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Abstract.

This study reports a scalable and room-temperature solid-state redox functionalization process
for single-walled carbon nanotubes (SWNTSs) with instant efficacy and high stability. By
drop-casting/spin-coating CuCl2/Cu(OH):2 colloidal ethanol solution onto SWNT films, the
sheet resistance of the SWNT films achieves 69.4 €/sq. without noticeable increase for more
than 12 months. The charge transfer mechanism between the redox and the SWNTs is
revealed by Raman and X-ray photoelectron spectroscopies. The SWNT/silicon solar cells are
utilized as a benchmark to evaluate the effectiveness of the redox functionalization process
and its compatibility for device integration. The power conversion efficiency (PCE) of the
SWNT/S1 solar cell increases by 115% after redox functionalization, reaching the value of
14.09% without degradation in the ambient for over 12 months. Temperature-dependent

operation characteristics of the redox functionalized SWNT/Si solar cells demonstrate that the
1



WILEY-VCH

Fermi level unpinning and enhanced tunneling of the charge carriers contribute to the
significant improvement of the photovoltage and fill factor. The CuCl2/Cu(OH)2 redox also
serves as an antireflection layer, resulting in a 20% increase of the photocurrent. The
proposed redox functionalized SWNTSs are promising as multifunctional transparent

conductive films for wide-range solar cell applications.

1. Introduction

Transparent conductive films (TCFs) play a key role in wide-range emerging optoelectronic
and biomedical applications including solar cells,!* touch panels,’*®! light-emitting diodes
(LEDs),” ! sensors,!'>!4 etc. Single-walled carbon nanotube (SWNT) films are one of the

[15-18] Compared with other materials such as Ag nanowires

potential candidates of TCFs.
(AgNWs), indium tin oxide (ITO) and conductive polymers such as poly(3.4-

ethylenedioxythiophene) polystyrene sulfonate (PEDOT:PSS),!'%- 2] SWNTs are mechanically

flexible, chemically stable and environmentally benign.!*!) Moreover, SWNTs can be

6,17,22-24

assembled in different morphologies, such as random-networked films,! I horizontal-

15,25 26-28

aligned arrays!'> 2! or hierarchical architectures!?-?8! for various applications ranging from
structural electronics to integrated photonic systems. However, there is still plenty of room to
improve the performance of the SWNT-based TCFs. Doping could increase the charge carrier
density of SWNTs and eliminate the Schottky barrier between metallic and semiconducting
SWNTs, and thus could further improve the electrical conductivity of the SWNT films.[?*!
Unfortunately, because of the chemical inertness of the covalent-bonded graphitic surface, it
is still a great challenge to achieve stable and satisfactory doping of SWNTs.

Strong oxidizing agents have been extensively investigated as effective p-type dopants for
SWNTs, including inorganic redox agents such as HNO3,12* 30331 H,S04,[34361 SOCl,,37!

AuCI3P34 and 03,1441 as well as organic redox agents such as bis-

(trifluromethanesulfonyl)imide (TFSI)** %3] tetrafluorotetracyano-p-quinodimethane
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(F4sTCNQ),!?* 46 etc. However, the common disadvantage of these redox dopants is the
instability in the ambient environment, which would cause the doping effect disappear quickly.
Recently, metal oxides with low-lying work function are drawing increasing research interest

because of their stability in the ambient. It has been reported that molybdenum oxidel* 471

and tungsten oxide!

with work function greater than 6 eV were effective p-type dopants for
both SWNTs and graphene. Nevertheless, the metal-oxide based doping method usually
requires high-temperature annealing processes (around 400 °C) to induce oxygen deficiency
and nonstoichiometry, and thus realizes charge transfer from SWNTs to the metal oxide. The
high-temperature annealing process makes it difficult for use on substrates with low working
temperatures, especially the polymer-based flexible transparent substrates such as
polydimethylsiloxane (PDMS)®!! and parylenel®?). Moreover, the deposition of the metal
oxide needs to be carried out in a clean-room environment by vacuum evaporation or
sputtering, which lacks scalability for practical applications.

