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Perovskite solar cells (PSCs) have demonstrated high power conversion efficiency (PCE) but inferior
long-term stability and remarkable hysteresis. To date, the most efficient PSCs have a n—i—p device
architecture and use Li-TFSI/t-BP as standard bi-dopants for the hole-transporting layer (HTL). However,
such dopants not only induce deleterious effects on stability but also significantly affect the hysteresis of
PSCs. Here, we demonstrate that a fluorine-containing hydrophobic Lewis acid dopant (LAD) can be
employed as an effective dopant for PTAA to realize an exceptional fill factor of 0.81 and a record PCE
as high as 19.01%, the highest value among the ever reported PSCs based on a novel dopant in the HTL,
versus 17.77% for the control device with Li-TFSI/t-BP doped PTAA. To the best of our knowledge, this is

Received 4th January 2018, the first case in which a PSC based on a novel dopant for the HTL shows higher efficiency than a PSC
Accepted 4th April 2018 based on the state-of-the-art bi-dopants Li-TFSI/t-BP. Besides, the LAD-based PSC displays lower J-V
DOI: 10.1039/c8ee00036k hysteresis and much better long-term stability of up to 70 days under air exposure without

encapsulation. We believe that this work will pave a new avenue for high-efficiency, hysteresis-less and
rsc.li/ees stable PSCs exploring hydrophobic dopants as alternatives to hydrophilic Li-TFSI/t-BP.

Broader context

Perovskite solar cells (PSCs) are promising, cost-effective, solution processed thin film photovoltaics that already exhibit superb power conversion efficiency
(PCE), but suffer from challenging hysteresis and environmental instability. So far, the discussion about hysteresis and stability has been mainly focused on
additive engineering in perovskite films and the electron-transporting layer. However, investigations into the hole-transporting layer (HTL) remain relatively
limited. The HTL as a charge selective layer in PSCs plays a particularly important role in achieving high efficiency as well as preventing direct contact between
perovskite and moisture in the air. It is known that the bi-dopants (Li-TFSI/#BP) are necessary in the HTL in order to improve the hole conductivity of the HTL
as well as to obtain high efficiency in PSCs, but the bi-dopants can potentially induce device hysteresis and instability due to the deliquescent, hygroscopic and
ionic nature. Here, we demonstrate that fluorine-containing hydrophobic Lewis acid LAD can be employed as an effective dopant for PTAA to replace state-of-
the-art bi-dopants Li-TFSI/¢-BP and realize a PCE value as high as 19.01%, a new record among the reported PSCs based on novel dopants for the HTL, with
lower J-V hysteresis and much better long-term stability of up to 70 days under air exposure without encapsulation. This work highlights the important roles of
HTL dopants on the efficiency, hysteresis and stability of PSCs and opens up a new approach for designing hydrophobic HTL dopants to further advance
perovskite technology for various applications.

Introduction

Organic-inorganic halide perovskite solar cells (PSCs) have drawn
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from initially reported 3.81% to a certified value of 22.7%.°"
Meanwhile, the theoretical efficiency limit of a PSC has been
estimated to be 31% taking into account the photon recycling
design through a detailed balance model.** These render PSCs as
potential candidates for next-generation thin film photovoltaics.

Despite great progress in the PCE of PSCs, some issues, such
as the photocurrent density-voltage (J-V) hysteresis and long
term stability, are still needed to be rationally addressed for the
large-scale application.">"® Current works aiming to reduce
the hysteresis and enhance the stability in PSCs are majorly
focused on additive engineering in the electron-transporting
layer (ETL)""">" and perovskite intrinsic layer”>>® to balance
charge transport and promote perovskite quality. However, the
hysteresis and stability not only originate from the unbalanced
charge transport and poor perovskite quality, but also are
closely related to the hole-transporting layer (HTL) as well as
corresponding dopants.>® Unfortunately, the influence of HTL
dopants on hysteresis and stability of PSCs has been largely
overlooked and so far only few researchers have investigated
these issues.**°

