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Long carrier diffusion length in two-dimensional

lead halide perovskite single crystals

Shreetu Shrestha,” Xinxin Li,>? Hsinhan Tsai,’ Cheng-Hung Hou,® Hsin-Hsiang Huang,**
Dibyajyoti Ghosh, "¢/ Jing-Jong Shyue,® Leeyih Wang,*>? Sergei Tretiak,/ Xuedan Ma,”?

and Wanyi Nije!.10.*

SUMMARY

Ruddlesden-Popper (RP) perovskites are two-dimensional semicon-
ductors for high-performance optoelectronic devices. In this work,
we report alongin-plane carrier diffusion length in 2D RP perovskite
single crystals probed by scanning photocurrent microscopy. Car-
rier diffusion lengths of 7-14 um are observed when the number
of Pbl,? octahedra between organic spacers increases from 1 to
3. Using detailed light intensity and electric-field-dependent photo-
current measurements, we attribute the observed long diffusion
length to the dominating dissociated free carrier transport. This is
further validated by time-resolved photoluminescence measure-
ments, where the decay lifetime increases in the presence of an elec-
tricfield. From our experiments, we conclude that the in-plane trans-
port in RP perovskites is efficient because of the partial free carrier
generation, which overcomes strong excitonic effects. Our results
suggest that semiconducting devices fabricated from RP perovskite
single crystals can be as efficient as their 3D counterparts.

INTRODUCTION

Two-dimensional (2D) Ruddlesden-Popper (RP) phase perovskites are layered semi-
conducting materials that have promise for a wide range of optoelectronic devices
and have demonstrated record-breaking performances. A typical RP structure con-
sists of inorganic metal-halide octahedral layers (MX,) intercalated between bulky
organic spacer cations, described by the general formula (A")2(A),_1MX3441, where
A is the bulky spacer cation. Here, A is a monovalent organic cation, M is a divalent
metal cation, X is a halide, and n refers to the number of octahedral layers between
spacer cations. Owing to the hydrophobic nature of the bulky cations, steric hin-
drances, and passivation effects,'™ 2D perovskites exhibit improved material and
device stability compared with their 3D counterparts, making them technologically
relevant for optoelectronic device applications, such as photovoltaics” and light-
emitting diodes.” Moreover, 2D perovskite single-crystal devices have been recently
integrated into highly efficient photo and X-ray detectors, featuring significantly
suppressed ion migration under high electrical field stressing.””’

The organic spacers have larger band gaps and lower dielectric constants than the
inorganic layers, resulting in interesting photophysical properties due to the inter-
play of quantum and dielectric confinement.®’ Large exciton-binding energies in
the range of hundreds of meV have been reported, and the photo-generated car-
riers are believed to be dominated by strongly bound excitons at room tempera-
ture.'”!" As the number of Pbl, 2 octahedral layers between organic spacers (n)

The bigger picture
Ruddlesden-Popper (RP) layered
perovskites are promising
materials for stable photovoltaics
and light-emitting diodes. This
work elucidates an unusual long
carrier diffusion length in RP
perovskite single crystals by the
scanning photocurrent
microscopy technique. Detailed
device characteristics suggest
that the carrier transport in the RP
perovskite single crystals is
dominated by free carrier
diffusion. The carrier dissociation
mechanisms are discussed, and a
carrier trapping-detrapping
mechanism can explain the
experimental observations.

Our work suggests that the carrier
transport in the RP perovskites can
be as efficient as that in their 3D
counterparts. Because of these
superior properties,
semiconducting devices made
from RP perovskites can be both
efficient and environmentally
stable.
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increases, the exciton-binding energy gradually decreases and eventually falls
below room temperature thermal energy for n = = or 3D perovskites.'° This poten-
tially differentiates the charge transport in 2D perovskites from 3D perovskites,
where the transport is dominated by free carriers at room temperature. The quantum
and dielectric confinement effects in 2D perovskites make them ideal candidates for
light emission applications in which rapid and efficient charge recombination is
desirable. On the other hand, it is reported that excitons in 2D perovskites can be

dissociated into free carriers assisted by localized states at the layer edges,'* "¢

traps,'’"'® or lower n-numbered phase,’” when multiple n-numbered RP phases
are present. Therefore, a thorough understanding of exciton dynamics, dissociation,
and free carrier transport is the key guide to the material design for high-perfor-

mance devices.

