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Abstract: X-ray detection limit and sensitivity are important figure of merits for perovskite X-ray 10 

detectors. The well-known Currie method and the followed definitions in the International Union 11 

of Pure and Applied Chemistry deal with the time-accumulated pulse counting of atomic decay for 12 

the detection limit determination of mass or concentration. Literatures lack a validated mathematic 13 

expression for determining the lowest detectable dose rate of perovskite X-ray detector working 14 

in continuous current mode. We propose new methods based on a statistical model with a 15 

mathematic expression for detection limit determination of perovskite X-ray detector, where a 16 

prior detection limit can be calculated through only dark current measurement, and a posterior 17 

check of the detectability can be performed after measurement of the signal current. With X-ray 18 

detectors fabricated of methylammonium lead triiodide (MAPbI3) single crystals from inverse 19 

temperature growth, we validated our methods with the lowest detection limit of ~ 2.4 nGyair/s 20 

achieved by disabling charge injection of a device architecture. 21 
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X-ray detectors see wide applications in security inspection, academic research, industry, and 22 

medical imaging1–4. Detectors that directly convert X-rays into electrical signals are highly desired 23 

for X-ray imaging applications due to their higher spatial resolution and greater detection 24 

efficiency5. Metal halide perovskites emerged recently as promising candidates for direct 25 

conversion X-ray detection6,7, with large and tunable bandgap energy (𝐸!) from 1.6 eV – 3.0 eV 26 

that could suppress thermal noises effectively, a large 𝜇𝜏 product of ~ 10-4 – 10-2 cm2/V in favor 27 

of charge drifting, a high electron density (i.e., high atomic number and high atom density ~ 4 28 

g/cm3) that offers a high X-ray stopping power. The high quality perovskite single crystals can be 29 

synthesized from a low-cost solution grown method with excellent performance for X-ray and 30 

gamma-ray detection8–12, and perovskite thin films can be flexibly deposited or printed onto 31 

various substrates in a large area5,13–15.  32 

The detection limit of X-ray dose rate (alternatively, lower limit of detection or the lowest 33 

detectable dose rate) and sensitivity are important figure of merits for X-ray detectors. Many 34 

publications only reported the sensitivity of their perovskite X-ray detectors (Figure 1) without 35 

discussing on the X-ray lower limit of detection, because the criteria and methods that can correlate 36 

the dark current and signal current mathematically with the detection limit have been vague or 37 

unjustified, though it has been pointed out qualitatively that a smaller dark current underpins a 38 

smaller detection limit15,16. Among the papers that reported detection limits of X-ray dose rate 39 

from 0.5 μGyair s-1 down to 7.6 nGyair s-1 for different type of perovskite detectors15–20 (Figure 1), 40 

many have followed the definition of the detection limit as the lowest X-ray dose rate that can 41 

produce a signal three times higher than the noise level17,19–22, which is claimed as the method 42 

adopted from the 1975 International Union of Pure and Applied Chemistry (IUPAC) detection 43 

limit definition. However, there has been no discussions in these papers, even in the original 44 
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IUPAC definition23, whether or not these methods are valid for determining the detection limit of 45 

X-ray detectors working in continuous current mode.  46 

 47 

Figure 1. Detection limit and sensitivity of various perovskite X-ray detectors. The superscript 48 

stands for the reference number. a. Perovskite X-ray detectors with sensitivity and detection limit 49 

reported in the literatures. b. Sensitivity of MAPbI3 and all-inorganic CsPbBr3 X-ray detectors 50 

prepared with different material synthesizing methods and device structures where no detection 51 

limits are reported. 52 

 53 

In this work, we propose new methods based on a statistical hypothesis testing model to determine 54 

the detection limit of X-ray detectors. Through a review and comparison of the method applied in 55 

various reports17,19–22, the original IUPAC definition23, and the well-known Currie method24 where 56 

the IUPAC definition stems from, we show that the Currie method, applicable in pulse counting 57 

mode for mass or concertation determination in analytical chemistry and radiochemistry, is a 58 

subset of our proposed methods when sample sizes are reduced. Our proposed methods include a 59 

mathematical expression that correlates the dark current, signal current quantitatively with the 60 

detection limit with sample size effects considered. Without having to measure the X-ray induced 61 
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signal current, a theoretically conservative prior detection limit can be calculated by only dark 62 

current measurement through our method, and a posterior check of the detectability can be 63 

performed after measurement of the X-ray induced signal current to obtain an experimentally 64 

determined detection limit. 65 

To demonstrate our methods mathematically, we need a calibration factor, which in the case of 66 

perovskite X-ray detector is sensitivity, to calculate the prior detection limit. We characterized and 67 

compared the sensitivity of methylammonium lead triiodide (MAPbI3) perovskite X-ray detectors 68 

with different device architecture and different operation modes, i.e., charge collection mode and 69 

charge injection mode. The calculated prior detection limit is consistent with the experimentally 70 

determined detection limit by posterior check of the detectability and the lowest detection limit of 71 