Currently, bis(trifluoromethane)sulfonimide lithium salt
(Li-TFSI) and 4-tert-butylpyridine (¢-BP) are used as standard
bi-dopants for hole-transporting materials including the state-
of-the-art Spiro-OMeTAD and PTAA for highly efficient PSCs
(Fig. S1, ESIt). Unfortunately, Li-TFSI and ¢BP are detrimental
to the hysteresis and stability.>>” On the one hand, Li-TFSI has
deliquescent and hygroscopic nature, which attracts water
molecules and causes quick degradation of the HTL as well
as the perovskite film, diminishing the stability of the device.*®
In addition, the ion behavior of Li-TFSI also strongly affects the
hysteresis of PSCs. On the other hand, ¢-BP induces instability of
PSCs due to its relatively low boiling point, which is easily
evaporated during device fabrication and long-term storage.*
Meanwhile, ¢BP gives rise to the chemical decomposition of the
perovskite by forming a [PbL,-+-BP] coordinated complex.”® Alter-
nately, iodine may react with #BP to form an iodopyridinate
complex.”* Given this background, it is highly desirable to develop
novel dopants for HTLs to replace the commonly used Li-TFSI/t-
BP as soon as possible. Evidently, so far there has been no
substantial report on any new HTL dopant which can challenge
the performance of the state-of-the-art bi-dopants Li-TFSI/¢-BP.

In this work, we report a TiO, n-i-p type PSC with an excep-
tional fill factor (FF) of 0.81 and efficiency of 19.01% utilizing a
fluorine-containing hydrophobic Lewis acid dopant (LAD, Fig. 1)
for PTAA, which represents the best efficiency among reported
novel dopants for HTLs and also outperforms the state-of-the-art
bi-dopants Li-TFSI/t-BP (17.77%) for the first time. Further, the
hysteresis is clearly reduced and the stability against ambient
conditions is unprecedentedly enhanced for the LAD-based PSCs.

Results and discussion
Doping mechanism

Fig. 1a depicts the mechanism of LAD doping in PTAA. The
triphenylamine moiety on the PTAA provides an accessible
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lone-pair of electrons that can associate with the LAD and form
the Lewis acid-base adduct, leading to increase the free hole
density and the charge-carrier mobility.*> The adduct formation
can be directly demonstrated by the color change of the LAD
doped PTAA solutions (Fig. S2 and S3, ESIt). The dopant-free
PTAA solution is transparent with a slight yellow color, which
turns red-brown immediately upon addition of LAD. The
change in color indicates that LAD effectively p-dopes PTAA
and forms the Lewis acid-base adduct PTAA-LAD. Further, this
adduct-solution regains its initial color via addition of Lewis
base (such as #-BP). This transformation is attributed to the
removal of LAD from the PTAA and the formation of the new
t-BP-LAD adduct. In addition, the UV-Vis absorption and elec-
tron spin resonance spectra (ESR) were further evaluated to
confirm the formation of the Lewis acid-base adduct PTAA-
LAD. As shown in Fig. 1b, the dopant-free PTAA shows a
maximum absorption peak at 379 nm. As 5% LAD (molar ratio
with respect to the repeat unit of PTAA) was added, there was a
decrease in the main absorption peak center and a growth in a
new absorption peak at 438 nm, which was assigned to the
formation of radicals.”* The ESR spectrum also confirms the
formation of the organic radical in the doped PTAA film. As
shown in Fig. 1c, the LAD-doped PTAA film reveals a strong
radical signal, while no appreciable signal is observed in the
dopant-free PTAA film. This illustrates the strong electron-
accepting ability of LAD, resulting in electron transfer from
the nitrogen atoms of PTAA to the boron atoms of LAD. There-
fore, these changes in absorption and ESR are consistent with
PTAA-LAD formation. Electronic structure calculations were
performed at the B3LYP/6-31G* level of density functional
theory.*® Fig. S4 (ESIT) shows the representation of the optimized
structure, the highest occupied molecular orbital (HOMO) and
lowest unoccupied molecular orbital (LUMO) topologies for LAD,
indicating that LAD has a spiral configuration, and the HOMO is
clearly more localized at the benzene moieties while the LUMO is
primarily localized on the whole molecule.

Hole mobility and energy levels

To investigate the hole-transporting property of PTAA with
different dopants, the hole-only devices were fabricated with
configurations of indium tin oxide (ITO)/(poly(3,4-ethylene-
dioxythiophene):polystyrene-PEDOT:PSS)/dopant-free PTAA
(5% LAD and Li-TFSI/t-BP doped PTAA)/MoOs/Al and were
evaluated using the space charge-limited current (SCLC) method.
The hole mobility value of the Li-TFSI/t-BP doped PTAA is 4.28 x
10~* em” V™' 57, which is one order of magnitude higher than
that of the dopant-free PTAA (7.47 x 10> em® V' 5™, Fig. S5,
ESIt). Meanwhile, the 5% LAD doped PTAA exhibits hole mobility
as high as 5.72 x 10"*em® V' s, which is higher than Li-TFSI/¢-
BP doped PTAA. The improved hole mobility will contribute to
efficient hole transport and extraction, hence increasing the
overall efficiency in PSCs.

