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ABSTRACT

The influence of dislocation and interface roughness on optical properties of InGaN/GaN multiple
quantum wells (MQWs) is investigated by X-ray diffraction (XRD), transmission electron microscopy
(TEM) and temperature-dependent photoluminescence (PL) spectroscopy. A simple method is presented
to measure the mean dislocation density of MQWs by XRD. The results indicate dislocations, especially
the edge type, act as nonradiative recombination centers in InGaN/GaN MQWs. At the same time both
interface roughness and dislocations can broaden the PL FWHM, while the effect of the latter is evident
only under low-interface-roughness condition.
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1. INTRODUCTION

InGaN thin films and MQWs are widely used as active layers in GaN-based light-emitting
devices and laser diodes because it is possible to tune the optical band gap from visible to
ultraviolet spectral range by changing the In composition.'” Several groups reported that
dislocations were nonradiative recombination centers in GaN and InGaN films. *® In
InGaN/GaN MQWs, however, the role of dislocations has not been clarified, though highly
efficient blue/green light emitting diodes made of InGaN quantum well structure have been
fabricated directly on a sapphire substrate in spite of a high dislocation density originating from
a large lattice mismatch between GaN and sapphire substrate. ® The dislocation density can be
measured directly by transmission electron microscopy (TEM), which, however, is time
consuming, destructive and of limited statistical significance. X-ray diffraction (XRD)
technology is high-resolution and nondestructive, with no need for special sample preparation or
a special sample environment. These advantages make XRD an important and convenient
method to assess crystal quality. Using the kinematical or dynamical theory, the characteristic
structural parameters of multiple quantum wells (MQWs), including periodicity, period number,
well or barrier thickness, composition and strain, can be obtained from the simulation of the
double-crystal X-ray diffraction (DCXRD) or triple-axis X-ray diffraction (TAXRD).* '’ But in
real MQWs, there are many structural defects, such as misfit dislocation, interface roughness
and fluctuation of periodicity, which not only decrease the diffraction intensity but also broaden
the satellite peaks. ''"* The general DCXRD cannot distinguish these defects in GaN-related
materials because the DCXRD curve is just the combination of those of /20 scan and ® scan.
However, TAXRD can do because it is high-resolution. Interface roughness would broaden the
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®/20-scan satellite peaks, while dislocations broaden the m-scan peaks. Interface roughness can
be assessed by analyzing the dependence of satellite peak width on their orders. '* To our
knowledge, there is no report on measuring the dislocation density of MQWs to this day. In this
work the dislocation density of MQWs were measured by TAXRD. Associated with
photoluminescence (PL) the influence of dislocations and interface roughness on the optical
properties in InGaN/GaN MQWs was studied.

2. EXPERIMENTAL

In,Ga; \N/GaN MQWs samples marked as A-G with different growth conditions grown by
metalorganic chemical vapor deposition (MOCVD) were investigated in this paper. Before
MQWs were grown, a thin low-temperature GaN buffer layer was deposited on (0001)
sapphirel then a 1.5-pum thick high-temperature undoped GaN epilayer followed by a 2-pm thick
high-temperature n-GaN was deposited. Finally, about 30-nanometer GaN was deposited on the
MQWs structure. The sample A has five periods and others have 10 periods. The In
compositions were obtained by simulation of TAXRD and listed in table I. The diffraction
patterns were performed on a triple-axis x-ray diffractometer (JPN Rigaku SLX-1A) and Beijing
Synchrotron Radiation Facility. Temperature-dependent PL spectra were measured using a
325-nm He[ICd laser as the excitation source. TEM measurements were carried out by a Philips
c¢cm200 FEG operating at 200kV

3. RESULT AND DISCUSSION

Figure 1 shows (a) (0002) symmetric and (b) (1012 ) skew symmetric TAXRD patterns of all
the samples. According to the kinematical theory, under symmetric diffraction condition the
relationship of periodicity A with the angle spacing A6, between adjacent peaks can be
expressed:

B A
2A cos 6,

where 1 and 6 are X-ray wavelength and Bragg angle of substrate, respectively.

