2 3 NOV 2005 1 DESCRI PTI ON SEM CONDUCTOR DEVI CE, SEM CONDUCTOR LAYER AND
PRODUCTI ON METHOD THERECF TECHNI CAL FI ELD The present invention kalhayeggt o:
a boron phosphide (BP) |ayer having a band gap of 2.8 to 3.4 eléectron volts
(eV) at roomtenperature or a boron phosphide (BP)-base m xed crystal |ayer
cont ai ni ng boron phosphi de, represented by the formul a BQALpGayl ni _
a_p-yP6ASEN7 s F (wherein 0O<a5l, 05J3<1l, 0 _<y<1, O<a+(3+751, 0<551, 05s<1,
O<5+a:51); a sem conductor device haviing the BP | ayer or BP-base m xed
crystal layer; and a production nmethod of the BP | ayer or BP-base m xed
crystal |ayer. BACKGROUND ART Go%&é ﬁ/{lﬁm’r’pound sem conductors conpri sing
boron (B) which belongs to G oup o¥ e Periodic Table, and an el enent
whi ch belongs to Goup V include boron nitride (BN), boron phosphide (BP),
and boron arsenide (BAs). For exanple, hexagonal boron nitride (BN) is an
indirect transitioncgd\peoRETIEP ﬁUI?EW ga%f]gmc NIHETORD AYER ectron
volts (eV) at roomtenperature ?re er (Eo’ wao Ter anot o, n(li:'ot al bai su

Gairon (Qutline of sem conducipg HeRs METSHIEEHER 28, Bai fukan (March
30, 1995)). Boron arsenide (BAs; I's known to EeEﬁan Indirect transition-type

Goup II11-V conpound having a band gap of about 0.85 eV at room tenperature
(refer to Handotai Debaisu Gairon (Qutline of sem conductor Devices)). On
t he ot her hand, boron phosphi de (EBEINISAR Kieng) of Goup I11-V conmpound

sem conductor (refer to Nature, 179, No. 4569, page 1075 (1957)) and several
val ues are reph¢ pederftonvdninen belacs gap wiromphosplidedBP) tavanisdvin@a bhypgap
sem conductor. For exanple, B. Stone et al. reports a roomtenperature band
gap of af@R t63.d\¢l¢atmonavobsl(§¢) atsbain tempeBRre bay borodghosphiecl(BR)-Basquar t z
plate, which is determ ned by an optical absorption nmethod 2 3 NOV 2005 2
(ref er toixphgsyst@deyericentaining/boronphosphides repragsatedigahe forpgda Bad&@ialn.
According to J.L.
o prPoAS Ny .. (wherein 0<o<l, 0<B<, 0<y<1, 0<g+P+y<l, 0<b<1, O<e<1, 0<5+e<1); a
semiconductor device having the BP layer or BP-base mixed crystal layer; and a

production method of the BP layer or BP-base mixed crystal layer,

BACKGROUND ART
Group III-V compound semiconductors comprising boron (B) which belongs to

Group III of the Periodic Table, and an element which belongs to Group V include boron
nitride (BN), boron phosphide (BP), and boron arsenide (BAs). For example, hexagonal
boron nitride (BN) is an indirect transition-type semiconductor having a band gap of
7.5 electron volts (;3\/) at room temperature (refer to Iwao Teramoto, Handotai Debaisu
Gairon (Outline of semiconductor Devices), 1st Ed., page 28, Baifukan (March 30, 1995)).
Boron arsenide (BAs) is known to be an indirect transition-type Group III-V compound
having a2 band gap of about 0.85 eV at room temperature (refer to Handotai Debaisu
Gairon (Qutline of semiconductor Devices)).

On the other hand, boron phosphide (BP) is a kind of Group I1I-V compound
semiconductor (refer to Nature, 179, No. 4569, page 1075 (1957)) and several values are
reported for the band gap of an indirect transition-type semiconductor. For example, B.
Stone et al. reports a room temperature band gap of about 6 eV for a polycrystalline BP

layer deposited on a quartz plate, which is determined by an optical absorption method



Peret, the band gap of BP is determned to be 6.0 eV (refer to J. Am
Ceram c Soc., 47 (1), pages 44 to 46 (1964)). Also, N Sclar rep@@tNy W0lhat
based on the ion radi'us value and the coval ent radius value, the band gap
-at absolute zero (= 0 K) is 6.20 eV (refer to J. Appl. Phys., 33 (10),

pages 2999 to 3002 (1962)). Furthernore, Manca reports a band gap of 4.2 eV
(refer to J. Phys. Chem Solids, 20, pages 268 to 273 (1961)). On the other
hand, R J. Archer et at. reports a roomtenperature band gap of 2 eV for
cubic BP, which is determned froma single crystal BP grown from a nickel

phosphi dgrefér%qb@lyssqie«&tmn (oreiNd 8, Bies 2878y 354 Eldkoy) 1Actddng RGeS 538, to

540 (1964) and”al so reports’a band gap of 2 eterm ned from

a theorepe&alcheabwgﬁémm@&&nﬁﬂe fof&@oedﬂ(mele@qr%\@érmlc(s&d‘ 6‘47612 :
Appl . Phys., 36, pages 330 to 331 (1965)). Thus, the band gap of boron

phosphi d?o%zﬁ)ct t@r@a(;l bya)li f ARLSN( BethEfepbfts, JhatPayéd ofoheTon Slinstfalu@hd thPages

1025 to (1968) however, a value of about 2 eV has been heretofore

comonl y cevqemyediug odlué ke b@rﬂﬂgz@ﬁzﬂ abbol B Zeref-e0 K)as 6.20 eRGRefBEM EVAppR5, pages
159 to 167 (1964); (2) Z. anorg. alig. chem, 349, pages 151 to 157 (1967);

(3) J. ApPp¥s., Phiie), pagbs 2990653002 (396 Han détrdieriDetza Manciedpoons a(t@ud Igapef of

Sem conduct or Devi ces) page 28; and (5) Isanu Akasaki, I11-V Zoku Kagobut su
Handot ai 42G&‘\6@efdr td I \PIRanbemdSolBisn2@.qadec2at ©)27318968Y. , page 150, Bai f ukan
(May 20, 1994)). The boron phosphide (BP) and the BP- base m xed crystal
represented by Grhge owrpansd, tRb cheiont mliirepasts ABRAMVEaIperatrRibap®gag ahee¥i n
0<X=1, 0=Y<1, 0O<X+Y=1 O<z= are used as a functional layer constituting a
sem cond{REyPiq B%mhléqut?fgua@i/fre@ a sipgle coyfial RH greain frerm priglird phospbide

Caver | ntgedroptonkten BRI A bl 12 b Bieer ol %@é@ﬁeﬁt 5850 | aser
S'n"d%é_tae)ﬁg 8%k 5k Abert X AR AR et Rar St peprsafuudi e VB o A Co;
a case I g 8}’}%(%53[}& réfeQEHJ%{B tli'rg)gbg@ a;S §8£ 330 31“@@%59” 3Re

het er oj unctl on constructe per ructure of a

BP si ngl gecltangoapot Bord &mﬁe& BP) PaBPdiffed @f@fbrmh . GeRfIse1iiaysr (refer
to JP-A- 18 242%%? FUP'[%EGHTDI’GC )%ye%?r?llqge(g : 200 e5 g%lcﬁnsfructl ng

a clad (b@ge@uetzs td BYXY (1088, Saipsier,| DEdlhe6f ﬁionugwrtﬁs\bb&mh&emfore

BxAl yGaj . x-VvNi - zPz
commonly employed for the band gap of BP (refer to (1) RCA Review, 25, pages 159 to
167 (1964); (2) Z. anorg. allg. chem., 349, pages 151 to 157 (1967); (3) 1. Appl. Phys., 36
(1965); (4) Handotai Debaisu Gairon {Outline of Semiconductor Devices) page 28; and
(5) Isamu Akasaki, III-V Zoku Kagobutsu Handotai (Group III-V Compound
Semiconductors), 1st Ed., page 150, Baifukan (May 20, 1994)).

The boron phosphide (BP) and the BP-base mixed crystal represented by the - -

compositional formula of BxAlyGa; x.vyN;.zPz (wherein 0<X=1, 0=Y <1, O<X+Y=1,
(0<Z=1) are used as a functional layer constituting a semiconductor light-emitting device.
In conventional techniques, for example, a single layer comprising BP is used for
constituting a buffer layer in a short wavelength visible light-emitting diode (LED) or
laser diode (LD) (refer to, JP-A-2-275682) (the term “JP-A” as used herein means an
“Japanese Unexamined Patent Application, First Publication No.”).  Also, a case is
known where the light-emitting part of a pn junction-type heterojunction structure is

constructed by a super lattice structure of a BP single layer with a BxAlyGa;.x.yNi.zPz

mixed crystal single layer (refer to JP-A-10-242514). Furthermore, a technique of



m xed crystal single layer is known (refer to JP-A-2-288371). Since boron
phosphi de (BP) having a band gap of 2 eV at room tenperature can.ggmg»mmt a
barrier effect on the light-emtting |ayer, in the above-describ
conventional case, a nitrogen-containing mxed crystal |layer elevated in
the room tenperature band gap, for exanple, to 2.7 eV by form ng BP and
alumnumnitride (AIN) or the like into a mxed crystal is used (refer to
JP- A-2-288371). Also, a case where a hstero bi pol ar transistor (HBT) is
constructed by using a BP single |ayer is known (refer to J. Electrochem
Soc., 125(4), pages 633 to 637 (1978)). In this conventi onal HBT, a BP
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matrix materi at even a BP havi ng and gap of
2.0 eV C@Abgzgéjﬂ?_ti vely used as the w ndow | ayer because the band gap is
| arger than that of the matrix Si (refer to, J. Electrochem Soc., 125

(1978)). On t halsef hedse hawrek a heverVisibolat na@@nuﬁqnmbmlcoﬁseml@mdqimmgﬁ BPor m ng
a BP layer using Si as the substrate, it is reported that the band gap
depends single tayer pllmne/nc{rafactleoElan:froalmnaSc@l ngbét) cpagst 633 ws6IM@938Pst kmt e and
is narrowed (refer to Tatau Ni shinaga, Oyo Butsuri (Applied Physics), Vol.
45, No. this opnyersiogsliBd, 88P (ing &yer havihg e band gamohrd @théd;lSQCha\thldlsiSconpar ed
with the BP | ayer formed on an Si substrate havin gloo pl ane, the BP
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(1978)). Furthermore, a technique of constructing a solar cell by using a BP single layer
having a band gap of 2.0 eV as a window layer is disclosed (refer to J. Electrochem. Soc.,
125 (1978)).

As described above, semiconductor devices have been heretofore constructed by
using boron phosphide (BP) having a band gap of about 2 eV or a mixed crystal
containing BP having this band gap. In the above-described solar cell constructed by
using Si having a rbom temperature band gap of 1.1 eV as the matrix material, it is
disclosed that even a BP layer having a band gap of 2.0 eV can be effectively used as the
window layer because the band gap is larger than that of the matrix Si (refer to, J.
Electrochem. Soc., 125 (1978)). On the other hand, however, in conventional techniques
of forming a BP layer using Si as the substrate, it is reported that the band gap depends on
the plane direction of an Si single crystal as the substrate and is narrowed (refer to Tatau
Nishinaga, Oyo Butsuri (Applied Physics), Vol. 45, No. 9, pages 891 to 897 (1976)).
Also, it 1s reported that as compared with the BP layer formed on an Si substrate having a

(100) plane, the BP layer formed on an Si substrate having a (111) plane has a large plane

defect density and therefore, becomes opaque (refer to Oyo Butsuri (Applied Physics),



Furthernore, it is reported that the lattice constant becones Iarzgg &\}J ([i3
| arge anount of plane defects and the band gap is narrowed even N ?QU fer
to Oyo Butsuri (Applied Physics), page 896). The lattice constant and the
band gap are conventionally known to be correlated with each other and, as
is well known, the band gap increases as the lattice constant becones
smaller (refer to I11-V Zoku Kagobutsu Handotai (G oup IIl1- V Conpound

Sem conductors), page 31). In other worgls, according to conventional

studies, it is taught that a BP | ayer having a band gap snaller than about 2
eV, whi ch S | y enpl oyed as the band gap of BP, is formed dependi ng
on the c8A&® t%gggggg% formng the BP layer. This small band gap gi ves rise
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(BP)-based light- emtting device, there is a problemin that the clad | ayer
cannot bé& ComposelSaficbndianorspipagphlde 14 Bier havdyngcardiagno temqearianalr e band
gap of about 2 eV. To overcone this problem in conventional techniques, a
m xed cr ywtigh, it vriteghtitiey aB3P 14yor hawagplband gap Sxalley Gudn-sboyNe ¢¥Pwhich is

mul.ti-el enent m xed I(z:%%St al, is forned as descri bed above and a barrier
| ayer hagpmgoalrgmaplopethas @a@ané gep AE BPuistfermeddapendiggmopries egnditgons of
JP-A-2-288371). However, is well known that as the nunber of elenents _
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wavelength of 450 nm at room temperature, a light-emitting layer having a room

temperature band gap of 2.8 eV isused. In order to achieve a clad effect on this light-
emitting layer, the barrier layer must be composed of a semiconductor material having a
room temperature band gap of at least about 2.8 eV. Therefore, in constructing a
heterojunction light-emitting part of a conventional boron phosphide (BP)-based light-
emitting device, tﬁere is a problem in that the clad layer cannot be composed of boron
phosphide (BP) having a room temperature band gap of about 2 eV. To overcome this
problem, in conventional techniques, a mixed crystal containing BP, for example, a
BxAlyGa,.x.yN;.zPz multi-element mixed crystal, is formed as described above and a
barrier layer having a high band gap is constructed therefrom (refer to JP-A-2-288371).
Howeuver, it is well known that as the number of elements constituting the mixed crystal
increases, a higher level technique is required, for example, to control the composition
ratio of the constituent elements and, moreover, a crystal layer having good quality is
more difficult to obtain (refer to Handotai Debaisu Gairon (Outline of Semiconductor

Devices), page 24). Thus, in view of layer formation, conventional techniques have a



formed. Also, for exanple, in a conventional npn-type HBT, a BP | ayer having
a band gap of 2.0 eV is used as an n-type emtter (refer to J. E%gﬂgvgwgem
Soc., 125 (1978)). On the other hand, for the p-type base |layer,” a p-type
Si layer is used (refer to J. Electrochem Soc., 125 (1978)). The band gap
of Si is about 1.1 eV and, therefore, the difference in the band gap

bet ween the heterojunction structures of the BP emtter layer and the S
base layer is only 0.9 eV. It is consisdered that if the emtter layer is
constructed by a BP layer, which gives a larger difference in the band gap
between the emtte yer and base. .l ayer than:that in,conventional
Cechnt que Bl il BBAR R e u@P3h PP o APnb Besh il RESRAL e
emtter Qe can be suppressed nore and the current transm ssion ratio
(=em tter current/collector current) property can be inproved (refer to

| samu Akasaki di = V. i ETalclallN g I =V sConpound
Seniconductorsfﬁﬁﬁgggélmggg”%%égﬁéf; asmgh?ggﬂﬁgﬁpgﬁpﬁg$&ﬁ§8Fﬁﬁi%%@elIent
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(BP) single crystal which isa zinc | ende crystal type, nore accurately

cubi ¢ spinalogtidrth@nd, ¥BEsheipStyPe 4atBlalidn 4 palpd Stlaydids didaiefe DR ESELGRRERN
(CQutline of sem conductor vices), page 28). On the other hand, Goup III
nitride S @ANAOTENr sThabampgap dfeBitis siwout orisdVanitid, Oierbfofd 3k diffeddree kinown,
such as a cubic gallium phosphide nitride m xed crystal (conpositional

f or nul a: th&hhlod g7PBet@8)n tHeaheitergjumciion stogaures O the @Ppositter ayer atd the & bBke97, and
galliumindiumnitride (Gao.901no. 10N) having an indium (I n) conposition
rati o oflageri®onlxc&Bedi ndl ig,consideted tiRPif thy emittardayen dhcomstr@todipy aIBP hiyen i de
sem conductor are used, a two-di nmensional electron gas field effect

t ransi st\Which BRGsEMpesf ddfarenceiie sherhand gap fewrean esemibipe fayes prd tibase i s

advant aggous for obtainin E&%E electron nobility can be constructed (refer

to K. sedydrthasha Wamégla B SuHicgaxee CEF tephgred Tom Sem®dnduct of's
R
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239 10 242); as a result, an HBT having excellent characteristics can be produced.

The lattice constant of a boron phosphide (BP) single crystal which is a zinc
blende crystal type, more accurately cubic sphalerite type, is 0.4538 nm (refer to Handotai
Debaisu Gairon (Outline of semiconductor Devices), page 28). On the other hand,
Group III nitride semiconductors having a lattice constant of 0.4538 nm are known, such
as a cubic gallium i)hosphide nitride mixed crystal (compositional formula: GaNg 97P0.03)
having a nitrogen (N) composition ratio of 0.97, and gallium indium nitride (Gaggolng.1oN)
having an indium (In) composition ratio of 0.10.  Accordingly, if the BP layer and such a
Group III nitride semiconductor are used, a two-dimensional electron gas field effect
transistor (TEGFET) of a lattice-matching stacked layer type which is advantageous for
obtaining high electron mobility can be constructed (refer to K. Seeger, Semikondakuta no
Butsurigaku, (Ge) (Physics of Semiconductors (Final Volume)), 1st printing, pages 352 to
353, Yoshioka Shoten (June 25, 1991)). For example, the TEGFET can be constructed
by using the above-described direct transition-type Group III nitride semiconductor as a

two-dimensional electron gas (TEG) channel layer and the indirect transition-type BP



TEGFET using a BP layer, if a spacer |ayer or an electron supply |ayer
formng a heterojunction with an el ectron channel |ayer is conp?gqmv 005
boron phosphi de (BP) having a band gap |larger than that in conventiona
techni ques, the barrier difference at the heterojunction interface with the
el ectron channel |ayer can be made large. This is advantageous for
accunmul ati ng two-di nensional electrons in the region of the electron

channel | ayer near the heterojunction idfiterface. As a result, a Goup II]
nitride sem conductor TEGFET realizing high electron nobility can be

obt ai ned.p,Jef 48, glggc_mé?ar S fdciford SIpgf Lo IR REGARPIR RaRd sgﬁﬂ?co%gﬂctgre |

used, the  discontinuity of the con n band wth”other sem conductor

llayers caEGHBPudRg BB erayer, lifd Sficer RyQedr@nQldtnohisppigliape totnfinpavi ng a | arge
band discontinuity and a’large barrier difference is effective for

achi evi ngeRRkgtin@ioAchitipan BRBIrbh thannkERaESe chiPosidartdiranphospBide¢BPPNs can be
efficiently accunulated. In the case of a Hall device, which is a

magnet oelheaditg abandRueidrg@rghae viat ¢y carsentidnahteshniqaty e hasendifiorcpbe el thet r on
nmobility is advantageous for obtaining a device having a higher sensitivity
t o magnetesmjinaioenntedacShidi thKakcawtachahindeaydiaak da nBoksHargeMadhistioel ectri c
Converti ng Devices), 4th printing, pages 56 to 58, N kkan Kogyo Shinbun
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the intrinSic carrie ensity In the properties of a sem conductor mnateri al
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[11-V Conpound Sem conductors), pages 172 to 174), and therefore, such a BP
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envi ronment -resi stant devi ce capabl e of operating at high tenperatures.
magnetoelectric converting device, use of a structure having high electron mobility is
advantageous for obtaining a device having a higher sensitivity to magnetism (refer to
Shoei Kataoka, Jiden Henkan Soshi {(Magnetoelectric Converting Devices), 4th printing,
pages 56 to 58, Nikkan Kogyo Shinbun (February 1, 1971)). Accordingly, the realization
of a heterojunction structure containing a BP layer having a band gap larger than that in
conventional techﬁiques is considered to contribute also to the construction of a high- -
sensitivity Hall device capable of exhibiting high product sensitivity (refer to J iden
Henkan Soshi (Magnetoelectric Converting Devices), page 56).

Also, for example, in the case of a Schottky barrier diode using an Si single

crystal substrate, if a BP layer having a room temperature band gap in excess of about 2
eV can be formed, this can contribute to the construction of a Schottky barrier diode
having a high breakdown voltage. It is considered that as the band gap is made larger,
the intrinsic carrier density in the properties of a semiconductor material can be more

suppressed (refer to (I1I-V Zoku Kagobutsu Handotai (Group 11I-V Compound

Semiconductors), pages 172 to 174), and therefore, such a BP layer is advantageous for



As in these conventional cases, sem conductor devices have been heretofore
constructed by using a BP | ayer having a band gap of about 2 eV. Z2IF¥N B

| ayer having a |arger band gap can be forned, it is expected that the

sem conduct or device can be inproved and enhanced in its properties. In the
studies so far, a case where a BP | ayer having a high band gap of about 6
eVis fornmed is known as descri bed above (refer to Phys. Rev. Lett., 4 (6)
(1960)). However, this is a polycrystakline |ayer and is not necessarily
suitable for the construction of an active |layer or a functional |ayer of a
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of a functional layer 1n a sem conductor device, such as a spacer |ayer or

an el ect FQRiaERAbY kALY BP Taydr RRGHE] bid gagjbfemoh@%vl ayes BiPrlafé? HaBhgal s @ BP
crystal l|ayer having a band "gap of about eV. According to studies so far
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average atom c nunber of the constituent elenments is nmade smaller, the band
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3, Denshi Zairyo no Kagaku (Applied Chem stry Series 3, Chem stry of

El ect r onhavingvahighi tesind )gap pégesit BV 3 fa38nedMarkuaen af dedcyib2@ abd 88ty fer toThe
average atom c nunber is the arithnetic nean value of the atom c nunbers of
t he el enBhyss Rewnlsati.t4i€6)iy%60k ddempenendhisdeaipolynthstallbre lapérgpndlis shows t he

rel ati onship between the band gap at roomtenperature _and the average

at omi ¢ nigesEaribf suiabledgs therconpryaipn of ep agbiedays orederdispeblayer & exanpl e,

e oM ASIRCL e Pen ach, o AL ML L0 (SS) (cne om©
tom =33) iis.1.43 eV f tao Ha t ai i .Gai Qutli f

(2 o BT B Dok e b SRS a8 a1,

band gapaf.gal 14 & la%}%ﬁﬁ@el??orgtﬁggér}s&ggt?%rf&eéaﬁg@ﬁ&&l WAPE £23) having an

average atom ¢ nuinber- sna IS as-large as 2.26 eV

(refer t e by I i i ] ] vt 6ES) .
page 28)”?”1ATl ‘?‘?&?@f‘gﬁﬁgﬁ?@*"%pp ‘fcg“s”a?%}géa%‘&%"%’%i‘ SREEy A b TR 005 &

sem condyCdpfi@r e intan BBTAKANEP tRatal BSef Mvify £badtgA MAeungeler of the
constituent atons
According to studies so far on the band gaps of compound semiconductors, it is

known that as the average atomic number of the constituent elements is made smaller, the
band gap tends to become larger (refer to Kazuo Fueki, et al., Oyo Kagaku Shirizu 3,
Denshi Zairyo no Kagaku (Applied Chemistry Series 3, Chemistry of Electronic
Materials), pages 26 to 29, Maruzen (July 20, 1981)). The average atomic number is the
arithmetic mean véluc of the atomic numbers of the elements constituting the compound
semiconductor. Fig. 1 shows the relationship between the band gap at room temperature
and the average atomic number of various Group III-V compound semiconductors. For
example, the room temperature band gap of gallium arsenide (GaAs) (average atomic
number=32) comprising gallium (Ga) (atomic number=31) and arsenic (As) (atomic
number=33) is 1.43 eV (refer to Handotai Debaisu Gairon (Outline of semiconductor
Devices), page 28). On the other hand, the room temperature band gap of gallium
phosphide (GaP) (average atomic number=23) having an average atomic number smaller

than that of GaAs is as large as 2.26 eV (refer to Handotai Debaisu Gairon (Outline of

semiconductor Devices), page 28). This relationship applies to Group II-VI compound



is made smaller, the band gap tends to becone |arger (refer to K Seeger,
Sem kondakuta no Butsurigaku (Jo) (Physics of Sem conductors (Fi rzsj v 2005
Vol une)), Ist printing, page 36, Yoshioka Shoten (June 10, 1991))~ M] i'l@
said that based on this tendency of the roomtenperature band gap in
relation to the average atom c nunber, it can be presuned that the band gap
of Goup Ill-V conpound sem conductors has a relatively large ionic bonding
property. Assuming that this tendency $s applicable also to a BP crystal
having a small difference in the electron ¢ gativi ty between the

const i t uegrhice hduratsandridishayiho gha as theavgrage eainein tnulrdiee bHithe cpnopedrt wionishe.
band gap of the BP single crystal |ayer is presuned to be about 3 eV.

