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ABSTRACT

In this letter we demonstrate a planar n-i-p perovskite solar cell design with a
steady-state efficiency of up to 18.8% in the absence of any electronic dopants. In the
device stack, solution-processed SnO: is used as electron-accepting n-type layer. The
absorber layer is a perovskite with both mixed organic A-site cations and mixed
halides (FAo0.8sMAo.17Pb(lo.s3Bro.17)3). The hole-transporting p-type layer is a double-
layer structure of polymer-wrapped single-walled carbon nanotubes and undoped

spiro-OMeTAD. We show that this approach can deliver steady-state efficiencies as
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high as and even higher than traditionally doped spiro-OMeTAD, providing a

pathway for dopant-free perovskite solar cells crucial for long-term stability.
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Halide perovskite solar cells continue to generate a lot of interest and enthusiasm
among researchers, largely due to the prospect of readily transitioning from a purely
lab based technology to real-world scales. This expectation is largely based on the
rapid increase in efficiency over the past few years to values above 22%.' The next
challenge will be to develop perovskite devices which can retain these efficiencies but
in addition are stable for the long term.! This can be achieved by either developing a
more stable perovskite absorber or by improving the device architecture such that the
perovskite absorber is better protected from extrinsic degradation. Currently, the main
body of research in the field has been focused on two architectures: the original n-i-p
stack, where the transparent electrode collects electrons, and the p-i-n stack, where the
charges travel in the opposite direction, and the transparent electrode collects the
holes.? The efficiency of p-i-n devices has steadily increased in recent years to
efficiencies up to 20%,®> but thus far, the n-i-p stack has kept its edge, with

efficiencies in the range of 21-22%.%°
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Essential components of this device architecture are the two charge selective
contacts. The n-type contact in the majority of all devices is TiO, either in a planar
configuration,® as a thin compact layer, or in a mesostructured configuration where an
additional mesoporous layer of TiO2 (150-300 nm) increases the contact area with the
perovskite absorber.*® To address the issue of non-steady state hysteresis effects,”®
interface modification of TiO, with ionic liquids® or fullerenes have been shown to
have beneficial effects.!® Extending this finding even further, TiO2 was completely
replaced by Cgo derivatives as n-type contacts.’*'? Recently, SnO, has moved into the
spotlight as the n-type contact with recent studies reporting excellent steady-state
performances.'®16

The p-type contact on the other side of the absorber has been investigated even
more intensively.}”'® The development of new materials has been focused on high-
efficiencies but also on improved device stability.! Interestingly, however, the best-
performing devices® still use the “original” hole-transport material 2,2,7,7-tetrakis-
(N,N-di-p-methoxyphenylamine)9,9-spirobifluorene (spiro-OMeTAD), which had
been the crucial ingredient for the breakthrough of the perovskite solar cell in
2012.1920 The fact that the amorphous hole-conductor spiro-OMeTAD performs as
well as it does, is quite remarkable considering that it was conceived to mimic liquid
electrolytes in dye-sensitized solar cells.?! Its biggest flaw is that it is not sufficiently
conductive for efficient charge-transport, and therefore requires extrinsic doping,
which is typically done with Li-TFSI.222® The biggest concern with regard to using
Li-TFSI is that it is highly hygroscopic which has been shown to detrimentally impact
the device stability due to accelerated moisture ingress.?* There have been numerous
efforts to either improve the inherent conductivity of spiro-OMeTAD by other

means,??® or to synthesize alternative hole-transporting materials which have an
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inherently high hole-conductivity and therefore do not require additional
dOping.18'27'28

For a dopant-free n-i-p system, the highest reported scanned efficiency is 17.3% while
the highest reported steady-state efficiency to date is around 15.0%.282° In contrast,
when spiro-OMeTAD is fully doped including Li-TFSI and the cobalt dopant

FK9209, the currently highest steady-state performance in the literature is 21.6%.°

In this report, we demonstrate the effectiveness of using polymer-wrapped single-
walled carbon nanotubes (SWNTs) as conductive elements in undoped spiro-
OMeTAD to achieve a steady-state efficiency of up to 18.8%, exceeding the
performance of the control devices with spiro-OMeTAD as hole-transport material,

even those in which spiro-OMeTAD is conventionally doped with Li-TFSI.

