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Abstract—Based on combined electrical analysis, microscopy
investigation, and two-dimensional simulations we investigate the
influence of V-pits on the turn-ON voltage and current-voltage
characteristics of high periodicity InGaN-GaN multiple quantum
wells solar cells. Experimental measurements indicate that the
sample with the thinnest p-GaN layer presents an early turn-ON,
which is not present for thicker p-GaN layers. Through technology
computer aided design (TCAD) simulations, we show that the early
turn-ON is due to the insufficient V-pit planarization, as demon-
strated by scanning electron microscopy and transmission electron
microscopy analysis. V-pits penetrate the junctions, and locally
put the quantum well region in closer connection with the p-side
contact. The results provide insight on the role of V-pits on the
electrical performance of high-periodicity quantum well devices,
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and demonstrate the existence of a trade-OFF between the need of
a thin p-GaN (to limit short-wavelength absorption) and a thicker
p-GaN, to favor V-pit planarization.

Index Terms—Experimental, GaN, InGaN, modeling, multiple-
quantum-well, solar cells, V-pits.

I. INTRODUCTION

GAN-BASED high periodicity InGaN-GaN multiple quan-
tum wells (MQW) solar cells were proposed as additional

components of multijunction solar cells and in concentrator
solar harvesting systems [1], [2], to increase the efficiency and
use of renewable energy sources countering climate issues.
Recently, these devices have also been studied for emerging
applications such as wireless power transfer systems [3] and
space operations [4], thanks to their reliability and efficiency
in harsh environments [5]. During the growth of GaN-based
devices on sapphire substrates, the large lattice mismatch and
the difference in thermal expansion coefficient between GaN
and sapphire leads to the formation of several defects such
as stacking faults, inversion domain boundaries and threading
dislocations (TD) [6], [7]. These defects can deteriorate the elec-
trical and optical properties of GaN-based devices: in particular,
based on transmission electron microscopy (TEM) and atomic
force microscopy, different papers reported that TDs disrupt the
active region composed by MQWs, leading to the formation of
V-defects (or V-pits) [8], [9], [10], [11], [12]. These V-defects
have an open hexagonal, inverted pyramid with {10-11} side
walls [11]. Several research groups have reported that the causes
of V-pits formation are: 1) the increased strain energy in the
growth of GaN from the sapphire substrate; 2) the reduced Ga
incorporation on the pyramid plane in comparison with (0001)
surface planes [11], [12]; 3) the increase in strain energy with
increasing layer thickness and indium mole fraction in InGaN
quantum wells (QWs) [9], [12]; 4) the relative low temperature
used to grow InGaN QWs, which leads to a degraded compo-
sition of GaN, since gallium presents limited surface diffusion
at these low temperature [13]. V defects are detrimental for the
active region of the devices, since they interrupt the periodic
structure of the MQWs, creating regions with different well
and barrier thickness and also different indium incorporation
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and concentration [14], [15], [16], and therefore, a different
barrier height in the pyramid plane of the V-pits with respect
to (0001) surface plane [10], [17], [18], [19]. Recent studies
on the origin of these defects in GaN-based similar devices
such as light emitting diodes allowed to understand and control
the formation of V-pits: by monitoring the growth temperature,
the dimension and the periods of superlattices layers (SL), it is
possible to control the density, the physical size and the potential
barrier height of the resulting V-pits, thus suppressing the lateral
diffusion of carriers towards nonradiative recombination centers
related to TDs [20], [21], [22], [23] [9], [13], [24], [25]. In
the literature, a detailed analysis of the role of V-pits on the
electrical characteristics of high periodicity MQW devices has
not been presented so far. The aim of this work is to fill this
gap, by improving the understanding on the role of V-pits in
III-N devices. First, by focusing on the V-defects analysis,
through scanning electron microscopy (SEM) and TEM mea-
surements, the density and dimensions of V-pits is evaluated.
Second, through technology computer aided design (TCAD)
Synopsys Sentaurus simulations, the main I-V characteristics
are reproduced considering V-defects. The results indicate that
V-pits play a dominant role in current conduction, especially for
the devices with the thinnest p-GaN layer, that lack significant
planarization. For such devices, the p-side contact is closer to
the MQW, resulting in the formation of localized short circuit
paths. A Gaussian distribution of V-pits dimensions and depth is
considered, in order to reach a good matching of experimental
data. The outcome of this work will be useful for the design
of future GaN-based devices with high-periodicity MQWs, en-
suring the desired turn-ON voltage and their reliability in harsh
environment applications.

