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Single-wall carbon nanotube �SWCNT� networks form a highly transparent and electrically
conductive thin film that can be used to replace traditional transparent conducting oxides �TCOs� in
a variety of applications. Here, the authors demonstrate their use as a transparent back contact in a
near-infrared �NIR� transparent CdTe solar cell. SWCNT networks are hole-selective conductors
and have a significantly greater NIR transparency than TCOs—qualities which could both make
them very useful in tandem thin-film solar cells. SWCNT networks can be incorporated into
single-junction CdTe devices and in CdTe top cells for mechanically stacked thin-film tandem
devices, as described here. The best device efficiency using SWCNTs in the back contact was
12.4%, with 40%–50% transmission between 800 and 1500 nm. © 2007 American Institute of
Physics. �DOI: 10.1063/1.2748078�

As conceived, thin-film tandem devices consist of a
wide-band-gap “top cell” connected to a narrower-band-gap
bottom cell. The top and bottom cells may be grown mono-
lithically or be mechanically stacked, and they may be either
current or voltage matched. Suitable pairs of materials for
top and bottom cells depend on various aspects of device
design. Potential candidates include CdTe–HgxCd1−xTe,
CuGaSe2–Cu�In,Ga�Se2, CdxMg1−xTe–Cu�In,Ga�Se2, and
other combinations of these materials.1–4 Although the inher-
ently lower minority-carrier lifetimes in thin-film solar cells
limit their theoretical efficiency compared to that of single-
crystal devices, thin-film tandem devices consisting of
current- or voltage-matched state-of-the-art single-junction
cells could realize up to 28% efficiency. This significantly
exceeds the achievable efficiency with single-junction thin-
film devices.1 One of the main challenges to producing a
highly efficient thin-film tandem is developing a top cell that
is both efficient and highly transparent to sub-band-gap light.
Developing a transparent back contact to the top cell is re-
quired, and it has been difficult to achieve.

Traditional transparent conducting oxides �TCOs� are n
type, and therefore cannot make an Ohmic contact to CdTe.
They are often used in conjunction with another material to
form a composite back contact. Several combinations, in-
cluding p+-ZnTe:N/n+-ZnO:Al �Ref. 5� and thin
p-CuxTe/n+-In2O3:Sn, have been used previously in trans-
parent CdTe devices.6 CuxTe forms an effective back contact
to CdTe, but it requires an indium tin oxide �ITO� layer to
reduce its sheet resistance when it is thin enough to be suf-
ficiently transparent. Although these contacts can be used to
make efficient and transparent devices, the TCO layers still
contribute significant free-carrier absorption losses in the top
cell that limit the performance of the bottom cell. ITO and
other TCOs exhibit free-carrier absorption at wavelengths
beyond about 800 nm, thereby limiting their utility as trans-
parent back contacts in tandem cells. However, a very high-

efficiency device �13.9%� that had a sub-band-gap transmit-
tance of about 50% was produced using a composite
CuxTe/ITO back contact.6

Single-wall carbon nanotube �SWCNT� networks have
been used in organic photovoltaic7,8 �PV� and Cu�In,Ga�Se2

�CIGS� devices.9 The SWCNT networks form a transparent
contact that is fundamentally different from traditional
TCOs. Device performance7 and fundamental characteriza-
tion data10 show that the networks are preferentially hole
conducting, whereas most TCOs are strongly n type. Signifi-
cant absorption is not apparent in the networks until well
beyond 2500 nm. These attributes, combined with our dem-
onstrated success of replacing ZnO:Al with SWCNT net-
works in CIGS devices,9 suggest their potential suitability as
interconnects in tandem thin-film PV devices.

