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Abstract: The instantaneous photocarrier transport of perovskite solar cells was evaluated by as-
sessing laser-induced terahertz (THz) emission to understand carrier dynamics in perovskite solar
cells. The waveform of laser-induced THz radiation from an interface between the TiO; electron
transport layer and perovskite active layer of an n-i-p perovskite solar cell with varying external bias
was measured using THz-time domain spectroscopy. The amplitude of the THz radiation decreased
with increasing reverse bias voltage. The waveform of the THz radiation was inverted at a strong
reverse bias. The measured bias voltage dependence suggests that the transient current generated
at the interface between perovskite and TiO, owing to the higher mobility of electrons than that of
holes, namely the photo-Dember effect, is the dominant source of THz radiation and the destructive
contribution of the interfacial electric field inverts the transient current when a reverse bias causes a
strong interfacial electric field. The significant contribution of the interfacial electric field has not been
previously reported in perovskite thin films and is unique to solar cells. We believe that band bending
at interfaces in perovskite solar cells will be determined from the THz emission with proper modeling.

Keywords: lead halide perovskites; solar cells; terahertz time-domain spectroscopy

A perovskite solar cell is a type of solar cell that includes at least one thin film of
perovskite-structured material as the active layer. For the active layer, hybrid organic-
inorganic lead halides are the most actively studied materials, and lead halide perovskite
solar cells demonstrate high power conversion efficiency [1]. Perovskite solar cells are
fabricated layer-by-layer using various techniques, including ink-based spin-coating and
blade coating [2,3] which are cost-efficient and allow the materials for the active layer
and adjacent hole and electron collecting layers to be changed to improve performance.
An intermediate thin layer can also be inserted between the electrodes, electron and hole
collecting layers, and the active layer. In addition to the variety of materials and structures,
slight changes in the fabrication recipes, material purity, and environment during the
fabrication and storage of the materials can also significantly affect the performance of
the cells. These conditions provide variety and development complexity of the perovskite
solar cells [4,5]. Recent studies of perovskite solar cells have evaluated the development of
a more reproducible and scalable fabrication method to improve the solar cell long-term
stability for commercialization. The quality of a perovskite solar cell is primarily evaluated
by its characteristics, such as energy conversion efficiency, current—voltage characteristics,
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and spectral response, and their changes. These characteristics are important in the de-
velopment of perovskite solar cells; however, they are not sufficient, and complimentary
evaluation methods are needed to determine the next steps [6,7].

A solar cell must have a built-in electric field suitable for separating and extracting
photo-generated electrons and holes in the active layer for their highly efficient operation.
First, the bottom of the conduction band of the electron transport layer should be lower
than that of the active layer, and the top of the valence band of the hole transport layer
should be higher than that of the active layer [8]. Otherwise, the photo-generated carriers
are blocked by the transport layers and limit the voltage of the solar cell [9]. Monotonic
change of the band edge near the interfaces of the active layer caused by joining materials
with different bandgaps and work functions, referred to as band bending, can also block
the carriers and lower the voltage. The materials for the electron and hole transport layers
are chosen to have band gaps and work functions to avoid those blocking and most simply
band bending is calculated by solving Poisson’s equation with Anderson’s rule referring,
to those gaps and work function [10]. However, the perovskite solar cell has junctions
between polycrystals with possible interdiffusion. Therefore the interface can have a dense
impurity level or fixed charge [10]. A thin layer of another material can also be inserted at
the junction. These factors usually require the experimental evaluation of band bending
to understand the instantaneous carrier transport at the interfaces. The band bending
in the perovskite solar cells was evaluated by measuring characteristics such as surface
photovoltage [11] and photoemission spectra [12]. Because these methods are not suitable
for evaluating the glass-sealed perovskite solar cells in the normal atmosphere, a new
method capable of evaluating in such situations will be useful for the developments and
basic studies of perovskite solar cells.

The method of terahertz (THz) time-domain spectroscopy and imaging with femtosec-
ond (fs) pulse laser excitation has been extensively studied to evaluate the carrier dynamics
in matter, including perovskites [13-15]. We extended the studies of the THz radiation
spectroscopy, namely the laser terahertz emission microscopy, or LTEM, as a new sensing
technique for the studies and developments of semiconductor devices [16-24]. For mea-
surement purposes, ultrafast laser pulses are applied to the device to create electron-hole
pairs. Because the measurements are made at room temperature, these electron-hole pairs
are expected to behave as free electrons and holes [25]. They can be separated by an electric
field inside the device or a difference in mobility between the electrons and holes on a
picosecond time scale to produce a transient local current inside. A portion of the dipole
radiation originating from this current exits the sample as THz radiation and its waveform
and amplitude are observed with the THz time-domain spectroscopy setup. Experimental
evidence in III-V semiconductors and silicon has shown that the waveform and amplitude
of the THz radiation are related to the direction and strength of the internal electric field of
semiconductor samples [19,23,24,26-31]. This relation enables LTEM to be used as a tool to
optically evaluate the band bending of the active layer of solar cells. In addition, a previous
study systematically showed that the photo-Dember effect dominates THz radiation from
laser-excited lead halide perovskite [14].

