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Strain relaxation in (0001) AIN/GaN heterostructures
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The strain-relaxation phenomena during the early stages of plasma-assisted molecular-beam epitaxy growth
of lattice-mismatched wurtzité0001) AIN/GaN heterostructures have been studied by real-time recording of
the in situ reflection high-energy electron diffractiofRHEED), 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 AIN and GaN layers: they were interpreted as the succession of the
formation of flat platelets, 3—6 monolayers high8—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 AIN/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 ordero1@cm 2 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.
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[. INTRODUCTION plasma-assisted molecular-beam epit@®AMBE) of GaN
on AIN follows a Stranski-Krastanow mode at high tempera-
The epitaxial growth of complex semiconductor hetero-tures, i.e., the strain is elastically relaxed on the free surface
structures, such as quantum wells, quantum dots, or superl&f islands, while it is layer-by-layer growth at lower
tices, has become of paramount importance in the context demperatures?
producing high-performance electronic and optoelectronic The purpose of this article is to study the relaxation pro-
devices. Especially 1I-V nitride compounds are a materialcesses active in wurtzit®001) AIN/GaN multilayers grown
system that has been the subject of intense work in the receRY PAMBE at low temperature, for which the growth is layer
past due to the possibility to achieve blue or ultraviolet light-by layer. It will be shown that the usual concept of a “criti-
emitting and laser diodé< blue resonant-cavity light- cal thickness” for introducing dislocations as originated by
emitting dioded and surface-emitting lasefg, and solar- Matthews and Blakesléeand People and Bedfhis not op-
blind ultraviolet photode'[ecto[%_,8 as well as high-power erative. It will be further demonstrated that the initial relax-
high-frequency field-effect transistotst* ation occurs via a three-step mechanism consisting of the
However, in GaN/AIN heterostructures the lattice mis-following: (1) the dynamic formation of planar platelets, not
match is of the order of 2.4% and large strain buildsty.  necessarily observabkex sity (2) their partial coalescence,
This raises the question of strain relaxation even for thindnd, finally;(3) the formation of dislocations, most likely at
epitaxia| GaN or AIN |ayer5_ Moreover, it has been estab.the edges of the platelets. This will explain the various val-
lished that the optical properties of I1I-V nitride heterostruc- ues of the “critical thickness” reported in the literature.
tures, e.g., GaN/AGa, _,N quantum well¥*~*®or GaN/AIN
quantum dot$!*® are significantly modified by strain-
induced piezoelectric polarization. Thus, the investigation of
strain and strain relaxation is important not only for under- The samples were grown by PAMBE in a MECA 2000
standing the structural but also the optical properties of lll-Vchamber, at growth rates of about 300 nm/h, i.e., 0.3
nitride heterostructures. monolayers/s. Standard Knudsen cells were used for gallium
Whereas nucleation and strain evolution have been interand aluminum evaporation and active nitrogen was generated
sively studied for the growth of GaN and AIN on sapphire by a radio frequencyrf) plasma cell from EPI Company.
substrated?™?° this is less the case for nitride The pseudosubstrates wef®01) (Ga-polarity GaN layers
heterostructure¥-3>Up to now, most of the published con- grown by metal-organic vapor phase epita@OVPE) on
tributions are on measurement of the strain and strain relaxsapphire, about 1..xm thick. These pseudosubstrates were
ation with only few elaborations upon the actual mechanisnovergrownin situ by GaN buffer layers, at least 50 nm thick,
involved for relaxatiorf??*It has been shown that growth by to prevent the possible influence of a substrate surface oxide

Il. EXPERIMENTAL DETAILS
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or contamination layer. For some samples described below, a
relaxed AIN layer was subsequently deposited, typically 300
nm thick, and used as a pseudosubstrate to study the growth
of GaN on AIN. The degree of relaxation of the AIN pseu-
dosubstrate is never complete and care should generally be
taken to deduce the initial lattice parameter experienced by
the first deposited layer.

Two types of structures were studidd) A single layer of
GaN and AIN, on relaxed AIN and GaN substrates, respec-
tively. Typically these layers were, after complete growth, at
least 20 nm thick.(b) AIN/GaN superlattices with thick-
nesses varying from nominally 3.2 nm/3.2 nm to 5.0 nm/5.0
nm, both on AIN and GaN substrates.

All layers were grown in the substrate temperature range
most suitable for maintaining two-dimension@D) Frank—
van der Merwe growth for both GaN and AIN, i.€lg
=640-660°C. For higher substrate temperaturds
=680 °C, Stranski-Krastanow growth takes over for GaN on
AIN, whereas the growth of AIN on GaN remains 2b.

An important parameter of GaN and AIN growth by

(b)
PAMBE is the metal/nitrogen flux ratio®,/dy T
(I'=Al, Ga). As it is difficult to estimate the active nitrogen
flux &y, we usually work at fixed plasma-cell conditions

[0.5 standard cubic centimeters per min(gecn) N,, 300 "" l,
W rf power for all experiments described belpand adjust ‘
appropriately the Ga fludg, or the Al flux @ to obtain "" (c) |
metal- or N-rich growth. o=

