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1. Introduction

X-ray detectors have been widely studied 
and used in industrial and medical 
applications, including radiography, 
computed tomography, and scientific 
research,[1–4] since X-rays were discovered 
by Wilhelm Röntgen in the 1890s.[5,6] 
Generally, X-ray detectors can be classi-
fied into direct and indirect types, and 
the latter is cheaper and more stable 
than the former.[7,8] Scintillators can con-
vert radiation (e.g., high-energy X-rays) 
into low-energy visible light, playing a 
decisive role in indirect X-ray imaging, 
computed tomography, and other 
fields.[9] A series of inorganic scintilla-
tors such as NaI:Tl, CsI:Tl, and bismuth 
germanate (Bi4Ge3O12) have been suc-
cessfully applied in X-ray imaging,[10–13] 

but they are generally grown at ultrahigh temperatures of 
≈1700 °C using the Czochralski method.[14–16] Moreover, a 
delicate packaging process is required because of the hygro-
scopic nature and rapid degradation of these materials under 
ambient conditions.[17,18] Hence, it is essential to search for 
new scintillators with low growth temperature, low cost, 
high sensitivity, along with high chemical and environmental  
stability.[19–21]

Organic semiconductors have garnered significant atten-
tion as the cornerstone of organic electronics,[22] but no 
significant emphasis has been put on radiation detection 
because they consist of light elements with low absorption 
coefficients, and they are always believed to be unsuitable for 
this target.[11] In the present study, we demonstrate that this 
stereotype can be broken through single crystals of organic 
semiconductors. 9,10-diphenylanthracene (9,10-DPA) single 
crystals are used as a representative model, which are grown 
via low-temperature solution processes, exhibiting intense 
X-ray radioluminescence with ultrahigh photon-conversion 
efficiency (>5.3 times higher than that of the same thick-
ness of CsI:Tl), ultrafast response (decay time of 1.63  ns vs 
≈1000  ns of CsI:Tl), no significant afterglow interference, 
and short dead time, making it ideally suitable for highly 
sensitive (with 380 times lower dose rate than that in today’s 
commercial X-ray diagnostics), high-resolution (resolution 
> 20.00 lp mm−1) instantaneous X-ray imaging. Additionally, 
the low absorption and high photon-conversion efficiency 
reduce the radiation damage to ensure excellent cycle perfor-
mance. This study demonstrates that organic semiconduc-
tors can be used for low-cost, high-sensitivity, and low-dose 
X-ray imaging.

Low-dose, high-resolution X-ray imaging is vital for medical diagnostics and 
material/device analyses. Current X-ray imagers are dominated by expensive 
inorganic materials via high-temperature solid processes (up to 1700 °C, e.g., 
CsI:Tl) with heavy metal elements. It is essential to search for new materials 
as X-ray imagers with low growth temperature, low cost, high sensitivity, 
along with high chemical and environmental stability. Here, 9,10-dipheny-
lanthracene (9,10-DPA) single crystals are used as a representative model, 
which are grown via low-temperature solution processes, exhibiting intense 
X-ray radioluminescence with ultrahigh photon-conversion efficiency, ultrafast 
response and high sensitivity. The resolution of devices based on organic 
crystals exceeds 20.00 lp mm−1. Meanwhile the crystals exhibit high cycle 
performance under X-ray irradiation and environmental stability. This study 
demonstrates that organic semiconductors have potential use in low-cost, 
high-sensitivity and low-dose X-ray imaging systems.
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2. Results and Discussions

