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PRCODUCTI ON METHOD THERECF TECHNI CAL FI ELD The present invention relates to:

‘a boron 5“' mlml mm) | ayer having a band gap of 2.8 to 3.4 electron
volts (e mm m m nperature or a boron phosphide (BP)-base m xed
crystal |ayer,,gaptai ning boron phosphide, represented by the fornula BaAl
Gaylni _ a 0 yP&As, N _& E (wherein O<ak1, 0=(3<1l, O=y<l, O<a+(3+y=1, 0<b=1,
0=E<1, 0<6+s=1); a sem conductor device having the BP | ayer or BP-base

m xed crystjl"‘“““ﬂmllmm a produbBESGRIBFIONd of the BP | ayer or BP-base

m xed cryst GROUND ART Group Il1-V conpound sem conductors
conpri si ng bor ongfp®) whi ch belongs to Goup Il of the Periodic Table, and

an el enent which belongs to Groulg V.include boron nitride Bgé{ bor on
phosphi de (BP), an@%&éﬂ@pgr@ OREAD, SEMICONBHHIOR haX: D boron
nitride (BN) is an indirect tr jtion-t ] or having a band gap
of 7.5 electron volts (eV) a?@%@%ﬂ%ﬁ%o | wao Ter anot o,
Handot ai Debaisu Gairon (Qutline of sem conductor Devices), 1st Ed., page
28, Baifukan (March 30, 1995)). Boron arsenide (BAs) is known to be an

indirect transition-type G oup CI%'f*I havi ng a band gap of about
0.85 eV at roomtenperature (re]l‘]?r oﬁfc—@‘% ofal Debaisu Gairon (Qutline of

sem conduct or BRYLEeS dnveflod Rfar®d 364 bBARbhoSHi R BP) 28RPhEGnE BBhnd ga@ ki nd
lﬁrp uctor (r fher tog\la gS%Q

of Goup Ill-V cohpoun sem con ure, 179, No.

page 1078 4.4 85T )el@RdnSBUE (V) & FJHE SerfpRatufRRArEoe6h pivsphide (BRBasgap of an

indirect transition-type sem conductor. For exanple, B. Stone et al.

reports mixed@iysdtsl it @bataminpindon phosphidehrptesénted/by dre farnpdb BeAYgGxIn;i ne BP
a-pyPsASNys.¢ (Wherein O<a=1, 0=p<1, 0=y<1, O<o+B+y=1, 0<d=1, O=¢e<1, O<d+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 (eV) 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 I1I-V compound
having a band gap of about 0.85 ¢V at room temperature (refer to Handotai Debaisu
Gairon (Outline of semiconductor Devices)).

On the other hand, boron phosphide (BP) is a kind of Group III-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



| ayer deposited on a quartz plate, which is determ ned by an optical
absorption nethod 2 (refer to Phys. Rev. Lett., Vol. 4, No. 6, pages 282

‘to 284 (1960)). According to J.L. Peret, the band gap of BP is determ ned

to be 6.0 eV (refer to J. Am Ceramc Soc., 47 (1), pages 44 to 46
(1964)). Also, N. Sclar reports, that hased on the ion radius 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)).

Fur t her mfreéer toRhys Rexpbett.s Val. dahNg. Gapngos 284to2&N106@).er Ageordingpiyd.. Chem
Solids, 20, pages 268 to 273 (1961)). On the other hand, R J. Archer et al.
reports &erebdhs bardearQfiBRI mygdl tarbe 5.V (refgr te dpfm. BpramyigiSeR. #é (1),
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(1968)), th(ﬁger té‘J.VﬁgH.eCHém?@(ﬁiﬂs, 20,?‘4{;%@%6185{8%3 hegaaypf ore  conmonly

enpl oyed for band gap of BP (refe RCA Revi‘ew, 25, pages 159 to

167 (1964); (2)Ortthe dfer BandIR. 0. Alch&8t al. 3GrtsRAB6S tdMmperaturd band )Ze¥3) J.
Appl . Phys., 36 (1965); (4) Handotai Debaisu Gairon (Qutline o

Sem condiet cubidBR, wkigh ipdgerndBed fromh a {ibgle syl BR@swkifront h nicke/phasphide
Kagobut su Handotai (G oup II1l-V Conpound Sem conductors), 1st Ed., page
150, Bai ffudedmolubiby (2€sr td P85, )RevThett.pd2 OIP) phegsphBdid ORI 964 andal®P- base
m xed crystal represented by the conpositional formula of
BxAl yGai rspoytsia bapd gapef dilre\Owkieh, is determined frmyatheoregiegl-cpjculation hasedl oy a
functional |ayer constituti ntg a sem conductor light-emtt] ng? device. In
convent i dhebondgngsnergielug gefepiohpnpl. Bhys; 61 Ragea)dd toc%%fﬂf) Mg BBS s used
for constitutin buffer layer_in a sh vel ength visible .
| Pt - ones bty e of b prampspiite (B8 G PuPdbepilEiey B By hedeSatios 39ss2)
(the ter r;?agé]sa-(f% 83037 &%Ggf)!’ ﬁé)\{']evrg?,aan&ah?g of about 2 eV has been heretofore

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) J. Appl. Phys., 36

(1965); (4) Handotai Debaisu Gairon (Outline of Semiconductor Devices) page 28; and

(5) Isamu Akasaki, IT1I-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.yNi.zPz (wherein 0<X=1, 0=Y<1, 0<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.yN,.zPz

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




"Japanese Unexam ned Patent Application, First Publication No."). Al so, a
case is known where the light-emtting part of a pn junction-type

‘heterojunction structure is constructed by a super lattice structure of a

BP single layer with a BxAlyGai _x_yN, _ZPZ m xed crystal single |ayer
(refer to JP-A-10-242514). Furthernore, a technique of 3 constructing a
clad (barrier) layer by a super latti c% structure with a BxAlyGj . x _yN _zPz
m xed crystal single |layer is known (refer to JP-A-2-288371). Since boron
phosphi deons{ruging heled ﬁ@araerbmr bup Sbmer:!at@%c gructuse M“ﬂléin%?e‘h 1-5-vDasRot exert
a barrier effect on the emtti n ove- escrl bed
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silicon é&hﬁnng%ammmﬁ)rxﬁ@rﬁewm te (itOfhko PhAR& Bystal 1§’h9&f@é‘[€r to
(B2H6) / phosphi ne (PH3) vapor phase growth nmet hod (refer to, J. Electrochem

Soc., 125p-A-1988}71). Furthernore, a techni que of constructl ng a sol ar cell
by u5| ng a BP si ngl e layer having a band gap of 2.0 eV as a w ndow | ayer

i s disclosed (Adfoen case wherEh deterabipolar tramistor (HIFE) if ¢@d&hyted Ay udhgcarBBed
above, sem conductor devices have been heretofore constructed usi ng

bor on pheiggleilayer (sleRWhasfenty Jaﬂhmwcgfa!p Sic., 4B, @gé&ﬁiﬁrtoa@ﬁl(i%%@)},ryl@t al
cont ai ni ng BP havi ng this band gap. In the above-descri bhed soI %r cel l
constr UCE%CQWC“‘Q@V* §Bd;, ai%"v$’ﬂ@‘¢é33feééﬁ’{lﬂéﬁ1§’é’t‘%giﬂ%f PhaY 1yufsdovhichis ey as
the matri x materl?, @t closdthat(goenaBP(;g er having a band
gap of 28EvPLaN g i apielabsteets Savind S Mg JGERe pocauge t e band

gap is | ?]52 /phosp 1ne??h3)0\];ap16p ase tg?(;\z/(th%etfloae {retrer Eo, J. E]léctrochem. Soc., 125
(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 room 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 is 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),



El ectrochem Soc., 125 (1978)). On the other hand, however, in conventional
techniques of formng 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 N shinaga, Oyo Butsuri
(Applied Physics), Vol. 45, No. 9, pages 891 to 897 (1976)). Also, it is
reported that as conpared with the BP l'ayer fornmed on an Si substrate
having a (100) plane, the BP |l ayer formed on an Si substrate having a
(111) pl page ta 80k ge plane defect density and therefore, becones opaque
(refer to Oyo Butsuri (Applied Physics), .4 pages 895 to 896). Furthernore,
it is reported RuHAermafe it i repeitedHakha fattigraopitant besppiss Hige €4 19 4 largge
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Sem conductors page 31). In other words, according to conventi onal

studi es, thd lattfoelcBHAM HebdtheAsBR1dr 68¢r th AN VZoRu BRABGHLIAPHER® ] GrédpnI-about
2 eV, which is comonly enployed as the band gap of BP, is forne

dependi ng/ 0BmipbendSadicoh@ndos), pag©B ). ndn biter Bordsayeordiipiccavehliodagnd gap
gives rise to a problemin that an environnment-resistant sem conduct or
devi ce hauidigg, A ihiagghtbhaakBPeyer biviag e bamhgayt snivdler thmadibbyt ZeViswhichtied from
the boron phosphide (13P) crystal layer. For exanple, in a -
het er oj urcomnmmly gmploytdies theband ghpofi BYi isdomndd depending ositlencondificas ofigt h  of
450 nm at room tenperature, a light-emtting | ayer havi_ng a room
t enper at 4PENIpE Hhe lgg}lﬁ}’@)% 2Tlgs small bapd gep gives Betera Rigblginindh a8 ¢l ad ef f ect
on this light- emtting |ayer, the barrjer |ayer nmust be conposed of a
ser cond §BPSPTRENEFTIAT ST CATILCIOF G6iF< bR AMiEh S kHaVE AR ek GnpEhs ¢
about 2.8 eM. Th re&r [ st ructi. h junction light-emtting
part of éeacdgé{\?&ﬂ% IS e%l ﬁ%%rtg%g%ﬁgggﬁ‘?p&é@?g@?p H§Esa§5f |eIHg ht -
For example, in a heterojunction-type blue LED or LD having a light emission
wavelength of 450 nm at room temperature, a light-emitting layer having a room
temperature band gap of 2.8 eV is used. 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, there 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).
However, 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



emtting device, there is a problemin that the clad |ayer cannot be
conposed of boron phosphide (13P) having a roomtenperature band gap of
‘about 2 eV. To overcone this problem in conventional techniques, a m xed
crystal containing BP, for exanple, a BxAlyGl-x-yN, -zPz nmulti-el enent

m xed crystal, is fornmed as describedﬁ?bove and a barrier layer having a
hi gh band gap is constructed therefrom (refer to JP-A-2-288371). However,
it is well known that as the nunber of elenments constituting the nlxed
crystal prohlemeiaghat,a BP hiixgrberysteblayertas afbatripndayiescanaqube eadily and simphp| e,
control the conposition ratio of the constituent el enments and, nDreover a
crystal fosged. having good quality is nore difficult to obtain (refer to
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in the th@'BQn(Q%ﬂa W%‘&ﬁﬂﬁc%@&r&]@ﬂ&fdﬂls&ﬂ@tﬁxté@lﬂ)f&{erméxbl[t%? 15er bRetHBR i ®asd t er
| ayer and the base layer is only 0.9 eV. It is considered that if the

em tter lagsrds ohly DEW! I Udk edndigered Bl if dyssmittemayalis gonsasctad lbaragdP layer,
difference in the band gap between the emtter |ayer and the base | ayer
t han t hawhich gbesadmpeodifferanee hmthebesd gafhieetveakthg emdatertldyer bad thedse ent from
the base layer to the enmtter |layer can be suppressed nore and the current
transmi sleyerthamhaoin qoneeritionak teghriquast the dakege ofithebase spuryntfraypéha hasean be
|nproved (refer to Isanu Akasaki (editor) |I11-V Zoku Kagobut sy Handot ai
(Group |lpyenjo BisramBitiatlaeiandiYERISFSS myse ded the pyeRigrapgmyssiondalio resul t, an
HBT havi excel | ent haracterlstlcs can be prod The | a const ant
of a borGATBHBEBHFHLE B SHAETLPIEPYLY S SEHFBFENEY (13 (dsam AlcrsE

(editor) III-V Zoku Kagobutsu Handotai (Group III-V Compound Semiconductors), pages

239 to 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 phosphide nitride mixed crystal (compositional formula: GaNg ¢7P0.03)

having a nitrogen (N) composition ratio of 0.97, and gallium indium nitride (Gag 90Ing.10N)

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



bl ende crystal type, nore accurately cubic sphalerite type, is 0.4538 nm
(refer to Handotai Debaisu Gairon (Qutline of sem conductor Devices), page

*28). On the other hand, Goup IIl nitride sem conductors having a lattice
constant of 0.4538 nm are known, such as a cubic gallium phosphide nitride
m xed crystal (conpositional formula: No. 97Po. 03) having a nitrogen (N)

conposition ratio of 0.97, and galliumindiumnitride (Ga0.901no. 10N)
having an indium (In) conposition ratio of 0.10. Accordingly, if the BP
| ayer andayuaeha spacr layer orldn eleatrandeppledayeondincthe Grauplll sidde semiconductor

t wo- di mensi onal electron gas field effect transistor (TEGFET) of a
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In the Goup 1l nitride semconductor TEG-ET using a BP layer, if a

spacer | a¥8fnePlaydimeak afd Ke@btofulRRbY ilté@yRe. f Ak Aird@IRa 16GLIIOhIAGE i on Wi th an
el ectron channel |ayer is conmposed of boron phosphide (BP) having a band

gap | ar geemiddadudttel EGRETaealeing highleldcaohmiobiléts cat be obaireder di f f erence at
the heterojunction interface with the electron channel |ayer can be made

| arge. This isIf aBPdayadeving f largeaocmrtemperatuge bansl ghiproandieoned, thd ectrons in
the region of the electron channel |ayer near the heterojunction

i nt er f acaliscpgtinyityend ihe conguction pand with pther sranicerductasdanset ean afsadrEmadeal i zi ng
hi gh el ectron mobility can be obtained. |If a BP.layer having a | arge room
t enper at 4#T&ehafheisr9idngHop stryetuEe having a Braedyn idﬂﬁngs'/mB?Y LU Eﬁ‘?dl‘i‘é‘? Yon band
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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 techniques is considered to contribute also to the construction of a high-
sensitivity Hall device capable of exhibiting high product sensitivity (refer to Jiden
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 (III-V Zoku Kagobutsu Handotai (Group I1I-V Compound

