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Single-crystalline perovskite wafers with a Cr
blocking layer for broad and stable light detection
in a harsh environment+

@*a *ab

Qian Wang,1? Dongliang Bai,}? Zhiwen Jin and Shengzhong (Frank) Liu

Herein, ultrathin (~35 pm) CH3NHzPbls (MAPbI3) single-crystalline wafers have been successfully prepared
by using an appropriate geometry-regulated dynamic-flow reaction system. The measurement results
proved that the obtained wafers have high crystallinity, and showed broad light absorption from
ultraviolet to near infrared (850 nm) which can be attributed to the indirect bandgap. Straight after, such
an MAPbIz wafer was used to fabricate high-quality photodetectors (PDs). On account of its faster carrier
transport and significantly reduced defect density, the device exhibits a high photoresponse (R) of 5 A/W
and short on/off response (0.039 s/0.017 s). Interestingly, by introducing a Cr interlayer between the
MAPbIs wafer and the Au electrode to avoid the migration of Au, the PD shows nearly no degradation
when it works at 200 °C. Furthermore, the device performance shows very little degradation over the
course of 60 days of storage under ambient conditions owing to its lack of grain boundaries. We believe
the strategy reported here is very promising for achieving broad photodetection in a harsh environment.

Introduction

In recent years, halide perovskites (PVK) have attracted much
attention due to their merits of high absorption coefficients,
long carrier lifetimes, high electron and hole mobility, and low
temperature solution processability, etc.’® These merits make
the hybrid perovskite a strong competitor in the development of
next-generation optoelectronic devices.”** Compared with the
polycrystalline perovskites, the single-crystal perovskites show
further enhanced optoelectronic properties due to their having
a more long-range and ordered structure."™*°

First of all, the redshifted absorption edge is observed due to
its indirect-bandgap absorption transition with a bandgap of 60
meV smaller than the direct bandgap:**** the absorption coef-
ficient corresponding to the below-bandgap transition is several
orders of magnitude smaller than that of the above-gap transi-
tion.”® Hence, a thick perovskite single crystal could absorb
more light through below-bandgap.** Meanwhile, the single
crystal perovskite show longer lifetime and much longer carrier
diffusion length well above tens of micrometer due to the
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absence of grain boundaries and significantly reduced defect
density.>®*® Moreover, the carrier mobility in single crystal is
increased to 164 cm® V™' s71.?” Therefore, the single crystal
perovskite can provide not only a wider absorption spectrum
but also better carrier transport efficiency, demonstrating its
potential in applications as broad photodetector (PD).

In reality, the single crystal perovskite based PD indeed
shows better photoelectronic performance than that of the PD
made of polycrystalline perovskites,” however, it is still not
reach the commercial requirement. As is well known, the
polycrystalline perovskites are stable at temperature not
exceeding 85 °C.* Meanwhile, the humidity and illumination
also proved the main degradation trigger.***' For the single
crystal perovskite, its stability is effectively enhanced under
above-mentioned stress conditions for the lack of grain
boundaries.**** However, in addition to the degradation of the
perovskite itself, the device architecture is also found to greatly
determine the stability of perovskite devices. It is reported that
the considerable amounts of Au diffuse from the electrode to
the perovskite layer, resulting in the irreversible performance
loss.**** Hence, the issue whether the poor thermal stability of
the single crystal perovskite PDs is caused by the diffusion of Au
electrode should pay more attention.

In this study, we synthesized the ultrathin (~35 um) CHj;-
NH;Pbl; (MAPDI;) singly-crystalline wafer, fabricated the cor-
responding PDs and investigated its stability. Of course, the
device exhibits excellent performance with broad photo-
detection and outstanding ambient stability. Interestingly, the
PD with ultrathin Cr interlayer between the wafer and Au
electrode presents the excellent thermal stability without any
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obvious degradation. We believe this finding provides a new
key variable component and paves the way toward using
perovskite crystals in highly efficient photoelectric device.

Experimental section
MAPbI; wafer preparation

Based on the inverse temperature crystallization of perov-
skites,**** Pbl, and MAI was dissolved in y-butyrolactone
(GBL) with solution concentration controlled at 1.1 M. The
reaction system was placed in a flat container. Two thin glass
slides were separated and aligned in parallel by two spacers
with predefined separation to confine the crystal growth
within the slit channel. The single-crystalline wafer thickness
is defined by the spacers. When the MAPbI; wafer is taken out
from the growth solution, dipped into anhydrous dieth-
ylether to dissolve the solvent residue, and finally dried at
60 °C in a vacuum oven. Fig. S11 shows the photograph of one
as-grown single crystals perovskite wafer.

