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STOICHIOMETRY CONTROL OF COMPOUND 
SEMICONDUCTOR CRYSTALS 

(Part one) 

Jun-ichi Nishizawa", Yutaka Oyama^' 

Effects of stoichiometry on various feature of IIl-V compounds are investigated. The 
application of the optimum vapor pressure of group V elements is shown to minimize 
the deviation from the stoichiometric composition. Temperature dependence of the opti-
mum vapor pressure is also obtained from both the annealing and the liquid phase epi-
taxial (LPE) growth experiments. Vapor pressure technology is successfully applied to 
the bulk crystal growth. In view of the defect formation mechanism, role of the stable 
interstitial As atoms (I^^) in GaAs is emphasized. From the recent photocapacitance re-
sults, it is also shown that the excess group V atoms is also important for the formation 
of stoichiometry-dependent deep levels in InP and AlGaAs crystals. Even in the rese-
arch field of surface science, it is shown that the precise control of stoichiometric com-
position should be required. Mechanism of the stoichiometry control is discussed on the 
basis of the equality of chemical potentials and the change of saturating solubility in the 
liquidus phase as a function of the vapor pressure. Stoichiometry-control should be also 
important in the field of the superconducting ceramics. 

1. INTRODUCTION 

The most important factor to be controlled is the deviation from the stoichiometric 
composition in compound semiconductor crystals. From the investigation of iron-pyrite 
in 1951 [1], the annealing experiments of various III-V compound semiconductor 
crystals have been carried out under controlled vapor pressure of group V elements [2, 
3]. It is shown that the nearly perfect crystals v̂ -ith stoichiometric composition are 
obtained under a specific vapor pressure, and that the temperature dependence of the 
optimum vapor pressure is also obtained. 

In view of the defect formation mechanism, the role of interstitial As atoms (I^^) in 
GaAs crystals was emphasized when GaAs was annealed under high As vapor pressure 
[4], Arsenic vapor pressure dependence on the specific weight and the intensity of X-
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ray anomalous transmission implies the existence of As interstitial atoms [5], Our 
Rutherford backscattering spectroscopy (RBS) experiments [6] have also revealed the 
As interstitial atoms in As"̂  -implanted GaAs and determined the stable interstitial sites 
in the deformed lattices. The RBS results on the stable interstitiail sites are in good 
accordance with those of X-ray anomalous transmission measurements [5], 

The PHCAP measurements [7] under constant capacitance condition have shown 
the stoichiometry dependent deep levels and clarified the As vapor pressure dependen-
cies of the deep level densities. The formation energy of the defects was also obtained 
to be 1.16 eV [8]. This relates most closely to the interstitial atoms, rather than to the 
vacancy. Recently much attention has been devoted on the interstitial As atoms in 
GaAs as well as the anti-site defect, because the so-called EL2 level relates to the 
excess As composition of GaAs crystals. Indeed, the recent results of X-ray quasi-
forbidden reflection [9] seems to show the existence of the arsenic interstitial atoms. 

Vapor pressure control technology has been also applied on the fields of bulk 
crystal growth. It is shown that high purity GaAs crystals were obtained with 
controlled composition and very low dislocation density as low as 2000 cm"^ can be 
achieved even in 4-inch diameter Czochralski (CZ) grown semi-insulating GaAs 
crystals. This enables the fabrication of the super-bright LEDs [10], including the 
pure-green LEDs without nitrogen doping in GaP [IT]. The vapor pressure control 
during crystal growth, which enables the control of the stoichiometric composition, is 
applied extensively not only on the III-V compounds e.g. InP, but on II-VI compo-
unds including ZnSe [12]. 
This should be also important in the research field of the superconducting ceramics. 

