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We report a systematic comparison of the charge transport and radiation detection properties of inorganic and organic metal bromide single crystal perovskites. We studied the performance of Bridgman-grown CsPbBr3 single crystals, together with solution-grown FAPbBr3 and MAPbBr3 single crystals. Laser time of flight is used to measure the drift mobilities for all samples, and we report a maxium mobility value of 121 ± 10 cm V−1 s−1 for CsPbBr3. Alpha particle measurements were used to assess the mobility-lifetime products, with values recorded in the range of 2 × 10−4 cm2 V−1 to 1 × 10−3 cm2 V−1. Low temperature measurements showed an increase in bulk resistivity at temperatures down to 260 K, but no significant change to the drift mobilities. The overall performance of the Cs, FA and MA samples is compared and their potential for use in gamma spectroscopy measurements is discussed.
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1 INTRODUCTION
The progress of metal halide perovskites (structure ABX3) has accelerated over the last few years, due to their promising characteristics and potential applications in medical imaging, nuclear security and industrial inspection. These materials show the required high resistivity and high mobility-lifetime products that are required for use as X-ray and gamma ray detectors (Yakunin et al., 2016). For a comparison of the typical properties of traditional compound semiconductors used for X-ray and gamma ray detection, the reader is referred to the review article in reference (Sellin and Vaitkus, 2006). The wide range of applications of these materials has also been helped by their ability to operate at room temperature making them portable and relatively low cost. Most research so far has focused on lead halide perovskites, which have a high Z-number making them good candidates for X-ray and gamma ray detection.
Inorganic based perovskites, with Cs on the A-site, have good environmental stability (thermal, moisture and light) as they do not contain volatile organic cations (Wang et al., 2020). Generally the lead halide perovskites all exhibit structural phase transitions, between orthorhombic, tetragonal and cubic structures, as shown in Table 1. Cs-based lead halides undergo these phase transitions between approximately 360 K–400 K which can potentially cause stress and cracking in the crystals during growth, particularly when high temperature Bridgman methods are used. In contrast the organic based perovskites, with molecules such as formamidinium (FA) or methylammonium (MA) on the A-site, benefit from having phase change transitions below room temperature. Of the two organic perovskites, FA-based has previously been reported to show better environmental stability (Zhang et al., 2018), whilst both FA and MA based lead halides appear to show broadly similar charge transport properties (Musiienko et al., 2019).
TABLE 1 | Phase change temperatures of Cs, FA and MA based single crystal samples. Data acquired from: CsPbBr3 (Whitcher et al., 2019), FAPbBr3 (Schueller et al., 2018), MAPbBr3 (Keshavarz et al., 2019).
[image: Table 1]In this work we systematically compare the charge transport properties, and suitability as radiation detectors, of these three perovskite lead halide single crystals. We study the influence of the cation in lead bromide perovskite structures, specifically comparing FAPbBr3 (denoted as FA in this paper), MAPbBr2.55Cl0.45 (denoted as MA) and CsPbBr3 (denoted as Cs) single crystals. The MA sample was blended with a small amount of chloride as this was observed to improve the stability of the samples. A typical solution-grown FAPbBr3 single crystal is shown in Figure 1, demonstrating good optical transparency and the absence of internal stress in the crystal.
[image: Figure 1]FIGURE 1 | Typical FAPbBr3 single crystal showing good transparency.
We compare the charge transport properties of all three perovskite types and report measurements of resistivity, drift mobility, and mobility-lifetime product. The influence of these charge transport parameters is discussed in terms of their operation as radiation detectors, including their X-ray photocurrent sensitivity and their spectroscopic response for alpha particles and gamma rays.
2 METHODOLOGY
The perovskite lead halide single crystals (sizes up to 6 mm × 6 mm) used in this work were FAPbBr3, MAPbBr2.55Cl0.45 and CsPbBr3. Five samples of FAPbBr3 were grown at the University of Surrey using the Inverse Temperature Crystallisation method (ITC), 4 samples of MAPbBr2.55Cl0.45 (MA) were grown at CEA/CNRS using the ITC method (Mayen Guillén et al., 2023) and 4 samples of CsPbBr3 (Cs) were grown at Northwestern University using the Bridgman growth method.
