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Abstract

A comparative study of GaN grown on sapphire by metalorganic chemical vapor deposition (MOCVD) is performed by transmission
electron microscopy (TEM), atomic force microscopy (AFM) and infrared reflectance. A correlation between the microstructure features
revealed by TEM/AFM and optical characteristics obtained from infrared reflectance is explored. TEM observations reveal the GaN
epilayers with high densities of threading dislocations. Dislocations in the undoped GaN tend to form open core structures, while
dislocation lines in the Si-doped GaN are sharper and the strain contrast is much more discrete. Also the GaN buffer layer grown at low
temperature is found to transform into the thermodynamically stable wurtzite structure during high temperature post-buffer GaN growth.
The infrared reflectance shows the corresponding behavior. The interference fringes of the Si doped sample were observed with the
reflectance reduction and contrast damping, which can be interpreted by the presence of a transition/defect layer near the interface of GaN/

sapphire.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

GaN and related III-nitride semiconductors possess large
direct bandgaps, extremely high hardness, very large
heterojunction offsets, high thermal conductivity and high
melting temperature, and great breakthroughs have been
made in recent years for their materials growth and device
manufactures in applications in blue-UV light emitting
diode (LED), laser diode (LD) and other optoelectronic and
electronic devices [1—4]. In spite the progress achieved,
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there still exist some technical barriers. One of the
challenges is the lack of a suitable substrate. Sapphire is
currently the most commonly used substrate. All the
difficulties in hetero-epitaxy exist in the growth of GaN
on sapphire: different chemistry (GaN and Al,O3), different
crystalline structure (wurtzite or sphalerite for GaN and
corundum for sapphire), and large lattice mismatch (14%).
The resultant dislocation density in GaN is very high (in the
order of 10’—10%/cm?), even though much reduction on the
dislocation density in GaN materials has been achieved in
recent years [5]. There is a need to characterize these defects
to understand the defect nature and formation mechanism,
and this will facilitate the development of techniques to
reduce the defect density and increase the device perform-
ance. To approach this goal, we present here a combined
study, employing high resolution transmission electron
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microscopy (TEM), atomic force microscopy (AFM) and
Fourier transform infrared (FTIR) spectroscopy, on the
interface between GaN and sapphire, where most of the
defects originate.

Infrared (IR) reflectance spectroscopy, a non-destructive
technique, has been widely used to study the optical and
structural properties of semiconductor thin films and
structures [6,7]. It has been applied to study GaN epilayers
and structures in recent years [8—13]. The electrical
properties, such as carrier concentration and mobility, can
be deduced from these optical measurements [9—12]. TEM
is a powerful technique to study the microstructures of GaN/
sapphire [5,14—18]. But few studies were reported to
correlate the infrared reflectance data with the TEM
structural observation. In this paper, efforts are made to
explore the correlation between the optical IR features and
microstructure characteristics revealed by TEM for the GaN/
sapphire system, which is useful to deepen our under-
standing of dislocation related microstructures and widen
the applications of IR technology in GaN-based materials
and structural devices.

2. Experimental

GaN thin films were grown on (0001)-plane of sapphire
substrates by metalorganic chemical vapor deposition
(MOCVD), using an EMCORE D180 GaN system with
the vertical growth configuration and high speed rotating
disk. The chemical precursors used for gallium, indium,
aluminum, and nitrogen are trimethylgallium (TMG,
Ga(CHs);), trimethylindium (TMIn, In(CH3)s3), trimethylal-
minum (TMAIL AIl(CHs);), and ammonia (NH;, 100%),
respectively. Monosilane (SiH4) was used for n-type doping
of GaN [10]. To overcome the negative effect of significant
lattice mismatch between the GaN overlayer and sapphire
substrate, a 200—300 A thick GaN buffer layer, amorphous
or polycrystalline, was first grown on the sapphire substrate
at a low temperature (LT) of 530 °C. The temperature was
subsequently raised to 1040 °C and the GaN epilayer was
grown to a thickness of about 2 um. Un-intentionally doped
and Si-doped GaN films on sapphire were investigated in
this study.

Samples for TEM cross-section measurements were
prepared using the commonly adopted grinding-polishing-
ion-milling method. First, two 2.5 x 1.5 mm? pieces of GaN
were cut out from the sample and then glued together using
G1 epoxy. The glued sample was then ground and polished
from one side to a thickness of about 200 um. After that, the
polished sample was mounted to a ® 3 mm copper grid,
with the polished side facing done. The sample was then
further ground/polished to a thickness of about 80 um.
Following this, dimpling was applied until the sample was
about 15-um thick. Finally, the sample was ion milled in a
Gatan PIPS, with the ion beam energy set at 4.5 kV and ion
milling angle at £4°. The prepared sample is then observed

in a field emission Philips CM300 with ultra twin objective
lens design.

