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Surfactant effect of gallium during molecular-beam epitaxy of GaN on AlN„0001…
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We study the adsorption of Ga on~0001! 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 GaN on AlN~0001!
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 AlN~0001!.

DOI: 10.1103/PhysRevB.64.195406 PACS number~s!: 81.15.Hi, 68.35.2p, 81.07.Ta, 68.55.Ac
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I. INTRODUCTION

In the recent past, important efforts have been devote
controlling the epitaxial growth mode of strained semico
ductor layers. High performance of strained layer-based
toelectronic devices is closely related to the achievemen
smooth and abrupt interfaces. On the other hand, island
mation of the lower band-gap material can lead to stro
zero-dimensional exciton localization, i.e., to the formati
of quantum dots. The growth of quantum dots is particula
appealing when the surrounding crystal matrix contain
large number of structural defects that act as nonradia
recombination centers. This is the case of III-V nitrides th
exhibit typical threading dislocation densities in the range
108–1011 cm22.

A widely used method to grow defect-free self-assemb
nanometric islands is the Stranski-Krastanov~SK! growth
mode.1 This technique has allowed for the growth of qua
tum dots using, e.g., InAs/GaAs,2,3 Ge/Si,4,5 and GaN/AlN
~Refs. 6–8! heterostructures.

However, it is often desirable to be able to select
growth mode of a strained epitaxial layer, i.e., to choo
whether quantum wells or quantum dots will be grown.
possible method is the use of a surfactant9 in order to prevent
from islanding and promote a two-dimensional~2D! growth
mode up to the onset of plastic relaxation by introduction
misfit dislocations.

In the present paper, we study the Ga adsorption
~0001! GaN surfaces. We show by reflection high-ener
electron diffraction~RHEED! measurements that a contin
ous Ga bilayer is formed on the GaN surface. It is furth
demonstrated that this film has a substantial influence on
initial elastic relaxation of~0001! GaN layers grown on AlN
~2.4% lattice mismatch!. As previously reported, initial strain
0163-1829/2001/64~19!/195406~12!/$20.00 64 1954
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relaxation occurs by elastic relaxation due to the format
of three-dimensional~3D! pyramidal GaN islands by a SK
growth mode at high temperatures6,7 or flat GaN platelets at
low temperature.10 However, as we will show below, both
types of islanding are suppressed by the presence of the
film. Hence, Ga may be regarded as an autosurfactant
GaN growth. As a consequence, this allows to choose
growth mode of GaN on AlN~0001!, i.e., to grow either
quantum wells with smooth interfaces or 3D islands w
quantum dot properties.11

II. EXPERIMENTAL PROCEDURE

The samples have been grown in a MECA20
molecular-beam epitaxy~MBE! chamber equipped with a ra
dio frequency~rf! plasma source from Applied Epi and con
ventional effusion cells for Ga and Al evaporation. The pse
dosubstrates used were 1.5mm thick ~0001! GaN layers
grown by metal-organic chemical vapor depositi
~MOCVD! on sapphire. For the adsorption measureme
the pseudosubstrates were overgrown by about 50 nm
GaN to prevent from a possible surface contamination la
For the GaN relaxation measurements, the pseudosubst
were overgrown by 0.5mm thick fully relaxed AlN layers.

Real-time recording of the RHEED pattern has been u
to monitor Ga adsorption and desorption as well as to m
sure the variation of the in-plane lattice parameter during
first stages of GaN epitaxy on AlN.

For adsorption measurements, the temporal variation
the specular RHEED intensity has been recorded. Prior to
exposition to the Ga flux, we have stabilized the GaN surf
under a N flux to ensure the reproducibility of the startin
surface.
©2001 The American Physical Society06-1
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For lattice parameter measurements, the distance of
~10! and (1̄0) RHEED streaks in thê112̄0& azimuth was
determined by gaussian fits. The substrate temperature
measured by a thermocouple kept in mechanical contac
the backside of the molybdenum sample holder. To study
influence of the growth rate on GaN relaxation, experime
were performed at two different N fluxes: 0.50 sccm N2 flow
at 300 W rf power, leading to maximum growth rates
about 0.3 monolayers~ML ! per second, and 0.20 sccm N2
flow at 200 W rf power, leading to maximum growth rat
around 0.15 ML/s. GaN surface morphologies have been
termined by atomic-force microscopy~AFM!.

III. Ga ADSORPTION AND DESORPTION ON GaN

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

A. Experiments and Results

The wetting of the~0001! GaN surface by Ga was studie
as a function of the substrate temperature and of the Ga
The adsorption experiments consisted in exposing the G
surface to a Ga flux while recording the specular spot int
sity in the RHEED pattern. Conversely, the desorption~con-
sumption! of Ga was studied by measuring the variation
the specular spot intensity after shuttering of the Ga flux
subsequent exposure of the surface to vacuum~N plasma!.