The FA and Cs samples were prepared with sputtered Au-Au electrodes and the MA samples with Cr-Cr electrodes, with a planar device structure. The devices were fixed to support boards with colloidal graphite paint for electrical measurements. Current-voltage (I-V) measurements were conducted with a Keithley SourceMeter (model 2,400 series) with the samples mounted in a cryostat for low temperature measurements. The I-V scans were conducted in a pulsed method from 0 V bias to applied bias and back to 0 V bias with a dwell time of 15 s between each bias reading, which was used to minimise ion migration in the crystals.
X-ray sensitivity measurements were conducted by irradiating the devices with 100 ms X-ray pulses at 4 Hz, corresponding to 24 µGyair dose per pulse with RQA5 spectrum (70 kV accelerating voltage, 23.5 mm Al filtration), shown in Figure 2. The mean energy of the X-ray beam was 52.6 keV (Rosado et al., 2007). The incident X-ray dose in air was calibrated using a PTW Unidos dosimeter, with a calibration uncertainty of ±3%. The experimental setting follows the characteristic medical radiography setups described in IEC 62220 International Standard. The integration of the photocurrent over the pulse duration yields the measured charge Q. In order to reduce experimental errors, each photocurrent measurement was repeated and the measured charge Q averaged over 10 pulses, with an uncertainty on the averaged charge measurement of ±10%.
[image: Figure 2]FIGURE 2 | (upper) Modelled filtered RQA5 X-ray energy spectrum at 70 kV, using 23.5 mm aluminium filtration, (lower) depth profile of the deposited charge due to absorbed X-rays in CsPbBr3 where 2/3 of the incident X-rays are absorbed within 350 μm of the surface. The spectrum was calculated using the SpekCalc software (Poludniowski and Evans, 2007a; Poludniowski and Evans, 2007b).
Laser time of flight (ToF) measurements were conducted with a 1 Hz pulsed blue 405 nm 30 mW semiconductor laser (PTI Inc), with a 100 ns pulse duration. The bias was pulsed from 0 V bias, to the applied bias for 10 ms, then to 0 V bias, and was synchronised with the laser rate. The resulting current pulses were amplified using a Femto RF current amplifier (DHPCA-100, BW = 14 MHz, V/A = 105). For the Cs samples, ToF was carried out using a137Cs gamma source to replace the laser, and with the pulses fed into a charge integrating preamplifier (Kromek eV-550, see the Supplementary Material for more details of this technique). All ToF pulses were captured using a high speed waveform digitiser (CAEN 5730) and analysed using offline event-by-event software. For low temperature measurements the samples were mounted in a liquid-nitrogen continuous flow cryostat. ToF was also conducted in a constant bias mode to observe the effects of changing field distribution. With the bias voltage applied to the opposite electrode as the laser irradiation, positive/negative applied bias corresponded to pulses due to electron/hole transport, respectively.
Alpha particle spectroscopy was carried out using a241Am source mounted approximately 1 cm from the device surface. Alpha spectra were acquired with the signal passed through a charge sensitive preamplifier (Kromek eV-550) and into the digital pulse processor (Amptek PX-4). Alpha pulse shapes were acquired using the CAEN 5730 waveform digitiser. The samples were mounted in a cryostat to allow for low temperature measurements. Gamma spectroscopy was carried out with the same instrumentation as for alpha spectroscopy, except for use of a low noise CoolFET A250CF preamplifier. Three gamma sources were used, 241Am, 57Co and 137Cs.