~ 2.4 nGyair/s is achieved by the detector operated at charge collection mode with charge injection 72 

of a device architecture disabled.  73 

Statistical-model based methods for detection limit determination 74 

On the topic of detection limit determination, the Currie formulars, proposed by Currie in 196824, 75 

has been widely cited and universally incorporated into many international standards and 76 

regulations25–27. Currie method stems from Bernoulli process where atoms are counted over time 77 

based on their radioactive decay and assumes Normal distribution for the blank signal 𝑋", defined 78 

as the signal resulting from measurement where the substance sought is absent, and for the gross 79 

signal 𝑋 where the substance sought may exist. Three key parameters related to detection limit are 80 

established, that is, critical level 𝐿# , qualitative detection limit 𝐿$ , and determination limit for 81 

quantification 𝐿%. If the measured gross signal 𝑋 is higher than 𝑋& that is equal to the sum of the 82 

mean of blank signal 𝑋"&&&& and the critical level 𝐿# , i.e.,𝑋 > 𝑋& , 𝑋& = 𝑋"&&&& + 𝐿# , a binary decision is 83 

made, i.e., “detected” is reported with a false positive probability of 𝛼 (type I error), otherwise 84 
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“not detected” is reported with a false negative probability of 𝛽 (type II error). When both 𝛼 and 85 

𝛽 are set to be 5%, Currie provided a set of convenient working formulars to calculate 𝐿# , 𝐿$, and 86 

𝐿% for a large majority of radiation counting applications, which is shown in the widely reprinted 87 

Table 124. Several assumptions are made for Table 1: 1) the standard deviation of the blank signal 88 

and the gross signal, denoted as 𝜎" and 𝜎%, respectively, are approximately constant and equal to 89 

each other in the considered range; 2) the relative standard deviation of the signal, that is 𝜎%/𝐿%, 90 

is set to be 10% for the determination limit 𝐿%.  91 

Table 1. 𝐿# , 𝐿$, and 𝐿% in Currie method24 92 

 𝐿#  𝐿$ 𝐿% 

Paired observations 2.33 𝜎" 4.65 𝜎" 14.1 𝜎" 

“Well-known” blank 1.64 𝜎" 3.29 𝜎" 10 𝜎" 

Paired observation is defined by Currie as equivalent observations of sample (plus blank) and blank. 

“Well-known” blank is defined by Currie as a long history of observations of the blank. 

 93 

Following the Currie method, a detection limit 𝑋$	of the gross signal can be directly calculated as 94 

the mean of blank signal 𝑋"&&&& plus 𝐿$ , i.e., 𝑋$ = 𝑋"&&&& + 𝐿$ . Similarly, the quantification limit is 95 

calculated as 𝑋% = 𝑋"&&&& + 𝐿% . To estimate 𝑋"&&&&  and 𝜎" , a measurement of the blank signal is 96 

necessary. Although the underlying assumption of Table 1 is Normal distribution in Currie’s 97 

classical paper24, the radioactive decay problems being delt with by Currie’s method originate from 98 

Bernoulli process and end up with Poisson-Normal distribution, defined as the Normal distribution 99 

𝑋"&&&&~𝑁(𝜇, 3𝜇/𝑛) transitioned from Poisson distribution 𝑋"&&&&~(1/n)Poisson(𝑛𝜇) when the mean 𝜇 100 

of Poisson distribution is large (n stands for the sample size, i.e., number of data points). However, 101 

large quantity of X-ray photons emitted from X-ray machine is not a decay phenomenon in nature, 102 
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nor does the dark current (background signal) of an X-ray detector. On implementation level, the 103 

original Currie’s definition of the Paired observations and the “Well-known” blank (Table 1) does 104 

not explicitly distinguish the sample size n. We interpret the Paired observations being the case 105 

that acquired only one data point (n=1) of the blank signal for 𝑋"&&&& and 𝜎"  estimation, and the 106 

“Well-known” blank being the case with many data points (n>>1) acquired of the blank signal. 107 

