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A
ttaching nanoparticles to the sur-
face of carbon nanotubes has been
considered as a general strategy to-

ward structural modification, morphology

control, and construction of innovative ar-

chitectures or heterostructures.1,2 The

nanoparticles are either directly grown on

the nanotube surface or connected to nan-

otubes by chemical functionalization, creat-

ing a wide range of hybrid materials with

tailored interaction (e.g., covalent or non-

covalent) between their components.1�5

Hybrids incorporating many different me-

tallic and semiconducting nanoparticles

have been reported recently, in which the

morphology and distribution of nanoparti-

cles can be reasonably controlled.4�10

These hybrid materials show promising ap-

plications in catalysis, sensors, and opto-

electronic devices.11�16 For example, fuel

cell electrodes containing well-dispersed Pt

nanoparticles on multiwalled nanotubes re-

sult in higher electrocatalytic activity and

stability than commercial Pt nanoparticles

on carbon black.11 CdSe�nanotube hybrids

are capable of light-induced charge trans-

fer and can be used as an electron trans-
port component in solar cells.16

There is a lot of interest in making bulk
heterojunction solar cells by incorporating
carbon nanotubes and their hybrid struc-
tures into conjugated polymers.17�20

Among these, attaching quantum dots
onto nanotubes with matching band gap
is considered as a potential way to enhance
light absorption and charge
dissociation.19,20 A major problem with this
type of hybrid solar cells is that charge
transfer and redistribution occur under
light excitation, which often dominates the
device performance. For example, the inter-
face between metallic nanotubes and con-
jugated polymer is found to be unfavorable
for exciton dissociation, which limits cell ef-
ficiency.21 If nanotube�nanoparticle hybrid
structures are incorporated into photovol-
taic devices, light-induced charge transfer is
a critical process that needs to be consid-
ered. In many instances, nanotube networks
can serve as electron acceptors from the ex-
cited CdS quantum dots, which results in
detectable photocurrent through the nano-
tube device.3,16 Investigation on the elec-
tronic interaction between nanostructures
in hybrid systems could facilitate develop-
ment of next-generation solar cells.

Recently, we reported heterojunction so-
lar cells by depositing a thin film of double-
walled carbon nanotubes (DWNTs) onto a
silicon substrate with power conversion ef-
ficiencies in the range of 1�7%.22,23 The en-
ergy band diagram across the heterojunc-
tion is favorable for charge carrier
separation, resulting in efficient hole trans-
port through the DWNT films and electron
flow through the silicon side.23 Here, we
grafted cadmium sulfide (CdS) nano-
particles onto single-walled nanotubes
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ABSTRACT Carbon nanotubes show great potential in developing solar cells with enhanced power conversion

efficiency, yet the device stability has not been thoroughly studied. Here, we show how the interaction between

components in a nanotube-based hybrid solar cell could cause a significant change in output voltage and fill factor,

resulting in photoinduced degradation in device performance. We functionalized carbon nanotubes with CdS

nanoparticles to make hybrid films and deposited these films onto silicon substrates to construct solar cells with

efficiencies up to 1.4%. The I�V characteristics show reversible change in response to light illumination,

suggesting potential applications as visible-light sensors. The fill factor and open-circuit voltage gradually

decrease under continuous illumination, inversely proportional to the incident light energy within a considerable

range up to 60 J. The unique photoresponse is attributed to a charge-transfer process between nanotubes and

nanoparticles under excitation and to change in series resistance in the solar cells.
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(SWNTs) and made CdS�SWNT�Si heterojunction so-

lar cells with efficiencies greater than 1%. Furthermore,

we observed significant degradation of solar cell perfor-

mance under light illumination due to introduction of

CdS nanoparticles into SWNT films. The I�V characteris-

tics and typical parameters of solar cells, such as fill fac-

tor (FF) and open-circuit voltage (Voc), show reversible

change during illumination followed by storage in the

dark. Previously, hybrid CdSe�SWNTs were incorpo-

rated into organic solar cells with limited efficiency,19

and later a model was proposed based on SWNTs fully

covered by CdSe,16 yet a device with tunable FF and/or

Voc has not been reported.

