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Mass spectrometric studies on the 
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The thermal decomposition of trimethylgallium 
[(CH,),Ga] and triethylgallium [(C,H,),Ga] on gal- 
lium arsenide (GaAs) surfaces was studied under 
an ultra-high vacuum using mass spectrometry. It 
was observed that the decomposition process of 
(CH,),Ga and (C,H,),Ga depends on the arsenic 
coverage of the substrate surface. On a (100)- 
oriented surface, increasing the arsenic coverage 
basically enhances the decomposition of (CH3),Ga 
and (C2H,),Ga to gallium atoms above 350 and 
300 "C, respectively. The decomposition of 
(CH3),Ga proceeds by emitting CH, radicals. On a 
surface with low arsenic coverage, the decompo- 
sition of (CH,),Ga is imperfect and fewer than 
three methyl groups of alkylgallium are desorbed. 
On a (111)B-oriented surface, however, an 
increase in the surface arsenic coverage suppresses 
the decomposition of alkylgallium, which is differ- 
ent from the case for a (100) surface. 
Keywords: Gallium arsenide, trimethylgallium, 
triethylgallium, mass spectrometry, thermal 
decomposition, metal-organic molecular beam 
epitaxy (MOMBE), growth mechanism, surface 
reconstruction 

1 INTRODUCTION 

The epitaxial growth of compound semiconduc- 
tors using metal-organics as source materials is 
widely applied to the fabrication of both elec- 
tronic and optoelectronic devices. For example, 
laser diodes or high-electron mobility transistors 
are produced in practice by metal-organic vapor- 
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phase epitaxy (MOVPE) as well as by molecular 
beam epitaxy (MBE). Research in this field has 
included fabrication studies as well as investi- 
gation of the quantum size [less than 500A 
(50 nm) in size] of heterostructures or mesoscopic 
structure. These materials have attracted much 
attention since such structures are expected to 
open up a new field in basic research' while 
improving device performance drastically .' 
Fabrication of very fine structures is, therefore, 
very important and useful for both research and 
industrial fields. To fabricate such small struc- 
tures, it is necessary to understand the growth 
mechanism and to control the growth processes 
precisely. 

Metal-organic molecular beam epitaxy 
(MOMBE) involves a combination of MBE and 
MOVPE,3 and some advantages over these two 
epitaxy techniques, especially concerning the 
fabrication of fine structures: (1) the growth reac- 
tion involves chemical nature and takes place only 
on substrate surfaces, (there are no vapor-phase 
reactions); (2) surface reactions can be controlled 
by external excitation such as energetic electrons 
or a photon beam; (3) chemical species which can 
modify the surface reaction can be introduced; 
and (4) since growth is carried out in a high 
vacuum, many real-time monitoring and in situ 
analysis techniques can be used both to study and 
to control the epitaxial growth. 

We have been studying the thermal decompo- 
sition of trialkylgallium on gallium arsenide 
(GaAs) surfaces using mass spectr~metry,~,~ since 
this technique can detect chemical species related 
to the growth reaction in MOMBE. Furthermore, 
a quadrupole mass spectrometer (QMS) can be 
used for the real-time monitoring method during 
MOMBE when a fairly high operating pressure 
(in our experiment <2 x Pa) of the reactive 
gases is employed. It should be noted that elec- 
tron spectroscopy, such as Auger electron and 
X-ray photoelectron spectroscopy, cannot be 
used in ambient reactive gas. 
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Figure 1 Schematic illustration of the MOMBE system used in this study. TMG, (CH,),Ga (trimethylgalliurn). 

In this paper we present the results of mass 
spectrometric measurements of species desorbed 
or reflected from a substrate surface as a function 
of the surface-preparation method, substrate tem- 
perature and exposing flux density. The results 
obtained were interpreted in terms of the effects 
of the substrate surface arsenic coverage, or of 
the As, flux supplied density, on the thermal 
decomposition process of trimethylgallium 
[(CH,),Ga] and triethylgallium [C2H.J3Ga] on 
GaAs surfces. 

