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A continuous increase in world energy consumption forces 
further developments to be made in the field of primary power 
sources with the aim to improve their efficiency. However, 
the final cost of the produced power should generally be a re-
sult of (a) complexity of the device manufacturing protocols 
including cost of materials, (b) its long-term operation, and 
(c) its performance.

Nowadays, great power generation capabilities are at-
tributed to photovoltaic (PV) devices and solar cells (SC) 
primarily represented by the poly- and monocrystalline sili-
con (Si)-based solar modules.1 Despite the indubitable domi-
nance of Si-based PV devices, other semiconductor materials 
such as gallium arsenide (GaAs) allow achieving higher 
conversion efficiency and enable fabrication of lightweight, 
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Abstract
Attempts to improve solar cells efficiency touch all its constituents and are directly 
related to their fabrication protocols. While the most promising material platform for 
high efficiency photovoltaic devices is still III-V semiconductors, introduction of 
novel materials like single-walled carbon nanotubes (SWCNTs), which are charac-
terized by unique combination of conductivity and transparency, might greatly yield 
the device performance. Here, for the first time, we present the results of the fabrica-
tion and characterization of a thin-film GaAs solar cell with a SWCNT top contact. 
We examine the contact between the SWCNT film and the semiconductor structure 
by means of the optical and electron beam-induced current techniques. The fabri-
cated device demonstrates better performance, that is, increased power conversion 
efficiency from 10.6% to 11.5% when compared to the cell with the traditional metal 
contact grid, stemming from the enhanced photocurrent collection efficiency and low 
parasitic light absorption in the emitter layer. We envision future prospects to exploit 
the multifunctionality of the SWCNTs in fabrication of highly efficient photovoltaic 
devices including flexible solar cells.
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flexible, highly efficient, radiation resistant, environmental, 
and temperature stable thin-film solar cells. These benefits 
make them a better option to fulfill the demand of a high-
power supply in specific applications, such as satellites, solar 
vehicles,2 and bioimplants.3-5 While the epitaxial growth 
techniques of GaAs are generally established and thin-film 
device structures are optimized to gain the best solar cell per-
formance,6-8 the topmost contact impedes the most efficient 
overall power conversion as optical and electrical losses in 
the topmost layers make sufficient impact on the efficiency 
of the modern PV devices.

Conventionally, a semiconductor SC top contact is a metal 
grid9 providing reasonable transparency, but requiring a high 
doping of the SC surface layer to provide efficient photo-
current collection. Such an architecture facilitates high rates 
of carrier recombination thereby effectively decreasing the 
device performance. Moreover, heavy doping of the semi-
conductor layer and the deposition of metal grid demand 
technologically energy-consuming process, thus significantly 
affecting the final device cost.

In order to address these problems, many promising ma-
terials have been tested so far, for example, semitranspar-
ent metals,10 poly(3,4-ethylenedioxythiophene) polystyrene 
sulfonate (PEDOT:PSS),11 graphene,12 silver nanowires,13 
conductive oxides,14 and carbon nanotubes.15 PEDOT:PSS 
has been widely used as a hole transport layer in organic, Si 
hybrid, and perovskite SCs.16-18 However, to overcome low 
lateral conductivity and mobility of such conductive poly-
mers, an alternative material like SWCNTs has been found 
to be beneficial either in its original form or as composite 
with various conductive polymers like PEDOT:PSS, P3HT, 
and P3OT.19-22

In this case, aerosol synthesized SWCNTS might be pre-
ferred option, as they are characterized by the unique com-
bination of optoelectronic properties, flexibility, chemical 
stability, and simple transfer protocols which allows to cover 
large surface area (up to sq. meters).23-25 A thin SWCNT film 
can be used as a transparent conductive electrode for the hole 
collection in SCs.22,26 Moreover, modern technologies are 
capable of fabrication of both metallic and semiconducting 
SWCNT layers that can be potentially implemented not only as 
a passive element (as an effective transparent electrode on the 
front surface of the SC), but also as a part of active region, for 
example, the emitter layer, which produces the built-in elec-
trical field for photogenerated carriers separation, and wide 
bandgap optical window. Recently, SWCNT layer was used 
as an p-type layer of a Schottky barrier-based SC.27,28 The re-
ported SWCNT/Si SC demonstrates low open-circuit voltage 
and rather low energy conversion efficiency. The discrepancy 
of work function between SWCNTs and Si or GaAs limits the 
use of SWCNTs as an emitter layer of the SC. Still, SWCNTs 
are characterized with relatively low bandgap, which signifi-
cantly restricts their application as a wide bandgap window 

material. However, due to their optoelectrical properties, the 
SWCNTs could help greatly improve the performance of SC 
when applied as a transparent contact layer material.

