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Abstract
X-ray photodetection are frequently used in medical diagnoses industrial inspection and
environmental radiation detection. Currently, there is an ongoing effort to develop bendable or
flexible x-ray photodetectors (PDs) to meet the demand on light weight and arbitrary shape
detection system. Here, a highly bendable indirect x-ray PD is designed by coupling a
P3HT:PC61BM organic photodetectors (OPDs) with a flexible perovskite quantum dots (QDs)
embedded polymer scintillator. The flexible perovskite QDs scintillator exhibits high
radioluminescence with emission peak centers at the 537 nm, which falls in maximum absorption
range of poly(3-hexylthiophene) (P3HT). The OPD, with 2µm active layer, exhibits low dark
currents in the range of tens of nanoampere per square centimeter over a wide reversed biased
range. The OPD demonstrates detectable light signal down to 0.1µWcm −2 and low dose detection
capability. The coupling of perovskite QDs scintillator and OPD shows a sensitivity of
638 e nGy−1 mm−2

(
10.2 µC Gy−1 cm−2

)
at a dose rate of 1 mGy s−1, which brings the

possibilities of realizing highly bendable x-ray PDs.

1. Introduction

Indirect x-ray detection are scintillation-based radi-
ation detectors that are widely used for industrial
inspection, nuclear security and medical radiology
imaging [1–3]. The indirect x-ray detector is com-
posed of a scintillator film, such as cesium iodide
(CsI:Tl) [4, 5], gadolinium oxysulfide (Gd2O2S) [6],
and photodetectors (PDs) which are usually amorph-
ous silicon, or photomultiplier tubes (PMTs). The
scintillator absorbs the x-ray and then emits visible
light that are recorded by PDs. Therefore, in indirect
x-ray detection system, the scintillator materials and
the coupled PD should be in good match to achieve
high performance. While rigid PMTs and silicon PDs
have been widely adopted, there is a growing demand
on bendable or flexible x-ray PDs for light weight and
curve shape detection system.

Organic semiconductors offer significant advant-
ages, such as large and low temperature processing
capabilities, long carrier lifetime and strong absorp-
tion coefficient to visible light [7] and their chemical
tunability enables high selectivity over a large spec-
tral range. Visible organic photodetectors (OPDs)
are widely used in image transmission systems such
as cameras. UV OPDs can realize the UV monit-
oring in industrial and aerospace. NIR OPDs are
used in military, optical communications, biomed-
ical, artificial vision, environmental monitoring,
and other fields according to different infrared
light absorption regions [8–11]. Recent develop-
ment of high quantum efficiency, low noise OPDs
have rendered them strong candidates for flex-
ible x-ray detection [6, 12, 13]. The first repor-
ted flexible image sensor based on OPD used a
blend of poly [2-methoxy-5-(2-ethylhexyloxy)-1,

© 2021 IOP Publishing Ltd

https://doi.org/10.1088/2058-8585/abe655
https://crossmark.crossref.org/dialog/?doi=10.1088/2058-8585/abe655&domain=pdf&date_stamp=2021-2-25
https://orcid.org/0000-0001-7397-2714
https://orcid.org/0000-0002-0472-9515
mailto:zhouh81@pkusz.edu.cn
http://doi.org/10.1088/2058-8585/abe655


Flex. Print. Electron. 6 (2021) 015008 L Xiang et al

4-phenylene-vinylene] and fullerene derivative
phenyl-butyric acid methyl ester (PCBM), where a
photoresponse of 0.14 A W−1 and a dark current
of 1 nA cm−2 were reached. The conjugated poly-
mer poly(3-hexylthiophene) (P3HT) is perhaps the
most common donor to form the bulk heterojunc-
tion (BHJ) active layer in the OPD [14–16]. P3HT
has optimized synthetic steps which currently allows
purchasing kilograms of this polymer at a moderate
cost. Recently, it has been proven that the perform-
ance of P3HT based OPDs using indium tin oxide
(ITO)/polyethylenimine ethoxylated and MoOx/Ag
electrodes is close to a low-noise silicon photodi-
odes in all metrics within the visible spectral range,
except response time [17]. In terms of x-ray detection,
although there are reports on direct x-ray detection
by organic photodiode, pure polymers exhibit a low
attenuation for x-rays radiation [16, 18]. To tackle
this issue, high atomic number (high-Z) materi-
als such as terbium-doped gadolinium oxysulfide
(GOS:Tb) scintillator or Bi2O3 particles [6, 13], PbS
quantum dots (QDs) [19–21] are incorporated into
the polymer. The maximum sensitivity for Bi2O3

incorporated P3HT:PCBM device reached above
103 e nGy−1 mm−2 [13], whereas a sensitivity of
0.32 mC Gy−1 cm2 at 70 kVP was obtained in the
GOS:Tb blended P3HT:PCBM hybrid detector [6].
Nonetheless, as the above blended thin film are still in
the order of 1 µm, the problem of insufficient x-ray
absorption still exists in the direct detection mode.

