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X-ray photoelectron spectroscopy and Auger electron spectroscopy measurements were
performed to investigate the initial growth mechanism and the selection of growth orientations
of CdTe layers grown on (100) GaAs by metalorganic vapor phase epitaxy (MOVPE). The
surface stoichiometry of the GaAs substrate was found to recover when annealed in 2 H, flow
atmosphere (500 °C, 5 min), although the surface was initially in an As-rich condition after
chemical etching by H, 80, :H, 0,:H, O = 5:1:1. No oxide was gbserved at both the etched and
H, annealed GaAs surfaces. Preferential adsorption of Te occurred on the GaAs surface when
H, annealing was carried out in the growth reactor in the presence of residual CdTe deposits.
One monclayer of Te with a thickness of about 1.8 A was adsorbed on the GaAs surface when

the H, annealed GaAs was exposed to diethyltelluride during the cooling period from the
annealing temperature to the growth temperature (420 °C). On the other hand, minimal
adsorption of Cd occurred when the H, annealed GaAs was exposed to dimethylcadmium
during the above period. {100) CdTe growth was reproducibly achieved when the GaAs
surface was completely covered by one monolayer of Te before growth, otherwise (111)
growth occurred. Differences in the initial growth mechanism between MOVPE and

molecular-beam epitaxy are also discussed.

[ INTRODUCTION

The epitaxial growth of CdTe and HgCdTe on (100)
GaAs substrates is now of great interest since this system is
promising for the large-scale integrated infrared detec-
tors.”* Metalorganic vapor phase epitaxy (MOVPE) and
molecular-beam epitaxy (MBE) have been the major
growth techniques to fabricate such systems. However, it
has been known that growth can proceed in two different
growth orientations of (100} and (111) due to a large lattice
mismatch (~15%) between the GaAs substrate and the
grown layer.”'® The selection of growth orientations has
been extensively studied in MBE, and several mechanisms
have been proposed. For instance, it has been suggested that
(100) growth occurs when an oxide remains on the GaAs
surface.!'™"* The adsorption of Te on the GaAs surface has
also beer: considered to be a factor influencing the CdTe
orientation.'*!® In MOVPE, on the other hand, similar ori-
entation characteristics have been observed,!” however, lit-
tle effort has been devoted to clarify the initial growth mech-
anism.

There are considerable differences in the preparation
procedures of GaAs substrates before growth between MBE
and MOVPE. In MBE, substrate soldering on the sample
holder with indium is commonly performed to achieve the
thermal contact,'® and this procedure is known to produce
an oxide layer on the substrate.'® In order to remove the
surface oxide, preheating of the GaAs substrates is usually
carried out around 580 °C under high vacuum, however, this
process results in a deviation of surface stoichiometry of the
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substrates, due to the evaporation of As. In MOVPE, on the
other hand, such an oxidation process can be avoided and
growth proceeds in a deoxidizing H, atmosphere. Thus, the
initial growth mechanism may differ between MOVPE and
MBE.

Previously, we performed XPS analysis of GaAs surface
structures to clarify the initial growth mechanism of CdTe
layers on GaAs in MOVPE.?®?! In this paper, we report the
results obtained in systematic XPS and AES analyses which
were carried out on (100) GaAs at each stage of the pretreat-
ment procedures in CdTe growth by MOVPE. Additional .
AES measurements have revealed the details of the GaAs
surface structures before growth, and the adsorption charac-
teristics of the precursors. The variations of GaAs surface
structures in the MOVPE process are definitively discussed
in contrast to the MBE process. The key to controlling the
orientations of CdTe layers is also clarified.

il. EXPERIMENTAL PROCEDURES

CdTe growth was carried out in a low-pressure MOVPE
systern operating at 60 Torr. The metalorganic sources used
were dimethyicadmium (DMCd) and diethyitelluride
(DETe), which were delivered to the growth reactor using
palladium-diffused H, as a carrier gas. The flow rates of
DMCd and DETe were 2 107" and 8X 10~° mol/min,
respectively. The total flow rate of H, was ! SLM. The
growth temperature was 420 °C which is compatible with the
subseguent growth of HgCdTe for the use of DETe.

