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ABSTRACT: This study examines the photocurrent (photoconductivity) spectra of thick
methylammonium lead iodide perovskite layers coupled to symmetric metal electrodes. A large
photocurrent peak has been observed in the near-band-gap wavelength region. The origin of
this current peak is related to an interplay between the penetration depths of light having a
certain wavelength and its ability to raise the concentration of the charge carriers. A model
including the generation, position-specific or uniform recombination, as well as diffusion of
charge carrier pairs, made it possible to reproduce the experimental findings. Besides the
microscopic approach, we also present a phenomenological model and a simulation providing
the conductance for an arbitrary relative orientation of the illuminating beam and the field
imposed by the electrodes. The results enabled us to outline the functioning principle of a
sensor for determining the angle of incidence of electromagnetic radiation. Furthermore, a
method for estimating optical absorption spectra from photocurrent spectra is delineated.

KEYWORDS: photocurrent spectroscopy, near-band-gap peak, lead halide perovskite, optical absorption, radiation direction sensor,
reaction−diffusion model

Photocurrent spectroscopy is a versatile tool for studying
optoelectronic processes in semiconductors. In this paper,

we perform time-domain dc photocurrent (photoconductivity)
spectroscopy by exposing a photoconductive sample to
monochromatic light with sweeping frequency, while the
specimen is kept under a steady potential difference. The
record represents the wavelength-dependent photocurrent
originating from photoinduced free charge carriers. For certain
semiconductor samples, a photocurrent increase might be
observed for near-band-gap frequencies of the illuminating
light. This current peak may emerge due to several reasons,
while its characteristics offer important insight into the
electronic properties of the material.
A possible physical reason for this phenomenon is the

wavelength-dependent penetration depth and charge carrier
generation ability of the illumination. This idea was first
described in the classic paper of DeVore1 and was later further
investigated by including different boundary conditions.2,3

These models assume that the potential difference is
perpendicular to the direction of the illuminating light beam.
Layers at growing depths compared to the illuminated interface
are exposed to decreasing light intensity and therefore have
increasing resistance. The overall conductivity of the sample is
computed by adding the conductivities of the individual layers.

Therefore, the sample conductivity as a function of the
wavelength, meaning the photocurrent (photoconductivity)
spectrum, is not proportional to the optical absorption
spectrum of the material.
The photocurrent peak can also originate from the

photogeneration of excitons, a process that demands a slightly
lower amount of energy than the band gap. The formation of
these quasiparticles may also manifest as a near-band-gap peak
in the optical absorption spectrum.4,5 Although excitons do not
carry charge themselves, they may dissociate into electrons and
holes, especially if their binding energy is not much higher than
the thermal energy kT. Most of the halide perovskites show a
distinct excitonic peak in the optical absorption spectrum, even
at room temperature. However, the methylammonium lead
iodide, which is the objective of our research, does not show
this feature (or shows it only very weakly) at ambient
conditions. The excitonic peak in methylammonium lead
triiodide (MAPbI3) becomes significant only at low temper-
atures.6,7

Interpreting the outcome of photocurrent (photoconductiv-
ity) spectroscopy on organometal halide perovskites is of
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special importance, since these organic−inorganic semiconduc-
tors exhibit a series of attractive properties for photovoltaics
and optoelectronics.8−10 They can be prepared through easy
and cheap solution processing, which results in solid perovskite
phases of various types and crystalline structure, spanning from
spin-coated thin polycrystalline layers to single crystals in the
centimeter range.11−14 A further advantage is the straightfor-
ward band-gap tuning by appropriate selection of the cation or
using a mixture of halide ions.15−17

In comparison with the vast majority of studies on
organometal halide perovskites, we investigated thick layers of
methylammonium lead triiodide, where the penetration depth
of near-band-gap photons is much smaller than the thickness of
the sample (which was about 8 μm). Using a simple toolkit, we
describe and successfully model an unusual photocurrent peak
observed at the red edge of the absorption spectrum of a thick
MAPbI3 layer with symmetric metal electrodes. On the basis of
this effect, we propose a very simple electro-optical sensor for
determining the irradiation direction of a light beam. Moreover,
the model enables us to estimate the optical absorption
spectrum from the photocurrent spectrum in the wavelength
range where the absorption spectrum cannot be recorded.

