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ABSTRACT:

Single crystals of organic-inorganic hybrid perovskites have become attractive candidates for the
applications in photodetection and high-energy radiation detection based on unique solution
growth with a large interacting cross-section with electromagnetic waves in different energy
regimes and high drift mobilities through optically induced polarization. However, the inevitable
ion migration often represents a technical difficulty in controlling detection performance. This
work reports a giant current amplification induced by ion migration in the MAPDI; single crystal
photodetectors with a lateral geometry of Au/MAPbI;/Ce/BCP/Ag based on light soaking
studies. Upon light soaking, a stabilized device can demonstrate a giant amplification factor
reaching 600 at -2 V under weak light illumination (1 mW/cm?). The time-dependent current
profile shows a slow response during the amplification under light soaking. This indicates that
optically activated ions are driven away from working areas to respective electrodes, leading to
the reduction of dark current by decreasing bulk defects. Simultaneously, the accumulation of
iodine anions and methylammonium cations at Ag and Au contacts can trigger the counter
charge injection, largely amplifying the total electrical current and leading to a giant current

amplification in perovskite single crystal photodetectors.



Journal of Materials Chemistry C

Organic-inorganic hybrid perovskites have received intensive interests due to their promising

optical and electrical properties for developing multi-functionality, including photovoltaics,'”

2 13-,,20

light-emitting diodes,”® optically pumped lasers,”'* photodetection, and high energy

25-28

radiation detection” ~*. Since 2015, the single crystals of hybrid perovskites, with much

more promising properties with respect to its polycrystalline counterpart, have demonstrated a

16-19 21-24

great of advantages for photodetection and high energy radiation detection” . Despite these
remarkable achievements in perovskite detectors, it still lacks fundamental understanding on the
development of photodetection actions. Particularly, hybrid perovskites are known to possess
dual conduction channels, electronic conduction, and ionic conduction.”’>** The ionic
conducting characters are highly associated with the operation stability of perovskite

34,35

optoelectronic devices.”> Meanwhile, ion migration due to photoexcitation or electrical

36,37 38-,,41

poling””" is known to be one of the origins for the hysteresis effect in perovskite solar cells.
Recently, we found that the mobile ions can interact with metal contacts and leads to interface
modified semiconducting properties in perovskite single crystals.*> This provides a hypothesis

that the ion migration can provide a mechanism to trigger the electrical injection and

consequently generates a current amplification in perovskite photodetectors.

In this work, we report a giant current amplification in the lateral perovskite single crystal
photodetectors, which can be attributed to the effect of ion migration and accumulation with the
aid of external bias and photoexcitation. We find that a stabilized device through light soaking
for 30 min can generate a giant amplification with amplification factor reaching 600 at -2 V
under weak light illumination (1 mW/cm?). We propose that the giant current amplification in
our devices can be attributed to photoexcitation and electrical field induced migration and

accumulation of iodine anions (I') and methylammonium cations (MA") at respective contacts.
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The interfacial charging due to ion accumulation offers an effective mechanism to trigger
counter charge injection, consequently amplifying the total electrical current. Simultaneously,
the field-induced ion migration wipes the defects from the working area to the electrode contacts,
leading to the reduction of dark current due to the reduced density of defects within the working

arca.

RESULTS AND DISCUSSION

The single crystals of MAPbI; as shown in Figure 1a, were grown by a solution growth method
reported in our previous publication.*” By controlling the precursor concentration, oil bath
temperature, and cooling rates, we are able to grow large crystals with thickness about 3 mm.
The details of single crystal growth can be found in our previous publication.*” In this study,
single crystals with thickness of about 3 mm ensure a large crystal surface (3mm X 3mm)
assigned to {100} facet to pattern charge transport layers (Cgo/BCP) and metal contacts laterally.
Figure 1b shows the device structure of the single crystal photodetectors with a lateral geometry
of Au/MAPbI;/Cs/BCP/Ag. The cathode and anode contacts were deposited on the crystal
surface with a separation distance of 100 pm by a shadow mask. More specifically, fullerene
(Ce0), and 2,9-Dimethyl-4,7-diphenyl-1,10-phenanthroline (BCP) were sequentially deposited as
the electron transport layer, while silver (Ag) and gold (Au) were deposited as cathode and anode

