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Contact Geometry and Pathway Determined Carriers
Transport through Microscale Perovskite Crystals

Zhibin Zhao, Yuelong Li, Lifa Ni, Jongwoo Nam, Adila Adijiang, Xubin Zhang,
Shanshan Li, Mingwei Wang, Takhee Lee,* and Dong Xiang*

With the miniaturization of crystals-based photoelectric devices, electrode
contact-geometries may play a critical role in determining the device perfor-
mance. However, investigation of the role of electrode contact geometries in
situ faces great challenges due to the electrode contact geometry is typically
unmodifiable. To this end, a kind of liquid metal is employed as an adaptive-
deformable electrode to study the carrier transport through perovskite
microcrystals, in which the electrode contacts geometries/positions and thus
the carrier-pathways can be adjusted. Under light illumination, a spike feature
of photocurrent is observed when carriers transport along the perovskite
microcrystal surface upon an edge-contact geometry, which is absent as the
carrier mainly transport through crystal interior upon a top-contact geometry.
Switching, rectifying, and memristor functions are selectively realized just by
modifying the contact geometry. The underlying mechanism for the observa-
tions is further elucidated. This study provides a platform for studying carrier
transport through microscale crystals with adjustable contact geometry and
supplies an approach for fabricating diverse functional devices by changing

1. Introduction

The metal halide perovskites, particularly
MAPbLX; (MA = methylammonium and
X =Cl, Br, or I), have attracted tremendous
attention in the past decade due to their
unique electronic/optical properties and
promising applications in many fields.!!
Among all of their intriguing proper-
ties, ion migration is considered to be an
important factor responsible for many
anomalies that are observed in perovskite
materials and devices, including cur-
rent-voltage hysteresis,['% self-healing,!'
switchable photovoltaic effects,"?! large
dielectric  constants,¥! phase separa-
tion, ] and negative differential resist-
ance.l'® Solid evidence also shows that
ion migration in perovskites can cause
degradation of solar cells” ) and low-

the electrode contact-geometries.
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efficiency light emission.?>-2 Therefore,

it is essential to fully understand the prop-

erties of ion migration in perovskite mate-

rials. However, the relation between ion
migration and the electrode contact geometry had not yet been
addressed to the best of our knowledge.

One of the important factors which determined ion migra-
tion is the distribution of defects along the carrier transport
pathway.? Due to the presence of unsaturated chemical
bonds,?”! charge accumulation,?®! surface strain,*” hydra-
tion, 128! chemical impurities,!?”! etc., the defect density near the
single crystal surface is normally higher than that inside the
crystal interior. Ion migration and trapping/detrapping events
influenced by defect distribution will be greatly enhanced when
the crystal-size is decreased due to the increased electric field
upon a bias and the increased surface-to-volume ratio in the
microscale crystal. Accordingly, the electrode geometry and car-
rier pathway will play a more important role in determining the
device performance (such as perovskite solar cells,* photo-
detectors,BY light-emitting diodes,? and resistive switches!*?))
as the crystal size is reduced.

To reveal the influence of electrode contact geometry on
carrier transport and ions migration in microscale perovskite
crystal, liquid-metal Eutectic gallium—indium (EGaln, a printing
ink for electronic circuits) was employed as an adaptive deform-
able top electrode, in which the electrode contacts geometries
and thus the carrier-pathways can be flexibly adjusted via the
contact position selection and the force control applied on the
electrode.

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH
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We demonstrated that the electrode geometry (and thus
carrier-pathway) not only affects the carrier generation/recom-
bination and trapping/detrapping processes but also strongly
influences conductive filament formation assisted by the ion
migration in perovskite microcrystals. It was further revealed
that different prototype devices (e.g., resistive switches, current
rectifiers, and memristors) can be realized just by changing the
carrier-pathways with appropriately sized perovskite crystals.
Assisted by the systematic measurement with varied bottom
electrode materials, photoluminescence spectrum, and X-ray
photoelectron spectroscopy, it is concluded that these pathway-
determined features originate from the inhomogeneous dis-
tribution of defects, that is, defect-assisted ion migration and
defects-mediated carrier trapping/detrapping process, which
are enhanced by the increased electric field and surface-to-
volume ratio in the microscale crystals.