CdTe solar cells are already well developed and are
readily produced in a configuration suitable for use in me-
chanically stacked tandems. The structure of the CdTe de-
vices described here is shown in Fig. 1. The CdTe devices
were fabricated according to the procedure given in Ref. 6,
with the exception of the transparent back contact. Briefly, a
Cd2SnO4 TCO film was deposited onto Corning 7059 glass
by radio-frequency sputtering. This was followed by sputter
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FIG. 1. CdTe top cell for a mechanically stacked thin-film tandem. SWCNT
networks are used as the transparent conductor layer in this work.
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deposition of a thin buffer layer of ZnSnOx and a thin nano-
CdS:O film. Next, an approximately 5 �m CdTe film was
deposited by close-spaced sublimation. The device was then
treated thermally with CdCl2 in air. Subsequently, the CuxTe
back contact was prepared by a three-step process that in-
cludes a CdTe surface etch, thin Cu film deposition, and a
postdeposition heat treatment. Several CuxTe-terminated de-
vices were sent to Eikos, Inc., for deposition of the SWCNT
network and protective polymer barrier layer. Metal-contact
grids were then applied, and the device properties were
measured.

Fabrication of transparent conductive films of single-
walled carbon nanotubes has been described previously.11,12

Single-walled carbon nanotubes were produced using the
arc-discharge method from Ni–Y packed graphite rods. The
nanotubes were found to have an average diameter of
1.43 nm, based on transmission electron microscopy, Raman
spectroscopy, and near-infrared �NIR� spectroscopy. This di-
ameter is typical of nanotubes produced using the arc-
discharge method. Soot from the arc reactor was purified
using a combination of acid reflux, washing, and
centrifugation.13,14 This process removed the majority of
metal catalyst particles and nontubular carbon. The remain-
ing material consists of a mixture of about 1 /3 �semi�metal-
lic and 2/3 semiconducting tubes. The purified SWCNTs
were dispersed in water and alcohol with the aid of sonica-
tion to form a stable dispersion. The dispersion was spray
coated onto the heated microscope glass or directly onto the
CdTe device. After drying, the resulting coating consisted of
essentially pure SWCNTs. The morphology of these coatings
can be described as a randomly distributed network of
SWCNT bundles with a high density of void space. The
SWCNT-coated devices were also dip coated in a conductive
polymer to apply a thin protective layer to the SWCNT net-
work for device processing. The SWCNT networks used in
this study had nominal sheet resistances of 50 or 100 � / sq.

Optical transmission and reflection of both the transpar-
ent contacts and the devices were measured using a Cary 5G
spectrophotometer between 300 and 1500 nm, which extends
beyond the required transparency range for an effective tan-

dem cell. Figure 2 compares the visible and NIR transmis-
sion of a thin film of ITO with that of 50 and 100 � / sq
SWCNT networks with the polymer barrier. The ITO was
sputter deposited at room temperature and is analogous to the
ITO film grown in Ref. 6. The SWCNT networks clearly
have more uniform transmission profiles and significantly
lower reflectance compared with ITO, although the 50 � / sq
SWCNT network has slightly lower transmittance in the vis-
ible than the ITO film. Free-carrier absorption begins to ap-
pear in the ITO transmission spectrum around 800 nm,
whereas it remains completely absent in the SWCNT net-
works. Figure 2 suggests that incorporating a 100 � / sq
SWCNT network into the transparent top cell could result in
lower optical losses compared with a device using ITO. Ad-
ditionally, the SWCNT networks are hole conducting and
should form a more Ohmic contact to CuxTe than ITO. An
Ohmic contact between a SWCNT network and CuxTe was
confirmed with a current density versus voltage �J-V�
measurement.

Device efficiency measurements were performed under
standard conditions of 25 °C and 100 mW/cm2 intensity us-
ing the AM 1.5 spectrum in an Oriel, Inc., solar simulator.

FIG. 2. Reflection and transmission spectra for ITO sputtered at room tem-
perature and two SWCNT networks with different sheet resistances. Both
the 50 and 100 � / sq SWCNT networks were incorporated into transparent
CdTe cells.

