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Perovskite-based X-ray detector, which is widely applied in fields of scientific research and medical diagnosis, has drawn much attention for its superior optoelectrical properties. To improve the detection performance, band engineering is becoming the hot topic for perovskite properties modulation. In this article, we review the recent progress of perovskite-based X-ray detectors with band engineering process from three aspects, which are background introduction, band theory of heterojunction devices, and optimized electrode contact devices. Lastly, research status and strategies are summarized and perspectives of future progress are analyzed. We hope this review can provide constructive instructions and suggestions for future development of band engineering for perovskite-based high-performance X-ray detector.
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1 INTRODUCTION
X-ray detection, which transfers X-ray irradiance to measurable current signals, is attracting much attention for its wide application from space exploration, scientific research, flaw detection to people’s daily life, say medical X-ray imaging. The X-ray source, however, may impact on human health and damage the equipment due to radiation leakage. Hence, X-ray detector with high sensitivity and response speed is expected [1]. In terms of pattern in which X-ray are converted into electrical signals, direct conversion detection exhibits higher efficiency than indirect one. Because of direct conversion effect, X-ray signals can be transferred to current signals directly for reinforced transportation of electrons and holes under external bias [2], for which signal-noise ratio (SNR) and response time can be reduced. X-ray detection materials are proven to show such qualities as: (1) heavy atoms for efficient X-ray absorption; (2) high resistivity and low dark current to make device with low leakage [3]; (3) relatively high μτ product to facilitate the transportation and collection of carriers. μ and τ represent carrier mobility and carrier lifetime respectively [4]; (4) considerable stability [5]. The device should be persistent enough to maintain a low surface leakage current.
Recently, metal halide perovskite (MHP) has drawn much attention to X/gamma-ray detection ascribing to its attractive composition and superior physical properties. Intrinsically, the composition and structure based on MHP are reconfigurable for low power [6, 7]. And great tolerance of material itself is exhibited for high impurity states to realized a long-term working time. In terms of fabrication, MHP is compatible with Si fabrication for pixelation integration and can be conducted at room temperature at a bargain price. Besides, high resolution and sensitivity of MHP open a avenue for X-ray detector of high performance. Nowadays, the maximum sensitivity of perovskite X-ray detectors exceeds that of commercial α-Se-based X-ray detectors by 6-7 orders of magnitude, which is significantly lower than the dose-rate standard required for medical imaging [8, 9].
Though perovskite X-ray detector has fulfilled current requirements from the perspective of sensitivity and detection, stability remains a major obstacle to its commercial application. One of the most difficult challenges affecting the stability of perovskite is ion migration in the very material. Notably, ion migration is directly related to the surface defects [10]. In perovskite crystals, ion migrates through Schottky defects, Frankel defects and other defects. Especially for polycrystalline films, the grain boundary and crystal surface are relatively open. In addition to point defects, the activation energy is lower than that in the crystal. Accordingly, the grain boundaries are significant channels for ion migration. Undesirable defects and surface trap states will considerably aggravate current drift and dark current.
Hence, by constructing the same dimension perovskite heterojunction, suboptimal carrier transport characteristics caused by defects can be improved. For instance, a lateral grown pn heterojunction of p-type CH3NH3PbBr3(MAPbBr3)/n-type CH3NH3PbCl3(MAPbCl3) can effectively passivate surface defects of pristine materials due to excellent and robust lattice matching [11]. Besides, the designed heterojunction endows the existence of built-in electric field and further reduces dark current to perform a favorable carrier transport characteristic, which guarantees for excellent photoelectric performance.
As for perovskite single crystals (SC), the ion migration barrier is generally increased by passivation of halogen vacancy [12]. For example, the ion migration of Cs2AgBiBr6 is inhibited by heteroepitaxy BiOBr growth so that the signal drift of X-ray detector prepared by BiOBr is three orders of magnitude lower than that of previous detectors [13]. For polycrystalline thick film (over 1 μm) [14], similar effect can be realized by increasing the density of polycrystalline film to reduce the cavity, passivate grain boundaries and introduce the quasi two-dimensional structure of dark current [15], adding suitable polymer barrier layer and so on. Additionally, organic amine ion inhibition can also be introduced [16], which increases the ion migration barrier by increasing the chain length.
High sensitivity and low dose rate of 3D perovskite X-ray detectors promise an expected platform to study intrinsic characteristic of material and attracts increasingly attention [17]. Disappointingly, three-dimensional perovskite has the limitation of tolerance factor, leading to the obstacle of instability [18]. The presence of three-dimensional perovskites limit the serve life of the products and hampers the desire to significantly reduce the X-ray dose in medical imaging. Surprisingly, 2D perovskite counterparts separated from long-chain organic cations reveal advanced features in suppressing ion migration, which is at large applied bias. Therefore, in recent years, the establishment of heterogeneous structures with different dimensions is also one of the most effective and widely used means to settle the instability problem of perovskites [7]. At present, abundant new heterojunction perovskite materials with diverse composition and structural dimensions, such as 2D (FPEA)2PbBr4/3D FAPbBr3 fabricated through epitaxy growth method, have been reported [19].