In the present paper, the annealing effects of GaAs under arsenic vapor pressure 
is shown. The electrical, optical and crystallographic properties are improved under a 
specific arsenic vapor pressure as designated to be the P̂ ^̂ . In view of the stoichio-
metry-dependent deep levels, PHCAP results of the annealed GaAs and InP crystals 
are shown. Diffusion phenomenon in GaAs is closely related with the stoichiometric 
composition. Experimental results on diffusion of Cd and amphoteric impurity Si in 
GaAs are shown. It is shown that the amphoteric behavior of group IV elements (Sn 
[13] and Si [14]) in GaAs is controlled by the application of vapor pressure during 
LPE growth. LPE growth of GaAs under the controlled arsenic vapor pressure is also 
shown. This seems to continue to the results of melt growth by Suzuki and Akai 
[15], and also to that by Parsey et al [16]. Similar results are also obtained in LPE 
GaP under controlled phosphorus vapor pressure. Vapor pressure control technology 
is also extended into the GaAs bulk crystal melt growth. Crystal quality is shown as 
a function of the arsenic vapor pressure. In view of the non-stoichiometric defect 
formation mechanisms, the PHCAP and the RBS results are shown in combination 
with the results of crystal specific weight and X-ray anomalous transmission intensi-
ty measurements. The important role of arsenic interstitial atoms in GaAs is empha-
sized. In view of the surface stoichiometry and precise control of stoichiometric 
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composition during vapor phase epitaxial growth, experimental results of the mole-
cular layer epitaxy (MLE) of GaAs is described. Importance of surface stoichiometry 
is also emphasized in the research field of surface science. Finally, theoretical 
consideration is also shown by taking into account the deviation from the stoichio-
metric composition. 

2. ANNEALING OF GaAs UNDER CONTROLLED ARSENIC VAPOR 
PRESSURE 

Annealing experiments were performed at 900 - 1100 °C for 67h under various 
As vapor pressure. Samples used were (100) oriented horizontal Bridgman (HB) 
grown GaAs with different impurity density. Defect density introduced by annealing 
reaches its saturating value after 67 h-annealing. Fig. 1 shows the schematic drawing 

Two temperature zone furnace 

nitrogen gas 
purge 

(PoaAs 'T,, ) 
Quartz 
ampoule (Pas.^S) 

Fig. 1. Schematic drawing of the heat treatment equipment under controlled As vapor pressu-

of the annealing equipment under As vapor pressure. As vapor pressure applied on 
GaAs crystals was obtained as 

PcaAs - PAs'̂ CTcaAs ̂  Tas) 
1/2 (1) 

where P^^ is the equilibrium As vapor pressure determined from the temperature of 
arsenic metal (T^^), T^^^ is the temperature of GaAs crystals. Equilibrium As vapor 
pressure was obtained by Honig [17]. After annealing, samples were cooled rapidly 
by putting them into the water in order to prevent the effect of slow-cooling. X-ray 
and etching inspection cannot reveal slip lines even after rapid cooling. 

Fig. 2 shows the change of acceptor density induced by annealing as a function 
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of the initial electron densi-
ty ill Te-doped GaAs after 
annealing. Acceptor density 
is almost equal to the initial 
electron density. This shows 
that the acceptor-type defects 
to both the deviation from 
stoichiometric composition 
and the dopant impurity Te 
and is the first finding of DX 
mixed level phenomena. Fig. 
3 and Fig. 4 show the As 
vapor pressure dependencies 
of the acceptor density and 
of the lattice constant respec-
tively. Lattice constant was 
measured by using X-ray 
double crystal diffraction 
with (004) symmetrical con-
fguration. Various marks in 
the figures denote the data 
obtained from different cry-
stals with different electron 
density. Acceptor density 
shows minimum under a 
specific As vapor pressure 
(P^ ). Under almost the 
^ A s . o p r 

same As vapor pressure, lat-
tice constant also shows its 
minimum value. It seems 
that the nearly perfect cry-
stals with stoichiometric 
composition could be obtai-
ned under the P. . Almost As.opt 

the same results were obtai-
ned in Zn-doped GaAs crystals. Therefore, the is independent on the impurity 
concentration and dopant species. Almost the same results were also obtained in 
annealing experiments of GaP and optimum phosphorous pressure (Pp„p,) was shown 
to improve the crystal quality. However, in case of GaP, lattice constant shows its 
maximum value under a specific phosphorus vapor pressure. 

