEYERT REbFRe JRRERR 0FIPREN br°ﬂié"‘¢pd%®le$%° wArEEr Iém bl e

stability wegrexpoeedal periiodnslf M Abuke,, w&[@mt@hébe goabidndthed
i nst ance, .direct

th t t | I th I '
el 1, COnSUIG 505, SREE! Shlp PEsaRKak! ol Bt el A0y Ul SGlce, .
i n. random casksthedowena aslriuiweckcm ecoé’le[nar ambdent§ thRpersituyies czrtysmfe ST
pol ycrystaliﬁﬁ&&w 88819H8U§ag3t SE' @hé furnace.  The t_ube was cut open

./“ undexr a dry nitrogen atmosphere in a glove bag. The

products consisted of crystalline and polycrystalli'ne forms.
‘Table V lists the processing parameters for a number of J
other such runs (data for the above example are from the run
with reference number 10).
o’
$



A mxture of the elenents (alkali metal and red phos- phorus) 1is sealed
at reduced pressure (less than 10[err] Torr) in a quartz tube 58 (Figure
3), about 50 cmlong.by 2.5 cmin dianeter. Tube 58 is supported'in.]geﬁy
t he' heating chanber of a Lindberg RTM Moddel 24357 3-zone furnace in Sae<of
two ways. One nethod enploys a second qiEltz tube 60 as a support pi
mhiﬁhfis, in turn, held in the chanber, away fromthe heating el ements, by
asbegt’os bl ockss 68 and 70, such that the coupled tubes rest at an incline,
insuring the reactants remain in the hottest zone. The other nethod
(Figure 14) is to use supports built of woven tape 136 w apped about the

reaction tube in an expandingtgpi;al., an inch wide, and filling the
circular cross section of the<s <41- heating chanber. @AThi® woven tape may
made of a variety ©f malerialgs: o Asbest os, Fi berfrayx L (from
Car bor undum Conp@n§), or|woverggl gss+ - TRe katt®r es pr'gser:l ed primarily on
safety and perfo ng;e C'isprLai aThes i Ml i-eat iloNso of i@? the two .
di fferent nethodS are depci bell b& olfl. TRe Feattanfs ar & drfven to products
by applyi ng energygto thg.systemvia the resistance el enents of the '
furnace. If a sufffcient yuhigg t@nperature_js appljed to tdhe re- actants,
. i . . o 43 .
whi |l e ot her port wc&s of hqt e areeld ats approzwari ate dower .
tenperatures, pr&d@s W |k deposat, Dr LToney dedisel 3f r.qm \Qpor ‘speci es. .
The tenperature BiTferen|i & Wi ch drfved t Rl s fSo- @Bl efr " Fapor:-transport”
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tenperatures for the I ndi vidual 1y controll ed heati ng el enents.-
See Figure 3. The 50 cmtube, containing the reactants is held

METHOD 1.

“Dher mal
Iy Ii

gehé

byﬁgfe\second quartz tube in the 61 cm | ong heating chanber.

A T/d, where T is tenperature and d is distance along the chanber, is

approxi mat el y copgtantpet th ot er t ng
el enents. This rfﬁnear gragﬁent er&‘fl edrg'ver i &t%s%%ﬁgé%f fagd

e | 6hg

Application
gradi ent by manipulation of the 3 .set-points results in a-.

inearly-falling gradient. ~That is, the slope of the grad- iy,

tube, funct Pedycmysdiadahine sépéirﬂéit-e tPlee v ariiedds ocbfprtbeucslmlerpawstaésrred

in the reaglifnalwal®

decr easi ng
pol ycryst al
crystals or
nor phol ogy;

series of e
in these se
375[err] C

material co

tenperaturetﬁ POSItIOﬂ dar k urp e to
Materiglg were alwaysp ;N bhe ﬁﬁE@edOSrﬁéﬁﬁﬁlﬂFBQSIbQQ &&Iéhe
c\@fld?é&eréndéed)ffli:m th%@aléncgraeae Ul arry staklited to the

P DIET BhaRCEHN Exlahp 1% fhar'f'ﬁé e{:bi&b&y@@a"lﬁ&ﬂe‘)f

Y A 7 35 Th ot A, CERE  nOPBRBLE REECPRR GBI oY m |

averlapewiith t kbecobingliet copestalise | Sigroad erc:tyIsatrabé)mﬂrom
I t
utIhcslé %lé g&lé%t I@Q?%ducecfr agfgie]é%él%gbp h }f-% 0{,3,&&; % fﬂ&c*’ Tor

he 10 npera ures a

above 450[ erpdtkerns- 42s \whauksg althe f ogsamet hastpatyurgst As i nEPYR15. aua I I

not formin

SdOOHRLROH CErRPH Y Udathle PRYE" YHahiddE ¥Hhlysis of the'

crystals were difficult to obtain with great accuracy, in

part because of their stability, which required extreme 2
conditions for digesting the materials for analysis. (See -

the tables VIII through XI on analytical data below)
The polycrystalline films were also characterized by

.X-ray powder diffraction methods and wet methods. The fihm_jy

showed varying degrees of crystallinity, and the patterns
were similar in several aspects ‘to that of KP -, but yet
were distinctly different in others.: Furthermore, the wet
analysis, coupled with flame emission spectroscopy consxs-

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 ranglng from about 200 to 1 to
about 5000 to 1.

C. Thermal Gradients Which Favor Growth of
Polyvcrystalline and Amorphous Materials

Following_the_successful improvements in produetion of .
 single crystal materials, a similar series of experiments

‘were carried out to manipulate the.3-zone furnace and asbes-

tos rings to find the stepped thermal gradients appropriéte

_to selectively _produce the polycrystalline and amorphous

materials observed in earlier runs.

These earlier runs ,Jggeqiod the temperatures neCessary'

for obtaining the desircd prnducts vhat remained to be
shown was how to optlmlze these products. ‘Table VI shows

. the type of profiles used and.the products observed.



~anor phous materials forned are al

high x materials where x is nuch greater

than 15. METHOD 2. The woven tape holders serve not only to orient the

reaction tube but also as
three heati ng zones.
the zones, but a flatter-

step-li-ke tenperature profile,

produce products by provi
tenperayures. A % Detern
Schnering's annoumcenent
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the heating of thg elen
tenperature gradient”. of
He further state®the cry
~used were apparenly sing
via heat |oss frag offe’ e

the first |nprov q& on
ip.Figure 3, 1 ndd
-1 ong heating chad§ ber (Ui g

to achieve and control th
t ube, which was now ext er
quam tube, whi cdvongs, i
i near tenper at ur® $§yPadi q
cepters of the twbrout si g

Hours

(e)

TABLE VI
Time

(d)

Press,
Torr

grams

K
grams
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Ratio
(a)

P/K

No.

effective barriers to heat-transfer bet A, the
These barriers give rise to steeper drops (Y -meen
gradi ent withinidie center zone. The resukt’i€ a

whi ch can be mani pul ated to sel ectively
di ng appropri ate ranges of deposition

Pnatlon of Product Deposition Tenperatures In von
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these el ements were control | ed Eby a Lindberg Mddel 59744-A Control Consol e,
whi ch uses three, independent SCR-propor- tional band controlleéers to

maimiai n the tenperatures selected on manual ly set-t hunb-wheel s. - 43-
Th@ynearl y-falling gradient, appliegsover the |ong dinmensions of the

reas¥ on tube, served tocl eanl y separate the variety of product nmateriaks/
formed in the reaction. The products occur in a characteristic pattern of

fiecre?s: ng term%@t erie.c.@é Q@ﬂ?%hh.@ﬁ @r&@%@ﬂ:?eée akasisepﬁkx mﬁxat ght
I ne 11 NB,;

g %ed crystallites; sing stals or. | skers";
red films (31'~“5§mat‘|il Pg?&?ﬁe pB\’?ch%ﬁ?Hér%rpﬂﬁe) (ﬁ%}g Tangesyt Uske cdPdest
gzggsragurg&an@af ek g;eychéarrm%nbaws fal pinal Sg,rdaﬁéﬁﬁﬁse_ hoAhldHuﬂ@@t_ a;lubdelt
-zane s r sihgsheating el enents
embedded i} §prpee;a; g'éafc‘“% o(ra}gs/t m?@@?a%nrgkgép n%/)ll ﬁ‘?%‘é?és*éggﬁﬁn&%fﬂ
15.3 cm 3Eoinsin aridkh s@ne vaeihathen iOrqaanbtay heampagedh&obehdsengtth of
61 cm was 5f hi s I t rugg N
Controlli ntyé%[ erér}r{oc%‘up e{s%iggt@h m%%?ge@l %eat“&gedx't g%ou 0"%1%0&15n Snd
53.5 cm al &P tGhe @6 cdnl efiljeh. S§RENEndEURT QﬁneTﬁééﬁl n¥I ¢hdieRmpERhous

pl ugged wi mﬁm% touna i aszsnfte..&ﬂmfrmmetﬁara@@c Reiftedxd .
‘long by 4.5 cmdianeter quartz tubg was hel-d at ai sI| o-t %ds by asbestos

bl ocks;, |11§QR¥*R%u|FEFEﬁ§ﬁB%Fe' however, near of the
—~ tube'’s interior was covered w1th polycrystalllne frlms, and
only a small number of whiskers were found, meanlng the
films could be produced almost exclusively. o J
In the third and fourth runs, though, where the coldest
temperatures were held at 350°C (cold enough for amorphous
material to be formed in the first run), and the center zone
temperatures were lowered to 375 and 350°C, the amorphous\,
materials were not formed in larxge amounts at all. Instead,
large amounts of both single crystals and polycrystalllne'
material were found over a fairly short sPaoe'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
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 III

A Lindberg Model 54357 3-zone furnace identival LAin
. design and size as that of Example I,'was_also used in this
example. The elements were likewise driven by the same
'manuall‘y" set Lindberg Model 59744-A Control Console. The
ends of the heating chamber were plugged withfheat resistant
material. to minimize heat 1loss from the furnace. The
 reaction tube was supported by two rings of woven asbestos
tdpe. One of the rings was located between 16- 19 cm and the
other between 42 and 45 cm along the - chamber. This puts.




The quartz reaction tube was round bottoned, 49 cmlong by 2.5 cmin

PPN
diameter,- and reduced to a narrow addition tube 10 cmlong by 1.0 cm\/\[@%
Under a dry nitrogen atnosphere, 6.51 of red phosphorus and 0.62 g of

potassiumwere trans- ferred into the~Pdbe. The atomto atomratio of :

phosphorus to netal was 13.3 to 1. The phosphorus was reagent grade (J.T.
BaKé*r’)f."-. Th be . evacuated. tqQ _1Q Tarr and, seal ed, by fusing the
addi'tion tubgoéfgvg’rl\gﬁ%ssc %g?’?%%}%el\ﬁsdgre p‘%ﬁ gEteaE i’ﬁﬁ‘élégcﬁ% TYRE
total |engthbeatdsl thecnjunghiosealodd thibecensepl adethentst hei Bh z ahoskurafice’
as describedigRoug;ndutBe SEdcPLLNL . t EFper &t Jdhe : nes
brought to 650[err]C, RSO[err]cC, axpn%l.SO gzr?#%Eg;é/egjegtege?{boégg?éggﬁou?%?h
and hel d t hefBakothgndtuRe W33 hedfsat e anaks. wdbhe rings efso ofdéreed

the oven all eeedns016e@ HHe adienhqgt 8BREEATL L n lLog
rate of the &urngce. ge&tatége was C?Jt_,_ open urfdg{ %;dcgi yaér%ﬁé'o%e%%%tg%hége
produc

in a glove b&G*rHf&ES &SA%sdedd of crystalline, polycrystalline, and
amor phous forns. fheTablaetlzl keadid-dli ffRsee MaPNAALS IBKL RSP £8 ScHSEEné Or

several other runs are.list.ed, .alon 1th 1he types of products, opserved™in
Par 208 B g BIETSHER 4 MY FRANGSDIT e NATEQY (FACECT ORstRRe

ﬁggge{:?gd 22 0o chd.opg- byl fli.Onsmalwainde  harddesa afrys evinedgen oatitdbsphepe ,

dareyT 10, ATIEe Siald | biespRathenshard 8, Boop SEENRLELL ere

posi ti ons wert&ansferres ricitn ethe otuhe.t effhe atom ratio of phosphorus to

- metal was 15. The phosphorus was 99.9999% pure. The

N\ potassium was 99.95% pure. The tube was evacuated to 3 x

10™% 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

2 furnace as described above. The temperature-'-.gradient- was

driven to 600°C, 465°C and 350°C ox‘ler a period of hours and

held there for 72 hours. The power to the elements was then

‘shut off simultaneously and the furnace allowed. to cool to

ambient temperatures at the inherent cooling rate of .the

f“‘; 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 cf
Amorphous Polyphosphides

It was evident from the experiments des_cfif:ed in sec-
tion C that to obtain lérge amounts of amorphous mai;.erial
improvements needed t6 be made in the. processes already
being used. It was recognized that in 6rder tb get bulk
forms of the material, as opposed to thin films, the con-
ditions appropriate for growth had +to be_' confined to a
smaller space than previously.allowed. This translated into
allowing only the extreme end of the tube to t}e at .or below

375°C or so. This was accomplishable.in principle by use of



peratures along the gradients created by the noted set points. These .data
re.ecorded in Table I'V. -46- [err]. -47- The information from
hegeé\ £ tables was used to es- tablish the relationship of tenperature
and O0duct-type. The single cryST%ﬁ%_ of KP[err] appear to form
ovwer, a tenperature range of about 40 4 10[err]C, the center of which

Varies fromrun to ryn, but mhicg i es arqund 465-475[err€C. Si 'Iarly:‘j
the onset the &BSFHAY RAH1e%EY: pHPYRYELr aflti M2 A 159 aF&c Eﬁééﬁgﬂﬁbaﬁe

about 450 j¥ 1gher iddndftichs y favor pboust iont &f abtHepoIhd sk £aEs, Wier, the

| owest tenperature’ s. around,,350[ ERR] C.._\Wen this was ragised to .
400[ERR]CFH“§%%HN%§%RI.lﬁ%ﬁérig lﬁasggbs|Rﬁﬁfrys?7§}%ﬂﬁuﬁl xe- Fun i%h

whi ch t hi smicdnperesttoe tasnudbl, eventualsy ewmdédabideaoiairl ar dagiget fegea -

ti t t ] | wt B
oot ST AP S se, PGS oy ey i oLt Bk oo

Ip fc anor phous mat er| was conti rmed
in | ater rapeciges ng hbreaadvhREedorechalgenpcessamyi ¥ dimcpunaap e,
an _upper |, §0bn dgPOBhET SRhRr AIUSHINS MatEl{ &l w¥as alditRp 135 RO Wy
BZS[ERm(:raising_the center zone temperatures. to levels which would

be too high for formation of polycrystalline or single-
'y crystals. The only_area then where these materials were
favored were thrdugh the area of the thermal barrier} where

rapid temperature drops occurred.

As shown by the following example, and other experi- L
ments summarized in Table VII below, -further improvements in
the procedure were worked out. The first was the use of
Honeywell Model DCP7000 Digital Control Programmers to drive
_thé heating elements. This allowed the pre-programming of\‘/
thé temperature changes such that ieproducib}ehtreatments
could be made from run to run. Both controlled heat-ups and
cool-downs could be accomplished, eliminating tube failures,’.
and production of white phosphorus. The latter often occur- .

—~ red. when tubes were cooled rapidly and phosphoris vapor con-

' " densed as Pye This was often the-'reason_ materials
appeared reactive. This reactivity could often be removed
by soaking the materials in solvents which would dissolve .
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 transport, which cleared the
deposition zones of materiéls, which might affect nucleation
processes. | o _

By far, the most important improvement, however, was
redesiéning the geometry of the tube. Instead of a long
tube of néarly uniform 2.5 cm diameter, the body of the tube
was shortened to about 30-32 cm and itHe 10 mm diameter .
addition tube 160 (Figure 2) lengthened and sealed such that
about 5-7 cm of this tube remained as available space in the
interior of the tube. When this latter section was placed
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G adi ents Which Favor Gowh of Single Crystals (Wiskers) Using the

know edge
. rel ationshi

es in the heated tubes were not neasured. B. Tenper at-ure

of the deposition tenperature- product norphol ogy
ps of Tables IIl and IV, im provenents in the synthetic

tecQ/ gue were sought which would al Isc%/v greater selectivity of product
|

typer. Methods were sought for manipul@a

furndces whi ch woul d result in larger areas of the tube sur- face being

within the g

a d
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ctivilfiLes, and I easg%
nani pul at abIS@thrq% hesame hddideked 0W1@§e sl ifhy r PRLEYE ocﬁbmd?l‘f%n rinm -

the fur- nachfasiveyarerigles £f GrdassReiPIONEser Sei &bk wE@dUfbréPeabot h
supporting the reaction tubes and creating conplex gradients,

areas of fairly flat, or isother- mal,. tenperatures, separated by "ar eas .

(across thema;‘nrp]mrsov of steep drops or gradients. These so-called

= step-1like”
speC|f|c pr

run to run
gaps in the
gl ass wool ,

| ar g&- cylln
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i mprovenent &8 ign h@@eelgal nsnthitahretpfoﬂxlcmple fewpsr &lse ysed | imsthisom
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dﬁt&éésﬁﬁ'ﬁ f6€her ‘iﬁ:@ﬁpﬁd@;rammed 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
tape. The rings were constructed such that .t;.he 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 dlameter, 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 1

x 10™% Torr and sealed by fusing the addition tube 10 cm

from the wider part such that the total length was 43 cm
~long. The sealed tube was placed in the 3-zone furnace-

using the woven barriers described above.
With the tube between 6 and 49 cm, .one - thermal barr:.er

at 16~19 cm and the other at about 38-40 cm, the Hongywell ’

Programmer was used to apply an "inverted gradient" of 300,
490, 500°C for 10 hours. After the furnace cooled at the
inherent rate of the furnace, the tubz w;s' 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 seguence to a 180, 190, 200°C gradient,

ng the tenperature profiles’in the

consi sting of




t he chanber walls because the furnaces are actually designed to hold a
progcess tube along its length, for flowthrough applications, rather than
f .of | osed systens, as are being run in these methodol ogi es. The

f ol ng exanples were all ainmed atgiyying to pro- note growh of single
crys als "both larger in size, and in greater yields, both as a percentsget
of product forms, and in absolute yields. These results were indeed

achi eved. \ﬁXﬂBﬁ'ﬁaHhélEl mdbemghwi@ 54 R f\r&éraaeeﬁdsr'iwéa £8 de-
sign and size_as tha

was al so . used in thi's ex
el ement s WE?%IIFReﬁPgéeBFr$§W qﬁﬁgeﬁbﬁirﬁﬂ? %ﬁh?iﬁ%ﬁnc?R£E$§5§?ﬁﬂ af
Control Cotisel furnabe.ends of the heatjng chamber mere pl ugged with a heat

i f f .
The reaction ¢ ubie, 8% JBLTI Gt ! obBRD AR B GRS, sEugd el APRagehgRe”
woven t apeanfl 4sidstgmams GpE af 2-Fesum vieand ool Bdl Ib@nownedﬁs 1emonphoust he ,
ot her bet“GSBléZr@@@v@@é@“f?dﬁ“&ﬂé“%é&fﬁqﬁﬁ tubghi Ffz&?ﬁg gyngs .

conpletely Inside the center heating section, just esrde nctions of,. °
t he centereﬂen@ﬁﬁs%ﬁﬁP%%%sQﬁﬁs%YﬁFQMDOGHFEr?k&ﬁr%ﬁ% Shﬁymr#wsTﬂbié .-
constructegygych that the tube was held at a slight angle. The ring served .
toinsu late the heating zones fromeach other by acting as barriers to

heat transfer. The quartz reaction tube (Figure 3) was round bottoned, 48
cmlong by 2.5 cmin dianeter, and reduced to a narrow addition tube 162,
¥o~cm long by 1.0 cmw de. . Under a dry nitrogen atnosphere, 5.47 g of red
phosphorus and 0.50 g of potassiumwere transferred into the tube. The
atomto atomratio of phosphorus.to netal was 15.1. The phosphorus was ),

()



99.9999% pure. = The potassium was 99. 95% pure. The tube was. - 49-
evacuated to 10 Torr and sealed by fusing the addition tube several cns:
fromthe wider part of the tube such that the total length was 52 cm The
sealed tube was placed in"the 3-zone furnace as described above S
set- point tenperatures of the three zoBBs. brought to 600[err]C, 475
and\ﬁSO[err]C over a period of .4 hours, and held there for anoth
hours. The power was shut off to all three zones at. once and the oven
allowed to cool to anbient tenperatures at the inherent cooling rate of the

furnace. The tube was cut open under a dry nitrogen atnosphere- in a
gl ove bag. The productsq§0n5|sted of crystalline and pol ycrystaliine
forns. Table V |i% L'he prdcessing paraneters for a nunber of other such
runs (data fdg tgﬁ bpve exainple.are fromthe run with reference nunber
10) . - 50- 1 A[I Eheseg oung oresulted in crystalline and
pol ycrystal | |;ne Thel yi &lFs &3t hE Fi ngl e T yst abs War el vays .
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materials were always in the formof filnms deposited.in the col der ends of

the tubes and were usually limted to the last 10 or so cm of -the- tube,
tho%j(jhere was usually sonme overl a9 th the single crystals. Si ngl e
crys S fromthese runs were characterized by X-ray powder diffraction

patterns as. having the sane structure as KP15 as determned from |,
XRD dat a. Wet chem cal analysis of the crystals were difficult to obt ai
with great accuracy, in. part because of their stability, which required
extrenme conditjons for digesting the: materials for analysis. (See the
tables VIII thpoughh XI on anal ytical data bel ow) The polycrystalline filns
were al so.-character|i zed by X-ray powder_diffracti on methods and wet - -
nmet hods. TH& 6l m ghowed varyi ng degregs @f chystallinity, and the patterns
were sinmlal i seMergl agspegts<yo-that, of;KPRerr], but yet were distinctly
different in ogherst WFurt herinore, fhewvetn amal ysis, coupled with flane
enm ssi on spectroscopy consis- tently showed tTe” al kali netal content to be
in the partmpeﬁf_ni I ion range (i.e. ‘Iress than 1000 ppm and oftenless than -
500 ppm), aB8d BEh /R r&i R r¥hgilg froMabBut 200 to 1 to about 5000 to
1. C Themale G iants'V\h\hchthav:gr @ owh of Polycrystalline and

0

Anor phous Materi.al s | 1 ow ng the successful mprovenents in production of
single crystal matefials, a simlar series of experinments were carried out
tg.mani pul ate tyie 3F zone furnace and asbes- tos rings to find the stepped-
thermal gra@i edys appropriate to selectively - produce the polycrystalline
and anor phods ter] abs seovew | noead | &5 rans. These earlier runs.
suggest ed tfle fenpelatur&d nEcesdary ~ o -
S
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for obtaining the desired products. What renai ned to be shown was how to
optim ze these products. Table VI shows the type of profl | es used and- the
products observed. -52- -53- The. first run, which is the subjegt
the Exanple |1l just duplicated the tenperatures of the ranges us
Exapple |1, the linear falling gradient™ Yow changed to a stepped gradi
Not \sﬂrpri singly, all product types were found, vmth sone vari ation in
quantlty, conpar eg,to tho .of sectjo 1e’.col dest ture
was  raised to 4 B‘Ferrﬂsé’,‘ ﬁr}?”f @k%o%a‘\% Fader tal ng %BHBEX
mat éri al wasihdependantandf cichet ezthardié t hypke -425{er r b@l&efniﬂledcecbr Ofihe -
t enperature, Q L he nterl S
covered wit hpﬁgl \é?ré%rst gl " ne d%/nﬁéd\opﬁg ¢ ﬁfoagcé’rrsml I ti'frif\g"(r%'t)erﬂ ofﬁv#)% %Agg a
wer e found, ﬁ‘éémlﬁ‘g:tt ierendeneyupd Uéedldoduteth%ll P4t rakibusi Poeygreateke

third andfo o) olige e ur I t
350[err]C (c%??heﬂé;?hlﬁ%r&gﬁg?gﬂgﬁ xﬁ’g?%}r?l aGl S&he[b E?SE & ﬁ:zlét,\ﬁ% ?‘Fesghg

run), and t h¥ieds ’T‘eﬁf’pera‘?%r'é}éeV\E‘F%rPB%Fe’é}aFBré?E &Bdessepsiajidy
t he anor phouphsaipiidnls, Wehesndle flotsd an lovege wapot prabsale. éﬂStpﬂ%%-'

| ar ge anounts,of both sing st ol stalJine material were
f-ound over a;ﬂfﬁ"} Lot t sB'&%’ )‘{" ?ior?@q’t Jn ,}/ uxe greater the metal
' content, hence, a slower rate of. growth for identical
thermal conditions.