■ METHODS
Sample Preparation. Manufacturing custom layers of

MAPbI3 is a process of several stages. First, random-shaped
crystals are produced. Subsequently these are dissolved in
dimethylformamide (DMF, (CH3)2NCHO), resulting in a
solution that can easily be handled to yield polycrystalline
MAPbI3 at a desired location and with an appropriate shape.
We commence by dissolving 10 mM (4.61 g) PbI2 crystals in

9 mL of 57 wt % HI solution (corresponding to 69.1 mM HI)
by heating to about 100 °C. The resulting yellow liquid is
cooled to room temperature. No crystals will appear at this
time (Figures S1 and S2 and technical details in the Supporting
Information).
Next, we add 10 mM (1.59 g) crystalline CH3NH3I (same

molarity as the PbI2) to the above solution. Seeds of black
MAPbI3 crystals will immediately emerge (Figure S3 in the
Supporting Information).
Subsequently, the mixture is heated to 100 °C, and a 57 wt %

HI solution is added to it during continuous heating, until the
black precipitate dissolves. Afterward, the solution is allowed to
cool to room temperature, and during the cooling process,
millimeter-sized MAPbI3 crystals form (Figure S4 in the
Supporting Information). Recrystallization in a spatial temper-
ature gradient, approximately between 30 and 70 °C, yields
larger crystals.
MAPbI3 crystals were harvested from the solution, spread on

a glass filter, gently rinsed with chloroform or diethyl ether, and
dried by N2 gas flow. Finally, they were heated for 30 min to
120 °C to remove all solvents. Resulting MAPbI3 grains were
stored in a desiccator (Figure S5 in the Supporting
Information). Some of the crystals were fractioned and checked
by X-ray powder diffraction (Figure S7 in the Supporting
Information).
In the second step, 0.5 g of the harvested grains was

dissolved in 1 mL of DMF. This way, a perfect stoichiometry is
guaranteed. This solution can unlimitedly be stored in closed
vessels.
Symmetric copper, platinum, and gold electrodes were

deposited on 1 mm thick 25 × 25 mm glass plates by
evaporation or sputtering. The electrodes had either a

rectangular shape, placed at a distance of 5 mm, or an
interdigitated structure, with 1 mm, 300 μm, or 500 μm gaps.
To prepare spin-coated samples, 50 μL of MAPbI3 solution

was dropped at room temperature on the glass plate with the
electrodes spinning with a speed of 4000 rpm for 20 s. After a
couple of seconds, the same amount of toluene was dropped on
the sample to extract most of the solvent. This way, a uniform
polycrystalline layer with about 70 nm thickness formed.
Perovskite layers with a maximal thickness of 50 μm were

manufactured as follows: 4 to 6 μL of the MAPbI3 dissolved in
DMF was dropped on the glass plate with electrodes and
allowed to dry at about 40 °C. First a white, and subsequently a
gray, polycrystalline phase was formed. To facilitate the
evaporation of the DMF, the sample was heated to 110−130
°C for 5 min (Figure S6 in the Supporting Information). The
resulting crystals were also checked by X-ray fluorescence
(Figure S7 in the Supporting Information).
In order to protect and conserve the moisture-sensitive

perovskite, viscous poly(methyl methacrylate) (PMMA)
dissolved is toluene was layered on the sample, which was
capped by a microscope cover glass.

