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6 Research on metal halide perovskites as absorbers for X-ray — Vy=0
L . . . . . V="Vye t>t
7 detection is an attractive subject due to the optimal optoelectronic properties of

8 these materials for high-sensitivity applications. However, the contact degradation
9 and the long-term instability of the current limit the performance of the devices, in
10 close causality with the dual electronic-ionic conductivity of these perovskites.
11 Herein, millimeter-thick methylammonium-lead bromide (MAPbBr;) single and
2 polycrystalline samples are approached by characterizing their long-term dark
13 current and photocurrent under X-ray incidence. It is shown how both the dark
14 current and the sensitivity of the detectors follow similar trends at short-circuit (V
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15 = 0 V) after biasing. By performing drift-diffusion numerical simulations, it is

16 revealed how large ionic-related built-in fields not only produce relaxations to equilibrium lasting up to tens of hours but also
17 continue to affect the charge kinetics under homogeneous low photogeneration rates. Furthermore, a method is suggested for
18 estimating the ionic mobility and concentration by analyzing the initial current at short-circuit and the characteristic diffusion times.

19 ion migration, X-ray detectors, metal halide perovskites, sensitivity, ion diffusion

20 The use of methylammonium-lead bromide (MAPbBr;) as an
21 absorber for X-ray detection has been established since
22 2016' ™7 thanks to the high mobility-lifetime product and
23 small surface charge recombination velocity, which allow
24 relatively high sensitivity (see Table S1 in the Supporting
25 Information, SI). Yet, even though the high quality of the
26 single crystals and the thickness of polycrystals are
27 challenging,* the instability of the contacts’ and the long-
28 term current response’ '’ remain arguably the key issues for
29 the development of perovskite X-ray detectors (PXDs) in
30 general'' and MAPbBr;-based devices in particular. Monitor-
31 ing the photocurrent at a given reverse bias voltage with
32 respect to the reference and stable dark saturation current is a
33 primary requirement for typical applications in ionizing
34 radiation imaging. Directly related to both contact degradation
35 and long-term current evolution,'” the dual ionic-electronic
36 conductivity of these materials continues to be a puzzling
37 subject of intensive research.'

38 The ionic properties of millimeter-thick perovskite samples
39 with symmetric or rectifying contacts have been theorized in
40 previous works.”*”'>"37'5 Notably, a method for estimating
41 ionic mobility from the short-circuit (SC) diffusion regime
42 after bias polarization has been groposed following the ionic
43 dynamic doping (IDD) model.” Similarly, exotic behaviors
44 upon poling suggesting bias dependency of mobility have also
45 been approached in the ballistic-like voltage-dependent
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mobility (BVM) model. Furthermore, numerical drift-diffusion 46
simulations of the dark saturation current of PXD have pointed 47
out the major influence of the ionic charge field screening in 4s
biasing conditions (voltage V # 0 V)."” Yet, a description of 49
the charge density profile and the field distributions as these so
samples relax toward equilibrium at SC (V = 0 V) after external s
pre-biasing is still missing. 52
An interesting behavior has been revealed while character- s3
izing MAPDbBr; single and polycrystalline samples, as shown in s4
Figure 1la. A detailed description of the fabrication method and ss f1
material characterization of similar samples can be found in s6
previous works”'® and further specifics on our studied samples s7
are in the experimental section S2 in the Supporting ss
Information. The general energy diagrams, with processes of so
charge carrier generation, recombination, and injection, are 60
schemed and commented on in Figure S1 for typical photon 61
detectors based on intrinsic semiconductor absorbers. Figure 62
1b shows the dark current density (Jiq) and the X-ray- 63
absorbing photocurrent (]Ph) during polarization (V = 10 V) 4
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Figure 1. Time evolution of dark current (b—d), photocurrent (b), and sensitivity (c,d) of millimeter-thick MAPbBr; single (c) and polycrystal
(b,d) samples such as those pictured in (a). The transition from biasing to the SC condition is shown in (b), while the corresponding sensitivities

