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ABSTRACT: We have discovered that films of carbon single
wall nanotubes (SWNTs) make excellent back contacts to
CdTe devices without any modification to the CdTe surface.
Efficiencies of SWNT-contacted devices are slightly higher
than otherwise identical devices formed with standard Au/Cu
back contacts. The SWNT layer is thermally stable and easily
applied with a spray process, and SWNT-contacted devices
show no signs of degradation during accelerated life testing.

SWNT contacts

[ GRCCARNA Fa 77\ e T
o A AN

v *ﬁ%&’ﬂyﬁ&g

L < # &

KEYWORDS: CdTe, photovoltaic, nanotube, thin film, back contact

With a 145 eV band gap, a high absorption coefficient,
and proven low-cost, high-volume manufacturing,
CdTe-based photovoltaic (PV) technology accounted for
more than 7% of the 100 GW of solar power generatin§
capacity that was installed worldwide by the end of 2012."
New efficiency records for CdTe PV of 19.6%’ and 16.1%*
have been established recently at the cell and module levels,
respectively, and current manufacturing costs for CdTe ($0.64/
W,)® are lower than all other PV technologies. However, due to
a high electron affinity, a valence band edge that is 5.75 éV®’
below the vacuum level (Ey,), and a low p-type carrier
density® on the order of 10" cm™, it is difficult to make low
resistance electrical back contacts to CdTe solar cells.

Copper doping of CdTe assists in forming back contacts to
CdTe devices in both laboratory studies and commercial
applications, but Cu is known to diffuse through the p-type
CdTe absorber to the n-type CdS window layer and produce
junction-shunting pathways.'®"'* As a result, the efficiency of
commercial CdTe modules degrades by 0.7% per year."* Even
this slow degradation leads to panels that produce only 85% of
the rated output at the end of a 25 year lifetime. In addition to
slow degradation, Cu-related instabilities necessitate a 4—7%
derating of the module’s rated capacity at the factory due to
rapid degradation that occurs in the first 1—3 years."” If both
types of degradation could be eliminated, the levelized cost of
electricity (LCOE)' could be reduced by 129% without any
other changes in the device architecture or manufacturing
flow."> CdTe PV technology already competes favorably with
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silicon photovoltaics and coal-fired power plants in hot climates
and locations with high electricity prices, respectively, due to a
low LCOE. A lower LCOE would further accelerate the
adoption of PV technology and help the world address the
urgent need for CO, free power.

Because of the detrimental effects of Cu, several material
systems have been investigated for use as the back contact for
Cu-free CdTe devices. Most of this work has been focused on
modifying the barrier between the CdTe and the metal
electrode through reduction of the space charge region
thickness by including a p-doped semiconductor layer such as
szTe3,16’17 ZnTe,"*"” or MoO4*”*! on the CdTe back surface.
Alternatively, indium tin oxide®® has also been used. While
some success has been achieved, in general these back contact
methods result in lower device efficiency'”** and poor thermal
stability;”’zL23 however, high efficiency and thermal stability
has been achieved using Mo/Sb,Te; .!"**

Here, we demonstrate that carbon single-wall nanotube
(SWNTs) films can make a high-performance electrical back
contact to CdTe solar cells without the use of Cu. Back
contacts formed with SWNT films showed improved open-
circuit voltage (Vo) in comparison to cells fabricated with
standard Au/Cu back contacts and, once overcoated with a thin
metal layer, the solar-to-electric conversion efliciency was
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higher as well. The results are understood by considering that
individual SWNTs within the film extend through the film’s
thickness and make barrier-less contacts to individual CdTe
grains in the active layer of the device. Perhaps most
significantly, in contrast to contacts that employ Cu, the
SWNT contacts show no sign of band alignment degradation
after high-temperature thermal stress testing, suggesting that
long-term performance degradation can be eliminated.
Importantly, SWNT contacts can be applied with an
atmospheric pressure ultrasonic spray process that is amenable
to large areas and can be integrated with existing manufacturing
lines at low cost.