Here we propose a room-temperature and scalable doping process for SWNT thin films by
using drop-casting/spin-coating CuCl2/Cu(OH):2 colloidal solid-state redox. The doping
process demonstrated immediate efficacy and year-long stability in the ambient. The
downshift of the Fermi level was confirmed by Raman and photoelectron yield spectroscopies,
and the charge transfer mechanism was investigated x-ray photoelectron spectroscopy. The
SWNT/Si solar cells?* 33-%4 serve as a good benchmark to evaluate the performance of the
SWNT TCFs, of which the power conversion efficiencies (PCEs) almost solely depend on the
performance of the SWNT films and the compatibility of the fabrication process. We applied
the redox-functionalized SWNT (rf-SWNT) films to the SWNT/Si solar cells and observed an
over 100% improvement of the PCE with year-long stability compared with the pristine
SWNT/Si solar cells. The role of the CuClo/Cu(OH)2 redox was further revealed by
temperature-dependent current density-voltage characteristics of the SWNT/Si solar cells.

2. Solid-State Redox Functionalization
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The pristine SWNT films were prepared by aerosol chemical vapor deposition (CVD)
method (see Experimental Method). Figure 1a shows the morphology of the random-
networked SWNT film with optical transparency of 90% at the wavelength of 550 nm. The
average bundle length of the SWNTs was ca. 9 um.!®) The redox colloidal solution was
prepared by gradually adding 1 M NaOH aqueous solution to 0.1 M CuClz ethanol solution
with magnetic stirring. The volume ratio of the two solutions was 1:2000. The obtained redox
colloidal solution was then drop-cast/spin-coated on the dry-transferred SWNT film on a
Si/Si02 substrate. The film was subsequently dried in the ambient to fully evaporate the
solvent. The SEM image (Figure 1b) demonstrated that the redox was well attached to the
SWNT bundles throughout the whole surface, owing to the excellent wettability of ethanol
over SWNTs. The uniform redox attachment to the SWNTs could help with the elimination of
the blind spots (less conductive area) in the thin film. The Raman spectra of the SWNT films
before and after the CuCl2/Cu(OH)2 redox coating are compared in Figure 1c, using 532 nm
laser excitation (Renishaw inVia). The as-synthesized SWNTs possessed very high degree of
graphitization and crystallinity with G/D ratio over 30. The radial-breathing mode (RBM)
band indicated an average SWNT diameter of ca. 2 nm. After the CuCl2/Cu(OH)2 redox
coating, the significant decrease in the Raman intensity and the blue shift in the G and G’
bands of the redox-functionalized SWNT (rf=-SWNT) films demonstrated the p-type doping
effect. In the meantime, the RBM could be hardly detected, owing to the loss of resonance
enhancement in the rf=-SWNT samples. The p-type doping signature of SWNTs was evidenced
by RBM, G-band and G’-band in Raman.

The results of the UV-vis-NIR optical absorbance spectroscopy (Shimadzu UV-3150)
further corroborated the p-type doping effect. As shown in Figure 1d, the first optical

transition of the van Hove singularities (E® ) of the rf-=SWNTs was completely quenched. This

is related to the suppression of inter-band optical absorption due to the shift of the Fermi level,

which may be attributed to the charge transfer from SWNTs to the CuCl2/Cu(OH)2 redox. The
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second optical transition of the van Hove singularities ( E;, ) was also significantly suppressed.

The E22 usually cannot be completely quenched because of the much higher electronic density

of states (eDOS) below the E11.1** 6% 661 The absorption spectrum of CuClo/Cu(OH), redox

drying on fused quartz substrate is given in Supporting Information Figure S1 as a reference,

which identified the sharp absorption peak at 2943 nm as CuClx. The UV-vis-NIR absorption

spectra indicated that the Fermi level of the rf-SWNTs may lie in between E° and EJ,. To

accurately quantify the position of the Fermi level, we carried out the photoelectron yield
spectroscopy (PYS, Riken Keiki) and Kelvin probe spectroscopy (ESA) on the SWNT films
before and after the CuCl2/Cu(OH):2 redox functionalization. To eliminate the effect of oxygen
doping from the ambient, the pristine SWNT films were annealed at 300 °C for 2 hours with
N2 protection. The PY'S results showed that the work function of the pristine SWNTs was
4.83 eV, while the work function of the rf-SWNT film was 5.06 eV. The PYS data was
consistent with the result of the absorption spectra, which demonstrated the position of the

Fermi level was between the ES and E;, for the rf-SWNTs. The work function of the

CuCl2/Cu(OH)2 redox dried out on the Si/SiO: substrate was 6.10 eV. The low-lying work
function of the CuCl2/Cu(OH)2 redox induced spontaneous electron transfer from the SWNTs
without any post-treatment such as annealing or other additional process.

