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Surface morphologies in GaAs homoepitaxy: Mound formation and evolution
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Atomic force microscopy has been used to observe surface morphologies during growth of GaAs films on
GaAgq001) by chemical beam epitaxy. Mound formation is observed at the beginning of GaAs growth as a
function of the surface prior to deposition. GaAs substrates exhibit a large density of pits and cracks after usual
thermal treatment employed for oxide desorption. On this kind of surface mounds form and coalesce as film
thickness increases; surface planarization is eventually achieved—at this point, morphologies are typically
those expected from two-dimensional growth. In this sense we observe that monolayer island size distribution
is determined by the kinetic conditions used for the growth; nucleation sites and island spatial distribution,
however, are strongly influenced by the topography of the initial surface where the film is deposited even for
films thousands of monolayers thick. The final morphologies present wide terraces and few monolayer islands
on top of them independent of growth conditions. This picture agrees with theoretical results where negligible
step edge barriers are considergs0163-18208)02328-5

Interfaces in semiconductor heterostructures constitute awork, Van Nostrandt al® extensively characterized the sur-
important issue today, either for basic knowledge or for apface roughness of 500-nm-thick Ga@61) layers grown by
plications in the design of new structures or devices. In parMBE and gas source MBE. They observed a surface mor-
ticular, interfaces grown by molecular beam epitdMBE) phology consisting of a regular array of multilayer growth
and related techniques have been widely studied in order tmounds sensitive to growth temperature in both cases. In the
achieve a detailed understanding of surface morphology angarticular case of gas source MBE, mounds were observed
its time evolution. Such studies can provide fundamental infor GaAs films grown at 500 and 585 °C directly on the
formation on the underlying kinetic phenomena and the resubstrateswith no GaAs buffer layer mounds grown at
sulting growth modes. 585 °C present sizes at least twice as large as those grown at

It has been shown that these growth processes can g0 °C. In this work, the authors also suggest an effect of
rise to a wide variety of surface morphologies, even wherhydrogen on mound shape since MBE-grown samples
simple homoepitaxy is considered. Generally, models depresent more elongated mounds than gas source MBE
scribing MBE growth present stable layer-by-layer growthsamples.
mode or kinetically rough films resulting from multilayer In this paper we present a study on the nucleation of
growth at low temperatures. Recently, however, unstabl&aAs homoepitaxial films by chemical beam epité&<BE).
three-dimensional growth that can result in pyramidlikeWe discuss mound formation and the role of the starting
features—or mounds—has been predicted by continuursurface for deposition. We show that monolayer island size
models™? These structures were then observed in computedistribution is determined by the kinetic conditions employed
simulations using the solid-on-solid motiéand experimen- for the growth; the nucleation sites and spatial distribution,
tally in several systems as GaAs/G#®@1)°® Cu/  however, are related to the topography of the initial surface
Cu(001),>1° Ge/G&001),** and Fe/F&01).*? This unstable where the film is deposited even for thicknesses of thousands
growth mode is associated with the existence of energy baef monolayers. Mound formation is observed only when a
riers near step edges that inhibits interlayer diffulieend  large density of pits is present on the initial surface and is
creates a diffusion bias on the growing surfdt@he insta- associated to a stage in the healing process of this surface:
bility occurs for singular surfaces since mounds are onlyFor thick films, the final morphologies present wide terraces
present when there is sufficient nucleation of islands orand few monolayer islands on top of them, independent of
terraces—when the slope of the surface is small enouglgrowth conditions. These results and the absence of mounds
Vicinal surfaces with miscut above a certain value are stablefor films grown on initially flat surfaces suggest a negligible
Mound sizes have been shown to increase during growthtep edge barrier for GaAs grown by CBE.
through a coarsening process, the mound slope, on the The samples used in this study were grown by CBE using
other hand, has been observed to grow in somériethylgallium (TEG) diluted with hydrogen carrier gas as
experimentst!® and to remain approximately constant in group Il source and thermally decomposed pure arsine
others®”%12|n the particular case of GaAs homoepitaxial (AsH;) as group V source. Mass spectrometry analysis indi-
films grown by MBE, Ormeet al.”** have shown that mul- cates that the hydride is totally decomposed at the cracker
tilayered features evolve on the surface when growth condieell temperature used hef@050 °Q. Growth temperatures
tions favor island nucleation. As the epilayer thickness iswere in the range 510—-550 °C measured by infrared pyrom-
increased these mounds grow in all dimensions with theeters. This temperature range was chosen in order to keep the
slope remaining approximately constant at 1°. In anothefGaAs growth rate approximately constant, by assuring a fast
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FIG. 1. AFM images of GaAs surfaces after thermal treatment for oxide desorgomominal and(b) 2° off substrate.

