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ABSTRACT: Various approaches to improve the efficiency of solar cells
have followed the integration of nanomaterials into Si-based photovoltaic
devices. Here, we achieve 13.8% efficiency solar cells by combining carbon
nanotubes and Si and doping with dilute HNO;. Acid infiltration of
nanotube networks significantly boost the cell efficiency by reducing the
internal resistance that improves fill factor and by forming photoelectro-
chemical units that enhance charge separation and transport. Compared to
conventional Si cells, the fabrication process is greatly simplified, simply
involving the transfer of a porous semiconductor-rich nanotube film onto an

n-type crystalline Si wafer followed by acid infiltration.

KEYWORDS: Carbon nanotube, solar cell, acid doping, photoelectro-
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here has been a tremendous interest in developing next-

generation photovoltaics based on advanced materials such
as quantum dots, semiconducting nanostructrues, and conju-
gated polymers.' 7 Crystalline silicon remains the basic material
for high-efliciency stable photovoltaics, and recently it has been
demonstrated that Si nanowire junctions or Si wire arrays from
catalytic growth or electroless chemical etching can improve light
absorption and radial charge collection in photovoltaic devices
and also serve as electrodes for photoelectrochemical cells with
efficiencies in the range of 1 to 8%.57'% On the other hand,
integration of different nanostructures or polymers into Si-based
photovoltaics has been explored widely and many heterojunction
structures have been reported, such as GaN nanorods epitaxially
grown on n-type Si,"* InAs nanorods grown on p-type Si,"
multiwalled nanotube array grown in anodized alumina template
on Si substrate,'® and polymeric materials and molecules coated
on Si,'*'7 although the power conversion efficiencies of these
devices are still low (<3%). Despite these advances, fabrication of
photovoltaic devices surpassing the economic efliciency barrier
(10%) by simple methods and at acceptable costs remains a
grand challenge.'

Carbon nanotubes (CNTs) have high carrier mobility and can
be interconnected into two-dimensional networks with tunable
electrical and optical properties. Recently, we have demonstrated
that coating a CNT film on n-type Si results in Si-CNT
heterojunction solar cells with efficiencies up to 7%."® Compared
with p-n junction Si modules and devices incorporating other
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nanomaterials on Si, our Si-CNT structure holds several advan-
tages and potentially could lead to low-cost and high-efficiency
solar cells. First, the CNT film acts as the p-type layer to form
heterojunction with n-type Si and enable charge separation,
removing the high-temperature diffusion and element doping
steps in traditional Si cell fabrication.'” Second, the two-dimen-
sional conductive CNT network also serves as the transparent
electrode for charge collection and transport, therefore metal
wiring from the device surface that usually blocks a portion of
incident light is no longer necessary. Other structures consisting
of semiconducting nanowire arrays grown on Si still need a
common top electrode because individual nanowires are well
separated.'>'* Third, the efficiency of our Si-CNT cells can be
further improved by tailoring the composition (metallic tubes
versus semiconducting tubes) and thickness of the CNT film to
optimize the electronic and optical properties, as well as by
chemical functionalization of CN'Ts.2*! Last, the Si-CNT model
can be extended to other similar materials or structures, for
example, we have recently reported Si-graphene solar cells,”
CdSe nanobelt-Si cells,”® and Si nanowire-CNT photoelectro-
chemical cells.”* These studies also show the possibility to
combine CNT's with Si nanowires or semiconducting nanobelts

to form all-nanostructure solar cells.>**
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Figure 1. HNOj; doping and cell efficiency improvement in Si-CNT solar cells. (a) Ilustration of the solar cell structure based on a CNT network
coated on an n-type Si wafer and infiltration of nitric acid into the network to form Si-acid-CNT photoelectrochemical units in addition to Si-CNT
heterojunctions at the interface. (b) SEM image of the CNT film showing a porous network morphology. (c) J—V characteristics of the solar cell before
(black curve) and after (red) infiltration of dilute HNO;. (d) Dark J—V curves of the same cell before (black) and after (red) acid doping. Inset, plot of
In(I) versus voltage showing diode ideality factors before (1) and after (n,) doping.

