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I nfluence of Inversion Domains on Formation of V-Shaped Pitsin GaN Films
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The influence of inversion domains (IDs) on the formation of V-shaped pits in GaN films grown by metalorganic chemical vapor
deposition has been investigated using transmission electron microscopy. It was found that IDs can induce V-shaped pits which
have a large size distribution. Upon introducing InGaN/GaN multiple-quantum wells to observe various growth stages, our
results showed that the origin of these ID-induced pits may be a delayed formation of the IDs during island-island coalescence
at the initial stage of film growth, thus we need not adopt a general explanation based on the different growth rates for the two
opposite polarities.
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Group-lll nitride-based alloys have been intensively inMQWSs were grown at a temperature of 70 and consisted
vestigated since the development of GaN-based devicesten periods of 6-nm-thick GaN barriers and 4-nm-thick
for high-brightness blue/green light-emitting diodes andihg;GagN wells. The cross-sectional TEM sample was pre-
continuous-wave laser diodes. These GaN-based layers pered by a standard mechanical polishing and ion-thinning
primarily grown on sapphire substrates which generally coriechnique to achieve electron transparency alongithe 20]
tain several kinds of defects such as threading dislocatiormyne axis. In addition, plan-view specimens were produced
stacking faults, voids, inversion domains (IDs), and V-shapdaly thinning the samples from the back. TEM observations
pits?) V-shaped pits are generally associated with threadingere carried out using a Philips CM200 TEM system oper-
dislocations, and occur particularly easily in layers containingted at 200 kV.

InGaN?—) or AlGaN? multiple-quantum well (MQW) struc-  Figure 1 shows the low-magnification cross-sectional TEM
tures as well as ID sites® For the latter case, a model based
on the difference in growth rates between the N-polar inver-
sion domain and the Ga-polar matrix has been proposed tc
explain the formation of those ID-induced pft§ Similarly,

the appearance of pyramids or hillocks on the sample surfac
related to IDs has been attributed to a faster growth rate of
the Ga-polar domains compared with that of the N-polar ma-
trix.”~9 Liliental-Weberet al.?) have reported that the growth
rate in the Ga-polarity region is nearly two times higher than
that of a matrix with N-polarity under identical growth con-
ditions. However, in most other reports, either for V-shaped
pits or hillocks, the difference in the growth rates of regions
of two opposite polarities was estimated to be sfrdllFur-
thermore, the large size distribution of pits and/or hilldcks
within a layer could not be explained based on the different
growth rates of regions with opposite polarities. Therefore,
it is necessary to clarify the relationship between IDs and
V-shaped pits. In this study, we carried out a detailed in-
vestigation regarding this issue, using transmission electron
microscopy (TEM). We show clear evidence that V-shaped
pits of various sizes are formed mainly due tgrawth delay

of the IDs with respect to the surrounding matrix rather than
a difference in growth rates.

The sample was grown on a (0001) sapphire substrate by
atmospheric-pressure metalorganic chemical vapor deposi:
tion (MOCVD). The substrate was initially treated i BIm-
bient at 1150C, followed by the growth of a 25-nm-thick
low-temperature (45@€) GaN buffer layer and a thick un-
doped GaN layer with a total thickness of & grown at
a high temperature of 1076. In this sample, two identical

; . is/m6 Fig. 1. TEM cross-sectional image of the sample with InGaN/GaN multi-
InGaN/GaN MQW structures are introduced: one is ple quantum wells (MQWSs) having (a) small and (b) large V-shaped pits

and the other is 1.@m from the sapphire substrate. The rejated to inversion domains. The dark contrasts in the middle of the film
parallel to the (0001) plane or with V-shape are MQW layers.
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image of the sample with InGaN/GaN MQWs taken neatant role in the formation of these pits than the difference in
the [11-20] zone axis withg = (0002, in which some the growth rates.

V-shaped pits connected to columnar IDs at their bot- Since there is a clear contrast between InGaN and GaN lay-
tom apex clearly appear. (The IDs can be identified bgrs due to a difference in atomic mass density, we introduced
means of high-resolution TEM (HRTEM) and multiple-beaman InGaN/GaN MQW structure as a monitor to observe the
dark-field images taken witlhy = +(0002 along the non- film structure at various growth stages. If there is an open
centrosymmetrig11—20] zone axis'?). The pits generally hexagonal inverted pyramidal pit during growth, the subse-
have inclined walls faceted ofi—101} planes. Figure 2 quent InGaN layer will be deposited on the sidewall of the
shows a HRTEM image of a V-shaped pit sidewall. Theit. Therefore, one can see a V-shape in the TEM image due
V-shapes have an angle of about B&tween the arms, which to the contrast between GaN and InGaN layérss shown

is very close to the calculated angle (5§.between two in Fig. 1(b). Thus, the observation of V-shapes appearing
polar {1-101} planes. This means that the structural feanear the substrate in Fig. 1 could be attributed to the depo-
tures of these V-shaped pits agree well with those in prevsition of InGaN/GaN layers on the inclined sidewalls of a
ous reports:® In this sample, almost all pits are connected td/-shaped pit, which means that the V-shaped pit formed prior
columnar IDs, while most threading dislocations do not leatb the introduction of the InGaN/GaN layers. (It also implies
to the formation of V-shaped pits, as shown in Fig. 3. Furthat the V-shaped pits are not induced by the introduction of
thermore, the density of the V-shaped pits is estimated to beGaN/GaN layers.) In our sample, the V-shaped pits due to
about 1x 10’/cn? from the plan-view TEM images. IDs propagate through the entire film keeping their original

