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Grain size control and boundary passivation of perovskite films are
the key to obtaining highly efficient perovskite solar cells. In order
to accomplish both goals, semiconducting single-walled carbon
nanotubes are added to perovskite films as additives, functioning
both the crystal growth templates and charge bridges between the
perovskite grains. The resulting perovskite films display more
uniform and larger crystal grains compared with conventional films
owing to long and flexible single-walled carbon nanotubes,
retarding the crystal growth and functioning as the cross-linker
between perovskite grains. In addition, sodium deoxycholates
attached on the carbon nanotubes passivated the grain boundaries
by forming Lewis adducts. Thanks to the improved quality of the
photoactive layers by using semiconducting carbon nanotubes, a
power conversion efficiency of 19.5% was obtained which is higher
than 18.1% of reference devices with no additives.

Perovskite solar cells (PSCs)* have drawn much attention as an
alternative energy source owing to the high absorption
coefficient,> long-range diffusion length,® and high defect
tolerance’ of the lead-halide perovskite photoactive layer.
Although PSCs are considered to be promising next-generation
solar devices, further breakthroughs in terms of power
conversion efficiency (PCE) are necessary to supersede
conventional silicon solar cells. In this regard, control of grain
size and passivation of its defective boundaries are the key to
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obtaining high PCE.810 To increase the grain size, inducing
homogeneous nucleation and retarding perovskite crystal
growth are important.11-13 Accordingly, polymer templates!41>
and various anti-solvents'® have been developed to achieve
these. For the passivation of grain boundaries, Lewis adduction
formation at the grain surface has a favourable effect as
structural disorders in the interface of the grains induce shallow
trap states, which lead to non-radiative recombination of
localized charge carriers.17-20 |deally, technologies aiming at
controlling the grain size and passivating the grain interfaces at
the same time are desired.?1-23

Over the last two decades, carbon nanotubes have generated
a lot of excitement among researchers for their device
applicability on account of their exceptional charge carrier
transporting property, and outstanding chemical and
mechanical stability. In particular, semiconducting single-walled
carbon nanotubes (s-SWNTs) with a direct bandgap of up to 2
eV show high conductivity along the tube axis, qualifying for
charge-transporting media in PSCs.24-26 Recently, fullerene has
been reported to function as charge-transporters in PSCs.27:28
However, fullerenes have lower carrier mobility and stability
than SWNTs that they cannot be considered an ideal choice of
materials.2?® To date, there has been one report on the
application of pure s-SWNTs in PSCs, where s-SWNTs were used
as a charge extractor next to a perovskite active layer.3° Another
close application is sulfonated multi-walled carbon nanotubes
as crystal growth templates inside a perovskite film, but the
carbon nanotubes were not semiconducting as they were multi-
walled.3?

Herein, we demonstrate purified s-SWNTs dispersed in water
functioning as both the perovskite crystal growth templates and
charge transporters inside a perovskite layer, increasing the PCE
of PSCs from 18.1% to 19.5%. Sodium deoxycholate (DOC)
surfactants were used to collect s-SWNTs bound to agarose gel
in the process of separation. The carbonyl groups in DOC
formed Lewis adducts with perovskite precursors to function as
growth templates and passivators, inducing large crystal size
and reducing trap sites, respectively. Since s-SWNTs had to be
dispersed in water for a purification step, a small amount of
water was added into a CH3NHsPbls (MAPbIs) solution. To
identify the role of added water, we fabricated water-added
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PSCs for a comparison. The added water enhanced the quality
of the perovskite crystal grains in terms of homogeneity. With
the presence of s-SWNTs, the size of crystal grains and mobility
of the perovskite film increased. This was verified by
microscopic techniques, such as scanning electron microscopy
(SEM) and in-situ transmission electron microscope (TEM), and
various charge kinetics measurements. Nevertheless, there was
a limitation in the use of s-SWNT(,q); it was found that 2wt% of
s-SWNT,q) was the optimal amount and higher concentration
resulted in the decrease in device performance. We ascribed
this to the limited purity s-SWNTs and low mobility of DOC
surfactants. Subsequently, this leaves us with the room for
further improvement by the purity of s-SWNTs and the mobility
of surfactants, which are future work to follow.