Studies on exciton transport in 2D perovskites conducted so far were carried out pre-
dominately by optical probing methods, such as time-resolved photoluminescence
(TRPL) imaging'’"®?9?? and transient absorption microscopy,”® where exciton
diffusion is mapped by tracking emission or absorption in time and space domains.
The exciton diffusion length of 2D perovskites in the range of a few nanometers to
hundreds of nanometers has been reported using these techniques.”®???? On the
other hand, Zhao et al. used PLimaging and TRPL to demonstrate that long-distance
exciton transport up to 2-5 pm in 2D perovskite single crystals could be enabled by
trap-assisted exciton dissociation.'” Similarly, Seitz et al. further suggest that there is
a distinct distribution of trap states that are responsible for the observed long-dis-
tance transport.'® Although optical probing techniques do provide valuable insight
into the intrinsic properties of the 2D perovskites, processes that neither emit fluo-
rescence nor absorb photons can go undetected. For example, charges that are
thermally emitted from shallow trap states can contribute to photocurrent. However,
information on such trapping and detrapping processes is often inaccessible using
optical techniques. Moreover, precise measurement of carrier transport behavior
in a device, where interfaces and internal electric fields are present, is still lacking.

In this paper, we present direct experimental evidence of long-distance charge diffu-
sion lengths in the 7-14 um range in 2D perovskite single-crystal devices probed by
scanning photocurrent microscopy (SPCM). Specifically, by mapping the locally
excited photocurrent across a Schottky barrier formed between the perovskite/
metal interface, we obtained a photocurrent decay profile from which the exciton
diffusion length could be extracted. A systematic increase in the diffusion length
was observed as n increased from 1 to 3. Markedly, the diffusion lengths in 2D pe-
rovskites were in the same order of magnitude as those of their 3D counterparts.
To understand the long diffusion length, we conducted detailed SPCM studies as
a function of electric field and laser intensity, from which we attribute the long diffu-
sion length to predominately free charge carrier transport. This was further validated
by time-resolved photoluminescence measurement on the same devices, where the
presence of an electric field extends the recombination lifetime. We attribute an effi-
cient free carrier generation to the exciton dissociation assisted by trap states. Our
study complements the optical spectroscopy measurements reported in the litera-
ture and provides a comprehensive understanding and analysis of the origin of
long exciton transport in 2D perovskites in a device configuration.

RESULTS

We focus on the 2D perovskite single crystals having a composition of
(C4HoNH3)2(CH3NH3), _1Pbylzn4q (or (BA)2(MA), 1Pbylsnss), where n ranges from
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Figure 1. 2D Ruddlesden-Popper phase layered perovskite structures and the experimental
setup

(A) Pictures of different perovskite single crystals and their schematic crystal structures.

(B) Photoluminescence obtained from perovskite single crystals.

(C) Schematic illustration of the scanning photocurrent microscopy (SPCM) setup. Lateral devices
are mounted on a piezoelectric stage, and voltage (V) is applied on the source electrode (S), while
the drain electrode (D) is grounded.

(D) Energy diagram (top) with band bending at the perovskite/metal interface with corresponding
photocurrent line scan (bottom). Electron is shown as a filled circle, hole is shown as an empty circle,
and a blue dotted line represents a bound exciton. Eg, Iop, 9, Vi, ®p, x, and L refer to the Fermi level,
photocurrent, elementary charge, built-in potential, barrier height at metal/perovskite junction,
distance, and carrier diffusion length, respectively.

1 to 3. The 2D crystals are synthesized using the cooling method reported in the
literature””> and typically have lateral sizes between 2 and 10 mm and thick-
nesses of 0.1-1 mm (Figure 1A). For comparison, we also study the 3D analog
(n = ), i.e., MAPbI; single crystals grown by the inverse temperature crystalliza-
tion method.?® Figure 1B shows the photoluminescence spectra of n = 1, 2, and 3
and 3D single crystals with peaks at 518, 577, 613, and 803 nm, respectively. As
the n value increases, the photoluminescence peak gradually red shifts toward
higher wavelengths corresponding to the respective band gaps of 2.39, 2.15,
2.02, and 1.54 eV, which is in good agreement with values reported in the litera-
ture.”* Sharp grazing incidence X-ray diffraction peaks from (0k0) planes (Fig-
ure S1), and X-ray photoelectron spectroscopy characterization (Figures S2 and
S3) confirmed the 2D crystal structure and phase purity with the Pbl, octahedral
layer parallel to the substrate.

