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ABSTRACT: Pre-exposure of perovskite solar cells to light or heat can greatly
improve their performance, yet the underlying physical mechanisms are still obscure.
Herein we systematically investigate the influences of light soaking and thermal
phase transition on charge transport dynamics in two-step fabricated CH;NH;PbI,
perovskite solar cells. By applying the time-of-flight (TOF) measurement under
various light illumination times, we not only confirm the existence of nondispersive
charge transport in perovskite solar cells but also directly observe a shallow trap
filling process and thus increased charge mobility upon light soaking. We further
employ the delay-time-dependent charge extraction by linearly increasing voltage
(CELIV) technique to reveal that dispersive bimolecular recombination is also
largely inhibited. On the other hand, we conduct temperature-dependent TOF and
electrical conductivity studies and surprisingly find a rapid change of both hole and
electron mobilities during phase transition from tetragonal to cubic crystalline
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structures at around 310—330 K until reaching a balance of charge transport.

T hin-film solar cells have recently encountered an
unprecedented opportunity with the appearance of
almighty organic—inorganic hybrid perovskites
(CH;NH,PbX;, X = I, Br, Cl), which exhibit a broad optical
absorption range,1 low exciton binding energy,2 long charge
diffusion length,” and high charge mobility.* With enormous
efforts of morphology optimization, the certified power
conversion efficiency (PCE) of perovskite solar cells has
skyrocketed to 22.1% in 2016 from 3.8% in 2009, which
remarkably overwhelms conventional thin-film organic cells.*

However, perovskite solar cells are highly sensitive to the
operational environment such as moisture, light, and heat,
which stands out among the biggest hurdles toward future
large-scale application of perovskite solar cells.””'> Despite a
well-known moisture instability issue, it was recently unveiled
that prelight or -heat exposure can greatly improve the
performance of working perovskite solar cells; however, the
underlying physical mechanisms, especially the charge transport
dynamics, are still very obscure.'”"" For instance, it was found
that a light-induced self-poling effect’” and annihilation of
Frenkel defects'> commonly existed in perovskite solar cells,
and the light soaking process could noticeably enhance the
PCE by decreasing interfacial charge accumulation, bulk
defects, and polarizations.10 Yet, how light illumination impacts
the charge transport process of perovskite solar cells remains
unclear. Meanwhile, the device performance was found to be
highly sensitive to the working temperature. ~"* For example,
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Leong et al. reported that the PCE of perovskite solar cells had
a positive temperature coeflicient for T < 330 K and the best
value at 330 K,'" which is consistent with previous reports that
phase transition can easily switch from tetragonal to cubic
crystalline at around 310—330 K.~

We have recently demonstrated that charge extraction by
linearly increasing voltage (CELIV) and time-of-flight (TOF)
can be utilized as effective tools to reveal efficient and balanced
charge transport in one-step fabricated perovskite solar cells.'®
CELIV can measure charge mobility and investigate the
recombination process in working solar cells; however, it
cannot distinguish the type of charge carriers—hole or
electron.'” By contrast, TOF can measure both hole and
electron mobilities and determine different levels of trap states,
while a relatively thick film is required to ensure that charge
carriers traverse the depletion region to reach accurate values of
the TOF mobility."®

In this work, we extend both CELIV and TOF measurements
to two-step fabricated CH3;NH;PbI; perovskite solar cells,
which exhibit higher PCEs yet often require pre-exposure of
light and heat to achieve the best performance.'”'"'” B
applying illumination and temperature-dependent TOF and
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Figure 1. Schematic of (a) TOF and (b) CELIV measurements on the two-step fabricated perovskite solar cells.
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Figure 2. Temporal dependent transport dynamics of CH;NH,PbI,/PC, BM bilayer cells upon light illumination. (a) TOF hole and (b)
electron j—t profiles at an applied bias of 2 V with prolonged light illumination. The inset image shows the J—V curves measured without and
with the light soaking step. Note that stages 1—3 in the hole measurement represent j—t curves acquired by averaging 32, 64, and 128 frames,
respectively, while stages 1—4 in the electron measurement correspond to averaging 8, 16, 32, and 64 frames, respectively. The vertical dotted
line indicates .. (c) Dark- and photo-CELIV j—t profiles of CH;NH;Pbl,/PC,,BM bilayer cells at a voltage ramp of 1 X 10° V/s and at a delay
time of 8 ys and (d) their photogenerated carrier density versus delay time curve.