The fabrication of solar cell devices and light sen-

sors involves three basic steps, as shown in Figure 1.

First, SWNT arrays grown by chemical vapor deposition

(purity �99%) were dispersed into toluene with 0.1 vol

% oleylamine by sonication and functionalized with CdS

nanoparticles synthesized through a solution process

(see details in our recent publication24). The addition of

a small amount of oleylamine is critical for obtaining

stable hybrid materials with strong adhesion between

Figure 1. Fabrication of CdS�SWNT hybrid materials, solar cells, and light sensors. (a) Illustration showing the device fabri-
cation process (see arrows) consisting of functionalization of SWNTs with CdS nanoparticles, deposition of the hybrid films
onto silicon substrate, and the configuration of solar cells and light sensors in which the CdS�SWNT film connects to posi-
tive electrode (conducting holes) and the n-type silicon serves as the negative electrode (conducting electrons). (b) TEM im-
age of CdS-grafted SWNT networks with 85.7 wt % CdS nanoparticles. (c) Higher magnification TEM image of the hybrid ma-
terials consisting of SWNT bundles and dispersed CdS nanoparticles. (d) TEM image of CdS�SWNT hybrids with 50 wt %
nanoparticles. (e) SEM image of a solar cell showing the CdS�SWNT hybrid film deposited on a patterned Si/SiO2 wafer (the
white background region is SiO2). (f) Top morphology of the CdS�SWNT film showing interconnected bundles.

A
RTIC

LE

www.acsnano.org VOL. 4 ▪ NO. 4 ▪ 2142–2148 ▪ 2010 2143



CdS and SWNTs. At the same time, noncovalent func-

tionalization ensures minimum modification to the

electronic properties of SWNTs. Second, semitranspar-

ent CdS�SWNT thin films were made by vacuum filtra-

tion with controlled film thickness (100 nm to 1 �m)

and then transferred to a n-type silicon substrate as a

conformal coating. Third, solar cell devices were made

by connecting electrodes to the SWNT film (positive)

and Si substrate (negative). The electrical contact to

SWNTs was made on a 300 nm thick oxide layer to pre-

vent circuit shortage. The device performance and pho-

toresponse were measured under uniform AM 1.5G illu-

mination at a calibrated power intensity of 100 mW/

cm2.

Transmission electron microscopy (TEM) character-

ization shows a uniform attachment of CdS nano-

particles on oleylamine-functionalized SWNTs (Figure

1b,c). The diameters of CdS nanoparticles observed

were between 5 and 10 nm, roughly the same size of

the SWNT bundles. Separated CdS nanoparticles are

grafted onto a single or small bundle of SWNTs with-

out forming larger size agglomerates (Figure 1c). Good

SWNT�nanoparticle adhesion was obtained because

the nanoparticles remain on the SWNTs after more than

30 min bath sonication. The density and surface cover-

age of the hybrids can be controlled by the weight per-

centage of CdS (from 33 to 90 wt %) loaded during

the functionalization.24 For making solar cells, a mod-

est loading (�50 wt %) was used because the presence

of too much CdS nanoparticles may prevent SWNT in-

terconnection and reduce film conductivity. A loading

of 50 wt % CdS yields relatively lower surface coverage

(�10%) on SWNTs (Figure 1d).