Photocurrent (Photoconductivity) Spectroscopy.
Spectroscopic investigations were carried out between 720
and 920 nm. The light beam falling on the sample was adjusted
in the entire wavelength interval to uniform power values.
Experiments carried out with uniform photon numbers led to
similar results. The beam had a Gaussian profile independent of
the wavelength, with a mean standard deviation of 0.9 mm
(Figure S8 in the Supporting Information, where the peak
power densities of the applied power values are also given).
Illumination of 1.2 s was followed by a dark period of 3 s, while
the wavelength was increased in each cycle by 5 nm (Figure S9
in the Supporting Information). A SpectraPhysics MaiTai eHP
DeepSee titanium-sapphire laser was used as a light source, in
continuous wave (CW) or pulsed wave (PW, repetition rate 80
MHz, pulse duration 70 fs) mode. No photoconductivity
difference was observed while illuminating the sample with PW
or CW light of the same power. The type (interdigitated or
square) or the material (copper, gold, or platinum) of the
electrodes and the presence or absence of the PMMA coverage
did not influence the outcome of the experiments. Dependence
of the photocurrent on the applied voltage in the 0.1 to 20 V
range was, with a good approximation, linear.
Further details of the illumination system are presented in

the Supporting Information. Current through the sample was
recorded by a Keithley 2400 SourceMeter in a four-point
configuration at various constant voltages between 0.1 and 10 V
and with a temporal resolution of 0.2 point/s. Most
experiments were carried out at 5 V. Voltage−current hysteresis
was negligible. Data acquisition was controlled by custom-made
Labview software. Time points when the light was turned on
and off were specified by registering the current change of a
photodiode placed at the end of the light path.

■ RESULTS
Experimental. The photocurrent spectra of uneven

MAPbI3 samples with a nonuniform thickness of an average
of about 8 μm exhibit a characteristic shape: close to the band
gap (1.55 eV, corresponding to a wavelength of 800 nm), a
large current peak emerges (Figure 1, colored curves). The
peak position and amplitude show a variation from sample to
sample. They can vary even if different regions are illuminated
within the same sample. By increasing the wavelength,
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photocurrent values start to grow at 720 nm and to decrease at
800 nm. However, sensors with a thin (less than 100 nm) spin-
coated perovskite layer showed no peak at all or just a tiny
peak, which is similar to the data presented in the mainstream
literature18 (Figure 1, gray curves).
It is important to mention that optical absorption spectra of

the sample did not show any increase around the band gap or
any other discrepancy from the usual MAPbI3 spectra. Note
that our thick (not spin-coated) sensors had an uneven
thickness. In most parts they were more than 1 μm thick and
therefore completely blocked the visible light, while in other
locations they were pitted; the samples were not optimized for
obtaining high-quality optical absorption spectra.19

Phenomenological Modeling. Our phenomenological
model explains photocurrent spectra for an arbitrary orientation
of the electric field with respect to the illuminating light beam.
However, only two qualitatively different circumstances are of
special interest, namely, those in which the illuminating light
beam is parallel20 or perpendicular18 to the applied electric
field.
The “parallel” arrangements can be modeled by a series of

different conductances coupled in series. “Perpendicular”
arrangements can be modeled by conductances coupled in
parallel (Figure 2). Therefore, in the “perpendicular” case,
photoconductance will appear even if only one layer is
conductive, while in the “parallel” one, the high resistance of

a single layer can obstruct the photocurrent flow (and only a
minor dark current will pass through the electrodes). Note that
this model holds for a case where the conductance of a layer is
mainly determined by the amount of the absorbed light, and
charge carrier diffusion length, that is, the recombination
distance, is much smaller than the sample thickness.
The phenomenological model successfully describes the

most important aspect of the experimental results in our
perpendicular arrangement with thick samples, namely, the
emergence of the photocurrent peak. However, it does not
account for the effects induced by highly uneven samples.
As an input, the model requires the absorption coefficient of

the material as a function of the wavelength. This can be
determined experimentally (Figure S10 in the Supporting
Information), but with a good approximation one can assume
that it is a sigmoidal curve that is centered on the wavelength
where the optical absorption has the most abrupt decrease. The
model also assumes that the number of photons absorbed in a
certain depth follows the Bougner−Beer−Lambert law.21

