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ABSTRACT: Carrier transport characteristics in high-efficiency single-walled carbon
nanotubes (SWNTs)/silicon (Si) hybrid solar cells are presented. The solar cells were
fabricated by depositing intrinsic p-type SWNT thin-films on n-type Si wafers without
involving any high-temperature process for p−n junction formation. The optimized cells
showed a device ideality factor close to unity and a record-high power-conversion-efficiency of
>11%. By investigating the dark forward current density characteristics with varying
temperature, we have identified that the temperature-dependent current rectification
originates from the thermally activated band-to-band transition of carriers in Si, and the
role of the SWNT thin films is to establish a built-in potential for carrier separation/collection.
We have also established that the dominant carrier transport mechanism is diffusion, with
minimal interface recombination. This is further supported by the observation of a long
minority carrier lifetime of ∼34 μs, determined by the transient recovery method. This study
suggests that these hybrid solar cells operate in the same manner as single crystalline p−n
homojunction Si solar cells.
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Carbon nanotube (CNT)/silicon (Si) hybrid solar cells are
a new class of photovoltaic devices which benefits from

the superior opto-electronic properties of CNTs1 coupled with
well-established Si photovoltaic technologies. These advan-
tages, further driven by a simple, cost-effective fabrication
process have recently stimulated intense research interest.2−9 A
transparent CNT film deposited on a Si wafer functions as a
charge carrier collecting conductive electrode and establishes a
built-in voltage for separating photocarriers. In this regard,
single-walled carbon nanotubes (SWNTs) are more suitable
than double- (or multi-) walled carbon nanotubes owing to
their tunable/direct band gap energies matching with a wide
range of the solar spectrum and better charge carrier transport
properties.1

Despite the high promise of this approach, many technical/
scientific issues remain to be resolved to make this approach
more viable for practical applications. The power-conversion
efficiency (PCE) of such solar cells needs to be improved, and
this should be realized through a cost-effective process. The
maximum PCE of SWNT/Si solar cells reported so far2 remains
below 11%, and their device ideality factors are significantly
greater than unity, indicating that carrier transport is limited by
recombination. Some alternative approaches have been
developed to achieve higher efficiency (>12%) by “wetting”
SWNT/Si interfaces,3−6 which rely on the in situ infiltration of
acid solutions3,4 or the control of electronic junctions via an
ionic liquid electrolyte.5,6 These methods, however, suffer from
the volatility of the incorporated liquid media; therefore, the

“wet-state” efficiency does not represent the intrinsic PCE of
solar cells.10

Besides the limited PCEs, the underlying transport
mechanism of SWNT/Si solar cells is not well-established
and remains under debate. This is mainly because SWNTs are
mixtures of both semiconducting and metallic nanotubes with
inhomogeneous diameters and chiralities,1 which leads to the
complexity in the nature of the electronic junction of SWNT/
Si.2 There are potentially three models of operation: p−n
heterojunction,7−9 metal−semiconductor (MS) Schottky junc-
tion,5 or metal−insulator−semiconductor (MIS) Schottky
junction that functions like a p−n homojunction.4 In the p−
n junction model, the SWNT thin film acts as a light-
transmitting p-type emitter, and photocarriers are separated
under the action of the built-in potential formed by the SWNT
(p-type)/Si (n-type) junction. In the MS Schottky junction
model, the Schottky barrier formed at the interface of SWNT
(M)/Si (S) is responsible for majority carrier-driven
rectification. A closely related transport mechanism is the
MIS Schottky model, where a thin insulator (I) (typically a few
nanometers) is inserted between SWNTs (M) and Si (S). A
thin layer of Si near the insulator is inverted, and a
photocarriers are separated by the built-in potential formed
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between the insulator (whose Fermi level is pinned to that of
the adjacent SWNTs) and the Si.2 However, due to the
significant nonideality of the devices reported so far,
clarification of the exact model has been elusive. The purpose
of this paper is to elucidate which model is dominant for the
devices with near-ideal transport characteristics, which will be
very useful to further design/optimize solar cells with improved
performance. In this work, we have demonstrated SWNT/Si
solar cells with an intrinsic PCE of >11%, greater than any
other previously reported CNT/Si solar cells.
SWNT/Si hybrid solar cells were fabricated by depositing p-

