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Recently, metal halide perovskites have emerged as promising semiconductor candidates for sensitive 

X-ray photon detection due to their suitable bandgap energies, excellent charge transport properties, and 

low material cost afforded by their low-temperature solution-processing preparation. Here, we report an 

improved methodology for single crystal (SC) growth, thermal and electrical properties of a two-

dimensional (2D) layered halide material Rb4Ag2BiBr9, which has been identified as a potential candidate 

for X-ray radiation detection applications. The measured heat capacity for Rb4Ag2BiBr9 implies that there 

are no structural phase transitions upon cooling. Temperature dependence of thermal transport 

measurements further suggest remarkably low thermal conductivities of Rb4Ag2BiBr9 that are comparable 

to the lowest reported in literature. The bulk crystal resistivity is determined to be 2.59×109 Ωˑcm from the 

current-voltage (I-V) curve. Density of trap states are estimated to be ~1010 cm-3 using the space-charge-

limited-current (SCLC) measurements. The fabricated Rb4Ag2BiBr9-based X-ray detector shows good 

operational stability with no apparent current drift, which may be ascribed to the 2D crystal structure of 

Rb4Ag2BiBr9. Finally, by varying the X-ray tube current to change the corresponding dose rate, the 

Rb4Ag2BiBr9 X-ray detector sensitivity is determined to be 222.03 uCGy-1cm-2 (at an electric field of E = 

24 V/mm). 

 

 INTRODUCTION 
The detection of X-ray photons plays an important role for a wide range of applications, such as 

homeland security, medical imaging, nuclear safety monitoring, and scientific research.1,2,3 In the past 

decade, many compound semiconductors have been studied for X-ray photon detection, such as cadmium 

zinc telluride (CdZnTe or CZT), gallium arsenide (GaAs), and thallium bromide (TlBr).4,5,6 CdZnTe 
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detectors offer the superior energy resolution but suffer from the poor hole transport.7 While TlBr is a 

promising compound semiconductor material, the TlBr detector performance degrades over time due to the 

charge polarization, which is caused by the bromide anion migration.8 Recently, three-dimensional (3D) 

halide perovskites with the general chemical formula of ABX3 (where A = Cs+, methylammonium (MA) or 

formamidinium (FA); B = Pb2+; X = I-, Br-, Cl-) have emerged as potential next-generation room-

temperature X-ray detector materials due to a unique combination of their excellent charge carrier transport 

properties, suitable bandgap energies (MAPbI3: 1.57 eV, FAPbI3: 1.48 eV, CsPbI3: 1.73 eV)9, high 

semiconductor resistivity (>107 Ω·cm) for leakage current reduction, high average atomic number Z for 

photon attenuation, and low material cost due to their solution processability. Nevertheless, these 3D 

perovskites also have some drawbacks including the presence of toxic heavy element lead, and their poor 

stability in ambient air, which is undesirable for their long-term deployment. For example, FAPbI3 

perovskites can undergo facile phase transition from its black polymorph to a yellow phase within a few 

days when stored in air.10 To remedy the toxicity and instability issues in 3D halide perovskites, lower-

dimensional (i.e., 2D, one-dimensional (1D), and zero-dimensional (0D)) perovskites with larger organic 

cations, which form moisture resistant layers, have been proposed to replace the 3D halide perovskites.11,12  

Among the brand new Pb-free multinary semiconductors that have been recently discovered is 

Rb4Ag2BiBr9, which has a pseudo-2D layered crystal structure. In literature, similar mixed silver-bismuth 

halides such as Cs2AgBiX6 (X = Cl– or Br–) have been considered for prospective applications in radiation 

detection.2,29 In fact, Rb4Ag2BiBr9 possesses several advantages over the archetypal lead halide perovskites. 

As reported in our previous work, Rb4Ag2BiBr9 has excellent air stability with no decomposition or 

degradation up to 10 months under ambient air, and good thermal stability with no structural phase 

transition up to 700 K. Here, we report an improved methodology for growing larger SCs of Rb4Ag2BiBr9, 

which allowed us to evaluate its performance as a potential semiconductor candidate for X-ray radiation 

detection. Based on heat capacity measurements, Rb4Ag2BiBr9 has no structural phase transitions upon 

cooling. We fabricated Rb4Ag2BiBr9 SC-based detector that shows good long-term operation stability with 

an ideal bulk semiconductor resistivity of 2.59×109 Ω∙cm, and X-ray detector sensitivity of 222.03 uCGy-

1cm-2 (at electric field E= 24 V/mm). The obtained results on Rb4Ag2BiBr9 are discussed together with 

strategies for further improving the performance of this material for X-ray radiation detection. 

