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Abstract

Organic inorganic hybrid metal halide perovskites have emerged as promising candidates for

photovoltaics and light-emitting diodes. Recently, interest has been growing in the properties

of low-dimensional metal halide perovskites, and one-dimensional versions with strong

quantum confinement have demonstrated highly efficient broadband luminescence.

Nevertheless, the charge transport mechanism in these low dimensional perovskites remains

unclear. In this work, we characterised the charge mobility in one-dimensional perovskite single

crystals using a space charge limited current method. Temperature dependent charge mobility

measurements indicated that localized polarons at high temperature are replaced by delocalized

polarons at low temperature with extended states in the polaronic band. A minimum mobility

of 4.51 cm?/Vs was measured at room temperature. UV photodetectors based on these crystals

show an ultrahigh photoresponsivity of 132.3 A W-!. These findings show the promise of high

mobility low dimensional perovskite materials for optoelectronic applications.



Introduction

Organic-inorganic hybrid metal halide perovskites have emerged as strong candidates for
photovoltaics (PV) with efficiency above 25% in recent years.!” The traditional three-
dimensional (3D) perovskite structure, with a cation in the centre of metal halide octahedra,
can achieve performance that rivals silicon PV in many respects through tuning of
composition,* charge transport layer optimization® and interface passivation.® Two-dimensional
(2D) layered perovskite structures can be formed by inserting organic layers between metal
halide layers, and these exhibit improved air stability to oxygen and water.”” One-dimensioanl
(1D) organo-metal halide perovskite structures, comprised of chains of metal halide octahedra
surrounded by organic cations, enrich the structural family of metal halide perovskites and
enable applications in light emission with photoluminescence quantum efficiency around
20%.'% ! However, the charge transport properties of these low-dimensional perovskite crystals
remain relatively unexplored. Fundamental understanding of the charge transport physics of
hybrid halide perovskites with low-dimensional structure is important for advancing their

applications in high performance optoelectronic devices.

Here, we report temperature dependent space charge limited current (SCLC) measurements on
1D perovskite single crystals. High quality needle-like single crystals were synthesized then
structurally characterised by X-ray diffraction (XRD) and transmission electron microscopy
(TEM). Furthermore, we fabricated a two terminal device across needle-like 1D crystals and
performed in-plane SCLC measurement. Minimum mobilities of 4.51 cm?/Vs at 300 K and 9.22

cm?/ Vs at 120 K were extracted. In this temperature range we also observe that the intrinsic



charge carrier mobility follows an inverse power law temperature dependence, u o< T™", with
n=2.04 (120 K to 140 K) and 1.54 ( 150 K to 200 K). The power exponent close to 3/2 strongly
indicates that the band-like transport is dominated by acoustic phonon scattering in this
temperature range.'> '* At higher temperatures mobility increases with temperature, indicating
thermally activated transport. A polaron model is used to explain the charge transport
characteristics where small localized polarons at high temperature change to large delocalized

polarons at low temperature with extended states in the polaronic band.!*

Results and Discussion

Figure 1a shows the crystal growth process by anti-solvent assisted crystallization (ASC),
which has been widely used in the literature to grow many halide perovskite crystals.!> !¢ In
this work we used a modified version of a reported method.'® N, N’-dimethylethylenediamine
(DME) (1 mmol) was used as the organic component which was combined with lead bromide
(PbBr») (1mmol) in hydrobromic acid (HBr) aqueous solution (47 - 49%, 10 ml) and heated to
100 ‘C. A transparent solution was obtained after 2 hours of stirring. A vial containing 2 ml of
this precursor solution was placed in a sealed bottle containing 1.5 ml acetone at room
temperature. The elongated colourless crystals were obtained after 12 hours. Successful crystal
growth with ASC relies on the selection of appropriate solvents according to the solubility of
the perovskite and precursor materials. During the process, the antisolvent vapour slowly
diffuses into the inner vial, which gradually reduces the solubility of the perovskite crystals and
the nucleation process occurs once a supersaturation state is reached. Figure 1(b-d) presents

polarized optical microscopic (POM) images of as-grown millimetre-size crystals. The



changing brightness of the crystals with polarization direction is the first indication of a strong

anisotropy within the crystals.