2 EXPERIMENTAL 

2.1 Apparatus 
Measurements were carried out in a specially 
designed ultra-high-vacuum MOMBE system 
(Fig. 1). This MOMBE system comprises four 
chambers: a sample introduction chamber, a sur- 
face treatment chamber, a main chamber and a 
QMS analyzer chamber. The sample introduction 
chamber is evacuated by a turbo-molecular pump 
(TMP) down to 2 x lO-’Pa. The surface treat- 
ment chamber is evacuated by a TMP and an ion 
pump (IP) to less than 5 X lo-’ Pa. This chamber 
is connected to the main chamber as well as to the 
sample introduction chamber (through which 
samples are introduced into the main chamber). 
The main purpose of this chamber involves the 
formation of a thin surface-oxidized layer of 
GaAs, which is used as a mask material for 
selective-area epitaxy.6 An oxygen (0,) gas line 

with a leak valve is attached to this chamber. 
From this gas line, high-purity O2 gas is intro- 
duced when oxidizing a substrate surface. A 
GaAs wafer in the chamber is irradiated with light 
from a halogen lamp through a view port under 
an 0, atmosphere to form a thin GaAs oxide 
layer. This chamber is also equipped with an Ar’ 
ion-sputtering gun which can be used to remove 
the surface GaAs oxide layer locally. 

The main chamber, evcacuated by a TMP and 
an IP with a base pressure less than 5 X lo-’ Pa, is 
used for substrate surface cleaning, epitaxial 
growth and measurements. The operating pres- 
sure depends on the experimental conditions and 
is typically (1-50) x 10-6Pa. In order to supply 
source materials, this chamber is provided with 
both solid source effusion cells and gas nozzles. 
An effusion cell containing solid arsenic is used 
for generating an As, flux, the density of which is 
changed by varying the cell temperature. The 
arsenic cell and its shutter is recessed into the 
source shroud so as to reduce the arsenic back- 
ground pressure to less than 5 X lo-’ Pa when the 
arsenic-cell shutter is closed. Gas nozzles are used 
to introduce MOs into the main chamber and to 
expose the substrate surface to MOs. Pure MO 
vapor evaporated from a stainless-steel bottle is 
used without any carrier gas in order to avoid any 
effect of the carrier gas on the measured results. 
The supply rate of each MO is controlled by a 
variable-leak valve. The venthpply of MO is 
performed by a gas manifold system, and the vent 
line is evacuated by a TMP. The main chamber is 
equipped with a conventional reflection high- 
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energy electron diffraction (RHEED) system, 
which is used to monitor the surface reconstruc- 
tion and intensity of a diffracted spot. An electron 
beam with an energy of 20keVt is incident 
mainly on the [110] azimuth for both (100) and 
(1 1 l)B surfaces. 

The QMS analyzer chamber is attached to the 
main chamber and is evacuated differentially by 
an IP to less than 4 x lop8 Pa. This chamber is 
provided with a liquid-nitrogen circulating shroud 
as well as an aperture assembly in which a QMS 
analyzer is installed. The cold aperture limits the 
line-of-sight area of the QMS ionizer at the sub- 
strate position to less than 3cm in diameter. 
Hence, if a wafer that is 5 cm in diameter is used, 
the signal of the QMS is mainly due to the species 
either reflected or desorbed from the substrate 
surface. The QMS system used in this study could 
detect species of mass number up to about 360, 
and was used in a mass spectrum mode and in a 
multiple ion selector (MIS) mode. 

The temperature of the substrate surface was 
routinely measured by an optical pyrometer 
which was calibrated by measuring the surface 
temperature of a dummy wafer with a thin 
thermocouple attached to the substrate surface, 
the top of the thermocouple was placed in a small 
piece of indium located on the dummy wafer 
surface. 

2.2 Substrate preparation 

Semi-insulating (SI) and Si-doped n-type GaAs 
with (100)- and (1 1 l)B-oriented wafers (both 
5 cm in diameter) were used as substrates. Since 
no difference in the results between SI and n-type 
substrates was observed in this experiment, we 
neglect these two conduction types in the remain- 
der of this paper. A fused quartz plate was also 
used for reference measurements. 

The substrate was first degreased using organic 
solvents, and etched in a sulfuric acid etchant to 
remove both surface contamination and any 
damaged layer; it was then rinsed in flowing 
deionized water. After being spin-dried, the sub- 
strate was mounted on a molybdenum sample 
holder with high-purity indium in air. The sub- 
strate on the molybdenum sample holder was 
introduced into the main chamber via the sample 
introduction chamber and the surface treatment 
chamber. The substrate was heated to 630°C in 
an As, flux in order to evaporate the oxidized 

surface layer. When the oxide was evaporated, an 
increase in the QMS signal for mass numbers of 
69 and 71 (both Ga) as well as 154, 156 and 158 
(we assign as Ga,O) was observed. The RHEED 
pattern changed from a weak specular spot in a 
diffused background to a somewhat-diffused 2 x 
4-like pattern for a (lOO)-oriented and a 2 X 2 
structure for a (11 l)B-oriented substrate after 
evaporation of the oxidized surface layer. 

