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ABSTRACT: Excitons are often given negative connotation in solar energy harvesting in part — ook

due to their presumed short diffusion lengths. We investigate exciton transport in single- =k -
crystal methylammonium lead tribromide (MAPbBr;) microribbons via spectrally, spatially, g”' ek \

and temporally resolved photocurrent and photoluminescence measurements. Distinct peaks % =0k

in the photocurrent spectra unambiguously confirm exciton formation and allow for accurate § 1 \

extraction of the low temperature exciton binding energy (39 meV). Photocurrent decays g \\

within a few pm at room temperature, while a gate-tunable long-range photocurrent by SN
component appears at lower temperatures (about 100 ym below 140 K). Carrier lifetimes of

1.2 ps or shorter exclude the possibility of the long decay length arising from slow trapped-

carrier hopping. Free carrier diffusion is also an unlikely source of the highly nonlocal
photocurrent, due to their small fraction at low temperatures. We attribute the long-distance
transport to high-mobility excitons, which may open up new opportunities for novel exciton-
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based photovoltaic applications.

Excitons, electron—hole pairs bound by Coulomb attrac-
tion, have major impacts on the optoelectronic properties
and applications of semiconductor materials." In polymer
semiconductors, excitons dominate over free charge carriers
upon photoexcitation. Consequently, one of the limiting
factors for power conversion efficiency in organic solar cells
is the exciton diffusion length (Lp), which is rather short, on
the order of 10 nm.” Ly, is determined by the diffusivity D and
the lifetime 7 of the charge carriers (L, = JDr), while D is
related to the carrier mobility by p = qD/(kgT), as Einstein’s
relation is assumed for diffusive transport. In this case, the
formation of excitons, their short diffusion lengths, and the
difficulty of their separation into free charge carriers have
posed significant challenges facing the applications of these
materials in photovoltaics. However, excitons can also become
highly mobile in inorganic materials, with mobility reaching as
high as 10° cm?/(V s) in silicon” and 10° cm?/(V s) in GaAs
quantum wells.”*

Excitons can form in hybrid halide perovskites in significant
populations when the exciton binding energy (Eg) is
comparable with, or larger than, the thermal energy (kgT).
Exciton diffusion lengths in nanocrystals and two-dimensional
(2D) layered perovskites range from 200 nm to 1 um,””” and
excitons can lose mobility when significantly dressed by
phonons in one-dimensional (1D) perovskites.® In contrast,
three-dimensional (3D) perovskites can have much more
mobile excitons, if electric screening is sufficient to suppress
the phonon coupling. The limits of exciton mobility and
diffusion length in single crystals are unclear. Understanding
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the intrinsic exciton transport properties in 3D perovskites
single crystals provides a solid basis to compare with their low-
dimensional and nanocrystal counterparts. Recently, we have
observed that carrier diffusion length increases rapidly as
temperature decreases in single-crystal methylammonium lead
triiodide (MAPbI;) microstructures, which can be understood
by the exponentially growing fraction of highly mobile, free
excitons at low temperature.”'® Methylammonium lead
tribromide (MAPbBr;) has a larger Ey than MAPbDI; and
hence provides a convenient platform to study excitons. Here,
we investigate temperature-dependent dynamics and transport
of coexisting photogenerated excitons and free carriers in
MAPDBr; single crystal microribbon field effect transistors
(FETs) by using energetically, spatially, and temporally
resolved optical and optoelectronic techniques. By studying
single crystal structures with nano/microscale thickness, we
eliminate the complications caused by grain boundaries while
also enabling in situ gate tuning of the Fermi level.'' In order
to directly obtain exciton or carrier diffusion length, we use
scanning photocurrent microscopy (SPCM), a powerful
experimental technique that provides spatially resolved photo-
current mapping and insights on carrier transport.lz_15 In
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Figure 1. Temperature dependent photocurrent spectra and Elliott fittings of a typical MAPbBr; microribbon device. (a) SEM image of the as-
grown samples on a substrate. (b) SEM image of a device, showing the MAPbBr; microribbon connected to bottom Au contacts. The microribbon
length is 74 ym, and thickness is 640 nm. (c) Photocurrent spectra at various temperatures. Photocurrent is normalized at 2.4S eV. The laser power
is about S W and defocused to an area of about 4000 um? Vgp, = 2 V is applied. The dashed, black line represents an Elliott fitting example. (d, )
Excitonic peak position and full width at half-maximum (fwhm) as functions of temperature, respectively. (f) Temperature dependent photocurrent
values taken from 2.45 eV (Con.) and the excitonic peak (Exc.), respectively. (g) Exciton binding energy and bandgap energy as a function of

