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By using the excellent optical and electrical properties of pristine SWNTs with long bundle lengths, we
present single-walled carbon nanotube-silicon (SWNT/Si) solar cells of 11% power conversion efficiency
(PCE), prepared without doping. The PCEs of the fabricated solar cells even increased slightly after 10

months of exposure to ambient conditions, without any external protection. The open-circuit voltage of

5 the SWNT/Si solar cells under low light intensities, down to 10 mW cm™2, demonstrated the
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Accepted 22nd April 2014 characteristics of the ideal p—n junction model. The mechanism was discussed, taking into account the
effect of varying the interfacial oxide layer thickness between the SWNTs and Si on the solar cell's

DOI: 10.1039/c4ta01353k performance. The high efficiency and stability demonstrated in this study make SWNT/Si solar cells one
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Introduction

Single-walled carbon nanotubes (SWNTs) possess excellent
optical," electrical,” mechanical and thermal properties,*as well
as chemical stability. Specifically, for light harvesting applica-
tions, SWNTs are superior in terms of their wide spectrum of
absorption ranging from the near-infrared to visible wave-
lengths, their high electrical conductivity and transparency,* as
well as their multiple exciton generation properties.’
Combining these properties with their earth abundance and
chemical stability, SWNTs are considered to be a very promising
candidates for next-generation solar cell applications.®’
Recently, SWNT/Si solar cells have attracted increasing
attention, owing to their simple and efficient structures.>*® The
power conversion efficiencies (PCEs) of SWNT/Si solar cells
have been improved by an order of magnitude over the last five
years. However, the so-far-reported peak PCEs of SWNT/Si solar
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of practical choices for next generation energy system.

cells have all been negatively affected by degradation, which
hinders the further applications of the cells. The SWNTY/Si solar
cells could lose almost 50% of their PCE after hours in air and,
even with protection, the PCE was still degraded by 20%."**
This could be attributed to the fact that the peak PCEs had
been boosted by doping with nitric acid or gold salt, which
were very unstable. Another issue that has remained contro-
versial is the working mechanism of the SWNT/Si solar cells.
Initially, the SWNTY/Si solar cell was proposed to form a p-n
heterojunction by Jia et al.®® Based on this hypothesis, (6,5)
enriched SWNTs were used" to further increase the built-in
potential. However, the incident photon conversion efficiency
(IPCE) spectrum of the SWNT/Si solar cells showed no obvious
relationship to the SWNT absorption spectrum. In addition,
the efficiency of the graphene-Si solar cell*** became
comparable to that of the SWNT/Si solar cell. The SWNT/Si
solar cells considered to form Schottky-barrier
junctions. One characteristic that could distinguish the p-n
junction and the Schottky-barrier junction is the effect of the
interfacial oxide layer. For a conventional Schottky-barrier
junction, inserting an interfacial oxide layer between the
metal electrode and semiconductor would eliminate the
pinning of the Fermi level and thus improve the PCE, while the
opposite case applies for a p-n junction. Until now, both a
significant improvement* and degradation” of the PCEs
have been obtained after the removal of the interfacial oxide
layer. These contradictory results call for more solid experi-
mental proof for the further understanding of the SWNT/Si
solar cells.

In this work, we utilize pristine SWNTs with long bundle
lengths for the fabrication of SWNTY/Si solar cells. The record-
high PCE approaching 11% is achieved for the solar cell sample

were
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using a pristine SWNT film without any chemical treatment.
More importantly, the peak PCE is stable for at least 10 months
in air with no external protection. In fact, a slight increase in the
PCE value was observed, rather than the severe decreases
reported in previous literature. The operation mechanism of the
SWNTY/Si solar cell is discussed based on this highly efficient
system.

Materials and experiments

The randomly oriented SWNT films with high purity and long
nanotube bundle lengths were synthesized by an aerosol CVD
method.*** The floating catalyst aerosol CVD was carried out in
a scaled-up reaction tube with a diameter of 150 mm. Ferrocene
vapor was thermally decomposed in the gas phase in the aerosol
CVD reactor at a temperature of 880 °C. The CO gas was
supplied at 4 L min~* and decomposed on the iron nano-
particles, which resulted in the growth of the SWNTs. The
floating catalysts have three-dimensional freedom which leads
to the long bundle lengths. The as-synthesized SWNTs were
collected by passing the flow through microporous filters
downstream of the reactor. The transparency of the SWNT films
was controlled by changing the collection time. The collected
SWNT films could be transferred to arbitrary substrates using
the dry transfer method, a sonication- and surfactant-free
process that could retain the excellent properties of the SWNTs.