Scanning photocurrent microscopy characterization

The SPCM technique (Figure 1C) has been implemented in a wide variety of semi-
conducting materials, such as perovskites,”’**® transition-metal dichalcogenides,”
carbon nanotubes,’” and quantum dot thin films.>' We employ SPCM to map the
photocurrent distribution in the lateral 2D perovskite single-crystal devices to study
charge transport. Here, charge carriers are locally excited by a focused laser, and as
the device is moved along x and y directions with respect to the laser, the corre-

sponding photocurrent is recorded at each position to form a photocurrent map,
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as illustrated in Figure 1C. We focus a 405 nm continuous wave laser (1-2 um spot
size) on a 2D perovskite device with lateral contacts and scan the device along x-
and y-directions in 1 pm increments while measuring the photocurrent as a function
of laser position. To improve the signal-to-noise ratio of the photocurrent signal, we
use an optical chopper to modulate the laser at 20 Hz and then record the photocur-
rent with a lock-in amplifier at the same frequency. This setup ensures that only the
current induced by the laser modulated at the same frequency is recorded to mini-
mize the possible contributions from other factors, such as dark noise and ambient
signals.

SPCM measurements take advantage of the electrostatic barrier (or Schottky barrier)
at a metal/semiconductor junction. As shown in Figure 1D, when a downward band
bending is present near the perovskite/metal interface, electrons can be collected
via the internal electric field at both the drain and source interfaces. A typical photo-
current profile (Figure 1D, bottom) features the photocurrent maxima (minima) ap-
pearing near the drain (source) metal/perovskite interface as a result of electron
collection. The laser locally photoexcites free and bonded carriers (excitons), and
when the laser is close to the metal electrodes, free carriers and excitons diffuse
into the depletion region at the interface where collection occurs. If the interface
built-in potential is large, then it can dissociate bound excitons into free carriers.
For downward band bending, electrons are extracted resulting in a photocurrent
signal while holes are blocked. As the laser moves away from the metal electrodes,
fewer charge carriers and excitons can diffuse to the depletion, region resulting in a
photocurrent decay. Provided that the electrodes form a Schottky barrier, carrier
diffusion limits the photocurrent, and thus, the carrier diffusion length can be ex-
tracted from the photocurrent decay using the formula:

Iphocexp<—)—z> (Equation 1)

where I, is the photocurrent, x is the distance away from the electrode, and L s the
diffusion length.*

Carrier diffusion length extracted by SPCM

To fabricate lateral devices, we cleaved the 2D crystals with scotch tape to expose
a fresh surface and deposit metal electrodes with a channel width of 160 um, as
shown in Figure 2A. To build a Schottky barrier, Pb was selected as the electrode
for SPCM due to its low work-function (4.2 eV). In our previous work, we have
demonstrated that low work-function metal (Pb) forms a Schottky barrier, whereas
high work-function metal (Au) forms an ohmic barrier with MAPbl3.?” The dark and
light current-voltage (I-V) characteristics shown in Figure 2B establish that this is
also the case for n = 3 2D perovskite. An S-shaped curve is obtained when we illu-
minate n = 3 lateral device with the laser focused on the middle of the channel (po-
sition 2), and asymmetric curves are obtained when we move the laser near the
electrodes (positions 1 and 3). This can be explained by considering the two Pb/
perovskite interfaces as two Schottky junctions or diodes connected back to
back (inset in Figure 2A).>* The energy band diagram derived from the ultraviolet
photoelectron spectroscopy (UPS) results in Figures 2C and S4 demonstrates that
the work-function of 2D perovskites is higher than that of Pb. The work-function in-
creases with decreasing n from 4.98 eV (for n = 3) to 5.46 eV (for n = 1). This dif-
ference in the metal and 2D perovskite work-function gives rise to an electrostatic
barrier, which explains the observed diode |-V characteristics. The photocurrent is
two orders of magnitude higher than the dark current (Figure S5), indicating that
the crystals are of good quality.
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Figure 2. Scanning photocurrent measurement characterization

(
(

A) Picture of a 2D perovskite lateral device with metal contacts and zoomed-in optical microscopy image of the perovskite channel between the source
left) and drain (right) electrode showing positions 1, 2, and 3. A schematic of two diodes at the two electrodes connected back to back is also shown.
(B) I-V measurements of n = 3 device in the dark (black) and with 405 nm laser illumination at positions 1, 2, and 3.