contacts, respectively.
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Figure 1. Giant current amplification from MAPbDI; single crystal photodetectors. (a)
Photograph of a grown single crystal of MAPbIs. (b) Schematic diagram of a photodetector
device based on a MAPbI; single crystal with a lateral geometry; (¢) Current density-voltage
(JV) characteristics of the device without soaking in both dark condition and under white light
illumination, the inset shows characteristics in semi-logarithm scale and the current amplification
factor (AF) at -1 V and -2 V; (d) JV characteristics in both dark condition and under white light
illumination after a light soaking treatment for 30 min, the inset shows the inset shows

characteristics in semi-logarithm scale and AF at-1 V and -2 V.

Interestingly, the device exhibits a giant current amplification under electrical biasing and
light soaking. The current density-voltage (JV) characteristics under both dark condition and
white light illumination are shown in Figure 1¢. The JV curve under illumination can be divided
into two regimes: (i) photovoltaic (PV) regime at forward bias, and (ii) photodetector (PD)

regime at reverse bias. In the PV regime, the device generates an open-circuit voltage (V,.) of
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0.68 V, and fill-factor (FF) reaching 40%, but the power conversion efficiency is seriously
limited by the inefficient generation of photocurrent under zero bias. However, in the PD regime,
we can observe a large current amplification from the lateral single crystal device. In particular,
the current under 2 V reverse bias is 0.62 pA/cm? in dark condition, but dramatically increases to
10.70 pA/cm? under illumination, while the short-circuit current is 0.66 pA/cm?. This result
indicates that the lateral single crystal photodetectors can present a large current amplification

effect, in which current amplification factor (AF) is defined by eq 1:°°

AF= J=Jpk (1)

Isc

where | is measured electrical current at a given bias, Jpg is dark current under the same bias,
and Jgc is the short-circuit current under the same illumination conditions. The lateral single
crystal photodetector gives an AF of 6 and 15 under 1 V and 2 V reverse biases, respectively.
The current amplification capability is comparable with the reported values from polycrystalline
perovskite photodetectors™. More interestingly, when the device is continuously illuminated for
30 minutes (mins), the current density in the PD regime is dramatically enhanced (Figure 1d)
with the current amplification factor increased from 15 to 456 under 2V reverse bias and white
light illumination, while the PV performance is significantly decreased. Meanwhile, the dark
current is reduced by one order at 2 V reverse bias after light soaking for 30 min. This indicates
that the density of defects within the working area is effectively reduced under the working
conditions. The reduction in dark current after light soaking is in agreement with recent studies
on photoinduced defect density reduction and defect healing by ion migration.”>* More
interestingly, it is found that the voltage at the drip of dark JV curves is shifted from nearly zero

to 0.19 V after illumination for 30 mins, while the Voc is reduced from 0.68 V to 0.55 V. The
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reduction in Voc suggests that the light soaking causes a large accumulation of ions at the
electrode interface enhancing interfacial charge recombination which is deleterious to the
performance of device in photovoltaic regime.** Light soaking® and light-induced self-poling
effect®® have been revealed in the polycrystalline perovskite photovoltaics. The former effect has
been attributed to the neutralizing of charged defects, leading to an enhancement of photovoltaic
performance with time. While the latter effect has been interpreted by optically activated ion
migration driven by photovoltage (also known as open-circuit voltage). In order to ensure the
presence of significant injection at negative bias we have calculated the drift photocurrent

expected at -2V according to the simple electrical conduction theory shown in eq 2.
Jon = enuk (2)

where e is the Charge of an electron, n is the number of free charges, x is the mobility of charge
carriers and E is the applied electric filed. By considering the applied -2V and built-in potential
(Voc), we can estimate the photocurrent J,;, under this reverse bias by using Jsc developed by
built-in potential. Based on eq. (2), J,» = Jsc*(2+Voc) = 0.26 nA/cm?. Obviously, the estimated
photocurrent is much less than the observed photocurrent [121 pA/cm? at -2 V. This provides an
experimental indication that, after light soaking, the ion migration towards respective electrodes
can modify the interfacial barrier and trigger the electrical injection at electrode contacts and
consequently generates a giant current amplification in the lateral single crystal photodetectors. It
was noted that after 30 mins of light soaking devices are stable however, as a result of further
light soaking, a serious issue develops due to ion accumulation and devices become unstable.
The longer light soaking can cause photocurrent decay since further ion migration can induce an
electric field with opposite direction to the built-in electric field which consequently reduces the

