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Experimental Section

Preparation of SWCNT films and the GO, FeCl; solutions. The SWCNT films were
synthesized by a FCCVD method!!- 2. Ethylene and hydrogen were used as the carbon
source and carrier gas, respectively. A mixed solution containing toluene, ferrocene
and thiophene was used as the respective liquid carbon source, catalyst precursor and
growth promoter, and was injected into a quartz tube reactor by a syringe pump. The
growth temperature was 1100°C. The SWCNT film was collected on a membrane
filter (0.45 pm pore diameter) at room temperature and could be easily transferred
onto a target substrate, as reported previouslyl?l. The GO sheets were synthesized by
the water electrolytic oxidation of graphite dispersed in water3], which was then
diluted with ethanol to a concentration of 0.25 mg mL-!. The FeCl; solution was
prepared by adding FeCl;-(H,O)s to ethanol with a concentration of 3.6 mg mL! .
Fabrication of heterojunction solar cells. A n-type silicon wafer (2-4 Q cm) covered
with a 300 nm-thick layer of thermal silicon oxide was patterned with a square
window (3 mmx3 mm), and the silicon oxide in the square area was then etched away
by a buffered oxide etchant (6:1 of 40% NH4F and 49% HF) and rinsed with water
and isopropanol to form the active area (~0.09 cm?). The SWCNT film was
transferred onto the top surface of the Si substrate to fabricate the SWCNT/Si
heterojunction. Silver paste was painted around the active area to serve as a front
electrode, while the back electrode was a gallium-indium eutectic, which formed
ohmic contact with the silicon. A FeCl;-GO-SWCNT/Si solar cell was fabricated by

drop-coating GO and FeCl; solutions onto the surface of a SWCNT/Si solar cell.



Characterization. Raman spectra of the films were obtained using a Jobin-Yvon
Labram HRS800 instrument, excited by a 633 nm laser. Raman mapping was achieved
using a WITec alpha300 instument. XPS and UPS were measured using an Esclab-
250 instrument. The optical transmission and absorption spectra of the films and the
reflectance of the solar cells were measured using an UV—Vis—NIR spectrophotometer
(AGILENT CARY 5000) equipped with an integration sphere. The structure of the
films was characterized by SEM (Nova Nano SEM 430) and TEM (Tecnai F20,
operated at 200 kV). The film thickness was measured by a step profiler. The I-V
curves of the films were measured by a source meter (Keithley 2450). Solar cell
characteristics were determined by a solar simulator (PEC-LO1 from Peccell
Technologies, Inc.) under AM 1.5 G (100 mW/cm?) light and a source meter
(Keithley 2450). The J-V curves were measured by using a reverse scan (from 1 V to
-1 V) with a step voltage of 10 mV. The irradiation intensity was calibrated using a
standard Si solar cell (PECSI 02). EIS measurements of the solar cell were made in
the frequency range 10 Hz to 1 MHz at room temperature by an electrochemical

workstation (BioLogic VSP-300).



Figure S1. Optical image of the GO dispersion in a mixture of deionized water and

ethanol (0.25 mg/ml).

Figure S2 Elemental distribution analysis of the (a) Fe and (b) Cl for the FeCl;-GO-

SWCNT film.

Intensity (a.u.)

1200 1300 1400 1500 1600 1700

Raman shift (cm™)

Figure S3. Laser Raman spectrum of the GO film.
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Figure S4. Laser Raman spectra of the SWCNT, GO-SWCNT and FeCl;-GO-
SWCNT films.
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Figure S5. Optical transmittance and absorbance of the GO film.
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Figure S6. -V curves of the FeCl;-GO film and FeCl;-GO-SWCNT films
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Figure S7. Cls spectra of (a) SWCNT, (b) GO, (c) GO-SWCNT, and (d) FeCl;-GO-
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Figure S8. Fe2p spectra of the FeCl;-SWCNT.
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Figure S9. Fabricating the Si substrate with the 3x3 mm? active area.
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Figure S10 Distributions of the (a) Jsc, (b) Voc and (c) FF values for the SWCNT/Si

