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ABSTRACT: We report on photocurrent generation by X-ray irradiation in methylammonium
lead iodide CH;NH;PbI; single crystals. We observed 75% of charge collection efliciency in
millimeter sized samples. This efficiency is partially due to the high photon absorption
coefficient and X-ray beam stopping power of our lead containing material. The material shows a
less than 20% decrease in its performance up to 40 Sv of total X-ray dose, which represents a
very good stability. Moreover, our Monte Carlo N-Particle Transport calculations indicate that
energetic particle radiation can also be harvested by CH;NH;Pbl;. These properties are
compared to CH;NH;Snl; and Pbl,. The possible application of these advantageous properties
could be in simultaneous radiation protection and direct electricity production in environments

with highly energetic background radiation.

B INTRODUCTION

Photon harvesting for direct electricity conversion is an
important method for renewable energy production. In
traditional photovoltaics, only the visible spectral range of
solar radiation is converted into direct current electricity. To
increase the conversion efficiency, efforts are made to extend
the spectral range of photovoltaic devices toward infrared
energies because it contains about one-half of the total radiated
energy of the sun. The real breakthrough would be a fabrication
of photovoltaic cells where additionally UV or even higher
energy photons are harvested and converted into electricity.'
However, the further increase of photon energies toward X-rays
and y-rays would amplify the radiation damage of conventional
solar cells.”* This is a major challenge in photovoltaic energy
conversion in outer space. Conventional solar cells must be
protected from the high energy part of the solar spectrum.*
Producing solar panels that can withstand high radiation doses
without efliciency loss is a prerequisite for economical
astronautic applications. This idea already came up in the late
1960s to overcome the difficulties of photovoltaic energy
conversion on the Earth’s surface linked to atmospheric
absorption, daily downtime, dusting, or shading, but the project
was on stand-by until recently.”® However, there is a renowned
interest for outer space-based solar power collection. For
example, the Japan Aerospace Exploration Agency published a
technology roadmap, which proposes the development of a 1
GW solar energy-based power plant by the 2030s.” Recently, a
promising trial was demonstrated to overcome the UV
sensitivity of solar cells.® Additionally, structures that not only
endure high radiation dose but also convert it into electricity
would be very beneficial. This would also have far reaching
consequences in converting waste X- and even y-ray radiation
in nuclear power plants.

CH;NH;Pbl;-based solar cells are promising candidates for
space-based solar energy production. On the one hand, cells
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based on this material ensure visible light efficiencies above
20%, which is a remarkable achievement.” The Shockley—
Queisser limit for the efficiency of single-junction CH;NH;Pbl;
solar cells is in reach.” On the other hand, the precursor
compound Pbl,, whose building units are present in
CH;NH;,Pbl,, is a known X- and y-ray detector.”'” Indeed,
very recently, CH;NH;Pbl; demonstrated energy-harvesting
through the gammavoltaic effect and was proposed as a potent
X-ray detector material.'>'* This was demonstrated exper-
imentally subsequently."> The combination of these facts
suggests the possibility of fabricating solar cells for harvesting
both visible and also X-ray and y-ray photons.

Here, we report the possibility of fabricating high-efficiency
photovoltaic cells for X-ray harvesting based on methylammo-
nium lead iodide, CH;NH;Pbl;. We found a high-efficiency
current conversion for X-ray radiation, which goes together
with a high X-ray absorption coefficient. Moreover, the material
shows a long-term stability for high radiation doses. Our
calculations indicate that energetic particle radiation can also be
harvested by CH;NH;Pbl;. On the basis of these results, we
propose the possible application of this material for energy
conversion in radiation-rich environments such as outer space,
nuclear power plants, etc. The radiation shielding properties of
CH;NH;PbI; are compared to those of CH;NH;Snl; and Pbl,.

B EXPERIMENTAL METHODS

CH;NH;PbI; single crystals were prepared by precipitation
from a concentrated aqueous solution of hydriodic acid (57 wt
% in H,0, 99.99% Sigma-Aldrich) containing lead(Il) acetate
trihydrate (99.999%, Acros Organics) and a respective amount
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Figure 1. (a) Schematic drawing of the experimental setup. (b) Photograph of a typical CH;NH,Pbl, single crystal with gold wires for photocurrent
measurements. (c) X-ray illumination-induced photocurrent as a function of time (points) for CH;NH,Pbl;. The continuous line is showing the
time variation of the X-ray flux. (d) The on—off response time of CH;NH,Pbl, is shorter than 1 s, which is the instrumental time resolution of our
setup. The on- and off-dynamics is symmetric, which contrasts with the asymmetry in on—off-speed and minute-long slow dynamics reported for
visible light illumination. (e) Charge collection efficiency, CCE, as a function of photon energy is about 75%.