SWNTs

Sno,—
*"‘*f b r&'a

neiype layer

1000 ni

T

Figure 1: a) The transparent electrode is FTO (~7 Ohm/square) and collects electrons from
the n-type contact, a solution-processed SnO. layer. The perovskite absorber is
FA083MA..17Pb(lo.s7Bro.17)s. The p-type contact is formed by a dense multilayer of polymer-
wrapped single-walled carbon nanotubes and a sequentially deposited layer of undoped spiro-

OMeTAD. The hole-collecting top electrode is silver. b) The scanning-electron microscope
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(SEM) image of a device cross-section, including the interlayer of SWNTs. The SWNTSs are
clearly visible protruding from the interface between the perovskite absorber and the undoped

spiro-OMeTAD layer.

The device stack of this study is shown in Figure 1. The electron-collecting
transparent electrode is made of fluorine-doped SnO.. The n-type contact which
blocks holes but collects photogenerated electrons from the perovskite is a planar
SnO; layer which has been prepared according to Anaraki et al.'® The perovskite
absorber is the mixed absorber FAo.83MAo.17Pb(lo.g7Bro.17)s which has first been
described by Jeon et al.*® The p-type contact is formed by a polymer-wrapped single-
walled carbon nanotube (SWNT) multilayer. For processing the SWNTSs, they were
wrapped in a monolayer of poly(3-hexylthiophene) (P3HT), the excess polymer
which is not wrapped around SWNTs was removed prior to deposition.®! After the
deposition of the SWNTSs, a layer of undoped spiro-OMeTAD is spin-coated on top,
filling in the gaps in the SWNT mesh, thus preventing recombination losses at the
metal electrode.

In Figure 1b, the scanning electron microscope (SEM) image of a device cross
section is shown, of a device with the SWNT interlayer. At the interface between the
perovskite absorber and the layer of undoped spiro-OMeTAD, the thin bright
protruding filaments can be identified as the polymer wrapped SWNTSs.

SWNTSs, in contrast, to Li-TFSI are non-hygroscopic and do not directly react with
spiro-OMeTAD. Instead, they form a network of high-mobility, conductive channels
which selectively remove photogenerated holes from the perovskite interface, largely
independent from the spiro-OMeTAD matrix.?*?® To demonstrate their impact on
device performance, two types of control devices were prepared: one with just

undoped, neat spiro-OMeTAD, and one with doped spiro-OMeTAD as p-type
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contact. The doping was done with lithium bis(trifluoromethylsulfonyl)imide (Li-

TFSI) with the concentrations of the currently highest published efficiency devices.®

All three device structures contain 4-tert-butylpyridine (tBP), which we have shown

in a previous study to directly interact with the perovskite making the interface with

the HTM more p-type, thus inducing beneficial band bending which significantly

enhances the steady-state charge extraction.*

We show the current-voltage characteristics of the reverse scans (Figure 2a) and

the stabilized power output (SPO) (Figure 2b) — a metric for the steady-state

efficiency — of the Dbest-performing devices for all three configurations. The

performance parameters are summarized in Table 1, the corresponding device
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Figure 2: a) Current-voltage curves of the reverse scans for the best performing devices with neat

spiro-OMetAD, doped spiro-OMeTAD and SWNTs. b) Stabilized power output obtained from

photocurrent tracking at the maximum power-point voltage (corresponding to the transient current-
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shown in ¢), and the corresponding stabilized power-output values are shown in d).