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



el ectrons can be efficiently accunmulated. In the case of a Hall device,
which is a nagnetoelectric converting device, use of a structure having
"high electron nmobility is advantageous for obtaining a device having a

hi gher sensitivity to magnetism (refer to Shoei Kataoka, Jiden Henkan
Soshi  (Magnetoel ectric Converting Deviges), 4th printing, pages 56 to 58,
Ni kkan Kogyo Shi nbun (February 1, 1971)). Accordingly, the realization of
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devi ce capable_of.ggerating at high tenperatures. As in these conventiona
cases, songestanidystitapledioy thecconpianationeéan peivstlaes pea fenshionslleyes@f By using a
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an emitter layer in an HBT, is a BP crystal layer having a band gap of about 3 eV.
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 value 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 1I-VI compound



control of the conduction type by inpurity doping and the control of
carrier density are difficult. A BP layer suitable for the construction of
‘a functional layer in a sem conductor device, such as a spacer |ayer or an
el ectron supply layer in a TEGFET or an emtter layer in an HBT, is a BP
crystal layer having a band gap of aboy 3 eV. According to studies so far
on the band gaps of conpound sem conductors, it is known that as the
average atom c nunber of the constituent elenments i
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rel ati on%gioﬁgg ngég_(m% lgqgggﬁgp at roomtenperature and the average

atomc n r various oup T'l'l-V conpound sem conductors. For exanple,

the room tenpenglyhR tRanths&on tis &ﬁhéﬂc%fﬂfe%@ind@mga&&&b baRY gipfigaelationm C
nunber =32) conprising gallium (Ga) (atom c nunber=31) and arsenic (As)

(atom ¢ (GuEheeragdhtdnsic hufibeg\t ¢andfeasredumedahatahabaridegai fUG1Gap I+ (CQut | i ne
of sem conductor Devices), page 28). On the other hand, the room

t enper at wompbamtisegaiponfuctrab havarelghebplaigtdoiGhPhdihg peoregy. at’sainingidier =23)
having an average atom c nunber smaller than that of GaAs is as large as
2.26 eV (thietendency isiapplicabic Ted i & BP Gaystad hayiogwe|smadl differegeqrindbaduct or
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Zoku Chikkabutsu Handotai (Group III Nitride Semiconductors), 1st Ed., pages 19 to 21,
Baifukan (December 8, 1999)), the band gap 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 0.4531 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 printing, 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 crystallinity 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



conmpound sem conductors has a relatively large ionic bonding property.
Assum ng that this tendency is applicable also to a BP crystal having a
‘smal | difference in the electronegativity between the constituent el enents
and having a strong coval ent bonding property, the band gap of the BP

single crystal layer is presuned to be9about 3 eV. Furthernore, according
to the "Dielectric Method" proposed by’ Van Vechten (refer to: (1) J.A Van

Vechten, Phys. Rev. Lett., 182 (1969), 891; and (2) |sanu Akasaki (editor),
111 Zokknash.k Kiasudes o impoe she gropestips of sermgandpeter @evmeé&ﬁ@a@t%? gystast Ed.

pages 19 to 21, Balfukan enbe 999)), the ba a P sin Ie
crystal layereamgihod kg %Fé“‘?gg ‘é“&smlllﬁyetr%’?‘émgﬁé’&?%tgf’%%{q@g aﬁ’\‘?ﬁ of tge
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and 0. 2301 E&‘&%ﬁggﬂ AT T y‘é‘ﬁ" e B BBook of
Chem st rc{rgst}gﬁa@ fn@ﬁ# ves %rtﬂfx@gbﬂ"éf dHdut i@@g%aégét%h et MBdUESdodefUguUst 20,

1970)). or “the S necessary for e calculation, the
proposed val ues are used (refer to Il Zoku Chi kkabutsu Handot ai (G oup
[1l1 Nitride Sem conductors), pages 20 to 21). At present, boron phosphide
(13P) having a room t enperRISCIOSINE QFAPHEINMENTION eV and a boron
phosphi de (BP)-base m xed crystal containing a BP crystal thereof, of

whi ch a si ngl #h¢ agesentiisveationhaslreowsadedn lighteofdbess tciraemitancesfand e object
above-described sem conductor devices, have not yet been disclosed. This
i s attriblthalpresentgnyénsionagto ¢larify the constrigipnfafa 312) ayPhigavinBPoand,gapat | ayer
havi ng excellent crystallinity is not clearly own. Mre sgem fically, a

met hod f &8 0 droslegron oAy 68V hfi remg?megrawrwao%@en Rhgsplide (BEY-BAse MEGAng a
DA 0 i Bk SRS SRy B BFERCUC) oL vt ce 1 ot
deviceo AR FoTABAtls OB ooP<IEIEd, DRI AT DRpR B ! L
layer f O()E@;[E'—%], R &R trﬁEt¥(§t¥@ﬂ a deMMESRIubBE 8éﬁé@ﬂ£/mg 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 semiconductor 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 eV at
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



practiced using a vapor-phase growh nmethod or the |ike, a nmethod 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 invention has

been nade in light of these circunstances and the object of the present
invention is to clarify the constructi%[l of a BP | ayer having a band gap of
2.8 to 3.4 electron volts (eV) at roo enperature or a boron phosphide
(BP) -base m xed |ayer containing boron phosphide, represented by the

f or mul a lafeByhish sl mﬂet¢roj%ncmscimlhe3§qmi€®£1®tdr layerfeahprisiag boron

O<ct +p+y=l, 0<6=1, O=c<l, 0<8+P,=l), the construction of a sem conductor
devi ce hphasphide (BPhisdveNeosiddd BP | ayer or BP-base nixed crystal |ayer,

and the construction of a, production nethod, . fqr the BP |ayer or BP-base
mi xed cryst al (Sa\yer,th&r’iﬁm!%’@?\é‘ﬁ?@W‘%ﬁ\f{éa"é‘b&gé'éﬁ?km&lb (@evrhegeinghi ch

has i d and h d ' duct devy] ti ' t
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specifically, e _present j.nventi .provides: (1) a sem conductor device
havi ng a seni CJSH%B% %"? "I“’ff)r/del né@%ﬁ?&é&!ﬁg boron phosphide (13P) having a

pand 9ap of nol! &5 iitofu R VcORE M0g MERiLINENd: 1y ENofprisiRom.

tenperature; ( the sem conductor device as described in .
het er of upgbh 9ﬂosﬂﬁdea(8?§ma§@ﬂlmt&%stil_&ylﬂ&h cOMTRInG Bbrod gh@mm Bbvide a( BP)
[

and anot her semi conductor |ayer having a band gap fferent fromthat of
t he sem smadigtodnot RyEthat Qe V ahdigoBRore(tBin 3 e Vost moan natnsdraturedandi wkichs
described in (2), wherein the sem conductor |ayer conprising boron
phosphi dis répraénteairtsy thhdorseuta:dy?dpGa,dm.J.aPeks.Nns.c@<bed nfB=fx1, Bey<l,0j uncti on
with the sem conductor |ayer conprising BP are | attice -matched; (4) the
sem conddet-efi+edyed=1ad=cek O<Obewl)i n (3), wherein the seniconductor 14
B, , Al p&GYIl nl_Q(7P_YPbAS, N1_8_E (O<a=1, 0=(3<l1l, 0O=y< 1, O<a+(3+y=1, 0<5=1,
O0=e<1, ) the semiconductor device as described in {6), wherein the bofon
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;
© the 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;



0<Ste=1); (35) the nethod for growi ng a sem conductor |ayer as described in
(34), wherein the boron phosphide (BP)-base m xed crystal is a boron

“al um num phosphi de m xed crystal (BxAll xP. 0<X<1l), a boron gallium
phosphi de m xed crystal (BxGai_xP: 0<X<1l), or a boron indi um phosphi de

m xed crystal (Bxlni_xP: 0<X<l1); (36) the nethod for growing a

sem conduct or | ayer as described in a one of (33) to (35), wherein the
sem conductor |ayer is grown at a tenperature higher than 750C and not

hi gher than 1, $B0C bihesemigrodugipndeyien aswiescriedin bt D aybich 3573 ligheemitingod f or
growi ng a sem conductor |ayer as described in any one of (33) to (36),
wher ei n 88 Seni conductor | ayer is grown by an MOCVD net hod. BRI EF

petwoen t he babbgap thePtemiearfeis & SRR bk SOTERIEE dhten

sem condyc and the.ayverage atom c nunber of the constituent el enents.
Fig. 2 igpéggr%%tﬁﬁ[g%%&f%g t he photon energy dependency of the absorption

coefficient of _(fége B%&%H@iﬁg@g&ﬁ{ Qévicl:@ééqes&ﬂfégriﬁ%ﬁ'ﬁoﬁé)oft@?t(pﬁ@z,gmégh is

invention. Fig is a cat um nescence (CL) spectrum of t

sem condygt.gsislopyer according to the present invention. Fig. 4 is a
schematic sectional view of a TEGFET constructed using the BP | ayer
according to tEs)presriFemicondottoodevifd . deScritkedan §pf)ewhichds & Eeld affeat vi ew of
a stacked layer structure for use in a Hall device, constructed using the
BP senm canokistbofFETgyer according to the present invention. Fig. 6 is a
schematic sectional view of a pn junction type LED according to, Exanple 1
of the present (1fventhessmiginguctor deviee agrdeperibedddd ), Whish ing Beterpgunetion
dependency of the refractive index and the extinction coefficient of the
BP | ayer bipotastgnsigtor B Y #8fe 1 of the present invention.

(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 eV at room temperature and which is represented by the formula:
BAlgGa,In; q.pyPsAseNi s (0<a=1, 0=p<1, 0=y< 1, O<a+B+y=1, 0<d=1, 0=¢<1,
0<6+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

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



15 .Fig. 8 is a graph showi ng the relationship between the imaginary nunber
part of the dielectric constant and the photon energy of the BP | ayer

‘according to Exanple 1 of the present invention. Fig. 9 is a schematic

sectional view of a pn junction type diode according to Exanple 2 of the
present invention. Fig. 10 is a graph,showi ng the current-voltage
characteristics of the pn junction- t}%e di ode according to Exanple 2 of
the present invention. Fig. 11 is a schematic sectional view showi ng the
st ruct uran a¢rystal subAtratanct i on- type HBT according to Exanple 3 of the

present invention. Fig. 12 is a schematic sectional view of a
phot odet ect i ng THEPIESENHRKGHINASAROVIERSinpl e 3 of the present invention.
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silicon cfcﬁb%ijtsiongﬁlekﬂold eYPNind ol PR tenPbraBitt high? Bhs 950 UeakdFATlgIRe t he

substrate. e of such a sem conductor single crystal having electrical

conduct i it Y2008 Ct Bah ShDEbf he fofil suspiPERbEnt dfTGraGp MEkemédd.solices
phot odet ecti ng device is advantageous 1 n that an electrode can be sinply

di sposednéaadingtphesptotusqP) tdeeltdoghduppiy drhourg ob Grglpolibelementtsongesievi ce can be
readily constructed. Silicon (Si single crystal) having a high nelting
poi nt, asclodimgdoesh (B)ibemgaaBless phanl 15-andootrpounthas €03 aoitbe gtorth rétaof heat
resistance even at an epitaxial growh tenperature of about 1,000C and,
t her ef orthe sermigonductarilayen bpinget less than@upsimiarad nermpereghan 30 sm/min; epd case
of integrating various devices, sjilicon_can be suitably used ?% a
substrate. An éxPdethsimeghed for gaqwaingemicondugpplay erets dexerRe23(Sng| e
g;zis'égl gfﬁgﬁ’g{g{ ¥ ogﬁpleggq?ac%ystfgfs:upgéﬁgglbﬁffgp {aygrrc%\r/ﬁap%gécp S z} Qoeroh %%(sa ‘ia'deOf a

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



el ectrical insulating property and, therefore, can be suitably used, for
exanple, for a field effect transistor (FET) where the | eakage amount of a
drain current is to be suppressed. 16 Dianond (C) and silicon carbide
(SiC have a relatively high thermal conductivity and, therefore, are
suitable particularly as a substrate figr an FET for power, where the device
must be cool ed. The plane direction on the surface of the substrate is

preferably represented by a . low M| er, index ane such as {100}, {110},
or {111}(1%NP éiz)ssqoﬁﬁ’lr‘ém@rgj%‘f"ﬁ’lg,tw‘f FFé“@ﬁ?q”&EOé?ay&F L%ﬁivéﬂori é]"aée H{(’é’.‘ﬁg i nclined
at an anl%lgl af several to tens of degrees fromthe low MIler index plane,
can al so"68°lsed as a substrate. On the {111} crystal plane of a zinc

o e ensel Y a0k @ nehad (R EroARE W RHicAHAID: BODRL JMR hgo)Cr YL 2]

are densely preésent as  conpar a ane and this is

ef fect i V?hén‘.@irﬂhﬂ&ﬂfckﬂ&;&&ﬁgﬁ’éﬁg rﬁg&%%&é&ﬁ&%ﬁ&@gn&ﬂh&%@b idagh | ayer

fromdiffusing rnto or I nvadi Inside o substrate. A single

crystal hgWinfla1pogfc;M |1 er index plane such as f3111 or f5111 is also
effective’in preventing the el enments constituting the growth |layer from

i nvadi ng the (31%i dethefmahad foglgfoviny sicdenticdiriuctot Biyesarcdesadbedhal(2®)l drng
(refer to RG WIlson and GR Brewer, lon Beans with Application to lon

| npl ant ag30pnwheidiahine Vipoe ph&e gnmsth rhetbod ispagellodgniocRatcdl ¥apa®) ) ; however,
the grow h direction of the upper epitaxial growh |ayer shows higher

i ndexes d#gposigion eesthoty(MAEVIP methad)irasdt i on on the substrate surface and this
causes a problemin sone cases in that cutting into indjvi %%%Islg vices is

conplicated, &%) ex&fprehodrios ggﬁﬁﬁ‘f’éé‘ﬁcﬁ?&lﬁﬂnd&_@\w ChasAeier Honducjt or
R N W R e R
P e BB RES RN ohR PR AR B PRGNS, 2
accor di ng; 110 LhesRFRS SiudifY 68oh B) isthot NRE AhaS A8GoPMholethR G0 ardinbase
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 eV 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 |ayer containing BP having a specific band gap. The BP-base
m xed crystal layer is a Goup IIl-V conpound sem conductor m xed crystal

