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Influence of carrier escape mechanism on the operating
wavelength of InGaN/GaN multiple quantum well solar

cells
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We fabricated a series of InGaN/GaN multiple quantum well solar cells with indium content varying from 0.16 to 0.32. The
emission wavelengths of the samples vary from 450 nm to 570 nm at forward current density of 35Acm?. External guantum
efficiency measurements indicate that the maximum operating wavelength of the series of solar cells ends when the
emission wavelengths approache 500 nm, though some of the samples have much longer absorption edges. To explain this
phenomenon, we theoretically analyzed the escape efficiency of photo-generated carriers in the multiple quantum wells
(MQW). It was revealed that the carrier escape mechanism is the determining factor of maximum operating wavelength for

highindium contentinGaN/GaN MQW solar cells.
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1. Introduction

InGaN alloy is a promising photovoltaic (PV) material
due to its tunable band gap (0.65~ 3.4eV), high absorption
coefficient (~ 10° cm?), high carrier mobility, high
saturation velocity and high radiation resistance [1,2].
Because the band gap of InGaN alloy covers almost the
entire solar spectrum, it has the potential in developing
high-efficiency full-spectrum response solar cells based
solely on nitride-based materials [3]. Energy conversion
efficiencies above 60% achieved by InGaN-based solar
cells have been predicted by theoretical studies [4].

Since the first demonstration of PV response for
InGaN materials in 2007 [3], considerable efforts have
been poured into the study of InGaN solar cells [2, 5]. Due
to the lack of lattice-matched substrate, most of the
reported InGaN solar cells are fabricated on GaN
templates. Because the lattice mis match between InGaN
and GaN increases with the increase of In content, growth
of high quality InGaN absorption layer is generally limited
within an In content of 0.12 for a comparatively thick
single layer [2]. With the newly developed growth
technique, Fischer et al demonstrated that as the In content
exceeds 06, InGaN films exhibit a significant
improvement in the crystalline quality and optical
properties due to uniform full lattice-mismatch strain
relaxation [6]. However, with In content set between 0.2 ~
0.6, the growth of high quality thick InGaN film is still
very difficult which makes the realization of high
efficiency homo-junction InGaN solar cells with long

operating wavelength to be highly challenging. For this
reason, multiple quantum well (M QW) structure has been
widely adopted for InGaN solar cells since it can contain
more In while maintaining a crystalline quality [7-10].
That is beneficial for expanding the operating wavelength
of InGaN solar cells. Even so, reports on InGaN/GaN
MQW solar cell with long operating wavelength are rare
[2, 11]. Lai [8] and Dahal [7,12] had reported InGaN/GaN
MQW with indium content exceeds 0.3, but the maximum
operating wavelength of their samples were still limited at
around 500 nm. In this paper, we fabricated a series of
InGaN/GaN multiple quantum well solar cells with
different indium content and studied the dependence of
operating wavelength on carrier escape mechanism. Our
results show that the maximum operating wavelength is
limited by the carrier escape mechanism for InGaN/GaN
MQW solar cells with high indium content.

2. Experimental methods

We prepared a series of samples with indium content
varying from 0.16 to 0.32 by metal organic vapor
deposition (MOCVD) on GaN/Si templates. The layer
structures of the samples are illustrated in Fig. 1. The
MQWs with different target In content were grown under
the established growth conditions of high efficiency LED
[13]. After epi-layer growth, an Ag layer of 100 nm
thickness was deposited on the p-GaN layer. It acts as the
p-type contact as well as the light reflector. Then the



556

Shitao Liu, Feifei Wu, Qi Yang, Yuandan He, Jianli Zhang, Zhijue Quan, Haibin Huang, Li Wang

epi-wafers were bonded to the supporting Si substrates and
the growth substrates were removed by chemical etching.
The exposed n-type layer was roughened by KOH solution
and then an Al/Ti/Au n-type contact was prepared on the
roughened surface. It was in that process that, p-side down
vertical-structured InGaN/GaN MQW solar cells with
1mm x 1mm chip size were fabricated. A p-side up sample
with similar InGaN/GaN M QW structure was prepared on
sapphire substrate for comparison. The emission
wavelengths of the samples were measured by applying a
forward current of 350 mA to verify the band gap (and In
content) of the samples. The external quantum efficiency
and absorption spectra were measured as a function of
wavelength to study the carrier generation and escape in
the samples. The absorption spectra were measured by
collecting the reflected light with an integrating sphere
placed over the device. Because there was an Ag reflector
deposited on the p-GaN layer in these samples, the
absorption can be obtained by subtracting the reflected
light from the incident light.

p-GaN layer, 130nm

7 MQWs
InGaN/GaN(2.5/10nm), x=0.16~0.32

InGaN/GaN super lattice, x=0.04

n-GaN layer, 2pm

Substrate

Fig. 1. (black and white) Layer structure of samples
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3. Results and discussion