Fur t her - imonede sweldsrdihedand gop éerdbite bewmimed largdee (et 'to K. Spome dSdyikvadekViacht en
(refer to: (1) J.A Van Vechten, Phys. Rev. Lett., 182 (1969), 891; and (2)
| samu Ak as dkitsurigdke 6}0)) (Physics Adtamicmdukionufis 5t Mahwoe)a 1s¢ Crintimg, pege M.t ri de
Sem conductors), 1st es 19 to 21, Baifukan (Decenber 8, 1999)), the
band gapY@ﬁhIQkBISh@iﬁﬁdﬂ@%@égal))i s calculated as 2.98 eV. In this

t heoretical calculation of the hand gap, the lattice constants of carbon
(di amond) (C) dhid saidithetdrasedspy thip F?@ﬂé“‘é’r%féh%r@nhFeéané%‘“{eob@dEB?“ Fehationd

| h d f di d
ond o aof ””%hﬁé?% %‘c’%zoé%&ynuﬂ%%ﬂc%i Spesned BepBebabirss ?f@s i ILI]gV(KangEBn )
Bi Ki Ha El
1250, N PUDB MO IR 1oH 6705 TRy spes RERGIMEAne mibeiel Bisuldng 0305, ¢ e
cal cll at 1g01cr kDB AROSEHIVALN G, BESHISAT I Limd Pyl xS KicabuL su

Handot ai ors), At present,

bor.on IOh@l%@t%r?’é’gau(&%ﬁ’étu}&%}{'tl'iEQccﬁxshRRm él@ﬂ@ﬁ’t"s%ha"h@vﬁ%@%%%c@val@rﬁ%hm%% eV and
a boron phosphide P) - base m xed crystal containing a BP crystal r eof ,

of  whi Chropesgiy %E%ah@-é% of the B ANERALPHA 15 i$ PRsEABE td bcdiRn3 el t he.
above-described sem conductor devices, have not yet been disclosed. This is

at tri but Rbitkertroré, hecbttg ohhé "BiclemiMbtiot’ frepostd gy APV edtyat @éfel @y )

havi ng excellent crystallinity is not clearly known. Mre specifically, a
net hod fbA. MennYenten, PaysRenniett., 4BY €K062), B9 bayb(%yilsaml Aky@!ka(edithe)vlihg a
band gap suitable for the construction of a sem conductor device is not

clearl'y Zoku Nikkabeisu dlandagiviCraun [HrNisrde Semieprénaorshd shEdppages 48 tofl,
BP I
ser Condggltﬁ?lgand(%gcgr%%cru g | n9%9?) the Ig:arn%sgtag of a BP single crystal is calculated as 2.98

eV. In this theoretical calculation of the band gap, the lattice constants of carbon

{diamond) (C) and silicon (Si) single crystals are set to 0.3567 nm and (.4531 nm,

respectively. The minimum interatomic distances of C (diamond) and Si are set to 0.154

nm and 0.234 nm, respectively (refer to Kagaku Binran Kisohen (Handbook of Chemistry,
Elementary), 3rd brinting, page 1259, Maruzen (August 20, 1970)).  As for the other -
values necessary for the calculation, the proposed values are used (refer to III Zoku

Chikkabutsu Handotai (Group III Nitride Semiconductors), pages 20 to 21).

At present, boron phosphide (BP) having a room temperature band gap of about 3
eV and a boron phosphide (BP)-base mixed crystal containing a BP crystal thereof, of
which a single layer is advantageous for the construction of the above-described
semiconductor devices, have not yet been disclosed. This is attributable to the fact that a
method for forming a BP crystal layer having excellent crystaliinity is not clearly known.
More specifically, a method for forming a layer which gives a BP-base mixed crystal

having a band gap suitable for the construction of a semiconductor device is not clearly



layer, a nethod for formng a BP crystal |ayer having a band gap of about 3
eV nust be established. However, despite the |ayer formation of ?§H®ryﬁ&al
| ayers heretofore practiced using a vapor-phase grow h nethod or Vi e,
a method for formng a BP crystal |ayer which gives a band gap of about 3
"eV has not yet been disclosed. DI SCLOSURE OF THE | NVENTI ON The present

i nvention has been nade in light of these circunstances and the object of
the present invention is to clarify th&@ construction of a BP | ayer "having a
band gap of 2.8 to 3.4 electron volts (eV) at roomtenperature or a boron

phosphi diendvBP) - haggemoXerodealie bropenicabnidrgicohdontetiehusiag arEpeesant ed . by
the formula of BQA11lGayl ni.u-P-1Pr; AseNl-b. E (O<a<_|, 0:5P<l, Osy<l,
O<a+J3+ylager, @addlod HaydsimingQBR srvilal latybrchavdipss baet gapofadboat 3eWimondeact or
devi ce having the above-described BP |ayer or BP-base m xed crystal |ayer,
and t he statdishertt | Boweferadgspad tietlaym foreiduod Ff AP ¢rystal BRelsdyeatofore BP- base

m xed crystal |ayer, and thereby to provide a sem conductor device which
has i nprpeditesndirgharreeghssngowttnethod odéhd lgke, pmgbed faedprminganBRonduct or

| ayer therefor, and a production nethod of the sem conductor |ayer. Mre
speci fi cay$tgl layerewpich gaves a and igep ohalmud dieekas ot yetbesadiissasddct or devi ce
havi ng a sem conductor |ayer conprising boron phosphide (BP) having a band
gap of not less than 2.8 eV and not nore than 3.4 eV at roomtenperature;

(2) the sem conduct o devi g 45, SGBELDRA Rty oh has @ feter o unct on
i d | havi band di. f fr. h f .

sem conduct o o) BYSt 0B B S8R b SO et e

(2 SRR B2 AG, S ORIy LANGECROTRY | BT M Opgegale (o) anc

| ayer ¢ | Si I LiCeaR ; | i as
donor i beat ho (A Riomarchs (V) ASBom B 01 s SRR BRI P Phasi el O
fornms ahptebaiaining bbh pHdsphitibesiesintasiugle 6roh@¥ @F conpri si ng boron

phosphi de (BP) is GaNo, 97P0. 03i and
BoAlgGaylnig.p4PsAseNLse (0<a<l, 0<B<l, 0sy<], O<a+B+y<], 0<8<1, 0<e<],
0<8+e<1), the construction of a semiconductor device having the above-described BP
layer or BP-base mixed crystal layer, and the construction of a production method for the
BP layer or BP-base mixed crystal layer, and thereby to provide a semiconductor device
which has improved and enhanced semiconductor device properties, a semiconductor
layer therefor, and a production method of the semiconductor layer.

More specifically, the present invention provides:

(1) a semjconductor device having a semiconductor layer comprising boron
phosphide (BP) having a band gap of not less than 2.8 eV and not more than 3.4 eVat
room temperature,

(2) the semiconductor device as described in (1), which has a heterojunction
of a semiconductor layer comprising boron phosphide (BP) and another semiconductor
layer having a band gap different from that of the semiconductor layer comprising BP;

(3) the semiconductor device as described in (2), wherein the semiconductor
layer comprising boron phosphide (BP) and the semiconductor layer which forms a

heterojunction with the semiconductor layer comprising BP are lattice-matched;

(4) the semiconductor device as described in (3), wherein the semiconductor



(5) the sem conductor device as described in any one of (1) to (4), wherein
the sem conductor | ayer conprising boron phosphide (BP) is stacke%g)nolq]va
crystal substrate. The present invention also provides: (6) a serfic dﬂm or
devi ce having a sem conductor |ayer conprising a boron phosphide (BP)-base
m xed crystal which contains boron phosphide (BP) having a band gap of not
| ess than 2.8 eV and not nore than 3.4 eV at roomtenperature and which 1is
represented by the fornula: BQAI pGaylnlid .,* yPoAsEN3 s E (O<a<l, 0<3<Il,
0Sy<1, O<a+(3+y<_ |, 0<S<1l, 0< 8<l, 0<8+s<l); (7) the sem conductor device

q . = . : e |
bor onal rentiyesh w1 EL kit WP RPN 1B o RO % i T i

h hi d ' i . 0<X<1 b i ndi h hi d i xed
Ernga: ?gﬁﬁﬁx@%giﬁi&@%ﬁgaﬁﬁe sem cz)ngtrjc?orozig\r)i Icg ;gmdegc?isgeld ienm()E(S)e

or (7), which has a (hetehRbHMkbRvAe & REFAKQANEURY Bhe bAYIS o EAMRLERINY @
boron phosphi de (BP)-base m xed crystal with another sem conductor |ayer

havi ng aiHzaeehieaRiudidriigfee RbriptRMgtHbaén phodphie (BPYiiEQackedlonra érgMQIf sub@RE! Si ng
BP-base m xed crystal; (9) the sem conductor device as described in (8),
wher ei n t he sefmhe@nebeai v enticysso pyviddssi ng bor on phosphi de (BP)-base mni xed
crystal and the sem conductor |ayer which forns a heterojunction wth the
sem conduct or K@yer amepricwidugtor deviBPhbung arsemecbndoctpstaykr eomeprising a

| atti ce-mat ched; and (10) the sem conductor device as described in any one
of (6) tleorpg)phospisde(BP)-bire reized cuysthlothaeh Fenyeins borapritospliyde (BP Hmaving 2
phosphi de (BP)-base m xed crystal is stacked on a crystal substrate. The

present P#feBAN Frnahiless tharos-Bdsand ot mens dhafedit Conefueedrtemagirtise asd HaKEr i bed
11 (1% “reestitb i Sroui Fo e Toaen doi e (AR bR ST
light-emLting (eWsee: ncect, 0<stesl);
(7) the semiconductor device as described in (6), wherein the boron
phosphide (BP)-mixed crystal is a boron aluminum phosphide mixed crystal (BxAl,.xP:
0<X<«1), a boron gallium phosphide mixed crystal (BxGa;.xP: 0<X<1) or a boron indium
phosphide mixed crystal (BxIn,.xP: 0<X<1);
(8 the semiconductor device as described in (6) or (7), which has a
heterojunction of a semiconductor layer comprising a boron phosphide (BP)-base mixed
crystal with another semiconductor layer having a band gap different from that of the
semiconductor layer comprising BP-base mixed crystal;
(9) tﬁc semiconductor device as described in (8), wherein the semiconductor
layer comprising boron phosphide (BP)-base mixed crystal and the semiconductor layer
which forms a heterojunction with the semiconductor layer comprising the BP-base mixed
crystal are lattice-matched; and
(10) the semiconductor device as described in any one of (6) to (9), wherein
the semiconductor layer comprising the boron phosphide (BP)-base mixed crystal is
stacked on a crystal substrate,
The present invention also provides:
(11) the semiconductor device as described in any one of (1) to (10), which

has a pn junction structure;



(13) the sem conductor device as described in any one of (1) to (10), which
is a photodetecting device; (14) the sem conductor device as described in
any one of (1) to (10), which is a transistor; (15) the sem cond v 70
‘device as described in (14), which is a field effect transistor ?@iﬁ@; PEG)
t he sem conduct or device as described in (14), which is a heterojunction

bi pol ar transistor (HBT); and (17) the sem conductor device as described in
any one of (1) to (10), which is a Halih device. The present invention also
provi des: (18) a sem conductor |ayer conprising boron phosphide (BP) having

a band gap of {@t I ‘%ﬁéséxﬁ‘i@@n%cﬁ)r%\é\f%@qs Q0dcr RS & §llhg,r\w§icﬁisez}/li§ﬁt-%z\ﬂgt§ﬁe% o fhe

tenperature; (19)° the sem conductor |layer as desc ed in (18
semn condygy;ed: | ayer conprising boron phosphide (BP) is stacked on a crystal
substrate; (20) a sem conductor |ayer conprising a boron phosphide (BP)-base

m xed crystal (yd) ch (cOMRCHTIRRY ARy RBAS BEYcHBed BPAnyéhel dTq1 pioyanyl vaaen pf  not
|l ess than 2.8 eV’™ and not nore than 3.4 eV at room'tenperature and which is
repr eseni eHotoyelcBeng eévied;a:  B. Al pGa, I nj . "-0-YPaAs, N . & , (0<a51, 050<l,

0: 5Y<1, O<(X+(;+ySl, 0<851, 0< c<l, 0<S+6<_1); (21) the sem conductor |ayer
as descri bed i 1114)20) thereediedmductee devicens degaaspdintan y @R)ofliise (10X edhici igst al
is a boron al um num phosphi de m xed crystal (BxAIl. xP: 0<X<l), a boron
gal | i um phrespstiotte m xed crystal (BxGa, xP: 0<X<1l) or a boron indium
phosphi de m xed crystal (Bxln,_xP: 0<X<1l); and (22) the sem conductor |ayer
as described i (13)20) the sefriiggndugios devine ehdescsbed goiidhortveh issybeldediepr i si ng

t he boron phosphi de (BP)-base m xed crystal is stacked 2 3 NOV 2005 12 on a
crystal SelsdttetlET)The present invention al so provides: (23) a method for

rowi ng the senj conductor | ayer as described, in. r. .. ) )
g g ?16?) %ﬂue scmicor}/ductor dexcriice as dcscgbcry m((jlgg, w%lch 15 a heterojunction

bipolar transistor (HBT); and

17 the semiconductor device as described in any one of (1) to (10), which is
a Hall device.

The present invention also provides:

(18) a semiconductor layer comprising boron phosphide (BP) having a band
gap of not less than 2.8 eV and not more than 3.4 eV at room temperature;

(19) the semiconductor layer as described in (18), wherein the semiconductor
layer comprising boron phosphide (BP) is stacked on a crystal substrate;

(20) a semiconductor layer comprising a boron phosphide (BP)-base mixed
crystal which contains boron phosphide (BP) having a band gap of not less than 2.8 eV
and not more than 3.4 ¢V at room temperature and which is represented by the formula:

BuAlpgGayIn.op.yPsAsNis.e (0<agl], 0<B<l, 0<y<l, O0<o+B+y<l, 0<8<1, 0<e<], 0<3+e<1);

(21) the semiconductor layer as described in (20), wherein the boron
phosphide (BP)-base mixed crystal is a boron aluminum phosphide mixed crystal (BxAl;.
xP: 0<X<1), a boron gallium phosphide mixed crystal (BxGa).xP: 0<X<1) or a boron
indium phosphide mixed crystal (BxIn;.xP: 0<X<1); and

(22) the semiconductor layer as described in (20) or (21), wherein the

semiconduclor layer comprising the boron phosphide (BP)-base mixed crystal is stacked



(20), conprising formng a sem conductor |ayer by a nmetall o-organic chem ca
vapor deposition nethod (MOCVD nethod) at a tenperature higher m 5@%‘5
and not higher than 1200C, with the ratio of the total supply a y

G oup V el enment sources including phosphorus (P) to the total supply anount
of Goup Ill elenment sources including boron (B) being not |ess than 15 and
not nore than 60, and the growmh rate of the sem conductor |ayer being not
less than 2 nmimin and not nore than 32 nm min; and (24) the nethod for
growi ng a sem conductor |ayer as described in (23), conprising formng on a
crystal osuksjsiatsgbardpif fer 1 ayer conposed of a boron phosphide or a boron
phosphi de- base m xed crystal with the major part bei ng anor phous, by an
MOCVD et hod, @he preseiigvaition@isagirovideer than 250C and not higher than 750C,
and growi ng a sem conductor |ayer on the buffer l|ayer. The present

i nventi on al so(23)oviadesthod &&)grawsenthe aerdicohductalduyaeas desgibied im{l & oer yst al
substrate and a sem conductor |ayer as described in (18) or (20) wherein

t he senm@pnamproing foyming & semsicankatiordayaripy aomgtstladorgambs chemieal vape) a

sem conduct or device co r|S|n a substrate, a first sem conductor |ayer as
descri beepasiionrsythed (M Varmet odkeat Grigmpenaiuso highet Ban 780« arhootrhigherband gap
different fromthat of the first sem conductor |ayer, wherein the first

seni conthdB 18P0 Gypeith theretie Abths deigh RN RN G BT Y Rdsmerfsqpices

het t duct d bed 26), wh [
he. 1 v BTGPt gD tpaﬁ‘%fo?é\ﬁégPﬁéngoﬁ%hﬁﬁG iﬁﬁéﬁeﬁwb{”cgéer Dare "
latti Cem?@:.;l)\ egv%”ogﬂﬂ% eln% %Plees:i unCt HCtP o q,handqgsgcgmqg Tate 3 ANY of

(25) to ure invention al so

pr ovi delgl géﬁoc)ongwgg{ %ggrl% 1&% 218 \Q%sgt%utl E%n*?/ﬁﬁi'l GRDAMGhEYe thé})’ﬁ]nﬁ’ﬁﬁﬁ{ Lpgd in any

one of mprising growi ng thé sem’ conduct or

llayer by a vapgu) Phgsgedioawbh mmﬁgQqem(c%Qau&&qay@%taeqes&%dgﬁ emng the
sem conduct or ayer as descri % din (29),
comprising forming on a crystal substrate a buffer layer composed of a boron phosphide
or a boron phosphide-base mixed crystal with the major part being amorphous, by an
MOCVD method, at a temperature not lower than 250°C and not higher than 750°C, and
growing a semiconductor layer on the buffer layer.
The present invention also provides:
(25) a semiconductor device comprising a crystal substrate and a
semiconductor layer as described in (18) or (20} wherein the semiconductor layer is
stacked on the crystal substrate;
(26) a semiconductor device comprising a substrate, a first semiconductor -
layer as described in (18) or (20) and a second semiconductor layer having a band gap
different from that of the first semiconductor layer, wherein the first semiconductor layer
and the second semiconductor layer form a heterojunction;
(27) the semiconductor device as described in (26), wherein the first
semiconductor layer and the second semiconductor layer are lattice-matched; and
(28) the semiconductor device as described in any of (25) to (27), which has a pn
junction structure.
The present invention also provides:

(29) a method for growing the semiconductor layer described in any one of



wherein the sem conductor layer is grown at a tenperature higher than 750C
and not higher than 1,200C, (31) the nethod for grow ng the senlqﬁy Hfz®5

| ayer as described in (29) or (30), wherein the vapor phase growth” ne

is a netallo-organic chem cal vapor deposition method (MOCVD net hod); and
(32) the nethod for growi ng the sem conductor |ayer as described in (31),
wherein during the growmh of the sem conductor |ayer, the ratio of the total
supply amount of Goup V el enent soud8es including phosphorus (P) to the

total supply amount of Goup Il elenment sources including boron (B) is not
| ess t hangyle @nd cH rlg'ﬂ%%r&b‘ﬁg t0sen@Bshdulfor l@"c?%lﬁvraﬁéxeplﬁhfsc Ehsygem conduct or
| ayer is not | €ss t nm mn and not nore than nm m n. The present

i nventi afiethbo provi des: (33) a nethod for grow ng a sem conduct or | ayer,
conprising formng on a crystal substrate a buffer |ayer conposed of a
bor on phosphi a0y BP)the meltaiddbr ploedphimdasemid)iutiasyst aedbseriystial(2M,t h the
maj or part being anorphous, at a tenperature not |ower than 250C and not
hi gher  tvwieneid SQCsdoyicaniukOCV@ emst drodn ahademypaaiunghighertthen Ba@Neand hayer a
sem conductor | ayer conposed of a boron phosphide (BP) having a band gap at
room t efp@heathanel, 290°hbt | ess than 2.8 eV and not nore than 3.4 eV; (34) a
met hod for growi ng a sem conductor |ayer, conprising formng on a crystal
substrate a b&ﬁi)er |thy Bethod fpogrewing the ssﬁlmﬁdpﬁ@wmpw qesrrybask ing Pl
phosphi ?ﬁ EP -base m xed cryst al vvlth t he rT@or part bEI‘{]g anor phous, at a
Q)ew

terrpera Blein BiReaPok Prase SENEH MfAheiols 2HPYARY-OIFRAI SASOECHy 2BA MOCVD
nmet hod, rovm buf fer yer a sem conductor |ayer conposed of a
bor on p %mg%%f?ﬂ@@%%tg ody E‘? whi ch contai ns boron phosphi de (BP)

RS e e R AR T
oA e s o PRy e, B34 BBt ?;vyar%aél -
descri bedGroug %lemcm*gsﬁx%wmt:m%u{g%waph&m)@ﬂqhb @ OB upAS aniBuk sk Gfopt al s
a boron al um'num phosphi d
111 element sources mcludmg boron (B) is not less than 15 and not more than 60, and the
growth rate of the semiconductor layer is not less than 2 nm/min and not more than 30
nm/min.
The present invention also provides:
(33) a method for growing a semiconductor layer, comprising forming on a
crystal substrate a buffer layer composed of a boron phosphide (BP) or boron phosphide
(BP)-base mixed crystal with the major part being amorphous, at a temperature not lower
than 250°C and not higher than 750°C by an MOCVD method, and growing on the buffer -
layer a semiconductor layer composed of a boron phosphide (BP) having a band gap at
room temperature of not less than 2.8 ¢V and not more than 3.4 eV;
(34) a method for growing a semiconductor layer, compfising forming on a
crystal substrate a buffer layer composed of a boron phosphide (BP) or boron phosphide
(BP)-base mixed crystal with the major part being amorphous, at a temperature not lower
than 250°C and not higher than 750°C by an MOCVD method, and growing on the buffer
layer a semiconductor layer composed of a boron phosphide (BP)-base mixed crystal

which contains boron phosphide (BP) having a band gap at room temperature of not less

than 2.8 eV and not more than 3.4 eV and which is represented by the formula:



m xed crystal (BxAl 1-XP: 0<X<1l), a boron gallium phosphide m xed crystal
(BxG@)-XP: 0<X<1l), or a boron indium phosphide m xed crystal (Bxln,-XP:
0<X<1); (36) the nethod for growi ng a sem conductor |ayer as desc? Gy 2005
-any one of (33) to (35), wherein the sem conductor layer is grown at a
" tenperature higher than 750C and not higher than 1,200C by a vapor phase
grow h nmethod; and (37) the nethod for grow ng a sem conductor |ayer as
described in any one-of (33) to (36),l14wherein the sem conductor |ayer is
grown by an MOCVD net hod. BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1 is a

graph Showh, k€ nCPIASNRL | AkaRF10aBel rg%?fhmdg?g%éééaﬁowkﬂ pEpeLdhr e of

G oup 11%- conmpound sem ¢ohduc e av atoii ¢ ndnber o t he
constituent elenments. Fig. 2 is a graph showi ng the photon energy dependency
of the absorption coefficient of the BP sem conductor |ayer according to

the present imsnti ke meti@d f8r powang alsbafOnbvdbNRFEeRER s¢r{Bel if PRAL rum of the
BP sem conductor |ayer according to the present i1nvention. Fig. 4 is a

schenat ivbeRaCHeWdabn. phesphife (BPYEEEER i feanG{4taict @ bobsi dlgmifen BRodphydr
according to the present invention. Fig. 5 is a schematic sectional view of

a st ackmilxddayrestals(Budi WP 04X&1 adoron galliah|phosiEndcm,ixaiorgdtaluBked; MBI ng t he
BP sem conductor |ayer according to the present invention. Fig. 6 is a
schemat §€Xs&) br erb@fonvindwmbhasghidg mvedicoystdl(Bel, kB: 8c¥eilli ng to Exanple 1
of the present invention. Fig. 7 is a graph show ng the wavel ength
dependency of (3dje r &ia methioddor poesingademiceadecier layer aseswdfetlicpenonedf t he BP
| ayer agcording to Exanple 1 of the present invention. 2 3 NOV 2005 15 Fig.
8is a @A&(%ﬁaowﬁsmhé SEBIRPPBHE Ry IS ERRER 2t heMArsPisdrghes (ke S Ophr t  of
the dielectric consta t he photon ener of the BP |ayer according to
Exanpl e Bt higlg “ﬁ)"’}“egéﬂwméﬁta FrPhags go“gg%t}éocééﬂ‘érmti c sectional view of

a pnjuncti ondype: ¢ 08,8858/ ol 9 serFBIR Fordafls A8 Lng BHER 00

(33) to (36), wheréin the semiconductor layer is grown by an MOCVD method.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing the correlation between the band gap at room
temperature of Group I1I-V compound semiconductors and the average atomic pumber of
the constituent elements.

