PHYSICAL REVIEW B, VOLUME 64, 195406

Surfactant effect of gallium during molecular-beam epitaxy of GaN on AIN (0001
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We study the adsorption of Ga ¢A001) GaN surfaces by reflection high-energy electron diffraction. It is
shown that a dynamically stable Ga bilayer can be formed on the GaN surface for appropriate Ga fluxes and
substrate temperatures. The influence of the presence of this Ga film on the growth mode of GaKDOOAIN
by plasma-assisted molecular-beam epitaxy is studied. It is demonstrated that under nearly stoichiometric and
N-rich conditions, the GaN layer relaxes elastically during the first stages of epitaxy. At high temperatures the
growth follows a Stranski-Krastanov mode, whereas at lower temperatures kinetically formed flat platelets are
observed. Under Ga-rich conditions—where a Ga bilayer is rapidly formed due to excess Ga accumulating on
the surface—the growth follows a Frank-van der Merwe layer-by-layer mode at any growth temperature and no
initial elastic relaxation occurs. Hence, it is concluded that excess Ga acts as a surfactant, effectively suppress-
ing both Stranski-Krastanov islanding and platelet formation. It is further demonstrated that the Stranski-
Krastanov transition is in competition with elastic relaxation by platelets, and it is only observed when
relaxation by platelets is inefficient. As a result, a growth mode phase diagram is outlined for the growth of
GaN on AIN(0002).
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I. INTRODUCTION relaxation occurs by elastic relaxation due to the formation
of three-dimensiona{3D) pyramidal GaN islands by a SK
In the recent past, important efforts have been devoted tgrowth mode at high temperatufésor flat GaN platelets at
controlling the epitaxial growth mode of strained semicon-low temperaturé? However, as we will show below, both
ductor layers. High performance of strained layer-based optypes of islanding are suppressed by the presence of the Ga
toelectronic devices is closely related to the achievement dilm. Hence, Ga may be regarded as an autosurfactant for
smooth and abrupt interfaces. On the other hand, island foicaN growth. As a consequence, this allows to choose the
mation of the lower band-gap material can lead to stronggrowth mode of GaN on AIKD00J), i.e., to grow either

zero-dimensional exciton localization, i.e., to the formationquantum wells with smooth interfaces or 3D islands with
of quantum dots. The growth of quantum dots is particularlyguantum dot propertie.

appealing when the surrounding crystal matrix contains a
large number of structural defects that act as nonradiative
recombination centers. This is the case of Ill-V nitrides that
exhibit typical threading dislocation densities in the range of
108-10" cm™ 2. The samples have been grown in a MECA2000
A widely used method to grow defect-free self-assemblednolecular-beam epitaxfMBE) chamber equipped with a ra-
nanometric islands is the Stranski-Krastan@K) growth  dio frequency(rf) plasma source from Applied Epi and con-
mode?! This technique has allowed for the growth of quan-ventional effusion cells for Ga and Al evaporation. The pseu-
tum dots using, e.g., INAs/Ga&s, Ge/Sit® and GaN/AIN  dosubstrates used were 16m thick (0001 GaN layers
(Refs. 6—8 heterostructures. grown by metal-organic chemical vapor deposition
However, it is often desirable to be able to select the(MOCVD) on sapphire. For the adsorption measurements,
growth mode of a strained epitaxial layer, i.e., to choosehe pseudosubstrates were overgrown by about 50 nm of
whether quantum wells or quantum dots will be grown. AGaN to prevent from a possible surface contamination layer.
possible method is the use of a surfactamiorder to prevent  For the GaN relaxation measurements, the pseudosubstrates
from islanding and promote a two-dimensiofaD) growth ~ were overgrown by 0.5um thick fully relaxed AIN layers.
mode up to the onset of plastic relaxation by introduction of Real-time recording of the RHEED pattern has been used
misfit dislocations. to monitor Ga adsorption and desorption as well as to mea-
In the present paper, we study the Ga adsorption omsure the variation of the in-plane lattice parameter during the
(0001 GaN surfaces. We show by reflection high-energyfirst stages of GaN epitaxy on AIN.
electron diffraction(RHEED) measurements that a continu-  For adsorption measurements, the temporal variation of
ous Ga bilayer is formed on the GaN surface. It is furtherthe specular RHEED intensity has been recorded. Prior to the
demonstrated that this film has a substantial influence on thexposition to the Ga flux, we have stabilized the GaN surface
initial elastic relaxation 0f0001) GaN layers grown on AIN unde a N flux to ensure the reproducibility of the starting
(2.4% lattice mismatchAs previously reported, initial strain surface.

Il. EXPERIMENTAL PROCEDURE

0163-1829/2001/649)/19540612)/$20.00 64 195406-1 ©2001 The American Physical Society



MULA, ADELMANN, MOEHL, OULLIER, AND DAUDIN PHYSICAL REVIEW B 64 195406

For lattice parameter measurements, the distance of th

(10) and (10) RHEED streaks in th¢1120) azimuth was T _7400(2"’_’6."?" ~980°C
determined by gaussian fits. The substrate temperature we___ s” T e
measured by a thermocouple kept in mechanical contact t<2
the backside of the molybdenum sample holder. To study theS
influence of the growth rate on GaN relaxation, experiments.g
were performed at two different N fluxes: 0.50 sccmflow

at 300 W rf power, leading to maximum growth rates of
about 0.3 monolayeréML) per second, and 0.20 sccm, N
flow at 200 W rf power, leading to maximum growth rates
around 0.15 ML/s. GaN surface morphologies have been de
termined by atomic-force microscogpFM).

