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ABSTRACT: All-inorganic lead halide perovskite quantum dots
(PQD) have attracted tremendous research interest in the field of
phototransistors due to their excellent optoelectronic properties.
However, the inefficient charge transport/extraction and high trap-
state density of the assembled PQD films seriously limit the
photoresponsivity of PQD-based phototransistors. Herein, we
demonstrate that these limits can be overcome by adopting a
novel device architecture composed of a polar-polymer capping
layer on a PQD/organic semiconductor (OSC) heterojunction.
The polar polymer film plays the role of both electron trapping and
encapsulation, whereas OSC provides the fast transport tracks for charges and PQD serves as the photoactive materials. Owing to
the balanced dynamic processes of photogenerated charges, highly sensitive photodetection is achieved, as demonstrated by the peak
photosensitivity of 1.5 × 104, a photoresponsivity of 2.1 × 104 A/W, a detectivity of 1 × 1015 Jones, and a high gain of 6.4 × 104
under weak incident light of 3 μW/cm2. Additionally, the phototransistors exhibit superior stability and reproducibility with
negligible changes in the output current both in darkness and under illumination after storing for 4 months. The results demonstrate
the promising potentials of the polar polymer/PQD/OSC heterojunction for high-performance photodetectors, and the mechanism
and strategy described here can be applied to other kinds of quantum dots-based optoelectronic devices.
KEYWORDS: phototransistors, inorganic lead halide perovskite, quantum dots, organic semiconductors, polar polymer

1. INTRODUCTION
Phototransistors, as one type of photodetectors that directly
convert optical signals into electrical signals, have been widely
applied to image sensing,1−4 environmental/health monitor-
ing,5−7 chemical/biomedical sensing,8,9 X-ray detection,10,11

and quantum communication.12,13 Among the various semi-
conductors used as photoactive materials in the photo-
transistors, all-inorganic perovskites (CsPbX3, X = Cl, Br,
and I) quantum dots (PQD) stand out due to the superior
optoelectronic properties,14 such as efficient photon absorp-
tion, long carrier diffusion length, intrinsically high mobility,
and unprecedented photon-to-electron conversion efficiency,
consequently offering a great opportunity to develop high-
performance phototransistors.11,15−21 However, despite recent
advances, the performance of most reported PQD-based
phototransistors needs improvement. This is mainly caused
by the low carrier extraction/transport efficiency and large
trap-state density of solution-assembled PQD films. Moreover,
the low stability of PQD hinders its practical applicability in
devices.22

The key to overcoming the aforementioned challenges is to
increase the carrier diffusion length and reduce the carrier

recombination rate. In this context, a layered heterojunction
has been recognized as an effective approach optimizing the
carrier dynamic process, facilitating the extraction/trans-
portation of photogenerated carriers, and improving the
photoresponsivity of PQD-based phototransistors. Kwak, et
al.23 have exploited graphene as the fast carrier tracks and
incorporated CsPbBr3−xIx quantum dots/graphene layered
heterojunction into phototransistors, leading to ultrahigh
responsivity (108 A/W) and detectivity (1016 Jones), but the
noise current cannot be turned off in the dark, thus resulting in
a low photo-current to dark-current ratio (Ilight/Idark). Chen et
al.15 have proposed the CsPbBr3 QDs/DNTT-layered
heterojunction to compensate for the low conductivity of the
PQD film. The phototransistor exhibits significantly improved
photoresponsivity and Ilight/Idark. However, the PQD sand-
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wiched between the organic semiconductor and dielectric layer
deteriorates carrier transportation because the conduction
channel is typically located at the first few molecular layers
(∼10 nm) near the dielectric layer. Although these pioneering
works have demonstrated the important role of LHJ in
enhancing the photodetection characteristics, it is still
necessary to further optimize the dynamic process of charge
carriers in order to improve the photodetection properties.
The charge-trapping effect (CTE) based on donor/acceptor