‘containing boron (B) and phosphorus (P) as constituent el enments. Exanples

thereof include a mxed crystal represented by the formul a:
BaAl pGayl nJ_a-p_yPSAscNl _s_E (0<a=1, O0Op(3<1, O=y<l, O<a+(3+y=1, 0<5=1,
O=e<l, 0<8+e=1). Specific exanples thereof include a boron 17 alum num

phosphi de (BxAl | -xP: O=X=l) crystal, a bor galliu hosphi de

( BxGal - xBeAPORAN) o8- rﬁﬂééﬂq'éﬁig‘]f%f SB<L, G Oftd Yﬁg’p § ﬂ](’?r foI nl -
O=X=1) edlfr ysta O her exanpl es thereof include bor on phosphi de
nitride @%@Sﬂﬂ O<Y—I) boron phosphi de arseni de (BPyAsy-1: O<Y=l) and

bor on gal ¢t um pReSPNlge s Bl B GaleRUish o QoXEkerio i, The

mechani cal or ctric speci on phosphi or boron

phosphi dgh¢Bf) th@%%ﬁm”ﬂ%%‘ﬁ’hlaé yﬁp)abaska;vi%d br%rst@pﬂ@ra%'iérﬁﬁlﬁhﬂmﬁ@bh gRkdi ng to
the device. In he case of an ‘el ectron supply |ayer of an n-channel type

TEGFET hﬁqY)kdag:ry"’cﬂalr(B&M),exP BN aNberba gaIslm Fhoephidemixed orpealBBxGaygp: havi ng,
for exanple, a |ayer thickness of about 10 nmto about 50 nmand a carrier

concent r gt X an), of a sb@utindi¥aDpbsoMd3 niiRedadrgsth]l Bx10 1&P: 0rK21);s used. In a
light-emtting diode (LED), the w ndow | ayer which allows the emtted |ight
to efficiently(3sgnet thatreethod fdrggrowingiademienduttgplayerasplesgripediimany one of
correspondence with the conduction formof the underlying |ayer such as a
cl ad | ay@B) taa(3d).i whaseindhe semisanductnlayeBp erpwpat a sampratpeedughir e BOYSt al

| ayer havi oad conduct|V|ty in excess of about | X1018 -3 cm, for

fexarrpl e. al}qr'}]goé%F%Fr a&lle%(g) ?L%aV%H?éPE*EFFrgé‘P]‘Yt HP‘BEW g% ayer is const r uct ed

t | h duct f whi h
OLS?S?? e to th of y&h%%?etﬁﬂ%thggﬁﬁ B medlefot BG S eRd a4 *or a
BP or @ ?%3%)(%9&&@{% &mlc ctorq%)ék‘ Bb?%nrﬁélcvﬁ%ﬁlgdp‘ boron

phosphi d inary sem con ect  sem conductor (refer to
Handot ai Debai su Gairon (CQutli ne of sem conduct or Devices),

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a graph showing the correlation between the band gap at room
temperature of Group III-V compound semiconductors and the average atomic number 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 cathode 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.



page 28). On the other hand, BP has a small ionic bonding property of 0.006
according to Philips (refer to Handotai Ketsugoron (Sem conductor Bondi ng
"Theory), pages 49 to 51). Accordingly, the electrical activation ratio of
a dopant is high, and a BP crystal |ayer having a high carrier
concentration and a | ow resi stance can be readily obtained. In the present
invention, this BP |ayer having a | ow resistance is preferably used, for
exanple, as the current diffusion |ayer in an LED or as the ohm c contact
|l ayer in an LDFig 8F&7 graph shawingdhe eclafiomphiphstvesarihe bpagieary nugbes Bt of n g
BP- base sem conductor device requiring an electrically conductjn guffer

| ayer, tHe dgestggepnstantand thaphptonsegrgyoe! the BElpysiaceydingdo Eéﬁ@eler?% Iy
conducting buffer layer. 18 The BP crystal |ayer and the BP-base m xed
crystal HERIFSCAEESFHIYy to the present invention are grown by a commonly

Kk h wi.h et hod. h - ' i cal
deposi 1 on (NORUDY arHSA TP SraloTEvF RS AiuBlcRpt 0L SRk 657 Py
Publ i shi @?@szomggﬁsg‘yg&&‘ig’ﬁz (1993)), a nol ecul ar beam epitaxy (MBE)

nmet hod (re to J. State Chem, 133, pages 269 to 272 (1997)), a
hal i de met hod, FaNdo ifa ByghhisHEWIBLROEurrehi® oMBicAdHarcirBAE 6F B BATuIRYioN-aPOr

deposition nethod is one vapor phase growth nethod which uses an organic

conpound e dideOdtcadingd® Bntple £ Bl th2@iésest invedtidnhe MOCVD net hod, for
exanpl e, a boron gallium phosphide (BXGaj _XP: 0=X=1) m xed crystal grows
using a starti Fig. mities salenmyis semionalnyies abowingtthe strioplrb of amepn (UnClbl) 3B) ,
trimethylgallium ((CH3)3G), triethylgallium ((C2H5)3G), or an organic
phosphor tpeddip acetdingdd Examplecsefithe presenydnveatians r i al kyl phosphi de. In the
vapor phase grow h of a boron phosphide (BP) crystal |ayer by the halide
met hod, for ex&iplld is aschsaagn seraiongleviaw of a pholodeErting devteaicrodinggel1s) can
be used as the of{)t?ln éﬁB) source, and a phosphorus halide such as
phosphor GXamplechPlifif EsEBARNlCEn pe used as the phosphorus (P) source
(refer to N ppon Kessho Sei cho Gakkai shi (Journal of the Japanese

Associ ation for Crystal Gowmh Society), Vol. 24, No. 2, page 150 (1997)).

Al'so, a halide met hpgdiSihE 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.



boron trichloride (BCl 3) as the boron source is known (refer to J. Appl.
Phys., 42(1), pages 420 to 424 (1971)). In the hydride nethod, the BP

‘crystal |ayer can be grown using, for exanple, a boron hydride such as

borane (BH3) or di borane (B2H6) as the boron (B) source and a phosphorus
hydri de such as phosphine (PH3) as the%é)hosphor us source (refer to: (1) J.
Crystal G owh, 24/25, pages 193 to 196 (1974); and (2) J. Cystal G owth,
132, pages 611 to 613 (1993)). The vapor phase growth nethod is

advant ag@&samsonh(E)d silieon|caghide (HCE kavsosretatigel ythigh thiesieal cendustixity arthposi ti on
rati o of the BP-base m xed crystal |ayer can he readily ontrolled as
conpar ed therefpres REafyiitable\gatticulartyasaesubstetia for ag F&| fop govergitihgreghadeYies owt h

nmet hod of growi ng a boron phosphide (BP) crystal from a nickel

(Ni ) - pho&PHbP&iOqIeS.  fused solution or a copper (Cu)-phosphorus (P) fused
solution (ref etrtht

J. H Soc. 120, (,6).
2 T ek o B SE G Pt s SRl R BB & e
anot her e MDeGFE RS 58 & (1001 VEBL Y TR 28 SAfEle Epeah the sfiber W10
MOCVD ”E%pah?&% RREhethiithed aPLrPiquql SYSLEM fARAPLEdRtecs tRAPHE NG BIiNgr t he

species of a gas starting material fed to the growh reaction furnace is

used, thendeREpaR tdrodls®be bded as @rsMbitake. | aYethecan Perystar plakd ¥f £HangRede A
so-cal l ed abrupt heterojunction interface structure ere the conposition

i s abr uptiygtat bachgRdipGaP hmd G, ajourscionstituiing i fcayseal ias demfdle ptdserd asn
accunul ati ng | owdi nensional el ectrons. Accordingly, the abrupt

het er oj uncmpaned iwithetht {360 s¢nystal plage avid thisds Bffedtivgén prvertingrthp atomsni xed
crystal layer, formed by the MOCVD nethod, has an effect of yielding a

BP- base semstitusingan epitagial grosyth laygr fromsdiffusimgyit or inyeding thedagide ehtheel ect r on
nmobi lity. The tenperature during the growh of a BP Iay?r r EP— base

mi xed cr jasHRte ayesinglecryitaldiamingachigh Milles indexplang Hich g ;cﬂnlg Qfgé 1} Phase
growt h met hod, the cr%/stal as .a substrat and. the cr form

of the taPgéifegiqinp Vegfing st constifytingihg groxgikayer from invadig e

inside of a single crystal substrate, such as channeling (refer to R.G. Wilson and G.R.
Brewer, Ion 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 semiconductor 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: B,AlgGa,Iny.a.g.4PsAsN1.s.c (0<a=1, 0=f3<1, 0=y<1,

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



order to obtain a single crystal BP |ayer, a high tenperature exceeding
750" C is generally necessary al nost independently of the vapor phase
‘growm h neans. In order to obtain a single crystal BP | ayer by an

at nospheric pressure (al nost atnospheric pressure) or reduced pressure
MOCVD neans using a reaction system ofj-triethylborane ((C2H5)3B)/phosphine
(PH3)/ hydrogen (1-12), a tenperature higher than 750" C and not higher than
1,200*C is suitable (refer taq at ent

U s ) No.. 6,069,021). In ot her words,
the subdpmiawn ﬁa@@hidgl(Bwﬁbfx%Q%éﬂgEWé@ Gy s & PyrOn g2 “ﬂ)‘FéQIPWQREQheat
resi stance sufficiently.high to cause no denaturin t - sugh.ahigh
t enper at ﬁ}’(ﬁalﬂkéﬁfﬂ%éb’ \é?x‘?(ﬁréy%}t?é‘ﬁraa Oéo'?rﬁltdglfrf’é? OSPI%(& (ﬁélrﬁ'xﬁég?xr:lgi st ance
in this hi tenper at.ur ' I NGl ol .single
crystal DPRRSTD:  Phb bt hehfititGachotoh BRoBHRRBILE BB 2 2F) ©una
Techni k, _{¢@ . 7)< ¥3 i : MK, 4 (4),
pages 48()/2}{6{)4%?0?%gggﬁh?&gar{%&l% 4; [fly%%%%%?{r, O%)#é%b%?gc%i@ll%gﬁ?%%%‘), 4
sapphi reargaﬁ@el@g),g)al_xy' Ascpu<xibode=()5 Q (refer to J. Appl. Phys., 42 (1)
(1971)), and silicon ksillcon single crystal). At high tenperatures
exceedi ng 1, 200h&meehdpiday bedeaticdiapedifiphiaapfitiieboroe phespaidedBPhyr béren
nol ecul ar formula 136P or B13P2, is readily forned (refer to J. Am Ceram
Soc., 47pickphidp@BRrbabé nhiaedlEryR@l lafydiis 4ppropandlyt det scdosding th hadewietagh i n
obtaining a single crystal |ayer conprising boron nonophosphide. Fromthe
si ngl e cthgshs ofBR diepyron sopplBikysagtamn-xbannel (e AIEGEyEhaviagan ndxpapl e, an

el ectron supply layer of a TEGFET or a clad |layer of an LED or LD can be
const r uctlegfromhanaglyiayes| anfofype Bt layer having, & exp@plss algyehigkages ofAboM xed

[ h f be d i df h i . i 1
dfyft di ngﬁ‘%@%ﬁg@h@f O faa et pacer B st Pen Bl o 4l SEkde L o
i ti v | t f. i.nql | - | ik i f i i
are obt affiadt thdr ol £ BEG- eyt dPi faoh My maoR ke iifh Al ety ™) 2
or der t Ongmé'em u&@ﬁ&ﬁqy&) @k oﬂgkaquxﬁg@% bwy&%ﬁ’n %%f‘sig@bdén% Hithse t he

MOCVD means usi ng sane reaction syst ative ow t enper at ur e
not | OWegynduction form of the underlying layer such as a clad layer, and is constructed from a BP

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.



t han 250' C and not higher than 750*C, is suitable (refer to U S. Patent
6,069,021). At the tine of formng on a substrate a stacked | ayer

"structure for use in a phosphorus-base seni conductor device, which

contains a growh layer largely lattice-m smatched to the crystal
constituting the substrate, the BP |l aygr or BP-base m xed crystal |ayer
with the mejor part being anorphous exerts an effect of relaxing the

| attice msmatch and of providing a growth, |ayer having excel] ent
crystal l'inity. Thg BB crysiad lgsr P&‘}g}cg%‘? -bigs. ‘B%gcr%ﬂai 1ding PADCPTESE Y h t he