CdTe/CdS photovoltaic devices were grown by magnetron
sputtering on soda-lime glass coated with a thin fluorine-doped
tin oxide (FTO) transparent conducting layer. Magnetron
sputtering was chosen as the deposition technique to produce
films with compact grains and a relatively smooth surface.”***
Vapor phase CdCl, activation was employed to promote grain
growth, release interfacial strain, and facilitate sulfur and
tellurium mixing at the CdTe/CdS interface. After CdCl,
activation, CdTe samples were used without any further
processing. The deposited n-type CdS and p-type CdTe layers
were typically 80 nm and 1.5 ym thick, respectively. Because
our focus is on the performance of the SWNT back contact, no
efforts were made to optimize the efficiency of the CdTe/CdS
devices by, for example, increasing the CdTe thickness,
thinning the CdS layer, adding optimized buffer layers,
adjusting the CdCl, treatment, or using low-iron glass and
high-performance transparent conductors to increase light
transmission into the cells. Consequently, the typical efficiency
for these devices with a standard Au/Cu back contact under
AM1.5G simulated solar radiation was 10%. For comparison,
optimized CdTe devices fabricated by the UT/Lucintech group
on low-iron, soda-lime glass have reached 14.5% efficiency.”®

SWNTs were produced by a modified laser vaporization
technique’” and purified by a version of the process developed
by Nishide et al.** SWNT films (100 nm thick) were prepared
on the back surface of the CdTe devices by both membrane
transfer’ and ultrasonic spraying.®® Both techniques yielded
similar results. Sprayed films were prepared from SWNTs
suspended in aqueous sodium dodecylbenzene sulfonate
(SDBS) dispersions, and the SDBS was removed by successive
washes in deionized water. Since no acids were employed, the
as-prepared thin films were not significantly doped. More
details regarding preparation of the films can be found in the
Supporting Information. This report focuses on sprayed films
due to the inherent scalability of the ultrasonic spray deposition
process.

Results and Discussion. Representative current density
versus voltage (J/V) curves for CdTe devices prepared with
different back contacts are shown in Figure la, and key device
parameters are presented in Table 1. An evaporated, 30 nm
thick Au contact produced a J/V response under simulated
AML.S radiation with a short circuit current density (Jgc) of
19.5 mA/cm?. This value is good for the device construction,
but the Vo and efficiency (17) are poor. The Vi is low
because, even with a relatively high work function (¢ = 5.1 V),
Au creates an undesired Schottky barrier at the back contact
that impedes majority carrier transport out the back of the
device."*' When a 3 nm layer of Cu is evaporated before the
Ay, and the device is subsequently heated for 30 min at 150 °C
in air to promote diffusion of Cu into the CdTe, the V¢
improves from 665 to 757 mV and the efficiency improves from
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Figure 1. (a) Current density versus bias voltage (J/V) measurements
of CdTe devices with Au, Au/Cu, SWNT, and Au/SWNT back
contacts obtained under simulated AM1.5G solar spectrum. (b) Light
intensity dependence of efficiency (left) and fill factor (right) for
CdTe devices with Au/Cu and SWNT back contacts.

7.8 to 10.2%. The dramatic improvement in performance with
the addition of Cu highlights the importance of eliminatin§ the
~300 mV back barrier typical of gold and other contacts.'* As
indicated previously, it is difficult to make a low-resistance
electrical contact to p-type CdTe due to a low carrier
concentration and an energetically deep valence band. This
difficulty is typically overcome by (i) introduction of extrinsic
doping at the CdTe back surface to reduce the space charge
region thickness and allow defect-assisted carrier tunneling, or
(i) introducing another p-type semiconductor that can be
more readily doped and mediate the contact between the high
resistivity CdTe and a metal electrode.”** The inclusion of Cu
at the CdTe back surface is thought to perform both functions.
With the postdeposition heat treatment, Cu diffuses and reacts
with the CdTe surface to produce a higher doping level as well
as an intermediary Cu,Te phase. The Au/Cu contact is often
used in laboratory environments while commercial contacts
employ a thin layer of Cu overcoated with a less expensive
oxidation resistant metal such as Cr.*®

Figure la also shows J/V curves for a device finished with a
pure 100 nm SWNT film and a second device having a 100 nm
SWNT film overcoated with 50 nm of Au. Surprisingly, the
device with the neat SWNT film shows the highest V¢ (778
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Table 1. Average J/V Parameters for 18 CdTe Devices before and after Heating

back contact Voc (volts) Jse (mA/cm?)

fill factor (%) efficiency (%) series resistance (Q-cm?)