(D/A) heterojunctions offers an effective strategy to tailor the
charge transport/recombination processes to enhance the
photodetection performance.24−26 One possible way to achieve
CTE is to integrate polar polymers, such as poly(methyl
methacrylate) or polylactide (PLA) into OSC, so that CTE
occurs at the polar polymer/OSC interface due to the
existence of electron-capturing moieties in the polar polymers,
leading to significantly suppressed electron−hole recombina-
tion. Herein, a polar polymer-capped PQD/OSC hetero-
junction is designed and demonstrated for phototransistors. By
taking advantages of CTE and building a fast transport
pathway for photogenerated charges, balanced charge separa-
tion and transport are achieved, resulting in ultrasensitive
photodetection. In addition, the device stability and reprodu-
cibility are greatly improved on account of the kinetic barriers
formed by the PLA-protective layer.
The heterojunction phototransistor (HJPT) is constructed

by using a P-type OSC, poly[2,5-bis(3-tetradecylthiophen-2-
yl)thieno[3,2-b]thiophene] (PBTTT or PBT), as the fast
carrier transport pathway, CsPbBrI2 perovskite quantum dots
(PQD) as the efficient photosensitive layer, MoO3 as the hole
injection layer, and PLA as the electron trapping layer. PLA
not only provides the electron-capturing moieties to trap
photo-generated electrons but also serves as a kinetic barrier to
prevent the devices from moisture/oxygen degradation and
improve the device stability and reproducibility. Upon light
illumination, the photo-generated electrons can be trapped by
the polar polymer, and at the same time, holes can be extracted
quickly by OSC, thus resulting in both high gain and fast
carrier transport. As a result, superior photodetection proper-
ties are obtained from the PLA/PQD/MoO3/PBTTT HJPT
by combining efficient light absorption, high conductivity, as
well as the high-gain effect. The fabricated HJPT delivers
outstanding photodetection performance, such as a photo-
sensitivity of 1.5 × 104, a photoresponsivity of 2.1 × 104 A/W,
a photodetectivity of 1 × 1015 Jones, and a high gain of 6.4 ×
104 under a weak incident light of 3 μW/cm2. Furthermore, the

HJPT exhibits excellent stability and reproducibility, with
negligible changes in both the output current in the dark and
under illumination after storing under ambient conditions for 4
months. These results demonstrate that the device architecture
based on the polar-polymer/PQD/OSC heterojunction is
promising for high-performance photodetectors. Moreover, the
mechanism and strategy described here provide a general
platform to develop other QD-based high-performance
optoelectronic devices.

2. RESULTS AND DISCUSSION
To implement our device concept, the HJPT is fabricated with
a bottom-gate/bottom-contact transistor geometry on the
SiO2/p + -Si substrate (Figure 1a). Before fabrication, the
substrate is cleaned by a standard process and precoated with
an octyltrichlorosilane (OTS) self-assembled monolayer to
facilitate the formation of the high-quality organic conduction
channel. The Ti/Au (5 nm/50 nm) source/drain electrodes
are evaporated thermally on the pretreated substrate through a
shadow mask. Afterwards, PBTTT, MoO3, PQD, and PLA are
deposited sequentially on the prepatterned substrate with
thicknesses of 20, 5, 100, and 300 nm, respectively. To
demonstrate the improved photodetection characteristics after
adding the PLA layer, a reference phototransistor is also
prepared without the PLA layer. An inorganic MoO3 interlayer
is introduced on the PBTTT layer to prevent the PBTTT from
degradation by the solvent and decrease the defect states
during the subsequent solution-based coating process. Besides,
it also acts as charge transport materials to spatially separated
photo-generated holes/electrons to suppress electron−hole
recombination. The important role of the MoO3 interlayer in
the photodetection performance has been verified previously.27

