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From spiral growth to kinetic roughening in molecular-beam epitaxy of GaN(0001)
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Surface roughening of GaN layers grown by molecular-beam epitaxy usingaskh nitrogen source on
Si(111) substrates has been studied dsy situ atomic force microscopy. Mound formation is observed and
analyzed using scaling concepts. The surface roughness evolution as a function of the growth time exhibits two
distinct behaviors. Above a certain thickness, the growth leads to a kinetic roughening characterized by the
roughness exponeiat~0.92 and the dynamic exponefit=0.3. However, in the first stages of the heteroepi-
taxial growth, a coarsening of the mounds without an increase of the roughness is observed. This behavior is
inconsistent with the scaling relationship of the surface width predicted by most kinetic roughening models.
Results are interpreted considering a crossover between screw dislocation induced spiral growth and kinetic

roughening.
DOI: 10.1103/PhysRevB.69.125329 PACS nuni®er68.35.Ct, 81.05.Ea, 81.15.Hi, 68.37.Ps
[. INTRODUCTION optimized to get an overall material quality suitable for de-

vice application, are the same as those we use for the MBE
The industrial fabrication of blue and green wurtzite GaN-growth on ALO3(0001) or SiG0001). Actually, the growth
based light emitting dioded.EDs) and violet laser diodes is induced surface morphology patterns under study here are in
probably the most important success story of the last temact well representative of what is usually observed for GaN
years in the field of semiconductor material sciencegrown by NH-based MBE process.
application! This is mainly due to the continuous improve-
ment of the epitaxial growth of GaN. Even if low defect

density bulk GaN substrates are still not commercially avail- Il. EXPERIMENTS
able, the optimization of the heteroepitaxial growth process
on various substrates including A&;(0001), SiG00021), The samples were grown by MBE using ammonia as a

and S{111) has given rise to a material quality suitable for nitrogen precursor. Two inch @il1) substrates with a nomi-
both optoelectronic and high-power high-frequency devicenal orientation were used. Prior to the growth of a thick GaN
applications. However, the present state of knowledge of théayer, a structure composed of successive epitaxial layers
epitaxial growth mechanisms on such highly mismatchedAIN 40 nm/GaN 250 nm/AIN 250 ninwas grown at 920 °C
substrates is far from the one we have on classical Ill-Vfor AIN and 800°C for GaN. This type of growth
semiconductors, such as GaAs or InP, for which very highprocedur®” has been developed in order to overcome the
quality bulk substrates are used. A case in point, and ONgyrmation of cracks, which are due to the large difference in
which we want to address in this paper, is the relationshighe thermal expansion coefficient between GaN arfliSis
between the growth mechanism and the surface morphology,th noting here that the last AIN layer on which GaN is
of hetgroepnaxmlly grown GaN. Indeed, thearious mor- grown is almost fully relaxedi.e. it has its bulk parameters
phologies observed markedly differ from the one commonIyA" GaN layers studied in the following were grown on such
obtained under usual growth conditions on homoepitaxiallya buffer layer at 800 °€1073 K) using a NH beam equiva-

grown GaAs. Obviously, this can be simply related to the 5
lattice mismatch and correlated dislocation formation inher-lent pressuréBEP) of 5x 10> Torr and a Ga fluXBEP of

