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Because the generated carriers are traveling across a shorter dis-
tance for signal generation in the thin film devices, a smaller bias
or even zero bias is adequate to drive the detector to function.[1a,5]

And charge carriers can be collected rapidly through a smaller
volume which enables a fast detector response. Additionally,
making a flexible digital panel for X-ray imaging using the thin
film device structures is another appealing concept,[6] which
bring values and open-up the desires for developing a wearable
dosimeter,[6a] lightweight panels[7] and 3D imaging applications.
However, there are critical shortcomings when using thin film

devices for high-energy photon sensing. The thin film typically
has a significantly smaller thickness than single crystals (e.g.,
μm vs mm in thickness) that results in a limited absorption of
the high-energy X-rays. The incomplete X-ray absorption leads
to a low intrinsic detection efficiency and hence a low X-ray
sensitivity. For instance, a typical methylammonum lead triio-
dide [8] single crystal device can deliver a high sensitivity of
106 μC Gyair

−1 cm−2 whereas the thin film devices typically out-
put amoderate sensitivity of 10–1000 μCGyair

−1 cm−2, more than
1000 times lower than that of a single crystal device. One sim-
ple approach to increase the sensitivity is to further increased the
thin film thickness, but uniformly upscaling the thickness by so-
lution method is not straightforward. To contrive a thick layer,
a highly concentrated precursor is utilized which increases the
number of nucleation seeds during the coating process. Conse-
quently, a large number of crystallites will form in the layer, cre-
ating more defects as recombination centers that undermine de-
sirable properties (e.g., mobility (μ) and lifetime (𝜏)) for charge
carrier transport.
Another approach to improve the sensitivity is to achieve a

higher quantum efficiency gain (also known as photoconductive
gain) that has been observed in organic detectors,[9] perovskite
single crystal X-ray detectors,[1a,2,10] and photodetectors.[11] In this
work, we report an X-ray detection gain in 2D perovskite thin film
diodes driven by charge multiplication induced by hole injection
at high electric fields. Our detector shows 20 to 400 times higher
sensitivities than the calculated sensitivity without a gain, resem-
bling the highest sensitivity among the reported thin film detec-
tors. We further analyzed the noise and detection limit for the
devices. Because of the high charge density collected in the gain
regime, the signal-to-noise ratio (SNR) remains above 30. To ob-
tain a SNR of 10, the lowest detectable limit of our detector with
gain is 2.13 μGyair s

−1. The high gain is confirmed by a > 1000%
External Quantum Efficiency (EQE) from the same device tested
under visible light. Detailed device characteristics and carrier
mobility measurements are performed, where we attribute the
gain effect to an ambipolar carrier transport lifetime that drives
an excessive hole injection from the electrode. The ambipolar
transport lifetime originates from a significantly delayed electron
transport by trap states, which are validated by time-resolved pho-
tocurrent and photoluminescence measurements. Interestingly,
the choice of the organic spacer plays a key role in the observed
multiplication gain effect. 2D perovskites with butylamine show
a much-enhanced gain than that with phenylethylamine cations.
Exfoliated single-crystal devices are also fabricated where crystals
with more conducting edges exhibit a stronger efficiency gain.
These results point to that the defects created by the organic
cation vacancies in the 2D perovskite film and crystals contribute
to these shallow trap states. The butylaminemolecule has a lower

boiling point and can easily leave more vacancies that produces
more shallow traps. Finally, we demonstrate that our device has
a fast temporal response, with a frequency bandwidth of 1 MHz.
This gain mechanism can be used to enhance the thin film de-
vice’s detection sensitivity to high-energy X-rays source. Our in-
vestigation also shed light on future material engineer in control-
ling the organic species in the 2D perovskite structure for further
enhance the multiplication gain and detector sensitivity.

2. Results and Discussion

The device architecture employed in this work is sketched in
Figure 1a. Briefly, we started with a transparent conducting sub-
strate (indium tin oxide, ITO) that was coated with a 40 nm layer
of poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine as the p-type
charge collection interface. A thick 2D perovskite layer with 7 –
10 μm thick was then coated on the PTAA employing a previ-
ously developed method,[1b] yielding a compact crystalline film.
The 2D perovskite has a chemical formula of BA2MA2Pb3I10
(BA+ = butylamine (CH3(CH2)3NH2

