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Sensitive X-ray detection is needed in diverse areas motivated by a common desire to reduce radiation dose. Cold
cathode X-ray detectors operating with a photoelectron multiplication mechanism called electron bombardment
induced photoconductivity (EBIPC) have emerged as promising candidates for low-dose X-ray detection. Herein,
the cold cathode detectors formed by ZnO nanowire field emitters and β-Ga2O3 photoconductor targets were
proposed for sensitive direct-conversion X-ray detection. The charge carrier transport mechanism of EBIPC effect
in X-ray detectors was investigated to achieve a high internal gain (2.9 × 102) and high detection sensitivity
(3.0 × 103 μCGy−1air cm−2) for a 6 keV X-ray at the electric field of 22.5 V μm−1. Furthermore, the proposed
X-ray detectors showed the features of fast response time (40 ms), long-term stability (0.6% for 1 h), and
low detection limit (0.28 mGyair s

−1), suggesting that the direct-conversion cold cathode X-ray detectors are ideal
candidates for low-energy X-ray detecting and imaging applications. © 2021 Chinese Laser Press

https://doi.org/10.1364/PRJ.438204

1. INTRODUCTION

X-ray has the ability to interact with electrons in the atoms to
ionize targeted materials and shows a good dose-dependent fea-
ture [1,2]. Therefore, X-ray detection is of great significance for
medical imaging, security screening, industrial nondestructive
inspection, scientific research, etc. [3–5]. To meet these
applications, high detection sensitivity is crucial for achieving
high-contrast images and reducing radiation-related health
risks [6,7].

Typically, two different methods are adopted for X-ray de-
tection. The dominant indirect-conversion X-ray detectors use
phosphors or scintillators to transform an X-ray into visible
light so the spatial resolution and conversion efficiency are lim-
ited [8,9]. In contrast, the direct-conversion X-ray detectors use
a semiconductor layer to convert an X-ray directly into electric
signals and show the advantages of high spatial resolution,
fast response time, and wide linear dynamic range [10,11].
However, the commercial a-Se photoconductor used in direct-
conversion X-ray detectors has the drawback of low X-ray ab-
sorption coefficient for general radiology applications, resulting
in a limited sensitivity of 22.5 μCGy−1air cm−2 for 20–60 keV

X-ray [4,5,11]. In addition, the HgI2 photoconductors are
widely applied in X-ray detection owing to the heavy atoms,
low electron-hole pair (EHP) production energy (5 eV), and
high charge carrier mobility lifetime (μτ) product value
(10−5 to 10−3 cm2 V−1); further, the detectors exhibit a high
sensitivity of ∼2.2 × 103 μCGy−1air cm−2 for 26–72 keV X-ray
[12,13]. However, the poor device compatibility and thermal
stability of HgI2 photoconductors must be addressed before
their practical application [14]. Recently, perovskite photocon-
ductors prepared by solution process were introduced and
exhibited a high X-ray absorption coefficient that enabled
the low-dose X-ray detection [5,15]. The sensitivity of 1.1 ×
104 μCGy−1air cm−2 (100 keV X-ray) at 0.24 V μm−1 and the
response time of ∼10 ms were reported in polycrystalline
CH3NH3PbI3-based X-ray detectors consisting of 1428 ×
1428 pixels with a pixel pitch of 70 μm [5]. However, the
ion migration and long-term operation stability problems of
perovskite X-ray detectors still limit detector performance [16].

In addition, the X-ray detection sensitivity can be tremen-
dously improved using the photoelectron multiplication
mechanism. There are three main photoelectron multiplication
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mechanisms for realizing highly sensitive X-ray detection:
photoemission and secondary emission in vacuum photomul-
tiplier tubes (PMTs) [17], avalanche multiplication mechanism
in avalanche photodiodes (APDs) and pixelated silicon photo-
multipliers (SiPMs) [18,19], and photoconductive gain in X-
ray detectors with electronic injection at high electric field [20].
However, commercial PMTs have a bulky size and high cost;
the APDs and SiPMs have drawbacks of temperature-depen-
dent gain and low X-ray absorption coefficient due to material
limitation; the X-ray detectors with photoconductor gain suffer
from the issue of a current runaway effect that occurs at a high
electric field so the gain is limited. Therefore, it is challenging
to develop a flat-panel X-ray detector with simple preparation
method, high-stability, high X-ray absorption coefficient, and
high internal gain.