Figure le shows the sheet resistance of the pristine SWNT film, the rf-SWNT film
immediately after doping as well as the rf=-SWNT film stored in the ambient for 12 months.
The sheet resistance of the pristine SWNT film reduced by a factor of 4.4 after the redox
doping process, from 306.9 Q sq.”! to 69.4 Q sq.”! In ambient condition for one year, the sheet
resistance of the rf-SWNT film only slightly increased to 73.5 Q sq.”! Compared with the
previously reported values!?®! this sets a record on the stability of the doping process for
SWNTs. Therefore, in addition to the immediate efficacy of the process, the Cu-based redox-

SWNT charge transfer system shows excellent stability in the ambient for a long period.
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To investigate the mechanism of the doping effect, XPS was carried out to compare the Cu
2p 3/2 peak of the dried CuCl2/Cu(OH)2 redox and the rf-SWNTs on the Si/SiO:2 substrates, as
shown in Figure 2a and 2b, respectively. From the Gaussian curve fitting of the XPS
spectrum of the dried CuClo/Cu(OH)2 redox (Figure 2a), both the Cu (I) and Cu (II) peaks
could be observed. This demonstrated the ease of Cu extracting the electrons from
environmental hydrocarbons. According to Ellingham diagram,*”) the Gibbs free energy
change required for the Cu (II) to Cu (I) transition is among the least of redox reactions at
room temperature. The intensity of the Cu (II) was approximately 1.5 times higher than that of
the Cu (I), indicating that the Cu (II) was still the majority. Figure 2b represents the XPS
spectrum of the rf-SWNT film. The Cu (IT) / Cu (I) ratio drastically changed to 0.5,
demonstrating a three-fold decrease compared with the dried CuCl2/Cu(OH)2 redox. The
reduction of the Cu (II) / Cu (I) ratio confirmed the instant charge transfer from the SWNTs to
the CuCl2/Cu(OH)2 redox. On the other hand, the Cu (II) hydroxide underwent barely any
changes in the intensity with slightly widened full width half maximum (FWHM). The lesser
active Cu (II) hydroxide could realize persistent charge transfer effect on the SWNTs. The
combined effect of CuCl2 and Cu(OH): led to the immediate efficacy and long-time stability
of the proposed redox functionalization process for SWNTs. The schematics of the
CuCl2/Cu(OH)2 redox-SWNT charge transfer system are shown in Figure 2c. The Cu (I) in
the CuCl2/Cu(OH): received an electron from the SWNT and was reduced to Cu (1),
meanwhile the Fermi level of the SWNTSs was shifted downward to the valence band.

3. Heterojunction Solar Cells

As the CuCl2/Cu(OH):2 redox functionalization could significantly decrease the sheet
resistance and downshift the Fermi level of the SWNTs, the rf=-SWNT film would serve as an
efficient hole-transporting layer in a solar cell. We applied the rf=-SWNT films to the
SWNT/Si heterojunction solar cells. As shown in Figure 3a, the SWNT film was transferred

onto the bare Si window surrounding with Pt electrode. The current density—voltage (J-V)