type SWNT thin films onto n-type Si (doping concentration:
∼1015−1016 cm−3) wafers. High-quality SWNT thin films were
fabricated by the “superacid sliding coating method” developed
in our laboratories.11 SWNT ink is prepared by adding
chlorosulfonic acid to SWNTs followed by stirring in a
nitrogen environment. A drop of the prepared SWNT ink is
sandwiched between two slide glasses, which are manually
pressed together and are slid across each other in opposite
directions. The slides are either slowly dried or gently dipped
into deionized water to remove any acid leached out of the film.
The resulting film is floated on the top of the deionized water
and is ready for transfer to the top of prepatterned Si wafers.
Prior to SWNT thin film transfer, thermal oxide (500 nm)
grown Si wafers were patterned with Cr/Au by photo-
lithography (top contact and etch mask). Top Si windows
were exposed by the wet-etch of the oxide, and back contacts
were fabricated using Al. The SWNT thin films floating on the
water were picked up by the top/back-patterned Si wafers. The
fabricated SWNT/Si windows were treated with hydrofluoric
acid (HF), then nitric acid to optimize the photovoltaic
properties. Subsequently, they were treated with gold salt
(gold(III) chloride hydrate in nitromethane) which further p-
dopes the SWNTs. Both steps are critical to achieve high
efficiencies (Supporting Information, S1). The completed
SWNT/Si solar cell has the architecture of a typical single
junction single crystalline p−n Si solar cell except that the
emitter layer is replaced by a thin SWNT film.
Figure 1a illustrates the schematic of a SWNT/Si solar cell.

Figure 1b is a photograph to show a SWNT thin film on a slide
glass prior to transfer to a Si wafer, prepared by the superacid
sliding coating method. Figure 1c top shows the plane-view
scanning electron microscopy (SEM) image of a representative
SWNT thin film revealing highly aligned SWNTs. The bottom
SEM image of a cross-sectioned SWNT/Si interface (60°
tilted) shows a conformal coating of SWNTs on the Si surface.
Figure 1d shows the current density (J)−voltage (V)
characteristics of a representative SWNT/Si solar cell under 1
sun (Pinput = 100 mW/cm2, AM 1.5 illumination). The
extracted device parameters are as follows; the short circuit
current density (Jsc) is 28.6 mA/cm2, open circuit voltage (Voc)
is 530.1 mV, and the fill factor (FF) is.74.1%, which results in
the PCE of 11.2%. This high FF of 74.1% is comparable to the
highest reported FF of >75% observed in a “wet-state” CNT/Si
solar cell.5 Our optimized solar cells exhibit PCE in a typical
range of 11−11.5%.11 To the best of our knowledge, these
values are greater than the PCEs of any organic/Si hybrid solar
cells reported so far, exceeding the high PCE (11.1%) of the
poly(3,4-ethylene dioxythiophene):poly-(styrenesulfonate)
(PEDOT:PSS)/Si nanocone hybrid solar cells recently
developed with conventional microelectronic processes.12

To understand the observed high efficiency, we investigate
the carrier transport mechanism by employing temperature-

dependent electrical characterization (Janis Instruments cryo-
stat). Figure 2a shows the dark forward J−V characteristics of a

SWNT/Si solar cell with varying temperature T, revealing the
increase of J with increasing T. The device ideality factor, n, is
determined under forward bias, and the linear fit to the plot of
ln(J)−V at its linear regime (Figure 2a, inset) yields the ideality
factor of 1.09 at 310 K. The room-temperature ideality factor of
our solar cells with >11% efficiency is typically in a range of
∼1.05−1.15 (n = 1.1 for the device in Figure 2a), significantly
smaller than those previously reported (1.4 < n < 3.8) for any
CNT/Si solar cells.2 These values close to unity are a feature of
transport characteristics with minimum interface recombina-
tion, as further discussed later. With high revere biases applied,
the devices typically undergo nondestructive reverse break-
down, as demonstrated with another device (Figure 2b). The
reverse breakdown voltage also increases with increasing
temperature, which indicates an avalanche breakdown mecha-
nism owing to the ionization impact of charge carriers,
generally observed in lightly doped p−n junction devices;13

as the temperature increases, the mean free path of carriers

Figure 1. (a) Schematic of a SWNT/Si hybrid solar cell. (b)
Photograph to show a SWNT thin film prepared on a slide glass for
transfer to a Si wafer. (c) Plane-view of a representative SWNT film
(top) and cross-sectioned view of SWNT/Si interface (bottom). (d)
J−V characteristics of a SWNT/Si solar cell under 1 sun illumination,
exhibiting a PCE of 11.2%.

