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the properties of the nanotube film,[3] or
the silicon surface,[4] as well as in underThe latest advances in carbon nanotube–silicon heterojunction solar cells
standing of the underlying operational
are combined with a new doping protocol based on the outstanding electron
principles.[5] Although relatively good
withdrawing properties and excellent silicon surface passivation ability of
power conversion efficiency of 17% has
sulfonated polytetrafluoroethylene (Nafion). Using this new dopant for carbon
previously been reported with this archinanotube–silicon solar cells, advanced substrate design, and an optimized
tecture, it came from devices with less
antireflective texture fast etch with organic base, breakthrough performance
than 1 mm2 active areas.[6] Typical efficien2
cies and active areas reported in recent
is obtained from research grade devices with active areas of 1 and 5 cm ,
years have been on the order of 13–16%
which yield power conversion efficiencies of 17.2 and 15.5%, respectively.
for ≈9 mm2,[7] but as the active area has
increased into the range of 1 cm2 or more,
the reported efficiencies have tended more
toward 10–12% largely due to resistive power losses in the
Heterojunctions of carbon nanomaterials interfaced with
thin nanotube film.[8] Various nanotube dopants and doping
silicon respond to light illumination and can be operated in
[1]
the power regime as solar cells. As the global photovoltaics
schemes have been introduced, such as nitric acid,[9] metal
industry strives to reduce the levelized cost of electricity
salts,[5c,7c] and metallocenes,[10] as well as a host of interlayers[11]
through increases in power output and/or reductions in manuand antireflection/encapsulant coatings.[6,7,12] Of the dopants
facturing costs, this type of solar cell offers potential benefits
that have been reported, only the Cu(I)/Cu(II) redox couple
due to its solution processability, the lack of high temperareported by Cui et al.[7b] has demonstrated long term stability
ture diffusion and firing steps, and lower material cost when
(up to one year in ambient). Although random pyramid antirecarbon nanotube wires are used in place of silver metallizaflective texturing is a key process throughout silicon photovoltion. Since the earliest reports of carbon nanotube–silicon
taics, only two previous reports have used it conjunction with
solar cells around 2007/08,[2] there has been steady progress
nanotube films.[13]
in device development focused primarily on aspects relating to
The use of the perfluorinated polymeric acid Nafion has been
reported as a stable p-type dopant for carrier selective carbon
nanotube films in organic solar cells by Jeon et al. in 2018,[14]
and its excellent passivation properties on n-type silicon have
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field is achieved over previously unsurpassed active areas.
can be found under https://doi.org/10.1002/aenm.201903261.
To begin, high quality, moderately doped, n-type Cz silicon
© 2019 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA,
wafers (0.1–0.3 Ω cm, SSP, <100>, 380 µm thickness) with a
Weinheim. This is an open access article under the terms of the Creative
100 nm thermal oxide were used, then a two-step UV lithogCommons Attribution License, which permits use, distribution and reproraphy process and Cr/Au evaporation was applied to form the
duction in any medium, provided the original work is properly cited.
structure shown in Figure 1 (with additional photographs in
Figure S1, Supporting Information). In the first lithography
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Next, a random pyramid texture was introduced in the junction region as shown in
Figure 2a and Figure S2 (Supporting Information) by etching in 1% TMAH @ 75 °C for
9 min, resulting in a total reflectance of ≈11%
@ 800 nm (Figure 2c,d), but after which further etching did not decrease the reflectance,
as shown in Figure S3 (Supporting Information). For the nanotube film, we used a mixture of long double-walled nanotubes and
short, small diameter, single-walled nanotubes rich in the semiconducting (6,5) chiral
species, that we have developed and optimized for high conductivity, high transmittance, and good dopant response (Figure S4,
Supporting Information). The nanotube films
were cast from a superacid dope as described
previously[4f,5c,e,18] and then floated onto water
before being picked up directly onto the
target substrates. This yielded surfaces such
as that shown in Figure 2b, with the thin
Figure 1. a) Graphic representation of device, b) cut out schematic showing the different layers nanotube films draped over the pyramids,
contacting the upper ≈1/3 of the pyramids’
of the device structure, c) electron microscopy image showing the end of a gold contact finger
where it joins the rest of the gold electrode that frames the active area, d) higher magnification
sides and stretching between them. After
of the region indicated in (c), showing the gold front electrode and contact finger sitting on deposition of the nanotube films the total
SiO2 that has been undercut during the etching of the pyramid texture. Scale bars are 40 and
reflectance was decreased further by ≈1.5%
5 µm in (c) and (d), respectively.
