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Elimination of the light soaking effect and
performance enhancement in perovskite solar
cells using a fullerene derivativef

Shuyan Shao,® Mustapha Abdu-Aguye,® Li Qiu,®® Lai-Hung Lai,” Jian Liu,?
Sampson Adjokatse,? Fatemeh Jahani,” Machteld E. Kamminga,® Gert H. ten Brink,?
Thomas T. M. Palstra,® Bart J. Kooi,® Jan C. Hummelen® and Maria Antonietta Loi*®

In this work, we investigate how electron extraction layers (EELs) with different dielectric constants affect
the device performance and the light-soaking phenomenon in hybrid perovskite solar cells (HPSCs).
Fulleropyrrolidine with a triethylene glycol monoethyl ether side chain (PTEG-1) having a dielectric constant
of 5.9 is employed as an EEL in HPSCs. The commonly used fullerene derivative [60]PCBM, which has
identical energy levels but a lower dielectric constant of 3.9, is used as a reference. The device using
PTEG-1 as the EEL shows a negligible light soaking effect, with a power conversion efficiency (PCE)
of 15.2% before light soaking and a minor increase to 15.7% after light soaking. In contrast, the device
using [60]PCBM as the EEL shows severe light soaking, with the PCE improving from 3.8% to 11.7%.
Photoluminescence spectroscopy and impedance spectroscopy measurements indicate that trap-assisted
recombination at the interface between the hybrid perovskite and the EEL is the cause of the light soaking
effect in HPSCs. The trap-assisted recombination is effectively suppressed at the perovskite/PTEG-1
interface, while severe trap assisted recombination takes place at the perovskite/[60]PCBM interface. We
attributed these experimental findings to the fact that the higher dielectric constant of PTEG-1 helps to
screen the recombination between the traps and free electrons. In addition, the electron donating side
chains of PTEG-1 may also contribute to the passivation of the electron traps. As a consequence, the
devices using PTEG-1 as the EEL display a considerable increase in the efficiency and a negligible light
soaking effect.

Hybrid perovskite solar cells have witnessed unprecedented progress in power conversion efficiency from around 3% to around 22% in less than 10 years and
have the potential to outperform silicon based solar cells, which took more than 20 years to achieve similar device performance and recently has reached a

plateau. In addition, hybrid perovskites also have the advantages of being lightweight, processable on flexible substrates and possibly low cost. However, the
rapid increase in device performance does not imply that hybrid perovskite solar cells do not present open issues; the large hysteresis presented by the current-
voltage characteristics and their variation under illumination (light-soaking effect) raise concerns about the long-term operational stability of these solar cells.
In this study we report that a high dielectric constant electron extraction layer (PTEG-1) helps to suppress the trap-assisted recombination at the perovskite/
PTEG-1 interface and thus eliminates the light soaking effect and improves the device performance.

1. Introduction

coefficients, long diffusion length of free carriers, the non-excitonic
nature of the photo-generated species, as well as the convenient

Hybrid halide perovskites (HPs) are regarded as promising solution processability."™ Over the past five years, intensive
materials for photovoltaic devices due to their high absorption research efforts have been made to increase the power conversion
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efficiency (PCE) of methylammonium lead triiodide-type HP solar
cells (SCs) to over 20% by developing strategies to improve the
composition of the HP film and enable the film growth, and
optimizing the interfacial layers and the device structure.**°
However, the rapid increase in device performance is accom-

f Electronic supplementary information (ESI) available. See DOL: 10.1039/c6ee01337f ~ panied by several unresolved issues, such as the hysteresis of
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the current-voltage characteristics and the instability of the devices
under continuous irradiation (light-soaking effect). Obviously,
both effects raise concerns about the long-term operational
stability of HPSCs.

