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GaAs evaporation during molecular beam epitaxy (MBE) is measured using reflection high­
energy electron diffraction (RHEED). On the (001) surface there is a first-order phase transition 
from a 2 X 4 to 1 X 1 reconstruction. Upon crossing the phase boundary into the 1 X 1 
structure, layer-by-Iayer evaporation of GaAs is observed. This evaporation affects the rate of 
growth of GaAs and Alx Gal _ x As by MBE. The dependence of the growth rate on substrate 
temperature and on As, AI, and Ga fluxes is followed by measuring RHEED intensity 
oscillations. The results agree quantitatively with the mass-action analysis of Heckingbottom [R. 
Heckingbottom, J. Vac. Sci. Technol. B 3, 572 (1985)]. At substrate temperatures above 850 K no 
differences between AS2 and AS4 incident fluxes are observed. 

An important component process in the high-tempera­
ture molecular beam epitaxial (MBE) growth of GaAs and 
A1.xGal _xAs is the evaporation of gallium. Fischer et al. 1 

observed a decrease in the net growth rate of GaAs above 
900 K which they attributed to Ga evaporation. They also 
showed that the growth rate at high substrate temperature 
was affected by the addition of sman Al concentrations. 
Heckingbottom2 explained the main features of their results 
with the equilibrium thermodynamic argument but was un­
able to obtain complete confirmation because of the range of 
AS4 fluxes used to obtain the data. In the following we report 
the direct observation of the evaporation of Ga using reflec­
tion high-energy electron diffraction (RHEED). 3 Using 
RHEED intensity osciJ.lations we measure the growth rate of 
AIGaAs and GaAs versus the growth parameters. Both 
show quantitative agreement with Heckingbottom's mass­
action analysis. 

The diffraction and growth apparatus have been de­
scribed elsewhere.4 The samples were oriented to within 0.7 
mrad of the (00 I) and showed less than 0.7 mrad of curva­
ture. The thermocouple was held firmly against the back of 
the sample block and was calibrated at the AI-Si eutectic. 
Absolute and relative temperatures were determined to 
within 1°. The Ga and AI fluxes were determined from the 
RHEED oscillations. The As flux was measured by an ion 
gauge in the growth chamber but which had been calibrated 
to give the beam equivalent pressure of a gauge near the 
sample position. Most of the results were obtained using As4 • 

Some comparisons were made to As2, which was prepared 
by passing AS4 through a hot Mo tube. 

On the GaAs (001) surface there is a first-order phase 
transitionS between a 1. X 1 and an antiphase-disordered 
2 X 4 (Ref. 6) surface reconstruction. The phase boundary is 
shown in the insert ofEg. 1. For the measurements shown in 
this figure no Ga flux was present. This boundary was deter­
mined by measuring the (0 1/4) RHEED beam intensity as a 
function of substrate temperature and AS4 flux when going 
from the 2 X 4 to the 1 X 1 structure. The enthalpy oftran­
sition between the two structures is 4.5 ± 0.2 eV. 

Upon crossing this boundary from the 2 X 4 to the 
1 X 1, either by increasing substrate temperature or by de­
creasing the AS4 ftux, we observe intensity oscillations in the 

specular RHEED beam. We interpret these oscillations to 
correspond to the layer-by-layer evaporation of GaAs. The 
observed oscilJlations correspond to the cyclic alternation in 
the diffraction from smooth and rough surfaces. A cycle be­
gins with nucleated evaporation that creates holes some­
where on the long terraces of these well oriented surfaces. 
Evaporation from the newly created steps and additional 
nucleated desorption progressively increase and then de­
crease the roughness until the surface is nearly a perfect 
plane once again. The change in the diffracted intensity reo' 
sunts from destructive interference between scattering from 
the different surface levels that become exposed. On the (00 1) 
surface one period corresponds to the time to remove a!2 or 
2.83 A. To check this interpretation we have measured the 
shape of the diffracted beam 7 as a function of time after the 
phase boundary is crossed. At an angle of incidence where 
diffraction from different surface levels is constructive, and 
hence insensitive to monolayer steps, the diffracted beam 
remains sharp. At angles of incidence where the scattering 
from different levels is destructive, a broad component is 
added to the initially sharp diffracted beam as soon as evapo­
ration begins. This is the signature of surface steps.8 As the 
evaporation proceeds the relative contribution of the broad 
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FIG. I. RHEED intensity oscillations during growth and evaporation. The 
series of oscillations with period 7.2 s was measured during growth. The Ga 
flux was then shuttered (arrow), and the oscillations due to evaporation 
were observed. Along with the intensity oscillations there is a cyclic broad· 
ening of the diffracted beams. The insert shows the transition between the 
2 X 4 and I X 1 surface reconstructions. 
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and sharp components alternates in importance. Similar in­
tensity oscillations have been observed during epitaxial 
growth.9 This new result provides a direct measure of the 
loss of Ga from a surface at typical MBE growth tempera­
tures. 

