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ABSTRACT

The lead contamination and long-term stability are the two important problems limiting the commercialization of
organic—inorganic lead halide perovskites. In this study, through an innovative multi-scale simulation strategy based on the first-
principle calculations coupling with drift-diffusion model and Monte Carlo method, a new discovery is shed on the vacancy-
ordered double perovskite Cs,Tilg, a potential nontoxic and stable perovskite material for high-performance solar cell and a-
particle detection. The excellent photon absorption character and ultrahigh carrier mobility (u, = 2.26x10* cm*/Vs, u, = 7.38x10°
cm?/Vs) of Cs,Tilg induce ultrahigh power conversion efficiency (PCE) for both single-junction solar cell (22.70%) and monolithic
all-perovskite tandem solar cell (26.87%). Moreover, the outstanding device performance can be remained even in high energy
charge particle detection (a-particle) with excellent charge collection efficiency (CCE = 99.2%) and mobility-lifetime product (ur, =
1x10-° cm?/V). Furthermore, to our surprise, the solar cell and a-particle detector based on Cs,Tilg material are able to withstand
ultrahigh fluence proton beam up to 10 and 10" p/cm? respectively, which strongly suggests that semiconductor devices based
on Cs,Tilg material are able to apply in the astrospace. The multi-scale simulation connecting from material to device reveals that

Cs,Tilg perovskite has the great potential for photovoltaic cells, a-particle detection and even their space application.
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1 Introduction

Halide perovskites have attracted tremendous research attention
due to the long electron-hole diffusion length, high carrier
mobility, large average atomic number, high absorption
coefficient, and high photoluminescence quantum yield [1-4].
Benefiting from these excellent optoelectronic properties, halide
perovskites could be widely used in solar cells [1], light emitting
diodes [2], photodetectors [3], lasers [4], field effect transistors [5],
thermoelectrics [6], X-ray detection [7], a-particle detection [8],
etc. Due to the advantages of excellent photoelectric characters,
mechanical flexibility and light weight, perovskite solar cells
exhibit the great potential for space application, such as space
station, spacecraft and satellites. In the space environment, the
performance of solar cells will deteriorate due to the existence of
high energy cosmic particles such as proton. According to the
previous research, perovskite solar cells can withstand proton
irradiation up to about 10?-10" p/cm? [9-13]. Moreover, in 2017,
halide perovskite was firstly used in a-particle detection by
employing MAPbBT; single crystal with high pt, value of (0.4-1.6)

x 107 cm’/V [8]. However, the environment-unfriendly and toxic
Pb component and the hygroscopic and volatile organic cations
have limited the commercial application of the halide perovskite
[14-17]. Therefore, it is necessary to explore the stable lead-free all-
inorganic halide perovskite to overcome these shortcomings.
According to previous reports, cesium cation (Cs*) could be used
to replace MA' and FA’, which remarkably improved the
moisture and thermal stability [18]. Meanwhile, the toxicity Pb*
could be replaced by one kind of nontoxicity cations, including
sitver (Ag), indium (In%), antimony (Sb*), bismuth (Bi*),
germanium (Ge™) and tin (Sn*) [19-23]. In 2017, Greul et al.
applied Cs,AgBiBry into solar cells for the first time with a PCE of
243% and a V, exceeding 1 V [24]. After that, Gao et al. prepared
the high-quality, ultra-smooth Cs,AgBiBr thin film with high
crystallinity by employing anti-solvent dropping and post-
annealing strategy, and the photovoltaic cell based on Cs,AgBiBr;
exhibited a PCE of up to 2.23% with no hysteresis [25]. However,
the wide band gap of Cs,AgBiBrg impedes the further
improvement of device performance. In addition to the
commonly used Cs,AgBiBr,, the vacancy-ordered double
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perovskite Cs,Snl; was employed as the active layer owing to its
suitable band gap (1.48 eV) by Qiu et al. [26]. However, the low
PCE (< 1%), the intrinsically deep defects, and unsatisfactory
stability impede the further development of Cs,Snl; photovoltaic
cells. Afterwards, Cs,TiBry thin-films prepared with the low-
temperature vapor based method was incorporated into
perovskite solar cells by Chen et al. [27] who reported a PCE of
3.28% and superior intrinsic environmental stability. However, the
PCE of Cs,TiBr, solar cells is still low. Therefore, it is necessary to
explore new lead-free all-inorganic perovskites with excellent
device performance. In addition, zero-dimensional lead-free all-
inorganic perovskite Cs;Bi,I; and Rb;Bi, ], single crystals have been
synthesized by McCall et al. and applied to a-particle detection.
Similarly, the ultra-low uz, value (Cs;Bily: 1.8 x 10° cm’/V,
Rb;Bi,I;: 2 x 10 cm?/V) greatly limits their further development
[28].