Each SWNT/Si solar cell was fabricated by dry-transferring
the SWNT film onto a designed substrate, which was composed
of a 3 mm x 3 mm n-type Si contact window and surrounding
electrodes. The n-type Si (SUMCO Inc.) has a series resistance of
10 £ 2.5 Q ecm ™ * with a dopant concentration of ~10*® m 3. The
fabrication process of the Si substrate for the SWNTY/Si solar cell
is given in Fig. 1a. Before the metal deposition, the n-type Si
substrate ~ was sequentially  treated  with RCA1
(H,0:NH,0H:H,0, = 5:1:1), 5 M NaOH and RCA2
(H,O : HCl : H,0, = 5:1: 1) solution for 10 min, 40 min and
5 s, respectively, for the removal of organic contaminants, oxide
layers and metal impurities. After the cleaning treatment, a very
thin oxide layer with a thickness of 6 A-7 A was formed,
according to the Si 2p spectrum measured by X-ray photoelec-
tron spectroscopy (XPS, PHI 5000 VersaProbe) (see detailed
discussion in the ESI: S11). 3 mm x 3 mm physical masks were
patterned on the top surfaces of the Si substrates before the
metal deposition. A 200 nm-thick SiO, insulator layer and a 50
nm-thick Pt electrode were subsequently RF-sputtered (ULVAC-
RIKO, Inc.) onto the top surface of the Si substrate. Ti with a
thickness of 10 nm was selected as the back electrode for the
lineup of the band structure. The SWNT films were transferred
using a dry-transfer method onto the top surface of the Si
substrate after the removal of the physical masks. The sche-
matic of the fabricated SWNT/Si solar cell with dimensional
parameters is shown in Fig. 1b. Part of the SWNT film with a
width of 300 nm was suspended between the Pt electrode and
the Si substrate (Fig. 1c), owing to the stair-shape formed by the
SiO, insulator and the Pt electrode layers. The size of the sus-
pended region can be ignored, in comparison with that of the
SWNT/Si contact window.
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Results and discussion

Electrical and optical characterization of the SWNTs

The as-synthesized SWNT films collected on the filter were
subsequently dry-transferred to fused quartz substrates and
densified by drop-casting approximately 20 pL of ethanol and
drying in an ambient environment. From the optical image
shown in Fig. 2a, it can be observed that the SWNT film is highly
transparent and uniform. The SEM (Hitachi S-4800) images of
the corresponding SWNT films at low and high magnifications
are shown in Fig. 2b. The SWNT films are well percolated, with
predominantly Y-junction inter-tube contact, which would
facilitate the carrier transport between the SWNTSs.>® As opposed
to the films prepared by the filtration method, the SWNTs used
in this study have very long bundle lengths, averaging 9.4 pm.**
The Raman spectra were measured on a thicker SWNT film to
obtain stronger signals. As shown by the Raman spectra
(Renishaw inVia) in Fig. 2c, the SWNT films have very high
crystallinity, with G/D ratios over 30. The radial breathing
modes (RBMs) of the Raman spectra under the excitation laser
wavelengths of 488, 532, 633 and 785 nm are also shown in
Fig. 2c. The peak RBM intensity positions are located at ca. 120
em™ ' to 130 cm ! for all the laser excitation wavelengths, thus
the mean diameter of the SWNTs is estimated®® as 2.0-2.1 nm.
The mean diameter is further confirmed by the E;; position
(~2400 nm) from the transmittance spectrum in Fig. 2d.
Because no surfactant was used, nor was a sonication process
involved during film preparation, the high crystallinities, good
inter-tube contact and very long bundle lengths of the SWNTs
are well retained. This leads to the high optical transparency
and electrical conductivity of the SWNT films, as well as the
simultaneous good contact with other materials. The sheet
resistances (Agilent 4156C; Kyowa-Riken K89PS) and the trans-
mittances (Shimadzu UV-3150) measured at a wavelength of
550 nm (550 nm is the wavelength that has the highest spectral
irradiance in the AM1.5G spectrum shown in Fig. 2d) for all of
the pristine SWNT films are listed in Table 1. The TCF samples
with transmittances of around 70%, 80% and 90% are labelled
as TCF70, TCF80 and TCF90, respectively. The sheet resistance
was measured by a four-point probe method, and calculated by
averaging the values measured from —0.5 V to 0.5 V with a
measurement step of 5 mV. Table 1 shows that, among the
randomly oriented pristine SWNT films reported so far,**”*® the
SWNT films used in this study possess the best transparency
and conductivity, with very high SWNT crystallinity.

