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ABSTRACT

Transmission electron microscopy (TEM), x-ray diffraction (XRD),
photoluminescence (PL) and Raman scattering measurements were applied to study the
correlation between the microstructure and physical properties of the GaN films grown by
light radiation heating metalorganic chemical vapor deposition (LRH-MOCVD), using
GaN buffer layer on sapphire substrates. When the density of the threading dislocation
(TD) increases about one order of magnitude, the yellow luminescence (YL) intensity is
strengthened from negligible to two orders of magnitude higher than the band edge
emission intensity. The full width of half maximum (FWHM) of the GaN (0002) pesk of
the XRD rocking curve was widened from 11 min to 15 min, and in Raman spectra, the
width of E, mode is broadened from 5 cm™ to 7 cm™. A “Zippers’ structure at the
interface of GaN/sapphire was ohserved by high-resolution electron microscope (HREM).
Furthermore the origins of TD and relationship between physical properties and
microstructures combining the growth conditions are discussed.

. INTRODUCTION

GaN is apromising material for optoelectronic and electronic devices such as blue-
green light emitting diodes, laser diodes and high temperature, high frequency, high power
transistors. Although blue current-injected laser diodes have been fabricated by S.
Nakamura[1], there are till many problems under debate. The origins of the YL emission
remain unclear while it is commonly observed in aimost all undoped and n-doped GaN
epilayer grown by conventional methods [2-5]. The generation of TD in the epilayer of
which density is high as 108-10%° cm?[6-8], and the nature and the role of initial
nitridation of sapphire surface and the low-temperature growth GaN (AIN, InN) buffer
layer which affects the GaN-based materials epitaxy growth [9-13] are ambiguous too.
Severa groups reported the relationships between GaN microstructures and XRD, PL,
and Raman spectra, respectively [11,14-17]. But there are few works to try to resolve
above problems by studying the microstructures and physical properties combining the
growth conditions, such as theinitial nitridation time and buffer layer thickness, and so on.
In this paper, different properties of two kinds of GaN samples are grown by metalorganic
chemical vapor deposition (MOCVD) under different conditions. Two sets of GaN films
in TEM, XRD, PL and Raman measurements are investigated. According to the results,
the origins of TD and YL are discussed.
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Table 1 Growth conditions of the sample A and B

Sample A SampleB
Nitridation time (min) 3 15
Buffer growth temperature (°C) 500 500
Buffer thickness (nm) 50 25
Epilayer Growth temperature (°C) 950 950
TMG flow (pmol/min) 20 28
NH; flow (I/min) 1.65 2.35
Epilayer thickness (um) 0.9 17

[1.EXPERIMENTS

The GaN films were grown by LRH-MOCVD on (0001) sapphire substrates.
Details of the growth processes are given in Ref. 18. Table 1 shows the growth conditions
of two typical samples which named as sample A and sample B.

Transmission electron microscope (high-resolution electron microscope) samples
were prepared by the standard technique. Two pieces of GaN specimen were bonded by
way of face-to-face by 504 glue. After mechanical grinding and polishing of the
“sandwich” on the cross-sectional plane to athickness of 20-30 pm, the specimens were
further thinned to electron transparency with an Ar* ion mill. TEM (HREM) observations
were carried out with a JEOL JEM-4000EX microscopy operated at 400 kV.

1. RESULTS AND DISCUSSION

Figure 1 shows typical cross-sectional TEM images of two samples near the
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Figure 1. Cross-sectional TEM images of GaN/sapphire. The inserts are the
electron diffraction (ED) patterns of the GaN epilayers. The density of threading
didocation in (a) isan order lower than that in (b). (a) and (b) are
corresponding to the sample A and B
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GaN/sapphire interface. The inserts show the electron diffraction (ED) patterns of the
GaN epilayers top regions. Corresponding to the growth processes, there are three zones
in the GaN layer: buffer zone, “faulted” zone and “sound” zone. The buffer zone is above
the interface between the GaN layer and the sapphire substrate, about 50 nm in figure 1(a)
and 25 nmin figure 1(b), which were grown at low temperature about 500°C. The
“faulted” zone is 0.4 um thick from the top of buffer layer into GaN epilayer. There are
some “haystack-like” domains in the very beginning. Among these domains, there are high
density of dislocations and other defects, and just above these domains, the dislocation
density reduced sharply. The area above the “faulted” zone, which is called “sound” zone,
iswith very low density of defects, uniform and high quality which can be concluded from
ED patterns. In comparison, the sample A shows about an order lower density of
threading dislocation (TD) than the sample B, its columnar diametersis larger and its ED
pattern is sharper, too. All these results indicate that the crystal quality of the sample A is
higher than the sample B.

In order to study the buffer layer difference between the sample A and B, we
performed HREM observation. Figure 2 shows the HREM of the interfaces of GaN/a-
Al,O; of the sample B. We find “zippers’ structure at the GaN/a-Al,Ozinterface. The
gears of the zipper are perpendicular to the interface, and the period is about 1.8 nm.
There are more than one “zipper” standing side by side in some areas. The “zipper” zone
fluctuates from 10 nm thick to 25 nm. In HREM images of the sample A, haze and
inhomogeneous contrast in GaN layer is observed among nearly 100 nm above the
interface of GaN/ a-Al,O3. It seemsthat crystal quality of buffer layer is poor. According
to the study of the “zippers’ structure in sample B [19], the amorphous-like growth pre-
dominated at the beginning of the buffer layer growth. So did in the sample A. It can be
seen that in table 1 that the sample A was grown with longer nitridation time and thick
buffer layer. Decreasing the density of nucleation centers by elongating the initial
nitridation advantages to the lateral growth when epitaxy growth begins. To increase the
thickness of the buffer layer can increase the thickness of amorphous zone which is
beneficia to relax the strain. The layers are believed to be nearly free of extended defects
due to the solid-phase crystalllzamlon proceﬁthat take place during the heating step prior
to GaN deposition at
higher temperature [15].