The biopolymer PLA is cost-effective and has good
biocompatibility. More importantly, the abundant carbonyl
groups in PLA provide electron-capturing moieties that can
interact with PQD to induce CTE at the interface24,28 to
reduce the dark current for efficient exciton dissociation.
Moreover, PLA serves as an encapsulation layer to prevent the
underlying PQD/PBTTT heterojunction from degrading by
oxygen/moisture transmission.29,30 Consequently, the device
stability is improved significantly.
Atomic force microscopy (AFM) is employed to examine

the surface morphological changes after film deposition for
each layer, as shown in Figure 2a. No obvious changes in the
surface morphology and root mean square (RMS) roughness
are observed after the deposition of the ultrathin MoO3

Figure 1. Schematic showing the structure of the HJPT and corresponding photodetection mechanism. (a) Illustration of Frenkel excitons
generation under light illumination, hole transport in the channel, and the electron trapping process at the PQDs/PLA interface; (b) energy level
diagram of the HJPT device under illumination.
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interlayer, revealing that the original characteristics of PBTTT
are preserved. After spin-coating PQD, clear grain-like surface
features appear, and the RMS roughness increases from 1.6 to
7.52 nm. Finally, deposition of the PLA layer reduces the RMS
roughness to 1.3 nm. The corresponding height distributions
determined from the AFM data are presented in Figure 2b, and
an asymmetric height distribution is observed from the PQD
surface. This can be attributed to the coexistence of PQD-
aggregation regions and thin PQD areas, which is consistent

with the high RMS roughness of the PQD films. The Gaussian-
like distribution can be observed in all other film
configurations, indicative of good uniformity and smoothness.
Figure 2c presents the ultraviolet visible (UV−vis) absorption
spectra of the PQD, PBTTT, and PLA films deposited on
quartz. Both absorption edges of PQD and PBTTT appear
slightly below 620 nm, while no absorbance is observed from
the PLA film in the wavelength range of 300−800 nm,
indicating that the PLA layer is optically transparent to UV and
visible light. Figure 2d displays the transient photolumines-
cence (PL) decay spectra of the PQD, PBTTT/MoO3/PQD,
and PBTTT/MoO3/PQD/PLA films. Clearly, the PL signal
from the heterojunction film with PLA decays faster than that
of the films without PLA, implying efficient charge transfer or
trapping at the PQD/PLA heterointerface. The abundant polar
groups in PLA provide electron-capturing moieties that can
interact with PQD to induce CTE at the interface to improve
the electron−hole pair separation efficiency, giving rise to a
shorter PL lifetime.
Fast carrier transport is vital to sensitive phototransistors, as

the high carrier mobility in the conduction channel enhances
carrier collection and transport, leading to high photo-
sensitivity and responsivity. Before determining the photo-
detection properties of the HJPT, the basic transistor
characteristics are assessed in the dark. The transfer character-
istics of the field-effect transistors consisting of PQD, PBT,
PBT/PQD, and PBT/MoO3/PQD are presented in Figure
3a,b. With regard to the PQD transistors, VD is fixed at −5 V,
and the linear mobility (μlin) is determined to be ∼6.5 × 10−5

cm2 V−1 s−1 according to the linear transfer curves. The low
carrier mobility arises from the high density of defect states in
the assembled PQD films and significantly limits the
responsivity of the PQD-based phototransistors. The pure
PBTTT transistor shows a mobility of 0.56 cm2 V−1 s−1, but in
contrast, the field-effect mobility extracted from the saturated
region (VG = −40 V) shows that the PBT/PQD transistor has

Figure 2. (a) AFM images (10 μm × 10 μm) of PBTTT (top-left),
PBTTT/MoO3 (top-right), PBTTT/MoO3/PQD (bottom-left), and
PBTTT/MoO3/PQD/PLA (bottom-right); (b) corresponding height
distributions derived from the AFM results shown in (a); (c) UV−vis
absorbance spectra of PQDs, PBTTT, and PLA; (d) steady-state PL
spectra of the PBTTT, PQD, and PLA thin films.