The starting substrate surface was prepared in a 
slightly different way for each measurement, as 
described in other parts of this paper. 

2.3 Measurement method 
The QMS analyzer used in this study can be 
operated with an ionization energy ranging from 
20 to 100eV. The electron impact ionization in 
the QMS analyzer resulted in the decomposition 
of trimethylgallium [(CH,),Ga] into fragment spe- 
cies. Since the signal of (CH,),Ga+ was very small 
to detect its intensity variation, signals of 
(CH,),Ga+, (CH,)Ga+ and Ga+ (and hydrocar- 
bons) were measured. The ratios between the 
signals of the fragment species, the cracking coef- 
ficients, depended slightly on the ionization 
energy. For example, Ga+/(CH,),Ga+ decreased 
by about 10 Yo in the low ionization energy 
region. The maximum signal intensity was 
obtained at around 70-80 eV and decreased to 
30 Yo of the maximum intensity in the low ioniza- 
tion energy region. We therefore used an ioniza- 
tion energy of 70 eV to obtain a sufficient signal 
intensity throughout this study. The signal 
intensities of the gallium-containing species were 
mainly measured since they contain information 
concerning the decomposition of MOs on the 
substrate surface. It is well known that the signal 
intensity ratios between fragment species are 
uniquely determined for a compound, indepen- 
dently of both its concentration and flux density. 
Hence, the signal intensity ratios were used to 
assign the incident species to the QMS analyzer. 

3 RESULTS AND DISCUSSION 

3.1 
2 x 4 surface 

The GaAs (100) surface is widely used as a sub- 
strate for MOMBE as well as for MBE or 
MOVPE, since high-quality epitaxial layers can 

Decomposition of MOs on a (100) 

t 1 eV = 96.4853 kJ mol-' 
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be easily grown on surfaces of this type. 
Reconstruction of the surface orientation has 
been extensively studied using low-energy elec- 
tron diffraction,' RHEED; and, recently, scan- 
ning tunneling microscopy (STM) .9 Even though 
many surface-reconstructed structures have been 
reported, a 2 X 4 As-stabilized structure is stable 
and has been commonly used as the surface struc- 
ture during growth by MBE or MOMBE. Atomic 
layer epitaxy (ALE), which is the ultimate epi- 
taxy technique using layer-by-layer growth with a 
self-limiting mechanism, has also been reported 
regarding this surface." A small number of 
reports have been concerned with in situ mass 
spectrometric measurements of the reaction 
between surfaces with the 2 X 4 structure and 
MOs;" the effects of arsenic-source flux on the 
decomposition of MOs has not been mentioned. 

The starting 2 x 4 structure for this measure- 
ment was prepared for each measurement by 
growing about 20MLs of GaAs at 570°C by 
simultaneously supplying (CH3),Ga and As,, fol- 
lowed by annealing for 10 min. The substrate was 
cooled to a specified temperature for measure- 
ment and then exposed to (CH3),Ga without an 
As4 flux. The signal intensities of the gallium- 
containing species either desorbed or reflected 
from the substrate surface were measured while a 
surface with the 2 X 4 structure was exposed to 
(CH3)3Ga for several minutes. The beam equiva- 
lent (CH,), Ga pressure was fixed at 6 x Pa. 
Figure 2 shows the time variation of the Ga+ 
signal intensity measured at three typical temper- 
atures, which is similar to that in the previous 
report' but the variation of signals is more clearly 
observed. It was observed that a smaller steady- 
state signal intensity results at elevated substrate 
temperatures, as discussed in Section 3.2. In this 
section we discuss the time variation of the signal 
intensity during the initial stage of (CH3),Ga 
exposure. 

When a substrate at 300°C was exposed to 
(CH3),Ga [curve (a)], the Ga+ signal increased 
sharply to a steady-state value. The RHEED 
pattern remained unchanged at (and below) this 
temperature. This means that incident (CH3),Ga 
molecules were reflected from the surface without 
any thermal decomposition. When exposure to 
(CH,),Ga was carried out at the substrate temper- 
ature of 450°C [curve (b)], the Ga+ signal 
gradually increased to its steady-state value. The 
RHEED pattern at first changed from the 2 x 4  
structure to a 1 x 1 or a diffused 1 X 2 structure." 
This structure remained if the (CH3)3Ga exposure 

