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Abstract

Bulk heterojunction films made of polychiral single-walled carbon nanotubes (SWCNTs) form
efficient heterojunction solar cells with n-type crystalline silicon (n-Si), due to their superior
electronic, optical, and electrical properties. The films are multi-functional, since their hierarchical
surface morphology provides a biomimetical anti-reflective, air-stable, and hydrophobic
encapsulation for Si. Also, the films have a large effective area conferring them high optical
absorption, which actively contribute to the solarenergy harvesting together with Si. Here, we report
photovoltaic devices with photoconversion efficiency up to 12% and a record 100% internal quantum
efficiency (IQE). Such unprecedented IQE value is truly remarkable and indicates that every
absorbed photon from the device, at some wavelengths, generates apair of separated charge carriers,
which are collected at the electrodes. The SWCNT/Si devices favor high and broadband carrier
photogeneration; charge dissociation of ultra-fast hot excitons; transport ofelectrons through n-Si
and high-mobility holes through the SWCNT percolative network. Moreover, by varying the film
thickness, it is possible to tailor the physical properties of such a two-dimensional interacting
system, therefore the overall device features. These results not only pave the way for low-cost, high-
efficient, and broadband photovoltaics, but also are promising for the development of generic

SWCNT-based optoelectronic applications.
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1. Introduction
Third generation photovoltaics require a combination of low-cost and highly efficient materials
in order to overcome balance of system costs. Carbon nanotubes (CNTs) are particularly
attractive for their earth abundant source materials, recently scalable fabrication [1],
purification methods [2], and solution processability [3]. Moreover, the unique one-dimensional
properties of CNTs allow the realization of solar cells that are highly thermally conductive and
mechanical, chemical, and radiation resistant [4]. In particular, single-walled carbon nanotubes
(SWCNTSs) have suitable photophysical properties [4] for photovoltaics, such as high aspectratio, direct
subband gaps [5], and tunable photoabsorption fromthe near infrared (NIR) to the ultraviolet (UV) [2].
Notably, SWCNTelectronic and optical subband gaps are in a wide range: from 0.5 to5 eV. Generally,
one of the criteria for obtaining the highest photoconversion efficiency (PCE) is the correct matching

of the solarcell band gap to the solar spectrum. The optimal device band gap of 1.1 eV [6] can be easily

obtained from 12-15 different nanotube chirality having the first optical subband gap between 1.0
and 1.2 eV. Therefore, by using polychiral mixtures of both metallic and semiconducting SWCNTs it is

possible having a broadband optical absorption in the UV-VIS-NIR range [7], harvesting in this way the
majority of the solar photon flux, meanwhile avoiding the time-consuming sorting process required to
isolate single-chirality distributions of SWCNTs [8]. Furthermore, the photogenerated carriers in
SWCNTs are excitons with binding energies up to 0.4 eV at room temperature [9,10], which possibly may
be multiple generated [11,12]. Consequently, such photogenerated excitons are ultra-fast transferred [13-
15] through the SWCNT percolating network and they are dissociated into high-mobility (79000 cm?/Vs)
[16] free carriers in order to harvest their potential energy for solar cells andphotodetectors. Such a
dissociation is accomplished, for instance, by creating a heterojunction [17] with silicon (Si) due to the
energetic band offsets greater than the SWCNT exciton binding energy [18]. In this way, charge
generation, separation, transport, and collection can be realized partly by the semi-transparent,
conductive SWCNT thin film and partly by Si. In addition, the large available surface area of the CNT
random network films, provided by their multi-fractal hierarchical morphology [3], leads to strong and

tunable optical absorption [7], anti-reflection [19] and an air-stable [20], hydrophobic encapsulation [3,21]



for Si. For all these reasons, a deep understanding of polychiral SWCNT hierarchical random networks
is critical in order to realize technologically relevant photovoltaic devices. Carbon nanotube/silicon
(CNT/Si) hetero- junction solar cells have steadily pushed the PCE up to 12% [22] without any post-
process treatments, while up to 11% for chemically doped cells [23], 15% for integration with gold
nanoparticles [8] or with anti-reflective coatings [24], and a record 17% [25] exploiting oxide layers.
Despite these accomplishments, our fundamental understanding of the SWCN'T/Si heterojunctions
is still incomplete. Here, we report an unprecedented record 100% of internal quantum efficiency
(IQE) for SWCNT/Si heterojunction solar cells. We also show for the first time that the multi-functional
SWCNT film not only plays an active role in the heterojunction, but it also provides anti-reflection
together with an air-stable and hydrophobic encapsulation for the solar cells. Furthermore, we
introduce the SWCNT bulk heterojunction (BHJ), demonstrating that is a two-dimensional system
formed by interacting SWCNTs. The optical and electrical properties of such a BHdJ as well as those ofthe
whole SWCNT/Si device are discussed. By independently optimizing the SWCNT film and Si
thicknesses, we illustrate that it ispossible to tailor in a controlled fashion the PCE of our solar cells up
to 12%1%. Finally, we suggest a detailed model for the SWCN'T/Siheterojunction.
. Experimental

