Kommexcuoe McnonssoBarue MunepansHoro Ceipbsa. No4 (319), 2021

ISSN-L 2616-6445, ISSN 2224-5243

=
=™ Crossref

©EBRMShs

DOI: 10.31643/2021/6445.36

Investigation of degradation processes in perovskite under the influence of

external factors

1Zakhidov A.A., ¥ Zhamanbayeva G.T., 2Yar-Mukhamedova G.Sh.

!NanoTech Institute, University of Texas at Dallas, Richardson, Texas, USA

2Al-Farabi Kazakh National University, IETP, Almaty, Kazakhstan

* Corresponding author email: gulsara.jamanbayeva@mail.ru

Received: 06 May 2021
Peer reviewed: 07 June 2021
Accepted: 05 October 2021

ABSTRACT

The article describes a number of new fundamental knowledge about mechanisms of degradation processes
occurring in photoactive perovskite materials based on complex lead halides and solar cells based on them,
modern methods and approaches to increasing the operational stability of perovskite photovoltaic devices
are considered. The revealed paths of degradation processes occurring in complex metal halides (lead and
tin) under the influence of light and elevated temperatures are important for further developments in the
field of creating highly efficient and stable perovskite solar cells of a new generation. The investigated
models of degradation are described both under the action of moisture and as a result of radiation
ionization processes. The importance of solving the Dexter-Varley paradox, which takes into account the
competition between the processes of displacement of 1SO states, as well as the delocalization of the
resulting hole in the valence band, is emphasized. It was shown that by changing the force of pressure of
the tape on the perovskite film, it was possible to achieve the maximum values of the light conversion
efficiency of about 12.7%. It was found that the presence of charge carriers in the form of polarons can
significantly affect the assessment of the degradation efficiency towards its increase. The data obtained can
radically change the traditional ideas about the efficiency of photochemical reactions.
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Introduction

The development of hybrid complex lead
halides with a perovskite structure is the most
promising area of research in the field of creating a
new generation of thin-film phototransformers. The
modern approach to the processing of mineral raw
materials should be based on the use of effective
technological methods that ensure the integrated
use of raw materials and the environmental
friendliness of the processing process [1]. These
materials demonstrate impressive optoelectronic
properties, and solar cells based on them — record
growth rates of light conversion efficiency. A
significant disadvantage of hybrid perovskites is
their low resistance to various external (oxygen,
moisture) and internal (electric field, temperature,
light) factors. It should be emphasized that the
influence of external factors is the least dangerous

for these materials, which is eliminated by isolating
the photoactive layer of the solar battery with
special encapsulating materials. The same approach
of PSC stabilization by encapsulation is practically
not applicable to protect devices from the influence
of internal factors. In this regard, the researchers
are faced with the task of finding ways to prevent
the degradation of perovskite materials caused by
internal factors. Various approaches have been
proposed for the stabilization of devices based on
complex lead halides, from optimizing the chemical
composition of perovskite films by introducing
modifying additives into the perovskite layer to
optimizing the architecture of perovskite solar cells.
However, for the targeted development of effective
approaches to improving the stability of perovskite
systems and solar batteries based on them, a
deeper understanding of the processes of
photochemical and thermal degradation of various
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types of complex metal halides is necessary. At the
same time, to obtain reliable data, it is necessary to
study the degradation processes of perovskite
materials under strictly controlled conditions in an
inert atmosphere.

The problem of stability of perovskite solar
cells. For the production of efficient and at the
same time cheap solar panels based on perovskites,
it is necessary that the solar panels have long-term
operational stability. To date, the warranty period
of silicon solar cells is 20-25 years. If the efficiency
of a perovskite solar battery is reduced by 1% every
year, then in 20 years it will degrade by 20%, which
is quite an acceptable indicator in the field of
photovoltaics [2]. Just like organic solar panels,
devices based on perovskite materials have
significant stability problems. This is due both to
the true instability of the perovskite material itself,
and to external factors that have a detrimental
effect on the device as a whole.

External factors contributing to the
degradation of perovskite materials. Despite the
enormous advantages of perovskite solar cells over
other photo-converters, these types of devices,
unfortunately, are still far from practical
implementation. The main problem is the
extremely low stability of complex lead halides.
Halide (especially iodide) complexes of lead are
rapidly destroyed under conditions of elevated
temperatures, as well as under the influence of
moisture and oxygen in the air [3,4]. In addition,
perovskite materials based on lead halides are
characterized by low photochemical and
electrochemical stability [5,6]. In real-world
operating conditions, the efficiency of solar cells
based on MAPbI; drops to almost zero in just a few
hours, which makes it impractical to use them in
practice.