Integrating three-dimensional with two-dimensional perovskite materials make it possible to realize a X-ray detector material with high carrier mobility [20], large exciton binding energy and large μτ product [3, 4]. And reliable stability [5], effective charge transfer and tunable band gap [6] with different number of layers guarantee that the mixed perovskite X-ray detector has great potential in preferred properties.
In the context, this work aims to review previous explorations on the optimization of perovskite-based X-ray detectors through energy band engineering, which is an efficient carrier management strategy. To overcome MHPs’ intrinsic limitations such as impurity detects, ions migration, it is a profound way to improve the combination of different heterojunctions. This paper involves two parts: the band engineering with heterojunction and the energy band optimization of the contact with metal electrodes. By retrospecting the energy band characteristics after the integration of different materials and summarizing their alterable characteristics, it is expected to provide guidance for the fabrication of X-ray detectors in the future, as well as the design and preparation of other materials such as LED, solar cells etc., so as to achieve photoelectric conversion with higher performance and accelerate the application and development of perovskites in years to come.
2 BAND ENGINEERING THEORY
The band engineering of semiconductors can be categorized into two aspects [21, 22]:
one refers to bandgap pattern engineering. By means of doping, energy band structure can be modified to modulate the transportation of carriers a great extent, resulting in high detection performance. Another is bandgap structure engineering. Semiconductors with different bandgap can be tailored to influence the transportation of charge carriers between materials, for which the optoelectronic (electric and optical) properties can be optimized.
2.1 Bandgap pattern engineering with doping process
Rational doping methodology is meaningfully demanded to optimize the performance of materials. With the development of semiconductor engineering and the profound study of doping for band structure tailoring, it is found that dopant provides perovskite intrinsic layer with electrons while the ionized impurities work as scattering center to promote electron migration. Since the electron and scattering centers are separated, the dilemma of both improving the carriers concentration and materials mobility can be solved. Doping can fairly improve the X-ray detection performance of pervoskite, although partially occupied impurity states will be introduced and work as recombination center for X-ray-generated electron/hole pairs to reduce their separation and hence the photocurrent.Excessive concentration and overthick layer of doping may lead to increased leakage current and resistivity, respectively. Consequently, appropriate approach of doping is desired for electron/hole pairs recombination center can be eliminated partially, leading to higher photocurrent.
Yan et al. [11] fabricated a p-MAPbBr3/n-MAPbCl3 heterojunction photodetector with a sensitivity of 26.8 mA W−1 and a response time of 8 µs. However, organic semiconductor shows low response speed due to its low carriers mobility and high exciton binding energy. Inspired by doping Bi3+ in MAPbBr3 and CsPbBr3, Pan and coworkers [23] improved response speed, n-type conductivity and within-gap trap states of MAPbCl3 SC through Bi3+ interstitial doping [24, 25]. Epitaxial growth was utilized to fabricate Bi3+-doped MAPbCl3/MAPbBr3 pN heterojunction (Figure 1A). As can be seen in Figure 1B, Bi3+’doping narrows the band gap. The transmission of electrons and holes was prohibited at reversed bias due to enhancement of carrier diffusion by Bi3+’doping. The dark current can be effectively reduced, leading to long term current stability and low noise. By modulating doping structure, electrons in MAPbCl3 were transferred to MAPbBr3, from which the number of carriers was increased without the drop of mobility. This benefited the promotion of response speed. X-ray detector fabricated by p-MAPbBr3/Bi3+-doped MAPbCl3 has a remarkable advantage of high sensitivity (0.72 × 103 μC Gyair−1 cm-2) and short response time (4.89 μs) compared with undoped one.
[image: Figure 1]FIGURE 1 | (A) Band structure of p-MAPbBr3/n-Bi doped MAPbCl3 heterosystem. (B) Energy level diagram of MAPbCl3, 10% Bi doped MAPbBr3, MAPbBr3 and 10% Bi doped p-MAPbBr3. Reproduced with permission from Ref. [23] (A, B).
Thus, as a promising methodology, doping reasonably can ensure the increase of carriers concentration and materials’ mobility, contributing to the reduction of dark current and the enhancement of sensitivity. In terms of future work, it has been suggested that two or more metal dopants, such as Cu, Mn, In, Ga and so on, could be applied simultaneously to compensate the partially doping impurity states [26] and tail the band.