Figure 2. (a) Temperature-dependent forward J−V characteristics of a
SWNT/Si solar cell. Inset shows the semilogarithmic plot of J−V at
310 K and its linear fit. (b) Temperature-dependent reverse
breakdown characteristics.
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decreases, thereby requiring a higher electric field for acquiring
sufficeint energy for ionization. In p−n junction devices with
avalanche reverse breakdown, the reverse breakdown voltage
Vbr at a certain temperature T is known to be Vbr(T) =
Vbr(T0)[1 + β(T − T0)], where T0 is room temperature and β is
the temperature coefficient.14 We calculate β as ∼1.1 × 10−3

(K−1), which is in good agreement with the values for p−n
junction Si solar cells (a typical range of −10−4 (K−1) to 10−3

(K−1)).15

The device ideality factor, n, is determined at various
temperatures from the linear regime of each ln(J)−V plot
yielding the largest slope (where V > qkT),13 shown in Figure
3a. It is observed to increase with decreasing temperature, as
shown in Figure 3b. The increase of the ideality factor with
decreasing temperature, T, has been observed in a variety of p−
n hetero (or homo) junction solar cells such as organic/
organic,16 organic/inorganic,17 and inorganic/inorganic hetero-
junction solar cells18 as well as Si-based homo19 or
heterojunction20 solar cells. Such temperature dependency is
generally explained by tunneling-enhanced recombination
models21,22 which take into account the tunneling-enhanced
recombination rates of charge carriers via bulk recombination
centers having an exponential distribution in energy. These
models predict a linear relationship in 1/n vs T at moderately
high temperature where the contribution of the tunneling is less
dominant, which is in an agreement with our observation
(Figure 3b, inset). Some deviation from linearity at low
temperature (<∼190 K) is attributed to enhanced tunneling.
The dark forward J−V characteristics are empirically

expressed as J = J0 exp(qV/nkT) where J0, n, k, T, and q
represent the saturation current density, device ideality factor,
Boltzmann constant, temperature, and unit charge, respec-
tively.13 The saturation current density J0 is expressed as J0 = J00
exp(−Ea/nkT) for p−n junctions, where J00 is the temperature-
independent prefactor and Ea is the thermal activation energy
barrier responsible for current rectification.13 This equation
predicts a linear relationship in the plot of n × ln(J0) vs 1/T,
where its linear slope yields the activation energy Ea.

16−18,20−22

In organic/Si heterojunction solar cells, it is known that Ea is
related to the band gap energy (Eg) of light absorbing materials
(diffusion transport) or interfacial barrier height at which
charge carriers recombine (interface recombination trans-
port).23 The saturation current density J0 is determined by
the intercept of the linear fit in the plot of ln(J) vs V
extrapolated to zero-bias.16,17 Figure 3c shows the plot of n ×
ln(J0) vs 1/T in the temperature range of 310−250 K where Ea
is determined to be ∼1.12 eV. This value matches well with the
band gap of Si in this temperature range,13 suggesting that the

temperature-dependent rectifying characteristics originate from
the thermally generated/activated intrinsic carriers in Si, and
that Si is the light-absorbing/photocarrier generating active site
in the SWNT/Si solar cells. This large activation energy rules
out the possibility of the MS Schottky junction model for our
devices, as further discussed later. The role of the SWNT thin
film is to establish a built-in potential for carrier separation/
transport and its contribution to photocarrier generation is
insignificant, as implied by its very high transmittance (which
should be >90% at 550 nm wavelength).24 Recent optical
characterization of incident photon-to-charge carrier efficiency
with similarly structured-SWNT/Si solar cells also revealed
dominant absorption peaks near the band gap of Si.9,25 In
addition, by extracting Ea and J00, we predict Voc to be ∼0.52 eV
using Voc = Ea/q − nkT/q × Ln(J00/Jsc)

