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We analyze by cross-sectional transmission electron microscopy the threading
dislocation behavior when crossing an AIN intermediate layer in the GaN/AIN/
GaN/sapphire system grown by molecular beam epitaxy. Dislocation behavior is
explained calculating critical thickness by applying the Fischer model to an AIN
layer capped with GaN. Due to elastic interaction between straight misfit
dislocations, the Matthews and Blakeslee model does not explain the observed
dislocation behavior. The understanding of critical thickness in the studied
system permits to select the AIN interlayer thickness that minimizes the
threading dislocation density in the capped GaNN layer.
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INTRODUCTION

Because of the wide range of applications in optical
and electronic devices, III-V nitride semiconductors
and their alloys have been intensively studied in
recent years. The growth of GaN on the (0001) basal
plane of sapphire!? seems to guarantee a satisfying
operation of GaN devices. Due to the large lattice
mismatch and in order to avoid the formation of three-
dimensional islands during the growth of GaN di-
rectly on sapphire,?* different buffer layer approaches
have been employed to promote uniform coverage of
the GaN. Low-temperature buffer layers (LT-buffer),
such as AIN5" and GaN,*" reduce the threading de-
fects in the epilayer. Recently, a new approach based
ontheinsertion of LT-GalN or LT-AIN interlayers (IL)
betweenhigh-temperature GaN layers (HT-GaN)has
been reported. The insertion of a high temperature
AIN (HT-AIN) interlayer between the HT-GaN grown
by plasma assisted molecular beam epitaxy (MBE)
improves the crystalline quality through threading
dislocationreduction.? A series of samples with differ-
ent HT-AIN interlayer thickness has been character-
ized by transmission electron microscopy (TEM) and
photoluminescence (PL). The wide number of disloca-
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tion interactions observed in the sample with inter-
mediate HT-AIN interlayer thickness of 3.2 nm re-
duces the threading dislocation density reaching the
GaN free surface, so that this sample presents the
optimum crystalline quality.®°

In this paper, in order to shed some more light on
this subject, we focus our study on the analysis of the
effect of these HT-AIN-ILs on the threading disloca-
tions and check the critical thickness calculated fol-
lowing different theoretical approaches.t

EXPERIMENTAL

GaN films with (0001)-oriented surface were grown
on sapphire ¢-Al;0,(0001) substrates by plasma as-
sisted MBE. Firstly, the sapphire substrate was cov-
ered with a 20 nm thin GaN buffer layer deposited at
520°C, followed by annealing at 750°C in order to
improve the GaN film crystalline quality. A thin AIN
intermediate layer (AIN-IL) was then deposited on a
nominally 100 nm thick GaN layer without any growth
interruption at the same temperature as GaN had
been grown (685°C). This growth sequence finished
with a nominally 400 nm thick GaN top layer. Two
samples with AIN-IL thickness of 3.2 nm (sample S3)
and 8 nm (sample S8) were grown. Further growth
details on the studied samples are described in Ref. 9.

The microstructure of the layers was characterized
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by conventional transmission electron microscopy in
a Philips CM 20 transmission electron microscope
operated at 200 kV and a Jeol 1200-EX working at
120 kV. The thickness of the AIN-IL was measured by
high resolution electron microscopy (HREM) in a
Philips CM300 FEG transmission electron micro-
scope. Plan view TEM (PVTEM) specimens were
thinned down to 100 wm by mechanical grinding and
dimpled down to 5 um followed by ion milling at 4.5 kV
to electron transparency. Cross-sectional TEM
(XTEM) samples were prepared by tripod technique.
Electron transparency was achieved using a precision
ion polishing system (PIPS) at 5 kV. A final step at
3kV was used to reduce ion beam damage.