Nevertheless, the underlying mechanism of the light soaking
effect is the reason for strong debates in the literature. Photo-
luminescence (PL) studies indicate that the trap states in HP
layers are responsible for the light soaking effect.>"*> Some
research groups attributed the light soaking to surface traps in
the TiO, electron extraction layer (EEL).>*** Zhao et al. proposed
that charges accumulated at the electrode interface and the
positively charged bulk traps lead to severe loss in the open-
circuit voltage (Vo) and fill factor (FF) of HPSCs using [60][PCBM
as the EEL.>® In their model the photo-generated charges can
neutralize these charges and thus increase the Vo and FF over
time.?* Deng et al. proposed a doping mechanism to explain the
light soaking phenomenon in device structures without EELs.>
They argued that the photo-generated voltage drives the positively/
negatively charged ions to the cathode/anode electrodes, leading
to p/n doping at the anode/cathode interface with a consequent
increase in Voc.”® Recent computational studies indicate that
metal halide perovskites are prone to form defects including
vacancies, interstitial atoms, substituent atoms, and grain
boundaries in the crystal structure.>”>°

It is well known that defects in absorbers may play a critical role
in determining the Vo of a solar cell. Defects that create deep
energy levels usually act as Schockley-Read-Hall non-radiative
recombination centers, leading to low Voc.”> Whereas, defects
acting as shallow levels are benign to the device performance.*
In the case of MAI perovskite, the nature of traps is still subject
to debate. Yin et al, by performing first-principles density-
functional theory calculations, showed that the dominant intrinsic
defects in HP are shallow traps.>® While Samiee et al., in mixed-
halide based HPSCs, observed deep trap states (10** m™%) with
an activation energy of 0.6 eV below the conduction band.*°
Baumann et al. also reported deep trap states in the order
of 10*" m™® in HPSCs by thermally stimulated current (TSC)
measurements.>' Recently, trap density as low as 10°-10'° m™*
was reported in HP single crystals, showing the role of the quality
of the material in determining the trap density.*

A further point of consideration, which has been ignored
until now in the HP literature, is the effect of the dielectric
constant on the device performance. HPs have high dielectric
constants with reported values higher than 6.5, which lead to
very small binding energy of electron-hole pairs and generation
of free carriers upon excitation.”®**** However, many organic
charge carrier extraction layers, for example, [60]PCBM, usually
feature a relatively low dielectric constant (&~ 3). Previous studies
on polymer or polymer-inorganic nano-structured solar cells
have proposed the dielectric mismatch to be unfavorable for
charge separation at the organic/organic or organic/inorganic
heterojunction interface.>>’

In this work, we investigate the effects of the dielectric
constant of the EEL on the trap assisted recombination and
light-soaking phenomena in HPSCs. The preparation of fullero-
pyrrolidine with a triethylene glycol monoethyl ether side chain

This journal is © The Royal Society of Chemistry 2016

View Article Online

Energy & Environmental Science

(PTEG-1), having a dielectric constant of 5.9, was reported
earlier.’®?° [60]PCBM, which has similar energy levels and a
dielectric constant of 3.9, is used as a reference EEL.>*3° The
device using PTEG-1 as the EEL shows a negligible light soaking
effect, a starting PCE of 15.2%, which shows a minor increase to
15.7% after light soaking. In contrast, the device using [60]JPCBM
as the EEL shows severe light soaking, with the PCE increasing
from 3.8% to 11.7%. Time-resolved and steady state photo-
luminescence combined with impedance spectroscopy measure-
ments indicate that trap-assisted recombination is effectively
suppressed at the perovskite/PTEG-1 interface, while severe trap
assisted recombination takes place at the perovskite/[60]JPCBM
interface. The higher dielectric constant and electron donating
properties of PTEG-1 may synergistically suppress the trap-assisted
recombination at the HP/EEL interface. The reduction of the trap-
assisted recombination has two major consequences, ie., the
increase of the efficiency and the almost total suppression of the
light soaking effect. The stability of the electrical characteristics
of the HPSC is an important pre-requisite for the technological
exploitation of HPSCs.