With the Poisson-Normal distribution assumption, the 𝜎" can be estimated as 3𝑋" when only one 108 

data point or one sample (n=1) for the Paired observations case is acquired. Both Paired 109 

observations and “Well-known” blank cases assume implicitly that only one data point of the gross 110 

signal would be acquired.  111 

Adopting the idea of the Currie method, the IUPAC definition sets the smallest detectable gross 112 

signal 𝑋 = 𝑋#  that is higher than the mean of the blank signal 𝑋"&&&& for a difference of 3𝜎"23, i.e., 113 

𝑋# = 𝑋"&&&& + 3𝜎"  , which is equivalent to setting 𝐿# = 3𝜎" . Consequently, the IUPAC defined 114 

detection limit ensures a type I error	𝛼 = 0.13%, but a type II error	𝛽 = 50%25,28. The IUPAC 115 

definition also assumes implicitly only one sample or data point for the gross signal would be 116 

acquired as it is descended from the Currie method. The relationship of the relevant parameters for 117 

the “Well-known” blank in Currie method and the IUPAC definition are illustrated in Figure 2a. 118 

Although the method for X-ray detection limits found in various publications17,19–22 claims the use 119 

of IUPAC definitions in determining the detection limit of perovskite X-ray detectors, none have 120 

paid attention to the fact that the large data points acquired by an X-ray detector working in current 121 

mode is different than that limited data points defined in Currie’s paper. We show there is a 122 

discrepancy between IUPAC definition and the method being used in the publications17,19–22 123 

reporting perovskite for X-ray detection, as shown in Figure 2b. The signal current 𝐼'(!)*+  is 124 

calculated as the difference between the mean gross current 𝐼!̅,-'' measured with X-ray and the 125 
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mean dark current 𝐼.̅*,/ without X-ray, i.e., 𝐼'(!)*+ = 9𝐼!̅,-'' − 𝐼.̅*,/9. The standard deviation of 126 

the gross current, termed as noise current 𝐼)-('0, is calculated with equation (1), where 𝑁 is the 127 

large number of data points measured of the digitized gross current readout. With the definitions 128 

above, the detection limit for an X-ray detector is the X-ray dose rate that produces electric current 129 

at a Signal-to-Noise Ratio (SNR) of 3 with SNR defined as 𝐼'(!)*+/𝐼)-('0. 130 

 𝐼)-('0 = ;1𝑁=(𝐼( − 𝐼!̅,-'')12

(

 (1) 

By comparison, we found that 𝐼'(!)*+ = 9𝐼!̅,-'' − 𝐼.̅*,/9 corresponds to the 𝑋 − 𝑋"&&&& = 3𝜎" in the 131 

IUPAC definition. However, the IUPAC definition assumes only one data point is taken for the 132 

gross signal, contrary to a large number of data points usually taken for the gross current of X-ray 133 

detector with a continuously sampled current readout, i.e., 𝐼!̅,-'' . Besides, in the IUPAC 134 

definition, the standard deviation of the blank signal, 𝜎", is used, as it assumes 𝜎" = 𝜎% following 135 

the Currie method. However, 𝐼)-('0 is taken from the standard deviation of the gross signal (Figure 136 

2b), i.e., 𝜎%, that may not be equal to 𝜎". 137 
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 138 

Figure 2. Review and comparison of different methods for detection limit determination. a. 139 

The “Well-known” blank in the Currie method and the IUPAC definition. b. The method used in 140 

various reports17,19–22 for perovskite X-ray dose rate detection limit determination. c. The method 141 

proposed in this work based on statistical model, which reduces to the Currie method with certain 142 

pre-assumptions. 143 

 144 

Given such discrepancies, a method that takes into account the large number of data points 145 

measured of the dark current and the gross current as well as their different standard deviations is 146 

needed to accurately determine the detection limit of X-ray detectors working in current mode. 147 

Here, we introduce two equations from the statistical hypothesis testing model for comparing the 148 

means of two normally distributed samples (i.e., physical parameters) of unequal sample size (i.e., 149 
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Detection Limit (DL) equations thereafter in this paper) are well-established equations that can be 151 

found in statistical theory books29. In DL equations, 𝑛3, 𝑛1 are the sample size of the Group 1 and 152 

Group 2, respectively. Δ = |𝜇3 − 𝜇1| is the detection limit. (𝜇3,	𝜎31), (𝜇1,	𝜎11) are the means and 153 

variances of the two respective groups following Normal distribution. 𝑘 = 𝑛1/𝑛3 is the ratio of 154 

the two sample sizes. The 𝑧345 and 𝑧346 are the Z-score corresponding to type I error	𝛼 and type 155 

