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ABSTRACT: A4 crack-free indium gallium nitride (InGaN) based light emitting diode
(LED) grown on silicon (Si) substrate was successfully demonstrated by introducing
aluminium nitride/gallium nitride (AIN/GaN) superlattice structure (SLS) in the growth
of the LED. The luminescence and the crystalline properties of the LED were discussed.
From photoluminescence (PL) surface mapping measurement, the emission wavelength
of the LED (453 nm) was almost uniform across the LED epi-wafer area. Temperature-
dependent PL revealed that the dominant emission peak of the LED was 2.77 eV at all
temperatures. The emission peak was related to the quantum wells of the LED. Some
additional peaks were also observed, in particular at lower temperatures. These peaks
were associated to alloy fluctuations in the In0.11Ga0.89N/ In0.02Ga0.98N multiquantum
wells (MQWs) of the LED. Furthermore, the dependence of PL intensity and PL decay
time on temperature revealed the evidence related to indium and/or interface fluctuations
of the quantum wells. From X-ray diffraction (XRD) w-scan measurements, fringes of the
AIN/GaN SLS were clear, indicating the SLS were grown with good interface abruptness.
However, the fringes for the MOWs were less uniform, indicating another evidence of the
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alloy fluctuations in the MQWs. XRD-reciprocal surface mapping (RSM) measurement
showed that all epitaxial layers of the LED were grown coherently, and the LED was fully
under strain.
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1. INTRODUCTION

Silicon (Si) has been considered as a potential substrate for indium gallium
nitride (InGaN) based light emitting diodes (LEDs) to reduce production cost. In
comparison to sapphire, Si substrates are cheaper and available in larger diameters
(up to 450 mm). Furthermore, Si is a conductive material and therefore, gives a
better current injection to the LEDs. Nonetheless, Si also suffers from drawbacks.
Large mismatch in terms of lattice constant and thermal expansion coefficient
between nitrides and Si materials causes cracks and high threading dislocations
in the LEDs, which significantly degrade the overall LEDs performance.! To
date, many attempts have been done to reduce the impacts from the mismatch.
The most common one is by introducing superlattice structure (SLS) in the LEDs
growth.>* Mainly because such structure can promote inclination of threading
dislocations and hence, their annihilations, which in turn, reduces the number of
the dislocations from propagating into the multiquantum wells (MQWs) active
region of the LED. At this point, the luminescence and crystalline properties of
LEDs grown with SLS have not received much attention. Hence, in this work,
the luminescence, and crystalline properties of an InGaN-based LED grown with
aluminium nitride/gallium nitride (AIN/GaN) SLS will be discussed through a
series of photoluminescence (PL) and X-ray diffraction (XRD) measurements.

2. EXPERIMENTAL

InGaN-based LED was grown on Si (111) substrate in metal-organic chemical
vapour deposition (MOCVD) reactor. The reactor was made by Taiyo Nippo Sanso,
based in Tokyo, Japan. Trimethylgallium (TMGa), trimethylaluminum (TMALI),
trimethylindium (TMIn) and ammonia (NH;) were used as the precursors for Ga,
Al, In and N, respectively. Meanwhile, monosilane and bis (cyclopentadienyl)
magnesium were used for the Si and Mg doping. All sources were from Sumitomo
Chemical Co., Ltd, Tokyo, Japan. The growth started with a 25 nm thick AIN
layer on the Si substrate. Then, 40 pairs of AIN (5.0 nm)/GaN (20.0 nm) SLS
were grown followed by the growth of n-GaN layer and of 15-pairs of In,,,Ga, ¢oN
(0.6 nm)/In, ,,Ga, 0N (10.0 nm) MQWSs. The growth temperature for the MQWs
was at about 800°C. Subsequently, the p-AlGaN blocking layer and p-GaN were
grown.
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Next, the luminescence properties of the LED were investigated through PL
surface mapping, temperature-dependent PL, and time-resolved PL (TRPL)
measurements. The PL surface mapping measurement was performed in Nagoya,
Japan, while temperature-dependent PL and TRPL measurements was completed
in Nottingham, United Kingdom. From the PL surface mapping measurement,
the uniformity of the emission wavelength across the LED epi-wafer area was
determined. To understand the thermally activated optical process of carriers in
the MQWs, the activation energy was estimated by the temperature-dependent
PL measurement. The TRPL measurement was performed to measure the PL
decay time at different emission energies. The PL surface mapping measurement
was performed at 300 K using a He-Cd laser with an excitation wavelength of
325 nm. For the temperature-dependent PL and TRPL measurements, a titanium
(Ti)-sapphire laser with a wavelength of 266 nm operating at 5 mW was used.