are in (c,d).
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Figure 2. Experimental characterization of charge carrier mobility: electronic (a—c) and ionic (d—f). The time-of-flight measurements versus
voltage are shown for single (a) and polycrystalline (b) samples with the corresponding maximum hole mobilities (c). The impedance spectroscopy
spectra in Nyquist representation are presented for single (d) and polycrystalline (e) samples with the corresponding IDD model ratio as a function
of the square root of time (f) for estimation of the ionic diffusivity. The solid lines in (c—f) indicate fittings: (c) 4 & V™" n ~ 2 (d,e). The full data

for (a,b) is shown in Figure S4 in the SL

65 and the subsequent SC (V = 0 V) regimes for the studied
66 samples. During the polarization time, J,;, reaches values nearly
67 three times higher than those of Jg,,. Furthermore, no
68 reproducible similarities in the current—time curves Jon—t
69 and Jgq—t during biasing were observed in our samples
70 (neglected range in Figure 1). This could be explained due to
71 the combination of electron injection and generation, which
72 changes the charge mobilities and ionic-electronic concen-
73 tration ratios, producing different kinetic mechanisms with
74 respect to the dark condition. However, in the absence of
75 injection due to external biasing (i.e., at V = 0 V after biasing),
76 the current sign is inverted, and not only is the absolute value
77 of Joy just slightly higher than that of Ji», but also the

corresponding J,—t and Jg,4—t curves seem to mirror each 7s
other while transiting from a current maximum toward 79
equilibrium. Notably, the reproducibility of the J, ~ Jau so
trend at SC was found regardless of the fabrication method, 81
crystallinity, and contact materials (e.g., Cr/MAPbBr;/Cr and g2
ITO/MAPbBr;/Cr) of the samples. This behavior is magnified s3
in terms of the X-ray detection sensitivity (S) for different g4
samples of single and polycrystalline natures in Figure 1c,d, ss
respectively. Apparently, similar sections of the dark current gs
decay at SC produce different values of S, i, a higher g7
sensitivity is reported for the polycrystalline samples over the ss
single crystal ones. Yet, the similarity of the time evolution S—¢ g9
with respect to Jj,4—t is remarkable. This suggests that the 90

https://doi.org/10.1021/acsphyschemau.3c00002
ACS Phys. Chem Au XXXX, XXX, XXX—=XXX


https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
https://pubs.acs.org/doi/suppl/10.1021/acsphyschemau.3c00002/suppl_file/pg3c00002_si_001.pdf
https://pubs.acs.org/page/pdf_proof?ref=pdf
pubs.acs.org/physchemau?ref=pdf
https://doi.org/10.1021/acsphyschemau.3c00002?urlappend=%3Fref%3DPDF&jav=AM&rel=cite-as

f2

9
92
9
94
9§
96
97
98
9
100
10
102
10.
104
105
10
107
10
109
110
11

—_

[o9)

o

=

[

(=

3

—

112
113
114
115
116
117
118

107
108
IS
[S)
< 10%
=
10 \,
N\
10° cm?Vis™
101 \
10° 10t 10° 10° 10? 10* 10° 10* 10* 10° 10°
t(s) t(s) t(s)
(d) (e) (0 7
108t 0 J, Q 1 | 103t © 4 ¢ o, M o (O A o, {100M
== =N Vol — Z:gLLD/D!DH/{ = J= i NignVord/ Ly — =¢LLy/Dyg, . =T I Nign VLo —— m=GLLy/Dy, ]
’ 7 £ R o
10° J_/’Zr = J=q N Vel L - 100k 10 20 tignNignVpre/L '/'/ Jim
_ . 11000 qg¢ - _ .
: -~ L2k 0% B 2
< 10 @ oX0) =8N @ S < - o< $
S — 3 o0 S
101 ’—//B 1k
L7 1100 .
Pid 1 10
1o L 100 5
11 12 13 14 15 16 -12 -11 -10 -9 -8 -7 -6 -5
0.01 01 1 10 10 102 108 10% 10" 10 10"2 101 10%° 10° 10% 107 10° 10
Previous voltage (V) Nigp (€m™) Lo (cm? Vs

Figure 3. Numerical simulation of current versus time at SC (V = 0 V) after biasing. The effect of different polarization biases prior to the SC
regime is shown in (a), whereas the change in ion concentration and ion mobilities are shown in (b) and (c), respectively. In (d—f) are the
corresponding initial currents J, and time 7, to achieve 1% of that J, for (a—c), respectively. Herein, L = 100 ym, y, = 1 cm* V™' 57!, and Hy =10

em? V7! s7! for (a—f); gy, = 1078 cm® V7! 57! for (ab,dje); N, = 10" cm™ for (a,c,d,f); previous

inner field distribution caused by the mobile ion rearrangement
after polarization in the early moments of the SC regime is not
significantly changed with respect to the dark situation for
small generation rates in the order of those reported in the
studied samples.

