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Real-time x-ray-scattering measurement of the nucleation kinetics of cubic gallium nitride
on B-SiC(00D
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We have performed a real-time x-ray-scattering study of the nucleation of cubic GaN @08i@Quring
metal-organic molecular-beam epitaxy. By monitoring both the Ga fluorescence and the diffracted intensity
from the GaN film, we determine the growth rate and crystalline quality from submonolayer coverage to 350
nm. The results exhibit scaling behavior in the growth kinetics consistent with quasi-two-dimensional island
growth. In this growth mode, three-dimensional nuclei form and then grow laterally until coalescence into a
continuous film occurs. After coalescence, the growth rate drops to its steady-state value.
[S0163-18296)05944-9

I. INTRODUCTION studies have been performed that support its basic

assumption&:’ Qualitatively, the theory is as follows: Ini-
Development of new epitaxial growth techniques requiresially, nuclei form from a supersaturation of adatoms on the
a detailed understanding of the fundamental physical prosurface. Subcritical nuclei dissolve again, but nuclei that
cesses of thin-film growth, such as nucleation, aggregationeach g critical size begin to grow. Although this basic theory
and coalescence of islands on a planar substfaMost s \yell established, very few nucleation experiments have

studies of nucleation during epitaxial growth have been con o e i~
cerned with molecular-beam epitaxBE). In contrast, been performed on systems that exhibit surface lifetime lim
ited growth kinetic$.

relatively little experimental work has focused on surface .
processes in the early stages of gas-soU&® molecular- There are t_wo possible rputes for _adS(_)rbed atoms or mql-
beam epitaxy. The two cases are usually distinguished by tHgcules o be incorporated into growing islands. The first is
adatom(or admoleculg lifetime on the surface- compared ~ diréct impingement onto the growing island. The second is
to the time to deposit a monolayer of material. In the mord?y adsortion onto the s.ubsFrate followed by surface diffusion
familiar case of deposition from an evaporation source whe@nd capture by a growing island. There are two correspond-
7 is long, the sticking coefficient is close to one and theing categories of island growth morpholodi). If the islands
growth rate may be taken to be simply proportional to theare hemispherical, or cap shaped, then the growth rate is
flux. If the lifetime is short, then adparticles have a highproportional to the projected surface area. Growth of large
probability of escaping before diffusing to an active site andcap-shaped islands is dominated by the direct impingement
being incorporated into the surface. Site-specific chemicabf vapor, although surface capture may also contribute to the
reactions and multiple surface species further complicategrowth. (ii) If the islands are disk shaped, i.e., they grow
the GS-MBE growth process. In general, gas-source growthapidly in two dimensions, then the growth rate varies as
is a complicated function of temperature, molecular impinge+their diameter. We will call this type of growth quasi-two-
ment rates, surface morphology, and surface composition. dimensional since the thickness of nuclei may reach 100 ML
The main result of this paper is that the growth rate variessr more, but increases slowly compared to the lateral dimen-
with the size distribution of overcritical nuclei. The size dis- sjons. Disk-shaped nuclei grow predominantly by diffusion
tribution of islands during growth of two-dimensional nuclei from the free substrate to the edge of the nuclei and by sur-
exhibits scaling behavior, as recently discussed by Familygce diffusion from the center. Both cap-shaped and disk-
and Amar’ This scaling behavior is directly observable us- shaped island growth lead to power-law behavior. After the
ing real-time x-ray measurement of the coverage in GSpyclej coalesce into a continuous film, the growth reaches its
MBE. While Ref. 3 discusses only two-dimensional i5|a”dsteady-state rate.
growth, we observe similar scaling behavior for three- | our experiment we use metal-organic molecular-beam
dimensional island growth. Our results are for the case of th%pitaxy to grow GaN on Si(01). The precursors are am-
cubic or 3 phase of GaN grown onto a cubic $I01) sub-  monia and triethyl-gallium. Ammonia has a very low effi-
strate. However, the growth model presented is applicable teiency for nucleating and growing GaN*? This leads to a
many other systems. low density of nearly noninteracting nuclei in the early
stages of deposition. Therefore, direct measurement of island
growth kinetics may be obtained by a simple measurement of
The theory of thin-film nucleation rates and clusterthe deposition rate. Below, we give experimental details and
growth is well develope@?® A large number of experimental then describe GaN growth on SiC.