Figure 3. (a) Transfer characteristics of the pure PQD field-effect transistors in darkness with VD fixed at −5 V (inset showing the corresponding
linear changes); (b) transfer characteristics of the PBTTT, PBTTT/PQD, and the PBTTT/MoO3/PQD field-effect transistors; (c) transfer
characteristics of the HJPT for different illumination intensities when VD is fixed at −40 V; (d) enhanced hole concentrations (ΔNh) of the HJPTs
and reference phototransistors for different Pin; (e) mobilities of the HJPTs in darkness and under light illumination for different Pin.
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a severely decreased average mobility of 0.18 cm2 V−1 s−1. The
lower carrier mobility can be attributed to the high-density
defect states at the PBTTT/PQD interfaces created in the
solution coating process, and a similar phenomenon has been
observed by others. To solve this problem, an ultrathin MoO3
interlayer is inserted between the PBTTT and PQD layers to
improve the average carrier mobility to 0.36 cm2 V−1 s−1, as
compared to the device without the MoO3 interlayer. The
mobility enhancement stems from the MoO3 interlayer, which
reduces the defect states at the PBTTT/PQD interfaces and
prevents PBTTT from degrading by the solvent during the
subsequent solution processes. Although the carrier mobility is
lower than that of the PBTTT transistors, it is still thousands
of times higher than that of the PQD transistors, suggesting
that the conduction channel is located at the PBTTT layer, and
the current across the PQD layer is negligible due to the small
carrier mobility. To evaluate the effects of the mobility on the
photodetection characteristics, the carrier transit time (τtran) is
calculated by the following equation: τtran = L2/(μVD), where L
is the channel length, and μ is the hole mobility. For our
devices with L of 40 μm, τtran is calculated to be on the order of
10 ms and 1 μs for the PQD and PBTTT/MoO3/PQD
transistors, respectively. The short τtran is critical to the high
photogain and fast photoresponse because more holes can drift
across the conduction channel during carrier recombination to
increase the photocurrent.
The transfer characteristics of the HJPTs in darkness and

under light irradiation (λpeak = 513 nm) with different incident
light intensities (Pin) are presented in Figure 3c. A reference
phototransistor without PLA is fabricated for comparison, and
the photodetection performance is shown in Figure S1
(Supporting Information). Here, VG is swept from 5 to −40
V and VD is fixed at −40 V. Upon light illumination, both the
reference phototransistor and HJPT show a significant
increment of the drain current ID with higher Pin, indicating
that Pin can modulate the charge carriers in the photoactive
layer. Particularly, the increment in ID of the HJPT is much
bigger than that of the reference phototransistor for the same
Pin. Given that both devices have the same device configuration
except for the PLA coating, the higher photocurrent observed
from the HJPT is mainly attributed to the polar polymer PLA.
The large amount of strong electron-withdrawing moieties can
trap separated electrons due to the CTE at the PQD/PLA
interface, which further decreases the exciton recombination
probability. Consequently, the CTE increases the hole
concentration in the conduction channel and the photocurrent.
Furthermore, the positive shift in the threshold voltage (ΔVT)
observed from both HJPT and reference phototransistors is
caused by the photogating effect arising from the trapped
photogenerated electrons and high-density holes in the
conduction channel. The threshold voltage shifts of HJPT
and reference PT under different light intensities are shown in
Figure S2 (Supporting Information). In the reference photo-
transistors, electrons are more likely to recombine with
photoholes, but in the HJPT, photoelectrons are effectively
trapped at the PQD/PLA interface, thus producing a larger
ΔVT. For comparison, we estimate the enhanced hole
concentration (ΔNh) in both the HJPTs and reference
phototransistors for different Pin according to the equation:
ΔNh = (Ci × ΔVT)/e, where Ci is the capacitance per unit area
of the dielectric layer and e is the elementary charge. As shown
in Figure 3d, ΔNh is proportional to Pin regardless of the device
type, and ΔNh of the HJPT is larger than that of the reference