of CH;NH, solution (40 wt % in H,O, Sigma-Aldrich). A
constant 55—42 °C temperature gradient was applied to induce
the saturation of the solute at the low temperature part of the
solution. Large CH;NH;Pbl; crystals with 20—25 mm length
and 10 mm diameter were grown after 7 days. Leaving the
crystals in open air resulted in a silver-gray to green-yellow
color change. To prevent this unwanted reaction with moisture,
the as-synthesized crystals were immediately transferred and
kept in a desiccator prior to the measurements. For the
experiments, a single crystal with m = 10(1) mg mass was
selected.

X-ray absorption and photocurrent generation was measured
in a Leybold X-ray apparatus. A 42 kW Mo X-ray tube was
operated with U = 20—35 kV acceleration voltage and
I = 0—1 mA current range. For X-ray detection, a calibrated
Geiger—Miiller tube (G—M tube) was used. Figure 1 a depicts
the experimental setup.

The X-ray generated photocurrent was measured by a
Keithley 2400 General-Purpose SourceMeter in a two-terminal
geometry under fixed DC-bias in a 0—1 V/mm range. The
photocurrent experiments were performed in ambient atmos-
phere with 30% relative humidity at 23 °C. The reported X-ray
induced photocurent, L, is the difference of the current
measured by X-rays on and off. Thus, it is unaffected by visible
light radiation effects.

The X-ray mass attenuation coeflicient y,, of CH;NH;Pbl,
was measured by a calibrated G—M tube placed after a pinhole.
The pinhole was empty or completely covered by a 0.4 mm
thick single crystal of CH;NH;PbI.

The calculated value of the mass attenuation coeflicient, y.,,
for CH;NH;Pbl; was determined by the equation:
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where w; is the weight fraction of the ith atomic constituent as
the tabulated values for each constituting element by Seltzer.'®

The charge collection efficiency, CCE, was calculated as the
ratio of the number of X-ray photon-induced electrons
estimated from eq 2 and the number of collected electrons
N = Lj0/q, where g is the elementary charge.

The theoretical Monte Carlo calculations were carried out by
the Monte Carlo N-Particle Transport code (MCNP6 version
1.0)."” These calculations require one to define a geometrical
model, which was designed by SuperMc/MCAM 5.2."* The
model contained four regions. The source region was a 100 cm
X 100 cm plane, where the initial beam (photons, electrons, or
neutrons) was homogeneously sampled and launched toward
to the target cell. The momentum of these particles was
perpendicular to the front surface of the target cell. The
distance between the source and the target was 1 m, and it was
filled by vacuum. The front surface of the target cell was 100 cm
X 100 cm. The volume of the target cell was homogeneously
filled by CH;NH;Pbl;, CH;NH,Snl;, or Pbl,. After the target
cell, a second vacuum cell was defined with 1 m length. For the
neutron calculations, the ENDF70a cross section library was
used. The treatment of the electrons and other charged
particles uses the el103 library. Doses were calculated by the F6
tally, while the volume averaged spectra were calculated by the
F4 tally. All results were normalized to one launched particle
and to the 0.02 MeV energy bin.
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B RESULTS AND DISCUSSION

There are several material requirements for high-efficiency
photovoltaic applications and high-energy radiation harvesting.
The material should have high beam stopping power and
convert the absorbed energy to electron—hole pairs. Moreover,
the photogenerated charges should be efficiently extracted from
the material. At photon energies, much higher than the band
gap (A) of the semiconducting material, the photoeffect, that is,
direct photon to electron—hole pair conversion, is independent
of the structural details of the material. The number of
electron—hole pairs, N, is directly proportional to the
absorbed dose, D, and inversely proportional to the electron—
hole pair creation energy, expressed by the empirical relation
E,, = 2A + 143 eV." In a unit mass of matter, it gives

D
Ee—h (2)

Consequently, a prerequisite for high efficiency radiation to
electricity conversion is a high mass attenuation coefficient, y .
A material with a high u_, will attenuate the radiation quickly,
and thus most of the energy is absorbed in the crystal. Here, we
determined the mass attenuation coefficient of CH;NH;PbI,
for soft X-ray radiation by the exponential attenuation law:*’

N =

pairs

= —|n—

ST ®
where x = 0.4 mm is the thickness of our CH;NH;PbI; crystal.
The initial beam intensity I, = 530 + 23 counts s~' dropped to
I,= 50 + 7 counts s~ while passing through our CH;NH,Pbl,.
This yields u,, = 14 + 1.2 cm? g_l. This is in rather good
agreement with calculations based on the additivity of
elemental & = 154 cm? g™ for a 30 keV X-ray photon
energy (eq 1).'*° It clearly outperforms Si (1.436 cm” g™'),
and it is comparable to Pbl, (18.34 cm® g™')."® For instance,
the half-value layer, the thickness of the material at which the
intensity of radiation entering it is reduced by one-half, is only
110 pm at soft X-ray energies for CH;NH;Pbl;, while it is
almost 1 mm for Si.