When the growth of GaN is carried out on a N-rich sur-  FIG. 1. Transmission electron micrograph of a 7.0 nm/9.3 nm
face, it has been calculated that the diffusion barrier for GasaN/AIN superlattice(a) general view(b) atomic imaging show-
atoms is as high as 1.8 eV, whereas it is only 0.4 eV wheling perfect coherency at the interface except for one dislocation
the growth is carried out on a Ga-saturated surfdda.the  well visible on filtered imagéc). Zone axis(2110).
N-rich case, the large diffusion barrier leads to an undesired . ) ) ]
kinetically induced roughening of the GaN surface duringSition, rapid sample cooling, and transfer into air.
growth*®#1 The phenomenology is essentially identical for A typical image of a HRTEM cross section of a 7.0 nm/
AIN. Therefore, as concerns PAMBE, GaN and AIN are gen-2-3 N GaN/AIN superlattice, grown under both Ga- and
erally deposited under slightly metal-rich conditions. At theAl-ich conditions, is displayed in Fig.(a). It shows that 2D

growth temperatures used in the present study, this leads IV(;\INthszg(ramSQV\GiL;JiPaiﬁlreC%ég);uarg?n?ﬂg'”;]? r{ﬁge;%rr?;;g-
metal accumulation at the surface. Therefore, growth inter- Y P

quality have shown that the AIN on GaN interface is larger

ruptions under nitrogen flux are usually performed to CON v one monolayefML ) than the corresponding GaN on AIN

sume the excess metal. In particular, this is done after eVeri)f?;erface‘.12 It will be shown below that the dynamic situation

layer of the_ superla;tices considergd in this article. The effeclts far more complicated than these diregtsituobservations
of growth interruptions under active nitrogen flux and ofWould suggest

growth stoichiometry on the corrugation and relaxation of

the surface will be discussed below. IIl. GROWTH OF AIN ON GaN SUBSTRATE
The growth process and mode is monitored by a digitized _
reflection high-energy electron diffractidRHEED) pattern. A. Single layer

The relative variation of the in-plane lattice parameter of the The evolution of the in-plane lattice parameter of a single
top layersAa/a is measured as a function of the depositiona|N |ayer grown atTs=660°C is shown in Fig. 2 as a
time on the RHEED pattern by evaluating the distance of thgynction of deposition time. The growth conditions have
(10) and (10) RHEED streaks in th€1120] azimuth. For  been varied from AIN-ricHFig. 2(@)] to N-rich [Fig. 2(c)].
this purpose, the position of the streaks is determined byenerally, three variation regimes can be distinguisliad:
Gaussian fits. The accuracy of the relative lattice parametea sudden drop during the first 2 or 3 M{0.5-0.75 nm
variation is typically better thar:0.05%. deposited(B) for some conditions, a plateau or an increase
Transmission electron microscopy at 400 keV in the high-during the next 5 nm, an(C) a slow and constant decrease
resolution modéHRTEM) was performed on cross sections: towards the AIN value.
the interfaces as well as the thickness of the deposited layers Typically, the amplitude of the drop in stagd) is 0.7—
could be studied at a 0.25-nm scakex situ atomic-force 0.9 %; in some cases a larger value up to 1.8% is found.
microscopy(AFM), operated in the tapping mode, gave theHowever, as a whole, stagd) seems to be rather indepen-
surface corrugation of the layers after interruption of depo-dent of the Al/N ratio.
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05k FIG. 3. Relative variation of the in-plane lattice parametara
. and specular RHEED intensity as a function of layer thickrtess
S\i -1.0F during the deposition of a single AIN layer on a GaN substrate at
© Ts=640 °C. Oscillations, characteristic of a layer-by-layer growth,
?l ASE are visible on both signals.
2or the growth is layer-by-layer under these conditions.
25F As the ® 4 /®y ratio is slightly further reduced to 0.6
0.5 [N-rich growth, Fig. Zc)], stage (B) disappears anch
evolves rapidly towards the relaxed AIN value aP.4%.
oo Stages(B) and (C) are not well-defined. Therefore, no criti-
o5F cal thickness can be assessed. Here, the RHEED pattern
changes gradually from streaky to spotty during growth,
10F since kinetic surface roughening due to high diffusion barri-
ers for Al adatoms occurs, as mentioned above. The thick-
15E ness scale for kinetic roughening is of the order of several
20k nanometers and is thus much longer than that for platelet
formation, which is of the order of 2—3 M[0.5-0.75 nm
25F When the Al flux is interrupted and the active N flux is
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maintained, the in-plane lattice parameter recovers part of its
initial value, showing that the relaxation process contains
two contributions: one irreversible and one reversible. The

FIG. 2. Relative variation of the in-plane lattice paramétara
as a function of deposition tinteduring the growth of a single layer
of AIN on GaN substrate(a) Al-rich, (b) stoichiometric, andc)
N-rich conditions. After AIN deposition, the Al flux is stopped, and
the sample is hold under N flux alone, as indicated. The three steps
(A), (B), and (C) are well distinguished in(@ and (b). Tg
=640 °C; the growth rate is 0.3 ML/s f¢a) and(b) and 0.2 ML/s
for (c), except after the metal flux is interrupted.

reversible part is very dependent on the AI/N ratio: it is
maximum for Al-rich conditions, lower around stoichiom-
etry, and can be completely suppressed in N-rich conditions.

B. Superlattice

If one now considers a superlattice with alternate and
equally 5-nm-thick GaN and AIN layers grown on the same
GaN substratéFig. 4 for metal-rich AIN and GaN growth;

Stage(B) is extremely dependent on the exact Al/N sto- Fig. 5 for Ga-rich GaN and N-rich AIN growjh Steps(A)
ichiometry: for Al-rich growth[®  /®y=1.1, Fig. Za)], af-  and(B) are well visible during growth, while ste€) is not
ter the drop, an increase &almost up to the initial value is visible as the AIN layer thickness is insufficient. After the
observed, followed by the decrease of sté@e When sto- interruption of the Al flux(nitrogen flux only and as ob-
ichiometry (@, /®y=1.0=0.03) is approachefFig. 2(b)]  served before, the in-plane lattice parameter recovers most of
the increase is substituted by a constant plateau. For theds original value when AIN growth has previously been car-
two growth conditiong/Figs. 2a) and 2b)], the ‘“critical ried out under Al-rich conditioné&~ig. 4). Under N-rich con-
thicknesses” before stag€) occurs can be rather well dis- ditions the recovery is not observégig. 5). This process is
tinguished and are evaluated to be 3 and 6 nm, respectivelpseudoperiodic and reappears at each period of the superlat-