Figures 2a and 2b show the crystal structure determined by using single crystal X-ray
diffraction at 100 K and refined by SHELXTL. The inorganic lead bromide [PbBrs>] octahedra
share edges in a long chain structure, with the organic DME?" cations forming columnar cages
surrounding the inorganic chains. As shown in figure 2¢, two main peaks are present at 20 =
8.75°, 24.55°, corresponding to (101) and (004) planes respectively of the 1D (DME)PbBr4
orthorhombic unit cell. The main peak positions are consistent with reported values (simulated
and experimental),'® whilst none of the crystals show the characteristic peak of lead bromide
(PbBr») at 12.5° [We note that there is a small peak at 12.25° that can be assigned to the (021)
plane of the 1D crystal]. In Figure 2d, scanning electron microscopy (SEM) reveals the crack-
free morphology of the (DME)PbBr4 crystals over millimetre lengthscales, which enabled us
to fabricate single crystal optoelectronic devices (vide infra). Figure 2e shows a transmission
electron microscopy (TEM) image of the microscale 1D crystals, with the selected area electron
diffraction (SAED) pattern shown in Figure 2f. Single points in the SAED patterns representing
the (002) and (121) planes can be clearly assigned, which confirms the high quality of our 1D
(DME)PbBr4 crystals. This remarkable 1D structure can be described as the self-assembly of
inorganic chains that will be responsible for the electronic conductivity within insulating
organic shells. The lead bromide chains are composed of double edge-sharing [PbBre*]
octahedra, which is a bonding environment that differs significantly from the typical corner-

shared octahedral in 3D perovskite crystals, such as methylammonium lead bromide (MAPbBTr3,



synthesis detailed in supporting information).!” It is therefore informative to investigate the
chemical states of lead and nitrogen in 1D and 3D perovskite structures by X-ray photoelectron
spectroscopy (XPS). N 1s and Pb 4f core-level spectra of 1D (DME)PbBrs and 3D MAPbBr3
perovskite crystals are shown in Figure 3 (a — f). The fitted N 1s peaks (N Ls: 401.67 eV) have
a large energy shift of 0.8 eV compared to 3D MAPbBr3 perovskites (N 1s: 402.48 eV).
Moreover, there is an additional peak at 399.31 eV presented in Figure 3c, which is probably
due to the double ammonium in DME?" clusters. The line shape of Pb 4f spectrum of 1D crystals
is broader compared with the Pb 4f spectrum of MAPbBr3; as shown in Figure 3d. The fitted Pb
4f7, peak of (DME)PbBr4 has components at 138.89 eV, 140.98 eV. Meanwhile, in MAPbBr3
perovskites, the Pb 4f7,, peak appears at 138.38 eV. In traditional 3D hybrid organic-inorganic
perovskites, the inorganic octahedra are typical corner-shared. However, the inorganic
octahedra are double edge-sharing forming a 1D long chain (often referred to as a quantum
wire).!? In 1D perovskite structures, the fitted Pb 4f spectrum is composed of doublets which
are distinct from Pb 4fsinglet in 3D MAPbBr3. The difference between them should arise from
the different bonding environment on octahedral [PbBrs >], which is consistent with our XRD

results.

