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PEROVSKITE
BETAVOLTAIC-PHOTOVOLTAIC BATTERY

TECHNICAL FIELD

[0001] This application relates to a perovskite betavoltaic-
photovoltaic battery and a manufacturing method thereof.

BACKGROUND

[0002] A photovoltaic cell is an optical-to-electrical con-
version device that converts optical energy into electrical
energy, and is highly eflicient in energy conversion. Clean
and pollution-free solar energy can be effectively utilized
through the photovoltaic cells. However, the photovoltaic
cells depend on weather and seasons to a great extent.
[0003] A nuclear battery, also known as an isotope battery,
is a device that converts the energy, which is released by
radioisotopes during decay, into electrical energy. Nuclear
batteries have the merits such as a long life, high environ-
mental stability, and miniaturization ability, but are ineffi-
cient in energy conversion. The nuclear batteries convert
energy in various ways. A nuclear battery that forms a power
output through a P-N junction or a P-I-N junction after
converting the energy of high-energy particles of a radio-
active source into photocarriers by using a photoelectric
effect is referred to as a betavoltaic nuclear battery (herein-
after referred to as “betavoltaic battery”). The working
principles of the betavoltaic battery are similar to those of a
photovoltaic cell.

[0004] If the betavoltaic battery and the photovoltaic cell
can coordinate with each other to exert their respective
merits, a betavoltaic-photovoltaic battery that is of excellent
environmental stability and high efficiency of energy con-
version can be implemented.

SUMMARY

[0005] This application is put forward in view of the above
problems, and an objective of this application is to provide
a perovskite betavoltaic-photovoltaic battery that can con-
vert isotope decay particles or other energy particles and
solar energy into electrical energy simultaneously, so as to
reduce the dependence on lighting conditions and improve
environmental stability and energy conversion efficiency.
[0006] A first aspect of this application provides a perov-
skite betavoltaic-photovoltaic battery. The battery includes a
first electrode, a first charge transport layer, a perovskite
layer, a second charge transport layer, and a second electrode
in sequence. The first electrode is a transparent electrode.
The first charge transport layer is an electron transport layer
and the second charge transport layer is a hole transport
layer, or, the first charge transport layer is a hole transport
layer and the second charge transport layer is an electron
transport layer. The perovskite layer is doped with a fluo-
rescent substance. At least one of the first electrode, the first
charge transport layer, the second charge transport layer, or
the second electrode is radioactive. When the first electrode
and/or the second electrode is radioactive, the first electrode
and/or the second electrode is an irradiated electrode formed
by compounding a radioactive source and a conductor
material. When the first charge transport layer and/or the
second charge transport layer is radioactive, the first charge
transport layer and/or the second charge transport layer is an
irradiated semiconductor formed by compounding a radio-
active source and a semiconductor material.
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[0007] In some embodiments, a mass percent of the fluo-
rescent substance contained in the perovskite layer is 1 wt %
to 30 wt %, and optionally 10 wt % to 15 wt %, of a total
mass of the perovskite layer.

[0008] In some embodiments, the fluorescent substance in
the perovskite layer is at least one selected from riboflavin,
fluorescein isothiocyanate, tetraethyl rhodamine, tetram-
ethyl isothiocyanate rhodamine, phycoerythrin, an iridium
complex, a rare earth element complex, a polyfluorene
compound, a coumarin compound, a naphthalimide com-
pound, a triacene compound or a higher-acene compound, a
rhodamine compound, a fluorescein compound, a fluoro-
borodipyrrole compound, a resorufin compound, a pyrazo-
line compound, a triphenylamine compound, a carbazole
compound, green fluorescent protein, a bimane fluorescent
compound, a perovskite luminescent nanomaterial, a ther-
mally activated delayed fluorescence (TADF) compound, a
chelate of trivalent rare earth lanthanides, and any derivative
or copolymer thereof, and is optionally tetraethylrhodamine
or a chelate of trivalent rare earth lanthanides, where the
chelate of trivalent rare earth lanthanides is optionally
LaF,:Eu**,

[0009] Insome embodiments, perovskite in the perovskite
layer satisfies a chemical formula ABX,, where A is at least
one selected from methylamine cation MA™, formami-
dinjum cation FA*, and cesium cation Cs*; B is at least one
selected from lead cation Pb>* and tin cation Sn**; and X is
a halogen ion, COO~, or a mixed-anion thereof.

[0010] In some embodiments, the radioactive source is at
least one selected from an a-type radioactive source, a
[-type radioactive source, an X-ray radioactive source, and
a y-ray radioactive source.

[0011] In some embodiments, the a-type radioactive
source is at least one selected from *'°Po or a compound
thereaf, >**Th or a compound thereof, *>*U or a compound
thereof, ***Pu or a compound thereof, Z**PuQ, micro-
spheres, >*'Am or a compound thereof, ***Cm or a com-
pound thereof, and **Cm or a compound thereof; and the
B-type radioactive source is at least one selected from
(C,H,*H,.),. >H,, Ti*H,, **C or a compound thereof, **S or
a compound thereof, ®*Ni or a compound thereof, *°Sr or a
compound thereof, “°Sr/*°Y **Tc or a compound thereof,
198Ru or a compound thereof, *’CS or a compound thereof,
144Ce or a compound thereof, '*’Pm or a compound thereof,
*1Sm or a compound thereof, and **°Ra or a compound
thereof.

[0012] In some embodiments, the radioactive source is
optionally a p-type radioactive source, and further option-
ally, is at least one selected from Ti*H,, *Ni, and “°s/*°Y.
[0013] Insome embodiments, a mass percent of the radio-
active source in the irradiated electrode and/or the irradiated
semiconductor is 90 wt % or less, and optionally 5 wt % to
30 wt %.