PREVIOUS RESULTS ON THE EFFECT
OF THE INSERTION OF AN HT-AIN
INTERLAYER

In a previous report, we deduced from PL and
threading dislocation density measurements by
PVTEM a clear improvement of the crystalline qual-
ity by the insertion of HT-AIN interlayer.!! The dislo-
cations considered were those with Burgers vectors
b = 1/3 <1120> and b = 1/8 <1123>. Dislocations with
b=<0001> are greatly reduced during growth through
half loop formations.!® Although a small fraction of
them were able to extend further away from the
interface and reach the free surface, this fraction is
negligible in relation to the dislocation density with
an a-component. Wide regions of all the samples
including a reference one without AIN-IL were ana-
lyzed to obtain a reliable threading dislocation densi-
ties, pp, measurements. The clear reduction of pp in
the samples containing a HT-AIN interlayer was in
good agreement with the decrease in the full width at
half maximum (FWHM) of the main emission PL
peaks.? However, the lowest value of these measure-
ments, i.e., the better crystalline quality, was ob-
tained for sample with the thinnest HT-AIN-IL. Pre-
liminary XTEM studies were carried out on the full
series of samples to explain the HT-AIN insertion
effect on the crystalline quality. The images recorded
intwobeams condition with the (0002) reflection near
the <1120> zone axis showed many upright threading
dislocation lines across the GaN layer. However, the
HT-AIN interlayer insertion causes the tilt of a few
dislocation lines. This phenomenon is more frequently
observed in sample S3. This leads to a higher number
of threading dislocation interactions and, conse-
quently, to a lower dislocation density reaching the
sample free surface.

DISLOCATION BEHAVIOR

In this work, the dislocation behavior across the
HT-AIN interlayer has been studied in detail by
XTEM (Fig. 1). The influence of the AIN-IL/GaN
interfaces on the threading dislocation line motion
has been characterized in samples S3 and S8. As can
be seen in Fig. 1 some dislocations change their
dislocation line direction when reaching the AIN
interface. When a threading dislocation reaches the
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Fig. 1. Low magpnification XTEM images recorded under two beam
bright field condition with (0002) reflection showing dislocation lines
through the (a) S3 and (b) S8 sample epilayers. Note the change of
dislocation line directions in arrowed dislocations.

GaN top layer

) AIN interlayer

GaN buffer layer

h<h, h=h, h>h,

Fig. 2. Schematic drawing of the different dislocation line behaviors
observed in the XTEM images.

GaN/AIN-IL interface in sample S3 the misfit strain
seems not to be enough for bowing the dislocation and
originate a misfit dislocation segment parallel to
basal plane to accommodate the misfit at the inter-
face. Nevertheless, stress due to the mismatch be-
tween AIN and GaN changes the threading disloca-
tion line direction (Fig. 1a). This fact enables more
interactions between threading dislocation lines. An
out-standing difference between S3 and S8 samples,
in addition to the higher pp measured in the second
one, is the dislocation line behavior reaching the AIN-
IL interface. The tilt of threading dislocations is less
frequent in S8 sample. Figure 1b shows the typical
arrangement for threading dislocations when the
epilayer thickness (AIN) exceeds a critical value. The
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Fig. 3. XTEM micrograph showing the dislocation line bending at both
GaN/AIN interfaces in sample S8.

dislocation bows because the resolved shear stress
acting on the slip system is higher than the total self-
stress created by the dislocation. The dislocation
moves forming ahalfloop across the HT-AlN interlayer
and continues like straight threading dislocation when
leaving this region. Figure 2 shows a schematic draw-
ing of all the observed possibilities. The threading
dislocation behavior is quite different in S3 and S8
samples, as can be seen in Fig. 1. Whereas many
dislocations arise bent over in sample S3, following
the model showed in Fig. 2a, in sample S8, the half
loops formation in the interlayer has been observed
(Fig. 8b). The models represented in Fig. 2 have been
checked through XTEM images recorded under two
beams bright field condition like Fig. 3. The HT-AIN
interlayer thickness exerts a clear influence on the
dislocation line behavior and therefore on the disloca-
tion interactions.

These different behaviors could be understood
through critical thickness calculations and misfit
accommodation in epitaxial multilayers. There are
many different approaches for the accommodation of
misfit between an epitaxial film and the substrate.