ently associated with the heteroepitaxial growth of GaN. As2 10 ° Torr) which leads to a growth rate ofyam/h. More
a matter of fact, spiral growth linked with the emergence ofdetails concerning the growth conditions and the material
screw-type dislocations at the GE00) surface has often @ssessment can be found glsewﬁeheshould be empha-
been reportedsee, for example, Refs. 2%.4This is well ~ Sizéd that the growth conditions used here and described in
explained by the classical model of Burton, Cabrera, andRef. 7 have been optimized to get the best structural, optical,
Frank(BCF).> However, this simple picture alone is not suf- and electrical properties of GaN heteroepitaxially grown on
ficient to account for the morphology pattern evolution with Si(111). Such growth conditions are, for example, used to
growth time as well as for the key influence of the growthgrow structures for high-power high-electron mobility tran-
conditions on the pattern formation. sistor application$ The thickness of the GaN layers, ranging
In the present paper, we restricted ourselves to the phdrom 0.2 to 3um, were measured using baith situ reflec-
nomenological study of the morphology pattern evolution adivity and ex situthin film interference. The strain state of
a function of the GaN thickness in the specific case of thahese films was determined at the growth temperature using
growth on Sf111) substrate by molecular-beam epitaxy in situ reflection high-energy electron diffractigRHEED).
(MBE) using ammonia as the nitrogen source. However, th@apping-mode atomic force microscop4FM) was used to
GaN growth conditions used, which have previously beeranalyze the surface morphology.
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FIG. 2. 1x 1-um? AFM pictures of GaN films with thicknests
of 0.4 um [(a) and(b)] and 2um [(c) and(d)]. Note that(a) and(c)
correspond to topographic mode whilb) and (d) are taken in
derivative mode. White arrows indicate the location of the tops of
the mounds.

and the substrate us€@d!and they do not play a significant
role in the large scale morphology of the surface. Therefore
they will not be discussed further in the following. Coming
back to the main feature of the AFM pictures, we can say
that all samples exhibit the same surface morphology com-
posed of growth mounds. At first sight, they seem to be very
similar to the mounds resulting from kinetic roughening,
which typically occur when the growth proceeds by two-
dimensional nucleatiorisee, for example, Ref. 12How-
ever, higher magnification AFM picturedig. 2) indicate
that the mounds observed at low GaN thicknd3g(esent a
screw-type dislocation at their tod€igs. 2a) and 2b)],
FIG. 1. 5X5-um? AFM pictures of GaN films grown under the Wh”e it is not the case for_ mOU”dS corresponding to High
same conditiongat 1073 K with a growth rate of m/h and under [Figs. 2c) and Z{d_)]' The S'tu_at'_on al_so appears more com-
excess of NH) but with different thickness: (a) 0.2 um, (b) 0.4 plex when analyzing the variation with growth time of both

um, (¢) 0.65 um, (d) 0.7 um, (&) 2 um, and(f) 3 um. Az is the the average mou_nd separa_tion dis_tamt)ec(btaine_d from th_e
gray scale value. first maximum in the height-height correlation function

(hih;)** **and the surface width or roughness)(defined
as the average root-mean-square fluctuation of the mounds in
“height” along the growth direction. We observe thetin-
Typical AFM images of GaN layers grown with different creases with the thicknesg) (of the GaN film and indeed the
thicknesses are presented in Fig. 1. Before describing th&FM pictures[Figs. Xa) and Xf)] corresponding to the ex-
main morphological features, let us first briefly discuss thereme values of (0.2 and 3um) appear very different. In the
presence of holes with a diameter of 100—200 nm which caearly stage of the growth, the distribution of the lateral
be noted on the AFM picturessmall black spots These mound size is inhomogeneous and ranges from 250 to 850
depressions are most probably associated to the mergenceroh at a layer thickness of 0,2m [Fig. 1(a)]. In Figs. 1b)
nanopipes because of the high depth value measured in seand Xc) the coarsening process is clearly visible, and in the
tion profiles of the AFM datga value of about 40 nm is latest image the lateral mound size is ranging from 580 to
found, but is clearly underestimated because of the convolut400 nm. After an initial transient period, the surface reaches
tion of the tip with the ledges of the holeThese holes are a steady state in which the density of mounds and their size
observed for thicknesses up to Quim with a density de- do not change significantly. In Figs(dl—1(f), corresponding
creasing from 2.2 10° to 2.8x 10’ cm 2 [Figs. a-1(d)].  to the thicker GaN layer§).7—3 um), mounds have an ho-
Such holes are commonly observed in the first stages of theogeneous size distribution and a lateral size of abquinl
heteroepitaxial growth of GaN whatever the growth methodThe gray scale amplitude along the growth direction of the

IIl. RESULTS AND DISCUSSION
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e — sisted MBE under N-rich conditions. This result indicates

[ (a) : ] that in their growth experiments the roughness develops
\ faster due to the different growth conditions used, presum-
] ably leading to a lower surface diffusion.