Although different kinds of OPDs have been
attempted, most of the reported indirect x-ray
detector are rigid solid-state device due to the
incorporation of conventional scintillators. Tradi-
tional crystal scintillators require high temperature
preparation, and the solid crystal cannot be used
in flexible devices. All-inorganic perovskite nano-
particles are promising scintillator materials due to
their large atomic compositions and high fluores-
cence quantum efficiency. Chen et al [22] reported an
all-inorganic nanocrystal scintillator that is capable of
converting small doses of x-ray photons into multi-
color visible light, and they are suitable for the ultra-
sensitive x-ray detectors and large-area, flexible x-ray
imagers. The detection limit is as low as 13 nGy s−1

when combining a sensitive PMT [22]. For conven-
tional perovskite colloidal QDs, it is difficult to form
a solid film that canmeet the thickness of x-ray detec-
tion due to its strong x-ray penetrating ability. By
photopolymerization of mixture solution of CsPbBr3
perovskite nanocrystals (PNCs) in methyl methac-
rylate, high stability and fast response time QDs scin-
tillators are reported [23]. Other types of perovskites
are also incorporated with polymer [24] and mem-
branes [25] to overcome the flexibility limitations in
thick halide perovskite films.

Here we investigated composite scintillator by
mixing CsPbBr3 QDs with polymethyl methacrylate
(PMMA), and combined it with micrometer

thick organic BHJ PDs for x-ray detection.
Poly(3-hexylthiophene-2,5-diyl) (P3HT) and
[6]-phenyl-C61-butyric acid methyl ester (PCBM)
were selected as the donor-acceptor blend sys-
tem, which have been wildly researched in PDs
[14, 16, 26–28]. We explored the polymer/fullerene
based PDs with ITO glass substrate and flexible poly-
ethylene naphthalate (PEN) substrate. Figure 1(a)
shows the schematic of the investigated scintil-
lator and BHJ device in a stack ITO/PEDOT:
PSS/P3HT:PC61BM/LiF/Al.

2. Results and discussions

Figure 1 (a)depicts the schematic view of the flex-
ible x-ray PD using a perovskite QDs scintillator and
P3HT:PC61BM OPD. The CsPbBr3 QDs were depos-
ited on flexible PET substrate, and the OPD device,
with PEDOT/P3HT:PC61BM/LiF/Al structure, is fab-
ricated on PEN substrate. The PEN and the PET sub-
strate are attached with each other. When exposed to
x-ray, the perovskite QDs convert the x-ray into vis-
ible light. The attached OPD then absorbs the con-
verted light and generates photocurrent as detection
signal. Figures 1(b) and (c) shows the photos of a
fabricated perovskite QD scintillator film, and an
OPD on ITO glass substrate attached to a perovskite
QD film. The flexible OPDs on PEN/ITO substrate
and the assembled flexible x-ray PDs are shown in
figures 1(d) and (e), respectively.

To reveal the perovskite QD crystal structure,
the TEM image of the CsPbBr3 perovskite QD is
shown in figure 1(f). The CsPbBr3 QDs exhibit a
cubic morphology with a crystal size of ∼10 nm,
with a (100) interplanar distance of ∼0.37 nm. The
monoclinic phase structure was further confirmed
by the x-ray diffraction (XRD) patterns (PDF# 18-
0364), presented in figure S1(a) (available online
at stacks.iop.org/FPE/6/015008/mmedia). The PLQY
(Photoluminescence Quantum Yield) of as-prepared
QDs are ∼85%. Figure 1(g) shows the radiofluores-
cence spectral of the CsPbBr3 QD scintillator (7%wt
QDs in PMMA) obtained by a FX2000 fiber spectro-
meter, and inset photograph shows a QDs scintillator
film emitting green light under exposure of x-rays
with a dose rate of 89.7 mGy s−1. For comparison,
a CsI:Tl (Lanjing, Shanghai) scintillator fluorescence
spectra was also measured. The perovskite QDs emits
537 nm green light with full width half maximum of
∼39 nm, which is much narrower than that of the
CsI:Tl scintillator. Both scintillators show approxim-
ately linear light output intensities with x-ray dose
rates, as shown in the figure S1(b).

