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Exploration of sub-bandgap states in 2D halide perovskite
single-crystal photodetector
Eunyoung Choi 1,10, Yurou Zhang2,10, Arman Mahboubi Soufiani1, Minwoo Lee1,3, Richard F. Webster 3,4, Michael E. Pollard1,
Peter J. Reece 5, Wonjong Lee 6, Jan Seidel 3,7, Jongchul Lim6✉, Jung-Ho Yun2,8✉ and Jae Sung Yun1,9✉

Greater stability of low-dimensional halide perovskites as opposed to their three-dimensional counterparts, alongside their high
extinction coefficient and thus excellent emission properties, have made them popular candidates for optoelectronic applications.
Topological edges are found in two-dimensional perovskites that show distinct electronic properties. In this work, using Kelvin
Probe Force Microscopy, performed on butylammonium lead bromide (BA2PbBr4) single crystals with optical bandgap of ~413 nm,
we elucidate the electronic response of the edges and their potential impact on photodetector devices. We show that the charge-
carriers are accumulated at the edges, increasing with the edge height. Wavelength-dependent surface photovoltage (SPV)
measurements reveal that multiple sub-bandgap states exist in BA2PbBr4. As the edge height increases, the SPV amplitude at the
edges reduces slightly more as compared to the adjacent regions, known as terraces, indicating relatively less reduction in band-
bending at the surface due possibly to increased de-population of electrons from sub-bandgap states in the upper bandgap half.
The existence of sub-bandgap states is further confirmed by the observation of below-bandgap emission (absorption) peaks
characterised by spectral photoluminescence and photothermal deflection spectroscopy measurements. Finally, we fabricated a
photodetector using a millimetre size BA2PbBr4 single crystal. Noticeable broadband photodetection response was observed in the
sub-bandgap regions under green and red illumination, which is attributed to the existence of sub-bandgap states. Our
observations suggest edge-height dependence of charge-carrier behaviour in BA2PbBr4 single crystals, a potential pathway that can
be exploited for efficient broadband photodetector fabrication.
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INTRODUCTION
Low-dimensional hybrid perovskites, including the single-crystal
two-dimensional (2D) structures, have attracted huge interest
due to their enhanced crystallinity1, improved photostability2,
and moisture stability3,4 as compared to their three-dimensional
(3D) counterparts. The general formula of Ruddlesden–Popper
layered perovskites is (RNH3)2(CH3HN3)n−1MnX3n+1, where R is an
organic moiety, M is a divalent cation, X is single or a mixture of
halide anions, and n is the number of [MX6]4− sheets between
organic layers5. The inorganic [MX6]4− sheet is sandwiched
between two insulating organic layers, which interact with the
adjacent organic layer through van der Waals force. Since the
thickness of the [MX6]4− sheet is much smaller than the value of
de Broglie wavelength of carriers, strong quantum confinement
and quantum size effects exist6. A resultant unique quantum well
like structure of 2D perovskites contributes to the formation of
strongly bound exciton and enhanced photon absorption7.
Hence, 2D perovskites exhibit different optical properties
compared to 3D ones.
A unique characteristic of 2D family of perovskites is the

presence of the topological edge effect. Numerous reports have
focused on investigating and understanding the origin and the
effect of these edges. It was reported that the bound electron-hole

pairs are dissociated through the relatively lower energy states
residing at the crystal edges8. The formation of edge states with
lower emission energies triggered by moisture has been examined
and it was found that carriers with longer lifetimes were
transported readily through edge states, resulting in high
conductivity at the edge states9. Edge states have been associated
with perovskite degradation, which could be stabilised using
phosphine oxides10. The impact of different alkylammonium
iodide treatment on crystal edges in (BA)2(MA)n-1PbnI3n+1 (BA:
butylammonium, MA: methylammonium) was investigated using
spectral photoluminescence (PL) and confocal PL. It was realised
that crystal edges are related to local loss of BA cations and can be
reduced by the addition of BA cations11. The edge states
properties could vary depending on the height of the edge,
hence examining 2D perovskites at the nanoscale in a spatially
resolved mode is required. Scanning probe microscopy techni-
ques are useful in this regard12–14. Wang et al. studied the
electrical properties of edge states in 2D BA2PbI415 and quasi-2D
(BA)2(MA)n−1PbnI3n+1

16 through conductive atomic force micro-
scopy and found distinctively different electrical conductivity at
the edges compared to the terrace regions.
Two-dimensional and quasi-2D perovskites have been deployed

as the active layer in various optoelectronic devices, such as
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photodetectors. Interestingly, wavelength-dependent photocur-
rent creation in (BA)2(MA)n–1PbnI3n+1-based quasi-2D photodetec-
tor was reported under sub-bandgap illumination from 630 to
800 nm at room temperature17. Tan et al. deployed BA2PbBr4 for
photodetector fabrication and reported photocurrent generation
under sub-bandgap illumination (from 460 to 510 nm) at room
temperature5, indicating the possibility of broadband photode-
tector fabrication. However, it was not clear whether distinct
edges with different heights in 2D perovskite reported previously
contribute to this sub-bandgap photocurrent response.
Here, we investigate the effect of edge height in 2D single