Herein, a novel vacancy-ordered double perovskite Cs,Tils
which is free of organic molecules and lead is discovered.
Meanwhile, the suitability of the novel perovskite material for
application in photovoltaic cells and a-particle detection is
investigated by combining first principles calculation with drift
diffusion theory and Monte Carlo method. According to the
results, an ultrahigh PCE (22.7%) of Cs,Til; photovoltaic cells can
be obtained and it can survive against accumulated dose levels up
to 1 x10" p.cm? of protons irradiation. Furthermore, vacancy-
ordered double perovskite Cs,Til, is used for a-particle detection
and the high p7, product (1x10° cm*V) and CCE (99.2%) are
realized. Overall, Cs,Til; exhibits great potential in photovoltaic
cells and radiation detection.

2 Method

First-principle calculation: Density functional theory (DFT) is
adopted for the first principles calculation by the projector
augmented wave (PAW) method as implemented in the VASP
code [29]. Generalized gradient approximation (GGA) with
Perdew-Burke-Ernzerhof (PBE) functional is employed [30]. The
plane-wave cutoff energy is set to be 500 eV. A 7x7x7 k-point grid
is adopted. All structures are fully relaxed until the total energies
and maximum residual force are converged up to 10° eV and
0.005 eV/A, respectively. To reasonably obtain the optoelectronic
properties, the hybrid density functional method based on the
Heyd-Scuseria-Ernzerhof (HSE) scheme with 0.05 Hartree-Fock
exchange energy is considered after extensive test. The transport
parameters of Cs,Til, are obtained by the following equations
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where m" is the effective massh is Planck’s constant, k, is
Boltzmann’s constant, T is the temperature, Eg is deformation
potential (DP) constant, AV is the energy change of the
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conduction band minimum and valence band maximum, Al/]; is
lattice dilation along the direction of 3, Cs™ is 3D elastic constant,
V, is volume of unit cell, N, is effective conduction band density,
N, is effective valence band density, and pg™ is carrier mobility.
Drift-diffusion model: The drift-diffusion equation (Eq. (6)),
carrier continuity equation (Eq. (8)) and Possion’s equation (Eq.
(7)) are adopted. Transfer-matrix method (TMM) is used to
calculate carrier generation rate (Eq. (9)), where Q(x, A) is
absorption energy per unit area and E(x)* is optical electric field.
Standard AM 1.5G solar spectrum is employed to act as sunlight,
and Shockley-Read-Hall recombination is considered in the
device. Such method has been proven to be suitable for perovskite
solar cells [31-35]. For a-particle detection, the carrier generation
rate is computed by energy deposition obtained from Stoping
Range of Ions in Matter (SRIM) [36]. The material parameters of
Cs,Til; are obtained from the first-principle calculations and
literatures, as listed in Tables S1 and S2 in the ESM [37-44].
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Monte Carlo method: To simulate the radiation effect, the
SRIM 2013 program based on Monte Carlo method is employed
with a total of 10° incident ions. Detailed calculation with full
damage is considered in this simulation. The material densities
arer pp=1049 g/, pc,=1.65 glent, puapw,=4.118 g/,
Preporpss=1475  glem’,  pe,m=5.238 glcm’, ppro=6.99 g/cmy’,
Pirss=2-32 g/cm’.

