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Carrier diffusion length in the light-sensitive material is one of the key elements in improving the
light-current conversion efficiency of solar-cell devices. In this paper, we measured the carrier diffusion
length in lead-halide perovskite (MAPbI;) and mixed lead-halide (MAPDI;Cly) perovskite devices using
scanning photocurrent microscopy (SPCM). The SPCM signal decreased as we moved the focused laser
spot away from the metal contact. By fitting the data with a simple exponential curve, we extracted the
carrier diffusion length of each perovskite film. Importantly, the diffusion length of the mixed-halide
perovskite was higher than that of the halide perovskite film by a factor of 3 to 6; this is consistent with
the general expectation that the carrier mobility will be higher in the case of the mixed lead-halide
perovskites. Finally, the diffusion length was investigated as a function of applied bias for both samples,

and analyzed successfully in terms of the drift-diffusion model.
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I. INTRODUCTION

Lead-halide perovskites (MAPbI;) have attracted substantial
attention as one of the most promising materials for use in
high-performance solar-cell devices, due to high carrier
mobility, strong absorption across the solar spectrum, and
simplicity of device fabrication [1-6]. Recently their
efficiency has soared to 22.1%, despite being first developed
in 2009, whereas there will be plenty of room for further
improvement, considering the high electron-conversion
efficiency of the light-absorbing perovskite materials [7-9].
However, total cell efficiency is still lower than for
conventional silicon-based solar cells, and the key elements
to improving cell efficiency lie in the development of
optimized fabrication processes [10]. One of the key para-
meters is the diffusion length of the photogenerated carriers
in the halide perovskite films, because charge-collection
efficiency is dominated by the carrier-diffusion process.

The investigation of diffusion length in MAPbI; and
its derivatives has been addressed indirectly using carrier
lifetime measurements [1-3, 11-16]. In addition, using PL-
scanned confocal microscopy, diffusion lengths of 14 pum
and 6 pm have been measured for MAPbl; and MAPbBr;
respectively [16]. Recently, scanning photocurrent microscopy
(SPCM) has been proven to be a very effective tool for
addressing the diffusion length in dye-sensitized solar cells
(DSCs), without the knowledge of additional optical or
transport parameters [17, 18]. Diffusion lengths of ~100
pm have been reported for conventional DSCs, and, more
importantly, their correlation with the total cell efficiencies
has been demonstrated explicitly. More recently, SCPM
has been successfully exploited to investigate diffusion
length in perovskite films [19], but the transport properties
of the mixed lead-halide perovskites have been largely
unexplored. In addition, the modified diffusion length under
the influence of applied bias has not been addressed so far.
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Here we performed SPCM measurements to address
the diffusion lengths of the two types of perovskite films
(halide and mixed-halide) coated on metal electrodes. In
addition, the diffusion lengths were found under different
applied-bias conditions, and analyzed in terms of the drift-
diffusion model.

II. RESULTS AND DISCUSSION

Figure 1(a) shows the device configuration for measuring
diffusion length in a perovskite film. We fabricated the
devices by coating MAPbl; and MAPbI;Cl; films on
quartz substrate containing the source and drain metal
electrodes. The metal electrodes were embedded in the
substrate to produce high-quality perovskite film, because
metallic structures protruding from the substrate tend to
cause irregular coating in the film. For this purpose, we
used a photolithography technique including a wet-etching
process (with buffered oxide etchant solution for 100 s) to
produce a trench structure with a thickness of 100 nm
before the metal evaporation. The metal electrodes (Cr/Au)
were deposited from a thermal evaporator to a thickness of
100 nm, so that the metal film was completely embedded
in the quartz substrate, as illustrated in Fig. 1(a). Next, we
used a conventional solution-based spin-coating method to
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FIG. 1. (a) Schematic diagram of a perovskite device with
drain and source electrodes embedded in a quartz substrate.
For the diffusion-length measurement, we used a SPCM
technique with a focused 532-nm laser. SEM images of (b)
lead-halide and (c¢) mixed lead-halide perovskite films
respectively.
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fabricate the lead-halide perovskite film in a nitrogen glove
box. MAPbI; powder (purchased from One solution) was
added to a mixture of y-butyrolactone (GBL) and dimethyl
sulfoxide (DMSO) (7:3 v/v) and stirred at 60°C for 12 h.
The MAPDI; solution was spin-coated on a quartz substrate
(15x15x1 mm) treated with UV-ozone cleaning. The
spin-coating conditions were 2000 rpm for 60 s. The
toluene solution (150 pL) was introduced dropwise onto
the substrate during spin coating [20]. The sample was
annealed on a hot plate at 100°C for 15 min, and the
thickness of the resulting perovskite film was 250 nm. We
also fabricated MAPbI;(Cl; films having a thickness of
180 nm, using the same procedures but with a solution
with a 3:1 molar ratio of CH;NH;I:PbCl,. The scanning
electron microscopy images for MAPbl; and MAPDI;Clg
films are shown in Figs. 1(b) and 1(c), which confirms the
formation of continuous films.