Consequently, optimum vapor pressures were obtained as a function of annealing 
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Fig. 3. As vapor pressure dependence of the acceptor den-
sity of Te-doped GaAs. Annealing was performed at 900 -
1 1 0 0 ° C f o r 67h. 
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Fig. 4. As vapor pres-
sure d ep en d en ce of 
the lattice constant of 
Te-doped GaAs. Lat-
tice constant was me-
asured by the X-ray 
double crystal d i f -
fractometry analysis. 

temperature for GaAs and GaP respectively as 

Gil As , opt = 2.6x10" exp[-1.05eV/(kT) (2) 

C a P . o p I = 4.67 X 10' exp[-1.01 eV / (kT)] (3) 

In order to investigate the deep levels in annealed GaAs crystals, the PHCAP 
measurements [18] were carried out under constant capacitance conditions [19]. The 
PHCAP method enables the precise determination of the level density and the 
activation energy because ionization by monochromatic light irradiation at fixed very 
low temperature were used. Contrary to the conventional PHCAP method, depletion 
layer thickness is kept to be constant regardless of the change of ion density by light 
irradiation. 

In order to obtain accurate level density and level position, fully-neutralized deep 
levels should be ionized at each wavelength. One method to achieve such condition 
is application of forward bias injection in the dark before each photo-excitation. In n-
type GaAs bulk crystals, the so-called photoquenching phenomenon [20] is observed 
in a specific wavelength region of about 1.0-1.5eV below about l lOK. Therefore, 
both the maximum and the asymptotic to the saturation ion density were obtained at 
each wavelength. 

Fig. 5 shows the PHCAP spectra of the intentionally-undoped GaAs (n=4 x 10'^ 
cm"^) grown by HB method before annealing [21]. In the figure, (a) and (b) show the 
maximum (N^̂ ^̂ J and the asymptotic ion density ) respectively, (c) represents 
the ion density ) in the dark after forward bias injection. corresponds to 
the ion density in the dark before photoexcitation. Almost constant value of N^^ 
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verifies the photo-excitation of fully-neutralized deep levels at each wavelength. Fig. 
6 shows the PHCAP spectrum obtained from the subtraction of N,^^ from N^̂ ^̂ .̂This 

shows the deionized level density spectrum. 
As shown in Fig.5, two kinds of deep do-

nors were clearly revealed at 0.65 and 0.72 eV 
below the conduction band. The deionized level 
density spectrum shows clear two peaks at 1.25 
and 1.41 eV respectively. 1.25 and 1.41 eV 
deep levels are quite different ones with diffe-
rent recovery temperature and ionized levels. 
Fig. 7 shows the PHCAP maximum ion density 
spectra of intentionally- undoped GaAs crystals 
prepared by annealing under various As vapor 
pressure. Fig. 8 shows the As vapor pressure 
dependencies of the E -̂ 0.72 eV level density. It 
is noticed that the E^ - 0.65 eV level vanishes 
after annealing perhaps due to its thermal insta-
bility. However, Ê  - 0.65 eV level is stable in 
more strained crystals and the level density in-
creases monotonically with increase of As va-
por pressure. Level density of E^ - 0.72eV do-
nor and the 1.25eV deionized level increases 
monotonically with increasing As vapor pressu-
re. These deep levels are detected commonly in 
various GaAs bulk crystals with different do-
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Fig. 5. Ion density P H C A P spectra of 
the in ten t iona l y - u n d o p e d G a A s (n= 
4 X 10'^ cm ') grown by HB method be-
fore annealing: (a) and (b) show the ma-
x i m u m (N^̂ ^̂ )̂ and the asymptot ic ion 
densi ty (N ^̂^̂^̂^ respect ively , (c) repre-
sents the ion density (N^^ ĵ.) in the dark 
af ter forward bias injection. 
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Fig. 6. Deionized level density P H C A P 
spectrum obtained f rom the subtraction of 
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pant impurity and conductivity type 
[22]. Monotonical increase of level 
density indicates that these deep le-
vels closely relate with the excess As 
composition of GaAs crystal. From 
the spectral correspondence among the 
PHCAP, DLTS and deep level PL [23] 
at 2.1 K, it is shown that the E^ - 0.65 
and 0.72 eV level exhibit larger diffe-
rence between optical and thermal ac-
tivation energy compared with that of 
so-called the EL2 level. Whereas both 
our finding E^ - 0.72 eV level and the 
so-called EL2 level are closely rela-
ted with the excess arsenic composi-
tion of GaAs crystals, these are quite 
different from each other. They shows 
different optical excitation energies and 
amount of Frank-Condon shift (d^^). 

