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Abstract

A structural assessment of various interfaces formed between successive
GaN/AlN layers epitaxially grown on (0001) sapphire, as well as between n-type
and p-type GaN is presented, using transmission and high-resolution electron
microscopy. The structure of the interfaces between the thick GaN and the thin
AIN interlayers (ILs) is investigated in terms of misfit difference and elastic
fit of the two crystal lattices. Dense threading dislocations are observed to
originate from the substrate/buffer layer interface and their interaction with the
successive AIN ILs is studied. Furthermore, basal inversion domain boundaries
localized in the n-GaN/p-GaN interface are evaluated.

1. Introduction

Gallium nitride is a material that has drawn a lot of attention in the last few years due to its
potential applications in optoelectronic and microelectronic industries [1]. The fabrication
of UV/blue-light-emitting diodes (LEDs) has been achieved by deposition of GaN, through
various methods, on (0001) sapphire substrates. Since the misfit in lattice parameters of these
two crystal lattices and the difference in their thermal expansion coefficients are appreciable,
direct deposition of GaN on sapphire results in a three-dimensional growth of GaN islands at
the early stages of growth. Asaconsequence, high densities of threading dislocations (TDs) are
emerging from the interface. The growth of a buffer layer, usually AIN, between the substrate
and the film to reduce the misfit does not appear to affect significantly the high dislocation
density. Thus, GaN-based devices undergo a partial loss of their electronic transport properties.

In order to improve the crystalline structure of the GaN epilayers, several complex growth
techniques have been applied. The use of epitaxial lateral overgrowth (ELO) in hydride vapour
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phase epitaxy (HVPE) and metal—organic vapour phase epitaxy (MOCVD) appears to give the
best results as regards the reduction of TD density and, thus, improving the efficiency of the
device [1-5]. When using the molecular beam epitaxy (MBE) technique, growth of a single
or multiple AIN interlayers (ILs) within the GaN epilayer is used for the same purpose. High-
temperature-grown AIN ILs seem to reduce dislocation densities to the subsequent GaN layers,
by forcing TDs to interact and annihilate or to bend within the AIN ILs [2-6]. The decrease ratio
of TDs, however, appears to be associated with several inherent variables, namely the thickness
of the IL, the TD character, the distance between successive AIN IL, as well as the polarity of
the GaN epilayer [2—8]. Conversely, observations on GaN films with low-temperature-grown
AIN ILs gave controversial results concerning the reduction or the multiplication of TDs [7-9].

In this work, a structural assessment of various interfaces formed between successive
GaN/AIN layers grown by MBE on (0001) sapphire at high temperature, as well as between
n-type and p-type GaN is presented, using conventional and high-resolution transmission
electron microscopy (TEM-HRTEM). The interfacial structure between the thick GaN and the
thin (of the order of a few lattice spacings) AIN IL is investigated in terms of misfit difference
and elastic fit of the two crystal lattices. TDs are observed to originate from the substrate/buffer
layer interface and their interaction with the successive AIN ILs is studied. Furthermore, basal
inversion domain boundaries (IDBs) on the n-GaN/p-GaN interface are evaluated.

2. Experimental details

The GaN film investigated was grown by plasma-assisted MBE on (0001) sapphire with a
25 nm thick AIN buffer layer and two thin AIN ILs separated by two 100 nm thick n-GaN
spacer layers. The entire multilayer film was grown at a temperature of 750 °C following the
scheme: substrate Al,O3; 25 nm AIN; 100 nm n-GaN; 3 nm AIN; 100 nm n-GaN; 3 nm AIN;
3 um n-GaN; 0.5 um p-GaN. As described, up to the top 3 um of the GaN layer the film was
n-type Si doped, while in the last 0.5 wm of GaN growth the flux of dopant changed from Si to
Mg and the layer was p-type doped. All layers were grown under group-III-rich conditions of
growth, which generally leads to films with smooth surfaces. Evidence for the polarity of the
film was provided in situ by reflection high-energy electron diffraction (RHEED), while the
polarity of the surface of the top layer was found upon etching of the sample in a KOH-based
solution heated to 80 °C for 2 min. Moreover, the polarities of the n-GaN and p-GaN layers
were verified by convergent beam electron diffraction (CBED).

Samples for TEM-HRTEM observations were cut in cross-section orientation and thinned
to transparency by the standard procedure of mechanical grinding followed by appropriate Ar-
ion milling. TEM observations were carried out in a Jeol 120CX electron microscope operated
at 100 kV, whereas HRTEM and CBED observations were performed in a Jeol 2010 electron
microscope operated at 200 kV, with a point resolution of 0.19 nm and C; = 0.5 mm.