Fig. 2 is a graph showing the photon energy dependency of the absorption
coefficient of the BP semiconductor layer according to the present invention.

Fig. 3 is a_.cathodc luminescence (CL) spectrum of the BP semiconductor layer
according to the present invention.

Fig. 4 is a schematic sectional view of a TEGFET constructed using the BP layer
according to the present invention.

Fig. 5 Is a schematic sectional view of a stacked layer structure for use in a Hall
device, constructed using the BP semiconductor layer according to the present invention.

Fig. 6 is a schematic sectional view of a pn junction type LED according to
Example 1 of the present invention.

Fig. 7 is a graph showing the wavelength dependency of the refractive index and

the extinction coefficient of the BP layer according to Example 1 of the present invention.



Fig. 10 is a graph show ng the current-voltage characteristics of the pn

junction- type diode according to Exanple 2 of the present inventiaon. Fi

11 is a schematic sectional view showi ng the structure of an npn ﬂJHHWi 35

type HBT according to Exanple 3 of the present invention. Fig. 12 is a

schematic sectional view of a photodetecting device according to - Exanple 3

of the present invention. BEST MODE FOR CARRYI NG QUT THE | NVENTI ON The

sem conduct or device having a sem condustor |ayer conposed of boron

phosphi de (BP) or a boron phosphide (BP)-base m xed crystal according to the

present i nventg; t : 1S o ) duct or
Fi@M RaAbrieh 4RRAhS Yt r@ﬁugﬁéﬁw b&%ech Me lﬁggi@g%@bwﬁp&n_

single crystal such as” ‘silicon (Si), um phosphi or gallium

ar seni de ({ bR trRTohB@nSiRThE Bh&ton HR& gy B tIRUBP |8e? 8FFANEUS ERImBlienddre
crystal having electrical conductivity as the substrate, for exanple, in an

LED, LD, iy prefeet adeheed.i ng device is advantageous in that an el ectrode can
be sinply dFi)sposed and, therefore, the light-emtting or photodetecting

devi ce can be HRigddislaychansidsectiathl viiv 6CHPn (Sictish nglealicdeystatdindiavi ng a
high nelting point, as conpared wth a Goup IIl-V conpound sem conduct or,
has heat Exemipst inChegvesantanvariioapi t axi al growth tenperature of about 1, 000C
and, therefore, can be suitably used as a substrate crystal. Also in the
case of integr &g 1§ ivagraphbshdevigtbs cugehtiroorage ghasetesstiasaibthe prsiauicien-a
substrate. An oxide single crystal such as sapphire (a-Al1203 single crystal)
exerts atypeetipdecaccording Exramnpe 29f thy progant ingntine | eakage of a device
operating curr%nt gy_ virtue of its electrical insulating property and,
therefore, can !B 4y & aphematicsqctiqnat Viewshomang theStclureplpn pim BaeiY ansi st or

FET) wh I f drain 4 t istob d. 23
o 2005088 LA 610 SHa bl 7 Lbfe CRREMBERE) have a relattvel y. i gh

th | d I VitV . i Le.. i | | y.

substrate for i reps Fartemd BReRRarycH & UAaME ARG sBtnBSel, | ne

directi og,QRnideoSiE haGenGhvifippsubstrate is preferably represented by a
|l ow M I'| e;( I dexopl ar?e srtlJchVas {1100}, {110}, or {111}. An Si single crystal,

the surface of which is a plane inclined at an angle of several to tens of
degrees fromthe low M1 Il er
BEST MODE FOR CARRYING OUT THE INVENTION

The semiconductor device having a semiconductor layer composed of boron
phosphide (BP) or a boron phosphide (BP)-base mixed crystal according to the present
invention can be constructed by using, for example, a semiconductor single crystal such as
silicon (Si), gallium phosphide (GaP), or gallium arsenide (GaAs) as the substrate. Use
of such a semiconductor single crystal having electrical conductivity as the substrate, for
example, in an LED, LD, or photodetecting device is advantageous in that an electrode -
can be simply disposed and, therefore, the light-emitting or photodetecting device can be
readily constructed. Silicon (Si single crystal) having a high melting point, as compared
with a Group III-V compound semiconductor, has heat resistance even at an epitaxial
growth temperature of about 1,000°C and, therefore, can be suitably used as a substrate
crystal. Also in the case of integrating various devices, silicon can be suitably used as a
substrate. An oxide single crystal such as sapphire (a-Al>Os single crystal) exerts an
effect, for example, of preventing the leakage of a device operating current by virtue of its
electrical insulating property and, therefore, can be suitably used, for example, for a field

effect transistor (FET) where the leakage amount of a drain current is to be suppressed.



i ndex plane, can also be used as a substrate. On the {111} crystal plane of
‘a zinc blende crystal such as Si, GaP, and GaAs, atons constitut?@d0yHes
crystal are densely present as conpared with the { 100} crystal plane and
‘this is effective in preventing the atonms constituting an epitaxial growh
| ayer fromdiffusing into or invading the inside of the substrate. A single
crystal having a high MIler index plane such as {311 } or {511 } is also
effective in preventing the elenments cogstituting the gromh |ayer from
invading the inside of a single crystal substrate, such as channeling

; ‘ ol _ , . % et |
(1o o, i O G OFF I Lol BRPgR AR PoRbsiiendc o
the growbyedlfestis@na9t ﬁghﬁuwgﬁ{fi LRIERXNE Abr L B oy F wisionR duvaher

i ndexes by reflecting t pl an rection on the substrate surface and this
causes 3okl @Mmddy sonme cases in that cutting into individual devices is
conplicated, for exanple. The sem conductor device having a sem conduct or

| ayer conposedygé Bme QAtectidPsP Hed@rfa 8P f 186 SPbstialtds beeféBBl ynepesdHied Byent i on
is characterized by having a boron phosphide (BP) sem conductor |ayer

havi ng acwaudllgapdéNplanéehi 4si Q00RNEE0}, brg 113 RM A Sdsiagercrgesi the shidvdeng a
sem conduct or | ayer conposed of a boron phosphide (BP)- base m xed crystal
accor di ng vtlach hea praas entlined veat atie bfsevbail acteas bf éeprins fhawitgloay Bifidrase

m xed crystal |ayer containing BP having a specific band gap. The BP-base
m xed dngex plantaperaliosbeaus@d@ap shbdtrate. c dbmp thenid 13 ¢ o ystah glaot of 2 gincdderdey st al
cont ai ni ng baron B) and phosphorus (P) as constituent el enents. Exanples
t her eof SFYRepluIEh as i KeaF, apfl s, 2loasreesstiib Bag Big arhdalfagt Agnsaly presentas

B, QAl pGayln, -Q p., Po .6 E (QO<a:5l, 0:50<|, 0O<y<l, Q<atO+y<l, 0<b< 1,
0<E<1, 6551935% Wﬂéﬁ@éﬁ% SXstappaas alhisds efiRcEdB PEVEBIRAR S 20y 2005 17
al um num
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boron inside of a single crystal substrate, such as channeling (refer to R.G. Wilson and G.R.

Brewer, lon Beams with Application to Ion Implantation, (John Wiley & Sons, Inc., pages

263 to 265 (1973)); however, the growth direction of the upper epitaxial growth layer

shows higher indexes by reflecting the plane direction on the substrate surface and this

causes a problem in some cases in that cutting into individual devices is complicated, for

example.

The scmi;:onductor device having a semiconductor layer composed of boron
phosphide (BP) according to the present invention is characterized by having a boron
phosphide (BP) semiconductor layer having a band gap in a specific range. The
semiconductor device having a semiconductor layer composed of a boron phosphide (BP)-
base mixed crystal according to the present invention is characterized by having a BP-base
mixed crystal layer containing BP having a specific band gap. The BP-base mixed
crystal layer is a Group III-V compound semiconductor mixed crystal containing boron
(B) and phosphorus (P) as constituent elements. Examples thereof include a mixed
crystal represented by the formula: BoAlgGayln.g.pyPsAsN s (0<axl, 0<B<], 0<y<1,

O<a+B+y<l, 0<d<1, 0<e<1, 0<d+e<1).  Specific examples thereof include a boron



phosphi de (BP)-base m xed crystal |ayer is appropriately set according to
the device. In the case of an el ectron supply |ayer of an n-channel pe
TEGFET having an n-type electron channel |ayer, an n-type BP Iayer25§5Vﬁﬁﬁ
for exanple, a |ayer thickness of about 10 nmto about 50 nmand a carrier
concentration of about 1x108 cm 3 to about 5x1018 cm3 is used. In a
light-emtting diode (LED), the w ndow | ayer which allows the emtted |ight
to efficiently penetrate to the outsidé7is n-type or p-type in
correspondence with the conduction formof the underlying |ayer such as a

clad | aygrmiaieh fidsHINas IBHULL &8: 6£20 AnBRd HAYA! a BoroBRalRSCpRdspRtieCr St al
| ayer having good conductivity in eXcess of about 1 X 10'8 cm 3, for

exanpl e. (ByG# | Beex i) atied kB)stal b€ a GUfdreiRtiug pﬁdrdpnmel(gxﬁn xPs0egas) ruct ed
froman electrically conductlng | ayer having a conduction formwhich is

opposi t emtiged (raktabf ©her exoneded tiemgf Inklrk huehplasphide ujitpde (BPad, yayer, or a

BP or BP-base m xed crystal |ayer having a high resistance. A boron

phosphi de<{BP), toraraphospkide acedide { BPyAsy. a)<Ydi) med boromegxiloon ghetphide ref er to

Handot ai Debai su Gairon (Qutline of sem conduct or Devices) page 28). On

t he ot hearsémidel (BgBahelkyAs:.sn@dX=1,dc=1)ondi ng property of 0.006 according to

Philips (refer to Handotai Ketsugoron (Sem conductor Bondi ng Theory), pages

49 to 51). Acff(bﬁ@il%@ﬁlycaltqfiéleélf@@i speeHicatien pf Heibemon ahqsah@ﬁ%BPh@ph@mm s

high, and a BP crystal |ayer having.a high carrier concentratlon and a | ow

resi stané@‘iéaﬁieﬁg\f)ﬁé’é%ﬁ Mﬁeélﬁ%t%lé%b’erP%\EPW%'%%%HCCPM%M YR deYigss Bp | ayer

havi ng a | ow refS| stance IS Erleferog sed,, for Eﬁ:@] as the current

di ffusi offeIcayeP! el P 14xen i an SrrRAEnEd Pal HiRE AMP%r FET to

fabri cat nquct % | S e t devi ce
Qe cha%%?lr @g%‘r %an!gpe b g%yﬁéhgd efr%r 1933 ﬁaéérég\(i GRRAYG Bt

requiring an eléc ayer i's SU|tany

used for l@rﬁﬂl%l dodbhd Wmﬁ’lrﬁ%d a%afifdr gbﬁﬁén‘trﬁétiS@ B?'Ht%dt 19 (]i@ oY to' YRG! 5 '8 NOV

2005 18 e BP crysta ayer ase m xed crystal layer accor di ng

to the p&ﬁg?@hséd”VQHfa'lngt éﬂhﬁtxgg Qide PVER) GREWRAdMW kYRR hicARMIowWRIIRS Bttt h
nmet hod such as a nmetal [o- organi c chem cal vapor déposition (MOCVD) nethod

(refer tgHtnskffidbb: pdneithte tSEHe. outdile is nlBPe or PRypeIbl dothespendehite withages 157
to 162 (1993)), a nolecular beamepitaxy (MBE) nethod (refer to J. Solid

St ate ChemductiGBforpagfaie 86&rtynglaer(sb8B 3} h cladl lapdri atel ivedhadicteainioma By dri de
nmet hod. The netal | o-organi c chem cal vapor deposition nethod is one yapor
layer or BP-base mixed crystal layer having good conductivity in excess of about 1x10’
cm, for example. In a laser diode (LD), the current blocking layer is constructed from
an electrically conducting layer having a conduction form which is opposite to that of the
underlying layer such as an upper clad layer, or a BP or BP-base mixed crystal layer
having a high resistance. A boron phosphide (BP) binary semiconductor is an indirect
semiconductor (refer to Handotai Debaisu Gairon {Outline of semiconductor Devices), -
page 28). On the other hand, BP has a small ionic bonding property of 0.006 according
to Philips (refer to Handotai Ketsugoron (Semiconductor Bonding Theory), pages 49 to
51). Accordingly, the electrical activation ratio of a dopant is high, and a BP crystal
layer having a high carrier concentration and a low resistance can be readily obtained. In
the present invention, this BP layer having a low resistance is preferably used, for example,
as the current diffusion layer in an LED or as the ohmic contact layer in an LD or FET to
fabricate a BP-base semiconductor device. In a BP-base semiconductor device requiring

an electrically conducting buffer layer, the BP layer is suitably used for constituting the

electrically conducting buffer layer.



phase growth method which uses an organi ¢ conpound of boron as the boron (B)
source. |In the MOCVD nethod, for exanple, a boron gallium phosphide

(BxGai _xP: O=X=1) mixed crystal grows using a starting material &980%05
conposed of triethylborane ((C2H$)3B), trinmethylgallium ((CH3)3&),
triethylgallium ((CH5)3G), or an organic - phosphorus conpound such as
phosphi ne (PH3) and trial kyl phosphide. In the vapor phase growh of a boron
phosphi de (BP) crystal |ayer by the hal8de nethod, for exanple, a boron
hal i de such as boron trichloride (BC 3) can be used as the boron (B) source,

and a phosphomds Bradriyslgl 18stundSh@ BPsROfised érysthl [aydrdecd@@bIp thapreteat used
as the phosphorus (P) source (refer to N ppon Kessho Seicho Gakkai shi

( Jour nal inekntidteard apeawe b¢ aAsgacdll ikaowharpoGihest gloweh mutiivdSach e ¥ netallal-. 24,
No. 2, page 150 (1997)). Also, a halide nethod using boron trichloride
(BC13) asrgehie dhemical sepordepostiéan MOV D) erethod (defertpdhst. PimssConfi 3¢d)No.pages
420 to 424 (1971)). In the hydride nethod, the BP crystal |ayer can be grown
usi ng, f 629, IoRdinbliehing Livdr pageh 7 ital @63 (393)s a uleawéar bBHB)epsax{MBEane ( B2H6)
as the boron (B) source and a phosphorus hydride such as phosphine (PH3) as
t he phosphoddredeipdeSolidbate Chem., (139, mgce}é%t@??c&laﬂ)h,a Ipedide methedyesd 193 to
196 (1974@; and (2) J. Crystal Gowh, 132, pages 611 to 613 (1993)). The
vapor phaB¥drgeonehofet Rbametlloaugarisghemnical aroR SePqsHON metbpd iTHRENAESE and

t he m xe crystallh cog&?s'tion ratio of the BP—b?ge m xed créskﬁ)l | ayer can
be readi PERSC EEHYIPTIECT HEIIHRR AP I COBRABH &T PRon(S AN RHOR HE) otatre-
so-calle i Qui as row h thod of gr.ow n .bo phgsphi. de ( BP)
crystal g‘rtbﬁ]%bﬁi\/ﬁ@eﬁp%f fqrﬁﬁﬁ?gﬁ:o??f?rQanﬁﬂ?lﬂ§ggSp3%‘%u({B?"g; ¥ ‘@“%T)@per

(Cu) - pho r P ] I oc., 120 (6),
pages 80%8{% ngsé&(gf@‘%?%gg%l%lsag%% ﬁ‘é‘(‘%g‘ég Stéprﬁé:s%m géregvcétf ﬁgﬁg?hggrc?n?s 2 3 NOV
2005 19 i r Qf i .l ayer or BP
e (Gl A Sl A e S AT

formed. Raiphsridb 8shpountiRih a8 phddphitle (PERNEnEHALIBDSbsPhitE AnRhPvaEbrsyst em
capabl e of steep changing the species of 'a gas starting material fed to the
growt h rgiaet prowth wf aaoeon shdspkide (BREcgsphget bpthedh:liidhmethoty ol akathplged can
be abruptly changed. A so-called abrupt heterojunction interface structure
wher e t Herowhplad tucbns beroabrioplblide (AGHYezh be usekeas et Brop (B)xtoucse, amt 2r f ace i s

phosphorus halide such as phosphorus trichloride (PCl3) can be used as the phosphorus (P)

source (refer to Nippon Kessho Seicho Gakkaishi (Journal of the Japanese Association for

Crystal Growth Society), Vol. 24, No. 2, page 150 (1997)). Also, a halide method using

boron trichloride (BCl5) as the boron source is known (refer to J. Appl. Phys., 42(1), pages

420 to 424 (1971)). In the hydride method, the BP crystal layer can be grown using, for

example, a boron hydride such as borane (BH3) or diborane (B;Hj) as the boron (B) -

source and a phosphorus hydride such as phosphine (PH3) as the phosphorus source (refer

to: (1) J. Crystal Growth, 24/25, pages 193 to 196 (1974); and (2) J. Crystal Growth, 132,

pages 611 to 613 (1993)).

The vapor phase growth method is advantageous in that the layer thickness and

the mixed crystal composition ratio of the BP-base mixed crystal layer can be readily

controlled as compared, for example, with a conventional so-called liquid phase growth

method of growing a boron phosphide (BP) crystal from a nickel (Ni)-phosphorus (P)

fused solution or a copper (Cu)-phosphorus (P) fused solution (refer to J. Electrochem.

Soc., 120 (6), pages 802 to 806 (1973)). Also, the vapor phase growth method 1s



effective in accumul ati ng | ow di nensi onal el ectrons. Accordingly, the abrupt
het erojunction interface structure with a BP | ayer or a BP-base 32?(!' gv 2005
crystal layer, formed by the MOCVD net hod, has an effect of yiel 8 a

BP- base sem conductor device, such as a TEGFET, having excellent el ectron
mobility. The tenperature during the growh of a BP | ayer or a BP-base m xed
crystal layer is determ ned by taking account of the vapor phase growh

nmet hod, the crystal material as a subgtrate, and the crystal formof the
target BP | ayer or BP-base mxed crystal layer. In order to obtain a single

Tyt BEaltate oy PR SRR SIE SRR 0C o EgRsa L oossar

al nost e-vapor phase n-or O obtain a

singl e Cgéy%tv@ilthﬁf’thé}ﬁﬁﬁli%dé&o?f SRNSd Cadl PRANES. (PAiIPRLARIWRAPAP! | C

pressure)’or reduced pressufe D neans using a reaction’ 'system of

triethyl eyeys méaﬁlsle&ﬁgg&? wh@%ﬁmug%yété’m%gwgbpgegp é4dAkingant @Ms&igars e

hi gher than 750C and 'n hi gher” t han 1, Cis suitable (refer to

Pat ent Neus sr@@Omaidtihl felio HNEOWR EkStion AR nacUb Séddatie daipRkitidh ofulsd be
selected fromcrystals having a heat resistance suffi ci ently high to cause

no denatdipitaldagdr canl®b abruptiglehdmrader & su-ealldDudrpt dsteafjuididndnfesfacat e materi al .
havi ng a heat resistance in this high tenperature region include a boron
phosphi derucBR) whsiertht eompysitied is(abed@ty ¢hmangdédldt the hatejgnctiah iigerfadeam , 349
(1967); (2) Kristall and Technik, 2 (4), pages 523 to 534 (1967); (3)

Kri st al |leftestiveacdnaiiaplating 4w -dymgesiodg Elacoon9 3 Adavedinglyathd abfupt J.