21 Realization of the SWCNT films

Highly pure single-walled carbon nanotube (SWCNT) powder (Sigma-Aldrich, CoMoCAT, assay 90%,
no amorphous carbon, diameter: 0.7-1 nm) was dispersed in an aqueous solution (30 ug mL-1) with
2% wiv sodium dodecyl sulfate (Sigma-Aldrich, assay > 98.5%) anionic surfactant. In order to disperse
the suspension, SWCNTSs were tip-ultrasonicated (Branson S250A, 200 W, 20% power, 20 KHz) in an ice-
bath for an hour and the unbundled supernatant was collected by a pipette. The result was a well-

dispersed suspension that was stable for several months. Single- walled carbon nanotube films were

fabricated by a vacuum-filtration process of volume aliquots of the dispersion on mixed cellulose ester
filters (Pall GN6, 1" in diameter, 0.45 um pore diameter). Subsequently, rinsing in water and in a

solution of ethanol, methanol, and water (15:15:70) to remove the surfactantwas performed.



2.2 Device fabrication

The substrates, provided by Fondazione Bruno Kessler (FBK), arein a top-down configuration. Au/Cr

ohmic (n*+ -Si) back contact (150 nm) was evaporated on n-type crystalline Si (100) wafers (p~3-12

Q-cm, Np~6-1014 ¢cm~3) 4 in diameter, passivated by thermal SiO2 (300 nm). The SiO: layer was

patterned in two different ways by a lithographic process with a positive resist followed by a chemical
etching in order to obtain a batch of devices with a 3x3 mm? bare Si window delimited by SiOz. Therefore,
the device active area is 0.09 cm2. The Si wafers were made of different thickness (54-200 um) by
engraving the crystal only underneath the active area. An Au/Cr front contact electrode frame (150 nm)
was then evaporated on SiO2 by masking the Si active area. Then, wafers were cut in squares 1 x 1 cm?2.
Single-walled carbon nanotube films were cut and deposited by dry-transfer printing [3,20] both on HF-
etched Si active windows and on Carlo Erba soda-lime glass slides for the optical and electrical
characterization.

22 Sample characterization

Optical spectroscopy (Agilent Cary 5000 UV/VIS/NIR) in transmission and reflection at room
temperature with unpolarized light was performed on SWCNT films deposited on glass and Si. We
estimated the film thickness through the Beer-Lambert law [3,7]. The SWCNT microstructure was
observed by FEG-SEM (Leo 1503).The acquired micrographs were analyzed by an image software. The
XPS measurements were performed on the SWCNT films deposited on Si by a PHI 1257 ESCA apparatus
working in ultra-high vacuum (UHV) at a pressure of 5:10710 Torr. The system was equipped with a PHI
04-548 dual anode X-ray source (Al/Mg anode), a PHI 10-360 hemispherical analyzer, and a PHI 06-
110 scanning electron gun. Non-monochromatic Mg X-ray source (hv=1253.6 eV) with resolution 0.8-
1.0 eV was employed. Raman measurements were performed on SWCNT films deposited on Si by a
LabRam highresolution Raman microscope (HORIBA Jobin Yvon) using a laser with an excitation
wavelength A = 633 nm. Electrical measurements were carried out by a Keithley 2602 A digital
multimeter interfaced to a PC. Sheet resistance values were determined by vander Pauw method after
measuring the electrical resistance at room temperature in standard four probe configuration. The

sameconfiguration was used to measure the electrical resistance as a function of the temperature in



a He bath, fixing the samples at the tips end of a descendant in thermal contact with a Cernox
thermometer. Solar cells were tested using a LOT-Oriel solar simulator under AM 1.5 G spectral
illumination of 100 mWem-2 (1 sun). The output power density of the simulator was calibrated using a
power meter. Our systematic error on the photoconversion efficiency and the fill factor is estimated by the
standard deviation over five samples realized in the same way. This small uncertainty demonstrates the
high reproducibility of our SWCNT/Si solar cells. External quantum efficiency was measured with a
custom optical setup: a LOT-Oriel Xe lamp emits white light passing through an Applied PhotoPhysics
300-1000 nm monochromator controlled by PC. Emerging monochromatic light is focused by a lens and
divided by a chopper into two beams refocused by two lenses. One beam is then detected by a Si photodiode
and the other impinges on the SWCNT/Si solar cell. Both AC signals are matched by an Acquire 7265
lock-in connected to a PC. The diffuse reflectance spectra of the SWCN'T/Si devices were obtained by
using a combination of the Agilent Cary 5000 UV/VIS/NIR spectrometer and Agilent integrating sphere in

