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The solid-state hole transporting material 2,2',7,7 -tetrakis(N,N’-di-p-methoxyphenylamine)-9,9’-
spirobifluorene (spiro-OMeTAD) has been applied as an interlayer for graphene oxide/single walled
carbon nanotube-silicon (GOCNT/Si) heterojunction solar cells, forming a GOCNT/spiro-OMeTAD/Si
structure. An organic—aqueous transfer method was developed to deposit the GOCNT electrode onto
the spiro-OMeTAD coated Si surface without dissolving the organic layer. The influence of the thickness
of the organic layer and the thin film GOCNT transparent conducting electrodes as well as the doping of
the films with gold chloride (AuCls) on device performance is explored. With the optimized thickness of
the spiro-OMeTAD interlayer and the GOCNT electrode with transmittance above 80% at 550 nm,
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Accepted 12th April 2017 devices with solar power conversion efficiency of 12.83 + 0.22% have been fabricated. This study reveals
that adding a hole-conducting organic interlayer is able to significantly minimize the recombination at
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1. Introduction

Thin film photovoltaics based on carbon materials, including
carbon nanotubes (CNT)"® and graphene®® have attracted
intense research interest for more than ten years due to the
fantastic optoelectronic properties of these materials. Two-
dimensional graphene oxide (GO), is an amphiphilic material
which contains hydroxyl and carboxyl groups on the edges and
epoxy and hydroxyl groups on the basal plane®' and has been
used with CNTs in the fabrication of transparent conducting
films."* Due to its amphiphilic nature, GO can easily disperse
agglomerated CNTs onto their surface and form a stable
aqueous suspension.” At the same time, GO sheets provide
extra transport paths to some areas where the CNTs are
disconnected.”*** More attractively, the GOCNT hybrid films
have the potential to be handled using aqueous solution based
processes while pure CNT films have poor compatibility with
water due to their highly hydrophobic nature.?

GOCNT hybrid films have recently been applied with silicon
to form heterojunction solar cells.” In a typical graphene oxide/
single walled carbon nanotube-silicon (GOCNT/Si) hetero-
junction, excitons are produced after light absorption by the
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a physical protection layer to significantly enhance device stability.

silicon and they are then separated into free charge carriers
under the influence of a built-in potential across the hetero-
junction at the interface (Fig. 1(a)). In the case of an n-type
silicon/p-type GOCNT solar cell the resulting holes and elec-
trons are collected within GOCNT film and Si, respectively.'**®
The exact nature of the heterojunction is still under debate, but
the solar devices can be approximated as Schottky barrier,
metal-insulator-semiconductor or p-n junctions.” In most
architectures, a thin SiO, layer between CNT and Si improves
diode properties by reducing the backward reaction arising
from electron tunneling from Si to CNT.**

Furthermore, there have been a few studies showing that the
performance of CNT/Si device can be improved by adding
an additional interlayer of conductive polymers, such as
polyaniline, poly(3-hexylthiophene-2,5-diyl) (P3HT), and poly(3,4-
ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS),>"**
between the silicon surface and the CNT films. The major
improvement observed after adding the interlayer is due to the
conductive polymer acting as a hole transporting layer (HTL).* In
addition to these conductive polymers, 2,2’,7,7"-tetrakis(N,N'-di-p-
methoxyphenylamine)-9,9'-spirobifluorene (spiro-OMeTAD) is the
most commonly used HTL material in solid state dye sensitized
and perovskite solar cells.**?® Recently, Xu et al. reported that
spiro-OMeTAD can also be applied as an interlayer in graphene/
silicon solar cells to improve the hole transport as well to
improve the diode properties of the heterojunction.’®® On the
basis of these excellent reports, spiro-OMeTAD may have the
potential to be applied as efficient organic interlayers in GOCNT/Si

This journal is © The Royal Society of Chemistry 2017
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Fig.1 Schematic energy level alignment of GOCNT/Si heterojunction
without (a) and with (b) a spiro-OMeTAD interlayer; schematic struc-
tures of (c) GOCNT/Si and (d) GOCNT/spiro-OMeTAD/Si solar cells.
The band gap of GOCNT is taken from the S;; UV-Vis-NIR absorbance
of the GOCNT film.
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devices to act as both a HTL*** and to improve the diode formed
at the interface without absorbing a significant amount of solar
irradiation (Fig. 1(b)).**>*

In this report, we explore the potential of employing spiro-
OMeTAD as an interlayer between transparent conducting
electrode of GOCNT and Si (GOCNT/spiro-OMeTAD/Si). Control
devices without the HTL were fabricated, as shown in Fig. 1(c)
and (d). Optimization of spiro-OMeTAD and GOCNT film
thickness was achieved to maximize the device performance.
The doping effect of gold chloride (AuCl;) was studied and the
device stability behavior was analyzed over 2 weeks.

