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A B S T R A C T   

X-ray detection is an important technology for medical diagnosis as well as industrial and security inspections. 
While today’s commercial X-ray detectors are bulky, photodetectors based on organic semiconductors have 
attracted increasing attention owing to their low temperature processing capabilities, flexibility and low cost. 
Nonetheless, the low X-ray attenuation coefficient of organic semiconductors still hinders their practical appli-
cation. Herein, a new organic-inorganic hybrid strategy is proposed to improve the X-ray sensitivity of organic 
photodetectors (OPDs). A solution-processed X-ray sensitive hybrid OPD is fabricated by embedding CsPbBr3 
quantum dots (QDs) into a P3HT:PC61BM bulk heterojunction photodiode. The QDs, acting as embedded scin-
tillators in the organic active layer, maintain a high radioluminescence. The proposed hybrid structure enables 
indirect X-ray detection in a comprehensive manner. These hybrid photodetectors exhibit suppressed dark 
current densities in the range of tens of picoamperes per square centimeters for different weight ratios of blended 
QDs. The best OPD achieves a sensitivity of 229.6 e nGy− 1 mm− 2 (3.67 μC Gy− 1 cm− 2) and a dark current of 23.3 
pA cm− 2 at a low operating voltage (− 3 V) for 20–80 kV “soft” X-rays, thus representing great potential for the 
development of next generation low cost, portable, and highly sensitive X-ray detectors.   

1. Introduction 

X-ray detections are of high importance in healthcare diagnostics as 
well as industrial and security inspections. Conventional indirect X-ray 
detection systems use a scintillator to convert the X-rays into visible light 
which is then recorded via silicon photodiodes (PDs) or photomultiplier 
tubes (PMTs) [1]. The scintillator and photodetectors are manufactured 
separately, and an extra assembling step is required to attach the scin-
tillator to the photodetectors. All the key components are fragile and 
rigid. These bulky systems are widely available in daily medical and 
industrial inspection; yet, there is a growing demand of bendable or 
wearable X-ray photodetectors with features such as light weight and 
curved shapes [2–4]. The state-of-the-art indirect X-ray detection 

technology cannot fully meet this demand due to the complexity of its 
components and flexibility limitation. 

The development of organic semiconductors offers several advan-
tages over its inorganic counterparts, such as large-area and low tem-
perature processing capabilities, flexibility, and high absorption 
coefficient to visible light. Recent developments have rendered OPDs 
with high quantum efficiency and low noise promising candidates for 
flexible photodetectors and image sensors [5]. Early flexible OPDs used 
a blend of poly [2-methoxy-5-(2-ethylhexyloxy)-1, 
4-phenylene-vinylene] (MEH-PPV) and fullerene derivative 
phenyl-butyric acid methyl ester (PCBM), achieving a photoresponse of 
0.14 A W− 1 and a dark current of 1 nA cm− 2 [6]. Nowadays, the poly 
(3-hexylthiophene) (P3HT) has become the most common donor 
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material for the realization of OPDs. P3HT can be obtained through 
optimized synthetic steps which allows its production on the scale of 
kilograms at a moderate cost. It has been reported that the performance 
of P3HT-based OPDs with an adequate device configuration is compa-
rable to that of commercial low-noise silicon PDs [7]. In terms of X-ray 
detection, organic PDs can withstand X-ray radiation doses equivalent to 
the lifetime doses (i.e., exposure to 500 Gy) employed in indirect X-ray 
medical imaging detection [8]. It has been shown that 30-μm-thick Poly 
[bis(4-phenyl) (2,4,6-trimethylphenyl)amine (PTAA) can directly detect 
17.5 keV X-ray radiation with dose rates as low as 6 mGy s− 1 and with 
sensitivities up to 92 nC mGy− 1 cm− 3 when biased at 100 V [9]. 
Nonetheless, organic polymers generally exhibit a low X-ray attenuation 
coefficient. To tackle this issue, high atomic number (high-Z) materials, 
such as terbium-doped gadolinium oxysulfide (GOS:Tb) or Bi2O3 parti-
cles, and PbS quantum dots (QDs) are usually incorporated into the 
polymer [10–12]. While PbS QD-embedded P3HT:PCBM OPDs can 
achieve a sensitivity of ~150 e nGy− 1 mm− 2 with an active layer 
thickness of 24 μm [12], the maximum sensitivity of Bi2O3-incorporated 
P3HT:PCBM devices exceeds 103 e nGy− 1mm− 2 [11]. The working 
principle of these hybrid photodetectors is based on direct X-ray 
detection, where X-rays are mainly absorbed by the inorganic nano-
particles (NPs), and the generated electrons and holes are separated by 
the internal electric field and transported via PCBM and P3HT, respec-
tively. On the other hand, P3HT:PCBM-based hybrid OPDs with 
embedded GOS:Tb scintillator NPs have been reported with an X-ray 
sensitivity of 459 e nGy− 1 mm− 2 for a 67 vol% filling ratio of NPs, at the 
cost of high dark current (>1000 pA mm− 2) [10]. It is worth noting that, 
although the P3HT:PCBM blend remains the host material throughout, 
the detection mechanism is dominated by the indirect detection mode, 