The crystalline properties of the LED were investigated using high resolution
X’Pert Pro MRD XRD measurement with Cu-Kal radiation source (A =
1.5406 A). The XRD system was made by PANalytical, based in Almelo, the
Netherlands. XRD ®-scan in (004) reflection was performed to estimate the
indium composition and thickness of the quantum wells and quantum barriers of
the MQWs as well as the thickness for the SLS. The growth coherency and strain
characteristics of the LED was measured via reciprocal surface mapping (RSM)
scan.

3. RESULTS AND DISCUSSION

The grown InGaN-based LED on Si with AIN/GaN SLS showed a mirror-
like surface and no micro-cracks were observed under optical microscope.
Figure 1(a) shows the grown LED structure and Figure 1(b) shows a scanning
electron microscopy (SEM) cross-sectional image of the LED.
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Figure 1: (a) InGaN-based LED on Si substrate with AIN/GaN SLS and (b) SEM cross-
sectional image of the LED alongside the SLS.
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Figure 2 shows room-temperature PL surface mapping for the emission wavelength
of the InGaN-based LED grown on Si with AIN/GaN SLS. As shown in
Figure 2, the emission wavelength of the LED is almost uniform across the epi-
wafer area with an average wavelength of 453 nm. In the areas near to or at the
edge, the emission wavelength is longer, especially at the orientation flat (OF).
During the growth of MQWs, the temperature at the edge was always lower than
that at the centre due to limited heat distribution towards the edge. However, at
lower temperatures, more indium was incorporated into the InGaN quantum wells,
resulting in longer emission wavelength.
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Figure 2: PL surface mapping of emission wavelength for InGaN-based LED with AIN/
GaN SLS.

Subsequently, Figure 3 shows the PL spectra of the LED at measured temperatures
from 4 K to 300 K. Four distinct emission peaks were observed. The peak at
~ 2.77 eV (defined by peak A) was associated to the emissions from the InGaN
quantum wells. Meanwhile, the peaks at ~ 2.87 eV (defined by peak B) and
~2.99 eV (defined by peak C) were emissions from other InGaN materials due
to alloys fluctuation in the MQWSs. Such InGaN materials had poor crystalline
structure. At higher temperatures, both peaks gradually disappear. This is because
at higher temperatures, the non-radiative recombination becomes dominant,
especially for poor crystalline alloys. A weak peak at ~ 3.15 eV (defined by
peak D) was due to the barrier layers.
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Figure 3: PL intensity as a function of emission energy for InGaN-based LED with AIN/
GaN SLS.

From the results, the internal quantum efficiency (IQE) was estimated by the ratio
of the integral intensity at 300 K to the one at 4 K (I;,/1,), assuming that the
efficiency was 100% at 4 K. The IQE of the LED was ~ 39% and this value was
higher than some InGaN-based LEDs grown on sapphire.* This indicates that the
introduction of the AIN/GaN SLS in the LED structure is beneficial to achieve
good IQE.

