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1. Abstract

Millimeter-thick methylammonium lead tribromide (MAPbBr3) single crystal X-ray detectors have
recently raised attention due their high X-ray attenuation efficiency and good charge transport
properties. However, an intriguing feature of the photocurrent response of MAPbBr; detectors has
been largely overlooked in the literature. After biaising, transient sensitivity is measured under X-rays
at short-circuit (Bias = 0V), thus revealing a large remnant electric field that build-up under bias. Here,
we exploit the X-ray sensitivity of MAPbBr; detectors at zero-bias in order to probe the internal built-
in field, as well as to investigate the charge transport properties of the perovskite material. Our model
derived from the Hecht equation is able to fully rationalize the response of the detectors both at short-
circuit and under moderate applied bias. Moreover, we provide a method for the estimation of the
internal electric field, and for the sum of the electrons and holes mobility-lifetime products p,t, +
UnTh. This general method could extend to any perovskite-based X-ray detector exhibiting transient
sensitivity at zero-bias.

2. Introduction

Metal halide perovskites are the current key players in the field of radiation detection, challenging the
performance of classical semiconductors in several applications while maintaining competitive
manufacturing costs. In particular, methylammonium lead tribromide (MAPbBr3) in single crystal form
is one of the most intensively studied emerging material for the direct detection of X-rays.[1]-[7]
Despite the high quality of these as-grown single crystals,[8]-[10] several features of this
semiconducting material remain unexplained. Notably, in some cases the photocurrent response of
MAPbBr; seems to deviate from the Hecht model.[1], [3], [4], [6] Hecht model is the most widely used
model to describe the photoresponse of semiconductor-based X-rays detectors such as CdTe, CdZnTe,
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GaAs; and shall be applied as well to halide perovskites.[11]-[13] In particular for MAPbBrs, it is often
applied in the form displayed in Eq. (2) to fit the experimental sensitivity-voltage (S-V) dataplots in
order to extract the mobility-lifetime product ut of the electronic charge carriers.[1], [2], [14], [15] Yet,
previous work from our group revealed that the X-ray photoresponse of Cr/MAPbBrs/Cr devices is not
in accordance with the Hecht model.[16] Moreover, in the recent work of Alvarez et al, it is shown that
sizeable X-ray photocurrent can be measured in Cr/MAPbBr;/Cr devices in short-circuit conditions.
Unlike photovoltaic-inspired devices that provide stable photocurrent output under irradiation,[17],
[18] the X-ray photocurrent measured in Cr/MAPbBr;/Cr photoconductors at zero-bias decays over
time and follows the relaxation dynamics of the dark current.[19] We propose that this is the outcome
of a residual electric field created upon biasing that relaxes when the bias is removed. This residual
field would originate from the build-up of a space-charge when the Cr/MAPbBr3/Cr device is biased,
and would result in a diminished net applied electric field under operation. The internal electric field
would be responsible for the anomalies listed above, in particular the discrepancy between the
experimental sensitivity-voltage (S-V) data and the Eq. (2).

This paper aims to provide a detailed picture of the X-ray photoresponse of Cr/MAPbBr;/Cr single
crystal devices under short-circuit conditions. Starting from the assumption that the residual electric
field prevalent at zero-bias is also present under an externally applied bias, we developed a model
derived from the Hecht model that is able to assess with great precision the internal electric field that
opposes the externally applied bias under operation. In addition, we use our model to bring an
alternative pathway to establish relevant intervals for the ut products in MAPbBrs-based detectors.
We believe that this work sheds new light on the X-ray photoresponse of MAPbBr; detectors; and will
gives new insights into the residual charges that are formed in millimeter-thick lead halide perovskite
devices under bias, as well as their aftermath on the detection performances.