Solar cells are made by depositing CdS�SWNT hy-

brid films or SWNT films (as control sample) on a pat-

terned silicon wafer (see Experimental Section). Scan-

ning electron microscopy (SEM) characterization shows

that CdS-grafted SWNT bundles form a two-

dimensional, interconnected film conformally coated

on both Si (active area) and SiO2 regions (for insulation)

(Figure 1e,f). The CdS nanoparticles present among the

film cannot be clearly resolved here. The hybrid film is

sufficiently thin to ensure that the incident light could

reach the SWNT�Si interface to produce charge carri-

ers from crystalline Si. The SWNTs in the hybrid film

form heterojunctions with Si and extract and transport

charge carriers (holes) like a transparent electrode. Here,

the CdS�SWNT�Si cell is more complex than the

DWNT�Si model we studied before23 because some

CdS nanoparticles may contact the Si substrate as well

Figure 2. Characterization of solar cells and light sensors under illumination. (a) I�V characteristics of two solar cells con-
taining different CdS weight percentages (50 and 33 wt %). (b) I�V characteristics of a solar cell under continuous illumina-
tion in which repeatedly collected curves were plotted at a time interval of 10 min (corresponding to an accumulated inci-
dent light energy of 30 J based on a device area of 0.5 cm2 and incident light power of 100 mW/cm2). (c) Plots of fill factors
after different illumination time (incident light energy) showing reversible change in two illumination cycles. After 50 min il-
lumination (the first cycle), the cell was placed in the dark and air for 6 h until its fill factor recovered to its original value,
and then illuminated for 50 min again (second cycle). (d) I�V characteristics of a control sample based on pristine SWNTs
showing no change of typical parameters (Voc, Isc, FF) under long time illumination.
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and form an extra interface. However, here we mainly

focus on the interaction between CdS and SWNTs and

discuss the unique optoelectronic behavior of

CdS�SWNT�Si cells.

The CdS�SWNT�Si solar cell with a 33 wt % of CdS

nanoparticles shows an open-circuit voltage (Voc) of

0.47 V, a short-circuit current density of 6.82 mA/cm2

(Isc), a fill factor (FF) of 43.7%, and a power conversion ef-

ficiency (�) of 1.4% (AM 1.5, 100 mW/cm2) (Figure 2a).

Increasing the loading of CdS (e.g., 50 wt %) causes a

shift of the I�V curve to the left, resulting in a reduced

efficiency. This may be because nanoparticles reduce

the interconnected nodes of the SWNT network and the

SWNT�Si contact area. Control samples based on pure

SWNTs show efficiencies up to 1.5%, indicating that a

modest loading of CdS (�33 wt %) does not decrease

the cell performance.

The I�V characteristics of CdS�SWNT�Si cells

change systematically during continuous illumination.

Figure 2b shows a series of I�V curves recorded every

10 min, in which the light energy received by each cell

(up to 150 J) was calculated based on the active area, il-

lumination time, and intensity. The fill factor of this cell

has dropped monotonically from 42.3% (fresh sample)

to less than 33% after 20 min of illumination (60 J) and

then became stable (Figure 2c). The cell recovers to the

original fill factor (43%) when placed in the dark for

6 h, and such reversible change is observed for many

cycles. For comparison, a SWNT�Si control sample

without CdS nanoparticles is very stable, maintaining a

constant fill factor under prolonged illumination (Figure

2d).

The shift of I�V curves is quite uniform during a

short period (less than 20 min) (Figure 3a). The de-

crease of fill factor exhibits a linear dependence on the

incident light energy within a certain range (up to 60 J)

(Figure 3b). Furthermore, the open-circuit voltage also

drops linearly with increasing light energy, from about

0.5 V (pristine sample) down to less than 0.45 V (Figure

3c). In our cells, similar to that presented in the litera-

ture,25 the open-circuit voltage may be associated with

the built-in field at the interface of SWNTs and Si that

mostly depend on the Fermi level difference between

components of the solar cell. The reason for voltage

change is unclear, although the electron doping of

SWNTs could alter the built-in field. Meanwhile, an-

other typical parameter, the short-circuit current, re-

mains nearly constant with respect to incident energy

(inset of Figure 3c). Such change of I�V characteristics

has been observed in most of CdS-containing devices

reproducibly, although the values of FF and Voc vary

slightly in different samples. The linear relationship be-

tween FF (as well as Voc) and incident light energy is a

useful property for constructing light sensors.

