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Abstract

Precise detection of low-dose X-ray radiation by purely organic direct detectors is vital
for tissue-equivalent dosimeters and safety control in medical radiation treatment, but
it still remains a challenge. Here, we report on a promising organic radiation detector
based on 4-hydroxycyanobenzene (4HCB, C7HsNO) single crystal. Plate-like 4HCB
single crystals up to 18x15x1.2 mm?® in size are obtained by the optimized solvent
evaporation method, giving us greater clarification of the two-dimensional nucleation
growth mechanism. After post surface treatment, the leakage current of our 4HCB
detectors is no greater than 0.1 pA under an electric field of 600 V cm™!. The fabricated
detectors show a capability of detecting *'!Am 5.49 MeV « particles with a a well
resolved full energy peak. The calculated hole mobility (£4:) and hole mobility lifetime
product (ut) are 3.40 cm? V! s and 8.50x10”° cm? V!, respectively. Simultaneously,
under a 50 kVp X-ray beam, a detection limit as low as 0.29 puGyair s with a high
sensitivity of 10 pC Gyair'! cm? is achieved at the bias range of 40-100 V, which
contributes to a superior X-ray imaging capability with a spatial resolution of 0.9 Ip

mm! at a low-dose rate (below 150 pGyair s™).
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Introduction

X-ray detection is vital for medical diagnosis, scientific research and industrial
inspiration® 2. The state-of-the-art solid state X-ray semiconductor detectors are,
normally, based on the inorganic materials such as silicon®, cadmium zinc telluride
(CdZnTe)* >, mercury iodide (Hgl2)® and the emerging metal halide perovskites’!!.
However, each of these has disadvantages, including inability to cover large curved
areas, toxicity, mechanical inflexibility, complex and expensive growth facilities as well
as grown-in imperfections induced by high temperature. Additionally, such inorganic
materials usually possess a large atomic number and high mass density thus producing
a high stopping power for X-rays and lack of tissue-equivalence'*!*. Tissue equivalence,
meaning the effective atomic number (Z) of the detector material is similar to the
average human tissue Z (7.64 for muscles), is particularly important for personal
dosimetry, and for dosimetry in radiotherapy and radiobiology '°. Only when the Zgj of
the dosimeter is matched to the value of human tissue can the dose be obtained without
any correction. Furthermore, tissue equivalent detectors with low attenuation efficiency
can also be placed between the X-ray source and the patient, allowing a highly localized,
real-time radiation exposure monitoring.

Recently, the interest in tissue-equivalent radiation detectors have been boosted by
the development of organic semiconductors, such as semiconducting polymers'®!® (e.g.
poly (triarylamine) (PTAA) thick film), organic semiconducting single crystals
(0SSCs)**2 (e.g. 4-hydroxycyanobenzene (4HCB)) and inorganic hybrid materials®*
%5 (e.g. polymer blended with Bismuth(IIl) oxide (BiO3) nanoparticles), efc. These
devices have been proven to be new options for sensitive and robust X-ray detection
materials, possessing great potential as solid-state tissue-equivalent dosimeters
operated at room-temperature. They could be used in a vast variety of fields, spanning
from radiotherapy and health diagnostics applications, to civil security and industrial
application?’. However, the sensitivity and detection limit are restricted by their low

attenuation efficiency and low carrier mobility?>. Previously reported organic radiation
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detectors are normally operated with a X-ray dose rate of several to tens of mGy s/,
which is too high to satisfy real applications, e.g., X-ray security screening systems
require detectors that are sensitive to a dose limit of 0.25 uGy 2°. Furthermore, use of a
high dose rate in medical application is harmful to human tissues. An increased cancer
risk associated with X-ray procedures (such as X-ray tomography) has been revealed,
especially for children?’.