A space-confined crystallizer was used to grow 9,10-DPA crys-
tals by a gradient cooling process at 65 °C via a solution pro-
cess (see the “Experimental Section” and also Figure S1 in the 
Supporting Information). The mild temperature is friendly, 
cost-effective, and conducive to control, which is of consider-
able advantage over today’s conventional inorganic scintil-
lators that are normally grown at ultrahigh temperatures of 
≈1700 °C using the Czochralski method (Table 1).[14–16,23–27] The 
obtained organic crystals with sizes up to several centimeters 
(Figure 1a–c) were identified as monoclinic crystals belonging 
to C2/c (Table S1, Supporting Information) with a unique 

molecular packing structure (Figure 1d,e). The molecules have 
large torsion angles (up to 66.26°) between the phenyl groups 
and anthracene core, and massive intermolecular CH···π 
interactions between adjacent molecules, which restrict the 
free rotation of the phenyl rings, block nonradiative channels, 
and prevent the quenching of its fluorescence to ensure strong 
radioluminescence.[28–31] The resulting crystals exhibited a yel-
lowish color under room light (Figure 1a,c) and bright blue radi-
oluminescence under X-ray beam excitation (Figure 1b) with a 
strong radioluminescence peak at 463 nm (Figure 1f). Theoret-
ical modeling illustrates that at the initial conversion stage, the 
X-ray photons with the energy in the tens of keV interact with 
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Table 1.  Scintillation characteristics of different materials.

Materials Emission max.  
[nm]

FWHM  
[nm]

Thickness  
[mm]

Decay time  
[ns]

Tgrowth  
[°C]

Ref.

9,10-DPA 463 ≈40 ≈1 1.63 ≈65 This work

CsI:Tl 535 ≈190 ≈1 ≈103 ≈1700 [23]

PbWO4 440 ≈110 ≈1 ≈10 ≈1700 [24]

Bi4Ge3O12 498 ≈140 ≈1 ≈102 ≈1000 [25]

CaF2:Eu 440 ≈40 ≈1 102–104 ≈1700 [26]

YAlO3:Ce 383 ≈65 ≈1 102–104 ≈1700 [27]

Figure 1.  9,10-DPA single crystals and their radioluminescence characteristics. a,b) Photographs of 9,10-DPA single crystals under ambient light and 
X-ray irradiation. c) Photographs of centimeter scale 9,10-DPA single crystal under ambient light. d) Molecular and e) crystal packing structure of 
9,10-DPA. f) Normalized radioluminescence intensity of 9,10-DPA single crystals under X-ray excitation at a voltage of 50 kV with different currents. 
g) Schematic of theoretical modeling mechanism of 9,10-DPA single crystal under X-ray irradiation.
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the electrons of the 9,10-DPA crystal, and a significant number 
of high-energy electrons and holes are generated (Figure  1g). 
Subsequently, the emitted high-energy electrons reach the 
lowest singlet S1 after vibration relaxation and internal transfer, 
and thereafter transition back to the ground state S0 in the form 
of radiation (see the “Experimental Section” and also Figure S2 
in the Supporting Information).

The radioluminescence observed in our organic single crys-
tals was compared with that of commercially available inor-
ganic scintillators (CsI:Tl, PbWO4, Bi4Ge3O12, YAlO3:Ce, and 
CaF2:Eu) under the same conditions. The radioluminescence 
spectrum of the 9,10-DPA crystals displayed a maximum emis-
sion peak at 463 nm (Figure 2a) with a relatively narrow emis-
sion peak (full width at half maximum: FWHM ≈40 nm), which 
is significantly narrower than that of several other inorganic 
crystals. The radioluminescence intensity of the 9,10-DPA 
thin sheet crystal (Figure 1a) is comparable to that of commer-
cially available inorganic scintillators (Table 1) under the same 
X-ray irradiation conditions (see Figure S3 in the Supporting 

Information), indicating the significant potential of the 9,10-
DPA crystals for X-ray detection.