crystal of BA2PbBr4 on its electronic properties at nanoscale. We
visualised distinct contact potential differences (CPD) of different
edge heights using Kelvin Probe Force Microscopy (KPFM). An
increase in work function with an increase in edge height was
observed, indicating that charges are accumulated at the edge
states. Furthermore, surface photovoltage (SPV) measurement
under sub-bandgap illumination was performed to assess the
wavelength-dependent properties of the edge states. It was
noticed that BA2PbBr4 exhibits photovoltage response at low-
energy incident photons, as well as edge-height-dependent SPV
response, where the latter could be attributed to the different
number of sub-bandgap states as the edge height changes. The
presence of multiple emission (absorption) peaks in the PL
(absorption) spectrum below the optical bandgap is in line with
the existence of sub-bandgap states observed in KPFM results.
Finally, we fabricated photodetectors based on BA2PbBr4 single
crystals, which shows clear photocurrent at energies far below the
bandgap, due potentially to the sub-bandgap states’ contribution.

RESULTS AND DISCUSSION
Crystallinity and surface properties of BA2PbBr4
The BA2PbBr4 single crystals were fabricated using expressed
synthesis procedure18, described in the Experimental Section.
Figure 1a inset shows an example optical image of the transparent
single crystal. Based on the optical images in Supplementary Fig.
1, the surface of the as-grown BA2PbBr4 single-crystal exhibits
irregular features. To avoid unexpected effects from potential

contaminants on the as-grown sample, exfoliated samples (using
scotch tape19), shown in Supplementary Fig. 1, are used
throughout this work, unless otherwise stated. Scanning electron
microscope (SEM) image of BA2PbBr4 is given in Supplementary
Fig. 2, illustrating the layered nature of the single crystal. To assess
potential changes in the microstructural configuration after
exfoliation, high-resolution transmission electron microscopy was
conducted. As shown in Supplementary Fig. 3, the interplanar
distances of 5.98, 5.92, 4.23, and 4.18 Å were obtained for the
exfoliated sample, which corresponds to 110

� �
, (110), 020

� �
, and

(200) planes, respectively. These values agree with simulated data
reported in the literature18, indicating minimal crystal structure
change after exfoliation.
To confirm the crystallinity of the exfoliated single crystal, X-ray

diffraction (XRD) measurement is performed (see Fig. 1a). XRD
patterns of the exfoliated BA2PbBr4 show a typical peak pattern
that indicates (00l) planes in BA2PbBr420,21. From the XRD results,
the d-spacing value for (002) was calculated to be 13.8 Å, which is
the interplanar spacing between inorganic Pb-I octahedra sheets
shown in Fig. 1b. In addition, the crystal structure of BA2PbBr4 was
determined by using single-crystal XRD. As shown in Supplemen-
tary Fig. 4 and Supplementary Table 1, BA2PbBr4 crystal has lattice
parameters a= 8.3476 Å, b= 8.2209 Å, and c= 27.555 Å. The
height of the layer measured by atomic force microscopy (AFM)
in Fig. 1c is in a good agreement with the c-axis lattice parameter
of the BA2PbBr4 unit cell. Further insight into the crystallinity of
the sample was attained through conducting a pole figure
measurement, depicted in Fig. 1d. There were no peaks with
orientation in any direction other than the central peak of (008).
This result implies that the preferred crystallinity of exfoliated
BA2PbBr4 crystal was in the (00l) direction.
Figures 1e, h illustrates the X-ray photoelectron spectroscopy

(XPS) data, probing Br 3d, Pb 4f, C 1s, and N 1s elements on the
surface of the exfoliated BA2PbBr4 single crystal. In the Br 3d
spectrum (Fig. 1e), peaks are observed at 69.4 eV (Br 3d3/2) and
68.3 eV (Br 3d5/2), which correspond to the presence of Br−

anions22. In the Pb 4f spectrum (Fig. 1f), there are two main peaks
at 143.4 eV (Pb 4f5/2) and 138.5 eV (Pb 4f7/2), stemming from Pb2+

cations. The spin-orbit split between Pb 4f5/2 and Pb 4f7/2 states is

Fig. 1 Confirmation of synthesised BA2PbBr4 crystallinity and surface properties. a XRD pattern of exfoliated BA2PbBr4. The insert is an
optical image of the BA2PbBr4 single crystal. b Schematic of the crystal structure (Ruddlesden–Popper) of BA2PbBr4 based on XRD patterns.
c AFM topography image of an exfoliated BA2PbBr4 single crystal. d Pole figure for (008) plane. ND (θ), RD (Φ), TD (Ψ) represent normal
direction, rolling direction, and transverse direction, respectively. The (008) direction (2θ= 25.7 °) was the surface-normal direction. XPS
spectra of the exfoliated BA2PbBr4 sample for e Br 3d, f Pb 4f, g C 1s, and h N 1s, respectively.
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4.8 eV→4.9 eV, which is close to the reported values23. Further-
more, two minor peaks were located at 141.3 and 136.6 eV, related
to the presence of metallic lead (Pb0)24. From Supplementary
Tables 2 and 3, the element ratio of Br/Pb is around 4.3, even
though the theoretical ratio of Br/Pb should be 4. In general, the
existence of low amount of metallic Pb0 could be formed for
perovskite during the irradiation with X-ray25, which could result
in subtle change of chemical composition. In addition to reason
related to external factor, we speculate that a low amount of
metallic Pb0 may be attributed to the relatively small loss of short
chain length organic cation; long-chain organic amines have been
shown to result in comparable amounts of Pb0 and Pb2+ due to
difference in volatile properties26. In C 1s spectrum (Fig. 1g), there
are two peaks located at 286.1 eV and 284.7 eV. The specific peak
at 284.7 eV in the C 1s spectrum and the distinguished peak at
401.6 eV in the N 1s spectrum (Fig. 1h) could be assigned to
C-NH3

+ in the BA cations27. From the XRD and XPS results, we
confirm that the synthesised BA2PbBr4 single crystal has high
degree of crystallinity with a low amount of metallic Pb0.