Chemical doping also plays a critical role in adjusting the
energy levels of organic semiconductors, correspondingly influ-
encing the photovoltaic performances of PSCs. Ultraviolet photo-
emission spectroscopy (UPS) spectra of the dopant-free PTAA

This journal is © The Royal Society of Chemistry 2018
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Fig. 1 (a) Molecular structures of PTAA and LAD, and reversible formation of an adduct between Lewis basic PTAA and Lewis acidic LAD in solution.
(b) UV-Vis absorption spectra of dopant-free and 5% LAD doped PTAA films. (c) ESR spectra of dopant-free PTAA and 5% LAD doped PTAA.

films and those doped with 5% LAD and Li-TFSI/¢-BP were
recorded. The onset (E;) and cut-off (E.ucoff) energy regions in
the UPS spectra are shown in Fig. 2b and c, respectively. Both E;
and E ..o are negatively shifted upon doping 5% LAD and Li-
TFSI/t-BP. According to the equation ¢ = 21.22 — (Ecyrort — Ei),
the HOMO levels with respect to the vacuum level of dopant-free
PTAA, PTAA: 5% LAD and PTAA: Li-TFSI/t-BP are —4.91, —5.20
and —5.14 eV, respectively (Fig. S6, ESIt). It is worth noting that
the dopant change from Li-TFSI/¢-BP to LAD shifts the HOMO

level downward, which is helpful for collecting the photogenerated
holes in the perovskite film with a low energy loss, thus higher
open circuit voltage (Voc) is expected for PSCs with 5% LAD doped
PTAA as the HTL.”