The relative light yield of 9,10-DPA crystals has been reported 
to be 125% of anthracene,[32] and it could be calculated as 37% 
of CsI:Tl based on the integration of Figure  2a. It is gener-
ally known that low-Z elements exhibit low X-ray absorptivity 
(Figure S4, Supporting Information). However, the high radio-
luminescence intensity is the most important factor for indirect 
X-ray detection, which depends not only on the X-ray absorp-
tivity, but also on the luminescence efficiency (η, ratio of the 
total energy of the emitted to absorbed photons). For instance, 
the PbWO4 crystal yields the highest attenuation coefficient 
among the investigated samples under 18 keV (Figure S4, Sup-
porting Information), but exhibits the lowest radiolumines-
cence intensity (Figure  2a), which indicates its low lumines-
cence efficiency and a significant amount of absorbed energy 
waste by nonradiative transition.

According to the absorbance and light yield, the relative lumi-
nescence efficiency (ηR) versus CsI:Tl of 9,10-DPA crystals with 
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Figure 2.  Sensitivity of 9,10-DPA single crystals for X-ray detection. a) Radioluminescence spectra and performance comparison of 9,10-DPA single 
crystals and conventional inorganic commercial scintillators under X-ray irradiation of 50 kV and 80 µA, with the photographs of scintillators under 
X-ray illumination. b) Absorption and radioluminescence spectra of 9,10-DPA crystals. c) Decay time 1.63 ns for 9,10-DPA single crystals. d) Radiolu-
minescence measurements for 9,10-DPA single crystals as a function of dose rate; the inset shows radioluminescence profiles measured at low dose 
rates. e) Stability after 233 cycle times over 174 days under X-ray illumination. f) XRD patterns of 9,10-DPA crystal before and after 233 cycle times of 
X-ray irradiation.
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different thicknesses was calculated and plotted (Figure S5, 
Supporting Information; for the calculation process, see the 
“Experimental Section”). Although the absorbance of DPA crys-
tals is lower, they exhibit considerably higher luminescence 
efficiency, which is ≈5.3 times higher than that of CsI:Tl with 
the same thickness (≈1  mm). We note that with such a thick 
crystal, luminescence is more likely to escape from the edge of 
the crystal (as clearly observed in Figure  1b and in Figure S6, 
Supporting Information), and the visible-light detector above 
the crystal can only accept the photon signal emitted from the 
crystal surface. Thus, the photon-conversion efficiency was sig-
nificantly underestimated. This light-trapping effect is reduced 
by decreasing the thickness of the 9,10-DPA crystals. Signifi-
cantly, at 120  µm, the photon-conversion efficiency of DPA 
crystals was ≈33 times that of CsI:Tl. Such a high photon-con-
version efficiency is significantly beneficial for high-sensitivity 
X-ray detection.

The high photon-conversion efficiency of organic semi-
conductor single crystals fundamentally originates from their 
unique scintillation mechanism, which is different from that 
of inorganic crystals. In inorganic scintillators, electrons and 
holes are created by the interaction between lattice atoms and 
X-rays. The substantial amounts of hot excitons thereafter 
transfer energy to the luminescence centers, e.g., Tl+, Ce3+, 
Pr3+, or Eu2+ (Figure S7, Supporting Information),[11,33] and the 
scintillating process is completed by the recombination of elec-
tron–hole pairs. However, the migrating charge carriers may be 
self-trapped at nonluminous centers, leading to nonradiative 
losses and possibly radiative recombination delays. In organic 
crystals, scintillation arises from the transitions between dif-
ferent molecular energy levels. When a molecule is excited 
via the absorption of X-ray energy from the ground to excited 
states, it returns to the ground state again and emits light, 
which mainly depends on the molecular structure instead of 
the luminous centers. In contrast, organic single crystals with 
long-range molecular packing order and a few grain bounda-
ries exhibit great potential for X-ray detection.[34,35] In addition, 
the absorption and radioluminescence emission spectra of 
9,10-DPA exhibited negligible overlap (Figure 2b), and the large 
Stokes shift resulted in negligible self-absorption and improved 
emission intensity.[36]