3. Discussion on the internal electric field

In a semiconductor-based planar detector, the photocurrent measured under X-ray results from the
induction of current by the photogenerated charges on the contact electrodes, also referred as the
Ramo-Shockley theorem.[20] The integration of the photocurrent over the X-ray pulse duration brings
one of the methods that allow to estimate the sensitivity, hereby expressed in uC mGy* cm™. Without
any trapping, the sensitivity reaches a maximum value and depends only on the amount of
photogenerated charges in the semiconductor :

So = fso(x)dx (1)

With s, the charge generated in an elemental volume dx of the semiconductor (see Methods section).
With trapping and for a planar detector with two facing electrodes, the analytical integration of the
Ramo theorem over the charge carrier lifetime 1 gives the sensitivity-voltage (S-V) relationship which

reads:
sy = 2y L @
L2 exp utv

With S, the maximum sensitivity, u the charge carrier mobility, V the applied bias and L the distance
between the electrodes. This relation is only valid when the following conditions are met altogether i)
the energy is absorbed close to the irradiated electrode ; ii) only one type of charge carrier drifts in the
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device; iii) the electric field is uniform.[11] When the photocurrent contribution from the second
charge carrier type cannot be neglected, e.g. when the absorption length is not negligible with respect
to L, the relation becomes a function of the depth. It translates into the two-carriers Hecht equation
which reads:

.V XL .V _L(L—x)
UeTe [ ]_l_.uh h [ ] (3)

nix,V) = 2 1—e HeTeV 2 1—e HrTAV
Where 7 is the charge induction efficiency (CIE), x is the position of creation of the charge carriers
(0<x<L), and the subscripts e and h denote for electrons and holes, respectively. The S-V relationship
now reads :

SW) = f 50(OMCx, V) dx @

With s, the charge generated in an elemental volume dx of the semiconductor (see Methods section).
Further details on the fabrication of the detector, on the Hecht model and calculation of S, are
provided in the Methods section.

A common approach in the research applied to perovskite X-ray detectors consists of using equation
(2) or (4) to fit the experimental sensitivity-voltage data in order to extract a value for the mobility-
lifetime product uz. In most of the works, the maximum sensitivity S, (or the maximum induced
current Iy) is not estimated, and thus is set as a free parameter in the Hecht fits. We propose that this
produces a lot of misinterpretation of the S-V data. As an illustration, Fig. 1 displays experimental S-V
curve for a MAPDbBr; single crystal planar detector fitted both with and without a calibrated and fixed
So value. The ut product for electrons extracted from the fit differs by almost an order of magnitude
depending on the method. Furthermore, in Figure 1b, the Hecht model is not in good accordance with
the experimental S-V. The experimental sensitivity measured at higher biases is lower than the value
predicted with the Hecht model, and seems to plateau to a much lower value than S, (typically Syqx =
0.25 S;). Here the S, value has been estimated using Klein's rule (W = 14/5*Eg + 0.5)[21], however
choosing a W value equal to that experimentally determined for CsPbBr; by He et al. does not change
the result of the fit (see Fig. S1 for further details).[22] Furthermore, the Many equation also fails to fit
our experimental S-V data (Fig. S4). This behavior has already been observed by our group for all our
MAPbBrs-based devices, as well as for various perovskite compositions.[16] The plateau of the
sensitivity to a lower S value in MAPbBr;-based devices is overlooked in the literature because the
maximum sensitivity S, (or Iy) is mostly set as a free parameters as in Fig.1a.[1] Note that in that case,
the S, value is not linked to any macroscopic quantity. Besides, S-V graphs are often plotted in semi-
log scale, which misleads the reader into thinking that the fit is better than it actually is (see Fig.S2 for
an illustration). [1], [2], [14] Remarkably, we carried out a S-V measurement adding a depolarization
time (bias =0V) inbetween each bias step. Despite the relatively long (5-10 min) depolarization time
and the relatively short (= 5s) bias pulse duration, the low S,,,,, plateau is still present and the Hecht
equation fails to fit the results (see Fig. S3 for further details). We attribute the plateau at lower S,
value to a non-uniform electric field across the detector at higher applied bias. Several phenomena
may distort the electric field, including charge trapping in the bulk of the semiconducting material [23],
surface polarization,[24] depletion region due to Schottky contacts [25] or ion accumulation at the
vicinity of the contact electrodes.[26] All of these potential mechanisms may lead to mis-estimation
of the values of ut products in MAPbBrs-based detectors using Eqg. 2. To date, the hypothesis of ion
accumulation seems to be the prevailing one in the literature on perovskite detectors.[26], [27]
Considering the numerous works on the migration of ionic species in MAPbBr;,[28]-[31] it seems to
be the most possible explanation to the best of our knowledge.
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Fig. 1. Sensitivity-voltage plots of a MAPbBr; device with corresponding two-carriers Hecht fits with (a)
So set as a free parameter and (b) So set as the total charge generated in the device. See Methods for
more details on the calculation of So.