m - '
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. |
f‘\
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and at best, only thin filnms of anorphous materials may have fornmed in the
p\thhe tubes. The sanme phenonenon was observed in the next two runs
\I'Y al though there were definitely thin anor phous filnms in one run
tly nost vapor species are cond Q§ed out in the polycrystalline and
single crystal fornms and no. significant vapor travels to the regi on which
is cold enough to form anorphous forns. Exanple Il A Lindberg Mdel 543%7/
3-zone furnace identical in design and size as that of Exanple |, was

al so used in this exanple. The elenents were 'likew se driven by the same
manual |y set Lindberg Mddel 59744-A Control Console. The ends of the
heati ng chanber were -plugged with heat resistant material to mnimze

heat |loss from the furnace. The réacti on tube was supported by two
rings of woven asbegtos fape. One of the rings was |ocated between 16-19
cm and the ot her RBefween 4§kand 45 cm al ong the chanber. This puts -54-
both rings conplet@lgy. in & center heating zone, just beside the _
junctions of the aenter @ments. wi th those of the two outer sections. The -
rings were constrdi@gd S ch tha@ the tube was held at an angle. The rings
al so served tf i i@@gte hea#d ng zones from eacgd other, by acting as
barriers to heat J‘Hnsfe he:q;uardz rescti g 4 ub® was r ound bott omed, 48.
cmlong by 2:6 ¢man ter  &dFeducpd t.oT& nagrow addition tube 10 cm
Iro\ng by 1.0 (i}n i e 5 Und rod d?y‘ nl-'eroge‘m at m)s'pheme : _
Q,-C: O o0 ve .0
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5.93 g of red phosphorus and 0.50 g of potassiumwere transferred into_the
tube. The atomratio of phosphorus to netal was 15. The phosphor S was
99. 9999% pure. The potassi um was- 99. 95% pure. The tube was evacu t/o
3 x -4 10 Torr and sealed by fusing the addition tube several cnis

the wi der part of the tube such that-. éﬂe total length was 51 cm The
sealMed tube was pl aced in the 3-zone fuffhace as descri bed above. The

t enper ature gradi ent was drlven to 6000C, 4650C and 3500C over a peri od of

hours and hel d th u I me h
el Sl e R L
dry nitrogen &y®ssi o eﬁgt a.a gl ove bagr Tﬁe pro ts con5|stgﬁ§o? single
crystals, polycrystal ine filns and anor phous material. D. Pr oduction of
Cylindrical Boul es of . Anor phous Pol yphosphides It was evi dent

fromthe experinents described in sec- tion Cthat to obtain | arge anounts
of anorphous material inprovenents needed to be nade in the processes -
already being used. It was recognized that in order to get bulk forns of
the ‘'material, as opposed to thin filnms, the con- ditions appropriate for
growt-h had to be confined to a-snaller TRAALE TXan previously -allowed. Thi s
translated into allowing only the extreme end of the tube to be at or bel ow
375[err] C or so. This was accofBNGEBaSRY¥STALS: i (WHISKERS) use of

~ FROM VAPOR TRANSPORT
Ref. No. : Charge P/M Total*
~ | . | 1 84,5
38 K/Pls- | 19. 94,
6 K/ 191 98.8
_ 10 OK/Pyg 19.1  99.4
i 11 | K/P30 . 16.4 96.1
- 17 K/PS . 11.3 : 97.7

* Analytical mass baiance &M + $P detected

'Y



-55- the thermal barriers. However, it was also recognzied that if the

condhtf}ns for formation of other materials, i.e. single crystalline
NPlSk;ggy polycrystalline M (x is nuch greater than 15), were al so
avai | e over a large area of the tube, these materials would act as

"traps" for vapor species. It was thg%efore, al so necessary to discouraggj
the-formati oh of the other materials. This was acconplished by raising t
center zone tenperatures to | evels which would be too high for fornation
of polycrystalline or single crystals. The only area then where these
materials were favored were through the area of the therrmal barrier, where
rapid tenperature drops occurred. As shown by the follow ng exanple, and

ot her experi- nments summarized in _Table VII below, further inprovenents in
t he procedure were worked out. i £st was the use of Honeywel | -Model

DCP7000 Di gital Congp,ohpEhagr _i-to dQLve tge heating el enents. This

al | owed the pre-prograﬁﬁrﬁg—féﬁgg i 2 81 ia ARAN SPOR]
reproduci bl e trgag mgss coul de ggde fron1rug to run. Both controlled
heat - ups and coor=tow outte—&e YIS A im @it ube failures).
and production »§ white phosphgrpgs. The |a r. often occur- red when tubes
were cool ed rapidly and phoSpho(g§5vapor cohgﬁge sed as 3¥906.3  This was
often the reap®n naterials gppeared reactiwe. .. This reactivity could
often be. renoved by soaking thg AAterial s ?R%§0F§ents whi &% voui d di ssol ve
gy the white Phosphorus. Thgsgecond i npr was the g 0oufine of
applying an "inverted gradient" o 5300-490-289P§?£]C acrosghéﬁatube from

t he netal /'phospddrus source. tn/PEg deposi t hengpones bef Or gV gpor

=duAAT

transport, which cleared the ~
| 25 K/Py 3500 W 97.9
26 7 6200 W 97.8
23 K/P greater than 98.2 /
_ - _ 8.2 '
15 4500 W : ~
24 | K/P 7000 W |
| 15 93.3
24 K/P15 25000 W 99.5
27 : _ K/P5 greater than - - 99.7
| - 84000 E ,
28 - - K/P 7800 W 98.2
~ | 82500 E -
29 R/ 125000 E 94.8

e

W) Wet analysis
E) Flame emission épectroscopy .
Analytical mass balance %M + %P detected e



deposition zones of materials, which m ght affect nucleation processes. By
far, the nost inportant inprovenent, however, was redesigning the ge ZE(JX\
of the tube. I nstead of a |ong tube of nearly uni form 2.5 cm di amet\ery~ >
thé body of the tube was shortened to about 30-32 cmand the 10 nm di anet er
addi tion tube 160 (Figure 2) |engthenedsand seal ed such that about 5-7 cm
of this tube remined as avail able space inthe interior of the tube. Wen
this-latter section was placed -56- in zone 3, and the vapor transport
gradient applied, this dection bgcame filled with solid, bulky.cylinders of .
i n- creasing Iength as {t he condgtions for growt h. were |rrproved Exanple V"
A Li ndberg Model 5435E - zone fulna, identical g n &@l gn glnd size as that
of Exanple 1 was alﬁo,psea' in this é§<anp1e The &t em&ift s)® However, were
driven by a Honeywebl del DCP-¢70Q,Di gital Contfol Programer whi ch
“enabl ed. processi ng&t & §)re pr"bgr dimed and carrg ed,.qut i nga repro-

duci bl e fashi on. "The endis "of theahea®ing chanber Sher &l ﬂ‘gg‘ed wi th heat
resistant material to mhpimze heat 1gss fromthe furnace. The reaction-

t ube was supported by t rings Df asbestos tape. The rings were
constructed such thgt t ube was hel d at a slight angle. The rings also

h

served to insul ate Eheyheating zgmg;;,fr(gn eachmot%ggg The quartz reaction
t ube was round bottﬂmed 33 cm.Idrg 3 v gsoa
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by 2.5 cmin dianeter, and reduced to a narrow addition tube 162, 20 cm

| ong.by51.0 cm wi de. Under a dry nitrogen atnos- phere, 7.92 g of a ball

m | | &) arge of atomto atomratio of. 15 to 1 was | oaded into the tube
whi ¢ s evacuated to 1 x 10[err] Torr_.,and seal ed by fusing the addition
tube 10 cmfromthe w der part such that the total |length was 43 cm | ong, :
The seal ed tube was placed in the-3-zone furnace using the woven barri eré"/
descri bed above. Wth the tube between 6 and 49 cm one thermal barrier at’
16-19 cm and the otheryat about 38-40 cm the Honeywell Programrer was used
to apply an "invegted pradient” of 3Q0, 490, 500[err] C for 10 hours.

After the furnace’f};cool d at thesigrg]gwe;ggr@tg_{;of»%he furnace, the tube was
noved to lie betwsen 1P anll 557 GBS ~EIER Fiieg AElg %grgi ers were also-re-
arranged to lie- St 18/ 5-21.0 Cm'and 44 8-U72&m 28The pro- grammer then
drove the gradient.to 00, 485[err], 300[err]C for 64 hours.. The,
programer then took the tube through a con- trolled.cool-down sequence to
a 180, 190, 200[err]C pradient, -57- which was held for 4-hours. = The
furnace. was then_al]lo Bo.o bool to amBient tegperatures at the .inherent
cooling rate of tEe f;u rfc8.cSMe o ube wag Lcut opgp under a dry. nitrogen

] Qa0 -9 . - . .
at mosphere and 4.43 grpms. gik; _;3433 cm | ofig ol gL B@rogeneous anor phous
boul e recovered fBondthe, addi tgon tybe 1 Fi Jur#™3). The results of

§ [ . . . ’ ~
~several other runs ake| ghogn id Tabke VIT. = :
§ T 3
o) 2 { o i H] o
o E (-] - ~ = .
old ~ |8 £5c88c85aa M 7
Re E - e~ U‘UFU\UI\‘G\J:JE:C‘P; s
o] & pry E
Sl &9 8] m 8 O o mg S
Z] &l ~ & 0 ~ ~ ~ ~& ]
Bl 2 e > & & &g g
=z = ~
gl g yoouy Woow . |
ul et E E odhacd S Se 2e e oloco B s
I 8] ¢ RESR2S 2 $28392 ¢gEgomes- o
ul £l & . PN DEA PSR OE oonNead ok
8l o & 3 T S o 8'gR w s
Bl ol @ 8 o o o T % N ea = ok
©n c° * T 8 8 ©Now &
- e o e XS @
g 2 e
2] .2 e Ta
s 34 B0 4 no
=1 % - R
K] Bl |
..3 B -
5 £6 e
& LL
® o~ -2
0o S = s; 23
3 & m .. ~ ¥ -~
: - T S
Q . ] o - g;h
& & > = s bas
O © ™~ " - X
. [ K-, © - o nga
@ . w ”y . n 3
g A 2§ S~ bes
C] S £ & &3y & & 8 pa "ESR
£ X 2 > N E NN\ du
5 x Xa 4d s N 8. 7Bf - s
. = = e noE
=z -l QO
0n &
Xe=e
QS M,
£ o~
< . “IE
2 I8 &8 =& = R R C A T




-60- The results showed the yields of materi al

to be fairly independzgg%fL;
the charge type - i.e. ball mlled, or the pre-reacted condensed pha g7
products. However, there was a distinct dependency of yield on the P/
ratio. -The greater the relative anount _& metal in the charge, the | ower
S

the yield of material. As the anor phous haterlal S essentially phosphor us,
this~reflects a | ower vapor pressure of phos- phorus over

nmet al. - phosphorus charg éﬂ’ ab § % a slower
rate of. growh for i %ﬁq{t’glaé ot Med @igg,?, £‘;51_P. ?e VI11 contains
sonme anal ytical results on . I't shows potassium -
content, as de- term ned by wet nethods. It al so shoms trace constituents

shown to be presemloipifdsHpided Sgaes SBEEs! [AEPUVLd in two fundamentally
~different types of equipment which are both identified
herein as Two Source or separated source techniques because
in both -types of equipment, the metal and phosphorus are
separated and héated independently on either side of a

deposition zone. All examples have been carried out on the

K-P system.

Y In the first method, as shown in Figure 11, the phos-
phorus and potassium charges are held at opposite ends of a
LN sealed quartz tube 100. The tube is subjected to a temper-

ature profile as shown in Figure 12 achieved by use of a
three =zone : furnace. The profile takes the independent

charges to elevated temperatures, relative to ‘the center

N zone between the two constituents. In this zone, tbe:vapor-

ized constituents combine to form;therdeposited_gréduct:qf
KPiS’ 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 Flgure 14,

substantial section generally indicated at 102 is held out-

,;\ side the three zone furnace 104, at ambient teﬁpefature.

This section includes a stopcock 106 and ball=-joint 108

o . arrangement used to achieve the low-pressures desired to
|

carryout the reaction. This alternate sealing :technique

requires lower temperatures for this portion of theiset-ﬁp,
but allows for rapid and nondestructive insertion of a glass

: "boat" which holds the phosphorﬁs-and metal'sourcesn The
 boat 112 (sée 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 sexve as
initial starting pbints for. device designs,

as indicated
belbw.

The section outside the_ furnace provides a cold trap
for vapor spccies. Specifically phosphorus, which is loaded

into the zone closest to the outside section, is deposited



-62- Tables I X, X and XI are of analytical data obtained by wet nmethods on
produc )fron1vapor transport synthesis.. The P/Mratios in. the tables are

¥i os unl ess otherwise noted.  -63- [err] [err] [err] - 66-
Preparation of Metal Polyphosphi des_lgy-Two Source Techni ques Pol yphosphi des
have been prepared in tw fundanmentally different types of equi pment whigh
are both identified herein as Two Source or separ.ated source techni ques

because i niROithel YRESs e EGdicRIRM ,id hﬂ:aﬂ’?émanﬁﬁﬂaﬁﬂ‘os@@ﬁéﬁﬁliye a°sepenét ed
and heat ed Lnd endent y Qn eit.her |de of, a de osi.tjon zone. Al anples
have been Eé?? dpgﬁpp Hrgﬁewhlte oxm. Becau e this trap exists, t

vapor pressure conditions of the system are quite dififerent
from the totally-heated systems described above. It follows
that the temperature conditions which successfully yields

desired products in the first apparatus, are-not appropriate
for the second apparatus. The conditions appropriate for
- the latter were independently determined.

" Example V

In the 54 cm lon§ by'2.5.cm-diaméter quartz tube 100,
with a 10 cm long by 1.0 cm diameter neck 116, shown in J
Figure 11, phosphorus and potassium were loaded, 'under dry i
nitrogen conditions, into opposite ends of the tubes, in a
atom to atom ratio of 15 to l.. The potassium (99.95% pure)
was loaded first 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 than added to the tube,
the 3.33 grams of piecés easily being manipulated around the
cup 118. The tube was then sealed by fussion of the neck
116, at 5 x 10 =3 Torr. : :

The tube was then arranged in a Lindberg Model 54357-S
3-zone furnace to lie centered amongst the threé zones. Un- L
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 omly 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 HoneywellLﬁedel DCP-7700
Digital Control Programmer was used to drive the three heat-
'ing zones through an appropriake watm-up period, to the 450,
300, ‘450° gradient, which was ﬁbidhfor 72”hdurs. and then

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



K-P system In the first nethod, as shown in Figure 11, the phos- phoru
and potassium charges are held at opposite ends of a sealed quartz tuf
100. The tube is subjected to a tenper- ature profile as shown in Figu
achieved by use of a three =zone furnacgg. The profile takes the
I ndependent charges to el evated tenperatures, relative to the center -zone
bet weén the two constituents. |In this zone, the vapor- ized constituents -

conbine to formthg,depasi R Of Pf 1 KP AR L n.t.ne
reactor walls, More com Eglgé?'qu}ektq%ﬁslgp%ggr ﬁ%r?tééiqa%% reT&_’\Q})b%%gvl)sb?nt%‘E’e-
second appar &% A¥INY | BEPFEEBHC n Eiggte 10 . 8 Amystnhtregencatmgsphere,
general |y i ndtisat edbat «ld2 &6thehdcoWeveai deubliabhrre v f Uspagepleki-at
anbi ent tenpergguge. Thi;ks§cth%?Finc%udeg‘a st.opcock, 106 anq6§§$J- oi nt
108 arr angeneht "Tsed $V Hchi&PE e | 8% p1E8s Fres 2delt +E8R 0 ’ﬂflut S@He -
reaction.  Thiscest arinatthesefililng tirahnd qie rdopi sestioner (Peperallyed.o
for this portj the. t a3l r rapi - dgstructi.ve 5
isnsertion of !gggfgég aggggéag Fcﬁ'ﬂhotl% éﬁt\é%e 5 Hosp %érjugglgﬂggﬁesgﬁ S IEE
The boat 112 gaebyFeyaménes)bu| Borhy déffyactiocn Mkelchniguals .on Thleagemain-
substrates 11defFi gar esddl) Unat ¥ CRiddie i et & Pandanes) e
s

e
f-i | m-substrate configurations serve as initial starting poin or.y devi ce
. designs, as i REFRRE8d bel ow. The section outside the furnace provi des a

cold trap for vaporhep@ykesatitpecf i €hé! depbaspROrIuhd WoEhthe sd8dns  ©
|rﬂ;kjhe gqneaggogg Ec%%ehhinoﬁﬁéh%% i§€tl %E'%%éﬁagﬁ%éfﬂiegions, where T
was approximately 300°C, the bulk compositions were-about'
14/1, which falls within the accuracy limits of the methods
employed to identify the material as KPls. More revealing'
were the X~ray powder diffraction patterns for the materials
found having a P/K of about 14 which clearly showed they
matched those of.KPls, either from single whiskers or bﬁlk
polycrystalline material. Furthermore; the patterns clearly
shoved the presence of both polycrystalline and amorphous
materials in about a one to one ratio, as manifested by
broadening of the peaks. S
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k—\ _ Examplé VI _ -
The apparatus used in this example was modified rela-
\;r - tive to that oi Example V. 'The quartz tube 119 was fabri-
| ) catéd'with "nozzles" 120 and 122 segregating the two end:
éhambers from the center one  (see. Figure 16). Under  dry
.nitrogen conditions, melted potassium (0.47 g, 99.95%
. ~ purity) was added to the outside chamber indicated at K, and
allowed to resolidify. The additiorn tube 124 was then fused
. ) shut. Phosphorus (5.58 g, 99.9999% purity) was then added .
to the other outside chamber .indicated at P and the whole -
apparatus evacuated and scaled at 1 X 10-5 Torr, by fusion
of the sccond addition tube 126, The phosphorus to potas-
sium ratio in the system vas:ls atoms to 1 atom,
. - The sealed tube 119 was 41 cm long, and was centered
amongst the three consecutive 20.3 om zones of a Lindberg



-67- in the outside section in |arge anmounts, generally as the highly
pyroph@rlc white form Because this-trap exists, the vapor pressure
confjtivns of the systemare quite different from the total |l y- heat ed
Sys descri bed above. It follows that the tenperature conditions which
successfully yields desired productsﬁ%1the first apparatus, are-not ~
appropriate for the second apparatus. The conditions appropriate for the

| at t | ed. Ex ln:the 5 | .
20T Ver ok SCRRIAIL  URLR! B EXCTHE Yhomey pdHS, g b8
"neck 116, whuven iasbeshos t_épephomaised amcbwad atbeukukere Hedatlell, ahder

dry nitrogeReCoRctions del QHMpOs! yatnas %at%%gb Sangh £ atgm Lg.atom
ratio of 1 ot assi um (99. 95% p oaded first by dr oppi ng
smal | pi ec8dtipst 39 mMpiing Fhewdvyss, mhed dnsplated ke eeptefpeone

oriented vekrlhCahley hifiRitkegfer dBifed o (Rl teghspad abhoued AOHoneK
resolidify in_.the qP ZB gggsgggrus %98 9999% _was then added,. to_the

tube, the ¥edd dfedrt oPCRrZ §4521cFREERRN BHCARAIETHRF | RESBuBO11s.
'Thg t ube \A@&lkﬁeertl'ﬁaeaﬂmiad)me‘amtpmmﬁes hehneagh 14 6wasin Ep;(péﬁ:.od]’otb aThe -

t ube was t zone r .
centered a??g)&gstjﬁ}g%nree on%’gebr%g Wgﬁeg?‘% ’Rg’dfgﬁ ‘33§57{é’§,ﬁ gﬁ’h§ € one "
| engt hs of phtaEdiaml & i HNS. (1Bhe, ceiter anne témperaknrehwas sedelkctiras -
zones of 8.e d lalC h ( 0. b os
rapes, splra %Qar"'ggng'ct ﬁg.xt%uégcﬁusé (ﬁ't at t)ﬁa@i@cha?&@t%?!ﬁ@;é§ S

uhctions of zones 1 and

2. and zondhe® wWA¥eD tape dS| yihtpyted, heat spillover from the side
chambers raised the center zone 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 cond:.—

. tions, u_s_:_.ng a silicon carbide saw, it was found that nozzle./
122 between. the potassium zone K and the center zone had
become .clogged with material, which looked like polyfibréus
KPyg. The center zone 'contained thin, 1light red £ilns;
thicker, darker red films; and several, re‘lati‘vel'y large,
monolithic boules.” The two largest pleces were each about 4
cm long, by 1 cm w1de, with a2 maximum thickness of about
"4mm., One side of each piece is relatively planer, wh:.le the
other has a convex configuration, associated with growth
against the inside walls of the circular reaction tube. o

- 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'b_y'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. '



t hese tapes support the tube, they insulated the center zone from the_
hi gher - tenperatures of the outside zones. A schematic
representation of the resultant tenperature profile is shown in Figure
12, A Honeywel1l Mbdel DCP-7700 Digital, Oontrol Progranuner was used-to
drive the three heat- ing zones through an appropriate warmup period, to
the\450 300, 450[err] gradient, which was held for 72 hours, and then

- through a 15ghampileoglyydown sequence to .anbient terrperature The
materi.al s fofmed f.n-the tube were anal yzed by the following pr ocedur e.

First, in a dry nPPASdedat mibresen cpraditBongas ¢ut%9 ne§ swilded upatas-
sections, of SalﬂﬁhrOOG9 )2 eerQQ 3l weagt 18an H¥e ¥EEQ Ot 0d okl IFFON-HAT Bl HE -
saw, Pieces khQJ:tlon f£€ 5 t he sectlon? gpene ral 10 microns, or
greater int |ckné’ss mdvefParnidHdi ¥Fd2 R¥EF$YLBRakI i biFigras
di ffracti on 2&dhni Cﬂ]’es mé"helreaal alldeedofto eae:éblb‘&i:fjron 'rwes 15UR) §§h§§
‘to analysisg t he depgsits und Tor the
sections are |h|ﬁ£§£§ i urewaéﬂé%: he %%%t%$°“§ 7 h “Jiﬂqg g
appr oxi nat el FMR00idey | @’eltehe Bk QmiTp&Ql tervhs \ﬁarlellalgouthemm,. 3whenchléagl s
Wi thin the ageWiasy dddiit 3¢ he 0 j%ﬁ% h al
as KP[err]. More revecgal |c§l C)l\/vedre tﬁr;%zé]-(rjgy i 6?#’ %ﬁéi‘ué ?%gaéng
the materi al $¥dHYd HQFFH—@QQ Pf RoBf %FBH&EWM Mﬁ%&ﬂl edere sﬁéd@d téeey the
mat ched thos&m@bdﬂﬂeﬂddtsiﬂéfﬁﬁciiéﬁn§3ﬁ9$£ ¥hesk8ae. O'TRE! fhosphorus is

pol y&ryst al I| Furt hernose patterns clearly showed the
presence of (ﬁh po §t"§le| i e 'é‘h%a%ngpﬁﬂodé‘“’h readily pours out and
' . £ills in the boti_:om of section 132. Pyrex d1v1ders 113 keep

~ the P and K and substrates from sliding in the boat 112.
The 35 cm long boat 112 was then carefully slid into the 6'0'
cm long by 2.5 cm diameter pyrex reaction chamber i34 of
Figure 14, until section 128 with the potassium' abutted the

s

round bottom, closed end of the chamber 136. A Buta-N
' O-ring, size: 124 was -then clamped into the O-ring 301nt 102,
and the teflon:L§topcock. 106 (supplied by Chemvac, Inc)
screwed down tightly. - On a vacuum line,. the: stopcock 105
' -was reopened and the chamber pumped -down to 8 X 10 -4 Torr.
_ The stopcock was then re-closed, sealing the reactxon
~ 'chamber. : .
| The reaction chamber is arranged in a Iandberg Model
N 54357-S 3-zone furnace. As shown in Figure 14, two woven-
- glass tapes 137 and 139, spiraled around the tube, supported
the chamber. at the junctions of zones 1 and 2, and zones 2
and 3. These tapes forming thermal barriers (TB) were set
o to just lie completely within the center zone. A.-third
| epiraled tape 138 was used tO'supportfand'thermally insulere
the point where the apparatus exits the heating chamber of
the furnace. A cylindrical plug 140 of a ceramic 1like
material was used to stem heat loss out of the furnace
opening at the other end of Lhe chamber.
| " This arrangcment of *the .apparatus results in section
128 of the boat 112 containinyg Ethe potassium to lie within =
the third heating zone, section 130 containing substrates to
lie in the center, or second, heating zone and ‘section 132

of the boat containing phosphorus to lie in the first heat-



materi.al s in about a one to one ratio, as nmanifested by broadening of the

pe 'k$,.\;._\ExarrpI e VI The apparatus used in this exanple was nodified rel a-
tthhat or Exanple V. The quartz tube 119 was fabri- * cated with
S

"no " 120 and 122 segregating trlz two end: chanbers fromthe center one-.
(see. Figure 16). Under. dry nitrog it ‘conditions, nelted potassium
(0.47 g, 99.95%purity) was added to the outside chanber indicated at K -

and al | oweg, ol idifys.Th it Qn. t 4 _ used shut .
Phosphorus ( 025%]% 95{:9%&3;/0 gﬁrgﬂﬁf)ts \%ra}'s étjﬁ%n d_d%%ﬁ‘t‘%{fh%e%o eéralg%?g"i"de _
“chanber i ne#Edreingt optgadet mgmf@ﬂr_@maraaﬁ ket dtenberateesl ed at 1 X

