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Strain relaxation in „0001… AlN ÕGaN heterostructures
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The strain-relaxation phenomena during the early stages of plasma-assisted molecular-beam epitaxy growth
of lattice-mismatched wurtzite~0001! AlN/GaN heterostructures have been studied by real-time recording of
the in situ reflection high-energy electron diffraction~RHEED!, ex situ transmission electron microscopy
~TEM!, and atomic-force microscopy. A pseudo-two-dimensional layer-by-layer growth is observed at sub-
strate temperatures of 640–660 °C, as evidenced by RHEED and TEM. However, the variation of the in-plane
lattice parameter during growth and after growth has been found to be complex. Three steps have been seen
during the deposition of lattice-mismatched AlN and GaN layers: they were interpreted as the succession of the
formation of flat platelets, 3–6 monolayers high~0.8–1.5 nm! and 10–20 nm in diameter, their partial coales-
cence, and gradual dislocation introduction. Platelet formation leads to elastic relaxation as high as 1.8%, i.e.,
a considerable part of the AlN/GaN lattice mismatch of 2.4%, and can be reversible. Platelets are always
observed during the initial stages of growth and are almost insensitive to the metal/N ratio. In contrast, platelet
coalescence and dislocation introduction are very dependent on the metal/N ratio: no coalescence occurs and
the dislocation introduction rate is higher under N-rich conditions. In all cases, the misfit dislocation density,
as measured by the irreversible relaxation, is initially of the order of 731011 cm22 and decreases exponentially
with the layer thickness. These results are interpreted in the framework of a model that emphasizes the
important role of the flat platelets for dislocation nucleation.

DOI: 10.1103/PhysRevB.63.245307 PACS number~s!: 68.55.2a, 61.72.Lk, 81.40.Lm
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I. INTRODUCTION

The epitaxial growth of complex semiconductor hete
structures, such as quantum wells, quantum dots, or supe
tices, has become of paramount importance in the contex
producing high-performance electronic and optoelectro
devices. Especially III-V nitride compounds are a mater
system that has been the subject of intense work in the re
past due to the possibility to achieve blue or ultraviolet lig
emitting and laser diodes,1,2 blue resonant-cavity light-
emitting diodes3 and surface-emitting lasers,4,5 and solar-
blind ultraviolet photodetectors,6–8 as well as high-power
high-frequency field-effect transistors.9–11

However, in GaN/AlN heterostructures the lattice m
match is of the order of 2.4% and large strain builds up.12,13

This raises the question of strain relaxation even for t
epitaxial GaN or AlN layers. Moreover, it has been esta
lished that the optical properties of III-V nitride heterostru
tures, e.g., GaN/AlxGa12xN quantum wells14–16or GaN/AlN
quantum dots,17,18 are significantly modified by strain
induced piezoelectric polarization. Thus, the investigation
strain and strain relaxation is important not only for und
standing the structural but also the optical properties of II
nitride heterostructures.

Whereas nucleation and strain evolution have been in
sively studied for the growth of GaN and AlN on sapph
substrates,19–29 this is less the case for nitrid
heterostructures.30–35Up to now, most of the published con
tributions are on measurement of the strain and strain re
ation with only few elaborations upon the actual mechan
involved for relaxation.22,23It has been shown that growth b
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plasma-assisted molecular-beam epitaxy~PAMBE! of GaN
on AlN follows a Stranski-Krastanow mode at high tempe
tures, i.e., the strain is elastically relaxed on the free surf
of islands, while it is layer-by-layer growth at lowe
temperatures.36

The purpose of this article is to study the relaxation p
cesses active in wurtzite~0001! AlN/GaN multilayers grown
by PAMBE at low temperature, for which the growth is lay
by layer. It will be shown that the usual concept of a ‘‘crit
cal thickness’’ for introducing dislocations as originated
Matthews and Blakeslee37 and People and Bean38 is not op-
erative. It will be further demonstrated that the initial rela
ation occurs via a three-step mechanism consisting of
following: ~1! the dynamic formation of planar platelets, n
necessarily observableex situ; ~2! their partial coalescence
and, finally;~3! the formation of dislocations, most likely a
the edges of the platelets. This will explain the various v
ues of the ‘‘critical thickness’’ reported in the literature.

II. EXPERIMENTAL DETAILS

The samples were grown by PAMBE in a MECA 200
chamber, at growth rates of about 300 nm/h, i.e.,
monolayers/s. Standard Knudsen cells were used for gall
and aluminum evaporation and active nitrogen was gener
by a radio frequency~rf! plasma cell from EPI Company
The pseudosubstrates were~0001! ~Ga-polarity! GaN layers
grown by metal-organic vapor phase epitaxy~MOVPE! on
sapphire, about 1.5mm thick. These pseudosubstrates we
overgrownin situ by GaN buffer layers, at least 50 nm thic
to prevent the possible influence of a substrate surface o
©2001 The American Physical Society07-1
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or contamination layer. For some samples described belo
relaxed AlN layer was subsequently deposited, typically 3
nm thick, and used as a pseudosubstrate to study the gr
of GaN on AlN. The degree of relaxation of the AlN pse
dosubstrate is never complete and care should generall
taken to deduce the initial lattice parameter experienced
the first deposited layer.

Two types of structures were studied:~a! A single layer of
GaN and AlN, on relaxed AlN and GaN substrates, resp
tively. Typically these layers were, after complete growth,
least 20 nm thick.~b! AlN/GaN superlattices with thick-
nesses varying from nominally 3.2 nm/3.2 nm to 5.0 nm/
nm, both on AlN and GaN substrates.