TEG decomposition on the GaAs surface and preventing thfor 5 min under As flow for oxide desorption and annealing
evaporation of Ga-related species from the growing surfacef the surface. The GaAs films were then deposited either
The GaAs films were grown simultaneously ¢801) directly on the substrate or on the top of a 1500-nm-thick
GaAs substrates nominally oriented and 2° off towards th&aAs buffer layer. The film thicknesses were varied between
nearest110 direction. The substrates were heated at 590 °G0 and 1500 nm. The growth rate was varied in the range
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FIG. 2. AFM images of homoepitaxial GaAs films grown under the same condifi&ds°C, growth rate0.4 nm/$ on nominal(a), (c)
and 2° off substrate&), (d). Samples shown i), (b) are 1500 nm thick and samples shown(@ (d) are 300 nm thick.
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FIG. 3. AFM images of 300 nm thick homoepitaxial GaAs films grown by CBE using different-AE£flows with corresponding GaAs
growth ratesia) 0.2 nm/s,(b) 0.4 nm/s, andc) 0.8 nm/s.

~0.2—-0.8 nm/s for different Asflows. The morphology of shows typical two-dimensional patterns due to the relatively
the films was observed by in-air atomic force microscopylarge distance between pits. The pits are not present in the
after removal of the samples from the growth chamber ands-loaded GaAs wafer, and the pit density values are much
exposure to air. higher than those of crystalline defects expected in these sub-
Figure 1 shows the surface of the GaAs substrate aftestrates from double crystal x-ray diffraction and etch pit den-
oxide removal and annealing. The surface topography isity measurements. On the other hand, the presence of pits
dominated by the presence of pits that have also been olgoes not depend on the substrate annealing time but on the
served in MBE sample¥.’ The pits are typically 40-60 nm surface characteristics prior to growth. Epiready substrates
in lateral size and 5-10 nm deep. No crystalline facets coulgyith the same overall characteristics but from different
be observed with the AFM; sidewall angles varied in thepatches present different pit densities. This indicates that the
range 15-28°. A_Izzalrge density of pits is observeq;or both theyits are formed by an etching process induced at certain re-
2°0ff (~140um™) and the nominal £30um™) sub-  gigns of the substrate and intrinsically related to the oxide-
strates. The morphology in between pits, however, is reladesorption process. Using multiple x-ray diffraction Mo-

tively smooth (rms_roughness~0.35nm. In fact, high- o= "ot 2117 showed that the polishing process commonly
energy electron diffraction from the annealed SUbStrateﬁsed in high-quality commercially available substrates is re-
lated to a larger misorientation of crystal blodkgith sizes

up to hundreds of nanometgnsear the surface, when com-
pared to a deeply etchédp to~ 10 um deep surface of the
same substrate. These large crystal blocks may be related to

TABLE I. rms roughness\{/) and peak-to-valleyR-V) height
variation for samples shown in Fig. 3.

gﬁ; growth rate (\//3\\/) I?A\)/ pit formation due to a preferential etching of the material in
the regions close to the block boundaries.

0.2 2.6:0.4 23+4 The GaAs film morphology, as expected from a stable

0.4 3.2+0.3 26+4 two-dimensional layer-by-layer growth mode can be ob-

0.8 3.2¢0.2 30+ 4 served in Figs. @) and Zb). The 1500-nm-thick film mor-

phology presents wide monolayer terra¢asight~0.3 nm
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FIG. 4. AFM images of homoepitaxial GaAs films grown @), (c) substrate surface after thermal treatment for oxide desorfition
Fig. 1) and(b), (d) 1500-nm-thick GaAs buffer laydcf. Fig. 2a)]. All samples were grown at 530 °C with growth ratés; (b) 0.2 nm/s
and(c), (d) 0.8 nm/s.