Note that under Al-rich conditions the RHEED pattern istice: the only change is a gradual and irreversible decrease of
only slightly affected during these changes, i.e., it remainghe in-plane lattice parameter to the fully relaxed value of a
streaky, signaling that apparent 2D growth is preserved. Isuperlattice with equal AIN and GaN layer thicknesses, i.e.,
fact, both persistent specular RHEED intensity as well ad.3%. No clear correlation of the maximum in-plane lattice
in-plane lattice parameter oscillations are observed in th@arameter change with the misfit experienced by Aliry-
plateau region(Fig. 3). This unambiguously indicates that ing from one period to the nexhas been established.
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FIG. 4. Relative variation of the in-plane lattice parameter as a
function of deposition time during the growth of a 5.0 nm/5.0 nm 1.5nm
AIN/GaN superlattice on a GaN substrate. Al- and Ga-rich condi- 200
tions, Ts=640°C. Note that an interruption of metal deposition
0.0 nm

during 20 s is carried out after each layer deposition. The growth
rate is 0.3 ML/s, except after the metal flux is interrupted. The
gradual irreversible relaxation due to dislocation introduction is evi-
denced with a dotted line.

100

C. Reversible and irreversible relaxations

From these observations, it is clear that part of the ob- 100 200 300 -

served change in the in-plane lattice parameter is reversible
and is due to an “apparent” relaxation process. This phe- FIG. 6. AFM image of the top surface after growth of a 4-nm-
nomenon was previously observed in the Ge/Si sydtem. thick AIN layer on GaN substrat@) N-rich conditions,(b) Al-rich
The proposed explanation is that the relaxation is due teonditions,Ts=640 °C. 2—3-ML high AIN islands of typical diam-
discontinuities in the 2D layer. Platelets, a few monolayerseterl =20 nm are observed for N-rich growth while a flat surface is
high, are the possible origin of elastic relaxation at their bor-observed under Al-rich conditions presenting a disordered array of
der. In fact, lateral inwardoutward elastic relaxation of mono- and bimolecular steps.
finite platelets strained in tensioicompressionis a well-
known phenomenoff:~4 well as of the in-plane lattice paramei@tig. 3): on the pla-
The observation of a pseudo-2D growth is understood byar top surface of each platelet, the growth mode continues
the fact that these platelets are flat and form a dense netwotk be layer-by-layer, similar to what has been observed for
with a coverage close to 1. This is confirmed by the obsertll-V arsenide4’ and I1-VI tellurides?®
vations of oscillations of the specular RHEED intensity as The ex situobservation of the dynamic corrugations oc-
curring during growth is difficult: they disappear during the
e I M A A A stopping of the Al deposition in Al-rich conditions. The only
N option is to grow under N-rich conditions, stop the Al depo-
sition, and image the surface on which elastic apparent re-
1 laxation is still present. On AFM micrographs, corrugations,
] about 2—3 ML high, at a scale 20 nm are visibldFig.
] 6(a)]. However, they are completely absent for Al-rich con-
ditions [Fig. 6(b)]. In the latter case, a disordered array of
steps of mono- and bimolecular height is observed.
. The same phenomenology is observed on HRTEM on a
n 4-nm-thick AIN layer grown afTs=720°C: platelets in a
I planar film are well visiblg(Fig. 7). The height of the dis-
continuities is difficult to determine but is at minimum 2-3
ML'’s. Although not directly comparable to the AFM micro-
> o 20 a0 o a0 00 70 graph due to the higher growth temperature, the HRTEM
t(s) image well illustrates the occurrence of platelets.
At this point the qualitative interpretation of the three
FIG. 5. Same as Fig. 4, but AIN growth is carried out under steps in the apparent relaxation process during growth are the
N-rich conditions. following: (A) dynamic platelet formation right from the be-
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TABLE I. Characteristic length\ and total amplitude: of the
irreversible relaxation for AIN and GaN layers under different
growth conditions.

Sample Dy /Dy A (nm) € (%)

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

GaN on AIN substrate 1.1 12 =1.3

FIG. 7. HRTEM cross section of a 4-nm-thin AIN layer, depos-
ited in nearly stoichiometric conditions®(,/®y=1.0=0.03) at geNSt.e?(? Werg) Ot_)tserved_ bly HRdTEIM "f[ the A"'\III or; tTed
Ts=720°C. Although grown at a temperature higher than samples a . interfac edge {(Qe In-plane dislocations as tllustrate
in Figs. 1-6, flat platelets are still visible. The shape is more pro-In Figs. 1b) and Xc)].
nounced and more visible by HRTEM at this temperature. The ap-

proximate shape of each platelet is outlined for sake of clarity. IV. GROWTH OF GaN ON AN AIN SUBSTRATE

ginning, (B) a dynamic stationary regime with floating is- A. Single layer

lands on top of the growing layer near stoichiometry or The variation of the in-plane lattice parameteduring
gradual island coalescence for Al-rich growth, a@ irre-  deposition of a thick GaN layer on AIN is shown in Fig. 8.
versible introduction of dislocations. It is interesting that The growth has been carried outTi=640 °C under slight
stage(A) appears rather independent of the Al/N ratio, in Ga-excess conditions. As for the case of AIN on GaN, one
contrast to stagéB). This may be explained on one hand by can distinguish three stage#) a sudden increase of 1.1%
the fact that in all experiments, AIN growth is started on ato 1.3% during the first 2 or 3 MI(0.5-0.75 nm deposited,
N-rich 2X 2-reconstructed GaN surface. On the other hand(B) a rapid decrease during the next 0.5 to 1.4 nm almost to
it is reasonable to assume that the change in metal-adatothe initial level, and(C) a subsequent slow increase.
diffusion between N-rich and metal-rich surfatesakes While stage(A) is almost independent of the Ga/N ratio,
place for a finite metal-surface coverage. Then, for metalstage(B) has been found to be very sensitive to growth sto-
rich growth conditions, the surface kinetics become “time-ichiometry. Figure 9 displays the variation@ht early depo-
dependent”: in the beginning, diffusion is low since the sur-sition time for different Ga/N ratioga) Ga-rich,(b) approxi-
face is still N-rich; during the growth, metal is accumulatedmately stoichiometric, andc) N-rich growth. For Ga-rich