In this work, the electrical response of millimeter-thick
MAPDBr;-based PXD at SC after polarization is characterized
and modeled. The similar time evolution of dark current and
sensitivity is highlighted, and several time-dependent current—
voltage experiments are conducted for attesting reproducibility.
The behavior and orders of magnitudes of the electronic and
ionic mobilities are explored in a set of simulations and
analyzed. The simulated devices follow the Schottky-diode-like
configuration from previous works,'”'*'” where up-to-
millimeter-thick perovskite pellets are sandwiched between
metals of different work functions (WFs). For the numerical
simulations, the open-source MATLAB code Driftfusion'® was
employed. Our results indicate the importance of interface
phenomena and field screening behind the slow kinetics of
thick PXDs during the diffusion regime of relaxation toward
equilibrium at SC after biasing.

Our first approach is to evaluate the charge carrier mobility of
the samples, which will allow us to use the proper parameter
ranges in the numerical simulations. Regarding the electronic
(hole) mobility, the time-of-flight (ToF) current decay as a
function of pulse bias is shown for single and polycrystalline
samples in Figure 2ab, respectively. As is typical in metal
halide perovskite (MHP) samples,'”"” there is more than one

V.

e = 5 V for (bcef), ¢ = 0.5 in (d—1).

decay regime where exponential and/or power law behaviors
can be argued. Nevertheless, assuming the smallest (sharpest-
exponential-like region) transit time (7r,z), a maximum
mobility can be estimated from the Mott—Gurney relation®
u & L*/(trzV), where L is the thickness of the sample.
Apparently, the 7p,; between electrodes is smaller for the
single crystal (1—20 us) than for the polycrystalline sample
(10—40 ps), which results in maximum mobility values ranging
from 20—300 and 2—30 cm® V™! 57/, respectively (see Figure
2¢). The negative slope of the mobility versus voltage curve has
also been previously reported in the literature for other
MHPs.'**!

The impedance spectroscopy over time at SC (after pre-
biasing) was measured within the framework of the IDD
model® and shown for the single and the polycrystal samples in
Figure 2d,e, respectively. The high resistivity of the samples
(slightly higher for the single crystal sample) results in noisy
spectra, yet a decreasing trend can be extracted where the
resistance transits from an initial value R,, toward a saturation
value R, which is typically®~'*'* around 10% from the initial
value, ie,, Rioo/Ryy = @ ~ 0.1. Even though the stability of the
contacts prevented us from measuring R, the IDD model
ratio (see derivation in Section S3.1) can be rewritten as

L _ R-Rg 32Dt
IDD — -
Ry(1 — @) L (1)

where the ion diffusivity D;,, can be used to estimate the ion
mobility by means of the Einstein equation as p;,, = gD;,,/kgT,
where q is the elementary charge and kpT the thermal energy
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(see detailed derivation is Section S3.1 of the Supporting
Information). Figure 2 shows the linear behavior between the
rpp and t/2 where a ratio-time slope RTS can be used to
obtain D,,, = (RTS-L/3)?/2 following the approximation of eq
1. The values resulted in Dy, ~ 2 X 10~ cm? s~ and py;,, ~ 9
x 1078 cm? V7! 571, which agree with previous estimations in
the literature. %%

The drift-diffusion numerical simulation is a common
approach among perovskite photovoltaic cells'®**™** and
similar formalisms have been explored for X-ray detectors.'*®
In our case, the simulation of current versus time follows the
same assumptions as our previous work'® at SC, as illustrated
in Figure 3a—c for different previous applied voltages, mobile
ion concentrations, and ion mobility, respectively. Figure 3d—f
shows the corresponding initial current density J, in each case,
as well as the time 7,; for which the current is 1% of the initial
one, i.e., J(7o;)/Jo = 0.01. The effect of previous bias is shown
in Figure 3a,d to have no significant impact on the relaxation
time, whereas the initial ], increases linearly with the previous
voltage. This suggests a typical capacitive discharge behavior,
where the response time 7 = RC is affected by both the
capacitance (C) and the resistance of the sample and is
independent of the charging voltage. Similarly, the higher the
voltage, the higher the discharge current, in order to converge
to equilibrium within the same timescale.