3 Results and discussion

The crystal structure of vacancy-ordered double perovskite Cs,Til
is displayed in Fig. 1(a) with Fm3m space group. The lattice
parameter of Cs,Tils of about 11.09 A is in good agreement with
the previous report [45]. The band structure calculated by two
different methods (PBE and HSE) is shown in Fig. 1(b).
Compared to the band gap obtained by the PBE method (0.65
eV), the HSE method gives a direct band gap of about 1.02 eV for
Cs,Tilg, which is close to that of Si (1.12 eV). Similar to the
MAPDI,, the conduction band minimum (CBM) and the valence
band maximum (VBM) are mainly composed of the d orbital of
Ti atom and the p orbital of I atom, respectively, as shown in
Fig. 1(c). The calculated electron mobility (2.26x10* cm?/Vs) and
hole mobility (7.38x10° cm?/Vs) are significantly superior to those
of MAPDI; due to the larger elastic constant Cz” and smaller
deformation potential constant Ey, as listed in Figs. 1(d)-1(f) and
Table S2 in the ESM [39,44]. Meanwhile, the Cs,Til; exciton
binding energy (E,) which qualitatively represents the photo-
generation carrier recombination is comparable with that of
MAPbDL, as demonstrated in Fig. 1(f). The detailed E, of Cs,Til, is
calculated by Bethe-Salpeter equation E=¢/R,/mqe’, where y' is
reduced effective mass (1/y=1/m,+1/m,), R, is the atomic
Rydberg energy, and ¢, is relative dielectric constant. The excellent
carrier mobility and comparable exciton binding energy suggest
that Cs,Til; may possess a greater potential than MAPbI; in the
application of photovoltaic cells and radiation detection. To
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Figure1 (a) Crystal structure of Cs,Tilg (b) band structure with GGA-PBE functional (red) and HSE hybrid functional (black); (c) DOS of Cs,Tilg; (d) total energy of
Cs,Tils as a function of lattice dilation; () CBM and VBM of Cs,Til; as a function of lattice dilation; (f) exciton binding energy and carrier mobility of Cs,Tils and
MAPbDI;; (g) solar spectrum and absorption coefficients of Cs,Til, MAPbI;, and Si; (h) refractive index # and extinction coefficient k of Cs, Til,.

further unveil the optoelectronic application of Cs,Til;, the
absorption coefficient of Cs,Til; coupling with the solar spectrum
of AM 1.5G is displayed in Fig. 1(g). The absorption coefficient of
Cs,Tily in the entire solar spectrum is up to 10° cm™. Moreover,
such absorption coefficient is significantly superior to that of Si in
the entire-wavelength region and MAPbI; in long-wavelength
region. It suggests Cs, Til; can absorb the larger proportion of solar
spectrum than MAPbI; and Si. In other words, the vacancy-
ordered double perovskite Cs,Tily may possess the great potential
to be applied in photovoltaic cells. Inspired by these excellent
optoelectronic properties above mentioned, the vacancy-ordered
double perovskite Cs,Til; possesses broad prospect for the
application in solar cells and radiation detection.

In order to assess Cs,Tilg as a potential photovoltaic and

radiation material, a multi-scale simulation strategy is employed to
investigate the device performance based on Cs,Til; material. The
detailed optical and transport characters are calculated and
displayed in Figs. 1(g) and 1(h) and Table S2 in the ESM, which is
then transferred to transfer-matrix method and drift-diffusion
model and Monte Carlo method for further analysis of solar cell
and a-particle detection.