Here, we report the achievement of high performance Si-CNT
hybrid solar cells by acid doping of the porous CNT network to
form numerous heterojunctions and photoelectrochemical units
in parallel, and shows a very high power conversion efliciency of
up to 13.8% under AM 1.5G, one solar illumination (100 mW/
cm®). We found that doping CNT films by infiltration of a dilute
common acid (HNO3) can significantly boost the device effi-
ciency by reducing internal resistance and assisting charge carrier
separation and transport. With nitric acid doping, we have been
able to reproducibly make Si-CNT cells with efficiencies in the
range of 11—13%.

Our Si-CNT hybrid solar cell consists of an acid-infiltrated
CNT film deposited on an n-type Si wafer (Figure la, see
experimental methods in Supporting Information for details).
The CNT film contains mostly single-walled nanotubes and
small bundles with an optical transmittance of >85%, sheet
resistance of <200 €2 per square, and a film porosity of about
70% (Figure 1b).>> A pristine Si-CNT cell shows a short-circuit
current density (J,.) of 27.4 mA/cm’, a fill factor (FF) of 47%,
and an efficiency (%) of 6.2% in the light (AM 1.5G, 100 mW/
cm®). With acid (0.5 mol/L HNOs) infiltration, the efficiency of
this cell in wet state increases to 13.8%, owing to simultaneous
enhancement in J,. (from 27.4 to 36.3 mA/cm”) and FF (from 47

to 72%) (Figure 1lc). Dark current density—voltage (J—V)
characteristics reveal that the diode ideality factor (n) has been
improved from 2.8 (without acid) to 1.4 (with acid) (Figure 1d).
In addition, the series resistance (R,) has dropped from 36 Q
(or 3.24 Q- cm?) in the pristine cell to 25 Q (or 2.25 Q-+ cm”) in
the doped cell, resulting in a very large FF (72%). The pro-
nounced effect of acid doping is general and reproducible for our
Si-CNT solar cells; in more than 10 cells tested here (with initial
efficiencies of 6—7%), their efficiencies have been enhanced to
11—13% after acid infiltration.

Our solar cells can produce very large J. values up to 36.3 mA/
cm”. Light reflection measurements on the Si-CNT cells shows a
high absorption of 70—90% through the visible and near-infrared
range (<1100 nm), due to the coating of a CNT film on Si surface
(Supporting Information Figure S1). Theoretical work has
estimated that in a textured Si p-n junction cell with an efficiency
of 29.8% the maximum [, is 42.2 mA/ cm® under a light
absorlz:»tion in the range of 80—95% (based on 100 um Si
slab).”® The Ji in our Si-CNT cells is still lower than this
limitation and might be further increased by improving the light
absorption.

There are several factors that contribute to the high efficien-
cies of Si-CNT hybrid solar cells. First, the CNT film synthesized
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Figure 2. Mechanism for high efficiency Si-CNT solar cells. (a) Raman spectra of the CNT film recorded at excitation wavelengths of 514 and 633 nm,
respectively. Inset, radial breathing mode peaks revealed in the spectra in which peaks of semiconducting nanotubes are marked in rectangles as “S33” or
“$22” and those of metallic nanotubes are marked as “M11”. (b) Sheet resistance of the CNT film measured after different periods of soaking in
concentrated HNO3. (c) J—V curves of a Si-CNT cell in dry state (black curve), after infiltration of NaCl solution (red), and dilute HNO; (blue),
respectively. (d) J—V curves of a Si-CNT cell after infiltration of HNOj3 with different concentrations (from left to right, 0.001, 0.01, 0.1, and 1 mol/L).
Inset shows the change of cell efficiency (77) and J,. with increasing acid concentration.