A6, @)

In real MQWs, interface roughness would broaden satellite peaks except for the so-called zero
order one. If the interface roughness is described by a Gaussian distribution function with
standard deviation o; the FWHM of the nth peak will be expressed: '*

1, =1 +{1nd 6y 2

where 7 is the order of satellite peak and o /A is the interface roughness. W, and W, are the
FWHMs of zero and nth order peaks, respectively. Dislocations broaden the satellite peak width
in reciprocal space mapping along qy, which is independent of satellite order. The dislocation
density p can be calculated using the formula: '

p=L ®

2

4355

N
where b is Burgers vector and S stands for the FWHM of ® scan of every satellite peak.

The interval angle spacing of satellite peaks can be obtained from Fig. 1. According to formula
(1), the periodicity of every sample has been calculated, as listed in table I.

The dependence of satellite peak FWHM on the satellite order is shown in Fig. 2. The
dependence shows a linear relationship and sample A has the largest slope coefficient, while



ISRS-2004

those of B and D are approximately equal to C and E, respectively. According to formula (2),
the interface roughness has been calculated from the slope coefficient of linear fit curve and
listed in table I.

Figure 3 shows cross-sectional TEM weak-beam images of MQWs of sample D taken with

different reflection vectors: (a) g =0002 and (b) g =1120. Fig. 2 (c) is the TEM cross-sectional
image with higher magnification. The inset of Fig. 2 (b) is the corresponding electron diffraction
pattern. It can be seen that most part of dislocations of GaN underlying layer penetrated through
the MQWs. But due to the limitation of magnification, the details of the dislocations in MQWs
were difficult to observe, and correspondingly the density was difficult to be measured
accurately, especially in partly relaxed MQWs. In the case of magnified image of MQWs (the
inset of Fig. s (c)), there were only one or two dislocations can be observed, which were
difficult to distinguish the origin. From Fig. 2 (c) the interfaces are straight and there is no
observable lateral fluctuation in the thickness. In addition, the periodicity fluctuation was very
little. All the samples were grown at the control of computer and it is believed that the
periodicity fluctuation should be similar. So the interface roughness is mainly due to the real
interface roughness and the fluctuation of In composition of wells. The periodicity was about 23
nm obtained from the TEM image, which is consistent with the measurement of TAXRD.

1 —
There are three types of dislocations in group [J-nitirdes: a ( ga = 3 <1120>), ¢

(gc = % <0001>) and a+c (g‘m = % <1123> ). If group [I-nitirdes is grown along

<0001>, the ¢ type (including the c¢ part of the a+c type) dislocation density can be
calculated from the FWHM of (0002) ® scan. At the same time a type (including the a part

of a+c type) dislocation density can be calculated from the (1120 )-w-scan FWHM.
However, it is difficult to perform this diffraction and usually using other substitutes, such as

(1012) and (1154) diffractions. But these diffractions also contain the contributions of ¢
and a+c type dislocations. So it needs to separate them.

The a+c type dislocation can be divided into @ and c¢ types. So here use ‘edge dislocation’ to
represent the sum of pure a type and a part of a+c type dislocation, and ‘screw
dislocation’ to refer to the sum of pure ¢ type and ¢ part of a+c type dislocation. In this
approach, the ¢ part and a part of a+c type dislocation with the Burgers vectors vertical
and parallel to [0001], respectively, are neglected.

If the diffraction vector g satisfies the conditions of both ge b =0 and ge h&® [ =0 (/s

the dislocation line vector) except when the dislocation runs parallel to a high symmetry axis,
the dislocation has no contribution to the FWHM [ of ® scan. On the other hand, the value of 8

- -
is proportional to ge b ."” If the x-ray rocking curve is assumed to be Gaussian in shape, the

FWHM of(lOi2) ® scan can be written as f _ ?= ,332 + ﬂez , where S and f, are the
(1012)

contributions of screw and edge dislocations to the FWHM of ( 1012) o scan. The dislocation

density p can be calculated using formula (3). For screw dislocation,
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where b, is the part of b, contributing to the FWHM of (1012) ® scan and