J-V characteristics of SWNT/Si solar cells

The current density-voltage (/-V) characteristics of the SWNT/Si
solar cells using the TCF70, TCF80 and TCF90 films were
measured under AM1.5G 100 mW cm ™ illumination (PEC-LO1,
Peccell Technologies, Inc.) as shown in Fig. 3a. The obtained
peak PCE values for the solar cells with the TCF70, TCF80 and
TCF90 SWNT films are 9.2%, 10.8% and 10.1%, respectively.
The PCE of the solar cell using the TCF80 film is the highest
among the pristine SWNTY/Si solar cells reported so far, and is
comparable to that of the SWNTY/Si solar cells doped with nitric

This journal is © The Royal Society of Chemistry 2014
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(a) Fabrication process of the n-type Si substrate for the SWNT/Si solar cell. (b) Schematic of the SWNT/Si solar cell with dimensional

parameters. (c) Magnified SEM image of the contact window edge of the SWNT/Si solar cell. A region of the SWNT film with a width of 300 nm

was suspended between the Si substrate and the Pt electrode.

acid and/or gold salt in the previous literature.*** The superi-
ority of this PCE over those in the previous reports is attributed
to the well-retained high crystallinity and long tube lengths of
the SWNTs, as well as the sound inter-SWNT and SWNT-Si
contact. The open-circuit photovoltage (V,.), short-circuit
photocurrent (/s.), fill factor (FF) and PCE values of the fabri-
cated solar cells are listed in Table 2. The J,. values of the solar
cell samples with the TCF70, TCF80 and TCF90 films were 25.7,
29.7 and 30.9 mA cm 2, respectively. The calculated value of J,.
from the integration of the spectral responsivity (see the ESI
S51) with the AM1.5G irradiance spectrum is 30.3 mA cm 2,
which was calibrated by the reference Si p-n solar cell samples.
The record high PCE of the pristine SWNT/Si solar cells is
attributed to the very long lengths of the SWNT bundles.
Theoretically, higher transmittance would allow more solar
irradiation to reach the SWNTY/Si interface, hence the higher
photocurrent. However, the photocurrents of the fabricated
solar cells do not vary linearly with the transparency of the
SWNT films. This could be attributed to a lesser contribution by
the SWNTs, owing to the decreased light absorbance of the
SWNTs. In addition, the energy loss from the light reflection by
the mirror-like Si surface becomes notable, and increases with
the increase in the transparency of the SWNT film.

The J-V characteristics of the SWNT/Si solar cells under dark
conditions are shown in Fig. 3b. The rectification ratio of 1 V to
—1 V is more than ~2 x 10%, which demonstrates the excellent
diode behavior of the SWNT/Si junction. The ideality factors are
calculated as the slopes of the J-V curves on a logarithmic scale
(inset of Fig. 3b) ranging from 0.4 V to 0.6 V, which are 1.7, 2.1
and 2.2 for the solar cells using the TCF70, TCF80 and TCF90

This journal is © The Royal Society of Chemistry 2014

films, respectively. Moreover, in order to test the reproducibility
of the fabricated solar cells, four solar cell samples using the
TCF80 films, i.e., TCF80-A, TCF80-B, TCF80-C and TCF80-D,
were compared, as shown in Fig. 3c. The uncertainties of the
Voe, Jse, FF and PCE are within 2.5 mV, 0.2 mA cm ™2, 0.005 and
0.15%, respectively, demonstrating the high reproducibility of
the solar cell’s performance. The four above-mentioned solar
cell samples used for the comparison are from the same batch.
The experimental fluctuations among samples from different
batches of fabrication are also very small, as discussed in the
ESI S2.1 The high reproducibility of the fabricated SWNT/Si
solar cells makes their use in practical applications possible.