was suspended for several minutes. Upon further 
exposure to (CH3),Ga the diffraction streaks 
faded away and the specular spot intensity was 
enhanced markedly. The specular spot intensity 
became saturated when the Ga+ signal was satur- 
ated. The diffused 1 x 2 structure was observed 
only within a narrow temperature range (at 
around 450 "C). These observations suggest that 
some chemical reaction took place between 
(CH3)3Ga molecules and the GaAs surface. At a 
substrate temperature of 550 "C [curve (c)], the 
time variation of the Ga' signal showed a step- 
wise increase to its steady-state value. The 
RHEED intensity varied drastically during the 
step period in the Ga' signal. Although the 
reason is not clear, the RHEED intensity of a 
(0,a) streak varied in the reverse phase to the 
variation of a (0,O) streak (the specular spot). 
The RHEED pattern changed from the 2 x 4  
structure to a 1 X 6 structure, which is considered 
to be a gallium-stabilized surface.'' 

The step in the time variation of the Ga+ signal 
[as well as that of the CH,Ga+ and (CH3)2Ga+ 
signal] indicates that the decomposition rate of 

TMG=3xlO-6 Pa 

550°C 

TMG ON c 0 TIME 4 (min) 8 

Figure 2 Time variation of the Ga' signal intensity at three 
typical substrate temperatures. 
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Figure 3 Growth rate versus the TMG exposure time for 
alternating source supply mode growth at 550 "C. 

(CH3)3Ga is faster on an arsenic-stabilized surface 
than on a gallium-stabilized surface, since the 
increase in the Ga+ signal was due to an increase 
in either desorbed or reflected alkylgallium. To 
confirm this, the growth rate of the epitaxial 
layers was measured using an alternating source 
supply mode with various (CH3)3Ga supply times. 
Figure 3 shows the growth thickness (in mono- 
layer (ML) units) versus the (CH3),Ga exposure 
time for one cycle at a substrate temperature of 
550 "C. The (CH3)3Ga exposure time required to 
grow the first 1 ML was shorter than that required 
to grow the second and following MLs. The gradi- 
ent of this curve showed that the growth rate of 
the first 1 ML was about twice that of the second 
and following MLs. Hence, a stepwise variation 
in the Ga+ signal observed at 550 "C was due to a 
difference in the decomposition rate of (CH3)3Ga 
between the 2 x 4 arsenic-stabilized and the 1 X 6 
gallium-stabilized GaAs (100) surfaces; the 
decomposition rate of (CH3),Ga on the 2 x 4  
arsenic-stabilized surface is twice as fast as that on 
the gallium-stabilized surface at 550 OC.' 

If (C2H5)3Ga was used instead of (CH,),Ga in 
the same measurement, the signals of the gallium- 

containing species gradually tended to saturation 
value above 300°C (this onset temperature of 
decomposition was about 50 "C lower than that of 
(CH3),Ga); still the steplike behavior of the Ga+ 
signal was absent at any temperature ranging 
from room temperature to 580 "C. 

3.2 Effects of As4 flux on the 
decomposition of (CH3I3Ga 
In the previous section, the decomposition of 
(CH3),Ga during the initial stage of (CH,),Ga 
exposure on an arsenic-stabilized surface was de- 
scribed. The decomposition rate of (CH3)3Ga 
largely depends not only on the substrate tem- 
perature, but also on the surface reconstruction 
structure. In this section, the effect of the AS, flux 
density on the decomposition pathway is 
discussed. 13,14 

Figure 4 shows the temperature dependence of 
the steady-state values of the gallium-containing 
species measured under two extreme As, flux 
conditions. Figure 4(a) shows the results mea- 
sured under an As, flux of 2 x lo-, Pa. The signal 
intensity of each gallium-containing species varies 
with the substrate temperature in a similar man- 
ner. They dropped rapidly above 350 "C to about 
one-half of their initial values and had a minimum 
at about 500"C, and then increased to a small 
maximum at around 550°C. The diminution of 
the maximum in the Ga+ signal by a decrease in 
the As, flux density accounts for the reported 
arsenic source pressure dependence on the 
growth rate.I5 The small maximum at around 
550°C in the temperature dependence of the 
gallium-containing species became less pro- 
nounced upon decreasing the AS, flux density. 
Such a substrate temperature dependence of the 
desorbed gallium-containing species was the 
reverse of that of the growth rate of GaAs by 
MOMBE.11*16 Measurements of the arsenic spe- 
cies showed that an increase in the substrate 
temperature resulted in a monotonic decrease in 
the intensities of AS+, As:, and As:; the sub- 
strate temperature dependence of As: has a mini- 
mum at around 500"C, which is coincident with 
the minimum of the signal of the gallium- 
containing species.13 