For low dose x-ray detection, it is essential to
optimize the photodiode device to achieve low noise
current. For simple assumption, the noise current
of OPD is mainly related with the reverse dark cur-
rent of the device. The responsivity (R) and specific
detectivity (D∗) can be calculated and estimated from
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Figure 1. Structure of the x-ray detector and characterization of the CsPbBr3 QDs. (a) Device geometry. (b) Flexible perovskite
QD scintillator. Images of OPD fabricated on (c) glass substrate, (d) PEN substrate, and (e) flexible OPD attached to a flexible QD
scintillator film under bending condition. (f) Transmission electron microscope (TEM) image of the CsPbBr3 QDs. Inset shows
the High-resolution TEM (HRTEM) image. (g) Fluorescence spectral range of CsPbBr3 QDs scintillators and CsI:Tl under x-rays.
Inset shows the fluorescence of QD scintillator under x-rays exposure (89.7 mGy s−1).

equations (1) and (2),

R=
Jph − Jd
Pin

(1)

D∗ =
R√
2qJd

. (2)

As the detectivity is closely related to the dark cur-
rent level, much effort have been made to reduce the
dark current of OPD, such as choosing suitable inter-
face barrier layers [29, 30], high HOMO (Highest
Occupied Molecular Orbital) level donor materials
[29], shallow LUMO (Lowest Unoccupied Molecu-
lar Orbital) level acceptor materials [31]. Using a
thick active layer (>1 µm) is another effective way to
achieve low dark current [32, 33]. The term ‘thick act-
ive layer’ is adopted in contrast to the conventional
P3HT:PCBM organic solar cells, whose active layer is
100–300 nm. Previous reported P3HT:PCBM OPDs
are fabricated by spin-coated method, where dark
current in the range of 10−8 A cm−2 is obtained when
biased at 0 V to −1 V. Due to the viscosity require-
ment for spin-coatingmethod, active layerwith thick-
ness beyond 1 µm is rarely studied. Thick active layer
is actually favorable for large scale thin film coating
techniques, such as slot-die coating and doctor blade
coating. Here, in order to obtain an optimized OPD
device with low dark current and high photosensit-
ivity for indirect x-ray detection, we first investigate
the dark current and photocurrent (under 520 nm
illumination) of different active layer thicknesses. The
active layer thicknesses are 330 nm, 2 ± 0.3 µm,
3± 0.2 µm, 4.5± 0.5 µm and 7± 1 µm respectively.

The 330 nm active layer was prepared by spin-coating
method, whereas other films were fabricated by drop-
casted approachmentioned in themethod section. To
reveal the surface morphology, AFM (Atomic Force
Microscopy) image of a 2 µm P3HT:PCBM active
layer was shown in figure S2, the root-mean-square
roughness is 4.89 nm in amicrometer square domain,
which ensures a good contact with the electrode.

The current–voltage (J–V) characteristics of the
OPDs on different substrates were measured under
various light intensities, from ∼0.1 µW cm−2 to
∼1.2 mW cm−2, and the results are summarized in
figure S3. The voltage-dependent current densities of
typical OPDs with active layer thickness of 330 nm
(spin-coating) and 2 µm (drop-casting) are shown in
figure 2(a). It is significant that the dark current at
−3 V bias voltage of the OPD with 2 µm is much
lower than that of the 330 nm device, reducing from
5.5× 10−6 A cm−2 to 2.3× 10−8 A cm−2, nearly two
orders of magnitude difference. Although the photo-
current (Jph) slightly decreases to 8.7× 10−6 A cm−2,
the 2 µm active layer also maintained a stable low
dark current at the negative bias range tested in the
experiments. This is also valid for all the other thick
active layer OPDs (see figure S3). This is favorable
for high speed photodetection where large reversed
biased are required to achieve fast carrier transit time.
However, further increasing the active layer beyond
2 µmwould lead to a rapid decrease of the photocur-
rent. The reason for the decrease of Jd with increasing
the active thickness could be ascribed to the decrease
of extrinsic defects [34] (e.g. pinholes, and other leak-
age paths). When the thickness of the active layer is