phototransistors for the same Pin, further verifying efficient
hole−electron pair separation in the HJPT due to the PLA.
Figure 3e exhibits the mobilities of the HJPT device in
darkness and under light illumination for different Pin. The
mobilities are comparable whether the device is under light
illumination or in the dark state, denoting that the mobility is
not affected when the devices are operated in light.
The photodetection properties of the HJPT are evaluated

systematically. Figure 4a shows the photosensitivity (Iphoto/

Idark) of the HJPT as a function of VG for different light
intensities. The photosensitivity in the off-state with low dark
currents (VG < −10 V) is much higher than that in the on-state
(VG > −10 V) and the maximum photosensitivity is observed
at the turn-on gate voltage (VG = −10 V) because of the dual
modulation of the charge carriers by both the incident light
and gate voltage. The photosensitivity increases with incident
light power and reaches a maximum of 8 × 106 at 0.68 mW
cm−2, which is almost two orders of magnitude higher than
that of the reference device (Figure S1b, Supporting
Information) under the same conditions. To further investigate
the effects of the gate voltage and incident light on the
photodetection properties, the responsivity (R) as a function of
VG for different light intensities is presented in Figure 4b,
where R indicates how efficiently a photodetector responds to
light and is given by the equation R = Iph/(PinA), where Iph is
the photocurrent, Pin the incident light intensity, and A the
photosensitive area (channel region) of the HJPT device. The
maximum R is found to be 2.1 × 104 A W−1 for the smallest
illumination power density of 3 μW/cm2 at VG = −40 V. The
responsivity of our HJPT is among the best reported to date
for PQD-based photodetectors.
It should be noted that the ultrahigh responsivity is achieved

by sacrificing the dark current, and this should be considered in
practice. Therefore, the responsivity in the low dark current
region (off-state and subthreshold region) is evaluated. In the
HJPT, an R value of 118 A W−1 is obtained at a gate bias of 0
V and a low dark current of 20 pA, and it is two orders of

Figure 4. (a) Gate-voltage-dependent photosensitivity (P) of the
HJPT under different light illumination; (b) photoresponsivity (R)
and (c) specific detectivity (D*) of the HJPT under irradiation at
different gate voltages; (d) photocurrent switching behavior of the
HJPT under alternating dark condition and light illumination.
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magnitude higher than that of the commercial silicon-based
photodetectors (∼1 A W−1). The high responsivity, low
operation voltage, and low dark current confirm the great
practical potential. The specific detectivity (D*) is another
important figure-of-merit for photodetectors. It indicates the
photosensitivity and the shot noise limit of photodetectors.
Assuming that the dark current is dominated by the shot noise,
D* can be described as D* = RS1/2(2eIdark)−1/2. Figure 4c
presents the D* values as a function of VG for different light
intensities at a fixed VD of −40 V, where D* shows a similar
trend with Iphoto/Idark and reaches the peak at the turn-on gate
voltage (i.e., −12 V). The peak of D* of the HJPT is above
1014 Jones, and the maximum D* is ∼1 × 1015 Jones. The
time-dependent photoresponse of the HJPT is assessed by
measuring the change in ID during on-and-off light
illumination. As shown in Figure 4d, the HJPT exhibits a
reproducible photodetection behavior under alternating dark
conditions and light illumination, and the rise and decay times
of the HJPT device are 0.4 and 0.8 s, respectively.
The ability to detect weak light is very important for

photodetectors. Since the fluctuation of the dark current is the
main factor that influences the detection of weak light signals,
reducing the dark current is vital to phototransistors and
realizing high signal-to-noise ratios (SNRs) and high
detectivity. In our HJPT device, the conduction channel can
be modulated by the gate voltage and completely turned off in
the dark by operating the device in the depletion regime. The
dark current of the HJPT is as low as ∼20 pA at lateral biases
of −10 and 0 V (Figure S3, Supporting Information), which is
advantageous when detecting very weak signals. Figure 5a,b
show the noise power spectra of the HJPT in the frequency
range of 1 Hz−100 kHz with channel currents varying from 20
pA to 22 μA. The noise current is down to 1 × 10−14 A Hz−1/2