temperature, extracted from (c) via the Elliott formula.

particular, SPCM has been used to study exciton diffusion in
both hybrid perovskites'® and transition metal dichalcoge-
nides.'”"®

Single crystalline microstructures of MAPDbBr; are synthe-
sized following a dissolution and recrystallization process."”
Structures with thickness ranging from 300 nm to 2 ym and
length up to 200 pm are produced with well-defined facets and
smooth surfaces (Figure lab). To avoid exposure of the
sample to detrimental solvent processing, the as-grown crystals
are directly transferred via microfiber to prepatterned Cr/Au
electrodes on SiO, coated Si substrates to fabricate FETs. The
devices are quite insulating in the dark but become conductive
under light. The nonlinear current—voltage relation (Figure S1
in the Supporting Information) indicates large contact barriers.

Temperature dependent photocurrent spectra are measured
with a defocused laser so that the entire microribbon is
uniformly photoexcited. As temperature is reduced, a distinct
peak is developed, indicating the exciton resonance (Figure
Ic). The exciton peak position first redshifts when the
temperature is reduced but then abruptly blueshifts at 140 K
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(Figure 1d), corresponding to the tetragonal—orthorhombic
phase transition. It then continues to redshift below 140 K.
This trend is similar to previous reports”*~>*
our PL spectra measurements (shown later). The excitonic
peak width narrows from 80 to 40 meV as the temperature is
reduced from 260 to 170 K and then stays around the same
level except for a spike at the 140 K phase change (Figure le).

and is observed in

The peak width at low temperature is larger than the value
expected from phonon broadening, indicating sample
inhomogeneity due to the relatively large surface to volume
ratio and the large laser spot size. We perform Elliott fittings
(eq S1 in the Supporting Information), convolved with
Gaussian functions to account for thermal broadening, on
the photocurrent spectra to extract Ey and bandgap energy
(Eg)22’24_30 (Figure 1c,g, Figure S2, see details in Supporting
Information). Eg grows steadily until the first phase change,
where it then stagnates around 34 meV. It then abruptly jumps
to about 39 meV at the second phase change, simultaneous
with a sharp blueshift in E,.
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Figure 2. Spatially resolved photocurrent. (a) Photocurrent distributions along the microribbon axis at various temperatures. The laser power is 2
MW at 510 nm. Vg =4 V (5 V for 260 and 300 K) is applied across the channel. Dashed black lines represent double-exponential fittings of the
photocurrent decays. Inset shows the SPCM schematic. (b) Optical image of a microribbon device. (c) Schematics for potential mechanisms,
including trap hopping (top) and exciton transport (bottom). (d) Photocurrent magnitudes plotted against temperature, taken from SPCM profiles
in (a), at three locations along the device (indicated with markers): at the contact (red triangles), at the right end (green triangles), and at the left
end (purple squares). (e) Ly, extracted from double-exponential curve fits in (a). There is no long-range component for 260 and 300 K. (f)
Calculated exciton fraction as a function of temperature for MAPbI; and MAPDBr; in the field free region and the depletion region, respectively.

