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Stability of MAPbI3 26 

Supplementary Figure S1 | Stability of MAPbI3 during Measurements a, Drift of the dark current of a 27 

MAPbI3 X-ray imaging detector during a measurement period of ~270 min. The dark current is measured 28 

in least significant bits (LSB). The value of the dark current is exponential decreasing with the time 29 

starting at a value of ~20,000 LSB and ending with ~10,200 LSB after 270 min. After approximately 100 30 

min the dark current is stable with a standard derivation of ±218 LSB in the next 170 min. This shows the 31 

importance of waiting until the sample reaches its ionic equilibrium state before starting the X-ray 32 

measurements. b, Rise- and falltimes of X-ray pulses measured with a MAPbI3 wafer in dependency of 33 

the applied electrical field. With higher electrical field rise- and falltimes are decreasing exponential. 34 
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MAPbI3 powder characterization 36 
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 52 

Supplementary Figure S2 | Characterization of the microcrystalline MAPbI3 powder: a, Optical 53 

microscope image of microcrystalline MAPbI3 powder grains. The scale bar corresponds to 50 µm. The 54 

average grain size is1.8 µm. b, Calculated grain size distribution. Most of the powder particles have a grain 55 

size <2 µm. Only 15 % of the powder has a size > 5 µm.  c, X-Ray diffraction pattern of the used MAPbI3 56 

powder. The pregnant peaks indicate the tetragonal MAPbI3-phase with a 𝐼4𝑐𝑚 space group. The 57 

comparative values come from the literature 1,2. 58 
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Two-step manufacturing process 66 

Supplementary Figure S3 | Density curve for mechanically soft-sintered MAPbI3 wafer vs. applied 67 

pressure of the hydraulic press. The MAPbI3 powder is pressed at 70 °C and show a compaction of 85% at 68 

55 MPa up to 98% at high pressure of 440 MPa. The density is calculated by the wafer weight and thickness, 69 

the latter measured by a micrometer screw gauge. The theoretical limit is 4.13 gcm-³ and calculated by 70 

simulated lattice parameter from the literature. 1,2  71 

 72 

Supplementary Figure S4 | X-ray detector manufacturing process. Top view schematic showing the 73 
attachment of the MAPbI3 absorber layer to the TFT backplane. Only part of the array (6x6 array) is shown 74 
for convenience. Thicknesses are not to scale. a, TFT backplane with pixel electrode and anchoring grid.  b, 75 
Grid on the backplane is filled with MAPbI3 powder. c, MAPbI3 powder is liquefied under methylamine 76 
atmosphere. d, Preformed MAPbI3 wafer is placed on the liquid MAPbI3 phase.  77 

  78 
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Supplementary Figure S5 | X-ray detector quality control process. a, Freestanding wafer produced in 79 
phase one can be placed on a commercially available indirect X-ray detector with CMOS technology. b, The 80 
resulting X-ray image (RQA5) of the wafer of interest. The gray values of the image indicate the local ability 81 
to absorb X-rays. c, Profile of the wafer (dotted orange line in b). The 230 µm thick MAPbI3 wafer attenuate 82 
33000 least significant bit (LSB), which corresponds to an absorption of 48% of a standardized RQA5-beam 83 
quality and shows a variation of ±2500 LSB in the attenuation. The non-homogeneity can largely be 84 
explained by the uneven thickness of the MAPbI3 powder in the hydraulic press prior to the soft sintering. 85 
Currently this deposition is a manual process and automation can improve this in the future 86 

 87 

 88 

Supplementary Figure S6 |Characterization of freestanding MAPbI3 wafers. Example of the impedance 89 

(a) and capacitance (b) spectra of MAPbI3-based pellet of nominal thickness 857 µm contacted with Pt/Cr 90 

electrodes measured at different bias in the dark. Capacitance is calculated from the impedance values as 91 