2.2 Bandgap structure engineering with heterojunction
Recently, intrinsic monophase semiconductors without doping have been widely investigated. But intrinsic limitations of single material restrict the development of X-ray detection. To combine materials with various properties, heterojunciton has attracted much attention to be fabricated for detection performance enhancement [27, 28].
2.2.1 2D/3D perovskite heterojunction
3D perovskite continues to dominate the X-ray detector research attributed to its superior X-ray sensitivity. Unfortunately, the ion migration in 3D perovsite is especially distinct, particularly occurring on free surfaces and grain boundaries. The bonding of surface atoms is weak due to the breaking of chemical bonds [29]. In contrast, 2D perovskite with high resistance ensures the suppression of ion migration effectively and enlarges the energy barrier of hole injection without affecting carrier extraction. It would be a novel idea to grow 2D perovskite epitaxially on 3D perovskite to mitigate ion migration. However, the voids between 2D/3D perovskite heterojunction are the obstacles for long-term stability. Accordingly, organic spacer can be applied in filling voids of heterojunction to form compact interface, contributing to the increase of performance.
3D FAPbBr3 SC (single crystal) serves as a distinguished material for X-ray detection due to its high μτ product. But ion migration is the main downside at external bias, leading to severe dark current drift and device noise. Therefore, He et al. [19] utilized long-chain organic cation FPEA+ to separate octahedral sheet [PbBr6]4−, forming 2D epitaxial layer (FPEA)2PbBr4 on 3D FAPbBr3 SC surface tightly shown in Figure 2A. In contrast, 2D (FPEA)2PbBr4 SC can deactivate surface defects of 3D FAPbBr3 using wide gap detect deactivation effect. Through space-charge limited current (SCLC) technique, it was observed that the detect density (3.18 × 109cm−3) of heterojunction was decreased dramatically compared with FAPbBr3 (4.70 × 109cm−3). With the contrast of investigation of 3D/3D and 3D/2D’s photoluminescence (PL) spectra intensity after 5 min polarization, it was demonstrated that PL in 3D/3D film quenched severely while in 3D/2D film, however, few quench of PL intensity of 2D perovskite was obtained (Figures 2D,E). PL intensity of 3D perovskite also retains 80% of original value, proving that the ion migration was inhibited effectively. Meanwhile, the long-term job security was guaranteed. This technique enabled the biased heterojunciton had advanced performance in X-ray detecting application.
[image: Figure 2]FIGURE 2 | (A) The Schematic diagram of (FPEA)2PbBr4/FAPbBr3 heterojunction. (B) Band alignment and (C) schematic diagramof (BA)2CsAgBiBr7/Cs2AgBiBr6 heterocrystals. (D) (E) Photoluminescence (PL) spectra intensity of 3D FAPbBr3/3D FAPbBr3 and 3D FAPbBr3/2D (FPEA)2PbBr4 film. (F) Schematic presentation of CsPbI3, BA2CsPb2I7 and BA2CsPb2I7-CsPbI3 (BA-Cs PFH) planar heterojunction. (G) Simulated ion migration barriers of CsPbI3, BA2CsPb2I7 and BA2CsPb2I7-CsPbI3 (BA-Cs PFH) planar heterojunction. Reproduced with permission from Ref. [19] (A) (D) (E), Ref. [30] (B) (C), Ref. [31] (F) (G).
To modify the voids of 2D/3D heterojunction, Zhang et al. [30] regarded (BA)2CsAgBiBr7 as seed crystal, guiding its in situ epitaxial growth on 3D Cs2AgBiBr6 to form vertical type-II heterojunction (Figure 2B). With the decrease of temperature, nucleus expanded horizontally. Vertical inorganic [Ag(Bi)Br6]∞ layer was inhibited by large-volume BA+, separating the inorganic layers as shown in Figure 2C. New (BA)2CsAgBiBr7 crystals can fill voids inside heterojunction, forming sharp interface with intensive adhesion at atomic scale. 2D organic spacer was integrated with (BA)2CsAgBiBr7 to induce steric hindrance, increasing the activation energy to resist uncontrollable ion migration. Meanwhile, the formation of pn junction with Cs2AgBiBr6 as p-type and (BA)2CsAgBiBr7 as n-type yields the existence of built-in potential. Thus, X-ray generated carriers can be separated and transported effectively, and device noise can be also reduced, from which the heterojunction crystal can be driven by itself. The device can detect X-ray directly without external power supply, reducing dark current and dark current drift dramatically. The X-ray detector showed a low dark current of 3.2 × 10−2 pA and a sensitivity of 206 μC Gyair−1 cm-2.