Figure 4(b) shows the signal intensities of the 
gallium-containing species versus the substrate 
temperature measured in the absence of As, flux. 
The signal intensities of both Ga+ and (CH&Ga+ 
decrease to about one-half of their initial values 
when the substrate temperature exceeds 350 "C, 
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Figure 4 Steady-state signal intensity of gallium-containing 
species versus substrate temperature: (a) under an As4 flux of 
2x10-4Pa;  (b) in the absence of an As4 flux. TMG, 
(CH3),Ga; DMG+, (CH,),Ga+; MMG', CH,Ga+. 

and show no hump at around 550°C (which was 
observed under sufficient As, flux). The drop in 
the signal intensity of (CH,),Ga+ is steeper than 
that of Ga+. Furthermore, the most prominent 
point of this figure is that the signal intensity of 
CH3Ga+ is almost independent of the substrate 
temperature, or has a small, and broad, maxi- 
mum at around 500 "C. This temperature depen- 
dence of the CH,Ga+ signal differs from those of 
Ga+ and (CH3)2Ga+ under an As, flux-free con- 
dition, and also differs from those of the gallium- 
containing species observed under a sufficient As, 
flux condition. 

In order to assign the species desorbed from the 
substrate, the signal intensity ratio between frag- 
ments was studied. Figure 5(a) shows the signal 
intensity ratios against the substrate temperature 
obtained under similar conditions to those shown 
in Fig. 4(a); (CH,),Ga was therefore supplied 
simultaneously with the As, flux. The signal inten- 
sity ratios are almost independent of the substrate 
temperature, indicating that the desorbed species 
are the same at substrate temperatures ranging 
from 300 to 600°C. (CHJ3Ga does not decom- 
pose effectively on a substrate surface below 
350 "C. These two facts indicate that (CH3),Ga 
molecules impinging on the surface at 300-600 "C 
were desorbed without any accompanying 
decomposition. The signal intensity ratios shown 
in this figure represent the cracking coefficients of 
(CH,),Ga. In other words, desorbed gallium- 
containing species are mainly undecomposed 
(CH3),Ga at least below 600 "C under simulta- 
neous supply of (CH3),Ga and As,. We call such a 
desorption process of TMG 'reflection' in this 
paper. A small increase in the signal intensity 
ratios in the high-temperature region may be 
caused by a small amount of desorbed alkylgal- 
lium with one or two methyl groups'4 (described 
in the next paragraph). 

Figure 5(b) shows the signal intensity ratios 
against the substrate temperature obtained in the 
absence of an As, flux. They increase markedly 
with an increase in the substrate temperature 
above 350 "C. The increase in the signal intensity 
ratios of Ga+/(CH,),Ga and CH,Ga+/(CH,),Ga 
indicates that alkylgallium with fewer methyl 
groups increases relative to that with more methyl 
groups. This means that some gallium-containing 
species other than (CH3),Ga were desorbed. The 
increase in the signal intensity ratio CH,Ga+/Ga+ 
means that the desorbed species were not gallium 
atoms but rather gallium with methyl groups. The 
desorption of gallium atoms from a GaAs surface 



DECOMPOSITION OF TRIALKYLGALLIUM ON GaAs 283 

180 

WITH As4 FLUX 

- TMG=3x10m6 Pa 

G a + / D M G M g  
0-0'0 

O O  

iz t 175- 
z 
3 

@ 170- 
>. 
I- 

z w 
I- z 
-I 160- 
U z 
d 

9 

165- 

SUBSTRATE TEMPERATURE ("C) 

2 0.3 
a I- 

U 
> 
I- 
cn 

F 

- 
5 0.2 

z 
a 

5 0.1 

J 

z 
0 

0 

WITHOUT As4 FLUX 

/M MG+/ D M G + 
0 
/ 

I0 400 500 600 

1.5 

1 .o 

0.5 

0 

1.5 

1 .o 

0.5 

0 

SUBSTRATE TEMPERATURE ("C) 
Figure 5 Signal intensity ratios [Ga+l(CH,)2Ga+, 
CH3Ga+/(CH3)*Gaf, and CH3Ga+/Gaf] versus the substrate 
temperature: (a) under an As4 flux of 2 X Pa; (b) in the 
absence of an As, flux. Abbreviations as in Fig. 4. 

could be neglected, since the decomposition of 
GaAs was not severe below 600 "C: hence, there 
was no contribution to the Ga+ signal. We there- 
fore conclude that some alkylgallium with fewer 
than three alkyl groups (mono- or di-methyl- 
gallium) was desorbed from the GaAs (100) sur- 
face when exposed to (CH&Ga in the absence of 
an As, flux. 