The luminescence decay time is an important parameter for 
evaluating the performance of a scintillator,[37,38] because the 
fast response allows more efficient photon emission, and sig-
nificantly shortens the dead time for radio detection, thereby 
eliminating afterglow interference for instantaneous X-ray 
imaging. It is highly desirable that the organic crystals of 9,10-
DPA exhibit fast response to X-ray illumination with a decay 
time of only 1.63 ns (Figure 2c; Table S2, Supporting Informa-
tion), which is ≈2–4 orders of magnitude shorter than those 
of conventional inorganic scintillators (e.g., CsI:Tl, decay time  
≈1000 ns) (Table 1). The significantly faster photoluminescence 
(PL) decay time favors the competition between radiative and 
nonradiative recombinations and fundamentally contributes to 
their high photon-conversion efficiency.

The radioluminescence intensity of the organic crystal 
increased linearly with X-ray dose rates (Figure  2d; 
Figure S8, Supporting Information), exhibiting the lowest 
detectable dose rate of 14.3 nGy s−1(using the 3σ method), 

which is ≈380 times lower than the dose of inorganic scintilla-
tors used for X-ray diagnostics (5.5 μGy s−1).[39] As we are aware, 
for industrial applications, it is suitable for high dose rate irra-
diation to obtain the best image quality; however, for medical 
applications, the dose rates must be maintained at the lowest 
level that is sufficient for the detection of lesion area to maxi-
mally reduce the damage to the human body.[40] Hence, the 
low-dose-rate detection limit of our organic crystals is of critical 
importance for medical imaging.

The stability and repeatability of the detection are also 
critical. We evaluated the stability of 9,10-DPA crystals using 
repeated cycle experiments. The radioluminescence peak 
remained identical at 463  nm (Figure S9, Supporting Infor-
mation), and the intensity of radioluminescence maintains 
a retention rate of ≈94% after 233 cycles over 174 days under 
X-ray illumination (Figure 2e), demonstrating the high cycling 
stability of the organic crystals. Such cycling stability indicates 
no significant radiation damage, which may be partly attributed 
to the low absorption and high photon-conversion efficiency. 
Moreover, after keeping the organic crystals in air for 174 days, 
the X-ray diffraction (XRD) pattern (Figure  2f) and Raman 
spectra (Figure S10, Supporting Information) exhibit no clear 
change, which indicates its excellent environmental stability, 
with advantages over its deliquescent inorganic counterparts 
(Figure S11, Supporting Information).

The resolution of 9,10-DPA crystals for X-ray imaging was 
confirmed using a linear mask consisting of lines with widths 
ranging from 50 to 300 µm (Figure S12, Supporting Informa-
tion). Under X-ray synchrotron radiation with a photon energy 
of 18 keV, lines with an FWHM of 50 µm can be clearly imaged 
(Figure 3a,b), demonstrating that the resolution of the organic 
single crystals will exceed 20.00 line pairs per millimeter 
(lp mm−1). Moreover, narrower linewidths for this evaluation 
are performed; for instance, the linewidth down to 40 µm works 
well as well (Figure S13, Supporting Information). Plastic scin-
tillators were used for comparison under the same conditions 
(Figure S14, Supporting Information); however, the obtained 
image is unclear, probably because of the weak radiolumines-
cence intensity and poor homogeneity of the plastic scintilla-
tors. This may be an important reason why plastic scintillators 
are not commercially used for X-ray imaging. A vivid example 
of our organic crystal is used to image the logo of our univer-
sity (Figure 3c,d), and the margin and inner details of the mask 
are clearly imaged, demonstrating the high resolution of the 
organic single crystals.