A. Growth by nucleation and coalescence
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FIG. 2. Scans of the detector angle at six different times
FIG. 1. Diagram of the experimental arrangement. The sampléluring the GaN film growth. The base-line curve without any data
is mounted inside an ultrahigh vacuum enclosure with gas injectorgoints is a fit to the curve taken just before opening the gas valves.
and a heater for the film growtinot shown. The incident beam, The other curves have the following symbols for the data and times
scattered x rays, and x-ray fluorescence pass into and out of tH& seconds circles, 500; squares, 1000; upward pointing triangles,
chamber through beryllium windows. The apparatus allows inde-1500; downward pointing triangles, 2000; diamonds, 2500. &he
pendent adjustment of the angles B, 6, andA. and B angles were fixed at 5.84°.

Il. EXPERIMENT introducing triethylgallium and ammonia through gas injec-

tors. Molecular impingement rates for triethylgallium and

ammonia were 9810 and 4.2<10® cm~2 s %, respec-
The experiment was done at the A2 experimental stationively. The background pressure in the chamber under these

at the Cornell High Energy Synchrotron Source using radiaconditions was X 10 2 Torr. The GaN film grows to a

tion from a 1.2-T, 24-pole permanent magnet wiggler. X raysthickness of 350 nm during a 90-min interval.

were directed onto a two crystal (311) monochromator

with a sagittally bent second crystal for focusing. The flux at C. Data collection

the experiment was- 102 photons per second in a 0.5-mm- . . .

vertical by 3-mm-horizontal beam spot at a wavelength of Film coverage and structure were monitored simulta-

0.092 nm. X rays illuminated a sample inside a turbomolecu_neously in real time during the entire deposition. Data were

lar pumped ultrahigh vacuum surface diffraction chamberCO"eCt.ed by scanning ths angle across thEs11] reflec_tion
with a base pressure o110 2° Torr. A manipulator stage of cubic GaN. A series oA scans were collected with 20

in the chamber allows samples to be mounted on it with afjata points per scan. It took 30 sec to complete a full scan

horizontal surface normal. The manipulator has two ortho 0find begin the next. B_ecause of the different lattice param-
P g ters for the two material®.452 nm for GaN and 0.435 nm

nal high-resolution rotation axes and a built-in heater capabl : )
of heating the sample to 1000 °C. A detector arm with rota-or SiC), the two reflections are expected to be separated by

tion stages for a crystal analyzer and a (Y&l detector is 15 m_At. Th_? diffracted mtgzngltyt and tthe ?é:‘[a fluores- dat
mounted in a vertical scattering geometry. The entire experi(—:encte K‘ﬁenst'hy were tLeCO{ € d a o a r.fti e r? tse<_: pt_er ata
ment including the chamber and detector assembly rests onPp!Nt. After ¢ € grow ,fs an c?r' X ls'dl.J ¢ gratclf]erflzadmbn K
table that can rotate in the horizontal plane. The combined’€asurements were performed, including Ruthertord back-
rotations allow for the angles&, B, 6, andA, as defined in scattering spectrometry to dgtermlne the coverage and com-
Fig. 1, to be varied independently by computer control usingfos't'on of the _f||m and scanning electron microsc¢giEM)

the SPEC software packag® A graphite crystal analyzer 0 assess the island shape and the degree of coalescence.