The PHCAP method also revealed the As-vacancy related deep levels in heavily 
Te-doped GaAs prepared by annealing under As vapor pressure [24]. Fig. 9 shows 
the As vapor pressure dependencies of the 0.62 and 0.87 eV+E^ level density, which 
were measured after 1.44 eV -monochromatic light irradiation at each wavelength to 
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Arsenic Vapor Pressure [Pa ] 

Fig. 8. As vapor pressure dependencies of theE^-
0 .72 eV level dens i ty in in ten t iona l ly -undoped 
GaAs (n=4 x 10"" cm'^) grown by HB method. An-
nealing was performed at 900 °C for 67 h. 
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Fig.9. As vapor pressure dependencies of 
the 0.62 and 0.87 eV+E^, level density in 
heavily Te -doped G a A s (n = 7 .4x10 '^ 
cm •) prepared by annealing under As va-
por pressure. PHCAP measurements were 
performed after 1.44 eV -monochromatic 
light irradiation at each wavelength to 
emptize the deep levels. 

emptize the deep levels. The level density decreases monotonically with increasing 
As vapor pressure. These deep levels could be also detected in vacuum- annealed 
samples (500 °C for 50 h) but not be detected in the virgin samples. This confirms 
the close relation between these deep levels and the As vacancies. 

The precise PHCAF measurements at 20 K revealed the stoichiometry-dependent 
deep levels at around E^ - 0.48eV in Te-doped horizontal gradient freeze (HGF) 
grown GaAs prepared by annealing under As vapor pressure. Level density decreases 
monotonically with increasing As vapor pressure. Ê  - 0.48 eV level was detected in 
Te-doped GaAs, but not be observed in intentionally-undoped nor Si doped GaAs 
crystals. Therefore, this should relate with at least the dopant impurity Te and the As 
vacancies. E_, - 0.72 eV deep donor was also detected in the same samples, and the 
As vapor pressure dependence of the level density is almost the same as that in 
intentionally-undoped HB GaAs cry.stals. This suggests that the E^ - 0.72 eV level is 
originated from the excess As atom-related intrinsic defects but not from some 
impurities. 

3. LIQUID PHASE EPITAXIAL GROWTH BY THE TEMPERATURE 
DIFFERENCE METHOD UNDER CONTROLLED VAPOR 
PRESSURE (TDM-CVP) 

Vapor pressure control technique was successfully applied to the LPE growth, 
and this enables to supply epitaxial layers with good crystal quality. Fig. 10 shows 
the schematic drawing of the LPE apparatus by TDM-CVP. Contrary to the conven-
tional slow cooling method, crystal growth proceeds at a fixed substrate temperature 
with time. Temperature difference at the upper and lower part of the solution was 

12 http://rcin.org.pl



Jiiii-ichi Nishizavva, Yutaka Oyaitia 

Palladium 
diffused 
hydrogen Melt 

Substrate 'Arsenic 

Main furnace As Pressure 
control 
furnace 

(GaAs) 
solution 
(Ga+GaAs) 

substrate 
(GaAs) 

Temperature 

Fig. 10. Schematic drawing of the liquid phase epitaxy (LPE ) apparatus by the temperature 
difference method under controlled vapor pressure (TDM-CVP). 
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made. Driving force for the super-saturation at constant temperature is the difference 
of solubility and the kinetic energy caused by the temperature difference at the 
bottom and upper part of the solution. Controlled vapor pressure of group V ele-
ments is also applied in order to control the stoichiometric composition of segregated 
crystals through the Ga-As solution. 

