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a  b  s  t  r  a  c  t

In this  paper,  a scaling  study  of  heterojunction  solar  cells  based  on p-type  silicon  quantum
wires  with  rectangular  cross  sections  in  the  sub-10-nm  regime  and  graphene  (p-SiQWs/G)  is
presented.  The  scaling  issues  in  p-SiQWs/G  solar  cells  performance  focusing  on SiQWs  diam-
eter, the distance  between  SiQWs,  and  the  number  of  graphene  layers  is  investigated  by  a
coupled optical  and  electrical  model  taking  into  account  the  quantum  effects  of  SiQWs.  A
minimum  efficiency  of p-SiQWs/G  solar  cells  is obtained  for  SiQWs  with  moderate  diameter.
The p-SiQWs/G  solar  cell  with  small  diameter  shows  high  efficiency  because  of  wide  band
gap  of SiQWs  with  small  diameter.  On  the  other hand,  p-SiQWs/G  solar  cell  with  large  diam-
eter also  shows  high  efficiency  because  of  strong  light  absorption  of SiQWs  resulted  from
high surface  area.  The  results  also  show  that  the  denser  packing  of SiQWs  and  monolayer
graphene  improve  the efficiency  of  p-SiQWs/G  solar  cells.

©  2017  Elsevier  GmbH.  All  rights  reserved.

1. Introduction

Graphene has been successfully used as a new candidate for active material and transparent electrodes in photovoltaic
device applications [1–14], due to its outstanding properties, such as high mobility [15], ultra-wideband absorption [16],
symmetric ambipolar conductivity [17], high work function [18], and mechanical strength [19]. Graphene-based hetero-
junction solar cells is first studied by Li et al. [20] where a transparent graphene thin film has been deposited onto a n-type
silicon wafer as a hole transporting layer to form a Schottky junction solar cell. Under AM1.5 light (100 mW cm−2), the device
produces an open-circuit voltage (Voc) of 0.48 V and a conversion efficiency (�) of 1.6%, far below the requirements for prac-
tical application. The performance of such graphene/Si Schottky junction solar cell can be improved through the appropriate
use of nanostructured semiconductors. For example, silicon nanowire arrays have much lower reflectance compared to thin
films in a wide spectrum range, which can be achieved without specially designed antireflection coatings [21–23]. How-
ever, their increased surface-to-volume ratio decreases charge carrier collection due to high surface recombination velocity
[24–27], but their large surface areas provide strong light absorption and efficient charge separation [28,29]. Thus, consid-
ering the application potential of silicon nanowire, further increase in the graphene/Si cell efficiency has been reported by
using nanowires instead of planar silicon [28,30–32]. But, the application of quantum wires in the sub-10-nm regime have
not yet been explored to the best of our knowledge. Therefore, in this paper, the performance of solar cells based on vertically
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Fig. 1. Schematic view of the SiQWs/G solar cell.

aligned Si quantum wires (SiQWs) in the sub-10-nm regime and graphene, SiQWs/G, has been investigated by considering
the quantum effects of SiQWs. Then, the optimization considerations of SiQWs/G solar cells is studied by a coupled electri-
cal and optical modeling taking into account radiative, Shockley-Read-Hall, Auger and surface recombinations. For optical
modeling, the optical absorption of SiQWs is evaluated by Fermi’s golden rule through solving of Schrödinger equation. In
addition, the transmissivity of light between air and SiQWs is calculated by optical conductivity of graphene computed using
the tight-binding Hamiltonian.

2. p-SiQWs/G solar cell structure

As shown in Fig. 1, a graphene layer has been deposited on vertically aligned p-type SiQWs with length of L to make
Schottky junctions. Graphene boasts an electron mobility exceeding 10000 cm2/Vs when deposited on SiO2 or Si. Also, it can
absorb light across a broad spectrum from the UV to IR wavelengths due to gapless nature of its band structure. For simplicity
in calculations, we consider an array of SiQWs with square cross section with area of d1 × d2 (d1 and d2 <10 nm)  and period
of a1 × a2. Up to now, many researchers have employed both experimentally [33–36] and theoretically [37–39,61] methods
to explore high power conversion efficiency solar cells by controlling the size and cross-section geometries of SiQWs.

3. Simulation approach

In the SiQWs/G, the interface between graphene and SiQWs plays a central role in energy conversion. When metallic
graphene and p-doped SiQWs with a prominent work function difference are in contact with each other, electrons on the
semiconductor side are depleted, which bends the energy band to form a built-in electric field. This built-in potential splits
the excess electrons and holes generated by incident light, hence converting light energy into electric energy.

The simulation of SiQWs/G solar cell is based on optical simulation coupled with electrical device simulation. For elec-
trical simulation, the semiconductor equations, consisting of Poisson, continuity, and drift-diffusion equations is solved
simultaneously [40]. Also, the effect of carrier recombination is calculated in the electrical simulation. For nanostructured
solar cell [62], surface recombination becomes a dominant concern. Since, light trapping in SiQWs will not only improve
optical absorption but also boost the surface recombination simultaneously [41,42]. In the other words, the SiQWs solar
cells are extremely sensitive to surface recombination because of large surface-to-volume ratio and lateral recombination
loss [43,44]. But, recent studies have shown that high conversion efficiencies can be obtained in cells with high-aspect-ratio
nanostructured semiconductor as long as the surface passivation schemes [45,46] is carefully designed to minimize the
surface recombination [47–49]. The effect of surface recombination in reducing the photocurrent is calculated by surface
recombination rate expressed as [50]:

Rsurf = np − n2
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where, n (p) is the electron (hole) concentration, ni is the intrinsic carrier concentration, Sn (Sp) is the electron (hole) surface
recombination velocity and ns (ps) is the electron (hole) concentration in the surface trap states. At the same time, radiative,
Shockley-Read-Hall and Auger recombinations is also included in calculating the current density.

For optical simulation, the optical absorption of SiQWs is evaluated by Fermi’s golden rule through solving of Schrödinger
equation. The wave function in a SiQW for electrons in the conduction subband labeled by m and n is:
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