In other cases, Xu et al. [31] proposed the trade-off between BA2CsPb2I7 and 3D homologs CsPbI3. The authors designed asymmetrical plane film structure of BA2CsPb2I7-CsPbI3 perovskite film heterojunction (BA-Cs PFH) as shown in Figure 2F. For typical BA2CsPb2I7, ion migration can be suppressed to reduce dark current effectively due to quantum confinement effect and dielectric confinement of organic molecular layer (Figure 2G). Thus, the detector showed a high on-off ratio of ∼308 and detectivity of 0.092 μGyairs-1. Meanwhile, BA2CsPb2I7 minimized the leakage current. Considering the intrinsic defects and the capture and relief of ion migration in crystal lattice, it was demonstrated that BA-Cs PFH exhibited higher sensitivity than CsPbI3’s (<0.1s vs. ∼ 3 s).
Herein, the inhibited ion migration is prone to appear in 2D/3D structure which acts as the foundation for X-ray detector with high performance. And with the addition of organic molecular layer, halogen ion migration of inorganic halogen perovskite is suppressed. Notably, as the thickness of the organic molecular layer increases, the number of transferred electrons may decrease, so only a moderate value can be taken.
2.2.2 Device structure design
Detectors with novel structure, such as double layers heterostructure, p-i-n structure and so on, exhibit great potential for higher X-ray detection capability. Double heterostructure plays a dominant role in blocking carriers that generated inside the device structure [32], and only carriers that photogenerated within the top absorption layers can be completely depleted and collected, leading to a fast response [33]. With appropriate band direction design, double heterostructure can be obtained. Not only X-ray generated carriers transportation can be enhanced but also ion migration can be suppressed. Wei et al. [34] fabricated X-ray detector based on poly (3-hexylthiophene-2,5-diyl) (P3HT)/CsPbBr3 perovskite nanocrystals (PNCs)/(6,6)-Phenyl-C61 butyric acid methyl ester (PCBM) as two type-II heterostructures [Figure 3A]. Since the X-ray was sensitized, carriers generated by X-ray in PNCs can be separated and transported to P3HT and PCBM quickly due to the alignment of band structure [Figure 3B]. It was demonstrated that the sensitivity of P3HT:PCBM/CsPbBr3 hybrid device was increased by an order compared with P3HT:PCBM and CsPbBr3 devices. Sensitivity of double heterostructure exceeded two orders of magnitudes than PNC nano hybrid film due to self absorption effect, exhibiting its efficient detecting capability. Surrounding organic matrix can block the ion migration because it hindered the route of ion migration in organic net physically, ensuring higher electric field to enhance the efficiency of charge collection. This benefited the improvement of X-ray response and realization of low dark current drift (3.57 × 10-9cms-1V−1). Thus, the device showed a high X-ray generated current and low dark current, 30 times lower than PNC film 1.06 × 10-7 cm s-1V−1).
[image: Figure 3]FIGURE 3 | (A) Schematic diagram and (B) energy level of detector based on P3HT/PNCs/PCBM heterostructure. (C) Device structures of MSM and p-i-n; Energy level diagram of (D) MSM and (E) p-i-n device; Reproduced with permission from Ref. [34] (A,B, C), Ref. [36] (D, E).
It is shown in Figure 3C that p-i-n or metal-semiconductor-metal (MSM) structure photodetectors with high-speed and low-noise operation are widely employed in X-ray detector to enhance the sensitivity [35]. Accordingly, p-type and n-type charge transformation layers can be introduced to fabricate novel X-ray detector with p-i-n structure to reduce interface reaction and promote effective separation of carriers. This served a practical methodology to design devices with high responsivity and SNR. Song et al. [36] proposed X-ray detector based MAPbI3 SC. The charge transformation layer was inserted between MAPbI3 and Au to fabricate a MSM structure (Figure 3D). On the other hand, BCP/C60 and MoOx were applied in p-type and n-type carriers transportation layers, which were combined with MAPbI3 SC to form p-i-n structure as shown in Figure 3E. By comparing these two structures, it was found that the ion migration energy of p-i-n structure is higher than that of MSM structure (405 meV vs. 268meV). P-i-n structure displays excellent ion migration inhibition effect at reversed bias. At the same time, separating perovskite from electrode contact can reduce the polarity induced by elecrochemistry contributing to charge inhibition. As a result, the dark current of p-i-n device (∼1 nA) was lower three orders of magnitude compared with original condition. It made it possible to fabricate X-ray detector with high sensitivity (5.2 × 106 μC Gyair−1 cm-2) and low detectivity (0.1 nGyair s-1).