Fig. 1 1 shows the 
As vapor pressure de-
pendencies of carrier 
concentration and the 
e lectron mobi l i ty . 
Fig. 12 shows the As 
vapor pressure depen-
dencies of the lattice 
constant and the half 
width of the X-ray 
rocking curve of LPE 
GaAs. Lattice con-
stant was measured 
by using GaAs cry-
stal for the first cry-
stal with the (004) 
symmetric configura-
tion. Therefore, the 
half width of the 
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Fig. 11. As vapor pressure dependencies of carrier concentration and 
the electron mobili ty in LPE GaAs prepared by the TDM-CVP. 
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X-ray rocking curve is dependent on the perfection of specimen crystals. Under 
a specific As vapor pressure, carrier concentration shows its minimum value, and the 
Hall mobility shows maximum. The lattice constant and the half width of X-ray 
rocking curve also show minimum values under almost the same As vapor pressure. 
This leads to a crucial conclusion that the high purity LPE crystals with good 
perfection were obtained. Similar results were also obtained in LPE GaP crystals 
using TDM-CVP. Especially, photoluminescence (PL) measurements revealed the 
existence of excitons bound to shallow impurity even at room temperature. This also 
confirms the high crystal quality of LPE GaP grown by the TDM-CVP [25]. 

Vapor pressure dependencies of these crystal characteristics seems to be similar 
to those obtained from the annealing experiments. Fig. 13 shows the temperature 
dependencies of the optimum As vapor pressures obtained from both the LPE growth 
by TDM-CVP and the annealing experiments under As vapor pressure [26]. These 
seems to be similar in both experimental results. 

The deviation from the stoichiometric composition of GaAs influences the am-
photeric manner of group IV elements in GaAs. As shown in Fig. 14, the diffusion 
phenomenon of Si in GaAs is strongly influenced by the deviation from the stoichio-
metric composition [27]. Similar results on Si-diffusion into GaAs was also reported 
by Omura [28]. 

4. SURFACE TREATMENT BEFORE REGROWTH OF GaAs BY 
MOLECULAR LAYER EPITAXY (MLE) AND ITS ASSOCIATION 
WITH THE SURFACE STOICHIOMETRY 

Recent development on semiconductor devices requires extremely thin and multi-
layered structures. Nishizawa applied the idea of atomic layer epitaxy (ALE) on the 
compound semiconductor crystals and realized the monomolecular layer epitaxy of 
single crystalline GaAs for the first time [29]. ALE was used for the preparation of 
II-VI compound polycrystalline films by Suntola and coworkers [30]. Second method 
of his idea based on the chemical reactions of the adsorbates on semiconductor 
surface. In view ofthe growth mechanism and the resultant mono-molecular crystal 
growth, Nishizawa designated this method as the molecular layer epitaxy (MLE). 
MLE is the promising epitaxial growth method to achieve the precise thickness 
control with atomic accuracy (AA) and stoichiometric composition. 

Fig. 15 shows the schematic drawing of the MLE growth apparatus with its 
growth sequence diagrams of alternate gas injection method. In case of GaAs, source 
gases typically used for the MLE are triethyl-gallium (TEG), trimethyl-gallium (TMG) 
for the Ga and AsH^ for the arsenic respectively. Precise description for the surface 
reaction mechanisms in TMG/AsH, system is shown elsewhere [31]. 

Usually, GaAs crystals are pre-heated just before growth to remove the residual 
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Fig. 15. Scheinatic drawing of the molecular layer epitaxy (MLE) growth apparatus with its 
growth sequence diagrams of alternate gas injection method. 

oxide and/or carbide layer. However, pre-treatment conditions i.e. flush desorplion 
conditions have not been fully optimized yet. This is serious problem to be solved 
especially in the ultra-thin and multi-layered structures with atomic accuracy. 

In order to study the effects of surface treatment procedure and surface stoichiome-
try on the electrical properties, p^n diodes were made by the regrowth on the commer-
cially available MOCVD grown n /n'^-GaAs epitaxial wafers. Defects at the interfacial 
region was evaluated by the current-voltage characteristics of regrown p'̂ n diodes. 
Specific forward voltage ) at IfxA (pad area is 100 pm-) is obtained as a function 
of the various pre-treatment condition for regrowth. Higher Ŵ.̂  indicates the lower 
density of recombination center. 