The duration of the intensity of the RHEED specular sp
pseudo-oscillatory transient~see Fig. 1!, observed immedi-
ately after opening the Ga cell shutter, was found to dep
on the Ga cell temperatureTGa. After closing the Ga cell
shutter and opening the N cell shutter, a new transient in
RHEED specular spot intensity is observed, whose shap
roughly symmetric to the adsorption transient, although w
a shorter duration. For all experiments on Ga adsorption,
desorption under vacuum and Ga consumption under N,
transient duration was determined graphically, as shown
the inset of Fig. 1, so that the transient end is unambiguo
defined. In Fig. 2, the inverse of the Ga adsorption pseu
oscillatory transient time has been plotted as a function
the beam equivalent pressure of the Ga cell. A linear dep
dence is found for each substrate temperature. We can
count for this result by calculating the amountd of Ga ad-
sorbed on the GaN surface during the pseudo-oscilla
transient duration, which is given byd5sGaFGatads, where
sGa is the Ga/GaN sticking coefficient,FGa is the Ga flux,
and tads is the pseudo-oscillatory transient duration. Assu
ing a flux-independent Ga/GaN sticking coefficient, the l
ear dependence observed in Fig. 2 demonstrates that the
sGa/d is constant.

In Fig. 3 we show, for a substrate temperature ofTS
5730°C, the variation of the duration of the Ga desorpt
transient under vacuumtdes as a function of the Ga depos
tion time tads. The Ga cell temperature wasTGa51040°C,
and tads was varied from 2 to 90 s. This experiment sho
that tdes increases with the Ga deposition time up to ab
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tads57 s before saturating. This indicates that, in the exp
mental conditions, exposing the GaN surface to Ga flux
more than 7 s has no effect on the amount of Ga deposit
In particular, we have observed that, when exposing the G
surface to the Ga flux alone for more than 1 h, the
desorption-related transient was still observed immedia

FIG. 1. Variation of the RHEED specular spot intensity as
function of time during exposure of the GaN surface to a Ga fl
alone and subsequently to a N flux alone. The vertical lines corre
spond to the opening of the Ga cell shutter~left! and to the simul-
taneous closing of Ga cell shutter and opening of N cell shu
~right!. Note that the Ga consumption transient is the same for
two curves corresponding to two different exposure times to
flux. The graphic method used for determining the transient en
shown in the inset.

FIG. 2. Inverse of the Ga adsorption transient time on~0001!
GaN as a function of the beam equivalent pressure of the Ga ce
TS5690, 740, and 760°C.
6-2
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after the closing of the Ga cell shutter. Then, it is deduc
that ~dynamically! stable Ga films exist on GaN surface
under conditions typically used in GaN MBE, i.e., Ga film
of a definite thickness that does not vary with exposure tim

In another experiment, the deposited Ga was consu
by exposing the covered GaN surface to a N flux, identical to
that we generally use for GaN growth~see Fig. 1!. As men-
tioned above, the variation of the RHEED specular spot
tensity recorded as a function of time first reveals that
recovery of the initial GaN surface occurs in an oscillato
mode, symmetric to the oscillations observed when expos
the GaN surface to Ga. This was verified for substrate te
peratures in theTS5700–750°C range. Similar to the cas
of Ga desorption under vacuum, a transient is observed
mediately after the opening of the N cell shutter. This tra
sient, related to the consumption of the adsorbed Ga un
the N flux, also shows a saturation of its durationtN as a
function of tads. As shown in Fig. 1, the saturation oftN
indicates that above a criticaltadsno further Ga accumulation
is observed.

We also exposed the GaN surface to much higher
fluxes ~up to about four times higher!, and we observed a
tads-dependent delay between the closing of the Ga cell s
ter and the beginning of the transients related to either
desorption or consumption under N that shows no saturat
i.e., no stable Ga films of finite thickness are observed.
interpret these results as a formation of Ga droplets on
surfaces. This was confirmed by optical microscopy o
sample exposed to such high Ga fluxes for 30 min.

FIG. 3. Variation of the RHEED specular spot intensity duri
Ga desorption under vacuum as a function of time, after shutte
of the Ga cell.TS5730°C. The Ga deposition time was varied fro
2 to 90 s. Note the saturation of the desorption time for deposi
times longer than 7 s.
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It has to be noted that identical oscillatory transients d
to the desorption of Ga have been observed after grow
GaN in Ga-rich conditions. As for adsorption, dynamica
stable conditions have been observed where the transien
ration is independent of the previous growth time. Th
shows that excess Ga on a growing GaN surface behave~at
least qualitatively! like Ga adsorbed on a GaN surface wit
out an impinging N flux. After GaN growth in Ga-rich con
ditions is initiated, excess Ga accumulates progressively
the GaN surface and finally forms a bilayer or, for very hi
Ga fluxes, Ga droplets.

B. Determination of the Ga film thickness

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

dr

dt
52vGaN2Fdes, ~1!

wherer is the Ga adatom density,vGaN the GaN growth rate
under N-limited conditions, andFdes the Ga desorption rate
under vacuum. The Ga desorption rate will generally b
function of the Ga adatom density, which may be nonline
for multilayer adsorption. However, a first-order approxim
tion can be obtained by assuming thatfdes>G is constant.
This approximation is at least valid in the limit of vacuu
desorption rates that are small with respect to the G
growth rates, which is the case forTS<730°C. In general,
the approximation should lead to a slight overestimation
the Ga film thickness, provided that the real Ga desorpt
rate is a concave function of the Ga surface coverage. U
this approximation, we can calculate the amountd of Ga
contained in the film as

d5
vGaN

~1/tN21/tdes!
, ~2!

wheretN is the duration of the transient for Ga consumpti
under N andtdes5d/G is the duration of the transient for G
desorption under vacuum.

