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Abstract— By combining microscopy investiga-
tion, light-beam induced current (LBIC), micro-
photoluminescence (µ-PL), and micro-electroluminescence
(µ-EL) characterization, we investigate the electrical and
optical properties of V-pits and trench-like defects in high-
periodicity InGaN/GaN multiple quantum wells (MQWs)
solar cells. Experimental measurements indicate that
V-pits and their complexes are preferential conductive
paths under reverse and forward bias. Spectral analysis
shows a redshifted wavelength contribution, with respect
to MQWs emission peak wavelength, in presence of
agglomerates of V-pits surrounded by trench-like defects.
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The intensity of the redshifted wavelength contribution
is more pronounced under µ-EL with respect to µ-PL
characterizations, due to the localization of carrier flow in
proximity of V-defects. Results give insight on the role of
V-pits and their agglomerates on the electrical and optical
properties of high-periodicity quantum well structures,
to be used for InGaN-based photodetectors and solar cells.

Index Terms— GaN, InGaN, micro-electroluminescence
(µ-EL), micro-photoluminescence (µ-PL), microscopy,
multiple-quantum-well (MQW), solar cells, trench-like,
V pits.

I. INTRODUCTION

H IGH-PERIODICITY InGaN/GaN multiple quantum well
(MQWs) devices are investigated for different appli-

cations, from concentrator solar cells [1], [2] to wireless
power transfer systems [3] and space applications [4]. Such
structures allow for high-efficiency light collection in the short
wavelength range, thanks to their high absorption coefficient,
outstanding radiation resistance, high thermal stability, and
thus reliability in harsh environments [5], [6]. Until now, the
research effort in improving the efficiency and reliability of
InGaN MQWs solar cells has been focused on optimizing the
well and barrier thickness, controlling polarization effects, and
improving the material crystal quality [7], [8], [9]. However,
the properties of high periodicity MQW solar cells may be
significantly affected by the presence of extended defects, such
as dislocations and V-pits, whose properties are still under
investigation.

It is well known that during the growth of GaN devices,
the difference in thermal expansion coefficient and the large
lattice mismatch between GaN and sapphire substrate can
lead to the formation of different structural defects such as
threading dislocations (TDs), inversion domain boundaries
(IDBs), basal plane stacking faults (BSFs), and stacking mis-
match boundaries (SMBs) [10], [11], [12], [13]. Based on
atomic force microscopy (AFM) and transmission electron
microscopy (TEM), different papers reported that TDs lead
to the formation of V-defects (or V-pits), which appear at the
surface as open hexagonal inverted pyramid with [10], [11]
side walls [14], [15], [16]. On the other hand, BSFs and
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SMBs lead to the formation of trench defects, which are
closed-loop boundaries with V-shaped grooves [12], [17], [18].
These extended defects may significantly worsen the optical
and electrical properties of the devices and their impact on
high periodicity MQW structures is still under investigation.
In the literature, the influence of V-pits in the characteristics
of GaN-based solar cells is more extensively investigated
in PIN structures [19], [20], [21], [22], [23], focusing in
their influence on the open circuit voltage (Voc) and short
circuit current (Isc): an in-depth analysis of the impact of
V-pits and other extended defects, such as trench-like defects,
in GaN-based MQWs solar cells is missing. The goal of
this article is to fill this gap, by presenting a comprehensive
study based on scanning electron microscopy (SEM), light-
beam-induced current (LBIC), electron-beam-induced cur-
rent (EBIC), micro-electroluminescence (µ-EL), and micro-
photoluminescence (µ-PL) characterization. By combining
these techniques within a specific region of the device,
we investigate the morphological, electrical, and optical char-
acteristics of the defects, and describe unique features in the
intensity and spectral data. First, we show that agglomerates of
V-pits play a dominant role in current conduction under reverse
and forward bias [24]. Second, by integrating microscopy
investigation, µ-PL and µ-EL characterization, the spectral
properties near different extended defects are explored in
detail, by focusing on the intensity and peak wavelength
dependence: a significant redshift is found in proximity of
some defects, which is described through EL and PL mea-
surements, and ascribed to the presence of trench defects.