2. Results and Discussion

2.1. Junction Formation and Test Platform

EGaln is used as a top electrode to reveal the role of the contact-
geometry in determining the performance of microscale perov-
skite crystals with the following advantages: 1) The adaptive
deformation of the EGaln electrode with a soft contact interface
guarantees the establishment of a stable/tight contact and pro-
vides an adjustable contact area without mechanical damage;*4
2) Various electrode geometries can be generated and remained
via the spontaneously formed ultrathin GaO, layer on EGaln
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surface,® making it feasible to adjust the contact geometry/
position and thus to mediate carrier-pathway; 3) EGaln pos-
sesses liquid fluidity, selfhealing, and high conductivity,*l
enabling it to be used as printing ink and thus provide the
potential to integrate perovskite into flexible electronics circuit
(e.g., wearable devices and artificial synapses!*’-3%)).

Correspondingly, a single graphene layer is mainly used as a
bottom electrode in our experiments with the following consid-
erations: 1) The atoms in the inactive graphene electrode do not
migrate (i.e., the atoms will not escape from the graphene elec-
trode surface) even under a high electric field,3% so that con-
ductive filaments formation originated from bottom graphene
electrode can be high likely excluded; 2) Graphene electrodes
array can be generated using standard lithography/etching
technique that makes it feasible to fabricate highly integrated
devices; 3) The excellent light transmission of graphene make
it a promising electrode material for the fabrication of highly
efficient solar cells.

Figure 1A illustrates the experimental system for carrier
dynamics measurement upon light illumination, which mainly
consists of an electrode movement control component, a sen-
sitive current measurement device, and a light source. The
top EGaln tip electrode was generated by stretching a drop of
EGaln (Figure S1 and Video S1, Supporting Information). The
curvature of the tip can be adjusted by controlling the stretching
speed (Figure S2, Supporting Information) and the adap-
tive deformation of EGaln is shown in Video S2, Supporting
Information. The bottom graphene electrode was fabricated
by transferring single graphene layer onto a SiO,/Si substrate
(Figure S3, Supporting Information). As a supplementary,

Figure 1. Carrier dynamics measurement system and SEM images of perovskite microcrystals. A) System for the formation of EGaln—perovskite—gra-
phene junction upon laser illumination. 1: Laser; 2: Syringe; 3: Needle; 4: Top EGaln electrode; 5: Backside microscope; 6: Displacement platform; 7:
Lateral microscope. B) Optical image of the EGaln—perovskite—graphene junction sandwiched with a large regular perovskite microcrystal. A mirror
image of the top EGaln is observed on the bottom substrate. Scale bar: 50 um. C) SEM image of the large perovskite microcrystal. D) Optical image of
the EGaln—perovskite—graphene junction sandwiched with a small irregular perovskite microcrystal. Scale bar: 50 um. E) SEM image of small perovskite
microcrystal with polyhedral shape. Insert: SEM image of EGaln tip with a scale bar of 20 um.
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super-smooth bottom Au (Ag) was also fabricated by peeling
the glass chip from the Si wafer (Figure S4, Supporting Infor-
mation). EGaln—perovskite-graphene junctions were formed
by moving the bottom electrode to approach the top suspended
EGaln electrode via a piezoelectric-driven mechanism. The
junction formation is monitored by two mutually orthogonal
digital microscopes. A semiconductor laser (1 = 405 nm) with
adjustable illumination frequency and controllable power is
used as the light source to generate photoexcited carriers.
Figure 1B,D is the optical images of EGaln—perovskite-gra-
phene junctions with different perovskite crystal sizes, for
example, regular quasi-cube (L = 100 um in length) as well as
irregular quasi-polyhedron (L = 40 um in total length), which
were mainly studied in the following experiments. And the
relatively regular perovskite single crystals with large size are
used to form top contact and edge contact, while small irregular
single crystals are used to form top contact and half-enclosed
contact. Due to the smooth surface of the bottom substrate, a
mirror image of the top EGaln can be observed on the bottom
substrate surface. Figure 1C,E present scanning electron micro-
scope (SEM) images of the MAPbBr; microcrystals with different
shapes/sizes, in which clear edges and distinct square corners
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are observed, indicating the high quality of the perovskite single
crystals. The detailed synthesis process and the characterization
of the perovskite microcrystals can be found in our previous
reports,*! and more tested microcrystals with varied shapes and
sizes can be found in Figure S2, Supporting Information.