In order to develop a flat-panel X-ray detector for highly
sensitive and low-dose X-ray detection, vacuum cold cathode
flat-panel X-ray detectors have been fabricated successfully
in recent years and achieve high internal gain [21,22]. The de-
tectors consist of a-Se high-gain avalanche rushing photocon-
ductors (HARPs) for photoelectric conversion and Spindt-type
field emission arrays (FEAs) for signal readout [21]. Those vac-
uum X-ray detectors achieved a pixel number of 640 × 480, a
spatial resolution of 20 μm, and an avalanche multiplication
factor of 200 [22]. However, the realized X-ray sensitivity
and effective device area were limited due to material limitation
of HARPs and complicated fabrication method of Spindt-type
FEAs, making those X-ray detectors far from actual applica-
tions. Recently, the vacuum cold cathode flat-panel X-ray de-
tectors consisting of ZnS photoconductor and ZnO nanowire
(NW) field emitters with a photoelectron multiplication
mechanism called electron-bombardment-induced photocon-
ductivity (EBIPC) were proposed to achieve large-area
(4.8 cm × 8 cm) and high-gain (∼104) indirect-conversion
X-ray detection [23,24]. Nevertheless, the direct-conversion
vacuum cold cathode X-ray detectors operating with an
EBIPC mechanism have not been realized, and the correspond-
ing charge transport mechanism requires further investigation.

Here, the direct-conversion vacuum cold cathode X-ray de-
tectors consisting of ZnO NW field emitters and β-Ga2O3

photoconductor targets were proposed to realize sensitive and
low-dose X-ray detection. The ZnO NW field emitters show
advantages of simple preparation method, good controllability,
large area, and excellent field emission performance [25]. The
β-Ga2O3 photoconductors have a wide bandgap of ∼4.9 eV, a
breakdown voltage of 8 MV cm−1, a relatively high density
(6.44 g cm−3), and a high absorption coefficient (17.2 mm−1

for 20 keV X-ray) for low-energy X-ray [26]. Those metrics
meet the requirement of vacuum cold cathode X-ray detectors
with a low dark current and an effective EBIPC effect for
achieving high internal gain. In addition, the charge carrier
transport mechanism of EBIPC effect in X-ray detectors was
investigated to achieve sensitive X-ray detection and low detec-
tion limit. These results demonstrate that the direct-conversion
vacuum cold cathode X-ray detectors with an EBIPC mecha-
nism can potentially be applied in various X-ray detecting
applications.

2. RESULTS AND DISCUSSION

Conventional direct-conversion X-ray detectors with thin film
transistor (TFT) readout are illustrated in Fig. 1(a) [4]. The
EHPs are generated in a photoconductor through the absorp-
tion of X-ray photons. Nowadays, a-Se photoconductors used
in commercial X-ray detectors have drawbacks of low X-ray ab-
sorption efficiency and charge collection efficiency. The devel-
oping X-ray detectors based on CdTe [27], PbO [28], HgI2
[12], and perovskite [1] photoconductors have high X-ray ab-
sorption coefficient and low EHP production energy to gener-
ate adequate EHPs, resulting in a significant improvement of
X-ray detection sensitivity. Nevertheless, the reported X-ray de-
tectors lacked sufficient internal gain to overcome the recom-
bination or trapping of EHPs. The architectures of 3D
photosensitive TFT based X-ray detectors were proposed to
achieve high internal gain of ∼104; however, those devices
raised fabrication complexity and cost [29].

The proposed device structure formed by gated FEAs and
photoconductor target for achieving low dose X-ray imaging is
illustrated in Fig. 1(b). These vacuum cold cathode X-ray de-
tectors with high-resolution imaging (20 μm) and high-radia-
tion tolerance (1 MGyair γ-ray) have been demonstrated [30].
In addition, the EHPs in photoconductor can be modulated by
both incident photons and accelerated electron emission from a
cold cathode, leading to high internal gain. Owing to
such high gain effect, the ability of vacuum cold cathode photo-
detectors to detect ultraweak visible light (100 nW cm−2) has
been well demonstrated [23]. Therefore, the direct-conversion
X-ray detection with high gain can be expected by using vac-
uum cold cathode detectors. The corresponding X-ray response
process of designed X-ray detectors can be divided into four
steps: (1) EHPs are generated by incident X-ray photons in
the photoconductor layer; (2) the generated EHPs drift across
the photoconductor under the electric field; (3) the conduc-
tivity of the photoconductor is decreased and causes the elec-
tron emission of a cold cathode; (4) the photoconductor is