Edge height effect in BA2PbBr4
The above results provided insight regarding the bulk crystal
quality of the BA2PbBr4 perovskite samples and surface chemistry.
Considering that the crystal edges of 2D perovskite single crystals
randomly form both during crystallisation28 and by exfoliation29,
we then investigate the electronic properties of the BA2PbBr4
surface at the nanoscale using KPFM measurements. A schematic
of the measurement setup is presented in Fig. 2a. Figure 2b, c
show topography images acquired at two different locations of
the same sample. From Fig. 2b, c, it was noticed that edges with
various heights are formed within BA2PbBr4. To investigate the
work function change of the edges as the heigh varies, KPFM
measurement was conducted in the dark on the exfoliated
BA2PbBr4. The CPD images, given in Fig. 2d, e, show distinct CPD
values at the edges compared to the neighbouring regions,
known as terraces. Considering that the c-axis lattice parameter of
our BA2PbBr4 is 27.6 Å, concluded from the XRD and AFM
measurements, the measured edge height can be converted into
the number of stacked monolayers (see Supplementary Fig. 5 and
the associated Supplementary Note 1). Figure 2f plots the

Fig. 2 Investigation of the effect of edge height through KPFM measurement. a Schematic of the KPFM measurement setup. b and
c Topography images of an exfoliated BA2PbBr4 single crystal measured at two different locations on the same sample, and d and e are the
corresponding CPD images, respectively. f Distribution of CPD variation, work function, and charge density as a function of the edge height.
CPD variation at terrace positions adjacent to the different edge heights is presented (grey diamonds) for comparison. The solid lines are a fit
to the data using an exponential function or linear function. g Energy band diagram illustrating the impact of edge height on the Fermi level
(EF,e) position obtained from KPFM. Ef,e: the Fermi level of edge, Ef,t: the Fermi level of terraces, Evac: vacuum level; EC: conduction band edge; EV:
valence band edge. EC and EV were determined from complementary UPS and UV–Vis measurements.

E. Choi et al.

3

Published in partnership with FCT NOVA with the support of E-MRS npj 2D Materials and Applications (2022)    43 



distribution of CPD values as a function of edge heights extracted
from Fig. 2d, e. As the edge height increases the value of CPD
increases too and seems to eventually reach a plateau.
It has been reported that defect ionisation energy in 2D

materials depends on the dimension and the number of stacked
layers30,31. It reduces as the number of layers is increased owing to
increased screening effect, however, this reduction in ionisation
energy is not proportional to the number of layers and can start to
plateau after reaching certain number of layers, hence the
accumulation of holes at the edges is not in a linear fashion.
To confirm that these CPD changes originate from the edge

height change, we compared the CPD values of the terraces
representing the flat regions adjacent to the edges and that of the
edges with different heights (see Supplementary Fig. 6). In
general, higher CPD values were observed at the edges than in
the terrace regions. Furthermore, CPD line profiles clearly show
that the CPD values at the edges increase as their height increases,
whereas CPD at terrace regions remain almost unchanged
regardless of the neighbouring edge height shown in Fig. 2f.
These results corroborate the previous observation that the
reported CPD variation in Fig. 2g mostly depends on the edge
height and is independent of the terraces.
We used a highly ordered pyrolytic graphite as a reference

sample to calibrate the work function of the probe tip of the KPFM
measurement setup (see Supplementary Fig. 7). This allowed
subsequent calculation of the work function of the perovskite
samples upon a change in the edge height. The details related to
converting CPD values to work function are provided in the
Experimental Section. A schematic of how the edge height affects
the work function is shown in the energy diagram of Fig. 2h. It is
noted that an increase in CPD values at the edges upon increase
in the height corresponds to an increase in the work function,
whereas the insignificant change of CPD values at the terrace
regions indicates no detectable spatial variation of the work
function there. For instance, the work function of the edge with
the height of 171 nm (62 stacked monolayers) can reach 5.06 eV
compared to an edge height of 11 nm (4 stacked monolayers)
with a work function of 4.98 eV. It is noteworthy that the work
function calculated from KPFM is slightly different from that of the
Ultraviolet Photoelectron Spectroscopy (UPS) measurement (Sup-
plementary Fig. 8). The work function of ~5.11 eV obtained from
UPS measurement, averaged over an area of around 200 to
900 µm2 (ref. 32), is lower than KPFM measurement, where the
later provides localised information at nanometre scale33.
Altogether, it seems that a large number of holes are accumulated
at the edge states compared to the terraces, and as a result, the EF
shifts towards lower values, approaching the valence band edge.

