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Abstract:  

X-ray detectors are demonstrated using composite films of lead-free Cs2AgBiBr6 halide double 

perovskite embedded in a polymer matrix as the X-ray photoconductors. Polymers with hydroxyl 

functional groups greatly improve the uniformity of the composite films, and large area dense 

films are obtained using a simple drop-casting process. X-ray detectors based on the composite 

films exhibit a sensitivity of 40 µC Gyair−1 cm−2, comparable to the reported sensitivity using 

Cs2AgBiBr6 single crystals. Such detectors can also tolerate a 5% tensile/compressive strain in 

the composite films without performance degradation. Pixelated X-ray detectors fabricated on 
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the same composite film can realize X-ray imaging and resolve a proof-of-concept geometric 

pattern.  

Page 2 of 22Journal of Materials Chemistry C



3 

 

1. Introduction：：：： 

Digital X-ray imaging finds important applications for medical diagnostics, security 

screening, and industrial product inspection. Two imaging mechanisms are commonly adopted 

that involve absorbing the incoming X-ray photons and converting them to mobile charge 

carriers using photoconductors or to lower energy photons with scintillation phosphors.1 

Photoconductors normally exceed phosphors in spatial resolution which is beneficial for the 

identification of small objects and fine features.2 Thus far, amorphous selenium,3 polycrystalline 

cadmium telluride4 and crystalline silicon5 based materials have been mostly investigated as X-

ray photoconductors. The requirements of high vacuum and/or high temperature processes for 

these materials have limited their potential for low-cost large area applications. 

Recently, a group of halide perovskite semiconductors have attracted a lot of attention due to 

their superior charge transport properties and their solubility in certain organic solvents.6-8 

Solution-processed solar cells and light-emitting diodes (LEDs) with very high efficiencies have 

been demonstrated.9-15 At the same time, many halide perovskite compounds consist of elements 

with large atomic numbers that are essential for obtaining a high stopping power for high energy 

photons, spurring an interest of applying these compounds for X-ray and gamma-ray detection.16-

27 For instance, both Yakunin et al.16 and Kim et al.17 used solution-processed methylammonium 

lead triiodide (MAPbI3) films for X-ray detection. Shrestha et al.18 developed wafer-scale 

MAPbI3 films using a room-temperature sintering process. X-ray sensitivities of about 2.5×103 

to 2.5×104  µC Gyair
−1 cm−2 in these perovskite-based detectors were demonstrated. Wei H. et 

al.19 and Wei W. et al.20 prepared methylammonium lead tribromide (MAPbBr3) single crystals 

and MAPbBr3-silicon integrated crystals and reported sensitivities of 80 µC Gyair
−1 cm−2 and 

2.1×104 µC Gyair
−1 cm−2, respectively. Noticeably, the highest sensitivity has far exceeded those 
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of commercial X-ray detectors based on amorphous selenium. In addition, Pan et al.21 worked on 

halide double perovskite (Cs2AgBiBr6) single crystals and obtained an X-ray sensitivity of 105 

µC Gyair
−1 cm−2, signifying important steps towards solution-processed lead-free X-ray detectors. 

A summary of the above reported X-ray sensitivities is shown in Table S1. Nonetheless, 

mechanical flexibility was not considered in all previous reports. 

Flexible X-ray detectors are of interest for their lightweight and ability to conformally 

adhere to uneven surfaces, enabling portable X-ray diagnostic tools and potentially reducing 

image distortion in cone beam computed tomography.28 It is worth mentioning that flexible solar 

cells and LEDs have been achieved using thin layers (tens of nanometers to a few micrometers) 

of halide perovskites as the light absorbers or emitters.29-31 However, tens-of-micrometer thick 

halide perovskite layers are required to effectively absorb X-rays,17 but films with such thickness 

tend to crack and delaminate from the substrate under strain. 