EXPLANATION OF THE OBSERVED
DISLOCATION BEHAVIOR

Theoretical calculation by Matthews and Blakeslee,t
based on thermodynamic equilibrium, is most widely
used in critical thickness (h,) studies. We estimated h,
inserting the appropriate material system AIN/GaN
parameters obtaining a value of 2 nm for the Matthews
and Blakeslee multilayers approach. Nevertheless,
for semiconductors, equilibrium calculations supply
lower values for the critical thickness than experi-
mental observations.!?13 Therefore, the relaxation of
the elastic strain is slower than would be expected
from equilibrium calculations. The Matthews and
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Blakeslee model ignores the phenomenon of elastic
interaction between straight misfit dislocations. Here
both samples present values of AIN-IL thickness
measured by HREM higher than the critical one
calculated following the Matthews and Blakeslee
model. Nevertheless, XTEM shows that critical thick-
ness of the AIN-IL in sample S3 has not been reached
in AIN-IL of sample S3. This fact requires the use of
another approach to successfully explain the disloca-
tion behavior. Such approach is presented in the
following paragraphs.

The approach developed by Fischer et al.4is based
in the equilibrium theory including the interaction
factor between straight misfit dislocations very im-
portant in systems like GaN/sapphire with disloca-
tion densities as high as 10'° c¢cm2. Previously, the
validity of this approach hasbeen successfully checked
in GaN/AIN systems employing synchroton x-ray dif-
fraction.'’® The expression for the excess resolved
shear, considering an interlayer, i.e., two GaN/AIN
interfaces results as follows,

Tore =T — 271,

where Trepresents the resolved shear stress acting on
the slip system on a misfit dislocation and t, the shear
component of the total self-stress created by the
dislocation. Due to the fact that the studied samples
have an AIN interlayer the double 1, value is included
in the equation. If the HT-AIN thickness is higher
than thecritical value, we can consider the multilayers
approach, so the dislocation should bend in both
interfaces between HT-GaN and HT-AIN.

Taking the equilibrium conditions for the point of
strain relief onset via plastic flow leads to the follow-
ing expression for the critical thickness h,,

a,-a, bcosk( ( 1—-vcos2@ ) (h )J
= 1+ In| —=
a, 2h, 2n(1+v)cos? A b

According to L. Sugiura,!” the dominant misfit dislo-
cation type in wurtzite GaN system is 60 degree
dislocations on (0001) plane. Thus, the most proper
valueforA and9is w6. Inserting appropriate material
system parameters, a; = 0.3110 nm, a, = 0.3189 nm,
A=1/6, vy =0.608, and b = 0.3189 nm, the calculated
critical thickness of HT-AIN interlayer is 7.56 nm,'
nearly four times larger than the critical thickness by
the Matthews and Blakeslee model. As the first HT-
GaN layer thickness grown directly over the GaN
buffer layer is 100 nm or higher in both samples, fully
relaxed parameters have been considered for GaN.

In this case, only the AIN interlayer thickness in
the S8 sample will exceed the critical value. In previ-
ous reports,’”1® the straight threading dislocation
behavior has been described. When the film thick-
ness exceeds the critical value, some of them change
into the basal plane to become misfit segments par-
allel to the interface. The behavior of a threading
dislocation that reaches the interface depends on the
epilayer thickness.!!
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As the HT-AIN interlayer in S3 sample does not
exceed the critical thickness value, threading dislo-
cations tend to change direction when they reach the
interface, and interactions between dislocations are
favored as can be seen in Fig. 1a. Thus the threading
dislocation density reaching the free surface in the
GaN overlayer must be lower, as was checked by PL
measurements and dislocation density evaluations.®
Therefore, our experimental results arein good agree-
ment with the calculated critical thicknessin wurtzite
AIN/GaN multilayer systems by applying the
Fischer model.

SUMMARY

In this paper we have successfully checked the
validity of the Fischer approach in systems contain-
ing a HT-AIN interlayer. The introduction of a thin
HT-AIN intermediate layer in HT-GalN grown by
plasma assisted MBE reduces the threading disloca-
tion density. This reduction is higher when the HT-
AIN thickness is below the critical value calculated by
the Fischer model equation to a capped layer, because
the bending and interactions between dislocations
occur more frequently in this case.
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