In Fig. 4 we show the experimental curves obtained
TS5720°C, for ~a! N-limited RHEED oscillations,~b! the
RHEED transient associated to the desorption of the Ga
under vacuum, and~c! the RHEED transient associated
the consumption of the Ga film under N. By applying E
~2!, we obtain a Ga film thickness ofd52.7 ML ~in units of
GaN atomic surface density!. We have repeated this mea
surement for several otherTS in the 700–740°C range
which modifies strongly the relative weight of the terms
Eq. ~2!. We found a good agreement of the measurement
the Ga film thickness obtained for all theTS , within a
60.3 ML fluctuation, supporting that the Ga desorption p
cess is correctly taken into account in our calculations.
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can then conclude that the thickness of the continuous
film deposited is about (2.760.3) ML.

As stated above, the reciprocal duration of the adsorp
transient is a linear function of the impinging Ga flux~see
Fig. 2!. This led us to the conclusion that the ratiosGa/d is
constant. As also stated above, the Ga film thickness is
same within the experimental precision for all temperatu
considered in the paper. Therefore, the decrease of
slopes in Fig. 2 reflects the decrease of the Ga stick
coefficientsGa.

It has to be stressed that the relation between the am
of Ga necessary to saturate the GaN surface and the a
thickness of the Ga film is far from being obvious, since
depends on the surface atomic density of the Ga film w
respect to the GaN surface atomic density. Concerning
surface atomic density of the Ga film, the Ga bilayer mo
of Northrup et al.12 predicts that the first monolayer, bein
matched to GaN, exhibits the same atomic surface den
than GaN. The second monolayer should be instead late
contracted and exhibit a surface atomic density about 3
higher. As a consequence, the bilayer is expected to con
111.352.3 ML of Ga, in terms of GaN atomic surface de
sity. This compares rather favorably to our result taking in
account the fact that our model tends to overestimate
amount of Ga contained in the film.

IV. RELAXATION OF GaN ON AlN

As discussed in the previous section, Ga forms a bila
on the~0001! GaN surface during growth in Ga-rich cond
tions. One might then wonder whether the presence of su

FIG. 4. ~a! N-limited RHEED oscillations,~b! Ga vacuum de-
sorption transient,~c! Ga consumption under N transient. The su
strate temperature is 720°C in all cases. The exposure times t
flux were identical~90 s! for both vacuum desorption and N con
sumption of the Ga film.
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continuous Ga film changes the GaN growth kinetics a
relaxation mechanism or not. In this section, we will exa
ine the inital relaxation of GaN layers grown on~0001! AlN
as a function of the III/V ratio and the substrate temperatu

A. High-temperature regime: Stranski-Krastanov growth

Figure 5 shows the relative temporal variation of the
plane lattice parameterDa/a for different Ga fluxes at a
substrate temperature ofTS5740°C. The N2 flow was 0.50
sccm at 300 W rf power, the growth rates were at maxim
around 0.3 ML/s.

Let us start the analysis with a Ga effusion cell tempe
ture of TGa51040°C. Under this condition, the GaN grow
is nearly stoichiometric. Initially, the in-plane lattice param
eter shows almost no variation, followed by a rapid increa
after 8 s of GaNdeposition. The apparent relaxation after 8
corresponding to the deposition of approximately 2 ML, h
been previously explained in terms of elastic relaxation
GaN islanding.6 Together with the formation of a straine
wetting layer during the first 8 s, this behavior is charact
istic of the Stranski-Krastanov growth mode. The resulti
islands have been characterized by RHEED, AFM@see Fig.
6~a!#, and transmission electron microscopy. They have b
found to be truncated hexagonal pyramids with$101̄3% fac-
ets, typical diameters of 15 nm, typical heights of 3 nm, a
an aspect ratio of about 1/5.7

For lower Ga fluxes, i.e., for increasingly N-rich growt
the phenomenology remains essentially the same.

Ga FIG. 5. Relative variation of the in-plane lattice parametera
during the growth of GaN on AlN. The substrate temperature w
TS5740°C, the N2 flow 0.50 sccm at 300 W rf power, and the G
cell temperature as indicated. The dashed lines indicate the gro
interruption under N flux.
6-4
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SURFACTANT EFFECT OF GALLIUM DURING . . . PHYSICAL REVIEW B64 195406
2D–3D transition becomes smoother as the GaN growth
decreases for lower Ga flux. Note that belowTGa51030°C a
small lattice parameter relaxation is observed during wet
layer deposition, that we assign to a weak surface rough
ing due to N-rich growth13 associated with the emergence
very flat 2D platelets, maybe 1–2 ML high.14

The existence of such 2D platelets on the wetting laye
evidenced in Fig. 7. Here we show the relative variation
the in-plane lattice parameter and the variation of
RHEED specular spot and the (1012̄) Bragg spot during the
growth of another GaN layer on AlN atTS5740°C under
moderately N-rich conditions ~equivalent to TGa
'1020–1030°C). While the Bragg spot intensity rema
constant during the first 10 s@Fig. 7~b!#, i.e., the surface
morphology remains quasi-2D, we observe oscillations
both the RHEED specularly reflected intensity and the lat

FIG. 6. Atomic-force micrographs of~a! GaN islands, grown in
the Stranski-Krastanov mode and~b! GaN islands formed during a
growth interruption under N after Ga-rich GaN growth.TS

5730°C in both cases. The island densities are 2.731011 cm22

and 4.031011 cm22, respectively. Thez-scales are 8 nm for both
images.
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parameter@Fig. 7~a!#.15 These oscillations are a marker o
layer-by-layer growth. However, the in-plane lattice para
eter does not return to its fully strained value after the fi
oscillation, suggesting that a second layer is nucleated be
the first is completed. As a consequence, 1–2 ML high
platelets, that relax elastically at their borders, are found
the surface. After 10 s we see an abrupt rise both in
Bragg spot intensity and in the lattice parameter, which
dicates the 2D–3D transition, i.e., the formation of Ga
pyramids. In parallel, the reflected RHEED intensity d
creases strongly due to islanding.

