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Abstract: Quasi-2D perovskites solar cells exhibit excellent environmental stability, but relatively
low photovoltaic properties, compared with 3D perovskites solar cells. However, charge transport
and extraction in quasi-2D perovskite solar cells are still limited by the inevitable quantum well
effect, resulting in low power conversion efficiency (PCE). To date, most efforts concentrate on
crystal orientation and favorable alignment during materials and films processing. In this paper,
we demonstrated that the quasi-2D perovskite [(BA),(MA)3Pbsl;3 (1 = 4)] solar cells show an op-
timized device performance through forming a fast charge transfer channel among 2D quantum
wells through external electric field modulation, with appropriate modulation bias and time after
the device has been fabricated. Essentially, ions will move directionally due to local polarization
in quasi-2D perovskite solar cells under the action of electric field modulation. More importantly,
the mobile ions function as a dopant to de-passivate the defects when releasing at grain boundaries,
while decreasing built-in potential by applying forward modulation bias with proper modulation
time. The capacitance-voltage characteristics indicate that electric field modulation can decrease
the charge accumulation and improve the charge collection in quasi-2D perovskite solar cells. Pho-
toluminescence (PL) studies confirm that the non-radiative recombination is reduced by electric
field modulation, leading to enhanced charge transfer. Our work indicates that external electric
field modulation is an effective method to form a fast charge transfer channel among 2D quantum
wells, leading to enhanced charge transfer and charge collection through local polarization toward
developing high—performance quasi-2D perovskite devices.

Keywords: quasi-2D perovskite; ions; electric field modulation

1. Introduction

Quasi-2D perovskite solar cells have shown great potential in future photovoltaic ap-
plications, due to their tunable energy level and comparable stability [1-7]. Basically, quasi-
2D perovskites are prepared with the Ruddlesden-Popper perovskite (RPP) nanoplates
structures, which has been an effective method for enhancing the stability for photovoltaic
applications [8-10]. Due to the disconnected inorganic semiconducting network in the di-
rection of the spacing cations in the RPP structure, the charge carrier transport is drastically
limited, decreasing the photocurrent in quasi-2D perovskites solar cells [11,12]. Recent
studies have introduced 2D perovskite nanoplates processing methods, such as hot-casting
or vacuum fabrication method, to orient 2D perovskites preferentially in the out-of-plane
direction, where the 2D nanoplates can efficiently connect the electron and hole selective
electrode layers with improved charge carrier transport and device performance [12-14].
Furthermore, the layered structure of low-dimensional perovskite can effectively inhibit
ion migration, thereby reducing the degradation of perovskite caused by ion diffusion
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or the corrosion in charge transport, which is beneficial to improve the stability of per-
ovskite [15-17]. Nevertheless, ion migration still exists in such quasi-2D perovskites. It
becomes the main reason that causes the device to have a hysteresis effect, giving rise to the
impact on charge carrier transfer or energy transfer between 2D quantum wells [18-20]. It
should be noted that the hysteresis effect caused by exogenous ions may even be more sub-
stantial than intrinsic ions [21,22]. Moreover, electric field modulation is a crucial method
to explore the migration of perovskite ions [23-25]. Recently, PL studies indicated that
charge-transfer excitons can be formed at the interface within 2D perovskite heterostruc-
tures to realize a broad light emission [26]. Therefore, exploring the external electric field
modulation effect on the detailed charge carrier dynamics and the corresponding RPPs
structural correlation of quasi-2D perovskites involved in internal photovoltaic processes
remains valuable, and is essential to achieve more useful photogenerated carriers.

To date, a lot of work reported the performance of 2D perovskite solar cells could be
improved through film or materials processing. However, it is rarely reported on the use of
methods to further improve device performance after the device has been fabricated. In this
work, we develop a simple and effective method to enhance the charge transfer among 2D
quantum wells in quasi-2D perovskite solar cells, with the aim of further improving the PCE
after the device has been fabricated. A quasi-2D perovskite [(BA),(MA)3Pbyly3 (1 = 4)] solar
cell was prepared by changing the preheating temperature, and annealing temperature of
the perovskite layer. We should note that even the enhanced charge transport/extraction
and final power conversion efficiency (PCE) in BA;MA3Pbyl13 based quasi-2D perovskite
solar cells benefit from efforts to change the vertical arrangement of the BA spacer cations,
and the impact of quantum wells is still inevitable, and even under optimal conditions, it
will cause the electrical field-dependent charge extraction and fill factor (FF) reduction in
the quasi-2D perovskite solar cell [27]. Here, we found that a fast charge transfer channel
can be formed among 2D quantum wells by applying external electric field modulation
with forwarding bias at a constant time through local electric polarization in quasi-2D
perovskite solar cells. By combining capacitance-voltage (C—V) and PL characteristics
studies, we demonstrate that fast charge transfer can be ascribed to the enhanced built-
in potential due to passivation of defects at grain boundaries, while decreasing built-in
potential by applying forward bias through enhanced local polarization. Importantly,
revealing the effects of electric field modulation on the charge transport/collection and
recombination provides a constructive scheme of quasi-2D perovskites solar cells toward
further promoting photovoltaic properties.