We next perform SPCM at various temperatures. A focused
laser with a spot size of about 1 ym is raster scanned while the
photocurrent is mapped as a function of laser position. A
source-drain bias (Vgp) is applied to improve the photocurrent
signal. The photocurrent cross sections along the microribbon
axis are shown in Figure 2a. At 300 and 260 K, the
photocurrent is only observed when the laser is close to the
reversely biased contact, with a decay length of 2—3 ym. The
photocurrent appears both inside and outside the source-drain
channel. The photocurrent generated by photoexcitation in the
electric-field-free region outside the channel is caused by the
diffusion of the photogenerated carriers. Below 220 K, the
photocurrent profile looks slightly asymmetric with a longer
decay length in the channel (most clear at 140 K). This is likely
because the contact barrier is smaller at low temperature,
creating a stronger in-channel electric field. Consequently, the
carrier drift leads to enhanced photocurrent and longer Ly, up
to 7 um (Figure 2e) in the channel.

Interestingly, a long tail with a smaller magnitude in the
photocurrent distributions appears below 220 K (Figure 2a) in
addition to the short decay component. A double-exponential
fitting yields a decay length of 100 + 40 um for the long-range
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component at low temperatures (Figure 2e). The large
uncertainty arises from the microribbon’s length, which is
itself limited by the synthesis method. The photocurrent decay
profiles are found to be insensitive to the excitation photon
energy range used in the experiment (2.25—2.48 eV). The
short decay length is comparable to the electron (minority
carrier) diffusion length (1—S pm) reported in single crystal
MAPbBr;,*" but the long decay length is much larger than
previously reported values. The long-range component’s
magnitude is peaked at 140 K and is about one-quarter of
the short component’s magnitude (Figure 2d). A long-range
photocurrent decay profile has also been observed in MAPbI,
microribbons.” However, the photocurrent behavior in
MAPDBr; is drastically different from that in MAPDI,. First,
the photocurrent profile in MAPbI; follows well with a single
exponential function, while MAPbBr; shows two distinct decay
components. Second, the photocurrent decay length in
MAPDbI; reaches 200 ym only at 80 K, while the decay length
in MAPDbBr; already increases to 100 um around the
orthorhombic phase transition temperature (140 K).

To understand the observed long decay length, we
performed time-resolved PL (TRPL) at various temperatures.

https://doi.org/10.1021/acs.jpclett.2c00274
J. Phys. Chem. Lett. 2022, 13, 3698—3705
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PL spectra exhibit a well-defined peak at 11 K, which shifts to
higher energy as temperature increases, consistent with the
photocurrent spectra (Figure 3ab). The fwhm is about 10
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Figure 3. PL spectra and TRPL measurements under 405 nm
excitation. (a) Normalized PL spectra across a wide range of
temperatures, vertically shifted for better viewing. The average laser
intensity varies from 3 X 1072 to 1.6 W/cm? as the PL emission is
much stronger at lower temperature. (b, c¢) Comparison of PL and
photocurrent peak energy (b) and fwhm (c) as a function of
temperature. PC values are extracted from Figure 1 and another
device. (d) Normalized TRPL measurements as a function of
temperature, with biexponential fittings used to extract carrier
lifetimes. Average laser intensity varies from 0.3 to 14 W/cm? as
temperature increases. Inset, extracted carrier lifetimes as a function of
temperature.

meV at 11 K and increases to 15 meV at 80 K (Figure 3c),
significantly narrower than the peak width measured in
photocurrent spectra. Initially, the PL intensity decays rapidly
on a time scale within a few ns. This very fast decay can be
attributed to Auger recombination®® or surface recombina-
tion.”> As temperature decreases, a slower component of 10s of
ns is observed (Figure 3d), and an even slower component of
100’s of ns appears below 80 K. However, at the more relevant
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temperatures for our photocurrent studies, 80 K and above,
this extra slow component is absent. These recombination
lifetimes are also consistent with literature values.””™>*