in which the incoming X-ray is first absorbed by the GOS:Tb in the 
blended matrix, and the converted visible light is then sensed via the 
P3HT-based OPD. Recently, all-inorganic halide lead perovskites quan-
tum dots (CsPbX3, X = Cl, Br, or I) are considered to be promising 
scintillator materials for ionizing radiation detection, due to their ad-
vantages such as low-temperature and low-cost preparation (compared 
to GOS:Tb ceramics), high photoluminescence quantum yield (PLQY), 
large X-ray absorption efficiency, and short transition time [13–15]. The 
perovskite QDs also have smaller cluster size than the micrometer-scale 
GOS:Tb scintillator particles. A high-resolution X-ray imaging of 15 lp 
mm− 1 by an Eu doped CsPbBr3 QDs glass-ceramic scintillator has been 
reported with low scintillation scattering and high operational stability 
[16]. 

Here, to enhance the X-ray sensitivity of organic semiconductors, 
CsPbBr3 QDs were incorporated into the P3HT:PC61BM bulk hetero-
junction (BHJ) OPD. The synthesis of CsPbBr3 QDs is based on the 
previously reported triple-ligand method [17]. Different weight ratios of 
CsPbBr3 QDs were added into the blended layer. A copper-tube X-ray 
source with an energy range of ~20–80 kV was used to evaluate the 
X-ray detection performance of the hybrid photodetectors. It was found 
that the CsPbBr3 QDs acting as embedded scintillators. The best hybrid 
device could maintain a low dark current of 23.2 pA mm− 2, while 
achieving an X-ray sensitivity of 229.6 e nGy− 1 mm− 2. 

2. Results and discussion 

Fig. 1a shows a schematic view of the QD-blended P3HT:PC61BM 
organic PDs. The chemical structures of P3HT and PC61BM and the 
schematic crystal structure of the perovskite QDs are depicted in Fig. 1b. 

Fig. 1. (a) Schematic view of the perovskite QD-embedded P3HT:PC61BM OPD. (b) Chemical structures of the P3HT donor, the PC61BM acceptor, and the crystal 
structure of the CsPbBr3 QD. (c) Photos of the hybrid active layer emitting green fluorescence under ultraviolet light (above), and the as-fabricated OPD device 
(below). (d) The X-ray diffraction (XRD) pattern of the CsPbBr3 QDs. (e) PL spectra of the CsPbBr3 QD, P3HT:PC61BM and P3HT:PC61BM:QD blending layer. (f) X-Ray 
mass attenuation coefficients of P3HT, CsPbBr3 QDs, and CsI scintillator as a function of photon energy. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the Web version of this article.) 
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The PD exhibits a typical sandwich structure with PEDOT:PSS as the 
hole transport layer at the bottom and LiF as the hole blocking layer at 
the top. The X-ray diffraction (XRD) pattern of the QDs (PDF# 18–0364) 
in Fig. 1d confirms their cubic phase structure. It is found that, when the 
QDs are blended into the active layer, a strong green photoluminescent 
emission could still be observed when exposed to ultraviolet (UV) light 
(Fig. 1c). From Fig. 1e, it can be seen that the emission peak of the OPD 
blended QDs matches the photoluminescence (PL) peak of the QD thin 
films. This result suggests that the electrons and holes photogenerated in 
the QDs mostly recombine within the QDs. The recombination of the 
photogenerated charges in the QDs is responsible for the green PL of the 
blended polymer film in Fig. 1c. Fig. 1f shows the mass attenuation 
coefficient of the CsPbBr3 QDs, the CsI scintillator, and the organic BHJ 
containing P3HT. CsPbBr3 exhibits a high X-ray attenuation coefficient 
which compensates for the insufficient X-ray absorption of the P3HT 
polymer for X-ray detection. 