II error	𝛽, respectively, for one-sided test. The relevant parameters are illustrated in Figure 2c. 156 

The equations (2) and (3) can be rearranged to cancel 𝑘, yielding equation (4), which is another 157 

form of the DL equations.  158 

 𝑛3 = (𝜎31 + 𝜎11/𝑘)(𝑧345 + 𝑧346)1Δ1  (2) 

 𝑛1 = (𝑘	𝜎31 + 𝜎11)(𝑧345 + 𝑧346)1Δ1  (3) 

 Δ = |𝜇3 − 𝜇1| 	= (𝑧345 + 𝑧346)B𝜎31𝑛3 + 𝜎11𝑛1  (4) 

Assuming Group 1 and Group 2 represent the gross signal and the blank signal throughout in this 159 

work (equivalently vice versa), respectively, then a prior detection limit Δ = |𝜇3 − 𝜇1| can be 160 

calculated with the measured blank signal of Group 2, i.e., (𝜇1,	𝜎11) and 𝑛1 from the DL equations, 161 

with some necessary pre-assumptions. We make assumptions consistent with the Currie method 162 

and show that the DL equations is same as Currie formulars when sample sizes are being reduced. 163 

We set 𝛼=𝛽=0.05, corresponding to 𝑧345  = 𝑧346  = 1.645, and assume 𝜎31  = 𝜎11 . The effect of 164 

sample size on detection limit comes into play by controlling the value of 𝑘 = 𝑛1/𝑛3. If we set 165 

𝑛1=𝑛3=1, we have 𝑘=1. Then the DL equations reduce to Δ1 = (𝜎31 + 𝜎11)(𝑧345 + 𝑧346)1. With 166 

the assumptions of 𝜎31=𝜎11  and 𝑧345  = 𝑧346  = 1.645, we have Δ = |𝜇3 − 𝜇1| = √2𝜎1 ∗ 3.29 =167 
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4.65𝜎1, which is the detection limit 𝐿$ in Paired observations case in Currie’s classical paper24 168 

(Table 1). If we set 𝑛3=1 and 𝑛1 >> 𝑛3, that is, 𝑘 = 𝑛1/𝑛3>>1, so that 𝜎31>>𝜎11/𝑘 or 𝑘	𝜎31>>𝜎11, 169 

then the DL equations reduce to Δ1 = 𝜎31(𝑧345 + 𝑧346)1. With the same assumptions, we have 170 

Δ = |𝜇3 − 𝜇1| = 3.29𝜎1, which is the detection limit 𝐿$ in  “Well-known” blank case in Currie’s 171 

paper24 (Table 1). 172 

An important understanding of the DL equations is that the detection limit can be effectively 173 

further reduced by increasing the sample size, i.e., 𝑛3 or 𝑛1, which however often means increased 174 

cost for the prolonged experiment. For the case of X-ray detector current measurement, the sample 175 

size of the blank signal can be very large, as the dark current can be measured off-line for a long 176 

period of time without inducing much cost. In comparison, the sample size of the gross signal, i.e., 177 

gross current with X-ray on, is better to be kept as small as needed to reduce the cumulative X-ray 178 

dose to patients. With this consideration, we recommend a theoretically conservative prior 179 

calculated detection limit of perovskite X-ray detectors with preset value of 𝑛3=1 and 𝑛1 >> 𝑛3, 180 

that is, Δ = |𝜇3 − 𝜇1| = 3.29𝜎1, equivalent to “Well-known” blank in Currie method. For other 181 

practical measurement cases where a preset value of 𝑛3>1 is used with 𝑛1  >> 𝑛3 , the prior 182 

detection limit can be further reduced through calculation of Δ1 = 𝜎31(𝑧345 + 𝑧346)1/𝑛3. 183 

The assumption 𝜎31=𝜎11 is reasonable in most cases if the signal to be detected is small and is 184 

approaching to the level of detection limit. Generally speaking, 𝜎31 is not necessarily equal to 𝜎11. 185 