O bt b DR 5 2L ubermaa L kil wborRhtsh Sravibanancd Sihaf § REI,
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t b f whi ch
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al so be fof %meérqgogg(ﬂfméﬁte EEem @3§tp§géslmt§tzwef99r79 a RRIR M&Hodand

stacking a oron p ide (13P) single crystal |ayer grown at a hi gher

t enper at Mp@drite raahaamrpﬁ\@hh@tah@r@ga[ﬁ@als@hmﬁle/abaxywpognmmtodas beywapor
tenperature (refer to U S. Patent No. 6,029,021). Also in the case of

usi ng suptgise gicavth adthaewhichmaecdn orgatio coBPound ofttveornasthphares (BPséuayer i s
allowed to be interposed, a BP single crystal |layer having excellent
cryst al | inrthe MQEN Dhmetheddior gxabplai mboronBeHivexpimsplide (BxGhePc8s¥=df a boron
phosphi de-base sem conductor |ight-emtting device, the buffer |ayer

conpr i si mixed ceystaltgmows nsgngms@ctmgr@aiegabw@m qg@mgd phiriedigtbosanei ght - emi t ti ng

part which provides high- intensi li.ght em ssio an be formed.
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For exanple oron ga
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 (BCl;) 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,Hg) as the boron (B)
source and a phosphorus hydride such as phosphine (PHs) 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 is



phosphi de m xed crystal (Bo.o02G0.98P) (refer to JP-A-11-266006) having a
boron conposition ratio of 0.02 (boron phosphide m xed crystal ratio = 2%
'is a BP-base mxed crystal layer having a lattice constant of 0.54309 nm
Accordingly, a growth | ayer lattice-matched to an Si single crystal
(lattice constant 0. 54309 nm) can be construct ed from Bo.o2Gao. 98P
(refer to JP-A-11- 266006) The growthllayer | attice-matched to an Si

single crystal substrate can al so be constructed froma boron indium
phosphi dadvansaggousdn ykat alhe(eBeiuadianstazmre aby BEdayer BB baseiméxagdsdrastal at i o of
33% The BP-base m xed crystal growth |ayer |attice- match?d to the

substr at l@)@‘awltbéﬁ%‘b?&ﬁﬁﬂﬁc%dé%ﬂlﬁﬁhﬁnﬂy’f ‘BE@‘tYeﬁor‘F‘%erp artigylar |14 Also, a
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sem conduct or | ayer having a band gap of not less than 2.8 eV and not nore

than 3. 4cgattt if AQunuiigrawLdifiendibial @RIE6A4) dULIOEdiAlglY] e abaipt Ng a
sem conductor | ayer conposed of a boron phosphide (BP)-base m xed crystal

of the phasejinctior énérfar stractooneith ad@RthyeisorgBP-haHnbad erysial éalyecr yst al

sem conduct or | ayer containing BP having a band gap of not less than 2.8
eV and ntirmediby thhMOGYD resthad, has emeffectdiyatiding 2 Biybasetsempeandugioe dpwicabout
20C. More specifically, a BP-base sem conductor device is constructed using
a BP 22 suchysm TFGHET Haxig exeslbang elecigemobdityng a conventi onal | y unknown

medi um band gap. whi ch exceeds 2 eV heret ofore establ i shed a ?P lga
BP but whi ch .fhwfnp&gatme rigg theygrowdhot 3 BE layeggr g 8 r%srnﬁlé crystal laye
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a substrate, and the crystal form of the target BP layer or BP-base mixed crystal layer. In
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
((C,Hs)3B)/phosphine (PH;)/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 sufficiently 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 utld 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,0s3), silicon carbide (SiC) (refer to J.
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

BsP or B;3Po, is readily formed (refer to J. Am. Ceram. Soc., 47 (1), pages 44 to 46



formed by prescribing its gromh conditions, particularly by setting both
the gromh rate and the supply ratio of starting naterials to respective

"prescribed ranges. The growth rate of the boron phosphide (BP) |ayer or

BP-base m xed crystal |ayer is preferably from not less than 2 nm mn and
not nore than 30 nmmn. If the growh rate is set to a low rate of |less
than 2 nmimn, the phosphorus (P) con tuent element or a conpound thereof
cannot be sufficientl y prevented from being desorbed or volatilized from
the sur f O64Df andhibis igya disatvanaggsrin ogtaining e singlecrrystaldaner comprisipgbaran. | f the
growh rate is set to_ a high rate in excess of 30 nmimn, the band gap

val ue obmgnaRRpsphiden dBom %IW&H‘?\%&%‘B! BP layeg pr Bbeafqm@lxeercw% 35607 s set
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form ng a BP-base xed crystal, the supply ratio is the i o of

total sugpYikedmaattid pdhguRe dbteinedeieter SOUICStal GRIUE] TN 1B phyers l$87( P) to
the total supply amount of Group Il elenment sources incl udi ng boron (B).

For examal®4). in the case of formng a boron indi um phosphi de (Bxlnl_xP:
0=X=1) mxed crystal, the supply ratio of the starting materials is the
rati o of the ahpender tofobpimaphmonsho@Pyr paucrysialline B dresfaltlayaripy the owt h
reaction systemto the total amount of boron (B) source and indium (In)
source s VBdneansasingghe saiee ractian sys@myarelatiyedy jay tepiperdierewiof loweratio i s

t to | th | f d der ed,
wher eas ﬁ?ﬁgﬁ@a&‘m wbglee 00 S0ECLb Sl e el PG R-WDesdlof 60, o

0T 1 A B PRI CEL 81 LRI Gl it 3 Ly o .
occupi edseb i c{u%%r Idev&g%vl%cl;{ é&rﬁgmkg %\Sﬁ, lg}%j le}rgel??z}ttlgesm?ﬁngaq&%rd t<() 'il?ef er to
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
removal 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



Kat suf usa Shono, Cho LSI Jidai no Handotai G jutsu 100 Shu [ 5]
(Sem conductor Techniques in the VLSI Generation 100 Series [5]), GChmusha

‘(May 1, 1974), appendix of "Electronics" (Miy, 1974), Vol. 29, No. 5, page

121). The zinc bl ende-type crystal to which a BP or a BP-base m xed
crystal belongs originally has a degengrated val ence band structure where
a p-type sem conductor layer is readily obtained (refer to Toshiaki |koma
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to about the “hydride method “usi ng a di borane

(B2HG) / phagR BisnR aliS Rl rAitiabioes Rl ch-MidnaktiséAnBe(oRh&d thefonIpPn. J. Appl.
Phys., 13 (3) (1974)). On the other hand, in this hydride growth nethod, it

is stated thatAtha@vt‘tfllA)lel l4teité-enatcHH3H B%H@)glmgtabalbs@metc@n aBowe 50 or nore
for the growth of the BP layer to occur (refer to Jpn. J. Appl. Phys., 13

(1974)) . cdmtrpaed fronn the BPabase lntiaedicnygtal Brysi. ndloe exanyst,ad bd3Pnlgalfimm it i s
stated that the V/I11 ratio nust be increased to 250 (refer to Jpn. J.

Appl . Phytsosphidg mis@izerystal (Hoortdes?) dsederpp dB-/ofl 1 266G draingr batger usi ng

di borane and phosphine as starting materials, the gromh rate is set to 40
nni mi n agomppsitiongaide of Qﬂat(wﬂu@aom%éﬁfdmmaﬁwf%ratm a%s)as 2 Bhybase mixed
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referred to in the present invention can be enpl oyed,
crystal (Bg33Ing 67P) 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 layer 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 eV 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



however, the V/I1I11 ratio cannot be set at the same tine to satisfy the
range prescribed in 24 the present invention. In the hal ogen nethod using a

‘chloride as a starting material, even if the V/IIl ratio is set to satisfy

the range of the present invention, there is a problemin that a BP |ayer
which is being grown or the Si substrabe itself is etched by the halide
gener ated upon deconposition of the starti ng mat erial halide during the
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single crystal layer at a high tenperature can be readily and sinply
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growth rate is set high for no reason, a polycrystalline layer tends to grow readily and this
is disadvantageous in obtaining a single crystal layer.

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/III 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



be stably obtained. The band gap (=Eg) can be determ ned, for exanple, by a
general photo-lum nescence (PL) nethod or a cathode | um nescence (CL)

"method or fromthe relationship between the absorption coefficient and the

photon energy (refer to Seeger, Sem kondakuta no Butsurigaku (Ge) (Physics
of Sem conductors (Final Volune)), paggs 25 390 to 400). Fig. 2 shows the
phot on energy dependence of the absorption coefficient of an undoped BP

| ayer formed un

h -describ diti ;
Lype S EPHGnS BF petdhie R ETiPRTE te.o iy TANES HAREackRsf AGn b8, 07 on P
pe o Y < . :
{he absolBortynausfy Chb IRt SIdALHO BB GELELAgE 106 S [RsEAAERUARAN £,y oe”
about 3. ech ié]uggﬁllch@m@l!d netdiohNBO%2Es %@),@)hnﬁﬁhgwﬁpq! 1974)€appRh&ix Of

change o gap with respect to t tenperature (tenperature
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gap increases. Accordingly, the band gap of the BP |ayer, for exanple, at
a | i qui dsthicturegdsreteprpgreaemiendadtor Kyer is redodytobBikede(vefeBy Beshiakhtkomeane
growh rate and the V/I11 ratio to respective ranges prescribed in the
present amididealodkoma,Heagebutsayandotai no Kigsy BesseitNyumemtBasic Britsiask obt ai ned.
Fig. 3 shows a CL spectrum of a magnesium (Mj)-doped p-type horo hosphi de
(BP) | ayRwopeftishaf G@mﬁguﬂ%\%cf%@ﬁédm@l?@ﬁﬁtﬁxgﬂl%th’@ﬁ%%?s%atﬁ e BB “]gaé‘t ting
the tenperature to C .the growth rate.to 10 nmmun, and the V/IIIl ratio
to 60. Ptew&&vﬁ’dﬁ??ﬁ mle\%é’ﬁ‘it esétljgé St %rf’ﬁ‘l‘i?rcg"@f’s'é‘ﬁnl@trgfsﬁ%ée 8ron
phosphi d P).is d.ndi.rect .sem.conductor, t [ I.S:.SUi.tably
obt ai nedﬁsﬁ’E%S)PE‘BHBZPH‘ﬁ‘? %’dg’ftg%mk’%?n Iog\"}VBFt.ypérﬁrggtgglrgy?rzt?a%g%l?gnl{eglg |H%én of
the p'tyiggiisgﬁ)valn%ﬁuﬁghﬂld% pl e i s about 8x1018 cm 3. The |ayer thickness
is about 2.2 m cording to an analysis using a general peak separation
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the growth methods, a growth rate of about 120 A/min to about 700 A/min is reported for the
hydride method using a diborane (B,Hs)/phosphine (PH3)/hydrogen (Hz) system (refer to
Jpn.J. Appl. Phys., 13 (3) (1974)). On the other hand, in this hydride growth method, it
is stated that the V/III ratio (=PH3/B;Hg) 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. I. 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), 9th
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 (Hz)

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



spectrum (shown by "SP2") having a peak wavel ength of about 569.6 nm "SP2"
seens to be a spectrumattributable to the "deep" inpurity level. The

"spectrum shown by "SP2" is characterized in that the reduction of the

| ight em ssion intensity over tinme is recognized. On the other hand, "SP1"
is a spectrumwhich is presuned to be2a band edge absorption, and fromthe
peak wavel ength thereof (378.5 nm, a band gap of about 3.2 eV is

cal cul at&g gtlg{%rngnt he case of an undoped BP | ayer grown by the MOCVD
met hod usi g 26 triethyl borane ((C2H5) 3B)/ phosphi ne (PH3)/ hydrogen

(H2) system afs RNBe BXBEVH RretHodisirdehMiRI¢Ss havRlingfariial, lyeh@shav)iar ger band
gap. In particular, the roomtenperature band gap of a BP anorphous |ayer
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gromh rate is generally tends to be small. In particular, the band gap of
a thick deopmposition nfthe starting matdriat kalstesiuring eheceaper phasalgeawthanda BP vt m
soneti nes decreases to about 2.8 to 3.0 eV at room tenperature, for
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havi ng a gap of not less than 2.8 eV and not nore than 3.4

accor di n@iety 188 EFE)IBY, IVEIHiEQEY, ErdmUsiatkylbRrdHelcdh b@@@medermt&mmfde
m xed crystﬂg ﬁq:gaAs D 0’6<§Lm O<c<l | 8+p- ZI) havi né)pa band gap of nore

t han aboatt arﬂo@h@ﬁé BP ld)%S 8r BRabase hixedalyysadl 1ayeom 4 Rvpeagietaterewarthebe f or med.
If a conventional BP crystal having a band
formation of a single crystal layer at a high temperature can be readily and simply
performed. Trimethylborane ((CHs3)3B) is a gas at ordinary 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



gap-of about 2.0 eV is used, only a BP&As, m xed crystal (0<8<l1l, O<F-<I,
8+F-= 1) having a band gap in a narrow range of over about 1.5 eV as band