Another intriguing feature of our MAPbBrs-based devices arises from the so-called bias memory effect
in short-circuit conditions. As notified in previous works, after biasing, MAPbBr; and other halide
perovskites devices exhibit transient dark current relaxation with inverted sign at 0V.[19], [32] In
addition the dark current transient is accompanied with non-negligible sensitivity under X-rays during
the relaxation window at OV, as shown in Fig.2(c). Notably, the sensitivity at OV decays over time with
slow dynamics akin to the dark current transient (Fig.S5). Fig.2(d-e-f) provides a depiction of the bias
memory effect. Several works suggest that upon biasing, the displacement of mobile ions toward the
contact electrodes builds up a space-charge that distorts the electric field (Fig.2d and 2e).[27], [33]
Consequently the net electric field in the bulk region of the device is reduced with respect to the
uniform case (dotted blue line in Fig. 2e). [19][27] In the present work, we approximate the electric

N V-Vi . . . . .
field in the bulk to L_—Wll where Vi is the potential drop associated to the space-charge formation, wi
the total space-charge width. When the bias is subsequently released, the space-charge built-up by
the accumulations of ions prevails and creates a residual electric field that we approximate to L_—im in

the bulk region (Fig. 2f). Note that during both biasing and recovery steps, we deem the electric field
to be flatin the bulk region of the detector and non-uniform in the space-charge regions, in accordance
with previous works.[19], [26] After bias removal, the residual field during the recovery step gradually
fades out as the mobile ions return to equilibrium. It should be noted again that the present work does
not assume an origin for the internal electric field, which can originate from any space charge build-up
in the perovskite material. Nonetheless, the migration of mobile ions provides a comprehensive
picture to describe these results, as depicted in the schematics of Fig.2d. In this picture, the dark
current recovery measured at 0V would originate from an interplay between ionic and electronic
currents[19]; and the photogenerated charge carriers may drift along the residual electric field at OV
during a characteristic recovery time, thus generating decaying photocurrent over time (Fig. 2c).
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Fig. 2. (a) Microscope picture of a typical Cr/MAPbBrs/Cr single crystal device used in this study. (b)
Schematic of the X-ray irradiation setup. (c) Dark current (black curve) and sensitivity-time (red curve)
measurements during both biasing et recovery steps. (d-e-f) Proposed model for the electric field
profile in the depth of the device during the experiment. The electric field is supposed linear in the

bulk and is approximated by % during the biasing step (e), and % during the recovery step (f).

Fig.3 gives additional insights about the residual electric field for a Cr/MAPbBrs/Cr single crystal device.
For the moderate biasing time range (400-2000 seconds) and applied bias (10V) used in this
experiment, the sensitivity at 10V decreases slightly over time (Fig.3a). We attribute this to the space-
charge build-up that gradually reduces the net electric field in the bulk region of the device, with a
consequent reduction of the sensitivity.[27] When the bias is released, sensitivity is measured at OV
owing to the residual electric field. Notably, the sensitivity measured at 0V immediately after removing
the bias is the same regardless of the biasing duration in the [400-1800s] bias duration range
investigated in this work (Fig.3a). It suggests that, for this 2-mm thick MAPbBr; device, the space-
charge build-up is rather fast (<400 seconds) and remains constant. Thus, the sensitivity of the device
at 0V is initially the same for biasing duration >400s. In addition, the residual electric field varies with
the applied bias. As seen in Fig 3b, the sensitivity at 0V measured immediately after removing the bias
scales with the previous bias value accordingly, indicating that the space-charge build-up is a function
of the applied electric field; that could indicate the drifting of mobile ionic species.[30], [31] However,
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we noted only a 30% increase in the residual sensitivity at OV with bias increasing from 10V to 150V,
which would suggest that most of the mobile ions have already reach the electrode for biases 210V
and biasing duration 2400 seconds. Markedly, this experiment could partially explain why the
experimental S-Vis not well fitted with the Hecht equation in Fig.1b. Along with the rising space-charge
that produces distortion of the electric field at high bias, the net electric field in the bulk is progressively
reduced by the internal field build-up as the applied bias is increased. As a consequence, the net
electric field in the device can be underestimated, as it will be discussed below. Finally, the dynamics
of the transient sensitivity at 0V may provide further information on the mobility and the concentration
of mobile ionic species in the material. This will be discussed in a future work. In the present work, we
will focus on the sensitivity at 0V measured immediately after removing the bias, and develop a model
that accords accurately the above-mentioned results.
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Fig. 3. (a) Sensitivity-time measurements for different biasing duration at +10V (b) Sensitivity measured
immediately after removing the bias for different previously applied bias. The biasing duration is 400
seconds. Blue dotted line is an eye guideline.