~— 23" Ga —

30 35 40
time (s)

lIl. Ga ADSORPTION AND DESORPTION ON GaN 28" Ga

In this section, we will discuss the adsorption of Ga on Wl
(0001 GaN surfaces. The main point of this section is the gf
formation of a stable, about 2 ML thick, Ga film on the GaN
surface.

HEED specular intensity (a

A. Experiments and Results time (s)

The wetting of thg0001) GaN surface by Ga was studied L , )
as a function of the substrate temperature and of the Ga fluy. /G- 1. Variation of the RHEED specular spot intensity as a
The adsorption experiments consisted in exposing the Gaﬁmctlon of time during exposure of the GaN surface to a Ga flux

. : . alone and subsequently & N flux alone. The vertical lines corre-
surface to a Ga flux while recording the specular spot inten- . .
o spond to the opening of the Ga cell shuttierft) and to the simul-
sity |n_the RHEED pattern_. Conversely, t_he desorp@m' taneous closing of Ga cell shutter and opening of N cell shutter
sumption of Ga was stu_dled by measuring the variation of right). Note that the Ga consumption transient is the same for the
the specular spot intensity after shuttering of the Ga flux an 0 curves corresponding to two different exposure times to Ga
subsequent exposure of the surface to vacirplasma. flux. The graphic method used for determining the transient end is

The duration of the intensity of the RHEED specular spotsnown in the inset.
pseudo-oscillatory transierisee Fig. 1, observed immedi-
ately after opening the Ga cell shutter, was found to depend ] o ] ]
on the Ga cell temperaturBs,. After closing the Ga cell tag=7 S bef.olre saturating. This indicates that, in the experi-
shutter and opening the N cell shutter, a new transient in thEental conditions, exposing the GaN surface to Ga flux for
RHEED specular spot intensity is observed, whose shape [§0re tha 7 s has no effect on the amount of Ga deposited.
roughly symmetric to the adsorption transient, although with!n Particular, we have observed that, when exposing the GaN
a shorter duration. For all experiments on Ga adsorption, Gaurface to the Ga flux alone for more than 1 h, the Ga
desorption under vacuum and Ga consumption under N, thdesorption-related transient was still observed immediately
transient duration was determined graphically, as shown in
the inset of Fig. 1, so that the transient end is unambiguously ®
defined. In Fig. 2, the inverse of the Ga adsorption pseudo- !
oscillatory transient time has been plotted as a function of
the beam equivalent pressure of the Ga cell. A linear depen-
dence is found for each substrate temperature. We can ac-
count for this result by calculating the amouhbf Ga ad-
sorbed on the GaN surface during the pseudo-oscillatory
transient duration, which is given = sg P cdags, Where
Sga IS the Ga/GaN sticking coefficienth g, is the Ga flux,
andt.y is the pseudo-oscillatory transient duration. Assum-
ing a flux-independent Ga/GaN sticking coefficient, the lin-
ear dependence observed in Fig. 2 demonstrates that the ratio
Sga/d is constant. W _ _ _

In Fig. 3 we show, for a substrate temperature Taf 0_'5 1_'0 1_'5 2_'0
=730°C, the variation of the duration of the Ga desorption
transient under vacuuiy.s as a function of the Ga deposi-
tion time t,4s. The Ga cell temperature wag;,=1040°C, FIG. 2. Inverse of the Ga adsorption transient time(6002)

andt,ys was varied from 2 to 90 s. This experiment showsGaN as a function of the beam equivalent pressure of the Ga cell for
that tyes increases with the Ga deposition time up to aboutTs=690, 740, and 760°C.

0.20 Adsorption
1 Ga/GaN

0.10 A

1 e M T =760°C
] R ® T.=740°C
005 & .NN B T=690°C

Inverse Ga adsorption time (s )

Ga beam equivalent pressure (10 N Torr)
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Ga desorption at T _=730°C It has to be noted that identical oscillatory transients due
o s to the desorption of Ga have been observed after growing
Ga deposition GaN in Ga-rich conditions. As for adsorption, dynamically
P time stable conditions have been observed where the transient du-

I\‘/\/ 90" ration is independent of the previous growth time. This
P shows that excess Ga on a growing GaN surface beHaves
45" least qualitatively like Ga adsorbed on a GaN surface with-

out an impinging N flux. After GaN growth in Ga-rich con-

ditions is initiated, excess Ga accumulates progressively on
. the GaN surface and finally forms a bilayer or, for very high
\\ 10 Ga fluxes, Ga droplets.
::. 7II

B. Determination of the Ga film thickness

We will now determine quantitatively the amount of Ga
contained in the continuous film deposited onto the GaN
surface during the time span of the Ga adsorption-related
transients. For this purpose, we will use the duration of both
the transients related to, respectively, desorption under
vacuum and consumption under N. The Ga consumption un-
der N is then given by a first-order rate equation

RHEED Specular intensity (arb. units)

T T T
0 10 20 30 40 dp
time (s) dt - UcanT D ges, 1)

FIG. 3. Variation of the RHEED specular spot intensity during
Ga desorption under vacuum as a function of time, after shutterin
of the Ga cell.Tg=730°C. The Ga deposition time was varied from
2 to 90 s. Note the saturation of the desorption time for depositio
times longer than 7 s.

wherep is the Ga adatom densityg,y the GaN growth rate
finder N-limited conditions, an® 4.sthe Ga desorption rate
|meder vacuum. The Ga desorption rate will generally be a
unction of the Ga adatom density, which may be nonlinear
for multilayer adsorption. However, a first-order approxima-

after the closing of the Ga cell shutter. Then, it is deducedion can be obtained by assuming thgat.=I"is constant.
that (dynamically stable Ga films exist on GaN surfaces This approximation is at least valld_m the limit of vacuum
under conditions typically used in GaN MBE, i.e., Ga films desorption rates that are small with respect to the GaN
of a definite thickness that does not vary with exposure timegrowth rates, which is the case fog=<730°C. In general,