In the device stack in which the hole-transport material spiro-OMeTAD is
undoped, the impact of the very low conductivity of the amorphous material becomes
apparent in the form of a dominating series resistance (15.6 Q-cm?) which limits the
overall efficiency to around 12.7%. Although it has been shown that the hole mobility
of neat spiro-OMeTAD increases from 10 to close to 10° cm? V-1s? under light,®
this is, however, still too low to match the hole mobility of Li-TFSI doped spiro-
OMEeTAD. This can be seen in the current-voltage curve of the device with the doped
HTM. The improvement in the efficiency to 18.7% results from a slightly enhanced
charge extraction, but mainly from a significantly larger fill factor due to the much
lower series resistance (5.7 Q-cm?). Similarly, when the SWNTSs are deposited at the
interface between the perovskite absorber and an undoped spiro-OMeTAD layer, the
series resistance is further reduced (2.3 Q-cm?), leading to a fill factor of 0.75, which
combined with a short-circuit current of 22.07 mA cm™ and an open-circuit voltage of
1.14 V, yields a power-conversion efficiency of 18.9%. The current-voltage curves
are very useful to identify macroscopic limitations within a device structure, as in this
case, where we can clearly point to the series resistance as the limiting factor for the
poorly conductive neat spiro-OMeTAD layer. The peculiar characteristic of
perovskite solar cells that the JV-curve is affected by the scanning conditions such as
direction, speed and pre-biasing which makes JV-scans a poor metric for the
operational efficiency of a photovoltaic device because the time scale of the scans
often exceeds the time scale of the underlying transient processes responsible for this

behavior.”3* As a means to avoid ambiguity and the risk of overestimating the actual



156  power-output capacity of a device, we hold it at its maximum power-point voltage
157  (Vwmep) and let the photocurrent stabilize. As a result we obtain the stabilized power
158  output (SPO) of a device which can serve as an unambiguous metric for the steady-
159  state efficiency at which a solar cell would operate.”

160 The photocurrent tracking at Vmep to obtain the SPO values are shown in Figure
161 2b. The SPOs for the neat and the doped spiro-OMeTAD device are 11.6% and
162  17.6%, respectively, showing a slight decrease compared to the scanned PCE values.
163  In contrast, the SPO of 18.8% for the SWNT device matches its scanned PCE. We
164  attribute the fact that charge extraction under steady-state conditions does not appear
165  to be impacted by either trap assisted recombination, ionic drift**3” or a combination
166  of the two, to the SWNTSs forming an excellent interface with the perovskite due to
167 a beneficial alignment of the energy levels which allows an efficient barrier-free
168  extraction of photogenerated holes.3%4°

169

170 Table 1: performance parameters of the best-performing devices with the three investigated

171  different hole transport layers.

HTL architecture Jse [MA/cm?]  Voc [V] FF PCE [%] SPO[%] SPO/PCE
spiro-OMeTAD (neat) 21.02 1.11 055 127 11.6 0.92
spiro-OMeTAD (Li-TFSI) 22.89 1.12 073 187 17.6 0.94
SWNTs 22.07 1.14 0.75 189 18.8 1.00
172
173 To provide further insight into the underlying mechanism for the performance

174  enhancements due to the presence of the SWNTs at the interface, we carried out
175  steady-state photoluminescence (PL) and time-resolve photoluminescence (TRPL)
176  measurements on the three investigated hole-transporter configurations, as well as on
177  a bare perovskite layer (Figure 3). All samples were fabricated on glass substrates so

178  that exclusively hole extraction could occur.
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Figure 3: a) Normalized steady-state photoluminescence spectra at an excitation at 510 nm at the same
fluence comparing the three hole-transporter layers to a perovskite without hole-transporter (red
squares). b) Time-resolved photoluminescence spectra in the first 200 ns. The decay was fitted with a

stretched exponential function (Table 2).