at low frequencies when the device is operated in the off state
(VG = 0 and 5 V). The noise spectra follow the 1/f relationship
in the frequency range from 1 Hz to 100 kHz at all gate

voltages. However, the noise spectra of the HJPT in the off-
states at higher frequencies (>10 kHz) are almost flat and
independent of frequencies. The flat noise spectra indicate that
noise in this area is dominated by thermal noise originating
from the thermal random motion of charge carriers. Although
charge carriers flow through the conduction channel as a
whole, each charge carrier shows some random motion in
various directions due to the limited gate effect at a low gate
bias. Clearly, the ideal closed conduction channel in the off-
state results in a small dark current and a small shot noise.
When the device is turned on (VG > −10 V), the noise current
increases rapidly with the gate voltage and dark current.
Besides the dark current shot noise, the optical shot noise due
to the fluctuation of the photocurrent under light illumination
affects weak signal detection. Therefore, we investigate the
optical noise current by calculating the standard deviation of
the photocurrents (Figure 5c), and a high SNR of 35.3 is
obtained for a weak incident light of 3 μW/cm2, meaning that
the HJPT is capable of detecting much weaker light signals.
The photoconductive gain is plotted as a function of dark
currents for different incident light intensities in Figure 5d,
where the dark current is measured at different gate voltages
for a fixed VD of −40 V. The HJPT exhibits high
photoconductive gain, exceeding 103 for various incident
light intensities and dark currents. A photoconductive gain
plateau appears in the subthreshold region, implying that the
photoconductive gain can be maintained even when the dark
current density decreases as the transistor enters the off state.
The long-term stability and light exposure lifetime are key

challenges for practical applications of organic and perovskite-
based photodetectors. Both organic semiconductors and
perovskites normally suffer from severe oxygen/moisture
degradation under ambient conditions, leading to deterioration
or even failure. Device degradation can also be caused by
photo-oxidation, which should be taken into account when the
devices are used in the presence of light. As the PQD/OSC
heterojunction is covered by a polar polymer, PLA, besides the
charge trapping effect, the PLA layer also serves as an
encapsulation layer to protect the device from oxygen/
moisture degradation. Therefore, the long-term stability of
the PLA/PQD/PBTTT phototransistors is assessed in ambient
conditions. As shown in Figure 6a, the transfer curves in the
dark and under light illumination are recorded randomly for
120 days, and the PLA coating provides pronounced
protection, as shown by the stable and reproducible output
current throughout the period. The photoresponsivity and
dark/photo current as functions of time are shown in Figures
6b and S4 (Supporting Information), respectively. 95%
retention of the photoresponsivity is accomplished after
storing for 120 days, but for the reference PTs without PLA,
the photoresponsivity drops to 62% under the same
conditions. Obviously, the phototransistors are more stable
due to the excellent oxygen/moisture resistance provided by
the PLA coating. In fact, if we define the phototransistor
lifetime as the time it takes to degrade to 60% of the initial
photoresponsivity, the lifetime is estimated to be 23,000 h by
extending the linear degradation plot. To examine the stability
of the HJPT under continuous and strong light illumination,
continuous light exposure is conducted under the same
ambient conditions as aforementionaed (Figure 6c). The
phototransistor is irradiated continuously with strong while
light with an intensity of 10 mW/cm2 under ambient
conditions. When the transfer curves are acquired under

Figure 5. (a) Noise current spectra of the HJPT in different channel
current states (dark current); (b) noise current at 100 Hz against dark
currents and the shot noise given by Ishot = Sqrt (2qIdark); (c) optical
shot noise due to the photocurrent fluctuation; (d) photoconductive
gain as a function of dark currents for various incident light intensities.