4. Model

In the following, we propose to model the sensitivity of a 2-mm thick MAPbBr; planar device
considering the following assumptions : (i) the electric field is mainly uniform throughout the device;
(i) an internal electric field is created upon biasing, and is equivalent to the residual electric field at OV
immediately after removing the bias ; (iii) the internal electric field opposes the externally applied
electric field (see Fig.3a). Regarding (i), the simulations carried out by Alvarez et al. show that the
accumulation of mobile ions forms a depletion region at the very vicinity of the electrodes, with a
depletion width only up to a few micrometers when the device is previously biased at 10V.[19] Besides,
the electric field as function of the depth is mostly flat in the bulk,[19], [26] and for a 2-mm thick device

wi<<L, thus the internal field in the bulk region is approximated byvri (Fig. 4). We can consider a uniform

electric field in the sensitivity model provided that the penetration depth of the X-rays is much greater
than the depletion width. In the present case, the hard RQA5 X-rays with a high mean energy of 53 keV
generate charges throughout the volume of the 2-mm thick MAPbBr; device, as evidenced in Fig.4c
(dotted line). In addition, we limit our model to rather moderate applied bias (10V), for which the
electric field distortion is limited. Finally, the assumptions (ii) and (iii) are justified by the dark current
and sensitivity-time measurements displayed in Fig.2 and Fig.3.



201
202
203

204

205

206

207

208

209

210

211

212
213
214
215
216
217
218
219
220
221
222
223
224

225

Due to high penetration depth of the X-rays used in the present study, using the two-carriers Hecht
equation (3) is compulsory. Considering the assumptions listed above, the model reads as follow. The
sensitivity under bias measured a fraction of time before removing the bias writes:

SO = VD) = [ 59Gpias (¥ = Viddx 5)
Npias (X, V — Vi) =M[1—6_%]+MTSV [1—6_W‘I;‘V")] (6)
The sensitivity at OV measured immediately after removing the bias writes :
SOV = [ su(Msnore G Vi) @
Nshore (2, Vi) = “i;w [1 —e “;Le"] + %’;w [1 —e zg;;z] ®

Where V is the externally applied bias, Vi is the potential associated to the internal electric field = %,