El ectrochem Soc., 120 (1973)), sapphire (a-A1203), silicon carbide (Si O
(refer thstegojunpyins intepfpge struetpre(with @ BF7tayyr oranBP-$sq mbwd csysialdarersi ngl e

t al At high t t di 1, 200C, | yhedra] b
e R
(1964))fsug%asﬁr%?li%e?%?&&é%}?f‘ga%tﬁf?ﬁ B‘Sﬁﬁit-‘ﬁpng a single crystal layer ~
e oryotar Tk iePBEARCRR0NE Bhe SO PERP I By S Eebte fted BNREa P 0052
clad | ayi.@ﬂct@f’mi‘?}@? gge%k%ogré&pﬁﬁtrbeﬁe v&@?ﬁh@é@ér@@%%%@ﬁm}ﬁf %ﬁgﬂstz{l%é&ﬁﬁa@um ure)

of the grown BP m xed cryst aye ereof e determned from
the di ffy@etin8 DattheérsiarfoRmdimte Ea‘?gﬁ@lﬂa@kr ot BRYasethixet 2efstANa@nal ¥si s

(XRD) or electron-beamdiffraction. ITn the'case of a single crystal,
order to obtain a single crystal BP layer, a high temperature exceeding 750°C is generally
necessary almost independently of the vapor phase growth means. In order to obtain a
single crystal BP layer by an atmospheric pressure (almost atmospheric pressure) or '
reduced pressure MOCVD means using a reaction system of triethylborane
((CaHs):B)/phosphine (PH3)/hydrogen (H;), a temperature higher than 750°C and not
higher than 1,200°C is suitable (refer to U.S. Patent No. 6,069,021). In other words, the ~
substrate material must be selected from crystals having a heat resistance sufficiéntly high
to cause no denaturing at such a high temperature. Examples of the substrate material
having a heat resistance in this high temperature region include a boron phosphide (BP)
single crystal (refer to: (1) Z. anorg. allg. chem., 349 (1967); (2) Kristall und Technik, 2
(4), pages 523 to 534 (1967); (3) Kristall und Technik, 4 (4), pages 487 to 493 (1969); and
(4} J. Electrochem. Soc., 120 (1973)), sapphire (a-Al;O5), silicon carbide (SiC) (refer to .
Appl. Phys., 42 (1) (1971)), and silicon (silicon single crystal). At high temperatures

exceeding 1,200°C, a polyhedral boron phosphide, represented by the molecular formula

B¢P or B3P, is readily formed (refer to J. Am. Ceram. Soc., 47 (1), pages 44 to 46



spot-like diffraction points are obtained (refer to J. Crystal Gowh, 70
(1984), pages 507 to 514). In order to obtain an anorphous or NOY 200

pol ycrystalline BP crystal |ayer by the MOCVD neans using the sa%é P%ao ion
system a relatively |ow tenperature not lower -. than 250C and not hi gher
than 750C, is suitable (refer to U S. Patent 6,069,021). At the tinme of
formng on a substrate a stacked |ayer structure for use in a
phosphor us- base sem conductor device, 20hich contains a growmh |ayer largely
| attice-m smatched to the crystal constituting the substrate, the BP | ayer

o, 7, aFRDISH S sk Dol R 35, B, oo

an effec ce m snat provi grow h | ayer

havi ng e%bh@%&wsmmﬂé Ei}ﬁélegériér?al BB Ry B0 BY $hse0hiBE PRRE 1ay¥k X8H crystal

| ayer with t Jor part bern phous”effectively acts to prevent the

renmoval gfamife, & Qekifor ayply layendft NEESHET I alchadSidydragan WD 6P DScapdeésed
mainly due to a difference in the thernmal expansion coefficient between the

subst r at eorseduetedal Tapdryishe fo@i MMuRtUrélydErthe fooar BP tgkyor inbedBiydtdyigyerwi th t he
maj or part being anorphous can be used, for exanple, as a buffer |ayer

whi ch cotistddf che be deghaipddrars tlkadiéfrseioh pancuatardingaev igeseralldaapuf f er | ayer
can al so be forned, for exanple, froma stacking structure obtained by

st acki ngdidifrbgraomanpihcspXRI2) (Bfctsimitam diffrsdtmin. | dy te @sonin single cnysger
tenperature on an anor phous boron phosphide |ayer grown at a |ow tenperature
(refer tepotiiks diffgactinn pRts &¢@pGrini(yefeniodo Crystal Karowdls F0d 984 prgesaldt rat e
lattice-msmatching to BP, if the anorphous BP |ayer is allowed to be

i nt erpos@ds,l“é- BP single crystal |layer having excellent crystallinity can be

di I'y obtai ned. le, inth f hosphi de- b
e conduct or 1 GHET I ey pkess arponsorlfing B ISR BV A 2 2 3 nov
2005 21 ' truct i s adyant in that a light-emtt] t
ani chprMTGED Rl (S R SeS PRARR SRR kb trinp Rl E Rkl P07
for exa”&kﬁasb‘btaﬂgnfiﬁﬁgh@fth& IR i &ﬂ%ﬁ@g{e‘i’é’ﬂmﬁﬁ dnt ddb@,éﬁi{)f%t' ayer of

a stacking structure | s~advantageous int a good qualrty’cotl ector |ayer
or sub- c@kliRsd Of frRAYEY oD @Y 1ARSa §I8URH 15eY SRt GbeEdeSn a e RFus-FAsef 1 T

di sl ocation attributable to lattice m sratch, can be forned thereon. A
growt h | @yetoddictdrcRvive! WHRH dofitaidker SoWeH Ry6r MEded) latidashisffatcheadfo BleSO be
crystal constituting the substrate, the BP layer or BP-base mixed crystal layer with the
major part being amorphous exerts an effect of relaxing the lattice mismatch and of
providing a growth layer having excellent crystallinity. Also, the BP layer or BP-base
mixed crystal layer with the major part being amorphous effectively acts to prevent the
rcmoval of the growth layer from the substrate surface, which is caused mainly due to a
difference in the thermal expansion coefficient between the substrate material and the -
growth layer. Accordingly, the BP layer with the major part being amorphous can be
used, for example, as a buffer layer which constitutes a phosphorus-base semiconductor
device. The buffer layer can also be formed, for example, from a stacking structure
obtained by stacking a boron phosphide (BP) single crystal layer grown at a higher
temperature on an amorphous boron phosphide layer grown at a low temperature (refer to
U.S. Patent No. 6,029,021). Also in the case of using substrate lattice-mismatching to
BP, if the amorphous BP layer is allowed to be interposed, a BP single crystal layer

having excellent crystallinity can be readily obtained. For example, in the case of a

boron phosphide-base semiconductor light-emitting device, the buffer layer comprising a



constructed fromthe BP-base m xed crystal |ayer. For exanple, a boron

gal l ium phosphide m xed crystal (BO.02Ga0.48P) (refer to JP- Allzjﬁ@?g@g
having a boron conposition ratio of 0.02 (boron phosphi de m xed

ratio = 2% is a BP-base m xed crystal |ayer having a lattice constant of
0.54309 nm Accordingly, a growth |ayer lattice-matched to an Si single
crystal (lattice constant = 0.54309 n can be constructed from

BO. 02Ga0. 98P (refer to JP-A-11-266006)21 The growth layer lattice-nmatched to
an Si  single crystal substrate can also be constructed froma boron indium
phosphi deackingssthuctiry Btaglv aftBge@31in0ha dP)ghhamittigg padBhicixpdvadeg diigh- rati o of
33% The BP-base m xed crystal growth layer lattice-matched to the

subst r atieteasity ignsniitsinrecan gpofodmedal Foyhdvobfe fol eyperple,fimthe @mxanpit borofl so, a
magneti c sensing layer, which exhibits high electron nobility suitable for
obt ai ni rigrosphigd-basgdVBT cthn duffiaylayeybf pstacking stowateictis 9dvaptagapusia thafrist i t ut ed.
Furthernore, the BP-base m xed crystal growth |ayer lattice-matched to the
subst r atg@od gnalityjceleger byer eiup-aadleetor yer whichihgh fewar grysialslefasts, sughess

(wi ndow | ayer) of ~a photodetecting device, for_ exanple. The sem conductor
devi ce HB¥fihgslocatinn @HW%FO 'IaéﬂFérm'éG‘ﬁ{fgsW ks fopBed ety osphi de (BP) of the
AT I T R G N R
composeaBiuRiel digorg e RESHRT AUy BET FRN Ry Beaf BRA R R ecent

cont ai niPng TR L (AR o B TP T AT P TSR v e 1

3.4 eV abmpe8ifbh SAREEES.OF &qr&%ﬁbép%’f&erhﬁ&eﬂrc?ysiai r@RPYL %20 BPVBER mixed
specifically, a BP-base sem conductor device is constructed using a BP 2 3

NOV 200%ryd2al 1dy2Y Bhviag aBhtiot s6sht£t bs DS430RKEY h%doftﬁn?yp@@ﬂtﬁﬂhilw| | y. unknown
medi um band gap which exceeds 2 eV heretofore established as a band gap of
BP but witticdmaschedto as Shsigpleasystdl (Patdé domsGnO= 8154869 nepa@ah &d coonimerdd onal | y.
The boron phosphide (BP) |ayer having a band gap of not less than 2.8 eV
and not froor Bo 6250953, (defentodiP- Acin26@I0s r athe growalm ldyer latinermatchgd iy @sBir i bi ng
its growh conditions, particularly by setting both the gromh rate and the
suppl y sHElocgtakyulsirats gamakse begoastiusiodtspm e hojen gidiae phperhidamiess. The

rowt h . . . .
9 crystal (Bo.a3lng ¢7P) having a BP mixed crystal ratio of 33%. The BP-base mixed crystal
growth layer lattice-matched to the substrate can constitute a good quality buffer layer, for
example. Also, a magnetic sensing layer, which exhibits high electron mobility suitable
for obtaining a Hall device having high product sensitivity can be constituted.
Furthermore, the BP-base mixed crystal growth layer lattice-matched to the substrate can
also be suitably used for the light transmission layer (window layer) of a photodetecting -
device, for example.

The semiconductor device having a semiconductor layer composed of boron

phosphide (BP) of the present invention is constructed using a boron phosphide (BP)
semiconductor {ayer having a band gap of not less than 2.8 eV and not more than 3.4 eV at
room temperature. The semiconductor device having a semiconductor layer composed
of a boron phosphide (BP)-base mixed crystal of the present invention is constructed using
a BP-base mixed crystal semiconductor layer containing BP having a band gap of not less

than 2.8 ¢V and not more than 3.4 eV at room temperature. Room temperature is about

20°C. More specifically, a BP-base semiconductor device is constructed using a BP



rate of the boron phosphide (BP) |ayer or BP-base m xed crystal layer is
preferably from not less than 2 nnimn and not nore than 30 nmmn. If the
growh rate is set to alow rate of less than 2 nmnin, the ph@3Miyriees (P)
constituent elenent or a conpound thereof cannot be sufficiently prevented
from bei ng desorbed or volatilized fromthe surface of the growth |ayer,
and the layer formation may fail. If the growh rate is set to a high rate
in excess of 30 nnmnin, the band gap 4%l ue obtained is undesirably
unstable. Also, if the growth rate is set high for no reason, a

pol ycr ystgdrlor B® hinedrcrjsedl dsyer haging\w dotaehtiopakiy dnkromg) mediudh semd\vgapt ageous i n
obtaining a single crystal layer. In addition to the growh rate, the supply
rati o ofwhibieesdeads 2 ol heattefdrabsablsheppped bambgap qfrBIS buti wiedh iondthe highrgge not

| ess than 15 and not nore than 60. In the case of formng a BP | ayer, the
suppl y rél k¥ toh.G ¢hé astepotted gomeenaipnallys i Thettioeor pltdsphide (BRElagemavings
phosphorus (P) source supplied to the growh reaction systemto the anount
of bor oapggap gf)mtdesssh@;'pg-ﬁ@a’. anchnqtheorgdkas b eVt reavg tanEratysseaniex ed
crystal, the supply ratio is the ratio of the total supply amunt of G oup

V el enerfereei b presiriing s s vhsopditpns papiculasly byysstiingtboth diggspythaigitunt  of
Goup Il el enent saources including boron (B). Fa xanple, . in the case of
form ng a3 s DD wagpﬂqma@“e%ﬁ RESPE! "'(PE%E‘i‘g’e %ggs-cr%%wt he
| ti f th tart| teri is th ti f th t. of
Dol b oAb ReTER VP e et Qb BRI R
t of B d i ndi I i ed, tid.s, th
200t S B8 S B8 L 3 o e RS SRR et B3l e

so-calle is set t ess an 15, the
wt h | i i i j I ti
P over (aUSEISU A b AR oSO RO ARIG A RS [dmbllindiihgredf T at! ©

phosphotchsndt B shificiitI fréh RN ffrbxﬁfﬂei% dRadkeh ¥r {QIRLd fRXA eRSskfes Bhdeus (P)
is found to enter intdo the 2 3 NOV 2005 23 position to be occupied by boron

in the gryethahydrpdrd e laRd fdrtatioh nas faildoMfahe gfoaftBEatt @ seKai shifgtgatehono, Cho
LSI Jidai no Handotai G jutsu 100 Shu [5] (Sem conductor Techniques in the
VLSI Cereceas phHB0 260mBe theetsanddap, valilemisdiacd ivamddsirabBadstablp pekldo Xt tfe
"El ectronics" (May, 1974), Vol. 29, No. 5, page 121). The zinc bl ende-type
cryst al grovthwhtiedhse hth or na r@Rohaspolptrysdllimeyayeakende togysy waidy aed this has a
degenerat ed val ence band structure where a p-type sem conductor |ayer is
readi | y 'ofisadvasiageoustie pbtaining 3 mingks cryrighlayer.
In addition to the growth rate, the supply ratio of the starting materials is

preferably prescribed to the range not less than 15 and not more than 60. In the case of

forming a BP layer, the supply ratio of the starting materials is the ratio of the amount of

phosphorus (P) source supplied to the growth reaction system to the amount of boron (B)

source supplied. In the case of forming a BP-base mixed crystal, the supply ratio is the -

ratio of the total supply amount of Group V element sources including phosphorus (P) to

the total supply amount of Group III element sources including boron (B). For example,

in the case of forming a boron indium phosphide (BxIn;.xP: 0=X=1) mixed crystal, the

supply ratio of the starting materials is the ratio of the amount of phosphorus (P) source

supplied to the growth reaction system to the total amount of boron (B) source and indium

(In) source supplied, that is, the so-called V/Il ratio. If the V/III ratio is set to less than

15, the growth layer surface is undesirably disordered, whereas if the III/V ratio is set to

be extremely large in excess of 60, a growth layer rich in phosphorus (P) is

stoichiometrically readily formed. Excess phosphorus (P) is found to enter into the



and Hi deaki |koma, Kagobutsu Handotai no Kiso Bussei Nyunmon (Basic Physical
Properties of Conpound Sem conductors, Elenentary), 1st Ed., page€3%\ltlﬁﬁﬁl7’
Bai f ukan (Septenber 10, 1991)). Nevertheless, if a stoichionetri
conposition is transferred to the phosphorus (P) rich side, the formation
of a p-type crystal |ayer having |ow resistance is disadvantageously

hi ndered. On reviewing the formation caonditions of a BP layer in
conventional vapor phase growth net hod¥? a grow h rate of about 120 A/min to
about 700 Amin is reported for the hydride nmethod using a diborane

( B2H6) / phospii ebg stdpicdyirr tmgen i Hiz)crgsyaltlatticd ned Bract es a dpnor (eferfopl . Phys.
13 (3) (1974)). On the other hand, in this hydride growh nethod, it 1is
stated t Katsufiuse SW)M)IClﬂCaLSbJ1(1«‘-HFINB1’@5@@6?l (rjigisu EJ@O Shu 5]dsa@éﬁﬂﬂd390br m)re f or
the gromh of the BP |ayer to occur (refer to Jpn. E) i

(1974)) . Tp@hrmwnemanLsgﬁeaﬁtaapml% SeaesSIiS&Dgpélw%{Mpy BP ?E;)e?pperl#miog
stated that the V/| ratl must be i_ncreased tgo 250 g efer to

ngl Phy@leaglr?}c“(ul@f%’))l 74hv@tlh7e°rl\@<§nﬁgés 2?5? f Bheding “E?’W%ﬁ@b’s%lslpng

40
i (hr)nr ﬁrgwh?qrﬂlea BBGERBIR s%?a?%h&r%&%r% g RreRaly &6 %Fé%efésac} ?%'@?ﬁ%naﬂgt or
T ot t 74 t t
sﬁﬁpggno%‘f&(fmﬁ%@“ﬁ%Pu‘iBéES‘}"COEﬁ Dol G ptndidrdehy 1o PEHRUL o ' 1Y

whi ch
;ith: gl tmsjﬁé%m:der%gl Ié#)& Rgé#’&g@lgg@hhc%g{ cgﬂr a‘%" er' 1o, rp@ngplt)lit& %I] ut S:JC(JO)
(Sem congd ERfcsT)? Ry deﬁh&ﬁ{du}!%'ré”ﬁém Sls?ﬁdt g l_%e75)14 DCCOBdifidy, 1N

the conve tlona hydri de nethod using a ane / phosphi ne
( PH3) / hy e ebelr 1iB) 199513)§t eNEveRthle s, af Q%tbhﬁ(ﬁﬁana%oﬁlg&gnbﬁcﬂs tréhskdtrddte present
i nvention can be enployed; however, the V/IIII ratio cannot be set at the

sane ti nietphosgtiorss ) irieh sidenge: ﬂOhﬁS@cﬁd bedlpitypeZerPst Ny QS ingdiotvhesipragse nt
invention. In the halogen nmethod using a chloride as a starting materi al,
even if ishissadvidtdgeaualyilondgedet to satisfy the range of the present
invention, there is a problemin that a BP |ayer which is being grown or -
the Si substraOs reviswite the feradim dopditioms lof b BXelagerria caneentigpainvapor phase
deconposition of the starting material halide duri ng 4 he vapor phase gr owt h,

and a Bpgrowagwrethlfaiﬂ ngroythirale of gpeulcleOcdimnin 49 apgut JAO SYun feigportest fogthsni ng a
BP I ayer }QJrl(% mctﬁog using a diborane (B;Hg)/phosphine (PHj)/hydrogen (H3) system (refer to

Jpn. J. Appl. Phys., 13 (3) (1974)). On the other hand, in this hydride growth method, it
1s stated that the V/III ratio (=PH1/B;Hjs) must be set to about 50 or more for the growth of
the BP layer to occur (refer to Jpn. J. Appl. Phys., 13 (1974)). In particular for obtaining
a single crystal BP layer; it is stated that the V/III ratio must be increased to 250 (refer to
Jpn. J. Appl. Phys., 13 (1974)). In other examples of forming a BP layer using diborane -
and phosphine as starting materials, the growth rate is set to 40 nm/min at the lowest
(Katsufusa Shono, Handotai Gijutsu (Jo) (Semiconductor Technology (First Volume), Sth
printing, pages 74 to 77, Tokyo University Shuppan Kai (June 25, 1992)). Furthermore,
it is stated that the V/III ratio must be set to 100 times or more so as to obtain a BP layer
which exhibits the properties of a semiconductor (refer to, Handotai Gijutsu (Jo)
(Semiconductor Technology (First Volume), pages 76 to 77). Accordingly, in the
conventional hydride method using a diborane (B,Hg)/phosphine (PH3)/hydrogen (Hy)
system, a low growth rate as referred to in the present invention can be employed;

however, the V/III ratio cannot be set at the same time to satisfy the range prescribed in



m xed crystal |ayer under the conditions satisfying both the growh rate and
the V/111 ratio prescribed in the present invention, an MOCVD nethod is
suitable. In particular, an MOCVD nethod using a trial kyl borane z:pﬂ?pqgsﬁg as
the boron (B) source can be suitably wused (refer to Inst. Phys. Cont. Ser.,
No. 129). According to the MOCVD nethod using triethyl borane ((C2H5)3B), in
particular, fromtrial kyl borane corrpog?ds, the formati on of an anorphous BP
| ayer or BP-base m xed crystal |ayer a low tenperature or the formation
of a single crystal layer at a high tenperature can be readily and sinply
perfor nége.PfPﬁmWFlD@rane ((CH3)3B) is a gas at ordinary tenperatures
simlar to baorane or diborane, and its suitability for the forpmation of a
BP | ayer or a IBthgpbalesennsibad usingarchiorige ag aistaptingmstarial,gven ifdhe¥yllhs hi gh as
triethyl borane. For, the formation of a BP  Layer or a crystal | ayer at a
| ow t enpiaSEFE!o SAHSEYBRFANge BB HEPrEsRDBYFRIMatheHyisR R%&ﬁﬂb@ifﬁ?tﬁg%oi nt and

S 15 by S o, (TS 13 g ks e e bt (9
et o ny 60 DRLEHF R RGBT BB QYRR Abaratopsetmats w48 Bror aor

pr of er abty Tunead o PE AR 2R, Yl ROk 0 PP AN BRGS0 € 1
o AN AR, Lo o dpang g o

det er m pedcribQf in@k@pRként iVeriod EAEMAICVDRod I4uligie enGepdritbdlafygh hod or a
cat hode | um nescence (CL) nmethod or fromthe relationship between the

absor pt MOCSIR fetitidaningengial liebdrhnd mpuad QY tHe'wirel (BPscue&d&h,be suitably

Sem kondakuta no Butsurigaku (CGe) (Physics of Sem conductors (Final

Vol une) psedoaefesta2Ingt. Roys. ZRMS. $5., N8902%)o 4R@0):dirg 1. the MDOWD miethodhisingn ener gy
dependence of the absorption coefficient of an undoped BP | ayer forned
under t héethyiborand é€aHishBY io padiculasrfsoro trialkelbetant sewmponnds, ghe foypatiagiofsi ngl e
crystal substrate having a (111) plane by addi ngl boron (B). The band gap - at
room t eAPETRIRIIES &Et laysh i RP-Passrmbsé cwéna}e/&aqy%@m FWIEMBERAITE 9E tEbsor pt i on

Co 1 o3 ST 300, L0E RSN eherr (M eVl sodliout 3.1 V.
gap wt gerrfgr?rpeecl(.:t ferétHﬁbB%’?{@?(@ﬁ}ﬂ]?) i g%g?ae{oartt'hlfllgr%f temperatures similar to

borane or diborane, and its suitability for the formation of a BP layer or a BP-based mixed

crystal at a low temperature is not as high as triethylborane. For the formation of a BP

layer or a BP crystal layer at a low temperature, an organic boron compound having a low

boiling point and which is liquid at ordinary temperatures is suitably used as the boron (B)

source. ' -

For example, during the formation of a boron phosphide (BP) single crystal layer

using an MOCVD reaction system of triethylborane/phosphine/hydrogen, the growth

temperature is preferably from 850 to 1,150°C, more preferably from 900 to 1,100°C, and

even more preferably from 950 to 1,050°C.  For example, if the V/III ratio at 950°C is set

to 30, a boron phosphide (BP) single crystal layer having a band gap of about 2.9 eV can

be stably obtained. The band gap (=Eg) can be determined, for example, by a general

photo-luminescence (PL) method or a cathode luminescence (CL) method or from the

relationship between the absorption coefficient and the photon energy (refer to Seeger,

Semikondakuta no Butsurigaku (Ge) (Physics of Semiconductors (Final Volume)), pages



coefficient) is known to be -4.5x10-4 eV per unit absolute tenperature
(refer to Z anorg. allg. chem, 349 (1967)). The mnus sign in this
tenperature coefficient means that as the tenperature decreasesi N3¢ WAnd
gap increases. Accordingly, the band gap of the BP |ayer, for exanple, at a
liquid nitrogen tenperature (=77 K) is about 3.2 eV. By setting. the growth
rate and the V/IIIl ratio to respective ranges prescribed in the present
invention, the BP |ayer of the presemd invention can be obtained. Fig. 3
shows a CL spectrum of a nagnesi um (Mj)-doped p-type boron phosphide (BP)

| ayer grivfinod@ing Kipe? skoves Me@YDianemetgyatepsydineo theadbosvptiby coeficiengof he
tenmperature to 950C, the growth rate to 10 nmnin, and the VIIl ratio to 60.
The spemtundopéd BReaw fenat uraler Srppbost-deecrived 30ndtioss o thetrorfare phopphi de
(BP) is an indirect sem conductor, the CL spectrumis suitably obtained at
a terrpertapmsemglemstel@ubitmhawrme(blailr)rpnlaene byoriding baren 6B). of Therkang gegpe BP

| ayer as a sanple is about 8x1018 cm 3. The |ayer thickness is about 2.2 m
Accor di rig reem smpriaiuysdaemingd framyda selationsbindbetyepm therabsprphan Keefficient
conponent s of, the CL sg)ectrum hovvn in Fi 3.are the spectr own by

" SP1" .r(oqtpﬁl and Hisahg naenﬁé@k h¥a ¥) MEE’PH? %yfll%oJﬁC@?BtabmHﬂH%?ﬂfePEé
" SpR" ) 5 " Sp2"
chems tF BB aﬁe%ape?.vtih%aw@%%‘w e RRL IS P UL QUBPera RS
ot ot oo R kngRito pk 4 SRE6 Bk RS abbibid HmbDR AL IGE. Blg e, (' M
d ! h k
wvol encllNbih. SIPNSBAIEC T nfuBsRA R AL mocRERI Rl Rico Hidn IR TP Pe2E
t aki ng ttH@tc‘f’x?;%?atQ{c &@rc‘d%oﬁﬁ'q)aﬁﬁ gB?Y&rresQEQMAéBbr&B %@tHéSBPQ 23NOV

2005 26 a triethyl borane [ phosphi ne (PHB%/ hydr og PHZ) system as
one exanmgye, fok Bﬁamﬁl@iﬁhﬁlﬂﬁd lnﬁ)/c%ren gﬁﬂﬁéraﬂuky(mﬁxsla@bm 2 &Nd Fyadettidgn -

particular, the roomtenperature band gap of a BP anorphous |ayer having
t herein the gtos¢tn ir&te @nd et ViIINUhEd kerespective rargiet besgcribédimmhe pregerthintdition,
underlying | ayer sonetines becones as |arge as approximately 3.0 to 3.4 eV.
The bandhgBp lajeraf BR presont inpshtbh Carebd alyteimedr own by i ncreasing the growth
rate is generally tends to be small. In particular, the band gap of a thick
| ayer having &igay#gows a CL spectrum of a magnesium (Mg)- dopcd p-type boron phosphide

(BP) layer grown using the same MOCVD reaction system as above by setting the

temperature to 950°C, the growth rate to 10 nm/min, and the V/III ratio to 60. The

spectrum is measured at a temperature of 30 K.  Since boron phosphide (BP) is an

indirect semiconductor, the CL spectrum is suitably obtained at a temperature of 77 K or

lower. The carrier concentration of the p-type BP layer as a sample is about 8x10" cm™.

