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M. K. Hudait®
Materials Research Centre, Indian Institute of Science, Bangalore-560 012, India and Central Research
Laboratory, Bharat Electronics, Bangalore-560 013, India

P. Modak and S. Hardikar
Central Research Laboratory, Bharat Electronics, Bangalore-560 013, India

S. B. Krupanidhi®
Materials Research Centre, Indian Institute of Science, Bangalore-560 012, India

(Received 21 October 1997; accepted for publication 14 January) 1998

PhotoluminescencéPL) spectroscopy has been used to study the silicon incorporation in polar
GaAs on nonpolar Ge substrates. Shifts of PL spectra towards higher energy with growth
temperature, trimethylgalliuniTMGa) and arsine (Ask) mole fractions were observed. The full
width at half maximum increases with increasing growth temperature,; Astd TMGa mole
fractions. The peak at 1.49 eV has been attributed to band-to-acceptor transition involving residual
carbon. The PL peak energy shifts towards higher energy with increasing growth temperature due
to the increase in electron concentration. A vacancy control model may explain the PL shift towards
higher energy with increasing AsHnole fraction. The PL peak shifts towards higher energy with
increasing TMGa mole fraction. The experimental results about the growth temperature,
trimethylgallium, and arsine mole fractions on silicon-doped GaAs on GaAs were presented for
comparison. The outdiffusion of Ge into the GaAs epitaxial layer was hardly to be seen from the
secondary ion mass spectroscopy result. 1898 American Institute of Physics.
[S0021-897€08)05108-1

I. INTRODUCTION ever, in this case, there are two other problems to be tackled,
i.e., the creation of APDs between the polar GaAs and the
ponpolar Gé3 21 and the interdiffusion of Ga, As, and Ge
across the semiconductor interfd&?~2*The surface prepa-
ration seems to be the most critical parameter that affects the
uality of the growth morphology. To avoid the formation of
PDs, harmful to photovoltaic performance as they reduce
me short-circuit current, misoriented substrates were used. A
further optimization of the GaAs growth conditions on Ge is

GaAs/Ge epitaxial heterostructur@4Ss have received
much attention as starting materials for the fabrication o
photovoltaic devicés® and the potential application in elec-
tronic and optoelectronic devicés® The high hole mobility
of Ge, as well as its narrow band gap make the GaAs/G
heterojunction suitable for the fabrication pfchannel field-
effect transistors, phototransistors, and quantum confineme
devices?% Owing to its high mechanical strength, Ge is an . ; o
optimized substrate material in terms of the power-to-weighf'eeded for th(_e reduction of the.element |n_terd|ﬁu3|on across
ratio for high efficiency GaAs/Ge photovoltaic devided? the GaAs/Ge interface. The main problem is to reduce the Ga

As large-area, minority-carrier devices, IlI-V/Ge cells arediffusion into the G_e substrate to avoid the formation of an
extremely sensitive to defects. Thus, elimination of antiphas&nWantedp—n junction that could affect the performance of

domains(APDs), which are characteristics of the polar-on- (e GaAs/Ge solar photovoltaic devicesSuppression of

nonpolar epitaxy, and suppression of large-scale interdiffuthese APDs is the major obstacle to the realization of device

sion across the GaAs/Ge heterointerface remain as key chdluality GaAs/Ge structures. The lattice constant and the ther-
lenges for increased yield, reliability, and performance. mal expansion coefficient of Ge are very close to those of

The Si-doped GaAs on Ge, i.e., polar-on-nonpolar subGaAs layer growth on a Ge substrate, giving the essential
strates by metal—organic vapor-phase epitt0VPE) is knowledge about the suppression of this antiphase disorder.
an important issue of the optical and electrical properties nofVith the advancement of molecular beam epitdMBE),
only from a fundamental understanding but also for the deGe was successfully grown on GaAsThe revers€GaAs/
vice applications, such as the buffer and base layer of sol4p®), although it had device applicatiofi&;®*’proved much
photovoltaic devices. The deposition of GaAs on Ge basimore difficult. Attempts to grow Ge/GaAs superlattices by
cally has the same problems as the epitaxial growth of layer¥IBE have shown that GaAs grows in islands @90 Ge

with different lattice constant®.g., InGaAs on InP* How-  resulting in APD?® GaAs grown or{100) Ge by vapor-phase
epitaxy (VPE), also shows APD& A detailed study of the

a . N . . optimal growth conditions for APDs-free GaAs growth on
Electronic mail: mantu@mrc.iisc.ernet.in

