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Carrier transport via V-shaped pits in InGaN/GaN MQW solar cells∗
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Carrier transport via the V-shaped pits (V-pits) in InGaN/GaN multiple-quantum-well (MQW) solar cells is numer-
ically investigated. By simulations, it is found that the V-pits can act as effective escape paths for the photo-generated
carriers. Due to the thin barrier thickness and low indium composition of the MQW on V-pit sidewall, the carriers entered
the sidewall QWs can easily escape and contribute to the photocurrent. This forms a parallel escape route for the carries
generated in the flat quantum wells. As the barrier thickness of the flat MQW increases, more carriers would transport via
the V-pits. Furthermore, it is found that the V-pits may reduce the recombination losses of carriers due to their screening
effect to the dislocations. These discoveries are not only helpful for understanding the carrier transport mechanism in the
InGaN/GaN MQW, but also important in design of the structure of solar cells.
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1. Introduction
Due to its tunable band gap from 3.4 eV to 0.65 eV, In-

GaN alloy is a promising material for high efficiency multi-
junction solar cell.[1] However, the large lattice mismatch be-
tween GaN and InN makes it extremely difficult to grow thick
high quality InGaN film with sufficient indium composition.[2]

It is reported that the critical thickness of InGaN layer with
20% indium composition on GaN is less than 6 nm,[3] which
is far from enough for solar cells. Owing to the intensive study
of blue LED, growth process of high quality InGaN/GaN mul-
tiple quantum wells (MQW) has been well established, which
makes it possible to obtain high quality InGaN layer with total
thickness far beyond its critical thickness. Using the structure
similar to LEDs, InGaN/GaN MQW solar cells have gained
improvements in performances, and as compared to the tra-
ditional structure using thick single InGaN absorption layer,
they have been demonstrated by several groups.[4–14] Because
the carriers generated in the QWs would be confined by the
quantum barriers (QBs), the amount of photocurrent is directly
related to the escape probability of the carriers from the QWs.
Therefore, understanding the carrier transport mechanism in
the InGaN/GaN MQW is of great importance for design and
fabrication of high performance solar cells.

Several studies regarding the carrier escape mechanism
in InGaN MQW have been published in the literature.[8,15]

In these studies, the carrier escape probability has been
quantitatively discussed with the theoretical models consider-
ing the competition of carrier recombination, tunneling and
thermionic emission. In these studies the MQWs were as-

sumed to have ideal structure with perfect interfaces. How-
ever, it is well known that the InGaN/GaN MQWs are usually
highly defective and have imperfect interfaces. It is found that
some of the defects may not only affect the carrier recombi-
nation but also have a great influence on the carrier transport.
For example, the commonly observed V-shaped pits (V-pits)
in InGaN/GaN MQW have been revealed both theoretically
and experimentally to play an important role in the carrier
injection of LEDs.[16–19] Due to the similar structure of In-
GaN/GaN MQW solar cell to LED, it is therefore necessary to
study the effect of the V-pits on the carrier transport in solar
cells to obtain a better understanding of these devices. In this
article, we present a simulation study on the effect of V-pits on
carrier transport in the InGaN/GaN MQW solar cells. We will
demonstrate that the V-pits can enhance carrier escape from
the QWs and reduce carrier recombination losses by screen-
ing the dislocations. Our results indicate that manipulating the
V-pits is a possible way to effectively improve the energy con-
version efficiency of InGaN/GaN MQW solar cells.