The layer thickness is about 2.2 um. According to an analysis using a general peak -

separation method, the components of the CL spectrum shown in Fig. 3 are the spectrum

{shown by “SP1” in Fig. 3) having a peak wavelength of about 378.5 nm, and the

spectrum (shown by “SP2”) having a peak wavelength of about 569.6 nm. “SP2” seems

to be a spectrum attributable to the “deep” impurity level. The spectrum shown by

“SP2” is characterized in that the reduction of the light emission intensity over time is

recognized. On the other hand, “SP1” is a spectrum which is presumed to be a band edge

absorption, and from the peak wavelength thereof (378.5 nm), a band gap of about 3.2 eV

is calculated.

By taking the case of an undoped BP layer grown by the MOCVD method using



t.hi ckness in excess of about 2 to 3m sonetinmes decreases to about 2.8 to 3.0
eV at room tenperature, for exanple., The single crystal BP | ayer grown
under the conditions of a growh rate and a V/III ratio respecti \gej N0y g4 he
above-descri bed preferred ranges can have a nedium band gap between the
anor phous | ayer and the polycrystalline |ayer. Wen boron phosphi de (BP)

havi ng the band gap specified in the present invention is used, a BP-base
m xed crystal having a conventionally u?2known band gap, represented by the
formula: BaAl Ga,Inl.QP_,PAAs, N &E (0O<abl, 05J3<l, 05y<l, O<a+(3+y<l,
0<S<_1, Cﬁ@ﬁ:'thyl@cﬁ%ﬁ&ﬁ@zH@%gPﬁonﬂidﬁﬁHgﬁHidsrémz‘? syd61e s BRE exemMBasPhi de

(BP) having a band gap o | ess than 2.8 eV and hot nore than 3.4 eV

accor di nGark@phbes Ry eS@kradlR\RB LI 19t BandsRd, 2n patietlaphRe Ridhnenijesattrede N xed
crystal (BP ,pAs,: 8<6§l%, 02c<1, gr%czl) ﬁ%?i ng g band gap of rmn?:re t han about

1.5 eV t dhaheeplofiarBP 3mérpgdusiayeORimih etieedintb Witotian anebfiablad thd lattRe
conventional BP crystal having a band gap of about 2.0 eV is used, only a
BPaAs, mmachatahywithlthd OwBddinglhydr, sobrediesbavdmes & lalparsd appioxinmatel yr3al toow
range of over about 1.5 eV as band gap of boron arsenide (BAs) (refer to

| 11- V Zoku4 Kdlgodinedantigap of aiBH il pupysthllineVa Co gpouvmtly Bemtasmgdbe gomveh ratsupr a,
page 150) to about 2.0 eV as the band gap of boron phosphide (BP) can be
fornmed. Asgeneraldy teadatmpbesmelhenlnbmaroenlphSeghind gap BPy thigh faygr haviegal laysp of
not less than 2.8 eV and not nore than 3.4 eV according to the present

i nvent i orhicknessdpl eXeespof abput gdp 13 mSpREYes decrpasee P Erops e to CEked ! sepm
0<X<1) having a band gap of over 2.3 eV to |less than 3.4 eV af, roo

t enper at I P e B0f GrareRie THAC Sivly GAPaloPP feater _IRWTHRRSSH Fnecr@n%(t@apyp 4t room
tenperature ;S 2.3 eV. fer to ndot aj bai su iron (CQutline of

e cond ey}t el e y MEEzRe S CRTRaY it s ABp ot B ciReh BT b R bev
rati o of b | rm,t m xed
crystal V?ﬁi[??l lgﬁb%ﬁ% iéib%,gg%?éneta h’g?%hgﬁgﬁ%egg%%@giéoﬁ%n r%ﬁﬁ%%’%’;} is

i ncreased, a BxGad, ¥BdhQis jfgtﬁﬁﬂ%a%gy%ih%g;taﬁ%s%pe%if% d (SePres@h 2.3 eV or

N
nore can be formed. Incidentally, 1 <X<1) mxed crystal is

fornmed ushvgitian GOBMANE BPIedse BRxBaviRG! Ralagd coaverRionaDPUikndwd tMd gapl ¥ a
BxGai . xP (0<X<1l) m xed crystal having a band gap in a narrow range of about

2.0 to 2r&redénoaibpthe foonuiadB AlzGmInhes fRAAS . NOxed, 0L} @dy<uhi ch does not

contain arsenic (As) as a
O0<at+B+y<i, 0<4<1, 0<e<1, 0<d+e<1) canbe formed. For example, when boron
phosphide (BP) having a band gap of not Iess than 2.8 eV and not more than 3.4 eV
according to the present invention is used, a boron phosphide arsenide mixed crystal
(BPsAs.: 0<d<1, O<e<1, §+e=1) having a band gap of more than about 1.5 eV to Jess than
3.4 eV at room temperature can be formed. If a conventional BP crystal having a band
gap of about 2.0 eV is used, only a2 BPsAs, mixed crystal (0<d<1, O<e<l, d+¢=1) having a
band gap in a narrow range of over about 1.5 eV as band gap of boron arsenide (BAS)
(refer to HII-V Zoku Kagobutsu Handotai (Group 11I-V Compound Semiconductors), supra,
page 150) to about 2.0 eV as the band gap of boron phosphide (BP) can be formed.

Also, for example, when boron phosphide (BP) having a band gap of not less than

2.8 eV and not more than 3.4 ¢V according to the present invention ié used, a boron
gallium phosphide mixed crystal (BxGa;.xP: 0<X<1) having a band gap of over 2.3 eV to
less than 3.4 eV at room temperature can be formed. The band gap of gallium phosphide

(GaP) at room temperature is 2.3 eV (refer to Handotai Debaisu Gairon (Outline of

semiconductor Devices), page 28) and, therefore, when the mixed crystal ratio of BP is



constituent elenent, such as a BxGaj _xP (0<X<1) m xed crystal, a boron
phosphi de sem conduct or device which is prevented from causi ng
environmental pollution can be advantageously constructed. As 2§ K0¥e?005
above-descri bed case, the BP-base m xed crystal conposed of the BP crystal
havi ng a band gap of not |less than 2.8 eV and not nore than 3.4 eV of the
present invention has a high band gap.over a wi de range not seen in
conventional BP-base m xed crystals. By virtue of this, the BP-base m xed
crystal is particularly useful, for exanple, in _constructing a barrier

| ayer f drcreaspd ghthefarmatine of ayixederysiabwdhiBR, teatiit t7hisg thhberolwavel engt h
light. For exanple, a . clad layer for a light-enmitting | ayer .conposed of a
cubi c gapqnpmﬁlpﬁaatmﬁﬁ?i)ﬂﬁilraféew%e?d&e@w?aﬁ%«@a.ﬂ?sq%r.yzta ayingaygnd gap

oo (St e LT HOHRT huThli BRI R-EERERN
Kagobut SRAEF S RioBTaEhings ivbhedtEoCRER: 2AJS, ShIVERRERHP o or
Co ] , , ] -

Corpounth SR R8s G PLAAMb i B bWBBed AWBI0uPAR B2 £ORIL LY

(e Cath formRP AR (50 B SRV BP0 Gl ANJERESEANAR aBRcRAS 8E1 LY 1O e

The cubic @G ayer emts near ultraviolet |ight

of bl ui 8bnsyinAn@t1caRnf subRYd B, &a, LP 9L x ) Sdlcanry@yel saghpnelpid3 nm and
therefore, a pn junction-type |ight-emtting part having a single or double

het er o] wéificbadubr diderehikRGh rievérnied Blobecduding dnvbimerntiSsdlRitioadaAn bee
advant ageously constructed froma heterojunction structure conprising the

BO: 90Al advanRgeousiedonstyeteal and t he GaO. 751 nO, 25N ni xed crystal. The
BO. 90A10. 10P m xed crystal and the Ga0. 75l n0. 25N have the sane lattice
const ant (=0. 4628 tlmdbovehiesiritedi aase, conBP dhase ofixasddrystalcognpasrd 2008 BB i ndi um
nitride (In is calculated as 0.498 nm refer to |I11-V Zoku Kagobut su i
Handot afrysebreips rIbpny gap ppbetlasssban eSrrilierdrehmorgden 346V of the grisent wor ds,
since a . clad layer  lattice-matched to a light-emtting Iaéer can be
const r uBYERteT b g depd grm ereTd Yyitedpage wit seHbingogeeHionah BEhase mixed
light-emitting part of .the |a ice-matc%ed system can, be opst ruct ed.
G vat ai SDAPlTS BaYireBe! Mt hBP Goe TORCOLHER! Bt RIS Galr Ey2EPFot al
| ayer ' [ I ects. [ I ice
i snat CW&Q%E%‘?%&%% g 1;65 ﬁ:&&s fo?a l%%t g(%t%lngtléyer B%tv%‘gdefol‘ ngtﬁgg sf%rtt
wavelength light.  For example, a clad layer for a light-emitting layer composed of a
cubic gallium indium nitride mixed crystal (Gag 75Ing 2sN) can be constructed from a
Bo.opAlo.10P mixed crystal having a boron composition ratio (=X) of 0.90. A boron
phosphide (BP) or BP-base mixed crystal is a zinc blende-type crystal and due to its
valence band structure (refer to Kagobutsu Handotai no Kiso Bussei Nyumon (Basic
Physical Properties of Compound Semiconductors, Elementary)), a p-type layer can be
readily obtained. Accordingly, for example, unlike a hexagonal gallium nitride (h-GaN),
a p-type clad layer having a low resistance can be readily formed. The cubic
Gag7sIng 25N light-emitting layer emits near ultraviolet light of bluish violet color having a
light emission wavelength of 443 nm, and therefore, a pn junction-type light-emitting part
having a single or double heterojunction structure and giving blue band light emission can
be advantageously constructed from a heterojunction structure comprising the By gpAlo 10P

mixed crystal and the Gag7slnp 2sN mixed crystal. The BggoAlo10P mixed crystal and the

Gag.7sIng 2sN have the same lattice constant (=0.4628 nm) (the lattice constant of cubic



intensity light is emtted fromthe light-emtting part of the

| attice-matched system and this can contribute to the fabrication of a

hi gh-1um nescence boron phosphi de-base seni conductor |ight-em3Noih28gvi ce.
The crystal layers lattice-matched to each other as used herein nean
crystal layers in a relationship such that the degree of lattice msmatch is
0.4%or less. Also, use of the boron phgsphide (BP) |ayer or BP-base m xed
crystal layer of the present invention is advantageous for constructing a

:‘;g? fcgtﬁ: tch q’-ﬁaﬁ(etl_(gg)dg C{a_l%ﬁltakge-sgr% e ?Z%ﬁ%#% glﬁge?bi)’gsu II[_ki'bdr?ttmem tting
part of # tl't1109 @ﬁ%ﬁg %S§c¥ﬁ°" SIRERANAD &%%’33 g@)o‘?%éﬁioc}p%ﬁnc%laaﬁad E%‘ant |

conposed ‘o ype-orrp-rype oron PHOE I CEé Cons

0. 4538 ni;angh kil B Lt ra%fegfgg,greeg;agmqrﬁ&aw Thieh R osph de

(GaNo. 97P0 ttice aving a p osp orus
COMpOST { bPihelgitdchr Rlventorl 3 1ighl-8inilg ph@BE HEThEiLL A ARA sy AEmAah@e! | ce- Bl ched

system can read y const om a |ght emtting layer corrposed of

cubi ¢ Gabgns?RRRA10 ChayhiNgyeds RINGEPRASICHE toCRTR Bfet bm)m%hrquem r}ﬁar 1ang
clad | ayer conposed of cubic boron gallium phosphide Bo. g3Gao. o7P) havrng

a gal | i umnhisbalaveadepesdrisiandefedts stritfutdbl®ib thSildititeamlsynateh. | ITltkefohight ng part
of a lattice-matched-system can al so be constructed by using galliumnitride
ar seni deir(teesNy.ighs is: enfitt¥a frpmahe dighi-ginittiegpint ohihellatyie¢-makihed \sgstemumaer
standard conditions, the energy generated by galliumnitride (GN) is

(-) 26. 2 Koatdmeintrigid te the falamatigy ofje highaluednasten@a Aoransphoaplide-base) 19. 2

kcal /mol (refer to JP-A-10-53487). On the other hand, the energy generated
by GaP i semicppeéncondighterttingiavics. sFh¢ ¢rastat lasersdattice-aratched ko eachfashertas
JP- A- 10-53487) . Therefore the, GaNl _xPx m xed crystal can be nore 23hKN’2005
29  readPPsf hessinweeanieaysialiayeenin selEionshin serhchytsthe degrsp ot laftics mismatch is

advant age %g}. A)r?(ﬁzlad | ayer for the GaNl _xPx Ilght emtting layer is” -
const ructed ¢ Pbif*a BP | ayer or BP-base mixed crystal |ayer havrng a | arger

band gap at rogqg %g?? %,% ron %hOg]i)]}lg% ﬁéqaﬁr gasgfmlxéc%r gta?f’ &8{ 6tj Hf

exerting a bar 1 &r |'ayér can B co Fuct ed

froma  BRAYeedion %P\?Qfggeﬁgaag% Ei3Lalnd 2 tersgmrrgg)\?ﬁ fandygep which is

€s
| arger b out nost pre or nore.
matched system suitable for the fabrication of an LED or LD. For example, a pn

junction-type light-emitting part of a lattice-matched system can be constructed from a
clad layer composed of n-type or p-type boron phosphide (BP) (BP: lattice constant =
0.4538 nm) and a light-emitting layer composed of gallium nitride phosphide
(GaNgg7Po.03: lattice constant = 0.4538 nm) having a phosphorus (P) composition ratio of
0.03. Also, a light-emitting part of a lattice-matched system can be readily constructed
from a light-emitting layer composed of cubic GaNg 9P 10 having a phosphorus
composition ratio of 0.10, and a clad layer composed of cubic boron gallium phosphide
(Bo.93Gag 7P) having a gallium (Ga) composition ratio of 0.07. Similarly, a light-
emitting part of a lattice-matched-system can also be constructed by using gallium nitride
arsenide (GaN,;.xAsx: 0=X=1) as a light-emitting layer. However, under standard
conditions, the energy generated by gallium nitride (GaN) is (-)26.2 kcal/mol, and the
energy generated of GaAs is larger (-)19.2 kcal/mol (refer to JP-A-10-53487). On the
other hand, the energy generated by GaP is (-)29.2 kcal/mol and is smaller than that of

GaN (refer to, JP-A-10-53487). Therefore, the GaN,.xPx mixed crystal can be more



The boron phosphi de (BP) or BP-base m xed crystal according to the present

i nvention has a large band gap capable of transmitting visible RNV 2005 a
short wavel ength as descri bed above. Therefore, for exanple, from BxGat_ xP
having a boron conposition ratio (=X) adjusted to give a band gap of 2.7 eV
or nore (V\,hen a BP crystal having a roomtenperature band gap of 3.0 eV is
used, 0.4=X<1l), an emtted |ight trans%ttl ng (w ndow) |ayer of an LED
having a |ight em ssion wavel ength | ongér than about 459 nm can be suitably
constructed. A boron indi um phosphide m xed crystal (BxIni xP) having a

band gap reAdily\fermed bapihe GalNesdsy Aixedcrystalyapd Fhiis aﬂ%‘&agqﬂ’”éoné‘tcrl%laﬂﬁg a
d | f E f bl f ot tt
ot ted FVGhE Q%%iﬁglf P G Bt 5 Garaa S LR B SR 3 B eReT o 1 ga
d K h L t ,
Egﬂifféiﬁ}n%ﬁ ”r :f %‘Eiﬁf ?%@ﬁ%@%@éﬁg"%‘ fafg@fsswgzaﬁﬁﬁer Q‘bgﬁﬁé%ﬂﬁép%é%ap $ I”n' "0
| aser (ré?“s a(ﬁ%n%erzfﬁ Vi %@Euc& g gég E%I“I{tt IT|ungrlg5 ai'il b%%gggﬁ%ﬁﬂra&lflg) A
phot odet %‘i’tl'atg&d&aﬁﬁ b&s%r Hc%ﬁ ck tzf’} 1@&%9 %%h@%aﬁl e:s%?r PEy g pruct ed

from a st l"ayer strct rrpose d crystal whi ch
can be mpi/&, nead! styroRuaR 0. 33@@10[, he B8P | ayer or BP— base m xed crystal

| ayer of the present 'Invention. For exanple, a junction structure of a

boron phosphi deneBBlor gRphidE éBP) BABE-UikX Bfixeddrysthitdccb @S tovhe Predent
sem conductor |ayer having a degree of lattice msmtch of 0.4%or less to

the BP | awentiof h&Fh hagebdideap capyisit af uaayeittigevisiblnisglit oitehart phetkdghect i ng
part for use in a photodetecting device which has a | arge signal/noise

st rengt has dtscapedaboal | dteStdie, faatekomplnfioanBgaetl kavingh bomaetoetiositign
sensitivity. In particular, when a photodetecting part is used which

conpri sesatw (héi)eaadmsmddmgm @bami:gapr@f 57 ¥ dyorwrn (WhesplBPdery§tBH)aving/er 2 3 NOV
2005 30 and a sem conduct or éY | atti ce-mat ched thereto, for exanple, the
GaN3- x Px "oy &mpegetyterhand ganib el € ¥ lﬁahwo‘aéféfétl? rﬁ‘@eﬁ'&Fth Hight tgapemitiing

hi gh-sensi i vi pho od cting dev . havi n w dar curren nd an .
excel | enfVisHBS tacee %Eﬁﬁewms sl & %’é‘ﬁs‘ﬁ'éwé ﬁ‘§f‘$ s ot b 3 DGUT $HENBP | ayer
or BP-base m xed of th nvent, on usef as._a

i ght - ¢SSP w&ahé Ghtedy iy Do PR ERF O W SBRATBA oty nPine
measur ed, ot petder o&?gta,oayer 29y ﬁlgﬁgﬁm cah Be R fneb@iractird® FRdb@YE)er"

BP- based” m xed crysta
of an LED or surface emission-type LD capable of transmitting emitted light having a

wavelength longer than about 443 nm (refer to Iga and Koyama, Menhakko Reza (Surface
Emitting Laser), 1st Ed., 1st printing, pages 4 to 5, Ohmusha (September 25, 1990)), and
also can be used in constructing a reflecting mirror for use in an LED or a surface emitting
laser (refer to Menhakko Reza (Surface Emitting Laser), pages 118 to 119).