Photovoltaic performances

To examine the capability of LAD to serve as an efficient dopant
for PTAA in PSCs, the conventional n-i-p thin-film PSCs with a
configuration of FTO (400 nm)/compact TiO, (c-TiO,, 20 nm)/
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Fig. 2 (a) JY2-V characteristics of the PTAA with different dopants based on hole-only devices: ITO/PEDOT:PSS/PTAA/MoO3/Al. UPS spectra in the (b)
onset and the (c) cut-off energy regions of PTAA films with different dopants.
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mesoporous TiO, (m-TiO,, 100 nm)/CH3;NH;PbI; (300 nm)/HTL
(80 nm)/Au (100 nm) were fabricated and measured. The
complete device architecture is illustrated in Fig. 3a, with a
representative cross-sectional scanning electron microscopy
(SEM) image provided in Fig. 3b, which demonstrates that a
dense, compact and uniform perovskite film has been obtained,
and clearly distinguishes the PTAA HTL and TiO, ETL in the
device. The characterization of the perovskite film including
surface topography, optical absorption, photoluminescence
spectroscopy and XRD is shown in Fig. S7 (ESIt). Fig. 3¢ shows
the J-V curves of devices fabricated with different concentrations
of LAD for PTAA, and the corresponding photovoltaic parameters
are summarized in Table 1. The PSC made of the pristine PTAA
without doping (0%) shows a rather low PCE of 12.73% with a
short circuit photocurrent density (Jsc) of 19.79 mA cm ™2, a Vo
of 0.99 V and a FF of 0.65. The inferior performance can be
ascribed to the low hole mobility of PTAA in its pristine form
(Fig. S5, ESIt). Encouragingly, the PSCs show significantly
improved performances by doping PTAA with LAD. As the LAD
dopant concentration increases, the PCE first increases, reaches
a maximum value at 5%, and then decreases (Fig. 3d). Under the
best doping concentration of 5% LAD, a champion PCE of
19.01% was obtained, with a Jsc of 22.35 mA cm ™2, a V¢ of
1.05 V and an exceptional FF of 0.81 (Fig. 3e). To the best of our
knowledge, such a PCE of 19.01% is the best recorded for PSCs
with novel dopants in HTLs reported so far. Meanwhile, we are
pleasantly surprised by the fact that the PCE of the PSC based on
5% LAD outperforms the best control device with Li-TFSI and
t-BP doped PTAA (PCE = 17.77%, Jsc = 22.34 mA cm ™ 2%, Vo¢ =
1.02 V and FF = 0.78). To ensure the reliability of the -V
measurement, the steady-state Jsc and PCE of the PSCs were
recorded under AM 1.5G illumination with 50 s light on/off
cycles, as shown in Fig. 2f and g. All the devices exhibit stable
performances and an extremely fast photoresponse. Upon inves-
tigating the switching behavior over 600 s, the LAD-based PSC
exhibits a PCE of 18.76% with a steady-state Jsc of 21.32 mA cm 2,
whereas the PSC using Li-TFSI/¢-BP achieves a steady-state Jsc of
20.36 mA cm > and a steady-state efficiency of 17.51%. These
values are very close to the efficiency and Jsc obtained from the J-V
measurements. Meanwhile, to further verify the reproducibility of
this improvement, 45 PSCs based on 5% LAD and Li-TFSI/t-BP
were fabricated and tested under AM 1.5G illumination with
reverse scan. Fig. 3h displays a histogram of the PCEs. It is clear
that the devices show good reproducibility and the PSCs based
on the 5% LAD exhibit a higher average PCE (17.65 + 1.18%)
than those based on the Li-TFSI and #BP (16.39 + 1.38%).
Therefore, this is the first substantial report which experimen-
tally elucidates that on the performance scale, PSCs based on a
novel dopant for the HTL can practically outperform devices
based on the state-of-the-art bi-dopants Li-TFSI/¢-BP. In addi-
tion, the statistical distributions of Jsc, Voc and FF are also in
good agreement with our observations from the champion
devices (Fig. S8, ESIT). On the basis of these observations, we
can conclude that by replacing Li-TFSI and ¢BP with LAD
as a potential dopant for PTAA, the photovoltaic parameters
including PCE, Voc and FF have been remarkably improved.
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These results indicate that LAD is a promising dopant for PTAA
to construct highly efficient PSCs. To confirm the accuracy of
the Jsc measurements in J-V curves, we integrated the relevant
current densities from the incident photon-to-electron conver-
sion efficiency (IPCE) spectra (Fig. 3i). The integrated Jsc values
are 21.71 and 21.58 mA cm ™ for the cells using the 5% LAD
and Li-TFSI/¢-BP as dopants, respectively, which are in good
agreement with Jsc from j-V measurements.

Interfacial charge extraction performances

In order to analyze and elucidate the excellent photovoltaic
performances and the mechanism of charge extraction at the
perovskite/HTL interface with ultrafast time resolution in the
ps to ns regime, we performed femtosecond transient absorp-
tion (fs-TA) spectroscopy for the bilayered CH;NH;Pbl;/5% LAD
doped PTAA and CH3;NH;Pbl;/Li-TFSI and ¢-BP doped PTAA.
Fig. 4a and b show the bird’s eye graphs of the AOD as a
function of wavelength and delay time. The typical AOD versus
wavelength plots at various delay times are shown in Fig. S9c
and d (ESIt). It can be seen that the femtosecond laser excita-
tion produces a negative ground state bleaching (GSB) band at
670-800 nm, which is related to the fluorescence emission from
the perovskite. By probing at the GSB peak, the TA delay
kinetics were investigated following double exponential func-