The widely adopted solar cell structure (FTO/PEDOT:
PSS/Cs, Tily/Cyy/Ag) is employed in the simulation by combining
transfer-matrix method with drift-diffusion model. As shown in
Fig. 2(a), with the Cs,Tilg thickness increase, the short circuit
current density (J,.) rapidly increases from 18.89 to 39.53 mA/cm?
when the perovskite thickness is less than 50 nm. After that, the J
demonstrates an evident oscillation phenomenon with three peaks
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Figure2 (a) Photovoltaic parameters of devices with different Cs,Til thicknesses; (b) photon absorption profile; (c) optical electric field E(x)* with the wavelength of
1050 nm; (d) Quasi Fermi levels of the device under open-circuit condition; (e) dependence of PCE of MAPbI; (red) and Cs,Tily (black) on the thickness of the
materials; (f) current matching of monolithic Cs,Tili-MAPbI, tandem solar cell.
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and two valleys. The corresponding Cs,Til thicknesses of the
three peaks are 50, 230, and 420 nm, and those of the two valleys
are 120 and 320 nm, respectively. The oscillation phenomenon
can be illustrated by photon absorption profile displayed in
Fig. 2(b). When the incident light is in short-wavelength region,
the refractive index of Cs,Til, is well matched to the nearby carrier
transport layer and transparent electrode, which results in a lower
reflection and interference loss [46]. Consequently, the lights in
the short-wavelength are fully abosrbed, irrespective of the
perovskite thickness. When the incident light locates in long-
wavelength region, the unmatched refractive index may induce
the higher reflection loss. Meanwhile, the increasing perovskite
thickness may correspond to the multiple of wavelength which
may induce strong interference loss (see Fig. S1 in the ESM), and
then reduce the optical electric field E(x), as illustrated Fig. 2(c).
Thus, the absorption ratio of Cs,Til; in the long wavelength
oscillates as the thickness increases. Taking the 1,050 nm
wavelength light as examples, the optical electric field E(x)* with
50 nm perovskite layer is about 3.8 times higher than that with
120 nm perovskite layer (see Fig.2(c)), therefore, the photon
absorption ratio (55.9%) of 50 nm perovskite layer is about 3 times
higher than that of 120 nm perovskite layer (17.3%). As a result,
the more excellent electron-hole pair generation rate with 50 nm
perovskite layer can be obtained, thus, the J,. of device based on 50
nm perovskite layer is superior to that of device based on 120 nm
perovskite layer. The similar situation can be observed for the 230
and 320 nm perovskite layer. Except for J, the fill factor (FF)
almost remains constant and the open circuit voltage (V) keeps
decreasing, as illustrated in Fig. 2(d), since the difference between
electron quasi Fermi level and hole quasi Fermi level keeps
dropping with the increment of perovskite thickness. In order to
verify the excellent photoelectric characters of Cs,Til;, the
traditional MAPDI; solar cell is simulated with the same device
structure as reference and shown in Fig.2(e). The efficient
absorption of Cs,Til; allows PCE to reach the first peak value
(22.7%) in just 50 nm thickness which is 1.4 times higher than that
of MAPDI; with the same thickness. Besides, all the three peak
PCE values of Cs,Tily based devices (PCE: 22.7%, thickness:
50 nm; PCE: 21.8%, thickness: 230 nm; PCE: 21.4%, thickness:
420 nm) are superior to the highest peak PCE value of MAPbI,
based device (PCE: 21.2%, thickness: 300 nm), which indicates
that Cs,Tily is a kind of suitable materials for photovoltaic cells.