The period of the evaporation oscillations, which is the 
time required to desorb a monolayer of GaAs, depends upon 
the substrate temperature and AS4 flux. An example at Tsub 

= 938 K and at an As4 flux corresponding to 1.4 X 10-6 

Torr is shown in Fig. 1. Here a fUm was grown at a tempera­
ture and pressure in the 1 X :I region of Fig. 1, where evapo­
ration is important. The specular beam intensity was mea­
sured versus time during growth and after the Ga flux was 
interrupted. One can see two types of intensity osciUations: 
those with period 7.2 s that correspond to growth and those 
associated with 25 s per layer evaporation. The arrow indi­
cates the time when the Ga flux was interrupted, at which 
point there is a short anneal. During this annealing time the 
residual roughness from the preceding growth decreases 
while the surface atoms evaporate and diffuse to form predo­
minantly large terraces. Evaporation periods between 1 and 
1000 s have been observed. No evaporation oscillations are 
observed in the 2 X 4 region even though the period would 
be measurable. In addition, at very low As fluxes, where the 
surface structure changes to C (8 X 2) and Ga is believed to 
accumulate on the surface, evaporation oscillations are not 
observed. 

The picture that emerges resembles the bulk phase dia­
gram. The 1 X 1 reconstruction might correspond to the 
single phase regionlO inside the binary solidus. In this region 
there are two degrees offreedom so that one partial pressure 
and the substrate temperature are each independently con­
trollable. In contrast, in the C (8 X 2) a Ga phase is present 
and in the 2 X 4 an As phase is present, both with only one 
degree of freedom. In these latter regions of the phase dia­
gram, the evaporation rate cannot be controlled by indepen­
dent variation of substrate temperature and As flux. Note 
that it is difficult to distinguish kinetic from equilibrium ef­
fects and that these additional phases could be surface 
phases distinct from their bulk counterparts. 

Even though not equilibrium, the evaporation rate de­
pends on substrate temperature and As flux according to the 
mass-action analysis of Heckingbottom. 2 Assuming that all 
incident AS4 molecules crack at the surface and that the ac­
tivity is unity, the law of mass action can be written as 

PoaP!..:~ = Kp ' (1) 

whereKp is the equilibrium constant. Since the sticking coef­
ficient of Ga is near unity, we follow the detailed balance 
argument of Heckingbottom2 and take P Ga in Eq. (1) to be 
the evaporation rate in the absence of an incident Ga flux. If 
there are no significant kinetic barriers to growth, then Eq. 
(1) should give the temperature and As flux dependence of 
the period of the measured evaporation oscillations. 

The effectiveness of mass-action control of the evapora­
tion rate is shown in Fig. 2. The period of the evaporation 
oscillations is plotted versus reciprocal temperature for three 
different AS4 pressures. From the slopes of the straight lines, 
the enthalpy offormation is 4.6 ± 0.2 eV, in good agreement 
with the bulk data. II Although AS4 molecules were incident 
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FIG. 2. Dependence of Ga evaporation rate on substrate temperature at 
several As. fluxes. These data agree with po. P .::.~ = Kp using an enthalpy 
of 4.6 eV. Here Po = 8 X to· b Torr, p. = 1.6 X 10- 6 Torr, and Pc 
=1.6X 10. 7 Torr. 

in these measurements, no changes in the transition tem­
peratures, oscillation periods, or enthalpies were observed if 
AS2 was used. At these substrate temperatures there appears 
to be sufficient cracking at the sample that equilibrium argu­
ments apply even though AS4 rather than AS2 is used in the 
growth. 