double-beam mode at a fixed incident angle (0=0). The total reflectance spectra were measured at a
fixed incident angle(0= 3'20 ), in order to collect also the specular reflectance of the samples. We
characterized the wettability of SWCN'T/S1 solar cells, by acquiring with a custom CCD camera images
of the sessile waterdrops cast on the SWCN'T/Si solar cells. Static advanced contact angles were measured
increasing the volume of the drop by steps of1 uL and a plugin [26] for the open-source software Imaged
was used to estimate the contact angle values. The plugin exploits an algorithm based on a small-
perturbation solution of the Young- Laplace equation. Furthermore, the presented method is applied
to a continuous image of the droplet by using cubic B-Spline interpolation of the drop contour to reach
the subpixel resolution. The deionized water (18.2 MQ-cm) drop volume was V=10 uL. Moreover, every
contact angle was measured 15 s after drop castingto ensure that the droplet reached its equilibrium

position.

3. Results and discussion
31 Properties of the SWCNT films

The physical properties of SWCNTs provide a new dimension for solid state physics based on the great
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variety of possible geometries that are available for the nanotubes. Indeed, one of the most significant
feature of SWCNTs is their one-dimensional electronic structure, which depends only on their
characteristic dimension:the nanotube diameter. However, when SWCNTs are polydispersed and
weaved into a macroscopic (=¢cm2) but thin (#10-100 nm) random network film, their individual
physical properties are mixed and the whole system may be considered interacting and two-
dimensional, due to its high aspect ratio (10°-106). We showas follow that the characteristic dimension
of this two-dimensional system is not the SWCNT diameter anymore, but the film thickness indeed.
Structural properties

The SWCNT films appear as homogeneous and porous random networks of SWCNT bundles with a
multi-fractal and hierarchical surface morphology [3], as shown in Fig. 1a and b. X-ray photoelectron
spectroscopy (XPS) on our SWCNT films showed no trace of S or Na due to the SDS surfactant, within
the experimental limit=1% of the technique. Also Raman spectroscopy reported an amount of defects
as low as 12%. Therefore, the SWCNT films realized with our method are highly crystalline, pure, and

surfactant-free (see Supporting Information).

| 4
Fig. 1. Scanning electron micrographs at tilted angle (z90%) of a SWCNT film deposited on the Si substrate of a solar cell.
Magnification is 1kx (a) and 100kx (b). a, The SWCNT film, which is deposited on a Si (purple false color) substrate with Au/Cr

patterned electrodes (yellow false color), appears to be homogeneous and defect-free. A microstructured roughness is also
shown. b, At higher magnification, it is possible to observe that the microstructured roughness is made of a nanostructured
SWCNT random network, thus realizing a two-fold hierarchical surface morphology. (A colour version of this figure can be

viewed online.)
Optical properties

In Fig. 2a, absorption spectra of a SWCNT film and SWCNTs in liquid dispersion are shown. The main

feature of the SWCNT absorbance spectra is the n-n* surface plasmon resonance (SPR) at 250-300 nm



[27]. Also, one-dimensional excitonic transitions are shown. By fitting the SWCNT absorbance
dbp¥ Db
spectrum in Fig. 2b, we estimated 15 chirality in the range of the expected diameters 0.7-1 nam (see
Supporting Information). Also, it is possible to relate the observed excitonic transitions to metallic (M11,
~10%) and semiconducting (Si, * 90%) SWCNTSs. Therefore, the realized filmsconsist of polychiral
semiconducting and metallic SWCNTs with diameters within 0.7-1 nm. In Fig. 2a, a broadening and a
redshift of the excitonic peaks in the SWCNT film spectrum, in comparison with the spectrum of
SWCNTs in liquid dispersion, can be observed. This is due to the electronic interactions among the
SWCNTs [28]. Itis worth noting that the peak broadening is not due to aggregation or bundling of the
SWCNTSs, otherwise the SPR would also broaden [29], which is not observed. The broadening of the

excitonic peaksindicates the change from 1D-like to 2D-like transitions. Moreover, a 10 nm redshift

toward long wavelength in the SPR, M11, and S22 excitonic transitions can be ascribed to the change
in refractive index from air (n = 1.0) to the aqueous solution with the SDS surfactant (n=1.3) [29].
However, a 50 nm redshift occurs for Si: transitions. Thus, a 40 nm redshift due not to the change

in refractive index but to the SWCNT interactions occurs, which in-crease the absorption edge of the

overall system by 300 meV. Therefore, the change from a one-dimensional system to an interacting

two-dimensional system can be distinguished [13,17,28]. Furthermore, the absorbance A(A) of our

SWCNT films scales as the Beer-Lambert law A(A) = ofA)1, where a A is the SWCNT random network
absorption coefficient [7] (see Supplementary information). Moreover, the absorption length
3(A) = o) ! for our SWCNT film compared with that of crystalline Si [6] is reported in Fig. 2¢c. Unlike