t t
tion fitting analyses: y = yo + 4 exp (77) + Ay exp (77)’ as
T1 T2

shown in Fig. 4c. The faster time constants (7;, <1000 ps
response) are related to the hole extraction from the photo-
excited CH3NH;3PbI; to the HTL; the slower time constants
(t2, >1 ns to 1 ps time scale) can be ascribed to the
CH3;NH;Pbl; excited-state delay time or recombination
dynamics of the CH;NH;Pbl; absorber.?’ According to fitted
results, it was found that the faster delay lifetime (z,) reduced
from 377 to 309 ps when 5% LAD was employed to replace Li-TFSI/
tBP, indicating faster charge extraction in the 5% LAD doped
PTAA film. The faster charge extraction was further investigated by
using time-resolved photoluminescence (TRPL). As shown in
Fig. 4d, the PL lifetime is significantly reduced in perovskite layers
covered with 5% LAD and Li-TFSI/+BP doped PTAA layers, indicat-
ing effective hole extraction from the CH;NH;PbI; to the HTL in
both cases. Further, the average PL delay time reduced from
11.93 ns for the perovskite/Li-TFSI and #BP doped PTAA to 4.83
ns when LAD was used as a novel dopant for PTAA (Table S1, ESIT),
which means that the interfacial hole extraction between the 5%
LAD doped PTAA layer and perovskite is faster and more efficient
than that of the Li-TFSI and ¢BP doped PTAA/perovskite interface.
Thus, the results from TRPL measurements are consistent with
fs-TA behaviors. Consequently, the faster and more efficient hole
extraction would suppress charge recombination, correspondingly
leading to the improved efficiency of PSCs. Therefore, the fs-TA
and TRPL results highlight that LAD is a superior dopant for
highly efficient PSCs and simultaneously accounts for the
enhancement of efficiency when PTAA is doped with 5% LAD.
To further understand the interfacial charge transfer and recom-
bination processes in PSCs, electrical impedance spectroscopy (EIS)

This journal is © The Royal Society of Chemistry 2018


https://doi.org/10.1039/c8ee00036k

Published on 05 April 2018. Downloaded by University of Electronic Science & Technology - China Trial on 5/20/2025 11:36:57 AM.

Energy & Environmental Science

(c) 25 (d) 20
19.01
Q.
o_ 20+ \8.03
£ 18 Q.
o
< 17.22 9 \
£ 154 Q
N o
> > 46 16.61
[Z]
S 1047° 0% 5] ?15.48
a —0—1% o
< —0—2% 14
S ]
£ 5{——5%
>
O ——7%
91273
——10%
0 - . . . . 12— ; . . . ;
0.0 0.2 0.4 0.6 0.8 1.0 0 2 4 6 8 10
Voltage / V Doping ratio (mol) / %
(e) 25 M * igor o] 2
............................... o 204 SR -—-_20
200 5% LAD 5 154 F15
o —o— Li-TFSI and £BP T 10 L10
E 15 0+ ~lighton — o
T T T T T
= 0 100 200 _ 300 400 500 600
%* Time/s
c 25 25
S 104 (9) Tk Li-TFSl and £8P
% s Voc FF o 207 - = 120
15 mAcm?) (V) (%) § 15 L15
5 <
3 5 —* 2235 105 081 1901 E 10 10
3 5 L5
—— 2234 .02 078 17.77 = 5 5
§ S ) = 1 [
0 : : : I llghlon . ; ; ;
0.0 0.2 0.4 06 08 1.0 o o 0 00, . 400 500 690
Voltage / V
(2 (i) 100 25
19 o
18 |
° 3 60
~ 174 o
w 3]
8 o 40|
16 -
204
154 ——5% LAD
¢ ——Li-TFSl and £BP
14 T T 0 0

5% LAD

Fig. 3

Li-TFSl and £BP

300

500 600
Wavelength / nm

T
400

T
700

800

View Article Online

Paper

PCE /%

PCE/ %

Integrated Current / mA cm’?

(a) Schematic configuration of PSCs. (b) Cross-sectional SEM image of a completed PSC. (c) J-V curves for PSCs employing different doping

concentration of LAD in PTAA; the measurements were carried out under 100 mW cm ™2, AM 1.5 simulated irradiation with reverse scan (scan rate =
100 mV s~Y). (d) The best PCE from the 45 devices for each doping concentration. (e) J-V curves for the champion devices based on 5% LAD and Li-TFSI/
t-BP doped PTAA. (f and g) The steady-state photocurrent output at the maximum power point and their corresponding power output with 50 s light on/
off cycles of 5% LAD and Li-TFSI/t-BP doped PTAA as the HTL, respectively. (h) Statistical distribution of the PCEs for PSCs with 5% LAD and Li-TFSI/t-BP
doped PTAA as the HTL. (i) IPCE spectra and integrated current densities for the devices based on 5% LAD and Li-TFSI/t-BP doped PTAA.
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Table 1 Photovoltaic parameters of PSCs based on different dopants
for PTAA. Measurements were performed under AM 15G illumination
(100 mW cm™2) with reverse scan

View Article Online
Energy & Environmental Science
was measured at a bias of 0.8 V under simulated AM 1.5

illumination.”® The impedance behavior in the different dopants-
based PSCs is shown in Fig. 4e. As shown in Fig. 4e, two distinct