2. Results and discussion

2.1. Device performance and light soaking effect

We fabricated devices with a p-i-n configuration ITO/PEDOT:
PSS/CH;NH;PbI;_,Cl,/EEL/Al as shown in Fig. 1a. The fullerene
derivative PTEG-1 with a dielectric constant of 5.9,>*3° and
[60]PCBM with a dielectric constant of 3.9, are used to fabricate
the electron-extraction layers. The chemical structures of these two
EEL materials are shown in Fig. 1b.

The performances of the devices using these two different
EELs are investigated under continuous illumination. Before
measurement, the devices were stored in the dark without applying
any external bias. In the following, the condition under which the
devices are measured immediately after exposure to the solar
simulator is named ‘before light soaking’ and the condition
under which the device is measured after reaching saturation
with exposure to light is named ‘after light soaking’.

Fig. 1c and d show the j-V characteristics of the two
(representative) devices fabricated using [60]JPCBM and PTEG-1
as EELs, before and after light soaking. As can be seen from
Fig. 1c, the reference device shows rather poor performance before
light soaking, with a Vo of 0.42 V, a Jsc of 19.50 mA cm ™2, a FF
of 0.46 and a PCE of 3.77% (see Table 1). After 1.5 h exposure to
the solar simulator, it shows a considerable increase of its
performance with a Vo of 0.87 V, a Jgc of 19.20 mA cm ™2, a FF
of 0.70, and a PCE of 11.7%. Unlike the device using [60]PCBM
as the EEL, the device using PTEG-1 shows very weak dependence
on the light exposure time, as shown in Fig. 1d. Before light
soaking, a Voc of 0.93 V, a Jsc of 20.40 mA cm ™2, a FF of 0.80 and
a PCE of 15.2% are measured. After light soaking, a Vo of 0.94 V,
a Jsc of 20.63 mA cm™?, a FF of 0.81 and a PCE of 15.7% are
measured. The J-V curve hysteresis for both devices is limited
(see Fig. S1, ESIt). Fig. S2 and S3 (ESI) show the statistics of the
device parameters obtained for both device types. It is important

Energy Environ. Sci., 2016, 9, 2444-2452 | 2445


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/c6ee01337f

Open Access Article. Published on 02 June 2016. Downloaded on 3/14/2026 12:56:20 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

[ [60]PCBM
—=a— Before light soaking
~ -6 —e— After light soaking

21 ' L '
0.0 0.2 0.4 0.6 0.8 1.0

V (V)

Fig. 1
for the devices using (c) [60]PCBM and (d) PTEG-1 as EELs.

Table 1 Performance parameters of HPSCs using [60]PCBM and PTEG-1
as EELs measured before and after light soaking under AM 1.5 G 100 mW cm™2

Device Voc [V] Jsc [mA cm 2] FF PCE [%]
[60]PCBM* 0.42 19.50 0.46 3.77
[60]PCBM”® 0.87 19.20 0.70 11.69
PTEG-1° 0.93 20.40 0.80 15.18
PTEG-1° 0.94 20.63 0.81 15.71

“ Device parameters measured before light soaking. ® Denotes device
parameters measured after light soaking.

to stress that regardless of light soaking, the device using PTEG-1
as the EEL shows considerably improved performance compared
to that using [60]PCBM.

Fig. 2 summarizes how the device parameters for the two
solar cells vary with time under continuous illumination. The V¢
of the device using [60]JPCBM as the EEL increases very fast from
0.42 to 0.8 V during the first 30 minutes, then slowly saturates
after 1.5 h exposure to the solar light. While the J5¢ of the device
is relatively constant, the FF follows the same trend as that of
the Voc. Hence, the variation in PCE is mainly determined by
that of the Vo and of the FF. For the device using PTEG-1 as the
EEL, the V¢ and FF increase slightly from 0.93 to 0.94 V, and
0.8 to 0.81, respectively.