collection of photogenerated carriers and photocurrent decays.
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It is well stablished that ion migration is time, voltage and photoexcitation dependent.
Here, we further examined the time-dependent current under different excitation intensities to
understand the underlying mechanism responsible for giant amplification induced by light
soaking in the single crystal device. Figure 2a shows the time-dependent current profiles
measured with repeating light-on and light-off cycles at different excitation intensities from 1
mW/cm? to 100 mW/cm? under four different biases 0V, -1 V, -2 V and +1 V. We can see that
the current is much larger under reverse bias as compared to the zero bias and forward bias. As
shown in Figure 2b, the amplification factor reaches 600 at -2 V reverse bias under weak light
illumination (1 mW/cm?), but decreases with increasing photoexcitation intensity. In particular,
the amplification shows a slow response time during the light soaking from light-on to light-off
condition with increasing excitation intensity in the Au/MAPbI;/Ce/BCP/Ag device. Previous
studies attributed the slow photocurrent response to the ion migration and buildup of space
charges driven by electric filed.*****"** As can be seen in Figure 2a this phenomenon is more
dominant at higher reverse bias and photoexcitation intensity. When light is on and device is
under bias both electronic and ionic charges redistribute and form new interface space charge
regions, and hence develop new interfacial barrier at semiconductor/electrode interface. The
interfacial charge region can’t contribute to the immediate photocurrent response but can cause
the slow response. Here, we observe a slow response which confirms the existing of a slow
process, i.e. ion migration towards respective electrodes (Figure 2a). This interfacial barrier
modification can trigger the injection of additional charges into the device. Hence, this slow
response time provides an evidence that the current amplification is induced by optically
activated ions driven by an external field. It is known that free surfaces are more susceptible to

defects and surface degradation (hydration) can in fact mask the carrier transport by increasing
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surface traps. This leads to resistive losses and high leakage current. Here, in Figure 1c and d we
observe a small dark current which ensures the lack of leakage current. However, eventually long

exposure to ambient and humidity may cause degradation in these devices.
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Figure 2. Excitation intensity dependence of current amplification. (a) Time-dependent
current profiles measured with repeating light-on and light-off cycles with increasing excitation
2 to 100 mW/cm® under OV, -1V, -2V and +IV in
Au/MAPDI;/Cs/BCP/Ag device. (b) The amplification factor is shown as a function of

intensities from 1 mW/cm

photoexcitation intensity at -1 V and -2 V.

Here, we discussed the underlying mechanism accountable for the giant current
amplification in our single crystal photodetectors. As it was discussed above, the continuous
illumination can cause ion migration and redistribution of charges in MAPDI; perovskite. lon
migration along a free surface or grain boundaries is easier than along bulk due to lack of
chemical bonding on one side. It is revealed that photoexcitation can enhances ionic transport by
changing the activation energy of ions.*’ Most recently, based on several techniques Kim et. al,
has shown a significant ionic conduction in methyl ammonium lead iodide under illumination.™

It was revealed that both light soaking® and electric field>'~

induce halide migration and
redistribution of ions in thin films and single crystals of hybrid perovskites. In addition, the drift

of charged ions/vacancies towards respective contacts and compositional changes at the

10

Page 10 of 24



Page 11 of 24

Journal of Materials Chemistry C

36:33.54.55 1) the reverse bias

electrodes was demonstrated under applied field and photoexcitation.
regime, the Au contact is subjected to a negative bias, which can induce organic cations (MA")
migration toward the Au contact. In our recent study, we have demonstrated that Au can interact
with MA", forming positive complexes at the interface.*> On the contrary, the Ag contact is

subjected to a positive bias, which can induce large iodine anions (I') migration. With the

presence of Cgp and BCP, the I ions can largely accumulate at the contact interface.

i
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Figure 3. Time-dependent low-frequency (1 kHz) capacitance profile under different DC bias
(0V, -1V and -2V) and repeating light-off/on cycles with increasing excitation intensities from 1

mW/cm? to 100 mW/cm?.