2. Theoretical models and simulation parame-
ters
The simulations were conducted using the ATLAS

program,[20] which can solve the Poisson-Schrodinger equa-
tion self-consistently. The spontaneous and piezoelectric po-
larization models were considered for the built-in electric field.
The polarization charge densities were calculated using the
methods developed by Fiorentini and Bernardini.[21] Because
the polarization charges could be partially screened by the free
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carriers or the defects, the polarization electric fields measured
experimentally are usually weaker than those obtained by the-
oretical calculation.[22–24] For the sake of authenticity, a scale
factor of 50% was used in our study for all the simulations.
The carrier transport was calculated using the drift-diffusion
model. The quantum effect was taken into account by apply-
ing the Bohm Quantum Potential model.[20]

To understand the effect of the V-pits in the InGaN/GaN
MQW solar cells, we simulated both the structures with and
without V-pits for a direct comparison. Figure 1 shows the
schematic diagrams of the two structures, named as structure
A and B, respectively. Figure 1(a) shows the cross sectional
view of structure A. It consists of a 3-µm-thick n-GaN layer
with electron concentration of 3×1018 cm−3, four periods of
un-doped MQW with an indium composition of 0.2, and a
100-nm-thick p-GaN top layer with a hole concentration of
∼3×1017 cm−3. The QW thickness of 3 nm is fixed in all the
simulations while the barrier thickness varied from 3 nm to

15 nm. Figure 1(b) shows the cross sectional view of struc-
ture B. Flat regions of structure B and structure A are exactly
the same. The wells and barriers at the center of Fig. 1(b)
formed a V-shaped “pit”. In a real InGaN/GaN MQW, the
three-dimensional shape of a V-pit is an inverted pyramid with
six sidewalls. For simplicity, here we use inverted cone to ap-
proximate the inverted pyramid because the former is easier to
construct by the simulation program. The size of the device
in Fig. 1(b) is 500 nm. The radius of the V-pit which inter-
sects with the last quantum well is 14 nm. Thus, the V-pit
accounts for about 0.3% of the whole device area and we as-
sume the reduction of effective absorption area is negligible.
The thicknesses of the sidewall MQW are set to be one third of
those in the flat MQW, and the indium composition is set to be
5%.[16,25,26] It is pointed out that the difference in absorption
efficiency for the two cells should be very small as illustrated
in Fig. 1.

p type GaN layer

n type GaN layer V shaped pit

InGaN/GaN MQW

(a) (b)

Fig. 1. Schematic diagrams of the InGaN/GaN solar cells with (a) or without V-pit (b).

Table 1. Parameters of GaN and InN used for simulation.

Parameter GaN InN
Lattice constant/Å 3.548 3.189
Band gap Eg/eV 3.42 0.65

Dielectric constant εs/ε0 8.9 10.5
Electron mass me/m0 0.2 0.05

Hole mass me/m0 1.25 0.6
µe/cm2·V−1·s−1 350 350
µh/cm2·V−1·s−1 3 3

The primary material parameters of GaN and InN used in
the simulations are listed in Table 1.[27] For InGaN alloy, the
parameters were calculated using the Vegard’s Law. A bowing
parameter of 1.43 was used for the calculation of band gap.[28]

The band offset ratio of InGaN was set to be 60:40.[29] The
radiative recombination, Shockley–Read–Hall (SRH) recom-
bination and Auger recombination were all considered in the
simulations. The threading dislocations were considered as
non-radiative recombination centers (NRCs) and it is true that
a V-pit always appears with a dislocation penetrating through
its apex. To reflect this interaction, the dislocation was mod-
eled as a cylinder penetrating the V-pit through its apex in
present study. The radius of the cylinder is 0.6 nm. In the
cylinder, a short SRH lifetime of 10 ps was set to reflect its na-
ture of NRC. For all areas outside the cylinder, the SRH life-
time was set to be 100 ns.[24] The illumination employed in

the simulations was the one sun AM1.5G solar spectrum. The
wavelength-dependent absorption coefficients were calculated
by[30]

α(λ ) = 2.2×105

√
1.24

λ
−Eg. (1)

3. Simulation results and discussion

Table 2 shows the calculated performances of the two In-
GaN/GaN MQW solar cells depicted in Fig. 1. In both cells,
the indium composition is 0.2 and the barrier thickness is
10 nm. These are typical parameters used in the previously
reported studies for InGaN/GaN MQW solar cells. To mani-
fest the role of the V-pit on carrier transport, here we did not
take dislocation in the cells. Due to that the total thickness of
the InGaN absorption layer is only 12 nm, the absolute con-
version efficiencies of the two cells are low. However, the data
given in Table 2 has clearly shown that the performance of
structure B is superior to structure A. The open circuit volt-
ages (Voc) of the two cells are nearly equal. The short circuit
current density (Jsc) and fill factor (FF) of structure B are 7.3%
and 17.4% higher than structure A, respectively. Multiplying
Voc by Jsc and FF produces an efficiency increase of 26% for
structure B, as compared to structure A.
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Table 1. Simulated performances of InGaN/GaN MQW solar cells.