2. Materials and Methods
2.1. Material Processing and Device Fabrication

The quasi-2D solar cells were prepared in the p-i-n structure of the ITO/PEDOT:
PSS/(BA);MA3Pbyl13/ PCBM/ PEI/ Ag preheating method to explore the effects of elec-
tric field modulation on device performance. The perovskite precursor comprised Pbl,
(99.999%, Sigma-Aldrich, St. Louis, MO, USA), MAI (99%, Shanghai Materwin, Shang-
hai, China), and BAI (99.5%, Xi’an Polymer, Xi’an, China), with a 4:3:2 molar ratio in
a mixed solvent of N,N-dimethylformamide (DMF, 99.9%, Alfa Aesar, Ward Hill, MA,
USA) and dimethyl sulfoxide (DMSO, 99.9%, Sigma—Aldrich) in 9:1 volume with a con-
centration of 0.8 M. Before coating, the indium tin oxides glass (ITO) glass substrates
were cleaned and then exposed to plasma for 5 min. The hole transporting layer poly(3,4-
ethylenedioxythiophene) poly(styrenesulfonate) (PEDOT:PSS) 4083 (Xi’an Polymer) was
coated on ITO at 4000 rpm for 40 s, and then dried in an oven at 120 °C for 30 min. Before
covering the perovskite film, the ITO/ PEDOT:PSS substrates were preheated on a hot
plate at 100 °C for 3-5 min. Then, the regulated perovskite solution was deposited by
dropping 40 uL on the ITO/ PEDOT:PSS substrates at 5000 rpm for 30 s. The as-coated
sample was dried at 100 °C for 10 min. The electron transport layer PCBM (Lumtech,
99.5%, Moorestown, NJ, USA) was dissolved in chlorobenzene (Sigma-Aldrich, 99.8%),
and coated on the perovskite film at 2000 rpm for 45 s at a concentration of 20 mg/mL. The
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PEI (0.1 wt % in isopropanol) was spin-coated at 5000 rpm for 50 s. Finally, a 100 nm silver
electrode was evaporated on the substrates under a pressure of 3 x 10~* Pa, and the active
area of all devices was 0.055 cm?.

2.2. Device Characterization

The device performances (J-V curves) were obtained using a Newport Thermal Oriel
96000 with Keithley 2400 under the illumination of 1 sun with a 20 mV s~ scan rate in air.
The morphology of quasi-2D perovskite films were observed with a Bruker Dimension 3100
and Quanta 3D FEG-FIB. The luminescence spectrum was recorded with an Edinburgh
FLS920. A HORIBA Scientific DeltaPro was used to record the PL of the quasi-2D perovskite.
An Agilent 4294A impedance spectroscopy analyzer was used to record C-V spectra at a
dark state.

3. Results
3.1. Device Section

The |-V characteristic curves of quasi-2D solar cells are shown in Figure 1a, with
different preheating temperatures under AM 1.5 G are measured using forward and
reversed scan, and the corresponding photovoltaic parameters are shown in Table 1. Among
them, 0 V bias is the original device without any external electric field.
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Figure 1. (a) ]-V curve of quasi-2D perovskite [(BA);MA3Pbyly3, 1 = 4] solar cells processing with preheating of 90 °C
and 100 °C under forward and reversed scan. (b) PL spectra of perovskite films from front sides at 90 °C and 100 °C

preheating temperatures.

Table 1. Photovoltaic parameters of electric field modulated quasi-2D perovskite solar cells under
different modulation bias at 200 s with the same batch of devices.