C = 1/iωZ, being i the imaginary unity, and ω the angular frequency. The high frequency resistance slightly 92 

decreases at forward polarization meanwhile the geometrical capacitance Cg remains constant in the 93 

frequency range of 103 – 104 Hz. From the geometrical capacitance value, electrode area, pellet thickness, 94 

and pellet density, the dielectric constant of the perovskite material results in ε = 75.0 ± 0.7. This value 95 

agrees with those experimentally reported in the literature 3-5.  96 

 97 

 98 

c a b 

a b 



6 
 

Technical description of the X-ray source and set-up at Siemens Healthineers, Technology Excellence,  99 

Technology Innovation Management, Technology & Projects (SHS TE TIM TP) Erlangen 100 

For our measurements we used a clinical angiography tube (MEGALIX® CAT Plus 125/40/90-124 GW) with 101 

a tungsten anode from Siemens Healthineers AG which is mounted on the ceiling of a shielded room and 102 

the X-ray generator Polydoros A100 Plus. The distance between the focal spot of the X-ray tube and the 103 

samples is around 120 cm creating a homogeneous X-ray area of 5 x 5 cm² with a closed as much as possible 104 

collimator (ML02cm). The large focal spot setting has been used for all X-ray measurements. The dose was 105 

measured with a PTW Diados T11003-001896 dosimeter that was placed on the sample position. 106 

Supplementary Figure S7| Measurement Set-Up: Installed MEGALIX ® CAT Plus 125/40/90-124GW X-Ray 107 

source (3.) with X-ray tube and collimator above the measurement set-up consisting of an Al sample box 108 

(2) and a Keithley 2400 source meter (1). 109 
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Supplementary Figure S8 | Simulated X-ray spectra.: a, Simulated mean number of photons for the 110 
MEGALIX X-ray tube with a peak voltage of 70 kV and a dose of 1 Gyair. Additional to the build in filter of 111 
2.5 mm Al a 21 mm Al filter is used to get the standardized RQA5 spectrum. The maximum number of 112 
photons is reached at a photon energy of 52 keV. b, The photon energy density X(E) corresponds to the 113 
mean numbers of photons multiplied by the photon energy and is plotted against the photon energy. The 114 
emitted energy of the spectrum Eemit is the integral (gray area) of X(E) and the photon energy and has the 115 
value Eemit=1.52558E14 keV cm-2Gyair

-1.  116 
 117 
The simulated X-ray spectrum of the MEGALIX CAT Plus 125/40/90-126GW operating at 70 kV with a RQA5 118 

filtration and a dose of 1 Gyair can be seen in Figure S8 a).  The maximum emission of the tube is at a photon 119 

energy of 52 keV. 120 

For the calculation of the emitted energy of the spectrum Eemit, the mean number of photons must be 121 

multiplied with the photon energy and a factor of 100 to become the so called photon energy density per 122 

unit area and unit dose X(E). Eemit is the integral of the resulting curve (cf. Figure S8 b)) and has the value 123 

1. 52558E14 keVcm-2Gyair
-1. 124 

Calculation of the electron-hole pair creation energy 125 

A figure of merit for the X-ray detector performance is the electron-hole pair (EHP) creation energy W± 126 

which is an expression for the energy that is necessary to create a free EHP and can be described as: [6]  127 

𝑊±=
𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑒𝑛𝑒𝑟𝑔𝑦

𝑛𝑢𝑚𝑏𝑒𝑟𝑠 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑝ℎ𝑜𝑡𝑜𝑛𝑠
.   Equation 1 128 

 129 

 a b 
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The absorbed energy is the combination of the energy of the emitted X-ray spectrum and the material 130 

ability to absorb them: [6] 131 

𝑎𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝐸𝑛𝑒𝑟𝑔𝑦 = ∫ 𝑋(𝐸) ∗ 𝐴𝑞(𝐸)𝑑𝐸 .   Equation 2 132 

Aq(E) stands for the efficiency of the medium to attenuate respectively the amount of absorbed photons 133 

with given energies E and can be determined with the material specific attenuation coefficient α and the 134 

effective layer thickness L: [6] 135 

𝐴𝑞 = 1 − 𝑒𝑥𝑝(−𝛼𝐿).      Equation 3 136 

The total attenuation coefficient for MAPbI3 is taken from the NIST XCOM cross-section database and 137 

shown in Figure S9.  138 

Supplementary Figure S9 | Absorption coefficient α of MAPbI3 calculated with the photoelectric 139 

absorption which is taken from the XCOM database of the NIST webpage.  The photon energy is in the 140 

range of 10 up to 100 keV, which is well suitable for the RQA5 spectrum. 141 

  142 
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With these datasets and the Equation 3 we can determine Aq for the effective wafer thickness of 143 