bAuthor to whom correspondence should be addressed. Electronic maif€ by metal—organic chemical—yapor depositiMOCVD)
sbk@mrc.iisc.ernet.in has recently been reported by Li and co-workér¥' They
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find that a combination of a large substrate offcut toward arbe APDs free and which limit outdiffused Ge concentration
in-plane (110 coupled with a high substrate temperatureof the GaAs/Ge heterointerface. The electron concentration
(~650 °C or higher, relatively low growth ratébelow 2um/  increases with increasing growth temperatures, As&hd

hr), and a high As/Ga rati¢~60:1) are the requirements for TMGa mole fractions on Ge substrates, where the electron
APD-free MOCVD GaAs:* No electrical doping measure- concentration increases with increasing growth temperature
ment were done on these films, but evidence for massive Gand decreases with increasing Asahd TMGa mole frac-
outdiffusion into GaAs grown on Ge by MOCVD at high tions on GaAs substrates. A vacancy control model was
growth temperatures and low growth rates has been prevfound to be consistent with our AgHariation on Ge sub-
ously reported? with the Ge outdiffusion being sufficient to strates and TMGa variation on GaAs substrates. Finally, sec-
produce a Burstein—Mostandfilling shift in the room- ondary ion mass spectroscopIMS) results indicated
temperature photoluminescen@®l) spectra of thick layers, nearly no or minimum Ge outdiffusion into GaAs epitaxial
and to affect the x-ray rocking curves of thin layers. Sincelayers.

Ge diffusion into GaAs occurs via Ga vacanéiend the Ga

vacancy population will increase with increasing V/IlI ratio Il. EXPERIMENT

and with decreasing growth raee., lower Ga flow, it ap- Si-dopedn-type GaAs were grown in each run in a low-

. 14 : ST Yressure horizontal metal—organic vapor-phase epitaxy reac-
Li ar)d cp—worker?' are likely to .result m S|gn|f|ca}nt G'e tor on both Sh-doped*-Ge (100) 6° off orientation towards
outdiffusion, and further work is required to identify the[110] direction and Cr-doped semi-insulating GaA§0)
MOCVD growth conditions which simultaneously produce g pgirates with an offset by 2° towards {He.0] direction.
APD suppression and chemically sharp interfaces. The begie sqrce materials were trimethylgalliyiMGa), (100%
MOCVD material®*'* has been grown using initial arsine arsine (AsH), (104 ppm silane (SiH) as ann-type dopant,

exposure. In contrast, it has been reported that when using,q palladium purified b as a carrier gas. During the
gas-source MBEcracked arsine and a Ga effusion furmiace g \ih, the pressure inside the reactor was kept at 100 Torr

a Ga prelayer is required to obtain good GaAs material on a4 the growth temperature was varied from 600 °C to

thick Ge film grown on a Si substraté-**Mizuguchiet al”*  g75 °c_ The TMGa and Askflow rate was varied from 5 to
reported that the use of off-orientatétD0) Ge substrates is 15 sccM and 30 to 100 SCCM, respectively. The total flow
essential for the successful growth of single-domain GaAgate was about 2 SLPM. Prior to growth, the Ge substrates
epitaxial layers on G¢100 by MOCVD. They found thfﬂ were degreased with organic solvents, then etched in 1HF:
the GaAs layers on 2° off100 Ge substrates are of high 1,0,:30H,0 for 15 s according to the specification given
quality by using x-ray rocking curves and 4.2 K photolumi- by the Ge substrate supplier, Laser Diode Inc.

nescence measurement. Tirapal'® used the Ge crystal 6° PL measurements were carried out using a MIDAC Fou-
off (100 toward [110] for GaAs growth by low-pressure yigr transform PL(FTPL) system at a temperature of 4.2 K
metal—organic vapor-phase epitaxyP-MOVPE) because and 100 mW laser power. An argon ion laser operating at a
vicinal substrates are, indeed, known to avoid APDs formawavelength of 5145 A was used as a source of excitation.
tion and to reduce threading dislocation generatfoif Most The exposed area was about 3 famA PL signal was de-
recently, Timoet al3® used Ge substrates whose orientationtacted by a LN-cooled Ge photodetector whose operating
was (100 9° off towards[111] for AlGaAs/GaAs/Ge solar range is about 0.75-1.9 eV, while resolution was kept at
cells by LP-MOVPE. Several groups have ugg@80 sub-  apout 0.5 meV. The doping concentrations were determined
strates misoriented toward911] to grow GaAs, which is py using a Bio-Rad electrochemical capacitance voltage
free of APDs"?! Lazzarini et al'® usedn-type Ge sub- (ECV) polaron profiler. The interdiffusion near the heteroint-
strates, with a miscut angle ranging from 0° to 4° @01)  erface was investigated by secondary ion mass spectroscopy.