The characteristic PL peak for the bare perovskite layer is centered around 775 nm.
For the films including a hole-transport layer this emission feature is significantly
reduced, since some of the photogenerated holes are now transferred from the
perovskite to the HTL and cannot recombine radiatively in the absorber. The
magnitude of its reduction is attributed to the number of charges transferred to the
HTL and thus removed from the population of radiatively recombining charge
carriers.

Consistent with the device performance, this emission peak is further reduced by
the presence of the SWNTs compared to the device without the nanotubes (Figure
3a), indicating a more effective extraction of holes by the SWNTs. At the same time,
the PL lifetime is greatly reduced by the SWNTSs, as shown in the time-resolved decay
measurements (Figure 3b). These measurements are an indirect measure for the

charge-carrier extraction dynamics at this interface.



199 Photoluminescence decay dynamics are determined by several pathways of
200 radiative and non-radiative recombination, which can be identified by different decay
201  features in the time-resolved traces (Figure 3b). In the presence of a hole-transporting
202  material, selective carrier extraction adds another non-radiative pathway. The
203  dynamics of charge extraction are complex and include charge transport and transfer
204  through the interface which compete namely with radiative and trap-assisted
205  recombination. To quantify semi-empirically the carrier lifetimes, we fit the
206  experimental photoluminescence decays with a stretched exponential function,
207 F)=A-eWDF
208 in which 0 < f# < 1 is the stretch parameter and serves as an indicator of how the
209  curve deviates from a single exponential decay (4 = 1). The mean lifetime of the
210 photogenerated charges () is given by :
—wf _ F (]

211 (1) = Ofdt e-(t/DF _ a F(E)
212 where T is the gamma-function. The stretch parameter £ and the calculated mean
213 carrier lifetime zare shown in Table 2.
214
215 Table 2: performance parameters of the best-performing devices with the three investigated
216  different hole transport layers.

HTL architecture () [ns] B

Perovskite 725.8 0.67

spiro-OMeTAD (neat) 3.7 0.35

spiro-OMeTAD (Li-TFSI) 2.8 0.41

SWNTs 2.2 0.47
217

10
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For all three dedicated hole transport layers, the mean carrier lifetime is reduced by
more than two orders of magnitude compared to the perovskite layer without charge-
selective contact. We measure the shortest carrier lifetime of around 2.2 ns for the
SWNTs, which indicates that the photogenerated holes are most rapidly extracted in
the presence of the SWNTSs. Alternatively, photogenerated charges could recombine
non-radiatively at the perovskite-SWNT interface, and thus be lost for radiative
emission. However, the comparatively high open-circuit voltage in the full device
suggests that this loss mechanism does not dominate the charge carrier dynamics at
this interface. Instead, in agreement with previous ultrafast transient absorption
measurements,*® the SWNTSs are able to both selectively and effectively extract holes

on a very fast time scale.
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Figure 4: Thermal stress test of devices with doped spiro-OMeTAD and the SWNT-interlayer without
dopant. The devices were exposed to 85°C in the dark at a relative humidity (RH) of ~45%. Each data
point represents the average SPO(tx) of 20 devices normalized by their initial SPO(to) prior to heat

exposure.

In Figure 4, we show an initial demonstration of the increase in stability due to the

absence of Li-TFSI as dopant. Devices with doped spiro-OMeTAD (Li-TFSI) and

11
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devices with the SWNT-interlayer without the dopant were stress-tested at 85°C in
the dark at a relative humidity (RH) ~45%. The data points represent the average
SPO(tx) of the device batch of at time tx normalized by the initial SPO(to) prior to the
thermal stress testing.

We attribute the initial drop in performance over the first 48h to the morphological

41 Malinauskas et al. show in

instability of spiro-OMeTAD at elevated temperatures.
in their study that the amorphous state of spiro-OMeTAD is not very stable and
crystallization of the material may occur at elevated temperatures.** This change in
morphology, they show, leads to a significant deterioration of the solar cell
performance.

