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We have used reflectance-difference spectroscopy (RDS) to examine the 
surface phases of GaAs( 100) during metalorganic chemical vapor 
deposition (MOCVD). Since the identities of two important surface 
phases were unknown, we determined their structure and stoichiometry 
using a variety of surface science techniques. The Type 111 phase is a 
newly characterized As-rich (1 X 2)-CH3 reconstruction. The Type 11 
phase is a metastable derivative of the Type I phase. RDS also indicates 
that the surface during MOCVD has a considerable degree of 
heterogeneity. Deposition rates were measured over a similar range of 
conditions and the kinetically-limited regime was found to correlate with 
the Type JII phase. A simple kinetic model was found to quantitatively 
describe the deposition rates. 

INTRODUCTION 

High quality thin films of III-V compound semiconductors (e.g. GaAs, InP, GaN) 
are routinely synthesized using metalorganic chemical vapor deposition (MOCVD) [ 1-41. 
Of the wide range of compound semiconductors of interest today, GaAs has been the 
most thoroughly studied and it serves as the prototype for understanding the fundamental 
chemistry and physics of III-V MOCVD. The most common reactants used to deposit 
GaAs are trimethylgallium (TMGa) and arsine (AsH3). As the MOCVD conditions (e.g. 
surface temperature, reactant partial pressures) are varied, GaAs( 100) exhibits a variety 
of surface reconstructions or phases. The nature of these surface phases strongly 
influences the resultant film morphology and purity. The surface phases will also reflect 
the interactions of the reactor conditions with the complex chemistry of the deposition 
process. One of the most successful techniques for examining III-V surfaces during 
deposition is reflectance-difference spectroscopy (RDS) [5-71, also known as reflectance 
anisotropy spectroscopy (RAS) [%lo]. Aspnes and coworkers [5-71 pioneered the 
technique, and they originally studied GaAs MOCVD and atomic layer epitaxy (ALE). 
The technique has been used extensively by Richter and coworkers [8-10], and they have 
extended its use to include other 1II-V materials and alloys, e.g. InP and AlGaAs. 

One of the first results from the RDS experiments is that for many typical 
MOCVD conditions the GaAs(100) surface is “c(4 X 4)-like” [5],  that is it is covered 
with more than 1 monolayer (ML) of arsenic, i.e. “super” arsenic rich 1111- This is 
contrast to MBE, where the surface is normally grown in a (2 X 4) arsenic-rich condition, 
which has an arsenic coverage of 0.5-0.75 ML [12]. Kisker and coworkers directly 
observed the c(4 X 4) reconstruction with grazing incidence X-ray scattering (GIXS) 
during MOCVD pregrowth or postgrowth conditions [ 13,141. However, during 
deposition the c(4 X 4) diffraction beams disappeared, although RDS indicated the 
surface would often remain “c(4 X 4)-like” [6-71. This behavior was interpreted as a loss 
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of long-range order during growth, with the short-range order and stoichiometry 
remaining essentially unchanged. 

As the range of MOCVD conditions examined with RDS was extended, at least 
two new types of RD spectra have been recorded [6,7,9,10] that do not match examples 
in the original RDS “database” 115,141. Since they did not know the origin of the two 
new RD spectra they observed, Reinhardt et a1 [9,10] denoted them as Type I1 and Type 
III, with Type I denoting the “c(4 X 4)-like” surface. This brings up the issue of spectral 
interpretation, which is the major weakness of the RDS technique. Until the 
interpretation of RDS is put on a more firm theoretical basis the technique must rely on 
an extensive experimental database that has been benchmarked (or fingerprinted) against 
another technique. This database has almost entirely been generated in molecular beam 
epitaxy (MBE) systems and benchmarked against reflection high-energy electron 
diffraction (RHEED) [15,16]. 

In this paper we review our recent work identifying the nature of the Type II and 
Type III surfaces [ 171 which used two experimental approaches. One set of experiments 
was aimed at extending the RDS database by examining well-characterized surfaces 
benchmarked against a suite of surface science tools in ultrahigh vacuum (UHV). The 
other set of experiments was performed in situ during MOCVD in a rotating disk reactor 
(RDR). The major aim of this set of experiments was to corroborate the existence of the 
Type II and Type 111 lineshapes and determine the conditions for which they are formed 
in our MOCVD reactor. We have also found evidence that, in general, the surfaces are 
quite heterogeneous, being composed of mixtures of the three basic surface types. 