For the above MSM structure, the time of carriers collection was excessively long under the reach-through bias. Even with a higher bias, the collection time still maintains long owing to the delay of carriers deep in semiconductor layer. More severely, thermionic emission and Schottky contact tunning are two main factors to increase the dark current. Hence, p-i-n has obvious superiority of quick response over MSM. Generally, introducing novel structure to X-ray detector is a promising way to optimize the performance of the detector, which can reduce the ion immigration and enhance the carriers transportation to increase the SNR.
2.2.3 Components modification
The gradient band distribution of low dimensional perovskite benefits the alignment of heterojunction band edges, facilitating the carriers transportation. As shown in Figure 4A, Xu et al. [37] proposed new formula through construction of two phases 2D (PEA)2MA3Pb4I13 (PEA = 2-phenylethylammonium, MA = methylammonium) and 3D MAPbI3 cascade. The contact of low dimensional (PEA)2MA3Pb4I13 and positive electrode fluorine-doped SnO2 (FTO) glass made VBM boundary deeper as shown in Figure 4D. Accordingly, amplified voids implantation energy decreased dark current, benefiting the enhancement of SNR. Although the slow response of X-ray can be mitigated by applying high electric field, the sensitivity of double layers perovskite detector based on effective holes circulation exhibited two orders of magnitude higher compared with 2D/3D and 2D/3D/2D sandwich structure as shown in Figures 4B,C.
[image: Figure 4]FIGURE 4 | (A) Energy level diagram of 2D (PEA)2MA3Pb4I13 3D MAPbI3 heterosystem (n = 1,2 represent two phases of different annealing time). (B) Energy level diagram of 2D/3D/2D sandwich structure and (C) 2D/3D double layer structure. (D) Band alignment of 3D MAPbI3 single component device and 2D (PEA)2MA3Pb4I13/3D MAPbI3 device. (E) Schematic diagram and (F) band alignment of Cs0.15FA0.85Pb(I0.15Br0.85)3/Cs0.15FA0.85PbI3 heterojunction. Reproduced with permission from Ref. [37] (A) (B) (C) (D), Ref. [38] (E) (F).
In addition to construct cascade structure, introducing wide gap layer at the interface between perovskite and electrode can generate higher potential barrier, prohibiting the injection of holes or electrons to suppress dark current. Zhou et al. [38, 39]also reported Cs0.15FA0.85Pb(I0.15Br0.85)3/Cs0.15FA0.85PbI3 heterojunction adopting dip coating process (Figure 3E). The device can inhibit dark current under X-ray illumination at reversed bias. As shown in Figure 3F, perovskite with wide band gap Cs0.15FA0.85Pb(I0.15Br0.85)3 showed higher electrons injection barrier (∼1.0eV). Utilizing solar cell capacitance simulator, it turned out that calculated dark current density of heterojunction within WGB can be reduced to 0.73 ± 0.05 nA cm-2 due to the obstacle of electrons, which was two orders of magnitude lower than any single material at reversed bias.
Additionally, except the research about heterojunction based on perovskite such as p-MAPbBr3/n-CsPbBr3 [39], non-perovskite semiconductors can also provide abundant band structure candidates, including CuI [39], Te [40], etc. Although the above researches have been achieved, there still exist massive opportunities for future explore. The type-II heterojunction can be deemed as a reliable guideline of band structure design. On account of band alignment [41], the heterojunction promotes the separation of X-ray generated electrons/holes to realize higher detection performance. In terms of materials selection, it is worthwhile to exploit wide band gap materials to block carriers injection from the interface between the electrode and perovskite, even resulting in increase of trap density. And the other potential materials in this fields are ranging from organic material, inorganic salts, 2D materials and other related materials [42].
2.2.4 Interface modification
Organic molecules have been developed as electrons donor or acceptor, which can serve as middle layer for construction of dipoles to increase adhesion. Meanwhile, this dipole can modulate energy barriers and band alignment. As shown in Figure 5A, Wei et al. [28] applied brominated (3-aminopropyl) triethoxysilane molecule (APTES) as middle layer in MAPbBr3 integrated on Si device. Ammonium bromide group built up mechanical and electrical connection with MAPbBr3 crystals inherently. The shift of brominated APTES dipole’s vacuum level promoted the band alignment of Si and MAPbBr3, making a possibility of less rectification contact as shown in Figure 5B. This inserted APTES dipole layer exhibited high energy barrier for electrons injection and low energy barrier for holes extraction, leading to low dark current. The reduced dark current ensured the proper work of device at higher bias. Thus, the device exhibited a high sensitivity of 2.1 × 104 μC Gyair−1 cm−2 under 8 keV X-ray radiation.