2. Experimental details

2.1. Preparation of material suspensions

The spiro-OMeTAD stock solution was prepared by dissolving
144.6 mg spiro-OMeTAD (Merck), 35 pL of a stock solution of
520 mg mL " lithium bis(trifluoromethylsulphonyl)imide (Li-
TFSI) (Sigma-Aldrich) in acetonitrile, 57.6 pL 4-tert-butylpyr-
idine (¢BP) (Sigma-Aldrich) in 1 mL chlorobenzene.®

The GO-CNT films were prepared by using GO to suspend
SWCNTSs in water. 3 mL of 5 mg mL~ ' GO in ethanol (Graphene
Supermarket, USA) was exposed to air in a 20 mL scintillation
vial inside a fume hood at room temperature (20 °C) to obtain
a solid. The GO solids were then dispersed in the deionized
water by sonication for 30 min in an ice bath and the final
concentration of the stock GO suspension was 1 mg mL™". 5 mg
CNT (P3-SWNT, Carbon Solutions Inc., USA) were dispersed
with 50 mL of deionized water by sonication and the final
concentration of the stock CNT suspension was 0.1 mg mL~". In
order to target the ideal mass ratio of GO:CNT (1:2.25,
according to our previous study, films with this ratio have the
lowest sheet resistance), 2 mL GO stock suspension was added
to 45 mL CNT stock suspension.’” The mixture suspension was
dispersed by sonication in an ice bath for a further 90 min and
centrifuged for 1 h at 17 500g at 10 °C to remove any large
agglomerates. The supernatant was collected and centrifuged in
an identical manner. The second supernatant was collected and
used as the source suspension for the preparation of GOCNT
electrodes.

2.2. Preparation of solar devices

GOCNT electrodes were fabricated by vacuum filtration.*® In
order to study the optoelectronic properties of GOCNT elec-
trodes, different volumes of GOCNT stock suspension (200, 300,
400, 500, 600, 700, 800 pL) were diluted with deionized water to
250 mL. GO and CNT were collected on a mixed cellulose ester
membrane (MCE, 0.45 pm, HAWP, Millipore, Australia). A
nitrocellulose membrane (25 nm, VSWP, Millipore, Australia)
with four holes (0.49 cm” each) was placed beneath the MCE
membrane. The different pore sizes of these two membranes
leads to a faster flow rate at the areas of four holes and four
identical GOCNT films were collected in one filtration on MCE.
After being completely dried under gentle nitrogen flow, the
individual GOCNT electrodes upon the MCE membranes were
then cut with a pair of scissors and placed into an acetone bath
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for 3 x 30 min to dissolve the MCE, as shown in Fig. 2(a). A
homemade Teflon spoon was used to transfer the now free-
floating GOCNT films from the acetone bath to a water bath.
The GOCNT electrodes were found to float on the surface of the
water. They were then picked up with a prefabricated Si
substrate to fabricate a solar cell device or a glass slide to
determine the T as well as sheet resistance (Rgpeer) Of the
electrode.

Si solar devices were prepared from phosphorous doped
silicon wafers (n-type, 5-10 Q cm, 525 um thick with a 100 nm
thermal oxide, ABC GmbH, Germany). The gold grid structure
was defined on the Si wafer by photolithography in a clean room
(Class 1000). Positive photoresist (AZ1518, micro resist tech-
nology GmbH, Munich, Germany) was applied on the Si wafer
by spin-coating (3000 rpm for 30 s), and then followed by soft
baking (50 s at 100 °C) on a hot plate. After cooling the coated
wafer to room temperature, the grid patterns were defined with
a mask using a mask aligner (EVG 610, EVG). Then, the wafer
was immersed in a developer solution (AZ 726 MIF, AZ elec-
tronic Materials, GmbH, Munich, Germany) for 15 s to develop
the photoresist, rinsed with deionized water to remove the
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residue of the photoresist and dried under a nitrogen stream.
The width of the grid lines is 0.01 mm and the spacing between
each line is 0.5 mm. These grid lines are designed in a 3 x 3
mm square with the final active area of 0.087 cm®. 48 substrates
were produced on a 4-inch wafer each time. The Si wafer with
the defined pattern was post baked on a hot plate (50 s at 115
°C). The metal electrode (Au/Cr 90/5 nm, 95 nm in total) was
deposited by a sputter coater (Quorumtech, Q300T-D) with
a quartz crystal microbalance monitoring the thickness. Then,
the substrate was immersed in acetone for 90 min followed by
mild rubbing to dissolve and remove the photoresist. One drop
of buffered oxide etch (6 : 1 of 40% NH,F and 49% hydrofluoric
acid (HF), Sigma Aldrich, Australia) was applied to the active
area with the defined Au grid for about 90 s to remove the top
thermal silicon dioxide layer (SiO,). For GOCNT/Si devices, the
Si substrate was then used to pick up the free-standing GOCNT
on the surface of deionized water. For the GOCNT-spiro-
OMeTAD/Si (and the spiro-OMeTAD/Si control) devices,
different volumes of spiro-OMeTAD stock solution, 2.5, 10, 20,
30, 40, and 80 pL (30 pL for the spiro-OMeTAD/Si control device)
were deposited onto the Si surface by spin-coating at 4000 rpm