Npias IS the CIE before removing the bias and 74y, is the CIE after removing the bias and x is the
position of interaction of the X-ray in the MAPbBr; device. Note that the equations (6) and (8)
correspond to the case where a positive bias is applied to the irradiated electrode. For a 2-mm thick
MAPbBr; device and borderline hard ~50 keV X-rays, the response in biasing conditions is slightly
dominated by hole transport (Fig.4a), and the response in short-circuit conditions is slightly dominated
by electron transport (Fig.4b). Fig. 4c displays the results of the model calculation for the following
input parameters : U7, = 1.10% cm? V*; yup 7, =2.10*cm? V; L=0.2 cm; V=10V ; Vi= 1V. It can be
seen that the total induced charge under X-rays — or in other word, the sensitivity S — is close to the
experimental value shown in Fig.3a (S = 0.2 uC mGy* cm at 10V and S = 0.02 uC mGy* cm™ at 0V).
Notably, it implies that the internal electrical field at 10V could be as high as 5 V/cm; which
corresponds to 10 percent of the externally applied electric field (50 V/cm). It indicates that there could
be a 10% uncertainty on the value of the applied bias that could partially explain the discrepancy
between the S-V plot and the Hecht model, as depicted in Fig.1b.
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Fig. 4. Schematics of the device during (a) the biasing condition and (b) the short-circuit condition.
The internal and external electric fields are deemed uniform throughout the device (c) Results of the
calculation. Blue and red lines are the CIE as function of distance at 10V and OV respectively. Black
dotted line is the photogenerated charge. The x-axis is the distance in the device from the irradiated
electrode (x=0) to the back electrode (x=L=2mm). Calculated for RQA5 X-rays.

5. Results and discussion

In this part, it will be demonstrated how the model allows to estimate precisely the internal electric
field in a Cr/MAPbBrs/Cr planar device, as well as reasonable ranges for the u,t, and p, Ty products.
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The set of equation (5-8) has 3 unknown parameters : u,t,; UpTp and Vi. Only two experimental
measurement of sensitivity are used as inputs for the model : S at 10V before removing the bias, and
S at OV immediately after removing the bias. Hence it may provide only a set of solution (u.t,,
UnTh,Vi). Nonetheless, we will see that the set of possible solution is limited and allow to establish a
credible range for the above cited parameters.

The model was applied to the measurements displayed in Fig.3a for a MAPbBTr; single crystal planar
device with 2-mm thickness, 5 x 5 mm? chromium electrodes and RQA5 X-rays. The picture of the
device is shown in Fig. 2a. Further details on the fabrication of the device and the experimental setup
are supplied in the Methods section. The experimental measurement of sensitivity gives : S(10-Vi) =
0.17 uC mGy* cm=2and S(Vi) = 0.021 uC mGy* cm™. We calculated all the possible (u. T, up Ty, Vi) for
which S(10-Vi) and S(Vi) are both equal to the above cited values at the same time. The Fig.5a. displays
the results of the calculation in the (u.T., U, ty) space. For all Vi, S(10-Vi) and S(Vi) form two straight
lines that only cross for a limited number of Vi values ranging from 0.9 V to 1.2 V. The intersection of
the two S(10-Vi) and S(Vi) lines implies that it exists a set of (1, T,, U Ty, Vi) that allows to fully describe
the experimental sensitivity measured under X-ray, or in other word, it provides a solution of the
equation system. Hence, all the possible solutions (intersections) for this experiment are displayed in
Fig. 5b. It allows us to establish that the internal electric field Ei = % isin the range [4.4 — 5.6] V/cm,
oris equal to 5.1 V/cm with 15% uncertainty. Regarding the possible values for (i, 7., U Ty), the range
of solutions is much broader. u,7, spans from 5 x 10° cm? V! to 3 x 10 cm? V* and u;, 5, spans from
1x107 cm?V?1to 2.5x 10* cm? VL. The uncertainty on the individual u, 7, and p;, 7y, values is therefore
very high with this model. Nonetheless, more notable is the fact that this experiment computes quite
precisely a value for the sum u,t, + U7y, asdisplayed by the linear fit in Fig. 5b. All of these solutions
are aligned, and the sum u,7, + p; 7y has a near constant value of ~2.5 x 10* cm? V. Here, the range
of solutions is a straight line because we are dealing with small electric fields, which means that the

mean free path of the charge carriers is small compared to the thickness of the device. In that peculiar

TV
HeTe? |

case, the exponential term in the Hecht equation becomes negligible, and the CIE becomes =~ 2

HatnV _ (ReTetHnTn)V

1.2 1.2
consistent with the above results. The information on the sum p,7, + u, T, provides new insights into
the charge transport properties of the material. Using other complementary measurements, it is then
possible to fully rationalize the transport of the material. For instance, the rather symmetric S-V plot
displayed in Fig.1. indicate that the respective u,t, and u,t, values probably have the same order of
magnitude. Otherwise, the S-V data would be very asymmetrical for the X-ray exposure conditions and
device thickness used in this work. (see supplementary Fig.S6). This is consistent with photocurrent
measurements made under the AM-241 source, which indicate that the u,7, and p,t, could be
separated only by a factor of 2.[34], [35]

. Substituting this into equation 7 gives 2.6 x 10 cm? V! for Vi =1V, which is
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varying from 0.85 to 1.2V.