The emission energy of the InGaN quantum wells (peak A) as a function of
temperature is shown in Figure 4. The figure includes Varshni fitting that assumes
the energy bandgap is shrinking with temperature.” ‘S-shape’ characteristic
(redshift-blueshift-redshift) can be observed from the figure, which has been
widely reported in many works. In detail, when the temperature increased from 4 K
to 40 K, the emission energy shifted to lower energy sides (red-shift). In this range,
the radiative recombination was still dominant. Correspondingly, the carriers had
enough time to move and recombine at lower energy tail states.® This increased
the portion of the lower emission energies of peak A and hence, the peak was red
shifted. The existence of the tail states was due to the inhomogeneous potential of
the quantum wells, which originated from indium and/or interface fluctuations.
In the temperature range of above 40 K to 100 K, the carriers’ lifetime decreased
and therefore, they recombined before reaching the lower energy tail states. As a
result, the portion of higher emission energies increased, and blue shift of the peak
position was observed. In this range, the result did not follow the Varshni fitting.
At temperatures above 100 K, the emission energy showed red-shift behaviour.
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Under this condition, the non-radiative recombination became dominant and the
carriers’ lifetime was almost constant. Moreover, the trend followed the Varshni
fitting.
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Figure 4: Emission energy of InGaN quantum wells (peak A) for InGaN-based LED with
AIN/GaN SLS as a function of temperature.

The integrated PL intensity of the emission energy of InGaN quantum wells
(peak A) as a function of temperature is shown in Figure 5(a). From Figure 5(a),
the intensity of the PL increased by increasing the temperature from 4 K to 40 K.
Within this range, the number of electrons and holes which recombined radiatively
was high due to the longer decay time (lifetime) of the carriers.® Hence, the radiative
recombination was significant at lower temperatures and led to increasing the PL
intensity. As the temperature was raised up to 140 K, the PL intensity decreased
since the decay time was faster.® Thus, non-radiative recombination started to take
place. From 140 K to 240 K, the PL intensity increased with temperature. This
could be due to enhancement of carrier mobility by the carrier screening effect
of ionised impurity or of defect scattering, which promoted more carriers to be
captured by the radiative recombination centres.” Non-radiative recombination
became dominant at temperatures above 240 K and hence, decreased the intensity.
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Figure 5: (a) Integrated PL intensity as a function of temperature for InGaN based LED
with AIN/GaN SLS and (b) integrated PL intensity as a function of inversed
temperature (Arrhenius plot) for InGaN-based LED with AIN/GaN SLS.

The integrated PL intensity as a function of inversed temperature is shown in
Figure 5(b). It can be seen that temperature quenching started at 40 K. The
activation energy was estimated from the Arrhenius plot through equation (1),

_ I
- 1+Aex1§( ;(l%) @

IT)

where, /(7) is the temperature-dependent PL intensity, /, the PL intensity at 0 K
and K, is the Boltzmann constant. 4 is a constant that corresponds to the ratio of
non-radiative recombination and radiative rate recombination in the LED. E, is the
activation energy.

From the fitting, the activation energy of the LED was found to be around
15 meV. The activation energy is smaller than the offset between the quantum
wells and the quantum barriers. This indicates that the thermal quenching was due
to thermionic emissions of the carriers, which escaped to the potential minima in
the quantum wells. Moreover, at higher temperatures, the activation energy was
associated to the non-radiative recombination in the MQWs. However, in our case,
the activation energy at high temperatures is relatively low as compared to other
reported LEDs.® This could be related to the usefulness of the SLS in reducing the
dislocations in the MQWs.

Figure 6 shows the dependence of the PL decay time on the emission energy of
the LED, as measured by TRPL at 4 K. It is worth noting that at this temperature,
the effect of thermally activated non-radiative recombination is mostly ignored.
The integrated PL intensity is also included in the graph. As discussed before, the
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peak emission at ~ 2.77 eV was coming from the quantum wells, while the peaks at
~ 2.87 eV and ~ 2.99 eV were both associated to the alloy fluctuations in the
MQWs. The decay time decreased at higher emission energies, but it increased
slightly at ~ 2.87 and ~ 2.99 eV. Such behaviour has been reported to be indicative
of various pathways for radiative recombination to occur, which may exist at
higher emissions energies; ~ 2.87 eV and ~ 2.99 eV.’ The emissions from these
pathways could affect the purity of the emission wavelength of the LED.
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Figure 6: PL spectrum for InGaN-based LED with AIN/GaN SLS at 4 K. Decay time is
also included (square dots).