II. EXPERIMENTAL DETAILS

The high-periodicity InGaN/GaN MQWs GaN-based solar
cells analyzed in this work are grown on c-plane (0001) sap-
phire by metal organic chemical vapor deposition (MOCVD).
A schematic of the device under test is shown in Fig. 1(a).
The structure consists of 2 µm silicon doped n-GaN ([Si] =

3 × 1018 cm−3) layer, deposited over a sapphire substrate
and a 125 nm highly silicon doped n+-GaN (Si concentration
[Si] = 2 × 1019 cm−3) layer, to create an ohmic contact [25].
Above the n+-GaN layer, the high-periodicity MQWs region is
grown and is composed by 30 pairs of undoped In0.15Ga0.85N
quantum wells (well thickness = 3 nm, with an indium
mole fraction of 15%) and GaN barriers (barrier thickness =

7 nm). Above the MQWs region, a 5 nm magnesium-doped
p-Al0.15Ga0.85N electron blocking layer (EBL) ([Mg] = 2 ×

1019 cm−3, with an aluminum mole fraction of 15%) is
inserted, to enhance carrier collection at the p-side of the
devices by reducing the recombination rate and increasing the
carrier lifetime [25]. Above the EBL, a 150 nm magnesium
doped p-GaN layer ([Mg] = 2 × 1019 cm−3) is grown and
finally, a 10 nm highly magnesium doped p+-GaN contact
layer to create an ohmic contact ([Mg] > 2 × 1019 cm−3) is
formed. A semi-transparent 130 nm indium-tin oxide (ITO)
layer is deposited by dc-sputtering on top of the mesa as
a current spreading layer with post-annealing in N2/O2 at
500 ◦C. Devices were then processed by standard lithography
into 1 × 1 mm solar cells and finally, Ti/Al/Ni/Au ring
contacts and Ti/Pt/Au grid contacts are deposited via electron

Fig. 1. (a) High-periodicity InGaN/GaN MQWs GaN-based solar cell
schematic. (b) STEM image of the lateral cross section of sample with
100 nm p-GaN thickness: Cut1 and Cut2 line indicate where the band
diagram is evaluated following the model in [24]. (c) Band diagram
showing potential barrier reduction at V-defect.

beam evaporation around the perimeter and on the top of the
mesa, respectively, to form cathode and anode. Other details
of the device can be found in [25]. SEM characterization to
obtain filtering grid in-beam backscattered electrons (f-BSEs)
images were performed through the TESCAN SOLARIS
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microscope, which is a dual beam system containing the
TriglavTM immersion optics column and the OrangeTM Ga
ion optics column attached to one chamber that allows to
perform surface modification using a focused ion beam (FIB).
Exploiting FIB, a lamella of the analyzed device was obtained,
to characterize the cross-sectional structure of the sample.
The cross-sectional structure was analyzed by a TEM using
a JEOL JEM-2200FS field emission microscope equipped
with an in-column � filter, operated at 200 keV. Imaging
was carried out in scanning transmission electron microscope
(STEM) mode using a high-angle annular dark-field (HAADF)
detector that exploits atomic-number (Z) contrast. Finally,
µ-EL and µ-PL characterizations were performed through a
custom designed spectral resolved confocal microscope setup
which is discussed more in detail in [26], [27], and [28].

III. CHARACTERIZATION AND DISCUSSION

The SEM image reported in Fig. 2(a), shows the In-Beam
f-BSE characterization of the analyzed area discussed in this
manuscript, obtained by the TESCAN SOLARIS microscope.
This area has an extension of 5 × 5 µm2 and presents a
high number of V-pits. V-pit formation has been ascribed
to increased strain energy during GaN growth on a sap-
phire substrate. Other factors to take into account are a
reduced Ga incorporation on the pyramid plane, a higher strain
energy in high indium mole fraction in InGaN QWs and
the relatively low temperatures used to grow InGaN QWs,
leading to degraded GaN composition due to limited gallium
surface diffusion [14], [29], [30]. In particular, in Fig. 2(a),
region “r1” (red circle), region “r2” (green circle) and region
“r4” (purple circle) show agglomerates of V-pits and will
be reference regions for the following discussion, as well
as region “r3” (light blue circle) which, unlike the previous
ones, has no V-pits. The well-known open hexagonal, inverted
pyramid with [10], [11] side walls shape of the V-defects is
observed [31], [32], with a diagonal length in the range of
100 and 160 nm; the density of V-pits is 8.6×107 cm−2 [24].

Fig. 2(b) and (c) report the LBIC current signal measured in
the same area at reverse bias (−3 V) and forward bias (2.5 V)
respectively under a monochromatic 375 nm laser beam at
500 µW. Details on the µ-PL setup, including measurements
of the focus spot size, is published elsewhere [26]. In these
maps, the reference circles are shown to recognized reference
regions (“r1,” “r2” “r3” and “r4”). In Fig. 2(b), the lower value
in the color scale refers to −21 mA and the higher value
refers to −29 mA (relative increase of 40% in the brightest
region with respect to the darkest one) while in Fig. 2(c), the
lower value refers to 400 mA and the highest value refers
to 412 mA (relative increase of 3%). This means that 1I in
the regions with increased current has the same sign as the
bias voltage, and thus we observe an increased photocurrent
for reverse bias and an increased forward current for forward
bias, as observed in similar PIN GaN-based devices [19], [20],
[21], [22]. In particular, from Fig. 2(b) and (c), considering
the reference regions in Fig. 2(a), it is clear that agglomerates
of V-pits (“r1,” “r2” and “r4”) are more conductive than the
V-pit free region (“r3”). By comparing the images in Fig. 2,
regions with V-pits and their agglomerates exhibit higher