II. EXPERIMENTAL DETAILS

The GaN-based solar cells with high-periodicity InGaN/GaN
multiquantum wells considered in this article were grown on
c-plane (0001) sapphire by metal organic chemical vapour de-
position (MOCVD). Fig. 1 presents the device under test, which
consist of 2 μm n-GaN (Si doped, Si concentration [Si] = 3
× 1018 cm−3) layer over the sapphire substrate and a 125 nm
n+-GaN (Si doped, Si concentration [Si]= 2× 1019 cm−3) layer,
to create an ohmic contact. Above the n+-GaN layer, the active
region is composed by a periodic structure of 30 pairs of undoped
In0.15Ga0.85N quantum wells (3 nm, with an indium mole frac-
tion of 15%) and GaN barriers (7 nm). Above the active region,
a 5 nm p-Al0.15Ga0.85N electron blocking layer (EBL) (Mg
doped, 2×1019 cm−3) is inserted, to enhance carrier collection at
the p-side of the devices by reducing the recombination rate and
increasing the carrier lifetime. Above the EBL, a p-GaN layer
(Mg doped, concentration [Mg]= 2× 1019 cm−3) with different
thickness is grown: 50 nm (Sample 2 A), 100 nm (Sample 1 A),
and 150 nm (Sample 2B). Finally, a 10 nm p+-GaN contact layer
to create an ohmic contact (Mg doped, concentration [Mg]> 2×
1019 cm−3) is formed under a semitransparent 130 nm indium-tin
oxide (ITO) layer, which is deposited by dc-sputtering on top
of the mesa as a current spreading layer with postannealing
in N2/O2 at 500 °C. Devices were then processed by standard
lithography into 1 mm×1 mm solar cells and finally, Ti/Al/Ni/Au

Fig. 1. Structure of the devices under test. Devices with different thickness of
the p-GaN layer (50, 100, and 150 nm) were considered.

ring contacts and Ti/Pt/Au grid contacts were deposited via
electron beam evaporation around the perimeter and on the top of
the mesa, respectively, to form cathode and anode. Other details
of the device could be found in [26]. Device characterization was
performed on-wafer on a thermal-controlled baseplate heated by
a ceramic heater at 35 °C ambient temperature. A semiconductor
parameter analyzer was used to provide bias to the device and
to obtain high accuracy electrical measurements. Details about
the setup can be found elsewhere [27]. SEM characterization
to obtain filtering grid in-beam backscattered electrons (f-BSE)
images were performed through the TESCAN SOLARIS micro-
scope, which is a dual beam system containing the TriglavTM
immersion optics column and the OrangeTM Ga ion optics
column attached to one chamber, which combines the imaging
qualities of a SEM with the possibility of surface modification
using a focused ion beam (FIB). Exploiting FIB characterization,
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 Ω fil-
ter, operated at 200 keV. Imaging was carried out in scanning
transmission electron microscope (STEM) mode using a high-
angle annular dark-field detector that exploits atomic-number
(Z) contrast.

III. DEVICE CHARACTERIZATION

An in-depth analysis of the role of the thickness of the p-GaN
layer in the degradation of these GaN-based devices when
submitted to constant optical power stress is presented in [28]
and [29]; through an indirect analysis, this article found that a
thicker p-GaN layer reduces the amount of defects reaching the
active region in a thermally-activated diffusion process. How-
ever, an analysis of the influence of the p-GaN layer thickness
in the current-voltage characteristic was not presented to date.
Fig. 2 reports the nonilluminated current-voltage characteristics
of the three samples with different p-GaN layer thickness. The
sample with the thinnest p-GaN layer (50 nm, blue curve in
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Fig. 2. Nonilluminated current-voltage characteristics of the three samples
with different p-GaN layer thickness (continuous colored lines, see legend).
There is an evidence of an early turn ON in the sample having the thinnest
p-GaN layer. Device simulation without V-pits implementation (Black dotted
curve, which is representative for simulation with 50, 100, and 150 nm p-GaN
thickness.): no differences between p-GaN thickness in device turn-ON voltage
and current-voltage characteristic is present without V-defects implementation.