For practical applications, a setup for X-ray imaging is con-
structed as shown in Figure  3e. Test samples can be placed 
between the X-ray synchrotron radiation source and organic 
crystal. For instance, a metal needle was perfectly imaged 
(Figure S15, Supporting Information), even the plastic layers 
wrapping on the needle tip can be distinguished very well, 
confirming the applicability of our setup. Thereafter, a circuit 
board was placed in, and the obtained X-ray image is shown 
in Figure 3f. The X-ray transmittance through the circuit board 
is determined by the material of the circuit board and thick-
nesses of different metals; hence, the image presented by the 
9,10-DPA crystal provides a very clear difference in brightness 
ranging from No.1 to No.4. Interestingly, when the magne-
sium–aluminum alloy was examined by our setup, even the 
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Figure 3.  Practical application of the organic semiconductor single crystals for X-ray imaging. a) X-ray images of linear mask taken by 9,10-DPA crystals. 
b) Light-intensity function of pixels (along the red line above and FWHM is taken as the resolution) patterned millimeter-scale mask. c,d) X-ray images 
taken by 9,10-DPA single-crystal-based X-ray detector for the university logo. e) System schematic excited by an X-ray synchrotron radiation source. 
f) X-ray imaging for circuit board; the red numbers indicate the corresponding position photos and X-ray imaging. g) X-ray imaging for dried small 
shrimp. h) SEM image of dried small shrimp. i) Calcium mapping and j) oxygen mapping of the shrimp tail.
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internal structure of the alloy could be inspected (Figure S16, 
Supporting Information). All results confirm that 9,10-DPA 
single crystals are expected to play an important role in nonde-
structive X-ray image detection and industrial flaw detection.[41]

These features are attractive for medical X-ray imaging 
because of their high sensitivity, high resolution, and low 
dose rate. Accordingly, a small dried shrimp (purchased as a 
food product from the WuMart Market) was used as a repre-
sentative biological sample. Interestingly, not only the outline 
but also the inner details of the shrimp can be imaged clearly 
(Figure 3g). In order to confirm the imaging mechanism of the 
organic crystals, scanning electron microscopy (SEM) images 
and energy-dispersive X-ray spectroscopy (EDS) mapping were 
also performed (Figure  3h–j; Figure S17 and Table S3, Sup-
porting Information). X-ray imaging reflects the mass-thick-
ness contrast of an object under the test. The higher the atomic 
number Z, the thicker the sample, the greater the density, and 
the darker the imaging. For instance, calcium and oxygen are 
two abundant elements in shrimp tails. Apparently, the oxygen 
is homogeneously distributed, but calcium tends to be more on 
the left than on the right, which implies a higher density in the 
red square (Figure 3i). This is consistent with the lower X-ray 
transmittance owing to the high density and interaction with 
the metallic element, resulting in a darker image in the red 
square of the shrimp tail. The consistency of the results con-
firmed the applicability of our new organic crystals for biolog-
ical X-ray imaging. Organic crystals are expected to have wide 
applications in the field of medical imaging, particularly under 
soft X-ray excitation in the future.

3. Conclusion

This study proposes low-temperature solution-grown organic 
semiconductor single crystals of 9,10-DPA for X-ray detection 
and imaging. They exhibit ultrafast radioluminescence with 
ultrahigh photon-conversion efficiency and make it highly 
promising for X-ray detection with ultralow detectable dose 
rate (14.3 nGy s−1), and no significant afterglow interference 
for high-resolution (resolution > 20.00 lp mm−1) instantaneous 
X-ray imaging. These findings demonstrate the potential for 
promising low-cost X-ray imaging technology, including med-
ical diagnostics, X-ray security, and computed tomography in 
the future.

4. Experimental Section
Materials and Chemicals: The 9,10-DPA (CAS:1499-10-1, 98.0%+) was 

purchased from Ameko Co., Ltd. The p-xylene (CAS: 106-42-3, 99%+) 
and isopropyl alcohol (CAS: 67-63-0, 99%+) were purchased from TCI 
Co. The sodium hydride (CAS: 7646-69-7) was purchased from Tianjin 
Chemical Co. Commercial scintillators (CsI:Tl, PdWO3, Bi4Ge3O12, 
CaF2:Eu, and YAlO3:Ce) were purchased from Lation Technology Co. 
Plastic scintillators (No. EJ-212) were purchased from Eljen Technology 
Co.