16,26 which is close to the
experimentally measured value. We note that the above
methodology to extract the band gap of light absorbing
materials using the activation energy plot have extensively been
employed in investigating the carrier transport mechanisms of a
variety of heterojunction solar cells.18,21,22,27,28 In fact, the
dominant photocarrier generation in Si has been identified in
various organic/Si hybrid solar cells by correlating Ea with the
band gap of Si, while these solar cells exhibit recombination-
dominated carrier transports with large ideality factors.29,30

In the general p−n junction model, the total dark-current
density Jt constitutes the diffusion current density Jd (diffusion
of carriers in neutral regions, i.e., bulk recombination) and the
generation−recombination current density Jr (thermal gen-
eration−recombination of carriers inside space-charge regions,
i.e., interface recombination).13 When Jr is insignificant, Jt
becomes dominated by Jd, and the device ideality factor
becomes close to unity. In this case, the temperature
dependence of Jt is primarily determined by the intrinsic
carrier concentration ni of the light absorbing material; thus its
band gap energy, since Jt ≈ Jd ∝ ni

2 ∝ exp(−Eg/kT). The ratio of
the recombination current vs the diffusion current is known to
be Jr/Jd ≈ (n − 1)/(1 − 0.5n),31 which yields ∼81% of Jd with n
= 1.1, further confirming that the transport is dominated by
diffusion. This diffusion-dominated transport with suppressed
generation−recombination current are responsible for the
enhanced efficiency of the devices, similarly observed in high-
efficiency heterojunction intrinsic thin layer (HIT) p−n Si solar
cells, as revealed by the plot of n × ln(J0) vs 1/T.

27,28

We note that our solar cells exhibit the enhanced
contribution of interface carrier recombination at low forward
bias, which becomes more pronounced with decreasing
temperature. The close-up view of the forward ln(J)−V plots
(310 and 220 K) at <0.5 V reveals two distinct linear regimes

Figure 3. (a) Determination of ideality factor from the semilogarithmic plots of J−V at varying temperatures. (b) Variation of ideality factor, n, with
varying temperature, T. Inset shows the plot of n vs 1/T. (c) Plot of n × ln(J0) vs 1/T to extract the activation energy of ∼1.12 eV.
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separated at high/low bias in each plot (Supporting
Information, S2a). The low bias-linear regimes yields smaller
slopes than those from the high bias-linear regimes (diffusion-
dominated), which represents the increase of interface
recombination.32 Moreover, the value of the V which separates
the two linear regimes also increases with decreasing temper-
ature, similar to the transport characteristics of various p−n Si
solar cells.27,28,32,33 The activation energy plot (Supporting
Information, S2b) obtained from the low bias regime yields Ea
∼ 0.91 eV, smaller than that from the diffusion regime,
indicating an increase of interface recombination (Ea should be
Eg/2−0.56 if the transport is dominated by interface
recombination only13). Thus, at low temperature and low
bias, interface carrier recombination can occur, but under the
normal operating condition of our solar cells (i.e., at/near room
temperature and forward bias with V >qkT), diffusion transport
dominates.
To further support the diffusion-dominated carrier transport,

we characterized the minority carrier recombination lifetime of
these cells by using the reverse recovery transient method.34,35

The p−n junction diode is operated by abruptly switching
forward-to-reverse bias, and the resultant transient response
directly corresponds to the lifetime of minority carriers (Figure
4 inset). Figure 4 shows the room-temperature recovery

transient characteristic from the same device in Figure 2a. The
current response shows three distinct phases of constant
forward current (If), constant reverse current (Ir) for a short
period of time (ts), and slow decay/saturation of the reverse
current, yielding the minority carrier lifetime, τ, to be τ = ts/
[ln(1 + If/Ir)].

34 From this equation and Figure 4, the minority
carrier lifetime is determined to be ∼34 μs. We can compare
this to the carrier lifetime theoretically estimated from the
forward-bias device characteristics for diffusion-dominated
carrier transport.31 By differentiating Jt with respect to V, one
can obtain (∂Jt/∂V)|V=0 ≈ (q/kT)(qni,Si