In another experiment, the deposited Ga was consuméde approximation should Igad to a slight overest|mat|on_of
by exposing the covered GaN surfaceatN flux, identical to the Qa film thickness, 'prowded that the real Ga desorptlpn
that we generally use for GaN growtsee Fig. 1 As men- rate is a concave function of the Ga surface coverage. Using
tioned above, the variation of the RHEED specular spot infhis approximation, we can calculate the amodnof Ga
tensity recorded as a function of time first reveals that theontained in the film as
recovery of the initial GaN surface occurs in an oscillatory
mode, symmetric to the oscillations observed when exposing d= UGaN
the GaN surface to Ga. This was verified for substrate tem- (U= 1htged
peratures in thd s=700-750°C range. Similar to the case
of Ga desorption under vacuum, a transient is observed imwherety is the duration of the transient for Ga consumption
mediately after the opening of the N cell shutter. This tran-under N and 4. d/I" is the duration of the transient for Ga
sient, related to the consumption of the adsorbed Ga undetesorption under vacuum.
the N flux, also shows a saturation of its duratigpnas a In Fig. 4 we show the experimental curves obtained at
function of t,4. As shown in Fig. 1, the saturation ¢f  Ts=720°C, for(a) N-limited RHEED oscillations(b) the
indicates that above a criticgJysno further Ga accumulation RHEED transient associated to the desorption of the Ga film
is observed. under vacuum, andc) the RHEED transient associated to

We also exposed the GaN surface to much higher Géhe consumption of the Ga film under N. By applying Eq.
fluxes (up to about four times highgrand we observed a (2), we obtain a Ga film thickness df=2.7 ML (in units of
t,asdependent delay between the closing of the Ga cell shutaN atomic surface densjtyWe have repeated this mea-
ter and the beginning of the transients related to either Gaurement for several othefg in the 700-740°C range,
desorption or consumption under N that shows no saturationwhich modifies strongly the relative weight of the terms of
i.e., no stable Ga films of finite thickness are observed. Wég. (2). We found a good agreement of the measurements of
interpret these results as a formation of Ga droplets on ththe Ga film thickness obtained for all thEs, within a
surfaces. This was confirmed by optical microscopy of a=0.3 ML fluctuation, supporting that the Ga desorption pro-
sample exposed to such high Ga fluxes for 30 min. cess is correctly taken into account in our calculations. We

@
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FIG. 4. (a) N-limited RHEED oscillations(b) Ga vacuum de- time (s)
sorption transient(c) Ga consumption under N transient. The sub-
strate temperature is 720°C in all cases. The exposure times to Ga FIG. 5. Relative variation of the in-plane lattice parameder
flux were identical(90 9 for both vacuum desorption and N con- during the growth of GaN on AIN. The substrate temperature was
sumption of the Ga film. Tg=740°C, the N flow 0.50 sccm at 300 W rf power, and the Ga
cell temperature as indicated. The dashed lines indicate the growth

can then conclude that the thickness of the continuous G&terruption under N flux.
film deposited is about (2:70.3) ML.

As stated above, the reciprocal duration of the adsorptiorcontinuous Ga film changes the GaN growth kinetics and
transient is a linear function of the impinging Ga fl(isee relaxation mechanism or not. In this section, we will exam-
Fig. 2. This led us to the conclusion that the rasig,/d is  ine the inital relaxation of GaN layers grown ¢8001) AIN
constant. As also stated above, the Ga film thickness is thas a function of the 11I/V ratio and the substrate temperature.
same within the experimental precision for all temperatures
considered in the paper. Therefore, the decrease of the
slopes in Fig. 2 reflects the decrease of the Ga sticking
coefficientsg,. Figure 5 shows the relative temporal variation of the in-

It has to be stressed that the relation between the amouplane lattice parametesa/a for different Ga fluxes at a
of Ga necessary to saturate the GaN surface and the actualbstrate temperature ®&=740°C. The N flow was 0.50
thickness of the Ga film is far from being obvious, since itsccm at 300 W rf power, the growth rates were at maximum
depends on the surface atomic density of the Ga film witharound 0.3 ML/s.
respect to the GaN surface atomic density. Concerning the Let us start the analysis with a Ga effusion cell tempera-
surface atomic density of the Ga film, the Ga bilayer modekure of Tg,=1040°C. Under this condition, the GaN growth
of Northrup et al*? predicts that the first monolayer, being is nearly stoichiometric. Initially, the in-plane lattice param-
matched to GaN, exhibits the same atomic surface densit¥ter shows almost no variation, followed by a rapid increase
than GaN. The second monolayer should be instead laterallyiter 8 s of GaNdeposition. The apparent relaxation after 8 s,
contracted and exhibit a surface atomic density about 30%orresponding to the deposition of approximately 2 ML, has
higher. As a consequence, the bilayer is expected to contaileen previously explained in terms of elastic relaxation by
1+1.3=2.3 ML of Ga, in terms of GaN atomic surface den- GaN islandind. Together with the formation of a strained
sity. This compares rather favorably to our result taking intowetting layer during the first 8 s, this behavior is character-
account the fact that our model tends to overestimate thistic of the Stranski-Krastanov growth mode. The resulting
amount of Ga contained in the film. islands have been characterized by RHEED, ARde Fig.