—

b

—

=|b.|cos43.1 89°. So the edge dislocation density can be also calculated.

cc

The  scan of every satellite peak of (1012 ) as well as (0002) diffraction has been performed.
The screw and edge dislocation density have been calculated and listed in table 1. Theoretically,
the mosaic spread can result in the increase broadening of the ® scan FWHM as the order
increase from the higher negative satellites to higher positive ones. However, this phenomenon
was not found in this experiment. All the FWHMs deviated less than 5% and the deviation was
irregular. So in this work, the influence of Mosaic spread was very little, consistent with the
experiment result of Ref. 18, whose growth system is the same as this work. As another factor,
the indiffusion does not influence the FWHM of the satellite and only decreases the intensity of
satellite, especially the higher order ones. Wafer bending or heterogeneous strain also does not
influence the peak broadening owing to the small acceptance angle of the detector.

Figure 4 shows the dependence of PL integrated intensity on total dislocation density of all the
samples except A, which has 5 periods and its PL intensity does not compare with others. The
inset shows the influence of edge and screw dislocation density on PL intensity, respectively. It
is well known that PL intensity of [-nitrides decreased with increase of wavelength. But in this
work the PL intensity of sample B, C, D and G increase with the increase of wavelength, just
opposite to this knowledge. Though the intensity of sample E is about twice less than that of
sample D, according to Ref. 19 the efficiencies in the wavelength range of sample D and E
(440- 455 nm) do not change only due to varying wavelength, while according to Ref. 20 the
efficiencies decrease only 9%, which is far less than the values of this work. So there must be
other factors to influence the PL intensity. From Fig. 4, it can be seen that PL intensity decreases
with the increase of total dislocation density, which suggests that dislocations act as nonradiatve
recombination centers in InGaN/GaN MQWs. It is noticed from the inset that screw and edge
dislocations have different effects on the PL property. The dependence of PL intensity on screw
dislocation is irregular, while the dependence on edge dislocation density has the same trend as
that on the total dislocation density, indicating that the influence of edge dislocations on PL
intensity should be more important than that of screw dislocations. The experimental results
suggest that the reduction of dislocation density, especially the edge dislocation density, is
essential to increase the PL intensity, which is undoubtedly beneficial to improve the
performance of laser diodes or light-emitting diodes composed of InGaN/GaN MQWs.

Figure 5 shows the Arrhenius plots of all the samples. The inset is the temperature-dependent
PL of sample G. The activated energy of the thermal quenching of PL intensity can be obtained
and listed in table I. In a compound semiconductor, the energy fluctuation can localize excitons.
The activation energies represent the localization energies of the localized excitons in the InGaN
quantum wells. The localized exciton emission linewidth is also induced by the energy
fluctuations in the band edge due to the In composition fluctuation, which should then be of the
same order as the exciton localization energy. *"** However, all of the room-temperature (RT)
PL FWHMSs were larger than the sum of In-composition-fluctuation-induced broadening and the
thermal broadening (considering the Gaussian shape of PL peak).