10 5 Torr, by fNSH_Gﬂu?fde‘tl'le MsFONdpagdi1igmn byeitézﬁconl%npf@é%@ém 30
potas- siumratio.in Be,sy‘st_ym was 15 atons t0 1 atom The seal ed tube J19
was 41 cmYoRatSEHd Ragri¥ht &hed Hirsiydte 3 HENT HF Rt LoRs cERF PueEh 28 YR ERT

Eone_s of ?utzi ptéflm'rb@ in-ﬁﬂ-idbbdﬁheS%ér_&tlzﬁ%e &*eﬁ:eac&?]ouau\eg tthﬁr{)gb, _
arriers 0 2n; ashest Qg tapes. spiraled around the tube he t at

t he junctigﬁé'oflo\%\r%slg gﬁ’ %,Sh%s?f%" hesZ29Rgng the ﬁuﬂasﬁatcﬁ 3L ¢ 027 -
hol di ng t htheupetasshup zone atrespeettealyr zGhenfr as ttepidijhess pos-

Control Proseamioat s ARG, Mie SEEAX WS rekeh Bovarm -

up period, 3P8,a3880, 4°Croghere] dtgman cheld EoRe abbusporhoumms aThe . -

;%O[er_r] C fubfape!l 3as Whet Z0066e8] o Broreateitg0RnbORE RALES ¥BSa

sel ect- 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 furné.ce. 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 materiai. The

apparatus was opened under dry nitrogen condiiions, 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 condﬂ:ions v

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 exposad to moisture. They-
generally burned vigb,rously, appa-r'cnt'ly by the production of
hydrogen via reduction of water.) ' " '

The technique was repeated several times. ' Further éx-
amples are noted in Table XII.



ed as 300C, -but because the insulating characteristics of the woven tape
is limted, heat spillover fromthe side chanbers raised the center _Zone
tenperature to the 355[err]C level.) This gradi'ent was held for 80/ffdrs,
-and then a 24 hour cool - down sequence\%} foll owed. When tube 119 cut
opeR, .under dry nitrogen condi- tions sing a silicon carbide saw, was
fouﬁﬁ’that nozzl e 122 between. the potassium zone K and the center zone had
beconme clogged with material, which |ooked |ike polyflbrous KP15' The
center zone contained thin, Ilight red filns; thicker, darker red fil ns;
and several, relatively large, nmonolithic boules. The two 1 argest pieces

were each about & cmlpng, by 1 cmwde, with a maxi mumthickness of about
4nm  One side off each piece is felatjvely gﬁan e, r'ig/vhlle th other has a
convex conflgurqglon hSSOCi at e mntﬁ growth agai The | side walls of
the circular reagtion jube. Wet analysis of this material. showed the
potassi um content to bp extrenely low, as a bulk analysis, at |less than 60
parts  per mllgon. El ectron Spectroscopy for Chemical Analysis
(ESCA) indicated®tha the potaSS|un1content of this material decreased
rapidly outwardlg o the tube wall oft wRchSit wadlfiPst dBposited. At 100
angstrons the réﬁﬁ@ of | P-Kas®abou¥ 507 AY nEasu? ed™by ESCA the P-Kratio
on the final. suUPfhce fleposited was in the order of 100Q0. anay
diffraction studies shpwed the material to be annrphousm 870-
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Exanple VI1 Under dry nitrogen conditions, 0.19g of nelted potas- sium.
(99.95% purity) were transferred to one of the outer- nost sections 128.(5
cnf hang) of a pyrex RTM boat 112 (Figure 15). The netal was allowed to
re\o\} ify. Two plain glass substrates 114 (see Figure 14), each about 7. 5
cmtong by 1 cmw de, were |laid end t;3end; filling the 15.3 cmlong _
counter section 130. Next, 1.36 grans of phospharus-(99.999% purity

obt ai ned from Johnson Matthey) were added to the opposite outside section
132 of the boat Th?hre paha?q:monmltsw ncenditddnsi zﬁe:rgrbhwl pEepakatdnc o £
readily po t R L th f rex, dividers
113 keep tﬁégP%én 5%’(‘1‘55 sltcrhatgg }8%@5% g fhez‘:D P\\'/ 315’ "PFE %35 cm
| ong boat teze@asin héhecam@f U dYyreei Gongso euhe Gmovmeldorglbqhﬁlﬁp cas in

di anet er pYLAEX gy 0419689”9«3511:3&1% Ftﬂélrsnaénguwf"xné‘ééﬁiggejf%%rdaéh

t he potassium abutted the round bottom closed 136. ‘A

But a- N Orﬁﬁgmagalzfe%%@ﬁveax then lergite P f nthet Aepesitng GrePs: SKEmatdar

E heht It ef | oa1RyM S@mplli*rl}ipes\ﬁﬂsvfpaiﬁdibigghgﬂﬂéﬁweehn@ges PRI i
ightly. cuum |line S op c wa rere e er

busped donfieg B LTI R Evfh o CERRRTAE vademiara L. dfatet SRS

t he reacti anzdtxa!ﬂffaxrnérm r:eaqnim thaﬁb&n ith eargerged fﬁrﬂabenotlmng ﬁl‘twlel

54357-S 3- 37
and 139, sé:%rl?“ e%[ ar oun 1’?%I()\g‘lilldsg’uppor 5$§ﬁggchanb§arl§tea gg t}%%%
6T zones 1 tempexatumge zdaes xumdngmbergesd + apls ahdr B hh. thalamsllnlgarthers

(TB) were. rfbiﬁ’étsbhECSO'EBh%%@a)ﬁuWet hd 55‘@“?eaigész%egood°‘ fdud Lk,
spiral ed tape 38 ‘was used to support and thernal I NSu "
raising it to 525°C gives a better result,

Analysis of materials from runs 46, 47 and 48, by Scan-
ning Electron. M:.croscope with electron dlffractlon analysis
(SEM~EDAX) methodologles revealed the material to be KP15 ’
films, on the order of 6-7 microns in thickness, and to be™™
of an aniorphous 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
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.

\J‘

"Rar'xges of conditions for one source vepofi_ﬁr.a.nsport
are: . o ' '
1) Reaction zone tempe:atuzes ‘range from 6_50-_550°C; Cold
zone deposition temperatﬁres range from 450-300°C. _
2) Deposition temperature for single crystals of KPIS vere
found to range plus and minus 25°C around a center value of
465-475°C. N |
3) .Deposition temperaturz for. polycrystalline films were
found to range: from about 455°C down to 375°C.



t he poi nt where the apparatus ex{ts t he héaping chanber of the furnace.
cylindrical plug 140 of a ceramc |ike material was used to ‘stem -heat
| oss out of. the furnace opening at the other end of the chanber. This
arrangenment of the apparatus results in section 128 of the boat 112
containing the potassiumto lie within~vhe third heating zone, section 1
confainlng Substrates to lie in the center, or second, heating zone and
section 132 of the boat containing phosphorus tolie in the first.heat-
-7- ing zone.4} | tDapositésnl tts:mncxemha;rcgefgégrf@mrmoqswefappar@f t the baiewy
outside the f H@CSL n |HAls LEER ?éa%HBﬁ abJipney &@Gﬁ'toDQ@ 1%
Digital Cbntr Programrer” was use drive the three heati sections
t hrough a vvar:’n‘i W peffodleverntenreRa tPERFel8EE édVEtd IRtaHe e trdo,
150, 100C in the phosphorus zone, the substrate zone, and the potassium
: zone, respectlvely Then, pi dl bOSs %¥¥ rOX|nater 18
m nut es) ‘'t he gradi SRE ﬁé?gﬁnq{iFQQﬁ/ %06°r48UPe CEUVARPT (ERARS RN
f-or about 8hoare. fo¥he ormrimac dwikls Kh aialt@\m:l.tso Cmntune ilfls apger®nis) ;
rate, to-a pr 00, h?p o QOK hQUr S.c b
furnace then ggégng%&éd f% o&f 0 rooﬁ?tggpegét&?ggﬂ#ﬁxg% gu %58 Q? and
" renoved fromdépositnazame Tak 06 Can drpesifes t Wereu ik cﬁhﬂ-&ﬁn&f m:.xed
deposi t's. of 943 he! hAUBREETHET) & Srofl by £ xp_
pr obabl y pho\s\gﬁi&n&glt i rgﬁ P ?on quhe phosp

us in varying s ages me¥d ‘zat or us
heating zone §Hs™MuchaIxsataR ckhan 1 tlh@ tﬂﬁ" pRER sPEmPhARPIAFRS - F:.gure
m— 16 apparatus): Phosphorus at 500°C, Potassium at 700°C and
" deposit zone at 355°C. K- source became plugged, deposit was

bulk amorphous KP_; for thin films of amorphous KP15 (Figure

14 apparatus) Phosphorus at 500°C, Potassium at 400°C, and
substrate at 300°C. ' o

U ~ For thin films of KP,., the Phosphorus source may be

raised to 525°C and amorphous KPlS is still prbduced.. If

the Phosphorus source temperature :is dropped to 475°C, the

system does not yield KP;g. If the Potassium source

temperature is dropped to 375°C, tlie system does not yield

15' The substfate temperatures may be raised to 315°C and

the system w111 still yield KPlS' but not if they .are ralsed _
P to 325°C.

Preparation of Polycrystalline Metal Polyphosphldee
in Large Amounts Via ”Condensed Phase Synthe51s“

Althougﬁ not formed in.a,physical state_appropriate'to
- . the " tapping of their useful semiconducting"proggrties,
. alkali-metal polyphosphides of the type.MPls, MP7,'and Mpll;
can readily be prepared in gram or more quantities by.a
technique we call "condensed-phase"” synthesis. Before using
this technique, the reactants are genecrally brought in inti-
mate contact by a ball—mi]ling'procedure. .Decagram or more
quantities of the elements are loaded in ball-mills, under
dry nitrogen condltlons, in the:dbsired metal to phosphorus,
atom to atom ratio, e.g. P/M 15 to 1 for MP .  The sealed

15
mills are then utilized for 40 or more hours to reduce the



tained a variety of materials, ranging in color fromtan, to yellow, to
orange. The latter extended slightly into the center zone, which

oth W&?ﬁ was covered through.one-half of its Iength, next to the potassium
zon X (Yh a dark film which trans- mtted red |ight when a source | anp
was ‘shehe through it. The remnaini ng -h&%f of the zone was clear of materikgl.
The apparatus was opened under dry nitrogen conditions, the pyrex boat 112
w t hdrawn, and the gl ass substrates, 'covered with the red film renoved
from t he bEAPPORRPLS kedai welktphied: sbamegepsovse, frrethlewingappyrs.
gx\henht he'haar. ngmrmﬁzﬁ._lbh%ﬁ@t@éﬂéiﬁlwr ?gawafs@?rg&garm? Sl%uﬁ@ﬂéib:lt isggs, -
e phosphorus.deposj{s_in the expose i on_.of tube wou eneral ly burn
vigorously?ftﬁgﬁbﬁnﬁk%kﬁgCI%§b§§° %ttﬁg%g 05-“9Hb§u$° éﬁﬁvietgi&nEGFase
exhi bit suthe f£daciiiviyt yof ridtenhecompenahs dhicthgwehe mdlllagpot assi um

source section f : t ry s | ve e osgd

noi st ur e. They-agggg&é%a%ﬁrﬁ%m@sg%rgguélf%%%ﬁar%%ﬁ{jamt EQ nggﬁ‘ﬁct‘)lron

of hydrogefo¥ea Asddstansiearredt to. ¢ quartzcanPqudewaundegedrad nddragen

times. Furibadi®iomdP! esnd Cahebtde Nrdabks XA - sizd ©F Ther gn €%, St

limting caondi tli onos for_the pfeg,ar ati oﬁ o? th)e(“cli_arﬁ(l}éll nfér]o\m“ gﬁSt rgnrlls%nts

r ed |ight.dlpWQMﬁ§tQ¥WﬁH%rcm in length, to 2.5 cm in diameter by 25 cm
"in length, depending on the charge size to be processed.

~ ~ The tube is sealed at reduced pressure  (generally less than

1074 Torr) .

The reaction is carried out‘by subjecting the tube to -/
an ever increasing temperatufe, under isothermal conditions,
until the applied temperature reaches 500 or 525°C. By
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 soaking temperature is held for a substantial time;
during which a powdery polycrystalline or cr§stalline_prod—
uct is formed. A typical soaking time is 72 hburs. ' The
longer the reaction, or soaking time, the more crystalline
the product (as manifested by grain size, sharpness of X~ray
powder-diffraction lines, etc). The hot tube is also taken
through a cooling period (more than 1l0. hours) td_ . ambient
temperature. . Slow cooling is not necessary for . the
reaction, but prevents tube breakage due to the different

_ thermal cbefficienﬁs of the products and the guartz- 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 td follow these
‘slow heat-ups or cool-downs 6ften ;esnlted'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 iesidual phosphorus would be white
rather than red phosphorus. ' '



tures in the two source zones are dropped slightly, as in run nunber 49 of
Table XII, the anmount of material formed, as manifested by the length of-,
t he deposit, drops dramatic- ally. Simlarly, subtle- differences betyeen
t he ‘performance characteristics of two.gtherw se identical Mdel 54 f{?jL
3-zone furnaces require that in the second furnace (B), the tenper r '
t he osphorus source be raised to higher tenperature (see run nunbers 50, .
51 and 52). gRalsjiRdifye phosphorus source ‘tenperature to 550[err] C gives a
good result, -%g—rrg—r‘t—t ' o 525[err]C %i ves a better result. Analysis of
materials fromruldd .56 9ugman@fs®  bylicaillgdhgubreereopf Mengantoparafien
el ect ron di { ragibiaaku@] pot SEM BRAXLNTRL hadsh Ogh eacbRVRaked IUF° 15 to

e

material to films, on t he ord(ﬁr of %-eg.m'crons in thickness, and to
be of an anoriphoti@scHFARTGELEE ( APR8 & ste? nFBI &+WF UBY ule e FHcfianateRe

© mi crographs. qusaser tube VagoicHreasarsd €onali 8i oNS1ERECHYSLNQ Eradyanstéer
controlling product typ ar g, e three. zong furnace. for re

yni form terrpesrea‘idclff‘:’ep 'con??’gl ;ér?%gfﬁtg%%e%at{%éed | BRGt ﬁmdeg) drg(Jsa'ﬂ)b'Pgen

thermal barricomitkonsaperther etybadi vas camaled 49t Usedutedhepresslre

plugs at endsgpfy OpFm™ 'PS'firg)b l@@s?ﬁ%eﬁg@nﬂﬁgraﬁr 5Q¥38d! b BBnkYRELES or

obtain cylindrical boules. .an)ées 0 ondi t1rons Tor .one source_ vapor,

transport ares© 3bovedhe ghidercPatbpefathectubange from 650-550[err]C;

Col d zone depositifie teFBErdhY" Sppapeedl iAMAa0caAeke zbre 4 aDERAALE!

: . g
te rature for singlg-ﬁr.tals of KR15 were found to r ngeaPlus and m nuds
25[ err] C ar olfRAS! c2fife &3P B FUFRRGS (P @ 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 Programmer which enables processing-‘ to be
preprogrammed and carried out in a repfoducible fashion.

Using the programmer, the reaction tube was subjected {0 the
following temperatures for +the indicated lengths of time:
- l00°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 ambient temperature, at the
N’ inherent cooling-rate of the furnace, the reaction tube was
removed from the furnace. Under dry nitrégen "c_on'diti‘._ons,.
the quartz ampdﬁle. was cut open using a sili'con-c'arbide _saw,
and the dark purple, polycrystalline mass removed. A sample
Lo ‘of the material was subjected to compositional analysis,
) Wet analysis gave a P/K ratio of about 14.2 teo 1, which is
accurate to about 6% of the theoretical value of 15 to 1.
.Products from similar runs on K/P15 charges fell the same
range values, as shown in Table XIII.



3)
from about 455[err]C down to

375[err] C -74- 4)

Deposition tenperature for polycrystalline filns were found to range

t enperature
for anprphous fornms of the new form of phosphorus range from about

Deposition '

375[ ering:C. down to at |least 300[err]C. (No |ower tenperatures were _
i nvegt\ ed to date) The range of conditions for two source vapor o’
trans

Phosphor us,

t are for. form ng bul k KP[ er~pz4amateri al s..(Fi gure 11 appar at us);
tenperature at 450[err]C, Potassiumat 450[err]C, and deposit

zone at 300[err]C, deposits were thick films of m xed pqlycrystalline and -

anor phous KP[err]; for

gulk a

meLphous KPlertl (X, ouch,9reatgl, than 15 the

-

new form of phosphor.us,§ Fl gur e'cjgo'@npgg%t Us'h'e 'ggwsgrwoaxovggoc Pot assi um
at 700[err]C and deposi mzone C;: gq}xx'ﬁﬁggﬁﬁ*?rugged
deposit was bul k annrph@us KA QL;ﬁ QL, }LQ‘ LI . Qf, .ggnudb QUs KP[err]
(Figure 14 apparatus) PhRos horus at 500C, Potassium at 400C, and substrate
at 300[err]C. For thin §&l3g ﬁ:&ﬁ%ﬁ?ﬁ§§§§ 8 ﬁ8@§2§§ﬁ8§rmytm
rai sed to 525[err]C andaanusp1ous IS SOTT “prodaced™ "TF ™ he
Phosphorus source tenpegature{:is dropped to 475[err]C, the system does
not vyield KP[err]. ff-th :E@%@&iﬁﬁéﬁﬁzgfz&ﬁﬁﬁgiﬁﬁﬁs dropped to _
375[err] C, the system dg&2 no gl;gFRIS]&h shecahesPrad & FeRReY at ures may
-be' raised to 315[err] C&d t1e systemw || still yield KP[err], but not if
‘they are raised to. 325[srr]C Preparation of Pol ycrystal | i ne Met al ‘
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: Although not fornmed in a physical state appropridate to the 'tapping of
their useful sem conducting properties, alkali-nmetal polyphosphides of
. type. MP[err], MP7, and MPI| can readily be prepared in gramor nore

quantities by. a technique we call "condensed-phase" synthesis. Befo
using this technique, the reactants a_r.é-’g‘e‘neral ly brought in inti- mat
contact by a ball-mlling procedure. Decagramor nere quantities of the

el ements are | oaded in.hall.-mlls, under dry.nitrogen copditions, in the .
desired metal to pﬂﬁssﬁgfﬁé?"atﬁﬁ%?f‘ oﬁ??é%?ﬁ,é?ﬁ? é#ﬁfﬂﬁe?ﬁ fups, were
MP[err] The sehjedtedl |t amexphed ogtiidailzean&bys €. or The eXRDupswilerr allifie
t he conpon t QA oWl o . h geneay .f -f | AN
mlls are genggéﬁ:glgﬂeg}f%& pﬁrsfﬁ%ﬁopﬂgugs%g’lr{%g& a(r)]Teset‘ﬁée%nMi Plg‘iaﬁg'\,fyt g“?afrafbcohu%He
100 err]C. Thpsthesgobhainafcresee the Sinigdeet s sk HP computRies @FINg
the mlling. Aupegt b9ntk VRAOF-lthr@mthIPort etk 'Aldea 10 ol nore,
Is transferred to a_quartz_ amnpqul e, underé%é¥ nitrogen conditions. The
ampoul e ranges inT&fze 1o9ym WRsi Sateedy ¥er ok n PEMRE h, Mkl 5
cmin di gmstT ﬁphbﬁg&&_m is@'lslt@ﬂ&t,h,adéeiggﬂhﬂﬂcaﬂe&hinchﬂéﬁﬂi@. tOCﬁxﬁpax::Li'-
processed. e tube [s ,sea at, reduc ressure, (genera ess .t han _
Forry. The reé@f‘?ono#stiﬁfrrfg’a .&ﬁt%y‘)gubﬁq’ﬁﬁ? n@#gglﬁﬁ‘ﬁe t%°%ﬁﬁ phh edch
“increasing teogheat ame] tinalter obtaihednein coimle oosystalsl ddtmbipiEheat - the
tenperature r 5[ gr : i her nal i L4{on - .
t hgt\t he whol é%%%??oé%omg‘%%iéf %‘ga \/\Lg’\égc}%t'ngla’r Y glg ré%?i%%%e%?ﬂ?he
same tem - 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. o
The milled products are relatively air stable and they
provide 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
N 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 la M/P ratio is varied from
1/15 down to 1/7. The inéreaséd metal content generally
results in severe agglomeration of the charge onto the walls
of the ball mill. Fortumately, the agglomerated products
are easily scraped from the mill and crushed through a 12
mesh sieve. Lithium and_érsenic are somewhat difficult to



perature to prevent vapor transport fromhot to cold por- tions which would
result in non-uniform products. The high- est soaking tenperature is held
for a, substantial tinmes during which a powdery polycrystalline or

crys \’t‘ ne prod- uct is formed. A typical soaking tinme is 72 hours. The °
| ong e reaction, or soaking time,~1%e nore crystalline the product (g4
mani fested by grain size, sharpness of X-ray powder-diffraction |ines,

etc). The hot tube is also taken through a cooling period (nore than 10
hours) to ambilénustievgethe usbandarg dallcouwllhing i proneduraedees &y thedr .

the reacti ofarBHbsR @HNISLJHEE W Bk epier s 0 the different thernal

coefficients of the products and the q.uartz- anpoul e. Both the heat-up and
cool -down periods have be en ob- served to best be devised as relatively
| ong (nore kbageh@ Ip@urla)-with soaking at internediate tenperatures (e g.,

200, 300, 400, 0 ) or 6 _ho Failure to followt ese
heat - ups or cool -T’o"i‘ &h ‘?’é%%ﬁ’gﬁnyﬁfe%‘ﬁf' sP8RE sr2gREY 8% tlfgés

However, t henﬁr arkagentf gifaelec opblesPhdrphaseweeaniv anse Wenky t h&ghaqmmy n
sl ow cool cept t I ti esi dual,p

Wi te Tt helairas i iSefrofife! o100 Baduoutd thoruasgR s el en T
mlled mxt ms@thmmtgmq@ ﬁng@pﬁohusoanuamhew um in a atomto atom

ratio of 15 to 1, was transferred into a 6.5 cmlong by 2.5 cmdi aneter -

quartz tube, which tapered to a 8 cmlong by 1.0 cm d| anet er
I _ Mode of Milling

A, Standard Ball Milling (Rotation)
This was originally the method of choice for the alkali =/
M/P systems. However, we have used more intensive grinding
processes (ci:yogenic and vibratory milling) for t_he' other
group 5a metals. ' ' |
The stainless steel ball mills were fabricated " ] hye/
house"” and as shown in Flg\iﬁecm%? cornpr:.se )a cylinder 515425
with these dimensions -~~4. 5“LO .D. X 68" height X 1/4"zwall
. thickness. The top of the mill is provided@ with an inner
- flange 151 to accept a Viton O-ring 152. A stainless steel

top 154 is held in place by a bar 155 tlghtened down with a
screw 156.

One mill has smooth inside walls. The second mill was
constructed with three baffles welded onto the walls from\;),
top to bottom. These act as lifters for the balls and re-
agents and result in more efficient grinding. ‘ ‘

A total of less than 50-60 g reagent charg‘m>1s desir-
able. Inlt:l.al milling experiments used 1/4" talnless steel
balls; we h%ve i DES ?chleved better resulgs with a mixture
of 1/4"Land 1/8"Lsta1n1ess steel balls,

Cryogenic Milling (-196°C)

This was accomplished using the Spex freezer mill
(available from Spex Industries, Metuchen, N.J.).

Due to equipment limitations, only" small guantities
(2-3 g) can be milled in a single operation--however, this
can be done quickly at liguid nitrogen temperatures- (in a



section. The transfer was carried out under dry. nitrogen conditions.

. The. tube was sealed at reduced pressure (l.x 10[err] Torr) by
fusi-ng the narrow section a centinmeter or so above the wi der part of the

tube. The tube was supported in the cenéﬁr zone of a Lindberg Mdel 54357

t hree-zone. furnace by a second quartz-tUbe, or liner, which was, in turn,

supbﬂ?ted in the radial center of the heating chanber by asbestos bl ocks.

The .3-zone furnace heati el ement s _were drive ne | L. e :
DCP- 7700 Di gi"la;{%ecﬁ)rﬁefo‘? n‘%f”bd?’e{}ﬁr%‘?s%m cﬁg‘e‘nébgte‘ggp%g@&%ﬁ\ﬁg- k%p@g bppli
pr epr ogr anmecaidl icey r ind redudimaa teppowdeirblforimgs Hiten. haksdery anhd higher
pr ogr ammer, ti S SURE ¢k t d Wi t

For the 1 ndi CarAfTE heFale By 2aSURERRGR, dhd e QY SonpoaTERal ehdh
500[ err] C, 1&erco-g528hdr Mith 7pedr shosphoEusy iy sthe arat2bengr bpel Mifdds,
(Wen all three gohescdrg sopirolled at the same tenperature, the center
zone is high- |y isothermal, with a tenperature variance of |ess than
Lferr]C across the zone). After the fUrnace cooled to anbi-ent tenperature,
at the inhereyibegebripoMi 2 engf the furnace, the reaction tube was renoved

. from the furnace. nder _dry nptr n._gondi tion t ar, aqﬁﬁﬂle.