(C) Schematic of the energy band diagram derived from UPS measurements.

(D and E) (D) Photocurrent line scans for 3D, n = 3, n = 2, and n = 1 and (E) normalized photocurrent line scans comparison.

(F) Boxplot of diffusion lengths extracted from the decay of the photocurrent line scans. The box is determined by the 25th and 75th percentiles, and the
dot inside the box represents the mean value.

The photocurrent line scans for 3D, n = 3, 2, and 1 hybrid perovskites with the posi-
tion of Pb contacts shaded in gray are shown in Figure 2D. All line scans show a pos-
itive and a negative peak near the source (left) and the drain (right) electrode,
respectively, as expected and explained earlier by Schottky barriers with downward
energy band bending (Figure 1D). The photocurrent peak for 3D MAPblI; is about
10 pA, which decreases by two orders of magnitude for n = 1. Note that the photo-
current amplitudes for n = 2 and n = 3 are similar and slightly vary from batch to
batch. We analyze the normalized photocurrent decay profiles plotted in Figure 2E.
Here, a faster decay is observed for lower n 2D perovskites, and a relatively long
decay is present in the device made from 3D materials. The diffusion lengths derived
from the photocurrent decay using the Equation 1 and plotted in Figure 2F forn =1,
2,3,and ©,are7 £ 2,11 + 4,14 + 4,and 18 + 8 um, respectively. There is a clear
trend that the diffusion length decreases with a concomitant decrease in n.

Time-resolved spectroscopy techniques can also be used to measure the diffusion
length by probing the photon emission or absorption to map exciton population
in space and time. The main difference is that in SPCM, the diffusion length is ex-
tracted from the decay in photocurrent, whereas in transient spectroscopy tech-
niques, it is extracted from the decay in photoluminescence or absorption. The
values obtained from both techniques should be comparable. However, there are
several processes that do not emit or absorb photons, which cannot be detected
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Figure 3. Electric-field dependence
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(A-D) Electric-field dependence of photocurrent line scans of (A), 3D (B) n = 3, (C) n = 2, and (D) n = 1 perovskite single-crystal devices.
(E and F) Time-resolved PL (E) with different electric fields and (F) when probed at various distances from the drain/left electrode (the total channel width

is 160 um).

(G) Extracted TRPL lifetime as a function of channel position along with the schematic illustration of the lateral device used in SPCM.

by optical probes, resulting in an underestimation of the diffusion length. For
instance, charges that are thermally emitted from the trap states can also contribute
to the photocurrent. The carrier trapping-detrapping process, proposed in our
study, can also result in a detectable electrical signal.

We attribute both the smaller photocurrent magnitude and the shorter diffusion
length in lower n-numbered 2D perovskite devices to the larger exciton-binding en-
ergy. Moreover, the interface built-in potential, which is estimated to be 1.26-0.78 V
from the difference in metal and perovskite work-functions obtained from UPS mea-
surements, is much larger than the exciton-binding energy. Therefore, excitons that
reach the interface will very likely dissociate due to the built-in potential, and the
limiting process is the excitons reaching the interface. We also notice that the diffu-
sion lengths of the 2D perovskites are generally of the same order of magnitude, ap-
proaching that of the 3D crystal. Markedly, these values are much longer than those

20,22,23

reported in the literature, which will be discussed in detail in the rest of this

paper.