Fig. 2. 5 × 5 µm2 area discussed in this work. (a) In-beam f-BSE
characterization; normalized current signal in µ-PL characterization with
500 µW optical power at 375 nm. (b) Reverse bias (−3 V). (c) Forward
bias (2.5 V).

conductivity than V-pit-free regions improving the analysis and
the modeling performed in our previous work [24].
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The same is true also under EBIC characterization (data
not shown here) where is clearly shown that V-pits and their
agglomeration are more conductive than the V-pits free area.
V-pits originate at the MQWs region of these device [33] and
above them, layers grow differently than in the planar region
where V-pits are not present, as clearly visible in the STEM
image of the lateral cross section of the sample [Fig. 1(b)].
In the device under test, this results in an ITO layer, and thus
the p-contact, being closer to the MQWs region resulting in
the formation of localized short circuit paths with a reduced
potential barrier at the p-side of the device [24] [a schematic
is present in Fig. 1(c)]. Furthermore, V-pits are shown to
enhance hole injection efficiency [34], [35] and feature thinner
GaN barriers and lower indium concentration wells along the
sidewalls [36], [37] which could constitute preferential current
paths with respect to thicker barriers and deeper wells in
MQWs region [38], [39], leading to a higher current signal
in correspondence of V-pits and their agglomerates.

This is supported by Fig. 3, which reports the results of
µ-EL analysis performed at a current injection of 80 mA.
From the spectral data, measured locally, we could extract
the zeroth moment µ0, which corresponds to the integral of
the spectrum and is thus proportional to the intensity of the
emission

µ0 =

∑
i

Ii (1)

where Ii is the intensity signal at each wavelength λi and the
integration runs from λ = 315–615 nm. On the other hand,
the first moment µ1 is the weighted average of the wavelength,
defined as

µ1 =

∑
i λi Ii

µ0
(2)

in the same integration range as the zeroth moment. µ1
coincides with the peak wavelength if the spectrum is sym-
metric, otherwise, it is a good estimation of the mean emission
wavelength [27].

Fig. 3(a) and (b) show the µ-EL mapping carried out on
the same 5 × 5 µm2 area presenting the zeroth moment
(normalized with respect to the maximum) and first moment
respectively.

Considering the intensity information in Fig. 3(a) (zeroth
moment), it is clear that in correspondence of agglomerates
of V-pits in region “r1” and “r2,” a higher intensity signal is
obtained with respect to the V-pits free reference region “r3.”
On the other hand, the agglomerate of V-pits “r4” does not
present such a high intensity signal as the other agglomerates.
Taking into account the wavelength information in Fig. 3(b)
(first moment), it is clear that the higher intensity value is
correlated with a redshift (about 10–12 nm) of the weighted
average emission wavelength. In the remaining area, the latter
is uniform at a value around 450 nm.

Fig. 3(c) reports the reference spectra measured in the
different regions (from “r1” to “r4”). The spectrum related
to region “r4” (dotted purple line) and “r3” (blue solid line)
show a peak wavelength of 447 nm which is consistent with
the emission peak wavelength of devices with similar indium

Fig. 3. µ-EL characterization of the area in Fig. 2 at 80 mA.
(a) Normalized zeroth moment. (b) First moment. (c) Spectrum in “r1,”
“r2,” “r3” and “r4.”

concentration and MQWs thickness [40], [41]. On the other
hand, regions “r2” (solid green line) and “r1” (solid red line)
show also a peak at a redshifted wavelength of 462 nm. It is
thus clear that the higher intensity in the zeroth moment arises
from the occurrence of the longer wavelength contribution,
which is mostly defined for agglomerates of V-pits “r1” and
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Fig. 4. µ-PL characterization of the area in Fig. 2 at 500 µW,
2 V forward bias. (a) Normalized zeroth moment. (b) First moment.
(c) Spectrum in “r1,” “r2,” “r3” and “r4.”

“r2,” and absent for agglomerate “r4,” which presents a similar
spectrum to that of V-pits free region “r3.”

Further detail was obtained by analyzing the µ-PL mapping
carried out on the same 5 × 5 µm2 area presented in Fig. 4.

Fig. 5. High-resolution in-beam f-BSE zoom characterization of
agglomeration of V-pits with trench-like defects: V-pit are surrounded by
blue lines, while trench-like defect is surrounded by a red line.