It should be noted that the above optimal performances of
Cs,Til solar cells are derived from the ideal natural physical
parameters of the Cs,Til, single crystal. In the real experiment, the
generally synthesized perovskite absorption layer is polycrystalline
with lower carrier mobility and lifetime and larger defect states
which determine the carrier recombination. As a result, the
simulated optimal performance of the perovskite based device,
such as the Cs,TiBry solar cell, may be far superior to the
experimental value [27,47]. Note that, all of the carrier mobility,
lifetime, and defect states can be improved by enhancing the film
quality of the perovskite. To realize the high-performance
perovskite solar cell (PSC) based on Cs,Tilg, the PCEs dependent
on the carrier mobility, lifetime and defect energy level are
illustrated in Figs. S2 and S3 in the ESM. It can be found that
when the carrier mobility is below 1 cm?*Vs and continues to
decreasing, the PCE significantly decreases from 22.7% to 1.1%,
since the low carrier mobility accompanies with severely carrier
recombination, as illustrated in Fig. S2 in the ESM. When the
carrier mobility is higher than 1 cm?/Vs, the PCE almost keeps a
constant. It means that the high-performance PSC based on
Cs,Tils can be achieved by enlarging the carrier mobility. In
addition, with carrier lifetime enlarging from 10 to 10 s (which
corresponds to the order of magnitude of Cs,Tily single crystal),
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the PCE (carrier recombination rate) almost linearly increases
(decreases), and then tends to a saturation with further enlarging
the carrier lifetime (see Fig.S3 in the ESM). In other words,
enlarging the carrier lifetime of Cs,Tils polycrystalline film is an
effective way to improve the performance of PSC based on
Cs,Til In addition, as shown in Fig. S4 in the ESM, the PCE can
be improved when the defect energy level stays away from the
intrinsic Fermi level, especially the distance is larger than 0.2 eV.
Because the defect energy level could capture electrons and holes
more efficiently when the defect energy level closes to the intrinsic
Fermi level, which induces the larger recombination rate. Thus,
tuning and enlarging the defect energy level is another way to
realize the high-performance PSC based on Cs,Tils. In general, all
the carrier mobility, lifetime and defect energy level of perovskite
can be improved by enhancing the film quality of perovskite in the
experiment. Therefore, the high-performance PSC based on
Cs,Til; may be realized by improving the crystal quality of Cs,Tilg
film with the large carrier mobility, lifetime and defect energy
level.

Owing to the relatively narrow band gap of Cs,Til, the
absorption cutoff can be up to about 1,200 nm, which indicates
that Cs,Til, is suitable to be the bottom cell for tandem solar cells.
The tandem structure of FTO/PEDOT:PSS/MAPbI,/Cyy/
ITO/PEDOT:PSS/Cs,Tily/Cg/Ag is used to investigate the
performance of the monolithic all-perovskite tandem solar cell, as
displayed in Fig. S5 in the ESM. Because the J, of the tandem solar
cell is limited by the minimum one of all the sub-cells, it is
necessary to explore the current matching of all-perovskite
monolithic tandem solar cells. The current matching is shown in
Fig. 2(f), and the intersection between both surfaces represents
current matching points. Similar to the single junction solar cell,
the oscillation phenomenon of ], is observed in the monolithic
Cs,Tili-MAPbI; tandem solar cell as well. To our surprise, both
ultra-thin absorption layer thickness (MAPbI; = 186 nm, Cs,Tilg =
70 nm) and excellent device performance (J. = 19.08 mA/cny’, V.=
1.70 V, FF = 82.53%, PCE = 26.87%) can be obtained under the
condition of optimal current matching, which is significantly
superior to the reported highest PCE (24.8%) of all-perovskite
monolithic tandem solar cells [48]. Therefore, vacancy-ordered
double perovskite Cs,Til; is a potential lead-free all-inorganic
perovskite material for both single junction solar cell and
monolithic all-perovskite tandem solar cell.