@ 800 nm, most likely due to absorption by
the nanotubes, which had transmittances of
≈97.5% @ 800 nm when measured on flat glass (Figure S5,
step, the photoresist was used as an HF etch mask to create
Supporting Information). However, as seen in Figure S5 (Supwhat would later be the nanotube–silicon junction region.
porting Information), the nanotubes absorbed more strongly in
In the second lithography step, the resist was used to define
the UV region and less strongly in the IR region, resulting in
the front side metallization, which was offset from the junclarger and smaller changes of the reflectance, respectively.
tion region by 5 µm. This two-step process means that the
To dope the nanotube films, a colloidal solution of CuCl2/
metallization was not used as the HF etch mask as in many
previous reports, and thus prevented the undercutting of the
Cu(OH)2 in ethanol/water was first spin coated onto the nanofront metallization that occurs during the oxide etch process,
tube–silicon surfaces as per Cui et al.[7b] However, unlike in the
as well as during our subsequent texture etch. Additionally, by
case of planar devices, in which the copper colloid effectively
creating such a stepped structure between the front side metalreduces reflectance by a combination of scattering, thin film
lization and the nanotube–silicon junction area, we reduced the
interference effects, and better refractive index matching with
maximum vertical distance over which the nanotube film must
air compared to silicon, in this case the surface that resulted
stretch (by splitting the total distance into two smaller steps),
after spin coating was somewhat more reflective than before,
and produced an overall more robust substrate for research;
as shown in Figure 2c. The cause of this can be identified in
allowing devices to be exposed to repeated doping, washing, and
Figure 2e, where large crystallites of the copper complex can
etching steps without critical failure. The optimum width and
be seen in the nanotube film. It can be surmised that, since
pitch of the contact fingers for each substrate size was deterthe copper complex is not in contact with the silicon surface,
mined by modelling resistive losses and optical shading,[17]
it does not provide the improved light coupling into the silicon
as on planar devices, and the crystallites instead act as effective
allowing scale up to centimeter-sized devices while maintaining
back scattering centers. The effect could be clearly observed
high efficiency (photographs of the substrates shown in
with the naked eye as a “sparkly” appearance.
Figure S1, Supporting Information). We note that in all later
However, in contrast to the copper colloid, Nafion can funccurrent density calculations, the area covered by the contact fintion as a texture-compatible dopant for the nanotube films.
gers was included in the active area. Thus, for a 1 cm2 device
Figure 2d shows the pronounced reduction in reflectance that
with nine contact fingers of 50 µm width, 4.5 mm2 was covered
resulted from spin coating of the polymer onto the nanotubeby the contact fingers, giving an optical shading of 4.5%. The
textured silicon surface, with 60–70% decreases across all
oxide on the rear sides of the solar cell substrates was etched in
spectral regions up to around 1100 nm, yielding surfaces with a
a pattern consisting of a regular array of circles in the style of
markedly different appearance to those from the copper colloid
the laser contact opening (LCO) used in some industrial cells
(Figure S1, Supporting Information). As seen in Figure 2f, the
to reduce rear side recombination by reducing the contact area,
polymer formed a much more conformal coating on the surfor the same reason. The rear contact fraction was 7.6% and the
face, as expected, but also had the effect of dragging down the
pattern can be seen in Figure S1 (Supporting Information).