_eut open using a.s?p?c5ﬂ9&3¥ﬁphe(ggﬁr%§ﬂﬁtrk£d§Yﬁlg§Pg%e?EégTycry§t5”&?@
~mass renoved.cidcianpkéd,obhihe material was subjected to conpositiona

anal ysi's Wt anal ygi§ 03ye ;53540 Of OUti 154 Hd0 thstdiE of Susi
acdurate to about §§§8f§¥hggfﬁg§fg?}?gﬁ'§§ﬁ%é ST 15 10 1. Products f?%ﬁg :
similar runs votitkpgr motinn geelirenlar hwibzatioasganm IrRer LR IRT

Tat)l:e X o ttzg&btqos a pai@%cilsaker. Theo_cgini‘rﬂ?{\sions of the mill are 5
1/4"(0.D. X 3.5"|height X 1/8"|wall thickness. - _
The mill does not contain baffles. We have used this
ﬁill for the difficult to mill elements such as As.
~ Time of Milling LT _
There has been considerable variation here. Generally,
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 i; required for the
lower melting Cs and Rb systems. -
' :
Temperature of Milling
e . This has either been at ambient temperature or the

mills have been externally. heated to approximately 100°C

_.with a heat lamp. Ambient temperaturés are suitable for low

melting point metals such as Cs' (28.7°C) and Rb (38.9°C).

- : . External heat lamp application to 75-100°C for 3-4 hdurs was

definitely beneficial for the Na. (97.8°C) and K (63.7°C2

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.



-77- e -78 In addition, several sanples fromdifferent runs were .
subJ +t o nor phol ogi cal anal ysis. The XRD powder dif- fraction patterns '
for g S ‘materials were readily matched to those obtained fromthe single
- Crys I KP15 sanpl es pro- duced by the vapor-transport nethods -cited
el se The net hodol ogy was carriegd over to other netal - phosphorus

systems, as is indicated in the table=" Conpari- -sons of the XRD data of
t:hese material s, both with each other and that obtained on single crystals -
establ i sheg,, ttie Lbsflr}gﬂ,lre of the products, i.e.. they all have basic-
ally-the sanme a ;jenlitgonal t ubes of coval ently bonded - :
phosphor us: M"I'f"l‘TTg"TVE‘t"H‘l"S"VWT‘l’I"Red Phosphorus | ntroducti en W -have

utilized ball mlling to prepare honpbgeneous, intimately contacted mxtures '
of red phomﬂse M t{R&EF QP EE REY 9§ OUPaBReREQ) S, The milled products
are relativery air abl.e and the rOV|de conveni ently hand| ed starting
materials for tHR9f%- NHESIER ot cr"‘! bEY c H¥ensan sPhgLeless: ce

vapor transgordl t balii qmie]sl comiainiimpi B84y d ndEc MY tdpainDéys steel
phosphl des g]aa]}/les f8 ﬁr&géwtwltrh pgrhdurl legge mrgll.e)' N99298%°55 pure Egmry
(from United Mineral and Chem. Co.). and 72.95 g (2.36 mole) :
of 99.9999% pure red P (from Johnson Matthey Chemicals).
‘The mill was sealed and rotated on a roll station for a
total of 71 hours. The mill was heated to approximately
100°C for 4 hours by playing a heat iamp on its surface. v/
The mill contents were discharged in the dry box to a 12
mesh sieve and pan. No agglomeration of the product was
cbserved. The steel balls were separated from the product

on the sieve. A total of 76.4 g of black powder product - ‘o’

was obtained. )
. %

Ball Milling of Cs/P7

~ Example X (Reference No. 115, Table XIV) .
' Under nitrogen in a dry box, a baffled stainless steel
ball mill containing 450 g 1/4" and 450 g 1/8" stainless =
steel balls was charged with 12.12 g (.0912 mole) of 99.98% ~— .
pure Cs (from Alfa/Ventron Corp.) and 19.77 g (.638 mole)' 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 apblied).
Upon opening the mill in the dry box, almost total agglomer-
ation of the product was observed on the mill walls., This T
material was scraped off with a spatula and discharged to a
12 mesh sieve and pan. Tlte chunks of product were then
crushed through the sieve. A total of 27.8 g of product was
collected in the pan. o '
Table XIV summarizes the reqults of milling .various
. metals with red phosphorus. - As previously not;ed,

these
materials are surprisingly stable.
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rotating notion, circular vibrations are generated--simlar to that of a
pai nt -shaker. The dinensions of the mill are 5 1/4"C6.D. X 3.5"hei ght X

1/ 8"kwal | thickness. The mi || does not contain baffles. W have use thls_
mll for the difficult to mill elements such as As. Tinme of MIlin '
has Qeen considerabl e variation here. Geggrally, the duration of h
mlling is not |ess than 40 hrs. nor more than 100 hrs.” To sone extent;

t hi s-has been det er ni ned by tthe sygstesm being mlled. Less tine &s gequired
for the |lower nelting Cs jand Rb- sys,:egrs Tenpepatupe gf M o | ngFThls has
“either been at anbient tenperature’ @_rfth%%.’i | | & hafe lgeen @(tersnal$y heat ed
to approximately 100C with ajhegt Egngp g@l enth’éte e e ur ese are sili t'abl e
for low nelting point netals|suth d&Ts 328 7[ r'r]@);; afmj §38o [-&w]C)
External heat_ [anp appligati ¢n ﬁo ¥5-s 100&6r‘r]cuf‘br 2% & hou sy, e§_1,,n| tely
beneficial for the Na (9% 80¢)% and'%(&s 7’C) t erfs mg He,azl ng., -8
100[err]C was of no @al_ue}"’gutﬂ:-a_s ‘(1.‘(28 5@ \ﬁe-ﬂepnc aﬁ.ustabl e
products are the result- & ni|l##ngeRAEelTH kakig nBEt Bind os:];) of . '
ball MIling of K/ P[err}. Exgnple I X (Reference No. 88, Table Xl V) Under
nitrogen in a dry box, anp unhaf fl ed. st ai nl esspstepl Ppall mill wont ai ni ng-
884 g of 1/4" stainless. & eeljgall SW\B.S char ge@ V\A§h € 14 g (. 151 nol-e)
"99. 95% pure K (from Unltgd M rLE_[aI ,a,nd CIlem Ca.). @nﬁ' 72.95 g -cz 36 ol e)
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- sieve and pan.
~ pballs were separatéd from
- bl:ack powder ' product was ¢
‘(Ref erence No. 115, Table
stainless steel ball mll

steel balls was charged V\qb

Al fa/'Ventron Corp.) and 1
- Johnson Matthey Chemigal s
station for 46.5 hour§ at”
appl i ed). Upon openi rg; t hg
ation of the product Wwas
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a total

% pure red P (f.rom Johnson Matthey Chem cals).
otated on a roll
Gpproxi mately 100[err]C for 4 hours by playing a heat

e mll contents were discharged in the dry box to a 12 nesh
No aggl oneration of tig product was observed.
t he product on the Si eveg.
pbt ai ned? wBall

A total

The m ||

of 71 hours.

was
The m Il
lanp on its

Illng, pf CskP7_ Bxanpl e X .

0gn idhsa dEy bpg a baffled
€ >nd - 850" f:

g L4
128 Gol &Y "ofﬂé%f)

The steel
of 76.4 ¢ ofv

51/ 8" stainless

% pure Cs (from

e)g 'o'f DY 999% $EE red P (from
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usé

1
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9

wa-k

ando

%ﬂ’@d on-a roll

150 eItEerE@ heat source
X, Hﬁﬁf?%?&
s R2ERESmateri al

aggl oner -
was

was

and di schar ged to a 12 -mesh sieve and pan. The
then -crushed through the sieve. A total of 27.8 g of
'he pan. Table XIV sunmarizes the results of :
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[err] - 84- -86- Analysis of Products Table XV summari zes .t he
various MPX (X 15 and x much greater than 15,- the row form of yan
phosphorus) material's synthesized fromvapor transport w th one soyfcy
(iS-VI), fromvapor. transport with twyggource (2S-VT), condense ge
processes and chem cal vapor deposition (CVD). [err] - -87- The lal s
_ obth?hed fromthese techniques were crystals or whiskers., referred to as
X; solid polycrystal- line bulgqayedes el pro@scEs solid thin film

referred to as TF; "solid anor - referred to as B and TF; and bul k

- Table XV . summarizes the various MPx (X = 15 and x
mich greater than 15, the vni:w form of phosphorus) materials
synthesized from vapor transport with one source (15-VT),

R g from vapor . transport with two ‘source (2S-VTf, coﬁdensed
phase processes and chemical vapor deposition (CVD).

| TABLE XV -

'f\_ e R MP# : M = Li, Na, -K,. Rb, Cs
. . — X X = 15 —X huch greatex than 15
&Jﬂ' o . single- - X _ . X
- 1S-VT crystals | |
poly. . | . L B, TF
W S ~ amorphous - . 'B
o - single
o - 28-VT crystals |
R " poly. . TF . TF
T | " amorphous ‘TF - B
2 - ~ single - - .
: Condensed - crystals X
Phase _ ' poly. . B*
" "cvD - amgfphous TF
X Crystals/whiskeré'

Bulk greater than 10 micrometers thick

B: = i
TF: = Thin film less than 10 micrometers thick
B* = Powder . o



~powder from condensed -phase synt hesis referred to as B*. The anal ysi-s' of
- MP15 crystalline materials was given above with reference to Figures 7-10.

. As indy ed in Table XV, the polycrystalline and anorphous MP  materi al s
" have 1 orfl)y been produced in the formggf thin films. Polycrystalline bulk
and t hi

Ims of KP{err] (x nuch gredter than 15) were obtained by
vapor transport (one source and two sources). These poI ycrystal l'ine thl\ﬂ/

filnms. nucleate onpha. qhagé sHpst r8bea glgg I Qw_ dense
_-packi ng of paral] eL? ﬂF gﬁ}:s gr ow ng 1§%§en ﬁ\ gr%hfa%)et hé s%‘ﬁ@ﬂu&se
gdte

“phot oni cr ogr@prEta 1§kers . Spresd sﬁcﬁsrmﬁver';salsdsm&y&riyam
- physi-cal . sepia:ﬁatlb@nk bete\eeﬁréhetlﬁpéer Bl; WBlikekhinl F83G p@g)f“e' Qf'tj.d s

thin filns aL e %ﬁgq_% at fg)wtenpergture from ar ound 455 er:Iy% _
. 375{err]C wheré anof photi2BRase begi e t 69 ot BandPgPsi SFon amdsdulk
- materials wepowdeni £adm cGdende8DpKasensiyhitbeisliy &b@ér&e&iotlaﬁa@@% greater
. than 15 .. (typic a 1 typi.c powder XRD

- diagram fi ngerpr?'ir;l'tlé!o?waq t§ Ié%e%ﬁe ?}Tta%‘w‘e %‘%&Féﬁ%n"&%) given = -
~ shown in Figabeveowiph raferanee te Figuaesy 7-dfor phsudnkiRcatdd rmte:ramé
can, be for i n | b e apsport es

megvi N thd I@éwé&@e&iﬁﬁe Yand’ sHGFGhous MY (ﬁgﬁ;é ihﬁyez)

These boul es are f or ned he narrow end 16 ube 335

" the narrow ePBl¥cbeeR PREEuSSdofnrither £oam of Ahip £édmsof nateri aI in zone
2 of Figure 16. Tpesycayseamahaesfm\lmamaifnﬂhfffﬁﬁﬁé O%ﬁﬁeﬁg %(R'??uch
p6wer di agrgméf ﬁ% ed |:g5)8 st udy b 0 characg- terize ¥g rg
anprphlclty F? ma 794 . bt"%ﬁ’ﬁ%do taJ.ne by vapor transport (one
S - source  and two 'sources). These polycrystall:.ne thin films ,
nucleate on a glass substrates (or glass walls) and show
dense packlng of parallel whiskers grow:Lng perpendlcular to
the substrate. SEM photomlcrographs, Figures 18, 19, and 20
.. of such materials show a large phys::.cal separation betweeb
. " the KP whiskers., . .
' These polycrystall:.ne thin .fJ.lms are formed at low

- temperatures from around 455°c to 375°C where ‘the amorphous |
phase begins to form,

- Analys:.s on these mater:.als wet chemlcal, XRD and EDAx:- '
-cons:.stently show X to be much greater than 15 _ (typically :

| greater . than 1000) __ A typical powder XRD . d:l.agram' -
fingerprint of ecrystalline M}?x (x muoh greater than 15) is ..
. shown in Figure 10. ’ ' o | R

Roock

- As indicated in Table XV, amorphous MP materials cans"
be formed in bulk form (boules) by the vapor transport tech-
nigques. - 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 Flgure 16.
These materlals show no X-ray d1ffract10n peaks. _ :'.__,-
XRD powder diagrams were used in our study to charac-
terlze the degree of amorphLCLty of the materials obtained




_by these techni ques. ' These armrp'hous' MP naterials where x x is mu

greater than 15 can be . cut, |apped and pollshed usi ng convention N
sem conductor techni ques for wafers processing. This is cven t ut;g 4
material containing no nore than 50 to 500 parts per mllion of M a#ew
forq;/of phosphorus. The resulting hlaﬂ X, XP, anorphous rs .or
subs

Tates were showmn to have useful sem conductor properties with-

" el ect t I - | & I . KP15. W\
her et or o borly 208 PeeRhTREks . o ites S el Sl KPS paflryfTE wperd
or is- very nishmpohat@reahan Hhaf wisn cahi dief | edti n tdppad eapdc palished

al kal |- metal )y gxhy bl thb%n%@%alocaéeﬂzﬁ‘eﬂdéé@?}f ANELahhy &ngugﬁc}ut wdffhd

extent. This | 0cal er ar a

penta onal osphorus
_tubes. AnorphBUSCCRPHRIx N Satisry | ‘é’?“é"\/\érlélepr eﬁar“e?d:%ltﬁi nFﬁﬂ&Fllnﬁ-Flﬁl LY

surfaces formogbeehbn- oY i £ 50§V§|alt%tsl YPer Reuti{en syEf ace DT RBAT F OF
~these’ anor pho erials includes - several. processi.ng steps -such as

ma
chtting, enbeﬂgpﬁg OF¥Bpi ng polishing-and chem cal etching. Surface work
damage i nduced dur trhg sussyloiessi hdght eps, ar KPknovmnéfpwé\iect wafers or
el ect.ro-opti cal rmance of sem ondu or rials Therefore
B e I R T T O WL - (TN
to a "damage prepetrtiesf ackth Eiledtotd-cptirak odespongest efjnobayeidenbical
fougj\ to be" %ilthablvﬁlsfcgrs tBe Ri,epar atjgn éﬁer@f&@eq%dé%ﬂ "tHat the

local order of all MP materials where x = 15 or is’ very
\_/ '. much greater than 15 (when solidified in the presence of
alkali metal) exhlblt the same local order substant:.ally
throughout their extent. This local order is the all

parallel pentagonal phosphorus tubes. ' : '
U Amorphous high x, KP, materials were prepared with
' mirror finish _s_urfaces for electro-optical evaluation.
" Routine surface prepa'ra_xtion of these amorphbu_s materials:
" includes several processing :steps such ~ as - cutting,
. embedding ,. lapping p'o-lis'hing and chemical: etching._ Surface.
work damage induced. dur:.ng such processing 'steps are “known :
to affect the electro-optlcal performance of sem:.conductor

_ , o . techniques and processing steps leading to ‘a’ "damage free" ’
g - surface. The following processing steps have been found to
| | _be" sultable . for the preparation of: high qua.l:.ty mirror
finish surfaces. . S

Embedded boules of hlgh X, KPx (about 1 to 2 cm.in

. .length) from Table VII were cut with a slow speed :diamond
'_'saw using minimum pressure. Each wafer was sliced to a

thickness of ‘approximately l-' mm. The wafer was then

_immersed in a l:orcimine/HNO3 soiution.' To remove sufficient

cuttlng damage the thicknes s of each wafer was reduced by

this chemical etching by approximately 50 micrometers. The

.wafers 'we-re-. then washed and chacked for inclusions a,r;d

voids. The high x, KP_ amorphous mater:al appears to be
"void free.

materials. Therefore, ‘attention ‘was focused on assessing .




t : | | 't.ltozcrhlnx_

faces. Enbedded boul es of high x, KP  (abou

“aln;'?h)sufrom Table VII were cut wth a sl O\Iiv speed ?' arTDndO)S(?\rITVH'l[JZ: Sg Im mnmjm
e fer was sliced to a thickness .o appr |

Q_Lgssur 02 'W?hen imersed in a brom ne/ HNG8 solution. To rerrgvethl ] _

"éuf-fi-ci ent gutting danmage the thi cknessgof each wafer was reduced %lhen \.J

chem".ca et ching by approximately 50 m c(rjometgrs ..me \r/]v:a;ﬁri \/veKIr:.e1 |

‘washed and checked for inclusions and voids e

garmr phous materi &t &5pddesd olow vmmpdreure wéxSt@;ﬂQi‘%gnhO\}éﬂg)e% ure

b 80 e to nt the
\gﬁi(o grrgl LBPW nbﬁlchgEdThg’ \q?%rrgévxg:rhe tﬁéﬁy‘l aPpedBy Ey@fﬁg:m abngo a

m nut e i nt eSS T W iRkt y Rhehwalfeos wade60Besi Tzgbeld WY By Hnsldd Ied

t un a shooth surface was
wat er as amlruum cantewhils &ndli S o eg 4%4} ane ﬁ@-CS(yrrlmn

[ step was cd
'\?\ACPIhE\SISdg/ Igfser rgraldlp}rhl d g t &% otth \Jmublirlgamtcrwnher& dISQ{TT)ch .
conpound an®eigipi mptil assmbendsﬁrfi'beswaQ' hehipgegstep was fol | owed by

' 50 rpmvmth 50 g/ cn2 wei ght
an addi tional fifgfgfens{gpyt thhI ng ,step at | .
on .a microcloth vlﬁ'teh "2 §°ﬁ$}§ ) W'?FF cFartiedsousf famnonealHodmn

.suspensi on &% 58j KEM | wdthweber g/cm& | wegheeds e8 Tedke é’féwu&%ﬁ Ly

_ between cl eﬁﬂdﬂbﬂiﬁt%l&‘s'dlimaﬁa' %%&nd and lapp:.ng oil as extender. _

i Nl - Th:.s pol:.shrng step was followed by an add:.t:.onal flfteen ”
- © ‘minute pollshlng step at 50 rpm. w:.th 50 g/cm wez.ght on a .
‘microcloth with a. slurry of 0.05 mlcrometers of gamma v/
‘alumina suspension in distilled water. All ‘Procedures
require SCcrupulous in between cleanlng steps in. a son:Lc bath
w:.th subsequent rlns:.ng and dry:Lng. _ :

Samples prepared by this techm.que have a hJ.gh qualltyv
‘mirror finish surface, The final polJ.shlng
. performed on standard metallographlc
' i'equa.pment. |

siﬁep was
Buehler Lpol:.sh:.ng

Chemlcal etch:.ng plays a prom:.nent role ‘in wafer pre-

: "parat:.on, surface treatment, pre-dev:.ce preparat:.on, metal-

f\.' R l:.zat:.on ‘and dev:.ce processz.ng._ _
' Numerous review articles are ava:l.lable cover:.ng the.
'chemlstry and the practlcal aspects of etch:.ng' processes. ,
However, most J.nfomat:.on on spec:.f:.c etchants is widely
- scattered throughout the sc:Lent:LfJ.c lz.terature. An attempt
was made to er.ng together essent:.al 1nformat:l.on that should
© be useful to the selection of an etchlng process relevant to
"these amorphous high x materials. Spec1al attentlon was
_ placed on etch:.ng procedures and processes used for surface .
' preparation. It was found that some of .th'e etching
'solutlons and procedures currently used for GaP and InP are
'appllcable but with different etchlng rates,

The f°11°W1n9 eLchlng solutions ‘were Selnﬁted and test-
ed:. -



mﬁth'subsequent ri.nsing and drying.'SahpIes pfepared'by.this t echni que_have -
-a high quality mrror finish surface. The final '

_ polishing st as
performed .on standard netallographic Buehler /polishing equip t.gzﬁ-
Chem cal etchlng plays.a prom nent rolg in wafer pre- paration, surfa
treatnent, pre-device preparation, p-

| i zati on and devi ce processing.
Nuretous review articles are avail abl e covering the chem stry and the

practlcal aspects of o8t Ci.Ng PHYCEHEES o IRMEVES l.n§ or 0N 3ng
speci fic. etchants ﬁggwlyl] sggtﬁg§ed t ougmmﬁ Pﬁ%ﬁggggnt??EhQHg an
literature. pdbisbie@pt was made to bring together essential

t hat -shoul d bg u§gfg£ t09§@ecgebgcgb9npeﬁlgﬁlgbchu@% @uyyxgyrgﬂgﬁgyg to
t hese anor phous ‘materiaPs. | Specj al atéentlon was placed on etching -
procedures and pﬁﬁEE§§é5m6§§&Vf r“Eﬁ?*%té” B&SAr at i on It was found

that .= sone of blepyeleighg MaOC @A varihnprioredvenscall rpoliighimed for

GaP and I'nP are p cable t MA fer C 1!G§F ollomﬁng
et chi ng solutlong ath éng#éd a t é%? rémd%ﬁ%é[eﬂf? ev sanpl.es
wer e prepared foafcprlcaktaMQbmmﬂ(iappmmwurenents The above technlque
was used to sllce

rmterl al . .as ‘thin aﬁeg pol %erence S&lﬁ:‘&ris 011@%% %SAgfcrlngars

' . - Several samples were prepared for optical absorption, °
i ' 'measurements. The above technlque was used to slice and
polish on both 51des amorphous wafers of high x material as
thin as 0.5mm. Reference samples of GaP and GaAs crystals
' were also pelishad on both sides and used to measure the
| band gap by optical absorption.. '

i nformati on

Etchlng techniques were developed to reveal mlcrostruc-
tures and to thin down small areas to 0.2mm thick for

“7opt1ca1 absorption. T

- Several’ etching solutlons were selected and tested.
‘The best chem1cal solution was found to be a mixture of 6.0

. -g potassxum hydroxlde, 4 g red potassium ferric cyanide and

50 ml distilled water at 70°C. Appl1catlon to-reveal an
etching pattern takes less than 60 secohds. This' solution

. is’ \?e-ry "stable and can be used with reproducible etching

s rates. | | :

- After embeddlng, cuttlng and pollshlng, ‘several samples
. of amorphous KPx (x- much greater than 15) from Tables VII
' and VIII have been etched. Typical microstructures were

PP !revealed from this 'chemical. etching treatment af®er - 30

© - .  seconds. o _ '

' Figure 21 is a photom1croqraph at. 360 magnlflcatlon of -
the etchlng pattern on a surface cut perpendicular to the
axis of an amorphous boule of ‘high x material grown by
sxngle source vapor transport (Reference MNo. .28, Table ViX)
showing honeycomb mlcrostracburov'wlth ‘wall deflned domains

- a few microns in size. These honcycomb microstructures are

-icharacterlstlc for an- etching pattern on a materlal havxng a
two . dimensional atomlc ‘framework (such as parallel tubes).



mere also pol i shed on both sides and used to neasure the band gap by

C-
n.

opt ¢ Cabiy bsorption. * Et chi ng techni ques were devel oped to reveal :
tures and to thin down small areas to 0.2nm t-hick for optical

Several etching solutions were selected and tested. The best.

-fg red pbtaSS|un1ferr|c cyanide and 50 ml distilled water at 70[err]C.