We further investigate the charge transport mechanism in these 1D perovskite crystals.
Tin-based two-dimensional (2D) perovskites have field-effect transistor (FET) mobility of 0.6
cm?/Vs,'® and methylammonium lead iodide (MAPbIs) thin film transistors present a FET
mobility of 0.5 cm?/Vs," whilst our own work suggests a Hall mobility in 3D caesium tin iodide

(CsSnl;) of up to 70 cm?/Vs.?® Space-charge-limited current (SCLC) measurements have also



been widely used in bulk perovskite materials,*!??

where the SCLC mobility can be extracted
from current-voltage (I-V) curves by the Mott-Gurney (MG) law. Dong et.al extracted a hole-
mobility of 164 + 25 cm?/Vs in millimetre-size MAPbI; bulk crystals by SCLC measurement.?!
In their demonstration, a vertical sandwich structure device was established with top and
bottom electrodes. This type of device structure is also commonly used in organic

semiconductor thin films solar cells to determine the hole and electron mobility.?* >

Normally, there are four characteristic regimes in log-log I-V curves of these structures: 1) an
Ohmic regime where I o< V™ with n=1;2) an SCLC region where Childs law is obeyed with
n =2, but this region is limited by the trap states and the extracted mobility is low; 3) the trap-
filled region with n > 3; 4) the trap-free SCLC region with n = 2 where all the traps have been
filled and the extracted mobility is higher than in region 2). For the ideal case of trap-free,
defect-free single crystals, the mobility can be extracted from Child’s law region where [ «
V™ (n = 2). However, for most semiconductor materials, n is between 2 and 3 in region 4).

Boer demonstrated a conservative method® to extract the minimum SCLC mobility, pmin, for

Child’s law:
o _ s Equation 1
Hmin = 9Azee, V2 quation 1,

Where a vertical sandwich device was tested with an electrode area, A. L is the length of the

channel (defined by the device thickness in this case), €is the vacuum permittivity, ¢ is relative

dielectric constant of the material. The value of the current measured at the maximum applied

voltage is used to calculate pumin from equation 1. From de Boer’s work on tetracene single



crystals,” the observed rapidly increasing current terminates by crossing over into a quadratic
regime, therefore the calculated pimin from the maximum voltage in the quadratic approximation
is smaller than the intrinsic mobility. This conservative estimation method gives us a reliable

value to study the charge transport mechanism in the materials.

In our case, we investigated the charge transport in a planar two-terminal structure for SCLC
measurement of low dimensional 1D crystals (Figure 4a). Charge transport was measured in
the in-plane direction between two electrodes under an applied bias. The planar SCLC

26

measurement was first demonstrated by Grinberg et al.,”° showing a relationship between

current, /, and voltage, V, which can be described by:

ergqUV?

=W

Equation 2,
where W is the width of the channel (defined by the crystal dimension in this case) and  is the
charge-carrier mobility for either electrons or holes. Combining the conservative mobility

estimation method and equation 2, we can describe zmi» in planar SCLC devices as:

12
Hmin = WepeoV2

Equation 3.

To fabricate our 1D single-crystal devices, we first modified SiO,/Si substrates with a self-
assembled monolayer of octadecyltrichlorosilane (OTS), before transferring the crystals onto
the surface. Then the substrate with crystals was transferred to a vacuum chamber to remove
the residual solvent and to make a good contact between crystals and substrate surface. Top

gold contacts (80 nm) were thermally deposited at 5 x 10”7 mbar through a shadow masks with



channel length of 800 pm. Then the devices were then transferred to a Lakeshore probe station
connected to a semiconductor parameter analyser (Keithley 4200). As shown in Figure 4b, we
investigate the SCLC characteristics at room temperature. In a small voltage range from 0 V to
5V, the I-V curve shows resistive characteristic with I o< V. With increasing bias, the charge
carrier concentration induced by electric field becomes larger than the intrinsic carrier
concentration, and the current characteristics switch to SCLC. From 5V to 18V, a trap limited
region is observed (I &« V™ with n> 3; n=3.2 in our case). Notably, an approximately quadratic
curve appears above 20 V (Figure 2b). The minimum SCLC mobility, i = 4.51 cm?/Vs, can
be extracted with equation 3. To the best of our knowledge, this is the first time that a SCLC

mobility has been extracted for low dimensional perovskite crystals.?> 2"