2.2. Carrier Dynamics along Different Pathways

Figure 2 shows the photodynamic response of the junctions
and the proposed mechanism for the observations as the car-
rier transport along different pathways upon light illumination.
Figure 2A shows the top-contact geometry that the top EGaln
electrode makes a point contact with the center of the top
surface of perovskite crystal (so called top-contact geometry).
Figure 2B shows that the photocurrent sharply increases to a
steady-state upon light illumination and then sharply decreases
to nearly zero as the light is turned off with this top-contact
geometry. This observation is reasonable since a large number
of carriers (electrons and holes) are generated under light illu-
mination and efficiently collected by the biased electrodes,
leading to a fast increase of photocurrent (Figure 2C).
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Figure 2. Photodynamic responses of the EGaln—perovskite—graphene junction upon light illumination with different contact geometries. The length of
the perovskite microcrystals is =100 pm, the frequency of laser illumination is 0.1 Hz, and the applied voltage is 1.0 V. A) Schematic of the top-contact
geometry. B) Photodynamic responses of the junction with the top-contact geometry. The current rises suddenly to a plateau state upon light illumina-
tion and decreases to nearly zero as the light is turned off. C) Schematic of the proposed mechanism for the photocurrent response, as presented in
(B). Upon light absorption, considerable carriers are generated and efficiently collected by the electrodes, leading to a sudden increase in photocurrent.
D) Schematic of the edge-contact geometry. E) Photodynamic responses of the junction upon light illumination for edge-contact geometry. A spike in
the current upon light illumination and a slow rise in current upon light shutoff are observed. F) Schematic of the mechanism for the photodynamic
response as presented in (E). Carrier transport along crystal surface is mainly dominated by defects assisted carrier generation/recombination and
trapping/detrapping process.
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Figure 2D shows the schematic of the junctions with an
edge contact-geometry, in which the top EGaln tip makes a
point contact with the vertical edge of the perovskite crystal
(Video S3, Supporting Information). In this edge-contact geom-
etry, we presume the carriers are mainly transported along the
crystal vertical surface since the height of the crystal sidewall
results in the shortest distance between the top and bottom
electrodes, and the carrier transport always tends to select the
shortest path with the lowest resistance. Figure 2E displays the
photodynamic response of the junctions with this edge-contact
geometry. Contrast to Figure 2B, distinguishable characteristics
are observed: 1) The photocurrent increases sharply followed by
a decay to a plateau upon light illumination, that is, a spike fea-
ture is clearly presented; and 2) the photocurrent declines to a
relatively low value rather than nearly zero, and then ascends
gradually when the light is turned off, completely different
from the observations with top-contact geometry. In addition,
it can be found that the top-contact geometry has a relatively
larger photocurrent dynamic response compared to the edge-
contact geometry. This indicates that to obtain a larger photo-
current, not only the contact area between the top electrode and
perovskite should be ensured to realize the effective collection
of photogenerated carriers, but also sufficient illuminated area
should be ensured to generate enough photogenerated carriers.

The proposed mechanism for this stark discrepancy is pre-
sented in Figure 2F. It is known that the defect density on the
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perovskite surface is higher than that in the perovskite inte-
rior.24"42] These defects can act as electron—hole trap centers
(or carrier recombination centers), which will result in a rapid
decrease of photocurrent upon light illumination as far as car-
riers transporting along the crystal surface encounter consider-
able defects. Therefore, a spike feature in the photocurrent will
be observed with the edge-contact geometry.'®43] The defects
can not only work as carrier trap centers to trap the carrier
upon light illumination, but also detrap/release the carrier as
the light is turned off.* Accordingly, the carrier detrapping
process will slow down the reduction of photocurrent when
the light is turned off, which leads to the observation that the
photocurrent does not decrease to zero and followed by a slow
uptrend.