L=0.85*977 µm= 830 µm: 144 

Supplementary Figure S10 |Photon energy density X and the number of absorbed photons Aq vs. photon 145 

energy E. The Absorbed photons are calculated for a MAPbI3 layer with an effective thickness of 830 µm 146 

and the in Figure S9 given absorption coefficient. The integral of the result of the multiplication of X(E) and 147 

Aq(E) is the absorbed energy per unit area and unit dose and has the value of 1.397E14 keV cm-²Gyair
-1. 148 

According to Equation 2 the curves of X(E) and Aq(E) have to be multiplied (see gray curve in Fig. S10). The 149 

integral of the resulting curve corresponds to the absorbed energy per unit area and unit dose.  150 

The numbers of extracted charges per unit area and unit dose can be determined with the Sensitivity S 151 

divided by the elementary charge e:  152 

𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑒𝑥𝑡𝑟𝑎𝑐𝑡𝑒𝑑 𝑐ℎ𝑎𝑟𝑔𝑒𝑠 =
𝑆

𝑒
.   Equation 4 153 

With a sensitivity of 2000 µC Gyair
-1cm-² at an electrical field of 0.05 Vµm-1 the EHP creation energy is: 154 

  155 

    𝑊 =
1.389𝐸14

𝑘𝑒𝑉

𝑐𝑚2𝐺𝑦air
∗1.602𝐸−19 𝐶

2000 
µ𝐶

𝐺𝑦air𝑐𝑚2

≈ 11 𝑒𝑉.  Equation 5 156 

 157 
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For further accuracy the sample box and the sample holder (both made of Al) must be considered when 158 

calculating the X-ray spectrum. This results in additional 6 mm aluminum filtration for the wafer 159 

characterization. The measurement set-up of the X-ray detectors is different – so there is no need for the 160 

additional filtration of the X-ray spectrum. 161 

Supplementary Figure S11 | Characterization of freestanding MAPbI3 wafers. a, Schematically view of a 162 
freestanding MAPI wafer with a diameter of 15 mm. The electrodes have a diameter of 11.2 mm and 163 
therefore an area of 100 mm².  b, Extracted charges after exposures of the wafer to a RQA5 X-ray spectrum 164 
with a dose of 213 µGyairs-1. The experimental data can be fitted with the help of the Hecht equation which 165 
is shown in the graph.7 The µτ-product can be determined as 4E-4 cm²V-1. 166 

 167 

 168 

 169 

 170 

 171 

 172 

 173 
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Supplementary Figure S12 | X-ray characterization of MAPbI3 wafers: a, Electron hole pair creation 174 
energy vs. electrical field and the exposed dose. The MAPbI3 wafer was irradiated with a RQA5 X-ray 175 
spectrum under different doses. With the calculation of the sensitivity by using the given X-ray current 176 
density response and Equation 1 the EHP creation energy could be determined. The variance of W± 177 
decreases with increasing electrical field starting with ΔW0.01=±7 eV (0.01Vµm-1), ΔW0.05=±0.7 eV down 178 
to ΔW0.15=±0.6 eV by 0.15 Vµm-1. The maximum average value of W± is 55 eV and can be found at the 179 
lowest measured electrical field of 0.01 Vµm-1. The average EHP creation energy decreases down to 180 
W±,0.15=6.1 eV. It can be said that the EHP creation energy is independent of the dose for electrical fields 181 
over 0.05 Vµm-1 within the scope of the measurement accuracy. b, Photon energy density X(E) for different 182 
anode voltages ranging from 50 kV up to 120 kV and a filtration with 21 mm Al (RQA5@70 kVp) and the 183 
absorbed photons Aq(E) of the MAPbI3 wafer. The absorbed energies are listed in Supplementary Table S1. 184 
c, Measured current during 1 s long X-ray pulses with a dose of 40 µGyairs-1 each and a variation of X-ray 185 
anode voltages. For a more statistical evaluation at first the anode voltage is increased from 50 kV up to 186 
120 kV (region I) and afterwards decreased back to 50 kV (region II). The general course shows an increased 187 
pulse height with increased anode voltage, but the maximal current can be found between 80 and 100 kVp 188 
with a slight decrease for 110 and 120 kV. The pulses for each anode voltage are nearly identical for both 189 
regions. So, it can be said that the X-ray response is independent of irradiation and over time.   190 