In this study, both semi-insulating and n* GaAs were
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used as the substrates, and these were exactly {(100) orient-
ed. After degreasing, the substrates were etched in a solution
of H,80,:H, 0, :H,0 = 5:1:1 for 5 min, rinsed with deion-
ized water and then rinsed with methanol and isopropy! al-
cohol. After the last rinse, the substrates were immediately
loaded into the growth reactor. Prior to growth, these sub-
strates were annealed at 500 °C for 5 min in a H, flow atmo-
sphere at 60 Torr. At the end of H, annealing, one of the
metalorganic sources was first introduced into the growth
reactor, and the other was introduced to initiate the CdTe
growth when the substrates were cooled to the growth tem-
perature.

The surface structures of GaAs substrates at each stage
prior to growth were examined by XPS and AES. The stages
are (1) a chemically etched GaAs surface, (2} a H, an-
nealed GaAs surface in the growth reactor in the presence of
residual CdTe deposits, (3) a GaAs surface exposed to
DETe, and (4) a GaAs surface exposed to DMCd. H, an-
nezaling of the etched GaAs in a clean guartz tube was also
carried out to examine the effect of a H, atmosphere on the
GaAs surface structure. XPS spectra were obtained with a
Surface Science Instrument 8SX-100 system using monoch-
romatized AlKo radiation (1486.6 eV ). The AES measure-
ments were performed with a JEOL JAMP-10S system. The
base pressure in both the XPS and AES chambers was
1 X 10~ ' Torr. Since the samples were inevitably exposed to
the laboratory air during the transport into the analyzer
chamber for a few seconds to minutes, careful sputter clean-
ing by Ar ™ ion was carried out fo remove the adsorbed car-
bon and oxygen atoms without significantly changing the
surface structure. Sputtering conditions were optimized in a
series of preliminary studies. For this experiment, all XPS
spectra were measured after the sputtering at 3 keV for 30 s.
On the other hand, Ar' sputtering in the AES system was
carried out at 1 keV.

The growth orientations and the surface morphologies
of the CdTe layers were examined by x-ray Laue back reflec-
tion patterns and Nomarski microphotographs, respective-
ly.

. EXPERIMENTAL RESULTS
A. Surface structure of chemically etched GaAs

Figure 1(a) shows an XPS spectrum of the GaAs sur-
face after chemical etching. An XPS spectrum: of the GaAs
surface after sputtering of the surface region is also shown in
Fig. 1(b), which is considered a stoichiometric GaAs sur-
face. No oxidation of Ga and As was detected at the etched
Gads surface due to the absence of XPS peaks correspond-
ing to oxide formation.'®*** The XPS integrated intensity
ratios of As 3p to Ga 3p peaks {{,,/1;, ) are alsc shown in
the figure. For the stoichiometric GaAs surface, the ratio is
estimated to be 1.00. The 1,,/7;, ratio in an etched GaAs
surface is, however, larger than that for the stoichiometric
surface. This indicates that after H, SO, :H, G, H, O etch-
ing, the GaAs surface becomes an As-rich condition by the
preferential etch of Ga atoms.

A similar trend was also observed in AES analysis. Fig-
ure 2 shows an AES depth profile of the normalized As/Ga
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FIG. 1. Ga 3p and As 3p XPS spectra of GaAs surfaces; (a) after
H, S0, :H, 0, H, Getching, (b) after sputtering off the surface region in an
etched GaAs. I, /1, shows the integrated intensity ratio of As 3pto Ga 3p.