‘gap of boron arsenide (BAs) (refer to IIl-V Zoku Kagobutsu Handotai (G oup

[ 1l N Conpound Sem conductors), supra, page 150) to about 2.0 eV as the
band gap of boron phosphide (13P) cangbe fornmed. Also, for exanple, when
boron phosphi de (13P) having a band gap of not less than 2.8 eV and not
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whi ch i Slgr éheaht 3P 61967 c ades Ainegn BrikisiemPeratys cratBreRiAAcaNS that as
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usef ul , r exanp ~Inconstructing a barrier layer for a light-emtting
layer prigyBeashd oF tRPrédenhthveiiasd caveadbesigéd) | i ght. For exanple, a clad

| ayer for a light-emtting | ayer conposed of a

Fig. 3 shows a CL spectrum of a magnesium (Mg)-doped 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



cubic galliumindiumnitride m xed crystal (Gao.751n0 25N) can be
constructed froma Bo.90Al 0. 10P m xed crystal having a boron conposition
ratio (=X) of 0.90. A boron phosphide (BP) or BP-base nixed crystal is a
zinc bl ende-type crystal and due to its valence band structure (refer to
Kagobut su Handotai no Kiso Bussei Nyunpn (Basic Physical Properties of
Conmpound Sem conductors, Elenentary)), a p-type layer can be readily
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structure conprising 0.q0 1oP m xed crystal and the Gdo. 751no. 25N

m xed crygtal . TheaRa g4 alBH polféryadliae Ya@teﬁ{gromd)wheream@hz@mmaaw have
the sane lattice constant (=0.4628 nn (the lattice constant of cubic 28
i ndi um nistgehekall§ kanlds té Be srahit.ul kit petiasarDthéAndgap ofed thickt laydrihaNng akayer
Kagobut su Handotai (G oup 111-V Conpound Sem conductors), page 330). In
ot her wothikness in@gcess ©ff adout@yter3 puh avmetmesadardrees toabaut 3.8 it 3.8gMatirpgm| ayer
can be constructed from BP-base m xed c[%'?sjt als of the present invention, a
| i ght - entemperayursafor exémplee (The single eristelHdl laygsgremncadenise ceridonsRitaed.
Crystal layers lattice-matched to each other can ,gqe hi %h- uality crystal
| ayer waiopvth Faig end aWdHI mtipgesnecwslp it the appys- dpretorref gangss tanchave
m smatch. Therefore, high- intensity light is emtted fromthe
i ght - enf feAHER B%ﬁqe g%’fhb‘“g't’fﬁeq ‘&Ftaf“@ég%&f 1%’8&3'%@ 8 ycgﬁﬁ?fllulelTF%ertan contribute
to the fabricati,on . of a high-lugLhessen i dg-
sem conduct or thﬁtb-oé?ﬂ ?‘Hsﬁg‘dagg}’g‘g?&%@gé’ ?‘%g%i %gl\;;%?slgﬁ]gﬁ??sgg{ mat ched to
each ot hgj, S8k, bR TRARA SR Bhvih @Y BbvdnRoRal[yBlihbRRBRhPegpich t hat
the degr eeel?)t?oq l{ag.ttl éreaeénlfsrraet Cﬁ&?s })é t g‘ggfor eé‘s? }Edo, use of %ﬁye bor on
phosphi dg.qtk3fkd beY&! fRfuBPBRASGAIn 8, RN al, (hayer, 0oB<thdy< 1,

O<a+B+y=1, 0<d=1, O=e<1, 0<d+e=1) can be formed. For example, when boron

phosphide (BP) having a band gap of not less 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, d+&=1) having a band gap of more than about 1.5 eV to less 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 a BPsAs, mixed crystal (0<d<1, O<e<1, d+e=1) having a

band gap in a narrow range of over about 1.5 ¢V as band gap of boron arsenide (BAs)

(refer to I1I-V Zoku Kagobutsu Handotai (Group III-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 eV according to the present invention is 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



present invention is advantageous for constructing a light-emtting part of
~a lattice- matched systemsuitable for the fabrication of an LED or LD. For
exanple, a pn junction-type light-emtting part of a l|attice-matched
system can be constructed froma clad |ayer conposed of n-type or p-type
boron phosphide (13P) (BP: lattice co2§tant 0.4538 nn) and a
light-emtting | ayer conposed of galliumnitride phosphide (GaNo.97PQ 03:

lattice xﬁ@ﬂ%%eﬂ@yt e forflrfitn Bk nigud &?st@l PRSP &avss, (MRkn BRBMRSA tiOn ratio of
0.03. Also, I'’ghf-em tting part of a lattice- mat ched system can be

readily &mﬁkn%t&@o (EXpRiRcrédseiita BRGA LIN@<Xa§ icangosechavingaibim gap
GaNO. 90P0. 10 havi ng a phosphorus conposition ratio of 0.10, and a clad

| ayer casmsed opimartibacbbdorordgalrdidemadtyo iphBydsa;. x@’B@<HSdEhm1XbﬂF!)ry$id\As ng a
gallium (Ga) conposition ratio of 0.07. Simlarly, a Ilght- emtting part
of a | atfoiroed using e lkenventipsaldiR bawingh bandgapcefimboniusd ey, by ymsBx@axgeﬂ i um
nitride arsenide (&N, -xAsx: O=X=l) as a light-emttin ver,
under st@s¥xddmizesherysthlorying heansrgapgy ageHer e ¢2bgal fpméﬁl S\ F‘H’e ¢ GaN)

is (-)26.2 kcal/nol, and the e ted of GaAs 19.2
Igcal / mol formed.er Frog thp BR- 9@65@38&;{ %@%ﬁﬁgr(ﬁé‘!gﬂ%&%%ars;ﬁﬁ8 @Wg%sg*\/( g)ener at ed
y GaP is kcal / npl th t
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BP | ayer, &gnggﬁﬁgg}o{ﬁgﬁe crystal Iayer haV| ng a larger band gap at room

t enperature capabl e of satisfactorily exerting a barrier

effect on the Ajghihe @Bbéd dd¥arib&ty&ise, 088 BP0 Rfikédi6ry sl dongpvsed offRelBRyer or
BP- base m xed crystal |ayer having a band gap which is |arger by about 0.1

eV or ngrgstaldsingd edmdrgaplof not Rseidan2.8@V and Ademdrertban hie¥pdfitie p(ei&R) or
BP- base m xed crystal according to the present invention has a |arge band
gap capainbentivin tas arsgh bandrggp\ovsi bivedd iaghe noffseen shemyemional BRdrabe maxed
descri bed above. Therefore, for exanple, from BxGal-xP having a boron
conposi tgrgstals. By virtue of thlS the BP-base mixed crystal is particularly useful, t%r example,

in constructing a barrier layer for a light-emitting layer provided for emitting short

wavelength light.  For example, a clad layer for a light-emitting layer composed of a

cubic gallium indium nitride mixed crystal (Gag 7sIng 2sN) can be constructed from a

Bo.goAlg10P 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

Gag,75Ing 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 Bo.goAlg.10P

mixed crystal and the Gag 75Ing 2sN mixed crystal. The Bo.goAlg.10P mixed crystal and the

Gag 75Ing 25N have the same lattice constant (=0.4628 nm) (the lattice constant of cubic



ratio (=X) adjusted to give a band gap of 2.7 eV or nore (when a BP crystal
having a roomtenperature band gap of 3.0 eV is used, 0.4=X<1), an emtted

"light transmitting (w ndow) |ayer of an LED having a |ight emnission

wavel engt h | onger than about 459 nm can be suitably constructed. A boron

i ndi um phosphi de m xed crystal (Bxl n,23(P.) having a band gap of over 2.8
eV to less than 3.4 eV can be used in constructing a wi ndow |l ayer . of an
LED or sydifacsirfdd (&a0)ns chieprtddRs ©aqsdhing refer ta Hh¥ndakui Keagobiist tgdptay ht

having a wavel ength | onger than about 443 nm (refer to Iga anp Koyanma,
Menhakk qGRegaIl{-SUCHmapeundEinicomipcioasepage 3B8). Ha.other ${ords SRCE A ladJa¥els 4 to
5, Chnusha (Septenber 25, 199_0)%, and al so can be sPed in .co(gst Ly ting a
ref | ect i ngiceimatcredfton ligheemitting layarrasbecoastrucirdd Tiph-Pasg MK EYSEeief er 1o
Menhakko Reza (Surface Emtting Laser), pages 118 to 119). A photodetecting
part f orofubepieserd imtl@m@tlﬁfﬁeﬁ\jﬁ’&é\i’?ﬁéf@ﬁ atﬂée'&?ﬁ“‘shtepﬁ&%%ra K g?n a stacked

| ayer structure conposed of a.GN, - xPx m xed..cr Wi : e
readi |y qoneducied, Givatal RyepatficyRiatcpd Qfaﬁgé’ teherrnx%e@ %‘%s"tﬁgﬁ‘&ﬁﬁ? l%)?‘&t he
present inventiop. For I A i : 0 of feQRighhosphi de
(13P) | a‘ywhcy?v%%-“i?%gs}??égéggtsgms ‘%ﬁ’*gfﬁ%lyhgp a@\nh% ﬁl%élwétglrﬁ c%t%élﬁgt orlgllg%ayerIo
having a deg{é)?ggotfis 'C.l% tféd%?or{]“ggégﬁécrﬁlénﬁ{tin@-pﬂ?{wEhe bS8 niatched @y Sl ayer or

BP- base M stal Tayer onstitute a photodetecting part for use

in a pho@?sgﬁ\ll%%ir ABURE BaoWRA éfaaaaigh-l@mgescsh@wmpmehmbmmt h ratio,
ratil o,

so-calle and an excel |l ent phot odetecting sensitivitg. In
2

parti cul gr ;- wheR R 1iBRCLANRLEENIRY Thrdrystal layeedlatiice imtcere patheother as
het eroj unction structure of a boron phosphide (BP) |layer 30 and a._ .
seni condyghMerdi@Ran castal LEenstih aheldtionsbipatuch thfabtheadegrag|of lattigremisgNgichiiby
| ayer described above, a photodetecting part for use in a high-sensitivity
phot odet egudner ldsvi ce having a | ow dark current and an excel |l ent
phot odet ecti ng sensitivité can be constructed.
?

BP- base m Xe_d Adsps g oflthg rogfphpmici;r(@é)é llﬁy-ef ﬂg,@ﬁ@):agegfnpégs%ls a& ;léa‘})aég Bg fife

o ehaSebene e P RE g, Lo

o basedmr;itéleeg S}(f:srtgrgtsgftabllg o%rtheh %Y)iriggion 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
(GaNygg7Poo3: 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 GaNogoPo.10 having a phosphorus
composition ratio of 0.10, and a clad layer composed of cubic boron gallium phosphide
(Bo.93Gag 07P) 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, J P-A-10-53487). Therefore, the GaN;.xPx mixed crystal can be more




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
blue light, and therefore, can be effectively used, for exanple, as a

wi ndow | ayer of a photodetecting device where visible light at a short
wavel ength is the object to be nmeasuré® A heterojunction structure
conprising a boron phosphide (BP) |ayer or BP-base m Xxed crystal |ayer and
a sem COopgyly ArmleaYiin thaGal\; SARRsiRedcrybiarl, ahd thisisadvanaggesusAidnd lhpat a
carrier, for exanple, an electron can be transported at a high speed. For
exanpl e, for thd\@aN[ o Ulighticomittirtgr lagdriis eorstruttied fidi 4 BPdayesor BP-brse mintked
crystal layer with a GaN1_xPx m xed crystal is suitable for constructing a
f unct i onerdystablager hofving ATEGRE Panhgapeat thomHemperadire. r ahsladeyer icapabds ofel ect r ons
are necessary. In this case, a direct transition-type GaNl xPx m xed
crystal satigactocidyiexasting 2 bamieg Bffectawn the HehtppittinglaygiFan pp spafigicted fram a
suitable particularly for constructing an electrqn channel |ayer qf a
TEGFET. RPdayer pr BRriase mixed ¢rystal layer @Pg%?s “Higﬁgdvcf%?% argey %@6}“ 93

el ectron UP ly | ayer r;fakél?q%g eterojunction wth an el ectron channel

I?yer antl E?Mﬁjn LPEEaBY SufpIYiMYCan el ectron into the inside of the
el ectron chann I .be y . . P | ayer
or BP- based mﬂieeé&éfg g?ﬂﬁ"‘?ea lfefﬁrbzg}ijlﬁlges%g?légdejél‘?aﬁl%/gee%ﬁl%{ong E%Sglgr Iager

whi ch ”a?ﬁggﬁu&i ﬁa@%ﬁﬁ%s bggé ggﬁfeaﬁah% S EREHRANS VRMIYiLRYER sBOM Waelegh@Ct r on

channel er can a nstructed. The electron supply |layer or the

spacer | ay@sciisedSdbol @bl Yh&refss, focéRenplé, 3ron? B6a|.£Phslsd 8 bordnayv@iposition
represented by the fornula B,, Al pGaylni _u I3 yP8As, N, 8 E (O<a=1, 0=(3<1,

0=y< 1, RAGe{EXYYdibstedBgive alrahd kap 002F-e3=dy) molkeawihag adBenystabizyimhach i s
| arger than that of the constituent material of the electron channel
| ayer, byboth @neéramurervane gapoes Oredbisysed Out=0<13, alemittedbight trémsmiitiogl ar |y, 31
for the reasons described above, a GaN -xPx m xed crystal layer is easy to
form as (wiodps) koevgfian IED deviagiadighe apdnsivg. wanslongthhengahargatopt fehBmgap by
t he phosphorus (P) conposition rati.o, of ah ) ) .

can be suitably constructed. A boron indium phosphide mixed crystal (BxIn;.xP) having

a band gap of over 2.8 eV to less than 3.4 eV can be used in constructing a window layer

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 GaN;.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



GaN; - xPx m xed crystal is utilized (refer to Appl. Phys. Lett., 60 (20),

_pages 2540 to 2542 (1992)), the band gap can be varied by changing the

phosphorus (P) conposition by about several percent in the region of

direct transition. For exanple, if the phosphorus (P) conposition ratio is
set to 5% the band gap can be reduced)from 3.2 eV to about 2.8 eV. |If the
phosphorus (P) conposition ratio is set to 10% the band gap can be reduced

to aboufnd? LnfAdondhbRk ldy%r lattiR -rradhedtR¥retd, XGtbxamphy, e GaN adyaayageous in
that an electron channel |ayer can be readi | y constructed therefrom which

channel dayBbedcabiovedptoitddetdciing par fasyse irde high-sensitiviey pimegetating deHre
conposition ratio, the above-described suitable difference in the band gap
f r om t hehspecelow darkcunenteindenreancl bnpplhofodetsting sensiiivityioag ba caestructeder or