In this work, composite films consisting of a lead-free halide double perovskite embedded in 

a polymer matrix are explored as a new strategy to overcome the flexibility limitations in thick 

halide perovskite films. As a proof of concept, the double perovskite Cs2AgBiBr6 is used due to 

its low toxicity. Here, one Ag+ and one Bi3+ replace two Pb2+ sites in the unit cells of 

haloplumbate perovskites while maintaining the corner-sharing metal-halide octahedral network 

of perovskite crystals.32-34 Polymers with hydroxyl functional groups greatly improve the 

dispersity of Cs2AgBiBr6 in the composite films, and large area dense films are easily obtained 

via a solution-based process. X-ray detectors based on the composite films exhibit a sensitivity 

of 40 µC Gyair
−1 cm−2 which is comparable to the literature result of Cs2AgBiBr6 single 

crystals.21 No performance degradation is observed after flexing/bending the detectors at a 2 mm 

radius, corresponding to a maximum 5% tensile/compressive strain in the composite films. 
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2. Experimental：：：： 

2.1 Materials: Cesium bromide (CsBr, 99.9%), silver bromide (AgBr, 99%), bismuth(III) 

bromide (BiBr3, ≥98%), dimethyl sulfoxide (DMSO, anhydrous, 99.9%), poly(ethylene oxide) 

(PEO, average Mw ~100,000, 600,000, and 1,000,000), poly(vinyl alcohol) (PVA, Mw 89,000-

98,000, 99+% hydrolyzed), poly(vinylidene fluoride) (PVDF, Mw ~530,000), poly(methyl 

methacrylate) (PMMA, Mw ~15,000, 120,000, and 350,000), and poly(2-hydroxyethyl 

methacrylate) (PHMA, Mw ~300,000) were purchased from Sigma-Aldrich. All materials were 

used as received.  

2.2 Film preparation and characterizations: The glass substrates were cleaned with detergent 

water, sonicated for 10 minutes each in acetone, IPA and distilled water and then blow dried with 

nitrogen. Cleaned glass substrates were treated with oxygen plasma at 100W power for 3 

minutes. CsBr, AgBr and BiBr3 were mixed with 2:1:1 molar ratio and dissolved in DMSO with 

a concentration of 200 mg/mL. The polymers were also dissolved in DMSO and mixed with the 

perovskite precursor solution with 1:2 weight ratio (polymer/Cs2AgBiBr6). The solution was then 

poured onto a cleaned glass substrate and dried inside a vacuum oven at 150  for 12 hours. The 

dried film was peeled off from the glass substrate and used for material characterizations and X-

ray detector fabrication. Field Emission SEM (JEOL-7401F), UV-Vis-NIR spectrometer (Varian 

Cary 5000), XRD (X’PERT Pro with Cu Kα radiation source), and a fluorometer (Horiba JY 

Fluoromax-4) were used to characterize the composite thin films. 

2.3 X-ray detector fabrication and measurement: Au contact electrodes were deposited in a 

vacuum thermal evaporator with a rate of 0.5 Å/s under 10-6 Torr. Silver paste contact electrodes 

were fabricated via brushing PELCO® Conductive Silver Paint (16062) and allowed to dry for 

six hours at 60 . Contact masks were used to define the electrode shape in thermal evaporation 
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and screen printing. X-ray detection properties of the films were investigated using a standard 

fine-focus copper X-ray tube mounted in a Scintag PAD-V diffractometer, energized at 45kV and 

22.2mA (1kW electrical load). The spectrum of the tube consists of a white background with cut-

off at 45kV, and the spectral lines of Cu Kα and Kβ, as well as tungsten L-lines. No filter was 

applied. 

3. Results and discussion 

The optical photos of the pristine perovskite and perovskite-polymer composite films are 

shown in Figure 1 and Figure S1. If no polymer was present, scattered Cs2AgBiBr6 crystals or 

aggregates grew and the resulting film was highly non-uniform (Fig. 1a). Polyethylene oxide 

(PEO), polymethylmethacrylate (PMMA), polyvinylidene difluoride (PVDF), and polyvinyl 

alcohol (PVA) were first tested for dispersing the Cs2AgBiBr6 crystals. All composite films have 

a perovskite:polymer weight ratio of 2:1. PVA produced the most uniform film. The results were 

further confirmed by optical microscopic images as shown in Figure S2. We hypothesize that the 

polar and protic features of the hydroxyl groups in the PVA increase their interactions with the 

halide perovskites.[35] To verify this hypothesis, poly(2-hydroxyethyl methacrylate), PHMA, was 

also tested. Compared to PMMA, PHMA has a similar chemical structure except additional 

hydroxyl functional groups on the side chains. As shown in Figure 1f, the composite film using 