Fig. 1. Comparison of conceptual design of X-ray detectors and cor-
responding X-ray response mechanism. (a) Conventional X-ray detec-
tors with TFT readout. (b) Proposed X-ray detectors with vacuum
FEA readout.
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bombarded by the field emission electrons of a cold cathode,
and abundant EHPs are generated by the EBIPC effect. The
EBIPC effect and field emission of a cold cathode form a pos-
itive feedback process until reaching a balance when the voltage
dropped in the photoconductor increases at high current.
Through this high gain mechanism, internal signal amplifica-
tion and a highly sensitive X-ray detection can be realized in
vacuum cold cathode X-ray detectors. More importantly, the
vacuum gap in the proposed X-ray detector can realize a low
dark current at high electric field, enabling a low-dose X-ray
detection.

Our device adopts a vacuum photodiode formed by a
Ga2O3 photoconductor and ZnO NW field emitters to realize
the direct-conversion X-ray detection with an EBIPC mecha-
nism, as illustrated in Fig. 2(a). Figure 2(b) shows an actual
photograph of the X-ray detector. The generation rate of
EHPs inside the Ga2O3 photoconductor caused by the
EBIPC effect strongly depends on the electron beam acceler-
ated voltage and accelerated current emission from the ZnO
NWs. Therefore, the photoelectron multiplication factor can
be tuned in an X-ray detector using cold cathodes made in
forms of addressable FEAs [25].

In addition, the charge collection efficiency of the X-ray de-
tector is related to the field emission characteristics of ZnO
NWs and the performance metrics ofGa2O3 photoconductors.
The top image of Fig. 2(c) shows the actual arrays of ZnONWs
grown on an indium tin oxide (ITO)-coated glass substrate; the
bottom image of Fig. 2(c) shows the cross-sectional view of
ZnO NWs. The ZnO NWs grown directly on the substrate
had a distribution density of ∼5 × 108 cm−2, a height of
3–4 μm, and a tip diameter of ∼20 nm. The grown ZnO

NWs are reported to have a uniform morphology and are easy
to be integrated in gated FEAs, which is beneficial for X-ray
imaging applications [25]. Figure 2(d) shows the field emission
current density-electric field (J-E) characteristics of ZnO NWs.
The grown ZnO NWs with a turn-on field (which corresponds
to a current density of 10 μA cm−2 ) of 4.4 V μm−1 showed ex-
cellent field emission characteristics compared with previously
reported ZnO NWs [31]. The Fowler–Nordheim (F-N) plot
[shown in the inset of Fig. 2(d)] was approximately a straight
line, indicating that the field emission of ZnO NWs followed
the classic vacuum electron tunneling mechanism [32].

In order to obtain the crystallinity of Ga2O3 photoconduc-
tors, the typical X-ray diffraction (XRD) pattern was measured
[Fig. 2(e)]. The peaks fitted well with the monoclinic Ga2O3

Joint Committee on Power Diffraction Standards (JCPDS)
card No. 43-1012 with the lattice constants of a � 12.23,
b � 3.04, and c � 5.8. The peaks located at 18.1°, 37.7°,
and 58.5° correspond to the (−201), (311), and (−603) planes.
The corresponding full width at half maximum of the XRD
peaks of current Ga2O3 was 576 arcsec, which was nearly
the same as that of reported Ga2O3 crystal (540 arcsec) pre-
pared by metal–organic chemical vapor deposition method
[33]. The XRD results demonstrate the high crystal quality
of the Ga2O3 photoconductor, which is beneficial for realizing
low dark current, fast response time, and high charge collection
efficiency. Figure 2(f ) shows the X-ray mass attenuation coef-
ficients of different photoconductors [obtained from the
National Institute of Standards and Technology (NIST) data-
base] [34]. On the one hand, the photoelectric effect dominates
the total mass attenuation coefficient of the Ga2O3 photocon-
ductor throughout the low-energy X-ray range; on the other