6(a)], and transmission electron microscopy. They have been

found to be truncated hexagonal pyramids Witl®13} fac-

ets, typical diameters of 15 nm, typical heights of 3 nm, and
As discussed in the previous section, Ga forms a bilayean aspect ratio of about 1/5.

on the(000) GaN surface during growth in Ga-rich condi- For lower Ga fluxes, i.e., for increasingly N-rich growth,

tions. One might then wonder whether the presence of suchthe phenomenology remains essentially the same. The

RHEED specular intensity (arb. units)
Nala (%)

A. High-temperature regime: Stranski-Krastanov growth

IV. RELAXATION OF GaN ON AIN
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FIG. 7. Variation of the in-plane lattice parameter, the RHEED
specular spot intensity, and the (I)1Bragg spot intensity during
the growth of GaN on AIN under moderately N rich conditions. The
Bragg spot intensity has been normalized with respect to the overall
intensity of the RHEED pattern. The substrate temperatureTwas
=740°C, the N flow 0.50 sccm at 300 W rf power.

parametefFig. 7(a)].® These oscillations are a marker of
layer-by-layer growth. However, the in-plane lattice param-
eter does not return to its fully strained value after the first
oscillation, suggesting that a second layer is nucleated before
FIG. 6. Atomic-force micrographs @& GaN islands, grown in  the first is completed. As a consequence, 1-2 ML high 2D
the Stranski-Krastanov mode afig) GaN islands formed during a platelets, that relax elastically at their borders, are found on
growth interruption under N after Ga-rich GaN growtfis  the surface. After 10 s we see an abrupt rise both in the
=730°C in both cases. The island densities arex2@* cm > Bragg spot intensity and in the lattice parameter, which in-
and 4.0<10" cm?, respectively. The-scales are 8 nm for both  dicates the 2D—3D transition, i.e., the formation of GaN
Images. pyramids. In parallel, the reflected RHEED intensity de-
. creases strongly due to islanding.
2D-3D transition becomes smoother as the GaN growth rate | ot s come back to Fig. 5. If the Ga flux is increased
decreases for lower Ga flux. Note that belfw,=1030°C a  gpoveT,=1040°C, the growth conditions become Ga-rich
small lattice parameter relaxation is observed during wettinging a Ga bilayer is progressively formed by excess Ga. A
layer deposition, that we assign to a weak surface roughefgatyre that attracts the attention is that at high Ga fluxes
ing due to N-rich growtt? associated with the emergence of (T —1060°C), no relaxation of the in-plane lattice param-
very flat 2D platelets, maybe 1-2 ML high. . _eter is observed, i.e., no 2D-3D transition and thus no for-
The existence of such 2D platelets on the wetting layer isnation of GaN pyramids during growth. The small transitory
evidenced in Fig. 7. Here we show the relative variation Ofdrop observed im\a/a after about 10 s of GaN growth has
the in-plane lattice parameter and the variation of theysg peen observed for Ga adsorption on GaN surfaces and
RHEED specular spot and the (1D)1Bragg spot during the may be thus related to the Ga bilayer formation. Albeit its
growth of another GaN layer on AIN ats=740°C under orgin is not yet clear, it may be due to stress induced by the
moderately N-rich conditions (equivalent to Tg,  Ga bilayer or reflect the smaller mean lattice parameter of the
~1020-1030°C). While the Bragg spot intensity remainsGa overlayet?
constant during the first 10 [g=ig. 7(b)], i.e., the surface For intermediate Ga fluxes, an initial relaxation is ob-
morphology remains quasi-2D, we observe oscillations irserved after a 2D—3D transition, followed by a decrease of
both the RHEED specularly reflected intensity and the latticeéhe lattice parameter, i.e., the GaN layer becomes more

nM
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FIG. 9. Atomic-force micrograph of GaN platelets formed dur-
b b b b b ing growth interruption under N after Ga-rich GaN growth on AIN.
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FIG. 8. Relative variation of the in-plane lattice parameder Let us start the analysis again with near-stoichiometric

during the growth of GaN on AIN. The substrate temperature Wasonditions at a Ga effusion cell temperature B,

Ts=660°C, the N flow 0.50 sccm at 300 W rf power, and the G2 _ 300 |y contrast to the high-temperature results de-

cell temperature as indicated. The dashed lines indicate the growth . P . .
) - scribed above, we observe a significant increase of the in-
interruption under N flux.

plane lattice parameter from the very beginning of the
rowth. This behavior is distinctly different from that of the

strained. Thus, we observe a transitory formation of Ga K growth mode because of the lack of a 2D wetting layer.

pyramids followed by islands coalescence and the formatio . .
of a smooth growth front. This reversibility also unambigu-nrhe effect has been observed previously and attributed to the

ously demonstrates that the relaxation is elastic. formation of GaN platelets that relax elastically at their
Alter depositing 4—5 ML of GaN, the Ga flux has been borders® These platelets have been found to be flat islands

interrupted and the surface kept under N flux alone. For nealith heights of around 4 MI(1 nm) and diameters of around
stoichiometric and N-rich conditions, no significant variation 15 nm(see Fig. 9. The aspect ratio of the platelets is thus
of the in-plane lattice-parameter is observed. It has beeabout 1/15, which is to be compared to the value of 1/5 for
shown that a ripening effect occurs under N flux, althoughthe pyramidal-shaped SK islands obtained at higher tempera-
much weaker under N than under vaculim. tures.

As discussed above, under Ga-rich growth conditions no As mentioned above, such an immediate elastic relaxation
GaN pyramids are formed or they coalesce quickly. An in-of the wetting layer is also observed at higher temperatures,
teresting feature is that a 2D—3D transition is again observedt least under strongly N rich conditions. However, the re-
under N flux, as indicated by a rapid increase in the in-plangaxation is found to be much weaker. Hence, the platelets
lattice parameter. The RHEED pattern shows the saméormed at higher temperature have a lower aspect ratio, as
{1013} facets observed for the pyramids formed duringthe relaxation yield is, in first approximation, proportional to
growth at lower Ga fluxes. AFM reveals islands with typical the aspect ratio of the platef€¥!°Also the platelets’ heights
diameters of 15 nm and typical heights of 3 fiRig. 60b)].  may be lower.