To assess the effect of the QD concentration on the performance of 
the OPDs, hybrid P3HT:PC61BM OPDs were fabricated with different 
weight ratios of CsPbBr3 QDs in the active layer. The fabricated BHJ 
device with the QDs is shown in the lower part of Fig. 1c. In 2014, it was 
reported by Armin that a thick active layer can significantly suppress the 

reversed dark current in OPDs [18]. Here, in order to suppress the 
reversed dark current and obtain sufficient X-ray absorption, a 
~20–25-μm-thick active layer was adopted, which is similar to previ-
ously reported organic semiconductor-based dosimeters [9,19,20]. The 
dark current-voltage characteristics of the OPDs with different P3HT: 
PC61BM:QD weight ratios (1:1:0, 1:1:0.5, 1:1:1, 1:1:2, and 1:1:5) are 
presented in Fig. 2a. It can be seen that these OPDs retain typical diode 
characteristics after the incorporation of perovskite QDs. When the 
proportion of QD is low (1:1:0.5 and 1:1:1), the dark current densities of 
these devices are ~10 pA mm− 2 (1 nA cm− 2) at − 3 V, which is similar to 
those obtained for devices without QDs, as shown in Fig. 2b. However, 
the reversed dark currents gradually increase upon increasing the 
weight ratio of the QD, from 23.2 pA mm− 2 for the 1:1:2 device to 64.4 
pA mm− 2 for the 1:1:5 device, both measured at − 3 V. The phenomenon 
of decreased rectification caused by the high QD proportion is consistent 
with a previous report for other types of blended QDs, and is probably 
due to excess ligands of the QD particles [12]. Fig. S1 shows the noise 
current spectral densities of the pristine OPD in the flicker (1/f) regime 
under reverse bias, with a white noise of ~10− 12 A Hz− 1/2 at − 1 V, 
which is close to the noise value for PCBM-based OPDs reported previ-
ously [21]. 

