Organometallic vapor-phase homoepitaxy of gallium arsenide assisted
by a downstream hydrogen afterglow plasma in the growth region
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In situ generated arsenic hydrides are reacted downstream with trimethylgallium (TMGa), both
in the presence of and in the absence of a downstream hydrogen afterglow plasma. The.
homoepitaxial activation energy dramatically changes from 62 kcal/mol for the pure thermal to
21 kcal/mol for the plasma-assisted growth. The carbon incorporation mechanism for the
plasma-assisted growth at temperatures less than 400 °C has a distinct activation energy for
carbon incorporation of 23 kcal/mol, independent of V-III ratios. At temperatures above 400 °C,
the level of carbon incorporated in the films reaches a level that appears to be dependent on the
gas-phase precursor V-III ratio. The activation energy of the low-temperature region is
consistent with the surface decomposition of arsenic hydrides.

Heinecke et al.! utilized a remote rf plasma to sensitize
the arsine upstream from the introduction of the trimeth-
ylgallium (TMGa) for homoepitaxial GaAs. They found
in direct comparison of the pure thermal to the plasma-
assisted depositions that the growth activation energy de-
creased from 22 to 14 kcal/mol. Huelman et al.? found a
comparable growth activation energy of 13 kcal/mol by
remote plasma sensitizing the arsine. In pure thermal stud-
ies of Reep and Ghandhi® the growth activation energy was
found to be dependent on the TMGa-arsine gas-phase pre-
cursor ratios, varying from 16 to 20 kcal/mol as the V-III
precursor ratios were varied from 36.9 to 9.3, respectively.
Thus, this implies a dependence of the growth rate on the
relative concentration of reactive species of the hydride to
the organometallic precursor. '

Previous work by Tamaru* has shown that the arsine
decomposition is catalyzed by the presence of a surface and
the resulting activation energy is 23 kcal/mol. Carbon in-
corporation studies of the homoepitaxial GaAs growth by

Reed et al.’ also exhibited an activation energy of 23 kcal/ -

mol. Reed postulated that the surface decomposition of the
arsenic hydride species leads to the availability of accessi-
ble hydrogen which subsequently reacts with TMGa hy-
drocarbons to form volatile species.

Herein is described the study of GaAs homoepitaxial
growth in the kinetically limited growth regime at sub-
strate temperatures between 320 and 490 °C. We report on
the behavior of the growth rate and carbon incorporation
in an atypical growth region employing extremely low V-
ITI ratios ( <2.0).

The deposition procedure is as follows. A GaAs
((100) semi-insulating) substrate is loaded into the depo-
sition reactor of Fig. 1 without any chemical degreasing or
polishing. A turbomolecular pump creates a 10~° Torr
environment during pumpdown. The arsenic hydride uti-
lized for the depositions is created via surface etching of
solid arsenic by the hydrogen radicals generated in a mi-
crowave plasma. The arsine source is described elsewhere.®
The substrate is heated to 460 °C in the presence of the
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generated arsenic hydrides for 10 min prior to the growth.
Following thermal preprocessing, GaAs deposition is ini-
tiated with the introduction of the TMGa either in the
presence of or in the absence of the downstream hydrogen
afterglow plasma. In either case, the arsine generator op-
erating parameters are the same: 40 W microwave plasma
power and 25 sccm hydrogen flow. This plasma does not
extend into the growth region. The 200-sccm hydrogen
flow shown in the top of Fig. 1 consists of molecular hy-
drogen when no active upstream plasma occurs. When the
downstream hydrogen afterglow plasma is ignited, it pro-
vides to the growth region atomic hydrogen, hydrogen rad-
icals, and vacuum ultraviolet (VUV) photons in addition
to the molecular hydrogen. The VUV photons originate
from the strong atomic hydrogen resonance lines (121.4
nm). Its operating parameters are fixed at 300 mA at 600
V dc bias (180 W). The epitaxial nature of all the depos-
ited films discussed in Figs. 2 and 3 is verified via electron
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FIG. 1. Schematic representation of the homoepitaxial reactor employing
in situ generated arsenic radicals and the presence or absence of an up-
stream hydrogen plasma. Ignition of the upstream hydrogen plasma cre-
ates a downstream afterglow in the growth region. Hydrogen flow rates
are shown for both the arsenic hydride generation (bottom right) and for
the upstream hydrogen plasma (top). The in situ arsine generator does
not introduce a plasma to the growth region although it uses microwave
excitation.
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FIG. 2. Arrhenius plot of the homoepitaxial growth rate with and with-
out the upstream hydrogen plasma ignited. The apparent activation en-
ergies are 62 and 21 kcal/mol for the thermal and the plasma-assisted
cases, respectively.