This leads to an aspect ratio of 1/5, identical to that of the For lower Ga fluxegN-rich growth, no qualitative dif-
pyramids obtained during growth at lower Ga fluxes. As aference is found. The maximum relaxation due to platelets is
result, we can conclude that the islands formed under N fluxesser, maybe due to smaller islands at a higher density.
are indistinguishable from those formed during growth.  However, similar to the high-temperature case, no relaxation
of the GaN epilayer is observed for Ga-rich conditions
(Tg=1045°C) and the epilayer remains fully strained. The
drop in the in-plane lattice parameter at the beginning of the

The situation is quite different for lower substrate tem-growth is observed again, maybe related to the Ga excess
peratures. Figure 8 shows the relative variation of the infilm. Once more, for slightly Ga-rich growth, a transitory
plane lattice parameter obtained for a substrate temperaturelaxation is found, followed by a decrease of the in-plane
of Ts=660°C at a N flow of 0.50 sccm at 300 W rf power, lattice parameter, in full accordance with the results in Ref.
i.e., for maximum growth rates around 0.3 ML/s. 10.

B. Low-temperature regime: Platelet formation
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During growth interruption under N flux, no effect is based on the modification of the surface strain due to the
found for near-stoichiometric or N-rich conditions. Similar to adsorbed surfactant layer. Alternatively, a kinetic model has
high-temperature case, again relaxation occurs for growtheen proposed by Kandel and Kaxifddt explains the sup-
interruptions under N when the growth has previously beerpression of 3D islanding by a passivation of step edges by
carried out under Ga-rich conditionésee Fig. 8,Tga  surfactant atoms. As a consequence, incorporation at steps is
=1040°C), i.e., again platelets are formed by consuming th@indered and 2D island nucleation is enhanced.
excess Ga available on the surfdsee Fig. 9. The first mechanism has been proposed to be active in the

case of As and Sb in the Ge/@efs. 30—32and Te in the
InAs/GaAs(Refs. 33—3Y systems: the lower free energy of
V. DISCUSSION surfactant-terminated surfaces provides a strong driving
force to an exchange of Ge or Si adatoms with surfactant
) _ atoms. The Ge or Si atoms are thus rapidly incorporated in

At a first glance, the observed suppression of the 2D—-3Qyypsurface sites and will nucleate as small 2D islands.
transition under Ga excess conditions seems analogous to thgnce, the density of freely diffusing Ge or Si atoms ad-
case of InAs grown on GaA&Ref. 17 or on InP(Ref. 18,  sorped on top of the surfactant layer is low, preventing from
Where the 2D-3D transition iS aISO |nh|b|ted by metal'rich,nuc|eating |arge 3D is|ands‘

i.e., In-rich, growth conditions. This effect has been ex- However, in the case of GaN, this impediment to diffu-
plained by the fact that the surface free energy and the stefion should be absent. Here, the candidate for rapid exchange
formation free energy of In-rich 42 reconstructed InAs jth the floating Ga layer wouldéba N adatom. In fact, the
surfaces is higher than that of As-richx2 reconstructed exchange should be actually effective since the surface free
surfaces.*® A higher surface free energy increases the enenergy of the Ga-rich pseudoxl surface is lower than that
ergetic cost of free surface creation and should thus hampejt the 2x 2 N-rich surface, as discussed above. However, it
islanding. Similarly, it has been also observed that a highhas peen calculated for the case of an adsorbed In bilayer on
AsHjz partial pressure in the MOCVD growth of InGaAs on GaN that subsurface diffusion of N atoms between the two In
GaAs postpones the 2D-3D transition, which has also beefyers is extremely effective, more effective than, e.g., on
assigned to an increase in surface free engtgy. N-rich surfaces®3° An analogous behavior can also be ex-

However, in the case of GaN, the observed surface StrUCpected for an adsorbed Ga |a§%AS a consequence, such a
tures and reconstructions are essentially different: as we havgechanism by diffusion impediment should be discarded.
shown above, the structure of the pseudoil GaN (0001 It is difficult to discuss the validity of the model of Kan-
Ga-rich surface—generally encountered under Ga-rich MBEje| and Kaxirag? since kinetic parameters and the step edge
conditions—consists of an adsorbed Ga bilayer on top of thenergetics for Ga-rich GaN growth are still scarcely known.
Ga terminated GaN surface, in agreement with previousn contrast, we will address the influence of the adsorbed Ga
theoretical>*® and experimentl results. In fact, the calcu- pjlayer on the elastic properties of the surface. As discussed
lations show that the surface free energy of the Ga-richn Ref. 12, the first of the two absorbed Ga layers is expected
pseudo-X1 surface is lower than that of the N-richx2  to be coherent to the GaN layer beneath. This Ga layer
reconstructed surfacé.Although no calculations have yet should be under large tensile strain, since the equilibrium
been performed for th¢1013} facets of the pyramids, we lattice parameter of Ga is about 15% smaller than that of
speculate that the effect of the Ga bilayer will be similar.GaN? In the case considered here, the GaN layer and the
Hence, from that point of view, Ga pyramid formation Ga adsorbate are coherent to the AIN substrate. Then, the
should even be fostered under Ga-rich conditions. GaN layer is compressively strained ley=2.4% and the