As Prepared
Au 0.665 + 0.75% 19.58 + 2.3% 62.04 + 1.7% 7.80 + 3.1% S.18 £ 5.2%
Au/Cu 0.757 + 0.40% 19.52 + 1.5% 69.00 + 2.5% 10.20 + 3.4% 4.12 + 10%
SWNT 0.778 + 0.77% 20.07 + 3.1% 39.15 + 12% 6.15 + 15% 18.86 + 9.1%
Au/SWNT 0.746 + 0.53% 21.12 + 1.5% 66.05 + 2.1% 10.40 + 1.1% 4.74 + 13%
After Heat Treatment (300 °C in Argon for 10 min)
Au 0.499 + 1.6% 19.73 + 2.2% 60.34 + 1.6% 594 + 2.5% 3.93 + 5.6%
Au/Cu 0.696 + 1.7% 17.64 + 1.3% 63.83 + 1.4% 7.83 £ 2.3% 6.58 + 7.0%
SWNT 0.783 + 1.3% 14.00 + 7.5% 2845 + 1.9% 3.12 + 8.7% 46.50 + 23%
Au/SWNT“ 0.773 + 0.51% 21.1S + 1.3% 67.21 + 2.1% 10.99 + 2.8% 6.29 + 16%

“Au films were applied to heated SWNT films. Heat treatment of Au/SWNT electrodes resulted in data similar to that found for heated Au contacts.

mV). The Au/SWNT contact was not heated after Au
deposition, and the SWNT films were only heated as required
during the SWNT spraying (140 °C), surfactant removal (50
°C), and film drying steps (80 °C). Although the spraying
temperature is comparable to the temperature required to
produce diffusion with a Au/Cu contact, the SWNT contact is
expected to be thermally stable since no metals are present and
the temperature is too low to initiate oxidation. The stability of
the back contact is further demonstrated in experiments in
which samples were heated to 300 °C (vide infra). The high
Voc indicates that the band alignment energetics at the
SWNT/CdTe interface produce a low barrier to majority
carrier flow without the need for introduction of Cu species.
The fill factor (FF) for the neat SWNT film is, however, quite
low (39%), so the photovoltaic conversion efficiency is also low
(6.15%). Because a single 1.0 mm diameter spring-loaded pin
collects current from the entire device area, the low FF is
presumably due to the significant sheet resistance of the SWNT
film (250 Q/sq, measured on glass). Overcoating the SWNT
film with 50 nm of Au reduces the effective sheet resistance to
~1 Q/sq and the FF improves dramatically. In fact, the
efficiency is found to be higher than in the Au/Cu reference
device (10.4 vs 10.2%, respectively).

The curves in Figure la are representative of hundreds of
individual devices that were examined for each type of back
contact. The devices compared in a given data set were
prepared from 1” x 1” samples that were cut from larger 3" x
5.5” plates. Each 1” x 1” sample yielded 24 individual 3 mm X 3
mm devices after laser scribing. With this approach, variation in
device performance due to factors other than the back contact
formulation could be determined. Table 1 shows PV perform-
ance parameters for a data set obtained with samples from a
single CdTe plate. In this case, the 3 worst and 3 best devices
from a 1” x 1” sample were eliminated and average data for 18
devices is presented. The average results are consistent with the
representative curves displayed in Figure 1a, and the very tight
spread in the obtained parameters indicates the reproducibility
of these experiments.

To verify that the sheet resistance of the SWNT films limits
the performance of the devices before application of the Au
layer, we examined the J/V behavior for Au/Cu and SWNT
contacted devices as a function of light intensity. For a Au/Cu
device, the FF and # remain nearly constant as the intensity is
reduced from 100 to 50 mW/cm® (Figure 1b). Equation 1
shows the relationship between ] and V for a solar cell when
series (Rg) and shunt (Rg,) resistances are explicitly considered