6
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curves of the pristine SWNT/Si solar cells and the rf=-SWNT/Si solar cells were compared
under 100 mW ¢m™ AM 1.5G illumination and dark conditions, as shown in Figure 3b. The
PCE of the pristine SWNT/Si solar cell was 6.6%. This value was smaller than our previous
reported valuel?!! because of the thicker interfacial oxide layer resulted from the RCA
treatment. After the CuClo/Cu(OH):2 redox functionalization process, the PCE of the rf-
SWNT/Si heterojunction solar cell was increased by 115%, reaching the value of 13.77%.
The open-circuit voltage (Voc), short-circuit current density (Jsc) and fill factor (FF) were all
significantly increased, with the Voc increased from 458 mV to 547 mV, the Jsc increased
from 29.3 to 35.2 mA cm™ and the FF increased from 49.2% to 71.6%. The quantitative

results of the J-V characterization are given in Table 1. The average values and standard

deviations of PCE. FF, Jsc and Voc of 20 SWNT/Si solar cells with and without redox

functionalization are given in Supporting Information Figure S2 and Table S1. Both the

pristine SWNT/Si solar cells and the rf-SWNT/Si solar cells have very high reproducibility; in

fact, Table S1 shows the redox functionalization process could slightly increase the

reproducibility of SWNT/Si solar cells.

The significant improvement of the Voc and FF can be attributed to the combined effect of
the downshift of the Fermi level and the five-fold decrease of the sheet resistance of the rf-
SWNTs compared with the pristine SWNTs, per the PYS-Kelvin probe microscopy and four-
point probe measurement. The strong charge transfer behavior between the CuCl2/Cu(OH):
redox and the SWNTs resulted in the degenerate doping effect on the rf-SWNTs which served
as an inversion layer on the crystalline surface of the n-type Si. To study the mechanism of
the increase of Jsc, we carried out UV-vis-NIR reflectance spectroscopy on the pristine
SWNT/Si solar cell and the rf-SWNT/Si solar cell, using bare Si substrate as a comparison
group. As shown in Figure 3c, the pristine SWNT/Si solar cell exhibited similar reflectance
with bare-Si substrate, with the integrated reflectance over the whole measurement range of

30.4%. The high reflectance of the bare Si substrate in the UV range was suppressed by the
7
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strong 7 plasmon of SWNTs. The integrated reflectance over the whole measurement range of
the rf=-SWNT/Si solar cell was only 15.4%, which was 50% lower than that of the pristine
SWNT/Si solar cell. Especially in the photon energy range larger than 1.1 eV which can be
utilized for the SWNT/Si solar cell, there was an even larger degree of reduction in the

reflectance. The antireflection effect of the CuCla/Cu(OH)2 redox coating contributed to the

increase of Jsc. A significant increase in the external quantum efficiency (EQE) was observed

(Supporting Information Figure S4). For the rf=-SWNT/Si solar cell, the EQE higher than 90%

was achieved in the range of 500 nm to 700 nm wavelength, corresponding to the lowest

reflectivity in the same wavelength range. The reflection spectra of the CuCly/Cu(OH)2 redox

with different coating thicknesses were measured as shown in Supporting Information Figure

S3. The shift of the photon energy (wavelength) with minimal reflectance illustrated that the

antireflection effect was attributed to the destructive interference originated from the different

refractive indices between the redox coating and the Si substrate. The simultaneous and

remarkable improvement of the Voc, Jsc and FF of the SWNT/Si heterojunction solar cell was
realized by one-step process of drop-casting CuCl2/Cu(OH):2 redox colloidal solution. Based
on the benchmark study using the SWNT/Si solar cells, the rf-SWNTs multifunctional
transparent conductive film is very promising for applications in other types of photovoltaic
devices, such as organic or perovskite solar cell, as well as various optoelectronic devices.
The degradation of PCE over a short period of time is still a severe issue hindering the
large-scale practical applications of the SWNT/Si solar cells. The PCE of the SWNT/Si solar
cells reported so far could decrease up to 50% after being exposed in air within one hour, and
even with protection, the PCE still degraded by 20%.!"!"73] We tested the stability of the rf-
SWNT/Si solar cells in the ambient and compared with the HNO3-doped SWNT/Si solar cells.
As shown in Figure 3d, the J-V characteristics of the rf-SWNT/Si solar cells barely went
through any changes after one-year exposure in the ambient. In fact, the PCE of the rf-

