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The performance and characteristics of a hybrid heterojunction single-walled carbon nanotube and GaAs solar cell are modelled
and numerically simulated using AMPS-1D device simulation tool. The device physics and performance with different junction
parameters are analysed. The results suggest that the open-circuit voltage changes very slightly by changing the electron affinity,
acceptor and donor density while the other electrical parameters reach an optimum value. Increasing the concentration of a discrete
defect density in the absorber layer decreases the electrical parameters.The current-voltage characteristics, quantumefficiency, band
gap, and thickness variation of the photovoltaic response will be quantitatively considered.

1. Introduction

The unique electronic properties of single-walled carbon
nanotubes (SWCNTs) are intriguing for many research
groups in the present semiconductor technology to incor-
porate CNTs into CNT/III–V semiconductor hybrid devices
[1, 2]. On the other hand, GaAs has the superior electrical
and optical properties owing to its diffusion length, well-
developed industrial application compared with Si, and some
better electrical performance in certain aspects like higher
carrier mobility [3]. Thus, from the energy conversion point
of view, CNT/GaAs hybrid devices could be a promising
optoelectronic combination since both materials are direct
band gap semiconductors [4].The solar cell constructed from
SWCNT/GaAs thin film could efficiently absorb light energy
with a wide absorption spectrum, if the diameter-dependent
bandgap of the SWCNT was controlled through growth
conditions from 0 to 2 eV [5, 6]. Albeit the diode behaviour
and photovoltaic response of the CNT/GaAs heterojunction
interface have been studied, the device modelling and sim-
ulations are still under investigation. In this work, for the
first time, we used the one-dimensional simulation program
called Analysis of Microelectronic and Photonic Structures

(AMPS-1D) device simulation tool for the modelling of
the characteristics and performance parameters of a zigzag
SWCNT/GaAs heterojunction solar cell. To our knowledge
this is the first time that a hybrid heterojunction including
a nanostructure material is going to be simulated in AMPS
simulator or even in a simulator platform. This tool is widely
used for the simulation of the thin film or silicon based
photovoltaics [7–9].

2. Device Model

There are several methods to bring in contact the SWCNT
absorber and GaAs (n-type substrate): chemical vapour
deposition [10], followed by electron-beam lithography with
assistance of a third material, that is, Si

3
N
4
or SiO

2
[4].

A typical solar cell structure has been shown in Figure 1
where the Au/Pd contact, CNT layer, n-type GaAs substrate,
and Au/Pd came in contact. Here we ignore any additional
layer (e.g., SiC) which in practice is deposited on the GaAs
layer to cap the CNT layer. To proceed with the simulation,
the material parameters employed as the inputs are selected
based on the reported literature values or constrained to
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Figure 1:The heterojunction structure of the hybrid SWCNT/GaAs
solar cell.

Table 1: The input parameters of AMPS-1D.

Layer properties SWCNT GaAs
Thickness (nm) 300 3000
𝜀/𝜀
0

3.4 12.85
𝜇
𝑒
(cm2/v⋅s) 8 × 104 3917
𝜇
ℎ
(cm2/v⋅s) 2 × 103 239
𝑁
𝑑
(cm−3) — 2 × 1015

𝑁
𝐴
(cm−3) 4 × 1014 —
𝑁
𝑐
(cm−3) 5 × 1016 4 × 1018

𝑁V (cm
−3) 6 × 1017 8 × 1017

𝐸
𝑔
(ev) 1.10 1.42
𝜒 (ev) 4.27 4.07
𝜇𝑒,ℎ: electron and hole mobility; 𝑛, 𝑝: donor and acceptor density; 𝑁𝑐,V:
effective density of states in CB and V B; 𝐸𝑔: bandgap; 𝜒: materials electron
affinity; 𝜀, 𝜀0: the dielectric constants of the material and air.

reasonable ranges. The key semiconductor properties of the
layers as the input parameters for the simulations are given
in Table 1. Although no attempt was made to match the
simulation results with the experimental data, the purpose is
to analyse the performance parameters of the cell versus the
material parameters.

3. Simulation Results and Discussion

The schematic energy-band diagram of a typical hybrid
SWCNT/GaAs solar cell has been illustrated in Figure 2.
Based on this band diagram, the current-voltage charac-
teristics of this structure have been calculated in the dark
and light conditions under one sun at AM1.5 standard
conditions (Figure 3) in order to show electrical behaviour
of the proposed structure in different operation conditions.
The dependence of SWCNT’s acceptor concentration (p) on
the performance parameters of the cell has been investigated.
In the simulations, shown in Figure 4, obviously there is an
optimum value for the p acceptor concentration of about
1016 cm−3 that has a better performance than those with
low doping concentration. Increasing the p concentration
increases the open circuit voltage, 𝑉oc, negligibly where it
stays almost constant. However, the short circuit current, 𝐽sc,
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Figure 2: The energy-band diagram of a typical SWCNT/GaAs
solar cell under equilibrium condition. The SWCNT layer has been
extended to show better the band diagram.
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Figure 3:The current-voltage characteristics calculated byAMPS in
dark and under 1 sun standard conditions.

decreases and the energy conversion efficiency reduces. On
the other hand, donor concentration in the n-type GaAs has
the same role with optimum value of about 1016 cm−3 and
after that while lower than this value the 𝑉oc decreases.