Record-high stability

Besides the PCE value, the stability is an important factor in
evaluating a newly emerging solar cell. In this research, we
rendered the outstanding chemical stability of the pristine SWNTs,
for the realization of a steady and highly efficient output for solar
cells without any external protection. After the fabrication of the
SWNT/Si solar cells was complete, the solar cell samples were
stored in a well-ventilated lab. As shown in Fig. 4a, the J-V char-
acteristics underwent almost no change over the ten-month
duration under ambient conditions. Actually, the V,. values
increased by 13 mV to 550 mV (Fig. 4b). This can be attributed to
the modification of the SWNT films by oxygen, which would
p-dope the SWNTs* and shift the Fermi level downwards. This
would further enlarge the built-in voltage, leading to the increase
of V,e. The charge transfer and Fermi level change of the SWNTs
was confirmed by the blue shift of the G band in the Raman
spectrum (see the ESI S37). In previous literature, the V,, value of

J. Mater. Chem. A, 2014, 2, 11311-11318 | 11313
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(a) An SWNT film on the fused quartz substrate after the dry-transfer process. (b) The SEM images at low and high magnifications of the

SWNT film from (a). (c) Raman spectra of the SWNT film under laser excitation with the wavelengths of 488 nm, 532 nm, 633 nm and 785 nm. (d)
Transmission spectra of the TCF70, TCF80 and TCF90 SWNT films over the wavelength range of 200 nm to 3200 nm, with an AM1.5G irradiance

spectrum.

Table 1 Optical transmittance (at a wavelength of 550 nm) and sheet
resistance (averaged values) of the TCF70, TCF80 and TCF90 samples

Transmittance Sheet resistance
SWNT films (%) @sq ™
TCF70 70.0 85
TCF80 81.5 134
TCF90 88.8 417

550 mV could only be achieved by strong and versatile oxidizing
agents, e.g. nitric acid, hydrogen peroxide, etc., the doping effect of
which lasts for only a few hours. In our study, the mild and stable
doping effect from the ambient environment upon the SWNT
films is very suitable for practical applications. This is the only
stable over-10%-PCE SWNT/Si solar cell reported so far. The high-
quality pristine SWNTs used in the present study are inherently
much more stable than those obtained by sealing techniques such
as PDMS coating. Moreover, the PCE of the SWNT/Si solar cells
could possibly be further increased by roughly 30% by applying a
TiO, antireflection layer.”>** It is worth mentioning that no external
techniques, such as chemical doping or an antireflection layer,
have been employed so far. We believe that a stable or even higher

11314 | J. Mater. Chem. A, 2014, 2, 11311-11318

peak PCE would be achieved by applying the TiO, coating tech-
nique to the current SWNTY/Si solar cells.

Light intensities: experiments and modeling

In practical applications, the light intensity varies by many
factors and is usually lower than the 100 mW c¢m™> used in
standard solar tests. The decrease in the light intensity would
result in decreases of Js. and V.. The J. varies in proportion to
the light intensity and thus will not actually affect the PCE.
However, the degradation of V,,. resulting from the decrease in
the light intensity will reduce the PCE.** Therefore, the V,,. of the
solar cell under a light intensity of lower than 100 mW cm ™2 is
another important parameter characterizing the quality of the
solar cell. In this research, the dependency of the V,. of the
SWNT/Si solar cells using the TCF90 films on the light intensity
was examined. As shown in Fig. 5a, the V. experienced only a
10% drop from 540 to 460 mV (the measurement uncertainty
was 2.5 mV) when the light intensity decreased from 100 to
10 mW em~>. Fig. 5b shows the J-V characteristics of the SWNT/
Si solar cell using the TCF90 film measured under the illumi-
nations of 100, 78, 50 and 20 mW cm™ 2. The PCE value of the
solar cell only decreased slightly with the decrease in the light

This journal is © The Royal Society of Chemistry 2014
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Fig.3 (a) Representative J-V characteristics of the SWNT/Si solar cells
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illumination. (b) J-V characteristics of the SWNT/Si solar cells under
dark conditions. (c) Reproducibility of the J-V characteristics of four
solar cell samples with the TCF80 films fabricated in the same batch.
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intensity, making it suitable for applications in low light
intensities.