SWNT/Si solar cells slightly increased from 13.77% to 14.09%, demonstrating the persistent
8
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charge transfer between the SWNTs and the CuClo/Cu(OH)2 redox. The slight improvement is

likely resulted from the better contact between the SWNTs and the substrate, which was

evidenced by the reduced system series resistance (using equivalent circuit model shown

later) from 10.5 to 9.0 Q after one-year exposure in the ambient. This is the highest air-stable
PCE reported so far among the SWNT/Si solar cells. As a comparison group, after applying
HNO3 doping, the PCE of the SWNT/Si solar cell was increased to 10.17% immediately after
the drying out the HNO3. However, the PCE dropped quickly afterwards, and eventually
stabilized at 6.41% after two-month exposure in the ambient, which was almost the same as
the original value of the pristine SWNT/Si solar cell. The disappearance of the doping effect
on the PCE is attributed to the versatility of HNO3 in the ambient environment, resulting in
the complete evaporation of HNOs. The key of the record-long stability of the CuCl2/Cu(OH)2
redox functionalization lies in the Cu(OH)2 which is the resource for constant doping, while
the CuClz provides immediate efficacy of the charge transfer effect on the SWNTs.

The interfacial oxide layer between the nanocarbon materials and silicon substrate played
an important role in improving solar cell performance and investigating the mechanism of
such kind of solar cells. Song et al'® and Jia et all’¥ found that the optimal thickness of the
interfacial oxide layer could be obtained through exposing the SWNT/Si solar cell in air for
several days. Previously we found that the RCA treatment could effectively thicken the
interfacial oxide layer, which provided a powerful tool to tune the interfacial oxide thickness
in a wider range.!*¥! Figure 3e compares the J-V characteristics of the pristine and rf-SWNT/Si
solar cells with different RCA treatment time. The silicon substrates were soaked in the RCA

solution for 3 s, 1 min, 2 min and 3 min before the deposition of electrodes. The oxide growth

rate is proportional to the inversed time and the oxide thickness saturates after 3 min treatment,

reaching an oxide thickness of 13 — 15 A.">77] The pristine SWNTY/Si solar cell with RCA

treatment of 3 s exhibited the highest PCE among all the pristine ones, reaching 9%. With the

increase of the soaking time in the RCA solution, both the Voc and FF decreased remarkably,
9
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resulting in a severe degradation of the solar cell performance. In general, compared with the
pristine SWNT/Si solar cells, all the rf-SWNT/Si solar cells with different treatment time
ranging from 3 s to 3 min showed improvement in terms of Voc, Jsc and FF. However, the
improvement was almost negligible for the device with 3 s RCA treatment (see Supporting
Information Figure S5). It could be attributed to the Fermi level pinning in the junction of
SWNT and Si, and thus the photovoltage is independent of the work function of the SWNTs.
The rf=-SWNT/Si solar cell with RCA treatment of 2 min showed the highest PCE of 13.77%,
while its pristine counterpart showed PCE of 6.6%. Drop-casting the redox solution on the
pristine SWNT/Si solar cell with RCA treatment of 3 min resulted in an even larger degree of
improvement in the PCE, i.e. 148%. However, the PCE of the rf-SWNT/Si solar cell with 3
min RCA treatment was still lower than that with 2 min RCA treatment, owing to the
excessively thickened interfacial oxide layer. We also noticed similar trend of the FFs for both
the pristine SWNT/Si solar cell and the rf-SWNT/Si solar cell. The increase of the interfacial
oxide layer in Schottky-junction solar cells could separate the metallic or degenerately doped
semiconductor layer from the moderately doped semiconductor part, and thus help unpin the
Fermi level by reducing the surface states. On the other hand, the increase of interfacial oxide
layer would also make it more difficult for the tunneling of charge carriers.

To investigate the role of the CuCl2/Cu(OH)2 redox on the improvement of the SWNT/Si
solar cells, we performed J-V characteristic tests at different operating temperatures under the
dark and AM1.5G conditions. The pristine SWNT/Si solar cell with 3 s RCA treatment, which
has the highest PCE among all the pristine ones, was compared with the optimal rf-SWNT/Si
solar cell with 2 min RCA treatment. Figure 4a and 4b show the J-V characteristics measured
under AM1.5G illumination of the pristine SWNT/Si solar cell and the rf-SWNT/Si solar cell,
respectively, at the operating temperatures ranging from 298 K to 368 K. Their logarithmic J-
V characteristics measured under the dark condition are given in the insets of Figure 4a and 4b.