Another way to suppress island formation is the use ofadsorbed Ga layer is tensilely strained &y 12.5%. As a
surfactants:*! The role of a surfactant is to promote wetting consequence, the relaxation of a compressively strained GaN
of the substrate by the epilayer and thus avoid islandinglayer on AIN should lead to further increasing the tensile
Furthermore, the surfactant has a strong tendency to segrstrain of the Ga layer. In other words, the energy gain by
gate and float on the growing surface without being incorpo-GaN relaxation may bépartially) balanced by the increase
rated. Such a surfactant effect has been observed for, e.g., Ats elastic energy of the Ga layer.
and Sb in the Ge/Si systéft~23as well as Te in the InAs/ This point was further examined by growing GaN pyra-
GaAs and InGaAs/GaAs systeff<® Surfactants have also mids in a SK mode af s=740°C and subsequently exposing
been observed in metal epita38?’ For both Ge/Si and InAs/ them to a Ga flux. The corresponding variation of the in-
GaAs, the 2D-3D transition in the SK growth mode is sup-plane lattice parameter is shown in Fig. 10. Initially, one
pressed by the presence of an adsorbed surfactant layer aodserves the elastic relaxation of the GaN pyramids formed
the growth follows a Frank-van der Merwe growth mode.after about 8 s. However, after the pyramids have been ex-
Finally, the Ge or InAs epilayer will relax plastically by posed to Ga flux, the lattice parameter decreases by 0.7%,
emission of misfit dislocatior®s:? i.e., the GaN layer is partially restrained by the adsorbed Ga

Concerning microscopic processes of surfactant-mediateldyer, as an evidence of a partial reversibility of the 2D—-3D
growth, Copekt al?! proposed two possible mechanisms for transition.
surfactant action: the first is a kinetic mechanism by en- These features support the idea that the observed inhibi-
hanced incorporation of the growth species and, as a consgen of the 2D—-3D transition in the case of GaN growth in
quence, reduced diffusion. The second is a static mechanis@a-rich conditions is due to the surface stress applied by the

A. Stranski-Krastanov growth and Ga surfactant effect
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FIG. 10. Relative variation of the in-plane lattice parameter FIG. 11. Relative variation of the in-plane lattice parameter
during the growth of GaN pyramids on AIN, subsequently exposeod“rmg<> the growth fif GaN on AIN under Ga-rich conditioris
to a Ga flux.Ts=740°C. =720°C, Tga=1060°C.

Ga adsorbate. Furthermore, partial reversibility of GaN is- When no growth interruption under N is performed, the
landing during growth is also observed under moderatehl RHEED pattern remains streaky under Ga-rich conditions
Ga-rich conditions Tg,=1045-1055°C). As discussed in even for thick GaN layers. The relaxation will be plastic and
the previous section, pyramids are initially formed after adislocations will be emitted gradually at higher GaN layer
critical wetting layer thickness of about 2 ML. Thereafter, thickness(see Fig. 11

the islands transform again into a strained GaN film. This
transitory is due to the fact that building up the adsorbed Ga
layer takes a finite time for finite Ga excess. If this time is
larger than that at which the 2D—-3D transition takes place, As in the case of SK pyramids, a critical Ga flux exists
islanding occurs first, becoming unfavorable after the Ga adalso for plateletgFig. 8), above which the platelets are not
sorbate layer is completed. This leads to a change in thsetable and either coalescence of platelets soon after their for-
surface morphology and the GaN film becomes almostnation or direct 2D growth alone is observed. Fbg,
pseudomorphic again. Under strongly Ga-rich conditions, the=1030°C coalescence just begins on the experiment time
adsorbed Ga layer is almost immediately fornfee., faster  scale, but if we increas&g, up to 1040°C we observe a
than the time required for achieving the critical GaN layerdecrease of the lattice parameter to the value of relaxed AIN,
thicknes$ and thus islanding never takes place. indicating that the GaN layer is fully strained.

We remark that a somehow similar effect of reversible This shows that the surfactant effect of Ga is also effec-
islanding has been observed by exposing InGaAs islands dive to suppress the formation of GaN platelets at lower
GaAs to a PH flux.*® This effect is explained by P atoms growth temperatures. Hence, the above discussion for quan-
being substituted to As atoms in InGaAs islands. The lowetum dots can also be applied to these observations. However,
mismatch of the resulting InGaAsP layer with respect to theplatelet formation seems to be rather due to surface kinetics
GaAs substrate removes the thermodynamic driving force ofind limited adatom diffusion at low temperatures than to
islanding and the surface becomes flat. Of course, no atotthermodynamics, as for the SK case. It has been calculated
substitution will occur for Ga on GaN. However, as in thethat Ga and N adatom diffusion is greatly enhanced on Ga-
above case, it is the elastic energy that is responsible for thetable surfaces with respect to N-stable surf4tes. high
observed 3D-2D morphology transformation. adatom diffusion mobility, second layer nucleation is ex-

When the Ga flux is interrupted, and the surface is keppected to be suppressed and the growth occurs in a layer-by-
under N flux alone, the Ga film present at the surface idayer or step flow growth mod®.Thus, the finding that the
consumed and contributes to further GaN growth. This als@elaxation by platelets becomes larger with decreasing sub-
implies that its contribution to the elastic energy of the sys-strate temperature and increasing N excess strongly corrobo-
tem vanishes. Since the growth has been carried out beyonidtes the idea of growth kinetics being responsible for plate-
the critical thickness of 2 ML, the GaN epilayer finds itself let formation.
in strong nonequilibrium. Hence, the initially completely In the case of heteroepitaxial growth of GaN on AlIN,
strained layer relaxes again by the formation of pyramids. Asictually both effects—diffusion enhancement and surface
a result, we observe a 2D-3D transition under N flux, asstrain modification—may collaborate to suppress platelet for-
shown above. However, since it is difficult to assess premation. Conversely, concerning the SK growth mode at
cisely the Ga excess, it is not yet clear if the pyramids arénigher temperature, enhanced diffusion should however pro-
formed only by consuming the floating Ga or by a reorgani-mote pyramid formation. As a matter of fact, it has been
zation of the GaN layer. shown that reduced diffusion at low growth temperature can