We performed a conventional SPCM measurement with
a focused laser at 532 nm with a spot size of 500 nm, and
raster-scanned using galvanometer scanning mirrors [21,
22]. A representative SPCM image for the MAPbI; device
is shown in Fig. 2(a), measured in a nitrogen-purged
environment. The source-drain voltage (Vps) was fixed at
zero. The laser’s intensity was 5 pW. Throughout the
experiment, SPCM images were measured while the entire
sample area was illuminated by a homemade solar simulator
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FIG. 2. (a) Ispcm image of lead-halide perovskite film with a
channel length of 30 um. (b) Line profile of spcnm as a function
of position along the channel, extracted from (a).
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set at 1 sun [17]. The channel length /4 and width wy, of
the device were 30 pm and 10 pm respectively. The
scanning photocurrent signal Ispcy Was very strong near
the metal contacts, and decreased gradually away from the
metal electrodes [22-25]. We obtained positive and negative
photocurrent near the drain and source electrodes respectively.
This is more clearly shown in Fig. 2(b) by the Ispcym line
profile taken along the channel. In previous studies of
semiconducting devices with nanowires, carbon nanotubes,
graphene, and transition-metal dichalcogenide monolayers,
the SPCM signals were generally dominated by the
metallic signals, which originate from the Schottky barriers
[24-26]. Accordingly, Ispcm near the metal contacts will be
dominated by the drift effects from the electric field in the
contact areas. However, as the laser spot moves away
from the contact region, Ispcm tends to be dominated by
the diffusion motion, as will be shown later. The polarity
of Ispem indicates that the carriers collected by nearby
electrodes are electrons, as shown in the inset of Fig. 2(b).

The SPCM signal is strongly modified under operating
conditions, i.e. in the presence of an applied bais. Figure
3(a) shows a two-dimensional plot of /spcy as a function

(a) Position (um)
-3
ol
20 ~
S g
@ 0 D S 0 =
~ Z
-20
s <. 10 pm -40
60
(b) [MAPbIL,_ CL ] —3V

Position (um)

FIG. 3. (a) Two-dimensional plot of Ispcm as a function of
position (x-axis) and Vps (y-axis) for a MAPbI;Cly device
with channel length of 20 um. (b) Line profiles of Ispcvm as a
function of position, extracted from (a) for different values
of VDS-

of laser-spot position and source-drain bias Vps, for the
mixed lead-halide device with /4 =20 pm. Here we
recorded Ispcy while we moved the laser position back and
forth along the device’s conduction channel (x-axis) and
changed Vps gradually (y-axis). As we applied Vps, one of
the metallic signals got stronger, whereas the signal at the
opposite electrode was suppressed. For clarity, we show
Ispem line profiles in Fig. 3(b), extracted from Fig. 3(a),
for seven different Vpg’s. Clearly Ispeym is stronger near the
drain electrode for Vps >0, whereas it is stronger near the
source electrode for Vps <O.

For a detailed analysis of the position-dependent Zspcm
line profiles, in Fig. 4(a), we show semilogarithmic plots
of Ispem for different Vpg values, as a function of position
xp measured from the metal’s edge, for the device shown
in Fig. 3. As mentioned, they are fitted well by a simple
exponential decay function as x, gets larger. Starting from
a two-dimensional diffusion model in the absence of electric
field, the collected Ispcm analytically leads to a simple
one-dimensional exponential function for x,>0, which is
as follows:
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FIG. 4. (a) Semilogarithmic plots of Ispcm as a function of
position for different values of V'ps. (b) Diffusion length as a
function of Vps, for both MAPDI;.Cly (filled boxes) and
MAPDI; (open circles) devices with channel length of 20 um.
Solid lines are fits to the data based on the drift-diffusion
model.
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where e is the electron’s charge, G is the electron-generation

rate, and L,=+/D,7, is diffusion length for electron
diffusion coefficient D, and electron lifetime 7, [17].
Therefore, the diffusion length can be extracted explicitly
by fitting Ispcv using a simple exponential function, without
requiring knowledge of the additional optical and transport
parameters of the perovskites. We also note that this
approach is advantageous compared to the aforementioned
PL-scanned confocal microscopy, in which case information
about the background carrier density and laser-induced
carrier density is needed to estimate the diffusion length.