CELIV, we seek to investigate the influences of light soaking
and phase transition on transport dynamics, respectively. Upon
continuous light illumination, we directly observe a shallow trap
filling process, indicating that light soaking can strongly reduce
trap-assisted charge recombination and thus remarkably
increase both hole and electron mobilities in perovskite solar
cells. Meanwhile, we find that dispersive bimolecular charge
recombination is also largely suppressed. On the other hand,
during phase transition from 310 to 330 K, hole mobility is
found to decrease while electron mobility increases until both
of them reach a balance, which is supported by the unchanged
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electrical conductivity and is also in good agreement with the
best cell performance obtained in a previous report."'

Typical perovskite-based solar cells were fabricated on the
device configuration of ITO/PEDOT:PSS (50 nm)/two-step
CH,;NH,Pbl; (350 nm)/phenyl-C61-butyric acid methyl ester
(PCBM, 100 nm)/LiF (1 nm)/Al (100 nm) with an active area
of 0.11 cm? as illustrated in Figure Sla. Their representative
photocurrent densities versus voltage (J—V) curves under
simulated AM 1.5G at both forward and reverse scans of
sunlight are displayed in Figure S1b. At forward scan, the device
exhibits a PCE of 12.3% with a short-circuit current density
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(Jsc) of 18.88 mA/cm? an open-circuit voltage (Vo) of 1.05
V, and a fill factor (FF) of 62%. By contrast, a higher PCE of
14.4% is obtained at reverse scan, primarily resulting from a
higher FF of 73% while preserving a Jc of 18.71 mA/cm® and
Vo of 1.0S V.

We then utilized both TOF and CELIV measurements to
systematically investigate transport dynamics in the above two-
step fabricated perovskite solar cells. Both methods are
schematically shown in Figure 1. In the TOF measurement,
fixed positive and negative biases were applied to measure the
hole and electron mobilities, respectively (Figure 1a)."* Both
photogenerated hole and electron carriers in the TOF
measurement will transport from the perovskite layer to the
PCBM layer, followed by charge collection at the Al electrode.
The TOF mobilities are calculated from eq 1'®

d2
SV,

7
(1)
where y is the charge mobility, d is the thickness of the active
layer, V is the voltage bias, and t,; is the transient time. Here, we
aim to apply the TOF technique to study the influences of light
soaking and phase transition on the charge transport process of
perovskite solar cells. By contrast, in CELIV measurements, a
triangle voltage is applied to measure the charge mobility and
study the recombination process (Figure 1b).'® Photogenerated
holes will only traverse the perovskite layer only and then get
collected at the ITO electrode, while electrons will transport
from the perovskite to PCBM and then get collected at the Al
electrode. The CELIV mobility is calculated from eq 2'*
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where p is the carrier mobility, d is the thickness of the active
layer, AU/ At is the voltage ramp of the applied triangle voltage
pulse, and t,_,, is the time when the value of the current density
is maximum. However, because of the ambipolar nature of
perovskite, it is difficult to distinguish between hole and
electron carriers by the CELIV technique.'®

It is worth noting that the charge transporting layer in both
TOF and CELIV measurements in the above perovskite solar
cells is composed of both two-step CH;NH,;Pbl; and PCBM
layers instead of a single perovskite or PCBM layer. Because of
the nonexciton nature of the perovskite that tzgically has a
small exciton binding energy of 50 meV,” 021 charge
dissociation occurs immediately after photogeneration, which
efficiently produces free carriers within the inner perovskite
layer rather than at the CH;NH;Pbl;/PCBM interface. In
addition, charge mobilities of both neat perovskite and neat
PCBM films as measured by CELIV and TOF were reported
on the similar order of 1073=107* cm?/(V s),'***** which
further supports that both perovskite and PCBM contribute to
the charge transporting layer.

We first applied TOF measurement to investigate the
influences of light illumination on transport dynamics of the
above perovskite solar cells. Figure 2 presents current density
versus time (j—t) profiles with increasing illumination time.
Such an evolutional process has not been observed yet in the
one-step fabricated perovskite solar cells. Note that the
increasing illumination time of the laser light in the TOF
technique was made by acquiring j—t curves by increasing
average frames, which is equivalent to light soaking in J—V
measurements. Our experiments cover the largest spectrum of
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device conditions—from an initial state without light soaking,
to an intermediate state during light soaking, and finally to a
stable state after light soaking. Therefore, the temporal TOF
study offers an excellent means of unraveling the role of light
soaking in charge transport process.