A photodetecting part for use in a photodetecting device can be constructed from
a stacked layer structure composed of a GalN.xPx mixed crystal which can be more
readily produced, and the BP layer or BP-base mixed crystal layer of the present invention.
For example, a junction structure of a boron phosphide (BP) layer or BP-base mixed
crystal layer with a semiconductor layer having a degree of lattice mismatch of +0.4% or
less to the BP layer or BP-base mixed crystal layer can constitute a photodetecting part for
use in a photodetecting device which has a large signal/noise strength ratio, so-called S/N
ratio, and an excellent photodetecting sensitivity. In particular, when a photodetecting

part is used which comprises a heterojunction structure of a boron phosphide (BP) layer



a conventionally unknown, relatively high band gap in excess of 2.8 eV can
efficiently transmt even visible light at a short wavel ength, such as bl ue
light, and therefore, can be effectively used, for exanple, as al BiNG a5
Fayer of a photodetecting device where visible [light at a short wavel ength
is the object to be neasured. A heterojunction structure conprising a boron
phosphi de (BP) | ayer or BP-base m xed, grystal |ayer and a sem conduct or

| ayer lattice-matched thereto is advant'dgeous in that a carrier, for
exanpl e, an electron can be transported at a high speed, For exanple a

het er oj U # BFPSEPHRAteR By ex lattive-priches Beredy, f@mwstéﬁ hsEaNerDsia¥Er | ayer with
a GaN3-xPx m xed crystal is SU|tabI for cons ructln a fugctlonal | ayer of

a TEGFETIGWAREPY almvgha §b@me&eﬁ%&aw UtBID B B EAFERY PEPE FHECEEGHMLE | n
Feal | so HVGRE BIGE CREEET FRS g1 SXEIenhBraP S PSSRV B bes e Edf 1y 1 or
or | BP. bablsonikaa WgL pPrTaE M e Chrak B ere L ipprgen ApEtnR T s
cupp! vt e Rl g Attt O (EPaReB P B il Db M T ARl BB can e
of 't he. et Ry D in bhOLIED fn PR BV or BP-Eitc SRREF B ELISNAL | T
conat 1 o i%m*’“aﬁ@ﬂ%@?%# Eﬂ%ﬁ%ﬁfF%@*&aﬁ?,%gﬁﬁec%%%%%ﬁf Sy RGen )

const r uck&tnfil OV8rayisiBIE GANAUE KR6t Wad¥ieheh SRICBSEBIRidhY, dnbehdrefoi!dn be
B'Ai | 3Gay1n3. , .13 YPSAs: N3-$_E (O<a<l,~0<0<1, O:5y<l, O<a+(}+y51, 0<S <1,

0<_E<1, efﬁa@&val@h)s,ed hay wgnpleb@mﬂwmmy@irbﬂ ﬁpﬁcaﬁ@@ictmgaiﬂvibb athed vikibee
constltuent material of the electron channel l|ayer, by 0.2 eV or nore,

pr ef er abightabeshod waveldngth intiiecobjBans bewleasdryd. 2 3 NOV 2005 31 for the
reasons descri bed above, a GN, -xPx m xed crystal |layer is easy to form as
conpared with érhfmrwmpborc@tmwuwwommlémgtmorbn\mhn@h&e (B deygapr BY -hase
phosphorus (P) conmposition ratio of a GaN -xPx m xed crystal is utilized

(refer tBIX&EETystEHyyer apdiasemigmnduoey layrsab%étscezﬂya@h%thzsaczls adyeni2ggoustihe band
02D C21 15 e bes Y Sl 10 LS, PSSO B CRUBOSLLI e Sh
phOSphorH&ergﬁ)nctmn structure of the BP layer or BP-base mixed crystal layer with a
GaN,.xPx mixed crystal is suitable for constructing a functional layer of a TEGFET where
high-speed transportation af electrons are necessary. In this case, a direct transition-type
GaN,.xPx mixed crystal layer can realize high electron mobility and, therefore, is suitable
particularly for constructing an electron channel layer of a TEGFET. Also, from the BP
layer or BP-base mixed crystal layer, an electron supply layer making a heterojunction
with an electron channel layer and playing a role of supplying an electron into the inside
of the electron channel layer can be constructed. Furthermore, from the BP layer or BP-
based mixed crystal layer of the present invention, a spacer layer which may be disposed
between the electron supply layer and the electron channel layer can also be constructed.
The electron supply layer or the spacer layer is suitably constructed from a semiconductor
layer represented by the formula
BoAlgGayIny.opyPsASNse (0<a<l, 0<B<], 0<y<l, O<a+f+y<], 0<8<1, O<e<l,
0<d+e<1), having a band gap which is larger than that of the constituent material of the

electron channel layer, by 0.2 eV or more, preferably about 0.3 eV or more.  Particularly,



conposition ratio is set to 5% the band gap can be reduced from3.2 eV to
about 2.8 eV. |If the phosphorus (P) conposition ratio is set to 10% the
band gap can be reduced to about 2.0 eV. That is, the GN, - xPx 13 K&y 2009
crystal is advantageous in that an electron channel |ayer can be readily
constructed therefromwhich channel |ayer can exhibit, in correspondence
t o~t he phosphorus (P) conposition ratig t he above-described suitable
difference in the band gap fromthe sp Ler | ayer or electron supply |ayer
conprising a BP |ayer or BP-base m xed crystal |ayer. As schematically
shown i nfdFithe reasons deserdieddabosg.cr GalNr.ullt mixedaryfdrlaypsds pasydo fOEGRET 40 is
formed by sequentially stacking, for exanple, the follow ng |ayers on a
subst r at €ompared Biiransirsrgis spPRPYE. havi ng a pl ane direction of (0001) (c

face): (1) a lgwtepperature buffer |ayer 402 conposed of, for. exanple,
undoped hi gh-%@ﬁ"éﬁgﬁﬁ‘ﬁl%?fd??nglﬁﬁﬁibﬁd%mg g (Cé‘k‘lﬂqsltiﬂﬁ:ra@ﬂéﬁ) having a

i ch bt ST At Celb o A Rk AT a0 B8 ey
3.4 3 eV ) e .
103 compdSER ERE ok B sftpe el Bl pRe PR ETREMEIR Puplstl Tover

concent rfe&%ﬁﬁpérﬁ@%t iRfthd Iee%g?r; Mfﬁgﬁ%%@ﬁo%r %rﬂpﬁ f%'_fﬁé)gms]ﬁ)gﬁ}ulsg@ ch is

formed a gher tenpe ure ow-t enper at ure er 402

and pr ef & afsiiddAas i€t 99 urf bahdS¥p ¥hin BRI&ucéProRiB 8le8clorapauchannel |ayer
404 conposed of, for exanple, cubic uﬁdoped n-typt GaNo. 97PO 03 (for

exanpl e, [fREDKHdd phérids (P) EbmBodtidn raViBii€ Skt kS 108! the GAndBAS BArbE feduBR to

constituting the high-" tenperature buffer |ayer 402 and has a | ower band
gap; (4)atduspaces. |'Byils,4R6GadRBs atxad cryétal is adeamigousiitbpesh eetiype BP

having 2 3 NOV 2005 32 a carrier concentration (=n) of |ess than about
5x10' 5 ceha8nenalyed=bn bareadiliycionbtasctal tharedrongwpichi aphmmel ddyeen camethibit, inhe _
el ectron channel |ayer 404 and preferably has a band gap of 3 eV or nore;
(5) an etcstsspandesepist the phgsphonrg P eoppsesidomratiof the abRugrgessribed suigable (Si ) -
doped n-tﬁpe BP having a carrier concentration (=n) of about 2x1018 ¢cm 3 and
d=25 nm ditference in the band gap from the spacer layer or electron supply layer comprising a BP
layer or BP-base mixed crystal layer.
As schematically shown in Fig. 4, a stacked layer structure 41 for use in a
TEGFET 40 is formed by sequentially stacking, for example, the following layers on a
substrate 401 comprising sapphire having a plane direction of (0001) (c face):
(1) a low-temperature buffer layer 402 composed of, for example, undoped
high-resistance boron aluminum phosphide (BxAl,.xP: 0<X<1) having a layer thickness
(=d) of about 10 nm, with the major part being amorphous, which has a band gap within -
the range from not less than 2.8 eV to not more than 3.4 eV, preferably of 3 eV or more;
(2) a high-temperature buffer layer 403 composed of, for example, undoped
n-type BP having a carrier concentration (=n) of less than about 5x10"* cm™ and d=300
nm, which is formed at a higher temperature than the low-temperature buffer layer 402
and preferably has a band gap of 3 eV or more;
3) an electron channel layer 404 composed of, for example, cubic undoped
n-type GalNg g7Pg g3 (for example, n=5x10" cm'3, d=25 nm), which is lattice-matched to

BP constituting the high-temperature buffer layer 402 and has a lower band gap;

(4) a spacer léyer 405 composed of, for example, undoped n-type BP having



whi ch preferably has a band gap of 3 eV or nore; and (6) an ohm c el ectrode
contact |ayer 407 conposed of, for exanple, silicon (Si)-dopedfg;ﬁwn‘?ﬂuﬁg
having a carrier concentration (=n) of about 5x1018 cm 3 and d= ich
preferably has a band gap | ower than that of the electron supply |ayer 406.
Subsequently, a part of the contact |ayer 407 is recessed, and in the
recessed part, a Schottky juncti on-tyfe gate electrode 408 is provided. On
the surface of the contact |ayer 407 ¥emaining in both sides of the
recessed part 411, an ohmc source electrode 409 and a drain el ectrode 410
are for necartier cowsitration (EhpofEGHEIN 48out Bet0'éxardme, d=5 BaNvhicRhashvead cryst al
| ayer stacked on the boron phosphide (BP) or BP-base m xed crystal can be
used as gaprugiretthan thadefohe elecipam chamfielalaial 404 ded ipceferabBanasi achdndrgap of Bor

exanpl e, a GaNl_xPx m xed crystal |ayer, which is not an indirect
transiti©notyPeEsibut a direct transition type, can be used as a magnetic
sensing |layer of a Hall device, Depending on the phosphorus conposition
ratio, the GaNP)xPx 3A degroncsupglydrysrApscomprsatnie s oxamgls: shigar (Yap t han any
one of ipdiymantimgnide (1nSb, band gap = 0. 18 eV), ;i ndi;um ar seni de (I nAs,
band ga 0968.“3‘69% HH‘ggaa‘quflﬁfrﬁoéF%‘Eﬁ“gE?T%}gw‘b%iﬂ@ o%fp 204 ! i§§ 8% (with

t toth f the b t t t ; f to I11-V
7okt KagbBie S FARGYaie {08 8p o 7 PP OBMSCR Som conduct or ) page. 150)
h titut] L [ | t] | | '
(retor to ApplC®) “pnylr St EctectEge g Tk 481 cRRBSRRTRR exifll AP4AETT g

large ba(@%-(ﬂ@gﬁintstgR%g@ghggg&%riépéonem%&ibyg% fobibk1fleuhOGng aRgH! € of

wor ki ng at ecause the ature reaching the intrinsic

regi on qu,hhl‘?icﬁ’%%f&ﬂab%as%%ﬁﬂ%ﬁﬂa Ydwof thah thid GHNBE eleb@bRSufply RGP kgyrdakut a no
But suri gaku (Jo) (Physics of Sem conductors (First Volune)), pages 5 to

10) . For exanSubsequettiNla pdtkofihy @Ontastiserl40C apabtBedfanday it ioredesde BpMNOV 2005
33 band gap higher than that of a @GN, -xAsx m xed crystal |ayer can

const i t ut $chatthpumetioo-tysegsé slgctradect08af pumdvided. e @abthe sudper aftthonoméctt he
device at a higher tenperature. Accordingly, a heterojunction structure -
conpri silayer 40Caghainmg imbodusidesyafithe rdcassed panhd 14 anBirhigysenrcoeld@Ropad@ ni xed
crystal layer is advantageous in that an environnment-resistant Hall device
capabl e 3 agltinpectpdn 4a¢ ars fgrmed ippemat gt dke TRAFBd €bnst ruct ed.

Particul arl
articutarly, For example, a GaN;.xPx mixed crystal layer stacked on the boron phosphide

(BP) or BP-base mixed crystal can be used as a magnetic induction part of a Hall device.
Particularly, for example, a GaN.xPx mixed crystal layer, which is not an indirect
transition type but a direct transition type, can be used as a magnetic sensing layer of a
Hall device. Depending on the phosphorus composition ratio, the GaN,.xPx mixed
crystal layer can have a larger band gap than any one of indium antimonide (InSb, band -
gap = 0.18 eV), indium arsenide (InAs, band gap = 0.36 eV) and gallium arsenide (GaAs,
band gap = 1.43 eV) (with respect to the value of the band gap at room temperature; refer
to III-V Zoku Kagobutsu Handotai (Group III-V Compound Semiconductors), page 150)
each constituting a magnetic sensing layer of conventional Hall devices (refer to Appl.
Phys. Lett., 60 (1992)). A semiconductor material having a large band gap is
advantageous for constructing 2 Hall device capable of working at high temperatures
because the temperature reaching the intrinsic region of the electrical conductivity is
higher (refer to Semikondakuta no Butsurigaku (Jo) (Physics of Semiconductors (First

Volume)), pages 5 to 10). For example, a GaN,;.xPx mixed crystal capable of having a



the direct transition-type n-type GN, -xPx m xed crystal |ayer

| attice-matched to the BP | ayer or BP-base m xed crystal |ayer can realize
a more inproved el ectron nobility and, therefore, can contribut@ JN)V o8,
production of an environment-resistant Hall device having high sen3|t|V|ty
and which is capable of acting at high tenperatures. The Hall device
according to the present invention is ifnstructed froma substrate and a
stacked | ayer structure containing, exanple, a buffer layer and a
magnetic sensing layer. Fig. 5 1is a cross-sectional view show ng an exanple
of the shasdiean highesthandhayefiaEaNs. &Asqudﬁfhﬂaiéﬁ%fﬂéﬁﬁ@?ﬁ“ﬂﬁfé@@Q%ﬂc Hal |

devi ce according to the present invention. For the substrate 501, a single

crystal ¥O¥REAACEPL MO creblsppppiation of fhejdeyice aka Eﬂf&éte(rrs?eeatures used. The

f t buff | 502 ded th duct 501
onat r uorGringle A pg oA e uhite LR BRUTE AN PR et R "o | oo
t t Th d .bu t t |
Lol o P Fuey OERPIRSRSigtl LGl RSN 3 ﬁmﬁ'&fs&sﬁgin i Pt %%mafmea i at ur o

i gher Pl bRt of%%tmg%%? h s wgﬁg@&&g@&@g SAERY N8k YRR, 504 1S

conpose I ng poi n ékagonal
h- GaN: > I i ft heonduct or
Bovr sy e B0l SR b LBACANRL CRRRLE G008 L 0o, 98P

phosphi dgyd-BP)BH-BRleth38d RRIsRH fa?chQQn Eaﬁﬁ@i ﬁforé ﬁnpr’d@é‘&j@ltc@!rorpﬁ'}%%ilﬁy afi@i ron

(Qutline of sem conduct or "Devi ces), page 28), or galliumnitride phosphi de

( GaN, - X RKerefdr&<dah.conftbub@nat | Eﬁocﬁt@ﬂ&h Bfad éefonhdht-r&isatt ol deviceROmed of a
material |less lattice-m smatched or even |l attice-matched to the underlying

| ayer (tHigh sensaodtychndudiiiel id capeble o Acting dthéglsteagiceduteayer structure system
of Fig. 5). The absolute value (A unit is % of the lattice m smatch can
be cal cul at ed Theoldall Hevitat¢docding dmStegmesen( inaontiaf istchastoumtet frgmragubstyate  and:
the lattice constant (=a) of the deposited |ayer according 2 3 NOV 2005 34~
to the faoflasidakgd layensiracturg congaiming,(far examplaci julbe 19yes andtatmwem smat ch

bet ween t he CUbIC @GN (a=0.4510 nm .and the BP single stal (a0=0.4538-

nm is cRNynlayes g m%mé%ﬁmﬂgnﬂr@e%amva%@nﬁé @rp.l%?f Bstackeshlayst ut i ng

the mORGLLE, SEIShO% LR Rhronhih PULSH VRN LT L Sk e 3Bl FI O 9.

invention. For the substrate 501, a single crystal such as silicon, sapphire or silicon
carbide (5iC) 1s used. The first buffer layer 502 provided on the single crystal
semiconductor 501 is constructed from, for example, an amorphous n-type BP layer
grown at a low temperature. The second buffer layer 503 is constructed from, for
example, a silicon (Si)-doped n-type BP single crystal layer grown at a temperature higher
than the first buffer layer 502. The magnetic sensing layer 504 is composed of, for
example, gallium nitride (GaN) (melting point of hexagonal h-GaN: >1,700°C (refer to
Handotai Debaisu Gairon (Outline of semiconductor Devices), page 28)) having a high
melting point similarly to boron phosphide (BP) (melting point=3,000°C (refer to
Handotai Debaisu Gairon (Outline of semiconductor Devices), page 28), or gallium nitride
phosphide (GaN; xPx: 0<X<1). The magnetic sensing layer 504 is suitably composed of
a material less lattice-mismatched or even lattice-matched to the underlying layer (the
second buffer layer 503 in the stacked layer structure system of Fig. 5). The absolute
value (A: unit is %) of the lattice mismatch can be calculated from the lattice constant

(=ag) of the underlying layer and the lattice constant (=a) of the deposited layer according



the major part being anmorphous in the as-grown state described in this
construction exanple, has an action of relaxing the lattice msmatch
contributes to the further inprovenent of the crystallinity of ﬂﬁ

| ayer. The lattice constant of GaNP having a nitrogen conpositi on ratl o of
0.03 is 0.4538 nm and this is in agreenent with the [attice constant of
the BP single crystal. The magnetic senS| ng | ayer conposed of such a

| atti ce-mat ched material gives a high- 4qual ity crystal |layer reduced in the
density of crystal defects such as msfit dislocation attributable to the
| atti ce witkerfllowing\éwronda:ngl y, a hi gher electron nobility can be realized
and, in turn, a high-sensitivity Hall device having excell ent heat

resi stance canhb®%) lfoowbdelk100n t he surface of a phosphorus (P)-doped n-type
Si single crystal substrate 501 having a plane directign of (100), the

fol | owi ng_ gr owkhr lattirermiseaichsegienit thaicpbic Sdtlasd; 45 1pem)and ips BP shglean

t h MOCVD et hod t hyl b
((C215) SEy5pH Bt 348 TUPHB)3Rh bk o4 R LIS o LRl TSR ART (1) a first

' ETEELes%’é%rﬁgéfh%ﬁa%etfﬁ@ wg&ﬁ«?ﬁr" b Tyt e @bra%’lager%aoé\#%sg ol

t enper at r| si.p an n-type
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Cm' 3, ar\%p%\/ﬁ%@%@hf% bl zlnit% oPthea)y gb&tla@e‘i‘o cnR/V-s at room tenperature.

Subsequently, the nagnetic senhsing lI'ayer” 504 is subjected to a nesa

formation propgsatkY cBhasmofalaNP Rovikish ﬂﬁrc%cﬁ'%bﬁx@ﬂ@itbﬁiﬁ)d S MODs
(Ar)/ hydrogen (H2) system At 2 3 NOV 2005 the four edge parts of the

magnet i @.4838simgandadiris ddgrebiet wigthme Nattibavomsgnaoct theBP singleeryst4ls a. _
magneti c sensing part (Hall cross part), an ohmi c el ectrode conprising, for
exanpl e,Thegn$g116(iAﬁ¢nsdrrg hlr_srewcu)mpdsm} of wcpmdvﬁtidednatﬁre@lnnstmihl givesomigighuct i on, an
environnment - resistant high-sensitivity Hall device having a product

sensi t i AveltysTygpldayerreduge/imile deasity stalgrdects sah asgnﬁ‘gbélﬁ@é@non

attributable to the lattice mismatch. Accordingly, a higher electron mobility can be
realized and, in turn, a high-sensitivity Hall device having excellent heat resistance can be
provided. On the surface of a phosphorus (P)-doped n-type Si single crystal substrate
501 having a plane direction of (100), the following growth layers are sequentially stacked,
for example, by an atmospheric pressure MOCVD method using a triethylborane
((C;Hs)3B)/phosphine (PH3)/ammonia (NH3)/hydrogen (H;) system:

(1) a first buffer layer 502 comprising an undoped n-type BP layer having a -
layer thickness (=d) of about 7 nm and a band gap of about 3.1 eV at room temperature;

(2) a second buffer layer 503 (d=0.7 um) comprising an n-type BP layer
having a carrier concentration (=n) of about 6x10'° cm™ and a band gap of about 3.0 eV at
room temperature; and

(3) a magnetic sensing layer 504 comprising cubic n-type GaNg 97Po 03
having d=0.1 um, n=2x10"° cm”, and an electron mobility of about 850 cm?/V-s at room
temperature.

Subsequently, the magnetic sensing layer 504 is subjected to a mesa formation

process by plasma etching using a methane (CHa)/argon (Ar)/hydrogen (H;) system. At



The boron phosphide (BP) according to the present invention has a | arge band
gap in excess of the band gap of conventional techniques and, therefore, a
BP-base m xed <crystal having a conventionally unknown | arge bﬁ%ﬁ#@%@ an be
constructed fromthe BP of the present invention. Accordingly, ggree
of freedomin constructing a heterojunction structure with other

sem conduct or | ayers having a different band gap can- be expanded, and

vari ous heterojunction structures can B realized. For exanple, a
conventional BP having a small band gap (band gap: 2 eV) cannot construct a

het er oj Uﬂl@tfb&rbcﬁg%?dﬁk @fﬁaeqﬂ@%l%kie ssifRYer ST RhRATEMEM, BAVIRE R s shape,
GaNO. 97Pa. 03 (band gap: 3 e lattice-matched to the BP. t he ot her hand,

fromt heasJ_BaDmagﬁ@rdﬂeﬁgngtpamﬁanrcaﬁse@ﬁn), laf\6@RtiE eRctrbde &aﬁgﬂisﬁﬂ%&bs eBmhflavi ng a
band gap in excess of eV, a barrier layer for GaNo.97P0.03 can be forned

and, thegsiigaR) ofad Autallog-ispiosived. hEi®h eliding tomyirustioniciheneiros@pabl e of
exerting a carrier "confinenent" effect can be constructed. As descri bed
above, swmsistaat higheseositingy Hahl detvicadiaving al roéddteendiveity of abfouail 5imy/mA-T

envi ronnment -resi stant heterojunction device such as a TEGFET and Hal

devi ce. atmoemTEGEERiureseproBedr a BP-base mi xed crystal having a | arge band
gap according to the present invention is used as the buffer layer, the

| eakage of gat €hebemoamhospiidoBNaceprdingdelthe presortrineentigndas ehwgepare, a
TEGFET havi ng excel | ent transconductance (gn) can be produced. In a Hal

devi ce, 2aRHBEXERRS 0b e and gepaf cpaveabippddechniquespad ghersforpm BRRaseinied

crystal having a |large band , gap specified in the present inventio t he
| eakage G¥SelEvag ?1@grstfmlemﬂyc%fﬁﬂsgmﬁ%r@e@ﬁfl%aap gebe ﬁ‘?@“ﬁ?‘ﬁa;ﬁa’é‘%‘h&:bpef fect

f i di [.I devi which h hi,gh itivity. Th
o POV Al e AR NS REPRITo SIS ML TS,
in the %e?éS@%cli?%&?&étR% Vgi"ﬁpo{h%fagénﬁgor?dulc?orrqa;er?ﬁ%qngg%iftfé}gﬂt Ba%d%?g‘ég 1ti onal_
t echni ques, (0] a a eter (0] unction struc re avrng a conven nal | Yy

unknown Beaé)%rﬁn@éﬂ%@%ﬁ&s ifeddtofBiclorstNMirdPEm FOreafit &AL Gt Wkddplkas | OUS

sem conduct | ayers. The heterojunction structure using a sem conductor .

| ayer camaoesibmf BPhRvER Qﬁmﬂ%ﬁﬂﬁgﬁtpr(b%ﬁﬁgﬁ:ﬂsé\aﬂ ca®BeCdonk@gktian t he present

invention is a heterojunction structure having a | arge band di scontinuity as
descri bettterafpovdomsttuditiercapaie of easntifea davirh ke ffgeamsGyNysPeh; dBard dapt Bi er
| ayer, in particular. EXAMPLES
eV) lattice-matched to the BP.  On the other hand, from the BP according to the present
invention, in particular, BP having a band gap in excess of 3 eV, a barrier layer for
GaNjy ¢7Po03 can be formed and, therefore, a lattice-matched heterojunction structure
capable of exerting a carrier “confinement” effect can be constructed. As described
above, such a heterojunction structure is effective in obtaining an environment-resistant
heterojunction device such as a TEGFET and Hall device. Ina TEGFET, when BP or a -
BP-base mixed crystal having a large band gap according to the present invention is used
as the buffer layer, the leakage of gate current can be particularly prevented and, therefore,
a TEGFET having excellent transconductance (gm) can be produced. In a Hall device,
when the buffer layer is composed of the BP or BP-base mixed crystal having a large band
gap specified in the present invention, the leakage of operating current can be prevented
and this provides an effect of providing a Hall device which has high product sensitivity.
The semiconductor layer composed of the BP or BP-base mixed crystal specified

in the present invention can realize a larger band gap than in conventional techniques, so

that a heterojunction structure having a conventionally unknown large band-offset can be



(Exanple 1) In Exanple 1, the present invention is described in detail by
referring to a Goup |1l nitride sem conductor LED using the B

sem conductor |ayer of the present invention. Fig. 6 schenatlca yﬁgﬂ@&s a
cross sectional structure of the pn junction type LED 60 of Exanple 1. The
stacked | ayer structure 61 for use in LED 60 was constructed using a boron
(B)-doped p-type Si single crystal having a (111) plane as the substrate
601. The | ow tenperature buffer |ayer36602 on the substrate 601 was conposed
of boron phosphide (BP) wth the main part bei ng anorphous in the as-grown
state. ThedPwitherpouaidmieodlickiNaydrly erhedidierofmcbP¥iuckire38MHg DY an

at nospheric pressure MOCVD nethod using a triethyl borane

( ( C2H5) 3Bniqundapir eyet BbiRpodedaf ogeBP CHBP-I8is heiked diystal speeifictihin clengssenof  t he
| ow-t enperature buffer |layer 602 was about 12 nm Using the above-descri bed
MOCVD v apamtiohds e hgteowt:hetivet sumdturahavagge sar gerbardbgiscbnpintiitpes @RRctibger was
stacked at 950C as a lower clad |layer 603 on the surface of the

| ow t enpbpwt andthordfbr chraheadvabRgedisty wedre 9ihamietdpyargingadiaéarused was bi s-
cycl opent adi enyl magnesi um (bi s- (C5H5) 2My). The carrier concentration of the
| ower clad | ayer 603 was about 7x1018 cm 3 and the | ayer thickness was
about 0.8 m Fig. 7 shows the wavel ength dependency of the refractive index
and the extinction coefficient atﬁﬁggﬁf erature of the BP | ayer

constit %% %P% | ower clad layer 603. The extinction coefficient (=k)

t ends t $! y increase in the shorter wavel ength side to nore than

more i nthe BIPRP R bCRERYERare Crst Skl STRESy IfskBEi TR YRR ana

about 5. N e B g BE Y, Sribn it 1A By ARt ntBRiGHT 745,
nm a=3.548 Méh@m‘ﬁﬂ@alﬂylﬁlgws@ &oss%eéthtFJl%urero? gt HOf3Blih E‘m‘&t) be- -

i magi nary nunber part® of the conplex dielectric constant e2=2nk
deter m mgdmpased on the values of n and k (refer to Ill-V Zoku Kagobutsu
Handotai (G oup I11-V Conpound Sem conductors), pages 168 to 171) and on the
phot on ener gyl'heAsadkhé plosteucteeel dyr ckedn IR 80 vadieohdrucaddusimdecb@ases. The
phot on ener gy
(B)-doped p-type Si single crystal having a (111) plane as the substrate 601. The low-
temperature buffer layer 602 on the substrate 601 was composed of boron phosphide (BP)
with the main part being amorphous in the as-grown state. The low-temperature buffer
layer 602 was grown at 350°C by an atmospheric pressure MOCVD method using a
triethylborane ((C;Hs)3:B)/phosphine (PHs)/hydrogen (Hs) system. The layer thickness of
the low-temperature buffer layer 602 was about 12 nm.