Let us come back to Fig. 5. If the Ga flux is increas
aboveTGa51040°C, the growth conditions become Ga-ri
and a Ga bilayer is progressively formed by excess Ga
feature that attracts the attention is that at high Ga flu
(TGa51060°C), no relaxation of the in-plane lattice param
eter is observed, i.e., no 2D–3D transition and thus no
mation of GaN pyramids during growth. The small transito
drop observed inDa/a after about 10 s of GaN growth ha
also been observed for Ga adsorption on GaN surfaces
may be thus related to the Ga bilayer formation. Albeit
orgin is not yet clear, it may be due to stress induced by
Ga bilayer or reflect the smaller mean lattice parameter of
Ga overlayer.12

For intermediate Ga fluxes, an initial relaxation is o
served after a 2D–3D transition, followed by a decrease
the lattice parameter, i.e., the GaN layer becomes m

FIG. 7. Variation of the in-plane lattice parameter, the RHEE

specular spot intensity, and the (1012̄) Bragg spot intensity during
the growth of GaN on AlN under moderately N rich conditions. T
Bragg spot intensity has been normalized with respect to the ov
intensity of the RHEED pattern. The substrate temperature waTS

5740°C, the N2 flow 0.50 sccm at 300 W rf power.
6-5
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strained. Thus, we observe a transitory formation of G
pyramids followed by islands coalescence and the forma
of a smooth growth front. This reversibility also unambig
ously demonstrates that the relaxation is elastic.

After depositing 4–5 ML of GaN, the Ga flux has bee
interrupted and the surface kept under N flux alone. For n
stoichiometric and N-rich conditions, no significant variati
of the in-plane lattice-parameter is observed. It has b
shown that a ripening effect occurs under N flux, althou
much weaker under N than under vacuum.7

As discussed above, under Ga-rich growth conditions
GaN pyramids are formed or they coalesce quickly. An
teresting feature is that a 2D–3D transition is again obser
under N flux, as indicated by a rapid increase in the in-pla
lattice parameter. The RHEED pattern shows the sa
$101̄3% facets observed for the pyramids formed duri
growth at lower Ga fluxes. AFM reveals islands with typic
diameters of 15 nm and typical heights of 3 nm@Fig. 6~b!#.
This leads to an aspect ratio of 1/5, identical to that of
pyramids obtained during growth at lower Ga fluxes. As
result, we can conclude that the islands formed under N
are indistinguishable from those formed during growth.

B. Low-temperature regime: Platelet formation

The situation is quite different for lower substrate te
peratures. Figure 8 shows the relative variation of the
plane lattice parameter obtained for a substrate tempera
of TS5660°C at a N2 flow of 0.50 sccm at 300 W rf power
i.e., for maximum growth rates around 0.3 ML/s.

FIG. 8. Relative variation of the in-plane lattice parametea
during the growth of GaN on AlN. The substrate temperature w
TS5660°C, the N2 flow 0.50 sccm at 300 W rf power, and the G
cell temperature as indicated. The dashed lines indicate the gr
interruption under N flux.
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Let us start the analysis again with near-stoichiome
conditions at a Ga effusion cell temperature ofTGa

51030°C. In contrast to the high-temperature results
scribed above, we observe a significant increase of the
plane lattice parameter from the very beginning of t
growth. This behavior is distinctly different from that of th
SK growth mode because of the lack of a 2D wetting lay
The effect has been observed previously and attributed to
formation of GaN platelets that relax elastically at the
borders.10 These platelets have been found to be flat isla
with heights of around 4 ML~1 nm! and diameters of around
15 nm ~see Fig. 9!. The aspect ratio of the platelets is thu
about 1/15, which is to be compared to the value of 1/5
the pyramidal-shaped SK islands obtained at higher temp
tures.

As mentioned above, such an immediate elastic relaxa
of the wetting layer is also observed at higher temperatu
at least under strongly N rich conditions. However, the
laxation is found to be much weaker. Hence, the plate
formed at higher temperature have a lower aspect ratio
the relaxation yield is, in first approximation, proportional
the aspect ratio of the platelet.10,16Also the platelets’ heights
may be lower.

For lower Ga fluxes~N-rich growth!, no qualitative dif-
ference is found. The maximum relaxation due to platelet
lesser, maybe due to smaller islands at a higher den
However, similar to the high-temperature case, no relaxa
of the GaN epilayer is observed for Ga-rich conditio
(TGa>1045°C) and the epilayer remains fully strained. T
drop in the in-plane lattice parameter at the beginning of
growth is observed again, maybe related to the Ga exc
film. Once more, for slightly Ga-rich growth, a transitor
relaxation is found, followed by a decrease of the in-pla
lattice parameter, in full accordance with the results in R
10.

s

th

FIG. 9. Atomic-force micrograph of GaN platelets formed du
ing growth interruption under N after Ga-rich GaN growth on AlN
TS5640°C. Thez-scale is 4 nm.
6-6
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SURFACTANT EFFECT OF GALLIUM DURING . . . PHYSICAL REVIEW B64 195406
During growth interruption under N flux, no effect i
found for near-stoichiometric or N-rich conditions. Similar
high-temperature case, again relaxation occurs for gro
interruptions under N when the growth has previously be
carried out under Ga-rich conditions~see Fig. 8, TGa
>1040°C), i.e., again platelets are formed by consuming
excess Ga available on the surface~see Fig. 9!.