To further explore the accumulation of charges at the interface we performed impedance
spectroscopy. Figure 3 presents low-frequency (1 kHz) capacitance profile monitored at
different DC bias (0 V, -1 V and -2 V) with repeating light-off/on cycles. The excitation
intensities are increased from 1 mW/cm?” to 100 mW/cm?. In general, reverse biasing is expected
to assist charge dissociation, charge transport and charge collection, and consequently decrease
the low-frequency capacitance, which essentially contributed from interfacial charge
accumulation. The interfacial charge could have two resources: charge carriers (electrons or

holes) and charged ions. When device subjected to zero bias, the capacitance profile does not

11
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show significant time dependence, suggesting negligible ion migration under zero bias; The
increment in capacitance upon increasing excitation intensity is due to the increased
accumulation of charge carriers (electrons or holes). Unlikely, applying reverse bias exhibits
slow response in the capacitance profile, particularly under high excitation intensity. This
provides the evidence of ion migration and accumulation towards electrode interface under the
manipulating of external bias and light illumination. As compared to zero bias condition, the
low-frequency capacitance tends to decrease at -1 V bias but increase at -2 V. The decrease in
capacitance at -1 V can be explained by the decrease in interfacial accumulation of charge
carriers (electrons or holes) due to the dominant field assisted charge collection; while the
increase in capacitance at -2 V is due to dominant field induced ion migration/accumulation.
This interface-charge accumulation intends to reduce the internal built-in field, leading to the
decrease of photovoltaic performance. However, we can expect that these accumulated ions can
trigger counter charge injection from respective electrodes as shown in Figure 4, consequently
enhancing the total current under reverse bias. Such current amplification is expected to be

enhanced due to the light-assisted ion migration.***’

(a) Open circuit (c) Reverse bias
- +

oS ]

(b) Open circuit (d) Reverse bias

1

12
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Figure 4. Proposed mechanism of the current amplification in the reverse bias regime. (a)
Top view of open-circuit condition; (b) Front view of open-circuit condition; (¢) Top view under

reverse bias; (d) Front view under reverse bias.

In order to confirm the proposed mechanism of current amplification, we carefully
measured external quantum efficiency (EQE) from our sample under different biasing conditions
(0V, -0.5 V and -1 V) as shown in Figure S. The original data is shown in Figure 5a, which does
not consider any boundary conditions. We found that the EQE in our single crystal device is
below expectations as compared to the thin film device most likely due to the large charge
transport distance between the 2 electrodes (100 um) in the lateral electrode geometry in addition
to the light penetration decay in the thick single crystals (3 mm). It should be noted that the
charge transport (conduction) channel between the cathode and anode has an effective thickness
(xefr) in a lateral geometry rather than infinity (x.=00). As a result, the EQE should be corrected
by considering the effective thickness of conduction channel. Figure 5b plots the ratio of the
number of photons absorbed within the volume with a given thickness x to that of the incident

photons according to eq 3:

N®) _ (-ax)
N, ¢ 3)

where N(x) represents the number of photons absorbed within the volume with a given thickness
x, N, represents the number of incident photons, and @ =5 X 10* cm™1. With a rough
estimation, the numbers of photons being absorbed in the effective channel is dramatically
reduced to 17% and 40% when x.¢ is taken as 50 nm and 100 nm, respectively. In addition, if the
thickness (D) in a photodetector is much larger than the light penetration depth, according to (eq.

4).

13
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G="=_l )

where P, is the incident optical power and WLD is the device dimensions, the photo-carrier
generation gain decreases as the device thickness increases. By considering the effective channel

thickness, EQE is indeed over unity when x.¢ < 100 nm (Figure Sc and 5d).

1.01(b)
2 Z 0.6]1%,100nm/40%
w %3 .
d Z 0.4
' 0
02| 450nm/90%
0.01; | e
450 600 750 900 0 200 400 600 800 1000
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601 -1 .O\L\

(%)
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Figure 5. External quantum efficiency (EQE) of the single crystal photodetectors under
different bias before and after the correction. (a) EQE of the device measured under different
bias (0V, -0.5 V, and -1 V); (b) The ratio of the number of photons absorbed at position x to the
incident photons; (¢) EQE of the device corrected by considering the effective thickness of
conducting channel (x.) of 100 nm; (d) EQE of the device corrected by considering x.g of 50

nm.