To address the carrier dynamics response to a continuously
varied electric field, a double sweep voltage is applied to the
crystal junctions. Figure 3A shows the characterizations of car-
rier transport during the voltage sweep process for the top-con-
tact geometry. A reproducible S-shape with slightly asymmetric
I-V curves was observed, implying that injection barriers exist
depending on the energy landscape of the junctions. Figure 3B
displays the -V curves for the edge-contact geometry. It pre-
sents significant differences compared to those with the top-con-
tact geometry. At first, the I-V curves for the edge-contact geo-
metry exhibit obvious Ohmic behavior as shown in segments 2, 3,
and 4, indicating that metallic-type highly conducting paths are
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Figure 3. -V curves of EGaln—perovskite—graphene junctions upon light illumination with different contact geometries. The lateral dimension of the
crystal was =100 um. The numbers show the sequence of the voltage sweep process, and the solid arrows indicate the direction of the voltage sweep.
A) Repeated I-V curves for the top-contact geometry. The inset is a simplified sketch of the top-contact geometry. The red arrows indicate the carrier’s
pathway. B) Repeated I-V curves for the edge-contact geometry. C) I-V curves at different sweep speeds for the edge-contact geometry. D) I-V curves
under different voltage bias windows with the edge-contact geometry. The I-V curves are vertically shifted for clarification. Sweep speed: 1.0 V s7.
E) The semi-logarithmic plot of -V curves as the main curve presented in (D). F) Log (I)-log (V) curves with linear fitting at negative bias range as
presented in (D).
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formed. Normally, highly conducting paths can be formed via
either defects or metal ion filaments.?3% Here, these highly
conducting paths should be formed by the point defects near
the crystal surface due to that: 1) the density of point defects on
the crystal surface is much higher than that in the crystal inte-
rior,?>*% and these defects with low active energy can migrate
along the electric field to form a conductive filament;">%
2) Unlike evaporated metal film, the free migrated metal ion is
unavailable for both EGaln and graphene in our case.’!

At second, it is interesting that a reproducible conductance
switch behavior was observed for the edge-contact geometry
(Figure 3B). The conductance switch from a high conductance
to a low conductance can be attributed to the rupture of defect
filaments under reversed bias. It was reported that defects are
thermodynamically stable and likely to be highly mobile at low
activation energies.'>>2% Upon reversed voltage sweeping,
the gradually increased field may trigger a reversed migration
of defects and finally lead to the rupture of the conducting
defect filaments, which is confirmed by the observation that the
switching behavior disappears completely if the junction without
undergoing a positive bias (Figure S5, Supporting Information).

Figure 3C shows that the triggered voltage for the conduct-
ance switch depends on the sweep speed of the applied voltage,
that is, the trigger voltage shifts to a higher value as the sweep
speed increases. This observation is reasonable since response
time is required for defects migration to follow the variation
of externally applied fields. Figure 3D shows that the switch
behavior depends on the voltage sweeping window, that is,
switch behavior disappears under a small sweep window, indi-
cating that a sufficiently large bias voltage is needed to trigger
the conductance switching. Figure 3E presents the semi-loga-
rithmic plotted [-V curve. It shows that the current abruptly
changes near 0.4 and —2.7 V, which corresponds to the required
voltage for the formation and rupture of the conductive fila-
ments, respectively. Figure 3F shows the logarithmic plotted
I-V curves under negative bias. The slope of the linear fit line
is close to 1.0 under the negative bias voltage (segment 5), con-
firming that conductive filaments are formed under positive
bias and remained under a small negative bias.

It is noted that an obvious hysteresis effect (or switch) is
observed under negative bias solely. It can be attributed to
the 1) asymmetric contact-geometry, that is, a point-to-surface
contact geometry is formed at the top contact interface but a
surface-to-surface contact geometry is formed at the bottom
contact interface for this sandwiched junction, which will result
in an asymmetric electric field and thus asymmetric ion migra-
tion upon a polarized bias; 2) asymmetric energy landscape at
the top and bottom contact interfaces, that is, Schottky contact
is formed at the graphene/perovskite interface but an Ohmic
contact is formed at the perovskite/EGaln interface (Figure S6,
Supporting Information). These asymmetric contact interfaces
may lead to an asymmetric built-in field and asymmetric ion
migration under different polarized biases.