on nominal surface$Fig. 2(a@)]. The same structure and thicker films. Figure 3 also shows that at constant tempera-
height variation are observed for both nominal and 2° offture the size of the circular features decrease as the TEG flow
substrates, although terrace widths in the 2° off case are bés increased. Slightly larger values of rms roughness and
low the AFM lateral resolution. peak-to-valley height variation are associated to the samples
When film thickness is reduced to 300 nm, under thegrown with larger growth ratéTable ), but they are still
same growth conditiond=igs. 2c) and 4d)], we can observe similar to those observed for typical GaAs morphologies
a larger height variation in the AFM image, as well as the[Figs. da) and Zb)]. The change in morphology when
formation of almost circular features on the surfdé#g. = mounds are present is accomplished by the coalescence—
2(c)], similar to those observed by Van Nostraeidal® for and the resulting increase in size—of the incomplete terraces
gas source MBE samples. These features are formed by tla the bottom of the structures. This picture corresponds to a
simultaneous nucleation of several monolayers, forminghealing process of the initial surface, filling up the pits ob-
much narrower terraces than in the case of thicker filmsserved in Fig. 1. The pits correspond to cracks in the singular
Again for the 2° off substrates the terrace structure is nosurface of the crystal; the deposition of the GaAs epitaxial
observable but the height variation profile along the surfacdilm is then slowly healing these cracks. For thicker films
suggests that the same features form on these samples. [Figs. 2a) and Zb)] the morphology shows no signs of the
At lower growth temperatures, this effect is more notice-earlier presence of irregularities.
able, as shown in Fig. 3. Here the morphologies of 300-nm- The circular features resemble closely the mounds pre-
thick GaAs films grown on nominal substrates at 530 °Cdicted by several models to be formed on nominal surfaces
with different TEG flows are imaged with the AFM. For the when a diffusion bias is considered for adatom hopping on
same film thicknes$300 nm), we can observe that similar the surfacé:*® Our results, however, point to a different ori-
morphologies are observed at 58Big. 2(c)] and 530 °C gin for such features in our samples. Figure 4 shows the
[Fig. 3(@)]. For this particular set of samples, a smaller TEGmorphologies of 300-nm-thick GaAs films grown on differ-
flow was used at the lower temperature, indicating that theent surfaces for two sets of growth conditions. For samples
final morphology at a certain thickness is kinetically con-shown in Figs. 4a) and 4c) the film was grown directly on
trolled. Indeed, at 510 °C mounds are present even for much nominal substrate after oxide desorption and annealing as
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FIG. 5. AFM images of GaAs films grown under the same conditi@3 °C, growth rate0.8 nm/$ and different thicknessega) 50
nm, (b) 150 nm,(c) 300 nm, andd) 1500 nm.

described above. Figureghd and 4d) present the morpholo- shown in Fig. 6. We can notice that the depth distribution
gies of the GaAs films grown on top of a 1500-nm-thick becomes narrower as thickness increases, corresponding to
GaAs buffer layer, with morphology similar to that shown in the process of filling up the pits. The average distance, how-
Fig. 2(a). The circular features—or mounds—are not presengver, is not much altered after the growth of a 50-nm-thick
in this case. The average size of the islands observed in Figlm and corresponds to the mean distance between the
4(a) and 4b) and Figs. 4c) and 4d), however, is not af- deeper pits on the initial surface. Figure 7 shows the rms
fected by the different topography of the surface where theoughness as a function of film thickness for films grown
film was deposited. This is consistent with the idea that thalirectly on the substrate using two different growth rates at
rates of kinetic processes are fixed by growth parameters-530 °C. Mound formation at the beginning of the growth
such as temperature and group Il flow. Higher growth tem-corresponds to the initial fast increase of roughness while
peratures and smaller group Il flows provide a faster coalessurface planarization through mound coalescence leads to the
cence of the islands on the surface, filling up the pits moresubsequent approximately roughness exponential decay—
efficiently. The results shown in Fig. 4, however, indicatewhich is slightly faster for lower growth rates—as shown in
that the spatial distribution of the islands formed during ho-Fig. 7.
moepitaxy depends strongly on the morphology of the sur- It is important to notice that these samples were cooled
face where the film is deposited, even when the film thick-down to room temperature after growth, before removal from
ness is of the order of thousands of monolayers. the vacuum chamber and exposure to air. This cooling pro-
The close relationship between the mounds observed hermess can be interpreted as a short-time annealing of the
and the initial surface can also be observed in Fig. 5. Hergrown film. Sudijoncet al® have shown that sample anneal-
we present the morphologies for films grown on nominaling can alter the overall morphology of a grown sample. It
substrates with increasing thicknesses. The morphology fathanges from a dynamical equilibrium surface during
the thicker film [t~1.5um, Fig. 5d)] does not present growtt°to a morphology that recovers the information from
mounds, corresponding to the picture of a typical two-the substrate—in terms of the original miscut—after anneal-
dimensional layer-by-layer growth. The distribution of depthing.
and distance between the deep valleys forming the mounds is We believe that the results we show here are not affected
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FIG. 6. Distribution of mean spacing between the deep valleys forming the mounds and depth of these valleys for GaAs films corre-
sponding to Fig. 5(a) 50 nm,(b) 150 nm, andc) 300 nm. No mounds are observed for the 1500-nm-thick sample.