In this study, we propose the use of LTEM to evaluate instantaneous photocarrier
transport at the interface of perovskite solar cells. We measured the waveform of THz
radiation from a perovskite solar cell while applying an external reverse bias voltage and
irradiating the sample with laser pulses on the side of the electron contact. A reverse
bias stronger than —12 V caused an inversion of the waveforms of the THz radiation.
The waveform inversion of the THz radiation provides multiple insights into the carrier
dynamics in perovskite layers. First, the THz radiation from the perovskite sample is
dominated by the photo-Dember effect. Second, the electron mobility of the sample
exceeded that of the holes. In addition, the contribution of transient currents owing to
the internal electric field is not negligible and is estimated to be approximately one order
of magnitude weaker than the photo-Dember effect. This is in contrast to the simpler
lead-halide perovskite thin film wherein the contribution of the internal electric field was
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shown to be insignificant [14]. Because the sum of the photo-Dember effect and the effect
of the interfacial electric field determines the intensity and waveform of the THz radiation,
a more sophisticated analysis with proper modeling [32,33] and measurements under
diverse excitation potentials will provide information on the internal electric field of lead
halide perovskite from the THz radiation in the future work.

1. Experimental Setup

Figure 1a shows a schematic of the perovskite solar cell used in this experiment. The so-
lar cell samples are glass-sealed perovskite solar cells, with an evaporated Au top elec-
trode, a spin-coated 2,2’,7,7’-Tetrakis(N,N-di-p-methoxyphenylamino)-9,9’-spirobifluorene
(Spiro-OMeTAD) hole transport layer, a Csp.05(FA0.83MAg 17)0.95Pb(lp.83Br 17)3 active layer,
a mesoporous TiO; and crystalline TiO; electron transport layer, and a fluorine-doped
tin oxide (FTO) transparent electrode. This solar cell was built based on the study by
Saliba et al. [34]. Figure 1b shows the band diagram assumed for the sample solar cell.
The energy levels of the frontier orbitals from the literature were used for each layer [35-40].
The values for the mesoporous titanium dioxide layer are not shown.

The LTEM consists of a Ti-sapphire pulse laser, a beam splitter, a second harmonic
generator, a delay stage, an X-Y sample stage, a Hamamatsu Photonics G10620-13 low-
temperature-grown GaAs photoconductive module with a spiral antenna, mirrors, and lock-
in amps with PCs. An 800 nm pulsed light from the laser is separated by the beam splitter
and one pulse is converted to a 400 nm wavelength pulse through the second harmonic
generator, and then excites the sample. The THz radiation from the sample is focused on
the GaAs sensor. The other 800 nm pulse illuminates the sensor after passing through
a delay stage. The sensor generates photocurrent when the 800 nm pulse reaches the
sensor. If the THz radiation from the perovskite solar cell reaches the sensor at the same
time, the photocurrent changes according to the amplitude of the electric field of the THz
radiation. The waveform of the THz radiation is measured by sweeping the delay stage
while measuring the change of photocurrent using the lock-in amplifier. A detailed analysis
of the waveforms of THz radiation is beyond the scope of this communication because,
although the G10620-13 with spiral antenna exhibits high sensitivity, it is empirically known
that its time response function significantly affects the observed waveforms.

The LTEM images in the subsequent sections were obtained from similar perovskite
solar cells with a power conversion efficiency of 9.98%, 0.63%, and 0.00%. The second and
third cells were stored at 85 °C and 85% relative humidity for 72 h before measurement.
The I-V measurement for Figure 2 was carried out using San-Ei Electric XHS-8051 solar
simulator and ADCMT 6241A DC voltage current source/monitor.
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Figure 1. (a) Schematic of the perovskite solar cell sample and (b) energy level diagram of the
sample. The excitation light pulses are absorbed in the perovskite layer near the interface between
the perovskite layer and TiO;, electron transport layer.
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Figure 2. Two-probe forward-scan I-V characteristics of the perovskite solar cell. The red circles
indicate each measurement point.