(a)

in
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Device Fabrication

PDs were fabricated by directly thermal evaporation of 2 nm
chromium and 60 nm-thick gold electrodes through
a shadow mask onto the above obtained single crystal wafer
which results in a channel width of 4000 um and a channel
lengths of 40 pm.

Characterization

The morphology and cross-sectional image of the formed wafer
were characterized by SEM (Hitachi S-4800). UV-Vis spectra were
recorded using JASCO V-570 spectrophotometer. The phase
identification was determined by using a Rifaku D/MAX-2004
XRD with Cu Ko radiation (1 = 1.54178 A) operating at 40 KV
and 60 mA. All electrical characterizations were recorded with
a Keithley 4200 at room temperature in air. Prior to the use of
monochromatic light, the spectral response of the mono-silicon
solar cell was measured and normalized to the National
Renewable Energy Laboratory (NREL) standards.
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Fig. 1

(a) The schematic illustration for preparing the single-crystalline MAPDbls wafer with the inset showing corresponding surface and cross-

section SEM images. (b) The XRD pattern and (c) absorption spectrum of MAPblz wafer.
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Results and discussion

The ultrathin geometry-defined dynamic-flow reaction system
was employed to synthesis single-crystalline MAPDbI; wafers,*® as
shown in Fig. 1la. Usually, the lateral crystal growth can be
limited by the inefficient long-range transportation of precursor
ions along micrometer-size gap to continuously replenish the
depleted precursors by crystal growth.>® Here, the dynamic flow
is achieved using a peristaltic pump to warrant the crystal
growth by enhanced the ion diffusion using constant fresh
solution. Finally, the prepared MAPbI; wafers, which were
sandwiched by two paralleled glass slides, grow along with the
slit channel easily. The thickness of the perovskite wafer was
determined by the spacers between the two glass slides and
wafer shape was defined by the design of slit channel. And the
reaction process was finished in a heated beaker.

The inset of Fig. 1a and S2t give the surface and cross-
section scanning electron microscopy (SEM) images of the
fabricated MAPbI; wafer. The surface morphology of the single-
crystalline MAPDbI; wafer shows some nano-grain boundaries as
reported by Mohammed et al.,*” which is very possibly due to the
surface hydration and disorder facilitating the ion migration in
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Fig.2 (a) /I-V curves of the PD made of MAPbls wafer with Cr metal as
the interlayer between MAPbIs wafer and Au electrode. (b) The
temperature dependent light current stabilities of PDs with and
without interlayer Cr (under illumination 20 mW cm™2 using an LED
laser emitting at 515 nm).
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MAPDI; wafer from bulk to surface.*® The cross-section SEM
images reveal the thickness of MAPDbI; wafer is about ~35 um.
To detect the structural information and crystalline quality of
MAPbDI; wafer, the X-ray diffraction (XRD) was employed. The
XRD pattern of the synthesized single-crystalline wafer is shown
in Fig. 1b, which provide evidence the as-grown MAPbI; wafer
was tetrahedral phase, and shown the (112) facets.**> By
scanning (112) facets, diffractions corresponded to {112} crystal
planes appearance. It should be mentioned that the synchro-
nized appearance of {112} crystal planes was attributed to their
adjacent 20 value (the difference is ~0.1°). Fig. 1c and S3f
provide the absorption spectrum of the single crystal MAPbI;
wafer and the polycrystalline film, respectively. The absorption
edge is at 850 nm for the single crystal wafer, showing the
redshift compared with the polycrystalline film. This result
demonstrates the single-crystalline MAPbI; wafer possesses
a narrower bandgap, which is in agreement with the report as
told above.

Followed, the MAPDbI; wafer was utilized to fabricate the PDs
on account of the superior crystallization performance and
optical properties. We have designed the PD structure, as shown
in the inset of Fig. 2a: MAPbI; wafer was regarded as the active
layer, straight after, interdigitated ultra thin 2 nm Cr interlayer
and 60 nm Au was directly thermal evaporation as electrode.
The current-voltage (I-V) curves are measured at dark and
under illumination 20 mW ¢cm > using an LED laser emitting at
515 nm (shown in Fig. 2a). At 5V, the dark current is 2.2 x 10™®
A, the larger dark current may caused by the grain boundaries in
the surface and the in situ ion migration in the wafer as re-
ported.** While under light illumination, the device shows the
photocurrent of 1.6 x 10~* A. Obviously, the PD exhibits a high
signal-to-noise ratio of about 10*. Furthermore, one important
parameter, responsivity (R), represents the ratio of the photo-
current to the incident light power, is defined to characterize
the sensitivity of a PD.**** According to the following
equation:***