PHMA showed a greatly improved uniformity over the PMMA polymer, confirming the 

important role of the hydroxyl groups in producing homogenous halide perovskite/polymer 

composite films. PEO polymers with different molecular weights were also used. It is observed 

the composite film became much more uniform when a lower molecular weight PEO was used 

(Fig. S1a, b). It is explained that the PEO with a lower molecular weight exhibits a higher 

concentration of hydroxyl groups locating at both ends of each polymer chain. In comparison, 
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PMMA polymers with different molecular weights all showed poor film uniformity (Fig. S1c, d). 

Such a finding demonstrates that the resulting film morphology is mostly independent on the 

molecular weight of the polymer if no hydroxyl groups are incorporated. 

Separation of the thick composite films from the substrate is easily achieved via peeling of 

the films off the substrate. An optical image of a 100 µm-thick, free-standing Cs2AgBiBr6/PVA 

(2:1 weight ratio) composite film is shown in Figure 2a. The film has been bent with about 1 cm 

radius of curvature, demonstrating its mechanical flexibility due to the incorporation of the PVA. 

The film also tolerates many volatile organic solvents including toluene, alcohol, and acetone. 

Thus, metallization of the film is easily carried out using commercial conductive silver paste 

directly to the film as shown in Fig. 2b. This property is highly advantageous for future scalable 

manufacturing of pixelated detector arrays for X-ray imaging.  

The microscopic morphology of the composite film was characterized with scanning 

electron microscopy (SEM). The pristine perovskite film shows noncontinuous morphology 

(Figure S3a) which is consistent with the optical photo and microscopic image in Figure 1a and 

Figure S2a, respectively. The composite film with 5:1 (weight ratio) perovskite:PVA showed 

improved continuity compared to the pristine perovskite film, however it was still not fully 

continuous (Figure S3b, c). For our device fabrication, 2:1 weight ratio was then used, and their 

morphology are shown in Figure 2 c-f. 

The top surface of the 2:1 composite film shows fused grains with dimensions from sub-

micrometer to a few micrometers. The grains have greatly improved surface coverage compared 

with the pristine perovskite film, leaving only a small areal fraction of holes with sizes from sub-

100 nm to 1 µm range. These holes do not extend through the film as shown by the cross-

sectional SEM images (Fig. 2e and f). Remarkably much larger perovskite crystals from 20 to 
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100 µm are seen underneath the film surface, and a large portion of these crystals interconnect 

with each other from the bottom to the top surface, providing the necessary pathways for charge 

carrier mobility. The size difference of perovskite grains on the top surface and inside the film 

can be attributed to the solvent evaporation kinetics during film preparation. The top layer of the 

film dried first and formed a capping layer to reduce the solvent evaporation rate for the 

remaining solution, thus reducing nucleation densities and resulting in larger sized crystal 

precipitation inside the thick film.36 Large grains are advantageous in polycrystalline 

semiconductor films due to reduced grain boundary defects, and the photo-excited charge 

carriers can be more efficiently collected in X-ray detectors. 

The crystallinity of the composite film has been characterized by X-ray diffraction (XRD). 

As shown in Figure 3a, the film shows the characteristic diffraction peaks of cubic phase 

Cs2AgBiBr6 with a lattice constant of 11.2 Å, which is in good agreement with literature 

results.21, 37 Fig. 3b and c show the absorbance and photoluminescence (PL) spectra of the 

composite film, respectively. The absorbance exhibits a gradual increase starting at around 600 

nm towards shorter wavelengths, supporting an indirect electronic band gap of Cs2AgBiBr6 as 

reported by others.37 The PL spectrum shows an emission peak at around 580 nm, corresponding 

to a band gap of about 2.1 eV for the Cs2AgBiBr6 crystals in the composite film. This value is 

also consistent with Cs2AgBiBr6 single crystals.[21] 