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Figure 2. a) SEM microscopy image showing random pyramid texture formed by TMAH etching, b) optimized carbon nanotube thin film deposited on
textured surface, c) reflectance changes with addition of CuCl2/Cu(OH)2 colloidal dopant, d) reflectance changes with addition of Nafion polymeric acid
dopant, e) textured surface with nanotube film and colloidal dopant, f) textured film with nanotube film and polymeric dopant. Scale bars are 2 µm.

regions of the nanotube film that had been suspended between
pyramids, resulting in a clear increase in the contact fraction
between nanotubes and silicon.
Turning now to the solar cell performance, Figure 3a shows
the IV characteristics of devices immediately after doping with
either copper colloid or Nafion polymer. In the case of the
copper dopant, the best performing device produced a current density JSC of 28.7 mA cm−2, an open circuit voltage VOC
of 611 mV, and a fill factor (FF) of 72.7, yielding a conversion
efficiency of 12.8%. The JSC was somewhat lower than previous
reports that used the copper colloid dopant, which we attribute
to the relatively poor antireflection properties of textured surfaces with this material, while VOC was ≈20 mV higher, which
we attribute partly to the higher dopant concentration in the
silicon bulk, as well as to the reduced rear side recombination
provided by the LCO style patterning, which presumably also
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contributed to the relatively high fill factor. As expected based
on the reflectance data, the Nafion doped solar cells performed
significantly better, with the best device producing a JSC of
32.77 mA cm−2, an outstanding VOC of 661 mV, and an excellent fill factor of 79.0, yielding an efficiency of 17.2%, which is
a significant advance in the field when considering the 1 cm2
active area. In addition to the higher current compared to the
copper doped devices, which is due to the lower reflectance of
those doped with Nafion, we attribute the high VOC and FF to
a combination of excellent surface passivation by the polymer
as previously shown by Chen et al.,[15] minimal resistive losses
in the optimized front finger geometry, the high quality and
moderately high dopant concentration of the bulk, and the low
recombination at the patterned rear contact. The quantum efficiency of solar cells with the two types of dopants is shown in
Figure 3b,c, and highlights the differences in spectral response.
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Figure 3. a) Performance of solar cells doped with either copper colloid
or polymeric acid, the colored traces are the highest performing devices,
median values are given the table, b) quantum efficiency of copper colloid
doped devices, c) quantum efficiency of polymeric acid doped devices.
The insets of (b) and (c) show the relative contributions to losses due
to reflectance, nanotube film absorbance, shadowing by the front side
metallization, and recombination.

The copper doped solar cells had a relatively lower QE of maximum 78% due to the higher reflectance, and a clearly lower UV
and NIR response. In comparison, the Nafion doped devices
had a higher QE of maximum 86% due to the lower reflectance,
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and flatter profile due the excellent passivation properties of
the polymer. In both cases, the NIR response was improved
by the patterned rear contact (Figure S6, Supporting Information). Also in both cases, the internal QE after correcting for
reflectance from the surface and the contact fingers was quite
good (and was even better when correcting also for the absorbance of the nanotube film, Figure S7, Supporting Information).
We attribute this to the fact that in the carbon nanotube–silicon
architecture the “emitter” is formed electrostatically by both
the difference in Fermi energies of the p-type nanotubes and
the n-type silicon, as well as by the fact that the entire charge
density in the nanotube film is confined to a region of only a
few nanometers in thickness, creating an extremely large and
abrupt change in the electric field at the surface. This means
that there is none of the Auger recombination due to ionized
impurities that is present in solar cells with traditional diffused
front emitters. However, the response of the solar cells in the
NIR above ≈800–900 nm was poor, predominantly due to the
use of relatively thick (380 µm) wafers and the moderately high
bulk dopant concentration, as well as the lack of any active features to prevent rear side recombination (such as a back surface
field or carrier selective contact).