The experimental J-V characteristics are fitted using the diode equation (Equation 1)
10
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(1

V+IR
3= 3 —3yexp| AV FIR) |V + IR,
nkT Ry

where KT/q is the thermal voltage, the ideality factor n is derived from the slope of the linear
regime of the J-V curve under the dark condition, and the dark saturation current density Jo,
series resistance Rs as well as the shunt resistance Rsy were extracted by curve fitting. As
shown in the Supporting Information Figure S2, the J-V characteristics of both the pristine
and rf-SWNT/Si solar cells at all the test temperatures could be well fitted using Equation (1).
As the RsH is sufficiently large, under the open-circuit condition, we could derive the

relationship between the Jsc and Voc from Equation (1)
qVoc qVoc E
Joe =J,ex =J,, ex exp| ——=2 2
<o p( nkT P kT )P nk @

where Joo is the temperature-independent pre-factor and Ea is the activation energy. It can be

observed form Equation (2) that the dark saturation current density (Jo) is of substantial
importance, as Voc is inversely proportional to Jo. Previous research found that Jo was
dependent on the operating temperature and activation energy Ea at the heterojunction
interface.l’®8% The Ea is essentially the band offset between the two materials in the junction,
which could be used to distinguish the recombination mechanism. The value of Ea could be
obtained from linear fitting to the plot of the corrected saturation current density n x In(Jo)
versus the inversed thermal energy 1/KT, as shown in Figure 4c. For the rf-SWNT/Si solar cell
with 2 min RCA treatment, the Ea was ca. 1.02 eV which was close to the bandgap of the
silicon Egsilicon, 1.6. 1.15 eV. The good matching between Ea and Egssilicon indicated that the
bulk recombination regime®’-%2! (Shockley-Reed-Hall recombination) on the silicon side was
dominant. While for the pristine SWNT/Si solar cell with 3 s RCA treatment, the Ea reduced
to 0.575 eV, which was half of the Egssilicon. This strongly suggested the occurrence of Fermi

level pinning®® in the middle of Si bandgap, demonstrating interfacial recombination at the

11
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SWNT and Si heterojunction. The analysis of Ea could also explain that, for the SWNT/Si
solar cell with 3 s RCA treatment, even after the CuClo/Cu(OH)2 redox functionalization
process, there was almost no improvement in the Voc and PCE. The existence of the native
oxide layer between SWNTs and Si was critical to unpin the Fermi level, and the role of the
CuCl2/Cu(OH)2 redox was to downshift the Fermi level and make it possible for the tunneling
of charge carriers. Figure 4d shows the relationship between the series resistance and the
operating temperature for the pristine SWNT/Si solar cell with 3 s RCA treatment and the rf-
SWNT/Si solar cell with 2 min RCA treatment. At room temperature, the rf-SWNT/Si solar
cell demonstrated much smaller Rs (5.62 Q) than the pristine SWNT/Si solar cell (16.8 Q),
owing to the significant reduction of the sheet resistance achieved by the CuCl2/Cu(OH)2
redox functionalization process. It was worth mentioning that the Rs for the pristine SWNT/Si
solar cell did not increase with the operating temperature. This was attributed to that the
temperature-induced recombination was neutralized by thermally induced flow of charge
carriers (tunneling) through the Schottky barrier.

3. Conclusion

In summary, we have demonstrated a facile redox functionalization process for SWNTs
with immediate efficacy and long-time stability in the ambient environment. We have
achieved the PCE value of 14.09% with more than one-year stability in air by employing the
redox functionalization process on the SWNT/Si solar cells. This study opens up possibility
for a new paradigm of room-temperature and scalable doping process for SWNTs, and paves
the way for wide-range applications of SWNT-based multifunctional transparent conductive
films. The record high and stable PCE of the SWNT/Si solar cells using the redox
functionalization process lays the cornerstone for use in other photovoltaic devices such as

organic and perovskite solar cells.