2.3. Crystal-Sizes and Contact-Geometries Determined -V Curves

To further understand the role of the pathway in determining
carrier transport through microscale perovskite with varied
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sizes, we reduced the size of the perovskite microcrystals from
~100 to ~40 pm. Unlike large size crystal, the I-V curves of the
small crystal demonstrate a strong rectification behavior with
the top-contact geometry employing either bottom Au (Ag) elec-
trode (Figure 4A and Figure S7, Supporting Information) or
graphene electrode (Figure 4D). We attribute this strong rectifi-
cation behavior to the energy landscape of the junction and ions
migration. The energy band alignment of EGaln-perovskite—
Au junction under negative and positive bias voltages are
shown in Figures 4B,C, respectively. It can be found that the
carriers cannot be collected efficiently by the electrodes under
a negative bias since both electrons and holes must overcome
the energy barriers to reach the electrodes, which will result in
a small current. More importantly, the electric field increases
upon a bias due to the shrinking of crystal size, which will pro-
mote the migration of bromide ions, that is, considerable bro-
mide ions with a small activation energy (=0.2-0.6 V)3 will
move to the positively biased bottom Au electrode (Figure 4B)
leading to a compensating field, which in turn partly screens
the external applied field. Contrary, the bromide ions will grad-
ually diffuse from the interface under positive bias, and thus
the carrier transport will not be blocked (Figure 4C).

Notably, the EGaln-perovskite-graphene junction has
similar energy band alignment to the EGaln—perovskite—Au
junction (see Figure 4B and Figure S6, Supporting Informa-
tion). However, the carbon-based graphene substrate facili-
tates the adsorption of Br~,’® which will result in an enhanced
ions accumulation at the perovskite/graphene interface. The
accumulated negatively charged Br~ will repel the electrons
from passing through the junction, leading to a stronger cur-
rent suppression under negative bias. That is the reason why
the EGaln—perovskite—graphene junction shows a more pro-
nounced rectification behavior compared to the EGaln—perov-
skite—Au junction.

To support this ion migration hypothesis, additional experi-
ments (X-ray photoelectron spectroscopy) were performed
before and after the voltage application (Figure S8, Supporting
Information), which verify the ion migration and accumula-
tion of Br . Unlike traditional semiconductor junctions, the
[-V characterization of perovskite junctions cannot be solely
interpreted by the energy alignment of the junctions, since con-
duction filament may form in the perovskite junctions. With a
close examination of Figure 4D, it can be found that the current
linearly increases when the applied positive bias is larger than
a threshold voltage (=0.4-0.7 V), indicating that a conduction
filament is formed when the applied positive bias is larger than
the threshold positive voltage.>*”) Through the fitting of log (I)
versus log (V), it can be found that the slope is close to 1, which
confirms the existence of conductive filaments (Figure S9, Sup-
porting Information). It was reported that two kinds of point
defects, Vg, (vacancies) and Br’ (split interstitials), may form
conduction filaments.?l Considering that the density of Vg, will
greatly increase due to the Br~ migration but the density of Br’
is determined during the synthesis process of perovskite and
normally do not change upon different bias, the dynamically
formed filament should mainly consist of Vi under positive
bias, as shown in Figure 4F.

To further understand the effect of electrode-contact geo-
metries, half-enclosed contact geometry was generated by

© 2023 The Authors. Advanced Materials Interfaces published by Wiley-VCH GmbH

85UB017 SUOWILIOD BA 81D 3|t dde 8y} Aq peusenob afe Sa(oliie YO BSn 0 S3|nI o A%iq1T 8UIIUO 43| 1M UO (SUO 1 IPUOD-PUR-SWSHLI0O" A3 | IM A 1q 1[ul|UO//SARY) SUORIPUOD PUe SWIS L 83 88S *[5202/50/52] Uo Areiq) aunjuo AB|IM 22T202202  IWPe/Z00T OT/10p/woo" A3 1M Atelq 1 jpuljuo paoueApe//sdny Wwoly papeoiumod ‘6 ‘€202 ‘0SEL96TC