 

 RESULTS AND DISCUSSION 

Rb4Ag2BiBr9 was originally discovered through slow evaporation of a stoichiometric solution (aqueous 

hydrobromic acid was used as a solvent) at 90 °C.13 While this technique can produce SCs measuring up to 

centimeter in size, we further optimized the solution crystal growth method to improve the crystal quality, 

and to increase the reliability of the preparation method. Based on our most recent results, best quality 
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Rb4Ag2BiBr9 SC growth is achieved by adopting a slow cooling method (Fig. 1a) from 130 °C. The 

optimized crystal growth methodology produces high quality SCs (Fig. 1b) with dimensions up to 5×4×3 

mm3 within a few hours from the start of the crystal growth. Powder X-ray diffraction (XRD) measurements 

(Fig. 1c) on ground crystals of Rb4Ag2BiBr9 suggest that the optimized method yields pure phase samples 

without impurity inclusions. 

 
Figure 1. (a) A schematic illustration of the crystal growth process. (b) Photographs of the Rb4Ag2BiBr9 

SCs. (c) The obtained SCs do not have any impurity inclusions as judged by the comparison of the measured 
and calculated PXRD patterns of a crushed polycrystalline powder sample of Rb4Ag2BiBr9. 

The optical bandgap energy of the obtained crystals of Rb4Ag2BiBr9 was determined through diffuse 

reflectance measurements. The diffuse reflectance data plotted as the Kubelka-Munk function F(R) (= α/S 

= (1-R)2/(2R), where R is the reflectance, α is the absorption coefficient and S is the scattering coefficient)13 

against the photon energy is provided in Fig. 2a. The Tauc plots are then calculated (Fig. 2b) based on the 

Kubelka-Munk function assuming direct and indirect transitions to extract the bandgap energy values of 

2.68 eV (direct) and 2.38 eV (indirect) for Rb4Ag2BiBr9. These values are consistent with that reported for 

samples prepared using the slow evaporation technique.13 Note that the results of DFT calculations suggest 

that owing to its low-dimensional crystal structure, Rb4Ag2BiBr9 has flat frontier states around the optical 

band gap leading to slightly indirect nature of its bandgap with a negligible difference of less than 0.01 eV 

between direct and indirect gaps. Importantly, the measured optical bandgap of Rb4Ag2BiBr9 is comparable 

to the values found for other silver-bismuth halides studied such as Cs2AgBiX6 (X = Cl– or Br–), which 

have been reported as prospective materials for radiation detection applications.2,29 
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Figure 2. (a) Plot of the diffuse reflectance of Rb4Ag2BiBr9 powder as Kubelka-Munk function F(R) against 
the photon energy. (b) Calculated Tauc plots of Rb4Ag2BiBr9 based on the Kubelka-Munk function with 
assumptions of direct (green) and indirect (blue) transitions.  

Hybrid organic-inorganic perovskites can exhibit multiple phase transitions in the vicinity of room 

temperature, which could present challenges for their implementation in practical applications. To study 

the thermal properties of Rb4Ag2BiBr9, we performed heat capacity and thermal conductivity measurements. 

Both properties were measured by using a DynaCool-9 setup (Quantum Design) with HCP and TTP options. 

Fig. 3a shows the temperature dependence of the heat capacity of a Rb4Ag2BiBr9 SC. The Cp(T) curve 

exhibits no sign of any phase transitions, and at high temperatures, approaches the value expected from the 

Dulong-Petit law, i.e., Cp = 3nR = 399.1 J mol−1K−1, where n is the number of atoms per molecule and R is 

the gas constant. At low temperatures, the specific heat of Rb4Ag2BiBr9 can be well described by the 

formula: Cp(T) = γ ×T+ β ×T3+ζ×T5 with the coefficients γ = -0.05 mJ/mol K2, β = 11.1 mJ/mol K4, and ζ 