In order to increase the sensitivity and reduce the detection limit, nanoparticles,
such as bismuth oxide, have been embedded in the organic bulk heterojunction. As a
result, the high sensitivity of 1712 pC mGy ! cm™ and the latest record of detectable
dose rate down to 27 uGy s™! have been realized®. However, such devices are no longer
tissue-equivalent due to the presence of high-Z nanoparticles. Furthermore, the grain
boundaries produced by nanoparticles are detrimental for the carrier transport behaviour,
typically leading to a longer response time (up to a few seconds) and limited detection
performance at dose rates lower than 27 uGy s™..

In contrast, the purely organic semiconducting single crystals (OSSCs) have been
proven to have high carrier mobility as optoelectronic devices due to their well-defined
structure, and high purity®® ?°. Among various OSSCs, the 4HCB single crystal
semiconductor, possessing a low intrinsic carrier density due to the ultra-wide band gap
(Eg=4.2 eV). Previous reports have recored a relatively low background current (2.1 nA
at bias of 20 V) and thus a high signal-to-noise ratio®’. This material’s fast linear
response to X-rays and notable radiation hardness and resistance to aging have also
been reported?’. A sensitivity of 0.15 uC Gy! and a minimum detectable dose rate of
50 uGy s were achieved under a 10 keV synchrotron X-ray beam, indicating the
possibility of tissue-equivalent dosimeters with a suitable sensitivity and low detection
limit*2. However, for the 30 keV X-ray beam that is commonly used for medical therapy
and imagery (mammography: 20-30 keV)??, the detection performance becomes worse
due to lower attenuation efficiency (Fig. S1). Therefore, to achieve higher attenuation

efficiency and better X-ray response performance, many improvements of the crystal
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growth, or the device fabrication process, for large-volume and high-quality 4HCB
single crystals are needed.

In this work, we report on the development of high-quality and large-volume
4HCB single crystals with unprecedented features for radiation detection. The surface
morphology and microscopic defects are investigated, from which the crystal growth
mechanism is revealed. Simultaneously, a temperature controlled solvent evaporation
method is proposed. Post surface treatment is then carried out and examined by optical
transmission spectroscopy and leakage current characterization. Finally, purely organic
devices based on the resulting crystals are evaluated as direct detectors of alpha
particles and a 50 kVp X-ray beam. Furthermore, these devices show an exceptional
stability under long period of continuous operation with superior X-ray imaging

capability.

Results and Discussion

The growth method of 4HCB single crystal is illustrated in Fig. 1a and described
in detail in the experimental section. Transparent crystals with sizes up to 18x15x1.2
mm? are obtained, as shown in Fig. 1b, with the powder XRD pattern shown in Fig. S2.
The preferred growth orientation is determined using X ray diffraction method (XRD),
revealing the dominant {002} peaks (Fig. 1c¢). The calculated distance of a unit-cell
along c axis is 25.152 A, which is consistent with the reported value 25.460 A3!. The
plate-like shape originates from the crystallographic structure: in a unit cell, benzene
rings are overlapped along a axis and b axis, while 4HCB molecules are packed by
weak hydrogen bonds (between single-molecules) and Van der Waals' force (between
bi-molecular chains) along ¢ axis*® * (Fig. 1d), in which @ =9.190 A, b =10.750 A, ¢
=25.460 A. According to the Periodic Bond Chain (PBC) theory??, the relaxation time
for absorption the growth unit is determined by the bond energy, which in turn is
associated with the growth rate and the specific shape. DSC analysis has been done to

evaluate the thermo-stability, illustrating the high thermo-stability under normal device
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operation (at room temperature).
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Figure 1. 4HCB single crystal growth and characterization (a) The growth schematic,
(b) Photograph of the as-grown crystal (transparent), (c)Single crystal XRD pattern,
(d)4HCB crystallographic structure along ¢ axis (with deleting some un-bonded 4HCB

molecules in a unit cell for clarity), () DSC curve of heating and cooling process.

