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Abstract: We study electroabsorption (EA) behavior of InGaN/GaN
quantum structures grown using epitaxial lateral overgrowth (ELOG) in
correlation with their dislocation density levels and in comparison to steady
state and time-resolved photoluminescence measurements. The results
reveal that ELOG structures with decreasing mask stripe widths exhibit
stronger EA performance, with a maximum EA enhancement factor of 4.8
compared to the reference without ELOG. The analyses show that the EA
performance follows similar trends with decreasing dislocation density as
the essential parameters of the photoluminescence spectra (peak position,
width and intensity) together with the photoluminescence lifetimes. While
keeping the growth window widths constant, compared to
photoluminescence behavior, however, EA surprisingly exhibits the largest
performance variation, making EA the most sensitive to the mask stripe
widths.
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1. Introduction

GaN-based optoelectronic devices, e.g., light-emitting diodes (LEDs) and laser diodes (LDs),
serve as the enabling technology platforms finding critical use in important applications
including indoor and outdoor lighting, liquid crystal display (LCD) backlighting, and data
storage. Today efforts essential to the improvement of device performance in these
applications still continue through exploiting materials science and device engineering [1].
One of the main efforts in the field is targeted towards obtaining large-area GaN substrates for
the homoepitaxy of these devices at a reduced cost, aiming to achieve a high crystal quality
for a better device performance, a longer lifetime, and ultimately a deeper market penetration.
However, since obtaining these native substrates commonly requires expensive and difficult
processes, they have not thus far been used at a scale as widely as anticipated. Although there
have been studies on utilizing different substrates for GaN epitaxial growth, sapphire (Al,O;)
is still the most widely used substrate material in both scientific research and mass production
of related devices such as LEDs [2].

However, common to all non-native substrates of GaN, sapphire exhibits a large crystal
lattice mismatch (about 14%), forming dislocations in the epitaxy as a result of the relaxation
of the strain induced during the epitaxial growth. For the state-of-the-art bulk templates (those
grown with the traditional nucleation layer approach, i.e., epi-growth directly on sapphire),
e.g., in commercial LEDs, defect densities still remain in the range of 10° cm™. The typical
levels are, however, estimated to be in the 10° cm™ range [3—5]. Further reduction of the
defect densities requires special techniques for the relaxation of strain and/or termination of
defects formed during the growth [6].
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Epitaxial lateral overgrowth (ELOG), which is based on selective area growth, is one of
the most powerful techniques for the reduction of threading dislocation densities, thus
enabling substantial improvement in the crystal quality of GaN material system [5]. Under
proper conditions, ELOG results in smooth surfaces with low defect densities by blocking
propagation of the defects underneath the hard mask, usually defined by SizN4 or SiO, on a
GaN template. This involves lateral growth over the mask, hence preventing the defects from
propagating to the surface and leading to a surface with significantly fewer defects for the
growth of subsequent layers [6]. As investigated by several groups studying
photoluminescence properties to date, ELOG has proven to be a successful method to
improve GaN material quality as well as the performance of resulting optoelectronic devices
including LEDs [4] and LDs [7] when grown on polar [8], semipolar [9] and nonpolar [10]
directions of their crystals. ELOG-LEDs with embedded micro mirror arrays have also been
demonstrated to further improve the light extraction efficiency [11].

In terms of understanding the underpinning physical mechanisms, electroabsorption offers
a unique means to explore and understand physics of semiconductor structures. This is
especially the case for quantum-confined structures, which exhibit electroabsorption
exceptionally stronger than their bulk counterparts through quantum-confined Stark effect
(QCSE) [12]. Electroabsorption modulators that utilize QCSE have found applications in
telecommunications in the last few decades, e.g., in data coding [13] and optical switching
[14]. Most of these studies involved InP/GaAs material system, and the operation wavelength
of these devices has therefore been typically in the mid-infrared part of the electromagnetic
spectrum. On the other hand, electroabsorption modulators based on III-Nitride quantum
structures, which operate in the blue [15] and ultraviolet [16] region of the electromagnetic
spectrum, were also demonstrated. These find applications in optical clock injection directly
into silicon chips [17] and none-of-sight communications [18]. However, electroabsorption in
InGaN/GaN quantum structures grown on ELOG-GaN has not been investigated to date.