= 0.0047 mJ/mol K6 (see Fig. 3b). The value of the Sommerfeld coefficient (γ) is very close to zero, in 

agreement with the insulating ground state in this material. From the value of β, one can estimate the Debye 

temperature to be 141 K. The presence of the T5 contribution indicates the existence of additional (besides 

acoustic, Debye interactions) low energy excitations to the heat capacity of Rb4Ag2BiBr9. To describe the 

temperature variation of the specific heat of Rb4Ag2BiBr9 in a wider temperature range, we used a Debye 

model.15,16 As can be seen from Fig. 3, although overall quite accurate (R2 = 0.9972), the model fails to 

capture the Cp(T) correctly, especially in the mid-temperature range (ΘD derived from the fit is 145 K). To 

describe the temperature variation of the specific heat of Rb4Ag2BiBr9 in a wider temperature range, we 

extend the analysis to also include the optical contributions by using Cp(T) = (1-k)CD(T)+kCE(T), in which 

the lattice contribution to the specific heat is accounted for by both the Debye and Einstein integrals.14 The 

k parameter ensures the proper quantity of the oscillator modes involved.14 The least-squares fit (R2 = 

0.99992) of this expression to the experimental data (see solid blue line Fig. 3a) yields the following 

parameters: ΘD = 168 K, ΘE = 50 K, and k = 0.24. The Einstein term gives a relatively large contribution to 
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the total specific heat of Rb4Ag2BiBr9 (cf. large value of k) and brings about a distinct maximum in the 

Cp/T3 vs. T plot at a temperature Tmax = 9 K (see lower inset in Fig. 3a), which scales very well with the 

Einstein temperature, ΘE ~ 5*Tmax.15 In order to unveil more details of the phonon structure in this material 

more studies are required such as inelastic neutron scattering experiments. 

 
Figure 3. (a) Temperature dependence of the specific heat of a Rb4Ag2BiBr9 SC. The solid lines represent 
Debye (red line) and Debye-Einstein (blue) models (see text for more details). The lower inset shows the 
specific heat data in the form of a Cp/T3 vs. T plot. (b) Low-temperature data of Rb4Ag2BiBr9 as a Cp/T vs. 
T2 function. (c) Temperature dependence of the thermal conductivity of Rb4Ag2BiBr9. The solid orange line 
presents the minimal phonon thermal conductivity. 

Fig. 3c shows the temperature dependence of the thermal conductivity of Rb4Ag2BiBr9, measured along 

the ac plane. The overall shape of κ(T) is typical for non-magnetic insulators, where lattice vibrations 

govern entirely the heat conduction.17 At low temperatures, the thermal conductivity sharply increases with 

increasing temperature, forms a pronounced maximum at around 10 K, and then decreases moderately and 

reaches 0.1 W/mK at room temperature. This value is comparable with the lowest thermal conductivities 

reported in literature.18 In general, in non-magnetic, insulating crystals the maximum in κ(T) occurs due to 

the reduction of the thermal scattering at low temperatures, i.e., in the regime where the phonon mean free 

path becomes larger than the interatomic distances. At higher temperatures, the phonon-phonon scattering 

dominates the thermal transport. It is worthwhile to compare the measured lattice thermal conductivity of 

Rb4Ag2BiBr9 with the theoretically achievable minimal phonon contribution, (κL, min). The latter may be 

calculated using the Debye approximation following the model proposed by David Cahill and Robert Pohl, 

in which no distinction is made between the transverse and longitudinal acoustic phonon modes.19,20 The 

results obtained for Rb4Ag2BiBr9 (using ΘD = 141 K and numbers of atoms, n = 2.95x1028 m−3) is shown in 

Fig. 3c by the solid line. As can be seen from Fig. 3c, the calculated (κL, min) is larger than the measured 

κ(T), especially at higher temperatures, thus might indicate that some strong phonon-phonon processes 

might be involved in the reduction of κ(T) in Rb4Ag2BiBr9.  

For radiation detection applications, the photon attenuation capability is crucial when energy 

discrimination is required, especially for resolving high-energy gamma-rays. Fig. 4a compares the photon 

attenuation capability of Rb4Ag2BiBr9 with single element X-ray detector material silicon (Si), and 
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compound detector materials cadmium telluride (CdTe), 3D perovskite CsPbBr3, and double perovskite 

Cs2AgBiBr6. Rb4Ag2BiBr9 shows comparable attenuation capability for X-ray photons. The semiconductor 

bulk resistivity is a basic property that evaluates material’s potential for reducing the detector leakage 

current, which serves as detector noise, and therefore, could degrade the detector energy resolution. The 

performed current-voltage (I-V) measurement for Rb4Ag2BiBr9 SC (Fig. 4b) yields a high bulk crystal 

resistivity of 2.59×109 Ω∙cm (measured along the interlayer direction b axis), which is ideal for further 

exploring this material’s potential for X-ray photon detection.   