on the surface, and after a finite time depending on the metalonditions, a rapid increase af (stage A, followed by a
excess, a critical surface coverage is attained that modifiegecreasé¢stage(B)] is observed. Note that the initial value of
surface kinetics and increases metal-adatom diffusiona is then recovered, corresponding to a completely strained
Hence, it becomes understandable that sté&ges indepen-  GaN layer, coherent to the AIN pseudosubstrate. For N-rich
dent of the exact Al/N ratio, since it occurs in the very be-conditions, stagé€B) is completely absent, i.e., we observe a
ginning of the growth when the surface is always least

transiently N-rich. If ®5>®d,, the surface will become DL
gradually Al-rich and the adatom diffusion will be altered at i

a finite critical metal surface coverage. As a consequence '4r | gi .
the relaxation during stagéB) becomes dependent on the el A _'
growth stoichiometry, as discussed above.

After stopping the Al flux, the top surface reappears co- 1or ]

—_—

herent to the substratapart from the irreversible part due to &2 o5 4
dislocation introductionso that most of the gaps between 1
platelets are filled. The presence of a continuous surplus A<l I ]
film on top of the growing layer under Al-rich conditions 04 - -
could explain both the gradual smoothing and filling process [ ]
under nitrogen flux: the consumption of the Al top layer I )
helps to smooth the film. This process explains the reversible oo =~ ]
relaxation process. 0 5 10 15 20 25
Quantitative measurement of the irreversible relaxation h (nm)

occurring during stegC) is summarized in Table I. It has
been evaluated through the characteristic thicknésst FIG. 8. Relative variation of the in-plane lattice parameter as a
which a fraction of 1-1/e of the irreversible relaxation has function of layer thicknes$ during the growth of a single GaN
occurred. This evaluation will be further elaborated below. Itepilayer on AIN. Ga-rich conditionsTs=640°C. Note the large

is worth noticing that irreversible relaxation is fastest inrelaxation occurring in the first 3—4 M([step (A)], followed by
N-rich conditions. Some of the dislocations participating torapid smoothindstep(B)], and dislocation introductiofstep(C)].
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20

- T - ™ followed by a much smaller decrease that saturates very rap-
(a) i i ‘ 1 idly. In contrast, no significant change @is observed for

1A 1B Gajoff 1 N-rich conditions or near stoichiometry, apart from the weak
saturating decreagé&igs. 9b) and 9c¢)].
] These observations can be interpreted analogously to the
1 case of AIN on GaN, described in the previous section: the
reversibility of the relaxation in stagd#) and (B) demon-
strates its elastic character through platelet formaftstage
(A)]. Then, for Ga-rich growth, the platelets coalesce almost
completely [stage (B)], and finally dislocations are intro-
. duced[stage(C)]. The characteristic length for irreversible
' L] relaxation isA=12 nm, a value larger than that for AIN
deposition(cf. Table ). On the other hand, no platelet coa-
lescence takes place under N-rich conditions. In this situa-
tion, it is very difficult to separate elastic and plastic relax-
ation; therefore it is impossible to measure distinctly the
irreversible part, as for Ga-rich growth.
] For Ga-rich conditions, growth interruption under N flux
leads again to platelet formation, consuming the accumulated
excess Ga film on the surface. This explains the new increase
of a[Fig. A@)]. No such effect is observed when the Ga film
is absent, i.e., for growth under N-rich conditions.
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B. Superlattice

] Now consider a superlattice with alternate GaN and AIN
] layers of nominally equal thickness&x2/3.2 nm grown on
] the same AIN substrat@-ig. 10. Both GaN and AIN layers
have been grown under metal-rich conditions. All stéfs
(B), and(C) are well visible during growth of the first GaN
] layer, as for a single layer. As a consequence of the above
] discussion, the reversible elastic stéps and (B) are now
] well distinguished from the irreversible introduction of dis-
locations (C), which appears as a continuous process
. . . . . ! . L throughout the entire superlattice. The dashed line displays
5 0 5 10 15 20 25 30 the variation of the in-plane lattice parametedue to irre-
t (s) versible plastic relaxation. It converges at about 1.8%,
slightly above the value of 1.3% expected for a superlattice
FIG. 9. Relative variation of the in-plane lattice parameter as awith nominally equal layer thicknesses. It has to be noted
function of deposition time during the growth of a single layer of that the metal excess has not been taken into account to
GaN on AIN substrate(a) Ga-rich, (b) stoichiometry,(c) N-rich  compute the layer thickness, so the real thickness should
conditions. Ts=660 °C; the growth rate is 0.3 ML/s f¢e) and(b)  deviate from these values. This may explain the difference in
and 0.25 ML/s for(c), except after the metal flux is interrupted. the expected and real asymptotic behavior.
Note the rapid relaxation occurring at the Ga interruptioriain During the interruption of the Ga depositidnitrogen
deposition alongand as previously observed on a single
plateau after the increase of sta@e. Near stoichoimetry, layer, the in-plane lattice parameter deviates from the irre-
we find a somehow intermediate behavior: the decrease igersible part, i.e., platelets are formed. We find again the
weak, although visibldFig. 9b)]. Note that the RHEED transient “overshooting” of the relaxation just after the Ga
pattern is affected under N-rich conditions: distinct Braggshutter has been closed.
spots appear, indicating growth front roughening. However, The growth of the AIN layers of the superlattice follows
2D growth is preserved under Ga-rich conditions, and théhe same phenomenology as discussed in Sec. lll. During
RHEED pattern remains streaky. AIN deposition,a differs from the irreversible value due to
The amplitude of stepA) has been found to vary between elastic relaxation by platelet formation. When the Al flux is
0.9% and 1.8% for different samples. No clear correlationinterrupted,a evolves to the value corresponding to the irre-
between growth conditions and amplitude value has yet beeversible part, since the layer has been grown under Al-rich
deduced. conditions. Thus, the surface smoothens and the platelets dis-
The effect of a subsequent growth interruption under arappear.
active N flux is presented in Fig. 9. An abrupt increase of This process is periodic and reappears at each period of
by about 1% is observed for Ga-rich conditidisg. (a)],  the superlattice: the only change is a gradual and irreversible