All layers were grown in the substrate temperature ra
most suitable for maintaining two-dimensional~2D! Frank–
van der Merwe growth for both GaN and AlN, i.e.,TS
5640– 660 °C. For higher substrate temperatures,TS
>680 °C, Stranski-Krastanow growth takes over for GaN
AlN, whereas the growth of AlN on GaN remains 2D.36

An important parameter of GaN and AlN growth b
PAMBE is the metal/nitrogen flux ratio F III /FN
~III 5Al, Ga). As it is difficult to estimate the active nitroge
flux FN , we usually work at fixed plasma-cell condition
@0.5 standard cubic centimeters per minute~sccm! N2, 300
W rf power for all experiments described below# and adjust
appropriately the Ga fluxFGa or the Al flux FAl to obtain
metal- or N-rich growth.

When the growth of GaN is carried out on a N-rich su
face, it has been calculated that the diffusion barrier for
atoms is as high as 1.8 eV, whereas it is only 0.4 eV wh
the growth is carried out on a Ga-saturated surface.39 In the
N-rich case, the large diffusion barrier leads to an undes
kinetically induced roughening of the GaN surface duri
growth.40,41 The phenomenology is essentially identical f
AlN. Therefore, as concerns PAMBE, GaN and AlN are ge
erally deposited under slightly metal-rich conditions. At t
growth temperatures used in the present study, this lead
metal accumulation at the surface. Therefore, growth in
ruptions under nitrogen flux are usually performed to co
sume the excess metal. In particular, this is done after e
layer of the superlattices considered in this article. The ef
of growth interruptions under active nitrogen flux and
growth stoichiometry on the corrugation and relaxation
the surface will be discussed below.

The growth process and mode is monitored by a digitiz
reflection high-energy electron diffraction~RHEED! pattern.
The relative variation of the in-plane lattice parameter of
top layersDa/a is measured as a function of the depositi
time on the RHEED pattern by evaluating the distance of
~10! and (1̄0) RHEED streaks in the@112̄0# azimuth. For
this purpose, the position of the streaks is determined
Gaussian fits. The accuracy of the relative lattice param
variation is typically better than60.05%.

Transmission electron microscopy at 400 keV in the hig
resolution mode~HRTEM! was performed on cross section
the interfaces as well as the thickness of the deposited la
could be studied at a 0.25-nm scale.Ex situ atomic-force
microscopy~AFM!, operated in the tapping mode, gave t
surface corrugation of the layers after interruption of de
24530
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sition, rapid sample cooling, and transfer into air.
A typical image of a HRTEM cross section of a 7.0 nm

9.3 nm GaN/AlN superlattice, grown under both Ga- a
Al-rich conditions, is displayed in Fig. 1~a!. It shows that 2D
growth seems well under control and that interfaces are r
tively sharp. Quantitative measurements of the interfac
quality have shown that the AlN on GaN interface is larg
by one monolayer~ML ! than the corresponding GaN on AlN
interface.42 It will be shown below that the dynamic situatio
is far more complicated than these directex situobservations
would suggest.

III. GROWTH OF AlN ON GaN SUBSTRATE

A. Single layer

The evolution of the in-plane lattice parameter of a sin
AlN layer grown at TS5660 °C is shown in Fig. 2 as a
function of deposition time. The growth conditions ha
been varied from AlN-rich@Fig. 2~a!# to N-rich @Fig. 2~c!#.
Generally, three variation regimes can be distinguished:~A!
a sudden drop during the first 2 or 3 ML~0.5–0.75 nm!
deposited,~B! for some conditions, a plateau or an increa
during the next 5 nm, and~C! a slow and constant decreas
towards the AlN value.

Typically, the amplitude of the drop in stage~A! is 0.7–
0.9 %; in some cases a larger value up to 1.8% is fou
However, as a whole, stage~A! seems to be rather indepen
dent of the Al/N ratio.

FIG. 1. Transmission electron micrograph of a 7.0 nm/9.3
GaN/AlN superlattice.~a! general view,~b! atomic imaging show-
ing perfect coherency at the interface except for one disloca

well visible on filtered image~c!. Zone axiŝ 21̄1̄0&.
7-2
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Stage~B! is extremely dependent on the exact Al/N st
ichiometry: for Al-rich growth@FAl /FN51.1, Fig. 2~a!#, af-
ter the drop, an increase ina almost up to the initial value is
observed, followed by the decrease of stage~C!. When sto-
ichiometry (FAl /FN51.060.03) is approached@Fig. 2~b!#
the increase is substituted by a constant plateau. For t
two growth conditions@Figs. 2~a! and 2~b!#, the ‘‘critical
thicknesses’’ before stage~C! occurs can be rather well dis
tinguished and are evaluated to be 3 and 6 nm, respectiv

Note that under Al-rich conditions the RHEED pattern
only slightly affected during these changes, i.e., it rema
streaky, signaling that apparent 2D growth is preserved
fact, both persistent specular RHEED intensity as well
in-plane lattice parameter oscillations are observed in
plateau region~Fig. 3!. This unambiguously indicates tha

FIG. 2. Relative variation of the in-plane lattice parameterDa/a
as a function of deposition timet during the growth of a single laye
of AlN on GaN substrate.~a! Al-rich, ~b! stoichiometric, and~c!
N-rich conditions. After AlN deposition, the Al flux is stopped, an
the sample is hold under N flux alone, as indicated. The three s
~A!, ~B!, and ~C! are well distinguished in~a! and ~b!. TS

5640 °C; the growth rate is 0.3 ML/s for~a! and~b! and 0.2 ML/s
for ~c!, except after the metal flux is interrupted.
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the growth is layer-by-layer under these conditions.
As the FAl /FN ratio is slightly further reduced to 0.6

@N-rich growth, Fig. 2~c!#, stage ~B! disappears anda
evolves rapidly towards the relaxed AlN value at22.4%.
Stages~B! and ~C! are not well-defined. Therefore, no crit
cal thickness can be assessed. Here, the RHEED pa
changes gradually from streaky to spotty during grow
since kinetic surface roughening due to high diffusion ba
ers for Al adatoms occurs, as mentioned above. The th
ness scale for kinetic roughening is of the order of seve
nanometers and is thus much longer than that for plat
formation, which is of the order of 2–3 ML~0.5–0.75 nm!.