‘Application to reveal an etching pattern takes ‘less than 60 seconds. This

‘sol ution is veryFdgusice 22nd scah BROYREBICTPIRAPRpASIIE0hmRgnid grkian cof
After. e”bEd@H&3e&éﬁﬂﬂ@gp§B€e9ﬁ|kﬁhlﬂgsJQQﬁ@éahnﬂ@npéE?eﬁ&léﬁQEEhQﬂ§ the

- KP[err] (x

much greater than 1 from Tabl es VIl and ave been etched
Typi cal m cPFr (Ft Grey ‘&kr"f} %ﬁ"}é’&pfcf"}ﬁn Bigh &€ 'E‘?‘lfe?ﬁ’c IEPRRI Y v

~treat ment
magni ficati
axi s of an

wth well
ni crostruct

having a t wSWifAGRi Sharnatighi E1EMEREWT &
- Figure 22 i paaddni anofaaptseic %ﬁ%mwmflﬁaékﬂﬂgpf

R

afceice 3Apeacdnds:spfegurien Xbangplee phbE ol oy oo azm Bi; 36ﬂhoto-

f cul '
| Wt omabrosty s We ' hilbd SUFEAEE BH SREATIH B el Tap 07
“transport ( Rd:f Qr%wgmf@tm e ngr%rﬁbw ] acPkytonbcnographratt 36@s

defd 8% QB dff e SEansa | %u'“:r‘fza%e gat ?Qnﬁ‘i?:‘ﬁ‘i%‘i”bto

ures are characteristic for an etch |ng ern on a materla
S

Thus we conclude from the avallable evzdeﬁce that our:

MP materlals 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 all parallel pentagonal phosphorus tubes either all -

parallel (the

Elettro-Optical Characterization of Higﬁ _ :
Phosphorus Materials from One Source Vapor Transport

‘The electro-opt1cal characterlzatlon was carrled out on_“.

s;ngle crystal whiskers, on polycrystalline films, and amor-

measurements with simple contacts of linear behavior (con-

MP,, form) or double - alternating; '
'perpendlcular layer (monocllnlc phosphorus). S &‘f

‘solution was found to be a m%ture of 6.0 g potassium hydroxi da X

ansk ashevst msytchmggi- N

- phous films and boules. The characterization CQnSLStS_Of.‘..
. (1) optical measurements on samples with no electrical con- .
tacts (absorption edge, photolumlnescence) (2) electrical

--ductivity, - temperature dependent. conductivity, photoconduc-,{"
. . tivity, wavelength dependence ' of photoconduct1v1ty, con=- ..

ductivity type). (3) electrical measurements with non=linear '
- or rectifying contacts with metals which are indicative of

- the semlconductlng behavior.

_indicate that all materials produced have electrical cri-

w
Fid

From the above data we extracted the propertles Wthh.'”

teria for useful semiconductors, that,is,-they all have an -

energy band gap from 1-3 eV: conductivity = between

10€5_10-12(0hm_cm)717 a photooondnct1v1ty ratio from 100 tO'.
10,000, and chemical and phy51cal stability under ambient

operating conditions.



the et chi ng pattern on-a surface cut perpendi cul ar to the axis of grovvth of
t he am)rphous high x material grown by two source vapor transport in.
Exanple VI.- Figure 23 is a photo- nicrograph of the same etched surf
shown-in Figure 22 at 720 nmgnification. Figure 24 is a photomi crogr
360 magnlflcatlon of an etched surface-92tpendi cular  to. the surface shown
‘gures 22 and 23 and. shows an etching pattern characteristic of =
tubuI ar packing. . Thus we conclude fromthe avail abI e evidence that our M
mat eri al s where MMefsmiremedits werel carried vt geh greafellevibng 189uips,
wher e -t he angupte .of alkali metal is as little as 50 parts 'per mllion all
" have as their Iocal order the _all paraIIeI gen;agonal Ehos hotuspﬁubes

either all pdddl | APSOYRYON B  foFfm) 888 LR agy ¥rFS
per pendi cul ar tayer (nmonoclinic phosphor u§§’ec FeREFEX Opt i cal '
Characteri zation osphorus Materjals fromOne_Soyrg .

Transport The el eg‘{l?‘g;‘gg‘ﬂ‘t’é?gﬁﬁﬁf’ﬁct eri z% do§ @gsrgiﬁilt 34 %t, on SI n& e
crystal whiskers, on polycrystalline filns n&=5 hous an

boul es. The ghar consi st s_of o t i,cal 'Fé&tsi: -
sanples with ela(g%r?é‘?%gf'b?g - tacts l:)"sé")ﬂgtglgon?la g e ré?d?ants :
~ phot ol um nescence) e&gérgt_ggérbggb n:easurerrents W th, si npl e contacts of .
l'i near behavior (cOganfUgh gh[.:%&vtlgvper.at $rRad QRRPEE Ho eHYRC i/ idny/ .evacu- |
phot oconduc- tivity, wave ength dépenden@Rd” aa{ma;oconductlwty, con-
dugt\lwty type) (3) electrical neasurenents with non-linear or rectifying
tacts with met aprowbehdaceividiycat i-ve wifth N gienismnrectomg pehavi or..

From the above data we extracted the propmﬁpmcmmﬂ.y n'mamﬁ,é:m at all
mal erial s produced have electrical cri-

Wavelength dependent

photoconductivity - Xe lamp light source and mono-"
- chromator :
o : Conductivitﬁr type - thermoelectrlc power measurement
N ' - . with hot and cold probes

(3) wet silver paint was used ,to provide a temporary
junction to materials, with a photovolta:.c open voltage
of 0.2V measured under . lllumlnatlon. .
Metallic and pressure contacts forming Junct:l.ons were

.evsluated for thelr current .voltage characteristics on _a

' f.\ -_ . . 'l‘ektronlecurve tracer. _ )
o Data on samples from the broad class of materz.als upder
\./ ' ' investigation is summarized in Tables XVI, XVII, XVIII and

XIX. _ N _ : L
' Table XVI sumarizes the basic physical,.chemical -and
electro—optlcal propertles of the prototype material namely
KP 'x ranging from 15 to much greater than 15, in various

_ o
. phy51cal forms and chenu.cal compos:.tlon. '
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have an energy band
and chem ca

‘they all

conductivity between 10, 000,
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tabil ity -under ambi ent operating conditions.
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, We conclude.- that "all these materials in whatever form have
~a band gap-between 1 and 3 eV, nore particularly in a range from1l.4 to 2.2
i .4 eV is the |owest phgtoconductivity peak we . nmeasured
. R’/e is the estimated band g&P~of red phosphorus. - The data
-furthenlndicates that the band gap of the best form of these nmaterial SQ
i's approximatel ypyph. 8 xsg - LJFurthernore, their-surprising high _
phétoconductivity ratios f 1SS 1682 PiePepbiesdiafat 6robat Ideyaakaiyery
good seni coRd¥étidr sPoyphagpBidés ardr MSOM[.EBRE&Q'{H%@[D&% ned by o
singl e sour €8 raPOTwd I BRSRMbg (M‘% espYl oy VI, X and X “above) PR et
three zone fiur nace having_ a conpositionx ﬁ%d’r’&ﬁ%’r‘:%haﬂrqserbaqs bee .
proceéssed by SEPERSENt (kg mepoli shiiipemnth: ebehimyg, i R&9 m"ghm?uab%}.]y,
- mirror finiphysdicarls pbrabout c@y3eam,di er,.lt.is _on these sanples that
~we have beeg;qghl.e  to perfor 4 gcﬂipﬁf%ﬁ%&ﬁ%ﬁen@‘wqﬁ f froele or
georet ri cal _arrafgénent™s M e GITRRF L PR ack s=t bS det emuthegreaubat ghynt he
“bul k conducdBvity of .the materials. "By 2 probe and 4 probe neasurenents,
~.we ascertained the bul k conductivity of these materials to be 10[ERR]
- to- 10 - (ohmcm). ~ This conductivity is too low for the materi al
to be able to form e : '

mm—— s eme L eemen



a sharp junction with rectifying properties. Therefore, it was our aimto
find a foreign el ement (dopant) which would affect the conduction nmechani sm
in the material and increase conductivity. = As is typical O

anor phous seni conductors, the presence~-®é-smal |l anounts of inpuriti
the, material do not affect t he conductivity and, above room tenpe

we -ind intrinsic behavior wth an activation.,energy equal to .
appr.oximately half the bandgap, indicative of a-m dgap Ferm 1level. The
‘low conductivity and | arge photoconductivity ratio indicate 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 con ctivity type. dwe approaches were takéen: (1)
‘substitute.As or Bi 0 the |P site;m(e) diffuse a foreign elenent into the

anor phous natrix. In %Hﬁ first metfpd &/ As2/ B13 has As jncorporated into
the matrix. The condfctivitylis in qused b¥h2 @rders of nagnltude (Tabl e
XVII1), and the matertal re ns n type. decond et hod, after trying

many conventional diffusers (fe.g. Cu, Zn, A, In, Ga, KI) in vapor, liquid
and sol i-d phase diffusisen W th no success, we found a surprising success
with the diffusion of % and {then Fe and Cr fromthe solid phase. For
exanple, a |layer of N was dep05|ted by vacuum evaporation onto a well
prepared surface of .a ﬁﬁgh.x, KP[e4r] wafer. hAfter anneal i ng for several
N3, o
hmﬁ§ the Ni was 929 ~ 8 _
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found to diffuse for about 0.5 micronmeters into the sub- strate and. the
conduyct+yity increased by nore than 5 orders of magnitude. The

~conductimyy is still n type. Mre sgecifically, 1500 angstronms oms of N
ited onto the wafer in- a Varian resistance heated vacuum

_ ( under pressure of 10 Torr.  The sanple was sealed in arRs/ -
evasuated gyrewm@ gswtmag eéuxﬁﬁari}zgggfstlﬁé 3lopleickGes Thee! Ofniled ayer
was renove onduct i vi neasuy e e two be e showed an
increase PRIH 1] ef AD r%‘é {‘Hﬁﬁ ¥9FB‘FI&] E?‘E‘Ix@é’t ag‘ﬂed‘l R Spy
1; o][fchem talve anal sﬁbstaﬁESSGA) cmm@s paaf Iﬂﬂd}ﬂahr@fes’.}l’lepsagﬁ.h& el + he

i usi on t 0.4 C ters e chem_ca i |

be Ni [err]t'qﬁ:IO orh r?g" N7 h t% tlerf“als“w?hgn WEV Cﬁ? nsi Oé‘nq;eéué{%oﬁ\'
over | aps nntheeiettwmhwcam&epossubdss1u1the Ba%dnmapx(lahnaﬁubgmihe

- conductiog,_(ﬁtg}{g ityd ,ggf Ni concentration is greater than about | atom
percent. Evaporated g%f' op contacts or dry silver- paint in copl anar

fashion form.ohm c contacts to the doped |ayer. Variations in the di f f usi on' *

Pr

tenperature show 350[err]C to besoptinumfor N diffusion. Variation in the

. diffusion time follow the diffusion equation (diffusion depth is
- proportienal to square root of -103- tine) and 1500 angstrons of Ni
heated at. 350[err]C for 60 hours, showed diffusion depth of 1.5 '
m croneters as neasured by ESCA. 3500C approaches ‘the highest
¥Enperature these _ : : :




anor phous materials may be subjected to. Ni diffusion can also be .
acconpl i shed fromthe |iquid phase, such as froma N -Ga nelt, or fromthe
vapor phase, such as from N carbonyl gas. It was further found that , "
and - O -show sinilar behavior under -98e above processing procedures.f}

'ex@le, we took a cut waf.er froma bul k anorphous hi gh x boul e obt ai -
t he~singl e source vapor transport and evaporated 5Q0 angstroms of iron - ~

~onto_ it and then diffused it into the wafer at 3500C for sixteen hours.
Appl ying two pressure probes to the doped material gave a full .non-linear °
characteristic on the. Tektronix curve tracer. On another wafer of high

x material we evaporated 300 angstrons of nickel and 200 Alerr] :of iron,

then heated the wafer to 35[err]0C for sixteen hours. W then evaporated

two 1 nm radius - aluminum contacts 2000 - angstronms thick and measuring

‘the current volt&pe: cHaracteristic with- the Tektroni® curve tracer

bet ween the al um nl'gn dotls, ag’ai n obtained a f§ll non-I i rfear _

~characteristic. Onza%th r wafer of hiegh x mat ewi al prceduged by ®ingle

source vapor tra rt,| we ~pvaporated 540 ~angstransg of * A chrone
~and-then heated the wafer| for diffusion at 350C for sixtedp hours. W then
.evaporated two alurg num I} 1nm * radius dots 2000 angstro thick onto the
waf er - -and: again. greasured a full non-linear characteristic.between the
‘two:al umi num dots. B thus conclude that nickel, iron and chrom umare
useiyl diffusantgy in{| these materials for lowering conductivity
and that on the |ovgr confluctivity materi al -
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" junctions can be effected with wet silver paint, pressure contacts and

~alum num-sgontacts. G her elenents besides Ni, Fe and O with occupied d or

¢ ectronic levels that can overlap wth the phosphorus

fe/expected to be able to atfgect -the -104- '

_ (ICL/ViIty in these materials such as to give p-type material and.j
formp/n junctions for solid state devices. Anorphous H gh Phosphorus '

" Material By TworSplecXIXapammamiegwrhafepisYpeandd prigitlss \eseapiddi ned -

"~ by'this megfhod and.the properties of these were, i nvestigated. 1 _
~ Amor phous btPR %&,f‘te’feégtan%ﬁér\yll)“.gvm‘é#‘%rﬁeeq’iﬁfr’s°%‘ppryfi 'nét’f'é‘iy]%'(?tont%?re
~-side and xbéstnughogeeties tame Idhbmindé otikh . mAteided andbymied sfipparts

t he hypot hgsi. s, t he, I f - WRicChe 1 S vefy Str i N atehi s

i nst ance. gfﬁ‘e‘?ts’stg{1 aggl%ﬁ% ?ﬁ{%"g’%&%@&‘i \Qﬁgdrhsa%c)’l §£i_ s?sfof'gl\l:’llgﬁi t%isgh“qﬁ%fi ty,
| ow nunberbetwgeneck® tAd30di-ds Bakaw okt thehvigldatdenneasers aoevecBivity
measured yRS diysidS) pPropeRaRSs LoehNiee akfdrRidus Obshtal beifih t 8.

- phot oconductivity ratio 2[err] under illumnation of 100 nWcm 1Is greater

_ than 10[ er PpteT¥REAN ot oconducti vity peak i s approximately .at 1.8eV,
-indicating a bandgap of. that order. The data indicates that the P-P bond
dominates the el ectrical and optical properties of this material as well as * -
those in Tables XvI, Xvil, XVIIl and ' C -

>
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X'V, and its strong photoconduct|V|ty ratio is consistent with a hlghly
reduced | evel of dangling bonds. 2) Armor phous thin filns of KP[¢ o
(Reference No. 47 Table Xl 1) deposited onto glass slides which haye>a pt
| ayer deposited on themfor a back contpgg~to the thin film The uces
the ¥hin fil mdeposition of XP15 opens the opportunity to manufact
types: of thin filmdevices. The anorphous KP15 thin filns deposited by
the .. 2-source 't echni que have a thiTKBESSXDX apprOX|nater 0.5 mcroneters
over ‘an area of 3 cnferr]. The fiTmis uniformand the surface roughness
does not exceed 2, 00¢P ngsemodsffétmntl$hart1n@eohaagég ahabyeedFi gure 25

is a photontcro- graph ‘at . 2000 m@ghe$|b&tr%n andtXe shevece of .one of these'

KP15 filns. - The adhesion to the substrate is excellent. Cpantltatlve

anal ysis_of the filmwas perfornmed using a Scannln El ectron M croscope
(SEM) arRERARLEN@r gy Di sper SHEMICAL_ 3 }%( CRESFUN enBHOTO-The
conposi tFEAREE “t he fllntmaénFﬁﬂﬁHSto §@ ﬁRagreéﬁhﬂtCM)th t heCREBECHIVERAI
cenposi tion.. The unlfornthnp05|t|on, nelty, and PlnhoIEA?FQe sur -
face | easd 04 - - ~S SRV
of the 'fé; ng éggﬁblllty of Ni' |nto bul k anDrphous KP[err] ,.an Ni film
172 was r578 to the glass substrate 170 to form a back contact for

t he annrp%gygtgf}ﬁgger 174 as igomm pn Figure 2§0-$h§0N9 serviazaioa back

contact a user
~ polycrystalllne x)) 15 B . 10" 7-10"2 102
U " amorphous x)) 15  amorphous 10783079 102
'-'_K/PIS pure_ | | _ _
- erystalline x =15 A 1072 , 102
, opolycrystalline x315 B 107° . 10
L amorphous = x> 15 amorphous 1078 - 107
R . S
: crystalline = x = 15 A o 10"9 1 : 102j
| _ polycrystalline x3}15 B 1070 "102-10%
™ amorphous x)) 15
g - crystalline x=15 -~ a- . 10 - 10
"p01ycrystalline ‘X 15 B 10—8"_' 10
amorphéus | _ S -
."'K/PiZS o . . . o . 37'
- - erystalline
'polycrystalline
- amorphous - xMN1s - ' poor physical
. properties
A= paﬁtern similar to crystalline KP,. |
B = pattern similar to crystalline'ﬁ!‘y

Py —— -



_-'and SEM P

. source ap

rofiling shows NI to diffuse significantly into the.KPiS filn

170 at 10[err]6Torr. pres®kme. Part of the Ni surface is t

¥Yh .a Ta mask in order to have a material free zone for electri

 been i denhiakieea timamd ¢Rpebeltweien I sardB pawys nite hemcHiia d4Tap 480 B

di f fused

i Vg e gl oBlbil oL € W e ot

and t he t ppof

T [Qer gy

.characteristic of the rectl- fylng pressure con?act Junctlon S sﬁgwﬁr

Fi gure 271'\ﬁt+l°(§l$qsmlté‘é‘ttes the yRanforgart Pt e | beskei fprm ofofD. Shese] and .
current i matee iy ange. apSroRbuatély Fi guge &9, Werak%ﬁeéﬁeealte%hefi&

' 17 f
e o BRSNS, el o8 beom o ode

Ni ~ | ayer
Tekt r oni X

":pexerse bi

Doglng

1080 ok ol i ek @ ntlray| tisey sabet veke &§86d s&ﬁxoonaeeho&st.he

174

of 200 angstrons per hour during the KP15 growth process. .In nore
\feposi ted by vacuum evaporation 1500 angstrons of Ni 172 onto a

hen

63l

croneter r KP15 174 §.s_deposited in our two -
paratﬁ% &ﬂﬂf%?é?bﬁ ?Flﬁgg Fnesen Mabehbals fhoyhtevas £PEm has

ace .

act
tdorittatt  pPewk e Wonrmeasared aaﬁéktﬁoalerMr!s Ttaeer '
176 to obgghMmathda CHAREN ‘-ylsﬂ o39€ reBar gb EhhSE

-

% on a .

curve tracer 176, as shown, and neasured the full forward and

ased -106-

Bulk amorphous MP boules obtalned by smgle source
vapor transport (Tables VI, VII, X and XI above) in our

three zone furnace haylng a composition x much greater than
15 can be processed 'by cutting, lapping, polishing - and

f-_was_our_a;m to find a foreign element (dopant) which would'

" etching into hlgh quallty, mirror f£inish wafers of about 0 5

cm dlameter.

_ It is on these - samples that we have been- able to
-perform electrical measurements with different geometrical

_ arrangements of electrical contacts to determlne accurately
"the bu'lk conduct1v1ty of the materials. By ‘2 probe and 4:

_ probe measurements, we ascertained the bulk conductivity of
' these materials to be 10

"8 to 107° (ohm-em)™}, - This

conductivity is too low for the material to be able to’ form
a sharp Junctlon with rectlfylng propertles. Therefore, it

effeot'the conducrion mechanism in the material-and“increase

'conduct1V1ty._ As_ - is typical - of other - amorphous
semlconductors, the presence of small amounts of 1mpu:1t1es.'
‘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 1low 'conductivity

- and large photoconductivity ratio indicate a small number of

“dangling bonds. .This indicates that a strong'perturbation

N



junction curve shown in Figure 29, thus indicated that Cu forns Junctlons
~with these materials. Subsequently, smaller. netal dots were deposit
top contacts in order to reduce the effect of |eakage currents--3 2}
edges of the contacts. 10 cm area top contacts and 10 cnR2 tadp
contacts. were ‘deposited _in t he. vag55n1evaporator t hrough -
neéhdnical masks. The | - har act eri sti,cs shown in Figure 31
wer e _observed with Cu, Au, and Al top contacts. They appear as the

br eakdown vol t.ages of t K b I1RMESof | RHRACH-pi sErACRi1Y e ar
curves - were- 8gt§f ede%FF rﬂ pi &5Y% %qﬁéiiew ?he to ontapts The nost ’
si gni f.i cant dehﬁereﬂcﬁoampd&ﬁy|thiﬁ9ﬂ4¥ﬁ WHEY angd i *the

|-V. characteristipgo abltio a%@,Qqul‘,{&c ®Akdm 119 @mmtu%ms -0t Bi into
characteristic become asymretric, as shown .n Fi

contact is f&heed gitetie (R idkfduse S ‘frtfr"q”m%l%“f %@%@%%gr%%g

ess
“form ng" |&aﬁgyxustently observed with Au, and |ntern1ttently

b dwith A to t ” -
frect the dovi ce Dbds (FHRs REPAST /RS, 7EQLTHAG a0 oEmdOip ORARNCThLY

3a vol tage |s app I ed
Heating the de maarlﬂooomh@oe@onmnCGiVbt! iBe inanearabnbY Cool 9FARTHe L.
device to -2QC r VEL Vs ﬁi?& | 5 dcgﬁéqﬁagéf§§1cg EifEr 8 €ype.lt
appears a5|1m§Qé?%# r#fhhfg X g'b?gekdomm of gre5|stancgbla

renai ni ng betmeaﬁImethmﬁs&m&h%aﬂ@ﬁﬁ04dm@99%¥c&rgﬁﬁﬁPEFW%p°88H935?°
Capapltance -d§f§&§gfg(€é\g c@@ragﬁerAiglmﬁ sGaynKIh Engvaper34lignidarmad36
p0|nt ‘N the :gffh SgéggtéggquLOQJWLtﬁ no guccggs, thSBid Q@%ﬁrpgiglng
| 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.evaporation onto a well prepared surface of a high x,

-

KP wafer. - After annealing for several hours, the Ni was
- ' found to dlffuse for about 0.5 micrometers into the sub-
‘strate ‘and’ the conduct;vxty 1ncreased by more than. 5 orders
. of magnltude. The conduct1v1ty is still n type.

More specifically, 1500 a? stfoms of Ni was depos;ted

-_onto the wafer in a Varian resxstance heated vacuum

'-_evaporator under pressure of 10 GTo;r.' The samp;e was
‘sealed in an evacuated Pyrex tube and heated for 4 hours at
350°C. The top Ni layer was removed. The conductivity
L measured by the two probe method showed an increase from
S 10f8. to .greater than 10 4. Electro spectroscopy for
 _chemioai 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
'_imaterlal._. The wavefunctlon of the Ni overlaps with

.-  electronic wavefunctions in the U--P matrix, affecting the

conduction {mobility). The Ni concentration is gxeéter than
about ‘1 atom percent. 3 . '
.Evaporated gold top contacts or dry silver paint in
coplanar fashion form ohmic conLacL° to the doped layer. -
_ variations in the. d:ifuﬂlon temperature show 350°C to
" be optimum for Ni diffusion. ' _
Varlatlon in .the d:.ffus:Lon time follow the diffusion -
equatlon (dlfoSIOH depth is proport10na1 to square root of'

. 4
5y o



characteristics of double diodes but convert into single diode behavi or in

‘the case of Au contacts. |If we assune a dielectric constant of-

appr oxi ngt Iy 10, we-can extract a carrier concentration of approxinately

10 6 car S per 3.” cm near the Junctlon and a carrier nobility

of -2 a i mately 10 to [volt second. © Frequency T
- dependence—0f the capacitance and reS| 13hce in Fi .gure 37 can be used to V_-
- model the mJItlpIe Junctlons t hat can form-in such a structure with a

. ‘graded diffygp@y Phﬁf hls® & roms d%f}t' terjal. In addition, poor

bul'k material quall

nsity 13 e MFHNEPBH0 chatxss ,

contribute BBOWERe dl% 1-@5! de(ﬂﬁhroﬁt ilofs. m:Lcerleetah’t%l €8S, measweld OBy
formati on cBgahil i tmw&mﬁ%cﬁeéoutﬁﬁ tli&h@g.se'gtr P15 has been |
C or

denonstrate

TREEAFHL Athese

of the ahove phenonena,

contacts wangFE CYfs BAFeF 1L mavade é)-&hlﬁ%t&ﬁi tdin filns deposi ted on

Ni .

This filmi Binatifiusi diP. canbtglgbasnggg
‘dependence

"good response

Ebf V\Rﬁl%ﬂ%'d' Brom '\ﬁh Y
thi § ntiguid
PRa58° T Rech Ak " F8Ron NiTGA PSS coF  SRommEB e ago rHimase,

under short sefhcast fromdNti me:bdm |qasu.m nated with visible [ight. W
expect that KP hi i chni que 15 '
p _ TN Pl | fhdde Bo QP LeehN g and' Cr -show similar

~

behavior under ‘the above processuzg procedures.

- For example, we took a cut wafer from a bulk amorphous |
hlgh x boule obtalned by the single source vapor transport
and evaporated 500 angstroms of 1.ron onto it and - then - i
diffused it into the wafer at 350°C for sixteen hours.