Modulation Bias Voc (V) Jsc (mA-cm—2) FF (%) PCE (%)
ov 1.03 20.14 63.89 13.2
0.8V 1.04 20.28 63.69 13.45
1.0V 1.04 20.06 63.57 13.27
15V 1.10 19.22 59.03 12.48
—0.1V 1.10 18.11 63.00 12.55
—-05V 0.87 18.48 32.97 5.27

Clearly, the photocurrent hysteresis of all devices can be ignored. It can be seen that
the higher efficiency of 13.2% (Voc = 0.94 V, Jsc = 19.24 mA-cm~2, FF = 0.73) is obtained
when using 100 °C to preheat the PEDOT:PSS samples, as compared with the devices with-
out 90 °C preheating PCE = 10.8% (Voc =092V, Jsc =15.6 mA-cm 2, FF = 0.75). We also
note that when the PL spectra of quasi-2D perovskites is under the preheating condition of
100 °C, the main peak of PL intensity of the quasi-2D perovskite film is greater than that
of the quasi-2D perovskite film under the preheating condition of 90 °C (Figure 1b). This
indicates that increasing the preheating temperature can promote the radiative recombina-
tion luminescence of the quasi-2D perovskite (Figure S1). The corresponding mobility of
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the device is 6.3 x 1073 cm2-V~1.s1 under the illumination of 0.54 mW-cm 2, measured
from the charge extraction by linear increasing voltage (CELIV) method (Figure S2).

3.2. AFM Methodology

Morphology is an important parameter that affects device performance. Figure 2a
shows the morphology of 2D perovskite films; when preheating at 90 °C, the surface
morphology of perovskite shows partial cracks and small grain size, indicating that there
are many defects on the surface of quasi-2D perovskites prepared under preheating at
90 °C and uneven film formation, which will reduce the photovoltaic efficiency of 2D
perovskite solar cells. When the preheating temperature is increased to 100 °C, the per-
ovskite crystallizes well, and the grain size becomes larger and compact (Figure 2a,b). The
better crystallization of perovskite can inhibit migration and enhance charge transmission
and collection.

22.2 nm

% -29.5nm -24.0 nm

Figure 2. Surface morphology of (BA);MA;3Pbyl;3 with (a) preheating at 90 °C and (b) preheating at
100 °C.

3.3. Signal Analysis (Electric Field Modulation and Impedance Spectra Analysis)

Now, we discuss the charge transfer of quasi-2D perovskite solar cells by electric
field modulation. It is known that, under the action of the external electric field, ions
will move in a directional way, which affects the charge transfer process of perovskite
devices. Essentially, using proper external electric field modulation presents a new ap-
proach to improve the charge transfer between quantum wells and quasi-2D perovskite
solar cells, as schematically illustrated in Figure 3. Here, the photovoltaic performance of
quasi-2D perovskites is monitored by applying forward or reversed bias with different
modulation times.

The |-V curve under applied other modulation times is shown in Figure 4a, a forward
bias at a constant time of 200 s. When +0.8 V bias was applied, the devices yielded a
high PCE of 13.45%, deriving from a Jsc of 20.28 mA cm?, an FF of 63.69%, and a Voc
of 1.04 V. The photovoltaic parameters of quasi-2D perovskite devices were gradually
reduced, along with the applied forward bias increment, indicating that ions movement
would affect the charge transfer process of quasi-2D perovskite solar cells. The photovoltaic
parameters are improved when the used forward bias Vapy, is less than the built-in potential
(Vpi); when Vapp, > Vi, Voc increases, Jsc and PCE decreases. Essentially, the quasi-2D
perovskite solar cells can generate a built-in electric field to cause the directional movement
of charge, and facilitate the separation of charge carriers. The shielding electric field will
enhance the local polarization in quasi-2D perovskite solar cells, leading to the directional
movement of ions under the action of the external electric field. Due to the shielding
effect of the electric field, the charge carrier diffusion at the interface will weaken or
even disappear, and the shielding electric field generated will also disappear. However,
suppose that the forward bias is too large, and the charge carrier begins to be injected. In
that case, the effect of shielding electric fields will be weakened, leading to a decrease in
device performance [28]. Interestingly, the efficiency of quasi-2D perovskites solar cells
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are decreased by applying reversed bias, as shown in Figure 4b. It can be seen that when
the reversed bias voltage of —0.1 V is applied, Voc increases, but the device performance
decreases. Moreover, Voc and FF decrease, obviously, and the PCE significantly reduced
by decreasing the reversed bias to —0.5 V. When the reversed bias is applied, I~ moves
towards the Ag electrode and reacts with it, leading to the enhanced ion migration and
destruction of the region corresponding to the reversed bias electrode, weakening the
device performance [29]. The corresponding photovoltaic parameters under forwarding
or reversed bias at a constant time are summarized in Table 1. In the same modulation
voltage of 2 V, the effect of different modulation times on device performance is shown in
Figure 4c. The corresponding photovoltaic parameters are shown in Table 2.
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Figure 3. Schematic of (a) fast charge transfer channel between quantum wells through external
electric field modulation in quasi-2D perovskite solar cells. (b) Inefficient random charge transfer in
quasi-2D perovskite solar cells.
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Figure 4. |-V curve of quasi-2D perovskite [(BA);MA3Pb4l3, nn = 4] solar cells under external electric
field modulation with (a) different forward bias at constant time of 200 s. (b) Other reversed bias at a
continuous time of 200 s. (c) Other modulation times at consistent forward bias of 2 V.
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Table 2. Photovoltaic parameters of electric field-modulated quasi-2D perovskite solar cells under
different modulation times, at a constant forward bias with the same batch of devices.