We also briefly discuss our kinetic measurements of the GaAs( 100) growth rate 
over a wide range of temperatures and TMGa partial pressures. Since the fluid transport 
properties in the RDR are well characterized [l8], the in situ RDS and kinetic 
measurements will in the future serve as a critical testbed for realistic reactor-scale 
models of GaAs MOCVD that contain both chemistry and transport effects 

EXPERIMENTAL 

The UHV surface science apparatus has been previously described in detail 
[ 17,191. Briefly, the system includes instrumentation for RDS, Auger spectroscopy 
(AES), low energy electron diffraction (LEED) and temperature programmed desorption 
(TPD). The quadrupole mass spectrometer (QMS) was enclosed in a shroud, which can 
also be cooled with liquid nitrogen. The enclosing shroud has a narrow (- 1 cm-diameter) 
aperture and is differentially pumped with a 240 l/min turbomolecular pump. For the 
TPD experiments, the sample was placed at -1 mm from the aperture of the shroud so 
that only the volatile species desorbing from the sample front surface were allowed to 
enter the QMS ionizer. TMGa exposures were accomplished with an effusive beam 
doser with a nominal flux at the sample of molecules cm s . Arsenic-rich 
surfaces were prepared by backfilling with arsine or by dosing As4 from a small 
homemade effusion cell. 

The construction of the RD spectrometer on the UHV apparatus 1171 is similar to 
the Aspnes configuration [5] with a fixed sample and a photoelastic modulator (PEM) 
used to modulate the polarization state of the reflected light. To review, for GaAs (001) 
the measured quantity is the normalized difference between the complex near-normal- 
incidence reflectances of light linearly polarized along the two major 
crystallographic axes [I lo] and [I lo]; 
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and 
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Although this RDS configuration is capable of measuring both real and imaginary 
components of A? / 7 , we report only the real portion, Ar / Y = Re(A7 / 7) .  

The other experimental system used in this study is a MOCVD system employing 
a vertical rotating disk reactor (RDR) geometry. Details of this system have been 
previously published 1201. Briefly, the system holds a 5-cm diameter wafer on a rotating 
molybdenum susceptor. For this study the rotation speed was fixed at 1000 rpm and 
matched flow conditions of - 15 llmin were used with a reactor pressure of 70 torr. The 
typical arsine flow was 100 sccm, which yields a partial pressure of -460 mtorr. The 
wafer temperature was measured with an optical pyrometer (looking at 950 nm emission) 
with emissivity corrected for window transmission. The serni-insulating GaAs(00 1) 
wafers were nominally oriented on-axis ( 53.5”). In the RDR MOCVD system, the 
reflectance-difference spectrometer is an entirely different configuration, which uses the 
inherent sample rotation to generate the polarization modulation [ 171. This system is 
also equipped with a normal-incidence reflectometer for measuring growth rates with 
high accuracy and precision [21]. 

RESULTS AND DISCUSSION 

MOCVD Surface Phases Measured by in situ RDS 

Several types of RD spectra may appear for the GaAs(100) surface during 
MOCVD conditions. Three examples are shown in Fig. 1, for a surface temperature of 
460°C. We will adopt the terminology of Reinhardt et a1 [9] to describe the different 
spectra. The Type I curve in Fig. 1 is for a pregrowth condition, i.e. AsH3 flowing only. 
The Type I state is characterized by a negative peak at 2.5-2.6 eV and by a positive peak 
at 3.8-4.0 eV. This lineshape is very commonly seen during pregrowth and higher 
temperature growth conditions [5-101. In earlier work by Kamiya [15], this lineshape 
was designated as d(4 X 4), based on RHEED observations of a “disordered” c(4 X 4) 
diffraction pattern. From the earlier MBE/RHEED calibration work f15,16], the c(4 X 
4) surface exhibited a similar RDS lineshape, but the peak near 4 eV was considerably 
broader and flatter. More recently, the Type I heshape was found to correlate with a c(4 
X 4) diffraction pattern as observed in situ during MOCVD pregrowth conditions by 
GMS [6,7]. The key feature of the c(4 X 4) surface is that it is “super” arsenic-rich [ 1 13, 
Le., it is covered by more than 1 ML of arsenic. Most experimental determinations of 
stoichiometry place the arsenic coverage at 1.5-1.75 ML [ 11,14,22]. A coverage of 1.75 
ML was suggested from scanning tunneling microscopy (STM) experiments [23], and the 
proposed structure with this coverage satisfies the electron counting or autocompensation 
model [24]. 