When the Al flux is interrupted and the active N flux
maintained, the in-plane lattice parameter recovers part o
initial value, showing that the relaxation process conta
two contributions: one irreversible and one reversible. T
reversible part is very dependent on the Al/N ratio: it
maximum for Al-rich conditions, lower around stoichiom
etry, and can be completely suppressed in N-rich conditio

B. Superlattice

If one now considers a superlattice with alternate a
equally 5-nm-thick GaN and AlN layers grown on the sam
GaN substrate~Fig. 4 for metal-rich AlN and GaN growth
Fig. 5 for Ga-rich GaN and N-rich AlN growth!. Steps~A!
and~B! are well visible during growth, while step~C! is not
visible as the AlN layer thickness is insufficient. After th
interruption of the Al flux~nitrogen flux only! and as ob-
served before, the in-plane lattice parameter recovers mo
its original value when AlN growth has previously been ca
ried out under Al-rich conditions~Fig. 4!. Under N-rich con-
ditions the recovery is not observed~Fig. 5!. This process is
pseudoperiodic and reappears at each period of the supe
tice: the only change is a gradual and irreversible decreas
the in-plane lattice parameter to the fully relaxed value o
superlattice with equal AlN and GaN layer thicknesses, i
1.3%. No clear correlation of the maximum in-plane latti
parameter change with the misfit experienced by AlN~vary-
ing from one period to the next! has been established.

ps

FIG. 3. Relative variation of the in-plane lattice parameterDa/a
and specular RHEED intensity as a function of layer thicknesh
during the deposition of a single AlN layer on a GaN substrate
TS5640 °C. Oscillations, characteristic of a layer-by-layer grow
are visible on both signals.
7-3
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C. Reversible and irreversible relaxations

From these observations, it is clear that part of the
served change in the in-plane lattice parameter is revers
and is due to an ‘‘apparent’’ relaxation process. This p
nomenon was previously observed in the Ge/Si system43

The proposed explanation is that the relaxation is due
discontinuities in the 2D layer. Platelets, a few monolay
high, are the possible origin of elastic relaxation at their b
der. In fact, lateral inward~outward! elastic relaxation of
finite platelets strained in tension~compression! is a well-
known phenomenon.44–46

The observation of a pseudo-2D growth is understood
the fact that these platelets are flat and form a dense netw
with a coverage close to 1. This is confirmed by the obs
vations of oscillations of the specular RHEED intensity

FIG. 4. Relative variation of the in-plane lattice parameter a
function of deposition timet during the growth of a 5.0 nm/5.0 nm
AlN/GaN superlattice on a GaN substrate. Al- and Ga-rich con
tions, TS5640 °C. Note that an interruption of metal depositio
during 20 s is carried out after each layer deposition. The gro
rate is 0.3 ML/s, except after the metal flux is interrupted. T
gradual irreversible relaxation due to dislocation introduction is e
denced with a dotted line.

FIG. 5. Same as Fig. 4, but AlN growth is carried out und
N-rich conditions.
24530
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well as of the in-plane lattice parameter~Fig. 3!: on the pla-
nar top surface of each platelet, the growth mode contin
to be layer-by-layer, similar to what has been observed
III-V arsenides47 and II-VI tellurides.48

The ex situobservation of the dynamic corrugations o
curring during growth is difficult: they disappear during th
stopping of the Al deposition in Al-rich conditions. The on
option is to grow under N-rich conditions, stop the Al dep
sition, and image the surface on which elastic apparent
laxation is still present. On AFM micrographs, corrugation
about 2–3 ML high, at a scale ofl 520 nm are visible@Fig.
6~a!#. However, they are completely absent for Al-rich co
ditions @Fig. 6~b!#. In the latter case, a disordered array
steps of mono- and bimolecular height is observed.

The same phenomenology is observed on HRTEM o
4-nm-thick AlN layer grown atTS5720 °C: platelets in a
planar film are well visible~Fig. 7!. The height of the dis-
continuities is difficult to determine but is at minimum 2–
ML’s. Although not directly comparable to the AFM micro
graph due to the higher growth temperature, the HRTE
image well illustrates the occurrence of platelets.

At this point the qualitative interpretation of the thre
steps in the apparent relaxation process during growth are
following: ~A! dynamic platelet formation right from the be

a

i-

h

i-

r

FIG. 6. AFM image of the top surface after growth of a 4-nm
thick AlN layer on GaN substrate~a! N-rich conditions,~b! Al-rich
conditions,TS5640 °C. 2–3-ML high AlN islands of typical diam-
eterl 520 nm are observed for N-rich growth while a flat surface
observed under Al-rich conditions presenting a disordered arra
mono- and bimolecular steps.
7-4
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ginning, ~B! a dynamic stationary regime with floating is
lands on top of the growing layer near stoichiometry
gradual island coalescence for Al-rich growth, and~C! irre-
versible introduction of dislocations. It is interesting th
stage~A! appears rather independent of the Al/N ratio,
contrast to stage~B!. This may be explained on one hand b
the fact that in all experiments, AlN growth is started on
N-rich 232-reconstructed GaN surface. On the other ha
it is reasonable to assume that the change in metal-ada
diffusion between N-rich and metal-rich surfaces39 takes
place for a finite metal-surface coverage. Then, for me
rich growth conditions, the surface kinetics become ‘‘tim
dependent’’: in the beginning, diffusion is low since the su
face is still N-rich; during the growth, metal is accumulat
on the surface, and after a finite time depending on the m
excess, a critical surface coverage is attained that mod
surface kinetics and increases metal-adatom diffus
Hence, it becomes understandable that stage~A! is indepen-
dent of the exact Al/N ratio, since it occurs in the very b
ginning of the growth when the surface is always~at least
transiently! N-rich. If FAl.FN , the surface will become
gradually Al-rich and the adatom diffusion will be altered
a finite critical metal surface coverage. As a conseque
the relaxation during stage~B! becomes dependent on th
growth stoichiometry, as discussed above.