Figure 3. Linear dependence of fill factor and open-circuit voltage on the incident light energy. (a) A collection of 20 I�V
curves from a CdS�SWNT�Si cell for every 1 min (corresponding to an incident light energy of 3 J) during a continuous 20
min illumination. (b) Plots of fill factors of two cell devices showing linear decrease from FF � 42% down to FF � 35% with in-
creasing illumination time. (c) Plots of open-circuit voltages of the same two devices showing linear decrease from about
0.5 V to less than 0.46 V. Inset: plots of short-circuit current densities versus incident light energy (Win). (d) I�V characteris-
tics of a control sample (sealed with a PDMS film) showing similar shift of curves during continuous illumination. Inset shows
the decrease of fill factor of the control sample.
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Light illumination may cause oxygen desorption
(and readsorption) from SWNTs. We have removed this
possibility by coating a transparent polydimethylsilox-
ane (PDMS) film onto the SWNT film to ensure that the
top of cell device was fully sealed. As the SWNTs and
CdS are not directly exposed to air, oxygen desorption
due to illumination is inhibited. Interestingly, the PDMS-
covered solar cell shows a shift of I�V curves and lin-
ear decrease of FF during testing similar to uncovered
cells (Figure 3d). This indicates that the charge transfer
between CdS and SWNTs (rather than oxygen desorp-
tion) is responsible for the reversible change of I�V
characteristics of the hybrid film solar cells. Since CdS
exists mainly as individual nanoparticles along the
SWNT bundles (Figure 1d), the charge transfer be-
tween CdS particles with different sizes is minimal and
has negligible effect on the cell performance compared
with transfer between CdS and SWNTs. The charge-
transfer process in similar hybrid systems has been
studied in-depth by a few other groups.3,16 In our
CdS�SWNT hybrid, the green-light fluorescence at 494
nm from CdS nanoparticles is completely quenched
when they are grafted to SWNTs, confirming the strong
CdS�SWNT interaction and electron flow under excita-
tion (Figure 4a). In addition, we made a two-terminal
device based on a CdS�SWNT film, which shows an ap-

preciable increase in current flow when exposed to
light (Figure 4b). Notably, the current change saturates
after about 30 s in the two-terminal contact structure,
whereas light response (change of FF) in a solar cell con-
figuration could continue for at least 20 min, as shown
in Figure 2c. The hybrid films consisting of controlled
band gap nanoparticles also have the potential to re-
spond with different sensitivity to light intensity and
wavelength, according to a recent report.13

We have measured a SWNT�Si cell by adding se-
ries resistors in the range of 4 to 54 � and observed
that additional series resistance (Rs) causes a similar shift
of I�V curves and drop in fill factor (Figure 4c). Consid-
ering solar cells in which the SWNT film acts as a hole
transport path, the electron injection from CdS nano-
particles could reduce hole concentration, resulting in
the increase of Rs and decrease of FF. The change of Rs

(denoted as �Rs) in CdS�SWNT films due to charge
transfer can be related to incident light energy based
on the decrease of FF. For example, the value of FF has
decreased by more than 25% with an additional Rs of 44
� (inset of Figure 4c), while FF dropped by 23% for a
light energy of 60 J (Figure 2c). The increase of film re-
sistance (�Rs) shows a linear dependence on incident
energy to the CdS�SWNT�Si device, with a slope of
0.5�0.7 �/J (Figure 4d). By adding resistors to