Modulation Bias  Time (Second) V¢ (V) Jsc (mA-cm—2) FF (%) PCE (%)

oV 0s 1.03 20.14 63.89 13.20
200's 1.10 18.82 59.89 12.40
230’ 1.06 1830 62.51 12.07
2V 380's 1.04 18.52 62.06 12.00
500's 1.04 18.82 62.26 12.20

The quasi-2D perovskite solar cells demonstrate a worse performance by adding 2 V
positive bias and a longer modulation time. We should note that the Voc can quickly
be recovered to its initial value, but the efficiency could not be restored. When 2 V bias
modulation is applied again for 20 s, both the Voc and PCE can be improved (Table 3). In
addition, after the device is placed in the glove box with a pure nitrogen environment for
24 h, the PCE can be restored to the initial level (Table 3) [30].

Table 3. Photovoltaic parameters of electric field modulated quasi-2D perovskite solar cells placed in
the glove box with a pure nitrogen environment after electric field modulation for Imin and 24 h
with the same batch of devices.

Modulation Bias Restore Time Voc (V) Jsc (mA-cm—2) FF (%) PCE (%)

2V 20s 1.12 17.7 62.25 12.34
0 24h 1.06 20.37 63.77 13.75

The effect of external electric field modulation on the internal electric field of the
device can be analyzed according to the impedance spectrum. As shown in Figure 5a,
the device capacitance peak will shift to the right when applying a forward bias of 1.5 V
for 200 s, and the corresponding capacitance peak will also increase significantly. This
indicates that the internal electric field reduced using electric field modulation, leading to
the weakening of electric polarization and surface charge, and the increase in total charge,
namely, the rise of device capacitance. Figure 5b show the C~2-V relationship and the
profiles exhibit the typical Mott-Schottky behavior for the quasi-2D perovskite solar cells.
The values of Vy,; can be derived via a straight-line fitting to the Mott-Schottky curve by
the relationship (1):

e —

= AlgecoNa (Vi Vapp) 1)

where g is the elementary charge [31,32]. By linear fitting of C~2-V curve, the Vy; of
the device without and with modulation is 1.0 V and 1.2 V, respectively. The results are
consistent with the V¢ in J-V curve, which further indicates that the forward bias of
0.8 V for 200 s can inhibit the ion migration, and enhance the charge transfer of quasi-2D
perovskite solar cells.
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Figure 5. Impedance spectrum of electric field modulated quasi-2D perovskite solar cells (a) The C-V
spectra. (b) The corresponding Mott-Schottky (C~2-V) curves.
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4. Discussion