The Type II spectra in Fig. 1 was obtained during deposition with a TMGa partial 
pressure of 0.13 mtorr. This condition produces a growth rate of 0.16 h s e c  (measured 
by reflectometry). The Type I1 spectra is characterized by smaller amplitude anisotropy, 
with a negative peak at -2.1 eV and a positive peak near 4 eV. This type of spectrum is 
also very common during typical deposition conditions [6,7,9,10] and is sometimes 
observed during pregrowth or postgrowth conditions [6,7]. The description of the surface 



structure and stoichiometry that yields the Type I1 spectrum has not been conclusively 
identified. Our recent work demonstrates that the Type 11 spectra is due to a modified 
super-arsenic-rich surface, and is not due the presence of a large concentration of gallium 
dimers. This subject will be addressed later in this paper. 

By increasing the TMGa partial pressure to 6.5 mtorr, the surface state changes 
from Type I1 to exhibit the Type 111 spectrum in Fig. 1. This transition was studied in 
detail by Reinhardt et al, who were the first to note the distinct features of the Type Ill 
spectra [9]. To our knowledge, we are the second group to report the Type 111 spectra. 
Although the Type 111 spectra have some qualitative similarity to the Type I spectra, the 
differences are significant and very reproducible. Note that the negative peak is 
considerably sharper and occurs at a slightly higher energy, i.e. 2.65 eV. Also note that 
the positive peak is shifted to a higher energy, occurring at 4.1- 4.2 eV (vs. 3.8-3.9 eV for 
Type I). Reinhardt et al also measured growth rates by using RDS oscillations and found 
that, for Type 111 conditions, the rate showed signs of saturation with respect to TMGa 
partial pressure 191. This is in contrast to the linear TMGa dependence in the Type I and 
11 regions. In our case, the Type lII condition in Fig. 1 also exhibited a markedly 
sublinear TMGa dependence (see below). Since the Type 111 spectrum was not in the 
original RDS MBE database 115,161, the nature of the Type 111 surface could not be 
immediately determined. Based on the sublinear TMGa partial pressure dependence, 
Reinhardt et a1 speculated that the surface was covered with TMGa fragments [9]. Our 
determination of the Type 111 surface structure is in the following section. 

A more extensive investigation of the MOCVD temperature and TMGa flow 
conditions that yield Type I/II/III spectra in our RDR is summarized in Arrhenius fashion 
in Fig. 2. Note that high TMGa partial pressures and low temperatures create the Type 
III condition, whereas low TMGa partial pressures and high temperatures create the Type 
I, i.e. c(4 X 4), condition. The Type II-III RDS boundary also closely corresponds to the 
transition from transport-limited growth and kinetically-limited growth. The exact 
positioning of the phase boundaries shown in Fig. 2 was based on a qualitative 
classification of the intermediate lineshapes and was therefore somewhat subjective. 
Despite a degree of subjectivity, our RDS phase diagram is in fair agreement with the 
results of Reinhardt et a1 [9] (see Fig. 2) .  Small differences in the phase boundary 
positions are also likely due to differences in reactor type (vertical flow rotating disk vs. 
horizontal flow) and reactor conditions (e.g. total flow rate, AsH3 pressure). 

We have recently found that the intermediate lineshapes can be described 
extremely well by a linear combination of Type I, 11, or 111 reference spectra. It should 
therefore be possible to define the phase boundaries in a more quantitative manner, but 
we have not yet completed this task. The implications of this finding with regard to 
surface heterogeneity will also be discussed in a following section. 