Fig. 2(a) shows the samples of the normalized
electroluminescence (EL) spectra. The EL peak positions
of the eight samples are 450nm, 480nm, 510nm, 521 nm
527 nm, 531 nm, 550 nm and 570 nm, respectively. We
label the samples as sample A, B, C, D, E, F, Gand H,
respectively. Sample G (550 nm) is grown on sapphire
substrate and all the others are grown on Si substrate. The
EL spectra indicate that we have obtained high quality
InGaN/GaN MQW solar cells with considerably high
indium content. From the light absorption point of view,
operating wavelength far above 500 nmcan be expected in
sample D, E, F, G and H. Fig. 2(b) shows the external
quantum efficiency (EQE) as a function of wavelength.
From the peak 380nm to shorter wavelengths, the EQEs
abruptly drop to 0 within a few nanometers. This
efficiency loss is due to the surface absorption of the thick
n-GaN layer. The EQE curve shape of sample G is slightly
different to others due to its p-side up structure. In addition,
The EQE of all the samples decrease as the wavelengths
grow, to which the quantum that confined stark effect
(QCSE) in the quantum wells are attributed [14]. For
sample A and B, their EQE curves end at about 445 nm
and 475 nm, respectively, which are in accordance with
their emission peak positions. However, it is striking that
the EQE curves of all the other samples end at about 500
nm, though some of them have much longer emission
wavelengths. For further understanding, we measured the
absorption spectra of sample D and H to confirm their
absorption edge. The absorption spectra are presented in
Fig. 3. We can see that the absorption spectra of sample D
and H extend to 520 nmand 570 nm, respectively, which
are in consistent with their emission wavelengths. That
result indicates that the absorption of light with
wavelength longer than 500 nm does not generate
photocurrent in these samples.
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Fig. 2. (Color online)(a) EL spectra of samples.(b) EQE spectra of InGaN/GaN MQW solar cells with different wavelength
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Fig. 3. (Color online) Absorption of InGaN/GaN MQW
solar cells with different wavelength

To understand the missing photocurrent for
wavelengths longer than 500 nm, it is necessary for us to
analyze all of the processes of the photo-generated carriers
in a MQW solar cell. In consideration of an electron’s
situation, we conclude it can: (i) absorb incident photon
energy then transfer itself from the valence band to the
conduction band, (ii) escape from the quantum well by
tunneling or thermionic emission, (iii) recombine with a
hole. In most cases, process (i) depends on the absorption
of the solar cell, and the escape efficiency depends on the
competition between process (ii) and (iii). Fig. 4 gives the
schematic diagram of the carrier transport mechanism in a
quantum well. To simplify the discussion, we assume that
all the carriers escaped from the quantum wells can be
collected by the electrodes and ignore other losses. So the
collection efficiency #coneaion Of solar cells can be
described as:

Meollection = 1 1 1 @

In equation (1), zr is the recombination life time, z7¢ is
the thermionic emission life time and z7 is the tunneling
life time of electron. According to the
Wentzel-Kramers-Bruillouin (WKB) approximations, the
electron tunneling lifetime can be calculated by [14, 15]:
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The thermionic emission lifetime can be calcu lated by
[15]:
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In equations (2) and (3), Ly and Ly are quantum well
and quantum barrier thickness, respectively. The effective
mass of electron m” used here is 0.169m, [14]. E is the
electron energy after absorbing the incident photon energy,
E.(X) and E.maxare the conduction band energy at position
x and the maximum conduction band energy in the barrier,
respectively. kg is Boltzmann’s constant and T is the
absolute temperature.

Conduction band

Incident photon

Valence band

Fig. 4. (Color online) Schematic illustration of the

processes of the photo-generated carriers. (i) absorbs

incident photon energy and gets to the conduction band

from the valence band, (ii) escapes from the quantum

well by tunneling or thermionic emission, (iii)

recombines with a hole.  Black dot means electron, and
blue line means energy state