In this work, we fabricate and thoroughly characterize 
GaAs-based SC with the top contact SWCNT layer and com-
pare its performance with conventional SC with the metal 
grid contact to demonstrate potential of the SWCNTs use to 
enhance the PV efficiency via optimization of the electronic 
transport and control of the optical properties.

In order to demonstrate the advantages of the SWCNT-
based top contact approach, we compare the cell performance 
of the conventional cell with a traditional metal contact grid. 
We have fabricated two GaAs-based SCs: (a) simple GaAs 
SC, which we further denote as “basic” (see Figure 1A), and 
(b) the one with the SWCNTs (see Figure 1B). The design of 
the cells has been chosen similar to the one described in the 
literature.29,30 The fabricated SCs do not feature back surface 
field (BSF) layer or antireflection coating (ARC) to make the 
structure rather simple, required to carry out interpretation 
of unambiguous characterization results for precise SWCNT 
performance evaluation.

We employ the simplest model to evaluate the effect of 
SWCNTs. According to the basic SC structure numerical 
calculation results (see Figure  1C), a thick 400  nm emit-
ter layer provides efficient current collection by the metal 
grid. Smaller emitter thickness results in the higher current 
density in the emitter layer (see Figure 1D), which leads to 
photocurrent losses facilitated by large distance between the 
grid fingers (which will be discussed further). In the case 
of the SWCNTs use, the top contact provides good carrier 
collection along the whole SC surface and high lateral con-
ductivity (see Figure 1E), so the emitter layer thickness can 
be sufficiently decreased. We have chosen a 30  nm thick 
emitter for the SWCNT SC, considering that further thin-
ning leads to propagation of the build-in electric field into 
the AlGaAs window layer, leading to generation of unde-
sired electron-hole pairs in AlGaAs.31 The rest of the SC 
structure in terms of the layers sequence, thickness, com-
position, and doping is similar to the basic SC design (see 
Figure 1A,B). The details of calculation and the simplified 
energy band diagram of SC modified with CNT layer are 
given in Supporting information.

The basic SC has highly doped GaAs contact layer which 
was selectively etched after the metal grid fabrication (see 
Figure 1A) to suppress the parasitic light absorption in the 
layer.32 Due to the absence of the essential potential barrier 
between the SWCNTs and the window layer (which is con-
firmed with the results of contact resistance test,33 presented 
in Supporting information) and since the SWCNTs cover the 
entire SC surface, the contact layer is absent in the SWCNT 
SC (see Figure 1B). For this cell, GaAs capping layer was 
synthesized to protect the AlGaAs window from oxidation 
during the fabrication and was completely etched prior to 
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the SWCNTs transfer. Before applying the contact grid and 
SWCNT, the surface of both type SCs was passivated with 
wet chemical treatments in hydrazine-sulfide solution to de-
crease the surface state density in accordance with the proce-
dure described in.34,35

Ni/AuGe (3/300 nm) rear contact was deposited onto the 
backside of the GaAs wafer. Pattern of the Cr/Au 40/200 nm 
top metal grid of the basic SC with conventional design36 was 
defined using optical lithography technique. The metallic 
contacts were treated with rapid thermal annealing in nitro-
gen atmosphere in order to achieve linear volt-ampere charac-
teristic between the semiconductor transport layer and metal. 
In accordance with measurements (not presented here), the 
contact resistance between p-GaAs and Cr/Au metal bars was 
10−5 Ohm cm2. Details of heterostructure fabrication are pre-
sented in Supplementary section.