Surface Science Investigation of the Type 111 Phase 

When Reinhardt et a1 [9] first observed the Type 111 RDS lineshape, they could 
only speculate about the corresponding surface condition, because the Type ILI spectrum 
had not been previously benchmarked against other surface sensitive diagnostics, e.g. 
RHEED, GIXS. Since the lineshape appears at higher TMGa partial pressures and lower 
temperatures, it is reasonable to expect that the surface may be covered with TMGa 
derived fragments. The sublinear growth rate dependence on TMGa partial pressure also 
supports this assertion. In fact, we earlier discovered two adsorbate-induced surface 
reconstructions on GaAs( 100) involving TMGa-derived fragments that we thought might 



be present during low temperature MOCVD andor ALE [19,25,26]. The best 
characterized reconstruction is the CH3 terminated gallium-rich surface, which exhibits a 
sharp (1 X 2) LEED pattern. This Ga-rich (1 X 2)-CH3 reconstruction can be easily 
formed by low TMGa exposures of the Ga-rich or (2 X 4) As-rich surface near 350°C 
[19,26]. Our model for the Ga-rich (1 X 2)-CH3 reconstruction consists of a complete 
layer of dimerized gallium atoms, with one methyl group per dimer. More extensive 
TMGa exposures at slightly higher surface temperatures (-400°C) results in the partial 
decomposition of adsorbed CH3 groups, yielding an adsorbed layer of CH2 groups with a 
(1  X 4) reconstruction [25]. However, our recent work E171 demonstrated that these two 
CH,-terminated gallium-rich reconstructions yield RD spectra that are quite different 
from the Type III spectra, so we were forced to continue searching for a match. 

It appeared that the surface must contain TMGa-derived adsorbates and be 
arsenic-rich. The difficulty was that the (2 X 4)/c(8 X 2) arsenic-rich surface is more 
reactive than the gallium-rich surfaces, so even modest TMGa exposures in the 300- 
500°C range cause an efficient and rapid conversion to the CH3 or CH2 terminated 
gallium-rich reconstructions. On the other hand, the c(4 X 4) surface produced by our 
standard AsH3 or As4 dosing recipes are relatively unreactive towards dissociative 
TMGa chemisorption. We eventually found that by starting with a less than the 
completely saturated c(4 X 4) reconstruction, and by reacting the TMGa at intermediate 
temperatures (e.g. 300°C) it was possible to form a third adsorbate-induced 
reconstruction involving both CH3 groups and excess arsenic. Surprisingly, this 
procedure produces yet another sharp (1 X 2) LEED pattern. More importantly, the RD 
spectrum for this reconstruction is a very close match to the Type m spectrum [17]. The 
most concise evidence that this (1 X 2) reconstruction involves both CH3 and excess 
arsenic is shown by TPD in Fig. 3. The three major desorbing species in this 
temperature range are methyl radicals (CH3), arsenic dimers M AS^), and atomic gallium 
(Ga). The methyl radicals evolve from this surface with a peak at 420°C, which is below 
the peak for the Ga-rich surfaces (-435°C) 1191, but well above the peak for the (2 X 4) 
arsenic-rich surface at 385°C [27]. We will hereafter refer to this reconstruction as the 
As-rich (1 X 2)-CH3 surface. 

The fact that this surface reconstruction is arsenic-rich is readily apparent from 
the As2 TPD signal. Three peaks at 420, 475, and 556°C precede the gallium signal, 
which is an unambiguous signature of an arsenic-rich surface condition. Note that near 
620°C the As2 and Ga signal overlap, indicative of congruent evaporation. From 
previous work 11 11 we know that the arsenic state near 560°C corresponds to the (2 X 4) 
arsenic-rich surface, so the presence of the two lower temperature As2 states indicates the 
surface contains much more than 314 ML of arsenic. The coincidence of the 420°C As2 
peak with the CH3 peak implies that both species are formed when the (1 X 2) 
reconstruction thermally decomposes in this temperature regime. In fact, the As2 peak 
can be scaled so that it overlaps the CH3 peak along the leading edge through the peak 
maximum. This observation does not necessarily imply that the CH3 groups are bonded 
to the surface arsenic atoms (to be discussed later). We also note that no As(CH3)x 
species where detected during TPD. 