Here in this paper, we report electroabsorption performance of epitaxial lateral overgrown
InGaN/GaN quantum structures, in comparison to their steady-state and time-resolved
photoluminescence properties, and correlate our results with the dislocation density levels. In
this study, we employ a set of four epi-structures, three of which are designed to contain
systematically varying ELOG mask stripe widths while the last one is used as a reference
sample without ELOG.

2. Epitaxial growth and device fabrication

Our epitaxial structures were grown using metal-organic chemical vapor deposition
(MOCVD). After the growth of 5 pm thick u-GaN templates on single side polished sapphire
substrates, we deposited and defined SiO, stripe patterns all in (0-100) direction. The width of
the SiO, stripe masks is varied to be 4, 7 and 10 um, whereas that of the unmasked window
regions is kept constant at 4 pm for the three samples containing ELOG stripe patterns. No
patterning was used for the fourth sample, which serves as the reference. We followed a
standard single step ELOG procedure [5]. The lateral growth time was sufficiently long for
each of our samples to completely coalesce in the middle-top part of the mask regions. After
the coalescence, we changed the growth mode to vertical growth to obtain 2 um thick Si
doped n-type GaN layer (Ng; =4 x 10'® cm™) and InGaN/GaN multiple quantum well (MQW)
structure with 5 pairs of well and barriers having thicknesses of 2.5 and 7.5 nm, respectively.
After the growth of the MQW, we continued with Mg-doped 150 nm thick p-GaN layer (N,
~6 x 10" ¢cm™) and completed the epi-samples.

We fabricated devices using these ELOG and reference epi-samples utilizing standard
photolithography, mesa etching and metallization procedures. The fabrication and subsequent
characterization of the devices were performed under the same conditions, all with identical
settings and parameters. The mesa size of the resulting devices is 300 um x 300 um. These
devices allowed us to apply external bias and extract photocurrent for electroabsorption study
(in the case of reverse biasing).
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3. Results and discussions

Following the MOCVD ELOG growth of our samples, we measured the dislocation densities
through forming etch pits using wet etching and investigating scanning electron microscopy
(SEM) images presented in Figs. 1(a)-1(d). Our analyses showed that the etch pit density for
the reference sample was the highest and that of the ELOG sample with 4 pm wide stripes
was the lowest, with the respective values of 3.25 x 10® and 0.88 x 10* cm™. The etch pit
densities of the other ELOG structures with 7 and 10 pm wide stripes were 1.84 x 10° and
1.58 x 10® cm™, respectively.

(b)

| —— )

1um

() (d)

Fig. 1. Representative parts of the analyzed scanning electron microscopy images of the top
surface of our epi-structures after etch pit formation: (a) reference sample, and ELOG samples
with (b) 4 um, (c) 7 um, and (d) 10 pm wide stripes.

In addition, we performed photoluminescence (PL) measurements using our setup
containing a He-Cd laser at 325 nm, an optical microscope with a high magnifying power
(100 x ) objective lens and a motorized stage, a monochromator, and a broadband
photodetector. We carefully set the position and spot size (~2 um) of the incoming laser beam
properly such that all photons that contribute to the PL signal come from the low dislocation
density region of the epitaxy. PL spectra corresponding to the Reference sample and the
ELOG samples are given in Figs. 2(a)-2(d).
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Fig. 2. PL spectra of (a) reference sample, and ELOG samples with (b) 4 pm, (¢) 7 pm and (d)
10 pm wide stripes.

As a result of our PL measurements, we found that the PL peak emission wavelengths
(Apr) were in the range of 466 + 7 nm. This confirms that the levels of InN incorporated in the
well regions of the MQW layers were similar to each other. Specifically, the structure with 4
um wide stripes emit at the shortest wavelength, Ap;, with the highest peak intensity, Ip;.
Moreover, the FWHM of the PL spectra, AAp;, was the lowest for the reference sample (18.47
nm), and very close to the sample with 4 pm stripes (18.53 nm). These results indicate that the
Reference sample exhibits the weakest PL. (All important parameters of these PL spectra,
which will later be discussed again to be compared against EA characterization results.)