Electric-field dependence

To rationalize the observed long diffusion length in 2D perovskites, we further per-
formed electric-field-dependent SPCM complemented by field-dependent time-
resolved photoluminescence spectroscopy to probe the nature of the photo-excited
carriers (Figure 3). In literature, the carriers have been attributed to dominating Wan-
nier excitonsinn = 1 and to free carriersinn = ® atroom temperature, whereas forn
values in between these two extreme cases, the picture is less clear.'%"***3° The ex-
citons as charge-neutral particles are not responsive to the externally applied field,
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whereas the free charge carriers are sensitive to the electric field.*® Moreover,
although the built-in potential at the interface is sufficient to dissociate excitons,
the externally applied field in the middle of the channel is not sufficient to
separate excitons. Figure 3A shows the line profile for the 3D MAPbI; single-
crystal device when an external field is applied. When a positive bias is applied
to the source, the photocurrent at the source is increased, with a concomitant
decrease at the drain. Since the photo-generated carriers in 3D MAPbl; are domi-
nated by free carriers, a field-dependent charge collection due to carrier drift is ex-
pected. Figure 3D shows the photocurrent line profiles measured for n = 1. In sharp
contrast, the photocurrent profile does not change when the external field is
applied. We attribute this to the dominance of strongly bound excitonic carriers in
the n = 1 crystal and, as expected, their transport does not show noticeable elec-
tric-field dependence. Interestingly, when n increases, as shown in Figures 3A-3D,
the photocurrent profile starts to show field dependence. Markedly, the profile for
n = 3 becomes similar to that of the 3D perovskite device, which suggests a notice-
able growth of the free charge carriers with increasing n. Note that due to the lower
photoconductivity of n = 1 samples, we use 500 W/cm? laser intensity while we use
50 W/cm?for 3D, n=3,and n = 2. (Photocurrent profile forn=1at 50 W/cm? shown in
Figure S7.)

To further understand the nature of observed carrier transport, we performed time-
resolved PL on a typical RP single-crystal device (n = 3) with an applied bias, as shown
in Figure 3E. In the curve, a rapid decay (<1 ns) is first observed at the early time fol-
lowed by a longer decay (>1 ns). Typically, the fast decay is attributed to the trap-as-
sisted recombination, and the longer component is assigned to bimolecular recom-
bination.®”**® This is further validated by a power-dependent TRPL (Figure S8),
where the lifetime of the longer component, which is inversely proportional to the
carrier density, shows a clear pump fluence dependence. When we apply an electric
field to the device, the long component of the TRPL decay corresponding to the free
carrier recombination becomes longer (e.g., inset in Figure 3E that shows a zoomed-
in section). Because the interface depletion width does not extend beyond 1 um, our
measurement (at least 20 pm away from the contact) is dominated by the externally
applied field. Due to the presence of an electric field, the free (or dissociated) elec-
trons and holes get pulled in opposite directions, resulting in a lower probability of
their collision and radiative recombination. This is equivalent to a reduction in the
carrier densities, which would further reduce the bimolecular recombination rate.
In addition, we compare the TRPL curves when moving the photoexcitation from
the middle of the channel toward the perovskite/metal interface in Figures 3F and
3G. The lifetime fitting methodology is described in Figures S8-511. As depicted
in Figure 3F, when the distance between the metal interface and the laser spot de-
creases, the generated carriers can reach the depletion region to be collected by the
electrode, resulting in an extended lifetime for the slow decay component. By
contrast, when the laser is in the middle of the channel, fewer carriers can diffuse
to the contact, and a shorter PL lifetime is observed. In summary, both the field-
dependent and distance-dependent TRPL results support the field-dependent
SPCM results, where free carrier transport/recombination plays a vital role inn = 3
2D perovskites.

Light intensity dependence

To gain more insights into the origin of long diffusion lengths observed in the
2D crystals, we further investigate the light-intensity-dependent photocurrent for
a typical 2D device. Figure 4A shows the normalized photocurrent profiles
from n = 3 2D perovskite devices at different laser intensities ranging from 1.2 to
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(A) normalized photocurrent profiles of n = 3 at different laser intensities.
(B) Peak photocurrent as a function of laser intensity extracted from (A).
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(D)
(
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|-V curve as a function of light intensity at room temperature.

Photocurrent at different laser intensities and temperatures.

E) Slope of fit from (D) as a function of temperature.

F) Schematics illustrating the two dissociation mechanisms: trap-assisted carrier dissociation and surface-state-mediated dissociation.