(green), GO-SWCNT/Si (yellow), and FeCl;-GO-SWCNT/Si (pink) solar cells.
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Figure S11. (a) Reflection spectra of GO-SWCNT/Si solar cells with different GO

thicknesses. (b) Illustration of the antireflection effect of the GO layer.
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Figure S12 Photograph of the (a) SWCNT/Si and (b) FeCl;-GO-SWCNT/Si solar

cells
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Figure S13 Calculated integrated photocurrent under AM 1.5G irradiation of the
SWNCT/Si, GO-SWCNT/Si and FeCl;-GO-SWCNT/Si solar cells
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Figure S14. Energy band diagram of the SWCNT/Si (green), GO-SWCNT/S1 (orange)
and FeCl3-GO-SWCNTY/Si (red) solar cells
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Figure S15. The equivalent circuit for the solar cell.
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Figure S16. (a) Current density-voltage (J-V) curves and (b) series resistances of the

FeCl;-SWCNTY/Si and FeCl;-GO-SWCNT/Si solar cells
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Figure S17. PCE values of representative SWCNT/S1 heterojunction solar cells with a
front junction (blue) and with a back junction (yellow) 4181, The star shows the result

achieved in this study.



Table S1 The experimental and standard interspaces of (003) and (006) crystal planes

for the FeCl;.
FeCl, (003) (006)
Experiment 0.59 0.29
Standard 0.59 0.29

Table S2 The content of carbon-containing functional groups in GO-SWCNT and
FeCl;-GO-SWCNT.

Sample C=C C-C C-0 C=0 0-C=0
GO-SWCNT 422 8.2 29.4 15.3 4.9
FeCl;-GO-SWCNT 58.1 5.7 22.1 12.2 1.9

Table S3 The Fe(Ill)/Fe(II) ratio in FeCl; and FeCl;-GO-SWCNT.

Sample Fe(I1I) Fe(II) Fe(I1I)/Fe(1I)
FeCls 73.1£1.7 26.9+1.7 2.73+0.23
FeCl;-GO-SWCNT 53.1+6 46.9+6 1.15+0.28
FeCl;-SWCNT 66.2+1 33.8+1 1.96+0.09

Table S4. Photovoltaic performance of the SWCNT/Si, GO-SWCNT/Si, and FeCls-
GO-SWCNT/Si solar cells under 1 sun (AM 1.5 G, 100 mW cm2)

Sample Jsc (mA/cm?) Voc (V) FF (%) PCE (%)
SWCNT/Si 30.6 0.581 62.3 11.1
(30.0+£0.58)  (0.580+0.006) (60.7+2.48) (10.6+0.45)
GO-SWCNT/Si 36.4 0.603 56.1 12.3
(36.4£0.38)  (0.598+0.007) (54.0+£2.09) (11.7+0.45)
FeCl;-GO-SWCNT/Si 36.7 0.637 74.6 17.5

(36.3£0.51)  (0.629+0.005) (73.9+2.01)  (16.9+0.46)

Data and statistics are based on twenty cells for each condition. Values in bold

are obtained from the best device and the value in brackets is the average value.



Table SS. EIS fitting data of three solar cells over the high-frequency range of 10 Hz

to 1 MHz
Sample R, C =R,*C
(kQ)  (nF) (ns)
SWCNT/Si1 30.7 11.45 351.5
GO-SWCNT/Si 27.1 11.45 310.3
FeCl;-GO-SWCNT/Si 41.6 11.76 489.2

Table S6. Photovoltaic performance of the FeCl;-SWCNT/Si and FeCl;-GO-

SWCNT/Si solar cells under 1 sun (AM 1.5 G, 100 mW c¢m)

Sample J
P Jsc Voo FF PCE Ry .
(mA/cm?) V) (Y0) (%) Q) 2) (eV)
FeCl;-SWCNT/Si 30.3 0.594 70.9 12.8 11.7 1.03x104 0.827
FeCl;-GO-SWCNT/Si 35.2 0.626 77.0 17.0 10 3.77x107 0.854
Table S7 PCE values of representative SWCN'T/Si heterojunction solar cells
Year Area Jsc VYoc PCE Stability Optimization methods Front/Bac  Ref.
(mm?) (mA/cm?) ) (%) k
junction
2014 49 31 0.51 10.8 - Chlorosulfonic acid doping Front 4
+ silver nanowires + TiO,
coating
2015 9 24.5 0.540 8.7 7 days SOCI, doping + polymer Front 51
~40% interlayer
2015 0.8 36.6 0.59 17 - MoO coating Front 16l
2016 9 24.2 0.500 7.8 7 days SOCI, doping + polymer Front 7
~57% coating
2016 215 25.3 0.63 10.1 2 days HNO; doping + TiO, Front 81
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