Dopant Jse/mA cm™? Vool V FF PCE/% regions can be observed in the Nyquist plot: a high frequency
Dopant-free 19.79 0.99 0.65 12.73 regime correlated fmth the charge r.ecombmat}on pljocess afld .a
1% LAD 21.59 1.01 0.71 15.48 low frequency regime correlated with slow dielectric and ionic
2% LAD 21.71 1.03 0.77 17.22  relaxation in perovskite films.*® The fitting results (Fig. S10 and
5% LAD 22.35 1.05 0.81 19.01 e
0,
206 LAD 91.89 103 0.80 18.03 Table S2, ESIJ.r) rf?veal that the PSC based on 5% LAD exhibits a
10% LAD 21.71 1.02 0.75 16.61 larger recombination resistance (Rye. = 78.29 Q) than that based on
Li-TFSI and ¢BP 22.34 1.02 0.78 17.77  Li-TFSI and -BP (Rye = 54.93 Q). A larger R, value means a slower
charge recombination rate and a smaller dark current, ultimately
achieving a higher Voc, which is consistent with the changing
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Fig. 4 Bird's eye fs-TA spectra of bilayered (a) perovskite/5% LAD doped PTAA and (b) perovskite/Li-TFSI and t-BP doped PTAA films, excited at 365 nm.
(c) Normalized bleaching kinetics for perovskite/5% LAD doped PTAA and perovskite/Li-TFSI and t-BP doped PTAA probed at 748 nm. (d) TRPL spectra of

glass/perovskite, glass/perovskite/5% LAD doped PTAA, glass/perovskite/Li
at a bias of 0.8 V under simulated AM 1.5 illumination.

2040 | Energy Environ. Sci., 2018, 11, 2035-2045

-TFSl and t-BP doped PTAA samples. (e) Nyquist plots of PSCs were measured
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tendencies of Voc values obtained in -V curves (Fig. 3e). Therefore,
the EIS analysis provides convincing evidence that the 5% LAD
doped PTAA can optimize the CH;NH;PbI;/PTAA interface and
improve hole extraction from CH3;NH;Pbl; to PTAA, ultimately
reducing charge recombination.

Hysteresis

PSCs usually suffer from a hysteresis effect in J-V measure-
ments, ie., a discrepancy of the performance between two
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voltage sweeping directions and different scan rates, which
leads to an inaccurate estimation of the device performance.?®
Therefore, besides investigating the photovoltaic performances,
the hysteresis behavior still needs to be studied. The -V char-
acteristics were measured from Vo to Jso (reverse scan) and
from Jsc to Voc (forward scan) with different scan rates ranging
from 10 mV s~ ' to 100 mV s~ to investigate the hysteresis of
PSCs fabricated using different dopants (5% LAD and Li-TFSI/
t-BP), as shown in Fig. 5a and b. The hysteresis index (HI)

Li-TFSl and £BP

,,,,,,,,,,,,
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Fig. 5 J-V curves of devices based on (a) 5% LAD and (b) Li-TFSI/t-BP doped PTAA measured at reverse and forward scans with different scan rates:
10, 50 and 100 mV s~2. (c) Secondary ion mass spectroscopy depth profile of PSCs based on Li-TFS| and t-BP doped PTAA as the HTL. (d and e) Schematic

of the mechanism for reduced hysteresis by LAD surface passivation.
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is used to quantify the degree of hysteresis by the following
equation:**

_ JRS (OSVOC) - JFS (OSVoc)

HI
Jrs (0.8Voc)

1)