TABLE I
TURN-ON VOLTAGE OF SAMPLE WITH DIFFERENT P-GAN THICKNESS

Fig. 2) presents an early turn-ON with respect to the thicker
ones (100 nm and 150 nm, respectively, red and green curve in
Fig. 2). Curves in Fig. 2 are representative of several solar cells
of each sample with different p-GaN thickness. Considering as
the turn-ON voltage of the main diode the voltage at which a
current of 1 mA or 0.1 mA is reached (black continuous curves
in Fig. 2, the turn-ON values presented in Table I were measured.

Furthermore, the shape of the current-voltage characteristic
below the main diode turn-ON differs between samples with
different p-GaN thickness. Typically, current flow at low volt-
ages is influenced by traps located in the active region, through
trap-assisted tunneling [30], [31], [32], and other trap-mediated
conduction processes [33]. Thus, the higher current at low bias
level in sample with the thinnest p-GaN layer qualitatively
indicates a lower quality of the analyzed device with respect
to the others [26]. The three samples were grown on c-plane
(0001) sapphire by MOCVD under similar growth conditions,
i.e., they have a same thickness of the n-GaN region, and iden-
tical well and barrier thickness (i.e., same ratio, R) and indium
composition (15%). The increased strain energy in the growth
of GaN from the sapphire substrate and a relatively high indium
composition (>10%) will increase the strain at the InGaN/GaN
interface leading to the origination of pits in correspondence of
dislocations [25]: as described in prior reports [11], a fast vertical

growth rate of (0001) facet with respect to the slow lateral
growth rate of the inclined facets {10-11} [36] would lead to the
origination of the V defects. Since the density and dimension
of the originated V-defects is known to be influenced by the
indium composition in the MQWs, by the thickness of GaN
barrier and InGaN well, and by the number of MQWs [34], [35],
we expect similar densities and sizes of V-pits observable on the
surface of the devices due to their similar growth conditions
[37] and structure, as we can observe by SEM imaging. Fig. 3
reports the In-Beam f-BSE images obtained by the TESCAN
SOLARIS microscope. To evaluate the density of V-defects, five
In-beam f-BSE images with an area of 20×15μm2 were taken on
each sample. Considering that black dots correspond to V-pits,
a density of 8.6×107, 7.9×107, and 1×108 cm−2 was calculated
for samples with p-GaN thickness of 150, 100, and 50 nm,
respectively [see Fig. 3(a)–(c)]. Finally, five In-Beam f-BSE high
magnification images were acquired over an area of 2×1.5 μm2,
which allowed to evaluate the shape and size of the V-depression
with higher resolution: the well-known hexagonal shape of the
V-pits is recognized, with diagonal lengths in a range of 160 and
100 nm for all samples regardless of the size of the p-GaN [see
Fig. 3(d)–(f)]. Based on the comparison between these images,
we can state that the early turn-ON in the sample with thinner
p-GaN layer is not related to different V-pits density, as was
expected from literature [34]. Fig. 4 shows the STEM image of
the lateral cross section of the device with 100 nm p-GaN; two
V-pits with different depths are observed. The situation is also
representative for the other samples with different thickness of
the p-GaN layer: we observed that the V-depressions originate
in the last quantum wells of the device; also, the thickness of
the p-GaN layer is smaller above the depression, compared to
the lateral regions where the V-pit is not present. The larger the
thickness of the p-GaN layer, the greater the planarization of the
V-depression, resulting in a greater distance between the active
region composed of MQWs and the ITO layer.