Atomic force microscopy (AFM) was used to inspect the
surface morphology of the GaN samples. Room temperature
(RT) infrared spectra were measured by a Perkin Elmer
FTIR spectrometer at near normal incidence with a spectral

resolution of 1 cm™ '

3. Results
3.1. Cross-section TEM observation

Fig. 1 shows the bright field cross-section TEM (XTEM)
images of the undoped GaN sample A (Fig. la) and Si-
doped GaN sample B (Fig. 1b). Both images show
dislocation lines from the interface to the GaN film surface
with high dislocation densities: the threading dislocation
density in undoped GaN is about 9 x 10%/cm?, while the
threading dislocation density in Si-doped GaN is about
6 x 10%/cm?.

0.50 yum
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Fig. 1. Cross-section TEM images of two MOCVD samples; (a) undoped
GaN and (b) Si-doped GaN.
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3.2. AFM surface morphology

Fig. 2 shows the AFM observation of the film surface
morphology, where the holes at the surface can be clearly
seen. There are more holes at the surface of undoped GaN
than that of Si-doped GaN, and the holes at the surface of
undoped GaN are on average larger than the holes at the Si-
doped GaN surface.

3.3. High resolution TEM imaging

The high resolution TEM images of the GaN/Al,O;
interface for these two samples are shown in Fig. 3. In Fig.
3(a) for the undoped GaN sample, the sapphire region is
shown in the right-low side large area, and the GaN film
region is seen on the left-up corner, while the middle
declined area is represented for the transition buffer layer
region. For the Si-doped GaN/sapphire sample as shown in
Fig. 3(b), the sapphire region is on the left-up corner, and
the GaN film region is on the right-down area, while the
middle declined area is represented for the transition buffer
layer region too. Similar to Fig. 1, the undoped GaN shows
more obvious strain contrast, especially in the buffer layer
region, than the Si-doped GaN.

Fig. 2. AFM images of (a) undoped GaN and (b) Si-doped GaN.

6 nm

Fig. 3. High resolution TEM images of (a) undoped GaN and (b) Si-doped
GaN.

3.4. Electron diffraction pattern

A typical corresponding electron diffraction pattern is
shown in Fig. 4. Two sets of patterns from GaN and

Fig. 4. Electron diffraction pattern from GaN/sapphire interface.
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sapphire respectively can be easily distinguished and
indicated with subscript “GaN” for patterns representative
for GaN crystal and “s” for sapphire. More description will
be given in the discussion section.

3.5. FTIR reflectance and primary simulation

Fig. 5 shows IR reflectance spectra of two typical un-
doped and Si-doped GaN/sapphire with solid lines repre-
senting experimental data. The theoretical primary simu-
lation on IR spectra has been done, based upon a single
oscillator model [6,8,10]:

2
s—o (14 P00 % (1)
wio — @ — iy w(w+iy,)

where the second term is the dispersion due to phonons and
the third term arises from free carriers. Here ¢, is the high
frequency dielectric constant, wp o and wro are the LO and
TO phonon frequency, yto is the damping factor of the
transverse optic modes, w,, is the plasma frequency and v, is
the electron damping constant, respectively. Fig. 5(a) and
(bl) show the essential simulations using Eq. (1) in dotted
lines for the two samples, with parameters of ¢,=5.2,
wLo=742 cm™ !, wro=560 cm ! and Y10=35 cem ™! for
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Fig. 5. Infrared reflectance of two samples of MOCVD-grown GaN/

sapphire samples, with solid lines for experiment data and dotted/dash-dot
lines for simulation results.

both samples, w,=0 and y,=0 for sample A, and w,=700
em™ ! and yp=400 em ! for sample B, respectively.

4. Discussion
4.1. Dislocation features from TEM and AFM observation

As revealed from Fig. 1, the dislocation structures are
obviously different from the undoped and Si-doped GaN/
sapphire samples. In Si-doped GaN, the strain contrast
caused by threading dislocations is more confined and sharp
dislocation lines can be clearly seen; while in the undoped
GaN, the strain field caused by threading dislocations is
much broader, and the dislocations tend to form open core
structures.

The AFM image of the surface for the undoped GaN in
Fig. 2(a) shows the well-defined steps and terraces, which is
evidenced for the two-dimensional step-growth [19]. The
step height of 0.3 nm corresponds to one monolayer of
(0001), GaN along the c-axis (¢/2=0.26 nm). The dark
spots on the image correspond to step terminations. These
step terminations on a single crystal surface must represent
the intersection of threading dislocations with the free
surface. The threading dislocations observed in X-TEM
must have either pure screw or mixed screw-edge character
(a pure edge threading dislocation will not lead to a step
termination) [19].