Solar cell
Short circuit current Open circuit

Fill factor/%
Conversion

density/mA·cm−2 voltage/V efficiency/%
without V-pit 0.642 2.497 35.875 0.575

with V-pit 0.689 2.495 42.127 0.725
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Fig. 2. (color online) Simulated contours of total current density for
structure A (a) and structure B (b).

As mentioned before, the V-pit accounts for only 0.3%
of the absorption area, which leads to a fact that it is not the
carrier generation but the carrier collection responsible for the
increase of the conversion efficiency. Figures 2(a) and 2(b)
show the contours of total current density at zero bias for struc-
ture A and B, respectively. It is seen that the current density
in structure A is uniform across the whole device. While in
structure B, the current density in the QWs near the V-pit is
greatly enhanced. At the joint of the last QW and the V-pit, a
leakage-like current can be clearly seen. To show more details
of the current distribution, the simulated current flow vectors
is illustrated in Fig. 3. In structure A, as shown in Fig. 3(a),
the current flows vertically through all the QWs. However,
the current flow pattern in structure B is much more compli-
cated, as shown in Fig. 3(b). In areas far away from the V-pit,
the flow pattern is similar to structure A. Approaching the V-
pit, the direction of the current flow in the QWs has gradually
changed from vertical to horizontal. The closer to the V-pit,

the stronger the horizontal current is. Figure 3(c) shows an
enlarged view of the vicinity of the V-pit. In the first flat QW
which is the nearest to the n-GaN layer, the current flows hor-
izontally toward the V-pit. After entering the sidewall QWs,
a part of the current flows obliquely upward and then goes
into the overlying flat QWs. In the second and third QWs, the
current flows horizontally away from the V-pit and gradually
becomes the vertical current flowing through the QBs. In the
last QW, a part of the current flows directly upward to the p-
GaN layer. The rest of the current flows horizontally toward
the V-pit and then turns upward to the p-GaN at its vicinity,
forming a leakage-like stream.
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Fig. 3. (color online) Current flow vectors of structure A (a) and struc-
ture B (b). (c) Enlarged view of the current in the QWs.

The flow vectors in Fig. 3 have clearly shown that a con-
siderable part of the photocurrent in structure B was trans-
ported via the V-pit sidewall. This means a large number of
photo-generated carriers did not escape the QWs by directly
overcoming the QBs. Instead, they escaped the flat QWs via
the V-pit sidewall. To understand the carrier transport mecha-
nism in structure B, we come up with a carrier transport model
based on WKB approximation. For simplicity, we investi-
gate the situation of electron here. According to Lang et al.’s
work,[15] a formulation of the carrier lifetimes (τ) is calculated
as follows:

1
τ
=

1
τSRH

+
1
τT

+
1

τTE
, (2)

where τSRH represents the lifetimes for SRH recombination,
τT and τTE represent the lifetimes for tunneling and thermionic
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emission. The SRH lifetime is set to be 100 ns in prior discus-
sion and the radiative recombination under zero bias is negli-
gible, so we primarily discuss tunneling and thermionic emis-
sion of the loss mechanisms for photon - generated carriers.
The tunneling probability and the thermionic emission proba-
bility from the ground state of QW is calculated as follows:

1
τT

=
π h̄

2L2
wm∗ exp

∫ Lb

0
−2

√
2m∗(Ec(x)−E1)

h̄2 dx, (3)

1
τT E

=

(
π h̄

2πm∗L2
w

)1/2

exp
(
−Ecmax −E1

kBT

)
. (4)