50 W/cm?. Here, the laser power was kept low to avoid perturbation of the internal
field generated near the interface. The photocurrent decay profile remains the same,
whereas the peak photocurrent increases with laser intensity (Figure 4B). The photo-
current amplitude versus intensity curve follows a power-law relation I, P22, The
power dependence deviates from a linear relation when approaching higher laser
power. This behavior has been interpreted by the recombination loss via bimolecular
processes, which is dependent on the carrier density. This value also agrees well with
values reported in the literature for 2D perovskites in the high laser intensity range
where the bimolecular recombination is significant.®”*°

Next, we measured the I-V characteristics as a function of laser intensity and temper-
ature when the laser spot is fixed in the middle of the channel to understand the po-
wer dependence of photocurrents at low temperatures. Because we target to mea-
sure the crystals’ resistivity, high work-function Au electrodes are employed that
form ohmic contacts with the crystal. Figure 4C shows the I-V curves obtained under
different laser intensities at 300 K, and Figure 4D plots the photocurrent at 5V as a
function of laser intensity at a temperature ranging from 200 to 315 K. At each tem-
perature, the data are fitted to the power-law relation (I*). Figure 4E extracts the a
value and plots them as a function of temperature. Clearly, lowering the temperature
increases o from 0.4 to 0.7. This suggests that current collection limited by the
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bimolecular recombination is suppressed at a lower temperature, which results in a
higher value of a. It also indicates that the free carrier generation is thermally
activated.

DISCUSSION

From SPCM measurements, we find that the charge carrier diffusion length increases
from 7 to 14 pm when n increases from 1 to 3. Meanwhile, the diffusion length
observed in n = 3 single crystal (14 pm) is close to that of the 3D single crystal
(25 pm). In addition, a significant electrical field dependence is observed in both
photocurrent profile and time-resolved PL lifetime for higher n 2D single-crystal de-
vice. In particular, n = 3 2D RP perovskite exhibits significant field dependence,
similar to that of the 3D device. By contrast, carrier transport behavior for lower n
RP perovskite devices becomes independent of external electric fields. The photo-
current collection efficiency and carrier lifetime in the higher n RP perovskites (n = 3)
can be improved by applying an external electric field. These observations suggest
that a significant portion of the photo-generated carriers become free charge car-
riers that contribute to the observed long diffusion length and the radiative recom-
bination shown in Figure 2.

After photoexcitation, both (1) dissociation of excitons and (2) exciton migration are
involved. We have presented a study for 2D perovskites with different n numbers
(number of inorganic layers between organic spacers). 2D perovskites with a lower
n number have higher exciton-binding energy and are more likely to be bound at
room temperature. In our measurement, the photocurrent signal is generated by
free carrier collection and recombination in the outer circuits. The excitons will first
diffuse to the depletion region, which extends only a few hundred nanometers from
the metal interface, and then get split due to the interface built-in potential. From
UPS measurements, we have obtained the work-function, which indicates that the
interface built-in potential (i.e., the difference between the work-functions of the
metal and semiconductor) is much larger than the exciton-binding energy. There-
fore, excitons that can reach the interface are highly likely to be dissociated at the
interface, and the limiting process is the excitons reaching the interface.

However, we do not expect the exciton generated far from the electrodes (i.e.,
15 pm) to reach the depletion region given the short lifetime of a typical exciton
recombination. According to our results, the measured diffusion lengths in higher
n number perovskites (about 15 pm) are much longer than the depletion width (a
few hundred nm). Therefore, we believe that before the exciton can migrate to the
interface, the dissociation already happens. As proposed in the paper and sup-
ported by literature discussion, we think the excitons can be trapped and de-trap-
ped by lower energy states, and they are more likely to be dissociated into free car-
riers. These free carriers diffuse to the metal interface and get extracted, resulting in
a photocurrent. Therefore, although both processes (1) and (2) are present, we show
that in lower n-numbered perovskite excitons diffusion is dominant, whereas in the
higher n-numbered perovskites with free charge carrier diffusion is dominant. This
leads to the conclusion that trap-assisted exciton dissociation followed by an effi-
cient free charge migration could underpin the long diffusion lengths we observe
in high n perovskites.

Previous studies by Blancon et al. suggested that excitons can dissociate at room

temperature only in layered lead iodide perovskites with n > 20.'° Thus, we
discuss other factors, such as the trap-assisted exciton dissociation process and
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surface-states-mediated dissociation (Figure 4F), to understand its possible
involvement in free charge carrier generation and transport. From our power-
dependent photocurrent measurements at various temperatures, we conclude
that, although the nature of carriers in 2D perovskites (exciton dominated) is ex-
pected to be vastly different from that in 3D perovskites (free charge carrier domi-
nated), the transport in higher n 2D perovskites is still dominated by free charge
carriers. Charge transport is suppressed by lowering the temperature, suggesting
that the free carrier generation is a thermally activated process. This can be inter-
preted as lower bimolecular recombination because of the suppression of shallow
trap-assisted thermal dissociation at lower temperatures. This is consistent with
literature reports on “edge state”'*'®
states” are formed due to the surface relaxation leading to rotating octahedral