We characterized the X-ray responses of the composite films, and devices were fabricated 

with a structure as shown in Figure 4a. A vacuum evaporated gold (Au) thin film was used as the 

top contact, a free-standing Cs2AgBiBr6/PVA composite film as the X-ray absorber, and another 

layer of vacuum evaporated Au thin film as the bottom contact. X-ray irradiation was generated 

by a commercial X-ray copper tube (Scintag PAD-V diffractometer) at 45 kV and 22.2 mA (1kW 
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electrical load). The integrated emission intensity was calibrated as 13.8 mGyair/s using a Geiger 

counter. Current-Voltage (I-V) characteristics were recorded with the X-ray beam in both on and 

off states. Fig. 4b shows the measurement results for a 2 mm2 device fabricated from a 100 µm-

thick composite film. Both the on and off curves are nearly linear within the tested voltage range, 

indicating ohmic electrical contacts between the composite film and the two Au electrodes. This 

result also suggests the Cs2AgBiBr6-PVA composite film in this work is hole dominant (p-

doped). From the approximate slopes of the curves, the incident X-ray flux has about tripled the 

charge carrier concentration in the composite film. The current on/off ratio remains at around 

three from -400 V to 400 V bias. This on/off ratio is believed to improve by adding an 

appropriate hole blocking layer at one of the electrode-composite film interfaces to reduce the off 

current.[38] Noticeably, the resistivity of the composite film when the X-ray is off is calculated to 

be about 2X1011 Ω cm. Such a high resistivity agrees well with a greatly reduced ionic mobility 

in the Cs2AgBiBr6 crystals compared to the haloplumbate perovskites.[21] 

Transient responses of the X-ray detectors were also evaluated at a constant 50 V, 100 V, 

and 400 V as shown in Fig. 4c, d and e, respectively. In all cases, noticeable current increases 

were observed when the X-ray irradiation was turned on. As a control experiment, the device 

with a pure PVA polymer film had a negligible response to X-ray on/off as shown in Figure S4. 

At 400 V, the photocurrent reaches about 10 nA, leading to a sensitivity of 40 µC Gyair
−1 cm−2. A 

comparable sensitivity has recently been reported using single crystalline Cs2AgBiBr6.
21 

Nonetheless, the use of composite films in this work has the advantage of manufacturing 

scalability capable to deliver large-area low-cost X-ray detectors. 

Devices with different film thicknesses were also investigated, and a plot of photocurrent 

vs. applied electrical field is shown in Fig. 4f. Under the same electrical field, increasing film 
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thickness from 50 µm to 100 µm has enhanced the photocurrent by about 100%. This result can 

be explained by an improved X-ray photon absorption and increased generation of mobile charge 

carriers in the thicker composite film. On the other hand, the 150 µm-thick film shows about the 

same photocurrent as the 100 µm film at the same applied electrical field bias, indicating the 

charge carrier collection has reached saturation in the 150 µm-thick film. 

The flexibility of one X-ray detector based on a 100 µm composite film has been examined 

by measuring its current responses at a constant 100 V and with different bending radii. The 

device was conformally laminated onto the outer surface of a glass tube, as shown in Figure 5a. 

The X-ray induced photocurrent increased from 1.6 nA in a flat device to 1.7 nA and 1.8 nA 

when the device was bent at 10 mm and 2 mm radii, respectively (Fig. 5b). The slight increase of 

the photocurrent may be due to an increase of exposure area in the bent device. These results 

imply that severe bending has not damaged the composite film, demonstrating its superior 

mechanical robustness for future flexible X-ray detector applications. It is also observed that the 

100nm gold film developed microcracks during bending test (Figure S5). Fortunately, the 

microcracks did not severely degrade the conductivity of the gold film (Figure S6), thus not 

affecting the flexibility performance evaluation of the composite film under X-ray irradiation. In 

the future, if more compliant contact electrodes are necessary, it is believed the gold can be 

replaced by carbon nanotubes or silver nanowires etc.[39, 40] 