+), MA+ = methylamine
(CH3NH2

+)). The film was characterized by X-ray scattering,
scanning electron microscopy, and optical spectroscopy which
are presented in Figures S1–S4 (Supporting Information). The
RP phase structures are confirmed by X-ray scattering pattern in
Figure S4 (Supporting Information). A 60 nm of fullerene layer,
a 10 nm of bathocuproine layer, and 50 nm of gold were ther-
mally evaporated on the perovskite layer serving as n-type charge
collection layers and the top electrode. Finally, a layer of Al2O3 is
evaporated on top of the metal for protection purposes.
We first tested the devices’ sensitivity under X-ray irradiations

with an X-ray beam generated by a silver anode with a character-
istic peak energy of 22.1 keV (maximum 50 keV). By fitting the
linear regression of the X-ray-induced current (charge density)
against the dose rate curves in Figures S5–S7 (Supporting Infor-
mation), the detection sensitivities as a function of the applied
electric field can be extracted. Figure 1b shows typical responses
of a 10 μm device when the X-ray beam is turned on and off with
increasing dose rate, driving under two electrical fields. Figure 1c
shows the extracted sensitivity as a function of electrical fields.
As shown in Figure 1c, both devices started with low sensitivities
of 24 and 130 μC Gyair

−1 cm−2 at zero fields. When the field in-
creases to 0.5 V μm−1, the sensitivities of both devices first quickly
increase and tend to stabilize ≈485 and 3700 μC Gyair

−1 cm−2. At
higher fields, the sensitivities continue to rise at a faster rate to
1031 and 21 995 μC Gyair

−1 cm−2 respectively. A similar rapid
sensitivity rise at higher fields is also observed when the device
is exposed to a high-energy tungsten source shown in Figure S7
(Supporting Information). Based on the film thickness and ma-
terial’s optical bandgap, we estimated a sensitivity without a gain
for our device. The detailed estimation method is described in
Supporting Information. For a thickness of 5 – 10 μm perovskite
devices, we obtained a sensitivity in the range of 23–46 μC Gyair
−1 cm−2, which is close to the measured sensitivity at zero bias.
The higher measured sensitivities are also likely from the contri-
bution of the low energy X-ray absorption, or film thickness vari-
ation. The probed high sensitivities at high fields greatly exceed
the calculated sensitivity indicating a possible photoconductivity
gain.
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Figure 1. X-ray detector performances. a) The schematic of the planer p-i-n device architecture investigated in this study. b) Typical time evolution of the
photocurrent response from our thin film detector when the X-ray beam was turned on and off with increasing dose rate. c) Extracted sensitivity as a
function of applied electrical fields showing the photocurrent gain when the device was exposed under 22.1 keV (maximum 50 keV) X-ray beam. d) X-ray
detection sensitivities of thin film devices plotted as a function of perovskite layer thickness. Gray symbols are the reported values from the literature,
and colored symbols are from our work. f) (upper) standard deviation of the noise against applied electrical field plot and the X-ray induced signal by
subtracting the dark current from the photo-signal. (lower) The SNR estimated from the top plot as a function of applied electrical field. e) Photocurrent
signal as a function of X-ray dose rate for two applied fields.

To compare the performance of our device to those reported in
the literature,[1a,5b,6a-e,10c,12] we summarized the reported sensitiv-
ity values as a function of film thickness in Figure 1d. As a vari-
ety of X-ray energies are employed which drastically impact the
resulting sensitivities, here we choose the devices tested under
X-ray energies between 8 and 30 keV for this comparison. And
the sensitivities were taken when the devices were driven under
no or low fields (< 0.3 V μm−1). Clear, the sensitivity values scale
with the film thickness benefitted from the better X-ray attenu-
ation. The sensitivities of our detectors tested under zero field
also fit in this trend. However, our detectors output 1–2 orders
of magnitude higher sensitivities compared to those with similar
thicknesses that deviate from the observed trend at the high field
(1 V μm−1). The significantly higher sensitivity values at higher
electrical fields are thus from the photo-conductivity gain.
After validating the photo-conduction gain effect, next we in-

vestigate another two metrics, namely the SNR and the detection
limit. The noises are estimated from the standard deviation of the
baseline fluctuation, which are plottedwith the X-ray induced sig-
nals in Figure 1f as a function of applied electrical fields. Figure 1f
top panel shows that the detection signal (ION-IOFF) increaseswith
higher electrical fields, and is accompanied with higher noises.
This is attributed to high fields level up dark baselines that in-
evitably introduce more dark noises. Because of the noises, the
SNR drops from 60 at 0 V μm−1 to ≈15 at 0.5 V μm−1 in the lower
panel in Figure 1f. However, because the X-ray induced signal

was substantially higher at higher fields with gains, the SNR rises
back to above 30. To estimate the low detection limit, we plot the
linear dependence of the X-ray current and extrapolate the cut-off
current by its dark baseline as illustrated in Figure 1e. Here, to
obtain a SNR of 10, we estimate the lowest detectable photocur-
rent from our device. And use the photocurrent as the input to
the linear fit in Figure 1e, the lowest detectable dose rate can be
extrapolated.With thismethod, we obtain a detection limit of 1.04
and 2.13 μGyair/s for 0.1 V/ and 1.0 V μm−1 respectively.
To confirm the gain effect, we next quantify the device’s EQEs