or trap-assisted dissociation. These “edge

for n = 3 as suggested by experimental observations'” and detailed by extensive
quantum chemical simulations.”’ In particular, calculations have shown that in-
gap edge states lead to spatial localization of carriers and separation of the elec-
tron and hole wavefunctions, thus facilitating the exciton dissociation and genera-
tion of free carriers. This exciton dissociation at surface-localized sub-gap elec-
tronic states has also been confirmed by subsequent experimental studies.'* By
contrast, for n = 1 and n = 2, the octahedral motions do not lead to localization,
and electrons and holes remain spatially delocalized over the entire inorganic layer,
providing improved spatial overlap between their wavefunctions. Apart from the
trapping-detrapping mechanism, we further consider an alternative mechanism,
which is the exciton dissociation via the surface states. As suggested in the litera-

ture,12'15

the surface states (or edge states) can also dissociate the bonded exciton.
Such states can either be lower energy states, such as shallow traps, or a type-II
heterostructure near the surface that cascade one type and block another type
of carrier (Figure 4F). Previous reports have attributed the interface
heterostructure to the different n-numbered phase impurities in the single crystals’

surfaces, forming a cascading energy alignment.*?

Moreover, distinct distribution of trap states in 2D perovskites has been associated
with long exciton diffusion."® Using time-resolved PL microscopy on 2D perovskites,
Seitz et al. find an initial fast exciton diffusion followed by a sub-diffusive regime to
which they attribute the presence of traps.”’ Zhao et al. have also reported trap-
mediated long-distance carrier transport in phenethylamine (PEA)-based 2D
perovskites."’

Similarly, photon recycling, which is the iterative reabsorption of emission from radi-
atively recombining excitons, could also be present. However, the consensus in
recent literature is that the contribution of photon recycling to transport in perov-

skites is negligible, especially for low-illumination conditions.””-#%#3-4>

In conclusion, we investigate the charge transport behaviors in 2D RP perovskite sin-
gle-crystal devices by combining optical and electrical measurements. From SPCM
measurements, we obtain direct experimental evidence for long in-plane charge car-
rier diffusion length with a systematic increase in the diffusion length as n increases
from 1 (7 + 2 um)to 3 (14 + 4 um). These values are in the same order of magnitude
and approach to that for 3D perovskites (18 + 8 um). Supported by the electric field
and laser intensity dependence studies, we attribute these long diffusion lengths to
predominantly free charge carrier transport, which is generated predominantly by
trap-assisted exciton dissociation. This is further validated by time-resolved photo-
luminescence measurements where the carrier lifetime increases in the presence of
an electric field. Our study provides a comprehensive understanding of exciton/free
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carrier transport in 2D perovskites in the presence of interfaces and electric fields,
which is a key parameter for further device optimization.

2D perovskites are more stable under heat, moisture, and electric field. In recent
years, 2D perovskite thin film growth techniques have been successfully imple-
mented to control the orientation of the films so that charge transport occurs in-
plane, resulting in high-performance devices. Our results corroborate these findings
by directly demonstrating that in-plane carrier transport and charge collection in sin-
gle-crystal 2D perovskites with high n numbers (n > 3) is highly efficient. Therefore,
high-performance opto-electronic devices, such as photo-detectors and sensors,
can be developed using 2D perovskite single crystals with much improved environ-
mental stabilities.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources should be directed to and will be ful-
filled by the lead contact, Dr. Wanyi Nie (wanyi@lanl.gov).

Materials availability
This study did not generate new materials.