The majority of the V-shaped pits are between 100-200 nfeatures, as seen from the two MQW contrasts related to the
in diameter, as shown in Fig. 1(a), while a few pits aresame ID having a similar V-shape.
500-800nm and even 1-1/n in diameter, such as those Generally, after high-temperature annealing of the low-
in Fig. 1(b) and plan-view images (not shown). The moddemperature GaN buffer, the growth of GaN starts from iso-
of the formation of V-shaped pits due to the different growthated islands which have pyramidal walls {d~101} planes
rates between different polaritie% % cannot explain the large and a (0001) top plane; then island coalescence occurs, which
size distribution of ID-induced pits within the same sampleleads to a V-shaped junction regibh Therefore, one can as-

In the discussion below, we demonstrate that a delay in tlsame that the V-shape near the substrate, as shown in Fig.
growth of IDs with respect to the matrix plays a more impord(b), results from the coalescence of surrounding islands.
Also, it is known that the growth of GaN (including IDs) in
the junction region could be delayed compared with the as-
grown surrounding islands. Generally, the subsequent growth
in the junction region should be faster than that of the (0001)
plane, resulting in a smoothing process that produces a flat
[0001] (0001) top surfacé However, the above results suggest that,
[1-101] due to the existence of an ID within the island-island junc-
tion region, the conventional smoothing process stops and the
V-shaped pit formed can extend to the top surface of the film.
The delayed ID grown in association with the coalesced is-
lands plays a key role in the formation of the V-shaped pits,
which is different from the previous explanatfofi in which
V-shaped pits result from a difference in the growth rates be-
tween the ID and matrix. If so, the large size distribution of
Fig. 2. High-resolution TEM image of one sidewall of a V-shaped pit. the V-shaped pits can be explained simply by the variations
in the initial thickness of the surrounding islands coalescing
with IDs.

In order to illustrate the process clearly, we give a
schematic illustration in Fig. 4 based on the TEM image, as
shown in Fig. 1. The pit labeled “A” in Fig. 4 indicates that nu-
cleation island coalescence is delayed with respect to the coa-
lescence of the pit labeled “B”, i.e., when the islands coalesce
and an ID is formed at the B-pit (dotted line), the coalescence
of islands around the A-pit (dotted line) does not occur. Con-
sequently, the small islands coalesce to large thickness and
form a V-shaped pit. Therefore, the thickness of the matrix at
the coalescence moment should then determine the ID-related
pit size, at least initially.

The lines labeled MQWs in Fig. 4 correspond to the
Fig. 3. A V-shaped_ pit c.onnect's to an inversion d(_)main yvhile no pit °fi91nGaN/GaN MQW contrasts in Fig. 1 and are used to identify

inates from thrgad_mg dislocations. Note that a dlslocatlon_ben_ds an(_jt Flesimultaneousgrowth in different regions. The correspon-
minates on an inclined facet of the ID-induced V-shaped pit. Since dislo- o . i > .
cations cannot terminate within a crystal; this means that the V-shaped glence between the A-pit in Fig. 4 and the TEM image in Fig.
is empty. 1(b) yields useful information. By measuring the distance
between the two MQWSs, the growth thicknesses of the ID
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R In this case, the ID-induced pit sizes could depend on other
2, growth parameters such as the slightly different growth rates
2 between the two polarities and growth steps from the sub-
strate or buffer layer. Therefore, one can predict that the pits
have small size, and indeed, some V-shaped pits related to IDs
are observed, in the same sample, to be of very small size (or
depth) « 50 nm) in comparison to those shown in Fig. 1. Fi-
eI nally, from the point of view of crystal growth, since nearly
A % all IDs originate from the buffer layer and/or substrate, we be-
lieve that by changing the surface status of sapphire substrates
and the initial growth conditions of buffer layers, the number
of IDs and ID-related V-shaped pits may be decreased.
peiais -\ In conclusion, we have discussed the formation and growth
mechanism of V-shaped pits related to IDs with a large size
distribution. We estimated that the relative growth rates be-
sland” o | tween the IDs and the matrix should be almost equal, and
sland “}'Island . .
: then proposed a model to explain the formation of V-shaped
A Substrate B pits based on a delay in the growth of the IDs with respect
to the matrix. The initial growth stage therefore plays an
Fig. 4. Schematic illustration of inversion domains (IDs) leading to the forimportant role in determining the properties of ID-induced
mation of V-shaped pits with different sizes. The picture is drawn based %-shaped pits. This information suggests that it is necessary

the TEM image, as shown in Fig. 1. The formation of the A-pitis deIayent r the formation of IDs during the initial growth t
with respect to that of the smaller pit labeled B. The dotted line represen_g suppress the tformation o S during the al gro 0

the surface at the time when the B-pit was formed, while the A-pit was ndimprove the quality of GaN-based epitaxial films.
formed. This work was supported by a Grant-in-Aid for Scientific
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