3 RESULTS
3.1 Dark current
I-V measurements showed linear behaviour for all three sample types, with resistivities of 2.4 × 109 Ωcm (MA), 5.7 × 109 Ωcm (FA) and 1.5 × 1010 Ωcm (Cs), shown in Figure 3. In general Cs showed the lowest dark current followed by FA and MA. In all three samples current hysteresis was minimal due to the pulsed biasing technique described in the Methodology section.
[image: Figure 3]FIGURE 3 | Current density against electric field of the three sample types MA, FA and Cs. At 10 V mm−1, dark current densities are 1.5 nA mm−2 (MA), 0.5 nA mm−2 (FA) and 0.1 nA mm−2 (Cs).
Low temperature I-V was conducted to study the influence of traps in the temperature region 295 K–220 K. Figure 4A) shows the reduction in dark current in the FA sample at lower temperatures leading to an increase in the resistivities, shown in Figure 4B). The FA resistivity strongly increases at lower temperatures whereas the MA and Cs remains approximately constant. It is unlikely that the cause of this increase in resistivity of the FA sample is related to its phase change (cubic-tetragonal) at 260 K, since the MA sample did not experience a similar resistivity change and has a similar phase change (cubic-tetragonal) at 239 K. It is possible that this temperature dependant change in resistivity seen in FA is due to ‘freezing’ of traps that are contributing to the charge transport at room temperature.
[image: Figure 4]FIGURE 4 | (A) I-V at low temperatures shows the reduction in dark current. (B) Consequential increasing resistivity at low temperatures, inset shows the Arrhenius plot with the extracted activation energies of 0.44 eV for FA, 0.16 eV for MA and 0.27 eV for Cs.
Activation energies were measured from the temperature-dependent currents, inset in Figure 4B). The physical interpretation of the activation energies is still open to debate; O’Kane et al. (2017) and Meloni et al. (2016) relate the activation energy to the energy of migrating ionic vacancies and Duijnstee et al. (2021) suggest that the activation energy is a combination of many different temperature dependent factors including trap density, ion density, carrier mobility, injection barrier from electrodes and ionisation of trapped carriers. In our data, since current hysteresis is suppressed, the activation energies extracted from dark current measurements may represent the energy difference of free and trapped charge carriers and are therefore related to the depth of traps which are active in the conductivity (Stallinga, 2009; Murdey and Sato, 2014).
To perform low temperature measurements the samples were placed under vacuum. However it was observed that the dark current of all three sample types increased under vacuum, shown in Figure 5A). To investigate this further the same experiment was carried out in dry oxygen gas, dry nitrogen gas and air, shown in Figure 5B), and the results were the same. This suggests that there are surface states which are passivated by O2, N2, and air and which influence the measured dark current. It has been widely reported that perovskite solar cell thin films degrade under vacuum due to out-gassing of the perovskite’s organic components (Guo et al., 2021; Jiang et al., 2020). However we do not anticipate significant levels of out-gassing from these bulk single crystals, and in our devices the dark current recovers once normal atmospheric pressure is achieved.
[image: Figure 5]FIGURE 5 | (A) Increasing dark current under vacuum for FA sample. (B) Difference in dark current between atmospheric pressure and stated pressure for MA sample in O2 gas, N2 gas or air. The same trends were observed for all 3 sample types.
3.2 X-ray sensitivity
The detector X-ray sensitivity is a key parameter for X-ray imaging devices, which are typically operated in photocurrent, or integrating, mode. Maximising the X-ray sensitivity is important to produce high contrast X-ray images, which can be acquired with a minimum X-ray dose rate. Of equal importance is the detector material dark current density, which determines both the minimum-detectable X-ray dose rate and also the ‘signal to noise’ on/off ratio of the X-ray signals.