The SWCNT SC was thermally annealed after the rear 
contact deposition by the same procedure as the basic sam-
ple. Prior to the SWCNT transfer, the protective thin GaAs 
capping layer was etched with citric acid solution just as de-
scribed earlier.32 The SWCNT thin films were dry transferred 

from the nitrocellulose filter to the SC front surface.22,37 
Note that, used transfer method allows to cover large area 
samples.23 In accordance with our previous studies,38 it is 
required to use SWCNT with a sheet resistance in the range 
of (10-100)  Ω/sq to achieve maximum SC efficiency. We 
chose SWCNTs layer of ~20 nm thickness with integral 90% 
transparency in the visible range and 300 Ω/sq22 initial sheet 
resistance, providing good trade-off between the conductiv-
ity and optical transmittance of the SWCNT film. After the 
dry-transfer of SWCNTs on the SC front surface, the gold 
chloride (AuCl3) dissolved in ethanol solution was drop-
casted on the SWCNTs film reducing the sheet resistance 
drastically to ~40  Ω/sq.37,39-41 SWCNT film transparency 
corresponded to the metal grid coverage.

PV characteristics of the fabricated SCs were evaluated 
via measurement of the current-voltage characteristic (I-V) 
by the four probe method with a use of AM1.5G42 solar simu-
lator. To provide electrical contact, silver paste droplets were 
put directly on the metal grid and SWCNTs. External quan-
tum efficiency (EQE) was measured with a spectrometer con-
sisted of monochromator and photodetector.43 The measured 

F I G U R E  1   Schematic representation of the fabricated SCs with (A) metal grid (and its top-view optical image on the inset) and (B) SWCNT 
top contact (and its top-view SEM image in the inset). Results of the numerical calculation of the photogenerated current distribution within (C) 
basic SC with 400 nm emitter—the lateral current flows mainly through the emitter, (D) basic SC with 30 nm emitter—the lateral current of higher 
density flows mainly through the emitter and the wide bandgap window, and (E) SWCNT SC with 30 nm emitter—the current flows predominantly 
in the SWCNT layer providing an effective lateral carrier transport
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I-V and EQE characteristics are presented in Figure  2A,B, 
respectively. Figure 2A inset summarizes the main PV output 
characteristics of the SCs.

The measured EQE spectra (Figure  2B) demonstrate 
effective light absorption in 350-900 nm range typical for 
single-junction GaAs-based SCs.44 The measured EQE is 
saturated at 60% for both types of the SCs. The low EQE 
is possibly due to the unoptimized design of the SCs, in-
cluding the absence of the BSF and heterostructure poor 
crystallinity caused by the epitaxial growth flaws resulted 
in formation of carrier recombination centers both on the 
surface and point defects in bulk. Also, efficient reflection 
from GaAs/AlGaAs surface,45 the absence of proper anti-
reflection coating, and light-trapping optimization process-
ing justify such low EQE.

We have observed increased EQE for the SWCNT SC 
when compared to the metal grid SC in the whole spec-
trum, especially in 350-550 nm wavelength range that leads 
to increase of the short circuit current density from 16.9 to 
17.9 mA/cm2 (see Figure 2A). The EQE rise can be associ-
ated with the thinner emitter layer: The thicker heavily doped 
emitter of the basic SC can affect the EQE because of the 
parasitic light absorption and carrier recombination. Also, 
enhancement of the EQE in the case of SWCNT SC can be 
associated with the improved carrier collection demonstrated 
by numerical modeling (see Figure 1C,E) and confirmed by 
the experimental results discussed further. On the other hand, 
the antireflection provided by the ~20 nm thick SWCNT layer 
is not significant in the visible range46 and should not affect 
the EQE sufficiently. Thus, we observe increased power con-
version efficiency from 10.6% to 11.5% by application of 
the SWCNTs, while the FF remains the same, and both SCs 
demonstrate typical for GaAs SCs open-circuit voltage (Voc) 
of 0.95 and 0.96 V (Figure 2A).