To examine the potentially slow nonradiative carrier
recombination undetected by TRPL, we also perform time-
resolved photocurrent (TRPC) by using a photoelastic
modulator (PEM) based chopper (Figure S3). TRPC
measurements yield a photocurrent decay time of ~1.2 us,
which is an upper bound of the real carrier lifetime because of
the temporal resolution limitation of the instrument. Using the
upper limit of the above determined lifetime of 7 = 1.2 ys and a
Lp value of 100 ym at 80 K, we extract a lower bound diffusion
coefficient of D = L*/7 &~ 83 cm?/s, which corresponds to an
enormous mobility of u = gD/(ksT) ~ 10* cm?/(V s). Such a
high carrier mobility is unlikely achieved by trapped charges
hopping among traps (depicted in Figure 2c, top). In addition,
the hopping mobility is usually suppressed at lower temper-
ature and inconsistent with the longer Ly,

We now discuss the potential mechanisms that may account
for the observed long-range photocurrent tails. Exciton—
polaritons with a propagation distance of 60 ym have been
reported in CsPbBr; microcavity structures with distributed
Bragg reflectors (DBRs).35 Our microribbon devices are not
embedded in such photonic structures, and the observed 100
pum photocurrent decay lengths do not require DBR. Without
manufactured mirrors to confine the photons within the cavity,
optical loss through PL emitted light escaping through the
sample surfaces is expected, making it difficult to sustain such
low-loss and long-distance polariton transport. Indeed, in
MAPDbBr; micro/nanowires without DBR, exciton—polaritons
were only demonstrated in microwires shorter than 20 pm.*°
Therefore, exciton—polariton condensation is not a likely
mechanism to account for the observed 100 ym photocurrent
decay lengths in our microribbons without manufactured
cavities. Furthermore, photon recycling unlikely accounts for
the observation because of the optical loss through micro-
ribbon surfaces.”

Free carrier diffusion also unlikely explains the observed
highly nonlocal photocurrent in MAPbBr;. Under photo-
excitation, the excitons and free carriers quickly reach a
dynamic balance through the fast pairing and dissociation
process occurring on a picosecond time scale,”” reaching a
pseudoequilibrium. Therefore, the fractions of the coexisting
excitons and free carriers can be quantitatively estimated by the
Saha—Langmuir equation.”® At sufficiently low temperature
(ksT < Eg), a majority of photoexcited charge carriers are
bound into pairs. Using an exciton binding energy of 40 meV
(as extracted from our photocurrent spectral data) and a hole
concentration of 10 c¢m™ in the p-type material, we
estimated from Saha’s equation that photogeneration creates
99% excitons and 1% free carriers at 80 K (see details in the
Supporting Information). This calculation is also supported by
the very pronounced exciton peaks observed in our photo-
current and PL spectra at low temperatures. Furthermore, the
diffusion length remains extremely long at 10 K (Figure S4b in
Supporting Information), where Ej is 40 times larger than kgT.
Thus, it is highly unlikely that the observed long diffusion
lengths originate from free carriers.

We attribute the strongly temperature dependent nonlocal
photocurrent to efficient exciton transport. Similar to MAPbI;,
the excitons may have a much lower phonon scattering rate
than free carriers. While electrons and ghonons interact
relatively strongly in the hybrid perovskites,” excitons interact

https://doi.org/10.1021/acs.jpclett.2c00274
J. Phys. Chem. Lett. 2022, 13, 3698—3705
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Figure 4. Gate dependent photocurrent profiles. (a) Gate dependent photocurrent maps at 80 K and Vg = 1 and —1 V, respectively. White lines
indicate electrode positions. (b) Bias- and gate-dependent SPCM profiles along the long axis at 80 K. Inset, optical image of a MAPbBr,
microribbon with bottom-contacts visible through the crystal due to MAPDbBr;’s partial transparency.