ACS Photonics pubs.acs.org/journal/apchd5 Article

https://doi.org/10.1021/acsphotonics.2c01983
ACS Photonics 2023, 10, 764−771

768

https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01983/suppl_file/ph2c01983_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphotonics.2c01983/suppl_file/ph2c01983_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01983?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsphotonics.2c01983?fig=fig5&ref=pdf
pubs.acs.org/journal/apchd5?ref=pdf
https://doi.org/10.1021/acsphotonics.2c01983?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


illumination, the light source is turned off for 10 min, and then
513 nm monochromatic light with an intensity of 3 μW/cm2 is
turned on. As shown in Figure 6c, 96% of the initial
photoresponsivity is maintained after 2000 min of continuous
light illumination, which again indicates the superior stability
of the HJPT. The light exposure lifetime is estimated to be
21,600 min based on the same approach. Since the light
intensity is usually lower than 1 mW/cm2 in the majority of
phototransistor applications, the light exposure lifetime will be
much longer than that estimated in our experiments. Besides
the role as a physical barrier, PLA offers fast electron transfer
due to the charge-trapping effect and reduces the photo-
oxidation probability to a certain extent, partly because the
photo-oxidation rate depends on the relative rates of oxidation
and electron transfer.

3. CONCLUSIONS
A novel device concept based on the polar polymer-capped
perovskite quantum dots/organic semiconductor heterojunc-
tion is demonstrated for organic phototransistors. This device
architecture takes advantage of high light absorption, a charge
trapping effect, and efficient carrier transport to achieve high-
gain and ultrasensitive photodetection. The fabricated HJPTs
deliver outstanding photodetection performance, such as a
high photosensitivity of 1.5 × 104, a photoresponsivity of 2.1 ×
104 A/W, a photodetectivity of 1 × 1015 Jones, and a high gain
of 6.4 × 104, when exposed to weak incident light with a power
of 3 μW/cm2. The polar polymer capping layer improves the
device stability. The mechanism and strategy demonstrated in
this work can be extended to other systems and are applicable
to photodetection spanning the UV and NIR regimes. The
device structure and concept have broad and promising
application potential pertaining to high-performance organic
optoelectronics.

4. EXPERIMENTAL SECTION
4.1. Materials and Device Fabrication. PBTTT was

purchased from Luminescence Technology Corp. (Lumtec)
and used without further purification, and CsPbBrI2 QDs were
bought from MKNANO. The phototransistors were fabricated
with the bottom-gate/bottom-contact configuration on the
SiO2/p+-Si(100) substrate. p+-Si and thermally grown SiO2
(250 nm) served as the gate and dielectric layers, respectively.
The SiO2/Si substrate was sequentially ultrasonicated in
acetone, isopropanol, and deionized water for 10 min each
and then treated with UV/ozone for 15 min. The SiO2/Si
substrate was immersed in 0.1 mol/L octyltrichlorosilane
(OTS) in anhydrous toluene for 30 min at 60 °C. The surface-

modified substrate was rinsed with anhydrous toluene and
ultrasonicated in fresh anhydrous toluene to remove the excess
multilayer OTS and dried under flowing N2. The PBTTT-C14
solution was prepared by dissolving PBTTT-C14 in 1,2-
dichlorobenzene (o-DCB) and stirring for 12 h at 60 °C.
The Ti/Au source and drain electrodes (5 nm/60 nm) were