Moreover, we performed time-resolved photoluminescence (TRPL) measurements for
studying the carrier generation rate in the quantum structures. We used PicoQuant time-
resolved photoluminescence setup comprising an InGaN-based laser diode operated at 375 nm
in pulsed mode, with the monochromator center wavelength set at 466 nm in the photon
collection side, for all of the samples. We fit the decay curves with three exponentials to
obtain the minimum deviation from the actual data and considered the carrier recombination
rates, R;, as the reciprocal of the intensity averaged lifetimes, 7,'. We present the
experimental TRPL decay curves of the four structures and the instrument response function
(IRF), along with their numerical fits in Fig. 3. In our fitting procedure, we deconvolve IRF
from the actual decay data to extract photoluminescence lifetimes.
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Fig. 3. Time-resolved photoluminescence decay profiles of our epitaxial lateral overgrowth
structures and the reference sample along with their corresponding fits. The fastest decay
profile corresponds to the reference sample due to its higher dislocation density, and thus
higher nonradiative recombination rate. The instrument response function (IRF) is denoted by
the black decay curve.

The extracted recombination rates correlate well with the dislocation density levels in our
epi-structures, considering the fact that the dislocations form nonradiative recombination
centers, increasing the nonradiative recombination rate and, thus, the overall recombination
rate. As a result, the recombination rates, measured using TRPL, should exhibit a similar
trend with the dislocation densities, at least when the dislocation densities are significantly
different, which is the case for the Reference sample and the ELOG sample with 4 um wide
stripes, as shown in Figs. 4(a) and 4(b). These results are also consistent with the previous
theoretical [19] and experimental [20] studies.
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Fig. 4. Comparison of (a) dislocation densities measured by SEM analysis and (b)
recombination rates of our structures measured by TRPL analysis.

We further performed photocurrent measurements at different levels of reverse bias
applied across our devices and recorded the field dependent change in the photocurrent, which
corresponds to the electroabsorption of the samples under test. Our photocurrent setup
consists of a broadband Xenon lamp, a monochromator, an optical chopper, a lock-in
amplifier and a power supply; we carried out our photocurrent measurements in a probe
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station and coupled the incoming monochromatic light through the objective lens of the probe
station microscope. The spot size of the light coupled to the devices is about 200 um, which is
smaller than our device mesa.

Here it is worth noting that, considering the geometries used and materials involved in the
samples, mask patterns acting as optical scatterers have a very little effect on these EA
measurements, because we are looking at the optical signal that is external field dependent.
Moreover, since we use single side polished sapphire substrates, any such effect will be
minimal due to light diffusion through the unpolished side. Due to the partial compensation of
the polarization-induced electrostatic fields inside the well layers by the external electric field,
we observed a strong blue shift of the absorption edge and thus, a decrease in the absorption
level around the band edge, with increasing external bias. Such an electroabsorption behavior,
called reversed quantum-confined Stark effect, has been observed previously [14, 21].

In this study, we consider the photocurrent change at 4 V with respect to 0 V absorption
levels, Aiyp(A). In the wavelength interval where the blue shift is observed, this gives a figure
of merit for comparative electroabsorption performance of these devices. Here, we define the
maximum photocurrent change, i.e., max[-Aiy(A)], over the operating wavelength range,
which is related to the electroabsorption performance. Also, the wavelength at which this
maximum occurs can be considered as the electroabsorption modulator optimal operating
wavelength of the corresponding sample, Ags. This wavelength where the absorption changes
the most via the externally applied electric field is expected to follow the same trend as Ap; for
all samples. The related FWHM (AAga) can also be defined as the operation wavelength
range, over which the quantum electroabsorption behavior is observed. This quantum effect
should correlate correspondingly with the broadening of the PL emission of our quantum
structures, since they both are related with the bound states near the bandgap.