Si, which has an indirect band gap of 1.12 eV, SWCNTSs efficiently and uniformly absorb light from
NIR to UV, bearing a wide range of direct optical subband gaps matching the solar spectrum.
Typically, a 300 pm thick Si wafer is required toabsorb the incident light within 1000 nm. In turn,
the SWCNT random network films possess an exceptionally high absorption coefficient, which means
a very low absorption length. As shown in Fig. 2¢, just 24 nm thick SWCNT film is required to attenuate
theincident light from the VIS to NIR range by a factor 1/e, a thickness about four orders of magnitude

lower than Si. Such a high absorption is due both to the SWCNT one-dimensional electronic
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properties and to their hierarchical surface morphology [19], which provide them ultra-black properties.
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Fig. 2. a, Absorbance spectra for SWCNTs dispersed in liquid and in a film. b, Assignment of the SWCNT chirality. Four regions can
be identified for our SWCNTs in liquid dispersion: 300-400 nm (Ss3), 400-550 nm (M11), 550-900 nm (S22), and 800-1350 nm (S11),
after subtracting the SPR tail by an exponential function. The convolution function (red solid line) of the individual Voigt
functions (colored solid lines) fits the SPR-subtracted absorbance spectrum (black dots) in great agreement. ¢, Absorption
length as a function of light wavelength for Si (blue solid line) and for our SWCNT films (red solid line). d, Sheet resistance as a
function of SWCNT film thickness. e, Electrical conductance of the SWCNT films in log scale as a function of the film thickness.
The black arrow marks the percolation threshold T~23 nm. The log-log plot of the conductance G as a function of the SWCNT

film thickness in the inset is fitted by the conductance percolation law for T < t.. f, Normalized conductivity of a 29%1 nm

thick SWCNT film as function of temperature. The plot is wellfitted by a linear combination of VRH and FIT models. (A
colour version of this figure can be viewed online.)

Electrical properties

In Fig. 2d, the variation of the sheet resistance Rgy =p/t with the SWCNT film thickness T is shown.

Since the sheet resistance is related to the film thickness by the SWCNT film resistivity p (Fig.

2d), the thicker the film, the lower the sheet resistance, as well as the transmittance values (see
Supplementary information). Our SWCNT films may have low sheet resistance values with high

transmittance, for instance a film 22:020:5 nm thick has a transmittance T (550 nm) and a sheet

resistance Rsy = 1 kQ/sq (see Supplementary information). From the fit in Fig. 2d, we report for our
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SWCNT films p=(2.520.4)-10"6 Qm, in agreement with the resistivity of multiwalled carbon

nanotube (MWCNT) films [20] and bulk graphite [30]. The SWCNT film electrical conductance Gas a

function of its thickness T is reported in Fig. 2e. The plot shownin log scale follows the conductance
percolation law [31] G =Go(t. — T)*, where Go is the conductance of the unity of the percolation

network, the thickness t. is the conductance percolation threshold, p is the universal G.e.

independent of the microscopic details of the system but scale dependent) critical exponent of

percolation. The percolation law is valid when T € T, and T.-T 1s small. The plot states that as the

SWCNT film thickness increases beyond the percolation threshold tTc=23 nm, the conductance
abruptly increases following the power law as conductive paths form. Conversely, below the
percolation threshold the material isnon-conducting. Fitting our data in log-log scale below the

percolation threshold (Fig. 2e, inset), we obtain p =1.27%#0.11, in agreement with the value

reported for generic two-dimensional percolative systems (u~1.33) [31] and MWCNT films [20].

Therefore, the percolation curve shows how to optimize the two- dimensional SWCNT film making

it conductive with the lowest material amount.

Electronic transport properties

When semiconducting and metallic nanostructures are blended together, the overall electronic behavior
resembles that of an amorphous metal [18,32]. Indeed, the electronic transport of the individual
SWCNTs in the network is not purely ballistic anymore, nor quantum [33], as it is rather dominated
by disorder-induced hopping and non-resonant tunneling [18,32]. Additionally, an ultra-fast (0.2-
10 ps) exciton energy transfer (EET) has been observed in SWCNT random network films [13e15]. In

order to investigate the conduction mechanism for our SWCNT films, we reported in Fig. 2f the

normalized conductivity o(T)=c(300 K) as a function of the temperature T for a SWCNT film with a
thickness T = 29+1 nm, above the percolation threshold. The observed conductivity tends to zero as the

temperature decreases, exhibiting a typical non-metallic behavior. We have been reported such a trend

in conductivity also for MWCNT films [20], and generally it has been observed for disordered metals or
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Fermi glasses, such as conjugated polymer films [18,32] and amorphous metals [34]. Usually, in those
materials disorder and/or Coulomb interactions localize charge carriers at low temperature, inducing a
metal/semiconductor transition. We fitted our data by the Mott's variable range hopping (VRH) transport
[34] and the fluctuation-induced tunneling (FIT) transport [35]. However, the best fit is provided by the
heterogeneous model [20,31,32], which is a linear combination of the VRH and FIT models