 191 

b 

c 

a 
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 192 

Supplementary Figure S13 | Current measurement of a MAPbI3 wafer during irradiation of 3600 X-ray 193 
pulses with a cumulative dose of 11 Gyair. Each pulse has a duration of 100 ms and a dose of 3 mGyair. A 194 
dark current of 3.4x10-6 A can be determined before the irradiation. After the exposure with 11 Gyair the 195 
current is slightly increased to 3.6x10-6 A. The pulse heights are variating in the range of 1.07x10-5 –  196 
1.08x10-8 A. Since the variance of the pulse heights is smaller than the increase in the dark current, the X-197 
ray response of the MAPbI3 wafer shows a great stability over the cumulative dose of 11 Gyair. 198 

 199 

 200 

 201 

 202 

 203 

 204 
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Supplementary Figure S14 | Comparison of the different X-ray spectra used for the characterization of 205 

the X-ray detector. a, Photon energy density X vs. photon energy E for three different X-ray spectra at an 206 

anode voltage of 70 kVp: RQA5, RQA5 with additional 15 mm thick Al filter and RQA5 with 1 mm Pb 207 

filtration. The spectra are simulated for a dose of 1 Gyair, therefore the number of photons for a certain 208 

energy is increased from RQA5 to RQA5 with filter. The RQA5 spectra nearly blocks photons with lower 209 

energy than 28 keV and reaches the maximum number of photons at 52 keV. With an additional filter of 210 

15 mm Al the maximum is relocated to 60 keV and only photons with higher energies than 36 keV were let 211 

through. The lead filter courses a narrow curve with maximum at 65 keV and blocked photons below an 212 

energy of 48 keV. The absorbed photons Aq corresponds to the MAPbI3 wafer used for our X-ray detector. 213 

The thickness here is 230 µm with a compaction of 88%. b, Calculated absorbed energy in percentage as a 214 

function of the MAPbI3 layer thickness. The three curves correspond to the above described spectra: RQA5 215 

(blue dots), RQA5 with 15 mm additional Al (red) and RQA5 with an additional lead filter (green).  The layer 216 

thickness which absorbs 50 % of the emitted photons is 202 µm, 230 µm and 306 µm for RQA5, RQA5 + 15 217 

mm Al and RQA5 + 1 mm Pb respectively. 90% Absorption is reached at a thickness of 800 µm, 880 µm and 218 

1150 µm. For the effective thickness of 202 µm for our X-ray detector (red dashed line) the absorption is at 219 

50 % (RQA5), 46 % (RQA5+15 mm Al) and 36 % (RQA5 + 1 mm Pb). 220 

 221 

 222 

 223 

 224 

 225 

 226 

 227 

 228 
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Supplementary Figure S15 | Characterization of the MAPbI3 X-ray detector with different X-ray spectra. 229 
a, Response of the pixelated X-ray detector during 1 s long radiation with a RQA5-spectrum and additional 230 
15 mm Al filtration at different doses per frame. The signal is determined with the use of the gray values 231 
of recorded video sequences with 100 frames each by a framerate of 28.6 fps. The resulting curves have 232 
been off-set corrected and are shown in least significant bits (LSB), the smallest unit of the analog-to-digital 233 
converter. The wavy plateau corresponds to the ripple of the X-ray tube during exposure. The highest signal 234 
of approximately 300 LSB is measured during the exposure with 137 nGyair, in contrast the lowest measured 235 
dose of 6.8 nGyair caused a signal of 18 LSB, which is clearly visible at the measured noise of ±1 LSB. b, 236 
Linearity plot for the highest measured signal value of each dose for the RQA5 + 15 mm Al spectrum. In the 237 
double logarithmical representation, the slope of the measured value is with 0.99089 very close to the ideal 238 
factor of 1. Only the two lowest doses differ from the calculated slope, which can be attributed to the 239 
variance of the X-ray tube at low applied tube currents. c, Image lag of the X-ray response after 1 frame 240 
(35 ms, red square), 5 (green dots) and 10 frames (blue triangles) for the exposition with the RQA5 241 
spectrum, RQA5 + 15 mm Al filtration and RQA5 + 1 mm Pb. Within the scope of measurement accuracy, 242 
the image lag is independent of the dose and the exposed X-ray spectrum. The lag after 35 ms is with 71±18 243 
% relatively large, but after 350 ms the lag is decreasing down to 7±1 % (RQA5). This image lag is measured 244 
for applied electrical field of 0.03 V/µm. At higher bias fields we expect much better lag performance.  245 