Figure 6A) shows the on/off X-ray photocurrent response of the Cs, FA and MA devices, measured with a pulsed X-ray beam at a 100 ms pulse duration. The baseline photocurrent in each case represents the device dark current, which is higher in the MA sample (∼ 52 nA mm−2) compared to the lower dark currents of the FA and Cs devices (5–10 nA mm−2). The relative sensitivity of the devices can be observed from the height of the X-ray pulses, for which the FA device has the lowest sensitivity and the Cs device has the highest. Figure 6B) shows the variation in X-ray sensitivity as a function of electric field, with the Cs device reaching a maximum sensitivity of 4 µC mGy−1 cm−2 at a field strength of 30 V mm−1. Both the MA and Cs samples show a higher sensitivity under positive applied voltage, whereas the FA sample shows higher sensitivity under negative voltage.
[image: Figure 6]FIGURE 6 | (A) X-ray photocurrent pulses for the Cs, MA and FA samples at electric field strength +50 V mm−1. The baseline signal represents the device dark current. (B) X-ray sensitivity against electric field strength for the 3 samples.
3.3 Drift mobility
Drift mobility was measured using a time of flight (ToF) method, with free carriers injected into the sample using either a pulsed 405 nm laser (FA, MA samples), or using 137Cs gamma rays (Cs sample). In order to minimise instabilities in the bulk electric field, a pulsed bias supply was used for the ToF measurements. Using this technique the bias voltage was only applied for a 10 ms window either side of the laser pulse. This suppressed ion migration and field distortion in the samples such that stable, reproducible ToF pulses were observed. For the FA and MA samples the metal contacts were 30 nm thick and therefore semi-transparent to the laser. The photon energy from the 405 nm laser was greater than the perovskite band-gap energy, and consequently the electron-hole pairs were created in the near-surface region directly under the top contact. By irradiating the laser pulses onto the anode (cathode) surface of the device, the current transients were observed solely from hole (electron) transport through the sample. For the Cs sample the thicker metal contact was not transparent to the laser pulses, so ToF was carried out using 662 keV gamma ray events from 137Cs. In this case the gamma interactions are distributed through the depth of the sample. Therefore gamma ray ToF data for the Cs sample measured a mean mobility due to both electron and hole transport.
Figure 7A) shows a set of ToF current pulses acquired from the FA sample using the 405 nm laser. The pulses show the inflection point due to the prompt charge drift, followed by a slower decay suggesting either dispersive or trap-related transport. This is consistent with previous reports of the dynamics of free charge carriers in metal halide perovskite single crystals, e.g., where the role of thermal carrier de-trapping in single crystal MAPbBr3 has been discussed by Musiienko et al. (2020). In order to further examine these effects we have used temperature-dependent analysis of alpha particle pulse shapes, described in Section 3.5.
[image: Figure 7]FIGURE 7 | (A) Laser ToF current pulses from FA sample, showing the inflection point due to the prompt charge drift, together with some dispersive transport over longer times. The reduction in prompt transit times as a function of increasing bias can be observed, (B) Mobility graph for FA and Cs samples. For the FA sample the data shows electron mobility, for the Cs sample the data shows a mean mobility due to both electron and hole transport.
From the ToF current pulses the charge transit time was measured from the inflection point in the pulse shape, which moves to shorter times as the bias voltage is increased. For the 137Cs gamma ray ToF measurements on the Cs sample, the integrated charge ToF pulses were analysed using the pulse rise-time which represents the charge drift time (Zhang et al., 2021).
The reciprocal of the pulse transit time was plotted as a function of the applied electric field, and a linear fit to the data was used to measure the drift mobility. Two typical mobility plots from the FA and Cs samples are shown in Figure 7B).
Table 2 summarises the measured drift mobilities for these samples. For the FA and MA samples the drift mobilities were similar, although the FA samples consistently showed a higher electron mobility compared to holes. This is an unusual feature which we observe in all our FAPbBr3 samples, as generally the lead halides show a greater hole mobility compared to electrons (Liu et al., 2021). The mean mobility from the Bridgman-grown Cs sample was significantly higher than for the solution-grown FA and MA samples, consistent with previous reports by He et al. (2018).
TABLE 2 | Measured ToF drift mobilities for electrons and holes for FA, MA and Cs samples. *The mobility for Cs is a mean value for electrons and holes.