V. DISCUSSION

A. Stranski-Krastanov growth and Ga surfactant effect

At a first glance, the observed suppression of the 2D–
transition under Ga excess conditions seems analogous t
case of InAs grown on GaAs~Ref. 17! or on InP~Ref. 18!,
where the 2D–3D transition is also inhibited by metal-ric
i.e., In-rich, growth conditions. This effect has been e
plained by the fact that the surface free energy and the
formation free energy of In-rich 432 reconstructed InAs
surfaces is higher than that of As-rich 231 reconstructed
surfaces.17,18 A higher surface free energy increases the
ergetic cost of free surface creation and should thus ham
islanding. Similarly, it has been also observed that a h
AsH3 partial pressure in the MOCVD growth of InGaAs o
GaAs postpones the 2D–3D transition, which has also b
assigned to an increase in surface free energy.19

However, in the case of GaN, the observed surface st
tures and reconstructions are essentially different: as we h
shown above, the structure of the pseudo-131 GaN ~0001!
Ga-rich surface—generally encountered under Ga-rich M
conditions—consists of an adsorbed Ga bilayer on top of
Ga terminated GaN surface, in agreement with previ
theoretical12,20 and experimental20 results. In fact, the calcu
lations show that the surface free energy of the Ga-r
pseudo-131 surface is lower than that of the N-rich 232
reconstructed surface.12 Although no calculations have ye
been performed for the$101̄3% facets of the pyramids, we
speculate that the effect of the Ga bilayer will be simil
Hence, from that point of view, Ga pyramid formatio
should even be fostered under Ga-rich conditions.

Another way to suppress island formation is the use
surfactants.9,21 The role of a surfactant is to promote wettin
of the substrate by the epilayer and thus avoid island
Furthermore, the surfactant has a strong tendency to se
gate and float on the growing surface without being incor
rated. Such a surfactant effect has been observed for, e.g
and Sb in the Ge/Si system9,21–23as well as Te in the InAs
GaAs and InGaAs/GaAs systems.24,25 Surfactants have als
been observed in metal epitaxy.26,27For both Ge/Si and InAs
GaAs, the 2D–3D transition in the SK growth mode is su
pressed by the presence of an adsorbed surfactant laye
the growth follows a Frank-van der Merwe growth mod
Finally, the Ge or InAs epilayer will relax plastically b
emission of misfit dislocations.25,28

Concerning microscopic processes of surfactant-medi
growth, Copelet al.21 proposed two possible mechanisms f
surfactant action: the first is a kinetic mechanism by
hanced incorporation of the growth species and, as a co
quence, reduced diffusion. The second is a static mecha
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based on the modification of the surface strain due to
adsorbed surfactant layer. Alternatively, a kinetic model h
been proposed by Kandel and Kaxiras.29 It explains the sup-
pression of 3D islanding by a passivation of step edges
surfactant atoms. As a consequence, incorporation at ste
hindered and 2D island nucleation is enhanced.

The first mechanism has been proposed to be active in
case of As and Sb in the Ge/Si~Refs. 30–32! and Te in the
InAs/GaAs~Refs. 33–37! systems: the lower free energy o
surfactant-terminated surfaces provides a strong driv
force to an exchange of Ge or Si adatoms with surfact
atoms. The Ge or Si atoms are thus rapidly incorporated
subsurface sites and will nucleate as small 2D islan
Hence, the density of freely diffusing Ge or Si atoms a
sorbed on top of the surfactant layer is low, preventing fro
nucleating large 3D islands.

However, in the case of GaN, this impediment to diff
sion should be absent. Here, the candidate for rapid excha
with the floating Ga layer would be a N adatom. In fact, the
exchange should be actually effective since the surface
energy of the Ga-rich pseudo-131 surface is lower than tha
of the 232 N-rich surface, as discussed above. Howeve
has been calculated for the case of an adsorbed In bilaye
GaN that subsurface diffusion of N atoms between the two
layers is extremely effective, more effective than, e.g.,
N-rich surfaces.38,39 An analogous behavior can also be e
pected for an adsorbed Ga layer.39 As a consequence, such
mechanism by diffusion impediment should be discarded

It is difficult to discuss the validity of the model of Kan
del and Kaxiras,29 since kinetic parameters and the step ed
energetics for Ga-rich GaN growth are still scarcely know
In contrast, we will address the influence of the adsorbed
bilayer on the elastic properties of the surface. As discus
in Ref. 12, the first of the two absorbed Ga layers is expec
to be coherent to the GaN layer beneath. This Ga la
should be under large tensile strain, since the equilibri
lattice parameter of Ga is about 15% smaller than that
GaN.12 In the case considered here, the GaN layer and
Ga adsorbate are coherent to the AlN substrate. Then,
GaN layer is compressively strained bye52.4% and the
adsorbed Ga layer is tensilely strained bye'12.5%. As a
consequence, the relaxation of a compressively strained G
layer on AlN should lead to further increasing the tens
strain of the Ga layer. In other words, the energy gain
GaN relaxation may be~partially! balanced by the increas
in elastic energy of the Ga layer.