Fig. 2. (a) Dark J-V curves of the hybrid OPD with 
different weight ratios of P3HT:PC61BM:QD. (b) Dark 
current densities of hybrid OPDs under − 3 V bias. (c) 
The X-ray response of the device with weight ratio of 
1:1:1 under various bias voltages. (d) The X-ray 
response of the hybrid OPDs with different QD weight 
ratios (dose rate: 27.14 mGy s− 1). (e) X-ray photo-
current of devices with different QD weight ratios 
under a reversed bias varying from − 0.1 to − 5 V. (f) 
The linear response of the OPD device with weight 
ratio of 1:1:2 at different dose rates.   
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The X-ray-induced current response of the OPDs with different QD 
weight ratios were further investigated. Fig. 2c shows the current signal 
measured via the OPD with 1:1:1 wt ratio under an X-ray dose rate of 58 
mGy s− 1 and for an applied voltage varying from − 0.1 to − 5 V. For an 
active layer with a thickness of 25 μm, the electric field in the active 
layer is ~0.2 V μm− 1 at − 5 V. It is found that the photocurrent does not 
increase linearly with the applied voltage, and tends to saturate when 
the voltage exceeds − 3 V. Fig. 2d presents the response photocurrents of 
the OPDs with various QD concentrations under X-ray exposure and 
with an applied voltage of − 5 V. The OPD with 1:1:0 wt ratio exhibits a 
low response current of 100 pA mm− 2 which is directly generated by the 
P3HT:PC61BM layer [9,20]. The photocurrent gradually increases as the 
QD weight ratio increases, and starts to decrease for QD weight ratios 
higher than 1:1:2. The OPD with 1:1:2 wt ratio shows the highest value 
of the response current, namely 687.4 pA mm− 2 (68.74 nA cm− 2) at a 
dose rate of 27.14 mGy s− 1. To further evaluate the effect of applied 
voltage on the photoresponse of the hybrid OPDs, the devices are tested 
under different biased, varying from 0.1 V to 5 V. As shown in Fig. 2e, 
the photocurrent increases significantly when bias voltages increase 
from 0.1 V to 3 V for all hybrid OPDs. Further increasing the bias voltage 
from − 3 to − 5 V does not result in a further improvement of the 
photocurrent. The corresponding electric field at − 5 V inside the active 
layer of OPD is ~0.2 V μm− 1, considering a thickness of ~20 μm. These 
results indicate that the X-ray detection mechanism of our hybrid OPDs 
is not direct detection mode. A 3D plot of the photocurrents measured 
for different X-ray dose rates and weight ratios under a bias voltage of 
− 3 V are also shown in Fig. S2. The decrease of the photocurrent 
observed for the 1:1:5 device may be attributed to a higher leakage 
current which also reduces its detection ability at a low dose rate. The 
photocurrent of the OPD with 1:1:2 wt ratio increases almost linearly 
from 8.7 to 213.7 nA cm− 2 upon increasing the dose rate from 6.36 to 
58.18 mGy s− 1, as shown in Fig. 2f. The X-ray sensitivity (S) of the de-
tector can be evaluated according to [10]: 

S=

∫
[Ix− ray(t) − Idark]dt

qDA
, (1)  

where Ix-ray is the photocurrent generated under X-ray irradiation, Idark is 
the dark current of the device, q represents the elementary charge, D is 
the X-ray irradiation dose in air, and A is the active area of the detector. 
S is used to characterize the ability of charge carrier extraction per unit 
area and entrance dose of the device. The best OPD, obtained for the 
1:1:2 QD weight ratio, reaches a sensitivity of 229.6 e nGy− 1 mm− 2 at 
58.18 mGy s− 1. 

Transient response of the device is another important aspect of the 

photodetector performance. However, due to the limitation of our X-ray 
power source, the rise/decay time in Fig. 2c and d appears to be slow. 
Further investigation on the performance of hybrid OPD under fast 
pulsing X-ray exposure are needed. To estimate how fast the OPD can 
respond to pulse light, a 460 nm light emitting diode (LED) was used as a 
pulse light source, and the rise and decay times were extracted. As 
shown in Fig. S3, the rise and fall times of the device at − 3 V are less 
than 36.75 and 47.14 ms, respectively, proving the fast response of the 
proposed OPD. It is anticipated that the hybrid OPD should have fast 
response to X-ray pulses, as the reported average PL lifetime of the 
CsPbBr3 nanocrystals is less than 15 ns. [22,23]. Additionally, the con-
ductivity of QDs remained low under excitation light as shown in the I–V 
curves in Fig. S4, proving that there is no charge transfer with other 
components while working as embedded scintillators in the hybrid de-
vice. Thus, the X-ray detector is estimated to work completely in the 
indirect detection mode. 