Experimental part

Degradation effects in perovskites. The
problem of degradation of solar cells based on
organic-inorganic perovskites is very acute in two
respects. First, like every salt, the interaction with
moisture is very significant here. Secondly, the ionic
nature of the lattice and the large value of the
Madelung energy open up specific pathways for
photochemical reactions. Let us briefly consider
these two features. In the infusiona hypothetical
scheme of the influence of moisture on the
decomposition of perovskite has now been
elucidated (see Figure 1).

Figure 1 shows that when one water molecule
interacts with n "molecules" of perovskite, one
water molecule and one Pbl, molecule are
separated in several successive stages. This scheme
goes back to the Grothaos mechanism [7], so that
the molecules HI and CHsNH; are still isolated along
the path of the complete reaction.

Figure 1 - Possible decomposition pathway of hybrid
halide perovskites in the presence of water

One water molecule is required to initiate this
process, with the decomposition being driven by
the phase changes of both hydrogen iodide (soluble
in water) and the methylammonia (both volatile
and soluble in water) [8].

Apparently, it is still not clear how to change
the composition of perovskite to reduce
degradation under the influence of moisture, both
in the presence and in the absence of
photoexcitation of the material.

It is necessary, however, to keep in mind that
there are other (without moisture) channels of
degradation of perovskite under the influence of
radiation. One such path is indicated in [9], who
believes that after the generation of a hole on the
iodine ion, this hole migrates to the surface, after
which it is on the surface that the reaction of
neutral iodine with one of the surface negative
iodine ions occurs. This position is the originator of
a whole sequence of reactions, resulting in the
disintegration of the perovskite structure. However,
when analyzing this scheme, an extremely
important circumstance is not taken into account:
the passage of the reaction between neutral iodine
and a negatively charged iodine ion is prevented by
the delocalization of the hole, which in the zone
scheme is the neutral iodine atom. Taking into
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account this circumstance requires a special
analysis (namely, the resolution of the Dexter-
Varley paradox), which is particularly clearly
manifested in the problems of subthreshold defect
formation and has been studied since the late 50s
of the XX century. In our recent work on the
ionization-stimulated degradation of perovskite,
this problem was studied in some detail [10].
Indeed (Fig. 2), if a photon tears an electron from
any nodal atom of an iodine ion, this means the
simultaneous manifestation of two circumstances:
first, if we proceed from the band structure, the
ionization of iodine means the appearance of a hole
in the valence band; second, from the point of view
of crystal chemistry, the neutralization of iodine
immediately leads to the elimination of a potential
Modelung pit for it (the depth of this pit was
calculated earlier (see Table 1).

Table 1 - Calculatedproperties properties of four hybrid
lead halide perovskites from density functional theory
functional theory

Cation | D,D | a,nm | AP, uC Erot, kJ | Edip,
/cm? / mol kJ/mol

NHa 0 0.621 | 8 0.3 0

CHsNH | 2.29 | 0.629 38 13 4.6

3

CFsNHs | 6.58 | 0.635 | 48 21.4 42

NH2CH | 0.21 0.634 | 63 139 0.03

NH2

Note. The electron polarization of the lattice (AP) and
the rotational barrier energy (Erot) were calculated by
PBESot in VASP. The nearest neighbor dipole
interaction (Edip) was estimated from the point dipole
calculation (source: [8]).

After the elimination of the Modelung pit,
the neutral iodine atom appears on the hump of
the crystal potential and tends to slide into the
neighboring internode.

R
Figure 2 - The formation of dynamic Coulomb instability
in the I-sublattice of perovskite [10]

This takes a time of ™+ = 5 - 10-14 s.
However, the hole is localized at the node also
during the finite time t.. If Teis much less than t+,
then the Dexter displacement of the iodine atom in
the internode does not have time to occur, so there
will be no defect formation (degradation).
However, the situation is much subtler: the motion
of the hole is a quantum process, which means that
there are both faster and slower cases of
delocalization of the hole (for te is the average
value). Therefore, to find the probability of
displacement of iodine atoms in the internode,
despite the competition of hole delocalization, it is
necessary to do a quantum calculation. This gives
for the probability of displacement of internode
ions the probability of the following type: n = exp (-
T+/ Te). The estimation of the value of te is possible
on the basis of the uncertainty ratio: T = h/AEv,
where AEv is the width of the valence band formed
from the P states of iodine. For the parameters of
perovskite (CHs; — NHs)Pbls, the characteristic value
of the probability of displacement of the iodine
atom in the internode is n = 10-4, which means that
after ionization of the iodine ion, one of 10,000
ionization changes-this determines the degradation
ability of the crystal. Obviously, it is by a factor of
this order that the entire Schumann scheme is
reduced.