ratios after removal of the adsorbed carbon and oxygen
atoms. The As/Ga ratio is characterized by the low-energy
Auger data (GaMVV 55 eV, AsMVV 31 eV), denoted by
Lo, and the high-energy data (Gal.MM 1070 eV, AsLMM
1228 V), denocted by Hi. As shown in the figure, the iow-
energy As/Ga ratio near the surface is larger than unity
while the high-energy As/Ga ratio is nearly equal to unity.
The low-energy Auger data are more sensitive to the direct
surface of the investigated sample, while the high-energy
data give information on the more bulklike part of the sam-
ple. These results are indicative of an As-rich condition of
the GaAs surface. From both XPS and AES results, it is
concluded that a H, SO, :H, 0, :H, O etch leads a GaAs sur-
face to an As-rich one with no oxide layer.
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FIG. 2. AES depth profile of the normalized As/Ga ratio after removal of
the adsorbed C and O atoms. The ratio is characterized by the low-energy
Auger peaks (GaMVV 55eV, AsMVV 31 eV) denoted by Lo, and the high-
energy Auger peaks (GaLMM 1070 eV, AsLMM 1228 ¢V) dencted by Hi.
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FIG. 3. Ga 3pand As 3p XPS spectra of GaAs surfaces; (a) H, annealed in
a clean quartz tube after chemical etching, (b) the same GaAs surface in
Fig. 1(b). I,,/1;, shows the integrated intensity ratio of As 3p to Ga 3p.

B. Effect of H, annealing on the etched Gaks surface
structure

Figure 3(a) shows an XPS spectrum of the GaAs sur-
face after H, annealing in a clean quartz tube, where 3(b)
represents a stcichiometric surface in Fig. i(b). Afier H,
annealing, the integrated intensity ratio of As 3p to Ga Ip
decreases with respect to that in Fig. 1{a) and approaches
unity for the stoichiometric surface. This indicates that the
surface stoichiometry of the etched GaAs is recovered by the
annealing in a H, flow atmosphere. A similar trend was also
confirmed by AES measurement,

. Yariation of Gahs surface structures after exposure
tO precursors

Figures 4(a)-4(c) show the XPS spectra of GaAs sur-
faces after the following procedures; (a} H, annealing tn the
growth reactor, (b) exposure o DETe after the annealing,
and (c) exposure to DMCd after the annealing. When an-
nealed in the growth reactor, Te atoms were adsorbed on the
GaAs surface. The adsorption of Te atoms is ascribed to the
decomposition of the residual CdTe deposits in the growth
reactor, whereas Cd atoms were not adsorbed. Compared
with Fig. 4(a), an increase in the Te signal intensity was
observed afier exposure 10 DETe, as shown in Fig. 4(b). The
KPS peaks of both Ga and As could be observed although
the supply of DETe was sufficient te grow a thick (~ 1300
A) CdTelayer if DMCd was allowed to simultaneously flow
into the growth reactor. This indicates that the amount of
adsorbed Te is less than a few monolayers. The precise thick-
ness of the adsorbed Te layer will be discussed later.

En contrast to this, an interesting result was obtained
after the exposure to DMCd, as shown in Fig. 4(c). The
adsorption of Cd could be seen, however its amount was less
than that of Te in spite of the flow of DMCd alone, since the
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FIG. 4. XPS spectra of GaAs surfaces; (a) H, annezled in the growth reac-
tor after chemical etching, (b) exposed to DETe after H, annealing, (¢)
exposed to DMCd after H, annealing.

intensity ratio of Cd 34 5/2 to Te 3d 5/2 is estimated to be
83% for the stoichiometric CdTe surface.”® This adsorption
of Te atoms is also attributed o the residual CdTe deposits,
which is similar to the case in Fig. 4({a). However, the
amount of adsorbed Te, originating from the residual CdTe
deposits, differs between Figs. 4(a) and 4(c). It is consid-
ered that this depends upon the amount of residual CdTe
deposits in the growth reactor. Apparently, the amount of
adsorbed Te in Fig. 4(¢) is smaller than that of Te in Fig.
4(b). These adsorption characteristics were very consistent

