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Abstract
Low-dimensional copper-based halide perovskite single crystals are considered excellent scintillators for
indirect X-ray detection, but their potential in direct X-ray detection has not been investigated. Herein, high-
quality pure Cs3Cu2I5 and Li-doped Cs3Cu2I5:Li single crystals are grown by the Bridgman method. The

Li+ dopant enhances the photoelectric properties of the Cs3Cu2I5 single crystal by extending the carrier

life time, improving the carrier mobility from 6.49 to 9.52 cm2V-1s-1, and increasing the mobility-lifetime
(μτ) product from 1.4×10-4 to 2.9×10-4 cm2V–1. The sensitive direct X-ray detector with a vertical device
con�guration of Au/Cs3Cu2I5:Li single crystal/PCBM/Au is fabricated and demonstrated to have a high

sensitivity of 831.1 µC Gyair -1 cm-2 and low detection limit of 34.8 nGyair s-1. Furthermore, the detector
shows fast response, negligible baseline current drift and excellent stability upon X-ray illumination.

Introduction
X-ray imaging is widely used in medical diagnosis and treatment1, such as digital radiographic (DR)2 and
computerized tomography (CT)3. However, a high radiation dose poses health and cancer hazards and so
low-dose X-ray imaging is highly desirable. There are indirect and direct approaches in X-ray imaging 4.
The indirect converter with a typical sensitivity of 0.3 µC Gyair

–1 cm–2 is more prevalent but suffers from
low spatial resolution and quantum e�ciency due to inevitable visible light scattering. On the other hand,
although the direct converter composed of semiconducting materials is able to monitor the X-ray excited
charges5 with higher sensitivity and spatial resolution in low-dose X-ray imaging, conventional
semiconducting materials have some limitations and de�ciencies. For instance, Si6 and α-Se7 lack
su�cient stopping power for X-ray, consequently hindering operation in the high-energy
range and HgI28 detectors are plagued by the large leakage currents and low stability. CdZnTe9

has shown great potential in room-temperature X-ray detection, there are drawbacks such as non-uniform
charge transport and larger noise. In addition, the complicated preparation process and high fabrication
cost pose practical challenges 10. 

Recently, halide perovskites possessing attractive properties, such as large radiation attenuation
coe�cients, high carrier mobility life product (μτ), tunable band gap and bulk resistivity, and high
�uorescence yields11,12, have been proposed to be e�cient direct X-ray irradiation detectors13. However,
common lead halide organic-inorganic perovskites suffer from the poor environmental stability and
toxicity of lead-based salts14,15, Lead-free Copper-based halide perovskites show large radiation
attenuation, high photoluminescence quantum yield (PLQY), lack of self-absorption, and good air-
stability16 17 18, rendering it suitable for X-ray imaging and γ-ray detection, especially the zero-
dimensional (0D) Cs3Cu2I5 crystal. For example, clear reconstructed 3D snail CT images have been

obtained by the Cs3Cu2I5 nanocrystal-based �ber-optic panel19. The Cs3Cu2I5:Tl single crystal

simultaneously exhibits high scintillation yield and remarkable energy resolution under 137Cs γ-ray
radiation in conjunction with low detection limit and afterglow in indirect X-ray detection20,21. The Li+-
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doped Cs3Cu2I5 single crystal also has an excellent �gure-of-merit, which can be used in the �eld of dual

gamma-ray and neutron detection22. Moreover, the Cs3Cu2I5:In single crystal-based imaging system has

excellent spatial resolution23. Because of the Cs3Cu2I5 is constructed with [Cu2I5]3- coordinated

polyhedron, spatially separated by Cs+ that only serves as a skeleton to form the localized electronic
structure24. The bene�cial disrupted ion migration channels avoid the dark current noise and baseline
drift problems at high bias voltages25, thereby maintaining the resolution and stability of the Cs3Cu2I5-
based detector. In direct X-ray detection by the Cs3Cu2I5 single crystal, the semiconductor converts X-ray
into electrical signals with high sensitivity and spatial resolution. However, because of the larger band-
gap of the Cs3Cu2I5 single crystal and poor electrical properties, the capability of Cs3Cu2I5 in direct X-ray
detection has not been studied systematically. 