Perovskite solar cells have exhibited great potential for space
application. In order to explore the feasibility of the Cs,Til, solar
cell in astrospace, the proton irradiation tolerance is necessary to
be investigated. The proton beam with energy ranging from
several keV to hundreds of MeV consists of positive hydrogen
nucleus. In order to minimize the influence of glass substrate in
proton penetration, the proton beam is irradiated from the Ag
electrode. Nuclear scattering of the incident proton results in the
target nuclei to recoil and be displaced, which instigates a cascade
of damage events that generate vacancies in the material. The
proton penetration and vacancies distribution with 50 nm
champion perovskite thickness are calculated by Monte Carlo
method using computer program SRIM 2013 and displayed in
Fig. 3. It can be observed that the low-energy proton beam (5 keV)
cannot reach active layer and the high-energy proton beam (1
MeV) mostly passes through the entire device without substantial
collision event, only the moderate-energy proton beam (25 and 40
keV) induces evident collision events and vacancies in the active
layer, suggesting that only the moderate-energy proton beam has a
strong effect on the device performance. Furthermore, the vacancy
concentration in the active layer induced by the 25 keV proton
beam is higher than that induced by the 40 keV proton beam. It is
thought that the 25 keV proton beam may induce the greatest
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damage on the device and thus such proton beam is selected in
the following discussion. In order to quantitatively analyze the
deterioration of device performance induced by the proton
irradiation, the drift-diffusion model coupling with the Monte
Carlo method is employed. As shown in Fig. 4(a), the ultrahigh
PCE, V,, ], and FF of Cs,Tily solar cell under the AM1.5G and
AMO illumination without proton beam are 22.7%, 0.685 V, 39.5
mA/c’, 83.7% and 20.6%, 0.691 V, 48.6 mA/cmy’, 83.7%,
respectively. This performance is much higher than the
experimental results since a perfect crystal structure is considered
in this work, which also indicates that the Cs,Til, still has much
potential for further improvement. In Figs. 4(b) and 4(c), we
found the Cs,Tily photovoltaic cell possesses the excellent
radiation tolerance in the wide range of proton fluence. When the
Cs,Tilg solar cell undergoes 25 keV proton beam, the V. keeps
remaining, and then V. gradually deteriorates when the proton
fluence overs 10” p/cm”. This is because the 25 keV proton beam
fluence below 10° p/cm’ is insufficient to increase the carrier
recombination and tune the Fermi level, as seen in Figs. 4(d) and
4(e). When continueously increasing the proton fluence, the
increasing carrier recombination rate leads to the decrease of
photo-generated non-equilibrium carriers concentration, and then
results in the decline of the difference between electron and hole
quasi Fermi level, which induces the drop of V., as illustrated in
Figs. 4(d) and 4(e). For the excellent J,. of Cs,Til, solar cell, it just
slightly shifts down about 3.3 mA/cm’ even though the proton

fluence is up to 1 x 10" p/c’, since the significant deterioration of
EQE is observed just when the proton fluence is beyond 10*
p/cny’. For an example, EQE with 1x10" p/cm’ proton irradiation
in 700 nm wavelength is 0.971 which is comparable to that of
Cs, Til4 solar cell without proton irradiation, but is far higher than
that with 2x10* p/cm? (EQE = 0.243). In addition, the variation of
FF under the proton irradiation is similar to that of J,.. As a result,
the Cs,Til solar cell still retains over 95% of their initial PCE even
after being irradiated by 25 keV proton beam at high-fluence of
10" p/cmy’. Especially, the J. can withstand proton irradiation up
to 10" p/cm* without significant current loss. It means Cs,Tilg
solar cell exhibits an excellent proton resistance and great potential
application in the astrospace.