In the first regime of growtht0.7 wm), which corre-

$ 1 sponds to the first step of the epitaxial growth of GaN onto

:

(

1

w (nm)

AIN, the surface width is independent of the GaN thickness
and remains constanive 2.9 nm). The dynamic scaling hy-
w L pothesis does not predict such a resut:should obey a
power law for smalk. A similar behavior has been reported
T T during the growth of fully strained Ge,Sn, alloys on

(b) : Ge(001), and interpreted as a crossover between strain-
] induced roughening and kinetic roughenfiigthe possible
T 8 g% role of the strain-induced roughenirtigsaro-Tiller-Grinfeld

[ T ] instability”>=29 in our experiments will be discussed below.
! ] As for the surface width, the time dependence of the av-
!
|
L

d (um)

erage mound separation distartcexhibits two distinct re-
gimes with a transition at the same thickness valtie (

0.5 RN Y M. ~0.7 um) [Fig. 3(b)]. In the first time segment, a coarsening
0.1 1 4 behavior is observed: the relationship betweeandt fol-
t (um) lows a power law dependende-t" with n=0.35+0.03. For
comparison, exponent values §f0.7 and~0.4 have been
FIG. 3. Log-log plot of(a) the surface widthw and (b) the  reported during low-temperature homoepitaxy of Si and Ge,
average mounds separatiohversus the thickness of the GaN  respectively>** In the second time segment, the average
films. The dashed linet{0.7 um) highlights the boundary of the  mound separation does not dependtoand saturates at
two regimes: coarseningeft) and steepeningight). ~0.96 um. Seeing thatv<d, the mean slope of the mounds
is given in first approximation by w/d and increases with
AFM pictures (Az) increases continuously with (see the time ast?. This result is however not in agreement with
lower panel of each AFM images shown in Fig. Az is  theoretical studies such as, for example, those of Smilauer
approximately proportional to the surface widftand there- and Vvedensk{? and Golubovic® which predict that the
fore the surface width increases with the thickness of thdateral mound size coarsens and the surface width increases
growing GaN layer. This behavior is by definition a charac-at the same time.
teristic feature of a kinetic roughening phenomenon. Mound Another possibility to quantify the surface roughness is to
formation has already been reported during the growth otalculate the height difference correlation functi@{p)
AIN on Al,0,(0001) and GaN on GalR001.""*#In these  =((h;-h;)?) whereh, ; is the thickness layer at the positions
two cases, the surface roughness increases and the lateraindj separated by the distanpén the growth plane and)
mound size coarsens with time, in good agreement with thés an average over the different possible pairs. In this case,
present observation. the scaling hypothesis stat&(p)x<p?® for small p and
One possibility to better quantify the surface roughness is(p)«=t?# for large p.2%?! If the surface width follows the
to calculate from the AFM topographic images the surfacescaling relationship, the(p— =) is directly proportional
width w=((h;-(h))?)Y2 whereh; is the film thickness at a to w2. Figure 4 shows the root height difference correlation
positioni of the surface and) denotes an average over the function calculated for different thicknesses and from several
growth plane. If the surface width has a scaling behaVior AFM images. In all case$G(p)]*2 exhibits the scaling re-
(i.e., the surface fluctuations exhibit a universal behaviorlationship described above. In the coarsening regihe (
thenw(t) is expected to be of the formect? for smallt and  <0.7 um) [Fig. 4@)], we find thate increases continuously
wecL® for larget where L is the size of the region over witht (0.72 at 0.2um, 0.78 at 0.4um and 0.83 at 0.5m).
whichw is measured« and g are respectively the roughness However, in the steepening regime observedtfe0.7 um
and the dynamic exponents wherec@,8<1)?*? Figure  [Fig. 4b)], «=0.92+0.02 independently of. Physically,c
3(a) shows the surface widtlw as a function of the GaN is a measure of how well the roughness can be described by
layer thicknesst calculated from several AFM images of a single lateral length scalor «=1 the scale transforma-
15x 15 um?. In this graph two growth regimes, with a tran- tion is isotropic and the surface is self-simffar Thus for
sition att~0.7 um (indicated by the dashed lineare clearly t>0.7 um, the surface has a well defined scaling behavior
visible. In the regime corresponding to-0.7 um, the sur-  with «=0.92 andB=0.32" This behavior is therefore very
face width follows a power laww=t?, where 8=0.30 different from the one observed far<0.7 um, where the
+0.02, in agreement with the scaling hypothesis. The dysurface pattern is highly dependent of the deposit thickness
namic exponenp physically indicates the rate of develop- and evolves during time.
ment of the roughness. Note that Taestzal*® reported 8 The kinetic origin of the pattern observed for0.7 um
~0.5 for the homoepitaxial growth of GaN by plasma as-can be confirmed by annealing experiments. Figufa 5
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FIG. 4. Log-log plot of the root height difference correlation
function [ G(p)]*? of surface points separated by a distapcir
samples in the coarsenin@ and in the steepening) surface
evolution modes.