The key parameters of the devices investigated in related studies are 
summarized in Table 1. Compared with most previously reported pho-
toconductors and PDs, the OPDs proposed in the present work exhibit a 
lower dark current density of ~10–23.2 pA mm− 2, thus enabling 
picoampere current detection under ~20–80 kV X-ray irradiation and 
low operating voltage. The leakage current is very close to the indus-
trially accepted dark current density, i.e. ~1–10 pA mm− 2 [27]. How-
ever, it is still necessary to minimize it for devices with high QD weight 
ratios, which can improve their sensitivity at low dose rates. Drop 
casting [19,28] or the growth of single crystals (1D, 2D or bulk) with 
fewer grain boundaries [29–32] could effectively reduce the defect 
density and suppress the dark current. Considering that high weight 
ratios of QDs or NPs blended in BHJs inevitably affect the crystallinity of 
the polymer and give rise to more defects, introducing a transport layer 
with a superior charge selectivity and stability is a good option for 
further work. PTAA [33] and metal oxides such as NiOx [34,35] are good 
substitutes for PEDOT:PSS, while normal structures with ZnO as the 
bottom electron transport layer have also been reported [26], exhibiting 
an ultra-low dark current of 10 pA mm− 2 under − 200 V bias. As for the 
sensitivity, the proposed CsPbBr3 QD-embedded OPD has an S value of 
229 e nGy− 1 mm− 2 at low bias voltage, which is higher than that of 
Bi2O3 NP or PbS QD hybrid PDs working in direct detection mode. This 
indicates that the proposed OPD with all-inorganic perovskite QD 
scintillators and BHJ composites shows good potential in medical and 
industrial applications of X-ray detection. 

To unravel the reason why different weight ratios can affect the dark 
current-voltage characteristics of the OPDs, the distribution of the QDs 
in the P3HT:PC61BM blend was explored via scanning electron micro-
scopy (SEM). Fig. 3a shows the cross-sectional view of a typical OPD 

Table 1 
Device performance parameters of the organic-inorganic hybrid X-ray photodetectors.  

Active layer Typea Mode Dark current [pA 
mm− 2] 

Thickness of active layer 
[μm] 

Voltage 
[V] 

Sensitivity [e nGy− 1 

mm− 2] 
X-ray Source Ref. 

PTAA A direct 140 30 300 37.5 Mo-target, 50 kV [9] 
P3HT A direct 3.38 × 103 29 50 27.9 Varian Clinac 21EX, 6 

MV 
[20] 

PTAA:Bi2O3 

NP 
B direct 10 20 − 200 25 Mo-target, 50 kV [24] 

P3HT:PCBM: 
Bi2O3 NP 

A direct ~106 210 200 1.75 × 105 W-target, 70 kV [25] 

P3HT:PCBM: 
Bi2O3 NP 

B direct ~104 20 − 10 1.3 × 104 W-target 50 kV [11] 

P3HT:PCBM: 
Bi2O3 NP 

B direct 10 55 − 100 3.75 W-target 
70 kV 

[26] 

P3HT:PCBM: 
PbS QD 

B direct ＞1.1 × 103 30 − 30 200 W-target, 40 kV [12] 

P3HT:PCBM: 
GOS:Tb NP 

B indirect ~103 10 − 10 459 W-target, 70 kV [10] 