and probe their field- and power-dependent responses with a pre-
calibrated light-emitting diodes (LEDs). Additionally, Figure 2

compares another 2D perovskite made with phenylethylamine
(PEA) as the organic spacer. The reason for choosing PEA as a
comparison is because of its higher boiling point (195 °C) that is
more heat tolerant during the processing. Figure 2a,b presents
the dark current (I)- electrical field (E) characteristics for the
BA and PEA devices under forward and reverse scans. The for-
ward turn-on fields for both diodes are at ≈ + 0.2 V μm−1, but
the forward injection current amplitude of the PEA device is 50
times lower than that of the BA device. A lower forward injec-
tion suggests the absorber is more insulating which can be at-
tributed to a few factors, like more structural disorder, less trap,
or poor carrier mobility. In the reverse bias regime, both devices
exhibit comparably low dark current near zero bias, indicating
both devices have similar Schottky contact energy barrier that
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Figure 2. Device characterized with a calibrated blue LED. Dark current as a function of electrical field for devices made with a) BA, and b) PEA 2D
perovskites. Solid lines are curves scanned from forward to reverse bias (FWD) and symbols are scanned from reverse to forward bias (REV). EQE for
c) BA device and e) PEA device plotted against electrical field. The colors changing from light to dark correspond to a varying photon flux from low to
high. Similarly, EQEs are plotted against the photon flux for d) BA device, and f) PEA device. g) A plot overlaps the power-dependent photocurrent curves
of the two devices. And h) the normalized photocurrent of the BA device as a function of photon flux. Different colors correspond to the applied reverse
fields. The dashed line is a linear curve to guide the eye.

limits charge injection from the electrode. Once the field exceeds
– 0.7 V μm−1, a significant dark current jump from the BA device
was observed, whereas that of the PEA device remains relatively
low. The dark current jump is due to Schottky contact breakdown
as validated later in this work by temperature-dependent current–
voltagemeasurements.Wenotice that in the forward bias regime,
the PEA device’s I–E curves have hysteresis. This is likely because
the sweep was taken from forward bias to reverse bias direction
which triggers the mobile ion movements. To minimize the slow
transient response from field-driven ion migrations, instead of
sweeping I–E curves, we acquire the time evolution of the de-
vice’s current at each bias while turning the blue LEDs on and off
and as shown in Figure S8 (Supporting Information), fromwhich
the stabilized dark and photocurrent at each bias are extracted.
The stabilized dark I–E curve (Figure S8b, Supporting Informa-
tion) can replicate the dark I–E curves shown in Figure 2a,e,g.,
dark current remains flat at low fields followed by a rapid jump
at a high field when the Schottky contact breakdown occurs. Sub-
tracting the stabilized photocurrent by the corresponding dark
current yields the extracted photo carriers, which enables evalu-
ation of the EQE.
Figure 2c–f presents the devices’ power and field-dependent

EQEs. In Figure 2c, the BA device’s EQE is less than 1% with-
out an external field because the internal field across a thick layer
(≈8 μm) is too weak to drift all the carriers, and the charge collec-
tion relies on carrier diffusion. When the electric field increases,
the EQE quickly rises and reaches a saturation at ≈25% when
the applied reverse field is ≈0.7 V μm−1. When continuing to ap-
ply higher fields up to 1.9 V μm−1, the BA device’s EQE drasti-
cally increases to 500% at a high photon flux and to 1500% at

a low photon flux. This behavior duplicates the X-ray sensitivity
behavior shown in Figure 1, where a gain effect is observed after
the Schottky contact breakdown. Figure 2d displays the BA de-
vice’s EQE against incident photon flux curves, and a strong pho-
ton flux dependence is observed, i.e., lower photon flux, higher
EQE. We further studied the EQE of the BA devices with a thin-
ner 2D perovskite layer (Figure S9, Supporting Information), the
amplification and power-dependent behaviors persist in this de-
vice, suggesting the device characteristics are independent of the
thickness of the film.
Figure 2e,f presents the EQEs of the PEA device as a compar-

ison. Without the electrical field, the PEA device also has a low
EQE of ≈0.5% due to the high recombination loss through the
thick film. The EQE of the PEA device rises accordingly with in-
crease the electrical field, but it slows down at 0.5 V μm−1 and
saturates at ≈30%. In contrast to the BA device’s EQE gains, the
PEA device’s saturation still holds at higher fields (1–2 V μm−1).
The power dependence of the PEA device’s EQE also differs from
that of the BA device. As shown in Figure 2f, its EQEs weakly
depend on the incident photon flux under all reverse electrical
fields.
To visualize the difference between the two devices, Figure 2g