RESULTS AND DISCUSSION

Metallic carbon nanotubes functions as recombination sites in
perovskite film and forms Schottky junctions with neighbouring
semiconducting carbon nanotubes. Therefore, it is important
that we use highly pure s-SWNTs if we are to use them inside
the perovskite film.28:3233 We obtained highly pure s-SWNTs by
agarose gel chromatography, where the s-SWNTs were
selectively adsorbed to the gel in 1% SDS and were eluted by 1%
DOC (Fig. S1). Details can be checked in ESIL. The
photoluminescence (PL) mapping (Fig. 1la, Fig S2) and the
corresponding chirality mapping (Fig. 1b, Table S1) show that
there are s-SWNTs in the attained solution with the major
chirality being (9,4). The UV-Vis-NIR spectrum with strong S11
and S22 transition peaks corroborate the high purity of s-SWNTs
(Fig. 1c). Moreover, the Raman spectra obtained from 785 nm
and 633 nm laser lines substantiate the s-SWNT purity (Fig. 1d).
Atomic force microscopy (AFM) images of the s-SWNTs drop-
casted on glass substrates show that the SWNTSs are longer than
1 um and possess an entangled geometry. This means that the
tubes are long and flexible enough to encompass the perovskite
crystal grains (Fig. S3). The fact that the SWNT strings appear
thicker than the measured diameters indicates that many tubes
exist in bundles.

MAPDbI; solutions containing different concentrations of the s-
SWNTq) were used for PSC fabrication (Fig. 1e, Fig. S4). The
performance of s-SWNT-added PSCs were compared with that
of conventional PSCs and water-added PSCs to differentiate the
effect of s-SWNTs from water. The conventional PSCs exhibited
a PCE of 18.1% with the short-circuit current (Jsc) of 23.1 mA cm-
2, the open-circuit voltage (Voc) of 1.06 V, and the fill factor (FF)
of 0.74 (Table 1, Fig. 1f, Fig. S5, S6, S7, and S8). The water-added
PSCs showed a higher PCE of 18.7% with the Jsc of 22.9 mA cm-
2, Voc of 1.08 V, and FF of 0.76. The s-SWNT,q-added PSCs
showed an even higher PCE of 19.5% with the Jsc of 23.7 mA cm-
2, Voc of 1.14 V, and FF of 0.72. Water-added PSCs have

This journal is © The Royal Society of Chemistry 20xx
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Fig .1 (a) PL mapping of the purified s-SWNTs. (b) Chirality index mapping of the s-
SWNT solution with the corresponding chirality marked with red colour. (c) UV-
Vis-NIR Absorption spectroscopy of the s-SWNTSs. (d) Raman spectroscopy of the
s-SWNTs under the 785 nm laser line (blue) and 633 nm laser line (red). (e)
Structure of the PSC fabricated in this work with an illustration of s-SWNT with an
attached DOC surfactant. (f) Statistical analysis data of obtained PCEs from the
reference devices (black), the water-added devices (blue), and the s-SWNT-added
devices (red).

previously been reported to exhibit higher PCEs than reference
devices in both inverted-type34-37 and normal-type383° PSCs
owing to improved perovskite film morphology and coverage.
While the reported optimal concentration of the water additive
differs among the literatures, 2 wt% was the optimal
concentration in our case (Table S2). The same was true for the
s-SWNTq-added PSCs. A concentration of 2 wt% gave the
highest device performance (Table 2). A notable difference in
the photovoltaic parameters between the s-SWNT-added PSCs
and the water-added PSCs was that the s-SWNT-added PSCs
exhibited higher Jsc and Voc, but lower FF. Consequently, we
conjectured that the s-SWNTs possibly functioned as an
effective additive improving the crystal quality and charge
carrier dynamics in the device. The decrease in FF was cause by
the increase in Rs, indicating possible hinderance in charge flow
upon the addition of s-SWNT.