P3HT:PCBM: 
CsPbBr3 QD 

B indirect 23.2 20–25 ¡3 229.6 Cu-target, 
40–80 kV 

This 
work  

a photoconductor, photodiode. 
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with 1:1:1 wt ratio (P3HT:PC61BM:QD). It is evident that the QDs pre-
cipitate and aggregate at the bottom of the active layer (close to the 
bottom electrode). During fabrication, we found that there is no obvious 
precipitation in the QD ink or the P3HT:PC61BM:QD blending precursor. 
It is speculated that the precipitation is ascribed to the rapid volatili-
zation of n-hexane with a low boiling point in the mixed precursor. The 
introduction of didodecyldimethylammonium bromide (DDAB) to the 
triple-ligand CsPbBr3 QDs enable a higher dispersibility of the QDs in 
nonpolar solvents such as n-octane and hexane than chlorobenzene (CB) 
[17,36], while the solubility of P3HT in n-hexane is very low. The 
mismatch of solvent boiling points leads to the precipitation of QDs 
before donor and acceptor at 70 ◦C. As shown in Fig. 3b, the size of the 
aggregated particles is in the range of ~1–6 μm. In addition, the 
cross-sectional view of the OPD with 1:1:2 wt ratio was also investi-
gated. From Fig. 3c, it can be seen that the distribution of QDs is more 
uneven for the 1:1:2 wt ratio than for the 1:1:1 wt ratio. Therefore, it is 
speculated that the aggregation phenomenon near the substrate would 
be exacerbated for the high QD weight ratios. Additionally, the energy 
dispersive X-ray spectroscopy (EDS) analysis revealed that the aggre-
gation region is predominantly a composite of the Cs, Br, and Pb ele-
ments, as shown in Fig. 3d–f. The error in the Pb detection (Fig. 3f) is 
caused by the overlap between the EDS peaks of Pb (from QDs) and S 
(from P3HT). The optical microscopy images and SEM images of the 
OPD samples with different QD weight ratios can be found in Figs. S5 
and S6 of the Supporting Information. As the QD weight ratio is 
increased, a stronger inhomogeneity of the active layer (agglomeration 
and surface roughness) can be observed. Correlating the surface 
morphology and the electrical characteristics of the OPDs, it can be 
concluded that the undesirable aggregation of QDs can lower the P3HT 
crystallinity, which results in an increased leakage current [11]. When 
the weight ratio of QD over P3HT is more than 2 (50 % of the total 
weight), the dark current increases dramatically. Therefore, in terms of 
minimizing the dark current, the QD weight ratio should be limited to be 
less than 2. 

Furthermore, a thicker QD aggregation layer at the bottom could 
probably stop or scatter the converted visible photons from entering the 
top P3HT layer. As shown in Fig. S7, different J-V curves are obtained 
when the 520 nm beam light, close to the QD emission peak, enters from 

the top or bottom sides of the OPD. These results indicate that the 
photocurrent generated by the bottom light decreases significantly for 
thicker active layers, meaning that the bottom incident light becomes 
increasingly difficult to collect for the BHJ. It is hypothesized that the 
aggregation of QD blocks in the transmission of the X-ray excitation light 
to the P3HT:PC61BM-rich region results in higher light losses, eventually 
affecting the sensitivity of the OPDs. Therefore, further studies are 
needed to achieve a homogeneous distribution of the QDs in the BHJ, in 
order to enhance the collection of excitation light, device yield, and 
lower the leakage current. 

To investigate whether the embedded QD scintillator will cause 
crosstalk among adjacent, a beam of 460 nm or 520 nm laser is incident 
at a certain distance from the photodetector pixel to test the photo 
response. As shown in Fig. S8, the photocurrent decreases rapidly with 
the increase of distance and disappears at 10–15 μm for both incident 
lights, proving there is no obvious crosstalk of the hybrid device. As for 
the X-ray hardness measurement, an X-ray source (50 kV, 50 μA, 2.5 W) 
with equivalent dose rate of 0.3 mSv/h was applied to the 1:1:1 device. 
As shown in Fig. S9, the dark current remained stable after 2 h of X-ray 
radiation at − 3 V, demonstrating the ability to operate continuously of 
the proposed device. 

3. Conclusion 

In summary, an X-ray sensitive organic photodetector was demon-
strated by incorporating CsPbBr3 QDs in a P3HT:PC61BM BHJ. The OPD 
works in indirect transduction mode with the perovskite QDs acting as 
embedded scintillators. The dark current density remains stable at tens 
of picoamperes per square centimeters in a wide range of QD blending 
ratio. The aggregation phenomenon of the QDs near the substrate was 
characterized via SEM imaging and EDS analysis. The best device was 
found to be P3HT:PC61BM:QD with a weight ratio of 1:1:2, exhibiting a 
dark current density of 23.2 pA mm− 2 and a sensitivity of 229.6 e nGy− 1 

mm− 2 for soft X-rays at a low operating voltage of − 3 V. Further opti-
mization of the device structure and preparation process is needed to 
suppress the dark current and improve the sensitivity at low dose rates 
for effective detection and imaging applications. 

Fig. 3. (a) Cross-section SEM images of P3HT:PCBM active layers with and without QDs, while (b) shows a zoom-in image of the globular agglomerate at the bottom 
of the hybrid film with weight ratio of 1:1:1. (c–f) SEM images and EDS mappings of the P3HT:PCBM:QD hybrid film with a weight ratio of 1:1:2. 