The morphological characterizations are carried out using an optical microscope
and an Atomic Force Microscope (AFM). The freely grown surface is shown in Fig. 2a,
whilst the crystal surface that is in contact with the bottom of the beaker is shown in
Fig. 2b. Extensive irregular cracks are observed on the surface in contact with the
beaker. The typical micrographs of freely grown surface are characterized by three
regions marked by I, II, III. Region I is a mirror-like smooth surface, in contrast, region
IIT is full of macro layered structures. Region II is smooth in general excepting for a
few shallow pits (Fig. 2a). The tapping mode of the AFM is used to scan the 10 umx10
um area of the central flat surface in Fig. 2a. Two typical step-like structures are

observed, as shown in Fig. 2c and 2d with the corresponding cross-section curves,



In Press with Journal of Materials Chemistry A

respectively. In Fig. 2c, there are 5 steps and a slope (C) within the planar dimension of
10 umx10 pum, and the height of steps are 2.5 nm (step A), 1.3 nm (step B). By contrast,
there are only steps of 2.5 nm within the same planar region in Fig. 2d. According to
the crystal structure, d (0o1) =2.5 nm, the step A and step B are corresponding to unit-

cell layers and half unit-cell layers along c axis, respectively.

a

-23.6 nm

Figure 2. Characterizations of as-grown single crystal by Optical Microscope (a) The
free surface growth, (b) The surface initiated by the beaker bottom, AFM tapping
picture of 4HCB surface and corresponding cross-section curve (c), (d) with slow and

large growth rate of [001] direction, respectively.

Previous work on various organic single crystals, such as pentacene, 2,5-bis(4-
biphenylyl)thiophene (BP1T), etc**3, illustrate that these micro- and macro- step-like
structures in Fig. 2 originated from the two-dimensional (2D) nucleation growth
mechanism. In our experiment, the evaporation rate of ethylic ether (EE) is high. A high
degree of supersaturation can be easily achieved, which is essential for 2D nucleation

mechanism growth, therefore, this mechanism dominates the growth process here.
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In terms of this growth pattern, we note that the growth rate of [001] direction in
Fig. 2d is larger than that in Fig. 2c, which is attributed to a higher supersaturation. In
Fig. 2d, the four-molecular chains (length: 2.5 nm) as the growth units is indicated by
the step-like structure of 2.5 nm. Similarly, the growth unit of bi-molecular chains
(length: 1.25 nm) can be deduced from Fig. 2¢. The abundance of these two units in the
solution is controlled by the supersaturation. In the lower-supersaturation solution, the
bi-molecular chains and four-molecular chains could be formed as the basic growth
units. However, in the higher supersaturation solution, the concentration of four-
molecular chains is higher, which is the dominant basic growth units. Therefore, a
growth model for 4HCB single crystal is proposed, as shown in Fig. 3a. With increasing
supersaturation (/f), at first, single-molecules are connected by hydrogen bonds and bi-
molecular chains are generated, then the four-molecular chains are composed by Van
der Waals' force considering assembly bi-molecular chains. Finally, once the S reaches
to f* (critical supersaturation), the 2D nucleus is formed and the 4HCB single crystal
start to growth layer by layer along the [001] direction.

In case of the 2D nucleation growth, the growth control method had been
discussed®” %%, The growth rate (R) of (001) face of 4HCB for mononuclear mechanism

is given as,

R= k(T),B%exp (—ﬁ) (D

kgT
where &(7) is a kinetic constant depending on the temperature and supersaturation ratio
p=C/Cs (C is the concentration in solution and Cs is the solubility), AG is the Gibbs

energy for growth and kg is the Boltzmann constant.