towards[111] for single-crystal GaAs epitaxial layers by the A Cs" ion was used as a primary ion with an acceleration
atmospheric MOVPE technique. They found that 3° misori-energy of 10 keV.

entation of the substrate is effective in suppressing the for-

mation of APDs, but only in optimized growth conditions. || RESULTS AND DISCUSSION

Few report®333*on Si-doped GaAs on Ge are available for

indirect information on the interdiffusion phenomena by pLA. Effect _Of growth temperature on

investigations. Therefore, the selection of off-oriented Geohotolumlnescence

substrates for the deposition of GaAs epitaxial layers by LP-  Figure 1 shows the 4.2 K PL spectra obtained from the
MOVPE is still controversial. There is no unique rule for Si-doped GaAs epilayers on Ge substrates grown at different
optimal offset in the orientation of Ge substrates which couldyrowth temperatures. The curves were intentionally offset
be used to suppress the APDs during the MOVPE growth oélong they axis with respect to each other for better clarity.
GaAs. The aim of this work is the detailed study of the The same procedure was used for all other PL spectra in this
growth temperature, V/III ratio, and growth rate effects onpaper. When the electron concentration is relatively low, the
the Si-doped GaAs on Ge by photoluminescence spectrospectrum becomes symmetric, while higher electron concen-
copy for photovoltaic application, and these results are comtrations lead to asymmetric spectra. The Si doping broadens
pared with Si-doped GaAs on GaAs substrates. The studthe excitonic emission until it becomes a wide band-to-band
leads to establishment of optimum growth conditions, which(B—B) luminescence. The peak at 1.49 eV has been attrib-
reproducibly generate GaAs films on Ge that are assumed tsted to band-to-acceptofB—A) transitions involving re-
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FIG. 1. Photoluminescence spectra of Si-doped GaAs epilayers grown under
various growth temperatures on Ge substrates. The corresponding electron
concentrations arei(@ 8x10%cm™3, (b) 1.7x107cm™3, (c) 2.3
X 10 cm™3, and(d) 5.7x 10" cm™2.

Energy (eV)

FIG. 2. Photoluminescence spectra of Si-doped GaAs epilayers grown under
various growth temperatures on GaAs substrates. The corresponding elec-
tron concentrations aréa) 1.3x 10 cm™3, (b) 2.45x 10" cm™3, (c) 3.64

. . . . X 10 cm™3, and(d) 6.65x 10" cm™3.

sidual carbor(C) impurities present in MOVPE GaAs.The

energy separation between the B—A peak and the B—B peak

(band gap of GaAs at 4.2 K is 1.5194 ¥ consistent with ~ figures for a better understanding of the growth process of
typical acceptor ionization energies such as that ofB; ( Ge substrates. These features can be explained by assuming
~26.4 meV)® which is ap-type dopant in MOVPE. These that the Burstein—-Moss phenomenon is effective in the
B—A transitions are observed at growth temperaturepresent layers and that the Si-doping efficiency in GaAs on
<600 °C and decreases with increasing growth temperature&aAs substrates is higher than Si doping in GaAs on Ge
From Fig. 1, it is seen that beyond the growth temperaturesubstrates. A different level of Si incorporation in the GaAs
625 °C in our case, only one broad emission band is foundpn GaAs than Ge can be ruled out since the samples were
and the peak maximum of the dominant emissigp,, is  grown at the same SiHpartial pressure. The role of Ge
shifted monotonically towards higher energy with increasingdiffusion from the substrate into the epilayer is also ruled out
free-carrier concentration. According to Burstein andbecause the Ge diffusion into the epilayer should increase the
Moss®’ this shift results from the filling of the conduction electron concentration. Masselirét al?’ reported the first
band. The Burstein—Moss shift is more pronounced-tgpe  successful growth of GaAs and AlGaAs/GaAs superlattices
GaAs thanp-type material because of the lower density of on (100) Ge substrates. They performed photoluminescence
states at the bottom of the conduction band. The spectraheasurementst@ K on theAlGaAs/GaAs superlattices and
shape of the main emission peak becomes strongly asymmaein the GaAs bulk layers grown da00 Ge. In all cases, the