L. Xiang et al.                                                                                                                                                                                                                                    



Organic Electronics 98 (2021) 106306

6

4. Experimental section 

Materials. Poly (3-hexylthiophene-2,5-diyl) (P3HT) and [6,6]- 
phenyl-C61-butyric acid methyl ester (PC61BM) powders were pur-
chased from Luminescence Technology Crop. PbBr2, Cs2CO3 OTAc (99 
%), DDAB (98 %), and TOAB (98 %) were purchased from Aladdin. 
Chlorobenzene was purchased from Aladdin. 

Preparation of the QD precursor solution. 1 mmol of PbBr2 and 2 
mmol of TOAB were dissolved in 10 mL of toluene to prepare a PbBr2 
precursor. 1 mmol of Cs2CO3 and 10 mL of OTAc were mixed to prepare 
the Cs + precursor solution. Then, 10 mg/mL of DDAB dissolved in 
toluene was prepared as the precursor of the ligand. 

Synthesis of the CsPbBr3 QDs. 1.0 mL of cesium precursor was 
swiftly added to 9 mL of PbBr2 toluene solution in air at room temper-
ature. At this instant, the QDs rapidly nucleated, and the reaction so-
lution was magnetically stirred for 5 min; then, 3 mL of DDAB solution 
was added, and stirring was continued for 2 min. The anti-solvent ethyl 
acetate was mixed with the original reaction solution at a volume ratio 
of 2:1 to extract nanocrystals and wash away excess ligands. The mixed 
solution was centrifuged at a speed of 8000 rpm for 15 min to separate 
the QDs. Afterwards, the precipitate collected was dissolved in toluene, 
in which ethyl acetate was added again with a volume ratio of 2:1 for 
second centrifugation. Finally, the precipitated QD ink was dispersed in 
hexane, as shown in Fig. S10a. 

Blend solution preparation. P3HT and PC61BM of equal weight (50 
wt%) were dissolved in chlorobenzene to obtain a mixed solution with a 
total concentration of 40 mg/mL and then heated at a temperature of 
70 ◦C until completely dissolved. The QD in hexane was vacuum evap-
orated in advance to increase the concentration. Finally, according to 
the mass ratio of P3HT:PC61BM:QD, a corresponding amount of QD ink 
was added into the P3HT:PC61BM solution and stirred until completely 
mixed, as shown in Fig. S10b. 

Device fabrication. The PEDOT:PSS aqueous solution (Baytron P VP 
Al 4083, filtered through a 0.45 μm filter) was spin-coated onto indium 
tin oxide (ITO)/glass substrates (15 mm × 15 mm) at 3000 rpm for 60 s 
and baked at 150 ◦C for 20 min. In an N2 glove box, the blend solution 
was dropped coated onto the device on a 70 ◦C hot plate, then annealed 
at 70 ◦C for 30 min. Finally, LiF/Al electrodes (1 nm/120 nm) were 
deposited using a vacuum evaporation system through a shadow mask 
under a high vacuum of ~1 × 10− 4 Pa. The active area of the detector 
was 4 mm [2], as defined by the overlapping area of the orthogonal ITO 
(2 mm) and Al (2 mm) electrodes. 

Characterization. A copper tube X-ray source (VJ Technologies 
(Suzhou) Co., Ltd, (MODEL: IXS080BP210P396)) with an energy range 
of 20–80 kV was used to generate the X-rays, and Keithley 2450 or 2602 
were used for recording the electrical characteristics of the OPD. The 
OPD was connected to a Keithley 2400 for electrical characterization in 
dark and under illumination with visible light. Transmission electron 
microscopy (TEM) images of the QD ink were acquired via a JEOL JEM- 
3200FS, and the XRD analysis of the QD was carried out using a Bruker 
D8 Advance. SEM imaging and EDS analysis of the active layer were 
measured via a Carl Zeiss ZEISS SUPRA® 55. 
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