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

3 2 4 0 1 2 3

O
m

201 e electron
< o defect
&

E 10+ E,
5
O

Negative bias

INTERFACES
www.advmatinte

B o E c {mm £
—~ electron = electron
N e0°*"° 2 coe e

O 0 oo

Hole

ocoo?® \

Hole

Positive bias

Ec

or Graphene (+)| P
3 2 1.0 1 2 3 @a,d @b, c
Voltage (V) Negative bias Positive bias

G H

30r e electron
2 15} o defect
L=
£ B
S of
=
(&)

15} Graphene (+)|

3 2 1 0 1 2 3
Voltage (V)

Negative bias

@3,4

Positive bias

@17

Figure 4. Carrier transport dynamics with different contact geometries and different bottom electrode materials. The lateral dimension of the crystal
was reduced to =30 um. A) Reproduced [-V curves of EGaln—perovskite—Au junction with top contact geometry. The inset is the schematic diagram
of the top contact geometry. The arrows indicate the sweeping direction of the voltage. B) The bromide ions accumulated at the Au/perovskite inter-
face block the carrier transport under negative bias. C) The bromide ions diffused from the interface facilitate the carrier transport under positive
bias. D) Repeated I-V curves of EGaln—perovskite—graphene junction with the top-contact geometry. E) The Schottky barrier formed at the graphene/
perovskite interface which assists in trapping carrier at the interface under negative bias. F) Schematic of the filament (V;;) formation assisted by Br-
migration which is promoted by the surface defects. G) Reduplicated I-V curves of EGaln—perovskite—graphene junction with half-enclosed contact
geometry. The inset is the schematic of the half-enclosed contact geometry. H) Schematic of electron transport across the Schottky barrier promoted
by the increased active field due to the decreased distance (d') between two electrodes. 1) In the half-enclosed contact geometry, robust conductive
filament (Vg) is formed assisted by the ion migration with a reduced distance between two electrodes.

applying an appropriate push force on the substrate (Video S4,
Supporting Information), in which the polyhedral perovskite
crystal is half-enclosed by the adaptive deformed EGaln elec-
trode. Compared to the one with top-contact geometry, the
half-enclosed junction shows a distinguishable -V characteri-
zation (Figure 4G). At first, a conductance switch was reproduc-
ibly observed under negative bias (segment 6). We attribute the

Adv. Mater. Interfaces 2023, 10, 2202177 2202177 (6 of 10)

conductance switch to the rupture of the conductive filament
formed under positive bias. As mentioned above, a filament
consisting of Vi, will form under positive bias. Interestingly,
this filament remains under a small reversed bias until suf-
fering a relatively large negative bias (segment 5, Figure 4G).
This reproducible rupture delay of the filament contrasts with
the observation presented in Figure 4D in which the filament
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breaks immediately even under a small positive bias. We
attribute the rupture delay of the filament to the factors: 1) The
contact area in half-enclosed contact geometry is much larger
than the one in top-contact geometry, and 2) the distance
between two electrodes (d) in half-enclosed contact geometry
(Figure 41) is shorter than the one (d) in top-contact geometry
(Figure 4F). Thus, the filament formed in half-enclosed contact
geometry is robust and can withstand a small reversed field
without breaking. Notably, the switching behavior vanishes if
the junction does not undergo a positive bias (Figure S10, Sup-
porting Information), indicating that the positive bias promotes
the formation of filaments once more.

At second, it is interesting to find that rectification behavior
breaks down in the half-enclosed geometry. In other words, the
negative current increases under a relative larger negative bias
(Vb <15 V) with the half-enclosed contact geometry (segments 7,
Figure 4G), contrary to the observation with the top-contact geom-
etry (Figure 4D) in which the current is completely suppressed
under the whole negative bias window (-3, 0 V). This observation
cannot be interpreted by the ion migration mechanism anymore,
since the ion migration will be promoted in the size-reduced
crystal, leading to a more pronounced rectification behavior.
Therefore, we argue that this rectification behavior may rely on
additional mechanism beyond the ion migration mechanism.