This point was further examined by growing GaN pyr
mids in a SK mode atTS5740°C and subsequently exposin
them to a Ga flux. The corresponding variation of the
plane lattice parameter is shown in Fig. 10. Initially, o
observes the elastic relaxation of the GaN pyramids form
after about 8 s. However, after the pyramids have been
posed to Ga flux, the lattice parameter decreases by 0
i.e., the GaN layer is partially restrained by the adsorbed
layer, as an evidence of a partial reversibility of the 2D–3
transition.

These features support the idea that the observed inh
tion of the 2D–3D transition in the case of GaN growth
Ga-rich conditions is due to the surface stress applied by
6-7
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Ga adsorbate. Furthermore, partial reversibility of GaN
landing during growth is also observed under modera
Ga-rich conditions (TGa51045–1055°C). As discussed i
the previous section, pyramids are initially formed after
critical wetting layer thickness of about 2 ML. Thereafte
the islands transform again into a strained GaN film. T
transitory is due to the fact that building up the adsorbed
layer takes a finite time for finite Ga excess. If this time
larger than that at which the 2D–3D transition takes pla
islanding occurs first, becoming unfavorable after the Ga
sorbate layer is completed. This leads to a change in
surface morphology and the GaN film becomes alm
pseudomorphic again. Under strongly Ga-rich conditions,
adsorbed Ga layer is almost immediately formed~i.e., faster
than the time required for achieving the critical GaN lay
thickness! and thus islanding never takes place.

We remark that a somehow similar effect of reversib
islanding has been observed by exposing InGaAs island
GaAs to a PH3 flux.40 This effect is explained by P atom
being substituted to As atoms in InGaAs islands. The low
mismatch of the resulting InGaAsP layer with respect to
GaAs substrate removes the thermodynamic driving force
islanding and the surface becomes flat. Of course, no a
substitution will occur for Ga on GaN. However, as in t
above case, it is the elastic energy that is responsible for
observed 3D–2D morphology transformation.

When the Ga flux is interrupted, and the surface is k
under N flux alone, the Ga film present at the surface
consumed and contributes to further GaN growth. This a
implies that its contribution to the elastic energy of the s
tem vanishes. Since the growth has been carried out bey
the critical thickness of 2 ML, the GaN epilayer finds itse
in strong nonequilibrium. Hence, the initially complete
strained layer relaxes again by the formation of pyramids.
a result, we observe a 2D–3D transition under N flux,
shown above. However, since it is difficult to assess p
cisely the Ga excess, it is not yet clear if the pyramids
formed only by consuming the floating Ga or by a reorga
zation of the GaN layer.

FIG. 10. Relative variation of the in-plane lattice parametea
during the growth of GaN pyramids on AlN, subsequently expo
to a Ga flux.TS5740°C.
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When no growth interruption under N is performed, t
RHEED pattern remains streaky under Ga-rich conditio
even for thick GaN layers. The relaxation will be plastic a
dislocations will be emitted gradually at higher GaN lay
thickness~see Fig. 11!.

B. Elastic relaxation by platelets

As in the case of SK pyramids, a critical Ga flux exis
also for platelets~Fig. 8!, above which the platelets are no
stable and either coalescence of platelets soon after their
mation or direct 2D growth alone is observed. ForTGa
51030°C coalescence just begins on the experiment t
scale, but if we increaseTGa up to 1040°C we observe
decrease of the lattice parameter to the value of relaxed A
indicating that the GaN layer is fully strained.

This shows that the surfactant effect of Ga is also eff
tive to suppress the formation of GaN platelets at low
growth temperatures. Hence, the above discussion for q
tum dots can also be applied to these observations. Howe
platelet formation seems to be rather due to surface kine
and limited adatom diffusion at low temperatures than
thermodynamics, as for the SK case. It has been calcul
that Ga and N adatom diffusion is greatly enhanced on
stable surfaces with respect to N-stable surfaces.41 At high
adatom diffusion mobility, second layer nucleation is e
pected to be suppressed and the growth occurs in a laye
layer or step flow growth mode.42 Thus, the finding that the
relaxation by platelets becomes larger with decreasing s
strate temperature and increasing N excess strongly corr
rates the idea of growth kinetics being responsible for pla
let formation.

In the case of heteroepitaxial growth of GaN on AlN
actually both effects—diffusion enhancement and surf
strain modification—may collaborate to suppress platelet
mation. Conversely, concerning the SK growth mode
higher temperature, enhanced diffusion should however p
mote pyramid formation. As a matter of fact, it has be
shown that reduced diffusion at low growth temperature c

d

FIG. 11. Relative variation of the in-plane lattice parametea
during the growth of GaN on AlN under Ga-rich conditions.TS

5720°C, TGa51060°C.
6-8
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SURFACTANT EFFECT OF GALLIUM DURING . . . PHYSICAL REVIEW B64 195406
be used to suppress the SK transition in the InAs/Ga
system.43 We also recall that one of the proposed mec
nisms for the surfactant effect of As on the growth of Ge
Si is the reduction of the effective Ge adatom diffusi
length.30–32

C. Influence of platelets on Stranski-Krastanov growth

In Fig. 12 we show a set of lattice parameter variati
curves obtained atTS5660°C for a N2 flow of 0.20 sccm at
200 W rf power~maximum growth rates around 0.15 ML/s!.
As a whole, the behavior is similar to that observed at hig
growth rates: platelet formation is found for N-rich cond
tions and pseudomorphic growth for Ga-rich condition
However, in this case, under moderately Ga-rich conditio
i.e., forTGa,990°C, we observed a clear slope change in
lattice parameter variation after about 10 s of grow
('1.5 ML) for TGa5970–985°C. This variation can be ex
plained by a morphology transition from flat platelets
larger islands with a higher aspect ratio after 1.5 ML of Ga
The same effect is found for higher growth rates (N2 flow
0.50 sccm at 300 W rf power, maximum growth rates arou
0.3 ML/s! at a substrate temperature ofTS5680°C~see Fig.
13, TGa51040–1050°C).