Furthermore, we investigated the temperature dependence of the 1D perovskite single crystal
in the temperature range from 120 K to 250 K (Figure 4c, d). When the temperature is <200 K,
the current decreases with increasing temperature, a typical band-like charge transport
behaviour. From 210 K to 250 K, the current increases with temperature, indicating a thermally
activated electrical conduction in this temperature range. The current at 120 K is one order of
magnitude higher than at 200 K. For the thermally activated (hopping) transport region (210 -
250 K), the activation energy (£,) can be calculated from an Arrhenius fit at each applied
voltage (Figure 4¢).°" 3! E, is 114.4 + 54.4 meV and 77.6 + 23.9 meV at 30 V and 60 V,
respectively. Within the accuracy of our measurements, there is no obvious trend in the
activation energy as a function of voltage. These values of electric conduction activation energy

in our low dimensional perovskite single crystals are comparable to those in trap-free organic



semiconductors.”

Considering that two transport behaviours exist in one material (hopping at high temperature,
and band-like at low temperature), we can use the polaron model to elucidate the charge
transport mechanism.!> 1332 33 In hybrid halide perovskites, charge formation and transport
should be considered within soft and ionic lattice structures. Polarons are electrons or holes
dressed by polarization of nuclear coordinates. The formation of polarons arises from two
fundamental interaction potentials: the long range Coulomb potential (p“) between an excess
charge and lattice ions, and the short range deformation potential (¢“) which relates electronic
energy to strain. If p¢ dominates, a small polaron will be generated with coherence length
smaller than the unit cell parameter. Small polarons are localized to a unit cell with thermally
activated hopping transport, i.e. mobility decreasing with increasing temperature (du/dT < 0).
When ¢ dominates, coherence length is larger than the cell parameter, resulting large polarons.
Large polarons are delocalized among several unit cells with coherent band-like transport, that
is, du/dT > 0.

Temperature dependence of the minimum SCLC mobility, i, from 120 K to 250 K is shown
in Figure 5a. From 210 K to 250 K, in the hopping region with thermally activation transport,
the extracted activation energy for charge transport from the Arrhenius plot is 78.2 £ 0.05 meV
(Figure 5b). We observed two additional temperature regimes identified from the distinct slopes
in the minimum SCLC mobility versus temperature plots in the 120 K to 200 K regime (Figure
5c¢). These have been fitted by a power law, i, ~ UoT™™ (n>0). The exponent, x, is found
to be 1.54 £ 0.20 in the temperature range 150 K - 200 K. The power exponent 1.54

(150 K — 200 K) is very close to 3/2, indicating acoustic phonon scattering is dominating in a



coherent band-like transport regime.'? As temperature decreases below 150 K, the exponent, 7,
becomes 2.04 + 0.50, and the mobility has an abrupt increase by a factor of ~ 4 (1.59 cm?/Vs
at 150 K to 6.72 cm?/Vs at 140 K), which we expect to be due to a phase transition to
orthorhombic (orthorhombic phase confirmed at 100 K by single crystal x-ray diffraction,
Figure 1(a-c)), which is common for hybrid perovskites in this temperature range.?’ Our data,
therefore has found charge transport in 1D perovskite crystals to be consistent with a polaron
interpretation, noting that a step increase in polaronic charge carrier mobility at a phase

transition has also been observed in MAPbBT; single crystals.!?

Photodetectors were fabricated from the 1D perovskite crystals bridged by two electrodes (50
nm gold) on SiO,/Si substrates. Current-voltage curves were recorded in darkness and under
375 nm laser illumination (Figure 6a). We calculated photoresponsivity (R) and gain (G) from

the equations below:!'>34

_ hignt—Ilaark

R = L~ dar ©
_ iignt—laarr)/e

G = PS/hv (5)

Where liighe and lgark are the current under illumination and in the dark, respectively. P is the
incident power density, S is the effective area being illuminated, hv is the energy of the
incident photon and e is the electronic charge. As shown in Figure 6b, the 1D perovskite single
crystal based photodetector shows a high responsivity of 132.3 A W' and a high gain of 437.3
at a bias of 20 V under 1p W ¢m™ illumination. For a photodetector based on perovskite single

crystals, rapid response to optical signal is crucial. As shown in the Supporting Information,



the photodetector has ON and OFF times of < 105 ms and < 117 ms, respectively. True values
may be somewhat lower as we were at the time resolution limit of our current measurement
system. The time-dependent response of our photodetectors is presented in Figure 6¢ and Figure
S3. The ON and OFF states maintain stable current levels over many cycles under illumination

with power density of 2 mW c¢cm?.