To understand the intrinsic mechanism for the breakdown of
rectification, the following factors should be further taken into
consideration: 1) the energy landscape of the interface which
may result in carrier trapping events at the interface. It can be
found that a Schottky contact is formed at the graphene/perov-
skite interface but an Ohmic contact is formed at the perovskite/
EGaln interface determined by the energy alignment between
them (Figure S6, Supporting Information). The electrons may
be trapped by the surface defects at the perovskite/graphene
interface (Figure 4E); 2) Carrier trapping events determined by
the surface defects. The large number of carriers will transport
along the crystal surface in the half-enclosed geometry due to the
shrinking of the crystal-size (increased surface-to-volume ratio),
and thus the photoexcited carriers will encounter amount of sur-
face defects, which will lead to serious carrier trapping events.
Both interface carrier trapping and pathway carrier trapping
events will result in a suppressed current under negative bias.

Upon a compression force, the tip of EGaln electrode is
dented to form a half-enclosed contact with perovskite micro-
crystals, and thus the electric field (E) strength will increase due
to the decreasing of the distance (d’) between two electrodes.
The increased field will supply additional energy for electrons
to overcome the Schottky barrier at the interface and thus be
effectively collected by the graphene electrode under negative
bias (Figure 4H). Additional to the detrapping of the carriers
at the interface, the electrons trapped in the pathway may also
escape from the trap center upon an increased field. Both will
lead to the increase of current, resulting in the breakdown of
the current suppression under a relatively larger negative bias.

2.4. Photoluminescence Spectra
To confirm that the defects distribution is inhomogeneous

and ion migration truly occurs upon a bias voltage, the
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photoluminescence (PL) spectra were measured. Significant dif-
ferences are observed in the PL spectrum near the vertical edge
and surface center regions, especially after voltage applying
to the perovskite crystal. Figure 5A is the optical image of the
perovskite microcrystal before applying a bias voltage and
Figure 5B is the PL intensity map collected from the white box
area as marked in Figure 5A. It can be found that the PL inten-
sity in the edge regime is much higher than the one in the sur-
face center. It is reported that PL emission in MAPbBr; single
crystals is related to defects because defects benefit charge car-
rier trapping and recombination leading to an enhanced PL
emission.’®> Since the effective PL regime can be as deep
as micrometers,® Figure 5B confirms that the defects den-
sity near edge is higher than the one in the crystal interior.
Figure 5C shows the PL spectrum with normalized intensity
collected from the three points as marked in Figure 5B before
applying a voltage. It can be found that the maximum shifting
of the PL peak position is quite small (0.7 nm) for the three
points.

Figure 5D is the optical image of the perovskite microcrystal
adhered to the EGaln tip (right electrode) and Figure SE is
the PL intensity image after a negative bias voltage (4 V) was
applied to the EGaln electrode (=0.1 V um™). Unlike Figure 5B,
the PL intensity gradually increases from right to left (from
cathode to anode), and the left-most area (contact to the anode
electrode) shows the maximum PL intensity. This observation
is coherent with the previously reported observation,’*® in
which the PL was enhanced in the bromide-rich regions when
Br~ moves to the anode. With a close examination of the PL
spectrum collected from three different points (marked in
Figure 5E), it can be observed that the discrepancy of the PL
peak positions increased significantly from 0.7 to 3.4 nm after
applying a bias voltage. This increased shifting of the PL peak
position can be attributed to reabsorption, geometry-dependent
outcoupling efficiency, and polaron formation comprising
Br-migration-induced distorted lattice and self-trapped car-
riers.’¢! The observations presented in Figure 5E,F confirm
that the ion migration truly occurs upon a bias voltage in the
microscale crystals.

3. Conclusion

In summary, we demonstrated that the carrier transport
through microscale perovskite single-crystal can be dramati-
cally adjusted by adjusting the electrode contact-geometry in
situ employing deformable liquid metal electrodes. The photo-
current exhibits a spike feature when carriers mainly pass
through the crystal vertical surface. In contrast, the spike feature
disappears when the carriers mainly pass through the crystal
interior. With a further decrease in crystal size, strong rectifi-
cation behavior was clearly observed for different substrates
(graphene, Au, and Ag), and the rectification rate is the largest
for the graphene substrate. Interestingly, this rectification broke
down and a memristor behavior appeared upon a half-enclosed
contact geometry. Assisted by the PL measurement, [-V meas-
urement with varied bottom electrode materials, and photo-
electron spectroscopy measurement, it is revealed that these
observations originate from the inhomogeneous distribution
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Figure 5. Optical imaging and PL characterization of a perovskite microcrystal before and after applying a bias voltage. A) Microscopic imaging of
pristine perovskite microplatelet. B) The PL intensity map (main peak 536 nm) obtained from the white square area as presented in "a". C) The PL
spectrum with normalized intensity obtained from the three points as marked in (B). The shifting of the PL peak position is 0.7 nm for the three points.
D) Microscopic imaging of the EGaln tip with an adhered perovskite microplatelet. E) The PL intensity map obtained from the white square area as
presented in (D) after the voltage applied on the EGaln—perovskite-graphene junction. F) The PL spectrum with normalized intensity obtained from
the three points as marked in (E). The shifting of the PL peak position is 3.4 nm for the three points after applying a bias voltage.