Purification: In order to purify the 9,10-DPA, vacuum sublimation was 
used by a zone tube furnace. Raw material was placed in a quartz tube, 
and temperatures of sublimated and crystallized zones were set at 200 
and 150 °C, respectively. High purity argon was used as the carrier gas 
(100 sccm). Pure 9,10-DPA was obtained at the low-temperature zone. 

The p-xylene was redistilled with sodium hydride to remove residual 
water and impurities.

Growth of 9,10-DPA Single Crystals: The 9,10-DPA single crystals were 
grown by using the improved solution method. The 9,10-DPA powder 
was added into p-xylene until reaching saturation at 65 °C, forming a 
yellow solution. A small 9,10-DPA crystal was used as seed and placed 
into the saturated solution in a 1 L wide-mouthed bottle. The sealed 
bottle was put in thermostated water bath with the electric motor 
(Figure S1, Supporting Information). With the decrease of the solution 
temperature from 65 to 30 °C, the yellow crystal of 9,10-DPA was 
successfully grown after several days.

Characterizations: Optical images were recorded using a Sony 
camera (ILCE-6000, Japan). Raman measurements were performed 
with a high-resolution Raman microscope (RENISHAW, UK) in a 
backscattering configuration. The steady absorption spectra of crystals 
were performed on a UV-3600 Plus spectrometer (Shimadzu, Japan) 
using an integrating sphere. The steady PL was recorded in front-
face mode with an Edinburgh instruments (FLS980) equipped with a 
Peltiercooled Hamamatsu R928-P PMT (200-900 nm) and corrected for 
the wavelength-dependent phototube response. Luminescence decays 
and photoluminescence quantum yield (PLQY) were measured with the 
same apparatus and a microsecond flash lamp (uF900) as an excitation 
source in multichannel scaling mode.A single crystal of 9,10-DPA with 
dimensions of ≈0.1 × 0.1 × 0.1 mm3 was selected and used for the single 
crystal diffraction experiment. Datasets were collected by using a Bruker 
SMART APEX-II diffractometer equipped with a CCD detector (Cu Kα 
radiation, λ = 0.154 nm) at 293 K. Data integration and cell refinement 
were performed by using the Olex2 software with the ShelXL method. 
XRD measurements were carried out in reflection mode at 45  kV 
and 200  mA with monochromatic Cu Kα radiation utilizing a Rigaku 
Smartlab diffractometer. The dried small shrimp was observed by high-
angle annular dark-field scanning transmission electron microscopy 
(HAADF-SEM) (S-4800, Thermo), and EDS elemental mapping was 
carried out on at 20 kV.

Luminescence Efficiency Discussion of 9,10-DPA Single Crystals: To 
discuss the luminescence efficiency of 9,10-DPA single crystals, mass 
attenuation coefficients (µm) data were obtained from XCOM: Photon 
Cross Sections Database (Figure S4, Supporting Information).[42] 
Attenuation coefficients (µ) could be calculated by the following formula

mµ µ ρ= × � (1)

where ρ is the density of materials (see Table S1 in the Supporting 
Information). The intensity of X-ray transmission (I) could be calculated 
by formula

e0I I T= × µ−
� (2)

where I0 is the incident intensity of X-ray and T is the thickness of 
materials. Therefore, the attenuation coefficients (µ) can be calculated by 
the slope of the formula (see Figure S18 in the Supporting Information)

1ln
0T
I
I

µ = − 

 




�
(3)

The absorbance (ε) of materials could be calculated by the formula

1 1 e
0

I
I

Tε = − = − µ−

�
(4)

and luminescence efficiency (η) could be calculated by the formula

vis ph

abs

vis phE N
E

E N
E

η ε= = × �
(5)

where E is the energy of the incident X-rays, Evis is the energy of the 
generated UV–vis photons, and Nph is the counts of photons. The 
relative luminescence efficiency (ηR) of 9,10-DPA with different thickness 
versus CsI:Tl (≈1 mm) was measured and plotted (Figure S5, Supporting 
Information).