shows the surface morphology obtained after thermal anneal-
ing of a 2.um-thick GaN sample grown using the conditions
described in Sec. Il. Annealings have been carried out in a
commercial metalorganic vapor phase epita®OVPE)
system(Thomas Swan Scientific Equipmeérturing 15 min

at 1000 °C(1273 K) and under an ammonia pressure of 100
Torr. Compared to AFM images shown in Fig. 1, the mor-
phology has drastically changed. The surface exhibits large
flat terraces with a molecular step heigjﬁgsg A), and the
surface widthw calculated from 1% 15 um~ AFM pictures FIG. 5. AFM pictures of 2«m-thick MBE-grown GaN sample

It?) ailsg ngvsr(olbgg\'/;hiOTOJSEgL()e%y (I)Sf Iréfaa,\(l: t ;reor\),/vr?mg;:a:heafter an annealing treatment of 15 min at 1273 K and under @ NH
MOVPE method for which the growth temperature ranges pressure of 100 Torr performed n a MOVPE reagt(x) 5 .
o . . . X5 um? (b) 1X1 um? zoom ins. Small pits are associated with
fro,m 1000 to 1109 C,' Th',s _eXpe”mem thus prov'des_furtheredge dislocations and large pits with screw dislocatigmisite ar-
evidence of the kinetic origin of the surface roughening ob-q Before annealing the surface morphology is identical to the
served during the MBE growth of thick GaN layers: the sur-gne corresponding to Fig/(@.
faces obtained by high-temperature annealing of such MBE
grown layers are closer to the equilibrium than as grown<0.7 um) and remembering that the growth occurs on a re-
layers the resulting morphology being imposed only by thdaxed AIN buffer layer, it can be put forward that the lattice
initial residual tilt of the substrate and step pinning by screw-mismatch induced strain plays a key role in the morphology
type dislocation€® This can clearly be seen in Fig(t5, pattern formation and evolution. Elastic strain relaxation
which is a high magnification AFM picture of a surface ob- through strain-induced roughenidsaro-Tiller-Grinfeld in-
tained by thermal annealing. In this<iL-um? picture, the stability) is indeed well known to markedly affect the planar-
presence of small pits or depressions is associated witlly of the surface by giving rise to a surface undulation. The
the emergence of threading dislocatidis. Depress- associated wavelength can be given by=[my(1
ions linked to two (or a multiple of twg molecular —wv)]/[2ue?(1+v)?], where u and v are the film shear
step edges are associated with screw-type dislocafegess modulus and Poisson ratig,is the surface energy, andis
the white arrows in Fig. )], while the other are connected the misfit strain between the film and the substfat€.The
to edge-type dislocations located at the crystallographic submaterial constants for GaNy =125 GPa andv=0.21, are
grain boundarie$’ calculated with the stiffness coefficier@s given in Ref. 31.
Coming back now to the first regime of growtti  Considering that the growth of GaN is performed under
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FIG. 6. Growth temperatur@pen symbolsand room tempera-
ture (solid symbol$ residual strain vs GaN thickness Data are FIG. 7. Total threading dislocation density versus GaN thick-
respectively calculated from lattice mismatch variation recordting ness. Data are obtained both by ARgolid symbol and TEM
situ by RHEED and fronmex situphotoluminescence and reflectivity (open symbolsmeasurements.
measurements at 10 (§ee the tejt The dashed line corresponds to
the variation of the strain state calculated by adding a constarffom the very beginning of the growtlthe critical thickness
tensile strain(due to the sample coolingto values at growth for plastic relaxation is about 30 A; see, for example, Ref.
temperaturgsee the text 40). However, to get more insight into the strain relaxation of