Chemical treatments just before MLE is as follows. After degreasing by organic 
solvent, epitaxial wafers were chemically etched by the sulfuric acid-base etchant 
with thickness of about 1500A. Then GaAs wafers were dipped in HCl for a few 
second to reduce the oxide layer thickness. Even after dipping in HCl, XPS (X-ray 
photo-electron spectroscopy) and Auger electron spectroscopy (AES) analysis revea-
led the trace of thin oxide layer on the GaAs surface. 

Prior to the MLE growth, substrate in the growth chamber was heated to remove 
the thin oxide layer and to achieve the surface stoichiometry. Growth temperature of 
MLE used was 420°C. Mercury lamp was also irradiated on the substrate during 
growth. DEZn (Di-ethyl-zinc) was used for the p-type dopant in TEG/AsH^ system. 
DEZn injection was done after AsH, injection (mode AA) to achieve heavy acceptor 
doping. Precise description about the doping MLE is shown elsewhere [32], Regrown 
structure was lOOA-Zn doped p"̂"̂  top-contact layer with p=6 x 10" cm \ 250A-Zn 
doped p"̂  layer with p=4xl0'*cm"^ and 150A-none doped layer with n<3 x 10"'cm 
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These layers were epitaxially regrown on the pre-treated 3500A thick n MOC\ D 
grown epitaxial wafers. None-alloyed Ti/Au metal electrode was made on the top p 
contact layer by the conventional lift-off process without any heat treatment. Back 
contact was formed by the AuGe/Au also without any heat treatment. Cunviii-
voltage characteristics were measured at nominal room temperature as the functions 
of the pre-heating condition of temperature, time and AsH, pressure. 

Recent XPS and quadru-pole mass spectroscopy (QMS) results show tiie effect t)t 
AsH, on the desorption of oxide layer from GaAs surface [33]. In ultra-high vacuum 
without AsH, introduction, Ga oxide layer was desorbed from GaAs surfacc at 
around 700°C. Under the existence of AsH, ambient, oxide layer can be sal'cl\ 
removed at lower temperature. This can be explained by the surface reaction of oxide 
layer with cracked chemical species of AsH,. 

Pre-heating temperature dependence on Vj.̂  shows As shape characteristics. At 
lower temperature, increase of V with temperature can be explained due to the removal 
of residual oxide layer on GaAs. However, at higher temperature, it is considered that 
surface stoichiometry degrades the I-V characteristics with increasing pre-heating tem-
perature. Pre-heating time and AsH, pressure dependencies also confirm these results. 
Precise results on the flush desorption condition will be shown elsewhere [34], 

Stoichiometry control is also quite important factor even in the research field of 
surface science. 

5. INTERSTITIAL As ATOMS IN GaAs 

Fig. 16 shows the As vapor pressure dependencies of the crystal weight of GaAs 
prepared by annealing. It is shown that the crystal weight increases monotonically with 
increasing As vapor pressure. Fig. 17 shows the results of X-ray anomalous transmis-
sion intensity measurements as a function of As vapor pressure. The intensity of X-ray 
anomalous transmission decreases with increasing As vapor pressure. X-ray anomalous 
transmission is strongly influenced by the existence of interstitial atoms, because this 
phenomenon is caused by the propagation of Poynting vector of X-ray along the 
diffracting lattice plane. These results seem to confirm the existence of interstitial type 
defects when GaAs crystals were annealed under extremely high As vapor pressure. 