[0014] In some embodiments, the semiconductor material
of the first charge transport layer and the second charge
transport layer is at least one of the following materials or a
derivative thereof: an imide compound; a quinone com-
pound; fullerene or a derivative thereof, 2,2',7,7'-tetrakis(N,
N-p-methoxyanilino)-9,9"-spirobifluorene;  methoxytriph-
enylamine-fluoroformamidine; poly(3.4-
ethylenedioxythiophene): polystyrene sulfonic acid; poly-3-

hexylthiophene; triptycene-cored triphenylamine; 3,4-
ethylenedioxythiophene-methoxytriphenylamine; N-(4-
aniline)carbazole-spirobifluorene; polythiophene; metal
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oxide of a metal element selected from Mg, Ni, Cd, Zn, In,
Pb, Mo, W, Sb, Bi, Cu, Hg, Ti, Ag, Mn, Fe, V, Sn, Zr, Sr, Ga,
and Cr; silicon oxide; strontium titanium oxide; calcium
titanium oxide; lithium fluoride; calcium fluoride; and
cuprous thiocyanate.

[0015] In some embodiments, the conductor material of
the first electrode and the second electrode is an organic
conductive material, an inorganic conductive material, or a
conductive material compounded of an organic conductive
material and an inorganic conductive material. The organic
conductive material is at least one selected from: a polymer
of (3,4-ethylenedioxythiophene monometr); polythiophene;
polyacetylene; polypyrrole; polyphenylene; polypheny-
lacetylene; polyaniline; epoxy resin; phenol-formaldehyde
resin, and polypropylene. The inorganic conductive material
is at least one selected from a transparent conductive oxide,
a metal, and a carbon derivative.

[0016] In some embodiments, a thickness of the first
electrode is 50 nm to 1000 nm; and/or a thickness of the first
charge transport layer is 10 nm to 1000 nm; and/or a
thickness of the perovskite layer is 50 nm to 2000 nm; and/or
a thickness of the second charge transport layer is 10 nm to
1000 nm; and/or a thickness of the second electrode is 10 nm
to 500 nm.

[0017] A second aspect of this application provides a
method for manufacturing a perovskite betavoltaic-photo-
voltaic battery, where the perovskite betavoltaic-photovol-
taic battery includes a first electrode, a first charge transport
layer, a perovskite layer, a second charge transport layer, and
a second electrode in sequence. The manufacturing method
includes: a step of forming the first charge transport layer on
the first electrode; a step of forming the perovskite layer on
the first charge transport layer; a step of forming the second
charge transport layer on the perovskite layer; and a step of
forming the second electrode on the second charge transport
layer. The first electrode is a transparent electrode. The first
charge transport layer is an electron transport layer and the
second charge transport layer is a hole transport layer, or, the
first charge transport layer is a hole transport layer and the
second charge transport layer is an electron transport layer.
The perovskite layer is doped with a fluorescent substance.
At least one of the first electrode, the first charge transport
layer, the second charge transport layer, or the second
electrode is radioactive. When the first electrode and/or the
second electrode is radioactive, the first electrode and/or the
second electrode is an irradiated electrode formed by com-
pounding a radioactive source and a conductor material.
When the first charge transport layer and/or the second
charge transport layer is radioactive, the first charge trans-
port layer and/or the second charge transport layer is an
irradiated semiconductor formed by compounding a radio-
active source and a semiconductor material. When the first
electrode and/or the second electrode is an irradiated elec-
trode, the irradiated electrode is compounded of the radio-
active source and the conductor material by at least one
method selected from: a chemical bath deposition method,
an electrochemical deposition method, a chemical vapor
deposition method, a physical epitaxial growth method, a
thermal co-evaporation method, an atomic layer deposition
method, a magnetron sputtering method, a precursor solu-
tion spin-coating method, a precursor solution slot-die coat-
ing method, a precursor solution scrape coating method, and
a mechanical pressing method. When the first charge trans-
port layer and/or the second charge transport layer is an
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irradiated semiconductor, the irradiated semiconductor is
compounded of the radioactive source and the semiconduc-
tor material by at least one method selected from: a chemical
bath deposition method, an electrochemical deposition
method, a chemical vapor deposition method, a physical
epitaxial growth method, a thermal co-evaporation method,
an atomic layer deposition method, a magnetron sputtering
method, a precursor solution spin-coating method, a precur-
sor solution slot-die coating method, a precursor solution
scrape coating method, and a mechanical pressing method.
[0018] In some embodiments, the irradiated electrode or
the irradiated semiconductor is compounded by at least one
of the thermal co-evaporation method, the magnetron sput-
tering method, or the precursor solution spin-coating
method.

[0019] This application brings at least the following ben-
eficial effects:
[0020] According to this application, a perovskite beta-

voltaic-photovoltaic battery is provided, in which a perov-
skite layer is doped with a fluorescent substance. At least one
of the first electrode, the first charge transport layer, the
second charge transport layer, and the second electrode is
radioactive. Therefore, the perovskite betavoltaic-photovol-
taic battery according to this application can convert the
isotope decay particles or other energy particles and solar
energy into electrical energy simultaneously, and can
improve the energy conversion efficiency.

BRIEF DESCRIPTION OF DRAWING

[0021] FIG. 1 is a schematic diagram of a structure of a
perovskite betavoltaic-photovoltaic battery according to this
application.

DETAILED DESCRIPTION OF EMBODIMENTS

[0022] The following describes and discloses in detail a
perovskite betavoltaic-photovoltaic battery and a manufac-
turing method thereof according to this application with due
reference to drawings. However, unnecessary details may be
omitted in some cases. For example, a detailed description
of a well-known matter or repeated description of an essen-
tially identical structure may be omitted. That is intended to
prevent the following descriptions from becoming unneces-
sarily lengthy, and to facilitate understanding by a person
skilled in the art. In addition, the drawings and the following
descriptions are intended for a person skilled in the art to
thoroughly understand this application, but not intended to
limit the subject-matter set forth in the claims.

[0023] A “range” disclosed herein is defined in the form of
a lower limit and an upper limit. A given range is defined by
a lower limit and an upper limit selected. The selected lower
and upper limits define the boundaries of a particular range.
A range so defined may be inclusive or exclusive of the end
values, and a lower limit of one range may be arbitrarily
combined with an upper limit of another range to form a
range. For example, if a given parameter falls within a range
of 60 to 120 and a range of 80 to 110, it is expectable that
the parameter may fall within a range of 60 to 110 and a
range of 80 to 120 as well. In addition, if lower-limit values
1 and 2 are set out, and if upper-limit values 3, 4, and 5 are
set out, the following ranges are all expectable: 1 to 3, 1 to
4,11t05,2t03,2to4,and 2 to 5. Unless otherwise specified
herein, a numerical range “a to b” is a brief representation
of a combination of any real numbers between a and b
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inclusive, where both a and b are real numbers. For example,
a numerical range “0 to 5” herein means all real numbers
recited between 0 and 5 inclusive, and the expression “0 to
5” is just a brief representation of a combination of such
numbers. In addition, a statement that a parameter is an
integer greater than or equal to 2 is equivalent to a disclosure
that the parameter is an integer such as 2, 3,4, 5,6, 7, 8, 9,
10, 11, 12, and so on.