in our chemical vapor deposition (CVD) process contains
predominantly semiconducting nanotubes that can form hetero-
junctions with n-type Si for effective charge separation.17 Raman
spectra at excitations of different wavelengths show absence
(514 nm) or relatively low intensity (633 nm) of peaks corre-
sponding to metallic nanotubes (Figure 2a). Second, HNO;
doping of the CNT network can reduce series resistance that is
critical for obtaining large fill factors in solar cells.”” In our planar
device structure where a two-dimensional CNT film lays down
on a Si wafer without top electrodes, the sheet resistance of the
CNT layer accounts for the major internal series resistance
because charge carriers are transported through the network to
the outside and then collected. Immersing of CNT films in
concentrated HNO; (15 mol/L) for 4 h has resulted in the
decrease of sheet resistance by nearly 40%, from initially 160 to
less than 100 Q per square (Figure 2b). It has been observed by
other groups that HNOj; treatment caused decrease of CNT
sheet resistance due to p-type doping and removal of residual
molecules.”®* In addition, doping CNTSs by other chemicals
(thionyl chloride) to increase the carrier concentration and
improve cell efficiency by 50% has been reported.”*

Third, at the microscale acid infiltration resulted in the
formation of Si-acid-CNT units in the pores of the CNT
networks (illustrated in Figure la). The exposed Si surface in
the empty areas of the CNT film now is covered by acid, and

semiconductor—electrolyte interface forms. In a dry coating,
many overlapped and suspended CNTs may not contact the Si
substrate. The Si-acid-CNT units are formed in the areas
involving Si photoanodes and CNT cathodes in the vicinity
(including tube side-walls and suspended tubes/bundles) with
the acid as aqueous electrolyte. If nitric acid can assist the
extraction and transport of holes from Si to the CNT film, these
Si-acid-CNT units actually work in a manner similar to
(microscale) photoelectrochemcial (regenerative) cells.* A pos-
sible redox reaction here is hydrogen getting oxidized by
scavenging holes from Si anode and protons getting reduced at
the CNT surface by receiving electrons. Here the role of HNO; as
the electrolyte can be further proved by making a Si-HNO3;-CNT
structure where the CNT film was separated from Si by 300 nm
with HNOj; in between and demonstrating that this will work as a
photoelectrochemical cell (Supporting Information Figure S2).
Since all photoelectrochemical units and Si-CNT heterojunc-
tions are connected in parallel on the same side of Si, there is no
short circuit in the device. Given the high porosity of CNT films
(~70%), one could expect substantial enhancement in cell
efficiency by acid infiltration which simultaneously promotes
charge separation at the interface and provide additional charge
transport paths through the CNT network.

Infiltration by other liquids such as a salt solution did not yield
the same effect as acid doping. We started from a dry Si-CNT
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Figure 3. Stability and reversibility of HNO;3-doped Si-CNT cells. (a) J—V curves recorded on a Si-CNT cell infiltrated by HNOj; for S hours.
(b) Calculated cell parameters during this period. (c) J—V curves of a Si-CNT cell in pristine form (black), when doped with HNOj; (red), in dry state
after acid has vaporized (blue), and after 24 hours of exposure in air (orange). (d) Dark J—V curves of the pristine cell (black), HNO;-doped cell (red),
and the dry cell (blue). Inset, diode ideality factors of the pristine (n,), doped (n,), and dried (n3) cell.

solar cell with an efficiency of 2.6%, and infiltrated NaCl solution
(0.1 mol/L) or HNOj (0.1 mol/L) with the same concentration,
respectively. Although NaCl infiltration increases the current
density from 25.4 to 34.2 mA/cm’, the fill factor remains at a low
level (19%) (Figure 2c). In contrast, HNOj; not only increases
the current density to 34.4 mA/cm?, but also improves the fill
factor to 65%, resulting in a cell efficiency of 11.5%. Even this cell
has a relatively poor initial efficiency (2.6%), the acid infiltration
readily enhanced the device to an efficiency of >10%. The
S-shape in the higher voltage level (0.3—0.6 V) might originate
from the Si-CNT interface because the CNT film was directly
transferred to Si without further enhancement of contact. We
have also observed similar doping effect from other nonvolatile
acids, for example, infiltration of H,SO, (0.1 mol/L) using
the same procedure improved the Si-CNT cell efficiency from
6.2 to 10.4% (Supporting Information Figure S3). H,SO,
treatment could graft chemical functionalities on CNTs and
enhance the network conductivity.’' Furthermore, the effect of
acid concentration has been investigated in the range of 0.001 to
1 mol/L. Starting from a single Si-CNT cell, infiltration of very
diluted nitric acid (0.001 mol/L) resulted in a cell efficiency of
8.8%, and infiltration of more concentrated acid (1 mol/L)
resulted in an efficiency of 10.9% (Figure 2d). The current
density and cell efficiency has been improved consistently with
increasing acid concentration within the studied range.