Without an assumption of the relationship between 𝜎31 and 𝜎11, a prior calculation of the detection 186 

limit cannot be performed, but we can still do a posterior check of the detectability after both blank 187 

signal and gross signal are acquired. Specifically, with 𝑛3 , 𝑛1 , 𝜎31 , 𝜎11  determined from the 188 

measurement, the theoretical detection limit Δ = |𝜇3 − 𝜇1|  can be calculated from the DL 189 

equations with preset values of 𝑧345 and 𝑧346. Besides, a difference of the two mean values can 190 
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be directly obtained from the measurement. By comparison, if the measured mean value difference 191 

is larger than the calculated theoretical detection limit Δ, the signal is detected with the preset false 192 

positive probability	𝛼  and the false negative probability	𝛽  satisfied, otherwise the preset false 193 

positive and false negative probability	cannot be satisfied. 194 

The method for detection limit of X-ray dose rate in other reports17,19–22 essentially can be 195 

attributed to a posterior check of the detectability. The 𝐼'(!)*+ = 9𝐼!̅,-'' − 𝐼.̅*,/9 is the counterpart 196 

to Δ = |𝜇3 − 𝜇1|, while 𝐼)-('0 = 𝜎7!"#$$ is equivalent to the standard deviation of the gross signal 197 

𝜎3, and 𝐼'(!)*+/𝐼)-('0=3 corresponds to setting 𝑧345 + 𝑧346  = 3. However, the method used in 198 

these reports itself is inappropriate because mathematically it does not consider the effect of sample 199 

size on the detection limit, and, from the underling physics perspective, the X-ray detector’s 200 

current readout is not a Bernoulli process. Similar to the detection limit, the determination limit 201 

for quantification by prior calculation or by posterior check can be obtained by setting 𝑧345 +202 

𝑧346 = 10 in the DL equations that is consistent with a relative standard deviation of 10% in Currie 203 

method. For a fixed value of 𝑧345 + 𝑧346 = 10, the larger the sample size, i.e., 𝑛3 or 𝑛1, the smaller 204 

the Δ = |𝜇3 − 𝜇1|, and hence the lower the determination limit for quantification. 205 

Mathematically, the DL equations extend the Currie method by taking into account explicitly the 206 

effect of sample size and different standard deviations of both blank and gross signal on detection 207 

limit, which makes these new methods applicable to X-ray detectors working in continuous current 208 

mode where a large number of data points are usually sampled for the dark and gross current.  209 

 210 

Sensitivity of MAPbI3 detector at different working mode 211 
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For perovskite X-ray detectors, the directly measurable parameter from a meter reading is 212 

photocurrent, while the X-ray dose rate is not directly measurable. The detection limit of the 213 

directly measurable parameter can be simply converted to the detection limit of the parameter not 214 

directly measurable with a calibration factor24,28. Hence, the detection limit of X-ray dose rate 215 

(again, interchangeably, the lowest detectable dose rate) 𝐷+(8(9 is obtained by 𝐷+(8(9 = 𝐼+(8(9/(𝐴 ∗216 

𝑠), where 𝐼+(8(9 is the prior calculated detection limit of the directly measurable photocurrent, 𝐴 217 

is the detector area and 𝑠 is the detector sensitivity under the condition where the photocurrent 218 

measurement is taken. To obtain a prior calculated 𝐷+(8(9, we need to first calculate the sensitivity 219 

of the X-ray detector.    220 

It has been reported that organic thin film based X-ray detectors could have wide ranging 221 

sensitivity depending on which mode the detector is operated30,31. The charge injection mode can 222 

produce giant sensitivity due to the photoconductive gain effect but with a large dark current. In 223 

comparison, the charge collection mode has relatively smaller sensitivity but with a smaller dark 224 

current due to the suppression of charge injection. Here, we calculate the sensitivity of perovskite 225 

X-ray detectors working at different mode, which also serves to demonstrate the influence of 226 

device architecture and hence the detector operation mode on sensitivity and detection limit. 227 

We are illustrating the concept with four devices made of MAPbI3 single crystal with different 228 

architectures (see Figure S1 and Figure S2 for material characterizations). The #1 device has an 229 

Au/MAPbI3/Au structure (shortened as Au/Au), whereas the #2, #3, and #4 device have 230 

Pb/MAPbI3/Au structure (shortened as Pb/Au). The dimensions of the devices are listed in Table 231 