_ V + JR, V + JR,
e )-SR

Here, Jpy, is the light generated photocurrent, J, is the reverse
saturation current, k is Boltzmann’s constant, T is the
temperature, and n is the diode quality factor. The lack of
change in the FF and # while Jp, is reduced by a factor of 2
suggests that the voltage drop across the series resistance (JRg)
at these light intensities is small in comparison to the bias
voltage. This view is consistent with the relatively low series
resistances for these samples, which is associated primarily with
the resistance in the TCO layer (Table 1). Both the FF and 7
improve significantly as the light intensity is reduced below 50
mW/cm?, perhaps due to an increased shunt resistance
associated with a reduced photoconductivity in the CdS
material. >* Turning to the data for the SWNT back contact,
the FF and 7 are observed to be a strong function of light
intensity over the entire experimental range (Figure 1b). Once
again, the photogenerated current is reduced as the light
intensity is reduced, but in this case the voltage drop across a
larger Rg (Table 1) is more significant. At 10 mW/cm? the
voltage drop across Rg at the maximum power point becomes
less than 10% of V5 and the characteristics of the two devices
become quite similar. At the lowest intensities (<10 mW/cm?”)
the FF and # of the SWNT-contacted device actually exceeds
that of the Au/Cu device. Thus, we can conclude that devices
with neat SWNT contacts are limited in performance by the
series resistance associated with lateral charge collection in the
SWNT film. Evidently, there is little or no barrier to majority
carrier flow at the SWNT/CdTe interface, and the application
of a thin metal film on top of the SWNT layer only provides
needed lateral conductivity to compensate for the film’s high
sheet resistance.

The wavelength dependence of the carrier collection
efficiency was examined by comparing external quantum
efficiency (EQE) measurements of devices with Au/Cu,
SWNT, and Au/SWNT back contacts (Figure 2a). The EQE
responses were, overall, quite similar demonstrating that the
carrier collection efficiencies are essentially the same in all three
types of devices. The current densities were low for these
measurements so sheet resistance limitations were not
encountered for the SWNT contact without Au. The
substantial loss in QE between 400 to 550 nm is due to
absorption in the relatively thick CdS layer and differences in
the curves can be attributed to small CdS thickness variations.
Reduction in the collection efficiency at longer wavelengths
(550—800 nm) is associated with reflection from and
absorption in the FTO/glass stack (see Supporting Informa-
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Figure 2. (a) External quantum efficiency for CdTe devices with Au/
Cu, SWNT, and Au/SWNT back contacts. (b) Plot of n In J, vs 1/kT
for CdTe devices with Au/Cu and Au/SWNT back contacts from 80
to 280 K . E, was determined by a linear regression fit to the data, as
explained in the text.

tion). Interestingly, the collection of carriers generated at the
longest wavelengths (700—800 nm) is more efficient when
SWNT are included in the device, suggesting a slower
recombination velocity for minority carriers that are generated
near the back contact. The long wavelength response is further
improved when Au is applied to the SWNT layer. In contrast to
the variation in EQE that may be seen at the short wavelengths,
the performance improvement at long wavelengths with a Au
overcoat is consistently observed and mirrored in the Jsc gains
seen for Au/SWNT contacts (Table 1). However, the S—10%
improvement in the EQE in the 700—800 nm range cannot be
directly ascribed to light reflected back from the Au or SWNT
films since less than 1% of the incident light in this wavelength
range makes it to the back contact (Supporting Information
Figure S2). Clearly, more study is required to understand the
origin of this improvement.

To gain more insight, J/V curves were measured for
illuminated Au/Cu and Au/SWNT devices over a temperature
range spanning from 80 to 300 K. The J/V curves at each

temperature were fit to eq 1 to extract the temperature-
dependent values of ], and n. The temperature dependence of
Jo may be used to evaluate the activation energy (E,) for carrier
recombination according to eq 2 where ]y, is a prefactor that
may be assumed to be temperature independent for our
purposes™

_Ea
Jo = oo "P[E] @

Figure 2b shows a plot of n In ] versus 1/kT for devices with
Au/Cu and Au/SWNT back contacts from which the apparent
activation energy for carrier recombination can be evaluated. In
both cases, E, is near the band gap of the CdTe, establishing
that the dominant recombination mechanism is the same in
both devices and not a function of the back contact.