Evaporation oscillations have been observed with 
Al"Gal_",As films for initial mole fractions ofO<:x.;;0.7. In 
contrast, for pure AlAs no evaporation oscillations are ob­
served even at substrate temperatures as high as 1020 K, 
suggesting that Al does not desorb. This is also inferred from 
the time behavior of the oscillations from a film with some 
initial mole fraction of AI. At a given As flux and sample 
temperature, the period of the evaporation increases and the 
amplitude decay quickens as the Al content is increased. We 
interpret this to mean that the oscillations result only from 
Ga desorption from the first few monolayers of the film. As 
Ga leaves, the Al concentration is enriched until a largely 
AlAs surface prevents further desorption. Kawabe and Mat­
suura have previously suggested this based upon photolu­
minescence measurements. 12 

The preferential evaporation of Ga is clearly seen in the 
net growth rate of the epitaxial fi:lm. Figure 3 shows the 
measured oscillation period during the growth of both GaAs 
and AIGaAs as a function of substrate temperature. The 
ordinate is the oscillation period normalized to that at low 
temperature where evaporation of Ga is not significant. The 
AS4 flux is held fixed for each. The closed symbols are the 
measured periods during growth; the curves are a calcula­
tion based on the mass-action analysis. For GaAs, the calcu­
lated growth rateR is given by 1 - ~~~/rd:P, where the inci­
dent Ga flux is measured at low temperature and the 
evaporating flux is calculated from the equilibrium constant 
and the measured AS4 pressure via Eq. (1). Because of the 
uncertainties in As pressure measurement, the curves were 
fit at one point. The growth rate of Alx Gal _ x As was calcu­
lated with the approximation that the activity of GaAs is 
1 - x, so that Eq. (1) becomes 
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FIG. 3. Normalized growth rate for GaAs and AI,13 GIIo, As vs tempera­
ture. The closed symbols are the measured growth oscillation period nor­
malized to the low-temperature period where evaporation of Ga is not sig­
nificant. The curves are a calculation based on Eqs. (1) and (2). PA', 

= 1.8 X 10-6 Torr and 7'8'0 K = 3.3 s for the AIGaAs, and PA., 

= 1.2 X 10-6 Torr and 1'870 K = 4.2 s for the GaAs. 

pevap _ Kp(l - xl 
Ga - pl12 . (2) 

As, 

Note that x, the mole fraction of AI, also depends upon the 
evaporation rate of Ga. The mole fraction is given by 
l' growth /1' AI' where l' growth is the measured period. for the 
combined Ga and Al fluxes and l' AI is the period for the Al 
flux only. The important point is that, like the curves of Fig. 
2, the net growth rates of GaAs and AIGaAs depend not 
only upon total column III flux but also upon substrate tem­
perature and As flux. The main temperature dependence is 
due to the exponential dependence in Kp. As in the previous 
two figures, no differences between AS2 and AS4 were ob­
served. 

In conclusion, we have observed (1) a layer-by-Iayer 
evaporation of GaAs and AlGaAs and (2) As flux dependent 
and substrate temperature dependent net growth rates of 

GaAs and AIGaAs. Both obey an equilibrium mass-action 
analysis. Neither depends on whether the source of As is AS2 

or As4 . The evaporation is only observed for the 1 X 1 sur­
face reconstruction. 
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Pair-groove-substrate GaAs/ AIGaAs mu~tiquantum weH lasers by mo~ecular 
beam epitaxy 
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Optoelectronics Joint Research Laboratory. 1333 Kamikodanaka, Nakahara-ku. Kawasaki 211, Japan 

(Received 28 May 1985; accepted. for publication 17 July 1985) 

We investigated molecular beam epitaxial growth characteristics on (00 1) GaAs substrates with a 
pair of etched grooves along the (110) direction. It is found that, as the growth proceeds, the mesa 
width between the pair of grooves graduaJ.]y decreases and that the grown mesa surface becomes 
slightly concave. These results offer great advantages for precisely defining the lateral width of 
index guided. J.asers during growth. A pair-groove-substrate GaAs/ AIGaAs multiquantum well 
laser has been newly developed, which shows stable fundamental transverse mode oscillation and 
a high external differential quantum efficiency of 68% as well as a low threshold current of 23 
rnA. 

Single and muhiquantum wen (MQWII.asers have been 
developed by using multilayers grown by molecular beam 
epitaxy (MBE) and they show low threshold, 1,2 high charac­
teristic temperature. 3 However, there have been few studies 

concerning the built-in optical waveguide in quantum wen 
lasers.~ One of the convenient techniques for fabricating 
lateral waveguides is epitaxial growth on preferentially 
etched substrates. Although several attempts have been re-
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