In this work, the strategy of Li+-doped was adopted to enhance the photoelectric properties of Cs3Cu2I5
single crystal by extending the carrier life time and improving the carrier mobility. The pure Cs3Cu2I5 and
Li-doped Cs3Cu2I5:Li single crystals with a diameter of 12 mm are prepared by the Bridgman method and
their properties pertaining to direct X-ray detection are investigated. The pure Cs3Cu2I5 single crystal has

moderate electronic properties such as carrier mobility of 6.49 cm2V-1s-1 and mobility-lifetime (μτ)
product of 1.4×10-4 cm2V–1. Doping with lithium improves optical-electrical properties including bigger

carrier mobility of 9.52 cm2V-1s-1 and mobility-lifetime (μτ) product of 2.9×10-4 cm2V–1. Subsequently, the
direct X-ray detector assembled with the Cs3Cu2I5:Li single crystal shows a high sensitivity of 831.1 µC

Gyair
-1 cm-2 and low detection limit of 34.8 nGyair s-1. The detector also exhibits excellent stability with

negligible current drifts during continuous X-ray exposure. 

Results
Crystal Growth and First-Principle Calculation. Figure 1a presents the schematic diagram of the custom
vertical Bridgman growth furnace with three zones. The temperature gradient can be adjusted from 10°C
to 25°C for a length of 40 mm and the descending speed can be adjusted up to 0.001 mm/h. The pure
Cs3Cu2I5 and 2.5 at% Li+-doped Cs3Cu2I5:Li single crystals are grown by the self-seeding Bridgman
technique with a capillary tube. The as-grown Cs3Cu2I5:Li single crystal ingots with a diameter of 12 mm
and transparent machined sample without cracks and visible inclusions are exhibited in Fig. 1a. The
actual Li+ doped concentration was con�rmed by ICP-OES measurement. The actual Li+ concentration is
about 0.92 at% for 2.5 at% Li+-doped Cs3Cu2I5 crystal, indicating that the Li+ was introduced successfully.
The powder XRD pattern of the polycrystalline Cs3Cu2I5:Li can be indexed to the pure Cs3Cu2I5 PDF card
#45–0077 revealing the absence of impurity phases like CsI or CuI, as shown in Fig. 1b. Cs3Cu2I5
crystallizes into the orthorhombic space group of Pnma at room temperature. Consider for the radius of
Li+ (0.59 Å) is closer to that of Cu+ (0.60 Å), the Li+ exhibits a tendency to substitute for the Cu+ site.
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To gain mechanistic insights into the optical properties of the Li+ doped effect on Cs3Cu2I5 single
crystals, the electronic band structures are derived by density-functional theory (DFT) calculation with the
PBE hybrid functional. Both the valence band edges in Figs. 1c and d are completely �at between the F
and Z direction, which differ from the large bandwidth and dispersion band edges of conventional 3D
structures. The direct band-gap of Cs3Cu2I5 is smaller than that of Li+-doped Cs3Cu2I5, indicating a

broken symmetry after introducing Li+ to enlarge the band-gap. According to the DOS and PDOS map, the
valence band maximum (VBM) is mainly contributed by the I-p orbitals and some Cu-d orbitals. Whereas,
the conduction band minimum (CBM) density states are mainly composed of Cu-4s and I-5p orbitals. The
�at VBM energy pro�les of pure and Li+-doped Cs3Cu2I5 indicate localized charge distributions
corresponding to the charge density maps of VBM and CBM (Figs. 1e and f). In particular, most of the
charges of Li+-doped Cs3Cu2I5 transfer from the [LiI6] octahedrons to [CuI6] octahedrons while some
charges transfer from the metal to halide upon photoexcitation from VBM to CBM as shown in Fig. 1f
marked with red circle. Compared to the pure Cs3Cu2I5, more prominent charge transfer in Li+-doped
Cs3Cu2I5 enhances the conductivity and doping with Li extends the carrier lifetime and improves the
carrier mobility.