(c) 90 T T T T

T at 550 nm (%)
~ =]
o o

[+2]
o
T

00— 200 200 600 800 1000
® Volume of GOCNT suspension (uL)
 \— 6 T v T
m Original ,/' )
- ® AuCl; / 0.15 w— Original L -
"= 1.0E3} - Aucl, al ® . ® i
7] A ¢ 3 s
7 © N
g% ,"/ ."’ ; 040 E "o n = e
s 5.0E2} "/ . ] 2} = .
_.__l’" * ',J" 0.05} m  Original -
‘!’-’v"::“""' - ® AuCl,
2 3 " o.oo r A Y rY ry ' A
0'%0 60 70 80 90 500 1000 1500 2000 2500 050 60 70 80 90

T at 550 nm (%)

Fig. 2

A(nm)

T at 550 nm (%)

(@) GOCNT films (T = 77% at 550 nm) moving below the liquid surface in acetone and (b) standing above the surface of deionized water

after dissolving MCE in a glass Petri dish, (c) T of GOCNT at 550 nm versus the volume of stock suspension used in vacuum filtration, (d) Rspeet Of
GOCNT films with different T before and after AuCls, (e) absorbance versus wavelength for the original and AuCls treated GOCNT films from 350
to 2500 nm, and (f) FOM of GOCNT films with different T before and after AuCls. The solid line in (c), and short dashed curves in (d) are the linear
and exponential fits for the data point. (g—i) SEM images of (g) pure CNTs, (h) pure GO and (i) GOCNT (1: 2.25).
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for 20 s in a nitrogen-filled glovebox. Then, these spiro-OMeTAD
coated Si substrates were heated at 80 °C for 40 min in the
glovebox and used to pick up the GOCNT films from deionized
water. For GOCNT/Si and GOCNT/spiro-OMeTAD/Si devices,
once the GOCNT films were dried by a very gentle nitrogen
stream, the underside of the silicon was scratched with a dia-
mond pen to create the conduction path from Si to the back
electrode. The device was mounted onto a stainless steel plate
with gallium indium eutectic (EGaln), as shown in Fig. 1(c) and
(d). For the spiro-OMeTAD/Si control devices, they were
mounted on the stainless steel plates after the deposition of
spiro-OMeTAD and scratching of the underside of the silicon.
GOCNT was picked up in the same manner by microscope slide
(instead of n-type Si) to determine the optical T'and the Rgpeer. In
order to explore the role of the spiro-OMeTAD interlayer in
GOCNT/Si solar cells, 30 pL stock solution was used to apply the
interlayer in spin-coating. During the optimization of GOCNT
thickness in the GOCNT/spiro-OMeTAD/Si devices, 20 puL stock
solution was used to apply the interlayer in spin-coating.

For the gold doping experiments, prior to solar cell testing,
a post treatment was applied to the GOCNT films. 20 pL of 5 mM
HAuCl,-3H,0 (Sigma-Aldrich) aqueous solution was deposited
on top of GOCNT by spin-coating at 5000 rpm for 20 s.

2.3. Solar cell testing

The performance of the solar cells was assessed by a custom
LabviewIM virtual instrument connected with a Keithley 2400
source unit. The power density of the collimated xenon-arc light
with an AM 1.5G filter at the device surface was calibrated to 100
mW cm > using a standard cell (PV Measurements, NIST-
traceable certification). The devices were tested under both
light and dark conditions to estimate the efficiency and the
diode properties.

Ideality and reverse saturation current (Js,) were extracted by
fitting the dark J-V curve in to the following eqn (1) during the
analysis of diode properties.

qv.
J = JSaL [enkT — 1:| (1)

J: current density, g: elemental charge, V: applied voltage, n:
ideality, k: Boltzmann constant and 7: temperature.*

The Schottky barrier height (¢g) related to Js,. can be esti-
mated by eqn (2) as follows:*

Jsat
¢s = —kT In ( AiT) ()

A*: Richardson constant (112 A cm ™2 K2 for Si).**

External quantum efficiency (EQE) of the devices was
measured as a function of wavelength from 400 to 800 nm by
passing the chopped light from a xenon source through
a monochromator.

2.4. Characterization

The transparency of the SWCNT films at 550 nm was deter-
mined by UV Vis-NIR spectroscopy (Lambda 950 PerkinElmer)
with the background subtraction of a clean glass slide. The

This journal is © The Royal Society of Chemistry 2017
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Rgheet Of the GOCNT films was estimated by a four-point probe
in linear configuration (Keithlink). The thickness of spiro-
OMeTAD was measured by atomic force microscopy (AFM,
Multimode, Bruker). Raman spectra of pure GO, CNT and
GOCNT films are determined by AFM-Raman system (Nanonics-
Horiba).