It must be noted that, like almost all other reports of carbon
nanotube–silicon heterojunction solar cells, the excellent initial performance was not stable and decreased over several
hours or days before stabilizing at lower values. In the case of
the copper doped solar cells, the efficiency decreased gradually
over 3 d before stabilizing at ≈10–10.5% (Figure S8, Supporting
Information) while, in the case of the polymer doped devices,
the efficiency at first decreased rapidly in the first few hours,
then more slowly over subsequent days, reaching ≈14–14.5%
after one week (Figure S9, Supporting Information). For the
copper colloid doping this was much worse than previous
reports of long-term stability up to a year without any loss of
performance.[7b] However, we highlight the fact that, compared
to previous reports in which the copper colloid formed a thin
contiguous layer on the cell surface, in our case the mildly
hygroscopic colloid was present in the form of small crystallites
that were exposed to the environment from all sides. In the case
of the Nafion doping, since the doping effect has been previously shown to be stable,[14] we surmise that the initially rapid
decrease in performance can be attributed to dehydration and
thus deprotonation of the polymer, which has been previously
shown to cause a steep decrease in passivation quality,[15] but
highlight the fact that more work needs to be done in this area
to draw any stronger conclusions. In both the copper colloid and
Nafion doped devices, the likelihood of additional effects due to
residual superacid in the nanotube film also cannot be ignored.
The devices were scaled up further to active areas of 5 cm2
(2 cm × 2.5 cm) with a similar structure, but with wider contact
fingers to account for the increased current and longer distance
to the active area edge. However, the gold thickness was kept
fixed at 300 nm (the same as for the 1 cm2 devices, to avoid
introducing potentially impactful differences at the edge of the
active area where the nanotube films bridge the metal-oxide–
silicon step structure) which meant that even with optimization of the finger width and pitch, the resistive power losses
were higher (as evidenced by the lower fill factor and VOC), to
which we attribute the lower maximum efficiency of 15.5%
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compared to the 1 cm2 devices (Figure S10, Supporting Information). Nevertheless, these are still excellent results and are
by far the largest such devices reported to date. Although these
research grade devices are still based on the design of a front
metal electrode framing the active area, rather than full surface
devices with fingers and busbar(s), the use of 300 nm thick gold
contacts precluded any enhancement of the performance due
to current contributions which can come from outside of the
framed area when light passes through much thinner metal
layers (see Figure S11 and further discussion in the Supporting
Information).
The state of the art in nanotube–silicon heterojunction solar
cell design was combined with the outstanding carbon nanotube
doping, surface antireflection, and silicon passivation properties of Nafion polymer to yield breakthrough performance from
large area research grade devices. Although the Nafion polymer
doping is not currently stable, it presents a new paradigm
within the nanotube–silicon heterojunction architecture which
could also be applied more broadly to other nanocarbon–semiconductor interfaces, and the challenge is now on to more fully
understand the effects that have been described here, as well
as to design or discover new functional analogues of this material with longer term stability. The reporting of high efficiency
devices much larger than the key 1 cm2 level further cements
the potential of the carbon nanotube–silicon design and opens
the way to the next level of full industrial wafer scale processing
of this technology. Although it was not investigated in this
work, it is likely that differences in contact resistance arising
as a result of differences in contact fraction between nanotube/
Nafion–silicon and nanotube/copper–silicon played a role in
the measured differences in solar cell performance, and this
should be investigated further. A potential method of resolving
this and other issues related to contact between the nanotube
film and the pyramid textured silicon, as well as improving
the lifetime and contact/series resistance, could lie in the pyramid rounding technique, such as described by Ma et al.[19]
To develop the carbon nanotube–silicon architecture further,
major avenues for future work include using thinner silicon,
full surface contact designs (rather than frames), and improved
methods to reduce rear recombination through, for example,
rear totally diffused contacts. Since the nanotube films always
exhibit some degree of parasitic absorption when used as front
side contacts, a further avenue could be to employ them instead
on the back side of mono- or bifacial cells, where such absorption would be either irrelevant, or have only a negligible effect
on the overall power output.

Supporting Information
Supporting Information is available from the Wiley Online Library or
from the author.
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