In order to study the decomposition mechan- 
ism, hydrocarbons CH:, CH: and C2H$ were 
also measured under the As, flux-free ~ondi t ion.~ 
The signal intensities of CH: and CH: have 
relatively high backgrounds in the apparatus 
used, even at low substrate temperatures, 
because of its continued previous use for experi- 
ments with (CH,),Ga. In spite of such an unfavor- 
able situation, the variation of the CH; and CH: 
signals with substrate temperature was observed 
by using the cold aperture. Figure 6 shows the 
substrate temperature dependence of both the 
CH; (open circles) and CH: (closed circles). 
Above 40O0C, the signal intensity of CH; 
increased markedly, while that of CH: slightly 
decreased. This temperature is almost the same as 
that where the decrease in the signals of gallium- 
containing species were observed. Ethane 

0 CH3+ 

CH4+ 

d9 
d 
/ .O 

t - 
5 155 

J. 

07 I I I I 
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Figure 6 Signal intensity of CH: (0) and C&+ (0) versus 
the substrate temperature. TMG, (CH3)3Ga. 
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(C,H,+), which is expected to be formed by dimer- 
ization of CH3, was observed only as a very small 
peak in the mass spectra both with and without 
exposure of the substrate to (CH3),Ga. N o  tem- 
perature dependence of the C2HZ signal could be 
detected in our system below 550 "C. This means 
that ethane is not the main reaction product of the 
thermal decomposition of (CH,),Ga. Similar 
results were also obtained for the measurement 
with As, flux. These results indicate that. when 
decomposing, the TMG molecules impinging on 
the heated GaAs surface released CH, by break- 
ing the Ga-C bond. The release of CH, from a 
GaAs surface was first reported by  author^,^ and 
recently confirmed by modulation beam mass 
~pectrometry'~ and a temperature-programmed 
desorption" study. 

When a SiO:, plate or GaAs with a thin oxidized 
surface layer was used as the substrate under 
similar measurements, increasing the substrate 
temperature to 550 "C induced a gradual decrease 
in the Ga' signal to 80% of the intensity at 
300 "C. Furthermore, the signal intensity ratio 
between fragment species was independent of the 
temperature. These results indicate that the 
impinging (CH,),Ga was reflected on the surface 
of the SiOz plate as well as that of the oxide of 
GaAs. A gradual decrease in the Ga' signal could 
be understood as resulting from an increase in the 
translational velocity of (CH,),Ga molecules 
upon obtaining energy from the heated substrate. 
A smaller ionization probability in a QMS, and 
also a smaller signal, resulted when the velocity of 
molecule increased. 

These results are summarized schematically in 
Fig. 7 in the form of decomposition pathways of 
(CH,),Ga both with and without an As4 flux. 
When the substrate was exposed to (CH,),Ga 
with a sufficient As, flux (a), a large amount of 
incident (CH3),Ga decomposed to gallium atoms 
upon releasing three methyl groups and contrib- 
uting to epitaxial growth above 350°C. On the 
other hand. some amount of di- or mono-methyl- 
gallium desorbed when the substrate was exposed 
to (CH,),Ga without an As, flux above 350 "C (b). 
Below 350°C for GaAs, as well as SiO, and the 
oxide of GaAs, incident (CH3),Ga molecules 
were reflected without any decomposition both 
with and without an As, flux. Thus, the effect of 
the As, flux on the decomposition of (CH,),Ga 
was rather indirect: although a sufficient As, flux 
preserved the GaAs surface in the 2 X 4 arsenic- 
stabilized structure and the decomposition of 
(CH3)3Ga was enhanced, the absence of an AS, 

MMG 

FH3tDMG 
TMG TMG 

\ f  
(TMG) -+ i i -+ lGal 

TMG TMG 

Figure 7 Decomposition pathways of (CII,),Ga (TMG) on 
GaAs: (a) above 350 "C under an As, flux; (b) above 350 "C in 
the absence of an As, flux: (c) below 300 "C (and on SiO, or on 
the oxidized layer of GaAs) both with and without As,. 
MMG, CH,Ga; DMG, (CH,)zGa. 

flux resulted in a GaAs surface with a gallium- 
stabilized structure; on this surface, the decompo- 
sition proceeds imperfectly and is accompanied 
by the desorption of either mono- o r  di-methyl- 
gallium. 