Optical properties of pure and Li + -doped Cs 3 Cu 2 I 5 single crystal. The survey XPS spectrum of
Cs3Cu2I5:Li crystal in Fig. 2a reveals the C 1s, Cs 3d, Cu 2p, and I 3d components and the high-resolution
spectra are conducted to validate the chemical states of matrix ions. The binding energies of Cu 2p1/2

and Cu 2p3/2 are consistent with Cu-I bond and demonstrate the presence of Cu+ in the host. The satellite

peak for the Cu2+ oxidation state cannot be observed. The binding energies of the 3d orbital correspond
to the Cs and I + 1 and − 1 states, respectively. Compared to the XPS result of Cs3Cu2I5 crystal, presenting

in Figure S1, the Li+ doped has no in�uence on chemical states of the crystal composition, except that the
peaks position has a slight shift of 0.4 eV. The PLE and PL spectra of pure Cs3Cu2I5 and Cs3Cu2I5:Li
single crystals was measured and shown in Fig. 2b while the time resolved PL decay time curves were
shown in Fig. 2c. After Li+ doping, the excitation (at 310 nm) and emission (at 445 nm) bands do not
show obvious changes, but the decay time becomes slightly longer from 1002 ns to 1015 ns, indicating
that the Li+-doped Cs3Cu2I5 crystal has a longer electron-hole recombination time. Hence, the mobility-

lifetime (µτ) product increases with Li+ doping boding well for direct X-ray detection. Figures 2d and e
present the ultraviolet-visible absorption spectra of the pure and Li+-doped Cs3Cu2I5 sample, respectively.

The inset is the Tauc plot curve converted by the Kubelka-Munk equation for the band gap calculation26.
Both the pure and Li+-doped Cs3Cu2I5 exhibit a sharp absorption edge indicative of a direct band gap. The
corresponding band gap energy (Eg) of Cs3Cu2I5:Li is estimated to be 3.62 eV, which is bigger than that of
the pure Cs3Cu2I5 crystal (3.57 eV) and slightly exceeds that of the conventional semiconductor X-ray

detector 27. This trend is in good agreement with the DFT calculation shown in Figs. 1c and d.

Electronic properties of the Cs 3 Cu 2 I 5 single crystal. The carrier mobility is an important factor for X-ray
detection, and the Hall-effect measurement was used to investigate the electronic properties of pure and
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Cs3Cu2I5:Li single crystal. Two samples exhibit n-type conductivity. The Cs3Cu2I5:Li single crystal has

higher carrier mobility of 9.52 cm2 V− 1 s− 1 than the pure Cs3Cu2I5 single crystal (6.49 cm2 V− 1 s− 1), and it

is larger than that of Cs3Bi2Br9 (1.54 cm2 V− 1 s− 1)28 and two times that of Cs2AgBiBr6 (3.17 cm2 V− 1 s− 

1)29 and MAPbBr3 (4.16 cm2 V− 1 s− 1)30. It means that the Li dopant enhances the conductivity of the
Cs3Cu2I5 single crystal, and the positive effect on the conductivity is con�rmed by experiments and DFT
calculation.

The pure Cs3Cu2I5 and Cs3Cu2I5:Li single crystal ingots are machined into squares and integrated into X-
ray detectors with the stacked structure of Au/Cs3Cu2I5 or Cs3Cu2I5:Li/PCBM/Au and level alignment as
shown in Fig. 3a. Figure 3b compares the absorption coe�cients of typical and potential materials for X-
ray detection, which were calculated according to the photon cross-section database31. Since Cs3Cu2I5
consisting of heave elements of Cs, Cu, and I have a large high density (4.52 g cm− 3), it has a bigger X-
ray absorption coe�cient than Cs2AgBiBr6, α-Se, and commercial silicon, and comparable with CdTe. The
photoconductivity measurements are carried out to determine the optoelectronic properties of the
Cs3Cu2I5 and Cs3Cu2I5:Li single crystal, as shown in Fig. 3c. The photocurrent response is monitored by
applying a voltage ranging from 0 to 60 V and the Hecht formula is employed to �t the photocurrent-
voltage curve:

I = I0µτV/L2(1-exp(-L2/µτV))

where I0 is the saturated current, L is the thickness of the Cs3Cu2I5 and Cs3Cu2I5:Li single crystal, and V is
the applied voltage. The µτ products of the pure Cs3Cu2I5 and Cs3Cu2I5:Li single crystal are determined to

be 1.4×10− 4 cm2 V− 1 and 2.9×10− 4 cm2 V− 1, respectively, and the bigger µτ product indicates enhanced
transport of photogenerated charges. Moreover, the Cs3Cu2I5:Li single crystal has a smaller resistivity of