To assess the robustness of the method, we simulated the response of MAPbBr; devices for
hypothetical (1.T,, UnTr, Vi) and thickness values. Several of these simulations are displayed in Fig.6.
Remarkably, we noticed that it does not seem to exist a case where the two S(10-Vi) and S(Vi) lines
doesn’t cross in one point in the (1,T,., Uy Ty) space for a single Vi value. As seen in Fig. 6a and 6b, the
lines are almost parallel when the (.7, u,ty) values are moderate (< 1 x 10 cm? V). When the
charge transport is better (= 1 x 103 cm?V?) as in Fig 6¢, the model still provides a single solution for a
single Vivalue. In the latter case however, the S(V-Vi) line is no longer parallel to the S(Vi) line. It implies
that the error on Vi is much higher than in the moderate charge transport case since the position of
the S(Vi) line varies sizably with the Vi value (Fig. 6a-b). It can be understood by considering that high
sensitivity increases the total number of possible solutions for the model. If the transport is high, the
sensitivity is high accordingly, and the model struggles to resolve accurately a value for Vi. If such a
case were to be met, a quick fix would consist of reducing the applied bias V in order to reduce the
charge carrier mean free path. As seen in Fig. 6d, it results in a reduction of the curvature of the S(V-
Vi), and an increased precision on the estimation of Vi. In addition, having straight S(V-Vi) and S(Vi)
lines is associated to a low mean free path for the charge carriers, which allows to establish accurately
a value of the sum u,t, + U7y, (see Fig. 5b). Lowering the bias during the biasing step to reduce the
mean free path is thus interesting to increase the precision for both the internal potential Vi, and the
sum of the mobility lifetime products u,t, + u,ts.
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Fig. 6. Calculation of the S(V-Vi) and S(Vi) lines for different (i, 7., unTh,Vi) input values. The thickness
of the device is 2 mm. The intersection of the S(V-Vi) and S(Vi) lines provides the solution of the
equation system.

Finally, we can use this model to estimate an order of magnitude for the space-charge density
generated upon biasing. First, we considered the parallel plate capacitor approximation which reads

Q=CxVand Q= 225

perovskite, & the vacuum permittivity, S the electrode surface area and L the device thickness. From
the Fig.5, we can assume a value for Vi = 1V, corresponding to a charge of 50 nC. If we assume that this
charge was extracted from the bulk of the crystals, e.g. via migration of charged ionic species, and that
the totality of the charges reached the electrode, we can establish that the charge density in the bulk
was initially 1 pC cm?. Now if we consider that this charge originate from moving ionic species, it would
represent a density of 10*2 ions cm, which is in accordance with ionic concentrations previously
measured in similar MAPbBr3 single crystal devices.[19], [36]

with Q the charge, C the capacity, € the relative permittivity of the

6. Conclusion

In this paper, we provide robust experimental evidences for the presence of an internal electric field
in Cr/MAPbBr3/Cr X-ray detectors that builds up upon biasing. This internal electric field generates a
significant but decaying response under X-rays at OV; and diminish the net electric field in the device
under bias. We propose that the discordance between the experimental S-V plots and the Hecht model
is due to the internal electric field that alters the S-V relationship. Starting from a modified version of
the Hecht equation, we developed a model for the sensitivity that involves an internal electric field
with opposed sign to the externally applied electric field. We found that the model can accurately
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predict a value for the internal electric field, even without prior information about the charge transport
properties of the material. Notably, the actual internal electric field in the bulk of our 2-mm MAPbBTr;
device could be overestimated by about 10% at 50V/cm. In addition, we exploit our model as an
alternative pathway for the evaluation of the u,t, and yu, t) products, and more precisely for the sum
UeTe + UnTh. We believe that our model rationalize some intriguing electrical properties of MAPbBr;
detectors under bias such as dark current relaxation and zero-bias sensitivity; and could be extended
to other perovskite composition exhibiting dark current relaxation at zero-bias such as CHsNHsPbls and
CsPbBrs.[32], [37] Future work will bring further information on the remnant charge density in the
MAPbBr; material by exploiting the dynamics of sensitivity decay at zero-bias.