Figure 7 shows XRD ®-20 scan for the InGaN-based LED with AIN/GaN SLS.
The strongest peak is due to the GaN since the LED mostly consists of GaN
layers. The fringes at the higher (positive) angle side are corresponding to AIN/
GaN SLS. The appearance of the fringes indicates that the SLS is grown with
good abruptness at interfaces. This result is in line with the SEM result [shown
in Figure 1(b)], where the periodicity of AIN/GaN SLS is clearly observed with
smooth interfaces. The thickness of AIN and GaN of the SLS was 5 nm and 20 nm,
respectively. At the lower (negative) angle side, the fringes are from the MQWs
of the LED, which consist of 0.6 nm thick In, ;,Ga, N quantum wells and 20 nm
thick In,,Ga, N quantum barriers. The fringes, however, are less uniform (the
second peak is broader than the first peak), indicating alloy fluctuations in the
MQWs. The thicknesses and compositions were determined through a simulation
fitting.
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Figure 7: XRD ®-26 scan for InGaN-based LED with AIN/GaN SLS.

Figure 8 shows XRD-RSM in (002) and (05) reflections. From Figure 8(a), the
(002) symmetric scan shows a contour with the highest intensity at the centre,
which is contributed from the GaN layer. Meanwhile, the connecting contour at
the upper and bottom sides of the GaN layer are due to the AIN/GaN SLS and the
In, ,,Ga, goN/Ing 1,Ga, sN MWQs. It is worth to note that the contour peak of the
SLS and the MQWs are well-aligned along the dashed line (the red dashed line).
This suggests that the LED is free from relaxation, which means the LED is grown
in a good crystalline structure.'®

Qy*10000(du)

Qy"10000{rlu)

" p-AlGaN blocking laer

Ing 11Gag 5N/Ing 02 Gap 5N
MWQs

30 (

AIN/GaN SLS*‘ 48

GaN layer

(@)

7600

AIN/GaN SLS

GaN layer

73004

72504

Ing 11Gap 5sN/Ing 02Gap 5N

p-AlGaN
blocking layer

MWQs

— T 71—
2800 2100

(b)

E I

—
3000

T
3200 3100

T
-2600

— T
2500 -2400

Q' 10000(ry

Figure 8: XRD-RMS for InGaN-based LED with AIN/GaN SLS; (a) (002) symmetric
scan and (b) (05) asymmetric scan.
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Figure 8(b) shows the result for the RSM (05) scan for further validation. It can
be seen that all the contour peaks are almost coherent to the GaN layer peak,
suggesting that the LED is almost fully strained. In general, to obtain a good LED
performance, it is essential for all the epitaxial layers in the LED to be grown
coherently, meaning fully strain. Otherwise (under relaxation), more defects such
as misfit dislocation will be generated. The existence of defects in LEDs would
cause serious deterioration to the LED performance. Furthermore, the existence
of the strain, particularly in the SLS, force the threading dislocations to incline
abruptly. This, in turn, reduces the number of dislocations to reach the MQWs.

4. CONCLUSION

From PL measurements, the emission wavelength of the InGaN-based LED on Si
with AIN/GaN SLS was almost uniform across the entire area although its MQWs
suffered from alloy fluctuations. In addition, the dependence of energy emission
and PL intensity on temperature revealed that the quantum wells were grown with
indium and/or interfaces fluctuation. At low temperatures, the behaviour of the
PL decay time with emission energy was related to the alloy fluctuations in the
MQWs, which was further observed in XRD measurements. The measurement
also showed that the SLS were grown with good interface abruptness. All epitaxial
layers of the LED were grown coherently, and the LED was nearly under strain.
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