The effect of mobile ions in the simulated current relaxation
is shown to have a major impact in Figure 3b,c,e,f. The ion
concentration N, , not only significantly increases the initial J,
at the same previous voltage but also decreases the relaxation
time. The higher the value of N, the higher that of J; and the
lower that of 7. Interestingly, a clear trend 7, N, "% can
be identified, whereas J, « N, /% is suggested only for specific
ranges. Regarding the dependency on ion mobility s, (Figure
3c,f), the trends are similar but intensified in terms of the
power law: 7y, o i, ' and J, & py,, are apparent in the
simulated range. From here, one can propose an approach
similar to the ToF experiment,'” but based on the effective
ionic field screening &, created by the ions confined within

the Debye length

NN

L~ =
D 2

9 Nion @)

where €, is the vacuum permittivity, and &, is the dielectric

constant. Subsequently, the relaxation time can be approached

by the diffusion time, 7 = LLy/Dy,, %% and through

Einstein’s relation,”® one can define

L | &4

To1 = P

ﬂion Z\TionkBT (3)
where ¢ is a parameterization dimensionless coefficient
introduced with the definition of 7;,. Similarly, the parameter-
ization of the initial current depends on the ionic mobility and
concentration. For instance, for high values of y;,, and N, an
ohmic-like behavior is obtained as a function of the previous
voltage V. and

_ qﬂionl\’ion‘/pre

o L (4)

This trend is represented with dashed lines in Figure 3d—f.

However, the smaller the values of y;,, and N, the stronger

the influence of the Debye length, and thus a better description
would be obtained by Jy = g-#ion"Nion Vpre/ Lp, Which results as

(5)

This is represented with dot-dashed lines in Figures 3e,f and
SS. Notably, the transition between the transport regimes
(TTR) expressed by eqs 4 and $ is found for ionic properties
with values smaller than p;,, = 107 cm® V™! s™' and N, =
10'* cm ™. Accordingly, only samples with high or low enough
concentrations would be out of the TTR range and display a
linear dependence with V. whose slope would correspond-
ingly match those of eqs 4 and S. Experimentally, the
application of these formalisms for J, not only depends on
the values of p;,, and N, and the TTR. The temperature and
the stability of the contacts can also affect the current
relaxation. For instance, Figure S6 in the Supporting
Information shows several experimental current—time curves
at SC after different V|, values, where the linear behavior is
similarly found only for V.. larger than a threshold value that
depends on the geometric and crystalline properties of each
sample.

200
201

202

203
204

219

A method for estimating the mobility and concentration of 220

mobile ions for perovskite samples, where further evidence
suggests that y;,, > 1072 cm®* V™' s7" and N, > 10'* cm™, was
already suggested in our previous work (focused on the pre-
biasing period).”’ There, u;,, and Nj,, were attainable by
processing the slopes of the linear trends of the ionic time-of-
flight 7,z versus LT"Y?/V and the biased dark saturation
current Jy versus gV/L. Complementarily, here, we suggest that
eqs 3 and 4 can be used to analyze 7, versus LT /% and J,
versus qV,,../L from which the slopes of the linear trends would
deduce p;,, and Nj,,. This diffusion-focused approach to the
dark current at SC after biasing should deliver similar values to
those of the biasing-focused method suggested in our previous
work."?