To investigate the structural characteristics of the SWNT/
CdTe contact, scanning electron microscopy (SEM) was
performed. At a relatively low acceleration potential (2 kV,
Figure 3a) SEM shows a 100 nm SWNT film deposited on
CdTe to be comprised of a fairly dense and tangled web of
individual SWNTs and SWNT bundles. Interestingly, when the
accelerating potential was increased to 10 kV and the
wavelength of the incident electrons was reduced, the SWNT
film became partially transparent and the underlying CdTe
grains could be imaged (Figure 3b). For comparison, a bare
CdTe surface is shown in Figure 3c. Evidently, the SWNT film
acts as a blanket that covers and conforms to the topography of
the polycrystalline CdTe thin film. Figure 3d shows an SEM
image of a SWNT film after deposition of 30 nm of Au. In this
case, we see 50—100 nm Au particles, suggesting that all of the
deposited Au remains on the surface of the SWNT film. There
is evidence that the Au decorates the SWNT bundles but the
deposited Au does not wet or 6penetrate the SWNT film,
consistent with previous studies.>® Surprisingly, this relatively
small amount of superficial metal is able to dramatically
improve the device efficiency by reducing Ry (Table 1).

While considering how SWNT's form a low barrier contact to
p-CdTe, it is instructive to review related experimental work
with graphite and graphene. Graphite pastes have been used to
contact CdTe PV devices but, as with Au contacts, diffusion of
dopant metals such as Cu, Hg, and Sb was required to create a
low back barrier.>” Similarly, graphene has also been employed
but, once again, Cu is always required.** ** Neither graphite
nor graphene by themselves has been successfully employed as
a low barrier back contact to CdTe solar cells, as expected due
to their relatively low work function (¢ = 5.0 eV).*' The
curvature and chirality possibilities for sp>-bonded carbon
atoms in SWNTs gives rise to both metallic (m-SWNTs) and
semiconducting (s-SWNTs) species. In similarity to graphite
and §raphene, the work function for m-SWNTs is 5 eV below
Ey,.”> However, the s-SWNTs in our samples have band gaps
that range from 0.7—0.9 eV. With heavy p-type doping, E; for
SWNTs can be near the valence band edges of the tubes, which
sit 5.35—5.45 eV below Ey,. Thus, the electrochemical
potential of the electrons that are presented by the SWNT
layer to the CdTe contact could be considerably more negative
than what is possible with either pure graphite or graphene.

To develop a better understanding of the electrical properties
of the contact, the structural characteristics of the film need to
be more thoroughly considered. Clearly, the properties of the
SWNT layer are significantly different from those in a
conventional, dense metal or semiconductor PV device layer.
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Figure 3. (a) SEM image of the SWNT/CdTe device at an accelerating voltage of 2 kV. (b) SEM image of the SWNT/CdTe device at 10 kV. (c)
SEM image of the bare CdTe surface at 10 kV. (d) SEM image of the SWNT surface after Au deposition at 10 kV.

Charge transport is ballistic within individual SWNTSs while
long-range conduction is impeded by the multitude of tube—
tube junctions that are present in a film.* Further complexity
arises because the film is porous and comprised of s-SWNTs
and m-SWNTs in a ratio of approximately 2 to 1.** The SEM
images of Figure 3 make it clear that the SWNT film cannot be
treated as a homogeneous layer with isotropic properties. Some
ordering of the SWNTs within the film might be expected if
low energy configurations could be sampled during a slow
deposition process,* but deposition via spray or membrane
transfer in our laboratories is done at a relatively high rate. In
the absence of any suggestion of ordering we instead assume
that the SWNTs are randomly oriented within the film. With
random orientation, we expect that some tubes, whether
individualized or in bundles, will extend across the thickness of
the film and “span” internally from one surface of the film to
the other.

To estimate the number of nanotubes that span a film of
thickness T, we consider a rigid nanotube of length L and the
surface area of a sphere swept-out by rotating it through all
angles about its midpoint. For a SWNT with a midpoint that is
located on the midplane of the film, the probability (Pg) that
both ends of a tube will be outside the film is given by the
fraction of the surface area of the rotational sphere that is
outside one surface of the film. A more complete treatment of
the problem (see Supporting Information) allows for the tube
midpoints to be located anywhere throughout the film’s
thickness. In this case, Pg is given by eq 3

T —
B=2

SEE1ISEE

L+ 3)

Using previous results for SWNTSs prepared similarly,*® we
take L to be 500 nm. Thickness T was determined to be 100

nm from optical profilometry and absorption spectroscopy
measurements. With these values, we determine that ~60% of
the SWNTs extend through the thickness of the film. The total
number of SWNTs that span the film per unit area can be
estimated using eq 4

4T

n="V
f2D’L (4)