Surface photovoltage spectra measurement
Using KPFM measurements under external illumination, SPV,
illumination-induced change in surface potential, can be deter-
mined. The difference between CPD measured under illumination
and CPD measured in the dark gives SPV34,35:

SPV ¼ ðCPDÞillumination � ðCPDÞdark (1)

The polarity of the sample surface can be determined by the
sign of the SPV. In the case of a p-type (n-type) sample, negative
(positive) SPV values are realised, consistent with a decrease (an
increase) in CPD under illumination or an increase (a decrease) in
sample surface work function35. This is due to the associated
downward (upward) band-bending at the surfaces, respectively,
leading to different photo-generated charge-carrier re-distribution
within the space-charge region and towards the sample bulk. In
addition, SPV spectroscopy using illumination with photon
energies lower than the bandgap energy can reveal the existence
of sub-bandgap states (e.g., defect states with energies here

denoted by Esg) on the surface of the semiconductor with below-
bandgap transitions.
The SPV map under 450 nm laser excitation associated with the

topography image of Fig. 3a was calculated and is presented in
Fig. 3b. Negative SPV values were observed under illumination
regardless of the edge height, implying the p-type nature of the
sample34,35. The change in SPV values as a function of illumination
wavelength across two edge regions denoted by P1 (edge height
of ~150 nm) and P2 (edge height of ~45 nm) are summarised in
Fig. 3c. The associated SPV images measured under monochro-
matic light ranging from 1.75 eV (750 nm) to 2.75 eV (450 nm), all
being sub-bandgap illumination, are provided in Supplementary
Fig. 9. Interestingly, negative SPV values were observed under all
these lower than optical bandgap photoexcitation conditions
indicating the presence of sub-bandgap states (at least) on the
surface. The terraces in the vicinity of P1 and P2 lines showed
similar SPV values within uncertainty upon sub-bandgap photo-
excitation, which is in agreement with the finding of CPD
measurement in the dark (Fig. 3). However, the amplitude of
SPV was reduced in both terraces and edges as the incident photo
energy decreased (i.e., longer wavelength). One possible reason
could be reduction in defect absorption cross-section at longer
wavelength (see Supplementary Fig. 11). Another possible
explanation is a decrease in the number of sub-bandgap states
that interact with longer wavelength. Under almost all the
photoexcitation wavelengths more negative SPV values were
detected for the edge region across the P2 line with lower edge
height as compared to the edge region across the P1 line with
higher edge height (Fig. 3c), whereas terraces show the largest
amplitude of SPV (most negative) compared to edges regardless
of the height.
Charge-carrier transition mechanisms involved in sub-bandgap

illumination could be through either population of the states with
electrons, de-population of the states from electrons, or both.
Electrons can transit from the valance band, EV, to sub-bandgap
states, Esg, which is equivalent to hole transitions to EV (population
with electrons, or excitation of trapped holes). As a consequence,
the created holes in the valence band can move towards the bulk,
the downward band-bending—of a p-type sample—reduces as
the negative surface charge is increased (see Supplementary Fig.
10a), contributing to an increase in SPV amplitude. Alternately,
electron transitions could be promoted from Esg to the conduction
band, EC (i.e., de-population of trapped electrons), shown in
Supplementary Fig. 10b, resulting in increased band-bending35–37.
In this latter case, in the absence of electric field-driven movement
of electrons towards the bulk, other driving forces are needed for
the carriers to diffuse away from the surface so that the transition
contributes to SPV. The SPV amplitude at the lower edge height
(P2 line) is larger than that at higher edge height (P1 line). This
indicates that the band-bending at the surface for the lower edge
height has reduced more and becomes more negatively charged
compared to that of P1 line with higher edge height. Figures 3d, e
shows possible energy diagram change of the lower edge height
(P2 line) and higher edge height (P1 line) upon sub-bandgap
photoexcitation. As shown in Fig. 3d, there is relatively lower
number of generated electrons from Esg in lower edge height (P2
line), resulting in dominantly reduced band-bending at surface.
On the other hand, number of transited electrons from Esg in
higher edge height increased (P1 line), implying that relatively
increased band-bending at the surface in Fig. 3e.
The presence of sub-bandgap states demonstrated through

KPFM measurements is further supported by the multiple sub-
bandgap transitions observed in the absorption spectrum
measured on an as-grown stand-alone single-crystal flake using
photothermal deflection spectroscopy (PDS) (see Supplementary
Fig. 11). The sample used for the absorption spectrum measure-
ment was not exfoliated so to avoid complications associated with
interference of the substrate signal, hence PDS signal was purely
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Fig. 3 Surface photovoltage of two edge regions as a function of illumination wavelength. a Topography and b the corresponding SPV
image (subtracted CPD images acquired in the dark from that of under 450 nm illumination). c SPV signal change as a function of incident
photon energy for two different regions of edges and terraces marked with the red and black lines in panel a and b denoted by P1 and P2,
respectively. Energy band diagram change under sub-bandgap illumination in case of d low edge height (e.g., P2) and e high edge height
(e.g., P1). Etip: work function of the tip; Esg: energy level of sub-bandgap states.
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from the single-crystal flake of BA2PbBr4. Multiple sub-bandgap
transitions are observed, including two relatively broad ones (at
~1200 and ~600 nm) that add up to approximately the bandgap
energy of BA2PbBr4, which may indicate potential transitions from
valence band to a defect band as well as from the same defect
band to the conduction band (this, however, requires further
investigation). The low-energy sub-bandgap PL peak emissions
(see Supplementary Fig. 12) also represent existence of sub-
bandgap states. Defect-induced PL had been previously reported
for single-crystal flakes of PEA2PbI438–40.