Specifically, Fig. 4(a) shows the zeroth moment (normalize
with respect to the maximum), Fig. 4(b) shows the first
moment and Fig. 4(c) shows the spectrum in the reference
regions performed at forward bias (2 V) at 500 µW optical
power laser beam excitation at 375 nm (mappings are also
representative of reverse bias and short circuit operation).
Given the zero moment in µ-PL, the intensity is more uni-
formly distributed in the analyzed area with respect to µ-EL,
emphasizing a lower influence of extended defects under µ-PL
characterization. Also, relative amplitude of the red peak is
lower in µ-PL, compared to µ-EL, achieving a more uniform
emission wavelength.

Considering the first moment, reference regions “r3” and
“r4” present no redshift of the weighted average wavelength
with respect to the peak emission wavelength observable from
the spectrum in Fig. 4(c), i.e., 447 nm (blue solid line and
dotted purple line respectively).

Even reference region “r2,” which shows significant redshift
in first moment and significant contribution of the longer
wavelength peak in the spectrum, under µ-EL characterization
[Fig. 3(b)], green circle and Fig. 3(c), solid green line, shows a
reduced longer wavelength contribution in the spectrum under
µ-PL characterization. Only the reference region “r1” presents
a high redshift in the first moment due to a significant longer
wavelength peak contribution in the spectrum under both
µ-EL and µ-PL characterizations [Figs. 3(b) and 4(b) red
circle and Figs. 3(c) and 4(c) solid red line)].

Considering the high-resolution in-beam f-BSE zoom
characterization of reference region “r1” shown in Fig. 5,
it becomes clear why this region has a longer wavelength con-
tribution in the spectrum and thus a redshift in the first moment
mapping. In fact, it is possible to recognize V-pits [42], [43]
(circled by a blue hexagonal line) and a trench-like defect
(circled by a red line) [44]. The latter defect is found to
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originate from a stacking fault lying in the basal plane (BSF),
which is connected to a vertical SMB terminating at the V-
shaped trenches [45]. The boundaries of the defects, made by
several straight lines oriented at 60◦ and 120◦ to one other,
are visible in Fig. 5 [44]. SMBs and V-pits involved in the
trench-like defects are formed by relaxation, and result in an
increased indium content in the region enclosed by the trench
defect [44], [46]. As a consequence, a longer wavelength
peak contribution in spectrum with respect to the surrounding
region is observed [17], [47]. Furthermore, the difference
in strain caused by the trench-like defects could favor InN
migration and formation of QD structures with redshifted
emission [48], [49], [50]. Additionally, with decreasing trench
width, a reduced redshift and intensity is observed [45], [46]
because of a narrower relaxed high-indium content region,
as in the case of reference region “r2,” and the region to
the right of reference region “r1.” Reference region “r4,”
instead, does not present any trench-like defects, from which
no redshift weighted emission wavelength in the first moment
is observed. Finally, the presence of the SMB increases the
density of non-radiative recombination centers in the material,
thus decreasing the quality and internal quantum efficiency
of the sample [44]. A lower amount of these defects, visible
through SEM, EL and PL characterization, will results in a
higher efficiency and reliability of future GaN-based solar
cells.

Based on the considerations above, considering that the
indium concentration profile is constant throughout the MQWs
region as shown by secondary-ion mass spectrometry (SIMS,
data not presented here) we propose the following model to
explain the related data: in µ-EL characterization, agglom-
erates of V-pits generate a preferential current path both for
reverse photocurrent and forward current, due to the larger
proximity of the p-contact to the MQWs region [24]. This
results in the localization of carriers’ flow and recombination
near the V-pit agglomerates. In case a trench-like defect is also
present (reference region “r1” and “r2”), a redshift in the first
moment is observed, with respect to agglomerates of V-pits
without trench (reference region “r4”), due to the increased
indium content in the region enclosed by the trench defect [44],
[46]. Under optical excitation, the longer wavelength peak has
a lower impact, possibly due to non-radiative recombination
losses at SMBs or BSFs [44], [46]. Another relevant factor
is the enhanced extraction of carriers (via photocurrent) close
to V-pit agglomerates [24], as confirmed by the LBIC data in
reverse and forward bias.

IV. CONCLUSION

In conclusion, we analyzed the electrical and optical pro-
prieties of V-pits and their agglomerates in high periodic-
ity InGaN-GaN MQWs solar cells. First, SEM investigation
combined with LBIC analysis indicate that V-pit agglomer-
ates are preferential paths for current conduction. Second,
spectral measurements indicated a significant redshift in emis-
sion wavelength in correspondence of agglomerates of V-pits
surrounded by trench-like defects. Results were interpreted
by considering that agglomerates of V-pits form trench-like
complexes, with a stronger indium incorporation and hence

a longer wavelength emission, compared to the bulk defect-
free material. The results provide relevant information for the
study and optimization of high periodicity MQW structures
based on InGaN, for application in photodetectors and solar
cells, highlighting V-pits and trench-like defects role in current
conduction and spectral performance.
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