472
kgT lnﬁ

In general, AG = (4 1s the edge free energy (per molecule) of the nucleus),

when only considering the change of R with £, then:

R = u(T)exp (— ﬁ) (2)

The change of R with £ is mainly revealed in exp (— %), while u(T) reveals the

influence of the temperature, as shown in Fig. 3b.
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An incubation period exists before the relatively high critical supersaturation (5%*)
condition is reached. Once f reaches the critical value f*, the growth rate increases
rapidly. In order to tailor the nucleation and crystallization rate, the kinetic conditions
should be considered. Here, the solvent evaporation process and mass transport process
during growth are controlled by adjusting the temperature. The preferred growth
temperature (from -5 to 10 °C) is explored. Two typical results are shown in Fig. 3c.
The planar size of crystals grown at 5 °C (I) is 4-6mm and those at -5 °C (II) is larger
than 10 mm. Due to the slower growth rate at -5 °C, the obtained crystals have a higher

crystal quality with fewer macro layered defects and very few defects on the surface

(Fig. S3).
a
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Figure 3. (a) The schematic of 4HCB crystals growth mechanism; (b) The growth rate
(R) vs. supersaturation ratio (/) (continuous growth (blue dot line) and 2D nucleation
growth (red line), (c) Transparent crystals (with a black background) left in a beaker

after a growth run ((I) is at -5 °C and (I1) is at 5 °C).

In addition, the grown-in defects on the surface of 4HCB crystals have to be taken
into account, which critically deteriorate the device leakage current. Therefore, the

surface treatment is adopted by subsequently chemo-mechanically polishing, etching
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and passivation prior to performing the measurements. The post treated surface without
macro defects is shown in the insertion of Fig. 4a. After the surface treatment, the
average UV-Vis transmittance is increased from 75% to 90% (Fig. 4a) in the wavelength
range of 200-1000 nm. The band gap Eg is calculated as 4.2 eV.

The device based on as-grown 4HCB single crystal materials are fabricated by
carbon, silver paste, and the sputtered Au electrodes, with the configuration is shown in
Fig. 4b. The J-E curves for these three types of electrodes are close, given a resistivity
on the order of 10'2 Q-cm, seen in Fig. 4c. To avoid the emission of secondary electrons
from high-Z electrodes, the carbon electrode is employed to evaluate the intrinsic X-
ray detection property of 4HCB single crystal. The J-E curves for both as-grown and
post surface treated crystals are compared in Fig. 4d. After the surface treatment, the
surface leakage current density decreased to 1071 A cm™ at an electric field of 10* V

cm’! (Fig. S4), which is 100 times lower than that for as-grown crystals (10 A cm™).
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Figure 4. (a) UV-Vis spectra of as-grown (G) and post surface treatment (P) crystals
(insertion is the surface characterizations of polished crystal by Optical Microscope),

(b) Sandwich electrodes configuration of device, (c) Current density (J) vs. Electrical
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field (£) curves of as-grown crystals with different electrodes, (d) J-E curves of as-
grown (QG) and post surface treatment (P) crystals with Carbon electrodes.

The schematic of alpha particles detection is shown in Fig. 5a. The mean energy
loss (35.9 pum) in air is calculated by the software package SRIM*° (Fig. S5). Fig. 5b
shows the pulses in 4HCB OSSCs devices induced by the ?*! Am alpha particles (A
=2.32x10° Bq) incident from the anode. The pulse fall time for hole signals (¢, 10%-
90% of the full amplitude) has been measured, then the histogram is plotted using 3000
pulses, the typical results under 600 V bias is shown in Fig. Sc. The results under other
biases are shown in Fig. S6. For photo-generated carriers drifting across the thickness,

the mobility u is given by:

_ Var _ d?
K=" T vxty

3)
where vy, is the drift velocity, E is the electric field, d is the thickness of the crystals,
V' is the bias voltage and # is the drift time. The hole mobility along the ¢ axis is
estimated as ~ 3.4 cm? V! 57!, which is the highest value among organic detectors
based on the alpha particles characterization®’, as shown in Fig. 5d.