B. Elastic relaxation by platelets
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FIG. 13. Relative variation of the in-plane lattice parameter
FIG. 12. Relative variation of the in-plane lattice parameter during the growth of GaN on AIN. The substrate temperature was
during the growth of GaN on AIN. The substrate temperature wasl s=680°C, the N flow 0.50 sccm at 300 W rf power, and the Ga
Ts=660°C, the N flow 0.20 sccm at 200 W rf power, and the Ga ¢ell temperature as indicated. The dashed lines indicate the growth
cell temperature as indicated. The dashed lines indicate the growiRterruption under N flux.

i i N flux. S . S
interruption under N flux kinetically induced platelets. When the adatom mobility is

be used to suppress the SK transition in the InAs/GaAdligh due to the presence of a Ga extesmd the platelet

systen'® We also recall that one of the proposed mechanucleation rate is small due to low growth rates, the relax-

nisms for the surfactant effect of As on the growth of Ge ondtion by platelets is weak and the morphology transition can

Si is the reduction of the effective Ge adatom diffusionStll be efficient to decrease the elastic energy. When the
length®-32 elastic relaxation by platelets surpasses a critical value, the

island morphology transition is no more energetically favor-
able and will not occur. Under Ga-rich conditions, the
buildup of the Ga film will eventually lead to the smoothing
In Fig. 12 we show a set of lattice parameter variationof the islands.
curves obtained afs=660°C for a N flow of 0.20 sccm at This behavior is similar to the case of,Sie;_, on Si
200 W rf power(maximum growth rates around 0.15 ML/s  (Ref. 44 and InGa,_,As on GaAs(Ref. 45, where the
As a whole, the behavior is similar to that observed at highefattice mismatch is tuned by varying the alloy composition.
growth rates: platelet formation is found for N-rich condi- In both cases, a finite minimum lattice mismatch is necessary
tions and pseudomorphic growth for Ga-rich conditions.to obtain SK growth. An estimation of the minimum lattice
However, in this case, under moderately Ga-rich conditionsmismatch can be deduced from Figs. 12 and 13. In Fig. 12
i.e., forTg,<990°C, we observed a clear slope change in thehe slope change due to the quasi-2D—3D transition is clearly
lattice parameter variation after about 10 s of growthvisible for Tg,=985-975°C. However, it becomes weaker
(=1.5 ML) for Tg,=970-985°C. This variation can be ex- for lower Ga flux and almost disappearsTaj,=970°C. In
plained by a morphology transition from flat platelets to parallel, the relaxation by platelets increases and the residual
larger islands with a higher aspect ratio after 1.5 ML of GaN.strain at which the transition occurs decreases. The lattice
The same effect is found for higher growth rates, (ffow mismatch still present at the weakest observable slope
0.50 sccm at 300 W rf power, maximum growth rates arouncthange foiT g,=970°C can then be tentatively considered as
0.3 ML/s) at a substrate temperaturef=680°C(see Fig. the minimum lattice mismatch. Its value is found to be
13, Tg,=1040-1050°C). arounde=1.5%. Analysis of Fig. 13 gives the same result
Such a behavior reminds of the high-temperature SKwithin experimental precision.
growth, where islands are formed after a finite critical thick- We observe an influence of the elastic relaxation by flat
ness. As a matter of fact, thka/a data always show an platelets on the 2D—-3D transition also at high temperatures.
increase of the in-plane lattice parameter at the beginning dh fact, detailed analysis of Fig. 5 shows that the elastic
the growth. At high growth temperatures, this increase igelaxation due to the roughness of the wetting layer at the
much weaker than at low temperatures. This seems compr@D—3D transition increases when the Ga flux is decreased. In
hensible, when we suppose that the driving force of platelebther words, increasingly N-rich growth conditions lead to
formation is low adatom diffusion, which is thermally acti- rougher wetting layers. To quantitatively assess the critical
vated. At high temperature, this should lead, together with ahickness as a function of growth conditions, GaN growth
reduced nucleation rate, to rarer islands with larger diameterates have been previously calibrated to the Ga flux by
i.e., as a whole, with a smaller aspect ratio. RHEED intensity oscillations on the same sample. Figure 14
Hence, it seems that the elastic relaxation by islandshows that the critical thickness decreases with the amount
grown in a SK mode competes with the elastic relaxation byf residual strain to be relaxed by 3D pyramid formation,

C. Influence of platelets on Stranski-Krastanov growth
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FIG. 14. Critical thickness of GaN islanding as a function of 2D Growth

residual strain at the 2D-3D transition fog=740°C. Elastic re-
laxation by platelets on the wetting layer increases the critical thick-
ness, i.e., postpones the 2D—3D transition. The data are deduce
from Fig. 5.

i.e., with smoother wetting layers. This residual strain is the
difference between the GaN/AIN lattice mismatth4%
and the amount of strain relaxed through platelet formation.
Thus, the “driving force” of the 2D-3D transition, i.e., the

Ga cell Temperature (°C)

N, flow: 0.20 sccm

elastic energy stored in the strained wetting layer, is reducec 660 680 700 720 740

by the relaxation at the platelets’ borders with respect to a Substrate Temperature (°C)

fully strained wetting layer and the 2D—3D transition occurs

after a larger critical thickness. FIG. 15. Growth-mode phase diagram of GaN on AIN ata N