The curve fitting of the experimental j-V characteristics of
the solar cells is an insightful method for the in-depth investi-
gation of the solar cells’ performances. In this research, the
equivalent circuit shown in the inset of Fig. 5a was used to
model the J-V characteristics of the SWNT/Si solar cells. The
corresponding p-n diode equation is expressed as

C](V + IRs) . V+ IRS
nkT RSH

I=I.-1 exp{ (1)
where 7 is the ideality factor, I, is the dark saturation current
which is discussed in the ESI S4,T kT/q is the thermal voltage, I
is the short-circuit current, Ry is the series resistance and Rgy is
the shunt resistance.** When the current I in eqn (1) equals zero,
the V,. can be obtained as

I _ (Voc)
KT \Rsu) )
q Iy

Voc =

when Rgy is comparable to the V,./I., an additional decrease in
the V,. would be induced under low light intensity. If the Rgy in
eqn (2) is sufficiently large, the ideal V,,. model can be approx-
imated as

(3)

As shown in Fig. 5a, the experimental dependency of V. on
the light intensity can fit the ideal V,. model well, which
demonstrates that the Rgy of the solar cell is large enough for
the light intensities ranging from 100 to 10 mW cm 2. There-
fore, the SWNT/Si solar cells in this study operate soundly under
low light intensities.

To further investigate the effects of Rs and Rsy, the equiva-
lent circuit model was also used to fit the J-V curves of the
fabricated SWNT/Si solar cells measured under different light
intensities, with the aim of extracting the Rs and Rgyy. As shown
in Fig. 5b, the J-V curves of the SWNTY/Si solar cell using the
TCF90 film under different light intensities all fit the p-n diode
solar cell model of eqn (1) well. The obtained Rs and Rgy of the
solar cell using the TCF90 film were calculated as 33.8 Q and
more than 20 kQ, respectively. The curve fitting results of the J-V
characteristics of the SWNTY/Si solar cells with the TCF70 and
TCF80 films are also shown in Fig. 5c. The calculated Rs for the
SWNT/Si solar cells using the TCF70 and TCF80 films have the
same value of 27.5 Q. The obtained Rgy for these two solar cell
samples were also more than 20 kQ. The obtained Rg, Ry and I,
for the SWNT/Si solar cells using the TCF70, TCF80 and TCF90
films are listed in Table 2.

The Rs and Rgy determine the quality of a solar cell, i.e., FF,
which is one of the three parameters characterizing solar cell
performance, along with Js. and V,.. The FF values for the
SWNT/Si solar cells using the TCF70, TCF80 and TCF90 films
were 68%, 68% and 61%, respectively. As discussed above, the
effect of Rgy on the performance of the solar cells is ignorable.

J. Mater. Chem. A, 2014, 2, 11311-11318 | 11315
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Table 2 The power conversion efficiency (PCE), fill factor (FF), short-circuit current (Jsc) and open-circuit voltage (Vo) values of the SWNT/Si
solar cells with the TCF70, TCF80 and TCF90 films measured immediately after fabrication, and those of the solar cell with the TCF90 film
measured 10 months after fabrication, as well as the series resistance (Rs), shunt resistance (Rsy) and dark saturation current (/) values obtained

by p—n diode equation modeling

Experimental results

Modeling results

Films Time of measurement PCE (%) FF (-) Jse (MA cm™?) Voe (MV) Rs (Q) Rsy (kQ) Iy (pA)
TCF70 Immediately 9.3 0.68 25.7 535 27.5 >20 635
TCF80 A 10.6 0.68 29.3 535 — — —
B 10.7 0.67 29.6 535 — — —
C 10.8 0.68 29.7 535 27.5 >20 144
D 10.6 0.67 29.6 535 — — —
TCF90 10.1 0.61 30.9 535 33.8 >20 847
10 months 10.2 0.62 30.3 549 — — —