.Applylng two- Pressure probes to the doped material gave a
" full ‘non-linear . characterlstlc on the'

| Tektron:.x curve -~ .’
tracer° o '_ : . . . R . L v

On another wafer of high x material we evaporated 300

' angstroms of nickel and 200 A° of iron, then heated the
. wafer to 350°C- for s:.xteen hours. We then evaporated two 1.

mm radius alumlnum ‘contacts 2000 angstroms thick and

‘measuring the. ‘current voltage character:.st;c with-- the
Tektronix curve tracer between the aluminum dots,
' -obtained a full non-llnear characteristic,

‘again

On another wafer of high x material produced by single sy,t
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 characterlstlc between the two
aluminum dots. ' ' s
' " We thus conclude that nickel,  i-on and -chromium are |

useful diffusants in these materials for - lowering

conductivity and that on the low er conductivity material
-Junctlons can be effected with wet szlver paint,

pressure
contacts and alumlnum contacts.' '

. Other elements besides Ni, Fe and Cr with. occupied 4 or
£ outer clectronlc - levels that - c‘a'n “overlap with the

'phosphorus lévels are expected to be able to affect the -



wll result in simlar behavior when the filnms are sufficiently -
thick. ‘At the nonent they have been too thin and have been found to short
"out. The formation of junctions wth these materials indicates that [
they may be utilized to form pn juncti-d®d- Schottky diodes, or Mtal Oxide
Semiigcgnduct or CMOS) devices. W expect that by utilizing the abovernoted
cl asses of dopants, that the materials. can be copverted to p-type
conducti vi ty conductiy ity | ibe tbesel matensadatisechadfe &P sghve oRhRYR® s.
The phot ocongyuidpidly drid 'f_‘bﬂﬁ@%ﬁxbtj@iﬂ?ﬁ:q_dﬂ‘s dr 45 Brdty Hd s,
sem conductor device conprising our material and neans attached to the
material .for electrically comunicating with iit. This nmeans conprised
.two singl e elnexiphuiss YR EhoEphshar hertkdidine naterial illustrated in
Fi gure 30. e eqgi fically. _f a single crystal of MP15, two copper -
strips 80 a_rl\l/gy&_"’ts‘&a?’@ 2 gdfe?‘;%—ﬁ%to a glass substrate.84. A
sanpl e of VII P 8&warstepes ool diatgetic th aveatsn vob taivdd fys | thvbs ety dand
across strip % s Y ﬁ{% f-]gngﬁ d hereto by silver
pai nt. 88. ,sbtm}?_ée)l ect r%et_e? attac e‘%qu% He' 0 p%is ?‘g&g'nds of strips 80, 82
introduces an el eckk i cAMPRRRONS abulk KR, KPIBxample 1Vl ewheper ¥ tequals
measur ement  ofph Gk iRt Sly V66 Yot ohBe gfldk--ana x 198- mhkR g&%l&k:fea;ntu%v'ﬁg
of Figure 30 and ﬁl m | ar ‘devi ¢es_ usi ng our A other. materials established
. tha}.\ our hi%fh.t_e other. urface naly-s;s supports the hypothesis of
N - . the template effect, which is very strong in this instance.

The surface of a cut and polished sample is of very high "

quality, low number of .defects and voids, uniform etching -
pattern. _ | L
'~ The conductivity measured was by '_the 'two_._probe

- " technique '10-10_(ohm-c':xi\) "l and the phéﬁchndudtiirity ratio _

7 - under illumination of 100 mW/cm2 _is_greater than 1_03. The
© photoconductivity peak is approximately at 1.8eV, indicating
a bandgap of that order. The data 'indicates_. that'-the P-p
_'_bénd_dominates the electriCAl'and opticgl-properties'of this =
" ‘material as well as thoée. in Tables XVI, XVII, XVIII-' and
XIV, and 'its_ strong photdconducti_vit.y_ ratio is consistent
with a highly reduced level of dangling bonds. '
' 2) Amorphous thin films of KP,5, (Reference No. ‘47
'\ .. _ Table XII) deposited onto glass slides which have a metal-
o o layer deposited on them for a back contact to the thin £ilm.’
The success in the thin film deposition of KP) g ‘opens the
opportunity to manufacture many types of thin film devices.
. The arqofphous KP']'_5 thin £films depqsitea'-'_by cthe 2
- source technique' have a thickness of. approximately 0.5
. micrometers over an area of 3 em®.  The- film. is uniform
o ' and the surface ‘roughness does not exceed 2,000 angstroms.
The 'film is chemically stable., Figure 25 is a photomicro- -
graph ‘at 2000_magnifica'tic-_\n of the surface of one of these
| _KPis ‘films. The adhesi.or.l to the substrate is excellent.
~ Quantitative analysis of the film was performed using a
’ Scanning Electron Mic_roscoge (SEM) and an E.:nergy' Dispersivé



"~ gradient -s'u%h thg'g _ |
15 film 174 at a rate of 200 angstroms per hour during \.)

phosphorus matérials can in fact be used to control the flow of electrical
east as a photosensitive resistor. In addition, our

current,
mat eri al ;. | um nescence character- istics with an em ssion peak at
1. 8eV at\: atures of four degrees K, and | um nescence at anbi ent

t enper at I\ Preparati on of Large Cr"}é’t':’él Monocl.inic P Rubi dium We. have .
- found - .that the RbP15 can be wutilized to produce |arge crystal

monocl i ni ¢ YoaphQEpax) Anfe£29- e’ RbP15 encapsul ated, in vacuo, in a
) stttk erg't ug’é’%\/a?’%?ﬂéhﬂlyf?ﬁos&hé ofitlimi Wwaz _

10m O. D. ng’xmél D. . x 5. 0cm quar _ ;
crucibl e furnace 5Rd Hj'bc"t%ﬁ?m'@ﬁtattehphrahetnpﬁ IhaMiaEl HUHR hgt. t he.
RbP15: char¥te vamsi fiatint abmges%iéﬁ%[%n;agewyﬂte ﬁ%é gqg S CREPOR s -
-mai nt ai ned @{cS3PLeHE] g.o Al t.er heatijng v -appldei lynfzglﬁoﬁrsg she-t ube
was open- gqc)iieland singl € ¢ Qe cﬁ1?m¢9ﬁic®h0ppbpéﬂﬁies.a§ckaggetﬁﬁ
3.0mmon e :M¥n the formof- truncated pyranmids were found in the upper
(cool er) regi on gf ‘ube. Ve fou that |arge crystal -nonoclinic.
phosphor us canxfg_ll sobggwt);ggartg% f$bg1gﬁ§k’f‘ﬁré7s"ﬁﬁblﬁki@ndoe L theto abank
ratio of 1FEEPWUSHPR), eHNinfildd Todi walsL av@Porsiviy eor&_[%sgﬁl s _of
~nonocl i ni ¢ ilestphoteIS1YeT BoalegPy g{q%@ via. . vapor transport' -u8i ﬂgass

ei ther' CsRl% or I\?{lS char ges. .Plor.rr_e (I”f‘n"_é?ﬁt?,% dEaseth

~each run. app S 138 cShynfin Heigwpeopéiate al kali netal.. * 15

. pOoNyphosphi de wiheseli edeirresa @Y 4 NpHU _tube ((10mMmm O.D. x énm1.D.) -
~of length A8a %M p#}r&eia#.ubes er e tlﬁgﬁﬂ gﬁéﬁggged‘ & dhfesexureEsca
the i jShows Mi to diffuse significantly into the

the KPIS growth process. '

o In more deta_-i). we depositedlby vacuum evaporatibn 1500
angstroms of Ni 172 onto a glass slide 170 at.10"Spory.
pre_ssuref _'Part_ of the Ni surface is then masked with a Ta  j
- mask in order to have a mat 1 z r . |
e _ erial free 2zon : $
contact. - - - .o Fome for electrical
Two micrometers of amdr ho den |
. Blr two sourcs see phous KPls. 174 is deposited in
our twc rce apparatus onto ‘the Ni £ilm 172, The composi
_ o .t.J_.on_ of this f'j._lm -has' been identifieg to be KP“ . it i
o amorphous and has more th 1% Ni i is: * ® -
~ m ha an 1% Ni diffused into the £ilm.
: Pressure contact with an electri

: cal probé'was. aovlie -
to the top of the Kp. 5 film. . - applied

The two leads,_ from the back

1

. contact and the. top pressure contact, were conrected to a ""5"

_ Tektronix Curve - Tracer 176 to observe the current'voltage

cf:h?rfacteristics-._ ‘The forward characteristic of the recti-
- .y;_r_xg pPressure contact junction is shown in Figure" 27 which.-'
. . » Lo . . P : : ) !
_._1n_c.11c.:ates @ Junction  with a barrier height of 0.5 d
- current in the mA range. ' o -
- As shown in Figure 28, we also deposited by .vacuum.
e . . . . " - : .
L Val;:orathn @ 2 mm radius Cu contact 178 'onto.-"the top
. surfac ' : ; | ' '
1;6‘1 ce 180 of a KP, ¢ anoxphous layer 182 grown by the two
_ ;ce __techm:gue On a HNi -layer 184 deposited on a glass
subs_trate-lBG. We connected the Teltronix curve tracer 176 |
- - . . '

as shown, - and measured the full forward and reverse biased

ghamexrphoassgp. I n

-



net al pol yphosphi de charges were ITB.I ntai ned at 558[err]C. while the tops of
t he tubes were nmintained at 514[err]C.  After 48 hours, |arge deep-red
crystalline stacked square platel ets of nonoclinic phosphorus forne\

~fromthe CsPr - charges. -109- The m)rghol ogi.es -of the nonocli
phogphorus crystals growmn from CSP "and NaP =~ condensed
chaiges 15 15 appear to be very -sim | ar, that i ’ked

squar-e platelets. . This is i:n.contrast to t he runc ted .p amd

t he:monocl i ni T BHoPFhoFHEVEr AT R o SHEEm :
large cryst alfomc)urmd €1 oho sphoh uthess ﬁhsenhes prepare from Cs/Pil1l1

ot ass: um Usi ng. si FPTSL BT bebs cEniE hk, weihus achd] Lo EETRLBEHE ESg, a5 cop
phosphor us crty@t'ah@ﬁrmm coddended pihses XENS, e&ﬁctr:trcnﬁ M&akdge cnru:/em
and K/ P125. L ik '\@a es O LB cont adAS 100%8m2 dt'sée@onta‘@ttsh
| i t hi umf phosphor us However, we expect that ar e-, t
nonocl i ni € hbq scmcarF-Qie RPREE MaFs GePardtad aia uﬁ@@r
condi-tions: Eé¢r§1§6r9toireﬁpetﬁkdﬁ§hml | febh@niehlr € Ommaldhe.al kal ipheet al 1-v
present seens ot & felfst TR 'Flun 1 FETRSLAHY Cudke iz vid NELE®
' -Au, and Al top 'cohtacta. 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

U ‘top contacts. ' ' ' ' .
' The most significant dlfference appears in the fact
that Au contacts change the I~V char_acter::.st:.c after
"applymg 10V to the device. The I-V characteristic become
¢+ asymmetric, as shown in Figure 32, and a more ohmic contact
- is formed at the Au interface after this "forming" process.
‘The "forming" is cons:.stently vobserved with ‘Au, and
: :-1nterm1ttently 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 remaa.nlng between the dlffused part of -
.the device and the top contact. Capacitance - voltage (c-V).
characterlstlcs shown in Flgures 34, 35, and 36 po:.nt in the

--same - direction. = Al and Au top contacts ‘have C-V
characteristics of double diodes, but conv_ert "into sirigle
diode behavior in the case of Au contact_s." If we assume a
dielectric constant of approkimately 10, we can extract a

" carrier concentration of  approximately 10]"6 carriers ?er
em®  near the junction and a carrier mobility of
- approximately 1072 to lcmz/xol!t' second. Frequency
dcpendencc of the capac.ltanco "and resistance in Figure 37
can be used to model the multlple Junct1ons that can form in

such a structure with a graded diffusion prof:.le in th_e

A



‘mai ntained is apparently very inportant to the crystal.. growth

process In the case of the Cs/P ball mlled-- system large crystals
- were pfaduced in experiments where the charge was maintai ned at 555[err]C
-~ and 5%4[\% C. However, in experi rre.ni@-,.\z\here t he charge was held at ,
- 565[ e sand 545C, no: Iarge monoclinic crystals were produced. Referring)

t-o- Fi gu-e 38, using our preferred apparatus, we .sealed a O, 6gm sanple
of - ROP15 Futanag: eﬂatay-lagur cmd%ﬂa&dzlla’hasep@éﬁcb&ikl mat@:mnn GaiQE'Y‘G
nmm

O D X 6mm 8cm |l on Iass ube The .t was_‘se

di ameter fl o“bl‘i:l Stk o280 ngughFﬁulr%ﬁﬁ?e m?ﬁ?l'léocfﬁ%v?%‘é V\F?ﬁtglb“te
cconstricti cio 276G weiompliex i s obesixesh tafonsr. chaNgneghaﬂésev,a?:ugunonaoiihe '
tube was s t ature DL SUC f1at, sugtace
o ot ne oAy, 8aBabSTRES IOH CafbRPhaRE %S LAfRT AR UKRRS]
at .the bot th:#ﬁ dreemddenerstratedeg- was maintained at 550[err]C.. After

- heating for 140 mscﬁpth@raﬁboat Ehénbaleaaof m Yd g"ftzémﬁﬁe og1padaleen |
~transported to the flat surf a&g% resutlngF utton-| oul e was :

cl eaved and*WafPHtAEES Y@s Wiy dlasgh reYareraked r &pin
-~ fibers -- npilxﬁiledd:@ﬁ.ﬁ&iﬂ:d abge nnr.ystmhworﬁiqlm nig [WSPpAEES. K (P Bt

ﬁggn?? | 2211? |l§$EéV|r ggg’tégﬁ‘ cro Sticé)'];il\/f Eﬂoposﬁogg%’gﬁﬁéoof‘%?g%%g(&& é’ﬁﬂ'545 . _
'pfr.Qved to beasesur‘pheséev:.ifbe whdichi wagl vefriyb ettein  dvesd sa gboklumﬂs@mnse
- to light and a small (10 "amps) current was drawn from it
‘under short circuit conditions when J.llumlnated with VlSlble.
light. - ' - ~
' We expect that KPlS thln fJ.lms made - by CVD technique
will result in similar behavior when the . films are
_ '.sufflclently th:.ck At the moment they have been too thin
- and have becn found to short out. : _ \.1
| The format:.on _of_ Junctlons with these materials
' 1nd1cates that: they may be ut:.ln.zed to form pn Jjunctions,
i _ Schottky dlodes, or Metal OxJ.de Semiconductor (MOS) devices.
We expect that by utlllzlng the above noted classes of ‘
".dopants,' that the materials. can ' be converted - to p-type
f\ R conduct:.v:.ty and -thus will be useful in the entire range of
semiconductors. - B .

The photoconduct1v1ty ratio was obtained in all these,-.x___,-_)y
by formmg a sem:.conductor device compr:.s.mg our mater:Lal
and means attached to the material for electrically
'communicating ‘with it. This means comprised - two .single'
_electrodes 80 and 82 attached to the material xllustrated in - -
F;gure 30. -

More spec;flcally, for a single crystal of MP, g, two"
copper strlps 80 and 82 were adhesively attached to a glass
substrate B84. A sample of XKP 15 86, made according to the
above teachlngs, was bridged across strips 80 and 82 at one
end thereof and attached hereto' by silver paint 88. An
electronic_t'cr attached to the op;imite ends of 'strlps 80, B2

' 1ntroduces an electrlcal potential to the KPJ.S’ and thereby |

'permlts measurement of the resistivity of the KP,..

T T X STETTY JERE VEHRIEL ISR T



.of long platelets which are attached such that they appear to be.
star-shaped rods when viewed fromthe end. This material is thus g
different in appearance fromthe "twi sted tube" fibrous phosphor
pwoduced via vapor transport.-froma 99.9999% red phosphorus chargel.
bel.ow).. W conclude that the condenSThQBtenperature to formlarge C

nnﬁscllnlc phosphorus should be in the range of 5000 to 560[err]C. Further
experiments indicate that the preferred condensi n

tenperat ure i s_about 539
[err]C. The char gienus¢suithntt devicea afenhegWer 0ot %EBT@??] geynges
bel ow 565[6”%&;? g{,?‘“ o i nglheatedis Qutapigistie®d thage bar55Bfietr]
to 560[err] on ] :

out err] C giving est r | t f C f :
Conposi ti on WWW odatediabRoEPPniB - Sﬁﬁg BSr hse %’om%c ?rrgg' E’tg;&l &g p
to alkali mgjal' o9bellikb@1125curtoneyer at r dtéastof abour 1Photesensd bioek
best. . Characteristics of Mnoclinic Phosphorus Condensed from Vapor in
the Pr esencer%$1%ﬁ°m kali Metal Figure 39 is a photom crograph at 50X

magni fi cation shophngdaipybani dar mateaiad srehen ihvmdingscange @hagaster
phor us prepared,from.a,RoP15 S rysgavs =¥ etbapdrhe ngav@f
Simlar cryst8FiCsy @’%’baﬁ%e&ﬁ{{ 5’%%6% %;gg E‘eﬁ |izing, sodj umbas tﬁe al kal i

net al . Ve faue flegiecsdKor podallumineasgencasly amipient femperat ‘Q‘Eﬁ% 40 is
a phot om crograph at 80X magni fication of

—~ o o Preparatlon of Large Crystal Monocl:.n:Lc P

R R Rubidium ' _ . |
- We. have found that the RbPls can be utilized to
produce large crystal monoclz.m.c phosphorus.
A 0. 629 sample of RbPl5 encapsulated, in. vacuo, in a
L 10mm O0.D. x 6mm I. p. x 5.0cm quartz tube was vertlcally 3
\f/ pcs:.tloned in a crucible furnace and subjected to a tempera-
" ture gradient .such that the. RbPls charge was maintained at
552°c whlle the top of the tube was ma:.nta:med at 53%9°C.
After heat:.ng for approx:.mately 22 hours, the tube was open-
ed and s:.ngle crystals of monoclinic phosphorus, as large as
3. Omm ori edge, in the form of truncated pyramids were found
S in the upper (cooler) region of the tube.
: We found that large crystal monocl:LnJ.c phosphorus can
" also be prepared from mixtures of Rb and P :.u the . atom
- ratio _o'f'l.to'_l_.-s_ (RbP, ). |

Ce51um and Sodlum

Large SLngle crystals cf monocllnlc phosphorus were

also grown via vapor. transport using ‘either CsP:L5 -or
Na 15 _charges formed in our condensed phase process. In
each run approxlmately 0. Sg of the appropriate alkali metal,
'polyphosp}ude was scaled 1n ‘vacuo in a qua_rtz tube (10mm
o, .D. x 6mm I.p.) of length 8.%cm. The tubes were then -
'subjected to a tcmperaturo Ol"ldl(‘nt such that the alkali
" mctal polyphosphldo chargc, were meuntalned ‘at 558°C. while
N the tops of the tubes were maintained at 514°C. After 48
hours, large deep- red crystalline ‘'stacked square platelets
of monoclinic phosphorus formed from the Csl”l_‘3 charges.

-
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These platelets are easy to cleave into nmica-like sheets.
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ed that the crystals are biref ringent. \Wen placed betmeenh/
rizers in a pol arizing m - croscope, “they rotate the light and
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iR ) W e SREF LU R VGR £ ﬁé‘ré}{:ﬁréé' ng a monoclini.c
hosphorus prepared in the presence of cesiumwhile .the Figure
Efﬂﬁﬁﬁiﬂﬁken usi ng nonoclinic phosphorus condensed‘in.the

ﬁh%slpél °£>H%sp%r ¥§1tsalcrységfs frron;[ hgoﬁéggggge phase KPls, and
from mixtures of XK/P,, and K/PIZS' - o

"Lithium

No 'experimehts"“ have been conducted w1th

Jlithium/phosphorus charges. However, we expect that large-
- ecrystal monocllnlc phosphorus can be prepared from the "~
materials under szmllar conditions:

=_-the charge was maintained at 555°C and 554°C; However, Jin .

"Bffect of Temperature

m

While the nature of the alka11 metal present seems not

‘to “be 1mportant, the temperature at wh:.ch the charge is
.'-malntalned is’ apparently very important to the crystal.
" ‘growth process.  In the case of the Cs/?ll.'ball milled -

system, large crystals were producea in experiments where

experiments where the charge was held at 565°C and 545°C. no
1arge monoclinic crystals were produced.

"we  sealed a 0.6gm sample of RbP15 prepared by our

Referring to Flgure 38, using our preferred apparatus,

" condensed phase process 1n vacuo in a 12mm 0.D., x 6émm I.D. X
* 8cm long glass tube 270. The tOp was Fealed,w1th a l6mm
-diaﬁeter flat glass surface 272. Fill tube 274 is provided

with a constriction 276 at whlch 1t is sealed after charglng

2 and evacuatlon.

(

- The tubo was subjcctod to a tomperature gradlent 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

& -




Rubi dium™ . The peaks 280, 282, 283, 284, and 285 are at wave nunbers 285,
367, 465, 483 and 529. Evaporated dots about 25 mcroneters in di arreter
wer e dep05|ted on large crystals of nonoclinic phosphorus (froma Rb/
sour ce) for electrical . neasure S - . The resistance
the; crystals was found- to be 1 r] ohm to 7 10[err] ohran
pra&t/l cally |ndependent of the geonetry -112- crystal and the si ze 0
t he (;Oﬂt acts ,_Thi f esi e. ) S .na

utilized as t %41513 iﬁ gﬁgﬁor l{-{ieg?‘%ﬁ;é ﬁg@gﬁ hter a%s géic{ Tlg!g Ir}?(ﬁé ap~
Phosphi de or mximﬁrt@h!)slpﬂlﬂeOfm mygmal:whamel had pheephtransported

lumi-nescent diSplyse1senseppsgsiors, lasers, and as starting materials for
ot her sem conducti1 ng devi ces., Tw_sted Fiber Phosi)horus ‘The presence of the

al kali ‘metal in th'%“%h&?ge‘léfﬁﬁgaﬁ%‘tttt?‘be“d‘r‘%tli’%‘& et YaghSinart1anfkh exam-

l'arge crystaljgadoc! rai waehaeawrw ent¥raély eoPt QALFOrV Oﬂwmz-lﬁcnefﬁteﬁke
crystals of npnoclinig ho %%cié%? iggﬂ?Qﬁ%Qg?ﬁ/#fu%‘e re osppgagghggus :
m mi cking the” ToReti ce I h&opesild .
netal / phosphorﬁguregsuérrand {Ehiaxre asmenphotemiedographsorufclttms product
phosphor us p u 0 f 99.9999% pure red
phosphor us vva%thﬁegg ﬁﬁg 105@% fﬁ?ﬂ}&?#ﬁté@@eg g gg’g&%%?ed tube in a .
vertical |y positiofhe SE¥nphotenidgtogurahst of Fxgewﬁs AAshnd 48 aweved to

be a surprise. The individual "fibers" consist of bundles

f\ 3 of ‘long platelets which are attached such that they appear
to be star-shaped rods when viewed from the e_hd. This
\'/ material is thus: quite different in appearahce  from the
-"twisted tube" fibrous phosphorus produced via vapor

o transport from a 99.9999% red phosphorus charge (see below)..
\ﬁ We conclude that the condens:.ng temperature to form

‘large crystal monoclinic phosphorus should be in the range
of 500° to 560°C. Further experiments indicate that the
preferred conden51ng temperature is about 539°C.- _

The charge must be heated to a temperature above 545°C
-and below 565°C as prevxously indicated. Our preferred :
range is 550° to 560°C with about 555°C g-iving"i_the best
/N . results. - “ o

\,_, R Effect of Composition
| ' We have produced monoclinic phosphorus £rom charge
ratlos of P to alkali metal of 11 to 125._ _However__a. ratio
" of about 15 seems to work best. ' ' |

. . R " e e
~ . . .