The high absorption coefficient is a required but not
sufficient criterion for X-ray photovoltaic applications. The
photo excited charges have to be efficiently extracted from the
bulk of the material as well; that is, the charge collection
efficiency (CCE) must be also high. To determine the CCE of
CH;NH;Pbl; for 20—35 keV soft X-ray irradiation, we
measured the photocurrent with fixed potential difference
across a CH3;NH;PbI; single crystal. The key finding of our
work is the very high CCE of 75 + 6% of CH;NH;PbI; for 20—
35 keV soft X-ray irradiation (Figure 1). This means that about
75% of the X-ray generated photo electrons estimated by eq 2
were collected in the form of electric current. This is even more
remarkable in view that the distance between the source/drain
contacts is 2.5 mm in our experiments; thus photoexcited
carriers propagated over extended distances. This finding is in
agreement with recent single crystal studies where electron
diffusion lengths exceeding ~200 ym were found.">*!

The visible light-induced photoresponse of CH;NH;PbI,
shows strong hysteresis and asymmetry in on—off cycles and
slow time dynamics.””~** This is attributed to surface defects
and trap states of CH3;NH;Pbl;. In X-ray-induced photo-
response, however, radiation is absorbed in the bulk of the
material; thus surface related trap-states are expected to play a
secondary role only. To better characterize the X-ray

photocurrent generation, the time-response to the X-ray
illumination was studied, shown in Figure 1. Both the raise-
and the fall-times of the X-ray photocurrent are below 1 s, the
instrumental time resolution of our experiment. The fast time
characteristic, and the symmetric on—off time for X-ray
illumination, is in contrast to the asymmetric, slow, minute
time-scale dynamics regorted for CH;NH;Pbl; under visible
light illumination.”»***° These findings indicate that the slow
relaxation and asymmetry are mainly a surface related
phenomenon linked to the sub-micrometer penetration depth
of visible light. This is not the case for X-rays, which penetrate
to the bulk of the material.

The reported values for quantum efficiency of CH;NH,Pbl,
for visible light vary a lot depending on the morphology,
crystallinity of the sample, the light intensity, and its
wavelength. To characterize the about 75% charge collection
efficiency observed for the high 3000 mSv/h dose rate for soft
X-ray, we performed a systematic study as a function of X-ray
dose. We found that above ~500 mSv/h, I, increases
linearly with 3 Sv/h dose rate up to the highest exposed
quantities (Figure 2). A linear fit of the high dose rate
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Figure 2. Photocurrent as a function of X-ray dose rate for a
CH;NH;PbI; single crystal. The inset shows the stability of the
photocurrent as a function of X-ray dose. The 40 Sv value is 2 orders
of magnitude higher than the yearly exposure of the International
Space Station.

measurements extrapolates to finite zero dose value. This
indicates that at the smallest dose rates, I, increases much
faster than above ~500 mSv/h. This observation is in good
agreement with low light-power studies in a visible spectral
range where extremely large photosensitivity was observed,
indicating a feasibility of even single photon detection.”®