After stopping the Al flux, the top surface reappears c
herent to the substrate~apart from the irreversible part due t
dislocation introduction! so that most of the gaps betwee
platelets are filled. The presence of a continuous surplus
film on top of the growing layer under Al-rich condition
could explain both the gradual smoothing and filling proc
under nitrogen flux: the consumption of the Al top lay
helps to smooth the film. This process explains the revers
relaxation process.

Quantitative measurement of the irreversible relaxat
occurring during step~C! is summarized in Table I. It ha
been evaluated through the characteristic thicknessL at
which a fraction of 121/e of the irreversible relaxation ha
occurred. This evaluation will be further elaborated below
is worth noticing that irreversible relaxation is fastest
N-rich conditions. Some of the dislocations participating

FIG. 7. HRTEM cross section of a 4-nm-thin AlN layer, depo
ited in nearly stoichiometric conditions (FAl/FN51.060.03) at
TS5720 °C. Although grown at a temperature higher than samp
in Figs. 1–6, flat platelets are still visible. The shape is more p
nounced and more visible by HRTEM at this temperature. The
proximate shape of each platelet is outlined for sake of clarity.
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the step~C! were observed by HRTEM at the AlN on th
GaN interface@edge-type in-plane dislocations as illustrat
in Figs. 1~b! and 1~c!#.42

IV. GROWTH OF GaN ON AN AlN SUBSTRATE

A. Single layer

The variation of the in-plane lattice parametera during
deposition of a thick GaN layer on AlN is shown in Fig.
The growth has been carried out atTS5640 °C under slight
Ga-excess conditions. As for the case of AlN on GaN, o
can distinguish three stages:~A! a sudden increase of 1.1%
to 1.3% during the first 2 or 3 ML~0.5–0.75 nm! deposited,
~B! a rapid decrease during the next 0.5 to 1.4 nm almos
the initial level, and~C! a subsequent slow increase.

While stage~A! is almost independent of the Ga/N rati
stage~B! has been found to be very sensitive to growth s
ichiometry. Figure 9 displays the variation ofa at early depo-
sition time for different Ga/N ratios:~a! Ga-rich,~b! approxi-
mately stoichiometric, and~c! N-rich growth. For Ga-rich
conditions, a rapid increase ofa ~stage A!, followed by a
decrease@stage~B!# is observed. Note that the initial value o
a is then recovered, corresponding to a completely strai
GaN layer, coherent to the AlN pseudosubstrate. For N-r
conditions, stage~B! is completely absent, i.e., we observe

s
-
-

TABLE I. Characteristic lengthL and total amplitudee0 of the
irreversible relaxation for AlN and GaN layers under differe
growth conditions.

Sample F III /FN L ~nm! e0 ~%!

AlN on GaN substrate 1.1 9.0 2.3
1.0 15 1.7
0.8 5.5
0.6 3.5

GaN on AlN substrate 1.1 12 >1.3

FIG. 8. Relative variation of the in-plane lattice parameter a
function of layer thicknessh during the growth of a single GaN
epilayer on AlN. Ga-rich conditions,TS5640 °C. Note the large
relaxation occurring in the first 3–4 ML@step ~A!#, followed by
rapid smoothing@step~B!#, and dislocation introduction@step~C!#.
7-5
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plateau after the increase of stage~A!. Near stoichoimetry,
we find a somehow intermediate behavior: the decreas
weak, although visible@Fig. 9~b!#. Note that the RHEED
pattern is affected under N-rich conditions: distinct Bra
spots appear, indicating growth front roughening. Howev
2D growth is preserved under Ga-rich conditions, and
RHEED pattern remains streaky.

The amplitude of step~A! has been found to vary betwee
0.9% and 1.8% for different samples. No clear correlat
between growth conditions and amplitude value has yet b
deduced.

The effect of a subsequent growth interruption under
active N flux is presented in Fig. 9. An abrupt increase oa
by about 1% is observed for Ga-rich conditions@Fig. 9~a!#,

FIG. 9. Relative variation of the in-plane lattice parameter a
function of deposition timet during the growth of a single layer o
GaN on AlN substrate.~a! Ga-rich, ~b! stoichiometry,~c! N-rich
conditions.TS5660 °C; the growth rate is 0.3 ML/s for~a! and~b!
and 0.25 ML/s for~c!, except after the metal flux is interrupte
Note the rapid relaxation occurring at the Ga interruption in~a!.
24530
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followed by a much smaller decrease that saturates very
idly. In contrast, no significant change ina is observed for
N-rich conditions or near stoichiometry, apart from the we
saturating decrease@Figs. 9~b! and 9~c!#.

These observations can be interpreted analogously to
case of AlN on GaN, described in the previous section:
reversibility of the relaxation in stages~A! and ~B! demon-
strates its elastic character through platelet formation@stage
~A!#. Then, for Ga-rich growth, the platelets coalesce alm
completely @stage ~B!#, and finally dislocations are intro
duced@stage~C!#. The characteristic length for irreversibl
relaxation isL512 nm, a value larger than that for AlN
deposition~cf. Table I!. On the other hand, no platelet co
lescence takes place under N-rich conditions. In this sit
tion, it is very difficult to separate elastic and plastic rela
ation; therefore it is impossible to measure distinctly t
irreversible part, as for Ga-rich growth.

For Ga-rich conditions, growth interruption under N flu
leads again to platelet formation, consuming the accumula
excess Ga film on the surface. This explains the new incre
of a @Fig. 9~a!#. No such effect is observed when the Ga fil
is absent, i.e., for growth under N-rich conditions.