overlays the photocurrent density of BA and PEA devices as
a function of photon flux collected under an electrical field of
1 V μm−1. The PEA device has a linear photocurrent-photon flux
dependence, whereas the BA device deviates from a linear rela-
tionship at higher photon fluxes. Such a deviation in BA device is
attributed to a space charge accumulation that hinders the ideal
charge collection efficiency across the device when the charge
density is high. Figure 2h also shows a normalized photocurrent
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Figure 3. Carrier transport and recombination properties. a) Dark and b) photo J–E curves measured under various temperatures. c) Extracted pho-
tocurrent (Jph–Jdark) as a function of applied electrical field when measured under 300 K versus 40 K. d) Schematic diagram illustrating the hole injection
effect at low and high temperatures in this device. e) Space charge limited electron and hole current as a function of applied voltage for BA devices and
PEA devices. Here solid lines are hole current and square symbols correspond to electron current. f) Time of flight photocurrent decay curves comparing
electron and hole drifts for BA and PEA devices. g) PL decay curves for BA thin films at two different powers; and h) extracted fractions of the short and
long lifetime components for BA thin film as a function of excitation power.

of the BA device to compare the sub-linear behavior under dif-
ferent applied fields. Interestingly, the sub-linear behavior gets
more pronounced at higher fields. This is because a large charge
injection occurs at high reverse fields after the Schottky contact
breakdown in the BA device that effectively increases the space
charge density.
From this analysis, we conclude that the high electrical field

drives an EQE gain in the BA device, whereas the gain effect is
negligible in the PEA device at high fields. Accompanied with the
gain, the BA device’s photocurrent shows a strong light power
dependence, the gain effect is enhanced at lower photon flux.
In sharp contrast, the PEA device does not show the power de-
pendence and its EQEs remain almost unchanged for all photon
fluxes.
To further understand the electronic mechanism for the

observed photo-sensitivity gain, we performed temperature-
dependent photo and dark current density (J)–E characteriza-
tions as shown in Figure 3a–c extracts the difference of dark
and photocurrent under two temperatures (300 K vs 40 K) as
a function of field. Markedly, both the reverse bias breakdown
current and forward bias dark current drop sharply with the re-
duced temperature. The photocurrent plotted in Figure 3b ex-
hibits a similar trend, where the high reverse field photocurrent
rapidly drops and the slope near the high field J–E curves also
becomes flatter. Figure 3c compares the device’s current den-
sity difference Δ J = Jph-Jdark as a function of field for the de-
vice measured at 300 K versus that measured at 40 K. Unlike
the room temperature measurements, Δ J first increases with
reverse field and then saturates at higher fields in low temper-
ature (40 K). This is in concurrence with the dark current trend

where the reverse dark current can be suppressed during tem-
perature decrease. The fact that the reverse dark current break-
down is a thermally activated process suggests that the current
injection from the metal electrode into perovskite is thermionic
emission that dominated Schottky contact breakdown, instead of
tunneling breakdown or avalanche because both are temperature
independent. This process is illustrated in Figure 3d and the sur-
face’s work functions are confirmed by Ultraviolet photoelectron
spectroscopy measurements presented in Figure S10 (Support-
ing Information). At room temperature, Schottky barrier lower-
ing at higher reverse voltage leads to the injection of the opposite
charge species that promotes recombination (Figure S11, Sup-
porting Information). When the temperature is decreased, the
electrons have less thermal energy to overcome the Schottky bar-
rier between the metal electrode and perovskite, which results in
higher reverse breakdown voltage and smaller forward dark cur-
rent. The Schottky contact breakdown turns the originally block-
ing Schottky contact into a non-blocking Ohmic contact that al-
lows charge injection.
The photoconductive gain is described by:[13 ]

Gain =
carrier recombination lifetime

transient time
(1)

A high gain can be obtained when the minority carrier recom-
bination lifetime is longer than the transient time, which allows
for the photo-generated carrier to accumulate in the semicon-
ductor leading to an effective charge multiplication.[13] Such a
lifetime difference originates from an ambipolar carrier trans-
port where one type of carrier is significantly slower and not
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available for recombination, while another type of carrier trav-
els much faster and can be injected from the electrode to main-
tain the charge neutrality. An ambipolar carrier transient can be
obtained via various mechanisms, such as intrinsic traps,[9a] in-
terface junction,[14] nano-structures[15] etc. One possible mecha-
nism that is responsible for the gain observed in our system is
the presence of shallow traps that capture one type of carriers,
leading to ambipolar charge transport.
To gain deeper insights into the type of the traps in BA devices,