IV. SIMULATION PARAMETERS

To investigate the influence of V-pits in device turn-ON, we
performed numerical simulations by the TCAD Sentaurus suite
from Synopsys Inc [38], [39]. First, the different layers with their
respective dimensions were implemented. Regarding intentional
doping, magnesium (Mg) traps were placed at the p-side and
silicon (Si) traps at the n side with concentrations according to
the previous section (see Table II). The ionization energy levels
reported also in Table II were chosen in agreement with prior ex-
perimental characterization [26]. Second, Shockley–Read–Hall
(SRH), radiative and Auger–Meitner generation-recombination
mechanisms, thermionic emission, and barrier-tunneling pro-
cesses were considered with recombination parameters chosen
in agreement with the literature, as reported in Table II.

V. PARASITIC RESISTANCES AND CONTACTS

The values of the parasitic resistances of the device were
evaluated by experimental characterizations and included in
the simulations. Thus, a series resistance (Rs) of 36 Ω, which
considers nonideal contacts due to partial activation of doping
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Fig. 3. In-Beam f-BSE. Large area images (20×15 µm2) to evaluate density. Samples with different p-GaN thickness: (a) 150 nm, (b) 100 nm, and (c) 50 nm.
Zoom (2 µm×1.5 µm) to evaluate V-pit dimensions. Samples with different p-GaN thickness: (d) 150 nm, (e) 100 nm, and (f) 50 nm.

Fig. 4. STEM image of lateral cross-section of sample with 100 nm of p-GaN.
The dashed black curves serve as a guide for the eyes. A different thickness of
p-GaN is observed above the V-pit compared with the surrounding area, resulting
in ITO layer being closer to the active region.

and other nonidealities [44], and a shunt resistance (Rsh) of
5×109 Ω, which models the current leakage near 0 V, were
added to the device. The n-type contact was considered as an
ideal ohmic contact, whereas a Schottky contact was considered
on the p-side. The thickness and doping of the thin p+-GaN layer
was set according to device manufacturers information [26]. The
work function (WK) of the ITO layer was chosen in the range

of WKs known in the literature for the ITO, i.e., ΦBE = 4.3 eV
[45], to match the threshold voltage and the overall influence of
Rs in the current-voltage characteristic of the device, considering
the resistivity ρ due to the Schottky contact and tunneling at
p-contact given by [46]

ρ =
k

π q TA∗ sin (πd1kT ) exp

(
qΦBE

E00

)
. (1)

Here, k is the Boltzmann constant, q is the electron charge,
T is the absolute temperature, A∗ is the Richardson constant
(A∗ = 26 A/K2cm2), d1 depends on the position of the Fermi
level, E00 and ΦBE , where E00 is a tunneling parameter. With
these parameters, the simulated current-voltage characteristic is
presented in Fig. 2: no variation is observed in the simulation
by changing p-GaN thickness. The black curve in Fig. 2 is
representative for device simulation with 50, 100, and 150 nm:
by varying the thickness of the p-GaN layer, the effect of an early
turn-ON voltage for the device with the thinnest p-GaN layer is
not present. Instead, independently on the p-GaN thickness, the
simulated dark current-voltage characteristic match the turn-ON

voltage and the series resistance of the samples with thicker
p-GaN layer.

VI. V-PIT IMPLEMENTATION

To match the early turn-ON voltage observed in the experi-
mental data, V-pits were then implemented. Fig. 4 reports the
STEM image of the cross section of sample with 100 nm p-GaN
thickness. It is evident that in the side faces of the V-pit, layers
above the MQWs region grow differently than in the planar
region where V-pits are not present. This results in a different
thickness of the p-GaN and p+-GaN layers above the MQWs
region, and therefore in an ITO layer closer to the MQWs region.
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Fig. 5. V-pit gap implementation in simulation of sample with (a) 50 nm and (b) 150 nm p-GaN. (c) Band-diagram along a V-pit (Cut_2) and along a region
without V-pit (Cut_1) of sample with 50 nm p-GaN.

TABLE II
DEVICE MOST RELEVANT MATERIAL AND SIMULATION PARAMETERS:

RECOMBINATION PARAMETERS AND ACTIVATION ENERGIES WERE CHOSEN IN

AGREEMENT WITH PREVIOUS RESULTS [32], [40], [41], [42], [43]. OTHER

PARAMETERS WILL BE INTRODUCED IN THE NEXT SECTIONS

In the two-dimensional (2-D) simulation V-pit was implemented
as an equilateral triangle gap that extends to the regions below,
as shown in Fig. 5. In the edge that contours the V-pit cavity,
the p-contact is present, since it is observed that the V-pit cavity
is filled by the ITO layer, that enters deeper in the device (see
Fig. 4).