In order to further explore the Cs,Til, space solar cell, other two
solar cells with 230 and 420 nm perovskites coupling with MAPbI,
solar cell under the greatest proton radiations are investigated, as
shown in Figs. S6-58 in the ESM, respectively. It can be found that
the greatest tolerations of proton energy for 230 nm Cs, Tl solar
cell and 420 nm Cs,Til; solar cell are 40 and 60 keV, respectively,
which are higher than that of 50 nm Cs,Til, solar cell. As to the
MAPDbI, solar cell, its champion PCE corresponds to the 300 nm
MAPDbI, layer. The greatest toleration of proton energy for 300 nm
MAPDI; solar cell is 35 keV (Fig.S8 in the ESM) which is
obviously lower than that of corresponding Cs,Til, solar cell. In
other words, the Cs,Tilg solar cell can resist the higher proton
energy than MAPDI; solar cell due to the larger mass density of
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Cs,Tils (5.238 g/cm®) than that of MAPbI; (4.118 g/cm’). In
addition, regardless of the thickness of Cs,Til,, the Cs,Tily solar
cell can at least tolerance 1x10" p/cm’ proton irradiation, while
the MAPbL; solar cell can only resist 5x10” p/cm’ proton
irradiation which is only half of Cs,Til; solar cell. These further
suggest the more potential application of Cs,Til, solar cell in the
astrospace. Table 1 comparatively lists the proton irradiation
tolerances of reported solar cells and this work. To our surprise,
Cs,Tilg solar cell possesses the champion radiation resistance
compared with the other perovskite solar cells and the traditional
commercialized photovoltaic cells (Si, GaAs). The Si and GaAs
solar cells can only resist the proton irradiation with 10" and 10"
p/cmy’, respectively, which means that Cs,Til, solar cell has at least
two to three orders of magnitude higher proton tolerance than Si
and GaAs solar cells. In addition, the proton tolerance of both
single junction and double junction perovskite solar cells reported
in literatures is obviously worse than that of the Cs,Til, solar cell.

Nano Res. 2022, 15(3): 2697-2705

Meanwhile, high-energy 68 MeV proton beam adopted in the
literatures is too high to cause significant collision event, making
correct assessment of proton tolerance difficult [11-13]. It is
thought that the excellent radiation resistance of Cs,Tilg solar cell
is endowed by the nature of ultra-thin absorption layer, high
carrier mobility, all of which can minimize the influence of
radiation damage on photovoltaic performance. Therefore, the
above analysis reveals that Cs,Til, solar cell is radiation hard and
has broad prospects for space application.

Due to the excellent radiation tolerance of photovoltaic cells,
Cs,Tilg perovskite might have great potential for radiation
detection. The widely adopted metal/Cs,Tilg/metal structure is
used as a-particle detector with 548 meV a incident particles
energy. As shown in Fig. 5(a), the incident depth of a-particle in
Cs,Til, radiation detector is about 23.6 um. With the a-particle
penetrating deeper into the device, the velocity of particles declines
owing to the loss of energy, and therefore, the cross section and

Table1 Photovoltaic cells: the comparison of proton irradiation tolerance in this work and literatures