we then investigate the carrier transport and recombination life-
time of the BA and PEA devices. Figure 3e plots the space charge
limited (SCL) current-voltage characteristics of electron only and
hole only devices assemble with BA and PEA films. Interestingly,
a large discrepancy between the electron and hole currents of
the BA device is observed, whereas the SCL currents overlap rea-
sonably well in the PEA device case. This is the first indication
of the ambipolar charge transport in BA device due to electron
traps. Additionally, the photocarrier mobility is probed by time-
of-flight (ToF) experiment, the setup is described in the method
section. Briefly, a pulsed laser generates a flux of electron-hole
pairs near one interface and one type of carriers are drifted to the
counter electrode that produces a current pulse. Depending on
the polarity of the applied field on the counter electrode, either
electron or hole is drifted. The detailed decay curve analysis is
presented in Figure S12 (Supporting Information), and different
laser powers were checked to ensure the carrier concentration
is sufficiently low and does not perturbate the applied electrical
fields during the experiment. Figure 3f plots the ToF photocur-
rent decay curves for the BA device and PEA device. The decay
curves for hole current in both devices display a transition point
near 10 μs (BA) and 30 μs (PEA). This transition shifts to an ear-
lier time with higher fields as shown in Figure S13c (Supporting
Information). The hole mobility for BA device is estimated to be
0.08 V cm−2 s whereas that of the PEA device is slightly lower at
0.03 V cm−2 s. The slightly reduced mobility in the PEA device
can be attributed to the crystalline structure disorder in the film
revealed by scanning electron microscopy and X-ray scattering
patterns shown in Fig. S1 and Fig. S3, supporting information.
In stark contrast, the electron transient curve for the BA device
extends toward a much longer time scale where a slow rise is ob-
served and extended beyond 100 μs. This slow rise is typically at-
tributed to the charge trapping effect,[16] where electron transport
is via a trap/de-trap process through shallow trap states in case
of BA device. The electron transient curve for PEA device also
exhibits a similar slow rise indicating that electron de-trapping
also exists in the PEA device, but it decays at a much earlier time
point than that of the BA device. These data suggest that the hole
transport in both devices is not severely affected by traps, and the
discrepancy between the electron and hole transport in BA device
is much more prominent.
To future probe the carrier recombination process in the BA

thin films, we measure the carrier recombination lifetimes via
time-resolved photoluminescence (TRPL) spectroscopy at vari-
ous laser powers. The results are summarized in Figure 3g,h.
Figure 3g compares the TRPL curves of a BA thin film when ex-
cited at a high laser power and a low laser power. Interestingly,
we find that the PL decay is shortened when lower power is em-
ployed whereas higher excitation power yields a longer lifetime.
To rationalize the pump power-dependent PL decay behavior, we

fit the TRPL curves with three exponential functions (described
in Figure S13 Supporting Information) and extract the three life-
time components (𝜏1,𝜏2 ,and 𝜏3), with their percentage ratios (F1,
F2, F3) defined as,

Fi =
Ai𝜏i

A1𝜏1 + A2𝜏2 + A3𝜏3

, i = 1, 2, 3 (2)

The data are plotted in Figure 3h as a function of the excitation
power. The three-component model fits our data better than the
two-component model shown in Figure S13 (Supporting Infor-
mation). The pump power-dependent Fi values suggest percent-
age changes in the number of photons exhibiting the different
lifetimes, hence indicative of the associated recombination pro-
cesses. Although slight variations in the lifetime values can be
observed as the pump power increased, the slow component (F1)
is on the order of ≈1 μs and remains significantly longer than
the other two components, which are determined to be ≈0.1 ns
(F2) and 0.01 ns (F3), respectively. Most notably, the percentage
ratio of the slow component (F1) plumbed from more than 50%
at low powers to only ≈10% at high powers, in stark contrast to
the two fast components which raise with power. Similar phe-
nomena were observed in various samples and locations (see
Figure S14, Supporting Information). Based on these observa-
tions, we speculate that the slow component has dominate con-
tributions from trap-assisted recombination processes:[17] upon
increasing the excitation power and hence the initial carrier den-
sities, the trap states are filled up, leading to a suppression of
the long lifetime component at high powers. A detailed analysis
by Pean et al[18] revealed a complex recombination path that in-
cludes bimolecular-trap-de-trap that defines the TRPL kinetics.
Three rate constants can be obtained from this model that are
in concurrence with our analysis. These TRPL dynamics mea-
surements further confirmed the critical role of trap states played
in the carrier lifetimes and likely associated with their transport
properties.
Briefly, we found out that shallow electron trap states exist in

the BA device, which supports that the trap-assisted photocon-
ductive gain effect is the mechanism for the high sensitivity in
X-ray and photo-detectors. Specifically, we found the hole mobil-
ity is much higher than the electron mobility by SCL and ToF
measurements. And from the photocurrent decay profile of elec-
tron, its lifetime is retained for amuch longer time. The extended
electron lifetime is attributed to a trap/de-trap process via shal-
low trap states. The optical spectroscopy characterizations fur-
ther suggest the existence of electron trap states. The presence
of the trap states is further confirmed by the higher trap density
in the electron current in the SCL curves in Figure S15 (Support-
ing Information). Therefore, the electron traps states contribute
to the imbalance of electron and hole transport, which leads to
high photoconductive gain.
After validating the gain mechanism, the molecular origin of