[image: Figure 5]FIGURE 5 | (A) Schematic diagram of fabrication of Si-integrated MAPbBr3 single crystal device. (B) Band interface alignment of MAPbBr3 and silicon. (C) Schematic illustration of perovskite chemical vapor deposition process with and without SnO2. (D) Device structure of SnO2/cesium-lead-bromide perovskite heterojunction and (E) energy level of the device. Reproduced with permission from Ref. [28] (A) (B), Ref. [29] (C) (D) (E).
Tons of sub-micro defects were distributed on both sides of perovskite, giving rise to interface voltage loss and the reduction of perovskite’s stability. To deactivate defects and promote charge transportation, inserting electron (SnO2, TiO2, ZnO) and hole (NiOx) transportation layer become necessary [43]. As shown in Figure 5C, Li et al. [30] inserted SnO2 nano layer between CsPbBr3 perovskite to form heterojunction. With the introduction of SnO2 nucleus, surface energy of system was reduced. In the meanwhile, perovskite prior deposition speed was significantly boosted, obtaining lower density defects and thicker film to suppress ion migration. Besides, due to the existence of electrons transportation layer, electron collection from perovskite layer to negative electrode can be enhanced, [Figure 5D, E] deriving X-ray detector with a high sensitivity of 2,930 μC Gyair−1 cm-2 and low detectivity of 120 nGyair s-1.
In other ways, polishing method like O3-UV treatment can be applied to passivate surface defects. Feng et al. [44] fabricated X-ray photodetector based on PEDOT:PSS/MAPbBr3/C60/BCP as shown in Figures 6A,B. PEDOT:PSS and C60/BCP serve as electron and hole transportation layers respectively to enhance charge generation. In this research, O3-UV treatment were applied on MAPbBr3 SC’s surface to passivate traps, leading to a drop of trap density from 2.59 × 1010cm-3 to 1.69 × 1010cm-3. Consequently, the detector with high photocurrent and low dark current was realized, as shown in Figure c d, which is consistent with low defect density.
[image: Figure 6]FIGURE 6 | (A) Schematic diagram and (B) energy level of detector based on ITO/PEDOT: PSS/single crystals/C60/BCP/copper (Cu). (C) With and without O3-UV treated detector under dark and AM 1.5 illumination. Reproduced with permission from Ref. [44] (A) (B) (C) (D).
Essentially, both the insertion of SnO2 and the addition of small organic molecules are a means of defects passivation. They are regarded as modifiers of electrical properties, such as carrier mobility and work function. Foremost, more inorganic salts, small organic molecules and even other polymers deserves to be exploited for interface modification. And the approaches such as O3-UV treatment are value to utilize for passivating surface defects
3 PEROVSKITE X-RAY DETECTORS WITH ELECTRODE CONTACT
Electrodes play an important role in improving performance of X-ray detectors. When selecting suitable electrodes, chemically stability and metal-semiconductor contact must be taken into consideration. For example, Al and Ag are more likely to react with halide perovskites compared to Au [36]. Besides, electrode contact technologies mainly used in perovskite X-ray detectors are Ohmic contacts and Schottky contacts. Ohmic contacts promote charge carrier transport. Detectors with Ohmic contacts usually work at low bias voltage, which means charge carriers are easily lost due to capture and recombination, and causes incomplete charge collection, resulting in poor energy resolution. To enhance charge collection, large bias is needed. However, it will cause the increased dark current. Compared to Ohmic detectors, Schottky detectors have higher Schottky barriers that create a built-in electric field, allowing them working as self-powered devices. Moreover, larger voltage can be applied because Schottky detectors work at reverse bias. Like a Schottky diode, when reverse bias is added, the depletion region extends and the leakage current level is low, thus promoting the charge collection and ensuring higher resolution [45].
3.1 Ohmic contacts
Ohmic contact promotes charge carrier transport. When Ohmic perovskite X-ray detectors work, an external bias was needed to drive ion migration. These symmetric devices have better performance at low bias voltage but present severe leakage (dark) current problems as the bias increases. For example, Au-perovskite-Au, a typical Ohmic contact structure, has been applied in recent researches. Chen et al. [46] have recorded electrical characteristics of the device with the structure of Au-(PEA)4AgInBr8 SCs-Au. They built a planar structure detector and made it exposed to X-ray with maximum energy of 50 keV, and a peak intensity of 30 keV. During the process (exposure dose rate: 34.5–138 μGy s−1), no rectification was found from Figure 7A, showing a good Ohmic contact between Au electrode and (PEA)4AgInBr8. They tested the sensitivity of the device at 20, 100 and 200 V mm−1, which was 21, 91 and 185 μC·Gyair−1 cm−1 (Figure 7B). Under electric field of 20 V mm-1, its dark current was 1.75 nA cm−2 and dark current drift was 7.33 × 10−7 nA cm-1.