BA2PbBr4-based photodetector
In order to investigate the effects of sub-bandgap states on device
performance, photodetectors with the lateral structure of Au/
BA2PbBr4 single crystal/Au were fabricated and tested as shown in
Fig. 4a. Different illumination light sources with wavelengths of
447 nm (blue), 515 nm (green), and 634 nm (red) at 1 mW cm−2

were used. The resultant wavelength-dependent current–voltage
curves of the device are as provided in Fig. 4b. The device
responded to all the wavelengths and photocurrent could be
measured. Especially, the device showed the highest photocurrent
response under blue light illumination. From the photocurrent
and dark current characteristics of the device, the parameters of
the photodetector were calculated (see Experimental Section).
A photocurrent of 2.1 × 10−10 A was measured under 447 nm, at

1 mW cm−2 illumination intensity at 2 V, giving an ON/OFF ratio of
13.87. These results are consistent with previously reported results
by Tan et al., showing distinct photocurrent responses between
460 to 640 nm5. Contrary to previous literature5, our photode-
tector device produced measurable photocurrent under the
illumination of 515 and 634 nm at 1 mW cm−2, which were far
below the bandgap of BA2PbBr4, even though the ON/OFF ratio at

2 V were relatively low, 1.665 and 1.607, respectively. The
calculated performance parameters, including EQE, responsivity,
and detectivity, were summarised in Table 1. It is noted that since
the optical absorption coefficient significantly reduces at energies
lower than the bandgap energy, the photo responses here are
considerably low. Nonetheless, these results confirm the existence
of sub-bandgap states within the bandgap, where photons with
below-bandgap energy are absorbed and the photocurrent is
derived from these states with the external biases41. In addition,
the device that stored in Ar-filled glovebox for over 7 months is
still working shown in Supplementary Fig. 13 and related
parameters of device are summarised in Supplementary Table 4.
Therefore, the superior long-term stability of device is evident in
these results.
To understand the relationship between the device perfor-

mance and the edges, we conducted the time-resolved photo-
luminescence (TRPL) of the sample. As shown in Supplementary
Fig. 14 and Supplementary Table 5, the TR-PL at 415 nm,
representing the PL of terrace decays slightly faster than the PL

Fig. 4 BA2PbBr4 photodetector characteristics under different incident light wavelengths. a Schematic illustration of BA2PbBr4
photodetector. The insert photo is an optical image of the device. b The current–voltage curves of the photodetector measured in the dark
and under various monochromatic lights; R, G, B represent the incident lights of red (634 nm), green (515 nm), and blue (447 nm). Light
intensity-dependent performance of BA2PbBr4 photodetector under red, green, and blue illumination at 5 V bias voltage: c photocurrent
density, d responsivity (R), and e detectivity (D*).

Table 1. Parameters for BA2PbBr4-based photodetectors with
different incident light wavelengths at 2 V.

Wavelength (nm) ON/OFF
ratio (a.u.)

EQE (%) Responsivity,
R (A/W)

Specific
detectivity,
Da (Jones)

Red (634 nm) 1.607 2.05 × 10−5 1.05 × 10−7 1.41 × 107

Green (515 nm) 1.665 2.76 × 10−5 1.15 × 10−7 1.54 × 107

Blue (447 nm) 13.87 6.16 × 10−4 2.22 × 10−6 2.99 × 108

aUnder 1 mW cm−2.
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at 437 nm representing the sub-gab states, originated by edge.
This reveals that the charge-carrier recombination at the edge is
slower (1.05→ 1.34 ns), which can attribute to the efficient charge
transport through the edge. It indicates that the long-lived charge-
carriers attribute to the high current density in device perfor-
mance. Moreover, conductive AFM (c-AFM) was implemented to
confirm the relationship of the photocurrent according to edge
height. As shown in Supplementary Fig. 15a, b, we investigate two
different edge height positions labelled by position 1 (~26 nm)
and position 2 (~54 nm). The obtained current is significantly small
with the range of pico-ampere (pA) under a DC bias voltage of
10 V due to the intrinsic insulating properties of BA2PbBr4.
Nonetheless, as shown in Supplementary Fig. 15c, the line profiles
of topography and current from these two positions labelled by 1
and 2 show current variation is much prominent at position 2
(0.8 pA) compared to that at position 1 (0.69 pA). Given that
wavelength of used light LED has almost below-bandgap,
different current variation with regards to edge height may be
attributed to different amounts of sub-bandgap states42,43. In
addition, considering that responsivity is related to carrier
generation rate and carrier lifetime44, increased carrier lifetime
or enhanced photo carrier generation is required to increased
responsivity of photodetector. Thus, it is believed that increased
carrier lifetime at edge provided by TRPL and enhanced sub-
bandgap induced hot carrier with increase edge height from
c-AFM can elucidate effect on responsivity of photodetector.
We also performed light intensity-dependent photo-response