Decay Time Measurement of the 9,10-DPA Scintillator: To compare 
the time resolution of 9,10-DPA scintillator and conventional bulk 
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scintillators, the time-resolved photoluminescence spectra of 9,10-
DPA were measured. The multiexponential fit was widely applied to 
characterize the processes of radiative decay, which can be described by 
the formula

.eI t A B
i

i

t

i( ) = + ∑ τ
−









�
(6)

where I(t) represents the PL intensity at time t, A the background, Bi the 
amplitude, and τi the decay time constant.

Density Functional Theory Calculation: For the calculation of the 
projected partial density of states (PDOS), density functional theory 
(DFT) calculations were carried out. All DFT calculations were performed 
at B3LYP-D3/def2-TZVP[43,44] level by using the Gaussian 09 program. 
The radioluminescence spectra of 9,10-DPA crystal were computed by 
the time-dependent approach.[45] In order to illustrate the ground state 
S0 and the lowest singlet S1, natural transition orbitals (NTOs) were 
generated with the help of Multiwfn program.[46]

Radioluminescence Analysis using an X-ray Source: The measurement 
of X-ray-induced luminescence was performed by using a reformed 
Edinburgh FS5 fluorescence spectrophotometer (Edinburgh Instruments 
Ltd., UK) equipped with a commercially miniature X-ray tube (AMPTEK, 
Inc.). The target in the X-ray tube was made of gold, and the maximum 
output was 4 W. The distance between the X-ray source 9,10-DPA and 
other commercially inorganic bulk scintillators was about 3  cm. The 
bandwidth of the emission spectra remained at 29 nm, and the dose of 
X-ray excitation could be changed by adjusting the voltage and current 
of the X-ray tube. The detection limit was derived from the slope of the 
fitting line and calculated on the 3σ/slope method.

X-ray Photoconductor Devices: To fabricate the X-ray photoconductor 
device, quartz sheets were first cleaned by sonication in acetone and 
isopropyl alcohol separately. After drying with nitrogen flow, the silver 
conductive adhesives used as electrodes were coated on the substrate, 
and then the 9,10-DPA crystal thin sheet was fixed on the silver 
conductive adhesives. The miniaturized X-ray tube (AMPTEK, Inc.) was 
used as the X-ray source (cone angle of mini X-ray tube and normalized 
counts under different angles as shown in Figure S19 of the Supporting 
Information) with voltage and pulse current kept at 50  kV and 80 µA, 
separately. The distance between the X-ray source and the device was 
about 2 cm. The current–voltage measurement was performed using a 
Keithley 4200 semiconductor parametric analyzer. All the experiments 
were carried out at ambient conditions.

X-ray Detection and Imaging using an X-ray Synchrotron Radiation 
Source: In an attempt to explore the resolution and imaging performance 
of the organic 9,10-DPA scintillators, synchrotron-radiation-based 
microcomputed tomography (SRµCT) measurement was performed 
at the BL13W1 beamline of the Shanghai Synchrotron Radiation 
Facility (SSRF, Shanghai, China) using a monochromatic beam (the 
monochromatic source is a collimating light source, whose photon 
energy has a certain and adjustable value from 8 to 72.5  keV) with  
an energy of 18  keV and a sample-to-detector distance of 0.5 m. In  
the study, a complementary metal–oxide–semiconductor detector  
(2048 × 2048 pixels, Flash 4.0, Hamamatsu City, Japan) with the pixel 
size set to 3.25 µm was used to record images.

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