A similar effect has been found in the XSiel_X/Si,44 flow of (a) 0.50 sccm at 300 W rf power, i.e., at maximum growth
In,Ga, _,As/GaAs*® and InAl;_,As/AlAs (Ref. 47 sys- rates of 0.3 ML/s andb) at a N, flow of 0.20 sccm at 200 W rf
tems, where the critical thickness increases with decreasingpwer, i.e., at maximum growth rates of 0.15 ML/s.
lattice mismatch. Direct comparison with the present results
is, however, difficult, since the strain distribution in the GaNtures, SK growth is observed, whereas at lower temperatures
wetting layer should be very inhomogeneous, in contrast tplatelets are formed. At intermediate temperaturds (

smooth InGa _,As or SiGe,_, wetting layers. =680°C) SK growth is only possible as a transitory under
slightly Ga-rich conditions. Otherwise, the surface diffusion
VI. GROWTH-MODE PHASE DIAGRAM is sufficiently low to produce well-developed platelets that

relax elastically and reduce the mismatch sufficiently to sup-
The above results can be summarized in a phase diagrapress the 2D—-3D transition.
that depicts the different modes of elastic relaxation during The stability region for SK growth increases with increas-
the first stages of GaN growth on Alf9002) as a function of ing substrate temperature. The thermally activated adatom
the growth parameters. Figure(dbshows the summary dia- diffusion mobility and the reduced platelet nucleation rate
gram obtained with a Nflow of 0.50 sccm at 300 W rf lead to a vanishing roughening of the wetting layer by plate-
power, i.e., at maximum growth rates around 0.3 ML/s. Theets and consequently to a vanishing elastic relaxation before
lines are intended as guides to the eye indicating the boundhe 2D-3D transition takes place.
aries between the different growth modes. The symbols rep- Figure 1%b) shows the phase diagram obtained at lower
resent the measured Ga cell temperatligg at which the  growth rates with a plflow of 0.20 sccm at 200 W rf power.
transition between two growth modes occurs, and were exfhe main difference to the above case is that the SK growth
tracted from the series dfa/a curves obtained at different mode is allowed for lowei s=660°C, suggesting that the
substrate temperaturds. higher mobility due to the lower growth rate suppresses
First, we see that for all substrate temperatures, a Ga fluglatelet formation and leads to flatter and more strained ep-
exists above which the growth is always 2D. The critical fluxilayers.
increases weakly with temperature, probably due to en-

hanc:_ad _Ga reevaporation. Below, we observe a region where VIl. CONCLUSION
transitorily formed islands subsequently coalesce and the
growth becomes 2D again and remains so. We have shown that for specific Ga fluxes and substrate

For lower Ga fluxes, two regimes exist: at higher temperatemperatures, a dynamically stable Ga layer is adsorbed on
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(0001 GaN surfaces. The amount of adsorbed Ga is aboutf platelets leads to the elastic relaxation of a significant part
2.7 ML in terms of the GaN surface site density, which is inof the lattice mismatch at the platelet bord&talbeit, it has
agreement with the Ga bilayer model in Ref. 12 and similarto be noted that the driving-force for platelet growth seems
to the results obtained for Ga adsorption on SiC in Ref. 48not to be the lattice mismatch, but growth kinetics. The low

The influence of such a Ga film on the relaxation of GaNdiffusion mobility of the Ga and N adatoms appears to ini-
layers grown by plasma-assisted molecular-beam epitaxy otiate platelet formation by multilayer growth. Nevertheless,
AIN (0001 has been studied by situ RHEED measure- this kinetic roughening results in a partial relaxation of the
ments of the in-plane lattice parameter variation. Undelattice mismatch and thus lowers the elastic energy stored in
N-rich conditions, where no Ga accumulates on the surfacehe initially quasi-2D GaN layer. It is then clear that the
an initial elastic relaxation is observed. At high temperaturesappearance of platelets reduces the driving-force for the SK
this occurs following a Stranski-Krastanov growth m8de, 2D—3D transition, which may be delayed or even sup-
whereas at lower temperatures flatter platelets are fotthed. pressed.

Both types of islanding are suppressed under Ga-rich con- From that point of view, the elastic relaxation by islands
ditions, where a Ga bilayer is expected to form due to accugrown in a SK mode has to compete with the elastic relax-
mulation of excess Ga. As a consequence, the growth followation by kinetically induced platelets. When the relaxation by
a layer-by-layer Frank-van der Merwe mode. This effect isplatelets is sufficiently important, i.e., the residual strain after
assigned to a surfactant effect of Ga. the critical SK thickness of about 2 ML is lower than about

As a matter of fact, it has been previously shown that Gae=1.5%, SK growth is impeded. Even when platelets are
perfectly wets Gal??° and that it lowers the surface free flat and the elastic relaxation is weak, they still increase the
energy**?°i.e., that it has the tendency to float on the grow-critical thickness of the SK 2D—3D transition. At intermedi-
ing surface, two preconditions for surfactant behavior. Weate temperatures and under slightly Ga rich conditions, a
propose a microscopic mechanism of the Ga surfactant eRD—3D transition takes place even when significant relax-
fect: the first layer of the Ga bilayer coherent to the GaNation by platelets occurs.
layer and under strong tensile strain modifies the elastic en- Systematic measurements of the lattice parameter varia-
ergy of the epilayer. The elastic relaxation towards largetion as a function of temperature and Ga flux allow us to
lattice parameters that is associated with GaN island formasutline growth mode diagrams of GaN on AD00Y for
tion further strains the Ga film and leads to an increase in itglifferent growth rates. As a consequence, we are able, by
elastic energy. Thus, islanding may become energetically urchoosing appropriate substrate temperatures and Ga/N ratios,
favorable. Additionally, the adsorbed Ga film increases botho select whether the growth will be 2D or 3D, i.e., whether
Ga and N adatom diffusidh and hinders the kinetic forma- we will grow (0001) GaN/AIN quantum well or quantum dot
tion of platelets, i.e., multilayer growth, at low temperatures.heterostructures.

For slightly Ga-rich conditions, transitory islanding is
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