with the resuits of Feldman e ¢/.'®

B. Orientation of CdTe grown layers

CdTe layers obtained in the case of the first supply of
DETe were reproducibly (100) oriented. Pyramidal hill-
ocks were cbserved on the (100) CdTe surface, which is
characteristic of the surface morphology in the {100} orien-
tation.”%> In contrast to this, when the DMCd was first in-
troduced, CdTe layers were (100} oriented, but contained
(111} oriented regions. The surface morphology of the
{111) region was dusty and similar to that of the grown layer
on {111 A CdTe substrate, which is characteristic of three-
dimensional (3D) growth, involving double positioning
type twins. From these results, it is suggested that the first
metalorganic source introduced into the growth reactoris a
key factor for the controi of the growth orientation.

i¥, DISCUSSION

First we will discuss the difference in GaAs surface
structures prior to growth between MOVPE and MBE pro-

Ekawa of 2/ 6867




cesses. As a result of the etching process, it is concluded that
the GaAs surface becomes As-rich after the
H, S0, :H, 0, :H, O etching. This result is consistent with
previous reports.’'® The H,S0,:H,0, H, O etching is
generally believed to produce a thin surface-oxide layer act-
ing as a passivation layer.’®?” However, as shown in Fig.
1{a), the rinse in deionized water after etching does niot pro-
duce any passivating oxide layer on the surface, which is
consistent with Massies and Contour.'” They have demon-
strated that oxidized phases appear as a result of the contact
of the etched surface with air and are enhanced by the indi-
um soldering at 160 °C, which is commoniy performed in the
MBE process.

When the eiched GaAs is annealed in a H, flow atmo-
sphere {Fig. 2(a)1], the surface stoichiometry of GaAs is
recovered. This suggests that excess As atoms at the As-rich
GaAs surface may be preferentially desorbed in the form of
AsH, by the foilowing reaction,

IAs + 3H, — 2AsH,. (1)

Qur preliminary studies confirmed a similar effect in H,
annealing of the etched CdTe.** The CdTe surface becomes
Te-rich after Br-methanol etching. However, the surface
stoichiometry is recovered by H, annealing at 450 °C. From
the above results, it is concluded that the growth of the CdTe
fayer starts on the stoichiometric GaAs surface in our
MOVPE growth experiment.

It is worthwhile to note the difference in thermal clean-
ing processes of GaAs substrates between MBE and
MOVPE. In MBE, thermal cleaning of the etched GaAs is
usually carried out under vacuum or As pressure between
570 and 600 °C to remove the oxide fayer, where the As oxide
and the Ga oxide are desorbed above 350 and 570 °C, respec-
tively.!%23262829 A was reported by Cho™ and Srinivasa,
Panish, and Temkin® in GaAs epitaxy by MBE, the (100}
GaAs surface structures depend upon the substrate tem-
perature and the ratio of the As to Ga intensity in the molec-
ular beam. In the case of a constant substrate temperature,
there is a transition from the As-stabilized to the Ga-stabi-
lized surface with a decrease in the As, /Garatio. Fora given
As, /Ga ratio, the same transiticn can be achieved by in-
creasing substrate temperature. In other words, high-tem-
perature treatment leads to a deviation from the stoichiome-
try by a preferential loss of As. It is, therefore, considered
that thermal cleaning under vacnum produces an As-defi-
cient or a Ga-stabilized (100) GaAs surface. On the other
hand, thermal cleaning under As pressure produces an As-
stabitized (100) surface.®'®

In the MOVPE process, as shown in Fig. 2(a), the oxi-
dation of the GaAs surface does not occur after chemical
etching only if the etched GaAs is immediately loaded into
the growth reactor. Even if the oxides exist on the surface, it
is considered that they are removable by H, annealing at
500 °C. The following deoxidizing reactions are proposed,

As, O, + 3H, »2As + 31,0, (2)
Ga,0, + 3H, -2Ga + 3H,0. (3)