Fig. 18 shows the As vapor pressure dependence of the lattice constant. Samples 
used were Zn dope HB grown GaAs prepared by annealing at 900 "C for 67 h under 
As vapor pressure. As already shown, the lattice constant shows minimum value at 
the optimum As vapor pressure. In higher As vapor pressure region, the lattice 
constant increases monotonically with increasing As vapor pressure and shows satu-
rating manner. From the temperature dependence of the saturating lattice constant in 
high As vapor pressure region, the formation energy of the defect was obtained to be 
about 0.9 eV. 
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Fig. 19 shows the As vapor pressure dependence of the 1.25 eV level density 
obtained from the PHCAP measurements. This level is followed by so-called the 
photoquenching phenomenon. The level density increases monotonically with incre-
ase of As vapor pressure, and saturates under high As vapor pressure. From the 
temperature dependence of the saturating level density, the formation energy of the 
defect is determined to be 1.16eV (Fig. 20). This formation energy of defect is in 
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good accordance 
with that obtai-
ned from the lat-
tice constant me-
asurements. 

From the the-
oretical calcula-
tions of forma-
tion energy by 
K.H. Bennemann 
[35] and R.A. 
Swalin [36], the 
defect formation 
energy of 1.16 eV 
is rather close to 
that of interstitial 
atoms than that of 
vacancy. Therefo-
re, we consider 

that the interstitial atoms should 
be introduced at the primary sta-
ge of defect formation when 
GaAs was annealed under high 
As vapor pressure. 

In order to investigate the 
stable interstitial site, we applied 
the RBS technique to the As+ 
implanted GaAs crystals. Depth 
resolution was enhanced by using 
the grazing exit angle configura-
tion of silicon surface barrier 
(SSB) detector. From the results 
of multi-directional and high 
depth resolution RBS measure-
ments, the stable interstitial site 
was assumed to be <I00> split 
and relaxed bond center (r-BC) 
interstitialcy. This RBS result 
corresponds to that obtained from 
the X-ray anomalous transmis-
sion measurements. 
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6. GaAs BULK CRYSTAL GROWTH BY THE VAPOR PRESSURE 
CONTROLLED CZOCHRALSKI (PCZ) METHOD 

Vapor pressure control technology established by our annealing and LPE experi-
ments under controlled vapor pressure is also extended into the GaAs bulk crystal 
melt growth. The vapor pressure control of the GaAs solution growth was carried out 
at first by T.Suzuki and S.Akai [37] in the field of the horizontal Bridgman (HB) 
method. High quality GaAs bulk crystals with very low dislocation density were 
grown under our finding optimum As vapor pressure of 830 Torr, where the tempe-
rature of metal As is 617°C. These crystals are now supplied all over the world. 
Thereafter, this work was also reconfirmed by Gatos and Nanishi [38], and it was 
shown that the dislocation density and the defect density decreased abruptly at a 
specific metal As temperature of 617 °C within 1 °C. This specific As vapor pressure 
is nearly equal to that obtained from our equation (2) concerning on the temperature 
dependence of the optimum As vapor pressure. Optimum As vapor pressure at 
melting point of GaAs is obtained to be 830 Torr from the eqn. (2) The temperature 
of the metal As corresponds to be 617°C according to the eqn. (1). 

Whereas the dislocation density has been greater than that of HB crystals due to its 
large thermal strain, conventional CZ method enables the growth of GaAs bulk crystals 
with large diameter compared with the HB method. By applying the vapor pressure 
control method to the CZ growth (PCZ), high quality CZ GaAs bulk crystals with very 
low dislocation density were obtained. As shown in Fig. 21, 2-inch wafers with the 
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dislocation density as low 
as 500 cm ^ were grown 
without impurity doping 
under the optimum As 
vapor pressure. The etch 
pit density (EPD) of the 
intentionally undoped LEC 
GaAs is about 10' cm ^ 
This is higher at least one 
order of magnitude than 
that of PCZ grown GaAs 
crystals. DLTS measure-
ments revealed three kinds 
of deep donors. Fig. 22 
shows the As vapor pres-
sure dependence of each 
deep level density. It is 
shown that the deep level 
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density also shows minimum under optimum As vapor pressure. Similar results were 
also obtained from the PHCAP measurements. Fig. 23 shows the photographs of the 
PCZ and conventional CZ grown GaAs ingots. Surface of the PCZ GaAs crystals is 
shown to be very brilliant compared to that of the conventional LEC crystals. 