Superior TOF transients with a distinct plateau are observed
from Figure 2a,b for holes and, more remarkably, electrons,
respectively, which provides strong evidence of nondispersive
charge transport in perovskite solar cells. This is distinctive
from dispersive transport of most organic semiconductors and
their solar cells, which is often caused by the existence of
disordered structures and deep-level traps.'® Therefore, this
result interprets well why perovskite solar cells outperform
organic solar cells, owing to the large tolerance of trap states
and high crystallinity in perovskites.””** Note that we observe a
more distinct plateau of TOF curves when measuring electron
mobility in this work than the PCBM electron measurement in
any other work,””** indicating that the perovskite layer plays a
dominant role in determining electron mobility than PCBM in
TOF measurements.

As shown in Figure 2a,b, both hole and electron mobilities
are gradually increased with prolonged light illumination. From
the initial to final stage of TOF results, the hole mobility is
increased from 4.62 X 1075 to 8.65 X 107> cm?/(V s), while the
electron mobility is increased from 5.14 X 107° to 9.38 X 107
cm?/(V s). Such an evolutional effect is first reversible upon
initial light exposure and then reaches stable equilibrium after
several minutes, which is consistent with the light soaking time
scale in J—V measurement to increase the PCE and also
presumably indicates the absence of ionic motion."" Therefore,
our work demonstrates that the light soaking process can
significantly improve charge transport and hence device
performance.

More importantly, there is only one plateau region in the j—t
curves of hole measurement, whereas there are two in those of
the electron measurement. According to previous studies by the
Qiu group,26 the position of the plateau region represents the
extraction of photogenerated charge carriers previously filled in
the same level of trap states. The former plateau region with a
shorter t, represents higher charge mobility caused by deep
traps, while the latter with a longer f, suggests lower charge
mobility affected by shallow traps.

Hole transport is found to be influenced only by deep traps,
and hole mobility is gradually increased with an increase of
illumination time. By contrast, additional shallow traps exist
along the path of electron transport. This is supposed to stem
from the defects at the interfaces of CH;NH,Pbl;/PCBM,
which largely decrease the electron mobility. As illustrated in
Figure 2a,b, with longer illumination time, the current density
influenced by shallow traps is gradually decreased because more
shallow traps are filled by photogenerated electrons and hence
no longer hinder electron transport. Therefore, upon
continuous light illumination, an evolutional process of shallow
trap filling during light soaking is for the first time directly
observed in TOF measurements, indicating the important role
of light soaking on decreasing the charge trapping rate in
perovskite solar cells.

To verify the above TOF results, the J—V curves without and
with the light soaking process are both measured in the working
perovskite solar cells. As shown in the inset image of Figure 2a,
after continuous light illumination, V¢ is remarkably increased
from 0.9 to 1.0 V while Js- remains almost the same at 19.11
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Table 1. Parameters Derived from Both Dark- And Photo-CELIV Curves

n(0) (ecm™3)

2.98 x 10"

# (em®/(V's))
529 x 107

a

—0.286

Bu (cm’/s)
2.99 x 107!

7 (s) 4
128 X 107° 0.686

mA/cm® This can be interpreted by the relationship of V¢
and Jqc as expressed by eq 3”7

qV,. = AkT ln(]s—C + 1]
s

(©)

where A is the ideality factor, k is the Boltzmann constant, T is
the temperature and Jg is the saturation current density at
reverse bias. Note that Jg is defined as the recombination
current density when the applied voltage is 0 V, which is
independent of light illumination. According to eq 3, if Jsc and
Js remain unchanged, the increase of V- comes from the
increase of A. It has been previously reported that the increased
A mainly resulted from decreased trap-assisted recombina-
tion.”® Therefore, the observed phenomenon of an increase of
Vo accompanied by constant Jg¢ clearly indicates the existence
of trap-assisted charge recombination in perovskite solar cells,
which agrees well with the TOF results—light soaking aids in
filling shallow traps and hence greatly improving the cell
performance.

In order to support our assumption on the presence of
morphological defects, field emission scanning electron
microscopy (FE-SEM) images were characterized to examine
the interfaces between CH;NH,Pbl; and PCBM. As shown in
Figure S2a, a rough surface consisting of numerous packed
crystals is found in CH3;NH;PbI; neat film. By contrast, after
deposition of the PCBM layer, the gaps between adjacent
CH;NH,PbI; crystals are filled by PCBM and a smooth surface
is thus obtained, as shown in Figure S2b. However, the cross-
sectional image of CH;NH,;PbI;/PCBM in Figure S2c shows
that small defects can still be found at the interfaces between
CH;NH;Pbl; and PCBM, which presumably gives rise to
shallow traps and hence hinders electron transport.