Thus, the use of deoxidizing H, gas in MOVPE thermal
cleaning has the significant effect of deoxidizing the surface
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FIG. 5. AES depth profile of GaAs surface exposed to DETe in the growth
reactor. This profile was obtained after removal of the adsorbed C and O
atoms.

oxide below the temperature used for oxide desorption in
MBE. In addition, the GaAs surface after H, annealing is
considered a Ga-stabilized one, due to a preferential loss of
As. A Ga-stabilized surface is self-consistent with the ad-
sorption characteristics of Te and Cd atoms on GaAs, as will
be discussed later.

Next, let us note the variations of GaAs surface struc-
tures after the exposure to metalorganic scurces. When the
DETe is first introduced into the growth reactor after H,
annealing, the adsorption of Te atoms occurs on the stoichio-
metric GaAs surface [ Fig. 4(b) ]. In order to estimate a pre-
cise thickness of the adsorbed Te layer, a semiquantitative
analysis was performed using Auger signal intensities of Ga
and As. Figure 5 shows an AES depth profile of the GaAs
surface after exposure to DETe at 420 °Cin the growth reac-
tor. This profile is traced after removal of the adsorbed car-
bon and oxygen atoms. As previously mentioned, the low-
and high-energy Auger signais of Ga and As are denoted by
Lo and Hi, respectively. For the estimate of Te coverage,
two-step data is required with no C coverage (0 min) and
with no Te coverage (after 3.5 min ). Using Auger intensities
of Ga high-energy electrons with an escape depth of approxi-
mately 17 13,3‘ we obtained the precise thickness of Te cov-
erage with a value of 1.8 A, on the assumption that the GaAs
surface is simply covered by Te atoms alone. This valueof Te
coverage is approximately in agreement with & thickness of
one monolayer of Ga,Te;. Ga,Te, forms a zincblende
structure with a lattice constant of 5.88 A. Using a value of
2.55 A for the Ga—Te bond length in Ga, Te,, we can esti-
mate that the adsorbed Te plane is located at approximately
1.6A up to (100) Ga-stabilized surface. It is, therefore, con-
cluded that the GaAs surface is completely covered by one
monolayer of Te after exposure to DETe during the cooling
process. A Ga-stabilized surface after H, annealing is rea-
sonable given the chemical bonding characteristics of Te
atoms, rather than Cd, easily adsorbing on the GaAs sur-
face. This is ascribed to Ga—-Te bonding.

On the other hand, when the DMCd is first introduced
into the growth reactor, the adsorption of both Cd and Te
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TABLE L. The XPS integrated intensity ratios of As 3p 1o Ga 3p in Fig.
3(a}, Fig. 4(b) and {¢) GaAs surfaces.

I As/f Ga
H, annealing in a clean quartz tube (Fig. 3(a)) 1.08
Exposure to DETe (Fig. 4(b)) 0.83
Exposure to DMCd (Fig. 4(¢)) 1.20

atoms occurs on the GaAs surface [Fig. 4(¢)]. The amount
of adsorbed Cd is, however, smaller than that of adsorbed
Te. In addition, the amount of Te in this case is less than one
monolayer of Te which is adsorbed in the case of exposure to
DETe. It is, therefore, proposed that the GaAs surface is
incompiletely covered by Te atoms on which Cd atoms are
partly adsorbed. As shown in Fig. 4(b}, since the XPS sig-
nals of Ga and As can be detected in spite of the sufficient
supply of DETe, it is suggested that the sticking coefficient
of the first monolayer of Te on the (100) GaAs is high but
decreases rapidly with subsequent monolayers, therehy
timiting the adsorption of Te atoms to one monolayer. On
the other hand, the sticking coefficient for Cd is zero on the
thermally annealed GaAs surface, however, it becomes finite
when Te atoms are present, &s shown in Fig. 4(c).