To obtain the energy levels for carrier escape
probability calculation, we utilized the Silvaco ATLAS
program [16] to simulate the band structure of the MQWs.
The ATLAS program can self-consistently solve Poisson’s
equation and the carrier drift—diffusion equation. In the
simu lations, the physical models of the polarization effect
and Shockley—Read—Hall (SRH) recombination are
included. The primary material parameters of GaN and
InN used in the simulations are listed in Table 1 [17]. For
InGaN alloy, the parameters were calculated using the
Vegard’s Law. The band gap was determined by the
emission wavelength. By simulations we obtained E¢(x)
and Eqayx0f the samples. To calculate the escape lifetime
of an electron through equations (2) and (3), the energy
level E should be known. In bulk materials, the
photo-generated carriers usually thermalize (relax to the
bottom of conduction band and valence band) in a very
short time (~ps). In previous study of InGaN/GaN MQW
solar cells, similar fast thermalization was assumed and
the ground state energy (n=1) was used to calculate the
escape probability [14]. Based on the same assumption,
the tunneling and thermionic emission lifetime for sample
D and H were calculated. For sample D, the tunneling
lifetime and thermionic emission lifetime are 378.6 ns and
1.56us, respectively. For sample H, the tunneling lifetime
and thermionic emission lifetime are 4.29 ps and 679 ps,
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respectively. The calculated lifetimes are quite long,
mainly due to the high energy barriers caused by the high
indium content in the quantum wells. Because the reported
carrier recombination lifetime in InGaN/GaN MQW are
typically less than 100 ns [18,19], the carrier collection
efficiency calcu lated using equation (1) should be nearly 0.
Furthermore, because of the fast thermalization, the carrier
escape lifetime should be independent to the excitation
light wavelength. That is clearly opposite to our
experimental results. The EQE curve given in Fig. 2(b)
shows that both sample D and sample H have considerable
efficiency in the short wavelength range. As has been
pointed out by Lang, escape from the ground state denotes
the “worst-case” because in this case the energy barrier for
carrier escape is the highest. For InN, hot-carriers have
been predicted theoretically to have a long lifetime due to
its beneficial phonon structure, known as the phonon
bottleneck effect [1]. And a relatively long hot-carrier
lifetime of ~20ps has been experimentally observed in InN
by Chen et al [20]. Moreover, in InGaN/GaN MQW, due
to the small size of the quantum well and the high
confining potentials, it is difficult for the generated
carriers to reach equilibrium distribution and have great
chance to escape the quantum well from high energy
levels [21,22]. Based on these facts, the carrier
thermalization process is ignored, and we assume all the
carriers escape from the exited state. This is the
“best-case” for carrier escape. In that case, we assume a
carrier recombination lifetime of 1 ns [23], we can obtain

the carrier collection efficiency by equation (1), (2) and (3).

It can be seen from Fig. 5 that when the wavelength is
lower than 410nm, the collection efficiency is 1. Because
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the potential barrier of carriers excited by high photo
energy is low, the carriers can escape easily. For longer
wavelength, the collection efficiency drops quickly to 0.
The collection efficiency is sensitive to photo energy
because the tunneling and thermionic emission lifetime is
exponentially dependent on the energy level the electron
occupied. From Fig. 5(b), we can conclude that the
operating wavelength increases as the indium content in
low indium content range grows, the maximum operating
wavelength doesn’t increase and ends at about 500nm,
which is consistent with our experiment results. It should
be pointed out that for a real InGaN/GaN MQW solar cell,
the carrier escape probability should be lower than the
“best-case”, so the above calculated maximum operating
wavelength should be the upper limit. On the other hand, if
the carrier recombination lifetime is longer than 1 ns, the
operating wavelength should be longer.

Table 1. Parameters of GaN and InN used for simulation

Parameter GaN InN
Lattice constant(A) 3548  3.189
Band gap Eg(eV) 342 0.65
Dielectric constant &/gg 8.9 10.5
Electron mass me/my 0.2 0.05
Hole mass me/my 125 0.6
we cm?Vis™) 350 350
un (cm?Vis™) 3 3
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Fig. 5. (Color online) (a) The collection efficiency with different indium content as a function of wavelength. (b) The theoretical
efficiency of Sample D and H with different wavelength. Black arrow points to the operating wavelength (~500 nm), the inset is
enlarge view

Using the data shown in Fig. 3, we can calculate the
EQE with different wavelength by:

EQE (ﬂ“) oc ncollection(l) X G(ﬂ’) = ncollection(ﬂ’) X Ol(ﬂ) (4)

In equation (4), G is carrier generation rate, here we set it
to be equal to the absorption rate. So we can get the

theoretical EQE as a function of wavelength, as shown in
Fig. 5 (b). The results of theoretical EQE notoriously
coincide with experimental results which provide a strong
evidence to show that the escape mechanism is a decisive
factor to operating wavelength when indium content is
high.



Influence of carrier escape mechanism on the operating wavelength of InGaN/GaN multip le quantum well solar cells 559

4. Conclusions

In summary, we fabricated high indium content
INnGaN/GaN MQW solar cell with absorption edge
extending to 560 nm. But external quantum efficiency
measurements showed that the operating wavelength of
the solar cell is much shorter than the absorption edge,
which reveals the operating wavelength dependence on
carrier escape mechanism. Our results verified showed the
vital demands of optimization of device structure to
improve carrier transport for InGaN/GaN MQW solar
cells.
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