ric having a steep slope on the high-energy side and &minescence intensity was comparable to that of similar
smooth slope on the low-energy side of the spectra. Thstructures grown on GaAs, this suggests that there were few
asymmetry in the spectra of Fig. 1 at growth temperaturdif any) additional nonradiative centers or deep traps in the
>600 °C strongly indicates that indire@gtithoutk selection  case of bulk GaAs grown ofL00 Ge, the dominant photo-
B-B or B-A transitions dominate the emission across thduminescence feature is a single peak whose maximum lies
gap. The full width at half maximunfFWHM) of the B—-B  between 1.477 and 1.473 eV depending on the excitation
peak at 4.2 K of PL spectra increases with increasing growtintensity. This luminescence is due to tleGe and
temperatures. The electron concentration increases with irGel - G€}, (free-electron-to-acceptor and donor-to-acceptor
creasing growth temperature on GaAs substrates, as can bransitions involving Ge from the substrate, and has a pho-
seen from the Fig. 2. But the relative increase in PL pealnon replica at 1.437 eV. This would indicate a Ge binding
energy is higher on GaAs substrates than on Ge substratesnergy in GaAs of 43 meV. They also observed the lumines-
The increase in PL peak shift towards higher energy correeence from the recombination of bound excitons at 1.511 eV.
sponds to the increase in electron concentrations. The eleMizuguchi et al?! studied GaAs layers ofiL00) 2° off to-

tron concentrations measured by an electrochemical capaaivards the[011] direction Ge and Si substratey B K PL
tance voltage(ECV) profiler are mentioned in both the measurements. This PL has three bands, which are at 1.512
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2 16 s charged defects, which may trap electréh&his explana-
tion becomes less likely at higher electron concentrations
due to the required very high trap concentrations. Sieg
FIG. 3. Photoluminescence of undoped GaAs on Ge substrates. et al?® observed identical Si-doping efficiencies on both
GaAs and Ge substrates at least at low doping levels (2.5
X 10 cm~3) grown by the solid-source MBE technique. In
eV corresponding to the acceptor-bound exciton, at 1.492 e¥d(dition, they also suggested that for MBE films, Ge outdif-
corresponding to the carbon acceptor band, and at 1.456 efsion into GaAs is an unlikely cause of the reduced appar-
corresponding to the phonon replicate of the carbon accept@it Si-doping efficiency, since Ge usually producetype
band. The FWHM for the luminescence from excitons of theqoping in GaAs.
GaAs layer on 2° off100 Ge is 7 meV, sharper than that of The full width at half maximumAE(T) of the B—B
the GaAs layer on exactlyl00 Ge, namely, 8.5 meV. peak at 4.2 K of the PL spectra increases with increasing
Therefore, it is confirmed that the GaAs layer on 2°(80  electron concentrations in both cag€sg. 4). But the rela-
Ge is of higher quality than that on the exacty00 Ge tjve increase in FWHM is more in the case of the Ge sub-
substrate. strates than the GaAs substrates. This increase in FWHM in
Before the intentional Si-doped GaAs on Ge growth, un-Ge substrates should imply an increase in electron concen-
doped GaAs on Geé~2 um) were grown in order to check tration. Less electron concentration was found on the Ge
the Ge outdiffusion into the film. Figure 3 shows the PL sybstrates than the GaAs substrates. The FWHM relation
spectrum of one of the GaAs layer on 6° ¢ID0) toward the  wijth the electron concentration is an essential tool for the

[110] Ge substrate. This PL has only one peak at 1.5115 e\etermination of electron concentration in Si-doped GaAs on
corresponding to the acceptor-bound exciton which has goth Ge and GaAs substrates.

FWHM of 10.3 meV and at 1.4749 eV corresponding to the

phonon replicate of the acceptor bound exciton band. This

PL spectrum suggests that there is no Ge outdiffusion fronf- Effect of AsH
the substrate, which is observed by Fiscle¢ral? in the To observe the effect of the V/III ratio on the optical
MBE growth process. Timeet al,'®> however, observed a properties of Si-doped GaAs on Ge, PL measurements were
massive diffusion of Ge into the epilayer by PL measurementarried out at 4.2 K specifically on those samples grown at
in the low growth raté2 um/h) of the MOCVD process. The different AsH; flow rates. Figure 5 shows the PL spectra of
possible explanation for the increase in electron concentraSi-doped GaAs for fixed TMGa and SjHnole fractions.