B. Superlattice

Now consider a superlattice with alternate GaN and A
layers of nominally equal thicknesses~3.2/3.2 nm! grown on
the same AlN substrate~Fig. 10!. Both GaN and AlN layers
have been grown under metal-rich conditions. All steps~A!,
~B!, and~C! are well visible during growth of the first GaN
layer, as for a single layer. As a consequence of the ab
discussion, the reversible elastic steps~A! and ~B! are now
well distinguished from the irreversible introduction of di
locations ~C!, which appears as a continuous proce
throughout the entire superlattice. The dashed line disp
the variation of the in-plane lattice parametera due to irre-
versible plastic relaxation. It converges at about 1.8
slightly above the value of 1.3% expected for a superlatt
with nominally equal layer thicknesses. It has to be no
that the metal excess has not been taken into accoun
compute the layer thickness, so the real thickness sho
deviate from these values. This may explain the differenc
the expected and real asymptotic behavior.

During the interruption of the Ga deposition~nitrogen
deposition alone! and as previously observed on a sing
layer, the in-plane lattice parameter deviates from the ir
versible part, i.e., platelets are formed. We find again
transient ‘‘overshooting’’ of the relaxation just after the G
shutter has been closed.

The growth of the AlN layers of the superlattice follow
the same phenomenology as discussed in Sec. III. Du
AlN deposition,a differs from the irreversible value due t
elastic relaxation by platelet formation. When the Al flux
interrupted,a evolves to the value corresponding to the irr
versible part, since the layer has been grown under Al-r
conditions. Thus, the surface smoothens and the platelets
appear.

This process is periodic and reappears at each perio
the superlattice: the only change is a gradual and irrevers

a
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increase of the in-plane lattice parameter to its fully relax
value of 1.8%. Albeit we have stated above that the ma
mum variation of the in-plane strainDexx

max due to elastic
relaxation at the end of phase~A! of GaN growth may de-
pend on the exact growth conditions of a specific sample
is important to note that the residual strain on top of
platelets ^exx,RHEED&5exx(0)2Dexx

max depends linearly on
the misfitexx(0) experienced by the deposited GaNfor fixed
growth conditions. This linear dependence is illustrated
Fig. 11 for the data measured in Fig. 10. Interestingly,
extrapolation of the fit intersects the origin, as expected
elastic relaxation.

We can now summarize that during GaN growth platel
are immediately formed due to the misfit, then coalesce
occurs only for Ga-rich growth conditions, and finally disl
cations are formed. Platelets reappear after interruption
the Ga flux and during the consumption of the Ga exces

Direct AFM imaging of the GaN layer surface~5 nm
thick, Ga-rich growth! shows flat interconnected islands at
12–14-nm scale~Fig. 12!. Note that the correspondin
RHEED pattern is streaky, consistent with the fact that
islands are flat. The height determined by AFM is in t
range of 1.2–1.8 nm~5–7 ML!. The density is of the orde
of 131011 cm22, although it is difficult to obtain a precis
value due to frequent island coalescence.

V. DISCUSSION AND MODELING

There are three main mechanisms to relax biaxial strai
an epitaxial layer generated by a lattice-mismatch
substrate:49 ~1! the introduction of interfacial dislocations
~2! the formation of a surface shape modulation, includi
as a limit, islanding, and~3! the propagation of cracks~ten-
sile stress! or film decohesion~compressive stress!. Ceram-
ics, as bulk AlN, usually deform through crack nucleati
and propagation at temperatures below the brittle-to-duc

FIG. 10. Relative variation of the in-plane lattice parameter a
function of deposition timet during the growth of a 3.2/3.2 nm
AlN/GaN superlattice on an AlN substrate. Al- and Ga-rich con
tions. TS5640 °C; the growth rate is 0.3 ML/s, except after t
metal flux is interrupted. A pronounced peak with the amplitu
DeXX

max appears when GaN starts to grow.
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transition@mechanism~3!#.50 Several studies in different ce
ramics~but not precisely in AlN! have shown that the brittle
to-ductile transition occurs around a fraction 0.7–0.8 of
melting temperatureTm . Nevertheless, plastic deformatio
could occur at lower temperature, but the only way to av
cracking at low and intermediate temperature (,0.5Tm) is to
apply a large hydrostatic pressure~'1 MPa!.51

Most of the experimental results on metals or semic
ductors are compatible with mechanism~1! and involve dis-
location movement: emission of sources from the surfa
bowing of threading dislocations in the growth plane, em
sion from island edges at the triple junction between an
land and the flat substrate. However, this process shoul
completely inhibited in group-III nitrides: in addition to th
high-yield stress in ceramics, the hexagonal geometry of
system is such that the shear stress is zero on the usual
planes. In AlN, for instance, the reported easy glide pla
are the prismatic and basal planes,51 in which the shear stres
due to the biaxial strain is zero. Very occasional pyrami
glide has been observed at 500 °C~Ref. 51! but it seems too
limited to explain the general phenomena of relaxation
group-III nitrides. Therefore, mechanism~1! can be ex-
cluded.

a

-

FIG. 11. Residual strain̂exx,RHEED&5exx(0)2exx
max on top of

the platelets, as measured by RHEED, at the end of step~A! as a
function of the residual misfitexx(0) ~as deduced from Fig. 10!.

FIG. 12. AFM image of the top surface of a 4-nm-thick Ga
layer grown on an AlN substrate. Ga-rich conditions,TS5640 °C.
Note that platelets are flat and start to coalesce.
7-7
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Another way to relax misfit strain is to destabilize th
growth front by producing surface modulation or eventua
forming islands@mechanism~2!#. However, at first sight, 2D
growth is maintained during both GaN and AlN depositio
since the RHEED pattern remain streaky and RHEED os
lations are observed. This seems to exclude the genuine
mation of islands. Nonetheless, the formation of flat pla
lets, several monolayers in height, is fully consistent b
with a rapidly appearing relaxation as well as with the o
served streaky RHEED pattern. Reversibility is then e
plained by a ‘‘filling process’’ of the troughs between plat
lets. Based on this remark, we propose the follow
qualitative scheme from the previous observations.

During deposition, at a very early stage, platelets
formed. They are larger, more separated, and higher in
case of GaN than for AlN. Lateral sizes are in the ran
10–20 nm with heights of several monolayers. In the cas
AlN the top is flat and the edges sharp, possibly smoother
GaN.