3. Results and discussion

3.1. Device preparation and characterization

In this study, GOCNT films were prepared by vacuum filtration
onto MCE and the films with MCE are immersed in acetone for
90 min to dissolve the MCE. The majority of the MCE quickly
dissolves (<1 min) and the flexible GOCNT films freely move
around in the liquid phase, as shown in Fig. 2(a). After being
picked up and transferred from acetone to the deionized water
by a homemade Teflon spoon, the GOCNT film stands on the
water surface rigidly keeping its shape at the interface between
the air and deionized water, as shown in Fig. 2(b).

The transfer into water is very important in the fabrication of
the solar cell devices because acetone quickly dissolves spiro-
OMEeTAD, but water does not. With floating GOCNT films on
top of the water surface, spiro-OMeTAD coated Si substrates can
pick up them without dissolving the spiro-OMeTAD. GO plays
an essential role in the transfer process in the hybrid films. As
a comparison, more than ten CNT films upon MCE were
transferred in the same manner but they either disintegrated
into pieces (most of them) or crumpled immediately upon
contact with the water due to the highly hydrophobic nature of
the CNT, as shown in Fig. S1(a) and (b).} By incorporating GO
into the film structure, the mechanical properties as well as
wettability of the hybrid improved due to the two dimensional
feature and hydrophilic groups on GO.*”*® By pressing GOCNT
film down into water with the spoon, it behaves in a similar way
as it did in acetone, which is further evidence showing the
improved compatibility with water, as shown in Fig. S1(c).t
However, this transfer approach has its own limitation. When
the T of the GOCNT film is above 80% (very thin films), the
difficulty of the transfer increases significantly. Normally, the
success rate of the transfer process for films with T of 77% is
above 90% but this number is below 40% for films with T of
84% at 550 nm. In this study, films with T above 90% at 550 nm
always broke during the transfer. Increasing the GO ratio in the
hybrid film is expected to increase the transfer success rate of
thin films but this sacrifices the optoelectronic properties
significantly.™

Raman spectra of pure GO, CNT and GOCNT film on glass
are shown in Fig. S2,1 in which the ratio of D-band to G-band
intensity (D/G ratio) is 1.10 for pure GO and 0.12 for pure
CNT film and 0.21 for GOCNT film. The D band signal is caused
by out-of-plane vibrations related to the defects on graphene
structure while G band signal is a result of in-plane vibrations of
sp> bonded carbon atoms. Commonly, the functional groups on
GO contribute to the D band intensity and higher D/G ratio
indicates higher defect content. Both CNT and GO show typical
values for low-functionalised CNTs and highly functionalised
GO, respectively. The higher D/G ratio in the GOCNT film is

J. Mater. Chem. A, 2017, 5, 8624-8634 | 8627
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a result of the mass ratio (2.25 : 1) of CNT to GO, not from the
GO increasing the defect density of the CNTs.

As shown in Fig. 2(c), there is a linear correlation between
the T of GOCNT films at 550 nm and the volume of the stock
suspension used during vacuum filtration (as shown in eqn
(S1)T). More GOCNTs are collected on the filter paper when
higher volumes of stock suspension are used. As a result,
thicker films are formed with more light being absorbed and
the T'at 550 nm decreases (complete UV-Vis spectrum presented
in Fig. S2(b)f). As the T of GOCNT films decreases, more and
more conducting paths are built. As a result, Rgnee; decreases
with decreasing 7, as shown in Fig. 2(d). In this study, AuCl; is
used as the dopant to improve the optoelectronic properties of
GOCNT films by reducing the Rgheec dramatically (Fig. 2(d)).
Additionally, the Rsheer has an exponential relationship with T
for both original and AuCl; doped films (eqn (S2) and (S3)¥). As
shown in Fig. 2(e) and S2(c),T the T of GOCNT film at 550 nm
slightly decreases after doping with complete bleaching of S;;
peak and suppressed S,, peak, which is the evidence of the shift
of Fermi level into the van Hove singularities band of semi-
conducting SWCNT.* The exact mechanism of the doping is
controversial. Most researchers attribute the p-type doping to
the reduction of cationic Au®* to Au® while others believe that
the CNTs are more heavily doped by Cl with the formation of
CNT-Cl where electrons of CNTs are further withdrawn to C1.*°

It is ideal that the window electrode of solar cells has both
high T'and low Rgpce.. Higher T indicates that more photons can
reach and be absorbed by the Si substrate and lower Rgpec infers
that a more conducting network is built to transport the sepa-
rated charge carriers. Thus, the final efficiency of the devices
will be very sensitive to both the T and Rgpeet at the same time,
but normally improving one of them sacrifices the other.®
Figure of merit (FOM) is widely used to easily compare the
optoelectronic properties of transparent conducting electrodes
with different T and Rgpee.. FOM is derived from eqn (3) and
rearranged to eqn (4).