In our case, the formation of crystalline domains in the spiro-OMeTAD layer
might also impact the contact of the SWNTs with their interfaces, thus being largely
responsible for the initial decrease in performance (Figure 4). The additional
significant decrease in device performance of the doped spiro-OMeTAD layer is
attributed to an accelerated degradation of the absorber itself due to the presence of
Li-TFSI. As a result, the device performance of devices with doped spiro-OMeTAD
has decreased twice as much than that of devices with the SWNT-interlayer.
However, our study illustrates further that spiro-OMeTAD, even in the absence of

dopants, is not a particularly suitable hole-transporting material for long-term device

stability likely due to its morphological instability.

In summary, we have demonstrated that polymer-wrapped nanotubes can be
employed as a conductive element to improve the charge transport characteristics of
neat spiro-OMeTAD in perovskite devices with FAos3MAo.117Pb(lo.g7Bro.17)s as

absorber to achieve a scanned power-conversion efficiency of up to 18.8%. More

12
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importantly, the corresponding steady-state efficiency matches this value,
demonstrating that this hole-transporter system can yield devices which are not
negatively affected by current-voltage hysteresis. In comparison, the control device
with fully doped spiro-OMeTAD yielded a scanned efficiency of 18.7% but showed a
reduced stabilized efficiency of 17.6%. With this we have expanded the arsenal of
hole-transporter systems for high-performance perovskite devices which deliver a
high power-conversion efficiency without requiring any hygroscopic dopants, which

has significant implications for long-term device stability.

EXPERIMENTAL METHODS

SWNT Functionalization.

Powdered singled-walled carbon nanotubes (SWNTSs) produced by the CoMoCAT
process, SWeNT CG200, were purchased from Sigma Aldrich. They have a diameter
range from 0.7—1.4 nm and a relative purity of 90% as the percentage of carbon that is
present as SWNTs. 3.0 mg of rr-P3HT (Rieke Metals Inc., weight-average molecular
weight, Mw = 50 000 g mol™ and regioregularity = 95%) was dissolved in 5.00 mL
of chlorobenzene and sonicated in a bath sonicator for 60 min. 2.5 mg of SWNTs
were added, as purchased, to the dissolved polymer solution and treated with an
ultrasonic probe for 10 min. After the sonication treatment 5 ml of chlorobenzene
were added to improve the solubility of the polymer-nanotube-hybrids. The mixture
was subsequently centrifuged for 8 min at 10 000g to remove non-functionalized
SWNTs and other carbonaceous particles. The precipitate was discarded while the

supernatant was recovered. In order to remove the excess polymer according to the
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solvent extraction technique detailed by Schuettfort et al.,*? 10 mL of toluene was
added. The mixture was then mildly heated for 60 min to induce aggregation of the
functionalized SWNTSs. The aggregates were then removed by centrifugation (4 min
at 16 000 g). The supernatant containing excess polymer was discarded and the
precipitate was recovered. The pellet consists of 1.5-1.6 mg of polymer-wrapped
nanotubes, which are dispersed in 6 mL of chloroform. Immediately prior to spin-
coating, the chloroform dispersion was sonicated with an ultrasonic probe for 1 min at
low intensity (~10% of amplitude) to break up clusters and bundles.