: The truncated hexagonal
i " pyramidal mesasin the
A ! amorphous zone may grow
larger, which is also
advantageous to the latera
growth [10-11].
Sapphire 10 nm Figure 3 shows the
— x-ray diffraction spectra of
the two epitaxial GaN
films. The 6 /28 scan of
the GaN films on the basal-

Figure 2. HREM images of the sample B. “ Zipper” h

appears at the interface of GaN/a-Al,O;. The gears plane sapphire shows

of the“ Zipper” periodis 1.8 nm dominant pgaks
corresponding to (0002)

peaks and their harmonic. The FWHM & ¢ of aBragg peak ina® /26 scan can be
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Figure 3. The x-ray diffraction spectra of sample A and B. The average domain size
and inhomogeneous strain of the sample A and B are calculated as 1753, 909 A and
0.167%, 0.141% by the width and the diffraction angle of (0002) and (0004) peaks
Theinsert is XRD rocking curve of GaN epilayers of (0002) reflection. The FWHM
of thesample A and B are 11 min and 15 min, respectively.

expressed by the following equation [20] ,
00 =A/(2Dcos@ +&,t90) (1

Here D is the average domain size, € j, is the inhomogeneous strain. The valuesof & 6 of
GaN (0002), (0004) peaksin figure. 3 are 0.056° , 0.102° for sample A and 0.069°, 0.084°
for sample B. From Equation (1), (D, ¢ ;,) of sample A,B can be obtained (1750°,
0.167%), (900°, 0.141%), respectively by the valueof 0 and 6 0 . It isagreed to the
results of TEM, in which the sample A columnar diameters is higher and its ED patternis
shaper. V. Potin et al. and Ning et al. think the TD is originated from the low angle
domain boundaries [6,8], which can be proved by our results. It seemsthat there are
reactions of partial dislocations[7] sincethe ¢ ;,in sample B islower in sample A. The
insert in figure 3 shows the x-ray rocking curve of the two samples. The FWHM from
(0002) reflections of the two samples are 11 and 15 minutes (min), respectively. The
FWHM of the sample A is 4 min lower than that of the sample B. This result may be due
to the smaller average tilts of column crystallitesin the epilayer of the sample A. If the c-
axisis dightly tilted, screw dislocation with b=[0001] will be present [6]. What the c-axis
screw TD and mixed TD broaden the FWHM of (0002) peak of XRD rocking curveis
clarified by B. Heying et al. [16]. Asreported by S. Christiansen et a. [21], the YL of
GalN was associated with c-axis screw dislocations. We prefer the broadened FAVHM due
to screw TD after referring to the following photoluminescence (PL) measurement.
Room temperature PL spectra of GaN epilayers are shown in figure 4. Both spectra
have three characteristic regions: band-edge and donor-acceptor pair emission (3.2-3.5
€V) which are not easy to be distinguished at room temperature, blue band emission (2.7-
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3.2 eV) and yellow band emission
(1.9-2.5 eV). However, different
samples have different types of
spectra. The intensity ratio of the YL x20
to the band-edge emission of the 0
sample B is 3 orders higher than that
of the sample A. Furthermore the YL
of the sample B is stronger and has L J
fine structure with two pesks at 2.10 T S R
eV and 2.29 eV, Whllethat Of the 20 22 24 26 28 30 32 34 36
sample A is nearly invisible in the PL e —
spectrum. As reported by F.A. Ponce
[4], the intensity of the near band-
edge PL emission of GaN is
indicative of its optical quality. So
the sample A has a higher optical
quality than the sample B, which
corresponds the high crystal quality
concluded by the above TEM T i
expenm TheYL |ntens|ty can 1.8 20 22 24 26 28 3.0 32 34 36
vary over awide range to GaN Photon Energy (eV)

epilayers grown with different
conditions. The GaN epilayers Figure 4. Photoluminescence of GaN epilayers,

with high quality exhibits almost the intensity ratio of YL to band-edge emission
no YL emission. Although the in (b) is3 ordersof that in (a). There are fine
origin of the YL is till being

debated, it iswell acknowledged that the YL corresponds to the deformed crystal
structure [5]. In our work, it seemsthat the YL is related to the screw TD. The growth
condition may be concerned for the YL origin [5].

The Raman Spectrafor the two GaN samples are measured. According to Ref.17, in
the sample A, 417 and 568 cm'™* are assigned as A1y mode of sapphire and E, mode of
GaN. The sample B is assigned in the same way. In contrast to the E; mode of the sample
A whose widthis5 cm™, that of the sample B is widened to 7 cm™®, which meansthat in
the sample B E, mode has shorter lifetime. It also shows that the sample B must be less
perfect of crystal quality than the sample A.
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IV.CONCLUSIONS

The crystalline structure of GaN epilayers has been studied using TEM and double
crystal x-ray diffraction. When the density of TD increases about an order of magnitude,
the FWHM of GaN (0002) peak of x-ray diffraction rocking curve is increased from 11
minto 15 min. The YL intensity is strengthened from negligible to two orders of band-
edge emission intensity. The “zippers’ structure is observed by HREM measurement of
the GaN/a-Al,Osz interface. From the above results, we concluded the high quality GaN
epilayer can be grown by optimum initial nitridation time and buffer layer thickness.
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