In Eqs. (3) and (4), the Lw and Lb are QW and barrier
thickness, respectively, the effective masses (m∗) used were
0.169m0 for electrons. Ec and Ecmax are conduction band and
the maximum potential of conduction band, respectively. kB

is Boltzmann’s constant, T is the absolute temperature. Fig-
ure 4 gives the schematic diagrams of electron transport. For
the carriers produced in flat QW and sidewall QW, there are
two ways to escape by either tunneling or thermionic emis-
sion. Some carriers produced in flat QW will overcome the
energy barriers for the lateral transport to enter into sidewall
QW. Both the thickness and the In concentrations are much
lower compared to the flat QW region, resulting in the situa-
tion that the energy barriers for the lateral transport is much
lower than vertical transport. Figures 5(a) and 5(b) show the
energy band diagrams of the flat QW and the sidewall QW,
while figure 5(c) shows the energy barriers for the lateral trans-
port. The direction of the energy band tilting is related to the
combination of normal built - in field and polarization - in-
duced field, and the energy band tilting of the flat QW is even
reversed. Therefore, the polarization effect for the flat QW
is much lower than the sidewall region. According to the nu-
merical results, the energy barrier of lateral transport is around
310.9 meV. The carriers overcome the lateral energy barrier by
thermionic emission mechanism due to the very large thick-
ness, resulting in the situation where the carriers are unlikely
to transport through the barrier by the tunneling mechanism.
Table 3 gives the tunneling and thermionic emission lifetime
of the two regions (the flat region and the sidewall region) un-
der the zero bias. When the barrier thickness is 10 nm, the
lifetimes of the flat QW are much smaller than the sidewall
region. In other words, it is much easier for the carriers to go
through the barrier of the sidewall region than the flat region.
However, not all the carriers produced in flat QW are able to
cross the sidewall region because of the energy barrier of lat-
eral transport. To study the scope of influence for the energy
barrier, we change Eq. (4) into Eq. (5)

L = v̄τDT (∆E) =
(

kBT
2πm∗

)1/2

τD exp
(
−Emax −Emin

kBT

)
. (5)

In Eq. (5), T (∆E) is the possibility of thermionic emission
where ∆E is the height of the energy barrier, v̄ is the hor-
izontal average velocity of electron, and L is the maximal
length for the scope of influence of the energy barrier. In other
words, the carriers which are distributed within the length
can overcome the barrier and enter the sidewall. τD is the
lifetime of a dominant mechanism. In this case, the carriers
must go across the barrier before recombination, so τD is set
to be τsrh. After calculation, L is around 39.1 nm. For the
In0.2Ga0.8N(3 nm)/GaN(10 nm) MQW solar cell, the V-shaped
pit can extract the electrons within the scope of 39.1 nm.

TE

T+TE

T+TE

sidewall region

flat region

Fig. 4. (color online) The schematic diagrams of electron transport. 1○ and
2○ mean the carriers produced in flat QW and sidewall QW. There are two

ways to escape by either tunneling or thermionic emission. Some carriers
produced in flat QW will overcome the energy barriers for the lateral trans-
port to enter sidewall QW, as noted by 3○. T: tunneling, TE: thermionic
emission. The black solid circles imply electrons.

Table 2. The tunneling and thermionic emission lifetime.