Prolonged light illumination was carried out for the above
soaked devices (see Fig. S4, ESI{) to detect their stability. After
9 hours of light exposure, the device using PTEG-1 as the EEL
does not show observable degradation in the performance with
a PCE of 100% of its initial value. Instead, the device using
[60]PCBM as the EEL starts to show degradation after two hours
of light exposure, and 82% of the initial PCE value is measured
after 9 hours of light exposure. In the following sections, we focus
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(a) Cross sectional SEM image of the device architecture, (b) chemical structures of [60]JPCBM and PTEG-1. J-V characteristics under illumination

on investigating the variation of the device parameters during the
first 1.5 h of light soaking.

2.2. The origin of light soaking-trap assisted recombination

To explore the origin of the light soaking effect in HPSCs, we
studied the light intensity dependence of the device performance
before and after 1.5 h of light soaking. First we observed that the
light soaking effect is reversible in HPSCs, and that the devices
recover to their initial performance within 1.5 h storage under
inert dark conditions.

For devices measured before light soaking, the J-V curves
were measured under varied light intensity with an interval of
1.5 h between each light intensity measurement; during the
interval the devices were stored in a nitrogen filled glove box in
the dark to recover their original state. For the devices measured
after light soaking, the /-V curves were measured under varied
light intensity sequentially without any extra storage in the dark.

Fig. S5 (ESIt) shows a logarithmic plot of Js¢ as a function of
light intensity in the two device types. The slopes of Jsc vs. light
intensity are 1 for devices using [60]JPCBM and PTEG-1 EELs before
light soaking, indicating negligible bimolecular recombination.*
After light soaking, the slope values remain equal to 1, showing
that bimolecular recombination is not involved in the light
soaking phenomenon.

Fig. 3a and b shows a semi-logarithmic plot of the Voc vs.
light intensity for the two device types. Ideally, the slope (n) of
the curve should be equal to kT/q in the absence of trap assisted
recombination.*! The device using [60]PCBM as the EEL measured
before light soaking shows a slope of 1.70kT/q, demonstrating a
significant energy loss from trap assisted recombination (Fig. 3a).>
After light soaking, the slope is reduced to 1.38k7/g, which is in

This journal is © The Royal Society of Chemistry 2016
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Fig. 2 Time evolution of the (a) Voc, (b) Jsc, (c) FF and (d) PCE of the device using PTEG-1 (black squares) and [60]PCBM (red dots) as EELs under
illumination.
(@ 09 Impedance spectroscopy (IS) can further help to elucidate the
08 bulk and interface properties of our devices.>*** Fig. 4 shows
' 138 KT/q the time dependent Nyquist plots for the two types of devices
S ot measured under open circuit conditions under 1 Sun illumination.
N
g For devices which use [60]JPCBM as the EEL, the Nyquist plots
S show asymmetric semi-arcs, probably due to the presence of a
05l chemical capacitance (C,), which is possibly associated with the
/ occupancy of the trap states at the HP/[60]JPCBM interface.*®
041 170Ky The semi-arcs get smaller, until saturation, with increasing light
() 1.00 soaking time. This behavior can be fitted with the equivalent
0961 circuit shown in Fig. 4a, where Ry is the series resistance; R1 and
C1 are resistance and capacitance of the bulk HP layer, respectively.
S 09t 118 KT/q These parameters are not dependent on the light soaking time,
= which excludes either contact resistance or the bulk property of the
N7 088t HP layer as the reason for the light soaking effect. Instead, C,
LB kTl depends strongly on light soaking. After 1.5 hour light-soaking the
0841 chemical capacitance is significantly reduced, indicating a lower
- number of carrier traps at the HP/[60]PCBM interface (Fig. 4b). The

100 1000
Light intensity (W m”)

Fig. 3 Light intensity dependent Vo for the devices using (a) [60]PCBM and
(b) PTEG-1 as EELs before light soaking (in red) and after light soaking (in black).
Symbols are experimental data and lines are the result of linear fitting.

agreement with the reduction of the trap-assisted recombina-
tion. For the device using PTEG-1 as the EEL, there is a limited
variation of the slope from (1.23kT/q) to (1.18kT/g) as shown in
Fig. 3b.

Therefore, PTEG-1 alleviates the trap-assisted recombination
more effectively than [60]JPCBM. Moreover, these results seem
to indicate that the light soaking effect in HPSCs originates
from trap-assisted recombination.