with a mosaic width of 0.4° was used to filter out fluores-

cence background from the diffracted beam. Out-of-plane IIl. RESULTS
resolution and active area were defined by2mm? slits in
front of the Na(TI) detector. A SiLi) detector was mounted

along the surface normal to monitor Gax fluorescence. _The x-ray diffract_ion _dgta i_s presented in Fig. 2. Only the
tail of the SiC peak is visible in thA scan at the start of the

growth. A small peak corrresponding to GaN is visible after
500 sec, and by 1000 sec, the peak is well developed. Data
A substrate consisting of a /m film of B-SiC(001)  for 1500, 2000, and 2500 sec are also shown. There are
grown on an on-axis 8001 wafer was chemically oxidized several notable features to this data. First, the peak position
in a 3:1:1 solution of HCI:HO,:H,0O before it was intro- does not change and there is no significant shoulder or sec-
duced into the chamber. The SiC surface was cleaned inondary peak at the high-angle side. Another interesting fea-
vacuum by heating to 950 °C for 5 min. The temperatureture of the data is that the peak widths, which are extracted
was reduced to 600 °C for growth. GaN was deposited byy fitting with a Lorentzian line shape and deconvolution

A. Apparatus

A. Real-time measurements

B. Surface preparation and film growth
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FIG. 4. Integrated intensity of the Gaf811] reflection from

) ) ) ) ) ) 100 sec after starting the film growth to 4000 sec.
FIG. 3. GaKe intensity as a function of time during the film

growth. The inset shows the early-time dependence on a linear scale ) ) ] o .
with a t*92 power-law curve as a guide to the eye. of islands into a continuous film. This is known from exami-

nation of other film growths stopped just before the end of

with the resolution, are about 0.5° at all times. This suggestg, o power-law behavior. At late times, the system exhibits a

a domain size of around 6 nm. This distance coincides aléonstant growth rate of 199 nm/h.

most exactly with the mean spacing between misfit disloca- : -
. . . A more complete analysis of the crystallinity of the grow-
tions expected for the 3.8% lattice mismatch between the b Y Y y 9

two materials. However, the high density of other defectsmg film can be obtained from integrated intensities of the
such as stacking faults, present in the GaN film makes such%\eu:".(i.tor Sﬁﬂs OV? t%eltl] 2le rde'ﬂecgsn' Ir.]tegfamd ![n—
simple interpretation of the data suspect. Note that the diredSnsities of the entire data sencluding those in Fig. pa

tion of theA scan is such that it measures the domain size irp 0 S€C time intervals are shown in Fig. 4. The data follow
the plane of the surface. ThusAascan is not directly sensi- nearly the same power-law behavior as the fluorescence data

tive to the vertical height of the islands. A third interesting N Fig- 3. The early-time power-law persists until about 2000

feature of the data is that the integrated area under each sc@fi¢: When the data begin to smoothly fall away until, it

does not increase linearly with growth time. This suggest§eaches linear growth at 3500 sec. The best-fit early-time

either that there is a structural change taking place during thexponent was 2.220.05, which is slightly larger than the

growth or that the growth rate is not linear. To directly ad-value derived from the GK«a data. Therefore, the diffrac-

dress this question, we turn to the fluorescence measuremetign data are in close agreement with the Ga fluorescence

which is a direct measure of the Ga surface coverage. measurements. However, a slight improvement in crystalline
The gallium fluorescence data collected simultaneouslyperfection during the growth is suggested by the more rapid

with the diffraction data is shown in Fig. 3 from 100 sec afterincrease of the diffracted intensity.

the start of the film growth to 5700 sec, when the growth was

stopped. The gap in the data near 2700 sec was during the

time that the collimator in front of the &ii) detector was B. Post-growth measurements

replaced with a smaller collimator to reduce dead time. The

data points after the gap are scaled to correct for the change Additional information about the crystallinity of the final

in count rate. The data can be fit by a power law in time withfilm was obtained byn situ x-ray scans after the completion

an exponent of 1.920.05 before 2000 sec. The maximum of the film growth. Figure 5 shows a two-dimensional inten-

growth rate, which occurred between 1000 and 2000 sec wasity map as a function of andA. The map includes both the