.
_ . Characteristics of Monoclinic Phosphorus Condensed from
. ~ Vapor in thc Prescnce of an Alkal:i Metal -

Figure 39 is a- photomn.crograph at 50X magn1f1cation
showing a pyramidally shaped monoclinic  crystal of phos-
phorus prepared from a RbP,. charge. - These crystals are

. hard to cleave. S'unllaz. exy shxls are pxoduced from charges
utilizing sodium as th_c alkali metal. - We have produced
. crystals as lafge as 4 x 3 x 2mm. L



. quartz tube. The t enper ature gradi ent between the bottom and top of the

‘two and g#free-quarter inches long tube was 43[err]C. After heating for 24

~héurs, han hal f of- the charge had been transported to the top third

of the { vhere a boul e had forned. -pygprisingly, the boule was found to

consist\entirely of ared. fibrous material. Several |ong S

(approxi mately 1355%%@&?5 vve_remLound in the vapor space at t.hfa got'ﬁlomb-f/ _

the boule. Mer a¥R matPhotohithegdesn, r 88 BhRels. [eyeal ed that. -
iehogdagR, 18d BpRehagheyealed that

they are twiastedysXRD dat amsaeW . e fibrous nateria _
‘match that -saawed earler -on%ﬁig‘cl%l;s%’gf’??h@rkﬁ RReducedi sfromh agr gaher
than 15 Figure 46 I's A% °SEREphEEdRgro- Thask ab180Q188gNi {igation
of -t hese fi 5eCRVDitftar anitdaal 1 iKer fRbe poal yEiﬁ%& data was found to Be ®©
simlar to dwledseeppfd Ln.polycrystalline hig RISEYStAls ean the pPrA-
~ determinatiqns, the first neat9pl RF cBrBges dﬂeahabeglgﬁ-@mmeégggg 1g |
622[err] C (é@‘er"’&j’@ .habwte_a%d@mmag Mrdto oSt fis %f! a?si n&j}e’ endot AgPm
~in both cases - #We H8YeLrddernindde ET? g ta secur ed Saf T eFhiek
“pol ycryst al {4 % 'glh ma-_ terial consrkt - FYShals hece bingteiggdpiherm °
-~ at _614[errfr1 gr} s é&ﬁﬂ?%a@r%agﬂepeadeﬁ&@&-@ -inak %Q[a%r.r .C.” Thus,
we observedcsabsbaani&heyigbb@aéieﬁi qﬂ? enr§£e'fibrous 0s- sd= -
. ﬁgqpared frgﬂyﬁg R999% r ed Bhosphorus agyﬁxﬂ riE;°We§¢m¢MQfﬂtﬁlub pass
ffaterial .. Flash Evapor ABPolne¥ maxe laeicebblibredn akomTired SR 4P Lilm
anor phous Such as optical rotators in the red a ' tces
the spectrum. o

nd infra-red portion of

C- » ) .. o L3 . | '
shemlcal an_aly_sls indicates that they contain anywhere -~
_ QO tg ZQOO parts per million of an alkali metal The |
”..are made in a process which takes as 1little as 22 h .
| ye_rfsus.the,_ .'__El_days employed in the he o '
_. to produce Hittorf's phosphorus. g | . Bl

from

_"t':a'ls is_ dopéist_.ent Wiﬁh that'of t

Phosphorus. '

- .t[_'he phpt_o'lum_ingsc_e_nc_e_ Spectra shown J.n Figurés-41 and
were taken with an Argon laser Raman spectfom’etér A

'°:°a2 peak at 1.91 ev is clearly observed with a half width
about 0.29 ev. Thisg indicates a band gap of about 2,0 ev

~at room temperature.

'_phosph_orus'condenscd in ﬁhe presence '6f rubid-iuﬁt' a0 R T
- .~ The Raman spectrum of Figure 43 was . . ‘
) monoclinic. pPhosphorus crystal formed
- Rubidium.  The peaks 280, 282, 233, 284,

numbers 285, 367, 465, 483, and 529,

taken - utilizing a
in the presence of
and- 285 are at wave =

Evaporated dots about - 25 micremeters in

| v diameter
. . | were
eposited on large.c;ystaln of monoclinic phosphorus (from a

_fpr/Pi$. ;ourcq)' for clectrical
- Yesistance of the cryst
- 107

- Measurements, The
als was found to be 1 6 )

' ' : 0" ohm to
ohmuand:practlcally_1ndependent_df the gébmetryiof the



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 conprises a glass cylinder 304 conp
t @ a vacuum system (not - shown) through_t jbi ng 306. Argon is suppli

inlet 308 of sup- ply tube 310. Reserv0|r 312 is filled with powd reé['Pi_
f olhed by the Condensed Phase nethod. It is agitated by neans of

vi brat or general |, n a _ 14 ca IR bmiﬁ%'Hé@agahgmgyyfauﬁs
t hr ough.the vgﬁ¥u¥ﬁi ghgr%ﬁg %&zé.%fcgﬁgﬂ at 316. It then flows into'the

react or 304-r¢sm§maqFQ41rough tube 317 into a steel susceptor 318.
susceptor is heat

The -

Soor PO i o b &y EE QESQE e oei IuBiﬁli@daaIsermReatsmbestr[?m Eexst
err ich causes the err].to vaporiz t as

shown i n Fi AgROSHEING 72 e %r¥%}%eﬂ“% ?ﬁcg?dgﬁat?ﬁﬁgéﬂ ura ?al%%ﬁm

smal | tubes gﬁ@gﬁﬁidg,lrmh@@lmdyahe3@611nzédgasephe§phevsngnalpmmnaﬁpﬁytof
~smal | orifices

u dgt 4pes Zﬂa%EQlﬁQEd
within the eﬂﬂstalrfubes?.Tlch{)gﬁgggrg %r?%ézr? s[gur[nh]ao%d% ce- rr‘rént
KP[err] on fuapotheatsemlcdnésotmageéevlcnﬁe its constituents and the
vapor is carried by the Argon gas through the orifices 321. The filmis

deposited on a cool er substrate. 324.." The substrate may be heated by neans
of hot wiresTg2eteddFhbes) BRospROKYSonnecti ons 328. ‘Al unina tube 317 has a

one-quarter inch gybspgesenatbof! @heard s emgﬂsﬁh inchhencmge ams@rrs
~ Tupes 320 have a one-sixteenth inch c S|de

ch
long and hav&of ber cyitigal; tonthe RER fﬁgﬁ sgre{ ha are t ro nid
\

phosphorus. We attempted to produce large single crystals
of monocllnlc phosphorus from 99.9999% pure red phosphorus
by mimicking the conditions wused successfully wrth the
various alkali metal/phosphorus systems. Thls attempt
"falled._ No monocllnlc phosphorus was produced. For exam—'
"§¥ﬁfh o :ple, a 0.6g sample of 99.9999% pure red phosphorus was heat—
' ed at 552°C in a sealed evacuated tube in a vertically
' hp051tloned 10mm outside diameter x 6mm. inside diameter
'quartz tube. The temperature gradient between the bottom
and top of the two and three-quarter inches long tube was s

" 43°C. After heating for 24 hours,. more than half of the .
hcharge had been transported to the top thlrd of the tube-
where a boule had formed. _
g;; E o Surprlslngly, the boule was found to consxst entlrely.
' "of a red. fibrous material. Several long (approxzmately

1. 5mm) flbers were found in the vapor space at the bottom of

the boule. Mlcroscoplc examination of the deep red fibers
| revea]ed that they are twisted. ' : e

. XRD data secured on the fibrous material was found to

- o match'that secured earlier on polyclystalllne KP where X
o is much greater than 15. Flgure 46 is an SEM photom1cro—
graph at 500 magnlflcatlon of - these fibers. O _ _
'leferentlal thermal ma]yt:c«ﬂ data was found to be

51ﬁ1]ar to that sccured on po]vrrysfnlane high x materlal.

For two DTA determinations, the First heat plot consists of

a 51ngle endotherm ‘at 622°C (average). The second heat plot

con51sts of a 51ngle endotherm in both cases - at 599°C.



-The apparatus is operat ed.under a vacuum of 0.1 to 0.5mm Hg Anor phous
films_of up to 1 mcron thick may be formed in runs of up to.fifteen
m-nufes> At the end of a run, the substrate 324 reaches a tenperature of
rr] C, depending on whether it starts out at roomtenperature of .is

preheated to 20 err]C. €hd&tcal Vapor Deposition W have \/

- thin films - of KP15 by neans of Chemnical Vapor Deposi tion. " A

typlc chem cal or dep05|t|on reactor i.s_shown in_Ei gure 50 It is = =
. construct® o‘PT@yF’ég speanash @ F Li¢n8Rr PR3YCRystaldipg b 1¥gh X0 mayr cm

| ong tubetéﬂéila:&e@ieﬁs%f\/\ﬁl ﬁlﬂrsa B@Sl:t eQagcleae@d%tmm R~ at3G 1y «m | ong
"t ube 402 Wnéch serve

%I ﬂ’ Iiher and sub%t r?!%f $o| dgé .The
-t her nowel 7% i3 REFEN 'ifbtsl FFBH CphyP S} usT abl hg EBPFar W3,
" .The vent dsmmm shbotantdalt tse.mdrannmss betweah thet Ife.bg:mxso@ms(-haust
stream t “a r v
unr eact eo‘% f&S g'g%g o(r%é:ao\lfén n?gég€i Fl% ﬁ%ar#‘?gﬁg?rgm ?t:\'/le\%% ube 404
and O-ri ngal:bimerhngb ar@aaeﬁ-‘aéﬂed to the reactor chanber 401 t hrough - a 2 0
cm 1. D Opfif EQhPbr4Q20on The reactor chanber 401 is located in a

resi stance—furmace gererarly i ndi,cated gt 406. Ml ten phosphorus is
hetered by a pi8tBAVBusYCceERdeds AdwiPHm s fitable :hin 1fEm WPTPRRARG tube
407 into @oNEPAGEZahi Glaseham@enickdl coalivd gm&gersuuﬂuﬁm USsing a__
‘evapor at eg i n,_the vapori,zation charrberT408fg%s% sétvraeaorgaq_flor{ gon g@ég S
Tnjected Fhpsh: FY é’%@r‘ﬁ?&’u%‘?f’%ﬁﬁber 238 P PP s’ |
_ . -is generally 1ndlcated at 302 in F:.gure 47. It comprises a
glass cylinder 304 connected to a vacuum system (not shown) W,
- through tubing 306. Argon is suppl:.ed at 1nlet 308 of sup-
| - ply tube 310. Reservoir 312 is filled with powdered KP15
formed by the Condensed "Phase method. It is ag:.tated ‘by
means of a vibrator generally indicated at 314 and- plcked up\
. by the flow of Argon gas through the venturi generally indi-
_cated at316. It thén flows into’ the reactor 304, pass:l.ng -
through. tube 317 .mto a steel susceptor 318 The susceptor -
. ‘,15 heated by means of a RF coil 319 to a temperature of at
' o '__'least 900°C which causes’ the KPls to vaporz.ze.-~ At the end
of tube. ‘316, as shown in ‘Figure 40, a nozzle is formed by
: incorporating a plurality of small tubes generally ind:.cated
~at 320 in Figure 41, having a 'pluralit_-.y of small orifices c
: ._'321. Tubes ‘317 and 320 are alumlna and tubes 320 are held \'J
. within . the end of tube 317 by means of magnes:.um oxlde ce~
‘ment 322, -
- The 15 - on va'porization - dissociates " into its ,
constltuents and the vapor is carrled by the Argon gas
" through the orifices 321. The film is depos 1ted on a cooler
substrate 324. The substrate may be heated by means of hot
-wa.res 326 fed by electrical connections 328, '

Alumina tube 317 has a one-quarter inch o“-ts.i_ae. iame. |
- ter and one-eighth inch inside diameter - Tu-bes 320 have a .
one-sixteenth inch cutside ‘diameter, are one- quarter :anh
‘long  and -have four one-sixteenth inch chameter holes that
— . are throﬁgh. IR R |



through the 6.0 mm |.D. inlet tube 409. The gaseous

phosphorus/ argon streamenters the reactor chanmber through nozzle 410. The

nozzl e 410 has an opening of 4.0mm The evaporation chanber 408 is |
in a resistance oven generally. indicat ed at 411. A gaseous m xture ofjl
‘potassium and argon is netered into th& 1ddsct or chamber 401 t hrough i

tut%’412 which has a 6.0 nm1.D. Neat argon, whicf-acts as a shroud for
't he pot assi unf ar go, gtr tube 413.

_ ea ers _the SYsté t hrough 6.0 nm | . D,
Both the potassi unt af goerrql?"’gta%ﬁ and n2Bgr g]rb‘Bﬁe rdafdsim Phe §ehcttidn
chanber 401 a@.8ma, Hg‘l:he qnnmalshoum &idows avfl vpatcaryonicionsthddR, nad3)be
are located | Boanb8Shk$ & QEN, ep_g ?l#he%d'ﬁﬂ at 4&? ‘gée % ‘gstrate
0 e tenper ST

416 is positioned on the er mowel ature 0o t Pat &
416 is deternFHBd Khea %W%@t’a@pﬁ@%lﬂeWs|@nbdmgeretulry l@él @00a-+390°C,

substrate 416aeﬁehaen@hehnwethc4oat RQiES RREER 1Xdm téﬂ'}ﬂ_ﬁ}‘}tuﬂfs’or poal

and 415 are ma proprl ate tenperatures . gaseous
react ant streéﬁ% ié‘y Pﬁﬁgﬁé§€%ort°cﬁ§r%& at 410 and 414. The exhaust gas

m xture | eaveghthécadavhipor Oepaisditiidn ough the vent tube 404. The desi red
filmforms on the ﬁubs rate 416.

'« The substrates A& nPEEREFeY: thin o fidms: ng 5?13101’%501‘%?‘97C°f
t he tenperat uChetnelcag Napmbn@absomm to plus or minus 2[err]C 1In a

'.tyr%\cal Tun 1.24g gf t%'ltc‘élplc%%mﬂ:’&is \Paﬂ%ro d]estﬂas%ftlon reactor is shown in
' _ Flgure 50. It is constructed of Pyrex. The reactor chamber
401 is a 26 mm I.D. x 27.0 ém long tube in the center of

B 'which serves as both a thermowell and substrate holder. The
thermowell is held in position by an adjustable O—ring

‘collar 403. The vent tube 404 allows for . the continuous
NS removal of the gaseous exhaust stream. It is attached to a
S 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_'

which is positioned a 6.0 mm I.D. x 30.0 cm long tube 402 |

_through a 2.0 cm I D. O rlng joa.nt 405. The reactor chamber -

. 401 is located in a resistance furnace generally ‘indicated
at 406. ' '

_ Molten phosphorus 1s metered by a piston pump (not . _
N/ ~ shown) through a 1.0 mm I.D. capillary tube 407 _into_ a

v_apor:.zatlon chamber 408. The molten phosphorus is

evaporated in ‘the vaporization chamber " 408 by a stream of

argon which is injected into the vaporization chamber 408

.through the 6.0 mm I.D. inlet tube 409. The ¥aseous

) _phosphorus/argon strecam enters the reactor chamber through

- o ‘nozzle 410. Thc.r_xozzlc_ 410 has an. opening of 4,0mm. The

o ' evaporation chamber 408  is located in a ‘resistance oven
'generaliy indicated at 411.

A ga'..,cous mixture of potassium and argon is metered
1nto ‘the reactor chamber AQL ﬂ\rmxgh inlet tube 412 which
has“a 6.0 mm I.D. Neat argon, which acts as a. shroud for
. the potassjum/argon stream, enters the system through 6.0 mm
I.D. tube 413, Both the potass:.um/argon stream and  neat



~potassiumare delivered into the reactor over a two hour period.
- Argon flowrate is maintained at 250m per mnute during the runs A . nunber
' X iments were conducted in which phosphorus/argon and

argon were fed simul taneousHtSrnto the reactor. The
/argon

rati o-of

r AXIYnt strgamhentect

phosphorus feed rate was 0.3

' : Amor.phous, ‘KP15 il ms were
~ prepared usthg® n?%%b?tﬂﬂceg?ggg 8%f]8§f“#é{¥e§"n% %?%é’%f Atrd15%re about 0.3
m | limeters thickheVWstihsarrtn tdite i poditiboed, ohheth‘e Ithenmmkl(ﬂedmmre

found to ha%een

dependent on t%e&‘%aé ‘:{&r{é g?nﬁéper&sgﬁ%’r%tb gests ?’&' %ﬁg Igag;t’

Exani nat i onthewrocaeple| ﬁ7uppﬁgt$9me§hd\m0m1ermbtaidye tthe tsubstidairen 416 :

Purificati og, ofhEhegsebabya1904g0ansof Atonergi c phosphorus,
~was ‘subjected to_a 450-300[err

admittedly very PREMEYti rﬁPcr‘ 'llhﬁ’bf t IVeRst or 626/ r erfBided BBAI nd1Bhd 6 of
the charge faghdagneas T papyToptildtelepeshberalugisius arakysi gasbeued

gradient for: 75 days..- After this

streams enter the reactor chamber at 410 and 414.

'--the Atomerglcgt_l_ hor,us.-to_ be

A

hour.

The exhaust gas mixture leaves the react:.on chamber through
the vent tube 404. The desired film forms on the 'substrate'
416.° o ST

The substrates are maintained at a ‘temperature of

310-350°C, the temperature bez.ng malntan.ned constant to pluS' |
‘or minus 2°C.

-

The t ot al

SN

stream was nai nt-ai ned at apprOX| mat el y 290[err]'C and./
ot Zssi uni argon stream at aggrom matel'y 4100G °~ The cal cul ated atom
: eyzeaqhion pehambrxt efQl 12t 4hé.refheor
was . mai nt apdsle&issﬂ&m/éié@oél%ar heat: anjéh mnéypl(aah ORY) By idkadddui d

"99. 95% pure”,

x

- ®

In a typ:.cal run 1. 24g of wh:Lte phosphorus and 0.13g ofv

-potass:.um are delivered into the reactor over a two hour

period. The total' Argon flow rate 1.s maintained at 250ml'

per minute during the run,

A number - of experlments were 'conducted in whi.ch-

phosphorus/argon and potassium/argon were fed simultaneously
into the _reactor.-  The phosphorus/argon - stream was
maintained at approximately - 290°C ané the potassimn/argon
stream at approximately 410°C. The calculated atom ratio of
reactants in the reactor was P/K approximately 15. The
reactor was maintained at  300-310°C.. In a ‘typical

expera.ment -the liquid phosphorus feed rate was 0. 34ml per-"

‘-

Amorphous 'KP15 fllms were prepared us:.ng nlckel-on—'
glass substrates. The films are about 0.3 millimeters

-thick -..

With a run time of 1.0 hour, the film's. produ;:ed.were

found to have nominal K!'J-S c_:nmpo-.:ition. The thickness of _.
- the film was dcpendcnt cn the position of the particular :

substrate in the reactor. I\mxnn.ntlnn of . the films using
SEM showed them. to be C]UJ.‘LC unlform.



| ess. than 99.90% pure, probably closer to 99.80% wth al
cal cium iron, magnesium, sodium and silicon as major inpugi
greater than 0.01% and some greater than 0.05%. This mat
about $220 per kilogram. In conparison, "99% P from Al pha-
'$17/1b., or $37.5/Kilo. Table XX s_Uf'ririiﬁi-zes the results of flane

em™ssi on spect roscopy on three mat eri al. s gener at ed by the.

af orementi oned treatnent. err -118- Materirall A was a residue,
dark  brown P\%@fmmontﬁfoﬁ BERNOFKHE charge zone, which did not undergo

valtoor tlran8p0rt Bt %fr'a&\{s desi mxﬁkd\ge phakspBowas ,a "oy obixguberef' was

materi a ot v z pr. e

position in %%‘ﬁ%\?‘g 8E’oﬁ‘e Jré:d;ﬂ(g“#]ngi:?gg h %QF srsme{?f%‘l y ﬁg\ﬁg

tenperature adhhﬁlﬂté&l)ﬁ: Weter ilangC wamegn 2h®r mlbuszhleoumetemahe mntacirze:&le.
Clearly, t ties t r

fairl yy coni%?\ %% %ndgpn%@%t ‘s)% tq{ﬁ] Qﬁﬁggﬁ %%pdrueﬁn?\bgl e\%e:\%h%%ﬁéuﬁ Bl

expected to depesitse to a | ower vapor pressure of phosphorus at a given

fenperature. h?ré{ml:i{x'st Xina@.‘&%llsOfshHW%d% 2fdomidrRfiley Wﬂpﬂ&éﬁ@%& Bde -
valuesfor the initral e material. The boule, Mterial
T less. than 99 0% pure, probably closer to 99.80%, with -

aluminum, calc1um, iron, magnesium, sodium, and szllcgn as

major impurities (all greater than 0.01%, and some greater

.'f\ than 0.05%). This material costs about $220 per kilogram..
o In comparison, "g93" P from Alpha Ventron is $17/1b., or
N $37.5/Kilo. ' : _ ' .
Table XX summarizes Ithe results of flame emission
spe'ctroscopy on three materials generated by the
) ' aforementioned treatment. . ' '
L)
A



C, is a pretty pure material, with the sodium content being the  mjor
observed contam nant. Taking the sum of contaminants, at their
maxi ~.indicated levels, this material has a purity level of 99.997%

}° The conparabl e material ,~bblai nabl e from comercial sources, as
99. 99Q% )%, costs about $1,800/kilogram Cearly, we have illustrated a cQst
effective nethod for purifying red phosphorus to.a high degree. Reinforced,
Materials The use of phosphorus conpounds as fire retardant additives . is
wel | known. - Because of. the highly stable nature of the alkali netal
cont ai ni ng phosphorus materials disclosed herein, they may be utilized for
such purposes. The fibrous and plate-like forns of the materials

di scl osed herein, for exanple, fibrous KP[err] and KP, where x is
much greater than 15, .the plate-like nonoclinic phosphorus habit, the

‘twi sted tube form of phosphorus, and the star-shaped material of Figures 44
‘and 45, all show prom se as reinforcing additives foor plastics and gl ass.
The twi sted tube f.ibers and -star--shaped fibers should be of particular

~value due to their abiJity to mechanigally int@lgck-with the matrix of a
- conposite materi al . e|r°?|re retardant- qualities should al so prove
uséful in such ppteri&s. 5§ §18- 15 Coatindg Bs previously discussed,
' e L o k=S - S
many of the mat%_l_ Ils§ S 5§ § 5 5 5 _ . _
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di scl osed hereintforr high stable annrphous-coatings,

netal

proovi de good adhesion to metal and gl ass.
corrosion inhibiting coatings on netals _and as opti cal
coating of approximtely 1000 angstroﬁél@r x 10 5cns) 10

priate infrared opti cal
‘Wi ndow transpare

to infrared but bl h.
coati ngs when co%'{aﬁg‘d?l’\%][ ﬁr"’te:oa{"f P%gzggﬂggﬁagaorpw Vi bl G018

ap

and gl

ass. The MP15 anor phous 5

films are particularly s¥a
Thus they may be utilifgzed #si -

coat'i ngs
- on an
conponent such as getnaniunr wilt provide a

fat eri a s of ifferin

g
optical indexthmamtmitut thiezedhavger cxone, 1Whight Aidef Pkt USHISEIR | ¥§BOBN

I nfrared 0Pt iy

| P bed
Fl e it h gocxf]ansﬁg r€XPGEL BN 2 S@@%‘ié&@éa&%ﬁ%@&h@ B ande depesi bedles

ductil e, non-
materials sh
filnms.

| NDUST PLI |
Centivel s now Sradeeié ngh pﬁOSR#]bghgf | (ATLEN Thnsopseizke dhan! 03802

| sen1conductorﬁa§@ﬂralse wﬁetanaamdrphouslbnuleanmntheMﬂglﬂ QQWE

25 30

esl on on stee

um ni um- an | yhd nunl The filns are
qﬁncmﬁicﬁknynerlEQhEndlﬂonCBF?FtIewgégg V858 s YRBOrLze,

y; sefied pbderasnl iﬁathencaargeazongs resdltsi in
-1 0-

materi al s. These
cat enat ed
Clearly, most of the. impurities of the charge remain in

Material A. at  fairly concentrated amounts. The high
impurity levels would be_expecred to give rise to a lower
vapor presscre of phosphorus at a ‘given temperature. The
impurity 1level of the material pretty well reflects the

. values for the initial charge material. The boule, Material

C, 'is a pretty pure material, with the sodium content being

the major observed contaminant. Taking the sum of

contaminants, at their maximum = indicated levels, this

‘material has a purity level of 99.997%, at worst. ‘The

comparable material, obtainable from commercial sources, as
99.999% P, .costs about $1, 800/kllogram. :

Clearly, we have illustrated a cost effective method
for purifying red phosphorus to a hlgh degree. -

Reinforced Materials

The use of phosphorus compounds ' as fire retardant
additives is. well known. Because of the highly stable
nature of the alkali metal containing phosphorus materials
disclosed herein, they may be utilized for such purposes.

The fibrous and plate-like forms of the materials

- .disclosed herein, for . example, £ibrous KP and KP

15

where x is much greater than 15, the plate-like moroclinic
7phosphorus habit, the twisted tube Eorm of phosphorus, and
‘the star-—shaped material of Figures 44 and 45, all show

promise as relnforc:.ng additives for plastics and glass.
The twisted tube fibers and- -star-shaped fibers should be of
partlcular value due to their ability to mechanlcally

interlock hlth the matrix cf a composite material. Their

fire retardant qualities should also prove userul in such

materials. e

w th good adhesion to

-



"~ cat enat ed

coval ent bonds serve as the pri mary conduction paths "in the*materials. The
atons formparallel colums as the predom nant | ocal order.