the layers studied in the present work, we have determined

N-rich conditions, y could be approximatéd by the dislocation density as a function of the GaN thickness.
185 meV/A. The lattice mismatch between AIN and GaN is The dislocation density in epitaxial layers can be classically
2.5%, and therefore we find~50 nm. This value is largely deduced from plan-view transmission electron microscopy
smaller than the surface periodicity measured in our sample§ EM) observations. It is now also well established that dis-
[see thed values in Fig. 8)]. Note however that such esti- location density can be more simply obtained from near-field
mation of A\ can be meaningful only for coherent growth, microscopy pictures such as the one given in Fig) 5>
which is not the case here as we will see below. Actually, we have used both methods. Figure 7 shows the

In order to further investigate the relationship between thelislocation density measured for different GaN thicknesses
surface behavior observedtat 0.7 um and the actual strain using both AFM(solid symbol$ and TEM (open symbols
in the epitaxial layer, we have evaluated the strain state ofVe find a good agreement between values obtained with the
our samples as a function of GaN thickness both at growtlwo independent techniques. The dislocation density expo-
temperature(1073 K) and at room temperature. Figure 6 nentially decreases with the film thickness, which empha-
shows the in-plane deformation at 1073(&pen symbols  sizes the origin of the strain relaxation. Sahoetal. have
calculated from the in-plane lattice parameter variation reobserved that compressive strain in GaN layers is relaxed by
corded in real time during the growth by RHEEBee, for  the lateral migration of threading dislocations and their reac-
example, Ref. 3B Values at 300 K(solid symbol$ are de- tion to form loops*? On the basis of cross-section TEM ob-
duced from low-temperaturélO K) photoluminescence and servations, we also find that strain relaxation in our samples
reflectivity measuremenf8=3’ About 4/5 of the initial strain is principally due to the interaction between threading dislo-
resulting from the lattice mismatch between AIN and GaNcations. As a conclusion, strain relaxation in our samples is
(2.599 is relaxed within the first 0.2zm of GaN growth. The mainly due to plastic relaxation by dislocation formation
remaining 0.5% compressive residual strain is then relaxeétom the very beginning of the growth and not by elastic
over the next 3um of growth. When the sample is cooling relaxation through Asaro-Tiller-Grinfeld instability.
after the growth, a tensile component is added to the strain. Therefore we should think about another reason for the
Assuming that between 300 and 1073 K the thermal expanmound formation observed in the first stages of growth (
sion coefficients of GaN and Si can be considered constant; 0.7 um). In a previous work® we have shown that the
then the thermal tensile strain it s) XAT=0.23%  surface morphology of Ga001) layers grown by MBE
With aga=5.59< 10 ¢ K~ andag=2.59x 1076 K~ 1,38:3° using NH; is strongly dependent on the growth kinetics.
Actually, adding a constant tensile value of 0.238&shed  Growing under N-rich or slightly Ga-rich conditions changes
line in Fig. 6 to data measured at 1073 K give a reasonableot only the morphological pattern but also the roughness
agreement with our room temperature dégalid symbols. evolution as the growth proceeds. Slightly Ga-rich growth