This journal is © The Royal Society of Chemistry 2016

reduced carrier recombination after light soaking causes smaller
chemical resistance R,. Therefore, the smaller arc is due to higher
carrier density in the device after trap filling under illumination.
The fitting parameters are listed in Table S1 (ESIt).

Two distinctive features are observed in the impedance spectra
of the device using PTEG-1 as the EEL. The symmetric semi-arcs,
which are the classical features of an ideal semiconductor, could
be fitted well with the simple equivalent circuit model shown in
Fig. 4c. The absence of a considerable chemical capacitance
indicates that the trap states at the HP/PTEG-1 interface are
suppressed. Another important feature evidenced in Fig. 4c is
that the shapes of the semi-arcs are very weakly dependent on the
light soaking time. The fitting parameters used to reproduce
these measurements are reported in Table S2 (ESIt).

Energy Environ. Sci., 2016, 9, 2444-2452 | 2447
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Fig. 4 (a) Light soaking time dependence of the Nyquist plot (solid lines are

experimental results and solid symbols are fitting results) and (b) R, and C,, of

the device using [60]PCBM as the EEL, (c) light soaking time dependence of the Nyquist plot of the device using PTEG-1 as the EEL, (d) variation of the PL

intensity (detected at 780 nm) for ITO/PEDOT:PSS/perovskite/PTEG-1, and

The dark J-V characteristics of the corresponding devices
measured before and after light soaking are displayed in Fig. S6
(ESIt). The exponential dependence of the current on the applied
voltage, which is regarded as a typical property of a Shockley diode,
is dominated mostly by the electron-hole recombination at the
interface between the HP and the EEL.** The turn-on voltage
(the point where the current starts to increase exponentially) for
the sample using [60]PCBM as the EEL before light soaking is only
0.4 V, while it increases considerably, reaching 0.8 V after light
soaking (Fig. S6a, ESIt). The variation in turn-on voltage is con-
sistent with that of the V¢ which is observed under illumination.
Before light soaking, the trap states could assist the recombination
of carriers at the [60]PCBM/HP interface, as schematically
illustrated in Fig. S2c¢ (ESIt). A large number of trap states get
filled during light soaking, strongly limiting the TA recombination
pathway. At this point, charge carriers can only recombine in a
bi-molecular pattern, which results in an increased turn-on voltage
for the diode. The large variation in Voc indicates that the trap
states might reside in the middle of the band-gap (deep traps).

In the HPSCs with PTEG-1 as the EEL, the turn on voltage
shows negligible changes after light-soaking (see Fig. S6b, ESIT)
due to suppressed trap-assisted recombination, which is in agree-
ment with previous observations.*"**

Steady state PL measurements were performed in transmission
mode on samples with a structure of ITO/PEDOT:PSS/HP/EEL,
which were prepared under identical conditions to those for the
device fabrication. Fig. 4d shows the variation in PL intensity
recorded at the peak emission (780 nm) of the HP film excited at
400 nm at 295 K in a N, atmosphere. The HP film with [60]PCBM
as the EEL shows a fast and large increase in PL intensity within

2448 | Energy Environ. Sci., 2016, 9, 2444-2452

ITO/PEDOT:PSS/perovskite/[60]PCBM.

the first 30 min exposure to laser illumination and then saturates
in about 1.5 hour. In contrast, the HP film with PTEG-1 as the
EEL shows minor improvement in PL intensity over the same
illumination time. It is important to underline that the rise time
of the PL intensity matches that of the photo-voltage. It is also
noted that HP/PTEG-1 samples emit light more effectively than
the HP/[60]PCBM samples (see below). Recently, it has been
predicted that the non-radiative decay of charge carriers is
dominated by the deep-trap-assisted recombination.?® Our PL
data further confirm that the deep electron trap-assisted recom-
bination dominates the light soaking phenomenon.