By fitting the data in Fig. 4(a), the diffusion length for
the MAPDIL;Cly device is plotted as a function of Vpg
(filled boxes) in Fig. 4(b). For comparison, we added the
results for a MAPbI; device as open circles. Importantly,
the results indicate that the diffusion length in MAPbI;.(Cl,
is much larger, by a factor of 3 to 6, than in MAPDIL;,
which is less than 10 pum [19, 27]. Although the mixed-
halide perovskites have played a key role in the fabrication
of solar cells with unprecedented, superior cell efficiency,
the diffusion length for the mixed-halide films has not been
demonstrated so far, especially using the SPCM technique.

In addition, it is clearly shown in Fig. 4(b) that the
diffusion length varied dramatically with Vps, for both
MAPbI; and MAPDI;Cl,. The diffusion length for
MAPDI; (Cly was measured at 50 um near Vps=0 V and
decreased as Vps increased, yielding 8.5 um for Vps=3 V.
Similarly, for MAPDI; it decreased from 8.5 um at Vpg=
0 to 3.3 um at Vps=3 V. The diffusion length under the
influence of an electric field has been addressed in other
solar-cell systems, being well explained by the drift-diffusion
model [17]. The field-dependent decay length L. (referred
to as decay lengths, owing to the combined contribution
from the drift effect) in an electric fields E = Ex (with E
<0, for electrons under Vpg>0), leads to:
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where £, is the carrier mobility, and we used the Einstein
relation of D, / 1, = kT /e=0.0256 (V') at room temperature.
From Eq. (2), it is evident that the decay length decrease
with an increase of Vpg, as observed in our experiments.
We note that this validates our approach for measuring the
carrier diffusion length in perovskite films based on the
SPCM technique. We also found similar behavior for
devices with longer channel length (/;, =250 pm).

Here the effective electric field in the perovskite film
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can be expressed by E =oaFE., where o is a fractional
coefficient and E. is the external electric field, ie. Vpg
divided by the channel length (20 um). Our results in Fig.
4(b) are fitted using Eq. (2), yielding a=0.25 for MAPbI;
and a=0.021 for MAPbI;Cl,. In this manner we could
determine the effective electric fields induced in the
perovskite layers that contribute to the transport of the
photogenerated carriers. We note that the value for a is
smaller in the case of the mixed-halide device, implying
that its metal-perovskite contact is relatively poor. More
importantly, because the mobility scales as L,> (ie. as

u,=eL’ /7 kT), one can expect that the mobility of the
mixed-halide film will be higher than that of MAPbI; by
more than a factor of 10. Future investigation will be
required for a thorough understanding of the carrier transport
phenomena in perovskite films, for instance, by measuring
the carrier lifetimes in the films to estimate the mobilities
of films with different chemical compositions.

III. CONCLUSION

We measured the carrier diffusion lengths in halide and
mixed-halide perovskite films, using scanning photocurrent
microscopy. The localized photocurrent signal decreased as
we moved the focused laser spot away from the metal
contact, from which we extracted the carrier diffusion
length in both types of perovskite film. Importantly, the
diffusion length in the mixed-halide perovskite is much
higher than that in halide perovskite film, by a factor of
about 3 to 6, which is consistent with the fact that
mixed-halide perovskite film delivers larger photocurrent
generation and increased cell efficiency. The SPCM signal
was recorded as a function of the source-drain bias, for
both samples. The bias-dependent diffusion lengths exhibited
a decreasing tendency with increasing bias, which is
consistent with the drift-diffusion model, allowing us to
extract the effective electric fields inside the films. These
results will trigger future study of the diffusion lengths in
perovskite films and their derivatives with different chemical
compositions and various morphologies. Our approach will
provide an important guideline for interrogating carrier
transport phenomena in various photovoltaic devices, to
optimize cell efficiency.
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