Such a behavior reminds of the high-temperature S
growth, where islands are formed after a finite critical thic
ness. As a matter of fact, theDa/a data always show an
increase of the in-plane lattice parameter at the beginnin
the growth. At high growth temperatures, this increase
much weaker than at low temperatures. This seems com
hensible, when we suppose that the driving force of plat
formation is low adatom diffusion, which is thermally act
vated. At high temperature, this should lead, together wit
reduced nucleation rate, to rarer islands with larger diame
i.e., as a whole, with a smaller aspect ratio.

Hence, it seems that the elastic relaxation by isla
grown in a SK mode competes with the elastic relaxation

FIG. 12. Relative variation of the in-plane lattice parametea
during the growth of GaN on AlN. The substrate temperature w
TS5660°C, the N2 flow 0.20 sccm at 200 W rf power, and the G
cell temperature as indicated. The dashed lines indicate the gr
interruption under N flux.
19540
s
-

r

.
s,
e

.

d

-
-

of
s
re-
et

a
r,

s
y

kinetically induced platelets. When the adatom mobility
high due to the presence of a Ga excess41 and the platelet
nucleation rate is small due to low growth rates, the rel
ation by platelets is weak and the morphology transition c
still be efficient to decrease the elastic energy. When
elastic relaxation by platelets surpasses a critical value,
island morphology transition is no more energetically fav
able and will not occur. Under Ga-rich conditions, th
buildup of the Ga film will eventually lead to the smoothin
of the islands.

This behavior is similar to the case of SixGe12x on Si
~Ref. 44! and InxGa12xAs on GaAs~Ref. 45!, where the
lattice mismatch is tuned by varying the alloy compositio
In both cases, a finite minimum lattice mismatch is necess
to obtain SK growth. An estimation of the minimum lattic
mismatch can be deduced from Figs. 12 and 13. In Fig.
the slope change due to the quasi-2D–3D transition is cle
visible for TGa5985–975°C. However, it becomes weak
for lower Ga flux and almost disappears atTGa5970°C. In
parallel, the relaxation by platelets increases and the resi
strain at which the transition occurs decreases. The lat
mismatch still present at the weakest observable sl
change forTGa5970°C can then be tentatively considered
the minimum lattice mismatch. Its value is found to b
arounde51.5%. Analysis of Fig. 13 gives the same res
within experimental precision.

We observe an influence of the elastic relaxation by
platelets on the 2D–3D transition also at high temperatu
In fact, detailed analysis of Fig. 5 shows that the elas
relaxation due to the roughness of the wetting layer at
2D–3D transition increases when the Ga flux is decreased
other words, increasingly N-rich growth conditions lead
rougher wetting layers. To quantitatively assess the crit
thickness as a function of growth conditions, GaN grow
rates have been previously calibrated to the Ga flux
RHEED intensity oscillations on the same sample. Figure
shows that the critical thickness decreases with the amo
of residual strain to be relaxed by 3D pyramid formatio

s

th

FIG. 13. Relative variation of the in-plane lattice parametea
during the growth of GaN on AlN. The substrate temperature w
TS5680°C, the N2 flow 0.50 sccm at 300 W rf power, and the G
cell temperature as indicated. The dashed lines indicate the gro
interruption under N flux.
6-9
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MULA, ADELMANN, MOEHL, OULLIER, AND DAUDIN PHYSICAL REVIEW B 64 195406
i.e., with smoother wetting layers. This residual strain is
difference between the GaN/AlN lattice mismatch~2.4%!
and the amount of strain relaxed through platelet formati
Thus, the ‘‘driving force’’ of the 2D–3D transition, i.e., th
elastic energy stored in the strained wetting layer, is redu
by the relaxation at the platelets’ borders with respect t
fully strained wetting layer and the 2D–3D transition occu
after a larger critical thickness.

A similar effect has been found in the SixGe12x /Si,44

InxGa12xAs/GaAs,46 and InxAl12xAs/AlAs ~Ref. 47! sys-
tems, where the critical thickness increases with decrea
lattice mismatch. Direct comparison with the present res
is, however, difficult, since the strain distribution in the Ga
wetting layer should be very inhomogeneous, in contras
smooth InxGa12xAs or SixGe12x wetting layers.

VI. GROWTH-MODE PHASE DIAGRAM

The above results can be summarized in a phase diag
that depicts the different modes of elastic relaxation dur
the first stages of GaN growth on AlN~0001! as a function of
the growth parameters. Figure 15~a! shows the summary dia
gram obtained with a N2 flow of 0.50 sccm at 300 W rf
power, i.e., at maximum growth rates around 0.3 ML/s. T
lines are intended as guides to the eye indicating the bou
aries between the different growth modes. The symbols
resent the measured Ga cell temperaturesTGa, at which the
transition between two growth modes occurs, and were
tracted from the series ofDa/a curves obtained at differen
substrate temperaturesTS .

First, we see that for all substrate temperatures, a Ga
exists above which the growth is always 2D. The critical fl
increases weakly with temperature, probably due to
hanced Ga reevaporation. Below, we observe a region w
transitorily formed islands subsequently coalesce and
growth becomes 2D again and remains so.