2 /ND)[(Dp/τ)
1/2] where

ND is the doping concentration of Si, Dp is the diffusion
coefficient of holes, and τ is the lifetime. Using ni = 1.1 × 1010

cm−3, ND = 1.5 × 1015 cm−3, and Dp = 12 cm−2 s−1, we estimate
the lifetime to be ∼18 μs, in reasonable agreement with the
measured value. All of these observed device characteristics,
that is, the small ideality factor, long carrier lifetime, and
diffusion-dominated transport, strongly indicate the suppres-
sion of interface recombination. It is encouraging that our low-
cost/hybrid approach is capable of forming high-quality p−n
junction, which has conventionally relied on conventional Si
microfabrication, such as ion implantation and high-temper-
ature/vapor-phase processes.
Of the three potential device models (p−n heterojunction,

MS Schottky junction, or MIS Schottky junction), the easiest to

rule out is MS Schottky junction model which is expressed by J
∝ A*T2 exp(−ϕ/nKT), where A* is the Richardson constant
and Φ is Schottky barrier height.13 The Schottky barrier height
can be determined from the Richardson plot of n × ln(J/T2) vs
1/T under varying temperature. The Richardson plot with our
data yields an activation energy value of ∼1.56 eV, significantly
greater than the theoretically predicted (or experimentally
measured) SWNT/Si Schottky barrier height2,36 (Supporting
Information, S4). A second piece of evidence is the small value
of the dark saturation current density J0 (∼7 × 10−11 A cm−2 at
room temperature) observed in our solar cells. It is well-known
that the J0 of MS Schottky solar cells are much larger than those
of p−n junction solar cells, due to the lower Schottky barrier
height.12,37 We note that J0 of various carbon-based thin film/Si
hybrid Schottky devices at room temperature are much larger
than that of our SWNT/Si solar cell, such as graphene/Si
Schottky junction solar cells (J0 ∼1 × 10−8 A cm−2) irrespective
of the chemical doping of the graphene,38,39 or conjugated
polymer/Si Schottky junction solar cells (J0 ∼ 1 × 10−7 A
cm−2).12 Even with the much smaller J0 of our solar cells, we
still have Voc values comparable to those of CNT/Si (or
carbon/Si) MS Schottky junction solar cells, mainly due to the
much smaller ideality factor of our devices. For example, using
Voc = nkT/q × Ln(Jsc/Js), we calculate Voc to be ∼0.56 V for our
devices, which compares well to the graphene/Si Shocttky
junction solar cells which have Voc (calculation) ∼0.50−0.57 V
(the range due to uncertainty in ideality factor) and Voc
(experiment) = 0.54 V.38 Finally, a measurement of the
capacitance (C)−voltage (V) characteristics yields a linearity in
the 1/C2−V plot (Supporting Information, S3), which is
consistent with the characteristic of a highly asymmetric p−n
junction.
The characteristics of MIS Schottky junction devices are

similar to those of p−n junction devices, since both are based
on minority carrier transport and similar activation energies are
possible.40,41 In Si-based MIS solar cells, the insertion of a thin
SiOx in between Si and metal is essential for efficient charge
carrier separation, and minority carrier transport through this
insulating layer is based on tunneling. Such a transport
mechanism has been claimed with CNT/Si solar cells where
improved device characteristics were observed with SiOx on the
Si surface.42 However, our SWNT/Si solar cells show opposite
characteristicsnamely, the closer-to-unity ideality factor and
enhanced PCE by removal of SiOx with HF. Without the
removal of the SiOx (after SWNT deposition), device
parameters (n, Jsc, and FF) significantly degraded, inconsistent
with a MIS Schottky junction model. Also, it is important to
note that our nitric acid treatments are not likely to introduce a
SiOx layer thick enough (>1 nm) for the formation of the MIS
structure41 owing to their mild process conditions (∼3 wt %,
room temperature, 20 s duration).43

In summary, we have fabricated SWNT/Si solar cells with a
record high PCE of >11% for CNT/Si solar cells. By employing
temperature-dependent electrical characterizations, we have
revealed diffusion-dominated p−n junction transport and
dominant photocarrier generation in Si. This study suggests
that the superior photovoltaic properties of single-crystalline Si
can be realized by a simple, low-temperature process, thus
implying a great potential for low-cost, high-efficiency solar
cells. The fact that high PCE can be achieved without a need
for complicated processing of CNTs (such as sorting-out of
nanotube type) is very encouraging for further utilization of
CNTs for various photovoltaic applications.

Figure 4. Reverse recovery transient characteristic of a SWNT/Si solar
cell. The inset illustrates the schematic of the measurement setup.
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