[image: Table 2]Table 3 summarises previously published drift mobility values for FA, MA and Cs lead bromide single crystals, which are broadly similar to our reported values. Results published for FA and MA samples are for solution-grown crystals, whilst values for Cs samples are for Bridgman-grown crystals. Published values contain a range of mobilities due to differences in sample quality and device performance. Table 3 only shows mobility values measured using ToF methods, and we exclude mobility values measured by the space-charge-limited-current (SCLC) method from I-V data using the Mott-Gurney equation. Although widely used for mobility estimates in perovskite thin films, the SCLC method has significant shortcomings when applied to mobility measurements in perovskite single crystals (Le Corre et al., 2021), e.g., the ability to correctly identify the Mott-Gurney region in the I-V data, and also the additional current contribution from slow ionic conductivity of either the A-site cation or the halide anions. The variation in mobility values obtained using ToF and SCLC methods can be seen in reported values of the hole mobility of FAPbBr3 single crystals ranging from μh = 0.12 cm2 V−1 s−1 using the SCLC method (Ng and Halpert, 2020) to μh = 61 cm2 V−1 s−1 using ToF (Zhumekenov et al., 2016).
TABLE 3 | Published electron and hole mobility ranges for FAPbBr3, MAPbBr3 and CsPbBr3 single crystals. Mobility values derived from space-charge-limited-current measurements were not included.
[image: Table 3]The time evolution of ToF current pulses also gives valuable insights into the electric field distribution within the crystal, since the induced current in the detector electrodes is proportional to the instantaneous drift velocity of the charge carriers. Therefore the time evolution of the ToF current pulses probes the internal electric field distribution as a function of the depth of the single crystal. Figure 8 shows ToF current pulses for hole and electron transport from the MA sample. Consistent differences can be seen in the shape of the current transients for electons and holes: for the electron transport the pulse signal reduces over time, whereas for the hole pulses the signal amplitude increases. This increase in signal amplitude as the charges drift through the detector is consistent with similar reports for MA samples (Baussens et al., 2020) and is attributed to a non-uniform electric field distribution in the MA device.
[image: Figure 8]FIGURE 8 | MA ToF response for (A) holes and (B) electrons, with electrons showing an increasing photocurrent as charges move towards the electrode.
The use of a pulsed bias voltage during ToF measurements limits ionic mobility and maintains the stability of the electric field within the crystal over long periods of time. If the bias voltage is applied permanently the pulse shapes are seen to change shape over the timescale of minutes, indicative of time-dependent changes to the internal field within the crystal. Figure 9 displays laser ToF current waveforms from typical FA and MA samples studied over a period of 10 minutes with constant applied bias. The observed waveforms reduce in amplitude and duration during this time, consistent with a reduction in the internal electric field distribution within the crystal. A possible mechanism for the reduction in the internal electric field over time may be due to ion migration in the crystals causing an opposing internal field.
[image: Figure 9]FIGURE 9 | Typical laser ToF pulses under a constant bias of ±90 V applied for up to 10 minutes for (A) MA, and (B) FA samples. When the bias is applied continuously, changes in the ToF current pulses are observed consistent with modification of the internal electric field.
3.4 Alpha spectra and charge transport
3.4.1 Mobility-lifetime (μτ) measurements
Alpha spectroscopy using an 241Am source was carried out to investigate the mobility-lifetime products and charge drift lengths of the devices. Using an alpha particle pulse height spectrum the mobility-lifetime product μτ can be extracted by plotting the position of the alpha peak centroid as a function of bias. Due to the shallow interaction depth of alpha particles (approximately 20 μm in perovskite) the pulses are caused by electron (hole) transport if the alpha particles are incident on the cathode (anode) contact. This data is then fitted to the single carrier Hecht equation, below.
[image: image]
where A is a scaling factor based on the charge calibration, V is the applied bias and d is the sample thickness.