Additional evidence for the arsenic-rich surface stoichiometry of this 
reconstruction is found by AES. The As(31 eV)/Ga(55 eV) ratio for this reconstruction 
falls in the range of 1.8-2.1 [ 171. This is roughly twice the value measured for the Ga- 
rich (1 X 2)-CH3 reconstruction, and is also greater than that for the (2 X 4) As-rich 
surface. These AES results also indicate the As-rich (1 X 2)-CH3 reconstruction has less 



arsenic than the “average” c(4 X 4) reconstruction, although there is some overlap due to 
the large variations in the apparent c(4 X 4) stoichiometry. 

By interpreting the TPD, AES, and LEED results with guidance from the electron 
counting model, we propose a plausible structure for the As-rich (1 X 2)-CH3 
reconstruction (see inset in Fig. 3). This structure consists of As-Ga-CH3 units covering a 
completelayer of arsenic. This structure is the simplest arrangement consistent with all of 
the data. This configuration has the X2 periodicity in the [ 1101 direction, as observed. 
This structure has a formal stoichiometry of 1 ML of arsenic, which is intermediate to 
that of the (2 X 4) and c(4 X 4) reconstruction. The structure ais0 satisfies the electron 
counting model. The As-Ga-CH3 unit would have 3 valence electrons available for 
bonding to the layer below, or 3/4 electron per bond. The arsenic atoms in the layer 
below (in the bulk) have 9 4  electron per bond, so this configuration has 2 electrons per 
bond and therefore satisfies electron counting [24]. 

Another example of a surface prepared by MOCVD that exhibited a (1 X 2) 
reconstruction was reported by Han et a1 [28]. The (1 X 2) periodicity was observed with 
STM, but a weak c(4 X 4) pattern was still seen with LEED. The lack of a sharp (1 X 2) 
LEED pattern, as well as major differences in the preparation procedure lead us to 
believe that the (1 X 2) surface observed by Han et a1 [28] is not related to the As-rich (1 
X 2)-CH3 reconstruction (or Type 111 surface) we described above. 

Surface Science Investigation of the Type I1 Phase 

The surface structure that yields the Type II RD spectrum has not been 
conclusively identified. Kisker et a1 observed a weak p(1 X 2)  X-ray diffraction pattern 
when Type 11 spectra was present, and concluded that this surface is super arsenic-rich 
[7]. Richter and coworkers have suggested that the negative peak at 2.1 eV can be 
explained by the presence of a considerable coverage (e.g. 60%) of gallium dimers 
[8,10]. However, our recent work demonstrates that the Type 11 spectra is due to a 
modified, perhaps metastable, form of a super-arsenic-rich surface, and is not due the 
presence of a large concentration of gallium dimers. In fact, most of our surface science 
results demonstrate that the Type I and Type II surfaces are closely related. For example, 
the TPD spectra for the Type I and Type II surfaces are qualitatively very similar (see 
Fig. 4). The first two excess-arsenic desorption states are shifted to slightly lower 
temperatures for the Type 11 surface, whereas the (2 X 4) desorption peaks overlap for the 
Type I and I1 surfaces. The Type I surface was created by a large AsH3 exposure, with 
the sample temperature initially at 5OO0C, then cooled slowly to 350°C. The Type I1 
surface was created with a similar AsH3 exposure, but with the sample at 350°C for the 
entire dose. We were initially surprised at the difficulty for obtaining a good Type I 
surface in our UHV system. Our previous recipe [ l l]  for creating the c(4 X 4) 
reconstruction was to dose at 300-400°C, but this procedure invariably produces a Type 
I1 RD spectrum (or mixture of Type I and 10. Higher temperatures (-500°C) during the 
dosing were found to be necessary for the creation of a good Type I RD spectrum. 
Similar observations were made with As4 dosing, so hydrogen (i.e. from AsH3) does not 
play a role. The fact that the Type I surface requires a higher temperature dose, along 
with the observation that the excess arsenic in the Type 11 surface desorbs at lower 
temperatures, implies that the Type I1 surface may be metastable variation of the Type I 
surface. 