More importantly, the full-energy peaks are resolved over the bias voltage of 200-
600 V at room temperature, as seen in Fig. 5e. An energy resolution of 45% (full width
at half maximum (FWHM)) is achieved at 600 V bias. The position of the peak centroid
shifts toward higher channels with increasing bias voltage, revealing the efficient
charge collection. The position shifts of the Gaussian peak centroid extracted from the
pulse height spectra is plotted in Fig. 5f, as a function of bias voltage. The peak centroid
channel is proportional to the charge collection efficiency 7 (i.e., the fraction of energy
detected over the total theoretical energy release in the material). The centroid peak
tends to saturate at high voltages, with a well-known behavior following the Hecht plot

function:

Y o (— 2
n="7r1-exp(=77)) 4)
where V' is the applied voltage, d is the thickness of detector, and w7 is the mobility-

lifetime product of the detector material. The fitting of the experimental data is reported
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by the red lines in Fig. 5f, with the (u7)s of 8.50x10° cm? V!, which is a much higher

value than 1.90x10° cm? V! reported in reference*’
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Figure 5. (a) The schematic of alpha particles detection, (b) **! Am alpha pulses in
4HCB single crystal at a series of bias voltage (vertical red lines indicate the fall time
(), (c) Pulse fall time histogram of 4HCB single crystal biased at 600V, (d) Mobility
value extrapolation from drift velocity vs. electric field linear plot, (e) Pulse height
spectra obtained with digital pulse shape analysis at various bias voltage, (f) Gaussian

peak centroid position vs. applied voltage plot (blue dot) and Hecht equation fitting.

For the normal medical imaging application, the performance under 50 kVp X-ray
beam is important, mainly including sensitivity and detection limit. Generally, the

sensitivity is calculated as definition,

— & Ay — lonZloFF
S_D’A]_ A (5)

where loy and lorr is the current measured under and without the X-radiation
respectively, 4 is the area of electrodes, and D is the incident X-radiation dose rate in

air. The detection limit is defined as the dose rate that the signal-to-noise rate (SNR)
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value of the signal current is larger than 3 defined by the ITUPAC*, details in
Supplementary Discussion 1.

Fig. 6a shows the typical Photocurrent-Time (/-7) curve of 4HCB device based on
the post-surface treated single crystals recorded in a dose rate range of 0.29-28.8 uGyair
s"'under an electrical field strength of 600 V cm™. No hysteresis or appreciable current
drift is observed, which is comparable with other highly performed detectors**.
Similar I-T curves are obtained at electric field of 400, 800 and 1000 V cm™! (Fig. S8).
The dark current is stable after repeated exposure under X-ray beam, with a value of
0.1 pA at 600 V cm’'. From the I-T curves, the linear Photocurrent density - Dose rate
(0.29-8.6 pGyair s) (AJ-D) relation is revealed (Fig. 6b). The sensitivity in the range of
0.29-8.6 uGyair 5! is calculated by the slope of AJ-D curve (Fig. S9). At an electric field
of 1000 V cm’!, a sensitivity of 10 uC Gyair'! cm™ (Fig. 6b) is realized. It is noteworthy
that the stable and repeatable detectable dose rate 0.29 uGyair s™! has been achieved (Fig.
6a insertion). In order to assess the detection limit, the SNR values of the signal current
(dose rate, 0.29 pGyair s') are calculated, as shown in Fig. 6¢, which are between 9 and
24, larger than the defined value of 3. Therefore, one can deduce that the minimum
detectable dose rate is lower than 0.29 uGyair s, which is one magnitude lower than
that of the device based on as-grown crystals, more details in Fig. S7. This value is even
smaller than the reported 0.5 pGyair s”' in MAPbBr3 single crystals® and about 19 times
lower than what required for regular medical diagnostics (5.5 pGyair s)*.