Figure 10 shows hole transport alpha spectra measured from three MA samples of different thicknesses, all acquired with the same electric field of 20 V mm−1. The thinner samples produce alpha-peaks with higher channel numbers, indicating that the holes are drifting over a significant fraction of the total device thickness. For the thickest sample MA3 the alpha peak has the lowest channel number, consistent with the average carrier drift length being significantly less than the device thickness of 1.49 mm. This data confirms that the mean charge drift lengths, at this field strength, are less than the device thickness and consistent with a relatively low μτ value (i.e., μτ < 8x10−4 cm2 V−1).
[image: Figure 10]FIGURE 10 | Hole transport alpha spectra of three MA samples of thicknesses 0.4 mm, 1.08 mm and 1.49 mm at an electric field strength of 20 V mm−1.
Well-resolved alpha peaks from FA electron transport can be seen in Figure 11A), where the peak centroid channel number increases with bias voltage. Similar alpha peaks were also observed for FA hole transport, and Figure 11B) shows the corresponding Hecht plots and calculated electron and hole μτ products. The electron μτe product was measured as 1 × 10−3 cm2 V−1, slightly higher than that for holes, μτh = 3 × 10−4 cm2 V−1.
[image: Figure 11]FIGURE 11 | (A) Alpha spectra for electron transport in a FA sample (thickness = 1.8 mm), showing well resolved alpha peaks at various biases. (B) Hecht plots for FA electron and hole transport, with the corresponding μτ values.
In general the MA and Cs samples showed better-resolved alpha peaks from hole transport, which is the opposite compared to the FA samples. Figure 12 shows alpha spectra for hole transport in a Cs sample. In all cases the alpha spectra were acquired with the same gain, and the higher channel numbers observed from the Cs hole spectra indicate longer carrier drift lengths compared to the FA and MA samples. However for the Cs sample electron transport it was not possible to obtain well-resolved alpha peaks for electrons, consistent with reduced electron transport in CsPbBr3 as previously reported in (He et al., 2019). This is further confirmed by the alpha pulse shape measurements in the following section.
[image: Figure 12]FIGURE 12 | Alpha spectroscopy from hole transport of a Cs sample (thickness = 1.4 mm) at various applied biases.
The calculated μτ products for electrons and holes of all three sample types are tabulated in Table 4, together with previously reported literature values acquired from α-particle measurements. The published results reported in Table 4 exclude μτ values obtained from X-ray or optical photocurrent measurements, which tend to report artificially high values. The reason that photocurrent measurements tend to give high μτ values is not well understood, but is possibly due to the high rate of charge injection causing trap passivation in the perovskite.
TABLE 4 | Electron and hole mobility-lifetime products (μτ) for FA, MA and Cs samples. Mobility-lifetimes were extracted from alpha spectra using the single carrier Hecht Eq. 1. All literature values are for α-particle response of Am-241 and obtained from: FA (Liu et al., 2021), MA (Liu et al., 2018), Cs (He et al., 2019).
[image: Table 4]3.4.2 Pulse risetimes
Analysis of alpha pulse risetimes can give insights into the charge transport and carrier dynamics. Alpha pulses were acquired from the output of the charge-integrating preamplifier using a high speed waveform digitizer. Off-line analysis of the event-by-event pulse file was used to analyse the pulses, where the pulse risetime corresponds to the charge drift time in the device. Figures 13A, C, E show typical electron and hole pulse shapes from the FA, MA and Cs devices. For each recorded pulse the amplitude and risetime were measured. Some pulse shapes showed an initial fast risetime corresponding to the carrier drift, followed by a slow risetime component corresponding to trapping/detrapping and/or dispersive charge transport (Wang et al., 2006).
[image: Figure 13]FIGURE 13 | Electrons and holes in FA, Cs and MA samples where (A), (C), (E) show typical alpha pulse shapes and (B), (D), (F) show prompt risetime histograms. Threshold 1 and 2 cuts are 5% and 50% respectively for prompt risetime analysis and 5% and 90% respectively for long risetime analysis.