1 o aop(1)> 2
T= 1+ X 4 [— X —= 3
( 2Rsheet V€0 opC G)
1
1
FOM = 7€ il (4)

aop(4) - 2 Rspeet T*% —1

wo: free space permeability (4 x 1077 N A~ ?), &,: free space
permittivity (8.854 x 107> C*> N ' m ?), oop(A): optical
conductivity and opc: electrical conductivity.***

Normally, a higher value of FOM infers better optoelectronic
properties. Fig. 2(f) shows the calculated FOM values for the
GOCNT films correlated to T at 550 nm. As the AuCl; can reduce
the Rgheer While maintaining the T at a relatively stable level,
optoelectronic properties were improved after doping, which is
also observed in the literature.** For GOCNT films with high 7,
their FOM is lower than that of films with lower T. The FOM of
the films ranges from 2 to 5, which is much lower than the value
for a rigid transparent conducting glass, such as indium tin
oxide coated glass (normally about 150).* There are a number of
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explanations for the low recorded FOM values, such as the
limited length of the CNTs (about 1 pm) and the low quantity of
junctions in the thin films.* But the FOM values are similar to
the best CNT films used in CNT/Si heterojunction solar cells.*®
Generally, FOM increases as the T decreases because of the
dramatic reduction of Rgheer With the decrease of T. Although
CNT films with higher FOM (lower T) have better optoelectronic
properties, that does not mean they are appropriate for the
application of the window electrode for solar cells because high
photocurrent output is always linked to high T. Therefore, in
this study, a grid design of front metal electrode is applied
across the entire active area to reduce the high internal series
resistance of solar cells resulting from the relatively poor FOM
of the films (details are shown in Experimental section).*®

SEM images of pure CNT, pure GO and GOCNT (Fig. 2(g-i))
show that the produced film closely resembles that of pure CNT
with only a few GO sheets observed. This finding is similar to
the Raman and sheet resistance measurements in that the film
properties much more closely match that of a pure CNT film
than a GO film. This derives from the lower mass content of GO,
and the role of GO to wrap around the CNT to facilitate
dispersion in water and then support the film during aqueous
transfer.

3.2. [Initial photovoltaic device testing

The role of the GOCNT top electrode in the solar cells was
explored by comparing the performance of two different types of
devices including spiro-OMeTAD/Si and GOCNT/spiro-
OMeTAD/Si before AuCl; doping (in order to exclude the
effect of the dopant). The J-V curves of these devices in light and
dark conditions are shown in Fig. 3(a) and (b) with details
shown in Table 1 and plotted in Fig. S3.7 For these two types of
devices, spiro-OMeTAD/Si has a much lower efficiency (0.05 +
0.02%) due to the poor short circuit current density (Jsc), open
circuit voltage (Voc) and fill factor (FF). It also has the poorer
diode properties with ideality, Js,c and ¢p of 3.67 £ 0.49, 3.15 x
107" 4+ 1.26 x 10~' mA cm ™2, and 0.61 4 0.07 eV, which indi-
cates that the lower efficiency might be caused by severe
recombination of the separated charge carriers related to the
high Rgpeet of spiro-OMeTAD (above 10° Q sq~ ') and long carrier
transport distance to the metal electrode. With the addition of
GOCNT films (GOCNT/spiro-OMeTAD/Si), the efficiency (9.49 +
0.29%, this value is close to the best SWCNT/Si device without
any post treatment, 12.4%)*” has been significantly improved
with Jsc, Voc, FF increasing to 26.15 4 0.26 mA cm ™2, 0.550 +
0.017 V, and 0.66 + 0.02. This improvement can be attributed to
the largely enhanced diode properties with ideality, Jsoc and ¢g
of 1.19 4 0.06, 1.99 x 10 ° + 1.7 x 10"° mA cm 2, and 0.91 +
0.01 eV, which infers that the GOCNT films can reduce the
recombination by collecting and transporting the separated
charge carriers to the electrode swiftly due to a much lower
Rsheet (below 500 Q sq ).

By comparing the performance of GOCNT/Si and GOCNT/
spiro-OMeTAD/Si devices before AuCl; doping in order to
exclude the influence of the dopant, the role of the spiro-
OMEeTAD interlayer is further studied. As shown in Fig. 3(a)

This journal is © The Royal Society of Chemistry 2017
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Fig. 3 J-V curves of the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/spiro-OMeTAD/Si devices under (a) light and (b) dark conditions before
AuClz doping, (c) comparison between the dark curves of the GOCNT/Si device before and after AuCls doping and (d) EQE curves of the spiro-
OMeTAD/Si after AuCls doping (the estimated Jsc values from integration of the EQE curves for the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/
spiro-OMeTAD/Si are 1.49 mA cm™2, 24.74 mA cm~2 and 26.28 mA cm™2). Here, short dash curves are used to characterize the original device
while the solid curves are used to characterize the device after AuCls doping. In the devices in this figure, the T of GOCNT films is 77% before

AuClz and the thickness of spiro-OMeTAD layers is 90 nm.