Perovskite single-crystal growth

3D MAPbDI; single crystals are grown using the inverse temperature crystal growth
method reported in the literature.?® Briefly, an equimolar ratio of methylammonium
iodide (MAI) and lead iodide (Pbl,) are dissolved in gamma butyrolactone (GBL) to
obtain a 1 M solution and heat to 60°C. After completely dissolving the precursor
solution, the solution is filtered with a 0.45 um PTFE filter, and the filtered solution
is heated at 140°C for 1 h to obtain small MAPblI; crystals (<1 mm). The small crystals
are placed in a fresh precursor solution as a seed and allowed to grow overnight to
obtain large (~1 cm) single crystals. 2D single crystals are grown using the inverse
temperature crystal growth method reported in the literature.”**> Lead oxide
(PbO), butylammonium iodide (BAI), and MAI with desired ratio are dissolved in hy-
driodic acid (57 wt % in H,0) and hypophosphorous acid (50 wt % in H,O) solution
(ratio 5:1) and heated to 120°C with constant stirring for 1 h to obtain a clear yellow
solution. PbO:MAI:BAl ratio forn =1, n =2, and n = 3is 1:0:1, 2:1:1.4, and 3:2:1,
respectively. The solution was slowly cooled at 1°C per h to room temperature to
obtain 2D crystals.

Device fabrication

2to 10 mm large and approximately 0.1 to 1 mm thick 2D bulk crystals are used. The
surfaces of the 2D crystals are cleaved with scotch tape to obtain a fresh surface. A
wire mask is used to define a lateral channel width of 160 um between a drain and a
source metal electrode. E-beam deposition (Au) or thermal deposition (Pb) is used to
deposit 100-nm-thick metal electrodes on the (001) surface of the crystals. Finally,
the devices are brought into contact with silver paste.

Photoluminescence measurements

Photoluminescence spectra are recorded using a custom-built setup consisting of a
405-nm laser (Thor labs) and a 50 objective lens with a numerical aperture of 0.50.
PL spectra are measured using a spectrograph (Princeton Instruments, Pro EM 1024).
Time-resolved PL measurements were performed using a 375 nm pulsed laser (LDH-
D) with a pulse width of 40 ps and an average power of 0.5 mW at a repetition
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frequency of 2.5 MHz. An avalanche photo-diode (MPD-SPAD) and a time-corre-
lated single-photon counting module (Hydraharp 400) were used to measure the
photon counts and obtain time-resolved PL. The measurements were taken at
room temperature under ambient conditions.

SPCM

Devices are illuminated using a continuous 405 nm laser focused on the sample us-
ing a NA 0.5 50X objective lens. The diameter of the laser spot is approximately
1-2 um, as determined by our camera. Neutral density filters are used to reduce
the laser intensity to 50-200 W/cm?. A mechanical chopper is used to modulate
the light frequency at 20 Hz. Photocurrent is measured using a lock-in amplifier
(SR830). A Keithley 2400 voltage source is used to apply bias. We always apply
voltage bias on the source electrode and ground the drain electrode. Devices are
mounted on a piezo-electric stage (Nano-Drive, MCL) and scanned with a step
size of 1 pm from the source to drain. Photocurrent as a function of laser position
is recorded to obtain a photocurrent line scan. A schematic of the experimental
setup is shown in Figure 2A.

I-V characteristic

A Keithley 2400 is used to measure the dark and photocurrent. Devices are illumi-
nated using a continuous 405 nm laser focused on the sample by a NA 0.5 50%
objective lens. The diameter of the laser spot is approximately 1-2 um, as deter-
mined by our camera. Neutral density filters are used to reduce the laser intensity
to 50-200 W/cm?. For low temperature measurements, the samples are mounted
on a cryostat (Linkam THMS350V), pumped to 1E-5 Torr pressure, and then
cooled.

XPS and UPS characterizations

The X-ray photoelectron spectroscopy (XPS) and ultraviolet photoelectron spectros-
copy (UPS) results were acquired using a PHI 5000 VersaProbe (ULVAC-PHI, Japan)
system. During the XPS measurement, a monochromatic Al Ko X-ray beam with a
beam diameter of 100 pm was applied to generate the characteristic photoelec-
trons. To compensate the surface charge, 10 V electron and 10 V Ar* flooding
were applied during the data acquisition. For the UPS measurement, He I-line pho-
tons with a photon energy of 21.2 eV were generated using a discharge lamp and
used as the ultraviolet radiation source. All the UPS spectra were recorded under
a proper stage bias, and an Au film deposited on Si wafer was used as the reference
sample to calibrate the Fermi level. The work-function of the investigated material
was determined by subtracting the photon energy (21.2 eV) from the UPS cut-off en-
ergy. The valence-band maximum (VBM) position of the investigated surface was
determined by subtracting the width of the acquired UPS spectrum (cut-off energy
minus on-set energy) with a photon energy (21.2 eV).

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.chempr.
2022.01.008.
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