Since measurements were carried out in an 
ultra-high vacuum with a beam-equivalent flux 
density of less than 5 x lo-, Pa, the gas-phase 
reaction between (CH3),Ga and As, can be neg- 
ligible. The decomposition of (CH,),Ga therefore 
took place on the GaAs surface, and the 
decomposition properties were largely dependent 
on the substrate surface conditions. The substrate 
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surface condition, such as surface reconstruction 
or arsenic coverage, was altered due to the 
exposed AS, flux condition. As a result, the 
decomposition pathway of (CH3)3Ga was also 
altered by the AS, flux condition. 

3.3 Decomposition of TEG on a (1 11 )B 
surface 

Many studies concerning MOMBE growth of 
GaAs on a (100) surface have been reported." 
However, papers referring to the growth on a 
(111) surface are rare" and, as far as we know, 
there has been no report concerning growth 
mechanism on a (1 1 l)B surface. Since the growth 
on a patterned surface is an interesting technique 
used to fabricate fine structures,21 the growth on a 
(1 1 1)-oriented surface has practical importance. 
In this section, results of a mass spectrometric 
study on the decomposition of MOs on (111)B 
surfaces are presented. Since the results obtained 
for (CH3)3Ga and (C2H.J3Ga are qualitatively 
similar [but more prominent for (GH,),Ga], we 
present here only the results obtained for 

The measurements were performed at a sub- 
strate temperature of 420 "C. This temperature 
was chosen because the effects of arsenic cover- 
age on the decomposition of (C2HS)3Ga could be 
clearly observed. Three differently reconstructed 
(111)B starting surfaces were examined: the 2 X 2 
arsenic-stabilized structure, the %% x d l 9  
gallium-stabilized structure, and the 1 x 1 gallium 
saturated surface. The differences in these surface 
structures were due to the difference in the sur- 
face arsenic coverage." These surfaces could be 
prepared by a slightly different procedure, as is 
shown in Fig. 8. At first, about 20MLs of GaAs 
was grown by simultaneous supply of (CHJ3Ga 
and AS, fluxes, and annealled for 10 min in an As, 
flux at 570 "C, for each case. The 2 X 2 arsenic- 
stabilized structure was formed by this procedure. 
This 2 X 2 structure was preserved by cooling 
down the substrate to 420 "C in the As, flux. The 
V% x V% gallium-stabilized structure2' could be 
formed by closing the arsenic cell shutter imme- 
diately after annealing at 570 "C, and then cooling 
in a vacuum. The 1 x 1 structure was formed by 
exposing the surface to (C2H5)3Ga at 570 "C in the 
absence of an As, flux after annealing. It can be 
seen from these procedures that the 2 x 2  struc- 
ture was the most arsenic-rich surface and that the 
1 x 1 structure was the most gallium-rich surface. 

(C2H5),Ga. 

The gallium-containing species reflected from 
the substrate were measured while exposing these 
surfaces to (C2H,),Ga for 1.5 min at 420 "C in the 
absence of the As, flux. The decomposition reac- 
tion was therefore only affected by either the 
surface structure or  arsenic coverage. Figure 9 
shows the time variations of the Ga+ signal for 
three differently reconstructed (111)B surfaces. 
Only the Ga+ signal is shown in this figure, since 
the signals of the other gallium-containing species 
[C2H5Ga+ and (C2H5)2Ga+] varied in a similar 
fashion. Figure 9(a) shows that a large Ga+ signal 
appeared during the initial stage of (GH,),Ga 
exposure on the 2 X 2 structure (we call this a 
'signal peak' in this paper), followed by a steady- 
state low-signal intensity. This signal peak sug- 
gests that a large amount of (GH5)3Ga was ref- 
lected on the surface by the 2 x 2 structure. The 
RHEED pattern changed from the 2 x 2 structure 
to the 1 X 1 structure after the signal peak. In Fig. 
9(b), the time variation of the Ga' signal also 
shows a signal peak during the initial stage of 
(C,HJ3Ga exposure on the d 1 9  x V% structure; 
the signal peak height and width, however, were 
smaller compared with those on the 2 x 2 struc- 
ture. The 1 x 1 structure also appeared after the 
signal peak. On the 1 X 1 structure [Fig. 8(c)], the 
Ga+ signal shows no signal peak, only a steady- 

570 "C 
a 
3 

c" 
,(a) 2x2 STRUCTURE 

s 
I- 

, (b) x fi STRUCTURE 

(c)  1x1 STRUCTURE 

s 
I- 

TIME 
Figure 8 Preparation and measurement sequence for (1 l l )B 
surfaces with the 2 x 2, the d 1 9  x fi, and the 1 x 1 struc- 
tures. TEG, (GH,),Ga. 
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(a) 2 x 2 TEG 