The defect density is another important figure of merit for evaluating semiconductor’s potential for X-

ray detection. Fig. 4c shows the space-charge-limited-current (SCLC) measurement for Rb4Ag2BiBr9 SCs. 

The two transition regimes, namely Ohmic and trap-filled-limited (TFL), are observed. In the Ohmic regime, 

current is linearly proportional to the voltage, therefore the crystal’s electrical resistivity could be evaluated 

from this region. In the TFL regime, all defect traps are filled by the injected charge carriers from the metal 

contacts, therefore, the density of trap states nt could be estimated using the onset voltage VTFL of the TFL 

regime according to the following formula,21 

nt = 2ɛɛ0
eL2

VTFL                   (1) 

where ɛ (=14.07) is the dielectric constant, ɛ0 is the vacuum permittivity, e is the electronic charge, and L 

is the crystal thickness. The density of trap states presenting in Rb4Ag2BiBr9  SCs is estimated to be 

3.33×1010 cm-3, which is comparable to that for MAPbBr3 (5.80×109 cm-3)22 and Cs2AgBiBr6 (1.44×1010 

cm-3)23 double perovskites.  

The detector operation stability serves an important role for X-ray detector development, especially 

when long-term detector operation is required. The Rb4Ag2BiBr9-based X-ray detector stability was 

checked at a detector bias of +2 V (Fig. 4d). It is noticed that during the 30 seconds continuous detector 

operation, the detector current is relatively stable with no obvious drift, implying the 2D Rb4Ag2BiBr9 may 

have much better long-term detector operation stability compared to the 3D halide perovskites such as 

Cs2AgBiBr6, MAPbI3, and MAPbBr3 (which are known to suffer from the halogen migration issues).2,24,25,26  
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Figure 4. (a) Attenuation coefficient of Rb4Ag2BiBr9 for photons compared to Si, CdTe, CsPbBr3, and 
Cs2AgBiBr6, from soft X-ray to high-energy gamma-rays. (b) I-V measurement using Rb4Ag2BiBr9 SCs, 
measurement was conducted at room temperature and under dark environment. (c) Measured SCLC curve 
for Rb4Ag2BiBr9 SC. (d) Detector stability test at +2 V, compared to the CdZnTe detector at the same bias 
voltage. 

Furthermore, we measured the charge carrier lifetime for Rb4Ag2BiBr9 SC and powder samples (Fig. 

5). The charge carrier lifetime is related to the carrier diffusion length through the equation 𝜆𝜆 = µг𝐸𝐸 (where 

г is the carrier mobility and E is the electric field). In general, long carrier lifetime is essential for enabling 

sufficient long carrier diffusion length. For Rb4Ag2BiBr9 SCs, the intrinsic carrier lifetime is measured to 

be 2.9 ns, while the short 206 ps lifetime could be ascribed to the high level of defect traps on crystal surface, 

which leads to fast charge carrier recombination.10  
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Figure 5. Charge carrier lifetime measurements on Rb4Ag2BiBr9 SCs and powders using time-resolved 
fluorescence spectroscopy. The blue lines are the results of deconvolution fitting.   

To evaluate the performance of Rb4Ag2BiBr9-based X-ray detectors (a schematic illustration for the 

fabricated Rb4Ag2BiBr9-based X-ray detector is shown in Fig. 6a), we first conducted the ‘on’ and ‘off’ 

measurements (Fig. 6b) to demonstrate the sensitive response of Rb4Ag2BiBr9 to X-ray irradiation. The 

significant increase of current when X-ray beam is turned on implies that Rb4Ag2BiBr9 SCs are highly 

responsive to soft 8 keV X-rays. Moreover, by varying the X-ray tube current, which corresponds to 

different dose rate, we determined the Rb4Ag2BiBr9-based X-ray detector sensitivity to be 29.7 uCGy-1cm-