We continued our proof of concept by fabricating a pixelated X-ray imager with an array of 

6 X 6 detector pixels on the same composite film (Fig. 5c). Silver paste was screen printed using 

a contact mask on one side of the thin film, and a 100 nm-thick Au layer was evaporated on the 

other side. The letter “F” was cut into a 25 µm-thick molybdenum foil and laminated onto the Au 

side of the X-ray imager. The imager was placed on a motorized stage, and the photocurrent of 
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each detector pixel was recorded at a constant 100 V bias and the center of individual detector 

illuminated by the X-ray flux. A plot of the photocurrents for all the pixels is shown in Fig. 5d 

and has clearly resolved the pattern geometry of the molybdenum foil. A histogram of X-ray 

induced photocurrents is shown in Figure S7 for the ten devices that were not covered by the 

molybdenum foil. We believe the scattering of photocurrents could be reduced by more 

processing optimizations to make more uniform composite films and sensing pixels. 

4. Conclusion 

We demonstrated X-ray detectors using composite films of lead-free Cs2AgBiBr6 halide 

double perovskite and a polymer as the X-ray photoconductors. Polymers containing hydroxyl 

functional groups were found most effective in dispersing the Cs2AgBiBr6 and obtaining uniform 

composite films with large embedded Cs2AgBiBr6 grains. X-ray detectors based on a free-

standing 100 µm-thick composite film exhibited a sensitivity of 40 µC Gyair
−1 cm−2 at 400 V bias, 

and they could be bent with a 2 mm radius without degrading the photocurrent. The processing 

method and composite approach in this work can be potentially employed to other halide 

perovskite materials, for achieving solution-processed and flexible X-ray detectors and imagers 

with higher sensitivities. 
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Figure 1. Optical photos of solution-casted films on glass substrates. a) halide double perovskite 

(Cs2AgBiBr6) only, and Cs2AgBiBr6-polymer composite films with b) PEO (Mw ~1,000,000), c) 

PMMA (Mw ~120,000), d) PVDF (Mw ~530,000), e) PVA (Mw 89,000-98,000), and f) PHMA 

(Mw ~300,000). 

 

 

Figure 2. Optical photos of a) a 100µm-thick Cs2AgBiBr6/PVA (2:1 weight ratio) and b) the film 

with screen-printed conductive silver paste as electrical contacts to the film. SEM top (c-d) and 

cross-section (e-f) images of the Cs2AgBiBr6/PVA composite film. 
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Figure 3. a) XRD pattern, b) absorbance, and c) PL spectrum of the Cs2AgBiBr6/PVA (2:1 weight 

ratio) composite film. 
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Figure 4. a) Schematically showing the device structure of X-ray detectors with the 

Cs2AgBiBr6/PVA composite films as X-ray photoconductors. b) The current-voltage (I-V) 

characteristics of a detector with a 100µm-thick Cs2AgBiBr6/PVA composite film at both X-ray 
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on and off states. The dotted lines are linear fitting of the I-V curves. c)-e) Transient responses of 

the detector at a constant 50V, 100V, and 400V, respectively. f) Photocurrent-electrical field 

characteristics of X-ray detectors with 50µm, 100µm, and 150µm-thick composite films. 

 

 

Figure 5. a) A photo showing an array of X-ray detectors fabricated on a 100µm-thick 

Cs2AgBiBr6/PVA composite film. The devices had 100nm evaporated Au thin films as the top 

and bottom electrodes and the film was conformally wrapped around a 4 mm-diameter glass 

tube. b) X-ray induced photocurrent responses of one detector at both flat and curved (10mm and 

2mm bending radiuses) states. c) A photo showing an X-ray imager with 6 X 6 detectors 

fabricated on a 100 µm-thick Cs2AgBiBr6/PVA composite film. Silver paste islands were screen 
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printed on the front side and a 100nm-thick Au layer was evaporated on the back side of the film 

for electrical contacts. One 25 µm-thick molybdenum foil with an “F”-letter pattern was 

laminated on the Au film. d) Photocurrent contrast among all the pixels resolved the “F” pattern 

of the molybdenum foil. 
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