Proton energy

Proton fluence ~ Ratio maintaining the initial

Device structure (keV) (p/cm?) performance (%) Ref.
AZO/SnO,/Csy45(MA 17FA 83)0.95Pb I 83810 17)3/Spiro-OMeTAD/Au 150 10" 80 [9]
ITO/PEDOT:PSS/MAPDI,/PCBM/BCP/Ag 100 3x10" 80 [10]
ITO/PEDOT:PSS/MAPbBI,/PCBM/Ag 68,000 10" 20 [11]
ITO/PTAA/CsgosMAg17FA5sPb (1o 3B 17)5/ Ceo/ BCP/Cu 68,000 10” 95 [12]
Perovskite/CIGS tandem solar cell 68,000 2x10™ 85 [13]
Si solar cell 10,000 10t 90 [49]
GaAs solar cell 150 10" 88 [50]
FTO/PEDOT:PSS/Cs,Til/Cyy/Ag 25/40/60 10" 95 This work
FTO/PEDOT:PSS/MAPDI;/Cg/Ag 35 5x10" 95 This work
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Figure5 (a) Profile of 548 MeV a-particle penetration in Cs,Til radiation detector; (b) the distribution of energy loss and carrier generate rate; (c) CCE vs. applied
voltage fitting with Hecht equation. Profile of (d) 0.7 MeV, (e) 1.32 MeV, (f) 2 MeV proton penetration in the Cs,Til; radiation detector; (g) CCE vs. applied voltage
with different proton fluences; the distribution of vacancies when the Cs,Til radiation detector is bombarded by proton with energy of (h) 0.7 MeV, (i) 1.32 MeV, (j) 2
MeV; (k) recombination rate with different proton fluences.
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linear energy transfer increase near the end of particle penetration,
which induces the improvement of carrier generation rate
(Fig.5(b)). As the most important parameter in a-particle
detection, the mobility-lifetime product yt, is calculated by the
Hecht equation, as displayed in Fig.5(c). The ultrahigh um,
product with 1x10® cm’/V is achieved by the Cs,Til; material,
which is superior to the CsPbBr; a-particle detector (9.5x10
cm’/V) and several orders of magnitude higher than that of two-
dimensional perovskites a-particle detector (Cs;Bily: 1.8x107
cm?/V, Rb;Bi,ly: 2x10°¢ cm?/V) [28,51]. In addition, in order to
access the radiation resistance, the effect of proton damage in
Cs,Tilg a-particle detector is investigated as well, as displayed in
Figs. 5(d)-5(k). It is obviously observed that the most vacancies
concentrate in the position of 23 pm with 1.32 MeV proton beam.
Meanwhile, the highest carrier generation rate locates in the
position of 23 pm as well. Therefore, 1.32 MeV proton energy will
induce the most serious damage in the device and is selected for
the following analysis. As shown in Fig. 5(g), owing to the larger
mass density and excellent carrier mobility of Cs,Tilg material, the
ultrahigh CCE of 99.2% can be obtained by the pre-irradiated
device, much higher than the reported CsPbBr; a-particle detector
(95.2%) [51]. It indicates that the Cs,Til; material has broad
prospect in radiation detection. Such ultrahigh CCE can remain
even if the high fluence proton beam increases to 10 p/cm’.
Moreover, even though increasing the proton fluence to 10"
p/c’, the ultrahigh CCE just reduces 1.2% under the applied
voltage of 300 V. Only when continuously increasing the proton
fluence to 10 p/cm’, the obvious detector performance
deterioration can be observed due to the significant increment of
carrier recombination rate (Fig. 5(k)). However, the CCE still can
be up to 55.9%. It suggests that Cs,Tily a-particle detector
possessed the superior radiation tolerance can resist the
bombardment of high fluence proton beam (10* p/cm?) which is
about one order of magnitude higher radiation tolerance than the
4H-SiC (10" p/cm?) and GaAs (1.6x10" p/cm?) radiation detector
reported in the literature [52,53]. Therefore, owing to the
excellent material properties, device performance, and radiation
tolerance, the novel vacancy-ordered double perovskite Cs,Til is
suitable to be employed as a-particle detector and even other
radiation detections.

4 Conclusion

In summary, a nontoxic and stable vacancy-ordered double
perovskite Cs,Tils used for high-performance solar cell and a-
particle detector is investigated. The superior optical absorption
property and high carrier mobility obtained from first-principle
calculation make it suitable to apply in photovoltaic cells and
radiation detection. The further device and radiation simulation
suggests that the ideal materials properties can be transferred into
the device level successfully. The ultrahigh PCE (22.70%) of
Cs,Til single junction solar cell can be realized with 50 nm
ultrathin active layer. Similarly, the PCE of monolithic all-
perovskite tandem solar cell with ultrathin absorbed layer
(MAPDI; = 186 nm, Cs,Til; = 70 nm) can reach up to 26.87% as
well. Meanwhile, the single junction Cs,Tils solar cell can still
retain over 95% of the initial PCE even after proton irradiation
with the fluence of 10" p/cmy’. In addition, owing to the excellent
carrier mobility, the ultrahigh CCE (99.2%) and superior mobility-
lifetime product (47, = 1x10” cm’/V) can be realized by a-particle
detector based on Cs,Til; material, furthermore, it can survive
against accumulated proton fluence level up to 10* p/cm’. We
expect that this study can accelerate the experiment of preparing
and testing photovoltaic cells and radiation detectors based on
Cs, Tilg material.
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