To check whether the SWCNTs provide advantage of the 
current collection efficiency over the basic SC due to lower 
carriers pathway in the emitter layer, optical beam-induced 
current (OBIC)47,48 measurements have been performed in 
the setup equipped with automated XY-stage. We have as-
sessed carriers' collection on the sample with the thin emitter 

F I G U R E  2   (A) I-V curves of the fabricated SCs under illumination and their summarized PV parameters (on the inset), where Jsc—short 
circuit current density, Voc—open-circuit voltage, FF—fill factor, and Eff—power conversion efficiency, (B) EQE characteristics of the SCs

F I G U R E  3   OBIC signal (presented in log scale) vs distance 
from the silver paste droplet at different optical beam power densities 
measured along the SC bare surface (left) and SC with the SWCNTs 
(right). SEM image of the prepared sample (presented in color for 
clarity) with a schematic presentation of a silver droplet and OBIC 
scan line. Equivalent electrical circuit representing the current flow at 
arbitrary illuminated point of the SC (in the inset)
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partially covered with the SWCNTs layer (Figure 1B). During 
the OBIC measurements, the laser beam has been moved 
along the sample surface with and without the SWCNTs with 
a step of 0.5 mm. The signal was collected from the bottom 
contact and a silver paste droplet applied to the edge of the 
SWCNT layer (see SEM image on the inset in Figure 3) pro-
viding measurement of the photocurrent generated at the SC 
surface with the SWCNT film and at the bare SC surface. 
The sample has been illuminated with a semiconductor laser 
with a wavelength of 650 nm which corresponds to the me-
dian AM 1.5G spectrum wavelength. The laser spot area was 
~3 × 10−4 cm2. The typical light intensities range of the GaAs 
SC operation is from 1 to 500 suns, which corresponds to 
power density of 0.1 to 50 W/cm2 integrated over the spec-
trum. For the OBIC measurements, we took the following 
power densities: 0.5 W/cm2 and 0.67 W/cm2. The measure-
ments were performed at zero offset bias applied to the SC, 
and the results are presented in Figure 3.

The photogenerated current (OBIC signal) is maximum 
near the silver paste droplet, which acts as a current-collect-
ing electrode (Figure 3). It is clearly seen that at long distance 
from the laser-irradiated area to the droplet, a slight current 
decrease (less than 10%) is observed for the SC covered with 
the SWCNTs and a significant current drop (up to 3 times) in 
the area without SWCNTs for all the illumination intensities. 
Moreover, in both areas, the magnitude of the relative current 
drop depends on the power of the incident laser beam.

To explain the origin of such OBIC signal behavior, we 
consider the operation of a SC in the area of laser beam illu-
mination and outside it. At each point of the SC, an approx-
imate equation can be considered that describes the flow of 
current through the SC49:

where I0 is the reverse saturation current of the diode, V is 
a local electric potential, e and k are the electron charge and 
Boltzmann constant, respectively, T is local temperature, and IL 
is a photogenerated current.

The first term of the right part of the Equation (1) corre-
sponds to the injection current flowing through the diode, and 
the second term is attributed to the photocurrent generated in 
the illuminated area. Thus, the current flowing through each 
point of the SC can be interpreted in the terms of an equiva-
lent electrical circuit consisting of a photocurrent source (at 
the illuminated point) and a diode shunting it, and the cur-
rent depends on the voltage at each point (inset in Figure 3). 
During the OBIC measurements, the current generated at the 
illuminated point flows to the collection point along the upper 
layers of the SC (emitter, window, and SWCNT) having resis-
tance, Rs (inset in Figure 3). The more distant the collection 
point from the illuminated point—the higher the resistance 
and, according to Ohm's law, the higher should be the voltage 

at the illuminated point to provide the same photogenerated 
current flow. The latter leads to the local voltage increase at 
the illuminated point. As it can be seen from the equation, 
the increase in voltage leads to a nonlinear increase in the 
injection part of the current and reduction of the total current 
through the SC, which is significantly manifested when the 
local voltage exceeds 0.6 V (see I-V plot in Figure 2A). For a 
more conductive surface layer (eg, with SWCNT), the local 
voltage rise should be less expressed and the current should 
be higher. Notably, the voltage gain is directly related to the 
photocurrent, but not to its density, which should be reflected 
in the dependence of OBIC measurements on the illumina-
tion power.

The significant photocurrent decay is observed with in-
creasing distance for the SC without the SWCNTs (see 
Figure  3), which, according to the proposed model, cor-
responds to a significant excess of the local voltage above 
0.6 V. The relative decay in the photocurrent increases with 
the illumination power density (from 28% at 0.5 W/cm2 to 
51% at 0.67 W/cm2).