357 nm/h. This can be compared to the maximum possibl&iC [311] and the GaN311] reflections. The largest peak is

growth rate of 800 nm/h, calculated from the Ga impingmentrom the 5um SiC substrate layer and has a width of 0.4° in

rate and assuming that no Ga escapes back into the vapdhe 6 direction. The smaller peak is from the 350-nm GaN

After 2000 sec, the growth rate falls away from the power-film and has a width of 1.35° in thedirection. This width is

law behavior, becoming linear. The point of the breakawaycomparable to the present state of the artfeGaN (Refs.

from the power-law behavior coincides with the coalescencd2 and 14 and shows that our film growth method can pro-
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cording to nuclear growth modets,the volume of a nucleus

10°
’g 10° f f [ grows with a power-law dependence
>
8 10* ‘ ’ [
% 10° - ’ I Vclustoctm' (1)
£ 10 |
£ 10
kS
= —— The particular value of the exponent is determined by the
3 ! . . . . .
. e growth mechanism. This dependence is only strictly valid for
g _ - il nuclei with a radius larger tharD(r) '/, whereD is the sur-
= - face diffusion coefficient. For the two cases discussed above,
= © o direct deposition and capture growth,has a value between
7 2 and 3. Sigsbee shows that small nuclei may have a slower
84,1 7 . ; i . time dependencé.For example, nuclei whose growth is
0 39 38 37 36 dominated by capture exhibib=1 growth when their radii

Delta (Degrees) are smaller than 7)Y> andm=2 at later times. In general,
FIG. 5. Surface plot of the SiC and G4R11] reflections after .the island size dIStrIbuu.om(VC'USt’t) T“”St a_Iso be taken
into account before a direct comparison with fluorescence

the completion of the film growth. ThA angle is relative to the U .
horizontal plane, while the angle has an arbitrary offset, coverage data can be made. This is because the experiment
measures the Ga coveragé), where

duce single-crystal material. A small additional peak is vis-
ible in the contour map nea@=6° and is attributed to defects IVIRVE
in the GaN layer. 0(0=NwV, @
Figure 6 shows a scanning electron micrograph of the
same GaN film discussed above. The image is consisteR} s the mean island size, and,Nis the areal density of
with our mterp_retatlon of the real-time x-ray data since it iSigjands. The critical assumption in the dynamic scaling ap-
apparent that island coalescence has already occurred. HOWroach is that there should be only one characteristic size in
ever, there are some pinholes in the film. The islands arg,q problem 21 Then, the mean island size should have the
elongated along either tH&10] or [110] directions and the same time dependence as an individual island. Electron mi-
two pOSSible orientations prOduce a |arge-Scale pattern. CO@Toscopy measurements on Samp|es with different GaN
lescence of islands appears to be more efficient along thefeposition times have found no significant change ig, N
long direction, leading to very long chains in some areasafter about 1000 sec. Therefore, the data are interpreted as
Some islands also appear to have facets with rough®  peing a measurement of the late-time evolution of noninter-
orientation. acting nuclei. In this regime, we may writé(t)t™ We
have not studied the density of nuclei at earlier times.
The experimentally determined exponent of @05 is
IV. DISCUSSION very close tom=2. The fact that the data can be fit with a
single exponent over several orders of magnitude and that
Since the fluorescence experiment measures the totﬂfe exponent Is Very close o 2 Ieads us to believe that the
; ) Qata are indicative of two-dimensional island growth. The
number of Ga atoms illuminated, we use the cluster V°|umemechanism of growth is most likely capture at the edges of
in units of atoms per cluster, as a measure of its size. Achuclei