As mentioned above, the extremely slow photo-response of the
performance of both devices and the as slow variation of the PL
could be an indication of trap filling by mobile ions. To check
this hypothesis, we investigated the temperature dependent Voc
in HPSCs with the [60]PCBM EEL under continuous illumination,
as shown in Fig. 5. As the temperature decreases, the increase in
Voc slows down and after 90 minutes of light soaking, the V¢
increases to 0.87, 0.7, 0.55 and 0.52 V at 295, 275, 250, and 215 K,
respectively. As a comparison, the saturated V¢ values of the
device at those temperatures, but recorded after 90 minutes light
soaking at 295 K, are shown by the open symbols in Fig. 5. The
devices measured at lower temperatures exhibit an even higher
saturated V¢ value than that at 295 K. However, when the
temperature is lower than 295 K, the V¢ are not saturated
even after 4 h light soaking. The fact that the deactivation rate
of the trap states becomes slower already at 275 K is indeed an
indication that mobile ions are relevant for the trap filling
process. Recent computational studies indicated that iodine
vacancies have the lowest formation energy and these vacancies

This journal is © The Royal Society of Chemistry 2016
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Fig. 5 Time evolution of the Voc for the device using [60]PCBM as the

EEL at different temperatures under continuous light illumination (solid

symbols). Open symbols represent the saturated Voc values at various
temperatures.

enable anion (I") migration with a relatively low activation
energy of about 0.6 eV.?”?®*> Therefore, we speculate that the
positively charged iodine vacancies (Vi) act as electron traps in
HPSCs and the mobile I™ anions can fill them during light
soaking.

Scanning electron microscopy (SEM) and atomic force micro-
scopy (AFM) measurements were performed for the HPSC active
layer before and after the deposition of the EELs. As shown in
Fig. S7a and b (ESIY), the pristine HP layer is not compact, with
large pinholes more than 100 nm in depth and with a consequent
high surface roughness of about 34 nm. Such a rough HP film
could have a very high density of deep traps due to the large grain
boundaries, which may facilitate the formation of a high density
of iodine vacancies. After [60JPCBM and PTEG-1 deposition, the
active layer appears to be much smoother, with a roughness of
about 9 and 14 nm, respectively (Fig. S7d-i, ESIt). It is interesting
to note that the surface coverage of [60]PCBM is slightly better
than that of PTEG-1, which excludes the EEL morphology as the
factor determining the discrepancy in PCE and in suppressing
the light-soaking phenomenon.

Time-resolved PL measurements could provide deeper insight
into the influence of the trap states on the radiative decay dynamics.
Fig. 6 shows the time-resolved PL decay measurements, taken at

PL (a.u.)

0 2 4 6 8 10 12 14 16
Time (ns)

Fig. 6 Time resolved PL before light soaking for ITO/PEDOT:PSS/
CH3NHsls_,Cl, (black line), ITO/PEDOT:PSS/CH3NHsls_,Cl,/[60]PCBM
(red line), ITO/PEDOT:PSS/CH3NHsls_,CL/PTEG-1 (blue line).
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780 nm, following the excitation at 400 nm of the samples with a
structure ITO/PEDOT:PSS/HP/EEL, measured at 295 K. The pristine
HP layer exhibits a mono-exponential PL lifetime of about 7.6 ns
and when [60]PCBM and PTEG-1 are deposited on it the PL decay
becomes bi-exponential. The faster decay is measured for the
sample with [60]PCBM, which shows a pronounced first decay
with a lifetime of 0.9 ns and a weaker component with a lifetime
of about 11 ns. The PTEG-1 sample shows two components of
similar intensity and with lifetimes of 1.9 ns and 5 ns. These
experimental results indicate that the charge transfer process is
much faster than the charge recombination process in the HP
layer. Though the electron transfer from HP to [60]PCBM appears
to be more efficient than that to PTEG-1, as we show in this
work, the HPSCs using the [60]PCBM EEL suffer more severe TA
recombination than the devices based on PTEG-1. Obviously,
the severe trap-assisted recombination will open a new deactivation
channel that should be evident in the dynamics of photolumi-
nescence, explaining the faster decay time of the sample containing
[60]PCBM.