In Figs. 5(a) and 5(b), we show the PL peak wavelength (Ap) and the maximum
absorption change wavelength (Ags) for our epitaxial lateral overgrowth samples, which are
consistent with each other. As seen in Fig. 5(c) and 5(d), AAga also follows the FWHM of PL
emission (AApp). Moreover, the level of maximum photocurrent change with the voltage
swing from 4 to 0 V, max[-Ai(R)], and the PL peak intensity levels, Ip., follow a similar
trend, except for a small variation in PL intensities of the samples with 7 and 10 um stripe
width. Also, all these trends correlate well with the carrier lifetimes and the dislocation
densities mentioned earlier. Therefore, these analyses show that the EA performance follows
similar trends to the essential parameters of the PL spectra (peak position, width and intensity)
as well as the photoluminescence lifetimes.

In our experimental measurements, we consistently observe that the lower dislocation
density leads to stronger electroabsorption, although this dependence of electroabsorption on
dislocation density may not be obvious for those who are more familiar with
photoluminescence (e.g., LEDs). As an important remark, our results suggest that the
electroabsorption performance of the best performing ELOG structure (4 pm stripe width) is
about 3-fold better than its nearest competitor (7 pum stripe width). This performance
difference of EA is significantly larger than the ratio of their corresponding PL intensities.
Furthermore, this strong electroabsorption is 4.8-fold larger than the Reference sample
without ELOG.

Compared to the PL intensity levels, this then suggests that, while keeping the growth
window widths constant, EA exhibits larger sensitivity to the decreasing ELOG mask stripe
widths, which reduces dislocation density. This observation therefore indicates surprisingly
that EA results in the strongest dependence on the mask stripe widths.
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Fig. 5. Comparison of trends in (a) PL peak wavelengths and (b) maximum photocurrent
change (electroabsorption) wavelengths; (c) PL peak FWHMs and (d) electroabsorption
FWHMs; and (d) PL peak intensities and (¢) maximum photocurrent changes among our
structures.

We attribute the observed strong dependence of electroabsorption performance on the
dislocation density to higher quality quantum well layers with more uniform thickness and
more abrupt interfaces in lower dislocation density samples. Also, considering the fact that
strain-induced piezoelectric polarization fields (and thus the total polarization-induced
electrostatic fields) inside the well layers bend the conduction and valence bands of the low
dislocation density samples more compared to others, they yield a narrower effective
bandgap, which causes a red shift in the emission and absorption of the c-plane grown polar
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InGaN/GaN quantum structures. As a result, the 4 um ELOG sample’s shortest emission
wavelength can be explained by its lower amount of the residual strain [22,23], which is
released at the coalescence sidewalls more compared to other samples [24]. Since this sample
has more stripes, there are more coalescence sidewalls available per unit area. Thus, as a
result of the increased crystal quality and the reduced residual strain, the electroabsorption
performance is the strongest in the 4 um ELOG sample compared to the reference. With the
decreased levels of dislocation density and residual strain, epitaxial lateral overgrowth
therefore enables strong electroabsorption in InGaN/GaN multiple quantum wells.

3. Conclusions

In conclusion, the electroabsorption performance is found superior for the ELOG InGaN/GaN
quantum structures (with 4 pm ELOG mask stripes) because of its higher crystal quality and a
lower level of residual strain compared to the reference without ELOG. Electroabsorption
performance of this sample is much significantly stronger than those of the others, as
compared to the difference measured in their PL intensities. The electroabsorption operation
wavelengths are observed to follow closely their PL peak wavelengths; the same is also true
for the case for their spectral widths. Here the results deduced from different and independent
experiments are found in good agreement. The experimental results also indicate that the
electroabsorption performance and simultancous emission rates follow similar trends with the
crystalline quality and the level of strain released in the coalescence sidewalls. ELOG, with
reduced levels of dislocation density, offers an effective approach for achieving strong
electroabsorption in InGaN/GaN quantum structures.
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