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The strain relaxation of an AlGaN barrier layer may be influenced by a thin cap layer above, and affects the

transport properties of AlGaN/GaN heterostructures. Compared with the slight strain relaxation found in AlGaN

barrier layer without cap layer, it is found that a thin cap layer can induce considerable changes of strain state in the

AlGaN barrier layer. The degree of relaxation of the AlGaN layer significantly influences the transport properties of the

two-dimensional electron gas (2DEG) in AlGaN/GaN heterostructures. It is observed that electron mobility decreases

with the increasing degree of relaxation of the AlGaN barrier, which is believed to be the main cause of the deterioration
of crystalline quality and morphology on the AlGaN/GaN interface. On the other hand, both GaN and AIN cap layers
lead to a decrease in 2DEG density. The reduction of 2DEG caused by the GaN cap layer may be attributed to the
additional negative polarization charges formed at the interface between GaN and AlGaN, while the reduction of the

piezoelectric effect in the AlGaN layer results in the decrease of 2DEG density in the case of AIN cap layer.
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1. Introduction

Research on GaN-based high electron mobil-
ity transistors (HEMTs) has been carried out in-
tensively over recent decades due to their high
temperature, high power, and high frequency elec-
tronic properties.! =3 The two-dimensional electron
gas (2DEG) formed near the interface of AlGaN/GaN
heterostructures is induced by spontaneous and piezo-
electric polarization, and the increase of Al content in
the AlGaN barrier layer can improve the electronic
properties of 2DEG.!4 However, due to the large lat-
tice mismatch between the binary nitrides AIN and
GaN (about 2.5%),) the increase of Al content may
lead to undesired strain relaxation of the AlGaN bar-
rier layer, which causes crystal deformation and de-
creases the piezoelectric polarization effects.

Cap layers are commonly used to realize vari-
ous goals in GaN-based electrical and optical devices.
Some have proposed that an InGaN cap on GaN or
a GaN cap on AlGaN could reduce the resistance of
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Ohmic contacts.l®) A GaN cap was also utilized to in-
crease the Schottky barrier height of A1GaN/GaN het-
erostructures, by which gate leakage current was sig-
nificantly reduced.!”) In addition, it was suggested that
a low-temperature AIN cap could act as a good gate
insulator and a passivation layer for both AlGaN/GaN
HEMTs and GaN-based ultraviolet photodiodes. 8]
The influence of strain state in modulation-doped Al-
GaN on the 2DEG transport properties has been anal-
ysed by changing the thickness of the A1GaN layer.['?]
In addition, it was reported that a GaN cap could im-
prove 2DEG mobility and reduce 2DEG density. 12!
However, even though the cap layers are extensive
used in GaN-based devices, there is a lack of research
into the relationship between strain variation in Al-
GaN induced by different kinds of cap layers and the
electrical properties of Al1GaN/GaN heterostructures,
especially with a relative high Al content.

In this study, the variation of the strain state of
the AlGaN barrier layer in AlGaN/GaN heterostruc-
tures is studied with different kinds of thin cap lay-
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ers. The morphology and dislocation density of the
AlGaN barrier layer are studied using an atomic force
microscope (AFM) and high-resolution X-ray diffrac-
tion (HRXRD), respectively. They are believed to be
relevant to the 2DEG electronic properties character-
ized by Hall-effect measurements.

2. Experimental procedure

Samples were grown on (0001) sapphire in a
metal-organic chemical-vapour deposition (MOCVD)
system.  Hydrogen was used as the carrier gas
and triethylgallium, trimethylaluminium and ammo-
nia (NH3) were used as source compounds. The het-
erostructures were grown on high-temperature AIN
buffer layers. The growth conditions of the Al-
GaN/GaN layers were as follows: the growth tem-
perature was 1060°C, the total pressure was 40 Torr
(I Torr = 133.322 Pa) and the growth rate was
14 nm/min. The thin (2 nm) GaN and AIN cap layers
were grown under the same conditions as given above.

Two heterostructures were prepared and, in each
sample, the cap structure was different. One consists
of a single Alp 37Gag g3N (22 nm)/GaN (1.5 pm) het-
erostructure with a thin GaN cap layer (2 nm) on top
of the AlGaN barrier layer (sample A), the other has
an AIN cap layer (2 nm) (sample B); the same Al-
GaN/GaN heterostructure without a cap layer (sam-
ple C) was also investigated for comparison.

HRXRD analysis was carried out using a Bruker
D8 Discover diffractometer with a mirror and a four-
bounce asymmetric Ge (220) monochromator (Cu
Ka; radiation of wavelength 1.5406 A was used).
Room temperature Hall-effect measurements were
performed in the van der Pauw geometry using in-
dium contacts to characterize the electrical properties
of 2DEG. The surface morphology was analysed by
AFM.