Fig. 2. Implementation and characterizations of the X-ray detectors. (a) Schematic layout of the vacuum cold cathode X-ray detector. (b) Actual
picture of the fabricated X-ray detector. (c) Arrays of patterned ZnO NWs (top image) and cross-sectional view of ZnO NWs (bottom image).
(d) Field emission J-E curve of the ZnO NWs with inset showing the corresponding F-N curve. (e) Typical XRD pattern of β-Ga2O3 bulk photo-
conductor. (f ) Total mass attenuation of X-rays in β-Ga2O3 bulk photoconductor showing the contribution from Compton scattering, photoelectric
effect, and pair production and that of a-Se and CsPbBr3 photoconductors.
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hand, the total mass attenuation coefficient of the Ga2O3 pho-
toconductor is close to that of a-Se and CsPbBr3 photoconduc-
tors throughout the low-energy X-ray range (<50 keV). Those
metrics demonstrate that the Ga2O3 photoconductor is an
ideal material for low-energy X-ray detection.

In addition to exploring the charge transport mechanism of
the detector to achieve maximum X-ray detection sensitivity,
the dark current and photocurrent were measured at low
and high electric fields [Figs. 3(a) and 3(b)]. The nonzero dark
current and photocurrent at zero electric field shown in Fig. 3
(a) might be caused by the trapped electron in the Ga2O3 crys-
tal due to the electron bombardment. The negatively charged
Ga2O3 crystal would release electrons forming a reversed

leakage current when we repetitively measured the device.
The current-electric field (I-E) characteristics of X-ray detector
shown in Fig. 3(b) exhibited three processes: (1) the device
current increased gradually until reaching saturation at
1.5 V μm−1; (2) the device current increased slightly at the elec-
tric field between 1.5 and 4 V μm−1; (3) the device current in-
creased dramatically after 4 V μm−1. In process (3), the device
current (I) can be described using the F-N theory [32]:

I � A
V 2

Eφt2�y�
exp

�
BE

3
2
φ

V
v�y�

�
, (1)

where A and B are constants, V is the equivalent voltage in the
tip of ZnO NWs, Eϕ is the work function of ZnO NWs, and

Fig. 3. Detection performance and operation principle of the proposed X-ray detector. (a), (b) Dark current and photocurrent of the X-ray
detector at low and high electric fields. (c) F-N curves of the dark current and photocurrent. (d)–(f ) Schematic of the operation principle of
X-ray detector at different applied electric fields. (g) The detection sensitivity versus applied electric field curves of the X-ray detector.
(h) Internal gain versus electric field curve of the detector under X-ray illumination with the X-ray tube voltage of 6 kV and the X-ray tube current
of 0.6 mA. (i) The detection sensitivity versus X-ray tube voltage curves of the X-ray detector with inset showing the theoretical determination of
detector sensitivity as a function of X-ray energy. (The experimental value was measured using a DC X-ray tube without beam filters.)
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t�y� and v�y� are the Nordheim elliptic functions. Figure 3(c)
shows the F-N plots of dark current and photocurrent in pro-
cess (3), suggesting that the device current followed the classic
electron tunneling mechanism first and then exhibited a satu-
ration feature due to the increasing voltage drop inGa2O3 pho-
toconductor induced by the high current [23].

The operation principle of the X-ray detector is illustrated to
further demonstrate the I-E characteristics and X-ray response
process at different electric fields. As shown in Figs. 3(d)–3(f ),
the charge transport mechanism of the X-ray detector can be
divided into three regions. InRegion I, the internal photoelectric
effect of X-ray photons in the Ga2O3 photoconductor domi-
nates at the small electric field. The collected charge increases
before reaching saturation at the saturated electric field (E sat),
owing to the limited photogenerated carriers in theGa2O3 pho-
toconductor and high vacuum barrier of the ZnO NWs. In
Region II, the charges are injected from the electrodes when
the charge recombination lifetime is larger than the charge
transit time at a higher electric field, which triggers a photocon-
ductive gain [20]. The device current increases slightly in this
region, but the total collected charge is still limited by the large
vacuum barrier of ZnO NWs. In Region III, the EBIPC effect
occurs when the Ga2O3 photoconductor is bombarded by the
high-energy accelerated electrons emission from ZnONWs at a
high electric field (Eb). Under the EBIPC effect, the conduc-
tivity of aGa2O3 photoconductor becomes smaller, and the vac-
uum barrier of ZnONWs becomes lower and narrower, making
the photocurrent increase dramatically; further, the collected
photogenerated charge is amplified eventually.