Figure 6 (a) shows the dependence of the RT PL FWHM on interface roughness. The FWHM
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trends to increase as the interface roughness increase, but at the condition of less than 7%, it
seems zigzag. It was reported the FWHM increased as the In composition increased. *** In this
work the samples C and D, E and G have similar composition, respectively. It can be seen that
as the interface roughness increased, the FWHM also increased. The least composition of
sample F is at least one of the reasons responsible for the smallest PL FWHM. Sample A has the
largest value. According to the Ref. 24, whose growth system is the same as that used in this
work, the difference of A and E (or G) should be less than 1 nm. Even according to the Ref. 23
the difference should be less than 15 nm. However, the experimental difference is about 47 nm
(0.2423 eV). So it is believed the large interface roughness is the reason. From this figure it can
be also seen that the results seems to contrary to the references because the FWHM of sample B
is the second largest one and its composition is not the second largest, at the same time, its
interface roughness is similar to that of sample C. There must be some reasons responsible for
this. The dependence of the FWHM on the dislocation density is plotted in Fig.6 (b). As the
dislocation density increased, the FWHM increase zigzag. The reason that samples E and G
deviated slightly from the trend is perhaps their large In compositions. So it is the dislocation
that answers for the larger FWHM of sample B than that of sample C. In addition, according to
the Ref. 23 and 24, the difference of D and E should be less than 3 and 1 nm, respectively.
However, in this work, the difference is about 4.0 £ 0.2nm (0.0190 eV). At the same time, the
interface roughness of D is similar to that of E. So the reason should be the dislocation density
of E is larger than that of sample C. Fig. 6 (b) exhibits that when dislocation density was more
than 3.6 x 10° cm?, the FWHM increased sharply. Most probably this is due to the large
interface roughness of near 46% shown in Fig. 6 (A). So both interface roughness and
dislocations can broaden the FWHM of PL peaks. But when interface roughness is less than 7%
in this work, the FWHM is mainly dependent on dislocation density.

4. SUMMARY

The influence of dislocation and interface roughness on optical properties of InGaN/GaN
MQWs was investigated. Due to the limitation of the amplification, the dislocation density of
the MQWs was difficult to be obtained by TEM measurements. A simple method was used to
evaluate the dislocation density by XRD. The interface roughness was obtained by the
dependence of the FWHM of satellite peaks on the peak orders. The TEM measurements
showed the fluctuation of period of the MQWSs was very little, so the interface roughness
measured by TAXRD was mainly due to the real interface roughness and the fluctuation of the
In composition of the wells. The contribution of the In composition fluctuation to the FWHM of
RT PL was evaluated by thermal quenching of the PL intensity. The results show both interface
roughness and dislocation can broaden the PL FWHM, while the effect of the dislocation is
evident only under the low-interface-roughness conditions. At the same time, it is found that the
dislocations act as nonradiative recombination centers, in which the edge dislocation is the
decisive element to decrease RT PL intensity.
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TABLE]1. Characteristics of MQWs including periodicity, composition, interface roughness,
activated energy, screw and edge dislocation density.

Periodicit | Compositio Interface 'Scre\y . Edge. Activated
roughnes dislocation dislocation
Sampl y n . . Energy
e A) X y deglsmg de?SIt}; (meV)
" (%) (10°cm”) (10°cm”)
A 113 0.16 £ 0.01 46+ 5 11.1£1.1 249£25 119.6 £5.9
B 168 0.09£0.01 | 6.7£0.7 6.5+£0.7 22.5+23 57.5£59
C 173 0.11+£0.01 | 7.0£0.7 6.1+£0.6 13.2+1.3 293+£3.2
D 228 0.11£0.01 | 4004 5.0£0.5 63£0.6 41.0+4.1
E 220 0.14£0.01 | 3.6+0.4 8.0+0.8 6.5+£0.7 30.6 £2.6
F 228 0.06+0.01 | 5.0+0.5 1.8£0.2 34+£03 9;22;
G 220 0.14£0.01 | 2.0+0.2 1.6+£0.2 52+£05 722£7.0
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Figure 1. Triple-axis (0002) symmetric (a) and (1012 ) skew symmetric (b) ©/20 diffraction
profiles of all the InGaN/GaN MQWs.
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Figure 2. FWHM of satellite peaks vs peak orders in InGaN/GaN MQWs. Symbols and
lines are experimental data and linear fit curves, respectively.

Figure 3. Cross-sectional TEM weak-beam images of MQWs of sample D taken with different

reflection vectors at the same area: (a) g =0002 and (b) g=1120. ¢) TEM cross-sectional image
with higher magnification. The insets of (b) and (c) are the corresponding electron diffraction
pattern and a dislocation with higher magnification, respectively.
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Figure 4. Dependence of PL integrated intensity on total dislocation densities. The inset shows
the influence of edge and screw dislocation density on PL intensity, respectively.
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Figure 5. The Arrhenius plots of all the MQW samples. The inset is the temperature-dependent
PL of sample G
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