R— ILighl - IDark (1)
Py

where I one is current under light illumination, Inay the dark
current, Py the incident illumination power on the effective
area (channel area), the best R of 5 A/W is achieved upon device
optimization. The results suggest that the MAPbI; wafer based
PD is a highly sensitive photoelectric device compared with
other perovskite thin film based PDs with such lateral device
structure.*®*

Fig. 2b compares the temperature stability of the devices
with and without Cr interlayer. For the reference device, the
photocurrent reduces the one order of magnitude when the
temperature increased to 200 °C, which has been proved by the
Au migration into the MAPDI; at high temperature.***° Mostly,
the deep trap states were produced by Au atoms within the
perovskite semiconductor, which is beneficial for the non-
radiative recombination and consequently degrades the
photocurrent. However, for the Cr metal induced device, the
photocurrent almost keeps constant with elevating

This journal is © The Royal Society of Chemistry 2018
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Fig. 3 On/off switching properties at different temperature to compare the thermal stability of PDs: (a—c) without and (d—f) with Cr interlayer (in
dark condition and under illumination 20 mW cm~2 using an LED laser emitting at 515 nm).

temperature. The main reason is that Cr interlayer stop the Au
metal diffusion preventing the reduced photoelectric
performance.

The time-dependent photoresponse of the above two PDs
measured at different temperature in dark and under illumi-
nation 20 mW cm ™ * using an LED laser emitting at 515 nm are
depicted in Fig. 3. The results are in good agreement with
Fig. 2b. At room temperature, the photocurrent of the reference
PD rapidly increases to a peak value after turning on the light,
and then drop to the initial when the light was turned off. The
stable periodic response shows that the MAPbI; wafer based PD
has highly reproducible characteristics. When increase the
temperature to 100 °C, it is obvious that the light current
decrease but dark current increase, leading to the lower on/off
ratio. More seriously, the high temperature of 200 °C deterio-
rates the current-time (I-t) curve, as shown in Fig. 3¢, lowering
the response of reference PD. This result indicates the poor
thermal stability of PD without Cr interlayer, which should be
caused by the above told facilitated Au diffusion facilitated at
high temperature. However, the PD with Cr interlayer maintains
high photoelectric responsiveness along with increasing the
temperature, which shows an excellent thermal stability.
Therefore, the Au diffusion from electrode to perovskite layer is
the main reason for reducing the photoelectric performance of
the PD. And the Cr interlayer indeed plays an important role in
preventing Au diffusion and avoiding the degradation of
photoelectric performance at high temperature.

A cycle of switching photocurrent curve was exhibited in
Fig. 4a to investigate the response time of the Cr induced
MAPbDI; wafer based PD with Cr interlayer. It is well known that
the rise time and decay time are respectively defined as the time
consumed when the current rise or fall to the 90% of the peak

This journal is © The Royal Society of Chemistry 2018

value.>** The rise time and decay time extracted from Fig. 4a
are 0.039 s and 0.017 s, respectively, showing the fast response
for the Cr induced MAPDI; wafer the PD with Cr interlayer. The
spectral selectivity of the PD is presented in Fig. 4b, which is
consistent with its absorption spectrum and shows broad
photodetection (UV to 850 nm).**** Furthermore, the stability of
the PD with Cr interlayer is measured to test the practical
application. Fig. 4c compares the I-¢ curves of the initial device
and stored in ambient environment after two months at room
temperature. Amusingly, the results demonstrate the excellent
stability of the PD with Cr interlayer.

Conclusions

In summary, we synthesized thin single-crystalline MAPbI; wafer
with extended absorption, and fabricated the corresponding PDs.
It should be noted that an ultrathin Cr interlayer was induced
sandwiched between the wafer and Au electrode to hinder the
diffusion of Au electrode under high temperature. As a result, the
fabricated device shows high photoresponse (5 A/W), short on/off
response time (0.039 s/0.017 s) and broad photodetection region
(UV to 850 nm). Moreover, the PD shows nearly no degradation
when it works at 200 °C or storage under ambient conditions
more than 60 days. This study demonstrates the potential for the
application of the perovskite single-crystalline wafer in PDs.
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Fig.4 (a) Time-resolved photocurrent and (b) photocurrent spectrum

of MAPblz wafer with Cr interlayer. (c) /-t curves for the initial and the
PD stored in ambient condition after two months.
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