Besides the straightforward issues mentioned above, the
model has two further assumptions. First, the conductance of
a layer with unit thickness and in a certain depth is given as
follows: the product of the photons reaching the layer and the
absorbance at the wavelength of the incident photons is raised
to a power γ, which represents a free parameter. Second, the
conductance of the entire sample is computed by summing the
conductances of the individual layers. Note that our
assumptions implicitly demand a stationary charge carrier
distribution within the sample.
The phenomenological model is implemented by three

equations. The wavelength-dependent absorbance A(λ) is given
by

λ =
+ α λ−A

K
C

( )
e ( 770) (1)

where K, C, and α are the parameters of the optical absorption
spectrum.
The photon density at a given wavelength λ and depth z,

assuming unit value at z = 0, reads

λΦ = λ−z( , ) e A z( ) (2)

The current generated at the depth z, for a certain fixed
voltage, is given by

λ λ λ= Φ γj z z A( , ) [ ( , ) ( )] (3)

where γ is the free parameter.
Representative outcomes of the model for flat sample with

different thicknesses in a perpendicular arrangement are shown
in Figure 3. Note the fact that by decreasing the thickness of
the modeled sample the peak gradually disappears. The absence
of the peak in the experiments performed with a thin and
uniform spin-coated sample confirms the finding that the
photocurrent peak emerges only above a certain sample
thickness. Fine tuning of the sample dimensions and the
experimental confirmation of the predicted shift of the peak
characteristics as a function of the sample thickness is in
progress. However, these effects emerge in the microscopic
model presented below.
In our experiments and simulations we also found a

significant photocurrent tail below the band gap. The optical
absorption in this wavelength range is referred to as the Urbach
tail.22 However, due to the nonlinear relationship between the

Figure 1. Photocurrent (photoconductivity) spectra of sensors with
perovskite layers having different thicknesses. Currents were
normalized to a peak value equaling 1. Type of MAPbI3 layer and
type and power of illumination are individually noted. CW, continuous
wave; PW, pulsed wave. The Gaussian beam profile had a standard
deviation of 0.9 mm, with average peak power densities ranging from
0.046 to 12.9 W/cm2 (for 2.5 and 700 mW beam power, respectively).
The potential difference applied on the sample was 5 V.

Figure 2. (a) “Perpendicular” arrangement. Upper layers are more
conductive if illuminated with photons having a larger energy than the
band gap. The overall conductance can be modeled by conductances
of individual layers coupled in parallel. (b) “Parallel” arrangement. Left
layers are more conductive if the setup is illuminated as shown in the
figure. The overall conductance can be modeled by conductances of
individual layers coupled in series.
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absorbance and the total photocurrent of thick samples,
photocurrent (photoconductivity) spectroscopy in the sub-
band-gap region is more sensitive than the optical spectroscopy.
Despite the simplicity of the phenomenological model, we

managed to fit three representative experimental results, varying
only the thickness Z and the parameter γ (Figure 4). At this

time we do not have a full physical understanding of this
parameter, but the subsequent microscopic model revealed its
relationship to the spatial distribution of the recombination
sites.23 Note that the model fits only the photocurrent curves
with a peak having a simple bump-like increase and decrease
(like in Figure 4, Figure 8a−c, and Figure S11e). We emphasize
that all experimentally obtained curves fulfill this requirement.
The dimensionless form of the model is presented in the
Supporting Information.
Our numeric approach is operable for any illumination angle

hitting a cuboid-shaped sensor. Figure 5 shows the photo-
current spectrum obtained for a “parallel” configuration, that is,
when the (simulated) light beam falling on the cuboid sample is
in line with the electric field. The light is assumed to fall on and
penetrate into the sample through a transparent electrode. This
simulation rectifies some results reported on a “parallel”
configuration.24