4. Experimental Section

12
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Preparation of SWNT Films: The SWNT films were synthesized by the aerosol floating
catalyst CVD method. Ferrocene vapor was thermally decomposed in the reactor at 880 °C.
The SWNTs were grown on the decomposed Fe catalyst using carbon monoxide (4 L min!)
as feedstock. Microporous filters were used to collect the as-synthesized SWNTs to form thin
films. The transparency of the SWNT films was controlled by changing the time of collection.
The collected SWNT films can be transferred on the arbitrary substrates through the dry
transfer method.

Fabrication of SWNT/Si Solar Cells: The SWNT/Si solar cell was fabricated by dry-
transferring the SWNT film onto a 3 mm X 3 mm n-type Si contact window and surrounding
electrodes. The n-type Si (SUMCO Inc.) has the resistivity of 10 + 2.5 Q-cm with the doping
concentration of ~10'> em™. The n-type Si substrate was consequentially treated with RCA1
(H20 : NH4OH : H202=5:1:1),5 M NaOH and RCA2 (H20 : HCl : H202=5:1:1)
solution for 10 min, 40 min and 3 s, respectively, to remove contaminations and oxides.
Metallic electrode and dielectric layer were sputtered onto the treated Si substrate with 3 mm
x 3 mm physical mask arrays. The SWNT film was transferred using the dry-transfer method
onto the top surface of the Si substrate after the removal of the physical masks. The back
electrode was fabricated by RF-sputtering Ti (15 nm)/Pt (55 nm).

Characterization. The sheet resistance of SWNT films was measured by van de Pauw method
using Agilent 4156C analyzer with a four-probe station. The XPS was measured by PHI 5000
VersaProbe. The performance of the SWNT/Si solar cells was measured by the Agilent
4156C analyzer. The 100 mW cm? AM1.5G light source was provided by solar simulator
model PEC-LO1 from Peccell Technologies, Inc. The EQE was measured using Xe lamp with

a monochromator and chopper as well as lock-in amplifier system (SR830).

Supporting Information
Supporting Information is available from the Wiley Online Library or from the author.
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Figure 1. (a) SEM of the as-transferred SWNT film on the Si/SiO2 substrate. (b) SEM of the
rf=-SWNT film on the Si/SiO2 substrate. (c) Raman spectra of the as-transferred pristine
SWNT film and the rf-SWNT film using 532 nm laser excitation. (d) UV-vis-NIR absorption
spectra of the SWNT film before and after the Cu-based redox doping process. The peak at
2943 nm is from CuCl.. (e) Four-point probe measurement of sheet resistance of the pristine
SWNT film, the immediate rf-SWNT film, as well as the rf-SWNT film stored in air for a
year.
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Figure 2. XPS spectra of (a) the CuCl2/Cu(OH)2 redox dried on the Si/Si0O2 substrate and (b)
the redox-functionalized SWNT film. (¢) Schematics of the CuCl2/Cu(OH)2 redox-SWNT
charge transfer system.
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Figure 3. (a) Schematics of the CuCl2/Cu(OH)2 redox functionalization process for the
SWNT/Si solar cells. (b) J-V characteristics of the SWNT/Si solar cells before and after the
CuCl2/Cu(OH)2 redox functionalization process. (c¢) UV-vis-NIR reflectance spectra of bare
Si, the pristine SWNT film on bare Si and the rf-SWNT film on bare Si. (d) Comparison of
the J-V characteristics of the pristine SWNT-Si solar cell, the rf-SWNT/Si solar cell after
fabrication and after one-year exposure in the ambient as well as the HNO3-doped SWNT/Si
solar cell after fabrication and after two-month exposure in the ambient. (e) Effect of varying
RCA treatment time on the J-V characteristics of the pristine SWNT/Si solar cells and the rf-
SWNT/S1 solar cells.
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Figure 4. J-V characteristics of the (a) pristine SWNT/Si solar cell with 3 s RCA treatment
and (b) rf-SWNT/Si solar cell with 2 min RCA treatment measured at different operating
temperatures from 298 K to 368 K under AM1.5G illumination condition. The insets were
measured under dark condition. The variation of (c) n % In(Jo) with the inversed operating
temperature and (d) series resistance with the operating temperature for the pristine SWNT/Si
solar cell with 3 s RCA treatment and the rf-SWNT/Si solar cell with 2 min RCA treatment.
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Table 1. Power conversion efficiency (PCE), fill factor (FF), open-circuit voltage (Voc) and
short-circuit current density (Jsc) of the pristine SWNT/Si solar cell, the rf-SWNT/Si solar
cell and the rf=-SWNT/Si solar cell after one-year exposure in the ambient, compared with
those of the HNO3-SWNT/Si solar cell and the HNO3-SWNT/Si solar cell after two-month
exposure in the ambient.