where Jgs (0.8 Voc) and Jrs (0.8 Vo) represent the photocurrent
density at 80% of V¢ for the reverse scan and forward scan,
respectively. A device without hysteresis presents a HI of
zero, while a higher value of HI indicates a more pronounced
hysteresis. In Table S3 (ESIt), HI values are listed together with
photovoltaic parameters depending on the scan direction and
scan rate. It is clear from Table S3 (ESIt) that the PSC based on
LAD shows smaller HI values than the device based on Li-TFSI
and ¢-BP doped PTAA at all scan rates, which means that the LAD
based device has relatively low hysteresis. Although the PSC
based on LAD is not strictly hysteresis-free, such low hysteresis
is extremely similar to the highest reported PSC efficiency by
Seok et al.'*> Therefore, it is reasonable to believe that LAD is an
efficient dopant for PTAA to reduce hysteresis. The origin of
LAD-based PSCs with lower hysteresis has been explained on the
basis of two mechanisms: (i) extrinsic ion migration. One major
consequence of the larger /-V hysteresis in PSCs based on Li-
TFSI and ¢BP as dopants is believed to the Li*-ion migration.®
By using time-of-flight secondary-ion mass spectrometry (TOF-
SIMS), we prove that an extrinsic Li* ion, when only added as a
dopant (Li-TFSI) in the PTAA layer, can migrate across the per-
ovskite absorber layer and accumulate in the TiO, layer. As shown
in Fig. 5c, lithium is primarily located in the HTL (which is
determined using the element S from the TFSI™ anions of the
dopant) and TiO, layer, which results from lithium diffusion
across the device. Meanwhile, it is interesting to note that lithium
concentration does not follow a simple Fickian diffusion distribu-
tion; it rises to a higher concentration in the TiO, layer than in the
perovskite layer. This suggests a higher affinity of Li" ions to TiO,
than to perovskite. The accumulation of Li" ions at the TiO, would
strongly affect PSC operation and hysteresis. Thus, our results
open a possible avenue to mitigate the hysteresis issue by devel-
oping non-ionic dopants. (ii) Passivation of trap states. The lower
hysteresis may also arise from the trap states at the perovskite
surface being passivated by LAD. The trap states formed by iodine
ions cause recombination of the carriers at the surface
(Fig. 5d).*”*® The strong electron acceptor characteristic of LAD
enables it to form a supramolecular interaction with halide ions
through halogen bonding (Fig. 5¢), which results in the passivation
of trap states and reduction of hysteresis.*® In addition, hysteresis
is very sensitive to energy level offsets at the interfaces, so another
possible explanation for the reduced hysteresis could be the shift
in the HOMO associated with the LAD doping (Fig. S6, ESI}).”>° The
J-V characteristics of the PSCs based on other LAD doping con-
centrations have also been investigated under different scan rates
and scan directions, and the corresponding J-V curves and photo-
voltaic parameters are shown in Fig. S11 and Table S4 (ESIT).

Stability

Finally, the long-term stability of PSCs based on the dopants
LAD and Li-TFSI/t-BP without encapsulation was tested for 70

2042 | Energy Environ. Sci., 2018, 11, 2035-2045

View Article Online

Energy & Environmental Science

days under air exposure. As shown in the J-V curves (Fig. S12,
ESIt), the LAD-based PSC still maintains 78% of its initial
efficiency after 70 days. By contrast, the PCE of the Li-TFSI/
t-BP based PSC drastically decays and just retains 0.32% of the
original efficiency after the same aging period. The excellent
stability of the LAD-based device can be attributed to its lack of
deliquescent or hygroscopic dopants and the hydrophobicity of
LAD (Fig. S13, ESIt), thereby leading to tightly protected HTL
and perovskite layers from air degradation. Conversely, the
poor stability of the Li-TFSI/t-BP based PSC is mainly ascribed
to hygroscopic Li-TFSI and harmful ¢-BP, resulting in perovskite
and HTL degradation due to corrosion in the presence
of moisture and oxygen through the unstable PTAA layer
(Fig. S14 and S15, ESIY).

To in situ characterize the phase change of the CH;NH;Pbl;
degradation process in complete devices with different HTL
dopants, synchrotron-based two dimensional grazing inci-
dence X-ray diffraction (2D-GIXRD) techniques have been
conducted. Fig. 6a illustrates a schematic of the 2D-GIXRD
setup for probing the crystalline information of the perovskite
layer. By varying the incident angle, one can change the
penetration depth of the X-rays from several nanometers up
to tens of micrometers. Fig. 6b and c show the 2D-GIXRD
profiles of the fresh and aged PSCs (70 days of air exposure
without encapsulation) with Li-TFSI/t-BP doped PTAA as the
HTL, respectively. It is clear that key features of the perovskite
diffraction pattern can be observed at ¢ ~ 10, 20 and 23 nm ™,
consistent with reflection from the (110), (220) and (310)
lattice planes, respectively.’’ As the Li-TFSI/t-BP-based PSC
was exposed to air for 70 days, an additional diffraction
spot appeared at ¢ & 9 nm ', which could be assigned to
reflection from the (001) plane of Pbl,, suggesting that the
perovskite was decomposed. In contrast, no Pbl, phase was
observed in the fresh PSC with Li-TFSI/t-BP as dopants and the
aged PSC with LAD as dopants (Fig. 6d). The absence of the
Pbl, phase under the same aging conditions of the LAD-based
PSC suggests that the novel dopant LAD can effectively
improve the perovskite film stability due to the hydrophobic
property.