S1. The surface of MAPbI3 single crystal is typically p-type16, which results in Ohmic and Schottky 232 

junction when forming contact with high and low work function metal, respectively11. The Pb/Au 233 

devices show a clear current rectifying behavior with a suppressed dark current at reverse bias 234 
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(electric field direction from Pb to Au) (Figure 3a, and Figure 3b). In comparison, the Au/Au 235 

device is a double Ohmic structure, showing negligible current rectifying behavior and hence large 236 

dark current under both biasing directions (Figure 3b). According to the I-V behavior, the MAPbI3 237 

detector with Pb/Au structure works at charge collection mode when reversely biased, whereas it 238 

works at charge injection mode when forward biased. The MAPbI3 detector with Au/Au structure 239 

works at charge injection mode under either bias voltage direction (see Figure S3 for energy band 240 

diagram of respective device structures).  241 

The sensitivity of all MAPbI3 detectors were measured by collecting hole dominantly induced 242 

signal, e.g., X-rays irradiating the Pb electrode when the Pb/Au device is reversely biased (Figure 243 

3a), as the X-ray photons have limited penetration depth in MAPbI3 (see Figure S4). The 244 

sensitivity of the reversely biased Pb/Au devices working at charge collection mode is around 1-2 245 

orders of magnitude smaller than the devices working at charge injection mode (see Figure S5 246 

and Figure S6 for sensitivity calculation procedures). It can be seen that the device architecture 247 

and the associated detector operational mechanisms play critical role in controlling the sensitivity, 248 

which, however, is often overlooked when sensitivity values are being reported for perovskite X-249 

ray detectors. Although the reported sensitivities from numerous perovskite X-ray detectors, 250 

including single crystals8,10,16–20,32–34, thin films5,13,14,35,36, and 2D/1D perovskites21,22,37, are in a 251 

wide range covering six orders of magnitude, from 80 μC Gyair
-1 cm-2 to 1.22×105 μC Gyair

-1 cm-2 252 

(Figure 1), a giant sensitivity does not necessarily indicate a superior material or device quality 253 

without an equitable ground of detector operational mechanisms. 254 
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 255 

Figure 3. Sensitivity measurement and comparison of MAPbI3 single crystal devices at 256 

different working mode. a. Experiment setup for reverse bias operation of the Pb/Au devices and 257 

the hole dominantly induced signal collection. b. Dark I-V characterization of the devices. c. 258 

Sensitivity of the reversely biased Pb/Au devices working at charge collection mode. d. 259 

Photocurrent and sensitivity of the forward biased #2 Pb/Au device working at charge injection 260 

mode. e. Sensitivity of the Au/Au device working at charge injection mode. 261 

 262 

Calculation of MAPbI3 X-ray dose rate detection limit  263 

The prior calculation of the detection limit requires the measurement of sensitivity as calibration 264 

factor. In comparison, the detection limit estimation by posterior check of the detectability can be 265 

performed experimentally by lowering the X-ray dose rate successively to the level close to the 266 

detection limit, which does not require a measured sensitivity. We demonstrate here detection limit 267 

determination mathematically by both prior calculation and by posterior check.  268 
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The X-ray induced photocurrent is more eminent at an X-ray dose rate of 12 nGyair/s than that at 269 

5 nGyair/s for #2 Pb/Au device under reverse 2 V (Figure 4a), and it can be expected that the 270 

photocurrent will be indiscernible from dark current by visual inspection if the dose rate is further 271 

reduced. We calculate a theoretically conservative prior detection limit	Δ = |𝜇3 − 𝜇1| = 3.29𝜎1 272 

with preset value of 𝑛3=1 and 𝑛1 >> 𝑛3, as aforementioned. The dark current standard deviation, 273 

i.e., 𝜎1, is calculated to be ~ 0.376 pA, which yields a detection limit of the directly measurable 274 

photocurrent of 𝐼+(8(9 = 3.29𝜎1 = 1.24 pA. After conversion, the X-ray dose rate detection limit is 275 

calculated to be  𝐷+(8(9 = 𝐼+(8(9/(𝐴 ∗ 𝑠)= 2.4 nGyair/s, where electrode area is 𝐴 = 0.0468 cm2 and 276 

sensitivity is 𝑠 = 11,180 μC Gyair
-1 cm-2 at reverse 2 V of the #2 Pb/Au device. 277 

 278 

Figure 4. Prior calculated detection limit for MAPbI3 detectors working at different mode. 279 

a. Experimentally measured current response of reversely biased #2 Pb/Au device to X-ray dose 280 

rate approaching the detection limit. Prior calculated detection limit of photocurrent and X-ray 281 

dose rate in air for the b. reversely biased #2 Pb/Au device at charge collection mode, and for the 282 

c. #1 Au/Au device and forward biased #2 Pb/Au device at charge injection mode.  283 