Illumination from an Arbitrary Direction. Simulated
dependence of the photocurrent intensity on the angle of
incidence in the [0, π/2] range, for a cuboid sample with a
transparent electrode, is presented in Figure 6. Here we
modeled the effect of various monochromatic illumination with
the same intensity. Five different wavelengths, namely, two
below, one at, and two above the band gap, were investigated
(for the computational implementation, see the Supporting
Information). This result demonstrates that a thick semi-
conductor layer equipped with symmetric metal electrodes
could serve as a sensor or part of a device detecting the
direction of incidence of electromagnetic radiation with a
known intensity and spectrum, provided that the radiation
includes a substantial amount of over-band-gap photons.
Present-day devices developed to determine the direction of

electromagnetic radiation involve shielding, gratings, collima-
tors, or other optical elements,25−31 while the sensor proposed
in this paper consists of only a semiconductor cuboid equipped
with transparent or nontransparent electrodes. Due to their
heavy elements, sensors consisting of halide perovskites could
even serve for determining the directionality of X- or γ-
rays.32−36 We have to mention that modeling X- or γ-ray
detection needs a different theoretical approach. Note that a
single sensor with two transparent electrodes delivers only

Figure 3. Simulated photocurrent spectra for semiconductor layers
with different thicknesses, in “perpendicular” arrangement. The
presumed absorption spectrum is plotted in red. Parameters: C =
2.5, α = 0.09, K = 0.3, the sigmoid representing the absorption
spectrum is centered at 770 units corresponding to the wavelength,
while γ = 0.55. Values of Z, corresponding to the thickness, are 10, 20,
40, 75, 150, and 300 units.

Figure 4. Fitting simulated photocurrent spectra (traces of red
crosses) to experimental results (continuous curves). Parameters
defining the absorption spectrum were kept constant (C = 2.5, α =
0.09, K = 0.3), while only γ and sample thickness Z were altered. For
fitting the gray, green, and blue curves, these were (Z = 1, γ = 1), (Z =
75, γ = 0.5), and (Z = 160, γ = 0.55).

Figure 5. Simulated photocurrent (photoconductivity) spectrum for
parallel arrangement. Note the negligible photocurrent on the sides of
the shown wavelength interval. The presumed absorption spectrum is
plotted with a dashed red line. C = 2.5, α = 0.09, K = 0.3, and γ = 0.55.
Sample length was x = 200 units.

Figure 6. Simulated dependence of the photocurrent on the angle of
incidence and on the wavelength. The model is based on eq 3 for a
cubic sample with transparent electrodes. Parameters are the same as
for the preceding simulations. The angle of incidence varies form 0
(“parallel” beam) to π/2 (“perpendicular” beam). As the parameter
corresponding to the wavelength (photon energy) increases through
the band gap, the light penetrates more uniformly in the sample and
the angle dependence vanishes.
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uniaxial data and cannot discriminate between angles
symmetric to the perpendicular. Moreover, the sensor is
functional only if spectral and intensity information is available.
Reconstructing the Optical Absorption Spectrum

from the Photocurrent (Photoconductivity) Spectrum.
The model offers the possibility to estimate the absorption
spectrum A(λ) from the photocurrent spectrum I(λ, z). Due to
the nonlinear relationship between the optical absorbance and
the total photocurrent of thick samples, photocurrent spec-
troscopy is very sensitive even in the sub-band-gap region.37

Having an appropriate model, the method could be used to
obtain or to approximate the absorption spectrum in the
domain where the classical methods are uncertain, e.g., at
photon energies below the band gap.
Let us consider a “perpendicular” experimental configuration

and assume that the photocurrent spectrum is recorded for a
series of cuboid samples with varying total thickness Z.
According to our model, the total photocurrent reads