The Rs is composed of four factors, i.e., the SWNT film-elec-
trode contact, the sheet resistance of the SWNT film, the
resistance of the Si substrate, and the resistance of the elec-
trode. Except for the sheet resistance of the SWNT film, the
three factors are inherent and can be considered to be the same
in one fabrication batch. As the TCF90 has the highest sheet
resistance among all the films, the solar cell using the TCF90
film has a lower FF. However, whilst the SWNT/Si solar cells
with the TCF70 and TCF80 films have the same Rg and FF, the
sheet resistance of the TCF70 film is lower than that of the
TCF80 film. This suggests that when the sheet resistance of the
SWNT film is as low as 100 Q sq ', the inherent resistance of the
solar cell architecture becomes dominant. The FFs of all of the
solar cell samples using the randomly oriented films in this
study were limited to 68%. Previously, we have reported a
record-high FF of up to 72% using microhoneycomb-networked
SWNTSs," in which the micro-grids made of dense SWNT walls
significantly reduced the carrier diffusion length from milli-
meter-scale to micrometer-scale. It is expected that applying a
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Fig. 4

specially-designed three-dimensional structure to the SWNT
films could further increase the FFs.

Interfacial oxide layers

We further investigated the effect of the interfacial oxide layers
on the performances of the SWNT/Si solar cells. For Schottky-
barrier Si solar cells, it has been well studied that inserting an
oxide layer with a thickness of 13-20 A between the metal and
semiconductor would improve a solar cell’s performance by
eliminating the pinning of the Fermi level.**** This theory was
used to partially explain the substantial increase of the peak PCE
by adding nitric acid or other strong oxidants to the SWNT/Si
solar cells which were then considered as Schottky-barrier solar
cells. In this study, we designed an experiment to verify this
hypothesis. The TCF70 SWNT films were used to fabricate two
kinds of SWNT/Si solar cells with different interfacial oxide layer
thicknesses, as the TCF70 SWNT film possesses the highest
electrical conductivity among all of the TCF films used in this
research, and could best simulate the metal part in a Schottky
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(a) J-V characteristics of the SWNT/Si solar cell using the TCF90 film, when measured immediately, as well as after 1, 6 and 10 months of

exposure to ambient conditions. (b) The changes in the PCE and V. of the SWNT/Si solar cell using the TCF90 film over 10 months of exposure

to ambient conditions.
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experimental results, while the lines represent the modeling results obtained by the p—n diode equation. (c) The curve fitting of the J-V
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substrates.

solar cell. Two Si substrates with different oxide layer thicknesses
were prepared by varying the treatment time of the RCA2 clean-
ing. The Si substrate treated by the RCA2 solution for 5 s was
utilized for the fabrication of the TCF70 solar cell sample which
has the above-mentioned performance (Fig. 3a and b), while the
Si substrate treated for 3 min was used for the fabrication of the
OxideTCF70 solar cell sample (dashed curves in Fig. 5d).
According to the Si 2p XPS spectrum (ESIT S5), the oxide thick-
ness of the Si substrate for the TCF70 solar cell sample was
calculated as 6.9 A which was approximately the limit of the
native oxide layer grown in air.*** In the case of the Si substrate
for the OxideTCF70 solar cell sample, the 3 min RCA2 cleaning
would leave an oxide layer with a thickness of 13-15 A, which has
been thoroughly investigated in the previous literature.*®* As
shown in Fig. 5d, the PCE, FF and V. of the OxideTCF70 solar cell
sample were significantly lower than those of the TCF70 solar cell
sample. The photocurrent degradation near the V,, is attributed
to the increase in the series resistance between the SWNT film

This journal is © The Royal Society of Chemistry 2014

and Si substrate. Moreover, in the case of the OxideTCF70 solar
cell, the thick oxide layer between the SWNT film and the Si
substrate serves as a dielectric capacitor. The hysteresis between
the forward and reverse scans of the OxideTCF70 solar cell
sample results from the charging and discharging of the dielec-
tric layer. This experimental result serves as indirect evidence of
the insufficiency of the MIS mechanism for the SWNT/Si solar
cells fabricated in this research. The SWNT/Si solar cell is
different from the conventional metal-insulator-semiconductor
(MIS) junction.

Conclusions

We have demonstrated air-stable SWNTY/Si solar cells with PCEs
approaching 11% for the first time. The PCE of the solar cell
slightly increases after 10 months of exposure to ambient
conditions. Compared with previously reported results, the
fabricated solar cells show significantly higher stability. The
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experimental results fit the p—n diode equation model well and
the mechanisms of the improved performances of the SWNT/Si
solar cells are discussed accordingly. We believe that the full
exploitation of the superior electrical, optical and chemical
properties of SWNTs is very promising for the next generation of
photovoltaic devices.
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