The illustrative time evolution of the simulated electrostatic
potential (¢), field (£), charge density profiles (electrons, n;
holes, p; anions, a; and cations, c), and the corresponding
current density components (electron current density, J,; hole
current density, J; anionic current density, J,; and cationic

221

current density, ]5 are presented in Figure 4 as a function of 239 4

the position x inside the perovskite. After 1 ms without
external bias, the electrostatic potential distributes in a way that
resembles the one-side abrupt p—n junction, with ¢ behaving
almost linearly in two main regions: the depletion region
toward one electrode (at x = 0) and the remaining bulk of the
perovskite layer in Figure 4a. Accordingly, the initial electric
field due to the ionic reordering is outlined in Figure 4b
showing a nearly flat profile in the bulk, increasing by two
orders of magnitude in the depletion region. The charge
density distribution is presented in Figure 4c, where the initial

240
241
242
243
244
245
246
247
248
249

depletion region occurs with the nearly sole distribution of 250

fixed anions toward the left electrode while electrons, holes,
and mobile cations reorder toward the bulk. The situation
produces an ohmic-like main contribution of the cationic
current in the early moments of the relaxation toward
equilibrium at SC after biasing, as can be seen in Figure 4d.
At this stage, it is clear that, even though no external bias is
applied, the drift effect related to the internal ionic-related
remnant field is a major contribution to the current in addition
to the expected diffusion process.
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Figure 4. Numerical simulation of (a) electrostatic potential, (b)
electric field, (c) charge density profile, and (d) current density
components as a function of the position inside the perovskite at SC
(V'=0V) after S V of previous biasing for pt;,,, = 107 cm®> V™' s7! and
Nign = 10" cm™,

ion

260 At the characteristic diffusion time (168 s for Figure 4),
261 most of the electrostatic potential and electric field profiles
262 have flattened in Figure 4a,b. The consequent shrinking of the
263 depletion layer produces an exponential gradient of electronic
264 charge carriers in the perovskite bulk (see Figure 4c).
265 Accordingly, not only is the diffusion electronic current in
266 the order of magnitude of the cationic current, but it has an
267 opposite sign that can cancel the total current or invert its sign
268 (see Figure 4d).

260 In the long-term (e.g., 1 Ms =~ 278 h), the electrical response
270 approaches equilibrium at SC after biasing. Therefore, not only
271 is the electrostatic potential practically flat, but also the electric
272 field decreases by up to 10 orders of magnitude, as displayed in
273 Figure 4a,b, respectively. Accordingly, the charge carrier
274 concentration reaches a more even distribution, where no
275 significant concentration gradients appear in the bulk, resulting

in negligible current contributions from neither the electronic 276
nor the ionic charge carriers, as can be seen in Figure 4c,d, 277
respectively. The longer the time at SC, after the pre-biasing, 278
the lower the field, and thus the diffusion component becomes 279
a principal current mechanism in the electrical response of the 280
samples. 281

The previously discussed simulations for dark conditions 282
illustrate the nature and effects of the ionic migration in the Lj 283
region toward the interface. Subsequently, we present in Figure 284 s
S the simulated behavior of current over time at SC after 285fs

X

== Dark

J(pAcm?)
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Figure S. Numerical simulation of the current relaxation in the dark
and under low illumination intensities with homogeneous charge
carrier generation as indicated at SC (V = 0 V) after S V of previous
biasing for p, = 107% cm® V™' 57! and N, = 10"* cm™.

previous polarization for dark and homogeneous low 286
generation rates of illuminations. Notably, this may be a 287
rough approximation since the charge carrier generation and 288
consequent recombination mechanisms under X-ray photon 289
flux do not fully agree with the typical visible-to-near infrared 290
radiation considered in the simulation code Driftfusion.'® 201
Nevertheless, our calculations suggest that, for sufficiently low 292
generation rates, the charge density profiles and electric field 293
distributions are not drastically changed in such a way that the 294
photocurrent follows a general behavior very similar to that of 295
dark conditions. 296

In summary, a set of experiments and simulations have been 297
presented, attesting to the evidence of ionic charge-related field 298
screening in millimeter-thick MAPbBr; single and polycrystal- 299
line samples for application in X-ray detectors. By analyzing the 300
dark current and photocurrent under ionizing energy radiation 301
at SC after biasing, a similar long-term relaxation trend is 302
reported, which mirrors the sensitivity of the samples as X-ray 303
detectors. Subsequently, the ToF and impedance spectroscopy 304
measurements allowed us to estimate the electronic and ionic 30s
mobility in the ranges of 2—300 and 9 X 107 cm®*V™' 57!, 306
respectively. 307