A crucial parameter for applications is the long-term stability
of the photovoltaic material against radiation damage. We
followed o, as a function of the deployed X-ray dose up to a
total dose of 40 Sv (Figure 2, inset). Remarkably, the
photocurrent dropped by less than 20% by 40 Sv dose (2
days of continuous irradiation). Note that an average yearly
dose received by the International Space Station is less than
200 mSv.”” Moreover, the CH;NH,Pbl; sample was not
protected from air humidity during the 2 days of irradiation. It
is very likely that part of the performance degradation could
occur due to chemical degradation of the sample instead of
radiation damage; that is, the ~20% efficiency drop could be at
least partially due to humidity effects.”®*” This demonstrates
the high stability of CH;NH;Pbl; against X-ray radiation.
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If one thinks of outer space applications where ionizing
radiation is present, one has to note that it consists not only of
photons but also of other highly energetic particles. In
astronautics, the particle radiation is predominantly composed
of electrons and protons from the solar wind. It is transformed
to photon radiation during the interaction with solids via
bremsstrahlung. The bremsstrahlung in principle could be
harvested in the form of electricity when the photovoltaic
material possesses high mass attenuation coeflicient and can
sustain high radiation dose without significant performance
loss. The aforementioned characteristics of the CH;NH,PbI,
system offer precisely this novel functionality. We propose that
CH;NH,;PbI; could be used to convert a particle beam to
photons by bremsstrahlung, which would then internally
converted into electricity. Indeed, electron radiation in the in
situ scanning electron microscope measurements showed
photocurrent generation by e”-beam exposure without reported
sample degradation.”” The e™-beam induced luminescence
experiments showed no sample degradation either.”> The
remarkable stability of CH;NH;Pbl; against radiation damage
is proposed to be a consequence of the ionic bonding present
in the material.’’ These results indicate the feasibility of the
proposed particle radiation to electricity conversion.

Here, we quantify the first step, the photon generation, by
Monte Carlo calculations. We do so in view of the possible
application of converting the impact of highly energetic
particles into photons and then to photoelectrons, which
could serve in photovoltaics. Figure 3 shows the calculated
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Figure 3. Calculated photon spectrum generated by e™ irradiation
passing through 1 mm CH;NH,Pbl;. Spectra from left to right
correspond to 0.5, 2, 5, 10, 20, and SO MeV e~ energy, respectively.
The inset shows the calculated photon spectrum for 2 MeV energy
photon, electron, and neutron irradiation.

photon spectra inside the bulk of CH;NH;Pbl; resulting from
bombardment by energetic electrons between 0.5 and 50 MeV.
A common feature for bremsstrahlung is a continuous photon
spectrum produced with cutoff energy equal to the incoming
particle energy. The inset of Figure 3 shows the calculated
photon spectrum generated by bombardment of various 2 MeV
energy particles (7, e”, n°). This photon radiation generated by
incoming particle radiation can be immediately harvested by
CH;NH;PbI; due to its high quantum efficiency in the X-ray
and y-ray regions.'”'* Moreover, the calculations also show that
the electron transmission for the 1 mm thick CH;NH;PbI;
plate is only 3.15 X 107° for an electron energy of 2 MeV.
Thus, CH;NH;Pbl; is a good radiation shielding material,
which renders a multifunctional character to the material where

the high beam stopping power and electricity harvesting
possibilities are merged.

Monte Carlo calculations were also performed for
CH;NH;Snl; and Pbl,. The photon absorption properties of
1 mm thick CH;NH;Pbl;, CH;NH,Snl;, and Pbl, plates are
compared in Figure 4. Radiation below 0.1 MeV energy is
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Figure 4. Calculated energy absorption of 1 mm thick plates as a
function of photon energy for different materials as indicated by the
caption. MA stands for CH;NHj;. The inset shows the transmitted
dose rate of 2 MeV incoming photons relative to a vacuum.

completely absorbed by a 1 mm thick material. At higher
energies, however, they become semitransparent as expected
from eq 3. The shielding properties are characterized at photon
energies of 2 MeV for 20 mm thick plates (Figure 4 inset).
CH;NH;PbI; slightly outperforms CH;NH;Snl;, but both
compounds are comparable to Pbl,.

In addition to space-based solar energy conversion, one
could think of harvesting waste radiation in nuclear energy
production lines like fission and fusion power plants, as well. In
fission power plants, a large amount of heavy concrete is used
for biological shielding to reduce the effective dose of particles,
y-rays, and X-rays. A layer of CH;NH;Pbl; could maintain
biological shielding, but at the same time electricity could be
produced. Also, in future fusion power plants, the high photon
radiation dose on the vessel could be directly turned into
electricity. For instance, in ITER a 10—30 keV photon flux is
expected to exceed 10"3/keV/s/cm® at the walls of the plasma
vessel.>> Over the entire surface of ITER, this means about
50 kKW waste energy.”” This waste radiation could be harvested
by a CH;NH,Pbl; biological shielding layer.

B CONCLUSIONS

We reported a high y,,, = 14 + 1.2 cm® g~' value and 75 + 6%
charge collection efliciency for unfiltered X-ray radiation in the
20—35 keV range and a high photon absorption coefficient for
CH;NH;PbI; bulk crystals. It was also found that this material
has a high stability against X-ray radiation over an extended
dose range. They allow novel functionalities of energy
production and shielding in environments with high back-
ground radiation such as in outer space, and in fission- and
fusion-power plants.
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