[image: Figure 7]FIGURE 7 | Photoelectric properties of perovskite X-ray detectors.(A) Dark (black) and response current−voltage (J−V) curves of the (PEA)4AgInBr8 SCs detector at dose rates of 34.5, 103, and 138 μGyair s −1. (B) Dependence of X-ray sensitivity on applied voltage based on (PEA)4AgInBr8 SCs detector. (C) Current density measurement under dark condition for an MAPbI3 wafer. The applied voltage ranges from −200 to +200 V, which corresponds to an electrical field of ±0.2 V μm-1. (D) Calculated sensitivity (S) of the X-ray responses in the RQA5 spectrum and a dose of 213 µGyair s−1. Optical response: (E) Current-voltage (IeV) curve of the devices under dark atmosphere and a wavelength of 405 nm laser. (F) Photoresponse of the device under 405 nm laser with the power density of 0.636 mW/cm2 at zero bias voltage. ON is the device under the exposure of laser. OFF is the device under a dark atmosphere. Reproduced with permission from Ref. [46] (A) (B), Ref. [50] (C) (D), Ref. [49] (E) (F).
Other examples like Au/Ag-Cs2AgBiBr6-Au/Ag also show some similar characteristics of ohmic detectors like relatively good sensitivity at low bias voltage and increase in dark current levels at high voltage. In Pan et al. [47]’s research, Cs2AgBiBr6 detector with Au electrodes showed dark current of ∼0.15 nA cm−2 at 5 V and sensitivity ranging from 8 to 105 µC Gyair−1 cm–2 (1 V–50 V bias). However, Dang et al. [48]’s work pointed out that the Ohmic contact behaviors between Au and Cs2AgBiBr6 are not perfect, resulting in obvious hysteretic I-V behaviors. Dang compared the energy level between Cs2AgBiBr6 single crystal and different metal electrodes including Au, Ag and Al, and constructed a better Ohmic contact of Ag with the Cs2AgBiBr6 SCs, which showed better photo-response and estimating detectivity (indicating the dark current level) of 1.38 × 109 Jones in air.
Asymmetrical electrodes structures can also be applied in Ohmic detectors. According to Deumel et al. [49]’s work, the J-E plot (Figure 7C) showed typical Ohmic electrical behavior with the dark current density reaches the maximum value of 8.40 × 10−4 mA cm−2 for negative fields and 1.98 × 10−3 mA cm−2 for positive bias. This small difference may be attributed to asymmetrical electrodes and their different work functions (ϕm,Cr = 4.5 eV and ϕm,Pt = 5.7 eV). The maximum sensitivity of 9,300 μC·Gyair−1 cm−2 has been witnessed under the electrical field of 0.17 V μm−1, confirming the good sensitivity of Ohmic detectors with a low bias applied (Figure 7D).
3.2 Schottky contacts
In terms of perovskite X-ray detector, the high dark current level caused by 3D perovskites’ ion migration is one of the main obstacles that prevent it from practical application. One effective solution is to create asymmetrical electrode structures, forming Schottky barriers to suppress the severe ion migration problems. Recent researches about Schottky detectors have shown an enhancement in sensitivity and an decrease of dark current level at high bias voltage. Ag-perovskite-ITO sandwich structure is a commonly used strategy to create Schottky barriers for perovskite materials like MAPbBr3 or CsPbBr3. In work of Xu et al. [50], the Schottky contact at the interface of MAPbBr3/Ag has been formed, whose typical electrical characteristics are revealed by the current-voltage (I-V) (Figure 7E), curve and the high and stable On-Off I-V behavior (Figure 7F), making it easier for electrons to cross the barrier and be collected by Ag. Moreover, with the barrier created by ITO/MAPbBr3, a built-in electric field has been witnessed, promoting the photo-generated electron-hole pairs’ separation, thus showing significant improvement in the response performance of the detector. They also test the detector’s sensitivity with a bias voltage of 0 (35, 40, 45, 50 kV), which are 2.35 × 10−4, 2.02 × 10−4, 1.66 × 10−4 and 1.15 × 10−4 μC μGyair−1 cm–2,respectively. The dark current level can be demonstrated by the photoresponsivity (R), which is 22 mA/W in this case. Other Schottky X-ray detectors based on metal–perovskite-oxide semiconductor also exhibit high performances for X-ray detect. Xu et al. [51] replaced MAPbBr3 with CsPbBr3 to get a Schottky single crystal X-ray detector, which shows the Schottky behavior current−voltage (I−V) curve with the dark current density in the range of 5–25 nA/cm2 (Figure 8A). Different from Ohmic detector, this detector works at reverse voltage, with the sensitivity under inverse bias of −2, −4, −6, and −8 V are 172, 292, 475, and 770 μC Gy−1 cm−2, respectively (Figure 8C). Furthermore, under an X-ray dose rate of 333.69 μGy/s, the sensitivity at different reverse biases is in the range of 0.07–2.86 × 103 μC·Gyair−1 cm−2 (Figure 8D). As shown in Figures 8A,B typical Schottky On-Off I-V behavior has been witnessed during the experiment.