For lower Ga fluxes, two regimes exist: at higher tempe

FIG. 14. Critical thickness of GaN islanding as a function
residual strain at the 2D–3D transition forTS5740°C. Elastic re-
laxation by platelets on the wetting layer increases the critical th
ness, i.e., postpones the 2D–3D transition. The data are ded
from Fig. 5.
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tures, SK growth is observed, whereas at lower temperat
platelets are formed. At intermediate temperaturesTS
5680°C) SK growth is only possible as a transitory und
slightly Ga-rich conditions. Otherwise, the surface diffusi
is sufficiently low to produce well-developed platelets th
relax elastically and reduce the mismatch sufficiently to s
press the 2D–3D transition.

The stability region for SK growth increases with increa
ing substrate temperature. The thermally activated ada
diffusion mobility and the reduced platelet nucleation ra
lead to a vanishing roughening of the wetting layer by pla
lets and consequently to a vanishing elastic relaxation be
the 2D–3D transition takes place.

Figure 15~b! shows the phase diagram obtained at low
growth rates with a N2 flow of 0.20 sccm at 200 W rf power
The main difference to the above case is that the SK gro
mode is allowed for lowerTS5660°C, suggesting that th
higher mobility due to the lower growth rate suppress
platelet formation and leads to flatter and more strained
ilayers.

VII. CONCLUSION

We have shown that for specific Ga fluxes and subst
temperatures, a dynamically stable Ga layer is adsorbed

-
ed

FIG. 15. Growth-mode phase diagram of GaN on AlN at a2
flow of ~a! 0.50 sccm at 300 W rf power, i.e., at maximum grow
rates of 0.3 ML/s and~b! at a N2 flow of 0.20 sccm at 200 W rf
power, i.e., at maximum growth rates of 0.15 ML/s.
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SURFACTANT EFFECT OF GALLIUM DURING . . . PHYSICAL REVIEW B64 195406
~0001! GaN surfaces. The amount of adsorbed Ga is ab
2.7 ML in terms of the GaN surface site density, which is
agreement with the Ga bilayer model in Ref. 12 and sim
to the results obtained for Ga adsorption on SiC in Ref.

The influence of such a Ga film on the relaxation of G
layers grown by plasma-assisted molecular-beam epitax
AlN ~0001! has been studied byin situ RHEED measure-
ments of the in-plane lattice parameter variation. Un
N-rich conditions, where no Ga accumulates on the surfa
an initial elastic relaxation is observed. At high temperatur
this occurs following a Stranski-Krastanov growth mod6

whereas at lower temperatures flatter platelets are forme10

Both types of islanding are suppressed under Ga-rich c
ditions, where a Ga bilayer is expected to form due to ac
mulation of excess Ga. As a consequence, the growth foll
a layer-by-layer Frank-van der Merwe mode. This effect
assigned to a surfactant effect of Ga.

As a matter of fact, it has been previously shown that
perfectly wets GaN12,20 and that it lowers the surface fre
energy,12,20 i.e., that it has the tendency to float on the gro
ing surface, two preconditions for surfactant behavior.
propose a microscopic mechanism of the Ga surfactant
fect: the first layer of the Ga bilayer coherent to the G
layer and under strong tensile strain modifies the elastic
ergy of the epilayer. The elastic relaxation towards lar
lattice parameters that is associated with GaN island for
tion further strains the Ga film and leads to an increase in
elastic energy. Thus, islanding may become energetically
favorable. Additionally, the adsorbed Ga film increases b
Ga and N adatom diffusion41 and hinders the kinetic forma
tion of platelets, i.e., multilayer growth, at low temperatur

For slightly Ga-rich conditions, transitory islanding
found, followed by rapid island coalescence. This is due
the finite time required to build up the continuous Ga film
the surface.

We address qualitatively the interaction between SK a
platelet growth. In fact, as previously reported, the format
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of platelets leads to the elastic relaxation of a significant p
of the lattice mismatch at the platelet borders.10 Albeit, it has
to be noted that the driving-force for platelet growth see
not to be the lattice mismatch, but growth kinetics. The lo
diffusion mobility of the Ga and N adatoms appears to i
tiate platelet formation by multilayer growth. Nevertheles
this kinetic roughening results in a partial relaxation of t
lattice mismatch and thus lowers the elastic energy store
the initially quasi-2D GaN layer. It is then clear that th
appearance of platelets reduces the driving-force for the
2D–3D transition, which may be delayed or even su
pressed.

From that point of view, the elastic relaxation by islan
grown in a SK mode has to compete with the elastic rel
ation by kinetically induced platelets. When the relaxation
platelets is sufficiently important, i.e., the residual strain af
the critical SK thickness of about 2 ML is lower than abo
e51.5%, SK growth is impeded. Even when platelets a
flat and the elastic relaxation is weak, they still increase
critical thickness of the SK 2D–3D transition. At intermed
ate temperatures and under slightly Ga rich conditions
2D–3D transition takes place even when significant rel
ation by platelets occurs.

Systematic measurements of the lattice parameter va
tion as a function of temperature and Ga flux allow us
outline growth mode diagrams of GaN on AlN~0001! for
different growth rates. As a consequence, we are able
choosing appropriate substrate temperatures and Ga/N ra
to select whether the growth will be 2D or 3D, i.e., wheth
we will grow ~0001! GaN/AlN quantum well or quantum do
heterostructures.
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