Histograms were produced for the energy and risetime parameters by analysing 300 pulse shapes from each device. Pulse risetimes were measured from the prompt region of the pulse, using amplitude threshold cuts at 5% and 50% of the pulse amplitude. Risetime comparisons are made between the different sample types in Figures 13B, D, F. For the Cs sample a disparity can be seen between electron and hole transport, where the hole risetimes are significantly longer than the electron risetimes. This is indicative of the strong slow component in the hole pulses and a long effective hole lifetime, which is not observed for the electron pulses. As a consequence the hole pulse amplitudes are greater than for electrons, consistent with hole transport dominating in the Cs samples. The pulse shape amplitudes and risetimes for the FA sample have the reversed trend, where the electron pulses have higher amplitudes and longer risetimes than the holes. By contrast, the MA sample shows very similar behaviour for the electron and hole risetimes.
Comparing the typical pulse shapes in Figures 13A, C, E, it can be seen that FA electrons and Cs holes have longer risetimes, suggesting that they are more susceptible to trapping and detrapping. The long risetime for FA electrons is approximately 10 μs, and for Cs holes it is approximately 20 μs, which generally agree with the transit times of the laser ToF results in Figure 7.
3.5 Low temperature charge transport
Low temperature measurements were carried out to investigate the potential influence of thermal trapping and de-trapping mechanisms on the charge tranport (Wang et al., 2006). Low temperature measurements were limited to 260 K to avoid the cubic-tetragonal phase change in FAPbBr3, as summarised in Table 1.
Drift mobility was measured for the different samples at room temperature and 260 K using ToF, as shown in Figure 14. Electron drift mobility in the FA sample showed a slight increase at 260 K, increasing from 29 cm2 V −1 s −1 at 295 K to 36 cm2 V −1 s −1 at 260 K. A similar trend was also observed for the MA and Cs samples, however the changes in drift mobility over this limited temperature range were not large.
[image: Figure 14]FIGURE 14 | Electron mobility of FA sample measured using laser ToF, comparing 295 K and 260 K.
Similarly, alpha spectra at 260 K for FA electrons maintained well resolved alpha peaks and did not show a significant difference in shape compared to room temperature. The mobility-lifetime product slightly decreased at lower temperature, as shown in the corresponding Hecht plots in Figure 15 with a mobility-lifetime product (μτ260K = 5 × 10−4 cm2 V−1 s−1) measured at 260 K. Similar small changes in mobility-lifetime product were also observed in the MA and Cs samples, shown in Table 5.
[image: Figure 15]FIGURE 15 | Hecht plots extracted from alpha peaks of electron transport in FA, comparing 295 K and 260 K.
TABLE 5 | Measured low temperature mobility-lifetime products (μτ) at 260 K
[image: Table 5]Overall no major changes were observed in the pulse risetimes for all 3 samples at low temperature. This result suggests that thermally-activated trapping/de-trapping charge transport is not dominant over the temperature range studied. Further studies are required to analyse pulse risetimes are temperatures below 260 K to see if charge trapping effects become stronger at lower temperatures.
3.6 Gamma spectroscopy
For gamma ray spectroscopy, unlike with alpha particles, gamma rays create electron-hole pairs throughout the depth of the sample, so gamma events generally involve both electron and hole transport in the device. As the energy deposition from gamma events is significantly less than for alpha particles, the measurement requires a low noise system to obtain good gamma spectra.
The relatively long shaping time of 10 μs used for perovskite measurements, due to their low mobility, has a significant effect on the electronic noise and the spectral resolution. We studied how the device leakage current influenced the position of the noise edge in a gamma pulse height spectrum. Figure 16 compares the noise edge channel number recorded in a pulse height spectrum as a function of increasing shaping time, acquired using a digital shaping amplifier. Two perovskite devices are shown, one with a leakage current of 0.04 μA, and a second with a leakage current of [image: image] 0.01 μA. The data shows the linear relationship between noise edge and shaping time, and also the significant increase in noise observed in the spectrum for the higher-current device. In order to obtain even moderate resolution gamma spectra in perovskites, the device leakage current should ideally be less than 10 nA.