and (b) and Table 1, the efficiency of the GOCNT/spiro-
OMeTAD/Si device (9.49 + 0.29%) is higher than that of
GOCNT/Si counterpart (6.80 £ 0.27%). The improvement after
adding the interlayer is observed due to the increase in FF from

0.58 £ 0.03 to 0.66 £ 0.02 and slight increases in Jsc from 23.02
+ 0.24 to 26.15 £ 0.26 mA cm ™ 2 and V¢ from 0.511 + 0.006 to
0.550 £ 0.017 V. With the interlayer, better diode properties,
a lower ideality and Jsu, are achieved. In addition, ¢g of the

Table1 The details of light and dark J-V curves of the spiro-OMeTAD/Si, GOCNT/Si and GOCNT/spiro-OMeTAD/Si solar cells before and after
AuCls doping. In the devices in this table, the T of GOCNT films is 77% before AuCls and the thickness of spiro-OMeTAD layers is 90 nm. The
errors are calculated by the standard deviation of the results of at least 3 devices of each type

Spiro-OMeTAD/Si GOCNT/Si GOCNT/spiro-OMeTAD/Si

Original AuCl, Original AuCl, Original AuCl;
Efficiency (%) 0.05 = 0.02 0.06 =+ 0.02 6.80 & 0.27 4.73 £ 0.33 9.49 + 0.29 10.59 + 0.27
Jsc (mA em™?) 1.32 +0.14 1.29 + 0.16 23.02 4 0.24 24.77 4+ 0.13 26.15 4+ 0.26 25.22 + 0.18
Voc (V) 0.392 + 0.002 0.392 + 0.002 0.511 =+ 0.006 0.424 + 0.007 0.550 + 0.017 0.576 =+ 0.003
FF 0.10 + 0.01 0.11 £ 0.01 0.58 + 0.03 0.45 + 0.03 0.66 & 0.02 0.73 £ 0.01
Rshunt (Q) 3.71 x 10° + 6.41 x 10° + 2.49 x 10° + 6.52 x 10° + 1.15 x 10* + 8.22 x 10* +

2.52 x 10° 3.42 x 10° 8.54 x 10* 1.54 x 10° 1.67 x 10* 9.67 x 10*
Rseries (Q) 6390 =+ 258 6690 & 176 72 +£7 137 + 12 63+5 44 +3
Ideality 3.67 £ 0.49 3.78 £ 0.57 1.47 £ 0.07 2.55 £ 0.25 1.19 + 0.06 1.12 £ 0.08
Jsat (MA cm™?) 3.15 x 1071 £+ 3.02 x 1071 + 6.51 x 107> + 478 x 1072 + 1.99 x 10°° £ 3.12 x 10°° +

1.26 x 1071 2.54 x 1071 9.30 x 10~° 3.94 x 1072 1.7 X 107° 0.7 x 10°°
#5 (eV) 0.61 =+ 0.07 0.61 =+ 0.08 0.82 =+ 0.01 0.66 =+ 0.05 0.91 £ 0.01 0.90 & 0.01

This journal is © The Royal Society of Chemistry 2017
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GOCNT/spiro-OMeTAD/Si device is about 0.1 eV higher than
that of GOCNT/Si device and higher ¢5 value normally indicates
reduced recombination events, which is in line with the
increase of FF as well as V. As mentioned earlier the GOCNT/
Si interface does not represent an ideal Schottky junction and
therefore the calculated ¢p values are derived from eqn (2)
which assumes a much simpler interface. Nevertheless,
previous reports of improvements in Voc and FF with the
addition a conducting polymer interlayer into graphene-Si solar
cell have also observed an increased ¢y upon interlayer incor-
poration.?® The increase in FF, Vgc, Jsat, and improvement in
diode qualities indicate that the interlayer may acting as the
HTL and electron blocking layer (EBL) at the same time.

3.3. AuCl; doping

In order to improve the efficiency of the devices, AuCl; doping
was conducted to reduce the Rgpcc of GOCNT films, as discussed
previously. The detailed influence of the AuCl; doping on the
solar cell performance are listed in Table 1 and plotted in
Fig. S3.7 For spiro-OMeTAD/Si devices, AuCl; doping does not
show any significant change to the performance, as shown in
Table 1 and Fig. S3.1 As shown in Fig. S4,f AuCl; doping wors-
ened the performance of GOCNT/Si device (to 4.73 £ 0.33%). The
reduction in the performance might be caused by shorts induced
by the Au nanoparticles bridging the front metal contact with Si
surface.*® As the shorts cause a change in the diode properties of
the heterojunction, as shown in Fig. 3(c) and Table 1, both the
increased ideality and Jg, reveal the increased recombination
cases at the interface and the reduction in V¢ and FF are in line
with the increased recombination. Instead, when spiro-OMeTAD
is applied as the interlayer in between GOCNT and Si, it improves
the performance of GOCNT/spiro-OMeTAD/Si device (to 10.59 +
0.27%, the value is close to the best SWCNT/Si devices after post
treatment without antireflection layer, 13.7%).* This improve-
ment is due to the reduced Rgpeer of GOCNT films. Noticeably, in
this case, the diode properties, including ideality and Js,;, do not
change much, as shown in Table 1, which suggests that the
shorts do not take place because Au nanoparticles are physically
blocked by the spiro-OMeTAD interlayer. Due to the improved
performance, AuCl; doping is used in all subsequent experi-
ments and is signified by solid lines in J-V and EQE graphs.