J. Name., 2013, 00, 1-3 | 2
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From the AFM images and their roughness average (R,) values,
we can observe that the conventional perovskite films display
rough and inhomogeneous grain sizes (Fig. 2a - c). The water-
added perovskite films show more uniform crystal grains, which
are in agreement with the previous reports (Fig. 2b).3437 The s-
SWNT-added perovskite films show a much larger grain size
with decreased grain boundaries (Fig. 2c), implying influence of
s-SWNTs on the crystal growth of the film. This explains the high
Jsc values of the s-SWNT-added PSCs compared with the water-
added PSCs and the reference devices, because large perovskite
grains have known to render high Jsc values. Furthermore, our
incident photon to current efficiency (IPCE) data show that
there is higher IPCE values in the lower wavelength region
between 350 nm to 450 nm (Fig. S7). We surmise this to be from
the excitation in s-SWNTs as they correspond with the band
gaps of the chiralities found in Figure 1 a and 1b. Thus, the s-
SWNTs may have also contributed to the high Jsc. SEM and TEM
were conducted on the s-SWNT-added perovskite films to
analyse the s-SWNTs in the perovskite grain boundaries. TEM
image of the perovskite grain boundary (Zone 1) in Figure 2d
shows that there are non-crystalline substances found at the
surface of perovskite grains (Fig. 2e). These are suspected to be
s-SWNTs and DOCs. There seems to be DOC aggregations (Zone
2), and sometimes a large aggregation which probably contains
both DOCs and s-SWNTs as a bundle (Zone 3). Some images
show a long trail of s-SWNT along the perovskite grain, which
are likely to be single strings of s-SWNTs passivating the grain
boundary (Fig. 2f and S9b, d). The fast Fourier transform (FFT)
analysis supports our point as the perovskite grain area has a
cubic phase crystal with a spacing of approximately 3 A,
whereas the s-SWNT and DOC areas are totally amorphous.
Such amorphous aggregations were not observed in reference
perovskite (Fig. S9a, c). To understand the influence of the
added water and s-SWNT on the perovskite crystal growth,
environmental SEM (ESEM) was used to observe the perovskite
crystal growth in-situ. It is worth noting that due to the vacuum
environment of the ESEM set up, actual crystal nucleation and
growth condition in ambience will be different. Therefore, the
data is valid only for the comparison between the different
experimental splits. Figure S10 shows that the water-added
perovskite films demonstrate much more uniform and circular
perovskite seeds with slower growth rate than the reference
films. This implies that the water additive influences from the
seed formation to the growth rate, which lead to a better
morphology of the perovskite films. The s-SWNT-added
perovskite films also display uniform and circular seeds owing
to the added water, but the crystals are much larger and the
crystal growth is slower compared with that of the water-added
perovskite film.1440 This proves that the added s-SWNTs
function as crystal growth templates. lllustration in Figure 2g
depicts how the added water and s-SWNTs interact during the
perovskite film formation. This is deduced from our density
functional theory (DFT) calculation of interactions of Lewis
bases, namely, dimethyl sulfoxide (DMSO), water,

This journal is © The Royal Society of Chemistry 20xx
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Fig .2 AFM images of (a) the reference MAPbI3 film, (b) the water-added MAPbI3
film, and (c) the s-SWNT-added MAPbI3 film. (d) SEM image and (e)(f) TEM images
of the s-SWNT-added MAPbI3 film with the FFT analysis as insets. (g) lllustration
depicting the role of water and s-SWNT additives during the perovskite growth of
the s-SWNT-added MAPDI3 film compared with the reference.

s-SWNT ., -added Perovskite Film

methylammonium ion (MA), and DOC on Pb?* (Fig. S11). The
calculation results show that the interaction between DOC and
Pb2* is stronger compared to DMSO and water (Table S3). This
means that DOC can effectively raise the nucleation energy, AG
to slow down the crystal growth better than either DMSO or
water. The ability for s-SWNTs to function as the crystal growth
template comes from the Lewis base carbonyl groups with lone
pair electrons on DOC, interacting with the nucleation sites of
the Lewis acid perovskite precursors perovskite precursors.1941
This is an interesting concept as none of the reported s-SWNT
applications to perovskite material does not involve surfactants,
to the best of our knowledge.*?43 Fourier-transform infrared
(FTIR) spectroscopy data reveals that the C=0 bond absorption
peak of DOC powder at 1,560 cm 1 shifted to a lower vibration
upon addition of Pbl, (Fig. 3a).** The weakened C=0 bond
strength of DOCs indicates the formation of SWNT-DOC—Pbl,
adducts by formation of a dative bond mediated from the lone
pair electrons on C=0. The formation of such adducts retards
the crystal growth by elevating nucleation barrier of perovskite
nuclei, thereby increasing the size of perovskite crystal grains.*>
Unlike dimethyl sulfoxide (DMSO), DOCs on SWNTs do not
evaporate during the annealing step of the perovskite films,
which implies that SWNT-DOCs remain in the films after
completion of the crystal growth. As illustrated in Fig. 2g, the
SWNT-DOCs and their adducts are probably repelled to the
grain boundaries as the grain gets larger, subsequently sitting at
the grain boundaries. X-ray diffraction spectroscopy (XRD)
confirms the increase in the grain size and the passivation of the
grain boundaries (Fig. S12 and S14, Table S4 and S5). The XRD
spectra of the perovskite films indicate a tetragonal phase with
a dominant (110) peak at