the electron trap states is still elusive at this stage. We hypothe-
size that shallow traps are created by material defects tied to the
vacancies sites during the thin film processing. The EQE depen-
dence on the photon flux of the BA device (Figure 2d) agrees with
the so-called dynamic-range enhancing gain compression due to
carriers filling in the shallow traps .[19] We also recognize that
the performance of the polycrystalline thin film devices can be
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Figure 4. Exfoliated single crystal device performances. Optical microscopy image with and without polarizer for a) a thick crystal and b) a thin crystal.
The scale bars in a-b are 100 μm. c) Dark current as a function of electrical fields. d) EQE against field plot for both devices illuminated under various
LEDs powers. e) EQEs of both devices as a function of photon flux under 1 V μm−1 electrical field.

affected by many factors, such as grain boundary, surface, phase
impurity. To obtain insights into the intrinsic properties, we fab-
ricated devices on exfoliated 2D perovskite crystals and anticipate
that exfoliating the crystals to thinner layers can remove the edges
in the device’s channel which can suppress the formation of shal-
low trap states. The device structure and the resulting EQEs are
summarized in Figure 4.
The devices’ morphologies are first visualized by optical mi-

croscopy (OM) and polarized optical microscopy (POM). As the
thicker crystal shown in Figure 4a, it has more crystal edges and
boundaries that are present in the conducting channel, which
is much more obvious in the POM images. Once the crystals
are exfoliated to a thinner thickness, the number of edges is re-
duced in the channel, yielding a much cleaner surface as shown
in Figure 4b. The devices are characterized in the sameway as the
film devices where the time evolution of the photo and dark cur-
rents are collected to quantify the EQE (Figure S16, Supporting
Information). Unlike the polycrystalline devices, the single crys-
tal devices show a flat dark baseline without current drifting even
at higher fields, suggesting the ion migration effect is smaller in
the single crystals (Figure S16, Supporting Information).
The dark current density (A cm−2) as a function of the applied

field is extracted by the time evolution curves and are plotted in
Figure 4c. The dark current density is higher in the thicker device
than that of the thin crystal device under the same field because
there are more conducting channels within the thick polycrys-
talline crystal due to a poor Schottky contact quality and more
defects. Figure 4d compares the EQE-E field curves of the thick
crystal and the thin crystal devices when illuminated with var-
ious photon fluxes. As the result, both devices show EQEs ex-
ceeding 100% at higher fields. Notably, the thin crystal device
shows a moderate gain whereas the thick crystal device exhibits
a more pronounced gain. Accompanied with the higher gain, the
thick crystal device has a more obvious power dependence with
a higher EQE when illuminated with a low light power. In con-
trast, the power-dependent EQE curves of the thin crystal device

merge together. This is reflected in Figure 4e, where the power-
dependent EQEs are plotted together when the devices are both
under 1 V μm−1 field. Clearly, the thicker crystal device has a
steeper power-dependent EQE curve than that of the thin crys-
tal device. These results indicate that the gain effect along with
the power dependence can be suppressed in the thin crystal de-
vice where fewer conducting edges are present in the channel.
And in the thick device case, more conducting edges exist which
enhance the gain effect.
Under a high gain regime assisted by the long charge recom-

bination time, one concern could be the slow temporal response.
Therefore, we further demonstrate that our photo-diode can re-
spond at a high speed because of the fast hole transport time in
Figure 5. Figure 5a shows the device’s rise and decay curves after
a short 1 ns laser pulse when the device is driven under different
electrical fields. The device’s rise time (𝜏R) and decay time (𝜏D) are
defined by the time duration when the photocurrent rises from
10% to 90%, and decays from 90% to 10%. At low field, the device
rises within 0.07 μs and decays within 0.9 μs. Both raise and de-
cay times are shortened when higher E fields are applied by field
enhanced carrier drifting. Figure 5b shows the photocurrent re-
sponse to varying input laser’s frequency. At low frequencies (1 to
10 kHz), the photocurrent remains flat with negligible loss in the
output current. The cut-off frequency when the device losses 50%
of the initial current occurs above 1 MHz. In low field regime,
the cut-off frequency increases from 2.2 to 2.9 MHz, because of
a more efficient carrier drifting with fields that shorten the de-
cay time. Above the gain regime when the field is higher than
1.2 V μm−1, the cut-off frequency slightly drops back to 2.3 MHz.