[0024] Unless otherwise expressly specified herein, any
embodiments and optional embodiments hereof may be
combined with each other to form a new technical solution.
[0025] Unless otherwise expressly specified herein, any
technical features and optional technical features hereof may
be combined with each other to form a new technical
solution.

[0026] Unless otherwise expressly specified herein, all
steps described herein may be performed in sequence or at
random, and preferably in sequence. For example, that the
method includes steps (a) and (b) indicates that the method
may include steps (a) and (b) performed in sequence, or
steps (b) and (a) performed in sequence. For example, that
the method may further include step (c) indicates that step
(c) may be added into the method in any order. For example,
the method may include steps (a), (b), and (c), or may
include steps (a), (c), and (b), or may include steps (c), (a),
and (b), and so on.

[0027] Unless otherwise expressly specified herein,
“include” and “comprise” mentioned herein mean open-
ended inclusion, or closed-ended inclusion. For example, the
terms “include” and “comprise” may mean inclusion of
other items that are not recited, or inclusion of only the items
recited.

[0028] Unless otherwise expressly specified herein, the
term “or” is inclusive. For example, the expression “A or B”
means “A alone, B alone, or both A and B”. More specifi-
cally, any one of the following conditions satisfies the
condition “A or B”: A is true (or existent) and B is false (or
absent); A is false (or absent) and B is true (or existent); and,
both A and B are true (or existent).

[0029] In the description of the embodiments of this
specification, the technical terms “first” and “second” are
merely intended to distinguish between different items but
not intended to indicate or imply relative importance or
implicitly specify the number of the indicated technical
features, specific order, or order of precedence.

[0030] According to an embodiment of this application, a
perovskite betavoltaic-photovoltaic battery is disclosed. As
shown in FIG. 1, the perovskite betavoltaic-photovoltaic
battery includes a first electrode, a first charge transport
layer, a perovskite layer, a second charge transport layer, and
a second electrode in sequence.

[0031] The first electrode is a transparent electrode. Sun-
light can be incident from the first electrode. The perovskite
betavoltaic-photovoltaic battery according to this applica-
tion can perform optical-to-electrical conversion by using
the sunlight incident from the first electrode.

[0032] The first charge transport layer is an electron trans-
port layer and the second charge transport layer is a hole
transport layer, or, the first charge transport layer is a hole
transport layer and the second charge transport layer is an
electron transport layer. The first charge transport layer, the
perovskite layer, and the second charge transport layer
together form a P-I-N structured battery function layer.
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[0033] At least one of the first electrode, the first charge
transport layer, the second charge transport layer, or the
second electrode is radioactive. When the first electrode
and/or the second electrode is radioactive, the first electrode
and/or the second electrode is an irradiated electrode formed
by compounding a radioactive source and a conductor
material; and, when the first charge transport layer and/or the
second charge transport layer is radioactive, the first charge
transport layer and/or the second charge transport layer is an
irradiated semiconductor formed by compounding a radio-
active source and a semiconductor material. By causing at
least one of the first electrode, the first charge transport layer,
the second charge transport layer, or the second electrode to
be radioactive, the high-energy particles generated from the
radioactive source can be absorbed by the perovskite layer,
and converted into energy in the P-I-N structured battery
function layer.

[0034] The radioactive source may be at least one selected
from an oa-type radioactive source, f-type radioactive
source, an X-ray radioactive source, and a y-ray radioactive
source.

[0035] More specifically, the a-type radioactive source
may be at least one selected from #'°Po or a compound
thereof, ***Th or a compound thereof, >**U or a compound
thereaf, ***Pu or a compound thereof, ***Pu0, micro-
spheres, ** Am or a compound thereof, **Cm or a com-
pound thereof, and ***Cm or a compound thereof. The
1-type radioactive source may be at least one selected from
(C,H;*Hs )n, *H,, Ti*H,, **C or a compound thereof, *>S or
a compound thereof, ®*Ni or a compound thereof, “°Sr or a
compound thereof, *°Sr/*°Y, *Tc or a compound thereof,
196Ry1 or a compound thereof, *’Cs or a compound thereof,
144Ce or a compound thereof, '*’Pm or a compound thereof,
1518m or a compound thereof, and **°Ra or a compound
thereof.

[0036] The radioactive source is optionally a B-type radio-
active source, and further optionally, is at least one selected
from Ti*H,, *Ni or a compound thereof, and *°Sr/*°Y.
[0037] The radiation particles of the 1-type radioactive
source are of relatively low energy and high safety, and exert
just a small radiation effect on the perovskite and other
battery structures. When at least one of Ti*H,, ®*Ni or a
compound thereof, or *°Sr/°°Y is selected as the radioactive
source, the preparation process is of high compatibility and
high controllability.

[0038] With respect to the mass percent of the radioactive
source, the mass percent of the radioactive source in the
irradiated electrode and/or the irradiated semiconductor is
90 wt % or less, and optionally 5 wt % to 30 wt %.
[0039] The perovskite layer of the perovskite betavoltaic-
photovoltaic battery according to this application is doped
with a fluorescent substance. The fluorescent substance can
emit light as irradiated by sunlight and the radiated particles
from the radioactive source.