A. Growth kinetics

B. Island shape and behavior near coalescence

Form=2, the active sites for growth are around the edge
of the growing islands. In theory, each island grows laterally,
but its thickness does not increase beyond a certain value
that is determined very early in the growth. In order to esti-
mate the thickness of the islands, a second sample was pre-
pared with only 1000 sec of film growtEx situmicroscopic
investigation of this sample with scanning electron micros-
copy, optical microscopy, and Rutherford backscattering
spectrometry shows that the islands &&3 nm in thickness
and about 300 nm in diameter. If we assume that the coales-
cence of nuclei coincides with the growth rate falling away
from its early-time power law, then from Fig. 3, the island
thickness is about 100 nm at coalescence; from Fig. 6, the
lateral nuclear dimensions are on the order girh. These
FIG. 6. Scanning electron micrograph of the film after growth. observations suggest that the lateral growth velocity of nu-
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a) C. Influence of defects and strain

Ex situ x-ray-diffraction measurements on our samples
suggest that the GaN films contain a high density of stacking
faults. This is consistent with previous transmission electron
microscopy studies of GaN growth g8-SiC* The large
b) defect density determines the domain size of the film, which

is smaller than the lateral size of the islands but comparable

to their height. We have investigated the possibility of an
increasing domain size due to annealing. Béstans, and
scans have been performed during the grois#e Fig. 2, for
example and have not detected any change in the lateral
domain size. Annealing at temperatures up to 800 °C did not
—_— /S produce any observable changes. However, stacking faults
are known to be difficult to anneal out. A high density of
stacking faults in fcc materials causes peak broadening and

_FI(_S. 7. Schematic diagram of the growth and coalescence ofqditional peaks in power-diffraction scais?® The small
thin disk-shaped clusters. extra peak in Fig. 5 is believed to be from this effect. @xr
situ measurements also indicate that the films are highly

Clell's about ten tlrr:es éget Vertllﬁl ngOWth \t/ﬁlzc'ty' Island strained. Therefore, the peak position in diffraction scans is
coaescence prevents additional [ateral growth, NOWEVET, Velgaq mineg by a combination of strain and stacking faults.

tical growth continues at a slower, constant rate after coales-
cence.

So far, we have ignored the microscopic nature of the
active sites that lead to the quasi-two-dimensional growth. V. CONCLUSIONS

One possiblity is that surface steps and kinks are the active |n conclusion, we have used x-ray-scattering techniques
sites. For nearly flat-topped islands as we have in oufy perform real-time studies of the nucleation kinetics of
growths, steps are concentrated near the island edges. ThgngaN on Sig001) during GS MBE. The scaling of the data
as islands coalesce the film becomes continuous and thgggest that GaN islands initially grow in a quasi-two-
number of steps decreases to a steady-state value. Similgimensional mode. This leads to a reduction in growth rate
effects are expected for growth@tl1) facets at the edges of once island coalescence is reached. The quasi-two-
islands. The SEM result in Fig. 6 shows some evidence fofimensional island growth mode is a very interesting phe-

this effect; the elongated island growth is similar to GaSbnomenon with important consequences for the fabrication of
growth on GaA&01) where the asymmetry is attributed to a thin-film structures.

difference in growth rate of Sb-terminated (131facets
relative to Ga-terminated (114)facets™ Figure 6 also
shows evidence for facets on some islands. A model of
growth at(111) facets is illustrated in Fig. 7. Figure(d
shows isolated islands that grow laterally towards each other. This work was supported by the National Science Foun-
Figure 7b) shows the beginning of coalescence and finallydation under Grants Nos. DMR-93117{ornell High En-
Fig. 7(c) shows complete coalescence. In this model, coalesergy Synchrotron SourgeDMR-881858A02(Cornell Mate-
cence leads to a reduction in facet area and consequently thials Science Centgrand ECS-941166&hin-film growth—
growth rate slows down. x-ray-diffraction equipment grahnt

c)
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