3. Results

Three types of TD were, generally, present in the sample: type a with b = (1/3)(1120), type
a +c with b = (1/3)(1123) and type ¢ with b = (0001). The TD densities found are given in
table 1. Asis evident, the c-type dislocations are gradually reduced from the buffer layer to the
surface by 45%, whereas dislocations of a and a + ¢ type are reduced by only by 5%. Figure 1
illustrates two weak-beam (WB) (g/3g) TEM micrographs of the same area taken with the
0002 and 1010 reflections, respectively. Dislocations that are present in both micrographs are
characterized as a + ¢ type, while ones of type ¢ appear only in figure 1(a) and ones of type a
only in figure 1(b).
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Figure 1. WB (g/3g) cross-section TEM micrographs showing the same area of the sample:
(a) with g = 0002 where the c-component of the TDs is visible; (b) with g = 1010 where TDs
with an a-component are in contrast.

Table 1. Densities of the different types of TD in the successive GaN layers.

Type a (10 cm™2)  Typea +c¢ (10" cm™2)  Type ¢ (10° cm™2)

1st spacer (n-GaN) 7.2 2.1 2.2
2nd spacer (n-GaN) 7.2 2.1 2.0
Overlayer (n-GaN) 6.8 2.0 1.5

The HRTEM image of figure 2 illustrates the structure of the successive GaN/AIN IL/GaN
interfaces viewed along the [1120] zone axis. Due to the natural lattice mismatch between GaN
and AIN, the in-plane misfit is almost 2.5%. Fourier filtering in a series of such HRTEM images
from both AIN ILs, using only the in-plane spatial frequencies, revealed a pseudomorphic
growth of the ILs on GaN spacer layers, where no regular array of misfit dislocations was
detected. Since the AIN ILs are strained, interaction of TDs with the ILs is expected to occur
(figure 2). Our observations showed the following.

(a) When crossing the GaN/AIN interfaces, the existing strain field forces the TDs to change
their line direction. If there is an adequately thick GaN layer over the AIN IL, then
the conditions for dislocation interactions will be favourable. In the case of c-type
dislocations, annihilation can occur when two opposite Burgers vectors meet. Moreover,
c-type dislocations tend to form half-loops with increasing GaN epilayer thickness and
fail to reach the surface (figure 3(a)) [10].

(b) When the strain interfacial energy is large enough, bending of TDs onto the basal plane
occurs. Consequently, dislocations with an a-type Burgers vector component become
screw and they can either continue to glide on their slip plane, restoring their initial
line direction, or cross-slip to a 60° orientation creating, locally, a finite length of misfit
dislocation lines [11]. After the formation of misfit segments, TDs continue to propagate
towards the surface on a parallel prismatic slip plane. These dislocations, on reaching the
upper interface of the IL, can either cross it or bend again onto the basal plane, leaving
misfit segments in that interface as well (figure 2). Thus, half-loops are formed within the
AIN IL (figures 3(b), (¢)).
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Figure 2. A HRTEM image illustrating the structure of the successive GaN/AIN IL/GaN interfaces
viewed along the [1120] zone axis. TDs that change their line direction when crossing the
GaN/AIN IL interfaces or bend onto the basal plane are visible.

N

Figure 3. (a) A WB (g/5g) cross-section TEM micrograph showing c-type TDs forming half-
loops with increasing GaN epilayer thickness. (b) A HRTEM image, viewed along the [1120]
zone axis, illustrating the bending of TDs onto the successive GaN/AIN IL/GaN interfaces, while
they continue to propagate towards the surface. (c) A Fourier filtered image of (b), where extra
AIN IL half-planes are depicted, revealing the local appearance of misfit dislocation segments in
the interfaces. The two opposite misfit segments in the same {1010} plane indicate the position of
a half-loop.

We have evidence that, during the growth of the sample, the film up to the topmost n-type
layer is of Ga polarity. This was derived from the 2 x 2 surface reconstruction observed in situ
by RHEED [12]. However, after the deposition of the p-GaN layer, no reconstruction was
evident either at the growth temperature or upon cooling. Nevertheless, we found that the
p-type layer was N polar, based upon etching of the sample in a KOH-based solution heated to
80 °C for 2 min. CBED patterns taken from both sides of the same area of the p—n interface,
combined with simulated CBED patterns, revealed the Ga polarity of the n-GaN layers while
p-GaN is N polar. We shall show that the polarity change is related to Mg doping.