2.3. The light soaking effect suppression mechanism

In the previous section, we have shown that the light soaking
effect is greatly reduced by using the fullerene derivative with
higher &, namely PTEG-1. In this part, we will discuss the
possible mechanisms for the reduced light soaking effect from
the molecular design perspective. Fig. 7a depicts the trap-assisted
recombination process occurring between the perovskite layer
and the EEL. The photo-generated electrons are first injected into
the EEL and pile up at the perovskite/EEL interface before being
collected at the cathode. These accumulated electrons before
extraction at the cathode can be captured by surface traps in the
perovskite layer ending up in non-radiative recombination.

(@)
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(b) 1.04
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Fig. 7 (a) Schematic of the proposed mechanism for the light soaking
phenomenon, (b) Vocs measured after light soaking for the devices using
[60]PCBM and PTEG-1 as EELs at different temperatures.
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We propose as a possible mechanism the capture of electrons
by interface traps driven by the Coulombic interactions between
the electrons and the positively charged trap states on the HP
surface. The critical distance (r.), at which the charges can escape
the electrostatic force also with the aid of thermal energy (k7), can
be expressed as follows:*

e
= drege, kT M

where ¢q, T, ¢ and ¢ are the elementary charge, temperature,
vacuum permittivity and the dielectric constant of the EEL. The
electrons in the EEL, which are within the critical distance, have
a high probability to be trapped.** It is obvious that increasing
the ¢, of the EEL can reduce the r. value and thus suppress the
trap-assisted recombination in HPSCs. As previous studies
indicated, the flexible ethylene oxide chains give rise to high
polarizability and thus a higher ¢ for PTEG-1 compared to
[60]PCBM.***° In the device using [60]PCBM as the EEL, the
r. value is about 15.2 nm at 295 K, while it is considerably reduced
to about 9.5 nm in the device using PTEG-1 as the EEL. Therefore,
PTEG-1 could effectively screen the electrostatic force and suppress
the trap-assisted recombination in HPSCs. This also explains the
reduced light-soaking effect and enhanced performance of PTEG-1
based HPSCs.

Fig. 7b shows the temperature dependence of Voc in HPSCs
using [60]PCBM and PTEG-1 as EELs. The HPSC using [60]PCBM as
the EEL shows the maximum Vi value at 255 K. The trap density in
perovskite film decreases as the temperature decreases,”"*® while the
r. value increases according to eqn (1). At temperatures higher than
255 K, the reduced trap density dominates the trap-assisted recom-
bination process. At temperatures lower than 255 K, the increased
electrostatic binding force between the charges (. = 20 nm at 215 K)
dominates the recombination. Therefore the trade-off between the
density of trap states and the electrostatic binding force results in a
maximum Vo at 255 K. It is interesting to note that the HPSC using
PTEG-1 as the EEL shows consistently increased Vg, with the
temperature going down from 295 to 180 K. Owing to the higher
dielectric constant of the PTEG-1 EEL, and assuming limited varia-
tion of it with temperature, the electrostatic force is not significantly
increased even at low temperature (7. = 13 nm at 215 K). Thus, the
reduced trap density at low temperature leads to significantly
suppressed recombination and an increased V¢ value.

Recently, Snaith et al. reported that Lewis bases may coordinate
the halide vacancies and passivate these traps.”” It is noted that
PTEG-1 has electron donating side chains consisting of a tertiary
amine and triethylene oxide moieties, which may also coordinate
with the iodide vacancies and thus passivate those electron traps.

Therefore, the high dielectric constant and electron donat-
ing properties of PTEG-1 may synergistically reduce the trap-
assisted recombination and thus eliminate the light soaking
phenomenon in HPSCs.