3. Discussion

To briefly summarize the experimental observations from the de-
vice and material characterizations, we observe an imbalanced
transport lifetime between electron and hole, causing a charge
multiplication that facilitates the detection gain. The gain effect
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Figure 5. Temporal response of the 2D perovskite photo-diode. a) Time response of the photocurrent normalized by its maximum point after a laser
pulse. b) Photocurrent normalized with the low frequency photo-current as a function of laser frequency. Different colors represent different electrical
fields.

is drastically suppressed once the temperature is lowered due
to reduced charge injection across the Schottky barrier. The ex-
tended electron transport lifetime with electron trap and de-trap
process indicates that the electron traps are shallow states located
below the conduction band. We also notice that the gain is al-
ways accompanied by a light intensity dependence, e.g., the gain
is enhanced at lower photon flux. This is because higher photon
fluxes tend to fill up the shallow trap which eliminates the elec-
tron trapping effect. The observed gain and power dependence
in the 2D perovskites depends on the choice of the organics, i.e.,
device made with BA spacer has a larger gain and one with PEA
spacer has a negligible gain. More organics have experimented
and the device characteristics are shown in Figure S17 (Support-
ing Information). Based on these results, we hypothesize that 2D
perovskites made with BA have a higher likelihood of forming
shallow traps, and the traps are created by BA vacancy because
BA has a low boiling point and escapes more easily. The BA es-
caping mechanism is also recently observed in the single crys-
tals which contribute to the conducting edge states.[20] This is
in concurrence with our single crystal device results, where de-
vice made with a thick crystal with more conducting edges has a
higher quantum efficiency gain at high fields.
After probing the mechanism, here we provide speculations

on several possible molecular origins. Our previous publication
has revealed an unusually long carrier diffusion length in the
BA2MA2Pb3I10 2D Ruddlesden-Popper (RP) phase single crystal
device.[21] We have attributed such an extended diffusion length
to the trapping and de-trapping process by shallow trap states in
the system. Beside, the first principles simulations of BA2PbI4
2D-RP perovskite materials further explored in detail the effects
of a variety of defects (such as BA, iodine and Pb/I vacancies
and iodine interstitials) on the electronic structure .[22] These de-
fects have low-formation energies and are common given the
typical iodine redox chemistry in both 3D and 2D-RP systems.
Computational results confirm the robust electronic structure
of the material where the benign defects such as BA or BA+I
or Pb+I2 vacancies barely perturb the electronic bands. In par-
ticular, BA vacancies lead to the formation of the shallow elec-
tronic trap sites, which is likely the case for devices studied in the
present contribution. In contrast, defect chemistries related to
the iodinemay result in I-vacancies or I-interstitials, significantly

perturb the valance band with a characteristic formation of deep
trap states .[23]

In addition, our recent work has probed an usually long car-
rier diffusion length in higher n numbered RP perovskite single
crystals, and attributed it to the shallow trap states present in the
2D perovskites.[21] These results echo with several other reports
where the shallow trap states are found responsible for the ex-
tended carrier diffusion.[24] The molecular origin of the shallow
trap states in the BA system is still unknown. The higher trap
density is usually tied to the degree of crystallinity of the mate-
rial or surface defects. In Figure S3 (Supporting Information),
we compared the crystallinity of the two films and found that the
crystallinity of BA thin film is better than that of the PEA. On the
other hand, we performed UPS characterizations for both films
and found the work function of the BA is slightly deeper than
that of the PEA thin film. This indicates a moderate p-type dop-
ing near the surface. This could be a possible origin for the ob-
served shallow traps. While the molecular origins worth deeper
material characterizations, our finding in this current work along
with the trap assisted long carrier diffusions reveal the important
role of the shallow trap states in 2D perovskite systems, leading
to a beneficial effect on the opto-electronic devices.

4. Conclusion

We revealed the mechanism of shallow electron trap-assisted
photoconductive gain effect of a 2D BA perovskite device, which
can be used to enhance the quantum efficiency in perovskite
photo and X-ray detectors. In the BA device, thermionic emission
dominated Schottky contact breakdown at higher reverse electric
field and higher temperature which allow charge injection, and
the imbalance of electron and hole transport due to electron traps
that leads to a high photoconductive gain for the BA device.While
the prerequisites for a radiation detector capable of gamma spec-
troscopy are the large volume single crystal with as less interfaces
and traps as possible ,[24a,25] the electron or hole traps that existed
in thin film devices for X-ray detection might not be necessar-
ily as a negative factor, as discussed in this paper. Our results
also point out the important role of controlling the shallow de-
fects in the 2D perovskite system and their benign effect on the
opto-electronic properties.