3. Results and discussion

Figure 1 shows the reciprocal
pings (RSMs) (105)

Alp 37Gag g3N/GaN heterostructures in three sam-

space map-
around a reflection  of
ples. The dashed lines indicate the position of the
completely strained AlGaN layer with different Al
contents. In sample C, the AlGaN barrier layer dis-
plays a slight relaxation due to its approaching the
critical thickness for relaxation with a relative high Al
content.['34 By introducing a GaN cap layer (sample
A), the AlGaN layer is fully strained; while an AIN
cap causes a severe relaxation of the AlGaN barrier
layer compared with the two other samples. Since
the in-plane lattice parameter of GaN is larger than
that of AlGaN, and the AlGaN barrier layer is under
a tensile strain, the GaN cap layer can stretch the
AlGaN barrier below so that the latter can better fit
the underlying GaN buffer layer. In contrast, due to
a relatively small in-plane lattice parameter of AIN,
the AlGaN layer is compressed by the AIN cap and
the misfit between the barrier and buffer becomes
more severe, leading to a highly relaxed AlGaN layer.
Therefore, in sample B the AlGaN layer displays the
most severe relaxation.

The lattice parameters for completely relaxed
GaN and AIN are a§?N = 3.1896 A, c§*N = 5.1855 A,
and af™ = 3.111 A, )™ = 4.98 A, respectively.[15:16]
R is defined as the degree of relaxation of the Al1GaN
layer on GaN expressed by the following equation:

R = [a(L) — ao(S)]/[ao(L) — ao(S)],

where a((S9) is the in-plane lattice parameter of a
completely relaxed substrate, and a(L) and ag(L) are
the measured and completely relaxed in-plane lattice
parameters of a layer with given contents, respectively.
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Fig. 1. Reciprocal space maps for the asymmetric (105) reflections of AlIGaN/GaN layers with (a) GaN, (b) AIN, and (c) no
cap layer on top. The dashed line indicates the completely strained state of AlGaN layer with different Al contents.
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Poisson ratios are chosen to be vga,ny = 0.183 and
van = 0.203.07:18 For samples A, B and C, assum-
ing a biaxial in-plane strain, R is 0%, 33% and 6.5%,
respectively.

Misfit dislocations (MDs) can be formed at the
AlGaN/GaN interface, accompanied with strain re-
laxation. Its Burgers vector was determined to be
b = a + c.["¥ Symmetric (001) rocking curves are
related to screw or mixed dislocations, whose Burg-
ers vector is ¢ or a + ¢, while rocking curves on an
asymmetric or skew-symmetric (hkl) plane with ei-
ther h or k nonzero will be broadened by edge dislo-
cations, whose Burgers vector is a.1'%2%) Both MD and
threading dislocation (TD) densities can be revealed
by HRXRD w-scan (rocking curve) of symmetric (002)
reflection for AlGaN barrier layer. The result is shown
in Fig. 2(a). It suggests that sample A has the small-
est full width at half maximum (FWHM) while sample
B has the largest. Therefore, the dislocation density
in the AlGaN layer is highest in sample B and low-
est in sample A. For the purpose of ruling out the
possibility that the 2DEG could be influenced by the
crystalline quality of the GaN buffer layer, as well as
separating the effects of TD and MD on the FWHM
of AlGaN (002) rocking curves, both the symmetric
(002) and skew symmetric (102) reflections have also
been measured for the GaN buffer layers in the three
samples. The results are shown in Figs. 2(b) and 2(c),

respectively. Neither of the reflections displays no-
table differences in the three samples. Therefore, the
TD densities in the three samples are of the same level,
and the order of MD density from the smallest to the
largest is sample A, sample C and sample B.

We examined the surface morphology of the three
samples with a 5 pm x 5 um scan area of AFM im-
ages, as shown in Fig. 3. Sample A has the smoothest
surface owing to the absence of relaxation in the bar-
rier layer. For sample B, however, the relatively se-
vere relaxation creates a rough surface. According
to Ref. [21], for the relatively thin AlGaN barrier
layer (~22 nm), the surface roughness of the AlGaN
layer inherits that of the underlying GaN buffer layer;
and the X-ray reflectivity (XRR) results show that
the roughnesses of the AlGaN/GaN interface and the
former two are in the same range. The simulation
of XRR data for our samples (not shown here) also
shows a similar result. Therefore, one can deduce that
the interface of Al1GaN/GaN is also better in sample
A, in which the interface scattering for 2DEG mobil-
ity can be reduced in comparison with the two other
samples. In addition, recently reported work suggests
that a remote surface roughness scattering effect aris-
ing from the fluctuation of the barrier width should
be considered.?2] Therefore, the contribution of this
effect on the decline of mobility should be taken into
account in rough-surfaced samples such as sample B.
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Fig. 2. Rocking curves of (a) (002) reflection for AlGaN layer, (b) (002), and (c) (102) reflection for GaN layer.