In contrast, the 𝐽sc increases very slightly by 𝑁
𝐷
, but

the efficiency and FF decrease as shown in Figure 5. Higher
donor concentration excitesmore electrons to the conduction
band while higher acceptor concentration provides more
holes to the valence band which creates better conductivity
and photocurrent generation leading to increased efficiency.
We need to note that the concentration of the acceptor
and donor in the absorber layer is very effective on the
performance parameters of the cell since the ratio of𝑁

𝐴
/𝑁
𝐷

changes the Fermi levels of electron and holes, respectively.
This is due to the fact that the positive charge density in
the SWCNT absorber layer is higher than in the window
layer. The 𝑁

𝐴
increase at the junction of the window and

absorber layer has no influence on the Fermi levels of



International Journal of Photoenergy 3

0

2

4

6

8
𝜂

(%
)

1018101610141012

Acceptor concentration (cm−3)

(a)

30

40

50

60

70

80

90

FF
 (%

)

1018101610141012

Acceptor concentration (cm−3)

(b)

0.56

0.58

0.6

0.62

0.64

V
oc

(V
)

10161014

Acceptor concentration (cm−3)

(c)

4

6

8

10

12

14

J s
c

(m
A

/c
m

2
)

1018101610141012

Acceptor concentration (cm−3)

(d)

Figure 4: The effect of acceptor concentration, (p) in the SWCNT layer, on the performance parameters with an optimum value of about
1016 cm−3.

the absorber layer because the increase in the positive charges
(holes) is screened by electrons in an accumulation region of
the window layer at the space charge region.

In Figure 6, we considered the variation in the electron
affinity of both semiconductor layers as well. The electron
affinity,𝜒, is theminimumenergy needed tomove an electron
from the Fermi level into vacuum level. There is a very small
increase in 𝑉oc with the increased 𝜒 of SWCNT but a slight
decrease in 𝑉oc of the GaAs. However, in both cases, the
performance parameters increase to an optimum value by
increasing the 𝜒.We also considered the effect of the bandgap
of each layer on the performance parameters. The efficiency
and FF decrease after the optimum interval of 1.10 and 1.24 eV
for SWCNT and GaAs layer, respectively. In this regard, in
Figure 7 the simulated external quantum efficiency (QE) is
presented for 1 sun illumination condition.

It is apparent that the drop of efficiency after 500 nm is
associated with the fall of the FF. The enhancement in the
short wavelength can be due to the improvement of the 𝐽sc
which is obtained for lower p and higher n concentration
levels. This is because the carrier collection will improve by
additional electrons. In the SWCNT absorber layer as p-type,

the electrons are the minority carriers and the transportation
of this minority might be improved by doping to a proper
level. Further consideration on the thickness of the layers
gives the optimum values for the electrical parameters at the
given values of the thickness in Table 1. The cell performance
also varies with the operating temperature. For higher tem-
peratures than 300K, the cell showed lower stability with
lower 𝑉oc and performance (not shown here). Once we have
optimal values for doping concentrations and thickness of
the layers (summarized in Table 1), we can simulate the solar
cell structure shown in Figure 2. The semiconductors of our
heterostructures may contain defect states within the band
gap. If the defect states become charged, they add to the
space charge of the heterostructures, similar as interface
states. Thus, they influence the potential drop in the layers.
Certainly, defect states in the band gap also give rise to
carrier recombination.This is the reasonwhy the𝑉oc reduces.
In the case that there is more than one deep defect level
in the band gap, the recombination rates are added up as
well as their contributions to the current densities. However,
within the three-dimensional absorber (i.e., SWCNT) there
may be distinct zones of particularly high defect densities:
grain boundaries and regions of high strain, accumulated
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Figure 5: The effect of donor concentration, (n) in the GaAs n-type layer, on the performance parameters with an optimum value of about
1016 cm−3.

impurities, or stoichiometry deviations. The performance of
the solar cells is influenced by the quality of interfaces and
formation of defects such as point defects, stacking faults,
twins, dislocations, and grain boundaries. It is important to
understand the defect physics so that appropriate methods
may be developed to suppress the formation of harmful
defects. This is the reason why the performance in Figure 8
is reducing by increased defect concentration.

Further considerations on the critical issues of this struc-
ture can be done to attain the high-efficiency heterojunction.
For example, the effects of interface properties in the surface
and interface defect layer on the performance parameter
can be achieved. The simulation investigation along with
the practical work on the growth and the preventing of
damage to the SWCNT/GaAswafer needs to be done in order
to optimize the cell performance. Further consideration by
AMPS tool can be done for the nanostructured solar cells.

For example nanoparticle solar cells can be modelled in
this platformby adding a number of quantumdot layers in the
active region and assuming the nanoparticles as defectswhich

can be defined in this tool. Note that in these simulations we
assumed a defect-free device to simplify the results. However,
the more detailed studies can be done elsewhere.

4. Summary

A hybrid heterojunction solar cell based on carbon nan-
otube/GaAs has been proposed and simulated using the one-
dimensional simulation program called Analysis of Micro-
electronic and Photonic Structures (AMPS-1D).The SWCNT
layer was added as the absorber layer and the window layer
was taken from GaAs. The value of the parameters was
taken from the experimental results of the papers published
about this heterojunction. The results well simulate the
band diagram and the effect of the thickness and carrier
concentration on the performance parameters of the cell.
The effects of acceptor and donor concentration, electron
affinity, band gap, and thickness of the layers as well as
operating temperature on the cell performance parameters
have been investigated with a view to find a more efficient
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Figure 6: The effect of electron affinity (𝜒) on the performance parameters.
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Figure 7: Quantum efficiency under one sun standard conditions.

cell. For this heterojunction, the maximum efficiency of
6.55% was achieved for a 300 nm and 3 𝜇m thickness of
nanotube and GaAs layer, which decreases for the other
values compared to the optimum values. The results are
close to the reality since the parameter values were selected

from the practical reported data in the literature. This work
opens a road to explore in novel nanostructure solar cells
configurations for the simulation of the nanostructuredmate-
rials with AMPS getting a better view of the cell operation
[11].
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