Both the low dark current noise and highly stable SNR results in a very low level
of baseline drift and highly stable photocurrent output signal, therefore, the 4HCB
detector exhibit superior imaging capability. As shown in Fig. 6e, the X-ray image of a
metallic nut (Fig. 6d) is recorded at an electric field of 100 V cm™ with the exposure
dose rate of 50 pGyair 7. The high colour contrast demonstrates that the object is clearly
resolved, furthermore, it shows unambiguously the similarity in shape and size between

the nut and the X-ray image which means that there is no variation or deviation. Finally,

the spatial resolution of 0.9 Ip mm™ is achieved based on such device by imaging the
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sharp edge of the line pair card at room temperature, as shown in Fig. S10.
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Figure 6. (a) Photocurrent-Time (/-7) curve with changing Dose rate (D) at Electrical

field (E) of 0.6 kV cm’!, insertion is the I-T curves (with X-ray beam of 0.29 pGyair s™)

under different bias voltages, (b) AJ vs. D (with blue dots) and linear fitting curve (red

dashed line), (c) Signal-to-noise (D: 0.29 pnGyair s™') and sensitivity (UC Gyair' cm?) of

devices, (d), (¢) Photograph and corresponding X-ray image of a metallic nut by the

4HCB detector.

Compared with other detectors® 212225 due to low attenuation of the impinging

X-ray beam’ (Fig. 7a) and low detection limit (Fig. 7b) of 4HCB detector, it can be

placed between the X-ray source and the patient, allowing a highly localized, real-time

radiation exposure monitoring. This appealing application can be achieved only by the

detectors possessing both low detection limit and low stopping power.
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comparison of various materials, 4HCB* represented the result in this work.
Conclusion

In conclusion, the two-dimensional nucleation mechanism of purely organic
4HCB crystal has been revealed, from which the centimetre-sized (up to 18x15x1.2
mm?) single crystals were obtained by tailoring the growth temperature. A leakage
current of 0.1 pA at 600 V cm! is achieved after the surface treatment. The fabricated
detectors are capable of detecting 2*' Am 5.49 MeV a particles with well a resolved full
energy peak. The hole mobility and Hetch equation fitted mobility lifetime are 3.4 cm?
Vs and 8.50x10° cm? V7!, respectively. The detection limit as low as 0.29 pGyair s
! with a sensitivity of 10 uC Gyair! cm™is achieved. In addition, it exhibits superior X-
ray imaging capability with a spatial resolution of 0.9 Ip mm™ thanks to its low dark
current, negligible baseline drift, and extremely high stability. The superior X-ray and
alpha particles responses and low-cost, large-sized growth method of 4HCB single
crystals points to organic single crystals as a promising next-generation material in
tissue-equivalent dosimeter and X-ray imaging.

Overall, our work demonstrates how all-organic semiconductors, if carefully
engineered, can possess good detection performances that compare to those of inorganic
semiconductors. These results and insights will encourage future extensive explore for
growth optimization, diverse electronic applications and photoconductive mechanism
of organic materials.

Methods

4HCB single crystal growth

4-hydroxycyanobenzene (4HCB, 98%) was purchased from Aladdin Reagent Ltd.
Ethylic ether (min.99.5%) was purchased from Sinopharm Chemical Reagent Co., Ltd.
and petroleum ether (bp 40—60 °C, min.75%) was purchased from Kemiou Chemical
Reagent Co., Ltd. Both solvents were used without further purification. The raw 4HCB
powder was purified by dissolving 4HCB in ethylic ether (EE) and letting the solvent

slowly evaporate. This step left a number of 4HCB crystals, removed to a baker and
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washed with warm petroleum ether (PE). All of the purification steps were repeated at
least three times to improve the purity. 4HCB single crystals growth was carried out as
previously reported*’. Through growth parameters optimization, including solvent ratio
(EE:PE=20:1, vol.%), concentration (8§ mg/ml) and growth temperature (-5-10 °C).
Before the solvent entirely flown away, the crystals were removed from the baker
almost without any macro damage. In particularly, all of the steps were carried out in
ultra-clean chamber to prevent any dust pollution.