tion in GaAs grown on GaAs substrates rather than Ge subFhe three curves represent three different Aflbw rates. It
strates in our case is the catalyzed pyrolysis of ,SiM the  is seen from Fig. 5 that the PL main peak energy shifted to
presence of a GaAs surface, while the polar and nonpolatigher photon energies with increasing Asidole fractions.
nature of the substrates may cause the influence of silicom general, the formation of a GaAs epitaxial layer may be
incorporation. The difference in electron concentration bothexpressed as

on Ge and GaAs substrates could be the traps in the GaAs

epilayer due to the defects originating from the heteroepit- (CHy)stAsHz=GaAs+3CH;, @)
axy. GaAs can be grown epitaxially on Ge in two equivalentand can be considered as a general equation during the
orientations corresponding to an exchange of Ga and Agrowth of undoped GaAs. This ignores the possible presence
sublattices®® Domains of differing orientation are separated of vacancies created during the growth. In addition, it is
by an antiphase boundatjPB). Since GaAs is a polar ma- worth mentioning that the formation of GaAs is a very com-
terial, the APBs have a net charge and are expected to act pkex process and involves up to 17 gas-phase reactfons.

08 1.0 1.12
Energy (eV)

3 variation on photoluminescence
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The vacancies consideration in the lead reaction becomeF?G. 6. 4.2 K PL spectra of Si-doped GaAs epilayers as a function o AsH
significant during the process of doping incorporation,fiow rate on GaAs substrates.

whether Zn forp type or Si forn-type doping. A vacancy-

controlled modéft~*3may be considered to explain such be-

havior. In the TMGa—Ask system, the leading reaction to lower Ga flow. Since Ge diffuses into GaAs via Ga

the formation of GaAs can be expressed as vacancie¥ and the Ga vacancy population will increase with
Ky increasing V/III ratio and with decreasing growth rate, the
(CHg)3Gat3H,+ Ve Gag,+3CH, 2) Ge outdiffusion would be significant. This will be discussed
K, :n the TMﬁa varialiiodn case. Therehis s?]me evidence in tge
3 iterature that cracked Asftan roughen the Ge surface, an
ASHa Vs Asast 2, @ a roughened surface leads to APDs and perhaps high dislo-
whereK, andK, are the equilibrium constants of the above cation densities, which in turn may produce high trap densi-
reactions, then ties and less electron concentratfBnHowever, we also
p: . p studied the optical properties of low-doped layers grown
[Veal _ Kz "cH; TasH, @) with an increasing Askimole fraction to check if there is an

[Vasl  Ki Prvca Paz ' amphoteric effect of Si on GaAs substrates. Figure 6 shows
) ) ] ) the PL spectra of Si-doped GaAs for fixed TMGa, SiHole
_ Since Si as a donor is on the Ga sublattice, under equigactions. It is seen from Fig. 6 that the PL main peak energy
librium its incorporation .shoulclimbe proportional to the con-ghifteq to lower photon energies since the electron concen-
centration of Ga vacancie¥g,.™" The doping reaction is  yation decreases with increasing Ashtole fractions. The
K3 electron concentration decreases with the increasing V/III ra-
SiHs+Vga— Sigat2H,. (5 tio for a given TMGa mole fraction and growth temperature
of Si-doped GaAs, which is the same as described by #ass.
According to the above model, as the Astbncentration is
[Sical KoKz Psivy Pasy, increased, th¥ , concentration increases, and therefore, the
[Vasd  Ki Prvca Py CMW ©6) Si donor level should also increase. Conversely, as the;AsH
2 concentration decreases, the As vacancies should increase
An increase inP,gy, Will increase in gallium vacancy and the Si as an acceptor should increase. The fact that the
concentration, hence, the incorporation of Si on Ga sites iseverse behavior takes place suggests that the incorporation
increased. The electron concentration is, thus, increaseaf Siis not controlled by the bulk thermodynamic properties
when the AsH mole fraction is increased, and hence, the PLof the lattice but by the surface kinetics process; the As ap-
main peak is shifted towards the higher energy with increaspears to block the Si from the growing surfdéeBut, we
ing AsH, mole fraction. According to Li and co-worketd!*  found that for a fixed concentration of the Sihtole fraction
the conditions for the suppression of APDs are either thehe electron concentration decreases with increasing;AsH
increase in a higher V/III ratio or a lower growth rafiee.,  concentration. At a V/III ratio of 52.6, the growth-induced