These platelets may eventually coalesce during furt
growth after a typical deposition of 2–3 ML for GaN and 2
ML in case of AlN. Coalescence and surface smoothing
pends critically of the stoichiometry of the deposited spec
and is fostered by a metal/nitrogen ratioF III /FN.1.

After stopping the metal deposition, the excess meta
used and forms new nitride material. As a consequence
surface undergoessmootheningby filling up the troughs be-
tween platelets for AlN butrougheningby formation of new
GaN islands in case of GaN. This roughening is also e
denced by the more diffuse AlN on GaN interface, as m
sured by HRTEM.42

Dislocations are introduced with no well-defined critic
thickness: the rate of introduction, as measured byL, is de-
pendent of the stoichiometry ratio and, as a consequenc
the surface roughness. Irreversible relaxation is easier
N-rich growth, i.e., for rougher surfaces.

This qualitative scheme is summarized on the schem
views in Figs. 13 and 14. It should be emphasized that th
platelets are to be distinguished from the truncated pyram
islands observed at higher temperature.36 The height of the
platelets considered here is smaller, their density m
higher, and the coverage close to 1. They do appear righ
the beginning of the deposition and, as they are flat,
growth remains in a pseudo-2D mode, with nuclei format
on top of the platelets. Also, the RHEED pattern mainta
its overall streaky character.

Two points require more attention and shall be discus
in the following: ~1! can we deduce more quantitative info
mation from the elastic~reversible! relaxation observed on
the in-plane lattice parameter measurement and~2! how are
new dislocations~irreversible relaxation! introduced in ni-
trides?

A. Elastic relaxation through platelets

Several calculations of the strain distribution inside is
lated or interacting islands deposited on a substrate wi
given misfit f 0 were made.47,52–54Yet, the only tractable ana
lytical form that takes into account the deformation of t
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substrate is the one given by Kern and Mu¨ller.46 Although it
is limited to one-dimensional elongated ribbons, it will giv
a good order of magnitude estimation of the relaxation of
top layers. These authors show that the strain in thex direc-
tion ~cf. Fig. 15! exx

f in an infinitely long ribbon of heighthR

and width l R , deposited coherently on a substrate havin
misfit f 0 , is given by

exx
f ~x,N!5exx

f ~x,0!^M1&
N, ~1!

with

^M1&512
2pt

NT
1S 11A2pt

NT
D 2

expS 2A2NT

pt D , ~2!

wheret5hR / l R is the aspect ratio;N defines the number o
monolayers from the surface and varies fromN50 to N
5NT[hR /a, the total number of monolayers included in th
ribbon of heighthR . As in Ref. 46, the ratio of the Young
moduli and the Poisson ratios have been approximated

FIG. 13. Schematic representation of the growth of AlN
GaN.~a! Early formation of flat AlN platelets in tension with elasti
inward relaxation at the edges and~b! further growth with partial
coalescence of the platelets.~c! Dislocation introduction~irrevers-
ible relaxation! and smoothing of the surface under nitrogen dep
sition after Al-rich growth, while~d! dislocation introduction with
no smoothing under nitrogen deposition after N-rich growth.

FIG. 14. Schematic representation of the growth of GaN
AlN. ~a! Early formation of flat GaN platelets in compression a
outward elastic relaxation and~b! smoothing during further deposi
tion. ~c! Platelets reappear afterN only deposition.~d! For larger
thicknesses, dislocations are introduced and irreversible relaxa
is observed.
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~depending on the reference, AlN has elastic constants 1
to 20% larger than GaN; see, for instance, Refs. 55 and!.

The strain at the interfaceexx
f (x,0) is equal tof 0 when the

substrate is considered rigid and otherwise the average~over
x! strain at the interface is given by

^exx
f &5 f 0^M &, ~3!

with

^M &512
2

P2 1S 11
&

P D 2

exp~2P& !, ~4!

and, neglecting the surface tension,

P25
NT ln^M1&

pt@^M1&
NT21#

, ~5!

whereNT is the number of total monolayer considered in t
ribbon.

The strain measured by RHEED is an average overx and,
at maximum, over the last 3 ML~this will be '1 nm, a
typical penetration depth of the electrons at grazing in
dence! and will be given by

^exx,RHEED
f &5^exx

f & 1
3 (

i 50

2

^M1&
NT2 i . ~6!

As remarked by Kern and Mu¨ller, the average strain in th
substrate is close to zero, so that the RHEED pattern is o
sensitive to the strain inside the ribbon. From Eq.~6!, the
averaged strain measured by the RHEED is plotted as a f
tion of the aspect ratiot and the height~or total number of
monolayers! in Fig. 15.

A simple first-order approximation can be obtained
considering only the topmost layer, supposing a rigid s
strate, and developing formulas~1! and~2! for t/NT!1, i.e.,
for ribbons that are wide compared to atomic distances:

FIG. 15. Calculated apparent in-plane lattice parameter re
ation due to platelets,NT ML high, with aspect ratiot. f 0 is the
initial misfit between the material of the platelet and the subst
on which the platelet is sitting. The solid lines are calculated f
lowing Eq. ~6! and the dashed line shows the linear approximat
given in Eq.~7!.
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^exx
f &5 f 0~122pt!. ~7!

This linear approximation is shown in Fig. 15 as a dash
line.

The apparent strain, even for a completely coherent
bon, differs from the misfitf 0 . The difference varies ap
proximately linearly with the aspect ratiot, at least for small
values, i.e., for ribbons that are sufficiently flat. In this lim
the strain depends ont and the misfitf 0 only. The difference
between the slope and that of the linear approximation in
~7! is due to the fact that we have assumed the substrate
in the latter case. However, for aspect ratios larger than 0
the strain becomes explicitly dependent on the absolute v
of the island height, particularly forNT smaller than 5 ML.