A surprising finding was that virtually all variations of the AsH3 (or  AS^) dosing 
procedures we tried still yielded reasonable quality c(4 X 4) LEED patterns, even while 



producing quite different RDS results. Close examination of the LEED results did 
eventually lead to a couple of reproducible observations. The Type I surface yields a 
much sharper LEED pattern with a low background, while the Type 11 surface yields a 
LEED pattern with a markedly higher background (see Fig.5). However, the key 
difference is that the Type 11 surface always exhibits a characteristic pattern of “A- 

shaped” or arc-shaped streaks that appear to bracket the integral order beams (highlighted 
in Fig. 5b). The apex of the “A-shaped’7 streaks nearly overlap the half-order beam 
positions, but only those running in the [ l l O J  direction. These characteristic streaks 
should provide an important clue for the eventual determination of the Type I1 surface 
structure. 

Evidence for Surface Heterogeneity 

As mentioned earlier, we have recently found that the intermediate RDS 
lineshapes (i.e. those near the phase boundaries in Fig. 2) can be described extremely 
well by a linear combination of two reference spectra (Type I, 11, or m>. One example of 
this is given in Fig. 6. The Type I reference spectrum was recorded during a non-growth 
condition, i.e. no TMGa flow, while the Type II reference spectrum was recorded for an 
MOCVD condition that optimized the Type II character. The discrete data points (open 
triangles) in Fig. 6 are for an MOCVD condition at the Type I-11 boundary. While this 
curve may look qualitatively more like a Type I lineshape, it is in fact very well described 
by a linear combination (dashed line) of the Type I and Type 11 reference spectra with a 
45/55 Type I/Type II ratio. Similar results are obtained near the Type 11-111 boundary. 
We have also noticed that even for conditions quite far from the phase boundaries there 
appear to be small, but non-negligible, amounts of a second component in most of the RD 
spectra. 

The observed degree of RD spectral additivity could not be presumed a priori, 
and most likely indicates that, in general, the growing GaAs (100) surfaces are 
heterogeneous. By heterogeneous, we mean there are at least two surface phases present 
at measurable quantities for most MOCVD conditions. The length scale of the 
heterogeneity can not be determined from the RDS experiments, but we note that most 
GIXS experiments by Kisker and coworkers [6,7,13] failed to observe surface 
reconstructions during true growth conditions, presumably due to lack of long range 
order. This subject warrants further study because the degree of surface heterogeneity 
should impact a wide variety of material properties, e.g. morphology, doping uniformity, 
interface abruptness, etc. It also raises some interesting questions of how to model 
surface kinetics of the MOCVD process, also a subject of future investigation. 

Kinetics of GaAs(100) MOCVD 

We have used optical reflectometry to measure the GaAs and AlAs deposition 
rate with high precision and accuracy over a wide range of conditions [29]. Here we give 
only a very abbreviated review of our results. The deposition rate measurements for 
GaAs( 100) as a function of temperature and TMGa partial pressure are shown in Fig. 7. 
One interesting kinetic regime occurs at lower temperatures and /or higher TMGa 
concentration. For these conditions the growth rate is highly activated (E,-33-37 
kcal/mole) and exhibits a sublinear dependence with respect to the TMGa partial 
pressure. In this regime the TMGa order is in the range of 0.2-0.4. A surprisingly simple 
kinetic model (solid lines) gives an excellent description of the temperature and TMGa 



dependence. The model couples a simple surface reaction mechanism to a 1-D transport 
model. The surface reaction mechanism contains reversible 3‘d-order dissociative 
adsorption of TMGa, with the irreversible desorption of methyl radicals (CH3) defining 
the deposition step. The model contains reasonable values for the CH3 desorption 
activation energy (40 kcal/mole), the well depth for dissociatively chemisorbed TMGa 
(21 kcaumole), and the preexponential factors ( sec“). At higher temperature 
andor lower TMGa concentration the growth rate becomes transport limited and is linear 
with respect to TMGa. The transition from the sublinear to linear TMGa dependence 
correlates well with the Type II-III boundary seen in Fig. 2. 