o(T) = c.ooe ™D + ¢, 5, e TV(To+T) (1)
From the fit of the curve o(T)=c(300K) we obtain 60 = 0.83+0.02 the temperature-independent hopping

conductivity, Tw =178+3 K the Mott's characteristic temperature, ot =0.33+0.02 the temperature-

independent tunneling conductivity, T:= 10+1 K the activation temperature required for an electron to
tunnel through an energy barrier, To = 0.4+£0.5 K the minimum temperature required to activate the

thermal conduction to overcome the barrier, and y =1/ (d + 1) = 0.33+0.05 the dimensionality dependent
exponent. The fitted y value suggests again that the system can be considered as two-dimensional (d = 2).

Furthermore, ¢, c: are the normalized weights of the two transport models, which in our case state that
67% of the transport is by VRH and only 33% is by FIT. Therefore, our SWCNTfilms can be seen as
disordered two-dimensional networks with large high-conductivity clusters separated by small low-
conductivity clusters. In such a heterogeneous model, weakly localized electrons may percolate by
thermally induced hopping between conducting regions, and tunnel through non-conductingregions.
This description reasonably supports the fact that SWCNTs are randomly arranged with several intra-
and inter-tube contacts, and local defects acting as electronic energy barriers, thus limiting the
conduction [20]. Moreover, the presence of low-conductivity barrier clusters in the percolative path
means that at frequencies above the semiconductor band gap the o4 will be greater than the o4,
as the former is determined by on-tube excitations and not by the inter-tube conductance [31,32]. Here,

64:(550 nm)/cg. =0.2 (see Supplementary information), which means that low-conductivity barrier

clusters are negligible in the SWCNT films, and the optical excitations are not fixed on SWCNTSs, but are

mobile from tube to tube (i.e. EET).

32 SWCNT bulk heterojunction
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A BHJ [18] is a solid state blend of nanoscale materials with different electronic structures. Typically,
a BHJ has a micro- structured morphology formed by spontaneous phase separation: the interfacial
energy of BHJ components (donors and acceptors) favors high surface area, such that they self-assemble
in order to form a microstructured and homogeneous interpenetrating network. Therefore, in a BHdJ there
is a donor-acceptor interface within a few nanometers, at any point of the space in the wholefilm
volume. The optimization of such a particular morphology is required for efficient charge percolation in
electronic devices. Since the exciton diffusion lengths and the carrier recombination lengths are typically
on the order of tens of nanometers in nanomaterials such as SWCNTs [36], the distance between the BHJ
components must be approximately within this range and defects in the inter- penetrating network must
be avoided in order to not hamper the charge transport. Anyway, the morphology or the BHJ blend can
be fine-tuned by controlling the solid-liquid phase separation during the film formation, by thermal
annealing, or by varying the film thickness. In light of all the properties based on the experimental
evidences illustrated so far for our SWCNT films, it is reasonable outlining the following considerations.
Our self-assembled SWCNT films are a two-dimensional interacting system, which acts as a BHJ between
the nanotubes. Despite the disordered nature of the junctions between the chirality involved in the film,
a type-I heterojunction [13,17] may occur by the energy minimization principle, since charge carriers tend
to propagate in regions of lower potential energy. Furthermore, when semiconducting and metallic
SWCNTs are blended together the overall behavior resemble that ofan amorphous metal. Also, depending
on the BHJ electronic band structure, an ultra-fast EET may be achieved at the inter-tubeinterface
throughout the SWCNT film volume, provided that the film conductivity percolation threshold has
reached. Moreover, the hierarchical morphology of our SWCNT films, which mimic that of natural
surfaces, provides a large accessible surface area that enables to tailor their optical properties, allowing

an efficient and broadband light absorption within the thin material thickness.

SWCNT/Si solar cells
Sketches of the realized SWCN'T/S1 solar cells are shown in Fig. 3a. Despite the accomplishments in
realizing SWCN'T/Si solar cells, the fundamental understanding of these heterojunctions is still

incomplete. Indeed, there is a strong disagreement in the scientific community on whether



SWCNT/Si devices represent Schottky, metal-insulator-semiconductor (MIS), or p-n heterojunctions
[37]. However, those models cannot accurately describethe démplex SWCNT/Si system. In Fig. 3b, a
detailed band scheme for our SWCNT/Si heterojunction is depicted. The problem may beseparated
considering first the SWCNT film BHJ and then the SWCN'T/Si1 heterojunction. As aforementioned,
all the chirality assigned in our polychiral SWCNT film form a BHdJ. Let us considerfor simplicity only
the dominant chirality (8,7), (7,6), (7,5), (6,5), (6,6), (8,2), whose absorbance is higher. Assume then
that the SWCNTs are electronically intrinsic. The energy levels have beenadjusted in relation to the
vacuum level and equilibrated at the Fermi energy. Since the largest SWCNT diameter is ~1 nm,

eachchirality has approximately the same work function @swent~4.90 eV [38,39], but different

electron affinity levels and subband gaps. In particular, in the UV-VIS-NIR range investigated five

electron affinity levels % can be distinguished for the considered SWCNT chirality: three for the

S1, Sz, and S3 conduction subbands of the semiconducting SWCNTs, a ™ for the M: conduction

subband of the metallic SWCNTs, and a ¥+ for the m" subband, which is present in every chirality.