∫λ λ= λ γ−I Z A z( , ) [e ( )] d
Z

A z

0

( )
(4)

Differentiating it with respect to the upper limit and
subsequently raising the result to the power 1/γ, we have

λ λ λ= =
γ

λ−⎡
⎣⎢

⎤
⎦⎥Y Z

Z
J Z A( , )

d
d

( , ) ( )e A Z
(1/ )

( )

(5)

which allows finding A(λ), from I(λ, Z) numerically or through
the Lambert W function. More precisely, we obtain a series of
expressions for the absorption which depend on λ and the
parameter Z, which allow assembling A(λ). Since the expression
on the right side is a peak shape function, the equation has two

Figure 7. Assumed optical absorption spectrum (thick gray sigmoidal
line) and its reconstruction from simulated photocurrent spectra of
samples with different thicknesses. Red and blue curves represent the
solutions of eq 5. Curves in (a) and (b) are derived from model
samples with thicknesses of 20 and 100 units. The remaining
simulation parameters are C = 2.5, α = 0.09, K = 0.3, and γ = 0.55 (the
same as for Figure 3).

Figure 8. Simulated photocurrent (photoconductivity) spectra
resulting from the reaction−diffusion model. (a) No recombination
sites (where n = 0) are present. The peak at the band edge is
moderate. (b) Recombination site placed at the illuminated surface; a
strong peak emerges. (c) Peak with a similar magnitude can be
implemented by locating a recombination site in the volume, but close
to the illuminated surface. (d) Additionally to a surface recombination
site, a series of volume recombination sites, farther from the
illuminated surface, are also present. These latter will significantly
decrease the photocurrent peak. Curves with different shades of color
represent the photocurrent spectra of models with different thickness
Z, marked next to each curve. The expression of the assumed
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solutions for A(λ). Numerical simulations (for details, see the
Supporting Information) showed that the physical solution is a
piecewise combination of them, and overlapping results
recorded at different sample thicknesses lead to a good
approximation of the optical absorption spectrum (Figure 7).
This method could be applied as follows. First, we record the

optical absorption spectrum in the wavelength region where it
can easily be obtained; we record the photocurrent spectra for
different sample thicknesses and for the entire wavelength
range that is of interest; we fit the model on the experimental
data to obtain the parameters, including γ, for the range where
both types of spectra are available. Second, profiting from the
photocurrent spectra and the model, we extrapolate the optical
absorption spectrum in the wavelength range where photo-
current spectra are available, but the absorption spectrum could
not be obtained by direct measurements.38

Note that the procedure can be implemented for more
general integrands, and a similar method can be worked out for
“parallel” arrangements as well. However, without a micro-
scopic model these cannot account for physical processes that
influence the sample absorption and are restricted to a
wavelength range that is fully outside of the one covered by
the recorded absorption spectrum.
Microscopic Reaction−Diffusion Model. The appear-

ance of the photocurrent (photoconductivity) peak in a
“perpendicular” arrangement can be explained by a microscopic
model based on a reaction−diffusion system. Our model can be
considered a variant of the analysis presented in ref 1 and
describes the spatiotemporal evolution of the density of charge
carrier pairs (electrons and holes), n, for monochromatic
illumination with a certain wavelength.
We assume that the generation of charge carrier pairs in a

volume element equals the product of absorbance and that of
the photons reaching that site. For recombination, two
possibilities are considered. The first one is given by a linear
decay term. Note that decay governed by a higher power did
not significantly alter the results. The second possibility is
represented by a “drain” at a certain spatial location where the
density of charge carrier pairs is set to be permanently zero. A
diffusion term is also included, and zero-flux boundary
conditions are applied. Therefore, the equations implementing
the model read

λ

τ

=
+ −

= ∂
∂

+ −

≡

| = | =

−

A

n z t
t

D
n z t

z
P z A n z t

n z

j j

0.1
1 exp(0.1( 770))

d ( , )
d

( , )
( ) ( , )