BP- base m xed crystal |a As schematically shown in Fig, 4, a stacked

| ayer st Alsot the 8PAlaygranr &lgbaserm!esed TEsfakdpyaofi tge PISpoRt dnvsptianissaiul as # y
stacking, for exanple, the follow ng |ay uBst rate 401 ﬁgnp“ si ng

E a]P]PhI r e“g{é\ﬁaﬁg“étlﬁ Layer %ﬁpla@@tqfﬁffe%ff"c 30’(959?“"("&8 ﬁ%ﬁfé‘? e mepsuteqd B2 fénper at ur e
402 f
o T B P B

wehin g reeRlglgRse B0k ARl oA G NS &V R P hRe, 0P
pref er ab rol}smltfe’i/eﬁ\éls%le rngE?at a((jfm) gvzn"egzlﬂ th! SIASE %M&rlpghp Uhfi eertBYE "carleg’

conposed or exa pe BP having a carrier concentration

(=n) of lesdivél ?%@c@tf&uéxaﬁiblel a@%@n%\ﬁl defeBringabibe whefeOristBR at a

hi gher tenperafture than the ovv-terrperature uffer layer 402 and
pr ef er ablighthes siorbwacklgith &f ths oBjécon bemicsured) an el ectron channel |ayer

404 conposed of, for exanple, cubic undoped n-type GaNo.97PO 03 (for
exanpl e, n=5x A%&r@%éﬁo,n sﬂqéﬁlrmot)mpmdmg:mbomn Iphosphide-(BR) tayedot BP-tBse
constituting the high- tenperature buffer |ayer 402 and has a | ower band
gap; (4)mixedpaystal ldyry end 466mizongdusterdaysh latfier-matchehiheretq ischdyariageouy e BP
having 3t%at a carrier, for example, an electron can be transported at a high speed.  For example, a
heterojunction 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
BoAlgGa,In;.o.5.4PsAS: N5 (0<o=1, 0=f<1, O=y< 1, O<o+B+y=1, 0<d=1, 0=e<1,

0<8+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,



a carrier concentration (=n) of |ess than about 5xI 015 CM 3 and d=5 nm
whi ch has a band gap higher than that of the electron channel |ayer 404

‘and preferably has a band gap of 3 eV or nore; (5) an electron supply

| ayer 406 conposed of, for exanmple, silicon (Si)- doped n-type BP having a
carrier concentration (=n) of about 2x340l 8 CM 3 and d=25 nm which
preferably has a band gap of 3 eV or nore; and (6) an ohm c el ectrode

contact. | ayer. 407 G0IRSEnAle o[y SIS cShbl 698 xSy ogRgds - type BP

having a carrier concentration (=n) 0 out “5x and d=15 nm

whi ch prefgrabl withas afsAfchbnginiover than that of the electron supply
| ayer 406. Subsequently, a part of the contact |ayer 407 is recessed, and

in the recessewmnalhe bowin@T®hhdk ¥ap by tHei pABsphvRS (BRtEmpPdsitdH Ao of@8 i s
provi ded. On the surface of the contact |ayer 407 remaining in both sides

of the reaNssPdmdedd cristd] is atilisddirefes uAps. Physcietad60 @), pawesi 254 @iod 542
el ectrode 410 are forned to construct the TEGFET 40. For exanple, a

GaNl _x Px (19929 dthe bysd gap tanyter vasted biyethanging He ghosphorgh(@3 shingesitioBpy abgut
BP-base m xed crystal can be used as a magnetic induction part of a Hal
devi ce. sdvaral pengertrin yhe fegioneofaligsretrangiticaNi Fapsxampltedf depbosphorus/(@ | whi ch
i t indirect t iti t but di t ot i ti t , b
used ‘as SRR g vt iy Far0S0 egb ov eISE Beehly P AN
osphor conposi ti tio,.the.GN - xPx m tal | h
F% R N T A R SR e Ot P
eV), indiu rsenigde (| = |1 | d
(Cuns, " B2 T A 30, DS ot R ARRerfblds BRI SRI S,
roomte ; 3 . j b -V
"B%'hﬁél%)ﬁeé c!n? Bg rrcja,dtllg é:ggét%agg%alﬁﬂerléﬁﬁﬂtw&%” pﬁﬁfﬁgplta%r &Q&Hiﬁlt, kd

Corrpound em CO ( uctors _ each constituting a nagnetic sensi ng
l'ayer of (GRR¥EIHchENR m&l@hbsﬂ@msqlﬁ ﬁ&rﬁﬁcﬂsﬂﬁor{ @ti6tRE aboRbYeseribét duitable0

(1992)). A sem conductor material having a |arge band gap is advantageous
f or consgiffeednicoth theldahd gae foarthe apadet tayeif orvedédiiongupyly hayeh comprieingaBRes
because the tenperature reaching the intrinsic region of the electrical
conduct i laiytyoriBP-base mixed crystal layer.
As schematically shown in Fig. 4, a stacked layer structure 41 for use ina
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):
(D) 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 GaNp.97Pg 03 (for example, n=5x 10'® cm™, 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



hi gher (refer to Sem kondakuta no Butsurigaku (Jo) (Physics of

~Sem conductors (First Volune)), pages 5 to 10). For exanple, a GaN, - xPx

m xed crystal capable of having a 33 band gap higher than that of a
GaN, - xAsx m xed crystal |ayer can constitute a magnetic sensing |ayer of
whi ch enabl es operation of the device gt a higher tenperature.

Accordingly, a heterojunction structure conprising a GaN _xPx m xed crystal

I d I . - 1 xed | .l i A i
DAt an SAETEDTSARIHIER AL oo ph Sy SELc Epal 450 T Har BOEhOE i gn
t t ' b . i cul arl j | 1.} on-

e type GHIE Mghs Ui BACSE D& LR b e g phitffly B R RRAOLE" P

BP- base QV)S?% ystal layer can realize a nore inproved el ectron nobility
and, thérefore,” can contribute to the production of an env i ronnment-resi

stant Hall devgsge hay) Bdcréil gfbpg,g@?értdoﬁicbm 84 ohick Rxhdpapabde(R)- acting

at high tenperatures. The Hall ce according to the present Invention is

const r uchgebdfi-gpL BEkRSg AtrieP8shcantsdde kes) dfayeht BN endestanm| ng, for
exanple, a buffer layer and a magnetic sensing layer. Fig. 5is a

Cr 0ss- seghichpréferbiyhshobdndgapof S ol moef atdie st acked | ayer structure for
use in an environnent-resistant Hall device according to the present
i nvention. For(&he sabshmitded®le cantsétrigyes 467 gpempdsedind hfoasxanplecolcon
sapphire or silicon carbide (SiC) is used. The first buffer ,layer 502
provi ded(Shdeprd mstypgIBP hawjng acarrispepncentertiondrn)sf rbpyt oldst ¢aceeddFtom f or
Second b BRCREETBbANA GeEp Jor bl G5 ot AceRanIED B8 1Beon
than the 11 rst SHoeRemibag arr BY% Fiselliinall o Befisf i e bSs P Rbmpos e
1 700" @ FRI SentRreiERAl locffos P B rhelitc o B Mo RO Ry o
R L e R R U R S T
(Qutlineytf 2 8QHH QCAIEIAD JPe¥IRRA ko chRBBctARd TEGFEIB(. i um nitride
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 ¢V) and gallium arsenide (GaAs,

band gap = 1.43 eV) (with respect to the value of the band gap at room temperature; refer -

to I1I-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 a 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




phosphi de (GaN, - xPx: O<X<l). The magnetic sensing |layer 504 is suitably
_conposed of a material less lattice-msmatched or even |attice-matched to
the underlying |l ayer (the second buffer |ayer 503 in the stacked | ayer
structure systemof Fig. 5). The absolute value (A unit is % of the

| attice m smatch can be calculated fragsmthe lattice constant (=ao) of the
underlying layer and the lattice constant (=a) of the deposited | ayer

accor di . f Ol | ronl ass Mg < I latti
i st o g £k BighPF il RO AL PLA Guixh (e lalEanRBho Bl ollE | 2111 €
(a0=0. 45s%§si9£')aﬁklsop@hﬁéhgn%s Sttt fGhEaNitSatanfighdtidapdrawr@t eri al for

constituting the magnetic sensing layer. The buffer layer (first layer 502
of Fig. &éqordih%@, a h&@rdj@icionReuttubetongprizingy PBeN g xPrmitel agstarloyan and at e
described in this construction exanple, has an action of relaxing the

| atti ce BP myat chBRubdscminted doydtaldayen it dbyaftapedusiin thatrpn enamementfesistant
crystallinity of the upper layer. The lattice constant of GaNP having a

ni t r ogenHalbdgpuied ¢apablerafiacingéved. a0 BighgemperaBess eambegnastrusted. | Particulgghyeenent
with the lattice constant of the BP single crystal. The nmagnetic_sensing
| ayer cohpdised tishsisigetiype n-hynei CaN mdbxonixgd prista fayer btticssmatchegie-they BEl i t v
crystal layer reduced in the density of crystal defects such as msfit

di sI ocatlpyif or BPrbasemixpt erye! tayer sagirepliag arﬁ‘%‘i’?dfr‘@ﬁc.’veﬂ(?i?ﬁ”&f‘ﬁ‘@)‘?@l}tyé‘“a’i gher
electron nopility can.b realized.and, in turn, .a high- RARY Hal
devi ce HAEE e’&?ﬁ@f’?t&}i’t"?ﬂh@a{ﬁe P’é’él“g‘foa{‘n A R R gﬁﬁ%gae‘{lheeﬁatsvﬁl}% ace of
a phosphoru P) - 3‘8{] p 1. Si t ate 501 having a

pl ane dh}l%%g‘;in(%lrﬁ)vgg%?? ?ﬁ {Shc%p@olf ?E%iﬁ‘g ag?%tﬁénpix‘égﬁés{ are sequentially

stacked, for | BevibY a @R AR IRSMB PFdsEniRh Rtish §s MMl B Hoaa Sitisibtea
triethylborane ((C2H5)3B)/phosphi ne (PH3)/ammoni a (NH3)/ hydrogen (H2)

system {nl)a stadkid HyePstki@iirel R%RINIRY FoCOBRIPIE NG R ldyefanrsmaghstiee BP | ayer
having a |ayer thi'ckness (=d) of about 7 nmand a band gap of about 3.1 eV
at room defstREIHEHT EFig. S is a cross-sectional view showing an example of the stacked layer

structure for use in an environment-resistant Hall device according to the present

invention. For the substrate 501, a single crystal such as silicon, sapphire or silicon

carbide (SiC) is 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



(2) -a second buffer layer 503 (d=0.7 [tm) conprising an n-type BP | ayer
_having a carrier concentration (=n) of about 6x 1015 CM3 and a band gap of
about 3.0 eV at roomtenperature; and (3) a nagnetic sensing |ayer 504
conprising cubic n-type GaNo. 9. 7PO. 03 having d=O. | ~Lrn, n=2x 1016 CM 3 ,
and an el ectron nobility of about 850 4W2 N-s at room tenperature.
Subsequently, the magnetic sensing |layer 504 is subjected to a nesa

formatio r.Qces.s l.asma et ching using a nethane (CH4)/argon
(Ar)/hydpooté’grﬁ&fwyggék‘ﬁgﬁ\ At 35 the four edge parts of the magnetic

sensing | ayer whi, inn, having a cross shape, as a magnetic
sensi ng part (glgl%) clr(%sgf/%gltﬂ)a, an ohm c el ectrode conprising, for exanple,

gol d (Au) or afpAMh@dd B¥nlatcPbdWbdetle cfitie BaNGR0ASTORED)aHE tHeOBP sidPle
environment - resistant high-sensitivity Hall device having a product

sensi ti VEttthapgaoﬂQ@SBS AmYPis 0105 %,ahd cOSICG0NROSkuitablé Maptiavicded. The boron
phosphi de "(BP) according to the present invention has a large band gap in

excess otorstiautingnhe gapnaic seasing tiyeonalhetbadfonlayaedirstidyertso2oé Fig. 8), wittBP- base
m xed crystal having a conventionally unknown | arge band gap can be

const r ucthedndjoopart ben@Pmogfhoubén the @s-griwn stetedesaibed An tus dinsghigtiont he degr ee
of freedomin constructing a heterojunction structure w th other

seni condexample, hagen QCMVM%@I%QTIE the tatiégermisanathgad contiibugss teshsdmeber, and

vari ous heterojunction structures can be realized. For exanple, a

convent i BRRIPVEPeH Ofithrgcrystaliaty of thed'pgsila¥eand gap: 2 eV) cannot construct a

N e LN e VI AT R,
o, O P EL Bkl PSRRI R BB 57,
e M SRS A BT RS SRR
descri begyality crystal layer reduced in the density of crystal defects such as misfit dislocation
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 (Hy) system:
¢)) 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 ¢7Po .03
having d=0.1 um, n=2x10" em™, 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 (CHg)/argon (Ar)/hydrogen (Hy) system. At



above, such a heterojunction structure is effective in obtaining an
envi ronnent -resi stant heterojunction device such as a TEGFET and Hal |