A question which remains is how the strain is relaxed. Weconditions give rise to spiral growth, as predicted by the BCF
know, from our own experience and a large body of pub-theory for step-flow growth in presence of screw
lished results, that strain relaxation of GaN on a relaxed AlNdislocations’ In this case, the surface width is independent
buffer layer occurs by the formation of threading dislocationsof the film thicknes$® Actually, this surface behavior is very
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similar to the one observed in the present N-rich growthsimilar conditions, RHEED oscillations completely vanish
conditions att<0.7 um as Figs. 2a), 2(b) and 3a) show, only for a growth temperature abowe800 °C, which indi-
although a growth mode where two-dimensiof#D) nucle-  cates that 2D nucleation is active up to this tempera?ﬁjre.
ation is active is suggested by the kinetic roughening which

occurs at large thickness. To understand this apparent contra- IV. CONCLUSION

diction, one has to consider the effect of strain on surface

diffusion. As experimentally shown in the system Ag on
Pt(111) by Bruneet al** and theoretically predictetfor ex-
ample by Schroeder and Wif, compressive strain en-
hances surface diffusion. Also, a theoretical study by Ratsc
and Zangwilf® indicated that step-flow growth is obtained at
lower temperature in the presence of strain.

The above ideas can be assembled to tentatively propos
growth mechanism scenario leading to the breakdown ob:
served in the surface width evolution & 0.7 um. In the
first stage of strained epitaxy of GaN on AIN, a high density
dislocation network is rapidly formed and surface diffusion
is sufficient to allow screw dislocation mediated step-flow

growth via the BCF mechanism. The surface pattern is thu .

formed by growth spirals initiated by dislocations with a growth m_ounds was obgerved and correlated to t.he dlgloca—

screw component. As the thickness increases, the misflion density decreage. Itis suggested that the m.'Sf't strain due
0 the heteroepitaxial growth plays a key role in the cross-

strain relaxes via the interaction between dislocatigioe over from screw dislocation induced spiral growth to kinetic
mation of loop$.*? As a consequence, the dislocation density . . piralg S
roughening. In the first stages of growth, surface diffusion

decreases, which in turn implies that the density Ofcan be enhanced by the compressive strain, leading to spiral

“mounds” (in this case growth spirglalso decreases. Thus Srmation via a BCBIQ mode oFf) rowth. As tl”le rovx%h rg-

the growth spirals coarsen while the surface width remainé . o 9 ) g P
Ceeds, strain relaxation increases and correlatively the sur-

constant. A similar GaN growth morphology behavior isface diffusion decreases. This leads to a transition from step-
observed® when the growth ofrelaxed GaN is carried out ; : . P
flow-dominated growth mode to a mixed growth mode

under near-stoichiometry conditions, where the surface dif- L L . A .
fusion is enhanced compared to usual growth under excess }%hgare 2D nuqlea‘uon Is sufficiently active to give rise to ki-
NH; (also see Ref. 47 In the present case, it is suggestednetlc roughening.

that surface diffusion is enhanced at the beginning of the
growth by the compressive misfit strain. As the strain de-
creases with the film thickness, the diffusion length de- The authors thankfully acknowledge M. Leroux for a
creases. At a residual strain of 0.21+0.03)% (see Fig. 6 critical reading of the paper. We are grateful to D.J. Byrne
the diffusion length and the terrace width become similarfor thin film interference measurements. We also thank O.
leading to a transition from step-flow-dominated growth to aTottereau and P. Vengeaes for TEM characterizations and
mixed growth mode where 2D nucleation is active. This isB. Beaumont and Z. Bougrioua for MOVPE annealing ex-
consistent with the fact that for growth of relaxed GaN in periments.

The surface of GaN grown by MBE using ammonia onto
a relaxed AIN buffer layer on §i11) substrates has been
studied byex situatomic force microscopy. Surface rough-
ﬁning was observed, leading to the formation of growth
mounds. Scaling concepts were used to analyze the surface
morphology evolution. We found two distinct behaviors de-
é:)gnding on the GaN thickness. For thicknesses above 0.7
m, growth gives rise to a kinetic roughening characterized
y the scaling behavior of the surface. Critical exponents are
well defined with «=0.92+0.02 and8=0.30+=0.02. For
thicknesses up to 0.zm, the situation is drastically differ-
ent: @ increases with time and the surface roughness remains
gonstant (i.e., B=0). Furthermore, a coarsening of the
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