(C) 1 x 1 - 
u 

TEG EXPOSURE 

p a s ~ i v a t i o n . ~ ~ . ~ ~  This assumption is indirectly sup- 
ported by a recent STM study in which adsorbed 
arsenic trimer for the 2 x 2  structure has been 
proposed.26 In spite of the difference in the start- 
ing surface structure, the steady-state value and 
resulting RHEED pattern are the same for these 
three cases, suggesting that the surface structure 
is the same when the Ga+ signal is in the steady 
state. This 1 X 1 structure is considered to be a 
gallium-saturated surface, since this surface was 
prepared by exposing it to (GH,),Ga at 570 "C at 
which temperature (GH5)3Ga decomposed to 
gallium." On this surface (C2H,),Ga decomposed 
to gallium at 420 "C in the absence of the arsenic 
flux. 

The results presented in this section are totally 
different from those obtained on the (100) sub- 
strate presented before (Section 3.1), and account 
for the surface orientation dependence of the 
growth rate28 as well as the absence of ALE 
growth on a (111)B surface." 

0 50 100 

TIME (sec) 
Figure 9 Time variation of the Ga+ signal measured for three 
different surface structures, all at 420 "C. TEG, (C,H,),Ga. 

state signal intensity from the beginning. These 
characteristic features of the decomposition of 
(C2H5),Ga were observed in the temperature 
range 300-550 "C. Details on the temperature 
dependence of the intensity of the desorbed spe- 
cies will be presented el~ewhere.~, 

The result that higher arsenic coverage induces 
a larger signal peak suggests that a large amount 
of incident (GH,),Ga was reflected from the 
surface. In other words, the surface arsenic atoms 
disturb the decomposition of (C2H5),Ga. While a 
very small amount of impinged (GH5)3Ga decom- 
poses to gallium atoms, which react with surface 
arsenic atoms to form GaAs and to decrease 
arsenic coverage, the decomposition rate of 
(C2H5),Ga increases and, finally, the surface is 
covered with gallium atoms and shows the 1 x 1 
structure. The desorption of surface arsenic 
atoms is also considered to contribute to the 
decrease in arsenic coverage. Even though the 
microscopic mechanism for this large (GH5),Ga 
reflection is not clear, we suppose that the 
adsorbed arsenic atoms saturate dangling bonds 
appearing on the surface and stabilize the surface 
in a manner similar to the case of so-called sulfur 

4 CONCLUSION 

Mass spectrometry was applied to study the 
decomposition of trimethyl- and triethyl-gallium 
on substrate surfaces prepared in various ways. A 
cryoshrouded, apertured quadrupole mass 
spectrometer was used to detect gallium- 
containing species either desorbed or reflected 
from the substrate surface. 

For a GaAs (100)-oriented surface, the 
decomposition of (CH3),Ga was enhanced on the 
2 X 4 arsenic-stabilized surface, and suppressed 
on the gallium-stabilized surface. A similar phe- 
nomenon was also observed in measurements for 
(C2H,),Ga, though with a less-pronounced 
appearance. Measurements of organic species 
showed that (CH3),Ga decomposes thermally on 
a GaAs surface, mainly by releasing CH3 radicals. 
The decomposition pathway is altered by the As, 
flux density: (CH3),Ga decomposes imperfectly in 
the absence of an As, flux, and desorbs mono- or 
di-methylgallium; it decomposes to gallium atoms 
under the As, flux and is incorporated into the 
epitaxially grown layer. Atomic layer epitaxy, in 
which (CH3),Ga and an arsenic source are sup- 
plied alternately, involves the desorption of alkyl- 
gallium with fewer than three methyl groups. 

For a (111)B surface, the decomposition of 
(CH3)3Ga and (C2H5)3Ga was suppressed by sur- 
face arsenic coverage, and was rather enhanced 
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on the gallium-saturated surface. This is totally 
different from the case of the (100) surface. This 
result accounts for the reported orientation 
dependence of the growth rate; the growth rate 
on a (100) surface is larger than that on a (111)B 
surface under a large V/III condition. 

The results presented in this paper show that 
the arsenic atoms on the substrate surface and/or 
surface arsenic coverage affect largely the 
decomposition rate and its mechanism of both 
(C2HS)3Ga and (CH3)3Ga. Moreover, this effect 
is rather complicated: the surface arsenic cover- 
age enhances the thermal decompositin of 
(C2H5),Ga and (CH3)3Ga on a GaAs (100) sur- 
face, but suppresses it on a (111)B surface. The 
surface arsenic coverage could be changed by the 
arsenic flux conditions and surface temperature. 
These results can be applied to the fabrication of 
fine structures. 
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