In order to evaluate deep levels in various GaAs bulk crystals, the PHCAP 
measurements were carried out under constant capacitance condition. Fig. 24 shows 
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Fig. 23. Photographs of the as-grown surface of PCZ and conventional CZ grown GaAs in-

E o 

W) 
c 
0) 
Q 

<u 
_J 
Q. 
Q> 
0) 
D 

6 x 1 0 
77K 

16 
5 x 1 0 

LEG 
16 

4 x 1 0 

16 HGF 
3 x 1 0 

16 
2 x 1 0 

16 HB 

1 x 1 0 

0 1 
PCZ 
1 1 

^ 
5) c 0) 
Q 
0) > 

> 
(1) 

E 
•D QJ ^ 
N o T-C X g 
0) 
Q 

0.5 1.0 1.5 
Photon Energy [eV] 

Fig. 24. Ion density P H C A P spectra of various inten-
tionally-undoped n-GaAs crystals with the carrier con-
centration of about 4x l0"cm" ' . 

n=1.3x10"cm"^ 
GaAs:Si 

HB 

PCZ 
(below dctf^rtion limit) 

• H G F 

77K 

t a 
_L 

0.5 1.0 1.5 
P H O T O N E N E R G Y [eV] 

Fig. 25. As vapor pressure dependeii-
cies of the lattice constant and the half 
width of the X-ray rocking cu rve of 
LPE GaAs. 

the PHCAP spectra of various intentionally-undoped «-GaAs crystals with the carrier 
concentration of about 4x10"" cm \ As reported previously, the so-called photoquen-
ching phenomenon is observed in the spectral region of 1.0 -1.50 eV below about 
110 K. After irradiation of monochromatic light, ion density increases rapidly and 
then decreases gradually. PCZ crystal shows minimum deep level density compared 
with that of other crystals. This confirms the possibility for perfect crystal growth by 
the PCZ method. Fig. 25 shows the PHCAP spectra obtained from the subtraction 
between maximum and saturating ion density at each wavelength. Samples used were 
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various Si-doped GaAs bulk crystals with the carrier concentration of 1.5x10" cm ' 
grown by various methods. PCZ crystal shows extremely low deep level density, 
which shows the so-called photoquenching phenomenon. 

7. GaAs BULK CRYSTAL GROWN BY THE VAPOR PRESSURE 
CONTROLLED FZ (VPC-FZ) METHOD 

In order to obtain high purity bulk crystals with stoichiometric composition, 
vapor pressure controlled FZ method (VPC-FZ) has been applied to GaAs bulk 
crystal growth [39, 40], FZ method has the possibility to minimize the unintentional 
impurity contamination from crucible. Whereas the growth condition has not been 
optimized and the As vapor pressure is not strictly controlled yet, high purity p-GaAs 
crystals were obtained with the carrier concentration as low as about 1x10'^ cm \ Fig. 
26 shows the PHCAP spectrum of the VPC-FZ grown p -GaAs crystal. Stoichiome-
try-dependent deep acceptors were detected at 0.53, 0.71, 0.90 and 1.0 eV above the 
valence band. These deep levels were commonly detected regardless of the variation 

of dopant impurities and growth method. 
As vapor pressure dependencies of the level 
density were also clarified by out PHCAP 
measurements. 

However, the level density in VPC-FZ 
GaAs is much lower than that in LEC and 
HB grown samples by three order in ma-
gnitude. This confirms the ability of VPC-
FZ method to supply high purity GaAs cry-
stals with stoichiometric composition. 
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Fig. 26. Ion density PHCAP spectrum of the va-
por pressure controlled FZ (VPC-FZ) grown p-
GaAs crystal. /?-GaAs crystals were obtained with 
the carr ier concen t ra t ion as low as about 
I x l O ' W . 

EDITORIAL NOTE 

The paper submitted by the authors was divided by the editor into three parts 
which will be successively published. Part one, published above disccusses stoichio-
metry - dependent deep centres in GaAs. Part two and part three will be published in 
the next issues of "Materiały Elektroniczne" dedicated to deep levels related to 
stoichiometry of InP and AlGaAs, respectively. 
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