Here, V¢ is the volume fraction occupied by the SWNTs and D
is the SWNT diameter. Taking D to be 1.6 nm to account for
1/2 of a van der Waals spacing around each tube, and V; to be
56%° we estimate that the number density of SWNTs
spanning a 100 nm film, that is, the product of n times Py, is
3.51 X 10* yum™ Note that this analysis is consistent with 2D
conductivity because L > T and all SWNTs are actually
confined to the film.** In a 2D limit that might be achieved with
layer-by-layer build-up of SWNT rafts, no SWNTs would
extend across the film. Though clearly inconsistent with the
SEM images in Figure 3, such a configuration would result in
poor transport perpendicular to the film and much higher
values of Rg even after deposition of gold. However, Rg of
SWNT-contacted devices is low after a thin Au layer is applied
and comparable to Ry for the Au/Cu contact (Table 1).
Consistently, the temperature dependence of Rs for a device
with a Au/SWNT contact varied by only +5% from 80 to 300
K, while tube—tube transport would exhibit a variation of at
least a factor of 2 over a similar temperature range.*>*°
SWNTs are quite flexible and with L ~ ST could span
between the surfaces of a film several times. Alternatively, if a
tube traverses the film thickness only once, there would be
multiple points at which it could be contacted at the surfaces of
the film. The value of L used here is a mean value from the log-
normal distribution of lengths produced by sonication,®® so
significantly more than half of the tubes are longer than L. This
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consideration leads to a higher density of spanning tubes. On
the other hand, the SEM images of Figure 3 show that the
SWNT layers are not entirely conformal to the nooks and
crannies between CdTe grains. This consideration reduces the
fraction of spanning tubes that could produce contacts to the
CdTe. In any case, the highly idealized rigid-rod approximation
indicates that a large number of nanotubes span the SWNT
film. If even 1% of the tubes that span the film contact the
underlying CdTe, several hundred contacts could be made to
each 1 ym-sized CdTe grain.

Regardless of the exact contact density there is clearly
intimate physical contact and strong adhesion of the SWNT to
the CdTe. Efforts to remove the SWNT layer from the smooth
CdTe surface with adhesive tapes in a pull test were completely
unsuccessful when the SWNT layers were devoid of graphite
impurities. The microscopic aspects of the film adhesion are
not well understood at this time but may be associated with
charge transfer interactions between SWNTs and semi-
conductor surfaces.*’

At the specific sites where SWNTs contact the individual
CdTe grains there will be nanoscale junctions with differing
electronic properties depending on whether the contacting
SWNTSs possess metallic or semiconducting character. In fact,
due to the evidently large contact density each individual grain
will likely be simultaneously “wired-up” by both s- and m-
SWNTS. The characteristics of each type of contact can be
considered separately.

The work function of m-SWNTs is similar to that of graphite
(S eV), so the m-SWNTs are expected to form junctions with
the CdTe that are rectifying without dopants such as Cu or Hg.
The work function for m-SWNTs is less than Au’s work
function, so the loss in V¢ in the J/V curves should be more
pronounced in comparison to the Au contact (see data in
Figure 1). Device modeling with SCAPS* software indicated
that, in similarity to Au, there was a significant barrier to hole
transport at the back contact in both forward and reverse biases.
Consequently, one can tentatively conclude that m-SWNTs do
not assist in creating the excellent SWNT back contact. This
conclusion is further supported by density functional theory
(DFT) calculations that were performed for SWNTs
interacting with InAs surfaces (vide infra).*’

Turning to consideration of the s-SWNTs, for the diameters
used here the valence band edges are located 5.35 to 5.45 eV
below Ey,. With a propensity for p-type doping,”® one may
expect that the low-lying valence bands of s-SWNTs afford a
good opportunity to make a low barrier contact to p-CdTe.
SCAPS modeling was once again performed to investigate the
band diagram for devices with s-SWNT back contacts (see
Supporting Information). J/V curves for s-SWNT/CdTe/CdS/
FTO devices where simulated as the Fermi energy of the s-
SWNTs was varied from the middle of the band gap to near the
valence band edge by increasing the doping level. At the highest
level of doping (10" cc™') the back contact barrier was nearly
eliminated and the experimental J/V curves were accurately
reproduced. However, the sheet resistance of the prepared films
was fairly high (250 Q/sq), indicating very little doping.
Furthermore, experiments designed to investigate the thermal
stability of the contact (discussed below) revealed that
thoroughly undoped SWNTs also produced good device
performance. Thus, it is clear that bulk doping of the SWNT
layer is not required to achieve the good performance that is
experimentally observed.
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Figure 4. ]/V response after heating CdTe devices to 300 °C under Ar
flow for 10 min with SWNT (green) and Au/Cu (red) back contacts.
The blue curve shows the J/V response for the SWNT-contacted
devices after heating and application of 50 nm of Au. Curves for
eighteen devices in each category are shown.