J. Name., 2013, 00, 1-3 | 3
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14.1°. The crystal grain size can be estimated from full-width at
half-maximum (FWHM) of the (110) peaks using the Debye -
Scherrer equation.*® The reference film, the water-added
perovskite film, and the s-SWNT-added perovskite film exhibit
the (110) peaks with the FWHM values of 0.456, 0.469, and
0.448, respectively (Fig S12, Table S4). Therefore, the crystal
grain size of the water-added perovskite films is the smallest
and that of the s-SWNT-added perovskite films is the largest,
which agree with the observation made from the AFM images
in Figure 2. In addition, the intensity ratio of the (110) peak to
the (220) peak indicates the growth of the (110)-oriented
grains,*”*8 which is favourable for the hole injection from the
perovskite to spiro-MeOTAD.*° The s-SWNT-added films exhibit
the greatest ratio of 1.58 (Table S4). The XRD spectra with
varying s-SWNTq concentrations show that the grain size
increases with the increase in the amount of s-SWNTs added
(Fig. S13 and S14, Table S5). The small peak at 13.0° comes from
the lattice planes of hexagonal Pbl,.5° The peak is suppressed
with the increase in the s-SWNT,q) concentration, indicating
that the hydrophobic s-SWNTs at the grain boundaries might be
protecting the perovskite films from environmental
degradation or dissociation (Fig. S13b). The existence of Pbl; in
perovskite film is known to increase Jsc and FF, but decrease Voc.
If Pbl, is deficient, the opposite effect will take place. This
indicates that the small amount of Pbl, might have contributed
to the high Voc obtained from the s-SWNT-added devices (Fig.
S6, Table 1). Trap-states at the grain boundaries induce non-
radiative recombination, decreasing the charge carrier lifetime
and broadening photoluminescence (PL) peak.16515253 While
both the water-added and the s-SWNT-added perovskite films
exhibited blue shifts compared with the reference films, the s-
SWNT-added perovskite films displayed marginally smaller
FWHM, indicating possible passivation of the trap states by
DOCs on SWNTs (Fig. S15).8>4 Transient PL substantiates this by
revealing that the s-SWNT-added perovskite films show longer
average carrier lifetime (Fig. S16). Further evidence for the trap
sites passivation can be found from the XPS data in Figure 3b.>®
Both the water-added perovskite films and the s-SWNTs-added
perovskite films have the Pb 4fs;; and 4f;/, peaks shifted to a
higher binding energy compared with those of the reference
films. The shifts are due to the perovskite crystals containing
less metallic Pb, which proves the higher quality of the
perovskite films.>657.58 Notably, the peaks of the s-SWNTs-
added perovskite films are narrower than the other films,
because there are less Pb2* species owing to the greater grain
size and the passivation from the s-SWNTs. PSCs with DOCs as
additives without s-SWNTs were fabricated. The devices
exhibited significantly low PCEs with notably high series
resistance (Rs) values (Table S6). This shows that DOCs alone
cannot function as the charge transporters and s-SWNT
backbones are necessary as they enhance the charge flow of the
perovskite film (Fig. S17). Furthermore, conductive-AFM of the
s-SWNT-added perovskite films show more highly conductive
spots at the grain boundaries than the water-added perovskite
films, corroborating the charge conductivity enhancement with

This journal is © The Royal Society of Chemistry 20xx
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Fig .3 (a) FTIR spectra of DOC pellet (black) and DOC pellet containing Pbl2 (red).
(b) Pb 4f7/2 and Pb 4f5/2 peaks of the XPS spectra of the MAPbI3 film (black), the
water-added MAPDI3 film (blue), and the s-SWNT-added MAPbI3 film (red). (c)
The yield of free charge carriers (®) multiplied by the sum of the carrier mobilities
(2p = pe + ph) giving the yield-mobility product (®Zp) over time for the MAPbI3
film (black) and the s-SWNT-added MAPDbI3 film (red) with the spiro-MeOTAD
coated on top. (d) Nyquist plots of MAPbI3 film (black), the water-added MAPbI3
film (blue), and the s-SWNT-added MAPbI3 film (red) obtained from the
impedance measurement.