 284 

A posterior check of the detectability can be performed for the measurement with dose rate of 5 285 

nGyair/s. We collected a large number of digitized data points for the dark current so that 𝑛1 in the 286 
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DL equations is very large (typically ~ 500), which satisfies 𝜎31>>𝜎11/𝑘 or 𝑘	𝜎31>>𝜎11. We have 287 

𝑛3=17 data points for a specific gross current measurement with X-ray dose rate at 5 nGyair/s. The 288 

standard deviation of the gross current, i.e., 𝜎3 , is calculated to be ~ 0.468 pA. Then we can 289 

calculate a theoretical detection limit for this specific measurement to be Δ = |𝜇3 − 𝜇1|= 0.37 pA 290 

that satisfies 𝑧345 = 𝑧346 = 1.645. Meanwhile, the measured difference of the mean dark current 291 

and the mean gross current is 5.9 pA. As the measured difference is larger than the calculated 292 

theoretical detection limit, the X-ray dose rate of 5 nGyair/s is considered “detected” satisfying the 293 

preset 𝑧345 = 𝑧346 = 1.645, which corroborates the prior calculated detection limit of 2.4 nGyair/s. 294 

Using the same prior calculation method, the detection limits of the reversely bias #2 Pb/Au device 295 

at charge collection mode were obtained (Figure 4b). The directly measured X-ray induced 296 

photocurrent has an increased detection limit as reverse bias voltage increases, because the 297 

increased reverse bias leads to the increased mean value and standard deviation of the dark current. 298 

Although the photocurrent detection limit 𝐼+(8(9  monotonically increases as function of reverse 299 

bias, the X-ray dose rate detection limit 𝐷+(8(9 = 𝐼+(8(9/(𝐴 ∗ 𝑠) dose not necessarily increases 300 

monotonically since the sensitivity 𝑠 also increases as reverse bias increases (Figure 3c). The 301 

posterior check of the detectability also supports the prior calculated detection limit (Figure S7). 302 

Compared to reversely biased Pb/Au devices at charge collection mode, the prior calculated 303 

detection limit of the X-ray induced photocurrent increased by ~ 3 orders of magnitude for the 304 

forward biased #2 Pb/Au device at charge injection mode (Figure 4c), as a consequence of the 305 

large dark current under forward bias. The #1 Au/Au device at charge injection mode has a 306 

photocurrent detection limit at the same level as of the forward biased #2 Pb/Au device. Despite 307 

the photocurrent detection limit increased dramatically by ~ 1000 times for the devices working at 308 

charge injection mode, the X-ray dose rate detection limit only increased by ~ 10 folds, because 309 
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the sensitivity of the devices at charge injection mode are ~ 2 orders of magnitude higher than the 310 

devices at charge collection mode. 311 

Conclusions 312 

We proposed new methods, including the adoption of mathematical equations for detection limit 313 

determination, sample size effects on the detection limit, a prior calculation and a posterior check 314 

of the detection limit, based on well-established statistical model to determine the detection limit 315 

for X-ray detectors working in continuous current mode where Normal distribution is followed. In 316 

comparison, the established Currie method deals with time-accumulated photon counting 317 

problems that are routed from Bernoulli process, described by Binomial distribution. Although 318 

photon counting is approximated by Poisson distribution and finally Poisson-Normal distribution 319 

when the number of counts in one data point are large, the X-ray phonons being produced by an 320 

X-ray machine and the dark current of X-ray detector do not belong to Bernoulli process and they 321 

follow Normal distribution in nature. 322 

This method mathematically includes different sample size and standard deviation of both blank 323 

and gross signal, which reduces to the subset of Currie formulars with assumptions on the sample 324 

sizes and standard deviations. A prior calculation and a posterior check can be used to determine 325 

or verify the detection limit accordingly. The prior calculation method can be simply performed 326 

as summarized in Table 2. A prior calculated detection limit as low as ~ 2.4 nGyair/s at reverse 2V 327 

was achieved by our MAPbI3 single crystal detector.  328 

 329 

 330 
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Table 2. The prior calculation method of detection limit 𝛥 = |𝜇3 − 𝜇1|  331 

Detection Limit equations 𝑛1=𝑛3 𝑛1>>𝑛3 

Δ = (𝑧345 + 𝑧346)B𝜎31𝑛3 + 𝜎11𝑛1  

Δ =4.65 
:%

√)&
 Δ =3.29 

:%

√)&
 

Δ =4.65𝜎1(reduce to Paired 

observations
24 when 𝑛'=1) 

Δ =3.29𝜎1(reduce to “Well-

known” blank
24

 when 𝑛'=1) 

Assumptions: 1) gross signal standard deviation 𝜎' = blank signal standard deviation 𝜎(. 2) 𝛼=𝛽=5% 

(𝑧')*=𝑧')+=1.645). 3) 𝑛' and 𝑛( are the sample size of gross signal and blank signal, respectively. 