Solar Cell Fabrication. A glass wafer with a layer of fluorine doped tin oxide (FTO)
(TECT) was first cleaned with detergent and de-ionized water, and then washed with
ethanol. Thereafter it was treated for 5 min in Oz plasma. The electron accepting SnO-
was prepared in a two-step deposition first introduced by Anaraki et al.'® For the first
layer, tin(IVV)chloride pentahydrate (SnCls-5H20) (Sigma-Aldrich) was dissolved in
2-propanol 0.05 M and let stir for 30 min. The solution was spincoated at 3000 rpm
for 30 s, with a ramp of 300 rpm/s. The substrates were then dried at 100°C for 10
min and annealed at 180°C for 60 min. For the second step, a chemical bath was
prepared by dissolving tin(I1) chloride dihydrate (SnCl>-2H20) (Sigma-Aldrich) in de-
ionized water (DI-H20) 0.012 M together with 20.7 mM urea (Sigma-Aldrich) in
addition to 0.15 M hydrochloric acid (Fisher scientific) and 2.87 uM 3-
mercaptopropionic acid (Sigma-Aldrich). The substrates were immersed in the
solution and kept at 70°C for 180 min. Afterwards, the substrates were washed with
DI-H20 and sonicated in a bath sonicator for 2 min in DI-H2O. Thereafter, they were
washed with ethanol and annealed at 180°C for 60 min. For mixed perovskite
precursor 1.25 M formamidinium iodide (Dyesol), 0.25 M methylammonium bromide

(Dyesol), 0.25 M lead bromide (Alfa Aesar), 1.375 M lead iodide (TCI) were

14



313

314

315

316

317

318

319

320

321

322

323

324

325

326

327

328

329

330

331

332

333

334

335

336

337

dissolved in a solvent mixture of N,N-dimethyformamide (DMF) and N,N-dimethyl
sulfoxide (DMSOQO) (4:1 by volume), and stirred for 15 min at 65°C. The perovskite
deposition was done in a drybox with a relative humidity of approximately 10%. For
the deposition, 20 pl of the precursor solution were spincoated per substrate in a two-
step process, spinning for 10 s at 1000 rpm and 35 s at 6000 rpm. 10 s before the end
of the second spincoating step, the spinning substrate was quenched with 80 pl
anisole (Sigma-Aldrich). Thereafter the perovskite films were annealed at 100°C in an
oven.

For the hole-transport layer 85 mg/ml of 2,20,7,70-tetrakis-(N,N-di-p-
methoxyphenyl-amine)9,9-spirobifluorene (Lumtec) were dissolved in chlorobenzene
(Sigma-Aldrich), to which 33 pl/ml of 4-tert-butylpyridine (Sigma-Aldrich) were
added. For the Li-TFSI doped control devices, 500 mg/ml lithium bis(tri-
fluoromethanesulfonyl)imide (Sigma-Aldrich were dissolved in 1-butanol (Sigma-
Aldrich), of which 20 pl/ml were added to the spiro-OMeTAD solution. The doped
and undoped spiro-OMeTAD layer were deposited by spincoating at 2000 rpm for 45
s. The SWNTSs were deposited dynamically by drop-by-drop spin-coating (3000 rpm
for 90 s) of 200 pl of the SWNT dispersion. The film was blow-dried with an airgun
and let sit to dry at RT for 15 min. Finally, silver electrodes were thermally
evaporated onto the HTL.

Current-Voltage Measurements. For measuring the performance of the solar cells,
simulated AM 1.5 sunlight was generated with a class AAB ABET solar simulator
calibrated to give simulated AM 1.5, of 100.0 mW cm equivalent irradiance, using
an NREL-calibrated KG5 filtered silicon reference cel . The current-voltage curves
were recorded with a sourcemeter (Keithley 2400, USA). The solar cells were

masked with a metal aperture defining the active area (0.0919 cm?) of the solar cells.
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Additionally, by removing active material between individual cells on the same glass
substrate, single-cell contributions were ensured. Measurements were done in a light-
tight sample holder to minimize any edge effects and ensure that the reference cell
and test cell are located during measurement in the same spot under the solar
simulator.

Photoluminescence spectroscopy. Time-resolved PL decays were acquired using a
time-correlated single photon counting (TCSPC) setup (FluoTime 300, PicoQuant
GmbH). Samples were photoexcited using a 507 nm laser head (LDH-P-C-510,
PicoQuant GmbH) with pulse duration of 117 ps, fluences of ~0.03 — 3 puJ/cm2/pulse,

and a repetition rate of 0.1 to 1 MHz.
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