2. J-V Characteristics of the Sample Cell

Figure 2 shows the J-V characteristics of the sample cell at the time of the LTEM
measurements in a solar simulator. The filled red circles show a two terminal voltage
sweep from —1 V to 1V, and the waiting time at each measurement point indicated by the
circles is 400 ms. The filled red circles show a two-terminal voltage sweep from —1 V to
1 V. The J-V curve shows a Jsc of 10.1 mA /cm?, a Voc of 0.88 V, and an energy conversion
efficiency of 3.5%. The current did not significantly leak when this sample was reverse
biased. Therefore, the sample is suitable for the measurement using LTEM in which light
pulses irradiate the sample while reverse bias is applied. In the LTEM measurement, large
reverse bias was applied, risking damage to the sample, but significant breakdown was not
observed until applying —14 V.

3. Results: THz Waveforms and Reverse Bias Voltage

Figure 3a shows the waveform of a perovskite solar cell at various reverse bias voltages.
Forward bias voltage was not applied because a large forward current would instantly
destroy the sample. Reverse bias voltage above —15 V was not applied because significant
breakdown was observed after the measurement at —14 V. The waveform of the THz
radiation changes with the reverse bias voltage, and the waveform inverted above —12 V.
The observed THz radiation waveform is strongly influenced by the transient response
of the GaAs sensor. The first peaks shown in the yellow rectangle can be related to
the separation of photoexcited carriers by the photo-Dember effect and the acceleration
by the interfacial electric field. We cannot separate these two effects using the current
analysis. The waveform is measured with the GaAs sensor with the spiral antenna and FFT
amplitudes of the sample, as shown in Figure 3b and the details of waveform, particularly
the second peak, are expected to be strongly affected by time-response function of the
sensor. Figure 3c shows the bias voltage dependence of the averaged intensity of the first
peak in Figure 3a. The peak intensity decreases with reverse bias up to —6 V, then increases
to —10 V. The averaged amplitude is near zero at —11 V. The waveform inverted above
—12 V. Therefore, the waveform of the THz radiation is partially related to the electric
field at the interface between the TiO, layer and perovskite layer. The reverse bias is
an electric field that directs electrons from the perovskite layer to the TiO; layer. The
dip of the THz amplitude observed under the —6 V reverse bias is possibly related to
physically meaningful phenomena such as hole trapping but is unable to interpret because
the data are deficient at present. The sample could have been partially damaged during the
measurement, and further examination is required.
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Figure 3. (a) Waveforms and (b) FFT amplitude of the THz radiation at various bias voltages from 0
to —14 V and (c¢) THz radiation amplitude averaged over the first peak period, shown in the yellow
rectangle in (a).

4. Discussion

The observed continuous change of waveform and inversion of the THz radiation
with external biases is qualitatively similar to our previous work [24] on silicon metal
oxide semiconductor samples, where field emission is the dominant source of the laser
pulse-induced THz radiation. Therefore, we hypothesize that the observed change of the
waveform is related to the contribution of field emission and the change of the internal
electric field caused by external biases. For semiconductors, the relationship between the
electric field A of the THz radiation, the polarization inside the sample P, and the current
J is as follows [16]:

dj  d*p

Aox -4 1+ -
Ocdt+dt2

The samples in this experiment are either short-circuited or reverse-biased solar cell
samples. Thus, a large portion of the photoexcited carriers travel out of the sample as
current, and the right-hand term of the equation is treated as the transient current. The
origin of THz radiation is classified into two types: the field emission and photo-Dember
effect. The field emission refers to the transient current caused by the separation and
acceleration of photo-excited electrons and holes by band bending near the interface of
the perovskite layer. The photo-Dember effect is the transient current caused by the
difference between the mobility or diffusion constants of electrons and holes. When the
laser pulses excite the sample, photogenerated electrons and holes are localized near the
interface and share the center of mass. Because electrons and holes diffuse away from the
interface at different speeds, the centers of mass of the electrons and holes shift, creating
an effective transient current. The relation between A, J, and P enables the evaluation
of transient transport at the interfaces in semiconductor devices by assessing the THz
radiation. The waveform of the THz radiation without external bias voltage did not
significantly change when we irradiated the sample from the Spiro-OMeTAD side (not
shown here); therefore, we assumed that the photo-Dember effect is the dominant source
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of THz radiation, as shown for lead-halide perovskite thin films in previous work [14].
The contribution of carrier transfer from the perovskite layer to the TiO, layer is also
considered insignificant.