FIG. 3. �a� J-V curve for CdTe device with CuxTe/SWCNT back contact.
The SWCNT had a sheet resistance of 100 � / sq and the contact included a
polymer barrier layer. �b� Transmission, reflection, and absorption for the
12.4%-efficiency device.
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Figure 3�a� shows the J-V curve for the most-efficient trans-
parent device using the SWCNT network in the back contact.
This device was made with the 100 � / sq SWCNT network
and had an efficiency of 12.4%. Another identically fabri-
cated device showed slightly lower efficiency �12.2%� and
transmission. Table I contains the device parameters for our
demonstrated devices incorporating SWCNT networks and
for literature data on transparent CdTe devices. The SWCNT
network device efficiencies are nominally lower than the de-
vices described in Ref. 6, although the reason for this is not
immediately clear. The SWCNT devices have a higher open-
circuit voltage �Voc�, while short-circuit current density �Jsc�
and fill factor �FF� are reduced compared with the ITO de-
vice. This efficiency is still quite promising for an unopti-
mized device structure, and it also demonstrates that a hole-
conducting transparent material can function well as a
contact to CdTe/CuxTe. The increased Voc in the device in-
corporating SWCNT network contacts is also notable. If the
effect is real, the higher observed Voc could be due to a
number of factors, including an effect seen with different
back-contact metallizations15 or reduced contact area.

The optical transmission, reflection, and absorption spec-
tra for the 12.4% SWCNT device are presented in Fig. 3�b�.
The transmission of the device is above 40% between 800
and 1500 nm, with a peak transmission close to 50% near
900 nm. This is quite close to the best performance of a
well-studied transparent CdTe device using a CuxTe/ITO
back contact. Previous work shows that careful engineering
of the back side of the device is required to reduce the total
reflectance. A well-matched rear-surface antireflective �AR�
coating could increase the transmission by as much as 10% if
it can be designed to match the SWCNT network.6

A comparison of Figs. 3�b� and 2 suggests that the
SWCNT network does not contribute significantly to optical
losses in the device. As mentioned above, the reflection
losses observed in Fig. 3�b� may be significantly reduced
with a well-matched AR coating. Absorption decreases as a
function of increasing wavelength in Fig. 3�b�, whereas a
TCO would cause absorption to increase as a function of
wavelength due to free-carrier effects. This could be a criti-
cal reduction in top-cell absorption for mechanically stacked
thin-film tandems. Sub-band-gap transmission from the top
cell needs to approach 70% to achieve the U.S. Department
of Energy’s High Performance PV Program target efficiency
of 25% for a thin-film tandem PV cell,1 and SWCNT back
contacts could help achieve that goal.

This work has demonstrated that SWCNT networks form
part of a high-quality back contact in an efficient and trans-

parent CdTe top cell. The SWCNT networks present several
specific advantages over traditional TCOs for transparent
back contacts, including high NIR transparency, low reflec-
tance, and hole-selective conductivity. They are also highly
amenable to low-cost deposition processes. Cell efficiencies
and sub-band-gap transmission should increase dramatically
as the cell structure and processing are optimized. Work con-
tinues in this area to develop and understand highly efficient
and transparent CdTe devices using SWCNT networks.
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TABLE I. Device parameters for transparent CdTe devices discussed in this work. The top two devices use
CuxTe/SWCNT networks as back contacts, and the third is identical except that ITO is used instead of SWCNT.
The fourth device uses a different device structure, fabrication procedure, and back contact.

Back contact Jsc �mA/cm2� Voc �V� FF �%� � �%� Reference

CuxTe/100 � / sq
SWCNT 21.93 820.2 67.87 12.2

This
work

CuxTe/100 � / sq
SWCNT 22.25 818.1 68.18 12.4

This
work

CuxTe/ ITO 24.97 806.1 69.22 13.9 6
ZnTe:N/ZnO:Al 22 643 65.1 9.1 3

243503-3 Barnes et al. Appl. Phys. Lett. 90, 243503 �2007�

Downloaded 13 Jul 2007 to 128.104.1.219. Redistribution subject to AIP license or copyright, see http://apl.aip.org/apl/copyright.jsp