by this short-time annealing. The morphologies observed arlands with small lateral dimensions can still be observed on
very much dependent on growth parameters, indicating thabp of the terraces after the sample cool daWwig. 2). In this

the interplay between deposition and diffusion during growthsense, we have also observed that mounds do not disappear
determines the structures formed on the surface. Also, iswith short-time annealing at growth temperatifer time
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FIG. 7. rms roughness of GaAs filnflor a 2x2-um? area as

periods corresponding to the sample cool dpwaven
though microscopic roughness slightly decreases with this
process.

It is interesting to point out that no mound structures simi-
lar to those reported in the literature for GaAs grown on
nominal surfaces by MBERefs. 7 and 1bwere observed in
our samples. In particular, we have used much higher growth
rates than those generally considered by other authors, thus
increasing the probability of a transition to a three-
dimensional growth mode. In spite of this fact the transition
was not observed, as it was in the case of homoepitaxial InP
grown by CBE?Y??|n that case, a transition from a smooth
to a rougher, grainlike surface occurs for films grown under
similar conditions of temperature and growth rate. For such

a function of film thickness for two different growth rates at 530 °C. rough InP surfaces, monolayer terraces are not resolved by
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AFM. In our case, however, monolayer islands can be obgrowth mode transition—suggest a negligible-¢0) en-
served for GaAs films grown on nominal substrates for allergy barrier at step edges for GaAs grown by CBE.
conditions used in this work, indicating a stable layer-by- In summary, we observe mound formation in GaAs ho-
layer growth mode. moepitaxy. The presence of mounds is associated to a stage
The idea that mound formation in our case is mainly re-during the healing process of the initial GaAs surface. As
lated to the large break in symmetry of GaAs surfaces proﬂlm thickness increases, mounds coa_lesce and_ the s_urface
vided by the pits is also supported by theoretical calcula€volves to that expected from a typical two-dimensional
tions. Elkinani and Villaif® have proposed a one- layer-by-layer growth mode, with wide terraces and few
dimensional modelZeno model where healing of defects is Monolayer islands, independent of growth conditions. The
observed for the case of no step edge barrier. When the prel,;n_onolayer island size distribution is determined by the ki-

ence of such a barrier is considered, the surface profile of §etic conditions employed for the growth; the nucleation

film starting from an initially flat surface presents cracks. InS!t€S and island spatial distribution, however, are strongly

a more recent work, Politi and Villa?i show that a mound influenced by the topography of the initial surface where the
structure arises during growth only after a time film is deposited, even for films thousands of monolayers

t* ~ 1/l —wherel s is a parameter characterizing a step eolgethick. The healing of the initial surface, the similar mor-

barrier, or Schwoebel efféét—and with a wavelength phologies observed for films grown on both nominal and 2°
N ~1/'\/I— allowing healing of surface defects with size off substrates and the absence of mounds for films grown on
c™ S

smaller than\c during growth. Our results—showing the initially flat surfaces indicate a_negligible barrier for adatom
healing of pits from the initial GaAs surface through moundmovement across step edges in CBE-grown GaAs.
formation and coalescence, the similar results for both nomi- This work was financially supported by FAPESP, CNPq,
nal and 2° off substrates and the absence of mounds for filmsnd FINEP. One of the authof¥.R.C) acknowledges fi-
grown on initially-flat surfaces as well as the absence of anancial support from CNPq.
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