Fig. 3. 5 um x 5 pm AFM images of (a) sample A, (b) sample B, and (c) sample C.
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Table 1. Sheet carrier density (Ns), mobility (1) and their product (uNs) for three samples.

Sample structure Ns/l()wcm’2

p/cm?.V—1.g71 uNs/1016 . v—1 .51

GaN/AlGaN/GaN (A) 1.36
AIN/AlGaN/GaN (B) 1.32
AlGaN/GaN (C) 1.62

1557 2.12
922 1.22
1193 1.93

The results of the Hall-effect measurement are
listed in Table 1. Although displaying a lower 2DEG
sheet density than sample C does, sample A has a bet-
ter performance in both 2DEG mobility and the prod-
uct of mobility and sheet density. Sample B shows
the lowest mobility and sheet carrier density. Figure
4 shows the variations of 2DEG mobility and sheet
carrier density with R. Mobility decreases monotoni-
cally with increasing R (i.e., the aggravation of strain
relaxation), while sheet carrier density shows less ob-
vious correlation with the strain state of the AlGaN
The strain relaxation of the AlGaN
layer causes the decrease of the piezoelectric polariza-

barrier layers.

tion effect, thus causing a reduced 2DEG density in
sample B. On the other hand, for sample A, though
the relaxation of the AlGaN layer is suppressed, the
GaN cap layer results in negative polarization charges
at the interface of cap-GaN/AlGaN, which enhances
the electric field in the AlGaN barrier layer and low-
ers the 2DEG density. 23 Figure 5 shows the schematic
diagram of the energy band diagram and electron dis-
tribution for samples with and without a GaN cap
layer, which provides strong support for the discus-
sion above.

TDs can penetrate through 2DEG and act as
The effect of TD on the electri-
cal properties of an AlGaN/GaN heterostructure has
been studied.?* Based on the model in which TD is
treated as a line of charges, TD scattering has been

scattering centres.

analysed.[?®! However, as TD densities are almost the
same in the buffer layers of all of the samples, their im-
pact cannot and need not be discriminated. It should
be noted that as the result of strain relaxation, misfit
dislocations can be formed near the interface, and the
localized strain state can be changed. The latter may
in turn change the localized electric field, leading to a
nonuniform piezoelectric field. The deformation of the
electric field breaks up the periodic field in crystals
and effectively reduces electron mobility by enhanc-
ing scattering. Furthermore, as a trap, MD can be
charged and may have a remote coulomb scattering
effect on 2DEG. Therefore, the main reason for the
reduction of 2DEG mobility in strain-relaxed samples
(samples B and C) is the deterioration of the surface
(or interface) morphology and the formation of misfit
dislocations at the interface of Al1GaN/GaN.
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Fig. 4. Hall mobility (solid squares) and sheet carrier
density (open circles) versus the degree of relaxation. The
solid and dashed lines connecting the data points are
guides for the eye.
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Fig. 5. The schematic diagram of (a) energy band dia-
gram and (b) electron distribution of sample A and sample
C. E; and Ey represent the conduction band and valence
band edges, respectively; and Ep represents the Fermi
level.

Since 2DEG mobility can be more readily influ-
enced by interface roughness scattering and alloy dis-
order scattering when the 2DEG is at a high concen-
tration, the improvement of mobility in sample A in
comparison with sample C may be partially due to
its lower 2DEG concentration. However, in sample B,
whose 2DEG concentration is almost the same as that
in sample A, we can safely draw the conclusion that
the significant decrease of carrier mobility in sample B
is mainly caused by the strain relaxation of its barrier
layer.
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4. Conclusions

In conclusion, for Al,Ga;_,N/GaN heterostruc-
tures with a relative high Al content (z = 0.37), three
heterostructures with differently strained AlGaN bar-
rier layers were derived by introducing different kinds
of thin cap layers (or without a cap layer). The rela-
tionship between the transport properties of 2DEG
and the strain state of the barrier layer was stud-
ied. The mobility of 2DEG decreases with strain
relaxation. The degeneration of surface morphology
and the increase of dislocation density near the Al-
GaN/GaN interface, both accompanied by strain re-
laxation, are the main causes of the deterioration of
2DEG mobility. However, the concentration of 2DEG
displays a subtle trend with the increase of the degree
of relaxation, which can be attributed to the reduc-
tion of polarization charges at the AlGaN/GaN inter-
face and the additional polarization charges formed at
the cap/barrier interface. This research is beneficial
for understanding strain-related phenomenon in the
application of cap layer structures on AlGaN/GaN-
heterostructure based devices.
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