the presence of s-SWNTs (Fig. S18). Time-resolved microwave

conductivity (TRMC) measurement shows that the perovskite

films with s-SWNTs exhibit much faster decay, suggesting

improved charge extraction kinetics (mainly holes) from the

perovskite active layer to the spiro-MeOTAD layer (Fig. 3c).3059

This is related to the aforementioned enhancement of film hole

mobility and (110)-oriented grains. To gain further insight into

the roles of s-SWNT in the perovskite film, the electrical

impedance spectroscopy (EIS) analysis was conducted. Figure

3d shows the Nyquist plots of the reference perovskite film, the

water-added perovskite film, and the s-SWNT-added perovskite

films under illumination, with the equivalent circuit shown in

the inset. It is known that in the EIS analysis, the high frequency

component represents the charge transfer resistance (R¢t).%° In

the present study, the only variable affecting R is the additives

in perovskite films. The numerical fitting of EIS data gives the

parameters as listed in Table S7. Obviously, compared with the

Rct of 248.3 Q from the reference sample, the water-added and

s-SWNT-added samples show smaller Rt of 121.2 Q and 95.8 Q,

respectively. The smaller Ry implies more efficient charge

extraction from the perovskite active layer, which can arise

from the improved morphology and coverage of perovskite film

due to the water additive. Furthermore, even smaller Rt of 95.8

Q upon addition of s-SWNTs due to more efficient charge

extraction by passivation of the grain boundaries and reduced

trap sites. As complementary experiments, we tested PSCs with

pure metallic single-walled carbon nanotubes rather than

semiconducting carbon nanotubes. PSCs with metallic single-

walled carbon nanotubes exhibited poor PCEs with extremely

low Rsy, indicating the importance of s-SWNT purity (Table S8).

It is worth noting that the addition of s-SWNTs did not manifest

any significant change in the device stability.6 We conjecture

J. Name., 2013, 00, 1-3 | 4
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that this is due to the s-SWNT added being too small to have a
noticeable effect.

Conclusion

By incorporating a small amount of s-SWNTs in deionised water,
a PSC PCE of 18.1% increased to 19.5%. The added s-SWNTs
worked as both crystal growth templates and grain boundary
passivators thanks to the attached DOC surfactants. The s-
SWNTs themselves functioned as charge bridges at the grain
boundaries as well, increasing the mobility of the perovskite
film. The resulting effects were increased grain size and reduced
charge trap, which were reflected by the increased Jsc and Voc.
The FF improvement was limited in comparison with the water-
added control devices, which, we predict, can be resolved by
using purer s-SWNTs and surfactants with higher mobility than
DOC. As the technology of this work does not require a large
amount of s-SWNTs which are costly, the potential feasibility of
this work can be said to be excellent. Therefore, we expect
further follow-ups of this work in near future.
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Table 1 Photovoltaic parameters of the reference PSCs and the PSCs using water and s-SWNT(aq) as additives under 1 sun (AM 1.5 G, 100 mW cm-2), showing the best
and average PCE values.

Active Layer Jsc (MA cm?) Voc (V) | FF | Rs (Q cm?) Rsh (Q cm?) PCEpest RECE e
MAPbDI3 23.1 1.06 0.74 29.7 4.53x10* 18.1% 17.1+0.9%
MAPbDI; + 2wt% water 22.9 1.08 0.76 58.5 1.94x10° 18.7% 18.3+0.5%
MAPDI; + 2wt% S-SWNT o) 23.7 1.14 0.72 92.6 8.87x10* 19.5% 18.9+0.5%

Table 2 Photovoltaic performance of the s-SWNT-added PSCs with varying s-SWNT(aq) concentrations under 1 sun (AM 1.5 G, 100 mW cm-2).

Co:(_:z\r?’::’\;-lt—ion Jsc (MA cm?) Voc (V) FF Rs (Q cm?) Rsh (Q cm?) PCEpest (%) PCE.average (%)
1wt% 23.5 1.08 0.76 45.6 5.69x1 04 19.3 18.7 £0.5
2wt% 23.7 1.14 0.72 72.6 1.87x1 04 19.5 19.1 +0.3
3wt% 224 1.13 0.70 84.4 7.95x1 04 18.2 18.0 £0.2
10wt% 20.5 1.15 0.68 93.5 2.28x1 04 15.4 14.5 +0.8
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