significantly less with phonons because of their dipolar nature.
A calculation shows the exciton—LO phonon scattering rate is
18a,°R;
4€me4

Bohr radius, R,= h , Ry= h , and
2m w1y o 2my w16

R, = h are the electron, hole, and exciton polaron
2mwy o

radii, respectively, where m,, my, and m, are their
corresponding effective masses and @;q is the LO phonon
frequency.” Here, y is estimated to be 5.3 X 107* in
orthorhombic MAPbI; and 5.2 X 107* in orthorhombic
MAPbBr; (parameters are shown in Supporting Information).
The higher onset temperature for long Ly in MAPbBr; is
consistent with its larger E;. Though excitons are charge
neutral, they can diffuse and split under the Schottky field at
the contacts, leading to photocurrent. Due to the band bending
at the contacts, one type of carrier (electron in this case) flows
into the contact while the other type is blocked. As a result, a
photocurrent is produced similar to the charge separation
process in a Schottky photovoltaic device, as modeled in
previous work.' ">

The photocurrent magnitude of the long-range tail first
increases, caused by the increasing exciton fraction (f,,). Then
it decreases below 140 K, likely because the lower thermal
energy becomes less effective at dissociating excitons even
when they enter the depletion region. We calculated f,, from
the Saha equation in the field-free region and in the depletion
region by considering electric field effects (details shown in the
Supporting Information). f,, is significantly decreased under
the electric field at the metal junction (estimated to be S V/

2
reduced by a factor of y = ( ) , where g, is the exciton
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um) for MAPbI; but does not change much for MAPbBr; at
80 K (Figure 2f).

One significant difference with MAPbI; is that the MAPbBr;
photocurrent distributions always exhibit a short decay
component near the contact. MAPbBr; is known to have a
higher defect density than MAPbIL;,** and the defect density is
expected to be significantly higher at the surface, causing a
faster recombination. The short photocurrent decay near the
contact may be due to the fast surface recombination. When
the laser is far away from the contact, a large fraction of
injected carriers recombine quickly at the surface. A smaller
fraction of carriers (around 25% at 140 K), generated inside
the microribbon away from surface, form excitons and travel
with high mobility to the contact.

Finally, we briefly discuss the gate modulation on the
nonlocal photocurrent. The application of a gate voltage (V)
has negligible effect at room temperature, presumably due to
ion migration in MAPDbBr; which screens the gate induced
electric field. At lower temperatures, however, V; significantly
modulates the conductivity of the MAPbBr; microribbon
devices. The dark conductance drops by about an order of
magnitude under positive Vg, indicating the device is p-type
(Figure S6). The hole mobility extracted from the slope of the
gate scan is 2.3 X 107> cm?/(V s). Note that this value is an
underestimation of the actual hole mobility because of the
large contact resistance. The gate scan also shows a bigger
hysteresis at higher temperature, indicating ion migration or
charge trapping. The photocurrent distributions are also
sensitive to V in the MAPbBr; microribbon FET (Figure
4). The photocurrent inside the source-drain channel increases
by a factor of 6 when Vj is increased to 50 V at Vg = 1V,
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likely because the p-type channel becomes much more
insulating and the voltage drop across the channel increases,
leading to a larger photocurrent. At Vgp = 0.5 V, the nonlocal
photocurrent can be completely turned on/off by gate (Figure
4b). This is likely because the weaker junction electric field is
insuflicient to split excitons in the absence of V;. The nonlocal
photocurrent outside the channel also increases at positive V.
This can be attributed to the longer carrier recombination time
as the positive Vg reduces the majority carrier (hole)
concentration, though more work is needed to further clarify.