We have tested the stability of Si-CNT cells during the acid
infiltration process for S h by recording a series of J—V curves at
one-hour interval. This cell has an initial FF of 63.8% and

efficiency of 10.3%, and during the first 2 h, the J—V curves shift
toward right side with increasing FF up to 76.3% and efficiency
up to 12.9% (Figure 3a). After that, we monitored a slight
degradation of fill factor and a decrease of cell efficiency from
12.9 to 10.4% (close to initial value). The fill factor is changing
here while the V. and J,. are rather stable (Figure 3b). In the first
2 h, increase of fill factor is mainly attributed to the gradual
infiltration process of HNO; and doping of CNTs, which
correspondingly reduce the series resistance. In the following
time, the drop of cell efficiency is probably due to the photo-
corrosion effects of Si in contact with strong acid. Under
continuous illumination, the photocurrent dropped from about
29 to 27 mA/cm” after 20 min (Supporting Information Figure
S4). The photocorrosion effect is under study, and it might be
possible to introduce a thin oxide layer on the surface of Si to
circumvent this issue for long time stability.

Since the acid used here is volatile, we studied the reversibility
of Si-CNT solar cells in doped (wet) and undoped (dry)
conditions. The tested cell had an initial J,. of 23.1 mA/cm”
and efficiency of 7.2%, which increased to 31.5 mA/ cm? and
9.2%, respectively, after 0.1 mol/L acid doping (Figure 3c). Upon
exposure to air, the cell efficiency drops to 8.9% when the nitric
acid completely vaporized. In this dry state, the cell maintains a
rather stable performance with slight decrease of efficiency (to
8.4%) after 24 h storage in air (Figure 3c). The dried cell after
doping recovered to the same current density (J;.) as that of its
pristine form with slightly improved fill factor. Dark J—V
characteristics monitored during the acid drying process shows
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that the diode ideality factor increased slightly from 1.4 (with
acid) to 1.47 (when acid vaporized) and then to 1.53 (after 24 h
exposure in air), which might be the reason for modest efficiency
degradation observed in this cell (Figure 3d). Infiltrating acid
again leads to change of cell efficiency in a similar way to the first
cycle, indicating that the acid doping of Si-CNT cells is a
reversible process and cell efficiencies in both infiltrated and
dry states can be controlled. Longer time stability tests show that
the performance degradation is within 10% when the HNO;-
doped cell was in dry state and exposed to air for 10 days, in
which the cell efficiency has dropped from 10.1 to 9.2% during
this period (Supporting Information Figure SS).

To summarize, we have demonstrated high efficiency Si-CNT
solar cells that can be reproducibly fabricated by coating a CNT
film on Si substrate and doping the porous film with acid. Built on
a basic cell structure consisting of semiconducting Si-CNT
heterojunctions, the acid doping reduces the internal series
resistance and provides more charge transport paths in the
porous material, resulting in significantly improved cell efficien-
cies in the range of 11—13%. The device performance might be
further improved by tailoring the electrical property and the film
porosity of CNTs. For practical applications, stability issues
related to Si photocorrosion and acid storage should be ad-
dressed, which might be circumvented by introduction of an
oxide layer or mild acid electrolytes and better device encapsula-
tion. The Si-CNT solar cells reported here are made by much
simplified process compared with traditional Si cells while meet-
ing the same basic efficiency requirement for solar cell commer-
cialization and practical use.
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