The role of SWNT doping and the thermal stability of the
copper-free SWNT back contacts were evaluated by comparing
the performance of CdTe devices with SWNT and Au/Cu back
contacts after heating in flowing Ar at 300 °C for 10 min. J/V
curves and key parameters are presented in Figure 4 and Table
1, respectively. The heat treatment causes virtually all dopants
to desorb from the SWNT film and increases the sheet
resistance of the film to ~600 Q/[] (see Supporting
Information). After the heat treatment, the Au/Cu devices
showed a reduced Vi and the rollover behavior that is
characteristic of a Schottky barrier at the back contact. The
change in the J/V response in comparison to the unheated
device (Figure 1) is a classic example of device degradation due
to loss of Cu from the back contact interface.'® In contrast, the
SWNT contacted devices exhibit no sign of rollover after the
heat treatment. Importantly, the V5 remained high, indicating
that the energetics of the band alignment at the SWNT/CdTe
back contact are not affected. However, the increased sheet
resistance leads to a significantly reduced FF, and the Js¢ values
are substantially lower than for the unheated device (Figure 1)
because the effective area over which current is collected by the
contacting pin is reduced. The excellent J/V response returns
once a thin layer of Au is deposited over the SWNT layer. We
note that a heat treatment was also performed on devices that
had been overcoated with Au (data not shown). In these cases
the Au diffused through the SWNT layer to the CdTe to form a
back contact that was dominated by the energetics of a direct
Au/CdTe contact (Figure 1). Current efforts in our
laboratories are focused on developing metal overlayers with
better thermal stability, and reducing the sheet resistance in the
neat SWNT films.

In the SCAPS simulations, it was necessary to posit a high
doping density for s-SWNTs to reproduce the experimental
data. However, the heat treatment studies revealed that high
homogeneous doping levels are not required to obtain the
correct band alignment needed for a high performance back
contact. While the band alignment was suitable prior to
deposition of the Au layer, as evidenced by a high Vj, the
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possibility of doping being produced in the SWNT film by the
Au was also investigated and found not to be significant (see
Supporting Information). On the other hand, the SCAPS
simulations could not model the data with explicit consid-
eration of only m-SWNTs under any circumstances. Here, only
the work function of the modeled material could be adjusted
and no values within reason could be found that reproduced
the experimental J/V curves. This result is consistent with
expectations that m-SWNTs would behave much like graphite
in this context, and produce a rectifying contact if the CdTe
were not doped with, for example, Hg or Cu.

A more accurate representation of the physics and chemistry
at the interface must deal with local charge distributions, charge
transfer interactions, and interface dipoles. Tung has applied
the electrochemical potential equalization method developed
for molecular species to solid state interfaces and found that
surface dipoles associated with bond polarization provide a
coherent explanation of both Fermi level pinning and the
Schottky barrier height dependence on interface structure.’!
Using similar concepts, first principles density functional
calculations showed that the electronic states of s-SWNTs in
contact with InAs surfaces could be shifted by more than 0.5 eV
in either the positive or negative direction due to interface
dipoles.*” Later, these calculations were confirmed experimen-
tally.>” Interface dipoles have been evoked more recently by
others in describing the behavior of SWNT films on SiO,
surfaces™ and in the production of low work function
electrodes for organic electronics.”® In the case of SWNTSs on
InAs, the direction of the shift of the SWNT band structure
depends on whether the InAs surface is reconstructed with In-
vacancy or As-vacancy terminations. In effect, the surface dipole
produces doping of the SWNT by virtue of dipole-induced
charge transfer interactions. The magnitude of the shift of the
electronic states expected for s-SWNTs in contact with CdTe
surfaces should be comparable to the InAs case due to a similar
difference in the Pauling electronegativity for the atomic species
in the two materials. Thus, rather than the homogeneous
doping that was implemented in the SCAPS modeling, the
doping can be done locally at the contacting points by the
surface itself. Experimental effort to detect this doping in our
samples with Raman and optical absorption spectroscopies
have been unsuccessful so far, presumably due to the large
volume of SWNTs in the 100 nm thick film that are left
unaffected by the surface. However, STM investigations of
single SWNTs on InAs surfaces has indeed confirmed the
phenomenon.**