( ) 0

0
i

n n Z

2

2
1

0 max

where n represents the density of charge carrier pairs, A the
wavelength-dependent absorption, zi the recombination sites, jn
the current of the charge carrier pairs, P(z) the density of
photons at depth z, Z the sample thickness, D the effective
diffusion of the charge carriers, and τ the linear recombination
rate. The discretized form of the model, as well as its
computational implementation, is presented in the Supporting
Information.
Numerical simulations of the microscopic model showed that

for a given optical absorption spectrum the characteristics of
the photocurrent peak are correlated with the sample thickness
Z and the location of the recombination sites in the sample.
Recombinations at the illuminated surface or close to this
surface favor the increase, while recombinations farther from
this surface suppress the photocurrent peak. Results of numeric
simulations showing this effect are presented in Figures 8 and 9.
In the phenomenological model, the peak characteristics are

influenced by the sample thickness and the parameter γ. This
parameter is related to the distribution of the recombination
sites. Even though presently we cannot quantify their
relationship, interpretation of the results is obvious: If the
recombination sites are placed close to the illuminated surface,
where the low-wavelength light is not yet absorbed, they will
significantly reduce the ability of this wavelength range to
contribute to the sample conductance. In other words, they will
“push down” the photocurrent spectrum in the range of the
wavelengths above the band gap, emphasizing the photocurrent
peak.
If the recombination sites are farther from the illuminated

surface, where photons with energies slightly lower than the
band gap are still able to penetrate, a near-band-gap region of
the photocurrent spectrum will be suppressed (Supporting
Figure S11).
Recombination sites very far from the illuminated surface,

where only those photons penetrate that cannot create
electrons and holes, will only slightly affect the photocurrent
(photoconductivity) spectrum. In short, the microscopic
explanation for the rise of the photoconductivity peak is the
uneven distribution of the recombination sites across the depth
of the sample; this alters the interplay between the penetration
depth of the light with a certain wavelength and its ability to
raise the concentration of charge carriers at a given depth.
These findings enable the development of wavelength-tuned
optoelectronic devices.15

■ CONCLUSION
Photocurrent (photoconductivity) spectroscopy on halide
perovskites has up to this time been performed only on thin
layers. However, investigation of thick samples could be of
special interest as well. In this paper we report the presence of a
photocurrent peak in the band-gap region and model it with
novel versions of the DeVore framework, emphasizing two
specific experimental arrangements, namely, when the incident
light beam is either parallel or perpendicular to the applied
electric field.
This type of spectroscopy on thick semiconductor samples

could offer a further method to determine a series of electronic
properties of the investigated sample.39−41 We also outline a
method to obtain absorption spectra from photocurrent spectra
in the sub-band-gap region. Furthermore, we provide a
reaction−diffusion model on optoelectronic and recombination
processes, which renders the near-band-gap photocurrent peak.
We propose a cheap and simple sensor to determine the

Figure 8. continued

sigmoidal light absorption is A(λ) = 0.1/(1 + e(0.1(λ−770))). Parameters:
τ−1 = 0.1, D = 1, dz = 1, dt = 0.01; the sample thickness was 500 units,
and 2000 iterations were performed. Note that the curves suffered only
minor alterations after 1000 iterations. The recombination sites are z =
1 (b), z = 10 (c), and z = [1, 30, 40, ..., 500] (d). The corresponding
densities of the charge carrier pairs are shown in Supporting Figure
S12.
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direction of incidence of an electromagnetic radiation. Syn-

thesis of MAPbI3 was carried out by an efficient and simple

protocol.
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(8) Park, N.-G.; Graẗzel, M.; Miyasaka, T. Organic-Inorganic Halide
Perovskite Photovoltaics, from Fundamentals to Device Architectures;
Springer, 2016.
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