 332 

Sensitivity is needed for the prior calculation of the X-ray dose rate detection limit. We measured 333 

and compared the sensitivity of MAPbI3 single crystal X-ray detectors with different operational 334 

mechanisms, i.e., charge collection mode and charge injection mode, which demonstrates the 335 

critical role of device architecture and operation modes in controlling the perovskite X-ray detector 336 

sensitivity. When comparing sensitivity of different perovskite X-ray detectors for material quality 337 

and device performance comparison, it is important to highlight the device working mode for a 338 

fair competition. Our work could facilitate effective design and characterization of perovskite X-339 

ray detectors for medical imaging or other non-perovskite photoelectric sensor systems.  340 

 341 
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 456 

Methods 457 

Crystal growth. MAPbI3 thin single crystals were grown using the space confined inverse 458 

temperature crystal growth method as reported in literatures38,39. Briefly, an equimolar ratio of 459 

methylammonium iodide (MAI) and lead iodide (PbI) are dissolved in γ butyrolactone (GBL) to 460 

obtain a 1.2 M solution. By heating 2 mL of this solution at 140 °C for a few hours, a small MAPbI3 461 

crystal (<1 mm) is obtained. One small crystal is used as a seed and placed inside a fresh solution 462 

and the crystal continues to grow into larger size. The seed crystal in the cavity is allowed to grow 463 

for 3 days in a fresh precursor solution kept at 90 °C to obtain large (∼1 cm) thin MAPbI3 single 464 
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crystals. The crystals are then taken out and washed in Toluene. Finally, we polish the surface of 465 

the crystal with SiC sandpaper followed by diamond paste polishing with grit size 3 µm, 1 µm and 466 

0.25 µm, sequentially. 467 

Detector fabrication. The polished thin MAPbI3 crystals are transferred in an Argon filled 468 

glovebox for device fabrication. For the hole selective contact, 50 µl of PTAA (10 mg/ml in CB) 469 

is spin coated at 3000 rpm for 40 s on one side of the flat crystal followed by 100 nm of Au 470 

deposition using e-beam. For the electron selective contact, 50 µl of PCBM (20 mg/ml in CB) is 471 

spin coated at 3000 rpm for 40 s on the opposite side followed by thermal deposition of 5 nm BCP 472 

and 100 nm of Pb. The hole/electron selective contacts do not affect the overall Schottky or Ohmic 473 

contact behavior of the devices and may help improve the barrier height to suppress charge 474 

injection from metal electrode into MAPbI3.  475 

Detector measurement setup. The X-ray beam is generated by an X-ray tube with Ag target 476 

(Amptek Mini-X X-ray tube) (see Figure S8a for X-ray energy spectrum). The device was located 477 

at the axis of the X-ray beam with a distance ~ 20 cm where the X-ray dose rate in air was carefully 478 

calibrated by a dosimeter (Fluke Biomedical RaySafe 452). For all measurements, the X-ray tube 479 

is operated at a constant voltage of 30 kV.  The X-ray dose rates in air at X-ray tube voltage of 30 480 

kV and varying X-ray tube current are shown in Figure S8b. For detection limit measurements, 481 

thin Aluminum sheets were added as attenuators between the device and the X-ray tube to reduce 482 

the X-ray dose rate in air. The device current and voltage were measured by Keithley 4200A-SCS 483 

parameter analyzer.  484 

Parameter estimation in the DL equations. In the DL equations, (𝜇3,	𝜎31) and (𝜇1,	𝜎11) are 485 

the true mean and true variance of the Group 1 and Group 2, respectively. The true means 𝜇3,	𝜇1 486 
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and true variances 𝜎31,	𝜎11 are estimated by respective sample means 𝑋3&&&, 𝑋1&&& and sample variances 487 

𝑠31, 𝑠11 when measurements of the respective groups were performed.  488 

Normal distribution of the X-ray detector current. The histogram of current counts vs 489 

current was shown in Figure S9. The dark current of a Pb/Au device at 0V was measured to 490 

eliminate the interference of dark current drift at non-zero bias voltage. Experimentally measured 491 

current distribution supports the fundamental mathematical assumption that X-ray detector current 492 

follows Normal distribution.  493 

 494 

 495 

 496 

 497 
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