[0040] The energy of a short wavelength band in a visible
light band of the solar spectrum is relatively high. The
excess energy that excites carriers in the perovskite layer
results in thermal relaxation, thereby being adverse to bat-
tery devices. By doping the perovskite layer with a fluores-
cent substance, the fluorescent substance can absorb the
excess energy, emit long-wave visible light, and make the
light reabsorbed by the perovskite, thereby not only reduc-
ing heat emission of the battery, but also further improving
the utilization efficiency of the solar spectrum.
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[0041] The fluorescent substance in the perovskite layer is
not particularly limited as long as the substance is capable of
photoluminescence and/or radioluminescence. Specifically,
examples of the fluorescent substance include at least one of
riboflavin, fluorescein isothiocyanate, tetracthyl rhodamine,
tetramethyl isothiocyanate rhodamine, phycoerythrin, an
iridium complex, a rare earth element complex, a polyfluo-
rene compound, a coumarin compound, a naphthalimide
compound, a triacene compound or a higher-acene com-
pound, a rhodamine compound, a fluorescein compound, a
fluoroborodipyrrole compound (BODIPY), a resorufin com-
pound, a pyrazoline compound, a triphenylamine com-
pound, a carbazole compound, green fluorescent protein, a
bimane fluorescent compound (such as monochlorodiamine
or monobromodiamine), a perovskite luminescent nanoma-
terial, a thermally activated delayed fluorescence (TADF)
compound (such as triphenylamine-dipyridophenazine
(TPA-DPPZ)), a chelate of trivalent rare earth lanthanides,
and any derivative or copolymer thereof. The fluorescent
substance is optionally tetraethylrhodamine or a chelate of
trivalent rare earth lanthanides. The trivalent rare earth
lanthanides are, for example, europium (EU>*), terbium
(Tb**), and cerium (Ce®*). The chelate of trivalent rare earth
lanthanides is optionally LaF,:Eu®*.

[0042] In the perovskite betavoltaic-photovoltaic battery
according to this application, a mass percent of the fluores-
cent substance contained in the perovskite layer is 1 wt % to
30 wt % of a total mass of the perovskite layer, and
optionally 10 wt % to 15 wt % of the total mass of the
perovskite layer.

[0043] Any perovskite substance in the perovskite layer is
appropriate for use in the perovskite betavoltaic-photovol-
taic battery according to this application as long as the
substance satisfies a chemical formula ABX;, where A is at
least one selected from methylamine cation MA*, formami-
dinium cation FA*, and cestum cation Cs*; B is at least one
selected from lead cation Pb>* and tin cation Sn>*; and X is
at least one selected from halogen anion (F-, CI~, Br~, I7)
and COO"™. The perovskite serves as an absorber material to
absorb sunlight, the radiated particles from the radioactive
source, and photons generated by the perovskite layer that
contains the fluorescent substance.

[0044] The semiconductor material of the charge transport
layer of the perovskite betavoltaic-photovoltaic battery
according to this application is an n-type semiconductor
material or a p-type semiconductor material. The n-type
semiconductor material is used in the first charge transport
layer and the p-type semiconductor material is used in the
second charge transport layer, or, the p-type semiconductor
material is used in the first charge transport layer and the
n-type semiconductor material is used in the second charge
transport layer.

[0045] Examples of the semiconductor material include at
least one of the following materials or a derivative thereof:
an imide compound; a quinone compound; fullerene (C60)
or a derivative thereof, poly[bis(4-phenyl)(2,4,6-trimeth-
ylphenyl)amine|(PTAA), 2,2'7,7"-tetrakis(N,N-p-
methoxyanilino)-9,9'-spirobifluorene  (Spiro-OMeTAD);
methoxytriphenylamine-fluoroformamidine (OMeTPA-FA);
poly(3,4-ethylenedioxythiophene):  polystyrene sulfonic
acid (PE DOT: PSS); poly-3-hexylthiophene (P3HT); trip-
tycene-cored triphenylamine (H101); 3,4-ethylenedioxy-
thiophene-methoxytriphenylamine (EDOT-OMeTPA);
N-(4-aniline)carbazole-spirobifluorene (CzPAF-SBF); poly-
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thiophene; metal oxide of a metal element selected from Mg,
Ni, Cd, Zn, In, Pb, Mo, W, Sb, Bi, Cu, Hg, Ti, Ag, Mn, Fe,
V, Sn, Zr, Sr, Ga, and Cr; silicon oxide (SiO,); strontium
titanium oxide (SrTi0,); calcium titanium oxide (CaTiO,);
lithium fluoride (LiF); calcium fluoride (CaF,); cuprous
thiocyanate (CuSCN); and [6,6]-phenyl-C61-isomethyl
butyrate (PC60BM) or [6,6]-phenyl-C71-isomethyl butyrate
(PC70BM).

[0046] The n-type semiconductor material is optionally tin
dioxide, titanium dioxide, zinc oxide, C60, or [6,6]-phenyl-
C61-isomethyl butyrate. The p-type semiconductor material
is optionally 2,2'7,7'-tetrakis(N,N-p-methoxyanilino)-9,9'-
spirobifluorene, nickel oxide, poly[bis(4-phenyl)(2,4,6-trim-
ethylphenyl)amine|(PTAA), or poly-3-hexylthiophene.
[0047] The conductor material of the first electrode and
the second electrode of the perovskite betavoltaic-photovol-
taic battery according to this application is an organic
conductive material, an inorganic conductive material, or a
conductive material compounded of an organic conductive
material and an inorganic conductive material. The organic
conductive material is at least one selected from: a polymer
of (3,4-ethylenedioxythiophene monomer); polythiophene;
polyacetylene; polypyrrole; polyphenylene; polypheny-
lacetylene; polyaniline; epoxy resin; phenol-formaldehyde
resin, and polypropylene. The inorganic conductive material
is at least one selected from a transparent conductive oxide
(FTO, ITO, AZ0), a metal, and a carbon derivative.
[0048] With respect to the thickness of each layer in the
perovskite betavoltaic-photovoltaic battery according to this
application, for example, the thickness of the first electrode
is 50 nm to 1000 nm; the thickness of the first charge
transport layer is 10 nm to 1000 nm; the thickness of the
perovskite layer is 50 nm to 2000 nm; the thickness of the
second charge transport layer is 10 nm to 1000 nm; and, the
thickness of the second electrode is 10 nm to 500 nm.
[0049] In the perovskite betavoltaic-photovoltaic battery
according to this application, a reflective layer may be
further disposed at an appropriate position. For example, the
reflective layer may be disposed on a side that is of the
second electrode and that is opposite to the second charge
transport layer. The disposed reflective layer further
improves the energy efficiency in the battery.