During the growth of p-GaN with a high Mg flux, the incorporation of a high concentration
of Mg should cause clustering of Mg atoms or incorporation in interstitial or lattice sites.
Experimental observations showed the formation of planar and/or pyramidal defects [13—
16]. It has also been suggested that Mg clustering may lead to the formation of Mg3;N,
precipitates [17, 18]. As shown in figure 4(a), IDBs on {1010} prismatic planes emanate from
the p—n interface, which contains cubic islands a few atomic layers thick, presenting an image
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Figure 4. (a) A HRTEM micrograph showing the p-GaN epilayer containing prismatic IDBs that
emanate from the p—n interface and Mg-rich clusters. (b) A HRTEM image from a part of the p—n
interface; cubic Mg-rich islands identified as basal IDBs are confined at the p—n interface, leading
the dominant polarity of the p-type region to be inverted with respect to that of the n-type region.
The corresponding simulated image is given as an inset (thickness 3.2 nm, defocus —66 nm). (c)
The supercell employed for HRTEM image calculations.

similar to that of a stacking fault (SF). The cubic islands cover extended areas of the p—n
interface, terminating in sessile dislocations and bounded by prismatic IDBs. This leads to
the conclusion that the dominant polarity of the p-type region is inverted with respect to the
n-type region [19]. A similar state was observed in bulk GaN:Mg samples [13]. A part of
the p—n interface is depicted in the HRTEM image of figure 4(b), where the SF-like structure
is visible. Ramachandran et al [20] have proposed a model of a c-plane IDB comprising a
local Mg3N, structure. In order to investigate whether the observed configuration corresponds
to such a bonding arrangement, we have undertaken image simulations. In figure 4(c) the
supercell that was employed is given and the corresponding simulated image is shown as an
inset in figure 4(b). The simulation gives satisfactory correspondence with the experimental
image, indicating that the Ramachandran et al model is in agreement with our observations.

Other Mg extended defects in the form of regular or truncated pyramids were also observed,
indicated as Mg-rich areas in figure 4(a), but they are not analysed here.

4. Discussion

AIN ILs are introduced in order to reduce TD density and improve the crystalline structure of
n- and p-GaN epilayers of the system under investigation. The small reduction of TDs with
an edge component (see table 1) can be attributed to the following reasons.
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(a) Although strained GaN/AIN interfaces affect the line direction of dislocations, the 100 nm
thick GaN spacers do not allow numerous dislocation interactions. Therefore, thicker GaN
spacers, of the order of at least 300 nm [2, 3], are required in order to increase dislocation
interactions and reduce their density in the GaN overlayer.

(b) Small variations in thickness of the AIN ILs result in a local increase of the strain and,
therefore, TDs are forced to bend onto the interface plane becoming screw dislocations or
cross-slip to a 60° orientation forming misfit dislocation segments. After departing from
the basal plane, their initial direction is restored even after half-loop formation within
the IL, leaving misfit segments in both GaN/AIN interfaces. Thus, the prospect of TD
interactions within the n-GaN overlayer is reduced.

The presence of misfit dislocation segments at the GaN/AIN interfaces indicates that,
locally, the thickness of the AIN ILs exceeds the critical value for the formation of misfit
dislocations. This explains the fact that in some areas of the ILs only a change of the line
direction of TDs is observed, since the strain field is not high enough to bend dislocations onto
the interface plane (below critical thickness). In other areas, where bending of dislocations
as well as formation of half-loops occur, misfit segments associated with them show that the
critical thickness is exceeded. It appears that in our growth conditions, the critical thickness
of the AIN ILs is about 3 nm. Subsequently, high-temperature AIN ILs of such thickness
cannot be considered as sources of new edge dislocations due to the lack of three-dimensional
growth [12]. Moreover, the local appearance of misfit dislocations is connected only with pre-
existing TDs, which can bend and cross-slip onto the GaN/AIN interface plane. Therefore, we
suggest a pseudomorphic growth of the AIN ILs on n-GaN that is locally relaxed by irregularly
spaced misfit dislocation segments.

The growth of N-polar p-GaN epilayer can be attributed to the formation of an ultrathin
cubic layer within the p—n interface. This layer is produced by Mg clustering in the form of
cubic Mg3;N, precipitates, and is accountable for the growth of p-GaN epilayer in an inverted
orientation with respect to n-GaN. It has to be mentioned that the polarity reversal in the
Mg-doped GaN layers is generally observed when films are grown at high Mg fluxes and the
polarity reversal affects the doping efficiency [12].
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