Is this calculation directly comparable to RHEED me
surements? First, one should be aware that one lateral dim
sion is missing. However, the order of magnitude should
correct when corner effects are small compared to the pl
let size, i.e., for small enough aspect ratio, as conside
here. Furthermore, the surface probed by RHEED should
include the substrate or epitaxial material at different heigh
a condition that is fulfilled for layer-by-layer growth. Th
HRTEM cross section in Fig. 7 indicates a rather flat grow
front even when the layer is not continuous. The edges of
platelets are sharp and their density is high, so it seems
to assume that the regions between platelets are shadowe
the platelets and do not contribute to the RHEED pattern
the case of GaN, AFM imaging~Fig. 12! shows that platelets
are also flat and the ribbon model should be appropriate. T
is also corroborated by the absence of evidence for face
the RHEED pattern, as opposed to truncated pyramid
shaped GaN islands grown at higher temperatures i
Stranski-Krastanow mode.36

Based on these approximations, we can use the exp
mental results in two situations: For the deposition of AlN
GaN substrate in N-rich conditions, the typical absolu
value of the platelets’ height (h50.8 nm! and diameter (l
520 nm! can be extracted from the AFM micrograph in Fi
6~a!. This leads toNT53 ML andt50.04. Using Eq.~6! ~cf.
Fig. 15!, we then deduce a value of the residual strain
^exx,RHEED

f &/ f 050.68, corresponding to an elastic relaxati
that should be observed by RHEED of aboutDa/a5(1
20.68)32.4%50.8%. Since the layer depicted in Fig. 6~a!
has been grown under conditions similar to those of the la
in Fig. 2~c! ~the layer thickness of 4 nm corresponds to
deposition time of 50 s!, we conclude that the observed r
laxation of about 1.7% must contain both elastic and pla
contributions.

It is noticeable that the calculated elastic relaxation of
platelets grown in N-rich conditions@Fig. 6~a!# is almost
equal to the elastic relaxation right after stage~A! observed
in near-stoichiometric and in Al-rich conditions@see Figs.
2~a! and 2~b!#. We can therefore assume that the plate
morphology of the AlN surface shown in Fig. 6~a! may also
be representative of the transient platelet morphology du
growth in near-stoichiometric conditions. Using Eq.~6! ~cf.
Fig. 15!, it can be deduced that the aspect ratio of the pla
lets grown in Al-rich or near-stoichiometric conditions—
which relax by about 0.8%—must vary in the range betwe
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0.035 and 0.051, depending on the platelets’ height. H
ever, as far as their absolute height and diameter are
cerned, it cannot be discarded that they moderately dep
on the Al/N ratio.

For the deposition of GaN on AlN substrate, the ma
mum elastic relaxation is typically of the order ofDa/a
51.2%, thus we obtain^exx,RHEED

f &/ f 05121.2%/2.4%
50.5. This is consistent with an aspect ratio varying fro
0.063 to 0.11, when assuming a platelet height betweenNT

5` andNT52 ML, respectively. Then, taking into accoun
the typical platelet diameter measured by AFM (l 513 nm),
one can check if the assumed platelet height between 2 a`
ML is in agreement with the observed relaxation. We fi
that only a value of 4–5 ML passes this self-consisten
check and is consistent with the curves in Fig. 15. This va
is only slightly smaller than that given by AFM~5–7 ML!,
which can be explained by the observed coalescence of s
platelets, reducing the edge elastic relaxation.

For GaN deposition, Fig. 11 shows that the residual str
on top of the platelets is strictly proportional to the misfit:
a consequence the geometry of the platelets has to re
constant and is not varying with the misfit strain@see Eq.
~3!#. One can infer that kinetic parameters governing plate
growth and shape play an important role and prevail o
elastic effects. This elucidates also the slight variation of
relaxation amplitude between different samples, since e
kinetic parameters may slightly vary, as it is difficult to r
produce, i.e.,F III /FN with high precision. Also, the sub
strate step density may influence platelet growth, a param
that is at present still ill-controlled for the growth of grou
III nitrides. As stated in Sec. III B, no such correlation b
tween elastic and inelastic relaxation has been observed
AlN grown on GaN. Then, this discussion seems to be l
applicable to the case of AlN deposition, for which the pla
let morphology appears strain dependent.

B. Dislocation-introduction mechanism

Several attempts to measure a critical thickness in gr
ing nitride heterostructures are reported in t
literature.27,30,32,34Its value varies from 1 to 9 nm. The abov
discussion shows clearly that it is difficult, if not impossib
to define a unique critical thickness in the usual sense,
cause of the early apparition of flat platelets. Moreover,
sensitivity of the growth process~even for the same growth
method! to the exact metal/N ratio could also explain t
different values reported. The above results, demonstra
the mixture of elastic and plastic relaxation during the ea
stages of deposition, prevent us from trying to define a g
eral value for the thickness at which plastic relaxation
gins. For AlN growth, the transition between steps~B! and
~C! depends on the metal/N ratio, as illustrated in Fig.
Near stoichiometry, a slope change is observed after a d
sition time of 80 s, which corresponds to a thickness of 6 n
this will give an upper limit for the critical thickness. A
lower limit could be defined at the end of step~A!, at around
3–4 ML. In between these two values, platelets may evo
and eventually coalescence may already occur as we
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dislocations may already be formed: the measurement of
in-plane lattice parameter is not sufficient to discrimina
between both phenomena.