‘device. In a TEGFET, when BP or a BP-base mixed crystal having a |arge

band gap according to the present invention is used as the buffer |ayer,
t he | eakage of gate current can be par315i cularly prevented and, therefore,
a TEGFET havi ng excel l ent transconductance (gm can be produced. In a Hall
device, when the buffer |ayer is conpose f the BP or BP-base m xed
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unknown | arge set can be 36 ate vari ous sem conduct or

| ayers. Jbgo,h%rg%&mﬁggfsiﬁgviaw.ucture using a sem conductor |ayer conposed
of the BP or BP-base m xed crystal specified in the present invention is a

het er oj unct i onTisd Ba16h Phesphade (BP) acdordigg td rcprefcaciantntivi Hag adsrgddsand | bed
above and therefore, can be advantageously used as a barrier layer, in
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conventional BP having a small band gap (band gap: 2 eV) cannot construct a

heterojunction structure capable of exerting a barrier effect on GaNg.¢7Po 03 (band gap: 3

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

GaNg 97Pg 03 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. In a 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



| ayer 602 was grown at 350C by an at nospheric pressure MOCVD net hod using a
triethyl borane ((C2H5)3B)/phosphi ne (PH3)/hydrogen (H2) system The |ayer

t hi ckness of the |lowtenperature buffer |ayer 602 was about 12 nm Using

t he above-descri bed MOCVD vapor phase growth nethod, a magnesi um doped
p-type BP |l ayer was stacked at 950C a?,éa | ower clad | ayer 603 on the
surface of the lowtenperature buffer |l ayer 602. The magnesi um dopi ng
source used was bis- cycl opentadi enyl magnesi um (bhi s-(C5H5) 2My) . The
carrier ei6HesNtthatarions semicRadyciRidayere| aldel heledpjuponHICHEB USINgR 1018 cm 3

and the |ayer thickness was abaqut 8 Fi g. .7 shows the_.wavel ength
dependenE‘if‘;/’ﬁ‘P“‘{“I‘flé’r:j@f"'tr &8‘?‘?9??%@@5(8%%%@89&’5?@?? ?tBIrFPSEQF\A??%hEH?CS B room
tenperature of th P layer constitut.i the .ad: r....603. The
extincti BIYSRER ‘Fiag]eECﬁ?Ju(‘:tI'(c}n sﬁreuﬁg]sre ok gtljaﬁ e[g’/élln?i\r@%ce(%éggﬁt}ng%/(ﬁcécrél%%r ter
wavel eng [ r SSverlil®afilifzact i ve i ndex
(=n) ten‘Iciiglete %h?(rﬁ}(’:e&ge)fgg%Cg%égmﬁggggéuﬁﬁ?%gasqﬁgpg g?ér \?(ra’lleﬁath sai de. For
exanple, the refractive index and the extinction 37 coefficient at a
wavel engt h of 450 nm are about 3.12 and about 0.0029, respectively,
whereas at a wavel ength of 380 nm Exz3MR8E®I th k=0.1120. Fig. 8 shows the
rel ati onship between the inmagi nary nunber part of the conplex dielectric
const ant (Exaépt2ink) determ ned based on the values of n and k (refer to

I 11-V Zoku Kagobutsu Handotai (Goup I11-V Conpound Semni conductors), pages
168 to 171) anhh bxample 1pthetpoesenteineengipn ifdesctibepinodetail nrefeyyingéxca acws, t he
E2 val ue decreases. The photon ener determned fromthe intercept of e2

val ues wHEnigtidrsengcandugtor HRIX usieg the| BP samicondystar dayer of thepgessatinkeBidid gap
of the boron phosphide (BP) crystal, c?nstituti ng the | ower Ch‘%ﬁg tf:r 603
i s about F1g: @ sehpmatically, ghasys 3 eges seetiong! puycturesd SieRRiurgion ae e%@é ature
band gap_of abqut 3.1 eV, a magnesiumdoped p-type galliumnitride

phosphi d@’“{'ﬁﬁl :97P0. 03) layer having a phosphorus (P) conposition ratio

of 0.03 and mjl‘ﬁ@st'a@lzetdilg)eér'mh&nﬁ%ltIja?u?eoﬁqfﬁlﬁ”a@micgﬁstructed using a boron
(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)3B)/phosphine (PH3)/hydrogen (Hy) 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-
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




(BP) was stacked as the light-emtting |layer 604. The difference in the
‘band gap between the BP constituting the |lower clad |ayer 603 and the
light-emtting |ayer (room tenperature band gap: 2.9 eV) conprising
GaNo. 97Po. 03 was about 0.2 eV. The light- emtting | ayer 604 conprising
cubi ¢ GaNo. 97Po. 03 was grown at 950C an atnospheric pressure MOCVD
met hod using a trinethylgallium ((CH3)3Ga)/PH3/ H2 system The carrier
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| attice " Constant o l'ight-emtting | ayer 604. The upper clad | ayer 605

was c0rmﬂ_ﬁﬁdi)tﬁf(caolﬁﬂll-va&ﬁlaéudaménﬂao@dcmgn pRIFP 268101 ) haa dn geppiforabout
3.1 eV, simlar tothe lower clad |ayer 603. The carrier concentration of

t he uppegneggynd Aahephoidd enagzyaleotease2xthe's§valoe decredses.i Jhtie-mitart ¢émegegypart 606
of a pn junction-type double hetero (DH) junction structure was 38

const r ucdeernfinehfroimetht ovencepticda; vayey waddhout Bd edpperhisteadals thatthegosm each
conprising a BP sem conductor |ayer having a band gap of about 3.1 eV, and
t he GaNOeoPPELOS band Bep efihebiorap phosplide GB2). cryyaltaeastifpiieg the loyen dadlayeos, a
current diffusion layer 607 conprising n-type BP having a band gap of
about 3.803%Wahawt 1t §¥ked. The Si-doped BP |ayer constituting the current
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substrat &o@Bﬂnru?(ﬁ'éo\‘r%sm&mrgtio of 0.03 and which lattice-matches the boron phosphide
(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 GaN ¢7Pg 03 was about 0.2 eV. The light-
emitting layer 604 comprising cubic GaNg 7P 03 was grown at 950°C by an atmospheric
pressure MOCVD method using a trimethylgallium ((CH3);Ga)/PH3/H; system. The
carrier concentration of the light-emitting layer 604 was about 3x10" ¢cm™ and the layer
thickness was about 0.3 pm.
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);B/PH3/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



el ectrode 609 conprising alum num (Al) was fornmed. At the center on the

surface of the current diffusion |layer 607, an n-type ohm c el ectrode 608

conprising an Au-CGe all oy was disposed. The dianeter of the n-type ohmc
el ectrode 608 was about 130 [tm Thereafter, the Si single crystal as the
substrate 601 was cut in the directiong parallel and perpendicular to the
[211] direction to forman LED chip 60 having a side |l ength of about 300
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vol tage (SOl !led Vf) calculated fromthe IN characteristics was about 3.1
V (forward current = 20 md). The reverse voltage was about 10 V (reverse

current =5 [t@h hdipRRaskiNayer 609y ¥@in0giefudionNgyes 607 etmpadingA-ty¥s BPbI ue
I i ght having a center wavel ength of about 430 nmwas emtted. The half

bandwi dt Ravigd a biiel gipi Fabot X pedtwasstavksd.abBhd S2@opechBPTlager dogbtitutng gsi on
intensity in a chip state neasured using a general integrating sphere was
about 14current diffusicm 16FRN607 Wasgrown BRISHBEdy axmtmosmmisemse‘anddl@gB’rD LED
having high light em ssion intensity was provided. (Exanple 2) In Exanple
2, the pmethediusingvadfHonB/RH:ddswysieped The lawardhickgss pbthecurragf qifugiopn 39
junction-type di ode having the boraon phosphide (BP) |ayer ;speg¢ified in the
present laygp@Htwasabopt o niy apdibhearrigeangenrtFabinn Was@ ﬁ‘é‘?"égct"lﬂbnal structure
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disposed. The diameter of the n-type ohmic electrode 608 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 pm.

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 Vy) calculated from the I-V
characteristics was about 3.1 V (forward current = 20 mA). The reverse voltage was
about 10 V (reverse current = S 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 (WW). Thus, a BP-

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

(Example 2)

In 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 |l ayer thickness
of the lowtenperature crystal |ayer 902-1 was about 4 nm Wen observed
by a sectional TEM nethod, in the BO.O0#Ga0. 98P | owtenperature crystal
| ayer 902-1 in the as-grown state, the upper region, fromthe junction
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observed goo esion was nai ntai ne upper part
Iowtenpg[(ﬂgl@@q,fgxx E,pelz_l ayer 902-1 was nmminly conposed of an anorphous
material. On the BO.02Ga0998P | owtenperature crystal |ayer 902-1, an

Si - doped n-typen phoxls (P)adope@ MPGHESLEiBgl6 thyStak bubstra@roAdvihg a/men)e a
conpositional gradient was inparted to the boron conposition (=X), was

stacked plan®lowiimpgrdtive caystaldaybe 9021uethposetiicfdmrar galEumephoKEEE r eact i on
system The boron (B) conposition ratio was |inearly increased fromO0.02
to 1.0 i (BiGa.d)mesistagkedit 4008€ dasi naduaeHipedsniers MOCMIhmeHioghisingehper at ur e
crystal |ayer 902-2. Nanely, by |rrpart|ng a gradient to the boron (B)
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system ogg(%_ |r1}r§ and by uniformy decreasing the anount of trinethylgallium
supplied qhe ayer thickness was about 0.4 m During the gromh of the

n-type high-  When observed by a sectional TEM method, in the Bg2Gag.osP low-temperature
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 Bg02Gag.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 By 02Gag ¢sP 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



tenperature crystal l|layer 902-2, the pressure in the reaction system was
set to about 1.3x104 Pa. During the growth of the high-tenperature

‘BxGal -xP crystal |ayer 902-2 having a gradient in the boron conposition

(X=0.02 - 1.0), Si was doped using a disilane (Si2H6)-H2 m xed gas. The
carrier concentration was set to about,, x 1018 cnf'3. According to the
X-ray diffraction analysis, the n-type "high- terrperature crystal | ayer 902-
2 was confirned_to be a cubic Bx quP (X=0 --> taI | ayer

havi ng aaopt 3y eVopt EAMAPTBRIatyLs ¢ eT %“%Htﬂ“é raﬂleafrOﬁ ot i on of the
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B0O. 02Ga0. 98P (l attice constant = 1 nm having a conposition

latti ce- makpdfeh. t Ourhi the gfdwiglog tlcermgmdmwhaterm@a,Q@lcryaalqayﬁrmaws | ayer
whi ch does not separate was formed. The buffer |ayer 902 was constructed
from a dieavidgea padient &t the bbromecongfositive (Xb0W2--aels@), Sbweds Hapediusiger disilane
crystal |ayer 902-1 and high-tenperature crystal |ayer 9Q2-2. On the
n-type hiSaiH«)-Ehpeixed gre cFhestaatier|capeantigion wassmt@alvwéxb@r &m phosphl de
(BP) layer 903 was joined by a reduced pressure MOCVD net hod usi ng

B2H6/ PH3Afgordiggde me fifhaetina a@@bwcswhém tﬁ’ﬁ“ehﬁghtt%‘Ee‘BF‘“F stysfal bausr 9@ was
doped u5| ng an Si 2H6- H2 arrjer concentration the n-type
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The n- ty%e Ia%/“nr 903 was corrposed of a BP crystal having a band gap of
about 3 roomtenperature. 41 On the n-type BP layer 903, a p-type

BP | ayer 904 V‘Rﬁe?ﬁn@%ﬁﬁ%le%%n%?%y@r R)fm@tion of the BxGa,.xP compositional gradient

layer as the n-type high-temperature crystal layer 902-2, the majority of the amorphous
material inside the Bg2Gag ¢sP 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 By 02Gag ¢sP (lattice constant = 0.5431 nm) having a composition
lattice-matched to the Si single crystal substrate 901, a continuous layer which does not
separate was formed. The buffer layer 902 was constructed from a double layer 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/H;
system. During the growth of the n-type BP layer 903, Si was doped using an Si;Hg-Ha
mixed gas. The carrier concentration of the n-type BP layer 903 was about 510" 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.




reduced pressure MOCVD net hod using a B2H6/ PH3/ H2 system The p-type BP
layer 904 was constructed froma nagnesi um (M) -doped BP | ayer having a
band gap of about 3.0 eV. The My dopi ng source used was

bi s-cycl opent adi enyl My (bi S-(C5H5) 2My) - Al t hough the p-type |ayer 904 was
a W de band gap sem conductor, since t | ayer was conposed of BP as a
zinc blende crystal and had a | ow ionicC bonding property, the carrier

concentration could be nade to about 3x 1018 CM3 . The |a Lhi ckness of
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The diameter of the p-type ohmic electrode 905 was about 110 um. 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 um.

A forward current was passed 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)



42 -plane, a lowtenperature buffer |ayer 102 conposed of boron gallium

phosphi de (BxGal xP) was stacked at 350C by a reduced pressure MOCVD

nmet hod using a diborane (B2H6)/ (CH3) 3Ga/ H2 system The boron (B)
conposition ratio (=X) was set to 0.02 so as to attain lattice-matching to
the Si single crystal (lattice constanf, = 0.5431 nm. The |owtenperature
buffer |l ayer 102 was grown under a reduced pressure of about 1.3x104

s " abobient.s I crpetauredyTispie: BB oPermseLAATaE 6 LUBARR by e 102, -

ti b
fixing t HEhate i Sipokdidiipo-GBYaaReef femg‘"g MRESEE el BB E cucea
(0t ypey SSprae RN COR BT Pt heoRh {B)ohfiohiSh rafPROGRMNE 8] (1! o1
layers 109240 ad@PatBin ﬁft‘ﬁ’é’ﬁnmlﬁﬁ:hfh to@hesg ?ﬁ@ggﬁ?gatﬁ% E&dsn® = :b]-54(3qrnn¥bse |n

HBT 10 was constructed. (1) ol I ect 3 (n=9x1017 cni'3

m conprirﬁértgvaﬁn&ratdmfaamemo% m@@muk:@mpiesgrradfmtl ayer WI t h
t he surface being boron phosphide (BP), where the boron conposition ratio

(=X) wa51J3|><m(e“q5dsyals (i) ea¥ el ldye othidknO ofttiee IbwOtetrpaedtarettinéfel Byer 102uwdsace from
the junction interface with the BP | owtenperature buffer layer 102. (2) A
sub- col | gmuod4nayer 104 conposed of Si -doped n-type BP, where n=2x 1018
cnm'3 and t=0.10 m gB) An i nternedi ate 105 conposed of cubic Si-doped
n-type gal | i unPnithe Bpa&iap@RNpw- tmmretumtsué 1ayes H03, r&ﬁzPCtlz@ftmstlmal layprsa base
| ayer 106 corrposed of rragne5| um I\/gé doped, p-type boron osBpl de nitride
( BPO. 97 Nehowe Delawy ivwege stagkeddn §agresse bgﬁ’c“géh“eg“’éi‘tth F%Wﬁr%‘éﬁp%rgé I8ing

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=9x10"" cm™, t=0.50 um) 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 um.