Interestingly, although the S1, S2, and Ss subbands for a given semiconducting chirality are well separated
in energy by an extent higher than the thermal energy (ksT =25 meV), the three subbands of every
considered chirality are close in energy. This reflects in the formation of three well-spaced conduction
and valence narrow minibands. Moreover,the M1 subbands of metallic chirality fill the gap between
the S2 and S3 narrow minibands. The fact that each subband is still separated from another by an
energy higher than the thermal energy means that the subbands are uncoupled by a single thermal

phonon and possess their own quasi-Fermi levels [6]. On the other hand, the band gap E¢ and the work

function ®@g; of the intrinsic Si are about 1.12 eV and 4.62 eV, respectively. The conduction band

position in energy of our n-Si is denoted by its electron affinity ¥=4.06 eV, thus the valence band lies
at 5.17 eV. In our case, for adopant concentration of Np~6-1014 cm-3 the quasi-Fermi level is 0.32 eV

below the conduction band, therefore our n-Si work function is ®,-s; =4.38 eV. When n-Si is adjoined

to the SWCNT BHJ, a type-II or staggered heterojunction between the SWCNT chirality with the
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smallest subband gap (0.98 eV) and Si takes place[40,41], with a built-in potential (ie. the difference A®

between the Si and SWCNT work functions) eVp; = A® = 0.52 eV. The maximumspatial band bending of

Si for V=0 is about 4 pm. The difference in Fermi levels and electronic affinity between the SWCNT and
Sileads to singularities at the junction, which favor the electron transport, while constitute a barrier
for the hole transport [17]. However, these singularities are removed by the formation of thethin
Si102 layer, which acts also as a spacer. Since the SWCNT/Siheterojunction Fermi level can be fine
tuned by chemical doping, it is not pinned by SWCNT metallic subbands. Therefore, this kind of
heterojunction cannot be considered just as a Schottky, nor as a p-n,or as a MIS heterojunction. It is worth
noting that in SWCNT/Si solar cells the photogeneration occurs both in the Si and SWCNT films.
Moreover, charge separation of photogenerated excitons in the SWCNT film occur due to the large
built-in field at the interface between SWCNT films and Si. In particular, in reverse polarization(V < 0)
hot electrons [14] photogenerated in the SWCNTSs are ultra- fast transferred to the n-Si region, while hot
holes are transported with high mobility [16] to the Au/Cr electrode through the SWCNT percolative

network.

Electrical and optoelectronic characterization
We report in Fig. 3c the electrical response of the best SWCNT/Si (32 nm/200 um) device in the dark state
and under illumination (light state), before and after chemical doping by HNOs vapors for 10 s. For the

undoped device, we achieved a PCE = 8%1%, with a fill factor FF = 42%7%. From the analysis of the light
state curve (see Supplementary information), we measured the short circuit currentdensity J = 34.4%0.1
mA/cm? and the open circuit voltage Vo= 0.52%0.01 V, while analyzing the dark state curve we

obtained the reverse saturation current density Jo = (5.21%£0.01) 10~% mA/cm?, the shunt resistance

Ry= (353%1) MQ/cm?, the series resistance Rs = ( 144%2) Q/cm?, and the diode ideality factor n =1.3240.01.



The extremely high shunt resistance value together with the very low value of reverse saturation current

density and series resistance leadto such a high value of PCE, for this kind of devices.
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Fig. 3. a, Three-dimensional and cross-sectional sketches of the SWCNT/Si solar cell. b, Energetic band scheme of the SWCN'T/Si

heterojunction in reverse polarization (V< 0). ¢, Electrical response of the best SWCNT/Si device before doping under dark (blue

dotted line) and under illumination (red dotted line), and after doping under dark (magenta dotted line) and under
illumination (green dotted line). d, External quantum efficiency of our best device (red dotted line) in comparison with that of
a reference p-n Si solar cell (black solid line) and the AM 1.5 G solar irradiance spectrum (green shaded area). Spectra are

normalized to the maximum value. (A colour version of this figure can be viewed online.)