Figure 4 qualitatively illustrates the band diagram and carrier dynamics of a photoex-
cited electron and hole to explain the waveform inversion of the THz radiation with reverse
bias voltage. Figure 4a shows the band diagram and carrier dynamics in the absence of
bias voltage. The dotted line shows the band bending near the interface between the TiO,
and perovskite layers, assuming that the electron accumulated at the interface. We cannot
accurately calculate the bending of the interface because the contribution of the trapped
charge, fixed charge, and mesoporous layer at the interface [41] is not known for our
samples. Here, we assumed that a strong inversion layer is not formed, which impairs the
characteristics of the solar cell. The electron mobility is higher than the hole and diffuses
faster away from the interface. This causes a transient current normal to the interface,
directed from the perovskite layer to the TiO, layer immediately after pulse excitation.
The transient current generates the THz radiation. Assuming that the perovskite layer
under measurement behaves as a doped semiconductor, and the TiO; layer behaves as an
electrode, the externally applied reverse bias changes the interfacial electric field, as shown
in Figure 4b. Because the reverse bias of —12 V is larger than the interfacial voltage that
can normally occur inside a solar cell, the band should bend significantly toward the TiO,
interface regardless of the interfacial electric field without the bias. The interfacial electric
field separates the photoexcited carriers, contributing to a transient current in the direction
opposite to that of the photo-Dember effect. The interfacial electric field and photo-Dember
effect destructively contributed to the formation of the transient current, and the net tran-
sient current inverted when the reverse bias voltage exceeded —12 V, causing an inversion
of the waveform of the THz radiation. The inversion of the THz radiation waveform
with an external bias voltage indicates that the interfacial electric field makes a significant
contribution to the THz radiation from the solar cell sample. In addition, a large bias
voltage for the inversion suggests that the photo-Dember effect is a dominant factor in the
absence of external biases.

(a)
y

Transient

current

TiO, Cs(FAIMA)Pb(I/Br)3 Tio, Cs(FAMA)Pb(1/Br)3

/ Transient
i current

Inverted THz ;
radiation

Tioy Cs(FAMA)Pb(I/Br)z Tioy Cs(FAMA)Pb(1/Br)z

Figure 4. Qualitative illustration of a possible band diagram and dynamics of the photoexcited
carriers to explain the reverse bias dependence of THz radiation. The illustrations correspond to the
sample (a) without applied bias and (b) with reverse bias voltage greater than —12 V.
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5. THz Radiation of the Degraded Cells

We measured the THz radiation of three perovskite cells with various degradation
conditions to evaluate the changes in the electrical properties of the perovskite layers
using LTEM. All samples have zero transmittance at the excitation wavelength of 400 nm.
Figure 5 shows the pictures and LTEM images of the solar cell samples. The LTEM images
show the peak amplitude at 6 ps of THz radiation. The THz radiation was weaker in the
degraded samples and undetectable in the sample with 0% efficiency. The images show
that the absorption of the long-wavelength light is weakened by the decomposition of the
perovskite layer in the degraded cells. The THz radiation amplitude is stronger for the
Au electrodes shown in the red dots. Possibilities include the gold electrode acting as an
antenna that enhanced THz radiation towards the GaAs sensor in LTEM by changing the
shape of the escape cone of the THz radiation [32], or it acting as a moisture proof film
to suppress degradation. The detected signals which had the same sign as the sample
shown in previous sections, suggesting that the THz radiation mainly originates from the
photo-Dember effect. The smaller amplitude of the THz radiation from the degraded cell
could be caused by the following factors: (1) decreased mobility near the interface resulting
in a weaker transient current; or (2) an increased penetration length of the excitation light,
causing the THz radiation to become insensitive to the interface.
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Figure 5. Pictures and LTEM images of the perovskite solar cell modules with various degradation
conditions. The best energy conversion efficiencies of three cells in each modules were (a) 9.98%,
(b) 0.63%, and (c) 0%. The solid and dotted red squares show the position of the cells and gold

electrodes, respectively.
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6. Summary and Perspective

To summarize, we observed the THz radiation from the perovskite solar cells using
LTEM. The waveform of the THz radiation changed with the applied reverse bias voltage,
showing that the waveform was partly related to the internal electric field of the perovskite
layer. The large reverse voltages required to invert the waveform are consistent with the
lead-halide perovskite films where the photo-Dember effect is the dominant source of the
transient current [14]. The waveform inversion with the reverse bias also shows that the
transient current was caused by the photo-Dember effect directed from the TiO, layer to
the perovskite layer. More detailed knowledge on the carrier dynamics in perovskite solar
cells related to physical quantities including electron number density, plasma frequency,
complex conductivity, interface potentials, and fixed charge carrier density may be ob-
tained by measuring with high-precision standard photoconductive antennas and the THz
radiation changes based on various parameters, including excitation wavelength, intensity,
and sample recipe, and analyzing them with a proper modeling of the THz radiation in
future work.
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