2 (at a low electric field of E = 4 V/mm, Fig. 6c). Despite the fact that the determined detector sensitivity 

for Rb4Ag2BiBr9 is much lower compared to that of the 3D halide perovskites MAPbI3 (1471.7 uCGy-1cm-

2 at E = 3.3 V/mm)27 and FAPbBr3 (130 uCGy-1cm-2 at E = 0.5 V/mm)28 (see Table 1 for a comparison of 

the detector sensitivity), the better long-term operation stability of 2D perovskites is a major advantage 

warranting further exploration of this material. In addition, we note that the detector sensitivity could be 

further enhanced dramatically to 222.03 uCGy-1cm-2 when the detector is operated at +60 V (Fig. 6d and 

6e), which corresponds to electric field E = 24 V/mm. Finally, it should be stressed that the detector 

sensitivity measured here for Rb4Ag2BiBr9 is even better than the previous reports of detector sensitivity 

for the 3D double perovskite Cs2AgBiBr6 at the same electric field (105 uCGy-1cm-2 at E = 25 V/mm).29   
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Figure 6. (a) A schematic illustration of the Rb4Ag2BiBr9-based X-ray detectors fabricated in this work. (b) 
Response of the Rb4Ag2BiBr9-based detector to soft X-rays produced from a Cu X-ray tube. (c) Current 
density vs. dose rate measurement for determining the X-ray detector sensitivity. (d) Measured detector 
current density vs. dose rate for extracting the detector sensitivity at different bias voltages. (e) Plot of the 
detector sensitivity vs. detector bias, from 10 V to 60 V.  

Table 1. A comparison of the detector sensitivity determined for Rb4Ag2BiBr9 with the reported sensitivity 
values for the related 3D and 2D halide perovskite SCs. 

Material Dimensionality X-Ray Tube 
Anode 

Electric Field 
(V/mm) 

Detector Sensitivity 
(uCGy-1cm-2) 

Reference 

Cs2AgBiBr6 3D Tungsten (W) 25 105  29 

MAPbBr3 3D W 5 529 30 

MAPbI3 3D W 3.3 1471.7  27 

FAPbBr3 3D W 0.5 130 28 

CsPbBr3 3D W - 4086 34 

FA0.85MA0.1Cs0.0

5PbI2.55Br0.45 
3D W - (3.5±0.2)×106  33 

(BA)2CsPb2Br7 2D - 2.53 13260 31 

BDAPbI4  

(BDA=NH3C4H
8NH3) 

2D - 310 242 32 
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Rb4Ag2BiBr9 2D Cu 24 222.03  This work 

 

 CONCLUSIONS 
In summary, we optimized the crystal growth methodology for producing Rb4Ag2BiBr9 SCs. It was 

found that best quality Rb4Ag2BiBr9 SCs can be realized by adopting the slow cooling of a hot aqueous 

hydrobromic acid solution at 130 °C. The solution-processed Rb4Ag2BiBr9 SCs are found to have an ideal 

semiconductor resistivity of 2.59×109 Ω∙cm and the fabricated Rb4Ag2BiBr9-based X-ray detector shows 

desirable good long-term operation stability, which render Rb4Ag2BiBr9 as promising candidates for the 

use as one of the next-generation low-cost X-ray detector materials. Moreover, the absence of structural 

phase transitions for Rb4Ag2BiBr9 is further confirmed by the heat capacity measurements. The fabricated 

X-ray detector made of a Rb4Ag2BiBr9 SC shows a detector sensitivity of 222.03 uCGy-1cm-2 at an electric 

field of 24 V/mm. In addition to these performance metrics, the low cost, ease of preparation, high stability 

and earth-abundant chemical compositions make Rb4Ag2BiBr9 an attractive X-ray detector material 

candidate for further studies. Future work should be focused on reducing the intrinsic defect density to 

enhance the X-ray detector performance and doping to enhance the charge carrier transport properties. In 

addition to the potential practical applications, our results further suggest remarkably low thermal 

conductivity of Rb4Ag2BiBr9, which is comparable with the lowest thermal conductivities reported in 

literature. In fact, the measured thermal conductivities at temperatures above 100 K are lower than the 

minimal phonon thermal conductivity calculated using the Debye model. Therefore, more fundamental 

studies on Rb4Ag2BiBr9 are warranted to better understand the lattice dynamics of this material. 
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