Pref er ab he atons are trivalent and have bonding angles. that permt
‘t ubul.ay\{ ~.9pi ral or channel -1ike colums. The col'ums may be j oi ned
one or nore different elenents, bonded to two or nore of the- \,/
~ cat enat ed colums. We have disclosed in particul ar high phosphor us and
—-m xed pnictide seniconductor materials of this class These include high
phosphor us pol yphosphi des of the fornul &3‘1@5 where x ranges from7 to 15 and
entirely new materials where x is very nuchigreater than 15 -- for all
'practl C pur S re phosphorus. These nmaterials can be characterized
_ con?ial ni dostings of seven or nore atoms organi zed into. pentagonal
tubes.. They nmay &% mtewiaushy dscsssed,i mgayheff dheumatePialsere x is

greater thargs Ge1gudh HdiR¥in Fokm 38 SHFAHY 'a%x%‘i-p%%u“so%&'ﬁ?x%sOf with

.~ phosphorus in a m)l ar rati.o of phgosphorus to any other atom c_ constituent

| ‘greater than 8°°9 (3afRRSHRR e ARkdctdd @SS hil§s WospRBCTELESer i al s
where thg phopilms usre eﬁmddlme@f suabaleb&kﬁntyr@krlme good khanhelsiohdebs

conprise pho in t y | iRl al bonds
-orgam zed int ogfayearrg& aaéﬁo par zﬂtﬁoqﬁl ggr‘ﬁa g(l)anrgualu 19'1 s'g'\é c%%%g%z.@nmy
be charact elclllzle@-tl% g9 Samess o etadenedidniagg Oziiltlwlail eeRALl ngiso e

wherein the consecutlvc coval ent phosphorus- to- phosphorus _
bonds " is - sufficj entl ter than _th ' nunber '
" non- phosphorus-to-% s° GRRroximg tedyy OPhé'nﬁétté'Pf“él e &Qndﬁ'ﬂﬂ ng.
They mayl0be omheat axpmromeich teasidfnaimegl optikealleicompomfentt sueastsseven -
: lC(.)nvaI.en_tIy_ b@m%,smﬂrlusprov1de a window tra_nsparent to infrared \J'

but showing absorption in the visible. Such coatings
'when combined_with coatings of other materials of
o -differing'opticai index, can be utilized to provide ' (?3?-'
- 15 anti-reflection coatings on infrared optics. YT
' Our experiments show that MP_ material can be .
deposited as films with good adhe51on on steel, aluminium,
andxmﬂyhkmun - The £ilms are ductlle nonfponous,
' polymer1c and non-brlttle
20 Thus the materlals shown hereln should flnd w1de
' _appllcatlon as coatings and thin films.

25
30



atons havi ng asseci at’ed therewi th at leaéf one al kali metal atom

conductivel y bridgi ng-the phosphorus skel eton of one
phosphorus skel eton of another wunit;
pol'yphosphi de "having the fofnula MP where Mis an al kal
~least 7. These materials may be furthek2@haracterized by havingfa'ﬁ%
greater than 1 eV, from1l.4 to 2.2 eV and for the _best materials
di.scovered approximately 1.8 eV. They ma
‘photoconductivity ratio greal8PUSHRRRAE: A

they may be characterized as a

e

Cbe characterized by having a

of 100 and 10,000. These materials may be further characterized by their
trival ent dom nant atomc speci'es; the honatonic,bogds f or

domi nant speci es; Thpe Wevhave Aaf6lessf @esebbhe

coor di nati onpRYEPR6ras sddmiddyahess: t hntekidle, mmidsal s'semdlcpmductas e; -

their-formation ip the

f I |- ' m g_cKi . .
pondi ng.  of SPRAFH=fiot SPERAEAY nEBOH i AREN esPhRRG nehe, Bebetdd'®

V° PRy as pE- high
al i

the ' Cry I ne

- f.orm their pewahgnbabopdsakkeiet alsethe thimaky eanductionnprPhE| iike the
materi al s, :

par al | el
anor phous

tw

f predomandnthdecad ordexi-ni FFefarably dheatans g tiiwlenhd

GRLAEEqEEL | R, PRy Ve BN PR e

osphor us; elr ability to form

by their metgags R&v&ﬂhﬂéﬁ&iﬂge;Aﬁeﬂeet_hﬁaeuaﬁéﬁﬁﬁ@ wasalapnar epiral tde
precedi ng description. T

thew, -
O

-\

N~

include high phosphorus polyphosphides of the'formula.Mqu
“where x ranges from 7 to 15 and entirely new materials where

channel-like ecoalllr{tlt)nrnpsh.ous'rhr;atc%llu%ltnss V\rlr?a}1 aglee jdclafnceoc'y eﬂﬁdatnc?nlxs? t%
‘one or mofe different elements bonded to two or more of the-
catenated columns. _ _ . '

' We have disclosed in particular high phosphorus and
mixed pnictide semiconductor materials of this class. - These

. X is very much greaﬁer than}ls.-- for éli'practical purposes

pure phosphorus. . S

. 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

"MPx ‘where x is greater than 6 and they_:may' be

characterized as cqmprised of phosphorﬁs in a molar .ratio of
phosphordé to any other atomic constituent greater than 6;
they.may‘be characterizéd as high phosphorus materials where
the phosphorus atoms thereof in substantially all local

orders compriée phosphofus atoms joined together by multiple.

 covalent p-p bonds organized into layers of all. parallel

pentagonal tubes. They may be characterize® as

polyphosphides containing alkali metal atoms wherein the

number of consecutive covalent. 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 cqwn]ently"bonded' phosphorus
atoms having associated therewith at least one alkali metal

atom, conductivély bridging- the phosphorus skeleton of one

-121- unit with the

metal -apd” x 45 at
igap
e.

ularly, within the range

>



el ect roni ¢ qualities of the KP15 all parallel pentagonal tube structure
and in theqry, at least, it appears-that- that structure is maintained in

the | ocfl .—sgale in our anorphous materials. However, we do not wish to be
bound b particular theory in this matter. 1n particular, the cl ainms_

. appeari ny_lgel ow shoul d be interpreted-Iebadly to cover all aspects of ©
invention, regardless of later acquired know egge that might be said to
conflict with the theories and hypothesis. we have put forth, -both

‘explicitly uad® iwigh ckhe yphuephavasdlssqelmm qﬁjranothenlemms they may

hot oconduci,,v . deyi }ﬁ,tbq),tog e n
Ir?nde from thgs%mr#a%{féa sﬁ%c1 §¥1§ havémd‘td?clc%%glcﬁfegflgt ;knce ovvermg
dopants, naWBeyFentid arcirldmlimngkrl rand X ebsli sl ters%el concl Usi on that

substantially —tHecaRd infeft OF QU o&.a At BB FuSRAGIrC THRE IR P 9 Hafin é

‘outer electroqic evelsma be | edlf of the_ appropriate atomc S
W have dis@ g’é&# R A% "eezfo %\ﬁbsf??’ﬁtroﬁaggd%g?nﬁ VWARR fpxckhe

E whi ch i ndi chiest t hatealilal@r oup Beamt alisomerds ubpbrogdmadelynales - ev,
-'dlsclosed | devi c a 0 c f Lffused,
“therefrom: angﬁ’{ 08rgl ¥'ct§ﬁafg%\éhgﬁzgﬂg B{I Chaﬁ;%é % ﬁ“a"*ryc"a%“ﬁﬁbxlw

di'scl osed newtfisr meﬁtqmo@pwmins meeepnrthgularsy. ‘withis theerangk of
subst anti al |1300 dali@l fent agonal

(\ S - These matcrlals may be further characterlzed by their -
' ‘trivalent dominant atomic species; the homatomic bonds
formed by the dominant species; the covalent nature of these \J
. bonds; the materials' coordination number of slightly lees'
- than 3; the materials' -polymer nature: their formation in
~ the - presence " of an alkali metal or metals mimicking the
. bonding of- alkali metals with the dominant species; in- the
‘cryatalline form, their pentagonal parallel tubes either all -~ -
parallel in KP.lS'—l'ike mat_erials,i'paj..re_d parallel cro_ss_'e'd"
layers in monoclinic phosphorus, or all parallel twisted
tubes in twisted fiber phbsphbrus; “their ability'-to- form
amorphous £ilms and © boules retaining -."the'i.r , electron'ic'
- qualities; and by their methods of manufacture; and 'other,'
-qualities made apparent in the preceding description.
. The amorphous materials we have discovered maintain the ~ ;
_electronic qualities of the KP, ¢ all parallel pentagonalv_
tube structure and in theory, at least, 1t 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. In particular, theé claims |
appearing below should be interprnted 'hroa-'d'ly”to cover all
aspects. 'of our invention, regmdless of later acquired )
"_.__know'l'edg';e -that might be said to conflict with the theories
and hypothesis " we have put ferth, both explicitly and
implicitly. | S S I
We  have disclosed dunction: devices, photoconductive
(reSJ.St.LVQ) devices, photovoltaic devices an.d phosphors made
from these materials. -

: $



tubes, tw sted fiber ‘phosphorus and nonoclinic phosphorus. W have

these new  forns of phosphorus by vapor deposition. The all parallel-aqd
monoclinic formrequire the presence of an alkali nmetal during depoglti
W have di scl osed bot-h anorphous and pol ycrystalline filnms of MP15
is-an alkali netal. W have con- structl@R~various sem conductor d

frdmall of the all paral l el .pentagonal tube materials, incl udi ng wafers
of "MPX where x is nuch greater than 15, including:a.n

f h
anor-phous thin fil We d1a¥@18146308REr FIRtiS EIRGE f LPHE g\éng&g)S 3 'ﬁ:‘sﬂ“forfs

di scl osed net Imql_:ieqf rmkiag,_aﬁt alndpojmhpﬂeaau.dgs mdthmocmawlhsn.m othat
phosphorus by contr oIIe

t. I h
""Vé have di s L S B o, KPR pRbepiartE naparise, hoving

f or ned

p osp orus materia
source vapor tdoansgped . dVbrh&vmuuﬂarsdlmroralwelhwﬁlsomaﬁaibﬁngltlilg‘rﬁd if

g%?;ﬁoﬁgofg??&é’s‘?wfbﬁ%ﬂg& ogggmf%%%g?s of making crystalline and

ranges to 15 by cqn- x densed ghase
methods. W _have descheyved disehveed \F'eﬁﬁ)kSt%Féfﬁ)sﬂ{qW@ﬁlngfIéEhs%%&B 9PN

- and nol ecul ar Aﬁh@%@éﬂ%f’“zzﬂ?&hﬁﬂkh indid3tekndnatr hall eppupcshi nesalds

t he sem conduct terfals and devices we have discovered are mainfest
they run the may: be utilized.

We have disclosed junction devices ha_ving S a back

o _- _contact of Ni, Ni diffused therefrom, and top contacts of
— Cu, Al, Mg, Ni, Au, Ag, and Ti. .

- : We have dlsclosed new forms. of phosphorus wherein the

~ local orders are all "~substantially parallel pentagonal
tubes, twisted fiber phosphoru's and monoclinic phosphorus..

.We have formed. these new forms ~of phosphorus by vapor
'-deposz.t:.on. The all parallel and monoclinic form requ:.re'

, o 3 "~ the prosence of an alkali metal during depos:.t;on,

- o " We have disclosed both amoxphous and polycrystalline
.fz.lms of MPlS where ‘M is an alkali metal. We have con-
.structed various semlconductor devices from all: of the all

'parallel pentagonal tube materlals, ‘including wafers of
_MP where x.is much greater than 15, including a new form :

\ -
AS _Q_J

of phosphorus, amorphous thin films of KPls and amorphous
' thin films of KP_. ) . ,
\, ‘"We . have dlsclosed methods of -making- metal polyphos-

. phides. and two new forms of phosphorus by cox_';trollsd “two
,_temperature single source technlques. S
' We have disclosed methods of making our high phosphorus
_materlals by two source vapor transport. - SRR
We .have disclosed a method  of maklng hlgh pur1ty
phosphorus. . |
We have disclosed methods of making -crystalline and
'_amorphous forms of MP_ where = ranges from 7 to 15 by con-
densed phase methods.
-We have disclosed Lnﬁn1fn1 vapor deposition, £lash
evaporation and molecular flow dnpor:tlon methods.



~whol e ganut of seniconductor applications. The crystalline 'materials may
be used as reinforcing fibers and flakes for plastics, glasses and ot her

~ material The materials of our invention may be used as coatings on
,-netals,‘%%) s, and other materials. The coatings may protect a substrate

fromf oxidation, or chemcal att¥d The coatings nmay be enpl oye

for thei |nfrared transmttlng vi sabl e Iight absorbing qualities. "
~They may be I O¥ﬁ # th .ot her te%é as antireflection coati-ngs =
on infrared opt| Eigd anelications g s SPRLEOPERGERENMAt e IALSs and .

- ;:ﬁatl Bgs Ivandcldevm:qmoaehhranm ndd/s bevesed a&rearinainﬁﬁhe& raglégvoscunl ttnt{gll

 thus be seep, ohjec a ose, made. appar.en
“fromthe pr eceg %stc&gft%%ﬁfg%'e‘&g%%? €i %ﬁ%ﬁ%ggt‘g't"gr‘ﬁéd %H& t%éj{érlt’a‘?%

.~ changes rraymbéemﬁsl ri“éuarb?l wgesutas hee ihforcing hibersr ends fakewl for t he
above artiChingt3ea3r g1l D Bitier WddktLatlePad Gl AR S£986: OF

~ the inventi an. i S intended that mat t er contal ne
descripti on’@H&F‘Flﬁ’é‘ iNE¥r Pt apess. 2Bl l}%‘ﬁta‘t‘}% end nesalisy. aglassti mpd

- sense. |t sbenk¢ haterdenst. oocméﬂaéoa\elﬁ@yemafeSréwéEa'a' DG TR SR é'
- crystals or pol ycr st‘g ggne materl unli % rwi se stated, Anorphous as”
- distinct fr ﬁlrgl' FHLear cﬂrp Sorgalaat aFeRBEBES MRyX-bey

~ diffracti onemﬁllloypérl fiorc thelie rihfrareds aransmtbf:ngablﬁmnéed:. £he
. inside fron diti f

Paysi cs pub}al 5%1%\‘73"6‘3’ tﬁ&%&gg%rsgss ﬂpcy r&é}g r%a k"ﬁ ?‘fh rgé')kl k%?her
 metal s.are mdderiiflsd aseranbineflaction |¢pa3r-:mgsl wnandnﬁnaréddeopti@s.

Goup Sa.  oild habeplalbAtRfy NSl st A0CEiV Erdatdifie WiThb¥s ana
| ) ¢oating.s. Monoi_:linic phosphorus may be used an an optical '

rotator.

It will thus be seen that the objects set forth above__
”amc'mg those made apparent from the precedlng description are
efficiently atta:Lned and that certain changes. ‘may be made in
carrying out the above methods, processes ‘and in the above =
. articles, apparatus and products without departing from the
scope of the invention. It is intended that all matter - .
~ contained in the above description shall be interpreted as
. illustrative and not in a limiting sense.
~—~ . It should be undexrstood that we have used crystalline
' ' to mean single crystals or polycrystalline material unless _
- otherwise stated. Amorphous as diSt_inct from single crystal \J
ér polycrystalline, means amorphous to X-ray diffraction.
All periodic table references are to the table printed on
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 S5a. All
" ranges stated herein are inclusive of their limits,

By semiconductor dev_ice-we' mean any device or appatatus,
'~ utilizing a semiconducter material. In particular,
. semiconductor device  includes Xerographic surfaces and
phosphors regardless of how they are excited, as well as
photoconductors, - photovolta:.cs, junctions,’ transiséors,

integrated circuits and the like. °



-By--sem-conduct or devi ce we mean any device or apparatus utilizing a '
Incl udes

sem conduct or mat eri al . In particular, sem conductor devi

Xer ographi ¢ surfaces and phosphors regardl ess of how they are =r§h,.as
wel }:.as phot oconduct ors, phot ovol t ai cs, junctions, transi =
integrated circuits and the Il'ike. -124- 1 - Copendi ng—appl i cati on

82 -86528 (published as 2,113,663) rel ai2ds~ i nter alia, to a method of
formng a semniconductor device which conprises: (a) - providing a material.
conprising, at least as one 5 _ conponent thereof, a pol yphosphi de
havi-ng the fornul a: dependiarkiappkicafiose s 36928 Kaublished, agnd x
represents the atxenees) xelfated,0 iMter BRHRY o kheawichod e formbag Of
consecutive covalent(PQPs horgﬁ%fﬁf"gﬁﬁSEﬁﬁTus honds being sufficiently
greater than theefyeonducton, GRYECEF MG FREPFASGFSEs- t o- phosphor us bonds to
render the sai@)at @iatidiag comdieriad, comprilsing ,antadleasy a&s ohe said
mat er i al ans for i | )b eTRHFUNILC A ] shiae Is ri .
ufilize the said na?edr?@a dé}a?_e?ﬁseem cdn ug{o&?%h}t@ﬁgﬁég:édhggr#gn%?% teruli®a: :
conduct or havi ng chdfcdhenaimM Fepxesents pn ¢lkaddr m&rBlenfndpé&rati ng
condi tions, an ener GegryEbrdad thle wiem ratdodofVP gophQt &Cpedugt ate lealkito

greater than -5 7, e hubetl ot GYRLLRALD BSRYRRY FRospBBiubte-
T ' phosphorus bonds being sufficiently greater than the
10 ' number of non-phosphorus-to-phosphbrus bonds to render
- the said material semiconducting; and ' )
\f’: (b) atfaching to the said material means for electrically

communicating with the said material to utilize the
said material as a semiconductor; the said semi-

| 15 conductor having chemical and physical stability under
N ' ambient operating conditions, an energy band gap of
- from 1l to 3 eV, a photoconductive ratio greater than
o "~ 5 and a conductivity between 107% and 10*12'(th—cm)';;
20
N 25
30

'35



©25.30 35 -125- 1 CLAIMS: 1. A solid material MP wherein Mis. one:
~or nore nmetals; x Pis one or nore pnictides, primarily phosphorus; and x

is greateg=than six; which is other than crystalline KP15. 5 2. A

néteri al aimed in claiml wherein Mis one or nore alkali netals. 3.
' claimed in claim1l rein the said 10 material is NaPs,
- KPX, RbP CsPx; and x is at |ea T 4. A ngterial. as claimed in = -
claim1 defined by the formul a [MPI] a tP8I b' wherein integer b is nmuch -~
- greatery thany pfeger a and b:a is the atomratio of EP8l to : MP7]. 15 5.

AT soll&'pho - material as claimed in claimi wherein the phosphor us

‘atoms are jdhned thgalist matenial YRy, chemedm MHE s 9F manshegHsdisus
-bonds form ng wt&i@w adse RANLAGERY , toiiadii 137 e o dethgoRosphor us
atons the 20, Iocaree er substarl‘t&:n%aly t%%g%t he sai. pho%hor us
bei ng defi nedf BF SRS AHRR FHita SR%EHRY afs-t heir
axes gdherally paraIIeI to each other. 6. A material as clalned I n any

of claims 1. .y 5 WefAidkizd ad f@a&%e‘ﬁ rI‘?xt iadlm 115 WA §f '1759%de“ di s

| ocal order

more alkali metals

e
-

3. A material as ciaimed in claim 1_whe?ein the said
10 material is Nan, KPx’ Rbe or Cst; and x is at least 7.

4, A material as claimed in claim 1 definéd by the W/
© formula [MP7]a [Ps]b, wherein integer‘b is_much-greater-

than integer a and b:a is the atom ratio of_[Ps] to [MP7].
15 . S _ _ ' o -
5. A solld phosphorus- materlal as clalmed in claim 1 -'lr?5}§
'whereln the phosphorus atoms are joined together by multiple . . -
covalent phosphorus—to—phosphorus bonds formlng substantlally  f'
pentagonal tubular arrays of bonded phosphorus atoms the-
20 local order substantlally throughout the said phosphorus .

1 being defined by the said tubular arrays having predomlnantly

all of their axes generally parallel to each other.
6. A material as claimed in any of claims 1 to 5 wherein - .
25 the said material is characterized in its local order by . ot
tubular columnar structure.
7. A material as claimed in claim 6 wherein the said |
- tubular structures in a local order are all generally

30 parallell

8. A material as claimed in claim 6 or claim 7 wherein

35.
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tebul ar col umar sStructure:” 7. A material as clainmed in claim®6
the said tubular®structures in a |local order are all. generally 30
paral | el. 8. A material as claimed in claim6 or claim7 wher
126~ 1 the said columar *structure i s channel -1ike when vie
9. x A material as clainmed in any of clains 6 to 8 wherein 5

- colFgfmar structure is pentagonal when . wed on end. 10. A material as
clainmed in any of clains.1 to 9 wher eiit 1 he maj or conmponent atons of the
‘sai'd“material are 10 trivalent. 11. A material as clained in any of
clains 110 1CGthehessdid dolamnaird steuetuzk haschabardgapksubbeanviatveyd wit hin
the range of fypm s 4 to 2.2 electron volts. 15 12. A material as clained
in claim1l whereinthe said material has a bandgap of substantially 1.8 _
el ectron volts. 13. A material as clainmed in any of clains 1 to 12 wherein
20.  the said gmterg %iat'é&-&aa B@OEQﬁQméuCithhy bat E:Qa‘i&ntshbntbhs waegeinf
from 100 t o 10,,000. mat er i a n_an ne_1.to 13

wherei n the saittP Mk calufﬂgaroﬁﬁgucgfus ZenEratEEgRhy thg vi8wsd 8

~end.

.10. A material as claimed in any of claims 1 to 9 wherein
" the major component atoms of the said material are
10 trivalent. ' ' '

11. A material as claimed in any'of claims 1 to 10 wherein
the said material has a bandgap substantially within the
_ range of from 1.4 to 2.2 electron volts.

N 15 | |
;-[1} _ 12. A material as claimed in claim 11 wherein the said
" " material has a bandgap of substantially 1.8 electron volts.
~ 13. A material as claimed in any of ctaims 1 to 12 wherein
20 the said material has a photoconductivity ratio w1th1n
the range of from 100 to 10 000. ' '

_ 14. A material as claimed in any of clalms 1l to 13 whereln
g;;' “ _the sald material 1s formed of a single crystal
25 ' . '
15. A material as claimed in any of claims 1 to 13 whereln
the sa1d material is polycrystalllne or amorphous

_ ~16. A materiallas claimed in any of claims_i to 15 wherein

Sz 30 in the said material at least 7 phosphorus atoms are bonded.
to other phosphorus atoms per each of a metal atom in the
said material. ' ' o B

17. A materlal as claimed in claim 15 whereln at least 15
35 phosp‘lorus atoms are bonded to other phosphorus atoms per each of a

A A



15, A material as claimed in any of .clainms 1 to 13 wheréin the said _ N
material is polycrystalline or anorphous. 16. A material as ¢l ainmed in any
-of . clali to 15 viherein 30 in the said material at |east 7 phosphorus

'_afons-ar" ded to ot her phosphorus atons per each of a netal atomin ther

sai-d mat . 17. A material as clainmed in claim15 wherein at |east 15 Py
35" ' phosphorus atons are bonded t-ol®@%er phosphor«us atons per each of a“*;f
-127- 1. nmetal atomin the said material. 18. A material as clainmed in

any of claims 1 to 17 substantially as herein described. .5 19. A material
as claited inetaly adfom|id fhe sadd patenigdform of a filmor coating. 20.
A material as clained in claim19 which is on a glass 10  or netal

glugls';nr it |en t .2']9 O%&Enmgéotesr‘r)ial as Haihed i%l'anyaoyis (Al e M g5 ¢l @i med in
. substantially as herein described. "
19. A material as claimed in any of claims-1 to 18 in

the form of a film or coating.

20, A material as claimed in.ciaim;lg which is on a glass
10 or metal substrate.

o/

15 f\\.‘\
20

25 N~
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Nk Qf Aa. relnforC|ng waterial for conp05|te materials. 22. Crystalline MPX
as claimed in cldim2l enbedded in 5 glass or a plastics material. 23.

A-hi gh phosphorus material as claimed in claim1 obtainable as the
dep63|t|on«product of vapor transport. from separated heat edy QQRQQS_Of
‘phosphor us vapor - and the 10 vapor of one or. nore netals. 24l <& hi gh
_Mph§85aorus pol yphosphi de nateri al asl@Barnmed. in claim 1l obtarnable by
chemi-cal vapor deposition. 15 25. A process for the chenical vapor

deposi tion of “high phosphorus popyphos phide materials as clainmed in claim1
whi ch “corpr i se& -f | 0¥y § tadddngt PgaasselaamedoinyghaimzddiphsREndPER® and

al kali metal wofera &'eﬁ.@iml&iln@gm&ltbiﬁ.&at for2@ompbsiteAmpteegaisior the
production of MPX as clained in claim1l by vapor transport which conprises
provi di ng heat ed separated sources of Mand P and a separate deposition
zone having a 2bst rvistlally isen¥Pynest ekpémeduia claimaflesmbaddddaisa. 25
27. A iy ocesd ff drhg %Q@%@Egoﬂla‘ﬂﬁr&/gl as clainmed in x claim1 which
conpri ses heating together and t hen coollng to roomtenperature. 30
[err] '

23. A high phosphorus material as claimed in claim 1

obtainable as the deposition product of vapof transport'

from separated heated sources of phosphorus vapor and the
10 vapor of one or more metals.

\w/. 24. A high phosphorus, polyphosphide material as claimed
- in claim 1 obtainable by chemical vapor deposition.

15 25. A process for the chemical fapor deposition of high
N | phosphorus polyphosphide'materials.as claimed in claim 1
o which comprises flowing separate gas streams of“vapofized-
- phosphorus and alkali metal over a condensing substrate;

20 26. A process for the production of MP_ as claimed in
claim 1 by vapor transport which comprises providing
heated separated sources of M and P and a separate
deposition zone having a substantially constant temperature
- - over an extended area. |
25 ' ' )
27. A process for the production of MPQ as claimed in
claim 1 which comprises heating together M and P and then
v cooling to room temperature. '

30
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