[0050] According to another embodiment of this applica-
tion, a method for manufacturing a perovskite betavoltaic-
photovoltaic battery is disclosed. The method for manufac-
turing a perovskite betavoltaic-photovoltaic  battery
according to this application includes: a step of forming the
first charge transport layer on the first electrode; a step of
forming the perovskite layer on the first charge transport
layer; a step of forming the second charge transport layer on
the perovskite layer; and a step of forming the second
electrode on the second charge transport layer. When the first
electrode and/or the second electrode is an irradiated elec-
trode, the irradiated electrode is compounded of the radio-
active source and the conductor material by at least one
method selected from: a chemical bath deposition method,
an electrochemical deposition method, a chemical vapor
deposition method, a physical epitaxial growth method, a
thermal co-evaporation method, an atomic layer deposition
method, a magnetron sputtering method, a precursor solu-
tion spin-coating method, a precursor solution slot-die coat-
ing method, a precursor solution scrape coating method, and
a mechanical pressing method. When the first charge trans-
port layer and/or the second charge transport layer is an
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irradiated semiconductor, the irradiated semiconductor is
compounded of the radioactive source and the semiconduc-
tor material by at least one method selected from: a chemical
bath deposition method, an electrochemical deposition
method, a chemical vapor deposition method, a physical
epitaxial growth method, a thermal co-evaporation method,
an atomic layer deposition method, a magnetron sputtering
method, a precursor solution spin-coating method, a precur-
sor solution slot-die coating method, a precursor solution
scrape coating method, and a mechanical pressing method.
[0051] Optionally, the irradiated electrode or the irradiated
semiconductor is compounded by at least one of a thermal
co-evaporation method, a magnetron sputtering method, or
a precursor solution spin-coating method.

[0052] Optionally, the irradiated electrode is prepared by
a magnetron sputtering method or a thermal evaporation
method. Optionally, the irradiated inorganic semiconductor
is prepared by a thermal co-evaporation method, a magne-
tron sputtering method, or a precursor solution spin coating
method; and the irradiated organic semiconductor layer is
prepared by a precursor solution coating method.

EMBODIMENTS

[0053] The following describes embodiments of this
application. The embodiments described below are illustra-
tive, and are merely intended to construe this application but
not to limit this application. Unless other techniques or
conditions are expressly specified in an embodiment hereof,
the techniques or conditions described in the literature in this
field or in an instruction manual of the product may apply.
A reagent or instrument used herein without specifying the
manufacturer is a conventional product that is commercially
available in the market.

Embodiment 1

[0054] Magnetron-sputtering a 5 wt %*NiCl -FTO target
material of *NiCl_on a white glass substrate of 2.0 cmx2.0
cm in size. The magnetron sputtering is performed by using
a reciprocating vacuum coater (Hongda HDW-400-02, here-
inafter the same), the sputtering power is 1000 W, the ratio
of argon to oxygen is 1:1, the pressure is 0.25 Pa, and the
sputter deposition thickness is 550 nm. In this way, a
radioactive FTO conductive glass electrode is obtained.
[0055] Washing the surface of the obtained radioactive
FTO conductive glass twice with acetone and isopropanol
separately. Immersing the FTO conductive glass in deion-
ized water, and sonicating the glass for 10 minutes. Drying
the glass in a blast air oven, placing the glass into a glovebox
(in a N, atmosphere), and using the glass as a first electrode.
[0056] Adding %*NiCl, in a SnO, nanocolloid aqueous
solution to obtain a precursor solution, in which the mass
percent of SnO, is 3 wt %, and the mass percent of **NiCl_
is 5 wt %. Spin-coating the FTO layer of the first electrode
with the precursor solution at a speed of 5000 rpm by using
a spin coater (LEBO EZ6-S, hereinafter the same). Subse-
quently, heating the FTO layer of the first electrode at 150°
C. for 15 minutes on a constant-temperature hotplate to
obtain a radioactive first charge transport layer that is 30 nm
thick, where the first charge transport layer is an electron
transport layer.

[0057] Spin-coating the obtained first charge transport
layer with a tetraethylrhodamine-FAPbI,-DMF solution at a
speed of 4500 rpm by using a spin coater, in which the
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concentration of FAPbL, is 1.5 mol/L. Subsequently, moving
the first charge transport layer onto the constant-temperature
hotplate, heating the first charge transport layer at 100° C.
for 30 minutes, and then cooling the first charge transport
layer down to a room temperature to form a 500-nm thick
perovskite layer containing 5 wt % tetraethylrhodamine as a
fluorescent substance.

[0058] Spin-coating the obtained perovskite layer with a
®NiCl -copper oxide-ethyl acetate solution at a speed of
5000 rpm by using a spin coater, where the concentration of
the copper oxide is 0.1 mol/L. Heating the perovskite layer
at 100° C. for 60 minutes to obtain a 30-nm thick radioactive
second charge transport layer containing 5 wt % “NiCl,
where the second charge transport layer is a hole transport
layer.

[0059] Making a specimen of the resultant product on
which the first electrode, the first charge transport layer, the
perovskite layer, and the second charge transport layer have
been formed, putting the specimen into a vacuum coater, and
co-evaporating and depositing ®NiCl_and Ag on the surface
of the obtained second charge transport layer under a
vacuum condition of 5x17* Pa, where the ratio of the
evaporation speed between **NiCl_and Ag is 0.1:1, so as to
obtain a radioactive Ag electrode that is 80 nm thick. Using
this electrode as a second electrode.

[0060] In this way, the perovskite betavoltaic-photovoltaic
battery in Embodiment 1 is obtained.

Embodiments 2 to 7

[0061] Making the perovskite betavoltaic-photovoltaic
battery in Embodiments 2 to 7 by performing the same
operations as in Embodiment 1 except that the mass percent
of tetraethylrhodamine in the formed perovskite layer is set
to be 1 wt %, 10 wt %, 13 wt %, 15 wt %, 25 wt %, and 35
wt %.

Embodiment 8

[0062] Magnetron-sputtering a 5 wt % Hg*>S-FTO target
material of Hg>*S on a white glass substrate of 2.0 cmx2.0
cm in size. The magnetron sputtering is performed by using
a reciprocating vacuum coater, the sputtering power is 1000
W, the ratio of argon to oxygen is 1:1, the pressure is 0.25
Pa, and the sputter deposition thickness is 550 nm. In this
way, a radioactive FTO conductive glass electrode is
obtained.