Fig. 3(d) shows the EQE curves for three types of devices after
AuCl;. Spiro-OMeTAD/Si devices shows negligible photocurrent
across the whole wavelength range from 300 to 1100 nm, which
is consistent with the low Jsc observed from the J-V curves. The
GOCNT/Si device has a broad photocurrent contribution from
300 to 1000 nm while the EQE from 300 to 400 nm for GOCNT/
spiro-OMeTAD/Si device is lower than that of GOCNT/Si devices.
This feature is caused by the absorption of spiro-OMeTAD
interlayer.®® There seems to be a bump at about 700 to
900 nm for GOCNT/spiro-OMeTAD/Si devices. Actually, this is
mainly due to the absorption feature of Li-TFSI in the spiro-
OMeTAD from 400 to 600 nm.** The higher EQE values for
GOCNT/spiro-OMeTAD/Si devices from 500 to 1000 nm is due to
the suppressed charge recombination at the interface leading to
higher overall PCEs.
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3.4. Optimization of spiro-OMeTAD and GOCNT layer
thickness

In order to optimize the thickness of the spiro-OMeTAD inter-
layer, different volumes (2.5, 10, 20, 30, 40 and 80 pL) of stock
solution were applied on top of the Si surface. As shown in
Fig. S5, the thicknesses of these films determined by AFM are
10, 40, 60, 90, 120, and 240 nm respectively. Solar cells with
different thicknesses of spiro-OMeTAD interlayer between the
GOCNT and Si were fabricated and the details of their perfor-
mance after AuCl; doping are shown in Fig. 4 and S6.f

The J-V curves of devices are shown in Fig. 4(a) and solar
cells with an interlayer of 60 nm have the highest efficiency
(11.41 £ 0.30%), as shown in Fig. 4(b). The change in efficiency
with thickness follows a volcano like trend peaking at 60 nm.
As the thickness of the interlayer increases from 10 to 240 nm,
the Jsc decreases from 26.84 + 0.12 to 23.3 & 0.19 mA cm >
(Fig. 4(c)) because more light is absorbed by the interlayer with
thickness resulting in less light absorption by the Si. The
absorption of the spiro-OMeTAD interlayer and Li-TFSI around
500 nm is clearly increasing with thickness leading to lower
EQE values at these wavelengths, as shown in Fig. 4(d). The
Voc follows a similar volcano trend to that of PCE, with
a maximum at 60 nm (Fig. 4(e)). Similarly the FF of devices
peak at 60 nm interlayer thickness with sharp decrease for
both thinner and thicker films (Fig. 4(f)). This improvement in
FF is because even though more light is absorbed by the
interlayer with increasing thickness, a better heterojunction is
formed and the recombination is suppressed with the
increasing interlayer thickness (except when it is very thick,
240 nm). However, when an extremely thick film (240 nm) is
applied, the hole transport ability from the Si to GOCNT
electrode might be limited. The diode properties of devices are
estimated from the J-V curves under dark condition, as shown
in Fig. 4(g)-(i). Because of the relatively large error bars, it is
difficult to observe a clear trend for all of these devices.
However, devices with the interlayer thickness of 40, 60 and
90 nm can be regarded very similar and they are better than
devices with interlayer thickness of 10, 120 and 240 nm. Thus,
when the thickness of the film is 60 nm, the interlayer is thick
enough to form a good heterojunction, physically protect the
Si surface while still allowing a significant amount of light
pass through and is thin enough to be able to effectively pass
the charge carriers to the conducting electrode. As a result,
such devices have the best performance.

As mentioned before, a higher FOM is achieved with lower T
while high T is closely related to excellent photocurrent output
and thus the efficiency. Therefore, in this work, with an opti-
mized spiro-OMeTAD thickness of 60 nm, GOCNT films with
different T (56%, 65% and 76% and 83%) were next used to
fabricate  GOCNT/spiro-OMeTAD/Si devices to explore the
influence of the GOCNT T. The details of the performance are
shown in Fig. 5 and S7.f As shown in Fig. 5(a) and (b), the
efficiency of the GOCNT/spiro-OMeTAD/Si increases from 8.52
£ 0.56% to 12.83 £ 0.22% with the increase of GOCNT T. As T of
GOCNT increases, there is a significant increase in Jsc from
19.97 £ 0.16 mA cm ™ >to 28.1 + 0.21 mA cm™ > while the Vo and

This journal is © The Royal Society of Chemistry 2017
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Fig.4 The performance of GOCNT/spiro-OMeTAD/Si as a function of the thickness of spiro-OMeTAD interlayer applied on the Si surface after
AuCls doping (a) J-V curves under light condition, (b) efficiency, (c) Jsc, (d) EQE (the estimated Jsc values of the devices with interlayer thickness
of 10, 40, 60, 90, 120, 240 nm are 28.20 mA cm™2, 27.37 mA cm™2, 27.18 mA cm ™2, 26.28 mA cm™2, 25.74 mA cm™2, and 24.40 mA cm™2), (e)
Voc, (f) FF, (g) J-V curves under dark conditions, (h) ideality and (i) Jsa. The devices in this figure are made using AuCls doped GOCNT films with T
of 77% (T measured prior to doping) with spiro-OMeTAD layers of thicknesses ranging from 10 to 240 nm.