2.7×1010 Ω cm compared to 4.3×1011 Ω cm of the Cs3Cu2I5 single crystal, as shown in Fig. 3(d).
Figure 3(e) shows the current density-voltage (J-V) characteristics of the X-ray detectors made of the
Cs3Cu2I5 and Cs3Cu2I5:Li single crystals. The Cs3Cu2I5 X-ray detector exhibits obviously lower dark
currents than Cs3Cu2I5:Li due to the high resistivity, and the dark current mainly comes from the injected
current form the electrodes at the applied electric �eld. Meanwhile, the Cs3Cu2I5:Li X-ray detector shows a

signi�cantly enhanced light current of 2.0×10− 8 A cm− 2 at an electric �eld of 45 V/mm, which is more
than twice that of the Cs3Cu2I5 X-ray detector of 9.3×10− 9 A cm− 2. The light current originates from the X-
ray excited photocurrent, and the Li-doped Cs3Cu2I5:Li single crystal possesses higher conductivity due to
enhanced charge transport thus facilitating high-sensitivity X-ray detection.

Direct X-ray detection. To obtain dynamic information from the Cs3Cu2I5 and Cs3Cu2I5:Li X-ray detectors,

the time-resolved light current response for various X-ray dose rates from 1579 µGyair s− 1 to 82 µGyair s− 1

are presented in Fig. 4a, the inset is the picture of detector. Both detectors show decent response signals
upon on/off X-ray switching and good linear relationship with the X-ray dose rates. The Cs3Cu2I5:Li X-ray
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detector exhibits obviously higher dark currents and light currents with larger X-ray on-off than the pure
Cs3Cu2I5 detector at an electric �eld of 45 V/mm, indicating the Cs3Cu2I5:Li X-ray detector has more
sensitive X-ray detection properties. Figure S2 presents the current response of the Cs3Cu2I5 and
Cs3Cu2I5:Li detectors during X-ray on/off at different electric �elds and X-ray dose rates.

To investigate the sensitivity of the Cs3Cu2I5 and Cs3Cu2I5:Li X-ray detectors, the X-ray generated
photocurrent density are plotted as a function of X-ray dose rates as shown in Figs. 4b and 4c. The
sensitivity of the X-ray detector can be calculated from the slope of the photocurrents versus X-ray dose
rates plots acquired at different electric �elds. The pure Cs3Cu2I5 detector has X-ray sensitivities of 441.5

µC Gyair
−1 cm− 2, 363.3 µC Gyair

−1 cm− 2, 288.5 µC Gyair
−1 cm− 2, 233.1 µC Gyair

−1 cm− 2 and 168.9 µC

Gyair
−1 cm− 2 at 45, 37, 30, 28 and 15 V/mm, respectively. In comparison, the Cs3Cu2I5:Li X-ray detector

shows enhanced sensitivities of 831.1 µC Gyair
−1 cm− 2, 661.8 µC Gyair

−1 cm− 2, 422.0 µC Gyair
−1 cm− 2,

311.5 µC Gyair
−1 cm− 2 and 95.6 µC Gyair

−1 cm− 2 at electric �elds of 45, 37, 30, 28 and 15 V/mm,
respectively.

The signal-to-noise ratio (SNR) is another important parameter for X-ray detection and can be calculated
by the following equation:

SNR = Isignal / Inoise = (Iphoto – Idark) / Inoise,

where Iphoto is the average current during X-ray irradiation, Idark is the average dark current derived from
parallel experiments at each bias, and Inoise is the noise current calculated from the standard deviation of
the photocurrents. The SNRs of the X-ray detectors at an electric �eld of 45 V/mm are plotted as a
function of dose rates in Fig. 4d, and a linear dependence with X-ray dose rates is observed. According to
the International Union of Pure and Applied Chemistry standard, the detector signal should maintain an
SNR of over 3. The Cs3Cu2I5:Li X-ray detector has a smaller limit-of-detection (LoD) of 34.8 nGyair s− 1

than the pure Cs3Cu2I5 X-ray detector of 335.1 nGyair s− 1, which is consistent with the higher sensitivity of
the Cs3Cu2I5:Li X-ray detector. Then, we highlight the performance of perovskite based X-ray direct
conversion detectors and summarize the important parameters including the µτ product, sensitivity,
detection limit and resistivity in Table S1. The Cs3Cu2I5:Li crystal presents good comprehensive
performance.