[image: Figure 8]FIGURE 8 | (A) I−V curve of CsPbBr3 SCs devices under various X-ray dose rates (30.53, 163.30, and 333.69 μGy/s). (B) On and off photocurrent density of CsPbBr3 SCs devices with different biases applied (−2, −4, and −6 V) and irradiated by a 45 keV X-ray. (C) Photocurrent response of CsPbBr3 SCs devices at different reverse biases under 40 keV X-ray various dose rates. (D) Sensitivity versus bias of CsPbBr3 SCs devices under a 45 keV X-ray at the dose rate of 333.69 μGy/s. Reproduced with permission from Ref. [51].
Other researches focus on metal electrode structure. Xu et al. [52] used Al and Au to create Schottky contact and Ohmic contact. From the relationship of the exposure X-ray dose rate and the current response.the sensitivity at 50, 100, 150, and 200 V is up to 109, 204, 271, and 359 μC Gy−1 cm−2. The response time is 76.2 ± 2.5 μs (200v, X-ray chopped at 2 kHz). The researchers later compare its electrical performance with an Ohmic detector with Au-MAPbBr3-Au (200 V bias, 50keV, 22.1 μGy/s, whose sensitivity and response time are 62 μC Gy−1 cm−2 and 272 ± 5 μs, confirming that Schottky detector’s sensitivity and response time are higher or faster than Ohmic detector. The better electrical performances are mainly attributed to the Schottky barrier between Al and MAPbBr3 SCs. This barrier could greatly suppress the leakage current at a high bias voltage, which allows higher electrical field (1.43 × 107 V/m) than Ohmic detector, thus achieving higher sensitivity.
For CsPbBr3, He et al. [53] applied Bi-perovskite-Au structure. Bi was made positive while Au being negative, forming large Schottky barriers on both metal–semiconductor interface under reversed bias, which greatly simultaneously blocked the charges’ injection into the semiconductor and suppress the dark current level (on the order of 102 nA cm−2 at reverse bias voltage of 250 V cm−1). They then tested its sensitivity under various conditions (the X-ray tube voltage: 30–50 kV, the dose rate: 0.626 to 1.91 × 104 μC·Gyair−1, which were in the range of few tens to over 8,000 μC·Gyair−1 cm−2. The high Schottky barriers also enabled the device’s self-powered X-ray detection with the sensitivity of ∼14 μC·Gyair−1 cm−2, which can be largely boosted to ∼192 μC·Gyair−1 cm−2 if 1 V reverse bias is applied.
4 SUMMARY AND PERSPECTIVE
Generally speaking, great strides have been achieved in perovskite-based X-ray detector. In this work, we have surveyed recent development of perovskite materials and devices for performance improvement of X-ray detector. There exists some representative examples where high sensitivity have been realized, and low limit detection have been reached. Concerning the materials modification, researchers mainly focus on interstitially doping, epitaxial wide band gap semiconductors, organic carriers transport layer to suppress dark current. We’re hopeful for upcoming researches that exploit more metal cationic dopants, polymers and other small organic molecules to modify the material. And the wide band gap semiconductor can be activated by narrow-band gap semiconductor to optimize the driving force of electron transport through quantum confinement effect. Hence, it is suggested to improve the detection performance. Furthermore, to design band structure of heterojunction, Type-II is expected for favorable charge separation, driving the perovskite-based X-ray detector to higher level. Whether organic material or inorganic salts are welcomed to be paired with perovskite, even 2D materials are desired to be employed. As for the device structure, the p-i-n device attributed to its high sensitivity, is superior to MSM one. Fortunately, the performance of MSM device can be improved through adopting double layer perovskite. Notably, based on the similarity, the materials and devices applied in photovoltaic field are valuable for reference.
Ohmic and Schottky contacts were also mainly investigated for electrode-perovskite contacts in recent studies. In these researches, Ohmic contact enables great stability but high dark current while Schottky contact demands higher voltage bias but shows the ability of dark current suppression. Metal materials, device structure and energy level should be considered for desired properties of carrier transportation. At same time, more efforts should be paid to dig in-depth mechanisms of electrodes interface to understand more clearly.
In summary, further researches are expected to enhance the sensitivity and response speed while decreasing the limit of detection. And proper material band and device structure design will lay foundation for commercial and large-scale perovskite X-ray detector.
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