In the AFM image of Fig. 2(b) for the heavily Si-doped
GaN surface, the step-terrace features are not so obvious as
for the undoped GaN in Fig. 2(a). But the dark pits and
holes can be seen clearly. There are more holes at the
surface of undoped GaN than that of Si-doped GaN, and the
holes at the surface of undoped GaN are on average larger
than the holes at the Si-doped GaN surface. These features
are due to the influence from the heavy Si-dopants into the
GaN thin films, which modified the surface of GaN crystal.

4.2. Frank dislocation loops

The dislocations that were observed from XTEM in Fig.
1 and revealed with terminations from AFM in Fig. 2 tend to
form open core structures. According to Frank’s energy
competition theory [5,20], whether an open core dislocation
structure will be formed or not depends on the balance
between the strain energy of a dislocation core and the extra
surface energy when an open core structure is formed. In
other words, an open core dislocation will be formed if there
is a decrease in the total energy by replacing the highly
strained dislocation core with an empty pipe. The essence of
this theory is that the open core dislocation structure is
surface energy related. We have already found in our AFM
study that different dopants can cause significant change in
the surface morphology of GaN. It is well known that
different surface morphologies are related to different
growth modes, which is a result of different surface energy.
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Therefore, it is believed that Si doping causes the increase in
surface energy of GaN, which results in a transformation
from open core dislocation pipes to more confined
dislocation lines. It is also noted that in Fig. 1(b) there are
Frank dislocation loops located at a distance of about
110+ 10 nm from the interface, and the loops seem to form a
secondary ‘interface’.

4.3. Stacking sequence of the atomic planes revealed from
high resolution TEM

As found from the high resolution TEM images of the
GaN/Al,Oj interface for two samples in Fig. 3, the undoped
GaN shows more obvious strain contrast, especially in the
buffer layer region, than the Si-doped GaN. Careful
examination on the stacking sequence of the atomic planes
along the (0001) direction reveals that the thermodynami-
cally unstable sphalerite structure formed during low
temperature (530 °C) buffer layer growth has transformed
into the thermodynamically stable wurtzite structure after
high temperature (1030 °C) epilayer growth. The stacking
sequence of (0001) planes in the buffer layer is ~ABABAB
for wurtzite, rather than ~ABCABC:- for sphalerite in both
undoped and Si-doped GaN. Compared with the buffer
layer, the epilayer crystallinity is much better; and there are
fewer stacking faults in the epilayer. Two types of common
stacking faults, extrinsic and intrinsic, can be found in the
buffer layer region. The extrinsic stacking fault is formed
through the insertion of half an atomic (0001) plane, where
the stacking sequences changes from “BABABABA- in
perfect region to “BABACBCB in the faulted region,
while the intrinsic stacking fault is formed through the
extraction of half an atomic (0001) plane, where the
stacking sequences changes from “BABABABA-- in perfect
region to “BABACACA - in the faulted region.

4.4. Electron diffraction pattern

From the electron diffraction pattern in Fig. 4, two sets of
patterns from GaN and sapphire respectively are clearly
exposed. Since sapphire possesses a smaller lattice param-
eter than GaN, the spacing of its diffraction pattern in
reciprocal space will be larger as compared with that of
GaN. From the indexing of this diffraction pattern, it is clear
that the electron beam is coming down along the [1120]
direction of GaN or [1100] direction of sapphire. The
orientation relationship between GaN and sapphire can also
casily defined as [1120]gan//[1100]sapphires and [1100]Gan//
[1 12'O]sapl:>hirf:~

In previous TEM studies, Ruvimov et al. [15] reported
the effect of Si doping on the dislocation structure of GaN/
sapphire, showing the decrease of dislocation density and
the change of dislocation arrangement toward a more
random distribution, and Xin et al. [16] reported the
observation of the core structures of threading dislocation
in GaN. Our investigation above has further deepened the

physical understanding for the dislocation structures in
GaN/sapphire from the surface energy analysis. Further-
more, these microstructural features can be correlated with
optical properties from FTIR measurements, discussed in
next section.

4.5. Detailed features revealed from FTIR reflectance
spectroscopy

From the primary theoretical simulation fits for FTIR
reflectance of GaN/sapphire in Section 3.1, the carrier
concentration n can be obtained via the relationship:

2
) ne

w, = 2)

P m*eLe

where the perpendicular effective mass of electrons in GaN,
m*, is 0.22 mg [21], and m is the free electron mass. For
sample B, fitting to the IR reflectance below 1200 cm ™'
leads to a carrier concentration of 6.3 x 10'® cm™ 2, which is
consistent with Hall measurements (6.2 x 10'® cm™?).