To evaluate the detection stability under continuous operating conditions, X-ray on/off experiments are
carried out at the 45 V/mm external electric �eld and 1579 µGyair s− 1 X-ray dose for 3600 s as shown in
Figs. 4e and S3. Both the Cs3Cu2I5 and Cs3Cu2I5:Li X-ray detectors exhibit reproducible and stable
response with small X-ray on/off changes, indicating excellent materials and working stability under
continuous X-ray exposure. The temporal baseline tracking of the X-ray detectors shown in Figure S4, and
the current drift (Idrift) can be calculated by the following equation:

Idrift = (It – I0) / (E×S×t),
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where It is the current at time t, I0 is the current immediately after stabilization, E is the electric �eld, and S
is the area of the device. Both the Cs3Cu2I5 and Cs3Cu2I5:Li X-ray detectors are able to maintain stable
dark and light currents in 3600 s, and both of the Cs3Cu2I5 and Cs3Cu2I5:Li X-ray detectors show smaller

light current drifts of 1.17×10− 4 A cm–1 s–1 V–1 and 1.35×10− 4 A cm–1 s–1 V–1, indicating excellent
working stability.

The X-ray imaging capability of the Cs3Cu2I5:Li X-ray detector is assessed by x-y scanning experiments
with a key containing a plastic handle and metal bit as the imaging target. As shown in Fig. 4f, the X-ray
image clearly reveals a clear outline of the key consistent with the optical image in the scanning mode.

Conclusion
The pure Cs3Cu2I5 and Li+-doped Cs3Cu2I5:Li single crystals are studied for high sensitivity direct X-ray
detection. The high quality pure Cs3Cu2I5 single crystal with a size of 12 mm is grown by the Bridgman

method, and doped with Li+ to form Cs3Cu2I5:Li single crystal. The pure Cs3Cu2I5 single crystal shows

moderate electronic properties with carrier mobility of 6.49 cm2V-1s-1 and mobility-lifetime (μτ) product of
1.4×10-4 cm2V–1. In comparison, the Cs3Cu2I5:Li single crystal has signi�cantly enhanced optical-

electrical properties such as carrier mobility of 9.52 cm2V-1s-1 and mobility-lifetime (μτ) product of
2.9×10-4 cm2V–1. The positive effect of Li+- doped on the properties of Cs3Cu2I5 crystal is approved by
experiments and DFT calculation. The physical mechanism need to be studied further. The e�cient direct
X-ray detector composed of the Cs3Cu2I5:Li single crystal (Au/Cs3Cu2I5:Li/PCBM/Au) shows a high

sensitivity of 831.1 µC Gyair
-1 cm-2, low detection limit of 34.8 nGyair s-1, and excellent stability under

continuous X-ray illumination. The results demonstrate the high potential of the Cs3Cu2I5:Li single
crystal in direct X-ray detection.

Methods
Materials. Anhydrous 99.999% pure CuI (ALDRICH) and 99.99% pure CsI and LiI (APL Engineered

Materials, Inc.) were used as starting materials. The pure and 2.5at% Li+-doped Cs3Cu2I5 crystals were