The equilateral triangular shape of the gap derives from the
known pyramidal shape of the V-pit depression, where an angle
of about 60° is observed between opposite pyramid facets [47].
The length of the base of the equilateral triangle gap was set equal
to the value found in the SEM characterization (see Fig. 3), and
thus, in the range of 100–160 nm. The depth of the V-pit was set
in accordance with the size of the base, following the geometry
of the equilateral triangle. Finally, the depth distribution was
a fitting parameter, defined based on a Gaussian distribution,
as will be discussed later. The V-pit density was simulated
considering the ratio between the length of the triangle base
and the total size of the simulated portion of the cell. In a simu-
lation where the V-pit extends until the region with the multiple
quantum wells, Fig. 5(a), the percentage of piezoelectric charge
activation in the MQWs adjacent to the V-pit was decreased
from the value of 35% (see Table II), used for the entire MQWs
region, to a value of 10%, as a result of the different growth
rate of p-GaN over the V-pit facets, where less piezoelectric
charge activation is observed [48]. The 2-D rather than 3-D
simulations were performed, as the width of the triangle obtained
by changing the angle of the vertical cross-sectional plane (along
0001) of the hexagonal pyramid was not a factor influencing the
conduction mechanisms, unlike the depth of the V-pit, as will
become clear later. In Fig. 5(a) and (b), a V-pit equal in size
and depth is inserted into the device structure with 50 nm (a)
and 150 nm (b) p-GaN thickness: however, for the sample with
thicker p-GaN, the MQWs region is farther from the contact
placed on the edge of the V-pit, as a consequence of the larger
thickness of p-GaN. In fact, a thicker p-GaN layer will increase
the planarization of the gap originated by the V-pit, resulting in a
higher distance between the p-contact and the MQWs region and
approaching the ideal situation of a device with uniform p-GaN
layer thickness. Looking at the band diagram in Fig. 5(c), it can
be seen that the closer p-contact to the MQWs region [diagram
intercepting the V-pit, Cut_2 in Fig. 5(c)] results in a decrease
in the potential barrier from the n-side to the p-side, compared
with the situation where there is an entire layer of p-GaN,
which originate the potential barrier at the p-side [diagram not
intercepting the V-pit, Cut_1 in Fig. 5(c)]. The effect of the closer
contact is in fact to short-circuit the MQWs active region with
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Fig. 6. Increase in absolute total current as function of V-pits depth: (a) no Vpit; (b) V-pit depth: 90 nm (c) V-pit depth: 120 nm; (d) total abs current of previous
simulations.

Fig. 7. Current–Voltage characteristic of simulation with increasing V-pit depth in device with 50 nm p-GaN (a); simulation matching the turn-ON and current-
voltage characteristic of sample with 50 nm p-GaN (b).

the p contact, eliminating the potential barrier, originated by the
p-GaN layer, in correspondence of the V-pit, approaching the
situation where the p-GaN layer is not present.

The deeper the V-pit, the lower the distance between the
MQWs active region; this results in a higher current due to
an enhanced lowering in the potential barrier. Fig. 6 reports a
qualitative graph of the absolute value of the total current in the
device with 50 nm p-GaN thickness, without V-pit implementa-
tion (a), and with V-pit of different depths and dimensions (b)
and (c), at 1.5 V. Considering the color map representative of
the total current [see Fig. 6(d)], a higher amount of current is
observed in the device with the deepest V-pit. As observable in
Fig. 6(a)–(c), the overall effect is not uniform over the entire
device structure, but is evident in correspondence of the V-pit,
and increases as the depth of V-pits increases. Fig. 7(a) shows
the current-voltage characteristic of the device with 50 nm of
p-GaN with V-pits of increasing depths: from 85 nm (with a base
of 100 nm, i.e., a V-shaped depression filled with ITO reaching
the second well/barrier interface starting from the p-side, red
solid curve), to 145 nm (with a base of 165 nm, i.e., a V-shaped
depression filled with ITO reaching the eighth well/barrier inter-
face starting from the p-side, blue solid curve). As the depth of
the V-pit increases, the turn-ON voltage decreases and the current
increases. The contribution of the different depths was tuned to