Current amplification had been reported in both organic materials based photodetectors and

polycrystalline perovskite photodetectors.”®* However, the underlying mechanism remains

14
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unsettled with the different proposed mechanisms, e.g. enhanced charge tunneling injection

%657 and enhanced photoconductivity due to the enhanced

assisted by trapped charge carriers,
ferroelectric polarization.”® Yet there are controversy on ferroelectric polarization phenomenon
in hybrid perovskites. We have recently demonstrated the presence of regions with aligned
electric dipoles however, ion migration, high charge mobility and free exchange between surface
and bulk ionic species prevents ferroelectric switching.”® This unique ionic and electrochemical
properties of organic-inorganic perovskite open a broad range of applications beyond classical
ferroelectric functionalities. For instance, they can be used as system to explore the coupling
between ferroelectric and ionic behavior, i.e. recently discovered ferroionic states® mediated by
light flux, optically-addressable gas sensors and devices for the internet of things (IoT)
applications. As a result, here we rule out the ferroelectric effects as the mechanism behind this
amplification. The other proposed mechanism behind photoamplification was described via
modification of the potential barrier by interfacial trapped charges. The trapped charges can
induce band bending at the interface, reduce the Schottky junction thickness and subsequently
allow the injection of counter charges under reverse bias. In this work, the giant current
amplification can be realized through the ion redistribution modifying the interfacial barrier and
triggering counter carrier injection. Besides, ions on the surface of single crystals can only
escape if additional energy is provided. Therefore, ions on the surface can act as trapped
charges. Our proposed mechanism is similar to trap assisted charge injection in photodetectors.
CONCLUSIONS

In summary, we demonstrate a giant current amplification from the MAPbI; single crystal
photodetectors with a lateral geometry of Au/MAPbI;/Cg/BCP/Ag based on ion migration

effect. A stabilized device with a light soaking for 30 mins can generate a giant amplification

15
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with amplification factor reaching 600 at -2 V under weak light illumination (1 mW/cm?). Such
giant current amplification can be attributed to the electrical field induced migration and
accumulation of ions to the respective electrodes. The interfacial charging due to ion
accumulation offers an effective mechanism to trigger counter charge injection, consequently
amplifying the total electrical current. Simultaneously, the field-induced ion migration wipes the
defects from the working area to the electrode contacts, leading to the reduction of dark current
due to the reduced density of defects within the working area. Clearly, this work provides an
insightful understanding of the effect of ion migration on the photodetection action in the devices

based on the single crystal of hybrid perovskites.

EXPERIMENTAL SECTION

Single crystal growth and device fabrication. The single crystals of MAPbI; were grown by
solution growth method according to our previous publication.*” Large SCs with the dimension
up to sub-centimeter, were mounted on top of a glass by super glue for device fabrication. The
devices were prepared with a lateral geometry of Au/MAPbI;/Cey/BCP/Ag. The cathode and
anode contacts were deposited on the crystal surface with a separation distance of 100 um by a
shallow mask. More specifically, 40 nm Cgp, and 6 nm BCP were sequentially deposited as the
electron transport layer under the vacuum of 2x107 Torr, while 100 nm Ag and 70 nm Au were

deposited as cathode and anode contacts, respectively.

Measurements and characterizations. The JV characterizations were performed using Keithley
2400. The photoexcitation was applied by AM 1.5G solar light from Thermal Oriel 96000 300 W
solar simulator. The light intensity was changed by using different neutral density filters.
External quantum efficiency (EQE) spectra were measured in ambient condition using a

homemade setup with a xenon arc lamp (1TDN4A, Dayton), a monochromator (CS130-RG-1-

16
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FH, Newport), a chopper controller (SR540, Stanford Research Systems), a low-noise
preamplifier (SR570, Stanford Research Systems) and a lock-in amplifier (SR830 DSP, Stanford

Research Systems). The setup was calibrated with a Si detector (DET100A, Thorlabs).
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