measurement with the BA2PbBr4 single-crystal photodetector
device. Figure 4c shows the photocurrent density obtained
under the blue, green, and red-light illumination at 5 V bias
voltage with the light intensity ranges from 0.5 μW cm−2 to
1 mW cm−2. Significant photocurrent response to all light
intensities was observed when the device was operated under
blue illumination, which also shows a substantial increase under
higher light intensity. On the other hand, under red and green
illumination, relatively low photocurrent was measured with
intensities below 0.1 mW cm−2, so there is no big difference
between red and green illumination. The photocurrent density
started to show obvious growth when the light intensity was
above 0.1 mW cm−2, and green illumination excites a higher
photocurrent than red illumination.
In Fig. 4d, e, light intensity-dependent photo-response char-

acteristics of R and D* under the blue, green, and red-light
illumination at 5 V bias voltage are shown. As more carrier
recombination is expected to happen under high light intensity, R
and D* values all decrease with increased light intensity, following
the photoconductor behaviour. It is obvious that the 2D single-
crystal photodetector shows the best performance under blue
illumination within the whole light intensity region, while under
red and green illumination the photodetector shows similar
performance. At higher light intensity, the performance gap under
different wavelengths becomes larger, indicating the charge
recombination has a greater effect on device performance under
red and green illumination as fewer carriers can be excited to the
sub-bandgap states. The highest R and D* were achieved to be
0.381mAW−1 and 9.01 × 1010 Jones respectively, under 447 nm
illumination with the light intensity of 0.5 μW cm−2 at 5 V bias.
These results suggest the great potential of BA2PbBr4 single-
crystal photodetectors with a wide detection range extended to
the below-bandgap region.
In conclusion, we implemented KPFM measurements to

investigate the edge effect in 2D BA2PbBr4. In the dark condition,
CPD values at the edges are significantly increased by increasing
height of the edge, while that of the terraces remains unchanged.
These distinct increase in CPD values with edge height indicate a
different extent of increase in work function, hence charge
accumulation at the different edge heights. In addition, we utilised
SPV spectra measurement in KPFM under sub-bandgap

illumination to investigate wavelength-dependent intrinsic prop-
erties of BA2PbBr4. It was revealed that BA2PbBr4 consists of sub-
bandgap states. The reduced SPV amplitudes were observed at
the edges with larger heights as well as with respect to terraces. It
is proposed that increased de-population of electrons from sub-
bandgap states in the upper bandgap half as the edge height
increases can be a potential underlying mechanism, resulting in
relatively lower extent of reduction in band-bending at the surface
to confirm the presence of sub-bandgap states within BA2PbBr4,
we performed spectral PL and PDS measurements. These results
indicate that there are sub-bandgap states in addition to the two
direct bandgaps. Combing the spectral SPV, PL, and PDS
measurement results, it is likely that more sub-bandgap states
are present in the case of thicker edge heights. Lastly, we
fabricated BA2PbBr4 photoreactor devices and employed red
(634 nm), green (515 nm), and blue (447 nm) light shone on the
devices to confirm the effect of sub-bandgap states in BA2PbBr4.
Remarkable broadband photodetection response was detected in
the sub-bandgap regions (under green and red illumination) due
to the existence of sub-bandgap states. Although the precise
control of edge height in 2D or quasi 2D perovskite crystals still
needs to be investigated to take advantage of their properties, our
observations of the edge height-dependent carrier behaviour in
BA2PbBr4 single crystals provides insights for their deployment in
broadband photodetectors.

METHODS
Synthesis
1M of PbBr2 (98%, Sigma-Aldrich) was dissolved in 5 mL of HBr aqueous
solution (48 wt. % in H2O, Sigma-Aldrich) at 90 °C with constant stirring
until completely dissolving. In a separate vial, 10 mmol of butylamine
(99.5%, Sigma-Aldrich) was added into 5mL of HBr aqueous solution drop
by drop in an ice water bath with constant stirring. The resultant BABr
solution was added to the PbBr2-HBr solution. The precursor was heated to
100 °C in an oil bath with constant stirring and kept at 100 °C for 15min
before it was gradually cooled to room temperature. The cooling process
was in stable and uninterrupted condition. After 2 h, the crystallisation was
completed. The thin white plate-like crystals were filtered and washed with
acetone for several times and dried in a vacuum oven at 60 °C overnight.

Characterisation
Scanning electron microscopy (SEM). The cross-sectional image was
obtained using a Field Emission Scanning Electron Microscope (FE-SEM,
JEOL JSM-7100F) with a hot (Schottky) electron gun.

Optical microscopy. Olympus BX61 Microscope Digital camera was
utilised for obtaining optical microscopy images.

Ultraviolet–visible (UV–visible) spectroscopy. Ultraviolet–visible absorption
spectra for BA2PbBr4 single crystals were collected using a Model V650
from Jasco with accessory ISV-722.
To calculate the Tauc plot, the Kubelka–Munk function was utilised.