Under the EBIPC mechanism, the X-ray detector achieved
high detection sensitivity. Calculated from the X-ray responsive
J-E curves of the metal-semiconductor-metal-structured
Ga2O3 X-ray detector, the resistivity of the Ga2O3 photocon-
ductor decreased from 8.6 × 1011 Ω cm to 3.4 × 1011 Ω cm
after the illumination of 50 keV X-ray. According to the field
emission J-E curve of the ZnO NWs [Fig. 2(d)] and X-ray re-
sponsive J-E curve of the proposed vacuum cold cathode X-ray
detector, the bias variation of ZnO NWs was ∼0.08 V μm−1

after the illumination of 50 keV X-ray, making resistivity of
the Ga2O3 photoconductor become 6.2 × 1010 Ω cm, owing
to the bombardment of accelerated electrons with higher en-
ergy. Figure 3(g) shows the X-ray detection sensitivities as a
function of an applied electric field under different X-ray tube
voltages. The sensitivity increased quickly with the increasing
applied electric field of the detector owing to the high gener-
ation rates of EHPs in Ga2O3 photoconductor at high electric
field, and then the sensitivity saturated at a higher applied
electric field due to a balance between the accelerated voltage
of field emission and bias voltage of the Ga2O3 photoconduc-
tor. The maximum sensitivity of the X-ray detector was
3.0 × 103 μCGy−1air cm−2 (the applied electric field was
22.5 V μm−1) under the X-ray tube voltage of 6 kV. The real-
ized X-ray detection sensitivity was much higher than that of
the metal-semiconductor-metal-structured Ga2O3 X-ray detec-
tor with the maximum sensitivity of 63 μCGy−1air cm−2 (6 keV
X-ray), exhibiting the high internal gain of vacuum cold cath-
ode X-ray detectors with EBIPC mechanism. The internal gain
(G) of the X-ray detector can be described as [10]

G � IR
IP

� IR
φβe

, (2)

where IR and IP � φβe stand for the experimental current and
theoretical photogenerated current of detector under X-ray il-
lumination, in which φ � εDms

Eph
is the photon absorption rate

and β � Eph

W �
is the number of carriers excited by an X-ray pho-

ton. Notably, e is an electronic charge, ε is the fraction of ab-
sorbed photons [this value is nearly 100% in 0.68 mm Ga2O3

photoconductor for low-energy (1–20 keV) X-ray calculated
from the NIST database] [34], D is the X-ray dose rate, ms
is the mass of Ga2O3 photoconductor, Eph is the X-ray energy,
and W � � 2.7Eg � Ephonon is the EHP production energy
[11], where Eg � 4.9 eV is the bandgap of the Ga2O3 photo-
conductor and Ephonon � 29 meV is the phonon energy of
Ga2O3 photoconductor [35]. The calculated internal gain of
an X-ray detector up to 2.9 × 102 at 22.5 V μm−1 electric field
is achieved [Fig. 3(h)], demonstrating that the EBIPC mecha-
nism is promising for use in sensitive X-ray detectors with high
internal gain.

Figure 3(i) shows the X-ray detection sensitivity under dif-
ferent X-ray tube voltages measured by a DC X-ray tube with-
out beam filters. The sensitivity decreased quickly from
1.2 × 103 to 0.3 μCGy−1air cm−2 when the X-ray tube voltage in-
creased from 6 to 50 kV at 10 V μm−1, indicating that the
Ga2O3-based vacuum cold cathode X-ray detectors are suitable
for low-energy X-ray detection owing to the high absorption
efficiency of the Ga2O3 photoconductor for low-energy X-ray.
The detection sensitivity (S) can be theoretically described as
[36,37]

S � GC
eΨαen�1 − exp�−αT ��

W �
, (3)

where C is the charge collection efficiency, Ψ is the incident
radiant energy flux density, αen is the energy absorption coef-
ficient of Ga2O3, α is the linear attenuation coefficient of
Ga2O3, and T is the thickness of Ga2O3. According to
Eq. (3), the sensitivity is mainly dominated by the energy ab-
sorption coefficient and linear attenuation coefficient of the
Ga2O3 photoconductor under different X-ray energies. The si-
mulated detection sensitivity as a function of X-ray energy us-
ing Eq. (3) is shown in the inset of Fig. 3(i), showing good
agreement with the experimental results.