From Egs.(4) and(5) one can write,




J. Appl. Phys., Vol. 83, No. 8, 15 April 1998 Hudait et al. 4459

650°C 100 Torr 650°C , 100 Torr )
M.F. of AsHj= 1.57x10°2 M.F. of AsH3 =1.57 x10 ;
M.F. of SiH‘.=518X]0_7 M.F. of SIHL =5.18 x 10
1.5081eV 1.5163eV
3 }
2 (a) 1.4967eV
= ~ I
= =)
7] 1.5081eV o
a:' ‘ ~— (a)
= >
R = 1.5165 eV
g |
-
a [ 1.4967eV
(b) b= }
—
1.5117eV a
I (b)
() 1.5206 eV
1 1 1 1 1 1 L H
1.42 1.46 1.50 1.54
Energy (eV) ()
1 1 ] 1 ) 1 1
FIG. 7. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of TMGa 1.46 1.48 1.50 1.52 1.54

flow rate on Ge substrates. The TMGa mole fractions @e8.88x 10 °,

(b) 1.78x 10°%, and(c) 2.68x 10~%. Energy (eV)

FIG. 8. 4.2 K PL spectra of Si-doped GaAs epilayers as a function of TMGa
flow rate on GaAs substrates. The TMGa mole fractions é&ag:2.68

point defects at 1.5053 eV called the iael—Ploog defect x107*, (b) 1.78<10 “, and(c) 8.88x10™°.

exciton was observed similar to that observed in MBE grown

GaAs as discussed by Kgel and Plood® Even at this V/III

ratio, the conduction-band-to-accept@®@—A) or donor-to-

acceptor(D—A) transition is not observed whereas it is fre- rates, and hence, the PL peak energy shifted to higher photon

quently found at MOVPE grown GaAs. From these ObserVa_ener A possible explanation in the former case may be the
tions and from Hall mobility data, the lightly doped layers gy- AP b y

were not caused by the amphoteric nature of Si. On the othepcrease m_Ga interdiffusion in Ge with increasing TMC_;a, .
., increasing growth rate, and creates more Ga vacancies in

hand, the peaks at 1.4967 eV and 1.4995 can influence tH RS L o
electrical properties of lightly doped layers. These peaks ma'® epitaxial film, gnd hgncg, Si mcor_poratlon increases. In
be attributed to Zn and C &, respectively. The peak is order to chepk the |n'terd|ffu3|0n.of Gainto Ge and as well as
asymmetric at a lower AsHmole fraction and becomes sym- the Ge outdiffusion _mto GaAs films th_e secondary ion mass
metric at a higher Asgimole fraction. spectroscppy technique was used. It is a powgrful t.echmque
for quantitative measurements of dopant and impurity levels
in semiconductor§’ The concentration of a particular ele-
C. Effect of TMGa variation on photoluminescence ment can be profiled through a layer using the dynamic
To observe the effect of the TMGa mole fraction on the SIMS technique. In this method, the mass spectral peak in-
optical properties of Si-doped GaAs, PL measurements wer€nsity corresponding to a particular ion is monitored as
carried out at 4.2 K specifically on those samples grown afunction of time using a high sputtering rate. Figure 9 shows
different TMGa flow rates. Figure 7 shows the PL spectra ofdepth profileg~15 A®/s) of Ga, As, Ge, C, Si, and O atoms
Si-doped GaAs for fixed Asgiand SiH, mole fractions. The in the Si-doped GaAs on Ge, measured by SIMS for a TMGa
three curves represent three different TMGa flow rates. It ignole fraction of 1.7& 10" *. All atoms were hardly interdif-
seen from Fig. 7 that the PL main peak energy shifted tdused at the heterointerface of the GaAs—®@0) substrate.
higher photon energies with increasing TMGa mole frac-The abrupt heterointerface in this film indicates almost no
tions. However, a different observation was found in sj-outdiffusion of Ge into the GaAs epifilm. Since there is no
doped GaAs on Cr-doped semi-insulating GaA60 sub-  outdiffusion of Ge into the GaAs epitaxial layer, the increase
strates. In this case, the PL main peak energy shifted t#n electron concentration with increasing Asplartial pres-
higher photon energy with decreasing TMGa flow rdféig.  sure could be explained by the vacancy-controlled model. An
8), since the electron concentration decreases with increasirigcrease in carrier concentration was also observed with the
TMGa mole fractions. From Eq5) we found that the de- increasing TMGa mole fraction, which is in contradiction to
crease inPryg, WIll increase in Ga-vacancy concentration. that behavior observed in the case of the GaAs substrates.
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