The Kubelka�Muk Function is defined as f Rð Þ ¼ 1� Rð Þ2
2R

(2)

where R is reflectance.
The Tauc plot of (f(R)*hυ)2 verse (hυ) was used for determining direct

bandgap45–47.

Photothermal deflection spectroscopy (PDS). Photothermal deflection
spectroscopy (PDS) is a highly sensitive metrology technique, typically
able to measure optical absorption at levels up to 1000x lower than
conventional spectrophotometers. With PDS, monochromatic pump light
is focused on a sample immersed in an inert liquid. Heat generated by the
absorbed light transfers to the liquid, creating a thermally induced
refractive index gradient, which is probed by a laser aligned parallel to the
sample surface. Modulating the pump light at a frequency in the range of
1–10 Hz results in periodic deflection of the probe laser due to the
refractive index change. This deflection is proportional to the amount of
light absorbed by the sample.
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For these measurements, the pump light source was a monochromator
with a Xe arc lamp, modulated by an optical chopper at 4.5 Hz. Bandwidths
of 4, 8, and 16 nm in the UV, visible, and NIR, were achieved. The output slit
was imaged onto the sample, resulting in a spectral irradiance at the
sample in the range of 9 mWnm−1 cm−2. For the probe beam, a 635 nm
laser was weakly focused to yield a beam waist at the coincidence point of
the pump and probe. A sensor, synchronised to the chopper wheel,
monitored the position of the laser. Scanning the monochromator over the
250–1500 nm range produced the spectral data shown in this work.
The PDS spectrum in arbitrary units was then scaled at 335 nm to the

absorptivity spectrum (i.e., 1-reflectivity-transmission) obtained from the
UV–Vis spectrophotometer measured using Lambda 1050, Perkin Elmer.

Spectral photoluminescence (PL) measurement. Photoluminescence mea-
surements were performed at 8 K using a closed cycle compressed helium
cryostat (CTI Cryogenics/RG Hansen and Associates) under vacuum.
Samples were excited using a 375 nm diode laser (Coherent, CUBE
375–16 C) focused to a 100 µm diameter spot. The emission was collected
using a 4-f optical imaging arrangement and coupled to a 27 cm focal
length spectrometer (J/B SPEX 270 M) with a thermoelectrically cooled
photomultiplier (Amherst, M4100) mounted at the exit aperture. The
spectrally resolved signal was recorded using a lock-in amplifier and
optical chopper (Stanford Research Systems, SR510).

Time-resolved photoluminescence (TRPL) measurement. The photolumines-
cence spectra and decay curves were acquired on a FluoTime 300
(PicoQuant GmbH) using a PicoHarp 300 as time-correlated single photon
counting setup (TCSPC) and a pulsed laser diode with an excitation
wavelength of 405 nm (LDH-P-C-405, PicoQuant GmbH). The repetition
rate of the diode was 4 MHz. We measured two different spots of three
individual samples, thus the extracted charge-carrier lifetime values are the
average values of 6 measurements at each PL peak point (415 and
437 nm). Here the TRPL decay was fit by the stretched exponential decay
and the mean charge-carrier lifetime was calculated via stretch parameter
and Gamma function48

f ðtÞ ¼ Ae�
t
τð Þβ (3)

where the stretch parameter 0 < β < 1, and the charge-carrier mean
lifetime is given by,

τ ¼ τ

β
Γ

1
β

� �
(4)

where the Γ is Gamma function. For the accurate calculation, the
instrument response function (IRF) was obtained and used for the fitting
process.

Kelvin probe force microscopy (KPFM). All measurement for AFM and KPFM
was implemented using AFM equipment (AIST-NT smartSPM1000) under
N2 condition at room temperature. Before the measurement, unexpected
contaminants on the surface of the sample were cleaned with N2 blowing.
Contact potential difference (CPD) maps were obtained in the amplitude
modulation mode with a scan rate of 1 Hz by using Au-coated conductive
probes (HA_HR/Au from TipsNano, force constant k is ~13 Nm−1, the
resonance frequency of ~230 kHz).
To calculate the work function of the sample, CPD is defined as the

difference of work function between the tip and the sample. The related
equation for CPD can be represented as below49:

CPD ¼ Φtip � Φsample

�e
(5)

where Φtip and Φsample are the work function of the tip and sample surface,
respectively, and e is the elementary charge50. Au-coated tip was
calibrated with highly oriented pyrolytic graphite (HOPG) in Supplemen-
tary Fig. 7 and the absolute work function at the edge of BA2PbBr4 was
calculated by51:

Φsample ¼ ΦHOPG þ e CPDsample � CPDHOPG
� �

where ΦHOPG= 4.65 eV52, CPDsample and CPDHOPG are measured CPD of the
sample and HOPG, respectively.
In terms of SPV measurement, an external illumination source from

Ytterbium fibre laser (FemtoPower 1060, NKT Photonics Inc.) with a pulse
width of <200 fs, a high-repetition-rate of 80 MHz, and bend with of
25 nm were utilised. The laser beam entered a short-pass filter
(FESH0750) with a spot size of 9.54 um2 and it was applied to the

sample at an angle of 30° to the surface to prevent unintentional shading
from the probe shown in Supplementary Fig. 16. The wavelength and
intensity of the illumination source could be adjusted. For comparing SPV
results with wavelength, we set 3.97 × 1021 cm−2 s−1 photon flux before
SPV measurement. Laser light with a wavelength of 1300 nm was used to
monitor the deflection of the AFM beam, removing the possibility of its
absorption by the measured sample.