Typical temporal responses of the X-ray detectors at the
electric field of 5 V μm−1 were tested with X-ray square-waves
(the dose rate is 17.9 mGyair s

−1), as displayed in Figs. 4(a)–
4(c). The fluctuation (F ) of the photocurrent is calculated us-
ing F � �I2 − I1�∕I 1, where I 1 is the average photocurrent of
the first pulse and I 2 is the average photocurrent of the last
pulse. The fluctuations in the photocurrent were 0.4% over
170 s [Fig. 4(a)] and 0.6% over a 1 h period [Fig. 4(c)], in-
dicating that the proposed X-ray detectors have an excellent
stability owing to the high crystal quality of the Ga2O3 photo-
conductor and current limitation of the vacuum gap. The
rise and fall times (the time for the transit between 10% and
90% of the photocurrent) were calculated to be 140 and 40 ms,
respectively. The response time of proposed X-ray detectors is
much faster than that of the previously reported Ga2O3-based
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X-ray detector (1.8 s) [38], which is mainly caused by the fast
charge transport speed in the high-crystallinity Ga2O3 photo-
conductor and vacuum gap. The realized response speed is fully
adequate for radiography applications requiring a readout time
of less than 5 s [1]. In addition, Fig. 4(d) shows the signal-
to-noise ratios (SNRs) [39] under different X-ray dose rates
at the electric field of 5 V μm−1; the inset of Fig. 4(d) shows
the corresponding temporal responses under different X-ray
dose rates. The SNR of X-ray detector increased from 0.9
to 64.8 when the radiation dose rate increased from
1.2 × 10−3 to 38.1 mGyair s

−1. The SNR showed a saturation
feature under the illumination of a low-dose X-ray
(<0.1 mGyair s

−1) due to the measured current noise [as shown
in the inset of Fig. 4(d)], which could be increased by adopting
more sophisticated electrostatic shielding and cable. The cor-
responding detection limit (according to the IUPAC standard
of SNR of 3) [39] was as low as 0.28 mGyair s

−1, exhibiting a
large improvement compared with that of the reported Ga2O3

based X-ray detector (∼140 mGyair s
−1) [38].

The performance metrics of the proposed X-ray detector
and literature-reported direct-conversion X-ray detectors using
different photoconductors and photoelectron multiplication
mechanisms are compared in Table 1. The proposed X-ray
detectors formed by photoconductor targets and cold cathode
field emitters can achieve high internal gain using the EBIPC

Fig. 4. Temporal response of the X-ray detector. (a)–(c) Time-
dependent photocurrent of the X-ray detector with pulsed X-ray
source on and off at 5 V μm−1 electric field. (d) The SNRs under dif-
ferent X-ray dose rates with inset showing the temporal responses
under different X-ray dose rates.
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mechanism. The Ga2O3 photoconductor is an ideal material
for a vacuum cold cathode X-ray detector owing to its high
absorption efficiency for a low-energy X-ray and high break-
down electric field to operate at a high electric field. Under
the EBIPC mechanism, the proposed X-ray detector realized
a high internal gain of 2.9 × 102, a high X-ray detection sensi-
tivity of 3.0 × 103 μCGy−1air cm−2 for 6−50 keV X-ray, and a low
detection limit of 0.28 mGyair s

−1. Furthermore, the detector
achieved a fast response time of 40 ms owing to the high crystal
quality of the Ga2O3 photoconductor and fast charge transport
speed in the vacuum gap. The performance metrics of the pro-
posed X-ray detectors are much better than those of the liter-
ature-reported Ga2O3-based X-ray detectors without a
photoelectron multiplication mechanism [40]. In contrast,
the vacuum cold cathode X-ray detectors formed by HARPs
and Spindt-type FEAs had a high internal gain (2.0 × 102)
and were expected to realize low-dose X-ray imaging using
the avalanche effect [41,42]. However, those detectors have
limited X-ray detection sensitivity due to the material limita-
tion of HARPs and are not eligible for large area applications
due to the complicated fabrication method of Spindt-type
FEAs. Furthermore, the a-Se-based X-ray detectors without
photoelectron multiplication mechanism had the drawback
of low X-ray absorption coefficient for general radiology appli-
cations, resulting in a limited sensitivity of 22.5 μCGy−1air cm−2

for 20–60 keV X-ray [11,43,44]. In addition, the perovskite
photoconductors had high X-ray absorption coefficient and
high charge collection efficiency, benefiting to realize high
X-ray detection sensitivity (4.1 × 103 μCGy−1air cm−2 for 20–
60 keV X-ray) and low detection limit (0.22 μGyair s−1)
[45]. Furthermore, the perovskite based X-ray detectors could
realize a higher detection sensitivity (5.6 × 104 μCGy−1air cm−2

for 30–50 keV X-ray) using the photoconductive gain effect
and a fast response time (<0.3 ms) by applying a photocon-
ductor with high crystal quality [6,45]. Nevertheless, the issues
of ion migration and long-term operation stability make the
perovskite-based X-ray detectors far from practical applications
[16].