Adv. Optical Mater. 2023, 2300847 2300847 (8 of 10) © 2023 The Authors. Advanced Optical Materials published by Wiley-VCH GmbH

 2
1
9
5
1
0
7
1
, 0

, D
o
w

n
lo

ad
ed

 fro
m

 h
ttp

s://o
n
lin

elib
rary

.w
iley

.co
m

/d
o
i/1

0
.1

0
0
2
/ad

o
m

.2
0
2
3
0
0
8
4
7
 b

y
 A

rg
o
n
n
e N

atio
n
al L

ab
o
rato

ry
, W

iley
 O

n
lin

e L
ib

rary
 o

n
 [1

0
/0

7
/2

0
2
3
]. S

ee th
e T

erm
s an

d
 C

o
n
d
itio

n
s (h

ttp
s://o

n
lin

elib
rary

.w
iley

.co
m

/term
s-an

d
-co

n
d
itio

n
s) o

n
 W

iley
 O

n
lin

e L
ib

rary
 fo

r ru
les o

f u
se; O

A
 articles are g

o
v

ern
ed

 b
y
 th

e ap
p
licab

le C
reativ

e C
o

m
m

o
n
s L

icen
se



www.advancedsciencenews.com www.advopticalmat.de

5. Experimental Section

Thin Film and Device Fabrication: 2D perovskite precursor was first
prepared by dissolving PbI2 (99.999% trace metal basis), Methylammo-
nium iodide (MAI), n-Butylammonium iodide (BAI) (or Phenethylammo-
nium iodide, PEAI) in anhydrous N,N-Dimethylformamide (DMF) in an
Ar filled glovebox. The molar ratio of PbI2:MAI:BAI (or PEAI) was kept
at 3:2:2. The Pb2+ concentration in DMF was kept at 3 m. The precur-
sor was first heated at 120 °C for 1 h to fully dissolve the materials
in DMF.

The pre-cleaned indium tin oxide substrates were treated by oxy-
gen plasma and then a stoke solution of poly[bis(4-phenyl) (2,4,6-
trimethylphenyl)amine in chlorobenzene (20mgml−1) was spin coated on
the substrate. The coated substrates were annealed in the Ar filled glove-
box at 150 °C for 1 h and then were heated at 165 °C for 5 min. Next the
substrates were quickly transferred to a spin coater chunk and the hot per-
ovskite precursor was quickly dropped on the substrate, the spin coater
was immediately started to spin the substrate at 3000 rpm without ramp-
ing. Thirty seconds after the spin coating started, the substrates were taken
for post annealing at 65 °C for 20 h to ensure any residual solvents were
removed.

X-ray Detector Characterization: The X-ray detection performances
were quantified by exposing the devices under various X-ray beams and
collect their dark and X-ray induced responses. The difference between
the dark and photo responses were used to calculate the charge density
induced by X-ray.

The 8.1 keV X-ray was generated from a Rigaku Ultima III diffractometer
that used a fine line sealed X-ray tube with Cu-K𝛼 target operated at 40 kV
with 50 μA tube current. The dose rate was calibrated by a Radical, 10 × 6-
6 m ion chamber, and the dose rate was reduced by placing aluminum thin
foils between the beam and the device.

X-ray (22.1 keV, maximum 50 keV0) was produced by an Ag anode tube
(Amptek Mini-X X-ray tube), the X-ray tube was operated at voltage higher
than 22.2 kV, and the does rate was tuned by changing the tube current.
The X-ray dose rate was calibrated by a Fluke Biomedical RaySafe 452
dosimeter.

X-ray (80 keV) was generated by a tungsten anode tube. The tube was
operated under various voltages at 100 and 140 kV, and the dose rate was
calibrated by a Radical, 10 × 6-6 m ion chamber at each voltage and tube
current. After calibration, the device was placed at the same place with the
ion chamber for sensitivity measurements.

Device External Quantum Efficiency Characterizations: The power of a
blue LED was first measured by a calibrated silicon photo-diode (Thor-
labs, FDS100) when the silicon diode was placed in front of the LED
at a distance of 5 cm. After the calibration, the devices were placed
at the same place with the silicon diode, in front of the LED. The de-
vices were driven at constant reverse biases, while the LED was turned
on and off. The current from the devices were constantly acquired by
a LabView program, and the photocurrent was extracted subtracting
the square wave of the light induced current by the stabilized dark
baseline.

Time of Flight Mobility Measurements: The device was mounted ac-
cording to the experimental setup illustrated in Figure S10 (Supporting
Information). A bias was applied on the ITO of the device, and the voltage
signal was collected by an oscilloscope from a resistor (1 kohm) connected
in series with the device. A 435 nm pulsed laser was utilized to generate
a flux of electron/hole pairs at the perovskite/ITO interface. Since the per-
ovskite materials were direct gap materials, the penetration depth of the
blue photon was much smaller than the thickness (≈7 μm). A positive
voltage was applied for hole transient curve measurement, and the volt-
age was negative when measuring electron current.

Time Resolved Photoluminescence: The pump power dependent, time-
resolved PL decay curves weremeasured using a home-built confocal laser
microscope. A 400 nm pulsed diode laser was used to excite the samples.
PL signals from the samples were collected using a microscope objec-
tive and directed to single photon avalanche diodes. The excitation power
was adjusted by adding various neutral density filters to the excitation
path.

Supporting Information

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