From the above results, we will tentatively argue with
the initial growth mechanism of CéTe layer on (100) GaAs
substrate. For the assessment of the adsorption site of Te and
Cd atoms, the XPS integrated intensity ratios of As 3pto Ga
3pin Figs. 3(a}, 4(b), and 4{c) are shown in Table L. In the
case of the first supply of DETe [Fig. 4(b)], a decrease in
the As/Ga ratio with respect to that for H, annealing in Fig,
3(a} indicates that Te atoms are adsorbed on the Ga-stabi-
lized (100) surface, locating over an As site. It is, therefore,
suggested that a twin tetrahedral structure,

Ga Ga

Ga)TeATe—-—Te( Ga’

a
which is proposed by Cohen-Solal, Bailly, and Barbe® in
MBE (100) growth, may be formed at the interfacial layer
and give rise to preferential (100) growth.

On the other hand, when the DMCd was first intro-
duced [Fig. 4(¢)], a decrease in the As/Ga ratio could not
be observed. The As/Ga ratio is variable, depending upon
the amount of residual CdTe deposits in the growth reactor.
Since our CdTe growth starts on the stoichiometric GaAs
surface, the initial growth mechanism of

G
G

a tetrahedral siructure on an As-deficient (100) surface,
which is proposed in MBE (111)B growth,?® is not applica-
bie to this case. Our (111)A orientation may be attributed to
the island growth of CdTe at the initial stage, taking into
account the incomplete coverage of Te on the GaAs surface.

it should be noted that the growth mode of (111) CdTe
fayer on (100) GaAs differs between MBE and our
MOVPE. The MBE-grown {111) CdTelayeris (111)B ori-
ented, involving lamella twins, and its surface morphology is
specular to the eye.>?>* We consider that this difference

a
YTe—As,
a
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significantly originates from the GaAs surface structure
after the thermal cleaning, As previously described, the sur-
face structure strongly depends upon a combination of the
temperature and the ambient atmosphere in thermal clean-
ing. If a GaAs surface is As deficient and rough, (111)B
CdTe layers are obtained in the

Ga
Te—
Ga> e—AS

formation model. If a GaAs surface is stoichiometric (Ga
stabilized or As stabilized), (100) CdTe layers are obtaina-
bie. On the other hand, in our MOVPE, a stoichiometric
GaAs surface is formed after H, annealing at 500 °C. There-
fore, the growth orientations of CdTe layers are significantly
determined by the amount of Te adsorbed on the GaAs sur-
face. The incomplete coverage of Te leads to (111)A 3D
growth. The adsorption of one monolayer of Te leads to
(100) growth. {111}B CdTe growth may possibly occur in
MOVPE if the thermal cleaning of GaAs substrates is car-
ried out above 580 °C and the surface becomes rough.'’

V. CONCLUSIONS

We have demonstrated the variations of the surface
structures of GzAs subsirates at the initial stage of CdTe
MOVPE growth using XPS and AES. The GaAs surface
was in an As-rich condition after H,80,:H, 0, :H, O eich-
ing. No oxidation of Ga and As was observed. The surface
stoichiometry was recovered afier apnealing at 500°C in a
H, flow atmosphere. When the DETe was first introduced
into the growth reactor after H, annealing, one monolayer
of Te were adsorbed on the GaAs surface. The thickness of
the adsorbed Te layer was estimated to be about 1.8 A, which
approximately corresponds to one monolayer of Ga,Te,.
On the other hand, when the DMCd was first introduced,
the GaAs surface was incompletely covered by Te atoms
that originated from the residual CdTe deposits in the
growth reactor. Cd atoms could adsorb only on the adsorbed
Te atoms. It was confirmed that the first metalorganic
scurce introduced into the growth reactor after H, anneal-
ing determines the growth orientation of the resultant CdTe
layer. The first supply of DETe reproducibly leads to (100)
growth while the first supply of DMCd partly leads to (111)
growth. The (111) CdTe regions were (111)A oriented,
which is ascribed to the island growth of CdTe.
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