Further, an SEM and an optical microscope were used to
in situ investigate the top view of the time-lapsed PTAA layers
in PSCs. It is found that the LAD doped PTAA layer shows a
uniform surface coverage on the perovskite crystals (Fig. S16a,
ESIt), and no pinholes appeared even after 70 days of air
exposure without encapsulation (Fig. 6e and Fig. S16b, ESIY).
However, the Li-TFSI and ¢BP doped PTAA layer presents a
non-uniform surface on the top of the perovskite film with
aggregation and crystallization (Fig. S17a, ESIf), which is
associated with accumulation of Li salt.*" Correspondingly,
the accumulated Li salt prefers to absorb the moisture in the
air, resulting in accelerated degradation of the HTL and
formation of pinholes (Fig. 6f and Fig. S17b, ESIt). The
pinholes have great influence on the stability of PSCs from
two aspects:>> (1) pinholes facilitate moisture migration
through the HTL to reach the perovskite layer, hence trigger-
ing further degradation; (2) pinholes facilitate component

This journal is © The Royal Society of Chemistry 2018
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Fig. 6 (a) A schematic of the 2D-GIXRD setup for probing the crystalline information of the perovskite layer, where 0y, 20, Iin, loop and /p are the beam
incident angle, the scattering angle, the incoming beam, the scattering beam in the out-of-plane and in-plane directions, respectively. (b) 2D-GIXRD
pattern of a fresh PSC with Li-TFSI/t-BP doped PTAA. 2D-GIXRD patterns of aged PSCs (70 days under ambient conditions without encapsulation) with
(c) Li-TFSI/t-BP and (d) 5% LAD as PTAA dopants, respectively. Microscope images of PTAA films in PSCs with (e) 5% LAD and (f) Li-TFSI/t-BP as dopants

after long-term aging for 70 days under air exposure without encapsulation.

elements from the perovskite (e.g., iodine) to migrate to the
top surface and degrade the perovskite. Thus, combining the
superior hydrophobicity, absence of any hydrophilic and
harmful dopants and the uniform layer of the LAD doped
PTAA film, the stability of the LAD-based PSC is far better than
that with Li-TFSI and ¢BP. From these phenomena, high
stability of PSCs is expected to be obtained by avoiding
deliquescent and hygroscopic additives and developing hydro-
phobic dopants.

This journal is © The Royal Society of Chemistry 2018

Conclusion

In summary, we have developed a novel dopant LAD for PTAA to
achieve high-efficiency, hysteresis-less and stable PSCs. We
demonstrated that doped Lewis basic PTAA with the Lewis
acidic LAD would form an adduct PTAA-LAD, enhance hole
mobility and down-shift the HOMO level, resulting in significantly
improved hole extraction as well as reduced charge recombina-
tion. With such excellent characteristics, the corresponding PSC
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based on 5% LAD doped PTAA achieved an exceptional FF of 0.81
and a PCE of up to 19.01%, the highest PCE reported for PSCs
based on novel dopants in the HTL, which was much higher than
that of the control device with well-known bi-dopants Li-TFSI/¢-BP
(17.77%) or previously reported p-type dopants. This is the first
reported PSC with a novel dopant for the HTL showing better
efficiency than that with standard bi-dopants Li-TFSI/¢BP to date.
Remarkably, the lower j-V hysteresis and much better long-term
stability of up to 70 days under ambient conditions without
encapsulation were observed for the PSC based on LAD doped
PTAA. Characterizations suggest that the reduced hysteresis can
be ascribed to the non-extrinsic Li*-ion migration and trap states
at the perovskite surface that can be passivated by LAD. The
outstanding environmental stability of the LAD based PSC is
plausibly attributed to the high hydrophobicity, uniform HTL
layer without aggregation and crystallization and the absence of
any hydrophilic and harmful dopants.

We unambiguously believe that LAD has tremendous
potential to replace Li-TFSI/t-BP and this innovative strategy
of designing a fluorine-containing hydrophobic Lewis acidic
dopant will provide an important future direction for develop-
ing high-efficiency, hysteresis-less and stable PSCs.
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