1.0
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FIG. 10. Relative variation of the in-plane lattice parameter asa F|G. 11. Residual straif ey, rueen) = €x(0)— €m on top of

AIN/GaN superlattice on an AIN substrate. Al- and Ga-rich condi- function of the residual misfié,,(0) (as deduced from Fig. 10

tions. Tg=640 °C; the growth rate is 0.3 ML/s, except after the

metal flux is interrupted. A pronounced peak with the amplitudetransition[mechanisn{3)].5° Several studies in different ce-

A X appears when GaN starts to grow. ramics(but not precisely in AIN have shown that the brittle-
to-ductile transition occurs around a fraction 0.7—0.8 of the

increase of the in-plane lattice parameter to its fully relaxednelting temperaturd,,. Nevertheless, plastic deformation

value of 1.8%. Albeit we have stated above that the maxicould occur at lower temperature, but the only way to avoid

mum variation of the in-plane strain el due to elastic ~cracking at low and intermediate temperatured(5T ) is to

relaxation at the end of phaga) of GaN growth may de- apply a large hydrostatic pressurel MPg.>*

pend on the exact growth conditions of a specific sample, it Most of the experimental results on metals or semicon-

is important to note that the residual strain on top of theductors are compatible with mechanisf and involve dis-

platelets { e,y rueen) = €x(0)— Aem™ depends linearly on location movement: emission of sources from the surface,
) XX

the misfiteXX(O) experienced by the deposited G fixed bowmg of _threading dislocations_ in t_he growth plane, emi_s-
growth conditions This linear dependence is illustrated in Sion from island edges at the triple junction between an is-
Fig. 11 for the data measured in Fig. 10. Interestingly, thd@nd and the flat substrate. However, this process should be
extrapolation of the fit intersects the origin, as expected fofOmMPpletely inhibited in group-Iil nitrides: in addition to the
elastic relaxation. high-yield stress in ceramics, the hexagonal geometry of the
We can now summarize that during GaN growth pIateIetsSyStem is such that_the shear stress is zero on the_ usual glide
are immediately formed due to the misfit, then coalescencBlanes. In AN, for instance, the reported easy glide planes
occurs only for Ga-rich growth conditions, and finally dislo- &€ the prismatic and basal plarféa which the shear stress
cations are formed. Platelets reappear after interruption diué to the biaxial strain is zero. Very occasional pyramidal
the Ga flux and during the consumption of the Ga excess. 9/ide has been observed at S00(Ref. 51 but it seems too
Direct AFM imaging of the GaN layer surfac® nm limited to gxplam the general phenomena of relaxation in
thick, Ga-rich growth shows flat interconnected islands at a 9roup-lll nitrides. Therefore, mechanisifi) can be ex-
12-14-nm scale(Fig. 12. Note that the corresponding cluded.
RHEED pattern is streaky, consistent with the fact that the
islands are flat. The height determined by AFM is in the
range of 1.2—1.8 nn5—7 ML). The density is of the order
of 1x 10" cm™2, although it is difficult to obtain a precise
value due to frequent island coalescence.

300 3.0 nm
1.5nm

0.0 nm
V. DISCUSSION AND MODELING

There are three main mechanisms to relax biaxial strain in
an epitaxial layer generated by a lattice-mismatched
substraté® (1) the introduction of interfacial dislocations,
(2) the formation of a surface shape modulation, including, 300
as a limit, islanding, and3) the propagation of crackien-
sile strespor film decohesior(compressive stregsCeram- FIG. 12. AFM image of the top surface of a 4-nm-thick GaN
ics, as bulk AIN, usually deform through crack nucleationlayer grown on an AIN substrate. Ga-rich conditiolig=640 °C.
and propagation at temperatures below the brittle-to-ductilélote that platelets are flat and start to coalesce.
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Another way to relax misfit strain is to destabilize the vvvivyvyy AN vvyivyyy AN
growth front by producing surface modulation or eventually e
forming islandgd mechanisn(2)]. However, at first sight, 2D
growth is maintained during both GaN and AIN deposition,
since the RHEED pattern remain streaky and RHEED oscil-
lations are observed. This seems to exclude the genuine for-
mation of islands. Nonetheless, the formation of flat plate- vrrvrre N / AR
lets, several monolayers in height, is fully consistent both =
with a rapidly appearing relaxation as well as with the ob-
served streaky RHEED pattern. Reversibility is then ex-
plained by a “filling process” of the troughs between plate-
lets. Based on this remark, we propose the following
qualitative scheme from the previous observations. Al - rich N - rich

During deposition, at a very early stage, platelets a'® £iG. 13. Schematic representation of the growth of AIN on
formed. They are larger, more separated, and higher in thgy (5 Early formation of flat AIN platelets in tension with elastic
case of GaN than for AIN. Lateral sizes are in the rang€nyard relaxation at the edges afin) further growth with partial
10-20 nm with heights of several monolayers. In the case ofoajescence of the platelets) Dislocation introductiortirrevers-
AIN the top is flat and the edges sharp, possibly smoother fopje relaxation and smoothing of the surface under nitrogen depo-
GaN. sition after Al-rich growth, while(d) dislocation introduction with