The irreversible part of the evolution ofa during stage~C!
is close to a pure exponential evolution in any situation c
sidered. The variation of the straine as a function of the
layer thicknessh is then given by an equation of the type

e~h!5e0 expS 2
h2hc

L D , ~8!

where e0 is the total amplitude of the relaxation,hc is an
apparent critical thickness, andL is the characteristic thick-
ness for irreversible relaxation. Experimental values of
phenomenological parameterse0 andL are given in Table I.
These parameters have a direct physical meaning and ca
related to the local dislocation densityr(h) as follows:

r~h!5
e0

b'L
expS 2

h2hc

L D , ~9!

where b' is the Burgers vector component parallel to t
interface and perpendicular to the dislocation line. Pure e
dislocations along the three equivalent^101̄0& directions
with perpendicular Burgers vectorsb5 1

3 ^1̄21̄0& are able to
relax biaxial strain. Indeed, these dislocations were obser
in multilayers by HRTEM~Fig. 1!. From Eq.~9!, we can
deduce that the first layers~h close tohc! of GaN grown on
AlN substrates would have given a dislocation density o
31011cm22, using the measured values for GaN deposit
and b'5aGaN50.31 nm. It is worth noting that this maxi
mum density corresponds to an average distance betw
dislocations of 12 nm, a value comparable to the typi
platelet diameter determined by AFM.

A phenomenological model, explaining the exponent
decrease has been proposed by Feuilletet al.:33 the probabil-
ity of creating a dislocation is proportional to the local mis
experienced by the deposited material. It is easy to show
a pure exponential relaxation should then be observed. H
ever, the creation mechanism has not been explained. I
exclude the usual mechanism of nucleation and glide for
reasons discussed above, two alternatives can be propo

First, as-grown threading dislocations from the substr
could be bent from the growth direction to the interfa
plane. Indeed, MOCVD pseudosubstrates do contain the
propriate edge dislocations with the correct Burgers vec
b5 1

3 ^1̄21̄0&. Nevertheless, their typical density is of th
order of 109 cm22, a value much lower than that required
account for the observed relaxation.

Second, dislocations may be nucleated at the junction
two growing platelets. As illustrated in Fig. 16, when tw
strained platelets are close together, the distance betwee
edge atoms of each platelet is modified compared to
between inner atoms due to edge relaxation. For platelet
tension~compression!, this distance is larger~smaller!. Thus,
it is favorable for adatoms to nucleate an edge disloca
with a positive~negative! Burgers vector at the trough be
tween two islands.

The inward~outward! relaxation is proportional to the lo
cal misfit e(h). Therefore, the probability of generating
7-10
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new dislocation in order to relax the strain should be a fu
tion of e(h). To prove that this function is approximate
linear, as observed experimentally, is beyond the scop
the present study and would require atomic calculatio
However, this dislocation nucleation mechanism is plaus
since it requires no dislocation glide. Furthermore, it giv
the right order of magnitude for the dislocation density in t
initial stage of high misfit~'2%! for the measured platele
diameter.

The interdependency of platelet formation and dislocat
production during growth is well illustrated by the influen
of metal/N ratio onL and, as a consequence, onr(h) ~see
Table I!. It has been shown that N-rich conditions enhan
the formation of stacking faults.40,57 The coexistence of hex
agonal and cubic islands has also been experimentally
served by scanning tunneling microscopy for the 2D nuc
ation growth mode of GaN.58 In this case, the distanc
between two adjacent platelets~one in hexagonal position
and one in cubic position! could be larger~smaller! than for
two hexagonal platelets and would further increase the p
ability to nucleate the appropriate positive~negative! dislo-
cation ~see Fig. 17!.

We remark that a related mechanism of dislocation nu
ation has been evoked for the plastic relaxation of comp
sively strained islands grown in Stranski-Krastanow mode
the Ge/Si~Ref. 59! and InAs/GaAs~Ref. 60! systems. It has
been found that dislocations are most likely formed at
corners of the islands, where the strain is most concentra
This has been confirmed by theoretical modeling.61,62

VI. CONCLUSION

The relaxation of~0001!/GaN/AlN heterostructures ha
been studied byin situ reflection high-energy electron dif
fraction measurements andex situ atomic-force and trans
mission electron microscopy. It has been found that
PAMBE growth mechanism in III-V nitrides is more com
plex than that in other III-V materials. Although for GaN o
AlN and AlN on GaN pseudo-2D growth is commonly o

FIG. 16. Schematic model of the nucleation of a misfit dislo
tion between two platelets in tension~AlN on GaN!: ~a! before
coalescence,~b! after coalescence. Note that inward relaxati
opens up the gap between the two platelets and favors ad
nucleation at this site, promoting dislocation nucleation.
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served and controlled, the variation of the in-plane latt
parameter during the initial stages of epilayer growth can
only accounted for by considering both elastic and plas
relaxation processes. The elastic part of the relaxation is
plained by the dynamic formation of platelets.

As far as plastic relaxation is concerned, the combinat
of large strain, high Schwoebel barrier, and low dislocat
mobility leads to a different relaxation mechanism: the te
dency to form platelets as a dynamic process during gro
is fostering the formation of misfit dislocations. This ne
understanding could help to grow the desired structures: h
platelet density and/or stacking faults, i.e., growth und
N-rich conditions, would concentrate dislocation formati
in a specific location. Low density of platelets with sma
aspect ratio would hamper dislocation formation and int
duce a larger critical thickness. Growth under ne
stoichiometric conditions would favor this latter case. It
reasonable to suggest that deposition rate is another pa
eter to control platelets. A higher deposition rate would ge
erate higher platelet density and smaller platelet size. Fina
the important role of an interruption of metal deposition du
ing heterostructure growth is now understood: after A
deposition, it helps to suppress the platelets formed dyna
cally and further GaN growth could start on a smooth s
face. However, after GaN growth, the excess Ga is consu
and new platelets are formed. As a consequence, further
growth is producing a less sharp interface compared to
GaN on AlN interface. On the other hand, the absence of
metal interruption after GaN growth may induce AlxGa12xN
alloy formation due to the excess Ga and is not reco
mended.
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FIG. 17. Schematic model of the nucleation of a misfit disloc
tion between an hexagonal platelet and a locally cubic one,
having a stacking fault~SF!, under tension:~a! before coalescence
~b! after coalescence. For favorable stacking fault vectors, the o
ing of the gap between the two platelets is even larger than tha
Fig. 16 and dislocation nucleation is easier.
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