[0063] Washing the surface of the obtained radioactive
FTO conductive glass twice with acetone and isopropanol
separately. Immersing the FTO conductive glass in deion-
ized water, and sonicating the glass for 10 minutes. Drying
the glass in a blast air oven, placing the glass into a glovebox
(in a N, atmosphere), and using the glass as a first electrode.
[0064] Adding Hg*>S in a ZnO nanocolloid aqueous solu-
tion to obtain a precursor solution, in which the mass percent
of ZnO is 3 wt %, and the mass percent of Hg>S is 5 wt %.
Spin-coating the FTO layer of the first electrode with the
precursor solution at a speed of 5000 rpm by using a spin
coater. Subsequently, heating the FTO layer of the first
electrode at 150° C. for 15 minutes on a constant-tempera-
ture hotplate to obtain a radioactive first charge transport
layer that is 30 nm thick, where the first charge transport
layer is an electron transport layer.

[0065] Spin-coating the obtained first charge transport
layer with a fluorescein isothiocyanate-FAPbI;-DMF solu-
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tion at a speed of 4500 rpm by using a spin coater, in which
the concentration of FAPbI; is 1.5 mol/L. Subsequently,
moving the first charge transport layer onto the constant-
temperature hotplate, heating the first charge transport layer
at 100° C. for 30 minutes, and then cooling the first charge
transport layer down to a room temperature to form a
500-nm thick perovskite layer containing 13 wt % fluores-
cein isothiocyanate as a fluorescent substance.

[0066] Spin-coating the obtained perovskite layer with a
Hg*>S-cuprous oxide-ethyl acetate solution at a speed of
5000 rpm by using a spin coater, where the concentration of
the cuprous oxide is 0.1 mol/L. Heating the perovskite layer
at 100° C. for 60 minutes to obtain a 30-nm thick radioactive
second charge transport layer containing 5 wt % Hg?*S,
where the second charge transport layer is a hole transport
layer.

[0067] Making a specimen of the resultant product on
which the first electrode, the first charge transport layer, the
perovskite layer, and the second charge transport layer have
been formed, putting the specimen into a vacuum coater, and
co-evaporating and depositing Hg**S and Ag on the surface
of the obtained second charge transport layer under a
vacuum condition of 5x10~* Pa, where the ratio of the
evaporation speed between Hg>*S and Ag is 0.1:1, so as to
obtain a radioactive Ag electrode that is 80 nm thick. Using
this electrode as a second electrode.

[0068] In this way, the perovskite betavoltaic-photovoltaic
battery in Embodiment 8 is obtained.

Comparative Embodiment 1

[0069] Forming a perovskite layer containing no fluores-
cent substance by using a FAPbI;-DMF solution in which
the concentration of FAPbI, is 1.5 mol/L. Performing other
steps in the same way as in Embodiment 1 to form the
perovskite betavoltaic-photovoltaic battery in Comparative
Embodiment 1.

Comparative Embodiment 2

[0070] Magnetron-sputtering an FTO target material on a
white glass substrate of 2.0 cmx2.0 cm in size. The mag-
netron sputtering is performed by using a reciprocating
vacuum coater, the sputtering power is 1000 W, the ratio of
argon to oxygen is 1:1, the pressure is 0.25 Pa, and the
sputter deposition thickness is 550 nm. In this way, a
non-radioactive FTO conductive glass electrode is obtained.
Washing the surface of the obtained FTO conductive glass
twice with acetone and isopropanol separately. Immersing
the FTO conductive glass in deionized water, and sonicating
the glass for 10 minutes. Drying the glass in a blast air oven,
placing the glass into a glovebox (in a N, atmosphere), and
using the glass as a first electrode.

[0071] Spin-coating the first electrode with a 3 wt % SnQ,
nanocolloid aqueous solution at a speed of 5000 rpm by
using a spin coater. Subsequently, heating the first electrode
at 150° C. for 15 minutes on a constant-temperature hotplate
to obtain a non-radioactive first charge transport layer that is
30 nm thick.

[0072] The fluorescent substance-containing perovskite
layer is prepared in the same way as in Embodiment 1 except
that the mass percent of tetraethylrhodamine in the formed
perovskite layer is set to 13 wt %.

[0073] Spin-coating the obtained perovskite layer with a
0.1 mol/L, copper oxide-ethyl acetate solution at a speed of
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5000 rpm by using a spin coater. Heating the perovskite
layer at 100° C. for 60 minutes to obtain a 30-nm thick
non-radioactive second charge transport layer, where the
second charge transport layer is a hole transport layer.
[0074] Making a specimen of the resultant product on
which the first electrode, the first charge transport layer, the
perovskite layer, and the second charge transport layer have
been formed, putting the specimen into a vacuum coater, and
evaporating and depositing an 80-nm thick Ag electrode on
the surface of the obtained second charge transport layer
under a vacuum condition of 5x10~* Pa. Using this electrode
as a second electrode.

[0075] In this way, the perovskite betavoltaic-photovoltaic
battery in Comparative Embodiment 2 is formed.

Comparative Embodiment 3

[0076] With respect to the betavoltaic-photovoltaic battery
in Comparative Embodiment 3, the formation of the first
electrode, the first charge transport layer, the second charge
transport layer, and the second electrode is the same as that
of Comparative Embodiment 2, and the formation of the
perovskite layer is the same as that of Comparative Embodi-
ment 1. To be specific, the betavoltaic-photovoltaic battery
of Comparative Embodiment 3 includes the non-radioactive
first electrode, the non-radioactive first charge transport
layer, the perovskite layer containing no fluorescent sub-
stance, the non-radioactive second charge transport layer,
and the non-radioactive second electrode in sequence.
[0077] Performance test of the perovskite betavoltaic-
photovoltaic battery

[0078] A performance test is performed on the perovskite
betavoltaic-photovoltaic batteries of Embodiments 2 to 8
and Comparative Embodiments 1 to 3.

[0079] Specifically, the energy conversion efliciency of
the perovskite betavoltaic-photovoltaic battery in each
Embodiment and Comparative Embodiment is measured. In
an atmospheric environment, an AM1.5 G standard light
source is used as a sunlight simulated light source. A
volt-ampere characteristic curve of the battery is plotted by
measuring with a (Keithley 2440) 4-channel system
sourcemeter under the illumination of a light source, so as to
obtain an open-circuit voltage V__, a short-circuit current
density I, and a fill factor (FF) of the battery. Based on this,
an energy conversion efficiency Eff (Efficiency) of the
battery is calculated.