Using the above-described MOCVD vapor phase growth method, a magnesium- B
doped p-type BP layer was stacked at 950°C as a lower clad layer 603 on the surface of
the low-temperature buffer layer 602. The magnesium doping source used was bis-
cyclopentadienyl magnesium (bis-(CsHs);Mg). The carrier concentration of the lower
clad layer 603 was about 7x10'® cm™ and the layer thickness was about 0.8 pm.

Fig. 7 shows the wavelength dependency of the refractive index and the
extinction coefficient at room temperature of the BP layer constituting the lower clad layer
603.  The extinction coefficient (=k) tends to abruptly increase in the shorter wavelength

side to more than about 450 nm and also, the refractive index (=n) tends to increase even

more in the shorter wavelength side. For example, the refractive index and the extinction



determ ned fromthe intercept of e2 values was about 3.1 eV. This reveals
that the room tenperature band gap of the boron phosphi de (BP) crystal
constituting the lower clad layer 603 is about 3.1 eV. On the BP2I3c1w.vrmgﬁl ad
| ayer 603 having a roomtenperature band gap of about 3_1 eV, a

magnesi um doped p-type galliumnitride phosphide (GaNo.97Po. 03) | ayer having
a phosphorus (P) conposition ratio of _0.03 and which lattice-matches the
boron phosphide (BP) was stacked as thé light-emtting | ayer 604. The
difference in the band gap between the BP constituting the |ower clad | ayer
603 and tdesfitiegthet-aemiteldngth dB4dY nr rappahout érlﬁemdtaboet (hoeRP, gapectivedy, eV)

conpri sing GaNo. 97PQ 43 was about 0.2 eV. The light- emtting |ayer 604
conpr i si wherabitn Cardenpof 380 was agd GMinvish k@@@@‘gy B &shayspheric pressure
MOCVD met hod using a trinethylgallium ((CH3)3&)/ PH3/ H2 system The carrier
concent r Elatwaslip betisedn; theimeginaryinygnbeapait ob e sRaplaphdigiecsicioonstadim 3 and t he

I hi ck

R O R NN R A A
th d | Th | ad | 50C b
s L T u%or%{ B i,
latti t tt | d th

L R B g BLAAN e BA RB, S BeR
|30t 0¢ AfaNTh AN offirb Mcld i STkl 04, Lauss P09, TR APAR ol 8 shayer 605

was conpose ving a room ténperature band ga about

3.1 eV, éhx?\i}a@lﬁretb%nag bpm%rbo% oegﬁf)ﬁ% Bfis)érysﬂ;hsorfsﬁwtf grth&m&-‘e@maaq&ye?n of
t he upper | ayer 5 was about x10 4 cnm"3 emtting part 606

of a pn ¢ogglaben-3.yp®. doubl e hetero (DH) jUI’ICtI on structure was 2 3 NOV 2005
38 constructed fromthe |ower clad | ayer 603, the upper clad | ayer 605,
each conpri si nQnahdBP iseei dadhyet 603 haNeE a koo gnperirarcbapdzapiof abou.B. 1 eV,
and the GaN4.9-7P0.03 light-emtting |ayer 604. On the upper clad | ayer

605, a ceN, reembgrtisfunuslioped p-ayper gabldyn adnide iphosphide- (Gade Bl o) hawerr hgviaglband gap
of about 3.1 eV was stacked. The Si-doped BP |ayer constituting the current
di f f usi crhosplyasps Grompesiiopvatiae! 068 endywhieh attivegpiiehisch e phespdivD

(BP) was stacked as the light-emitting layer 604. The difference in the band gap between
the BP constituting the lower clad layer 603 and the light-emitting layer (room
temperature band gap: 2.9 eV) comprising GaNg g7Pg03 Was about 0.2 eV. The light-
emitting layer 604 comprising cubic GaNg¢7Pg 03 was grown at 950°C by an atmospheric
pressure MOCVD method using a trimethylgallium ((CH3)3Ga)/PHs/H; system. The
carrier concentration of the light-emitting layer 604 was about 3x10"’ cm and the layer
thickness was about 0.3 um. -
On the light-emitting layer 604, n-type boron phosphide (BP) having a layer
thickness of about 0.3 um was stacked as the upper clad layer 605. The upper clad layer
605 was grown at 950°C by an atmospheric pressure MOCVD method using a
(C;Hs)3B/PHa/H; system. The lattice constant of the light-emitting layer 605 was 0.4538
nm and the lattice constant of the upper clad layer 605 was in agreement with the lattice
constant of the light-emitting layer 604. The upper clad layer 605 was composed of a BP
crystal having a room temperature band gap of about 3.1 eV, similar to the lower clad
layer 603. The carrier concentration of the upper clad layer 605 was about 2x10"% cm”.

A light-emitting part 606 of a pn junction-type double hetero (DH) junction structure was



met hod using a (C2H5) 3B/ PH3/ H2 system The |ayer thickness of the current
diffusion |ayer 607 was about 50 nm and the carrier concentration was about
8x10'8 cnt'3. On the back surface of the p-type Si single crystal SUubROY 20§
601, a p-type ohmic electrode 609 conprising alumnum (Al) was forned. At
the center on the surface of the current diffusion |ayer 607, an n-type
ohm c el ectrode 608 conprising an AuGe _all oy was disposed. The di anet er of
the n-type ohm c el ectrode 608 was abéBt 130 m Thereafter, the Si si ngl e
crystal as the substrate 601 was cut in the directions paral | el and

per pendicondtarcteddrdrhehd RE) chidrlewdricfa, the upperrolanlay&HOSheqhG@mpaisingge BP si de

| ength of about 300 p.m A forward driving current was passed between both
ohni ¢ ekentocodesod@gerarastings0Bandogapriftabbutght eV deGadhtsRoos liglgemitting
characteristics (I-V characteristics) exhibited normal rectification

char act éavies604€s based on a good pn junction property of the light- enmtting
part 606. The forward voltage éﬂo called Vf) calculated fromthe |-V
charact eri sti €9 thagpagiotied Byaer &0 ﬁ@r‘mlﬁtdilﬁfwlp@ILFtYCf-‘S@'OCQﬁAB’“SITF&é tyes/BP se

| bout 10_V ( f d
oper ot oA an £8p OBeAAS.1 B HaSFIEGREL ooy PER A R TETEHGETS! about
430 Led, Thechal f_ band f th bout
23 i PHETLRS e O 1 g%@«%%ﬂ GBangupaene ﬁﬂeasiﬁrzé%éﬁ?%saa >

| t t {t BP b
ompount S LS AFEEEHNEG RIOH! o e Thit BURGS: orthe clBbafuilin
i d 18] g - bed
et ai | byet SRR fodth s kAT B Sefor SR GRGT ek AR EI0 e OSZCLLV?ng' the
boron phosphi @ﬁ.htﬁgg}lcﬂ QMFa c%Pﬁfé'ﬂ&ﬁnggl ?h&ecr QISS%'BEH&HE BM?'H&?& Idﬁ'xrﬂ 9

schematically s Cross secti uct re of the pn ju on-type

di ode 9@ieafrodeRidingt 1511%11311@11%91%@}19%% fePalediop&dthecéme@oﬁthc%um&@oﬁhystal

substrate 901 having a pl ane, a |owtenperature crystal |ayer 902-1
conpos egurddnt BOAF@iorgRlyEd 607, ah astpphe demid BXtRide 6Bl corprisingeliety-Ge afloQwaby a

reduced pressure MOCVD nethod using a diborane (B2H6) 1(CH3)3Ga/ H2 system
The bor dnp¢dsy. cdhpdsantatarofithé haypesohmivasectetie 668 was about 130 um.

Thereafter, the Si single crystal as the substrate 601 was cut in the directions parallel and

perpendicular to the [211] direction to form an LED chip 60 having a side length of about

300 pum.

A forward driving current was passed between both ohmic electrodes 608 and

609 to emit light. The current-voltage characteristics (I-V characteristics) exhibited

normal rectification characteristics based on a good pn junction property of the light-

emitting part 606. The forward voltage (so-called V) calculated from the I-V -

characteristics was about 3.1 V (forward current = 20 mA). The reverse voltage was

about 10 V (reverse current = 5 pA). On passing a forward operating current of 20 mA,

blue light having a center wavelength of about 430 nm was emitted. The half bandwidth

of the emission spectrum was about 23 nm. The light emission intensity in a chip state

measured using a general integrating sphere was about 14 microwatts (uW). Thus, a BP-

base compound semiconductor LED having high light emission intensity was provided.

(Example 2)

[n Example 2, the present invention is described in detail by referring to a pn



0.02 so as to attain lattice-matching to the Si single crystal (lattice
constant = 0.5431 nm. The lowtenperature crystal |ayer 902-1 was grown
under reduced pressure of about 1.3x104 pascals (Pa). The Iayer;ﬁsrmgl? Ss
of the lowtenperature crystal |ayer 902-1 was about 4 rim Weh observed
by a sectional TEM nethod, in the B0.02Gao. 08P | owtenperature crystal

| ayer 902-1 in the as-grown state, the_upper region, fromthe junction
surface with the Si single crystal suBbtrate 901 to about 1 nm changed to
a single crystal. Between the Bo.02Ga0.98P | owtenperature crystal |ayer
902- 1 anphntlien-nypeydiedeShavingidle docorysiicaphids (BBY lag¢respdificd o thegetseng was
observed and good adhesi on was nmi ntai ned. The upper part of the

| ow t enpewvattiore drigs? sthemayiealYOO@ws avasssrerctningl stonpased tof pajunaton-pipeus
material. On the BO.02Gaa. 98P | owtenperature crystal |ayer 902-1, an

Si - dopeddinde Ppef ERg@ale 2XP hi gh-t enperature crystal |ayer 902-2, where a
conposi tional gradient' was inparted to the boron conposition (:Xﬁal was
stacked at 950@nphagPhases dhlaped aslype Betingle gty sphsrsq Y@l Moanga (Edet i on
system The baron (B) conposition ratio was |inearly increased fromO0.02 to
1.0 in tMangizlewrieBwesture SEYSE g 9Pl cempssectef hasgn BRIGHM PRAsERIdS: ur e

ﬁérynié?!d &E@ﬁa{lgﬁ %ééswg%gﬂealg%ﬂpﬁ b%%?é@eﬁ%@%ﬁ%ﬁébﬁé{r&%@%g@ﬁégFa(y?? 002-2
. i Thi : i XP
ﬁ?cEalmé%&?wgs??éaﬁhi&ﬁﬁﬁ%%aﬁiﬁ%%%é DA o s ity 80 PAT by a8
const r uct 2 20 BB BRBM O8N0 O et fryd P A REUAS AT BN
about 3-%@1‘6@&&;@9&% AL HrD02TNEa$ SlddePRAbicd! %:g&ﬁ:’?& oPibdypron (B)

was inparted by unifornmy increasing the anmount of diborane supplied to the

MOCVD  reagif‘onssisStmmn OYRE la%\[EfT@li@{'ﬁgssQﬁ thidlohOfeii per ety @o&hNdydimanuant of
trimethylgailium supplied. The | ayer thickness was about 0.4 m During the

growt h afbouhe nar.t ype: hi gh- tenperature crystal |ayer 902-2, the pressure in
the reaction systemwas set to about 1.3x104 Pa. During the growth of the
hi gh-t enper at uWheBo@edrvedb e a et minal Bk mehad An thaBh.nbyaassfriadi-temperature he
boron conposition (X=0.02 - 1.0), Si was doped using a disilane

crystal layer 902-1 in the as—grown state, the upper region, from the junction surface with

the Si single crystal substrate 901 to about 1 nm, changed to a single crystal. Between

the Bgg2Gag 9sP low-temperature crystal layer 902-1 and the n-type Si single crystal

substrate 901, no peeling was observed and good adhesion was maintained. The upper

part of the low-temperature crystal layer 902-1 was mainly composed of an amorphous

material.

On the Bo¢2Gag.esP low-temperature crystal layer 902-1, an Si-doped n-type -

BxGa,;.xP high-temperature crystal layer 902-2, where a compositional gradient was

imparted to the boron composition (=X), was stacked at 950°C using the above-described

reduced pressure MOCVD reaction system. The boron (B) composition ratio was

linearly increased from 0.02 to 1.0 in the direction of increasing thickness of the high-

temperature crystal layer 902-2. Namely, by imparting a gradient to the boron (B)

composition, the surface of the n-type high-temperature crystal layer 902-2 was made to

be a boron phosphide (BP) layer. This n-type BxGa,.xP layer which was imparted with a

compositional gradient (X=0.02 — 1.0) was a crystal layer having a band gap of nearly

3.0 eV because the layer was constructed based on a BP crystal having a band gap of



(S 2H6) -H2 m xed gas. The carrier concentration was set to about Ix 1018
cn'3. According to the X-ray diffraction analysis, the n-type

hi gh-tenperature crystal layer 902- 2 was confirned to be a cubic gmtm'ﬁP
(X=0.02 - 1.0) crystal layer having a (111) orientation. After ta
conpletion of |ayer formation of the BxGal xP conpositional gradient |ayer
as the n-type high-tenperature crystal |ayer 902-2, the majority of the
anor phous material inside the BO.02Gag 98P | owtenperature crystal |ayer
902-1 changed into a single crystal due to the single crystal |ayer present

R e
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hai 19 SCSATRRSH DB crld Lo TR IR Lot e ShRBhPoPE B gRER! 2

layer 90g,bRsi. CONM laY&lBRKhEQM A HoU) & mnﬁyemurg%%gﬁtgmth &f tht hq%ce high-

la
above-descri bed Iow?errperature crystal | ayer 1 and high-te ture

crystal temp¥Rturd@eystal 1592r HOR-2NtHelREsshiedn theREHG YsRne wMs b@lto kBy@r 902- 2, an
n-type boron phosphide” (BP) layer 903 was joi ned by a reduced pressure

MOCVD net. hor)* i n@iaing2h gRINah K2 theshigh eempddfur BxGagyBEQstah 1:98r otE2n-t ype BP
| ayer 903, Si was doped using an Si2H6-H2 m xed gas. The carrier
concent rlavingm gfadieheimtht ppeorBnh@ysaionq0E-0Es—ah 0y tH iR idbpedudng arisilbhe | ayer

t hi ckness was about 0.3 m The n-type |ayer 903 was corrpo%ed 9f a BP

cryst al (hatshyl:anisahdayaplhef caaies qongenirabivn atas seidmabewntplerldt vere”. 2 3 NOV 2005
41 On the n-type BP | ayer 903, a lo-ty e BP layer 904 was stacked at 950'C
by a reddecorlipg & e radiiaeHansg ﬁ@i&@rhtmzhafﬁqmmzatgwwl Iyea 982t ype BP

| ayer 904 was .constructed froma nesium )-doped BP |l ayer_ having a
band gap ¥#S ebirmeddo c@\?Pbrﬁ%x%-%ﬁ%&%ﬁui-&%@'ﬁ%gﬁavmga(113

bi s-cycl Oﬁep adi enyl -My (bis-(CoH5)2My). Although the p-typt |ayer 904 was
a wide B4 Bai)‘ﬁB' seni conductor, since the layer was conmposed of BP as a zinc

o e, o1 o B Mol A PR R A e P s o

the p-t YBfer as the n-type high-temperature crystal layer 902-2, the majority of the amorphous
material inside the By g2Gag osP low-temperature crystal layer 902-1 changed into a single
crystal due to the single crystal layer present in the boundary region with the Si single
crystal substrate 901 in the as-grown state.  Also, since the n-type BxGa;.xP (X=0.02 —
0.1) high-temperature crystal layer 902-2 was provided on the low-temperature crystal
layer 901-1 comprising Bo.g2GagegP (lattice constant = 0.5431 nm) having a composition
lattice-matched to fhe Si single crystal substrate 901, a continuous layer which does not
separate was formed. The buffer layer 902 was constructed from a double layef structure
of the above-described low-temperature crystal layer 902-1 and high-temperature crystal
layer 902-2.

On the n-type high-temperature crystal layer 902-2, an n-type boron phosphide

(BP) layer 903 was joined by a reduced pressure MOCVD method using a BoHe/PH3/Hz
system. During the growth of the n-type BP layer 903, Si was doped using an Si>He-Ha
mixed gas. The carrier concentration of the n-type BP layer 903 was about 5x10'7 cm™
and the layer thickness was about 0.3 um. The n-type layer 903 was composed of a BP

crystal having a band gap of about 3.0 eV at room temperature.



| ayer 904 was about 0.2 Rm A pn junction structure was constructed fromthe
above- described n-type BP layer 903 and n-type BP |l ayer 904. On the back
surface of the n-type Si single crystal substrate 901, an n-type pyﬂnﬁzmﬁ

el ectrode 906 conprising alumnum (A) was fornmed. At the center on the
surface of the p-type BP layer 904, a p-type ohm c el ectrode 905 conpri sing
gold (Au) was disposed. The dianeter of the p-type ohm c el ectrode 905 was
about 110 [Lm Thereafter, the Si singlle crystal as the substrate 901 was
cut in the directions parallel and perpendicular to the [2111 direction to

form a di ode 9QChieh-Kp¥iBWIageSIEHE alpanpd BPahy 20Uty 330ackEd 3t 9 tsywar d

current was passed bet'ween both ohm c el ectrodes 905 and 906 and measur ed.

Fig. 10 shqwed bhasteMOUVD ehdirtiusidad BAUSPHSH,G9stehr V THRY-689E BH Ryécs) . The
pn junction-type BP diode of Exanple 2 exhibited nornmal rectification

char act er08 twas SofstRictdDfram@oDagieRiumi(M)-06pddr BP &1yiey havihg albené g o shouige was
about 15 V (reverse current 10 uA). Thus, a conpound sem conductor pn

Junct i on-3tG/pe. dTbeldhdoping saurhe gsed vasdrdkdpsiopamadiergd Mg sbip(Ovilggdg). ( Exanpl e
3) In Exanple 3, the present invention is described in detail by referring
t o an nprlthjougk thegrtipedeydrélOd rvmshi ywidk dand gapnsdmsicondyckBT3inbatherigyedr iveas BP- base
m xed crystal containing boron phosphide (13P) of the present invention.
Fig. 11 icomposrdrdrii pxa gimetblendalcrxstabandhad 8 hew igivic PRGN oreneyiyetNeBITED of
Exanpl e 3. On a phosphorus (P)-doped nitype Si_ single crystal substrate 101
havi ng a cPaEOiragoBcaytsy b mapsle 40 abyit 0~ £ ow Hresnigrerahickacss ot 1l pitger 102

d, of |1 h hi de (BxGaE XP tacked 350C b
Feduced. s b andbas e ifo Ahh GcHOR S P TS SRRy Ryt ARy ot om
The b B L i =X 0.02 t ttai
acti e AetaheRgvee BRaB Do aihs BRIEO0Y | ce constant = 05431 nm.
The | t . f
about 1. ox 104 e SR pEface B Re o Hpe SO B AR USRS ' -
but fer | aefrodddodBsinpalRy bk AR iNBrB0: 02R0he LBRiek BHARCHRRERBHIR

buf fer layer 102, respectTve functional |ayers
p-type BP layer 904, a p-type ohmic electrode 905 comprising gold (Au) was disposed.

The diameter of the p-type ohmic electrode 905 was about 110 pm. Thereafter, the Si
single crystal as the substrate 901 was cut in the directions parallel and perpendicular to
the [211] direction to form a diode 90 chip having a side length of about 350 pm.

A forward current was paésed between both ohmic electrodes 905 and 906 and
measured. Fig. 10 shows the current-voltage characteristics (I-V characteristics). The
pn junction-type BP diode of Example 2 exhibited normal rectification characteristics due
to a good pn junction property. The reverse voltage was about 15 V (reverse current =
10 pA). Thus, a compound semiconductor pn junction-type diode having a high

breakdown voltage was provided.

(Example 3)

In Example 3, the present invention is described in detail by referring to an npn
junction-type hetero bipolar transistor (HBT) having the BP-base mixed crystal containing
boron phosphide (BP) of the present invention. Fig. 11 is a schematic sectional view of
the npn junction-type HBT 10 of Example 3.

On a phosphorus (P)-doped n-type Si single crystal substrate 101 having a (100)



shown bel ow were stacked in sequence by fixing the growth tenperature at
850C, using the above-described reduced pressure MOCVD reaction fgﬁ@& By
setting the carrier- concentration (n (n-type) or p (p-type)) and m

t hi ckness (t) of each of the function I|ayers 103 to 108 as shown bel ow, a
stacked | ayer structure 11 for use in HBT 10 was constructed. (1) A
collector layer 103 (n=9x1017 cm 3, t=0.50 n) conprising an Si doped n-type
BxGal XP conpositional gradient layer 44 th the surface being boron

phosphi de (BP), where the boron conposition ratio (=X) was linearly

I ncr eas gffartd, @MW -18@Apefaurd bAffeOMEEC (2@ pged obbsrbagallfundphdspRideuncti on
interface with the BP | owtenperature buffer |ayer 102. (2) A sub-collector
| ayer 1BxCGanpBpeds sthckid-adGpetT by taypéucB® prastuere MOGCIIX hixtiodousird and t =0. 10
m. (3) An internediate |ayer 105 conposed of cubic Si-doped n-type gallium
ni tride ditGerhhe (Bdth)€CHzRG1MH Systatr3 dfint Hortn () comfos)tioh roas é&=Xnyes sel 66
conposed of magnesi um (M) - doped p-type boron phosphide nitride

( BPO. 97 N®)D ) ahianatiagn bzttbaﬂuatgm@goo thebBisingde etystl (ladiemerrsipy =0.64%, nmiher e
p=3x1019 cm3 and t=0.01 m (5) An emtter l|layer 107 conposed of Si-doped
n-type datel lpwmempprat@ré buffeahyeh i3 was aroyanendghp regucgs prassye of ékzptat room
terrperature Jwere n=4x1018 CM3 and t=0.20 m 2 3 NC%{ZO?S 6) A

cont act I%ii/]é)r PEWI%@%OSEEF yerghickapss P he lpyateaperaturn tutter faysr (@RRHES havi ng
a band %ﬁg {1 about 3.2 eV at roomtenperature, where n=7x1018 cm 3 and
t=0. 10 utrtkbPBaf ter, the stacked Iayer structure 11 for the HBT was

(A ot hgﬁgh( N R R W D
Ut 0ngh kB4 Wend D50 Bk VY 05t DS hAYEE cIBeerYLi e

sub-col I'ec aye he“above- descr I'nterne ayer
the above described reduced pressure MOCVD reaction system. By setting the carrier - -

concentration (n (n-type) or p (p-type)) and the layer thickness (t) of each of the function
layers 103 to 108 as shown below, a stacked layer structure 11 for use in HBT 10 was
constructed.