PCE (%) FF (%) Voc (MV) Jsc (MA cm2)
Pristine SWNT/Si 6.59 49.2 458 29.3
rf-SWNT/Si 13.77 7.7 547 35.2
rf-SWNT/Si after one year 14.09 72.3 540 36.1
HNO3-SWNT/Si 10.17 59.1 539 31.9
HNO3-SWNT/Si after two months 6.41 50.6 443 28.6
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Figure S1. UV-vis-NIR absorption spectra of the SWNT film before and after the
CuCl2/Cu(OH)2 redox doping process as well as the CuCl2/Cu(OH)2 redox coating on fused
quartz substrate as a reference.

Figure S2. Current density-voltage (J-V) curves of 20 devices under AM1.5G 100 mW/cm?
illumination. The curves in black denote the pristine SWNT/Si solar cells while those in green
denote the redox functionalized SWNT/Si solar cells.

Figure S3. Reflection spectra of SWNT/Si devices with different thicknesses of redox coating
with (a) photon energy and (b) wavelength as X axes.

Figure S4. External quantum efficiency of the pristine SWNT/Si solar cell and the rf-
SWNT/Si solar cell.

Figure S5. Variations of the (a) power conversion efficiency (PCE), (b) open-circuit voltage
(Voc) and (c) fill factor (FF) of the SWNT-Si solar cells before and after the redox
functionalization with different RCA treatment time.

Figure S6. Curve fitting of the temperature-dependent current density-voltage (J-V)
characteristics of (a) the pristine SWNT/Si solar cell with 3 s RCA treatment and (b) the rf-
SWNT/Si solar cell with 2 min RCA treatment.

Table S1. Average values and standard deviations of power conversion efficiency (PCE), fill
factor (FF), open-circuit voltage (Voc) and short-circuit current density (Jsc) of 20 devices
under AM1.5G 100 mW/cm? illumination with and without redox functionalization.
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Figure S2. Current density-voltage (J-V) curves of 20 devices under AM1.5G 100 mW/cm?
illumination. The curves in black denote the pristine SWNT/Si solar cells while those in green

denote redox functionalized SWNT/Si solar cells.
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Table S1. Average values and standard deviations of power conversion efficiency (PCE), fill
factor (FF), open-circuit voltage (Voc) and short-circuit current density (Jsc) of 20 devices
under AM1.5G 100 mW cm illumination with and without redox functionalization.

PCE (%) FF (%) Voc(mV) Jsc(mAcm?)

pristine SWNT/Si | Ava. 6.43 49.2 455 28.6

solar cells Std. Dev. | 1.716 0.115 0.034 1.363

solar cells Std. Dev. | 0.817 0.025 0.011 1.867
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Figure S3. Reflection spectra of SWNT/Si1 devices with different thicknesses of redox coating
with (a) photon energy and (b) wavelength as X axes.
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Figure S4. External quantum efficiency of the pristine SWNT/Si solar cell and rf-SWNT/Si
solar cell.
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Figure S5. Variations of the (a) power conversion efficiency (PCE), (b) open-circuit voltage
(Voc) and (c) fill factor (FF) of the SWNT-Si solar cells before and after the redox
functionalization with different RCA treatment time.
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Figure S6. Curve fitting of the temperature-dependent current density-voltage (J-V)
characteristics of (a) the pristine SWNT/Si solar cell with 3 s RCA treatment and (b) the rf-
SWNT/Si solar cell with 2 min RCA treatment.
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