[0080] The energy conversion efficiency is calculated
according to:

Ef=P /P Vo b XV X i Y (Vo % )=V %

oK RV (Vo X
J, xFF.

[0081] Inthe formula above, P, P, .5 V. and I, are
an operating output power, an incident light power, a voltage
at a maximum power point, and a current at a maximum
power point of the battery, respectively.

[0082] By setting the energy conversion efficiency of the
perovskite betavoltaic-photovoltaic battery in Comparative
Embodiment 3 to 1, the increase rate of the energy convet-
sion efficiency of the perovskite betavoltaic-photovoltaic
battery in each embodiment and comparative embodiment is
calculated in contrast to the energy conversion efficiency of
the perovskite betavoltaic-photovoltaic battery in Compara-
tive Embodiment 3.

[0083] In addition, the steady-state operating temperature
of the perovskite betavoltaic-photovoltaic battery in each
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embodiment and comparative embodiment is determined.
After the battery works steadily for at least 15 minutes in an
atmospheric environment, the steady-state operating tem-
perature of the battery is measured with an infrared ther-
mometer.
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when the first electrode and/or the second electrode is
radioactive, the first electrode and/or the second elec-
trode is an irradiated electrode formed by compounding
a radioactive source and a conductor material; and,
when the first charge transport layer and/or the second

[0084] The test results are recorded in Table 1. charge transport layer is radioactive, the first charge
TABLE 1
Increase Steady-
Mass Short- rate of state
percent of  Open circuit Energy spectral operating
fluorescent  circuit  current  Fill conversion utilization temperature
substance  voltage  demsity factor efficiency efficiency  of battery
(wt %) V) (mAlem?) (%) (%) (%) (°C)
Embodiment 1 5 1.15 23.8 76.8 21.0 7.7 42.0
Embodiment 2 1 1.14 23.7 76.5 20.7 6.2 42.5
Embodiment 3 10 1.16 24.0 76.5 213 9.2 41.4
Embodiment 4 13 1.16 24.2 773 217 11.3 41.2
Embodiment 3 15 1.16 24.1 76.5 214 9.7 41.3
Embodiment 6 25 1.14 23.6 76.9 20.7 6.2 41.5
Embodiment 7 35 1.14 23.6 76.6 20.6 5.6 41.8
Embodiment 8 13 1.13 235 76.5 205 5.1 41.6
Comparative 0 1.13 23.4 75.6 20.0 2.6 45.1
Embodiment 1
Comparative 13 1.14 235 75.8 203 4.1 41.8
Embodiment 2
Comparative 0 1.10 23.4 75.8 19.5 0 44.8

Embodiment 3

[0085] In contrast to Comparative Embodiments 1 to 3,
the structure in Embodiments 1 to 8 above includes the
radioactive first electrode, the radioactive first charge trans-
port layer, the fluorescent substance-containing perovskite
layer, the radioactive second charge transport layer, and the
radioactive second electrode, and therefore, can improve the
energy conversion efficiency and the spectral utilization
efficiency, and at the same time, maintain a relatively good
steady-state operating temperature of the battery.
[0086] Itis hereby noted that this application is not limited
to the foregoing embodiments. The foregoing embodiments
are merely examples. Any and all embodiments with sub-
stantively the same composition or exerting the same effects
as the technical ideas hereof without departing from the
scope of the technical solutions of this application still fall
within the technical scope of this application. In addition, all
kinds of variations of the embodiments conceivable by a
person skilled in the art and any other embodiments derived
by combining some constituents of the embodiments hereof
without departing from the subject-matter of this application
still fall within the scope of this application.
1. A perovskite betavoltaic-photovoltaic battery, charac-
terized in that
the battery comprises a first electrode, a first charge
transport layer, a perovskite layer, a second charge
transport layer, and a second electrode in sequence,
wherein
the first electrode is a transparent electrode;
the first charge transport layer is an electron transport
layer and the second charge transport layer is a hole
transport layer, or, the first charge transport layer is a
hole transport layer and the second charge transport
layer is an electron transport layer;
the perovskite layer is doped with a fluorescent substance;
at least one of the first electrode, the first charge transport
layer, the second charge transport layer, or the second
electrode is radioactive; and

transport layer and/or the second charge transport layer
is an irradiated semiconductor formed by compounding
a radioactive source and a semiconductor material.

2. The perovskite betavoltaic-photovoltaic battery accord-

ing to claim 1, characterized in that

a mass percent of the fluorescent substance contained in
the perovskite layer is 1 wt % to 30 wt %, and
optionally 10 wt % to 15 wt %, of a total mass of the
perovskite layer.

3. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 1, characterized in that

the fluorescent substance in the perovskite layer is at least
one selected from riboflavin, fluorescein isothiocya-
nate, tetraethyl rhodamine, tetramethyl isothiocyanate
rhodamine, phycoerythrin, an iridium complex, a rare
earth element complex, a polyfluorene compound, a
coumarin compound, a naphthalimide compound, a
triacene compound or a higher-acene compound, a
rhodamine compound, a fluorescein compound, a fluo-
roborodipyrrole compound, a resorufin compound, a
pyrazoline compound, a triphenylamine compound, a
carbazole compound, green fluorescent protein, a
bimane fluorescent compound, a perovskite lumines-
cent nanomaterial, a thermally activated delayed fluo-
rescence (TADF) compound, a chelate of trivalent rare
earth lanthanides, and any derivative or copolymer
thereof, and is optionally tetraethylrhodamine or a
chelate of trivalent rare earth lanthanides, wherein the
chelate of trivalent rare earth lanthanides is optionally
LaF3:Eu3+.