SUMMARY 

Using RDS, we have examined the state of the GaAs surface over a wide range of 
MOCVD conditions. Our RDS “phase-diagram” (Fig. 2) is in good qualitative agreement 
with the previous work of Richter and coworkers [lo-121. We have corroborated the 
existence of the Type III surface and now determined its basic structure. We have 
synthesized the Type ITI surface in UHV by reacting TMGa with a super-arsenic-rich 
surface around 300°C. This procedure creates a new surface reconstruction that was still 
arsenic-rich and terminated with methyl groups. This structure exhibits a sharp (1 X 2) 
LEED pattern, and we denote it as the As-rich (1 X 2)-CH3 reconstruction. Using the 
surface science observations and the electron counting argument we propose a structure 
(see Fig. 3) that is terminated with a complete monolayer of a mixed As-Ga dimer, 
bonded to an underlying complete As layer, with a CH3 group bonded to each surface Ga 
atom. The structure has a formal arsenic stoichiometry of 1 ML, which is between the (2 
X 4) and c(4 X 4) stoichiometry. 

Unfortunately, a similar level of description of the Type 11 surface has not yet 
been obtained. But we have found, contrary to earlier claims, that the Type I1 surface is 
still super-arsenic-rich, i.e. it contains greater than 1 ML coverage of arsenic. TPD and 
other surface science results imply that the Type I1 surface may be metastable derivative 
of the Type I surface. One unique feature of the Type II surface is that its LEED pattern 
always exhibits a characteristic pattern of “*-shaped” or arc-shaped streaks that appear to 
bracket the integral order beams. However, interpretation of these streaks awaits further 
investigation. 

We have found that intermediate RDS lineshapes near the phase boundaries can 
be quantitatively described by linear combinations of reference Type I, 11, or 111: spectra. 
This observation strongly suggests that the growing GaAs (100) surfaces are quite 
heterogeneous, with two surface phases present simultaneously in appreciable quantities. 

We have measured the GaAs(l00) growth rate over a wide range of MOCVD 
conditions in our RDR. The behavior with respect to temperature and TMGa 
concentration was quantitatively reproduced with a simple surface mechanism containing 
reversible TMGa chemisorption, coupled to a 1-D transport model. The kinetically- 
limited regime is characterized by a relatively high apparent activation energy (34-37 
kcaumole) and a sublinear TMGa concentration dependence. The kinetically-limited 
regime also closely correlates with the Type III region of the RDS phase diagram. 
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Fig 1. Three common RDS lineshapes recorded in situ for GaAs( 100) MOCVD at 460°C. 
The TMGa partial pressures are 0,O. 13 and 6.5 mTorr for the Type I, 11, and III spectra, 
respectively. 
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Fig. 2. The RDS phase diagram of GaAs( 100) in our RDR at an AsH3 partial pressure 
of 460 mTorr. Crosshatched symbols indicate intermediate or indeterminate lineshapes. 
Dashed lines are the boundaries from Reinhardt et a1 [9]. 
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Fig. 3. TPD spectra for the As-rich (1 X 2)-CH3 reconstruction, which yields the Type 
111 RDS lineshape. The inset contains our proposed structure for this reconstruction. 
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Fig. 4. TPD spectra for the Type I and Type I1 surfaces prepared by similar AsH3 
exposures (- lo5 Langmuir), but at different temperatures. No H2 desorption was 
observed. 



Fig. 5.  LEED patterns for (a) Type I, E b =  53 eV, (b) Type 'II, Eb=55 eV, 
with two streaks highlighted with dashed lines. 
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Fig. 6. RD spectra at for GaAs(OO1) at 495°C. Symbols (triangles) represent a RD 
spectrum recorded near the Type UII boundary (see Fig. 2). The dashed line is a linear 
combination of the Type I (45%) and Type II (55%) reference spectra (solid lines). 
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Fig. 8. MOCVD growth rates of GaAs( 100) in the RDR at 70 Torr, 460 mTorr AsH3, 
-15 l/min total flow rate. Solid lines are from a simple kinetic model (see text). 