Regions
Tunneling Thermionic emission

SRH lifetime/s
lifetime/s lifetime/s

Flat region of QW 1.48×10−6 1.94×10−6 10−7

Sidewall region of QW 3.17×10−15 7.95×10−14 10−7

As has been reported by Lang et al., the carrier escape
efficiency in InGaN/GaN MQW is strongly dependent on the
barrier thickness.[15] Here we studied the effect of V-pit on so-
lar cells as a function of barrier thickness. We simulated five
cells for structures A and B, respectively, with all the parame-
ters fixed except for the barrier thickness. The calculated cur-
rent density is shown in Fig. 6(a). When the barrier thickness
is 3 nm, the current density of structure A is slightly higher
than structure B. This is due to the reduced absorption area
of structure B. For such a thin barrier thickness, the photo-
generated carriers can easily escape the QWs by tunneling.
Thus the performance of the solar cells is limited by the ab-
sorption efficiency. As the barrier thickness increases, the tun-
neling probability decreases exponentially. Thus, the current
density of structure A drops rapidly. While for structure B,
the current density drop is much slower because of the fact
that the carrier is collected via the V-pit. Because the amount
of carriers transported via the V-pit is determined by the hor-
izontal thermionic emission process, it should be irrelevant
to the barrier thickness. When the barrier thickness exceeds
10 nm, the tunneling probability is very low, and the horizon-
tal thermionic emission would be the dominant carrier escape
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mechanism in the flat QWs. As a result, the current density
of structure B becomes irrelevant to the barrier thickness, as
shown in Fig. 6(a). The current density contours for structure
B with 3 nm and 15 nm barrier are given in Figs. 7(a) and 7(b),
respectively. It is shown that the current distribution in MQW
with 3 nm barriers is quite uniform and the horizontal current
can hardly be seen. While in the cell with 15 nm barriers, the
current distribution is the same as that of the cell with 10 nm

barriers. It should be noted that the above discussion is based
on an assumption of the same crystal quality for the MQWs
with different barrier thickness. In fact, it has been demon-
strated by Wierer et al. that a relatively thick barrier (> 6 nm)
is necessary for InGaN/GaN MQW solar cell to guarantee a
satisfying crystal quality.[31] Therefore, the carrier transported
via V-pit should be an important factor to be considered for
design of InGaN/GaN MQW solar cells.
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Fig. 5. (color online) (a) Energy barriers for carrier escaping from flat quantum well. (b) Energy barriers for carrier escaping from sidewall
quantum well. (c) Energy barriers for carrier entering sidewall quantum well from flat quantum well.
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In above discussions, the dislocations are not taken into
account. In reality, the density of dislocation in GaN film is
typically > 108 cm−2. Under some conditions, during the
growth of InGaN/GaN MQW, the dislocations can trigger the
growth of V-pits which in turn is surrounding the dislocations
with their sidewalls. With the assumption that all the disloca-
tions in structure B are surrounded by the V-pits, we studied
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the effect of dislocation density on the conversion efficiency.
The changing of dislocation density was realized by ad-
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justing the lateral size of the cells. The barrier thickness for
all the simulations was fixed to be 10 nm. The calculated ef-
ficiencies are shown in Fig. 6(b). It is clear when the dislo-
cation density is increased from zero to 5×108 cm−2, the effi-
ciency of the cell without V-pit sharply decreases from 0.575%
to 0.40%. This indicates that a large part of photo-generated
carriers were exhausted by the NRCs of dislocation. Further
increasing the dislocation density, the efficiency continues to
decrease. While for the structure with a V-pit, as the disloca-
tion density increases, the efficiency shows an increase instead
of decrease. This is not surprising because the dislocations are
surrounded by the V-pit sidewalls. As discussed before, the
carriers entered the V-pit would be transported along the side-
wall and could not reach the dislocation. In other words, the
NRCs are screened by the V-pit. On the other hand, the in-
crease of dislocation density means an increase of the V-pit
density, which is beneficial to the carrier collections. There-
fore, manipulating the growth of V-pits can not only eliminate
the harmful effect of the dislocation but also improve the car-
rier collection efficiency.

4. Conclusions
It is revealed that the V-pits have a great influence on the

carrier transport in InGaN/GaN MQW solar cells. Due to the
relatively low indium composition of the MQW on the V-pit
sidewall, the carriers generated near the vicinity of the V-pit
can enter the V-pit and transport via the sidewall. Thus, the
sidewall QWs can act as parallel escape paths for the carries
generated in the flat quantum wells. For MQW with thick bar-
rier, the carrier transport via V-pits could be dominant. Fur-
thermore, it is found that the V-pits can reduce the recombi-
nation losses of carriers due to their screening effect to the
dislocations. These discoveries are important for design of the
InGaN/GaN MQW solar cells.
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