Furthermore, nis very close to the ideal value and Vic = Vp;, as expected. On the other hand, for the doped
device we achieved a 50% relative increment of the FF from 42%7% to 63£7%, therefore the PCE from 8%1%
to 12%1%(Fig. 3c). Interestingly, after doping the dark and light state curves intersect each other, and
the light state curve present a negative differential resistance in reverse polarization. These two features
arerespectively hints of a higher recombination rate [42], and thedegenerate nature [43] of the SWCNT
films after doping (see Supplementary information). In addition, the experimental external quantum
efficiency (EQE) spectrum for our best SWCNT/Si (32 nm/200 pum) solar cell in comparison with a p-n Si
reference cell (MinoltaAK200), together with the AM 1.5 G solar spectrum are reported in Fig. 3d. Spectra

are normalized to the maximum value in order to highlight differences in the two devices. It is evident



from the plot that our SWCNT/Si cell has a higher efficiency in the VIS range, within one standard
deviation from the solar spectrum peak. Furthermore, the SWCNT/Si1 heterojunction has a larger spectral
interval of efficiency than the p-n Si cell, ranging from UV to VIS. Also, a large EQE contribution in the
NIR above the Si band gap due tothe SWCNT absorption is expected, as it has been reported by other
authors [44]. We can thus infer that the SWCNT/Si solar cells are very promising devices for third

generation photovoltaics, with a high and broadband efficiency.
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thickness for a cell with 32+5nm thick SWCNT film. (A colour version of this figure can be viewed online.)
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Such an efficiency can be optimized by tailoring the SWCNT filmprocessing and device post-treatments,
as we reported for MWCNT/Si devices [20]. Here, the performance of our devices was optimized by
independently fine tuning the SWCNT film and Si wafer thicknesses. We report the experimental solar
cell electrical response under illumination and the EQE as a function of the SWCNT film thickness
for a cell with 200 um thick Si wafer (Fig. 4a-c), and as a function of the Si wafer thickness for a cell

with32%5 nm thick SWCNT film (in Fig. 4b-d). We can infer from data that the SWCNT/Si (32 nm/200

um) device configuration is the best,since it has both the highest PCE and EQE. It is worth noting the
large variation across the full range of the EQE as a function of the SWCNT film thickness (Fig. 4c), in
comparison with the small EQE variation as a function of the Si wafer thickness (Fig. 4d). In particular,
the change in the Si wafer thickness affects more the EQE at long wavelengths, where the recombination
effects at the back of the device compete with the higher absorption efficiency. Indeed, these
recombination effects are expected for wafers thicker than the electron diffusion length. On the other
hand, the thickness change in the SWCNT films dramatically affects the whole EQE spectrum. We
remark that the SWCNT exciton diffusion length hasbeen reported to be 6-90 nm [36], consistent with
our best SWCNT film thickness observed. Moreover, a film thickness of 32%5 nm isbeyond the
aforementioned conductance percolation threshold and absorption length, therefore the SWCNT film
is well conductingand can efficiently absorb light and transport the photogenerated minority carriers

through the percolative network, in order to collect them at the electrodes.

Air stability

One of the primary obstacles in realizing practical applications isthe poor operational lifetime of the
CNT/Si devices. Most inorganic and especially organic semiconducting materials degrade when
exposed to moisture and/or oxygen. Also, photo-oxidation can be a serious problem. The degradation of
devices made of such materials can be eliminated, or at least reduced to acceptable levels, by sealing the
components inside an impermeable package using polymers [45-47], oxides [24], or metals [6]. Although
such encapsulation methods can prevent or at least reduce oxygen and moisture permeation, they

complicate the fabrication process, also resulting in increased thickness, shaded active surface, and loss
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of flexibility. Typically, encapsulation is responsible for 30-40% of thematerial and manufacturing total
costs per Wp [48]. Thus, therealization of novel methods for enhancing device lifetime is an important
goal that must be accomplished without interfering with the principal device concepts. This can be
achieved by enabling clean and simple device fabrication by solution processing, keeping the device
flexibility and thin form factor. Since CNTs are chemicallystable, the device degradation typically comes
from the Si detrimental oxidation in air [49]. Recently, CN'T/Si air-stable devices up to a month have been
reported with [22] and without [8,20] further encapsulation. It can be observed in Fig. 5a that the PCE of
our devices is fairly stable after several weeks, although they are not encapsulated. In particular, our
solar cells reach a maximum of PCEafter approximately three days. This fact is due to the formation of
an optimal thin Si oxide layer (1-2 nm) at the CN'T/Si interface [20,49]. Differently by other CNT/Si
devices reported [22,23,45,47,50,51], the PCE of our solar cell does not degrade with time because of Si

oxidation. Actually, the cell is stable after the oxide growth saturates (See Supplementary information).