3. CONCLUSIONS

In summary, a direct-conversion vacuum cold cathode X-ray
detector based on ZnO NW field emitters and β-Ga2O3 pho-
toconductor targets was proposed to realize sensitive and low-
dose X-ray detection. The charge carrier transport mechanism
of the X-ray detectors was investigated, finding that the X-ray
response process could be divided into internal photoelectric
effect, photoconductive gain effect, and EBIPC effect when
the applied electric field increased accordingly. The proposed
X-ray detectors operating with an EBIPC mechanism achieved
a high internal gain of 2.9 × 102 and high detection sensitivity
up to 3.0 × 103 μCGy−1air cm−2 for 6 keV X-ray at the
22.5 V μm−1 electric field. Moreover, the direct-conversion
vacuum cold cathode X-ray detector also had the advantages
of fast response time, long-term stability, and low detection
limit owing to the high crystal quality of the Ga2O3 photocon-
ductor and current limitation effect of the vacuum gap.
The proposed direct-conversion vacuum cold cathode X-ray

detectors demonstrate huge potential for use in actual X-ray
detection applications.

APPENDIX A: METHODS

1. Fabrication of a Vacuum Cold Cathode X-ray
Detector
A vacuum diode-type cold cathode X-ray detector was fabri-
cated with the ZnO NW field emitters as the cathode and
the β-Ga2O3 photoconductor as the anode target. The arrays
of patterned ZnO NWs were directly grown on an ITO-coated
glass substrate using a thermal oxidation method [25]. First, a
500 nm thick ITO electrode was deposited on glass substrate
by magnetron sputtering. Second, the patterned Zn film with
the thickness of 1.2 μm was prepared by ultraviolet lithography
and electron beam evaporation. Last, the ZnO NWs were
grown by oxidating the patterned Zn film with air in a hori-
zontal quartz tube furnace. The oxidation temperature was
500°C; the oxidation time was 3 h. The single dot matrix size
of ZnO NWs was 25 μm × 60 μm, and the duty ratio of that
was 10.2%. The (−201) Fe-doped β-Ga2O3 bulk photocon-
ductor with 0.68 mm thickness was prepared using an edge-
defined film-fed growth method (Novel Crystal Technology
Inc., Japan) [46]. The ITO thin film with 200 nm thickness
was deposited on the β-Ga2O3 surface to act as an anode elec-
trode using a direct current magnetron sputtering method. The
vacuum gap between theGa2O3 crystal and the patterned ZnO
NW cold cathode was maintained by the ceramic spacer; the
number of adopted ceramic spacers depended on the area of the
detector. The vacuum gap between the anode and cathode was
120 μm. The effective detection area of X-ray detector
was 2 cm × 2 cm.

2. Characterization Methods
The morphologies of arrays of ZnO NWs were observed using
a scanning electron microscope (SEM, SUPRA 60, Germany).
Crystallinity of the β-Ga2O3 photoconductor was identified by
the XRD (Empyrean, PANalytical B.V) measurement. The
X-ray detector operates in a vacuum chamber with a pressure
of ∼5 × 10−6 Pa. The proposed flat panel X-ray detectors can
be sealed using a glass frit with sintering process and pumped to
high vacuum (<1 × 10−5 Pa) before being sealed off [47,48]. A
commercial X-ray tube with a tungsten target and 50 kV maxi-
mum accelerated voltage was used as the X-ray source (Vision
Imaging Technology Limited). The radiation dose rates under
different X-ray tube voltages were calibrated using a commer-
cial dosimeter (MagicMax XM detector, IBA). The I-E and
temporal characteristics of the X-ray detectors were measured
using a Keithley 2657A source-meter unit with a maximum
applied voltage of 3000 V.
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