These platelets may eventually coalesce during furthefo smoothing under nitrogen deposition after N-rich growth.
growth after a typical deposition of 2—3 ML for GaN and 20
ML in case of AIN. Coalescence and surface smoothing desubstrate is the one given by Kern and IMu“® Although it
pends critically of the stoichiometry of the deposited speciess limited to one-dimensional elongated ribbons, it will give
and is fostered by a metal/nitrogen radig, /®\>1. a good order of magnitude estimation of the relaxation of the

maa m

1 a) b)

d)

with

b)

After stopping the metal deposition, the excess metal isop layers. These authors show that the strain inxtbd&ec-
used and forms new nitridg mateyigl. As a consequence, thgon (cf. Fig. 15 €>f<x in an infinitely long ribbon of heighitg
surface undergoesmootheningy filling up the troughs be- and widthl, deposited coherently on a substrate having a
GaN islands in case of GaN. This roughening is also evi-
denced by the more diffuse AIN on GaN interface, as mea- el (x,N)= €l (x,0(M N, &)
sured by HRTEM'??
thickness: the rate of introduction, as measured\bys de- 2 2

. . TT 27T 2N+
pendent of the stoichiometry ratio and, as a consequence, of (M, )=1- ——+| 1+ exg —\/—1, (2)
the surface roughness. Irreversible relaxation is easier for Nt Nt mT

This qualitative scheme is summarized on the SChemati%onolayers from the surface and varies frods=0 to N
views in Figs. 13 and 14. It should be emphasized that these N;=hg/a, the total number of monolayers included in the
platelets are to be distinguished from the truncated pyramidalppon of heighthg. As in Ref. 46, the ratio of the Young
platelets considered here is smaller, their density much
higher, and the coverage close to 1. They do appear right at vvvvv vy GaN vvvvv vy GaN
the beginning of the deposition and, as they are flat, the
on top of the platelets. Also, the RHEED pattern maintains
its overall streaky character.

Two points require more attention and shall be discussed
mation from the elastig¢reversible relaxation observed on 7 O
the in-plane lattice parameter measurement @ydhow are 5 e
new dislocations(irreversible relaxationintroduced in ni- c)

tween platelets for AIN butougheningby formation of new  mijsfit f,, is given by

Dislocations are introduced with no well-defined critical
N-rich growth, i.e., for rougher surfaces. wherer=hg/l is the aspect ratid\ defines the number of
islands observed at higher temperatifr@he height of the  oji and the Poisson ratios have been approximated to 1
growth remains in a pseudo-2D mode, with nuclei formation
in the following: (1) can we deduce more quantitative infor- vvvvyvy N vvvvyyv N
trides?

FIG. 14. Schematic representation of the growth of GaN on
AIN. (a) Early formation of flat GaN platelets in compression and

Several calculations of the strain distribution inside iso-outward elastic relaxation ar{h) smoothing during further deposi-
lated or interacting islands deposited on a substrate with fon. (c) Platelets reappear aftét only deposition.(d) For larger
given misfitf, were madé/>>~>*yet, the only tractable ana- thicknesses, dislocations are introduced and irreversible relaxation
lytical form that takes into account the deformation of theis observed.

A. Elastic relaxation through platelets
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1.0

(0 =To(1=2m7). )
o ] This linear approximation is shown in Fig. 15 as a dashed
] line.
] The apparent strain, even for a completely coherent rib-
1 bon, differs from the misfitfy. The difference varies ap-
I proximately linearly with the aspect ratig at least for small
] values, i.e., for ribbons that are sufficiently flat. In this limit,
i the strain depends onand the misfitfy only. The difference
] between the slope and that of the linear approximation in Eq.
. (7) is due to the fact that we have assumed the substrate rigid
1 in the latter case. However, for aspect ratios larger than 0.02,
P wve——, the strain becomes explicitly dependent on the absolute value
of the island height, particularly fax; smaller than 5 ML.
Is this calculation directly comparable to RHEED mea-
FIG. 15. Calculated apparent in-plane lattice parameter relaxsurements? First, one should be aware that one lateral dimen-
ation due to plateletdN; ML high, with aspect ratior. f, is the  sion is missing. However, the order of magnitude should be
initial misfit between the material of the platelet and the substratecorrect when corner effects are small compared to the plate-
on which the platelet is sitting. The solid lines are calculated fol-let size, i.e., for small enough aspect ratio, as considered
lowing Eq. (6) and the dashed line shows the linear approximationhere. Furthermore, the surface probed by RHEED should not
given in Eq.(7). include the substrate or epitaxial material at different heights,
a condition that is fulfilled for layer-by-layer growth. The
(depending on the reference, AIN has elastic constants 104RTEM cross section in Fig. 7 indicates a rather flat growth
to 20% larger than GaN; see, for instance, Refs. 55 and 56front even when the layer is not continuous. The edges of the
The strain at the interfacel,(x,0) is equal tdf, when the  platelets are sharp and their density is high, so it seems safe
substrate is considered rigid and otherwise the avef@ger  to assume that the regions between platelets are shadowed by

0.8

0.7

0.6

(exx,RHEED> / r:J

0.5

04

Aspect Ratio t

X) strain at the interface is given by the platelets and do not contribute to the RHEED pattern. In
. the case of GaN, AFM imagin@-ig. 12 shows that platelets
(€x0 =Fo(M), (3 are also flat and the ribbon model should be appropriate. This
with is also corroborated by the absence of evidence for facets in
the RHEED pattern, as opposed to truncated pyramidal-
2 2 shaped GaN islands grown at higher temperatures in a
(M)=1- pzt 1+ B exp —Pv2), (4)  Stranski-Krastanow mod&.

Based on these approximations, we can use the experi-

and, neglecting the surface tension, mental results in two situations: For the deposition of AIN on
GaN substrate in N-rich conditions, the typical absolute

5 N+ In{M ) value of the platelets’ heighth=0.8 nm and diameter I(
_W' ©) =20 nm can be extracted from the AFM micrograph in Fig.