In summary, we have observed, via photocurrent mapping,
gate-tunable exciton diffusion lengths up to 100 ym below 140
K in single-crystal MAPbBr; microribbons. The onset
temperature for observing this long decay length in MAPbBr;
(140 K) is significantly higher than that in MAPbI; (80 K),
consistent with the larger exciton binding energy in MAPbBr;.
Along with a carrier lifetime of 1.2 ps or shorter determined
from time-resolved measurements, we estimate a high exciton
mobility on the order of 10* cm?/ (Vs). The high mobility is
most likely due to the dipolar nature of the excitons, as they
interact with phonons much less than monopolar free carriers.
Formation of exciton—polaritons unlikely explains the 100 ym
photocurrent decay length since our microribbons are not
optically confined in a fabricated photonic cavity. This work
offers key insights on fast exciton transport in halide perovskite
systems. It also provides methods for electrical detection and
manipulation of exciton transport. The observed long exciton
diffusion lengths may motivate unique designs of exciton-based
photovoltaic materials and devices.

B METHODS

Nano- and Microstructure Growth and Device Fabrication. 6 mg
of MABr powder (Sigma-Aldrich >98%) was slowly dissolved
in 1 mL of isopropyl alcohol (IPA 99.5%) in a glass vial inside
a nitrogen glovebox. Meanwhile 100 mg of PbAc,-3H,0
(Sigma-Aldrich 99.999%) powder was dissolved in 1 mL of
deionized water. The lead acetate trihydrate solution was
distributed across FTO-coated glass slides via manual spread-
ing with a pipet while baking on a hot plate at 90 °C until dry
and then placed upside down inside the vial of MABr solution
at 40 °C for 1—3 days. Afterward, the substrate was removed
and gently dipped into IPA for a few seconds and then blown
dry with nitrogen. The as-grown structures were then
mechanically transferred via a microfiber to 300 nm SiO,
covered Si substrates with prepatterned S nm Cr/35 nm Au
electrodes to achieve single micro- and microribbon FETs.
Optoelectronic Measurements. All measurements were per-
formed in an optical cryostat (Janis ST-500) with a pressure of
1076 Torr. Current—voltage curves and photocurrent spectra
were measured through a current preamplifier (DL Instru-
ments, model 1211) and a NI data acquisition system. SPCM
measurements were performed using a home-built setup based
upon an Olympus microscope. A wavelength-tunable laser
(NKT SuperK) was focused by a 40X objective lens to a
diffraction limited spot about 1 pm in diameter and raster
scanned on a planar device by a pair of mirrors mounted on
galvanometers to produce 2D photocurrent maps. The
position value is converted from the voltage output to the
scan mirror. The angle of the mirror (and hence the position of
the laser) is proportional to this voltage. The conversion factor
has been calibrated. For transient photocurrent measurements,
we used a photoelastic modulator to modulate the light
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intensity at 50 kHz with a light intensity decay time of about 1
us (see more in Supporting Information).

Photoluminescence Measurements. A picosecond pulsed laser
(Picoquant LDH-D-C-405) with a wavelength of 405 nm and
pulse width of 56 ps was used for excitation. The laser was
reflected through a dichroic beamsplitter (Semrock Di02-
R405) and then focused onto the sample to a diffraction
limited spot size using a 50X, 0.7 NA Olympus objective
microscope (LCPLFLNSOxLCD), which was used to both
excite the sample and collect the PL. Collected photons after
passing through the same dichroic beamsplitter and a 496 nm
long-pass filter either go to a spectrometer + CCD (Acton
SP2300i, pylon100) or a single photon avalanche photodiode
(Excelitas SPCM-AQRH-14). TRPL was analyzed using a
TCSPC module (Picoquant Hydraharp 400). For spectra, a
focusing lens was used before the objective to uniformly
illuminate smaller samples with a spot size of about 30 pm.
Then the spectrometer slit was closed to the smallest width of
10 pm to analyze the spectra in the region of interest. The
average laser intensity varies from 0.3 W/cm® at low
temperature to 14 W/ cm” at room temperature, where the
emission is much weaker (intensity dependence is discussed in
the Supporting Information).
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