[image: Figure 16]FIGURE 16 | Noise edge as a function of shaping time for devices with different leakage currents, i.e., [image: image] 0.01 μA and 0.04 μA.
In our thick planar perovskite devices a resolved gamma peak was not observed. This was mainly due to the low and unequal mobility-lifetime products for electrons and holes in these samples. Figure 17 shows the gamma spectra obtained from an FA sample using Am-241 (59 keV), Co-57 (122 keV) and Cs-137 (662 keV) sources. Using the maximum channel number for each spectrum, the energy calibration (inset) showed a linear response.
[image: Figure 17]FIGURE 17 | Gamma spectra using FA sample, with sources Am-241 (59 keV peak), Co-57 (122 keV peak) and Cs-137 (662 keV peak), shaping time = 5.1 μs. Inset shows calibration plot.
Previous reports of perovskite gamma ray spectra have achieved a well-resolved full energy peak using a CsPbBr3 single crystal with planar GaIn/CsPbBr3/Au contacts, achieving a FWHM energy resolution of 1.4% with Cs-137 (662 keV) (He et al., 2021). This performance was achieved due to the very high quality crystal used in the study. Further improvements in the gamma resolution have also been achieved when using unipolar charge sensing schemes, such as the small pixel effect, to minimise charge trapping in the device.
For solution-grown metal halides, an energy resolution of 6.5% FWHM at 662 keV was reported for MAPbBr2.94Cl0.06 single crystal using Cr/MAPbBr2.94Cl0.06/C60/bathocuproine/Cr contacts with a guard ring (Wei et al., 2017). A low energy resolved gamma peak was reported for FAPbBr3 with a resolution of 40.1% FWHM using planar Au/FAPbBr3/Au contacts (Liu et al., 2021). In all cases a key requirement for gamma spectroscopy is for the perovskite device to be stable under high bias voltages, whilst maintaining a very low dark current.
4 CONCLUSION
We have reported a comparative study of charge transport and radiation detector performance of FA, MA and Cs based lead bromide single crystals. Crucial for operation as a radiation detector is the stability of the device under high applied bias voltages, and the minimisation of dark current. All the samples studied showed bulk resistivity values in the range 2 × 109 Ωcm–2 × 1010 and it was observed that the surface preparation of the samples strongly affected the measured dark current.
Laser ToF pulses were observed for all sample types with the pulse shapes showing both prompt and delayed charge transport. Uniquely, the MA sample showed a non-uniform, increasing electric field. It was also observed that the internal field changed with time under an applied constant bias for the FA and MA samples, suggesting the build-up of internal opposing charges. Unstable and non-uniform (i.e., from anode to cathode, or vice versa) internal electric fields are potentially significant as they could affect device performance. Further studies are required to mitigate these field stability effects, such as through improved crystal quality or optimized metal-perovskite contacts.
The samples show well resolved alpha peaks, and alpha pulse shape analysis was used to confirm the role of prompt and dispersive charge transport. Cs samples showed a higher drift mobility, for holes, compared to the solution-grown FA and MA samples, and also showed least sensitivity to internal field instability. Low temperature measurements were used to reduce the dark current and to measure the dark current activation energies, however there was no significant change observed in drift mobilities at low temperatures, down to 260 K.
It was observed that one of the key limiting factors for high detection sensitivity and good energy resolution is the presence of dark current. This is exacerbated by the need to operate perovskite devices with long shaping times, due to the relatively low carrier drift velocities. Based on our study, the charge transport performance and detector response of Bridgman-grown CsPbBr3 is currently superior to the solution grown lead halides, however both FAPbBr3 and MAPbBr3 show promise for future detector applications.
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