We now discuss the effect of external electric field modulation on charge transfer
between quantum wells in quasi-2D perovskite solar cells using the PL method. When the
external conditions are changed, such as photoexcitation and electric field modulation, the
peak position and intensity of the PL spectrum will change due to ion migration, specifi-
cally, because ion migration, MA*, or I in perovskites will gradually accumulate, resulting
in obvious PL quenching. Figure 6a exhibits the PL spectrum of quasi-2D perovskite
solar cells with increased forward bias at constant time of 60 s. When Vy,;,s = 0.8 V, that
is, Vpias < Vpi, the PL emission intensity becomes stronger, indicating that the radiative
recombination emission of the quasi-2D perovskite becomes stronger under this condition,
and the corresponding non-radiative recombination emission becomes weaker, which
can generate more charge carriers. However, when Vy,5 > Vp;, the PL emission intensity
becomes negligible, indicating that the non-radiative recombination suppresses the genera-
tion and transport of charge carriers. Interestingly, the quasi-2D perovskite solar cells can
be restored to the original state after being placed in a glove box or dark environment for a
period of time after the cancellation of modulation. In order to further explore the role of
the external electric field modulation between different-n-value nanoplates in the quasi-2D
perovskites solar cells, we started with the characterization for the same devices using the
APL/PLg method. Here, the APL/PL, is defined by Equation (2):

PL; —PLy

APL/PLy = L, 2)
where PLy And PL; are the PL intensities without and with electric field modulation,
respectively. In general, quasi-2D perovskites are normally formed with different-n-value
nanoplates through crystallization [33,34]. The energy transfer between different-n-value
nanoplates is the key issue determining the optical properties in 2D perovskites. We
should also note that energy transfer relies on carrier transport in quasi-2D perovskite films.
Essentially, PL quenching can effectively reflect the recombination process in quasi-2D
perovskites. Therefore, APL/PL can be used to study charge transport between different-n-
value nanoplates in quasi-2D perovskite solar cells under working conditions. Here, when
applied bias of 0.8 V, the APL/PL of small n value become negligible. On the contrary,
the APL/PLy of small n value peak become appreciable when the electric field modulation
increases to 1.5 V and 2 V (Figure 6b). Our negligible and appreciable APL/PLj of small n
value with and without proper forward bias further supports that electric field modulation
can effectively control the charge transfer between different-n-value nanoplates. Figure 6¢
shows the PL spectra of quasi-2D perovskites under a different reversed bias. When the
modulation bias is set to —0.1 V and —0.5 V, the PL spectra of devices quench rapidly,
indicating that the radiative recombination luminescence of devices becomes weaker, the
corresponding non-radiative recombination becomes stronger, and suppress the charge
transfer between different-n-value nanoplates. Figure 6d demonstrates the APL/PLg curve
with reversed bias, the negligible APL/PLg of small n value further indicates the PL
intensity rapid quenching give rise to inhibits the transport of the charge carrier. The trend
of PL studies is consistent with the -V results of the device under reversed bias.

Moreover, The PL characteristics of the devices with the same modulation bias but
different modulation time is also analyzed. Figure 7a shows the steady-state PL spectra
of the devices after 0 min, 3 min, 5 min, 7 min, 10 min, and 30 min, respectively. With
the increase of modulation time, the PL intensity becomes stronger, which indicates the
non-radiative recombination of the devices becomes weaker. Furthermore, when reversed
modulation bias of —0.5 V is applied, the PL intensity increased with modulation time,
indicating that, under the reversed bias with the same direction as the Vy;, the charge
carrier recombination is enhanced, leading to enhanced radiative recombination (Figure 7b).
Clearly, our results indicate that the external electric field modulation is indeed responsible
for forming fast charge transfer channel between quantum wells quasi-2D perovskite
solar cells.
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5. Conclusions

In summary, we report that the charge carrier transport can be manipulated by electric
field modulation in quasi-2D perovskite solar cells. Using Vapp < Vy,; with proper modula-
tion time, the parameters of photovoltaics can be improved, which indicates that electric
polarization formed by electric field modulation enhances charge carrier transport. When
the forward bias Vapp > Vi,; or reversed bias applied, the device performance was reduced.
Furthermore, the quenching PL signal indicates that electric field modulation is responsible
for charge carrier transport in quasi-2D perovskite solar cells. More importantly, we found
that APL/PLy show obvious low n value peak in the worse performance devices with
improper electric field modulation. This further confirms that electric field modulation
plays a crucial role for carrier transport in quasi-2D perovskites. The electric field modula-
tion functioning as an effective experimental method to form fast charge transfer between
quantum wells through electric polarization allows the charge carrier transport from low n
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value nanoplates to high n value nanoplates to develop high-efficiency quasi-2D perovskite
solar cells.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/en14217402 /51, Figure S1: Steady state photoluminescence spectra of perovskite films from
front sides at different preheating temperatures, Figure S2: Schematic diagram of the CELIV test of
perovskite solar cell.
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