channeling patterns in a scanning electron microscope
(SEM) fitted with a backscatter detector.”

The homoepitaxial growth rate versus substrate tem-
perature is shown in the Arrhenius plot of Fig. 2 for dep-
ositions with and without the upstream plasma. The datais
from material that is deposited in layered structures in
which constant reactor conditions (V-III ratios, total pres-
sure, etc.) are maintained during growth while the sub-
strate temperature is rapidly varied. Secondary-ion mass
spectroscopy (SIMS) allows clear delineation of the mate-
rial deposited at various substrate temperatures via the
abrupt change in the carbon level. The overall film thick-
ness is then measured with a stylus profilometer and re-
lated to the growth duration of each layer to achieve the
growth rate at each deposition temperature. The activation
energy observed for thermal growth, 62 kcal/mol, is con-
sistent with the heterogeneous decomposition of the
TMGa, but is considerably higher than that normally seen
for typical thermal organometallic chemical vapor deposi-
tion (OMCYVD) growth using arsine.
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FIG. 3. Using plasma-assisted growth only we display the effect of vary-
ing V-III ratio on the carbon incorporation for various substrate temper-
atures employed.
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Figure 3 plots the bimodal behavior of the carbon con-
centration in the GaAs films for the downstream plasma-
assisted deposition as determined by argon-beam SIMS
analysis. The concentration is plotted versus the reciprocal
substrate temperature with V-III ratio variations of 0.66, 1,
and 2 as an additional parameter. The absolute concentra-
tion was determined by calculating the ratio of the As” to
ct? positive secondary-ion counts/s in the deposited mate-
rial and then comparing that to a C'’*-implanted GaAs
standard.

The pure thermal growth activation energy of approx-
imately 62 kcal/mol calculated from the data of Fig. 2
(e.g., no downstream hydrogen afterglow plasma) appears
to be solely dependent on the heterogeneous decomposition
of the TMGa precursor. Under identical conditions with
the addition of the downstream hydrogen afterglow
plasma, the growth activation energy is lowered from 62 to
21 kcal/mol. The remote plasma has been shown to de-
compose TMGa at room temperatures,® but the remote
plasma effect may be more consistent with sensitizing the
arsine.

The incorporation behavior of carbon shown in Fig. 3
has a distinct activation energy in the low-temperature re-
gion of 23 kcal/mol that appears to be independent of the
limited V-III ratio explored. This coincides with the acti-
vation energy of Tamaru® for the heterogeneous decompo-
sition of arsine and is similar to the results of Reed ez al.’
Reed concluded that the surface decomposition of arsenic
hydrides creates accessible hydrogen which promoted the
formation of volatile hydrocarbons, removing them from
the growth interface.

The specific substrate temperature at which the carbon
incorporation mechanism changes modes appears to
closely coincide with the onset of thermal growth (no up-
stream afterglow plasma). However, the plasma-assisted
growth activation energy appears to be constant through
this transition, suggesting that the rate-limiting step in the
deposition throughout the temperature range explored may
be that of the surface decomposition of the arsine species.
The accessible hydrogen generated would readily react
with the hydrocarbon radicals at the growth interface to
form stable species which would then be transported from
the surface, allowing for the continuation of growth.

In conclusion, in situ generated arsenic hydrides are
mixed with a TMGa precursor to achieve GaAs homoepi-
taxy either with or without a downstream afterglow hydro-
gen plasma. We have studied the effect of the downstream
hydrogen plasma on both the homoepitaxial growth rate
and carbon incorporation.
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