(1) A collector layer 103 (n=9><1017 cm”, t=0.50 wm) comprising an Si-
doped n-type BxGa,.xP compositional gradient layer with the surface being boron
phosphide (BP), where the boron composition ratio (=X) was linearly increased from 0.02
to 1.0 toward the layer surface from the junction interface with the BP low-temperature
buffer layer 102.

(2) A sub-collector layer 104 composed of Si-doped n-type BP, where -
n=2x10"® cm™ and t=0.10 pm.

(3) An intermediate layer 105 composed of cubic Si-doped n-type gallium
nitride (GaN), where n=3x10'® cm™ and t=0.05 pm.

(4) A base layer 106 composed of magnesium (Mg)-doped p-type boron
phosphide nitride (BPg ¢7Ng.03) having a band gap of about 3 eV at room temperature,
where p=3x10"* em™ and t=0.01 um.

(5) An emitter layer 107 composed of Si-doped n-type gallium nitride
(GaN) having a band gap of about 3.2 ¢V at room temperature, where n=4x 10" cm™ and

1=0.20 um.



able to inhibit the etching of the sub-collector [ayer 104 and, therefore,
provi ded an effect of clearly exposing the surface of the sub-co gqﬁﬂggm

| ayer 104. On the surface of the contact |ayer 108, an emtter 109
conprising a -. gold-germaniumalloy (Au: 97 wt% Ge: 3 Wwt% was di sposed.
The emtter electrode 109 had a square plane shape with a side |ength of
about 110 m On the sub-collector |ayer 104 exposed by etching, a collector
el ectrode 110 sinmilarly conprising an AiGe alloy was di sposed. Respective
el ectrodes 109 and 110 for an n-type layer, which were fixed by a general
vacuum evapor a{éon neaosntassedyer 108 bomipadediof Sadeged anymd gadyumaitaide (628 for 5
m nutes. Thereafter, on the p-type base |ayer 106, a stripe-like base

el ect r odbavidg a bamp g bhigbcut & €V i momateinpyrafuie; wBErewt=T« 101 :cb’ antd=0uids

di sposed by selective patterning using a known photolithography technique.
Then, thembase el ectrode 111 was heat-treated for alloying at 400C for 2

m nutes. Subsequentl|y, cutting into individual sem conductor devices was
performed. Wi T&ergpPey ithfgst%pkvg layggetresturg 15 for (hedHBAIasstapmiiseeiched ot t age)
between the emtter electrode 109 and the collector electrode 110 of the
obt ai nedgdustal Plasanaeisking sugans Heing an prgen gAskmethaae (¢He)/ mulyosrg (Al2h pdrad

o o B 0 AR Rl W o AR AR 18

tant with t..tqg th i i f the. t bout
constant 084 S BRGh o 15 IL EER l HEBER MBI LI B8 o0
t abl i Ei-cati on.: ' ided. 5 A4 4) |
e T S

phot odet&c&&d}%,s%ﬁ,;%ﬁ@ tglplgnlgg&g%tf%ﬂ,)w?{gﬁgr faQ6r ide ul traviol et band, having

the boron ph e (BP) sem conducto ayer specified in the present

invention. FigonkRBe brfaee oI CRCERHAE 158£108) A lemliteVe1 8N NOOtBMpeigigta UCt i ON_
of the photodetecting device 20 of "Exanple 4. On a (0001) (c face) sapphire

subst r at @l@@¢rmeaniuavelicsn(par AU wieh, liief B ert9)aysrdigibied.c oTposailied tlebpodn

phosphi de (BP) was deposited at 380C by an atnospheric pressure
109 had a square plane shape with a side length of about 110 um. On the sub-collector
layer 104 exposed by etching, a collector electrode 110 similarly comprising an Au-Ge
alloy was disposed. Respective electrodes 109 and 110 for an n-type layer, which were
fixed by a general vacuum evaporation means, were then heat-treated for alloying at
420°C for 5 minutes. Thereafter, on the p-type base layer 106, a stripe-like base
electrode 111 comprising a gold-zinc alloy (Au: 95 wt%, Zn: 5 wt%}) was disposed by
selective patterning using a known photolithography technique. Then, the base electrode
111 was heat-treated for alloying at 400°C for 2 minutes. Subsequently, cutting into -
individual semiconductor devices was performed.

While applying a voltage of 2.5 V (so-called collector voltage) between the
emitter electrode 109 and the collector electrode 110 of the obtained HBT, the base
current of the base layer 106 having a sheet resistance of about 360 ©/square was varied in
the range from 0 to 50 microamperes (WA). The DC amplification factor (B=Ice/Vp) was
almost constant with respect to the variation of the base current, and was about 95. Thus,

according to the present invention, an HBT having a high and stable DC amplification

factor is provided.



(al nost at nospheric pressure) MOCVD net hod using a triethyl borane
(C2H5) 3B/ PH3/ H2. system The | ayer thickness of the Iomftenperat%ég By&ﬁgr

| ayer 202 was about 5 nm On the BP | owtenperature buffer |ayer ﬂ, 0
silicon (Si)-doped n-type boron phosphide (BP) active |layer 203 was stacked
at 825C using the above-described ordinary pressure MOCVD neans to
construct a stacked |l ayer structure 21 ,for use in the photodetecting device
20. The active layer 203 was conposed % a BP sem conductor |ayer having a
band gap of about 3.1 eV at roomtenperature. The carrier concentration of
the active Ilayer 203 was about 2x10" cml 3 and the | ayer thickness was about
1.8 m This stacked | ayer structure 21 for the photodetecting device was
subjecté@kﬁﬁﬁﬂ%?hsna etching to circularly etch the center part on the
surface of the active | 203.. The etchin s carried out on a circular

50 on vt np G e ot BRI R b ot
100 m alrr@%%ﬁ%ﬁ“gg@ﬁﬁgﬁ%@%ﬁ?@ it el rﬁ?l%#ﬁfﬂ%ﬁ}ﬁ%ﬂﬁfﬁ?ﬁﬁ@fﬁ un
204, an Dottt (BELECE el P e sBG BEPL PSS Blorkllh: S5 128wt tre of a
Phe " phoroAapa flcBlal di6y SHARIEIHE toldih 48P0 BAORE o BAIEEd B CO0S e

circunf et gnggeqentered at the center of the Schottky electrode 204 and had
a dianmeter of about 220 m In Exanple 4, the BP active |layer 203 was stacked

using the | ow ORRAIO0GLIE Eact) SapiBife 20BrafS20 D UlbRLtemp¥Riturd Baffasiager apader | yi ng
| ayer and, therefore, the active |ayer 203 becanme a good quality crystal

| ayer. Asngposedof borohphositide (BR)rvesstdepositedent BBOYC b aapphyiphgriapressuet se
voltage of -2 V between the ohm c el ectrode 205 and the Schottky el ectrode
204 was (pleiest etnosphendpressure XMIBCTBDMeth@d uiihg aduethgitoramey€LE5gBMHad® . about
400 nm Thus, according to the present invention, a near ultraviolet band
phot odets#giemng dwlpre tg@kmﬁg of thedpwelemparatergrbiutfer lpyeeRd2 peopeaut Y nias '
provi ded. | NDUSTRI AL APPLI CABI LI TY According to the present invention, a -
cormpound? Bisi Bo Hatrdemperaiys befferdayes 3R4s 3 silicer(Uddapedmnt i heer phosgbide gp)

having ?B?’?Q(\:/t?vné lla())fgraidiingsnsktg&c alt gﬁf)g’% LPs?l?gdth%%Bovc-dcscribed ordinary pressure

MOCVD means to construct a stacked layer structure 21 for use in the photodetecting
device 20. The active layer 203 was composed of a BP semiconductor layer having a
band gap of about 3.1 ¢V at room temperature. The carrier concentration of the active
layer 203 was about 2x10'7 cm™ and the layer thickness was about 1.8 um.

This stacked layer structure 21 for the photodetecting device was subjected to
plasma etching to Circularly etch the center part on the surface of the active layer 203. -
The etching was carried out on a circular region having a diameter of about 120 um and
the etching depth was about 0.1 um. In this region, a Schottky electrode 204 having a
diameter of about 100 pum and comprising a three-layer structure of titanium (Ti)/platinum
(Pt)/gold (Au) was formed. In the outer periphery of the Schottky electrode 204, an
annular ohmic electrode 205 comprising a three-layer structure of a gold-germanium alloy
(Au-Ge)/nickel (Ni)/gold (Au) was disposed to construct the photodetecting device 20.
The annular electrode 205 was formed on the circumference centered at the center of the
Schottky electrode 204 and had a diameter of about 220 um.

In Example 4, the BP active layer 203 was stacked using the low-temperature



of not less than 2.8 eV and not nore than 3.4 eV at roomtenperature or a
BP- base m xed crystal obtained by formng a mxed crystal with tﬁfzﬁﬁvzmﬁ
crystal, so that a sem conductor device capable of acting at high
tenperatures by virtue of the wi de band gap and, noreover, having a high

br eakdown vol tage can be constructed. In particular, since a zinc blende
crystal -type BP or BP-base m xed crystal having a small ionic bonding
property despite its wi de band gap i s%sed, a p-type conductive | ayer having
a high hole concentration can be sinply and readily forned, so that a

sem condudfeotayde20Z es arsumderlying layerrand] theerior, fhetacfee baat 2@hheaera doader as a
functional |ayer can be readily and sinply provided. Fromthe pn

j unct i orpualipecrg$taldle yers e g raswie tiecdankl aarent alt thedime ofippi! ping@ rBveres veltage

sem conductor |ayer conprising a BP-base nm xed crystal of the present

i nvent i o -2 betwgen thexdhinbic efesgodn? Patnd e Schoidly pleptredsadder ariedeqed 4o and

having a_hi gh breakdown_voltage is obtained. Froman LED using a

seni cond@eob<ilaydicme ong he shheft Bravelengthsws aowbideq am. Thyeraceiig Bithly a
BP-base m xed. crystal of the present invention, a blue |light-emtting
devi ce. IRASACHGIACR I 2P EHE TAHPLE DR PRARIRFAIE deViss ey ined™ SEeeft sk
phot odet ecti&c’lr da/i ce USL@%% a sem conductor |ayer conprising BP or a
seni conddEEB PIPRYEY VR I% g a BP-base mixed crystal of the present

i nvention, a photodetecting device having an excellent dark current
property and suitable for use in the near ultraviolet band is obtained. 2 3

NOV 2005 46 From a TEGFET u&jmgsqo%ﬂi&mgg_ﬁqyer conprising BP or a
-base m xed cry

sem conductor |ayer conprising a stal of the present

invention, a fA&bfifktekk fréRASinetMIon, § 3BARbEnPEerhRhd Gt Hebicals el ectron
mobi lity can be obtained. "From an HBT using a sem conductor |ayer conprising

BP or a@ﬁmlﬁﬁﬂihm&g)borbﬁ?ﬁbslﬁm&(fﬂ}’% ihBging aBfdmbamttonat Ly @ knewly Ergd baid dape
present invention, an HBT having a high and stable DC anplification factor
i S obt aiofiedt leks thiam &.8H8V bnd ewi mereuthamg 4a& Vs atnoonné mpecature @y @ (BRsbagemiisedig BP or
a sem conductor |layer conprising a BP-base m xed crystal of the present
i nvent i orysta obtdined bjefprmingamixeg ayxsdlWighhthenBRcrystad,i sotthatcescamebridugtior
sensitivity is obtained. According to the nethod of the present invention
for for SEWGe sapsbleoe! qting a8 Bighiemperawirgsdtayinug pé thenwidehgng eop aed:.band gap, a
boron phosphi de (BP P- hase m xed . .
P moreover, ha I?ng a g{gh%realiﬁown voi(tage can be constructed. In particular, since a
zinc blende crystal-type BP or BP-base mixed crystal having a small ionic bonding
property despite its wide band gap is used, a p-type conductive layer having a high hole
concentration can be simply and readily formed, so that a semiconductor device using a
low-resistance p-type semiconductor layer as a functional layer can be readily and simply
provided. ' -
From the pn junction-type diode using a semiconductor layer comprising BP or a
semiconductor layer comprising a BP-base mixed crystal of the present invention, a diode
exhibiting normal rectification characteristics and having a high breakdown voltage is
obtained. From an LED using a semiconductor layer comprising BP or a semiconductor
layer comprising a BP-base mixed crystal of the present invention, a blue light-emitting
device having a high light emission intensity is obtained. From the photodetecting
device using a semiconductor layer comprising BP or a semiconductor layer comprising a

BP-base mixed crystal of the present invention, a photodetecting device having an

excellent dark current property and suitable for use in the near ultraviolet band is obtained.



crystal having a high band gap of not less than 2.8 eV and not nore than 3.4
eV at room tenperature, which has not been seen in conventional techniques,
can be stably formed. This provides an effect of enabling the fot Hﬂvaﬁﬁof
vari ous heterojunction structures with other sem conductors. For exanple,
from BP having a band gap specified in the present invention, a

het eroj uncti on structure which excerts a barrier effect on galliumnitride
phosphi de (GaNP mixed crystal), which ¢@nnot be constructed from
conventional BP having a band gap of about 2 eV, can be constructed.
Furthernore, afaondiTRGFET ubiagrmkhocbndoctot tayetr agmprififly BP dBR-seaseonduaet
crystal layer of the present invention, even in the case where a stacked

| ayer stlayataoneprising a @-bdsoinngedcystapoiithd psesehcimwenieinn fdbd/dféet transistor
constructed on a lattice-m smatching single crystal as the substrate

mat er i al Gapableuffirealidimy kigh cdsrpos enbtolityaxaBbe @mbtadied adaomi anddBTawsingtaal , whi ch
can relax the m smatch between the substrate material and the constituent

| ayer ofsertieondugtidalydr gpmprising Bl or esengiganducterdastogapeiding@BY thescomixedr

| ayer capable of relaxing the lattice msmatch, a BP_|ayer or BP-base m xed
crystal 9rasfarofhthe Pregeatdasention an HBIchaying ahigh andstaide PG dapfification facere
according to.the formatjon nmethod of the presen i nventi.on__a stacked | ayer
struct ur‘goﬁ@ﬁ%ﬂe'siﬁr)f@maa EPHId%/‘@? uyng BSCHILODANFRB IR YET SURRIISIDH BTG excel | ent
crystal lini.t an be forned and 1n,. turn conpo sem condugct or Vi ce
avi ng exBurdasiEsTeys Bhmacs e Bopt il T IRPHEs TS HOHELT adtdlF ) beg
above, the.npr | t i I I tJ.ity. 48 CLAIMS 2 3 Nov
2005 1. KSR eRl RO ER SRRt ST 5) havi ng a band

gap of not | esAocdila. i FYIRALER plBie iaANor 1 G¥nils 19PBY BRIRSE At L1 e

and formed by a net o-organi ¢ chem cal vapor deposition net MOCVD

met hod) , maled@r{RAMS fﬁtﬂdﬁﬁlﬁm \gm%rbahalgap,zaﬁ%ﬁgﬁosﬁme qﬂpg BeBPLIRE miRQPC, Wi th

a ratio of the total supply amount of G oup el'enent Sources including
phosphordigstflaving i hghttRihdlga BppbYle&BANL. 80V Eid Ut hble tRAEBBRY fQus@eS

including boron (B) being not |ess than 15 and not nore than 60 and the -
gr owt h rtempemfurt hehbrhas andereheeen in conventional techniques, can be stably formed.
This provides an effect of enabling the formation of various heterojunction structures with
other semiconductors. For example, from BP having a band gap specified in the present
invention, a heterojunction structure which excerts a barrier effect on gallium nitride ,
phosphide (GaNP mixed crystal), which cannot be constructed from conventional BP
having a band gap of about 2 eV, can be constructed.
Furthermore, according to the method for forming a BP or BP-base mixed crystal
layer of the preseni: invention, even in the case where a stacked layer structure for -
obtaining a compound semiconductor device is constructed on a lattice-mismatching
single crystal as the substrate material, a buffer layer composed of a BP or BP-base mixed
crystal, which can relax the mismatch between the substrate material and the constituent
layer of the stacked layer structure, can be constructed. On the buffer layer capable of
relaxing the lattice mismatch, a BP layer or BP-base mixed crystal layer having'cxcellent
crystallinity can be formed. Therefore, according to the formation method of the present
invention, a stacked layer structure comprising a BP layer or BP-base mixed crystal

having excellent crystallinity can be formed and in turn, a compound semiconductor

device having excellent properties can be provided.



| ayer being not less than 2nrn/m n, and not nore than 30nmmn. 2. A

sem conduct or | ayer conprising a boron phosphi de-base m xed crys%gLN@Qhﬁg
contai ns boron phosphi de having a band gap of not less than 2.8 ot
nore than 3.4 eV at room tenperature, and formed by a netal |l o-organic
chem cal vapor deposition nethod (MOCVD nethod), at a tenperature higher
than 750C and not hi gher than 1200C, with a ratio of the total supply

anount of Group V el enent sources inclﬁ i ng phosphorus (P) to the total
supply amount of Goup |IIl elenment sources including boron (B) being not

| ess than 15 af\d dgssribegrabovhalie mosethifyentien jrsondnstriak appbraliie. seni conduct or

| ayer being not |less than 2nmmn, and not nore than 30nnimn, and which

m xed crystal is represented by the formula: B.AlpGlnl Q p_.,PSAsNL &E
(O<a<_l, 0:50<1, 05yy<l, O<a+3+y<l, 0<851, O<c<l, 0<6+51). 3. A nethod for
preparing a sem conductor |ayer according to claim1l or 2, conprising
formng a sem conductor |ayer by a netall o-organic chem cal vapor deposition
met hod (MOCVD net hod), at a tenperature higher than 750C and not hi gher
than 1200C, with a ratio of the total supply amount of G oup V el enent
sources including phosphorus (P) to the total supply amount of G oup I

el ement sources including boron (B) being not |ess than 15 and not nore
than 60 and the growh rate of the sem conductor |ayer being not |ess than 2
nmMmn, and not nore than 3 0 nmMmn. 4. A nmethod for preparing a

sem conductor | ayer according to claim3, conprising formng on a crystal
substrate a buffer |ayer conposed of boron phosphide or a boron

phosphi de-base m xed crystal with the major part being anorphous, by an
MOCVD net hod, at a tenperature not |ower than 250C and not higher than
750C, and growing on the buffer |ayer the sem conductor Ilayer. 5. A

sem conduct or device conprising a crystal substrate and a sem conduct.or -
| ayer according to claim1l, wherein said sem conductor layer is stacked on
the crystal substrate. 2 3 NOV 2005 49 6. A sem conductor device conprising
a crystal substrate and a sem conductor |ayer according to claim2, wherein
sai d sem conductor |ayer is stacked on the crystal substrate. 7. A

sem conductor device conprising a substrate, a first sem conductor |ayer
according to claiml1, and a second sem conductor |ayer having a band gap
different fromthat of said



first sem conductor |ayer, wherein said first sem conductor |ayer and the

- second sem conductor |ayer forma heterojunction. 8. A sem conduc 06 I ce
-conprising a substrate, a first sem conguctor |ayer according t LY 2,
.and a second sem conductor |ayer having a band gap different fromthat of
-said first sem conductor |ayer, wherein said first sem conductor |ayer and
t he second semi conductor |ayer form &LAdMS oj unction. 9. A sem conduct or
device according to claim7, wherein said first sem conductor |ayer and
sai d second semi conductor |layer are lattice-matched. 10. A sem conduct or
devi ce laccoAdiengcandluctonilayes compasieg o phoasphide (BBjrhavingachand gapyefrnot desd

dovi co BT B DRt thete by e &Y B kéthh (SR B ihhned by HARNE WA
st r uct whemical vapor deposition method (MOCVD method), at a temperature higher than 750°C and
not higher than 1200°C, with a ratio of the total supply amount of Group V element sources
including phosphorus (P) to the total supply amount of Group III element sources including
boron (B) being not less than 15 and not more than 60 and the growth rate of the semiconductor

layer being not less than 2nm/min, and not more than 30nm/min.

2. A semiconductor layer comprising a boron phosphide-base mixed crystal which contains
boron phosphide having a band gap of not less than 2.8 eV and not more than 3.4 €V at room
temperature, and formed by a metallo-organic chemical vapor deposition method (MOCVD
method), at a temperature higher than 750°C and not higher than 1200°C, with a ratio of the total
supply amount of Group V element sources including phosphorus (P} to the total supply amount
of Group III element sources including boron (B) being not less than 15 and not more than 60
and the growth rate of the semiconductor layer being not less than 2nm/min, and not more than
30nm/min, and which mixed crystal is represented by the formula: B,AlgGayIn .o pyPsAsN;5¢
(0<a<l, 0=8<l, 0<y<1, O<a+f+y<l, 0<6<1, 0<e<1, 0<d+e<1).

3. A method for preparing a semiconductor layer according to claim 1 or 2, comprising
forming a semiconductor layer by a metallo-organic chemical vapor deposition method
(MOCVD method), at a temperature higher than 750°C and not higher than 1200°C, with a ratio
of the total supply amount of Group V element sources including phosphorus (P) to the total
supply amount of Group III element sources including boron (B) being not less than 15 and not
more than 60 and the growth rate of the semiconductor layer being not less than 2 nm/min, and

not more than 30 nm/min.

4. A method for preparing a semiconductor layer according to claim 3, comprising forming
on a crystal substrate a buffer layer composed of boron phosphide or a boron phosphide-base
mixed crystal with the major part being amorphous, by an MOCVD method, at a temperature not
lower than 250°C and not higher than 750°C, and growing on the buffer layer the semiconductor

layer.

5. A semiconductor device comprising a crystal substrate and a semiconductor layer
according to claim 1, wherein said semiconductor layer is stacked on the crystal substrate.
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6. A semiconductor device comprising a crystal substrate and a semiconductor layer

according to claim 2, wherein said semiconductor layer is stacked on the crystal substrate.

7. A semiconductor device comprising a substrate, a first semiconductor layer according
to claim 1, and a second semiconductor layer having a band gap different from that of said
first semiconductor layer, wherein said first semiconductor layer and the second

semiconductor layer form a heterojunction.

8. A semiconductor device comprising a substrate, a first semiconductor layer according
to claim 2, and a second semiconductor layer having a band gap different from that of said
first semiconductor layer, wherein said first semiconductor layer and the second

semiconductor layer form a heterojunction.

9. A semiconductor device according to claim 7, wherein said first semiconductor layer

and said second semiconductor layer are lattice-matched.

10. A semiconductor device according to claim 8, wherein said first semiconductor layer

and said second semiconductor layer are lattice-matched.

11. A semiconductor device according to any one of claims 5 to 10, which has'a pn

junction structure.