a b 

c 
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Supplementary Figure S16 | Figures of merit of the MAPbI3 X-ray detector. a, Sensitivity S for the pixelated 246 
X-ray detector vs. exposed dose which is applied in both RQA5 and RQA5 with 15 mm Al filtered spectra. S 247 
varies between 1010 μCGyair

-1cm-2 at 44 nGyair and 1060 μCGyair
-1cm-2 (98 nGyair). For the RQA5 spectrum 248 

the S values increases weakly with increasing dose, whereas with the other spectrum the course shows 249 
fluctuations and no clear trend, but S differs by 2 % for the two spectra. In view of measurement 250 
inaccuracies, the sensitivity is independent of the dose and the X-ray spectra. b, Calculated EHP creation 251 
energy W± as a function of dose rate per frame for a RQA5 and RQA5 with additional Al filtration spectra. 252 
According to the S values and the Equations 1 and 4, the W± values for the RQA5 spectrum are higher than 253 
for those with the additional Al filter. Nevertheless, the overall average EHP creation energy is 12.4 eV with 254 
a standard derivation of ±0.6 eV, which corresponds to a deviation of 5 %. Like S, W± is also independent of 255 
the exposed dose and X-ray photon energy.          256 

Supplementary Figure S17 | Optical microscope image of the X-rayed coronary stent. The scale bar 257 
corresponds to a length of 1000 µm. The stent with 2 mm diameter has a rectangular metallic mesh with 258 
sizes of 100 µm x 200 µm. 259 

a b 
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 260 

Supplementary Figure S18 | Noise calculation of the X-ray detector made of MAPbI3. a, Noise map 261 
generated by averaging 100 dark images and subtracting it from the images. No white noise is visible, but 262 
there are columnar structures (the detector was not EMI shielded). The yellow rectangle is the ROI (region 263 
of interest) for which the further noise calculation is done. b, Standard deviation of the given signal (grey 264 
values) in the ROI. The deviation has a gaussian shape. c, A different kind of presentation of the standard 265 
deviation of the mean value of the ROI. The average value, which represents the electronical noise is 11.14 266 
LSB. With 48 electrons per LSB the noise can be determined to 535 e. d, Mean value of the ROI. The mean 267 
value is approximately 0.5 LSB with a variance of -0.5 LSB and +0.7 LSB. 268 
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Supplementary Table S1 | Calculated absorbed energy for the X-ray spectra dependency measurement 269 
series. The spectra with the different anode voltages were filtered by a RQA5 filter and simulated with the 270 
method describe above. The absorbed energy is determined with the Equation 2 and the wafer parameter. 271 

Anode voltage 
kV 

Emitted energy 
keVcm-2Gyair

-1 
Absorbed energy 

keVcm-2Gyair
-1 

Absorbed energy 
% 

50 9.43E+13 9.30E+13 98.63 

60 1.26E+14 1.20E+14 95.28 

70 1.53E+14 1.38E+14 90.28 

80 1.73E+14 1.47E+14 84.74 

90 1.89E+14 1.50E+14 79.46 

100 2.00E+14 1.52E+14 76.17 

110 2.08E+14 1.53E+14 73.74 

120 2.14E+14 1.52E+14 71.33 

 272 

 273 
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