6(a). This leads tdN;=3 ML and 7= 0.04. Using Eq(6) (cf.
whereN+ is the number of total monolayer considered in theFig, 15, we then deduce a value of the residual strain of
ribbon. (€ mueen/ fo=0.68, corresponding to an elastic relaxation

The strain measured by RHEED is an average a\aTd,  that should be observed by RHEED of abalé/a=(1
at maximum, over the last 3 Mithis will be ~1 nm, a  _ 0 8)x 2.4%—0.8%. Since the layer depicted in Figab
typical penetration depth of the electrons at grazing incias peen grown under conditions similar to those of the layer
dence and will be given by in Fig. 2(c) (the layer thickness of 4 nm corresponds to a
9 deposition time of 50)s we conclude that the observed re-
. i 0, i 1 1
<E>f<x,RHEED>:<€>f<x>%iZO <M1>NT*'. ©6) I(i;(ritrli(t))ﬂt(i)(:nask,)om 1.7% must contain both elastic and plastic
It is noticeable that the calculated elastic relaxation of the
As remarked by Kern and Mler, the average strain in the platelets grown in N-rich conditiongFig. 6(a)] is almost
substrate is close to zero, so that the RHEED pattern is onlgqual to the elastic relaxation right after stdge observed
sensitive to the strain inside the ribbon. From E8), the  in near-stoichiometric and in Al-rich conditiofsee Figs.
averaged strain measured by the RHEED is plotted as a fun@@a) and 2Zb)]. We can therefore assume that the platelet
tion of the aspect ratie- and the heightor total number of morphology of the AIN surface shown in Fig(é may also
monolayerg in Fig. 15. be representative of the transient platelet morphology during
A simple first-order approximation can be obtained bygrowth in near-stoichiometric conditions. Using E§) (cf.
considering only the topmost layer, supposing a rigid subFig. 15, it can be deduced that the aspect ratio of the plate-
strate, and developing formul&¥) and(2) for 7/Nt<1,i.e., lets grown in Al-rich or near-stoichiometric conditions—
for ribbons that are wide compared to atomic distances:  which relax by about 0.8%—must vary in the range between
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0.035 and 0.051, depending on the platelets’ height. Howelislocations may already be formed: the measurement of the
ever, as far as their absolute height and diameter are coir-plane lattice parameter is not sufficient to discriminate
cerned, it cannot be discarded that they moderately deperizétween both phenomena.
on the AI/N ratio. The irreversible part of the evolution afduring stageC)

For the deposition of GaN on AIN substrate, the mauxi-is close to a pure exponential evolution in any situation con-
mum elastic relaxation is typically of the order dfa/a sidered._ The va_riation of_ the strainas a function of the
=1.2%, thus we Obtain<6>f<x,RHEED>/f0:1_1'2%/2'4% layer thicknessh is then given by an equation of the type

=0.5. This is consistent with an aspect ratio varying from h—h,

0.063 to 0.11, when assuming a platelet height betwéen e(h)=¢y ex;{ i ) (8
= andN;=2 ML, respectively. Then, taking into account ) . ] )

the typical platelet diameter measured by AFM=(L3nm), Where e is the total amplitude of the relaxatioh, is an

one can check if the assumed platelet height between 2and@PParent critical thickness, antis the characteristic thick-
ML is in agreement with the observed relaxation. We fingness for irreversible relaxation. Experimental values of the

that only a value of 4-5 ML passes this self-consistenc Eenomenologtlcal ﬁarame(tjgéselndhA grelglven N Tablée . b
check and is consistent with the curves in Fig. 15. This value €se parameters have a direct pnysical meaning and can be

is only slightly smaller than that given by AFN6—7 ML), related to the local dislocation densijtyh) as follows:
which can be explained by the observed coalescence of some € h—h,
platelets, reducing the edge elastic relaxation. p(h)= b_AeXF{ A
For GaN deposition, Fig. 11 shows that the residual strain ) -
on top of the platelets is strictly proportional to the misfit: asWNere b, is the Burgers vector component parallel to the
a consequence the geometry of the platelets has to remalipterface and perpendicular to the dlslocatl_on line. Pure edge
constant and is not varying with the misfit strdisee Eq. dislocations along the three equivale(t010) directions
(3)]. One can infer that kinetic parameters governing platelevith perpendicular Burgers vectobs=3(1210) are able to
growth and shape play an important role and prevail overelax biaxial strain. Indeed, these dislocations were observed
elastic effects. This elucidates also the slight variation of thén multilayers by HRTEM(Fig. 1). From Eq.(9), we can
relaxation amplitude between different samples, since exagieduce that the first layefh close toh,) of GaN grown on
kinetic parameters may slightly vary, as it is difficult to re- AIN substrates would have given a dislocation density of 7
produce, i.e. @y, /dy with high precision. Also, the sub- x10''cm™2 using the measured values for GaN deposition
strate step density may influence platelet growth, a parameteind b, =ag,=0.31nm. It is worth noting that this maxi-
that is at present still ill-controlled for the growth of group- mum density corresponds to an average distance between
Il nitrides. As stated in Sec. Il B, no such correlation be- dislocations of 12 nm, a value comparable to the typical
tween elastic and inelastic relaxation has been observed f@jatelet diameter determined by AFM.
AIN grown on GaN. Then, this discussion seems to be less A phenomenological model, explaining the exponential
applicable to the case of AIN deposition, for which the plate-decrease has been proposed by Feuglietl..>3 the probabil-
let morphology appears strain dependent. ity of creating a dislocation is proportional to the local misfit
experienced by the deposited material. It is easy to show that
a pure exponential relaxation should then be observed. How-
B. Dislocation-introduction mechanism ever, the creation mechanism has not been explained. If we
Several attempts to measure a critical thickness in growexclude the usual mechanism of nucleation and glide for the
ing nitride  heterostructures are reported in thefeasons discussed above, two alternatives can be proposed.
literature2”-3932:34ts value varies from 1 to 9 nm. The above  First, as-grown threading dislocations from the substrate
discussion shows clearly that it is difficult, if not impossible, could be bent from the growth direction to the interface
to define a unique critical thickness in the usual sense, be?lane. Indeed, MOCVD pseudosubstrates do contain the ap-
cause of the early apparition of flat platelets. Moreover, thePropriate edge dislocations with the correct Burgers vector
sensitivity of the growth proceggven for the same growth b=3(1210). Nevertheless, their typical density is of the
method to the exact metal/N ratio could also explain the order of 10 cm™2, a value much lower than that required to
different values reported. The above results, demonstratingccount for the observed relaxation.
the mixture of elastic and plastic relaxation during the early Second, dislocations may be nucleated at the junction of
stages of deposition, prevent us from trying to define a gentwo growing platelets. As illustrated in Fig. 16, when two
eral value for the thickness at which plastic relaxation be=strained platelets are close together, the distance between the
gins. For AIN growth, the transition between std@y and edge atoms of each platelet is modified compared to that
(C) depends on the metal/N ratio, as illustrated in Fig. 2.between inner atoms due to edge relaxation. For platelets in
Near stoichiometry, a slope change is observed after a deptension(compressio)) this distance is larggsmalley. Thus,
sition time of 80 s, which corresponds to a thickness of 6 nmit is favorable for adatoms to nucleate an edge dislocation
this will give an upper limit for the critical thickness. A with a positive(negative Burgers vector at the trough be-
lower limit could be defined at the end of sté), at around tween two islands.
3—-4 ML. In between these two values, platelets may evolve The inward(outward relaxation is proportional to the lo-
and eventually coalescence may already occur as well asal misfit e(h). Therefore, the probability of generating a