evaporated thermally on the pretreated substrate through a
shadow mask. The channel length (L) of the OPT devices was
varied from 40 μm to 100 μm with a fixed W/L of 10. The
organic semiconductor channel layer was first deposited by
spin coating using ∼0.5 wt % solutions in warm o-DCB at 3000
rpm for 40 s. The as-coated films were then heated to 180 °C
on a hot plate, followed by a slow cooling to room
temperature. After organic semiconductor deposition, the
PQD light-absorbing layer was deposited by spin coating at
1000 rpm for 40 s. The samples were then put under vacuum
for 1 h to remove the solvent. Finally, the PLA layers were
deposited by spin coating with the 10 mg/mL solution in
chloroform at 3000 rpm for 40 s and then heated to 60 °C for
1 h under vacuum to remove the residual solvent. The entire
transistor fabrication process was carried out in a nitrogen-
filled glove box. All the solutions (except the PQD solution)
were filtered with an acrodisc PTFE syringe filter (Millipore
0.45 μm) prior to spin coating. For the reference PTs, the
samples underwent the same cleaning, film-deposition, and
metal-evaporation processes, except spin-coating of the PLA
layer.

4.2. Electrical and Optoelectronic Characterization.
Electrical characterization of the phototransistors was carried
out in air on the Primarius FS-Pro semiconductor parameter
analyzer with a standard probe station. Optoelectronic
characterization was performed by determining the transfer
characteristics of the devices in darkness and under various
light illumination intensities using a tungsten lamp/mono-
chrometer system with tunable wavelengths (200−1200 nm)
and intensity. During light detection, the phototransistors and
light source were placed in a metal box to avoid the influence
of ambient light. The intensity of the incident light at different
wavelengths was calibrated by a commercial silicon photo-
detector.

4.3. Characterization of the Organic Films. The
ultraviolet−visible (UV−vis) transmission measurements
were performed on the JASCO V-570 spectrophotometer.
The samples were prepared on quartz substrates using the
same deposition parameters described above. Atomic force
microscopy was carried out in the tapping mode on the
MultiMode 8 (Bruker) atomic force microscope in a glove box.

Figure 6. (a) Transfer curves in ambient air with 40−50% humidity in darkness and under 10 μW/cm2 at VD = −40 V; (b) drain current output in
darkness and under 10 μW/cm2; (c) photoresponsivity in ambient air under continuous strong white light illumination (10 mW/cm2). Inset:
photograph showing continuous light exposure.
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4.4. Photoluminescence and Lifetime Measurements.
The steady-state and transient photoluminescence (PL)
spectra were recorded at an excitation wavelength of 510 nm
and slit widths of 5 mm on a commercial spectrofluorometer
(Horiba, Fluorolog). A 400 nm laser was used as an excitation
source, which was generated by the second harmonic of the
lithium niobate crystal using a picosecond laser (EKSPLA,
PLD240) with a tunable wavelength set at 800 nm, pulse
duration of 3 ps, and repetition rate of 86 MHz. The laser
beam was focused onto the sample to a spot diameter of about
500 nm through a 100× microscope objective with N.A. =
0.75. The reflected light and fluorescence were collimated by
the same objective and reflected by a beam splitter before
importing into a spectrometer (HORIBA, iHR550). A 425 nm
long-pass filter was utilized to filter the scattered laser
background signal. The fluorescence signal was coupled into
the spectrometer in free space or by a fiber controlled by a flip
silver mirror. The fiber collecting port was coupled to a single
photon detector (MPD, PD-100-CTD-FC, time resolution ≈
30 ps) in the time delay measurement by the time-correlated
single photon counting method.
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Figure S1. Photodetection performance of the reference OPT. (a) Transfer 

characteristics of HJPT under different illumination intensities when VD is fixed at −40 

V. (b) Gate-voltage dependent photosensitivity (P) of the reference PT under different 

light illumination. Photoresponsivity (R), and (c) Specific Detectivity (D*) of the 

reference PT under irradiation at different gate voltages. 
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Figure S2. Threshold voltage shift of (a) HJPT and (b) reference OPT under different 

light intensities. (c) Threshold voltage shift as a function of incident light intensity. 
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Figure S3. Dark current stability of the HJPT under different gate voltage bias and the 

same VD of -40 V. 
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Figure S4. Dark current and photocurrent of the HJPT as a function of time. 
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