Hydrophobic properties
We previously reported on the wetting properties of hierarchi-cal SWCNT coatings [3,21]. As shown

in Fig. 5b, the solar cell Sisubstrate result hydrophobic after the coating by a SWCNT film, dueto the

petal effect, achieving a quite stable [3] contact angle value@= 110%3°, which is comparable to

that of commercial hydrophobic polymers such as polydimethylsiloxane (PDMS, 0~110°),

currently used as encapsulating layers.

334 Anti-reflective properties

Anti-reflective coatings made of polymers or oxides have beenemployed to suppress the Si optical
reflection in CN'T/Si solar cells[24,45-47], hence increasing their EQE. However, those films arenot
broadband, being quarter-wavelength coatings, and they require a further fabrication step. We have
been recently investigated the anti-reflective properties of SWCNT hierarchical random network films
[19]. In particular, their hierarchical surface morphology is able to suppress the Si optical reflection

over a broad range of wavelengths, angles of incidence, and for both polarizations of light, by



exploiting the moth-eye effect. Here, we show forthe first time that the anti-reflective properties of
these SWCNT films can be exploited for photovoltaic applications, without the need of further
coatings. In Fig. 5c¢ the total and diffuse reflectance are reported for SWCN'T/S1 solar cells with different
SWCNT filmthicknesses, and for a bare Si substrate as a control sample. It ispossible to observe that

the SWCNT films act as broadband anti-reflective coatings for Si. For instance, the high
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Fig. 5. a, Photoconversion efficiency of several devices with different SWCNT/Si thickness configurations as a function of the

elapsed time. b, Water droplets cast on a SWCNT/Si solar cell and on a solar cell Si substrate, as a reference. ¢, Total (red solid

line) and diffuse (blue solid line) reflectance of SWCNT/Si solar cells with 3245 nm thick SWCNT film. As acontrol sample, the
total (black solid line) and diffuse (green solid line) reflectance of a bare Si substrate is also reported. d Total absorption of our
best SWCNT/Si (32 nm/200 um)solar cell (black solid line), of the SWCNT film 32 nm thick (red solid line), and of the Si
substrate 200 mm (blue solid line). Absorption losses (green solid line). e, Comparison among EQE, IQE, and R of our best
SWCNT/Si (32 nm/200 um) solar cell. (A colour version of this figure can be viewed online.)

total reflectance of Si (27-70%) in the UV-VIS-NIR range investigated can be reduced down to 14-33% by
a SWCNT film as thin as 325 nm. In Fig. 5¢, it isalso shown that the SWCNT coatings do not vary the
Si diffuse reflectance (3-10%). Although the film surface roughness is quitehigh (Fig. 1b), the SWCNT
coatings do not behave as random scatterer surfaces, which are known to efficiently trap light inside
thedevice [6]. Therefore, the most of the sample reflectance is specular and the anti-reflective behavior

is only due to the moth-eye effect. Moreover, for the conservation of the energy A+ R+ T = 1. Since the

solar cell is bulk with a reflective Au/Cr back electrode, its transmittance is T~0. The total absorbance



A =1 - Rof our best solar cell is reported in Fig. 5d, along with the total absorbance ofthe SWCNT
film Aswent = 1 — Rswent — Tswenr, and the Si wafer Asi= 1 - Rswent-si - Tswent Tsi (see Supplementary

information). Thus, the light that is not reflected is partly absorbed by the SWCNTfilm, and partly by the
Si underneath. Although the absorption coefficient of hierarchical SWCNT random networks is higher
than that of Si, the Si wafer thickness is such that it absorbs the most of the incoming light.
Additionally, we estimated by the quantity@si + Aswenr- A)/(Asi + Aswenr ) a 20% of absorption
losses in the solar cell. Furthermore, the internal quantum efficiency IQE) of ourbest device is shown
in Fig. 5e along its EQE and the total reflectance (R). We achieved a 100% record IQE in the range
795€875 nm.Such a high IQE value is truly remarkable and indicates that everyabsorbed photon at these

wavelengths generates a pair of separatedcharge carriers, and they are all collected at the electrodes.

. Conclusion
In summary, our results represent a proof-of-concept of solar cells with high efficiency and reduced

cost, by integrating SWCNTs with Si. For instance, about 32 nm thick SWCNT film made of 46 pgof

SWCNTSs, and only 200 um of crystalline Si are needed to make aheterojunction solar cell with PCE up to
12%1% and a EQE up to 70%. In this way, a reduction of Si about 150% with respect to conventional Si
p-n solar cells has been obtained for our efficient devices.Also, the multi-functional SWCNT film form a
BHJ that provides exceptional electrical and electronic properties, high and broad-band absorption,
together with an anti-reflective, hydrophobic, and air-stable encapsulation. Although, our results are
comparable tothe best PCE values of SWCNT/S1 photovoltaic cells reported by other authors
(without any post-process treatments and after chemical doping), our devices further achieve a record
100% IQE at some wavelengths. Finally, the particular energy band architectureof the SWCNT films

may be suitable for the realization of intermediate-band solar cells [52].
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