3
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Figure 2. Performance of the P3HT:PC61BM OPD. (a) J–V curves of the devices with active layer thickness of 330 nm and 2 µm.
J–V curves of the best OPDs without scintillator based on (b) glass/ITO substrate and (c) PEN/ITO substrate measured at 520 nm
with different light intensities. (d) Irradiance-dependent photocurrent densities of devices on rigid and flexible substrates. (e) J–V
curves of the flexible OPD in the dark (solid line) and under 520 nm light illumination (dotted line) with various bending radius
(1.17 cm,0.66 cm and 0.50 cm). (f) Device dark and photocurrent densities versus voltage before and after 1200 bending cycles at
bending radius of∼0.5 cm (inset shows the photo of the test), photocurrent was measured under 520 nm light at 820 µW cm−2.

increased to be much larger than the carrier diffu-
sion length, the carrier recombination occurs more
and leads to lower charge collection efficiency. There-
fore, for indirect x-ray photodetection device, we
adopted device with 2 µm as it exhibits the highest
photo-dark current ratio while maintaining low dark
current.

The J–V characteristic of thickness-optimized
OPDs based on glass substrate is shown in figure 2(b).
The responsivity (R) and specific detectivity (D∗) of

the 2 µm thick device at 2.2 µW cm−2 at −3 V bias
are obtained from equations (1) and (2), respectively.
Based on the results in figure 2(b), the responsivity of
the 2 µm thick device is 0.406 A W−1, and the D∗ is
calculated to ∼4.7 × 1012 Jones. It is reported that a
high-quality scintillator for a low dose x-ray detection
system can provide a light intensity of 15 nW cm−2

at a dose rate of 10 µGy s−1 [35]. Therefore, in prin-
ciple, the rigid OPD in our work, which can detect
light intensities of 0.1 µW cm−2, should be able to
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detect 100 µGy s−1 dose rate if a high-quality scintil-
lator is adopted.

The J–V characteristic of a flexible device with
an active layer thickness of ∼2 µm is shown in
figure 2(c). Figure 2(d) shows a more detailed com-
parison of the photocurrent of the devices with glass
substrates and PEN/ITO substrates as a function of
incident light power. It can be seen that photocurrent
response of flexible OPDs is slightly inferior to that of
OPDs on glass/ITO substrates. This would be attrib-
uted to the transparency of PEN substrates, which is
lower than the ITO glass (figure S4). PEN substrate
has a transmittance of only 80%whereas the ITO sub-
strate is almost 90%. The higher roughness of PEN
substrate may also lead to higher leakage current in
the dark. The responsivity and the detectivity of the
flexible OPD are calculated to be 0.16 A W−1 and
∼1.56 × 1012 Jones, which are slightly lower than
those of the rigid device due to the lower transparency
of PEN/ITO substrate. To investigate the performance
of flexible OPD under bending condition, J–V curves
of the OPD under various bending radius are meas-
ured and shown in figure 2(e). Figure S5(a) shows
the corresponding photo and dark current densit-
ies in figure 2(e) at −3 V bias. With the increase of
bending radius, the photocurrent tends to decrease
while the dark current slightly increases, demonstrat-
ing the good bending tolerance of the OPD device. To
demonstrate the stability of flexible OPD, we mon-
itored the photocurrent and the dark current–voltage
characteristics during bending test. Both the pho-
tocurrent and the dark current at −1 V decrease
slightly after 1200 bendings (figure 2(f)). Figure S5(b)
presents the dark currents and photo photocurrents
at −3 V measured at every 100 bending cycles inter-
vals. It is shown that even after 1200 times bending,
the dark current and photocurrent level still main-
tain their original levels, indicating good flexibility
of our OPDs. The small changes are probably caused
by the metal electrodes, as some small cracks on
the top electrodes surface (figures S5(c) and (d)) are
observed. Furthermore, I–V properties changes of
OPD saved in glove box are tracked for 7 d in a row.
It is found that the dark current is slightly decreased
while photocurrent is slightly increased (figure S6)
which denotes that the properties of OPDs on glass
and PEN substrate become even better.