of defects mediated by the crystal-size. It is confirmed that
the defects density on the microscale crystal surface is much
higher than the one in the crystal interior. The defects not only
influence the carrier generation-recombination and carrier trap-
ping—detrapping processes, but also assist the ion migration.
Our study assists in establishing a platform for studying carrier
transport through microscale crystals along the different path-
ways by the control of electrode contact-geometries and contact
positions, showing the potential to integrate perovskite into all-
soft electronic circuits with printing ink of EGaln as deform-
able electrodes.

4. Experimental Section

Synthesis of Perovskite Microcrystals: The MAPbBr; microcrystals were
synthesized according to previously reported procedures.®l In brief,
MAPbBr; solution was obtained by adding PbBr, to the mixed solution
containing DMF and MABr and then heating at 70 °C for at least 1 h.
DODB/GBL solution was obtained by mixing n-dodecylammonium
bromide white powder (DODB) and gamma-butyrolactone (GBL)
solvent. Subsequently, the MAPbBr; stock solution was rapidly injected
into the DODB/GBL solution at room temperature, and the MAPbBr3/
DODB/GBL mixture was dropped onto the ITO substrate followed by
a heating process. The obtained samples comprise isolated microwires
and microcrystals. To synthesize perovskite, methylammonium bromide
(MABr, 299.5%, MS301000-05) was obtained from Dyesol. N,N-
dimethylformamide (DMF, 99.9%-+, 494488-1 L), and lead bromide were
purchased from Sigma-Aldrich. Dodecylamine and gamma-butyrolactone
(GBL, >99%, B103608-500G) were purchased from Aldrich. The SEM

Adv. Mater. Interfaces 2023, 10, 2202177 2202177 (8 of 10)

image of finally synthesized perovskite crystals with different sizes and
shapes can be found in Figure S2, Supporting Information.

Sample Characterization and the Electrical Measurement System:
The morphology of the perovskite microcrystal and EGaln tip was
characterized by field-emission SEM (ZEISS Sigma 500). The PL
spectrum was measured using a laser confocal Raman imaging
spectrometer (WITec alpha 300R). The position and movement of the
bottom graphene electrode were controlled by PiezoWalk actuators (PI,
N-111, Germany) that can move continuously (maximum travel range
of 10 mm) along the vertical direction with a resolution of 1 nm. The
real-time current response upon light irradiation was recorded by a
semiconductor analyzer (B1500A, KEYSIGHT). A semiconductor laser
(MW-ZL-405, A =405 nm) was used as the illumination source, in which
the power and the laser illumination frequency were controlled via a
function generator (DS 435) and a buffer (BUF 634). The laser intensity
is 13.9 mW mm=2 in the experiment if without a specific explanation.

Photoluminescence Measurement: The PL spectrum was measured
using a laser confocal Raman imaging spectrometer (WITec alpha 300R,
the wavelength of the laser is 488 nm). Two map modes, that is, peak
position mapping mode and peak intensity mapping mode (main peak
~536 nm) were used to characterize the perovskite crystal. Due to the
factor that the microscale perovskite crystal is very easy to be damaged
by the laser, thus the laser power was set to be quite small =0.03 mW.
The image area is 25 tm x 25 um, the measured point is 100 x 100 (i.e.,
spectra were collected at intervals of 250 nm), and the integration time
is 0.01 s. The polarization voltage was set to 6 V and the duration time
was 10 min before performing the PL.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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