Interactions between InAs surfaces and the (6,0) m-SWNT
were also theoretically investigated.*” Though the binding
mechanism was similar to that determined for (10,0) and
(17,0) s-SWNTs, namely a weak chemical bond between the
surface cation and the C—C 7x orbitals of the SWNT, a shift in
the electronic band structure was not observed due to strong
screening by metallic states that counteracts the dipole effect.
These findings validate the intuitive notion that m-SWNTs
should behave much like graphite in this context and produce
rectifying contacts with CdTe.

Though the calculations were for specific nanotube/semi-
conductor interfaces that allow the application of periodic
boundary conditions, the principles can be generalized to
polycrystalline surfaces that present many different types of
crystallite facets and surface terminations (see Figure 3). The
number of SWNT ends accessible at the film’s surface will likely
produce many types of contacts, some of which will be of low

barrier and therefore dominate the transport. Presently,
although more detailed understanding of our experimental
findings is required, we tentatively ascribe low barrier behavior
to junctions formed by s-SWNT at certain CdTe crystallite
facets, while high barrier behavior may be expected for s-
SWNTs contacting other crystallite facets where the dipole
induced shift in electronic states is of insufficient magnitude or
in the wrong direction. Within this “selective contact” model,
m-SWNTs are expected to produce relatively high barrier
junctions at all interfaces, and not participate significantly in
carrier transport.

A direct conclusion of our model is that certain SWNT's are
in better electronic equilibrium with the CdTe surface than are
others, and that electronic equilibrium between SWNTs in the
film is poor. Put differently, the SWNT film does not have one
common Fermi energy. The fact that the device contact
remains good even after thorough dopant desorption, makes it
clear that tube—tube contact and transport is not important to
establish low barrier contact. This would not be the case if
charge transport across the back of the device needed to occur
across multiple tube—tube interfaces, that is, if T were > L. If
the film did have one common Fermi energy, and it had been
shifted low enough to provide good overlap with the deep
CdTe valence band, then doping would be easily observed for
the s-SWNTs in the film via Raman or UV—vis spectroscopies.
However, as mentioned previously, this is not the case.

While SWNTs have been of significant interest for PV
applications for some time, most effort has been focused on
using SWNTs as contacts in organiCSS_57 and silicon®**%°
devices, or as a replacement for the transparent conducting
layers.**® Barnes et al.%" used the transparency of the SWNT
film to form a back contact to a semitransparent CdTe device,
but only after a Cu,Te interfacial layer has been purposefully
introduced. For completeness, we note that CdTe and CdS
have also been grown directly on patterned, vertically aligned
multiwall nanotube forests without the use of copper and
photoactive devices were produced.”” However, this device
generated an open circuit voltage of only 7 mV at very high
light intensities (see Supporting Information).

This work represents the first example of using SWNTs to
make a direct, low barrier electrical contact to a polycrystalline
semiconductor thin film without purposeful surface modifica-
tion. Our analysis suggests that s-SWNT's make direct, barrier-
less contacts to the individual grains in the polycrystalline CdTe
absorber layer and efficiently collect photogenerated charge,
while m-SWNTs form rectifying contacts. SWNT films have
parallel pathways for conduction through each type of tube in
these thin films, so the performance of the s-SWNTs
dominates. The SWNT layer is thermally stable and easily
applied with a spray process, and the Cu-free SWNT-contacted
device shows no signs of degradation during accelerated life
testing.

B ASSOCIATED CONTENT

© Supporting Information

Details of optical and low-temperature measurements, calcu-
lations of the number of SWNTs that span from the top to the
bottom surfaces of the SWNT film, SCAPS modeling,
discussion of SWNT doping, and comments on ref 62. This
material is available free of charge via the Internet at http://
pubs.acs.org.
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