Figure 4. Mechanism study of the photoresponse behavior. (a) Fluorescence spectra of CdS nanoparticles (peak at 494 nm),
SWNTs, and CdS�SWNT hybrids in which the emission of CdS is completely quenched. Inset: illustration of the electron trans-
fer from the CdS particles to the SWNTs under light excitation. (b) Recorded current flow change of a CdS�SWNT hybrid
film configured as a two-terminal device (illustrated in the inset) when incident light was turned on and off for time inter-
vals of 5 to 60 s (corresponding to 0.25 to 3 J), respectively. (c) I�V characteristics recorded from a control sample (SWNT�Si
cell) connected to additional series resistances increasing from 0 to 54 �. Inset: plot of normalized FF versus increased se-
ries resistance (�Rs). (d) Calculated relationship between the series resistance increase of CdS�SWNT�Si solar cells and in-
cident light energy.
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SWNT�Si cells, we observe a constant Voc and a de-
creasing Isc, as shown in Figure 4c, which is different
from the behavior of CdS�SWNT�Si devices under
continuous illumination. This implies that the increase
of Rs (due to charge transfer between CdS and SWNTs)
is not the only reason for the photoresponse of
CdS�SWNT�Si cells.

In summary, we have fabricated solar cells with effi-
ciencies �1% by constructing a hybrid film consisting
of CdS-grafted SWNTs on a Si substrate. The fill factors
and open-circuit voltages are tunable over a modest

range by light illumination. The CdS�SWNT�Si cells
can be extended to include other types of nanotubes,
such as double-walled and multiwalled tubes, or more
semiconductor nanoparticles with unique electronic
structures. It is also possible to explore the photore-
sponse of nanotube-on-Si solar cells to visible light as
well as near-infrared by introducing selected nanoparti-
cles with appropriate band gaps. The
nanoparticle�nanotube hybrid materials have the po-
tential to build innovative functional devices such as
photovoltaics, sensors, and optical detectors.

EXPERIMENTAL SECTION
Preparation of CdS�SWNT Hybrid Films: Pristine SWNT material

was provided by Prof. K. Jiang’s group, which was prepared by
chemical vapor deposition in the form of an aligned forest on a
silicon substrate. CdS nanoparticles were synthesized using a
procedure similar to that reported earlier.26 CdS�SWNT hybrids
were prepared via a noncovalent functionalization route as re-
ported recently.24 Thin films of CdS�SWNT hybrids were ob-
tained by vacuum filtration, transfer to desirable substrates, and
removal of filtration membrane (mixed cellulose ester mem-
brane) using proper solvents. Here, the film thickness and size
can be controlled by the solution volume and the membrane di-
ameter. These hybrid films were then transferred to a patterned
Si/SiO2 wafer with a window size of 7 � 7 mm2 where n-type sili-
con was exposed. The supporting membrane was completely re-
moved by washing with a large quantity of solvents (acetone
and toluene).

Sample Characterization and Device Testing. TEM characterization
was performed using a LEO 912 Omega transmission electron
microscope (Zeiss) at an accelerating voltage of 100 kV. SEM im-
ages were obtained using a Hitachi S-800 field emission scan-
ning electron microscope (FESEM). Photoluminescence spectra
were measured at room temperature using an ISS PC1 photon
counting spectrofluorometer with an excitation wavelength of
370 nm. To make a solar cell device, a layer of Ti/Pd/Au with a to-
tal thickness of 100 nm was predeposited on the back side of
n-type Si wafers before the deposition of CdS�SWNT hybrid
films. Two thin copper wires were connected to the front
(CdS�SWNT film) and back (Si coated with Ti/Pd/Au) electrodes
via silver paint. The device was illuminated from the CdS�SWNT
film side (as transparent electrode). Two types of control samples
were made in our experiments. One is a cell device based on
pure SWNT films without incorporating CdS nanoparticles. The
other is a PDMS-covered device made by drop-casting PDMS so-
lution onto the hybrid film and allowing the polymer to cure
overnight. Solar cell I�V characteristics were tested by a solar
simulator (Oriel 92250A-1000) equipped with Keithley 2400 un-
der AM 1.5G condition at a calibrated intensity of 100 mW/cm2.
Photoresponse of solar cells was characterized by recording I�V
data repeatedly (for example, at one minute intervals) under
stable continuous illumination to obtain a series of I�V curves
for comparison.
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