Analysis of the OBIC current behavior along the surface 
covered with SWCNTs shows that at low illumination power 
densities, the OBIC signal does not change sufficiently with 
distance, and when the laser beam power density is 0.67 W/
cm2, there is a slight photocurrent drop (5%), corresponding 
to insufficient local excess voltage not exceeding 0.6 V.

Thus, SC covered with the SWCNTs should be char-
acterized by a lower surface resistance, which leads to the 
enhanced operation efficiency. However, this conclusion im-
plies that SWCNT contact has a minor influence on the band 
structure of the SC active region, that is, heterostructures 
covered and uncovered with the SWCNTs differ only in terms 
of the surface conductivity. To remind, within the reported 
approach we intended to use SWCNTs contact exclusively for 
the current collection, and not as a part of the active region of 
the SC, as was previously reported in.27,50,51

Deposition of the doped SWCNTs layer can potentially 
stimulate free carriers injection in the window and emitter 
layers and, consequently, affect the Fermi level at the SC sur-
face leading to the change of the electric field distribution 
near the p-n junction and to the change of the photogenerated 
carriers collection efficiency. The latter effect can be visual-
ized via monitoring of the change in the spatial distribution of 
the electron beam-induced current (EBIC) signal across the 
junction52 due to the change in the carriers separation with 
built-in electrical field after deposition of the SWCNTs. Note 
that EBIC technique provides visualization of built-in field 
profile with sub-100 nm resolution. Therefore, we have per-
formed cross-sectional EBIC mapping of the sample areas 
covered and uncovered with the SWCNTs.

The SWCNT SC has been cleaved to obtain a flat and 
vertical cut edges. The absence of electrical shunts pro-
duced by the cleavage procedure has been controlled by 

(1)I= I0 ⋅ (exp (eV∕kT)−1)− I
L
,
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EBIC mapping, as well as by in situ I-V measurements 
during the EBIC mapping. The sample has been fixed on 
the insulated holder, and two probes were connected to the 
device contacts. The measurements were carried out at 5 kV 
e-beam acceleration voltage with the same contacts as for 
I-V characterization.

We present the measured EBIC profiles corresponding to the 
line scans designated on the cross-sectional EBIC maps of the 
SC with and without the SWCNTs obtained at the same condi-
tions in Figure 4. Zero coordinate of the EBIC profile should be 
related to the sample's top surface. Gray scale contrast in EBIC 
maps corroborates with the e-beam generated current. Profiles 
of the SWCNT-covered areas (red curve) typically have sharper 
peak compared to the uncovered areas (blue curve). However, 
apart from the peak sharpness, profiles of the EBIC signal from 
SWCNT-covered and bare SC surface areas are similar in terms 
of size (about 400 nm) and current value (2.5 nA) proving that 
SWCNTs do not sufficiently affect the band structure of the 
studied SC and does not form a potential barrier at the interface.

To summarize the results of OBIC and EBIC character-
ization, we conclude that SWCNT contact allows effective 
collection of the photogenerated current and has a minor 
impact on the properties of the SC active region. The cur-
rent collection properties of SWCNTs appeared to be exces-
sive, so even higher energy conversion efficiency rise can be 
achieved by decreasing of SWCNT contact area coverage, for 
example, by the layer patterning providing open windows in 
the SWCNTs layer. The proposed strategy could be applied to 
highly efficient flexible SCs.53

To conclude, we have demonstrated fabrication of 
high-quality SWCNTs contact transparent electrodes suit-
able for III-V semiconductor PV devices. SC with SWCNT 
contact has shown slight increase in the short circuit current 
density from 16.9 to 17.9 mA/cm2 and the EQE leading to 
0.9% efficiency rise compared to SC with the conventional 
metal grid contact. The carried out OBIC and EBIC study 
of the SWCNT SC demonstrates good electrical contact be-
tween the SC surface and the SWCNTs as well as perfect 
transport properties of the latter leading to good charge car-
riers collection. These properties together with a very tech-
nologically simple deposition method of the SWCNT contact 
layer makes this material a promising alternative to the SC 
contacts based on metallic grid, which can be applied to a 
wide range of semiconductor large area PV devices including 
flexible thin film and structures with developed surface mor-
phology including nanowire-based SCs.
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