4. The perovskite betavoltaic-photovoltaic battery accord-

ing to claim 1, characterized in that

perovskite in the perovskite layer satisfies a chemical
formula ABX, wherein A is at least one selected from
methylamine cation MA™, formamidinium cation FA™,
and cesium cation Cs*; B is at least one selected from
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lead cation Pb** and tin cation Sn**; and X is at least
one selected from halogen anion and COO™.
5. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 1, characterized in that
the radioactive source is at least one selected from an
a-type radioactive source, a -type radioactive source,
an X-ray radioactive source, and a y-ray radioactive
source.
6. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 5, characterized in that
the a-type radioactive source is at least one selected from
2196 or a compound thereof, ***Th or a compound
thereof, **U or a compound thereof, ***Pu or a com-
pound thereof, ***Pu0, microspheres, ***Am or a com-
pound thereof, ***Cm or a compound thereof, and
2*Cm or a compound thereof, and
the p-type radioactive source is at least one selected from
(C,H.*H;.),, *H,, Ti*H,, *C or a compound thereof,
3 or a compound thereof, **Ni or a compound
thereof, °°Sr or a compound thereof, *°Sr/°°Y, **Tc or
a compound thereof, '°°Ru or a compound thereof,
137Cs or a compound thereof, '**Ce or a compound
thereof, **’Pm or a compound thereof, *!Sm or a
compound thereof, and *°Ra or a compound thereof.
7. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 1, characterized in that
the radioactive source is at least one selected from Ti’H,,
%Ni or a compound thereof, and *°Sr/°Y.
8. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 1, characterized in that
a mass percent of the radioactive source in the irradiated
electrode and/or the irradiated semiconductor is 90 wt
% or less, and optionally 5 wt % to 30 wt %.
9. The perovskite betavoltaic-photovoltaic battery accord-
ing to claim 1, characterized in that
the semiconductor material of the first charge transport
layer and the second charge transport layer is at least
one of the following materials or a derivative thereof:
an imide compound; a quinone compound; fullerene or
aderivative thereof, 2,2',7,7'-tetrakis(N,N-p-methoxya-
nilino)-9,9"-spirobifluorene; methoxytriphenylamine-
fluoroformamidine; poly(3,4-ethylenedioxythiophene):
polystyrene sulfonic acid; poly-3-hexylthiophene; trip-
tycene-cored triphenylamine; 3,4-ethylenedioxythio-
phene-methoxytriphenylamine; ~ N-(4-aniline)carba-
zole-spirobifluorene; polythiophene; metal oxide of a
metal element selected from Mg, Ni, Cd, Zn, In, Pb,
Mo, W, Sb, Bi, Cu, Hg, Ti, Ag, Mn, Fe, V, Sn, Zr, Sr,
Ga, and Cr; silicon oxide; strontium titanium oxide;
calcium titanium oxide; lithium fluoride; calcium fluo-
ride; and cuprous thiocyanate.
10. The perovskite betavoltaic-photovoltaic battery
according to claim 1, characterized in that
the conductor material of the first electrode and the
second electrode is an organic conductive material, an
inorganic conductive material, or a conductive material
compounded of an organic conductive material and an
inorganic conductive material,
the organic conductive material is at least one selected
from: a polymer of (3,4-ethylenedioxythiophene mono-
mer); polythiophene; polyacetylene; polypyrrole; poly-
phenylene; polyphenylacetylene; polyaniline; epoxy
resin; phenol-formaldehyde resin, and polypropylene;
and
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the inorganic conductive material is at least one selected
from a transparent conductive oxide, a metal, and a
carbon derivative.
11. The perovskite betavoltaic-photovoltaic battery
according to claim 1, characterized in that
a thickness of the first electrode is 50 nm to 1000 nm;
and/or
a thickness of the first charge transport layer is 10 nm to
1000 nm; and/or
a thickness of the perovskite layer is 50 nm to 2000 nm;
and/or
a thickness of the second charge transport layer is 10 nm
to 1000 nm; and/or
a thickness of the second electrode is 10 nm to 500 nm.
12. A method for manufacturing a perovskite betavoltaic-
photovoltaic battery, wherein the perovskite betavoltaic-
photovoltaic battery comprises a first electrode, a first charge
transport layer, a perovskite layer, a second charge transport
layer, and a second electrode in sequence, and the manu-
facturing method comprises:
a step of forming the first charge transport layer on the
first electrode;
a step of forming the perovskite layer on the first charge
transport layer;
a step of forming the second charge transport layer on the
perovskite layer; and
a step of forming the second electrode on the second
charge transport layer, wherein
the first electrode is a transparent electrode;
the first charge transport layer is an electron transport
layer and the second charge transport layer is a hole
transport layer, or, the first charge transport layer is a
hole transport layer and the second charge transport
layer is an electron transport layer;
the perovskite layer is doped with a fluorescent substance;
at least one of the first electrode, the first charge transport
layer, the second charge transport layer, or the second
electrode is radioactive;
when the first electrode and/or the second electrode is
radioactive, the first electrode and/or the second elec-
trode is an irradiated electrode formed by compounding
a radioactive source and a conductor material; and,
when the first charge transport layer and/or the second
charge transport layer is radioactive, the first charge
transport layer and/or the second charge transport layer
is an irradiated semiconductor formed by compounding
a radioactive source and a semiconductor material;
when the first electrode and/or the second electrode is an
irradiated electrode, the irradiated electrode is com-
pounded of the radioactive source and the conductor
material by at least one method selected from: a chemi-
cal bath deposition method, an electrochemical depo-
sition method, a chemical vapor deposition method, a
physical epitaxial growth method, a thermal co-evapo-
ration method, an atomic layer deposition method, a
magnetron sputtering method, a precursor solution
spin-coating method, a precursor solution slot-die coat-
ing method, a precursor solution scrape coating
method, and a mechanical pressing method; and
when the first charge transport layer and/or the second
charge transport layer is an irradiated semiconductor,
the irradiated semiconductor is compounded of the
radioactive source and the semiconductor material by at
least one method selected from: a chemical bath depo-
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sition method, an electrochemical deposition method, a
chemical vapor deposition method, a physical epitaxial
growth method, a thermal co-evaporation method, an
atomic layer deposition method, a magnetron sputter-
ing method, a precursor solution spin-coating method,
a precursor solution slot-die coating method, a precur-
sor solution scrape coating method, and a mechanical
pressing method.

13. The manufacturing method according to claim 12,

characterized in that

the irradiated electrode or the irradiated semiconductor is
compounded by at least one of the thermal co-evapo-
ration method, the magnetron sputtering method, or the
precursor solution spin-coating method.
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