As discussed above, trap-assisted charge recombination exists
in perovskite solar cells. The CELIV technique was carried out
to complementarily investigate the charge recombination
process in the dark and under laser light illumination, and
the results are shown in Figure 2¢. Given a voltage ramp of 1 X
10° V/s, an overall charge mobility of 5.29 X 10~* em?/ (Vs)is
obtained, which is quite close to that of the one-step analogous
solar cell in our previous work and the CELIV result of the Park
group.'®* This means that the transport dynamics in both one-
step and two-step fabricated perovskite solar cells are similar
except for the requirement of light soaking in the two-step
system, as discussed previously. Note that the CELIV mobility
of working perovskite solar cells is in good agreement with the
TOF mobility, and both of them are different than the mobility
values of 1—10 cm?/(V s) obtained from contact-free
measurements on perovskite films by transient absorption,
photoluminescence quenching, impedance spectroscopy, time-
resolved microwave conductivity, time-resolved terahertz spec-
troscopy, and so on.”" ">’

Next, the intrinsic carrier density, which can be derived from
the dark CELIV curve shown in Figure 2¢," is calculated as
7.73 X 10" cm™>, which is positively correlated to the trap
density. Note that the Huang group recently reported the hole
trap density of 2.0 X 10" cm™ in the single-layered
CH,NH,Pbl, structure,”® which is an order of magnitude
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higher than the intrinsic carrier density in the bilayer structure
of CH;NH;PbL;/PCBM in our work. This suggests that
introduction of a PCBM layer can greatly suppress trap states in
perovskite solar cells.

To further investigate charge photogeneration and recombi-
nation processes in CH;NH;PbI;/PC4 BM bilayer cells, photo-
CELIV experiments with various delay times were conducted to
obtain the profiles of charge carrier density versus delay time.
Note that the delay time is defined as the time between the
light pulse and charge extraction. As shown in Figure 2d, the
carrier density is gradually decreased from 2.43 X 10" to 1.10 X
10" cm™ when the delay time is increased from 2 to 30 us.
More importantly, a power law dependence is found with the
delay time, that is, n(t) o t%, where t is the delay time, n(t) is
the corresponding charge carrier density, and a is the free
carrier recombination rate. By fitting the curve in Figure 2d to
the above formula, the initial photogenerated carrier density
n(0) and a can be extrapolated as 2.98 X 10" cm™ and
—0.286, respectively. Note that this a value of the perovskite is
much lower than that of typical organic photovoltaic materials
such as the blend of poly(3-hexylthiophene) (P3HT) and
PCBM (a = —0.8).” This also indicates that the recombination
process is largely suppressed in perovskite solar cells.
Subsequently, we derived the parameters associated with

charge recombination from Figure 2d by using use eqs 4 and
5383

1(0)
-+ (3)

eX u

n(t) =
(4)

b,

£ X g

©)

where 75 is the effective second-order recombination
coefficient, y is the time-independent parameter, and f is the
Langevin recombination coeflicient. All of these results are
summarized in Table 1. Note that when y is close to 1, a
nondispersive bimolecular recombination takes place. Bimo-
lecular recombination occurs between free charge carriers, while
trap-assisted recombination in previous discussion relates to
monomolecular recombination. Qur result shows that y is
0.686, meaning that bimolecular recombination in perovskite
solar cells is comparatively dispersive owing to the presence of
shallow traps, which is consistent with the TOF results.

Apart from their light instability, perovskite solar cells are
very sensitive to device temperature.''”'* Therefore, we
performed temperature-dependent TOF and electrical con-
ductivity measurements to investigate the origin of thermal
instability in perovskite solar cells. The TOF j—t profiles as a
function of temperature are displayed in Figure S3, and the
temperature dependences of hole and electron mobilities are
presented in Figure 3.

In hole measurements (Figure S3a,b), the f, first increases
slightly when the temperature is increased from 295 to 310 K
and then decreases rapidly when it is further increased to 330
K. As a result, the highest hole mobility reaches 1.95 x 107*
em?/(V s) at 310 K, while the lowest is 5.92 X 107> cm?/(V s)
at 325 K, as seen from Figure 3. By comparison, the
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Figure 3. Temperature dependences of both charge mobilities of
CH;NH,;PbL;/PCBM bilayer cells and dark conductivities of
CH;NH,PbI; neat films.

temperature dependence of the electron mobility is slightly
different from that of hole mobility. In electron measurements
(Figure S3c—e), the f, increases when the temperature is
increased from 270 to 330 K, followed by a rapid decrease of t,,
when it is further increased from 330 to 360 K. The highest
electron mobility of 1.52 X 107* cm?/(V s) is obtained at 330
K, as seen from Figure 3.