It can also be seen that excellent agreement between
experimental and simulation data is obtained for the high
quality undoped GaN sample A [Fig. 5(a)]. However, there
exist some deviations for the heavily Si-doped sample B
using the same simulation method [Fig. 5(bl)]. This
difference is indeed correlated with micro-structural differ-
ences, as observed by TEM and AFM, discussed above.

Let’s further examine the IR experimental and simulation
results. For sample A, it shows from Fig. 5(a) and (al) that
the simulation agrees well with the experiment for the whole
spectral region. Fig. 5(al) expands in details the reflectance
data and fits between 400 and 1200 cm ™!, i.e. in the so-call
“reststrahlen” [6,10] band region, where optical reflectance
is caused from lattice phonon vibrations. Between two
phonon frequencies of transverse optical (TO) and longi-
tudinal optical (LO) phonons, the reflectance is shaped as a
“flat top” with near 100% reflectivity (96% here). These
indicate the good crystalline quality of the film. The
successful application of the simple film/substrate model
also demonstrates that the interface of film and substrate is
abrupt, in agreement with our TEM observations.

However, the “flat top” is declined for the case of sample
B. Beyond 1200 cm™ ' in Fig. 5(bl), the calculation shows
significant deviation from the experiment data for the
interference fringes, which exhibit an intensity dependence
on photon frequency in contrast with the case of the high
quality undoped GaN/sapphire in Fig. 5(a).

We have examined more than 50 samples, and found that
all high quality undoped films possess IR reflectance similar
to that in Fig. 5(a) and can be well fitted with Eq. (1). The
interference patterns, i.e. Fabry-Perot oscillations beyond
1200 cm™ ' (data and fits), are always with equal intervals
for maxima and minima, and with equal reflectivity for all
maxima [see the dot line in Fig. 5(a)]. For heavily doped
GaN/sapphire samples, the experimental IR reflectance
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always show a damping behavior, i.e. the intensity at
maxima decreases with frequency (also accompanying a
declining of the reflectance between TO and LO mode
frequencies). Their theoretical fits using the simple GaN/
sapphire model can only lead to oscillation curves without
any damping (no matter how to change the parameters) as
shown in Fig. 5(bl).

To approach good simulation fits for the heavily doped
GaN samples, we propose the presence of an interface layer
between the substrate and epitaxial layer. In the calculation,
the interface layer is considered simply as a mixture of GaN
and voids, interpreted as an effective optical transition layer
induced by imperfections in GaN near the interface.

It is also observed in our TEM study in Fig. 1 (b), sample
B has many Frank dislocation loops lined up at a distance of
about 110+ 10 nm from the GaN/sapphire interface, and the
loops seem to form a secondary ‘interface’. Since Frank
dislocation loops are formed through the collapse of voids,
the above void/GaN assumption is reasonable. After taking
this assumption into the theoretical model and noting that
the refractive index of GaN is constant in regions away from
the lattice phonon modes, a good fit with data is achieved as
shown in Fig. 5(b). The GaN/sapphire interface character-
istics can be obtained from the damping behavior of the
interference fringe contrast. The percentage of voids in the
interface layer is 15% and the thickness of the interface
layer obtained for sample B is 0.09 pm, which is quite close
to the depth of Frank dislocation loops observed in TEM.

5. Conclusion

In conclusion, the influence of dopants on the dislocation
structure and its further influence on the IR response of GaN
films are studied by cross-section and high resolution TEM,
AFM and FTIR. Comparative TEM and FTIR study shows
that both the undoped and Si-doped GaN have good film
quality and abrupt GaN/sapphire interfaces. Dislocations in
the undoped GaN tend to form open core structures with the
terminations revealed from AFM pattern, while dislocation
lines in the Si-doped GaN are very sharp and the strain
contrast is much more confined. Based upon the energy
competition theory and analysis, it demonstrates that Si-
doping causes the increase in surface energy, resulting in the
change in dislocation configuration from open core structures
in undoped GaN to much more confined dislocation lines. In
the Si-doped GaN, nearly continuous Frank dislocation loops
are formed at a depth of about 110£10 nm from the GaN/
sapphire interface, and these Frank dislocation loops parallel
to the interface, are responsible for the damping and
reflection reduction in the IR spectra of the Si-doped GaN.
The corresponding model with the presence of a transition/
defect layer near the interface and its simulation account well
for the observed IR spectrum. A correlation between the
optical characteristics from IR reflectance spectroscopy and
microstructure features revealed by TEM and AFM for

MOCVD grown GaN/sapphire is established. This work is
not only significant in academy but also useful in industry
production for GaN materials.
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