We further integrated P3HT:PCBM PDs with dif-
ferent thickness of CsPbBr3 QDs scintillator and
explored their x-ray responses. The thicknesses of
scintillators films are 200 µm and 300 µm respect-
ively, which are achieved by controlling the amount of
the mixed solution during drop-casted. As figure 3(a)
shows, under x-ray exposure, the photocurrent of
the pure OPD is 22 nA cm−2. After attached to a
200 µmQDs scintillators, the photocurrent increased
from 22 nA cm−2 to 59 nA cm−2 at 58 mGy s−1

when biased at −3 V. The response time of QD
scintillator/OPD device, which are usually defined as

the time gap when an output signal (photocurrent)
drops from 90% to 10% and rises from 10% to 90%
are measured and calculated. When tested under our
x-ray equipment, the rise and fall time of QD scin-
tillator/OPD are both ∼1.4 s under x-ray exposure,
as shown in the right panel of figure 3(b). As the
afterglow of CsPbBr3 is reported to be 30 ns [23, 36],
we suspect that the difference in the rise/fall time
is caused by our x-ray power supply, which cannot
operate in pulsed mode. As shown in the left panel of
figure 3(b), the rise time and fall time of OPD are less
than 80 ms under pulsed visible light.

The photocurrents of the rigid OPD devices with
scintillator (300 µm) at different x-ray doses are
shown in figure 3(c). It can be seen that as the x-ray
dose increases, the photocurrent gradually increases.
There is an approximate linear relationship between
photocurrent and x-ray dose (figure 3(d)). When the
dose reduces to 1mGy s−1, the photocurrent response
is ∼10 nA cm−2. The x-ray sensitivity is calculated
by [6]:

S=

´
[Ix - ray(t) − Idark]dt

qDA
(3)

where IX-ray and Idark represent the current under
x-ray irradiation and in the dark, respectively, q rep-
resents the elementary charge,D is the x-ray entrance
dose in air and A is the active area of the detector. The
equation expresses the number of extracted charge
carrier Q/e generated by x-ray radiation per D and
per A. The detector based on glass substrate showed a
sensitivity of 638 e nGy−1 mm−2 at−3 V bias and at
1mGy s−1 dose rate. OPDwithout scintillator cannot
obtain measurable photocurrent at 1 mGy s−1. We
have compared our device performance with other
literatures, and found that the dark current density
is close to the reported level [37], yet the best repor-
ted OPD x-ray sensitivity can reach 0.18 µGy s−1.
Therefore, we deduce that the main difference lies
in the quality of scintillator. The performance of
our CsPbBr3 QDs and the CsI:Tl scintillator are
inferior to the state-of-the-art CsI:Tl and GOS scin-
tillators. As mentioned above, the CsI:Tl scintillator
in our lab may be degraded due to improper stor-
age. The performance of the flexible x-ray detector
with OPD and perovskite QD scintillators is presen-
ted in figure 3(e). The x-ray response of the OPD
is apparently much significant with QD scintillat-
ors. Compared to the OPD without scintillator, the
photocurrent of the OPD with QD scintillators is
doubled under x-ray exposure. It is noted that the
x-ray response does not increased linearly with the
thickness of the flexible QD scintillator, which is
probably ascribed to the light scattering. Further
investigation on increasing the CsPbBr3 QDs con-
centration in the PMMA thin film and reducing
their light scattering loss are required for low dose
application.
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Figure 3. Detector performance under x-ray irradiation. (a) x-ray photocurrent of devices on glass substrate with different
thicknesses of QD scintillators. (b) Transient response of OPD on glass substrate to a 520 nm green light at−3 V bias and QD
scintillator/OPD under x-ray exposure. (c) Photocurrent at different x-ray doses. (d) The linear fitting of relationship between
photocurrent and x-ray dose rate. (e) x-ray photocurrent of devices on PEN substrates with different thicknesses of QD
scintillators. (f) The net photocurrent generated on rigid and flexible substrates under x-ray irradiation varies with the thickness
of the scintillators.

Figure 3(F) shows a comparison of net photo-
currents produced by different scintillator thicknesses
for devices based on glass substrates and PEN sub-
strates. The result manifests that the best sensitiv-
ity obtained in this study is comparable to the direct
x-ray detection by P3HT:PCBM:GOS:Tb hybridOPD
[6], where the sensitivity is ∼459 e nGy−1 mm−2.
Currently, our prepared scintillator has relatively
low QD concentration in the PMMA film. The low

density of QDs limits the detection of low-dose x-
rays, and it is necessary to find an optimized method
to increase the density in the thin-film scintillator.
Further improvement can be obtained via optimizing
the QD thin film scintillators in the future. Besides,
there is light leakage or waveguide effect via the
substrate between scintillator and OPD, which may
lead to potential crosstalk between adjacent pixels and
hinders its applications in high-pixel-density x-ray
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imager. One of improving light absorption is adopt-
ing transparent or semi-transparent top electrodes so
that the top incidence of light is allowed. Therefore,
for high sensitivity and resolution x-ray image sensor
application, further investigation on the integration
ofQD scintillatorwith transparent top electrodeOPD
is required.