Surface Treatment

The surface treatment is adopted to remove the defects. First, as-grown crystals are
polished with MgO andSiO; suspension (SiO2: H,O=1:1, vol.%), then etched with a
mixed solution consist of a volume mixture of 30% EE and 70% PE for 1 min. The
etching stage produces fresh dangling hydrogen bonds, which are passivated by a
treatment with a H>O (30 vol.%) solution for 60 s.

Basic Characterization

Powder X-ray diffraction (XRD) measurements were performed by grinding one piece
of as-grown 4HCB single crystal into fine powder in a mortar. The MAXima X XRD-
7000 equipment mainly with Cu Kal was used, scanning angle in range of 5°-90° and
scanning rate of 5°/min. The XRD pattern for 4HCB single crystal was also measured.
The thermal behavior of the as-grown single crystal was evaluated by the Mettler-
Toledo differential scanning calorimeter, over the range of 20 °C and 140 °C at the
heating rate of 5 °C /min in the nitrogen atmosphere and then a controlled cooling of
the same condition following. Light micrographs were got with a Nikon LV-100ND
microscope. AFM measurements were performed by the Bruker Dimension Icon
equipment using SCANASYST-AIR tips (Nano sensors) in non-contact mode. -V
measurements were performed using a Keithley 487 Picoammeter and stabilized bias
supply. The sandwiched electrode configuration was fabricated, in which the sample
was mounted between two round electrodes of 3 mm diameters. The different electrode

materials were used, including Conductive Silver Paint (SPI-05001-AB), Carbon
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Double-Sided Tape (FN731-8, Nisshin EM Co., Ltd. Resistivity < 5 ohms/mm?),
Copper Double-Sided Tape (FS05085, Resistivity < 0.01 ohms/ inch?). The J-V curve
of polished crystal was calculated using Leakage Current-Time (I-T) curve at various
bias voltages.

Alpha particles detection by 4HCB detectors

The detectors were fabricated with 1 mm thick 4HCB single crystals with 100 nm thick
sputtered gold electrodes on both sides of crystals and electrodes area of 7 mm?.
Irradiation was performed in air at room temperature using a >*! Am alpha source, with
the particles impinging on the top surface. Bias voltages in the range of 200-600 V were
used in sandwich configuration. The detectors were positioned inside a metal chamber
at a distance of 5 mm from the device. The OSSCs detectors was connected to an
ultralow noise charge-sensitive preamplifier (eV model 550), with a charge sensitivity
of 3.6 mV/{C. Bias voltage was applied via the preamplifier by means of an Ortec 710
power supply. The preamplifier output was directly connected to a digital pulse shaper
with long shaping times, in the order of tens of microseconds. A shaping time of 15 ps
for the CR-RC shaper was used in this work.

X-ray beam detection by 4HCB detectors

4HCB single crystals, the planer dimension of 5x5 mm? crystals with thickness of
1.0+0.1 mm, were fabricated with Carbon electrodes in sandwich configuration as self-
standing devices. A tungsten target X-ray tube (SPELLMAN XRBO011) was used as the
source. The X-ray source was operated with tube voltage of 50 kVp (X-ray photo energy
up to 50 keV and peak intensity at 22 keV) and the dose rates of 0.29-28.8 uGyair s
During the experiment, the dose rate of X-ray beam was modulated by changing the
current (0.001-0.6 mA) of X-ray tube, as well as by controlling the distance (49 cm)
between the device and the X-ray source. The X-ray dose rate was carefully calibrated
by using both the Geiger counter and the thermos luminescence dosimetry. The bias
voltage applied on the device and the induced photocurrent was recorded by a Keithley

6517B. All the reported measurements were made in air condition at room temperature.
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The purely organic 4HCB single crystals with high hole mobility show a capability of

direct detecting *! Am 5.49 MeV a. particles and X-ray imaging under the low-dose rate

(below 50 puGyair s™) exposure.
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