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

) A base layer 106 composed of magnesium (Mg)-doped p-type boron
phosphide nitride (BPg ¢7Ng.03) having a band gap of about 3 €V at room temperature,
where p=3x 10" cm™ and t=0.01 pm.

&) An emitter layer 107 composed of Si-doped n-type gallium nitride
(GaN) having a band gap of about 3.2 eV at room temperature, where‘n=4><1018 cm™ and

t=0.20 pm.




where p=3x1019 cm'3 and t=0.01 m (5) An emtter |layer 107 conposed of
Si-doped n-type galliumnitride (GaN) having a band gap of about 3.2 eV at
roomtenperature, where n=4x 1018 CM3 and t=0.20 m 43 (6) A contact

| ayer 108 conposed of Si-doped n-type galliumnitride (GaN) having a band
gap of about 3.2 eV at roomtenperaturg where n=7x 1018 cm 3 and t=0. 10

m Thereafter, the stacked |ayer structure 11 for the HBT was
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sub-col | ecto e above-descr I'nternedi ate [ ayer 105 was
able to | phibit the etching of the sub-collector |ayer 104 and, therefore,
provi ded an effect of clearly exposing the surface of the sub-collector

layer 104. On trheresfiéd arastatked hgecqnicasé 11 &yrahe HEL wadstepwist @iched egtar ode
109 conprising a gold-germaniumalloy (Au: 97 wt% Ge: 3 wt% was

di sposedgentisl ptasinid chigg atdanodsng 108 gbadAs/mehatic(CH A Mg dsigap ¢)intited si de
| ength of about 110 m On the sub-collector [|ayer 104 exposed by etching,
a col | ecpawtoelkpotertbelsurfad® ofieach funktyormbhayet of thg camtagil@eer 188] thy begedaytirsposed.
Respective el ectrodes 109 and 110 for an n-type |ayer, which were fixed by
a gener alO@erdihssebapbecier leyeridi4ns Thoebever drseriprshintarmedipedayes 10aMasyi ng at
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col | ect op, Qb AELnPAINERY: 97%1%, Ge: 3 wt%) was disposed. The emitter electrode

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 O to 50 microamperes (LA). The DC amplification factor (B=Ice/Ve) 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.



emtter electrode 109 and the collector electrode 110 of the obtained HBT,
the base current of the base |ayer 106 having a sheet resistance of about
360 Q@ square was varied in the range fromO to 50 m croanperes (A). The DC
anplification factor ((3=IcWVB) was alnost constant with respect to the
variation of the base current, and wasi4about 95. Thus, according to the
present invention, an HBT having a high and stable DC anplification factor
is provided. 44 (Exanple 4) In Exanple 4, the present invention is
described in detail by referring to a photodetecting device
(photodeEgghﬁﬁg4ysed for the ultraviolet band, having the boron phosphide
(BP) seniconductor | ayer specified in the present invention. Fig. 12 is a

schemati ¢ sect jpoRadmpie @nmheppsdeidintéRioaanadscribed tndeddil bhefakiag edet ecti ng
device 20 of Exanple 4. On a (0001) (c face) sapphire substrate 201, a

| ow- t enpghoasdetectingideeice [(plyode2éiZor) asmifosthd udtravioleobandhbapig the bOBR) was
deposited at 380C by an at nospheric pressure (al nbst atnospheric pressure)
MOCVD nephivaphide (BB) senticomdueydr ayea spec(fCAHB YBRpesat Hvendgn t drig. IPhis al ayer

thi ckness of the |lowtenperature buffer |ayer 202 was about 5 rim On the
BP | ow t sshppti¢ seasionalfiew sheyisg thoconstugtian efdhe plmptpdeiesiing dsvicy 88 obor on
phosphide (BP) active |layer 203 was stacked at 825C using the

above- deB¥ampled- or di nary pressure MOCVD means to construct a stacked |ayer

et conposed obnd BV DIRFRGARIRRGF Yayele Rt T Sombt ORI IEERNE S 1"V
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etching Yo circu _ the center part on the surfac e active
layer 203stemt herit PiM8ichasss GREHd 18¢-tembeatura baffeClab @ 202864subotiey ARy a

di anet er “of about 120 m and

On the BP low-temperature buffer layer 202, a silicon (Si)-doped n-type boron phosphide
(BP) active layer 203 was stacked at 825°C using the above-described 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 eV at room temperature. The carrier concentration of the active
layer 203 was about 2x 10'7 cm™ and the layer thickness was about 1.8 pm.

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 pm. In this region, a Schottky electrode 204 having a
diameter of about 100 um 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 pm.

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




t he-etching depth was about 0.1 m In this region, a Schottky el ectrode 204

‘having a dianeter of about 100 m and conprising a three-|layer structure of

titanium (Ti)/platinum (Pt)/gold (Au) was forned. In the outer periphery
of the Schottky el ectrode 204, an annular ohmic el ectrode 205 conprising a
three-layer structure of a gold-germagkum alloy (AuGe)/nickel (N )/gold
(Au) was disposed to construct the photodetecting device 20. The annul ar
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| ayer rlying Tayer and re ve | ayer
becane aonQQ?lbet%@h ki YoHmhit ledlro@Y® andABe @cﬁ@tﬂ&}] dlectidiig 203 Was Getiucedto at the
time of applying a reverse voltage of -2 V between the ohm c el ectrode 205

and the BeueLkky® al@st r ate caﬁéff\ﬁﬂﬁre[eﬁghlﬂ@eﬁ dbout 4donth. 1 Tkusl Qedrdihgn®theThe
cut-of f wavel ength was about 400 nm Thus, according to the present

i nvent i ofteseat ire@ntion, tarredi oltratiobs bandplaitodiet @ingidegicd daving ahaycalignadark
excellent dark current property was provided. | NDUSTRI AL APPLI CABI LI TY
Accor di ngurtent propepy @ssprovidadent i on, a conpound seni conduct or device is
constructed using boron phosphide (BP) having a conventionally unknown

| arge band gap of not |less than 2 8 eV and not nore than 3.4 eV at room

tenperature or a BP-base m xed a| y formng a m xed crystal
with the BP crystal, so thafNQU§g 3&@%@%@{19’33% ce capabl e of acting at
hi gh tenperatures virtue of the wi de band and having a
hi gh br eakdown’ 6% 5%‘5&"0mrﬁi‘m&%g?tf%?gﬁmppﬁgﬁg icondu O,r g}/lﬁ%ig a zinc

bl d
o mg-SobRhftied V8 BorApHaSaEe Gariribinedl dinl hdiahl Uikl Bide bl by, |
| ayer haafr{zﬂle%s lfﬂa%'b @gved dSBPEHORY fhak quano'em }ayure@siamﬁagdskyn&w med,

S0 that A 'Semi conductor device usi ng a | owresistance p-type sem conduct or
| ayer ascr?stﬁl%lﬁ&h@(’f‘ﬁ& fOrANRE a GARe G y§t8BWith YhePBP cBJstab] 36 that a semiconductor

device capable of acting at high temperatures by virtue of the wide band gap and,
moreover, having a high breakdown voltage 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 cfystal 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.



provi ded. Fromthe pn junction-type di ode using a sem conductor | ayer

conprising BP or a sem conductor |ayer conprising a BP-base m xed crystal

of the present invention, a diode exhibiting normal rectification
characteristics and having a high breakdown voltage is obtained. From an
LED using a sem conductor |ayer conprig ng BP or a sem conductor |ayer
conprising a BP-base m xed crystal of the present invention, a blue
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Froma T usi ng m conductor Tayer conprising BP or a sem conduct or

| ayer cogmicshdidict 18R R8FPriting BP & ysehatormfuctod ayRf esBPHisihg)Y BRtBa@O miged i €l d
effect transistor capable of realizing high electron nobility can be

obt ai nederyktaPof thB pr#sEntisiéigion, ars HBTURHECE Bighlaay efabdd@ aimplifigati3h facton
sem conductor |ayer conprising a BP-base m xed crystal of the present
i nvent i ois,obeainddBT Hrami fak devighusingla s¢traitbedid®dapdricoimpaising®BH @ct or i s
obt ai ned. From a Hall device using a sem conductor |ayer conprising BP or a
sem condsemicpndugtasiayso epmipsising adBBbassasixcdicistil of thetpagsent invénsiopr Heht
invention, a Hall device having excellent heat resjistance and high

sensi t i viiexjcq kaving excslent healcrssigianes ang high seasitiydly ippdbteedpr esent i nventi on

f f i P .BP-b i tal | havi i d d ,

o T e b AL S, a0 bR, 878,
t | t h 2. \YA d. not h .4 e\ t whi ch

ot S gbl ) RS R BBl RE8 AEPRSHig c!

0 o doecByEhAARLy AR kDA RSN aldau s eE o o

gap specieligibtdil, SARAMaE A8 been|BUFR!dofiont bR A LAY stlblifokied. Whi ¢h
galltumnitride
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 present 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.



phosphi de (GaNP m xed crystal), which cannot be constructed from
.conventional BP having a band gap of about 2 eV, can be constructed.
Furthernore, according to the method for formng a BP or BP-base m xed
crystal layer of the present invention, even in the case where a stacked
| ayer structure for obtaining a conpagnd sem conductor device is
constructed on a lattice-msmatching single crystal as the substrate
material, a bu I i .crystal, which
can relax the AES&mFEﬁ?@)QﬁggﬁiﬁﬁgﬁgagIFPans l%?ﬁg[qgﬁggp e constituent
| ayer of the stacked |ayer structure, can be constructed. On the buffer

| ayer capable of relaxing the lattice msnmatch, a BP | ayer or BP-base

m xed crystal |ayer having excellent crystallinity can be forned.
Therefore, according to the formation nethod of the present invention, a
stacked | ayer structure conprising a BP | ayer or BP-base m xed crystal
havi ng excellent crystallinity can be fornmed and in turn, a conpound

sem conductor devi ce having excellent properties can be provided. 47 As
descri bed above, the present invention has industrial applicability. 48
CLAIMS 1. A sem conductor |ayer conprising boron phosphide (BP) having a
band gap of not Iless than 2.8 eV and not nore than 3.4 eV at room
tenperature. 2. A sem conductor |ayer conprising a boron phosphi de-base
m xed crystal which contains boron phosphide having a band gap of not |ess
than 2.8 eV and not nore than 3.4 eV at roomtenperature and which is
represented by the fornula: BaAlpGaylnl a p yP&As, NI b E (O<a=1, 0=(3<1,
O=y< 1, O<a+(3+y=1, 0<b5=1, 0=E<1, O0<5+E=1). 3. A nethod for preparing a
sem conductor | ayer according to claiml or 2, conprising formng a

sem conductor |ayer by a netallo-organic chem cal vapor deposition nethod



(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
i ncl udi ng phosphorus (P) to the total supply anmount of Goup Il el enent
sources including boron (B) being not less than 15 and not nore than 60
and the growth rate of the sem conductgg |ayer being not [|ess than 2
nmmn, and not nore than 30 nnimn. 4. A nethod for preparing a

sem conductor | ayer according to clab Scorrprising form ng 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 nethod, at a tenperature not | ower than 250C and not hi gher than
750C, ang. gnoskiorRiiclon fayRE EdBpridiAY Bbrod pﬁemrﬁw@mm@omg%mhd g8p ofnot

sem conductor device conprising a crystal substrate and a sem conduct or

| ayer aggorHanPgs £V agl abhinbre thaeB& §V s@bdmsienipeandect or | ayer is stacked on
the crystal substrate. 49 6. A sem conductor device conprising a crystal
substrate and a sem conductor |ayer according to claimz2, wherein said
sem conductor |ayer is stacked on the crystal substrate. 7. A sem conductor
devi ce c@npA smigerslugiobdtyencmprsing a boronghosplriderbassmixeg erystabwbichi ng  to
claim1, and a second sem conductor |ayer having a band gap different from
that of sentains pprasitphosphide haiing apandgapy of nghdsss thandal @Vfam? 80t mere thifhddct or

| ayer and the second sem conductor |ayer for heterojunction. 8. A
seni condB¥ b FOR AMRETABIAANIVRIGH & repisaqiieq Ry {Hﬁaff’f’?‘él?: seni conduct or | ayer
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sem condyg _per=15ayer and the second sem conductor |ayer forma

het erojunction’” 9. A semni conductor device according to claim?7, wherein
said first sem conductor |ayer and said second sem conductor |ayer are

| atti ce-mat ched. 10. A sem conductor device according to claima8, wherein

said first aefiwed@stgpreparingdemiconductor 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 a 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.



and-sai d second sem conductor |ayer are lattice-matched. 11. A
.sem conduct or device according to any one of clains 5 to 10, which has a pn
junction structure.

49

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.