Calculation of charge density from KPFM results. In order to calculate
charge density, we used the equation surface charge and potential
difference based on a simple parallel capacitor model53–55.

Q ¼ εεo
d

ΔVdc ¼ εεo
d

� CPD ¼ εεo
d

� Φtip � Φsample
� �

�e
(7)

where εo is vacuum permittivity, ε is the sample permittivity, d is distance
between tip and surface of the sample, ΔVdc is applied AC voltage for
measuring KPFM, Φtip and Φsample are work function of tip and sample,
respectively. e is the elementary charge. The equation between height
and CPD can be extracted from our experimental results

CPD ¼ exp 6:2� 3:1
edge heightþ96ð Þ

h i� �
.ε is used 27.4 according to literature56.

Conductive AFM (c-AFM). Conductive AFM (c-AFM) was carried out using
an atomic force microscope (Park system NX10) in the air using Pt-coated
Si tip (HQ:NSC35/pt) under white LED with illumination of 1200 lux as
shown in Supplementary Fig. 17.

X-ray diffraction for 2 theta and pole figure maps. X-ray diffraction patterns
were obtained by using a PANalytical Xpert Materials Research diffractometer
system with a Cu Kα radiation source (λ= 1.5405 Å) at 45 kV and 40mA.
The crystallographic orientation was investigated utilising X-ray

diffraction (XRD) using Cu-Kα radiation with λ= 1.5405 Å at an operating
voltage of 35 kV and current of 40 mA. A receiving slit of 3–8 mm2 was
applied to measure the (008) pole figure with background subtraction.
The defocused errors and pole figures were corrected and calculated,
respectively, using the texture analysis software X’pert Texture from
PANalytical B.V version 1.1a

Single-crystal XRD. The single-crystal data of BA2PbBr4 crystal has been
collected by the Bruker D8 Quest instrument at room temperature using the
Mo radiation source (λ= 0.71073 Å). The data has been processed by the
Bruker SAINT software package (APEX3). The structure was solved by an
intrinsic phasing method (SHELXT) and refined using the Olex2 software.

High-resolution transmission electron microscopy (HR-TEM)
TEM sample preparation: The mechanical exfoliation of BA2PbBr4 was

conducted in ambient air using scotch tape. Tapes with exfoliated
BA2PbBr4 were put in a vial with chlorobenzene. The vial was sonicated
for 10min to detach exfoliated BA2PbBr4 from scotch tape. After removing
the scotch tape, ~20 µl of the suspension was dropped on a holey carbon
grid and placed in a fume hood for at least 15 min to evaporate any
remaining solvent from the TEM grid.

TEM measurement: HRTEM was implemented by using JEOL JEM-F200
with an accelerating voltage of 200 kV equipped with a Gatan Oneview
Camera. Owing to the beam sensitivity of the BA2PbBr4 film, the
microscope was aligned on a region of bare carbon, and the image was
taken immediately after the sample is moved into view.

Determine FFT pattern: FFT patterns from HRTEM images were obtained
with Gatan Microscopy Suite 3 software. To confirm crystal planes and
orientation FFTs were compared with diffraction patterns 57simulated with
JEMS v4.10131 using crystallographic information file (.cif) from previous
literature was utilised18.

Ultraviolet photoelectron spectroscopy (UPS) and X-ray photoelectron
spectroscopy (XPS). UPS was implemented by using (ESCALAB250Xi,
Thermo Scientific). The He I (21.2 eV) emission was used as a UV source
and the helium pressure in the chamber during analysis was about 2 × 10−9

mbar. The work function (WF) from UPS spectra was determined from
incident photon energy hv= 21.2 eV, Ecutoff and Eonset. In terms of XPS
measurement, ESCALAB250Xi, Thermo Scientific with Al Kα X-ray source was
used and obtained the binding energies were calibrated by C 1s (284.8 eV).

Photodetector characterisation. To fabricate the later-structure photode-
tector, 80 nm gold electrodes were thermally evaporated on the BA2PbBr4
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single crystal. All the I–V curves were measured at room temperature in the
ambient atmosphere with an Autolab electrochemical station (Multi
Autolab M204) and a probe station. The light source was from a LED
light with different wavelengths of R (634 nm), G (515 nm), B (447 nm) at
1 mW cm−2. And the active area of device is 8.85mm2.
The used equation to determine parameters of photodetector

devices are58,59:

On
off

ratio ¼ Iph
Id

(8)

Responsivity; R ¼ Iph � Id
� �

PinA
A
W

� 	
(9)

Exteranl quantum effieicney; EQE ¼ Rhν
e

(10)

Specific detectivity;D� ¼ Rffiffiffiffiffiffiffiffiffiffiffiffi
2e Id

A

� �q cm Hz0:5 W�1; Jones
� �

(11)

where Iph and Id are current under illumination and dark, respectively; Pin is
incident light intensity; R is responsibility; A is active area; hν indicates that
the energy of photon; e is the elementary charge (1.60 × 10−19 C). D* is
detectivity expressed in the Jones unit.
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