As shown in Figure 3, the maximum and minimum of carrier
mobilities can be obtained in the temperature range between
310 and 330 K. At 320 K, both hole (1.32 X 107 cm?/(V s))
and electron (9.46 X 107> cm?/(V s)) mobilities become most
balanced. Interestingly, the phase transition of perovskites has
also been reported to occur in the same temperature range.*’
For instance, Milot et al. observed a phase transition of
perovskites from tetragonal to cubic at 310 K,'* and Weller et
al. reported that the tetragonal phase of perovskites is only
stable between 165 and 327 K," both of which coincide with
our temperature results.

Meanwhile, electrical conductivity measurement in the dark
was used to substantiate the above temperature influences on
charge transport. As shown in Figure 3, when the temperature
is increased from 303 to 323 K and 343 to 363 K, the
conductivity of the neat CH;NH,Pbl; film is gradually
increased. This positive temperature tendency of perovskite
conductivity is consistent with the literature report.*' However,
the conductivity value is maintained when the temperature
changes from 323 to 343 K, which is exactly located within the
temperature range of the phase transition. This strongly
indicates that electrical conductivity tends to remain unchanged
during the phase transition, regardless of varied temperatures.

To further unveil the above transport behavior, log(y) versus
log(T) curves based on the TOF electron data are first linearly
fitted by the equation y o« T" (Figure S4a),* yielding n = 5.3
over 270—330 K and —13.9 over 330—360 K, respectively. The
positive and negative n values obtained within different
temperature ranges suggest that the hopping conduction
dominates in the tetragonal phase while the band-like
conduction plays a key role in the cubic phase of perovskites.
Then, the Arrhenius fit is applied to extract the activation
energy (E,) of electron mobility results by the equation y
¢ B/ where k is the Boltzmann constant (Figure $4b).** As
a result, E, is calculated as 51.7 meV over 270—360 K, which is
comparatively lower than the previously reported E, of 74.4
meV in the two-step fabricated CH3;NH;Pbl;-based inverted
solar cells.** This phenomenon implies that the shallower trap
states exist in regular perovskite solar cells than inverted
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analogues, which is also consistent with the observation of a
shallow trap filling process in TOF measurements.

Lastly, the influences of light and heat on charge transport
are schematically summarized in Figure 4ab, respectively.
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Figure 4. Illustrative charge transport process in perovskite solar
cells influenced by (a) light soaking and (b) phase transition.

Figure 4a shows the existence of shallow traps caused by
morphological defects at the interface between CH;3;NH;PbI;
and PCBM. Upon continuous light illumination, a process of
shallow trap filling reversibly occurs until a stable equilibrium,
resulting in significantly increased hole and electron mobilities.
As a result, when measuring light J—V curves, an increased V¢
yet maintained Js¢ is observed, implying that the light soaking
process assists in reducing trap-assisted charge recombination
and then improves the device performance. As shown in Figure
4b, when the temperature is increased from 310 to 330 K,
corresponding to a phase transmon of perovskites from
tetragonal to cubic structures,'' a decrease of the hole mobility
while an increase of the electron mobility is found until there is
a balance of charge transport, which yields the best cell
performance. In addition, the hole mobility of the tetragonal
phase is found to be remarkably higher than that of the cubic
phase, indicative of different transport dynamics at various
perovskite phases.

To conclude, we have systematically studied the influences of
light soaking and thermal phase transition on charge transport
dynamics in two-step fabricated CH;NH;PbI; perovskite solar
cells by combining TOF, CELIV, and electrical conductivity
measurements. The nondispersive charge transport is unveiled
in perovskite solar cells, which is distinctive from dispersive
transport of most organic semiconductors and their solar cells.
Meanwhile, we directly observe a reversible shallow trap filling
process during light soaking, which leads to remarkably
increased carrier mobilities. This indicates that light soaking
plays a critical role in suppressing trap-assisted charge
recombination and improving cell performance. Moreover, we
surprisingly find a rapid change of both hole and electron
mobilities during phase transition from tetragonal to cubic
crystalline structures at around 310—330 K until reaching a
balance of hole and electron transport, which gives rise to the
best cell performance.
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