3. Conclusions

In conclusion, we investigated how the electron extraction material
affects the device performance and the light soaking phenomenon
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in HPSCs. A high dielectric-constant (5.9) fullerene derivative
PTEG-1 is used as an electron extraction layer and is compared
with the most common and lower dielectric constant (3.9) fullerene
derivative [60]JPCBM. The power conversion efficiency of HPSCs
using PTEG-1 as the electron extraction layer is about 15.7%, which
is substantially higher than the 11.7% efficiency obtained using
[60]PCBM. What is more important is that the device using PTEG-1
as the electron extraction layer shows a negligible light soaking
effect compared to the devices using [60]JPCBM, which are severely
affected by light soaking. From the photoluminescence and impe-
dance spectroscopy experiments, we learn that surface electron trap
assisted recombination plays a dominant role in the light soaking
effect. Therefore, it strongly affects the device performance. The
higher dielectric constant of PTEG-1 helps to screen the recombi-
nation between the traps and the free electrons in the extraction
layer. In addition, the electron donating side chains of PTEG-1 may
passivate the electron traps. These two factors may synergistically
improve the charge collection and reduce the light soaking effect.

Experimental section
Materials

The MAI salt was synthesised from an equimolar mixture of MA
(methylamine) and HI (hydriodic acid). A syringe was used to slowly
add the hydriodic acid (57 wt% in H,O; Sigma Aldrich; 99.95%) to
the methylamine solution (33 wt% in absolute alcohol; Sigma
Aldrich), and the mixture was left under continuous stirring at
300 rpm for two hours. After evaporation at 70 °C, the prepared
powder was washed five times with diethyl ether (Avantor) and a
bright white powder was obtained. In order to dry, the salt was
placed in a vacuum oven at 125 °C for 24 hours before storing in
a nitrogen-filled glovebox. PbCl, (99.99%), DMF (99.8%) and
chloroform (99.8%) were acquired from Sigma-Aldrich.

Device fabrication

ITO coated glass substrates were sonicated sequentially in a
detergent, deionized water, acetone, and isopropanol for 20 minutes,
respectively. After spin-drying, the cleaned ITO substrates were
further dried at 140 degrees for 10 min. Then, the ITO substrates
were subjected to UV ozone cleaning treatment for 20 min. A 30 nm
thick PEDOT:PSS layer was spin coated onto the ITO substrates and
dried at 140 degrees for 10 min. A precursor solution (40 wt%) of
CH;NH;I and PbCl, with a 3:1 molar ratio was spin-coated on top
of PEDOT:PSS and then the substrates were stored in a high
vacuum (< 10~° mbar) for 12 h. The annealing step was performed
on the aforementioned substrates at 100 degrees for 1 h in a
nitrogen-filled glove box. 280 nm thick CH3;NH;Pbl;_,Cl, films
were obtained. Then, a 50 nm thick electron extraction layer was
spin-coated on top of the perovskite films from solutions of
[60]PCBM and PTEG-1. The device structure was completed by
evaporating 100 nm thick Al under high vacuum <1 x 10~° mbar.

Characterization of perovskite solar cells

The current density-voltage characteristics of perovskite solar
cells were measured under simulated AM 1.5 G solar illumination

This journal is © The Royal Society of Chemistry 2016
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using a Steuernagel Solar constant 1200 metal halide lamp in a
nitrogen filled glove box. The light intensity was calibrated to
100 mW cm ™2 by using a calibrated Si cell.

Steady-state and time-resolved PL measurements

The samples for the PL experiment were prepared in the same way
as the devices, but without the deposition of the top electrode.
These samples were measured in an inert atmosphere and excited
at 400 nm by the second harmonic of a mode-locked Ti:sapphire
(Mira 900) laser delivering pulses of 150 fs. Steady-state spectra
were collected using a Hamamatsu EM-CCD camera and time
resolved traces were recorded using a Hamamatsu streak camera
working in single sweep mode.

AFM measurements

The samples were prepared in the same way as that of the samples
for the PL experiment. AFM topographical images were recorded in
tapping mode using a Bruker MultiMode 8 microscope with TESP
probes.

SEM measurements

The same samples were used as that of the AFM measurement. SEM
topographical images were recorded on a XL 30 ESEM microscope.
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