FF are stabilized at about 0.575 V and 0.75, as shown in
Fig. S7(a)-(d).t In terms of the diode properties, as shown in
Fig. 5(c) and S7(g)-(i),T all of the GOCNT/spiro-OMeTAD/Si with
GOCNT films of various T are similar, with ideality, /s, and ¢g
being stable around 1.2, 10°° mA cm > and 0.92 eV.
Combining all the data on this set of experiments with
changing GOCNT T, the T of GOCNT films does not have
a dramatic effect on the heterojunction properties (with
constant FF and V) but significantly alters the number of
photons passing through the GOCNT film and the resulting
number of excitons produced at the heterojunction interface
(resulting in a higher Jsc). This result shows that the solar cell
performance is best for thin GOCNT films and is in contrast to
most other reported results which show an optimal T of 50-
70%.">** This finding highlights the importance of creating
a consistent heterojunction across the interface (which is
difficult in thin, often sparse, CNT films) in these hetero-
junction solar cells. This is an ideal scenario in which the
amount of (potentially) costly CNT is minimized. Unfortunately,
in this study, the T of GOCNT films are limited by the transfer

This journal is © The Royal Society of Chemistry 2017

approach and films with T above 90% at 550 nm could not be
used to make devices. However, we expect that devices with
GOCNT films of about 90% T would exhibit even better
performance following previous work increasing CNT film 7 in
solar cells.*

3.5. Photovoltaic performance stability

Finally, we investigated the stability of the devices over 2 weeks,
as shown in Fig. 6 and S8.1 Normally, in CNT/Si heterojunction
solar cells, device performance degrades within a few days due
to both the formation of a thick (>2 nm) SiO, layer at the
interface which restricts charge transport and the removal of
weakly adsorbed dopants on the CNTs which reduce film
conductivity.>** To first determine the degradation from the
formation of SiO, only, we compare the change in PCE for
GOCNT/Si devices to that of GOCNT/sprio-OMeTAD/Si (red
circles and blue open triangles in Fig. 6(a)). Without the
conformal spiro-OMeTAD coating the photovoltaic perfor-
mance decreases rapidly by about 30% in 14 days compared to

J. Mater. Chem. A, 2017, 5, 8624-8634 | 8631
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a decrease of only 10% with the coating. This shows that the
organic film is hindering unwanted SiO, growth at the
interface.>

To determine the stability of AuCl; doping we compare the
stability of GO/spiro-OMeTAD/Si with and without doping
(both blue series in Fig. 6) in which it is clear that PCE drops
more over two weeks when doping is employed. A similar
degradation behavior was observed with AuCl; doped few-
layer graphene films in some previous studies.’””** The
small Au nanoparticles tend to aggregate due to the different
surface energy between the graphitic structure and the Au
nanoparticles. Furthermore, if some of the doping is being
caused by bonded CI™, these reactive groups are likely to
react with air and be removed from the surface. The reduc-
tion in performance with doping closely resembles the
reduction in film FOM (Fig. 6(b)) which indicates a strong
correlation between CNT film conductivity and PCE. In
addition to changes to the GOCNT film and Si interface, the
conductivity of the organic interlayer degrades with time as
the accumulation of Li-TFSI occurs, which is another factor
responsible for the degradation.®® The GOCNT/spiro-
OMeTAD/Si device without AuCl; doping (hollow blue trian-
gles) has the most stable normalized efficiency (above 0.9)
after 15 days. This is comparable to the most stable CNT/Si
heterojunction solar cells with the help of polymer encap-
sulating films.*®

4. Conclusion

Spiro-OMeTAD has been added between GOCNT and Si layers
to build GOCNT/spiro-OMeTAD/Si solar cells. AuCl; was an
effective dopant in improving the FOM of the GOCNT films.
After the optimization of the thickness of organic layer and T
of GOCNT top electrode, devices with 12.83 + 0.22% efficiency
have been fabricated. The spiro-OMeTAD interlayer plays
several important roles in the devices. It can not only act as an
HTL and EBL to improve the heterojunction properties by
reducing charge recombination, but also serves as a protec-
tion layer which physically eliminates shorts caused by Au
nanoparticles as well as the oxidation sources for the growth
of SiO,.

This journal is © The Royal Society of Chemistry 2017
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