. (€)
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FIG. 16. Schematic model of the nucleation of a misfit disloca- 1 17, Schematic model of the nucleation of a misfit disloca-
tion between two platelets in tensidAIN on GaN): (&) before  yjon petween an hexagonal platelet and a locally cubic one, i.e.,
coalescence(b) after coalescence. Note that inward relaxation having a stacking fautSP), under tension(a) before coalescence,
opens up the gap between the two platelets and favors adatofp) sfter coalescence. For favorable stacking fault vectors, the open-
nucleation at this site, promoting dislocation nucleation. ing of the gap between the two platelets is even larger than that for

new dislocation in order to relax the strain should be a funcFig- 16 and dislocation nucleation is easier.

tion of e(h). To prove that this function is approximately cerved and controlled, the variation of the in-plane lattice
linear, as observed experimentally, is beyond the scope Qfarameter during the initial stages of epilayer growth can be
the present study and would require atomic calculationsgpy accounted for by considering both elastic and plastic

However, this dislocation nucleation mechanism is plausiblge|axation processes. The elastic part of the relaxation is ex-
since it requires no dislocation glide. Furthermore, it 9iveSplained by the dynamic formation of platelets.
the right order of magnitude for the dislocation density in the’ - As far as plastic relaxation is concerned, the combination
initial stage of high misfit~2%) for the measured platelet of |arge strain, high Schwoebel barrier, and low dislocation
diameter. mobility leads to a different relaxation mechanism: the ten-
The interdependency of platelet formation and diS|OcatiOI’dency to form platelets as a dynamic process during growth
production during growth is well illustrated by the influence is fostering the formation of misfit dislocations. This new
of metal/N ratio onA and, as a consequence, pth) (see understanding could help to grow the desired structures: high
Table )). It has been shown that N-rich conditions enhanceplatelet density and/or stacking faults, i.e., growth under
the formation of stacking fault®:®” The coexistence of hex- N-rich conditions, would concentrate dislocation formation
agonal and cubic islands has also been experimentally olin a specific location. Low density of platelets with small
served by scanning tunneling microscopy for the 2D nucleaspect ratio would hamper dislocation formation and intro-
ation growth mode of GaRf In this case, the distance duce a larger critical thickness. Growth under near-
between two adjacent plateletene in hexagonal position stoichiometric conditions would favor this latter case. It is
and one in cubic positiorcould be largefsmalley than for  reasonable to suggest that deposition rate is another param-
two hexagonal platelets and would further increase the probeter to control platelets. A higher deposition rate would gen-
ability to nucleate the appropriate positiggegative dislo-  erate higher platelet density and smaller platelet size. Finally,
cation (see Fig. 17. the important role of an interruption of metal deposition dur-
We remark that a related mechanism of dislocation nucleing heterostructure growth is now understood: after AIN
ation has been evoked for the plastic relaxation of compresdeposition, it helps to suppress the platelets formed dynami-
sively strained islands grown in Stranski-Krastanow mode ircally and further GaN growth could start on a smooth sur-
the Ge/Si(Ref. 59 and InAs/GaAqRef. 60 systems. It has face. However, after GaN growth, the excess Ga is consumed
been found that dislocations are most likely formed at theand new platelets are formed. As a consequence, further AIN
corners of the islands, where the strain is most concentratedrowth is producing a less sharp interface compared to the

This has been confirmed by theoretical modefih®f GaN on AIN interface. On the other hand, the absence of any
metal interruption after GaN growth may induce @b, N
VI. CONCLUSION alloy formation due to the excess Ga and is not recom-

The relaxation of(0001/GaN/AIN heterostructures has Mended:

been studied byn situ reflection high-energy electron dif-
fraction measurements arek situ atomic-force and trans-
mission electron microscopy. It has been found that the We would like to acknowledge M. Arlery for the electron
PAMBE growth mechanism in Ill-V nitrides is more com- microscopy observations and for giving us unpublished re-
plex than that in other IlI-V materials. Although for GaN on sults(Figs. 1 and Y. We also thank Y. Samson for use of the
AIN and AIN on GaN pseudo-2D growth is commonly ob- AFM facility.
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