In conclusion, we have showcased an indir-
ect x-ray detection by coupling the CsPbBr3 QDs
scintillators with OPDs, and investigated its viab-
ility for flexible indirect x-ray detector. The flex-
ible perovskite QDs scintillator exhibits high radi-
oluminescence with emission peak centers at the
537 nm, which falls in maximum responsivity range
of the P3HT:PCBM OPD. With a 2µm active layer,
the OPD exhibits detectable light signal down to
0.1µWcm−2 and low dose detection capability. The
OPD exhibits an enhanced x-ray sensitivity when
the QDs scintillator is attached, with a sensitivity of
638 e nGy−1 mm−2 (or 10.2 µC Gy−1 cm−2) at a
dose rate of 1 mGy s−1 obtained in the experiment.
The coupling of perovskite QDs scintillator and OPD
introduced here is a promising technique for realizing
highly bendable x-ray PDs.

3. Experimental

3.1. Materials
The synthesis of CsPbBr3 QDs are based on previ-
ous reported method [38]. The crystallinity of the
perovskite QDs were investigated by the transmis-
sion electron microscope (TEM) and the XRD. The
P3HT and PCBM were purchased from Lumines-
cence Technology Crop. PbBr2, Cs2CO3 OTAc (99%),
DDAB (Didodecyldimethylammonium bromide)
(98%), and TOAB (Tetraoctylammonium bromide)
(98%) were purchased from Aladdin. Analytic grade
chlorobenzene was purchased from Sigma Aldrich.

3.2. Device fabrication
Both rigid and flexible OPDs were fabricated. The
rigid OPD devices were fabricated on ITO glass sub-
strates, and the flexible devices were fabricated on
ITO/PEN substrates. The ITO substrates were suc-
cessively cleaned with deionized water, acetone and
ethanol, and treated with UV for 15 min; whereas
the PEN substrates were cleaned without the acetone
cleaning step. A poly(3,4-ethylenedioxythiophene)-
poly (styrene sulfonate) (PEDOT:PSS; PVP Al 4083,
Heraeus), as a hole transport layer, was spin-coated
in air (3000 rpm for 60 s) and annealed at 150 ◦C
for 20 min. The P3HT and PCBM of equal weight
(50 wt%) were dissolved in chlorobenzene to obtain
a mixed solution with a total concentration of
40 mg ml−1, and then heated at a temperature of
70 ◦C. The mixture was then drop-casting onto the
PEDOT:PSS layer on an 80 ◦C pre-heated stage in
N2 glove box. The samples were annealed at 80 ◦C
for 30 min to allow complete drying. Finally, a hole

blocking layer (1 nm) LiF and Al cathode (120 nm)
were deposited by thermal evaporation. The active
device area is 0.04 cm2.

3.3. Scintillator fabrication
CsPbBr3 QDs was mixed with the PMMA solution
to obtain viscous solution. To achieve well disper-
sion of QDs in PMMA, the CsPbBr3 QDs was first
dispersed in chlorobenzene with a concentration of
15 mgml−1. PMMAwas also dissolved in chloroben-
zene with a concentration of 200 mg ml−1, and
then the CsPbBr3 QDs solution was added to the
PMMA solution with the volume ratio of 1:1. The
mixture was dropwise added onto the glass substrate
and dried in air under room temperature. The solu-
tion dropping and drying steps were repeated several
times to obtain films with different thicknesses. The
films appeared in yellow color under ambient light,
and showed strong green luminescent under x-ray
exposure (figure 1(g))

3.4. Characterization
FX2000 fiber spectrometer was used to measure the
radiofluorescence spectra of the scintillator. The con-
verted light power intensities of the QDs scintil-
lator and a commercial CsI:Tl scintillator at differ-
ent x-ray doses were calibrated by an optical power
meter (Newport, 1936-R). The thickness of the scin-
tillator thin films were measured by vernier caliper,
whereas the deposited P3HT:PCBM layersweremeas-
ured by DektakXT step profiler (bruker, Germany). A
Keithley 2400 and a Keithley 2450 source meter were
adopted to measure the photocurrent–voltage char-
acteristics of the OPDs under visible light and under
x-ray exposure. The x-ray source was purchased from
VJ Technologies (Suzhou) Co., Ltd, in which a cop-
per target was used to generate x-ray with voltages
applied between the filament and the Cu target var-
ied between 20 kV∼ 80 kV.
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