Methods

Device Fabrication

Millimeter-sized methylammonium lead tribromide (MAPbBr3) single crystals were grown using the
Modified Inverse Temperature Crystallization (MITC) method described in details in previous
works.[9], [16], [19] Briefly, the precursor solutions were prepared in an argon-filled glovebox by
dissolving PbBr, (ultra dry, 99.999 % metal basis) and MABr (=99 %) in anhydrous N,N-
Dimethylformamide with 1:1 molar ratio. The growth was carried out using a crystal seed, as described
in [9]. Both the large facets of the crystals were mechanically polished with SiC disks and isopropanol,
then with fabric disks and diamond paste in order to obtain a mirror grade quality. 100-nm Cr
electrodes were subsequently thermally evaporated on both facets. We found that proper polishing
and chromium electrodes enhance the electrical stability of the devices under bias, as also noted in
previous works.[15], [38]

X-ray characterization

Dark current and sensitivity measurements were conducted on the same setup using a Keithley 428
current amplifier and a Keithley 487 power supply. The samples were irradiated with short X-ray pulses
(4 Hz repetition rate, 100 ms duration) using a medical-grade pulsed X-ray tube with tungsten anode
and 70 kVp accelerating voltage. The incident X-rays were filtrated through a 0.8 mm beryllium window
and 23.5 mm additionnal aluminium filters to yield a RQA5 spectrum, following the IEC 62220
International Standard. The incident dose was calibrated with a PTW Unidos dosimeter, yielding 24 +
0.6 uGy.ir per pulse. The X-rays were collimated through a 12.6 mm? hole pierced in a =5mm-thick lead
plate. Due to long-range diffusion of the X-ray generated charge carriers in the area not covered by
the electrodes, the collimation is necessary to properly evaluate the absorption surface area of the
incident X-rays, hence the sensitivity. Each sensitivity measurement consisted of 10 X-ray pulses that
were averaged to reduce experimental error (see Fig. S7). Typical uncertainty on the sensitivity
measurement was 3%.

Numerical simulation

The elemental charge deposited in the MAPbBr; material sy and the maximum theoretical sensitivity
So were calculated using Eq. 9 and Eqg. 10 that read:

e X E*(x)

So(x) = W, 9)
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E*(x) = fN(E) x E x A(x, E) dE (10)

Where e is the elemental charge ; E* is the energy deposited by the X-rays in the perovskite material
(Fig. S8), W, is the electron-hole pair creation energy that was calculated using Klein’s rule W, =

15—4Eg + 0.5 with E4 = 2.3 eV [16], [21]; D is the dose per surface area ; N is the number of incident

photon emitted by the X-ray tube as function of photon energy E; A is the absorbed fraction as function
of the position of interaction of the X-rays in the MAPbBr3 device. The latter is computed as for Eq. 11

A(xX,E) = T(x,E) — T(x + dx,E) = e 9P — g=0(E)plx+dx) (11)

Where T is the transmitted fraction; o is the photon cross section; p is the density (3.8 g cm™ for
MAPDbBr3)[39]. The photon cross section was obtained from NIST photon cross sections database
considering only the photoelectric interaction, assuming that it is the predominant interaction
mechanism in the 20-70 keV energy range for MAPbBrs.[40] The number of incident photons N was
computed for a RQAS5 spectrum using the SpekCalc software.[41]-[43] It is given as function of incident
X-ray dose in mGy.;r and per unit area (Fig. S9).

Supplementary Material
The Supplementary Material is available free of charge at:

Additionnal Hecht equation fitting plots, computations of the energy deposited by the X-rays and the
number of incident photons, examples of X-ray-induced photocurrent pulses under bias and at short-
circuit.
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