TABLE III
GAUSSIAN DISTRIBUTION OF DIFFERENT DEPTHS V-PITS

fit the experimental value of the current-voltage characteristics,
since even from SEM images, no particular trend regarding the
size of V-pits was observable, other than a higher occurrence
of smaller diameter V-pits. In particular, the current-voltage
characteristic of the device with only shallower V-pits matches
the experimental turn-ON voltage, which occurs earlier than in
the samples with thicker p-GaN.

This can be explained as an effect of a p-side contact closer to
the active region. The other simulated I-V curves, with deeper
V-pits, present a very low turn-ON. Given the large variability
in the size of the V-pits, we decided to consider a Gaussian
depth distribution, rather than a single value, since it is more
representative of a realistic case [49], [50]. In this way, the device
I-V characteristics were reproduced even at low bias voltages.
By using the parameters in Table III, we could match the entire
current voltage characteristic of the device, as shown in Fig. 7(b).

Similar simulations, with V-pits of identical size, depth, and
concentrations, were also performed for the other two samples
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Fig. 8. Current–Voltage characteristics with increasing V-pit depth in a device with 100 nm p-GaN (a); simulation matching only the turn-ON, but not the
current–voltage characteristic below main diode turn-ON, for sample with 100 nm p-GaN (red curve) and 150 nm p-GaN (blue curve) (b).

by simply increasing the thickness of the p-GaN region. In this
way, the p-contact contouring the V-pit resulted to be farther
from the MQWs region, leading to a smaller decrease in the
turn-ON voltage compared to the sample with 50 nm p-GaN,
as can be seen by the I-V curves in Fig. 8(a). The situation is
also representative for the sample with 150 nm, where a greater
distance between the MQWs region and the V-pit contact results
in a lower decrease of the turn-ON voltage, as the depth of
the V-pits increases. Finally, by considering the same Gaussian
distribution of the depth of the various V-pits as before, for
samples with thicker p-GaN thickness it is possible to match
only the turn-ON voltage of the device, but not the entire current
voltage characteristic [see Fig. 8(b)]. Therefore, for these sam-
ples, for which V-pits are expected to have a smaller influence
on the characteristics, the current flow below the main diode
turn-ON is more affected by other conduction processes, possibly
trap-assisted tunneling phenomena [30], [31], [32], and other
trap-mediated conduction processes [33]. In conclusion, incom-
plete V-pit planarization, in the case of thinnest p-GaN layer,
leads to lower overall sample quality, causing poor electrical
performance of the devices, especially at low/moderate current
levels [28], [29].

VII. CONCLUSION

In conclusion, we analyzed and modeled the impact of V-pits
on the electrical characteristics of GaN-based high periodicity
InGaN-GaN MQWs solar cells. First, we demonstrated differ-
ences in the nonilluminated current-voltage characteristics of
devices with different p-GaN layer thickness: devices with a
thinner p-GaN layer showed an early turn-ON voltage. SEM
and TEM analysis demonstrated a similar density and size of
V-pits for devices with different p-GaN thickness. Then, through
TCAD simulations, we showed that the differences in I-V curves,
and in particular the early of the turn-ON voltage observed for low
p-GaN thickness, can be explained by the penetration of V-pits
towards the MQW region. This reduces the distance between the
p-side contact and the MQW region of the devices, and leads to
a higher local leakage. Through the definition of a Gaussian

distribution of depths of V-pits, based on experimental consid-
erations, we were able to reproduce by TCAD the behavior of the
electrical characteristics. Finally, results reveal the importance
of a full surface planarization in high-periodicity devices for
light collection: a tradeoff exists between the need for a thin
p-GaN (to minimize short-wavelength light absorption), and for
a thicker p-GaN, to minimize the impact of V-pits in favoring
leakage current conduction.
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