A series of simulations have been presented illustrating the 308
effects of ionic concentration and mobility on current 309
relaxation. It is revealed how a high internal electric field can 310
be built upon the migration of the mobile ions when the 311
depleting zone near an electrode during the polarization 312
regime, prior to the relaxation to equilibrium. The tradeoff 313
between the internal built-in and the diffusion of charge 314
carriers is able to enhance the relaxation time by up to tens of 315
hours, depending on the concentration and mobility of the 316
migration ions. Purposely, for perovskite samples with p;,, > 317
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10° ecm® V! 57! and N, > 10" cm™, a method has been
proposed for estimation of the mobility and ionic concen-
tration based on analyzing J, and 75, as a function of the
previous voltage, distance between electrodes, and temper-
ature.

Last but not least, we approximate the experimental
comparison between dark current and X-ray photocurrent in
our numerical simulations with homogeneous generation rates.
It is shown how, in the proper range, the excess photo-
generated electronic charge carrier densities do not produce
drastic modifications to the charge balance in such a way that
the currents follow similar long-term relaxation trends over
time.

In total, 6 samples were made for this study: 2 single crystals and 4
polycrystalline films. The fabrication procedure followed the steps
described in our previous work,”'® and a summary is in Section S2 of
the Supporting Information. All the samples were polished prior to
chromium electrode evaporation to make devices. In the symmetri-
cally contacted samples, the top electrode (the one which receives the
X-ray flux) was thinner (30 nm) than the bottom one (100 nm) in
order to perform laser ToF.

The measurement of current—voltage—time characteristics was made
with a Keithley 2636 B SourceMeter and a PGSTAT-30 AUTOLAB
potentiostat, also used for the impedance spectroscopy measurements.

The Jgan—t, Jon—t, and S—t measurements were carried out with a
Keithley 428 current amplifier and a Keithley 487 power supply. The
samples were irradiated using a pulsed X-ray tube with an RQAS
spectrum (W anode, 70 kVp, filtration: 23.5 mm Al, and 0.8 mm Be)
operated at 4 Hz and 100 ms pulse duration. The incident X-ray dose
was calibrated with a PTW Unidos dosimeter. ], is defined as the
maximum photocurrent output for 24 uGy,, X-ray pulses. The
sensitivity is calculated as the integration of ], over the pulse duration
and was averaged for 10 consecutive pulses to reduce experimental
error.

The measurement of laser hole ToF was made with a pulsed N,
laser with a 337 nm wavelength and an 800 ps pulse duration. The
laser beam was attenuated with a neutral density filter before
irradiating the samples through the top semi-transparent Cr electrode
with a 30 nm thickness. A negative voltage was applied to the back Cr
electrode. The ToF current waveforms were acquired with a
Tektronix TDS 744A oscilloscope and a Stanford Research Systems
PS310 high voltage supply.

The simulations were made within the framework of Driftfusion,'® as
a direct continuation of our previous work on the long-term
polarization regimes of thick PXDs," including both radiative and
non-radiative recombination and taking four main assumptions. First,
(I) the bulk of the perovskite is initially taken as intrinsic, meaning
that the total equilibrium concentrations of fixed and mobile ions
should be balanced, i.e., the same total number of cations and anions
(our simulation case) or effectively in the order of the intrinsic
concentration (possible experimental situation). Second, (II) the
interface regions between the perovskite and the contacts are
unintendedly doped, forming depletion layers with thicknesses in
the order of tens of nanometers. Third, (III) only one type of mobile
ions is considered to effectively contribute to the current and the
reordering of the charge density profile. Lastly, (IV) the built-in field
forming the Schottky-diode-like detector is only defined by the
difference in WF between the two metals. An illustrative set of
simulation parameters is presented in Table S2, and a comprehensive
explanation of the use and settin% up of the Driftfusion code can be
found in the original publication."®

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsphyschemau.3c00002.

Introductory data on sensitivity, fabrication procedure
and morphological characterization of samples, X-ray
diffraction data, and simulation parameters (PDF)
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