Conclusion

In conclusion, our work sheds light on probing intrinsic charge transport of low dimensional
halide perovskite single crystals, with wider implications for the development of hybrid
perovskites in photovoltaics, thin film transistors and light-emitting diodes. We have conducted
anti-solvent assisted solution synthesis of high quality one dimensional perovskite crystals,
which were incorporated into electrical devices, revealing charge transport mechanism. We
further characterised the chemical states of N 1s and Pb 4f'in this 1D structures by XPS, where
the double-edge shared Pb-Br cages is indicated by a Pb 4/ peak that is distinct from that found
for 3D corner-sharing perovskite cages. Beyond this, we established an in-plane two-terminal
SCLC measurement of minimum mobility based on single crystals. Hopping transport
dominates at high temperature (210 K to 250 K), while in the low temperature region (120 K
to 200 K), band-like transport is observed, obeying the relationship u o« T~" withn=2.04 £
0.50 (120 K to 140 K) and n= 1.54 £+ 0.20 (150 K to 200 K). n = 3/2 indicates that coherent
band-like transport is limited by acoustic phonon scattering. Polarons in this low dimensional
crystal structures therefore dominate charge transport, with small polarons at high temperature

becoming larger delocalized polarons at low temperature with extended states in the polaronic



band. UV photodetectors based on these crystals show an ultrahigh photoresponsivity of 132.3
A WL, These results are important in developing photovoltaic and LEDs applications with
enhanced performance based on high mobility low dimensional hybrid perovskites.
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Figure 1. (a) Crystal growth route for (DME)PbBr4 perovskites. (b — d) polarized optical
microscopy (POM) of 1D perovskite crystals. Scale bar is 100 pm.
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Figure 2. (a), (b) crystal structure of 1D (DME)PbBr; perovskite crystals. red, black and

yellow balls represent N, C and Pb atoms, respectively. (¢) Powder X-ray diffraction pattern
of 1D crystals. (d) Scanning electron microscopy (SEM) image of 1D crystals with scale bar
of 500 pm. (e) Transmission electron microscopy (TEM) image of 1D crystals with scale bar

of 200 nm. (f) Selected area electron diffraction (SAED) pattern of the crystal in (e).
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Figure 4. (a) SCLC in-plane measurement structure with two terminal electrodes. Insert image

is optical image of device with two terminal gold electrodes. Scale bar is 100 um. (b) Log-

Log I-V characteristics of (DME)PbB14 crystal devices measured at room temperature from 0

to 100 V. Insert image: a zoom in curve fitting at high voltage. (c), (d) temperature

dependence of SCLC I-V characteristics from 210 K to 250 K and 120 K to 200 K,

respectively. (e) Arrhenius-type temperature activation of the current for voltage between 30

and 100 V. (f) Extracted activation energy with applied voltage from 30 to 100 V.
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Figure 5. (a) Temperature dependence of minimum SCLC mobility in (DME)PbBr4
perovskite crystals from 120 K to 250 K. (b) Arrhenius-type temperature activation of the
charge carrier mobility from 210 K to 250 K.. (c) A double-log plot of temperature dependent
SCLC mobility measured at temperature from 120 K to 200 K. Fitted with a power-law

dependence pu < T~ ™.
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Figure 6 (a) I-V curves of the (DME)PbBr4 photodetectors in darkness and under 375 nm

illumination; (b) responsivity and gain vs. light intensity plotted at a bias of 20 V; (c) time-

resolved response of the device in darkness and under light.