grown by the Bridgman method. Owing to the similar Shannon radii, Li+ is assumed to substitute for
Cu+ (d10). The mixture was charged into a quartz crucible with a straight capillary on the bottom. The
crucible was evacuated to a pressure 5×10-5 Pa and sealed with an oxyhydrogen �ame. The sealed
ampoule was transferred to a three-zone Bridgman furnace and the temperature in the three-zone was
460°C, 480°C and 200°C, respectively. To completely melt the starting materials, the quartz crucible was
held in the high-temperature zone for 40 h. The temperature gradient near the solid-liquid interface
was 20 ℃/cm and the quartz crucible was descended at a speed of 0.5-1 mm/h. Finally,
the furnace cooled to room temperature in 60 h to obtain the Cs3Cu2I5 single crystal.
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Material characterization. The crystal structure and phases were determined on the SmartLab SE X-ray
diffractometer with Cu Kα radiation (λ = 0.1541 nm). Inductively coupled plasma optical emission
spectrometry (ICP-OES) (Agilent Technologies 5100) and X-ray photoelectron spectroscopy (XPS)
(Thermo Scienti�c K-Alpha) were carried out to determine the chemical composition. The electronic
properties were evaluated by Hall-effects using the PPMS-9 comprehensive physical property
measurement system as well as photoconduction measurements. The photoluminescence excitation
(PLE) spectra, photoluminescence (PL) spectra, and decay time data were obtained on an FLS1000
spectrometer with a pulsed nano-LED under UV light irradiation. The absorption spectra were acquired on
the ultraviolet-visible spectrophotometer (UV2600, SDPTOP). 

Computation details. The density functional theory computations were performed using the Vienna Ab-
initio Simulation Package(VASP)32 33 34 35. The hybrid exchange-correlation functional Perdew, Burke,
and Ernzerhof (PBE)36 together with the projected augmented wave (PAW) potentials37,38 was employed
in the current calculations to better reproduce the band structures39. The total density of states (DOS) and
projected DOS (PDOS) vacancy defects of Cs, Cu, Li and I were calculated by the DFT-PBE level. The
wavefunctions expanded in plane waves were cut off to a 550 eV kinetic energy and the Brillouin zone
was sampled using a Γ-centred 2×2×2 k-mesh, which was examined to have good convergence against
denser k-points. 

Detector performance. The X-ray detection properties of the detector were evaluated using an X-ray
generation system for medical imaging (Varex, G242, 18932-M8, USA) at an accelerating voltage of 50 kV
and currents are ranging from 10 to 200 uA. The dose rate of the X-rays was calibrated with an X2 CT
dosimeter (Unfors Raysafe, Sweden). During the measurement, the environment was kept dark and the
external electrical bias and current were recorded by the PDA FS380 semiconductor analyzer. The X-ray
imaging capability of the detector was demonstrated by moving the object between the detector (1 mm2)
and X-ray beam (1.62 mGyair s-1) using a self-assembled x-y scanning system consisting of a motorized
linear displacement stage (Newport, M-IMS400CC. A motorized linear displacement stage combined with
a motion controller (Newport, M-IMS400CC) was used to control scanning along the x and y axes.
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Figure 1

(a) Schematic diagram of the vertical Bridgman furnace for crystal growth and photographs of the as-
grown Cs3Cu2I5 and Cs3Cu2I5:Li single crystals and machined samples. (b) Powder XRD pattern of

Cs3Cu2I5:Li. Electronic band structure of (c) pure and (d) Li+-doped Cs3Cu2I5. Charge density maps of

VBM and CBM of (e) pure and (f) Li+-doped Cs3Cu2I5.

Figure 2
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(a) XPS survey spectrum of Cs3Cu2I5:Li and High-resolution XPS spectra of Cs 3d, Cu 2p and I 3d. (b)

Photoluminescence emission and excitation spectra and (c) Decay pro�les of pure and Li+-doped
Cs3Cu2I5. Absorption spectra of (d) pure and (e) Li+-doped Cs3Cu2I5 (Inset: Tauc plot showing the direct
bandgap).

Figure 3

(a) Schematic of X-ray detector fabrication and device con�guration, Calculated attenuation coe�cient of
various semiconductors for different X-ray energy (b), (c) Photoconductivity, (d) resistivity spectra of the
Cs3Cu2I5 and Cs3Cu2I5:Li. (e) J-V characteristics of the Cs3Cu2I5 and Cs3Cu2I5:Li assisted X-ray detectors.
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Figure 4

(a) X-ray response of the Cs3Cu2I5 and Cs3Cu2I5:Li assisted X-ray detectors and the picture of detector.
Current densities generated by X-ray as a function of dose rates at different applied electrical �elds for (b)
Cs3Cu2I5 and (c) Cs3Cu2I5:Li detectors. (d) Dose rate dependent SNR of the detectors. (e) Stability of the
Cs3Cu2I5:Li detector under pulsed X-ray irradiation at a �xed dose rate. (f) Optical and X-ray images of a
metallic key.
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