Encapsulation as an effective method of
protecting the photoactive layer of solar cells from
external factors. Encapsulation is a technology for
protecting solar cell components from the influence
of aggressive environments (O,, H,0) by using an
impermeable capsule. Typically, thin plates of glass
and epoxy glue are used for encapsulation, which
hardens under the influence of ultraviolet light
(Figure 3) [11-13]. Han and colleagues investigated
two different methods of encapsulation of
perovskite solar cells. [14]. The first method was to
use a UV-curable adhesive between the top silver
electrode of the device and a regular slide. In the
second method, a technique was used in which the
insulation of the active layer was carried out using a
special glass "lid", in the niche of which a desiccant
was located, which acts as an adsorbent of
moisture, in the case of its penetration through the
epoxy glue [15].

This approach has further improved the
efficiency and stability of the devices. Figure 3.
Schematic illustration of perovskite solar cell
encapsulation. However, such types of
encapsulation are unlikely to be applied on an
industrial scale. For perovskite solar cells, the
protection methods used for organic solar cells
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Figure 3 - Schematic illustration of perovskite solar cell
encapsulation

manufactured by roll technologies can be very
effective. In 2009, Krebs et al. developed a
technology for the production of fully encapsulated
flexible polymer solar cells [16].

The substrate in  such batteries is
polyethyleneterephthalate (PET), and the
encapsulation was carried out by laminating a thin
film of 25 microns of the same PET with an acrylic
adhesive applied. As a result, this technique has led
to a significant increase in the stability of devices in
real-world operating conditions of solar panels. The
disadvantage of the developed method was the
degradation of the manufactured devices in the
places of the roll cut. But this problem is easily
eliminated by treating the edges with a special
sealant. Another interesting and inexpensive way to
increase the stability of devices by encapsulation
was to use a copper tape instead of the usual
sputtered top electrodes.

The conductive copper adhesive tape is pasted
over the photoactive layer using a conventional
glass rod. By varying the pressure force of the tape
on the perovskite film, it was possible to achieve
the maximum values of the light conversion
efficiency of about 12.7%. Devices obtained by this
method also showed higher stability in air
compared to devices with sputtered electrodes.
However, it is worth emphasizing that

encapsulation protects the active layer of a
perovskite solar cell only from the effects of
aggressive environments, but cannot prevent the
influence of internal factors such as electric field,
elevated temperature, and sunlight. Therefore, the
study of the influence of these factors on the
stability of perovskite solar cells requires serious
and detailed consideration.

Conclusions

The article describes in detail the degradation
models (both under the influence of moisture and
as a result of radiation ionization processes). The
role of solving the Dexter-Varley paradox (taking
into account the competition between the
processes of ISO state displacement and
delocalization of the resulting hole in the valence
band) is emphasized; it is shown that the latter
circumstance can radically change the ideas about
the efficiency of photochemical reactions. It should
be noted in this connection that the existence of
charge carriers in the form of polarons can have a
significant impact on the assessment of the
efficiency of degradation in the direction of its
increase.

The publications of recent years not only reflect
the state and problems, but also reasonable hopes
that the future of alternative energy sources lies
with perovskite-based cells.

Conflict of interests. On behalf of all authors,
the correspondent author declares that there is no
conflict of interests.

Acknowledgments. This work supported by al-
Farabi Kazakh National University, Institute of
Experimental and Theoretical Physics
by AP08855457 “Development of an innovative
technology  for producing nanocrystalline
composite coatings for fuel cell electrodes and
hydrogen energy.

Cite this article as: Zakhidov A.A., Zhamanbayeva G.T., Yar-Mukhamedova G.Sh. (2021), Investigation of

degradation processes in perovskite under the influence of external factors.

Mineral’'nogo Syr'a =
https://doi.org/10.31643/2021/6445.36

Complex Use of Mineral

Kompleksnoe Ispol’zovanie

Resources. Volume 4, Issue 319, pp. 19-24.

CbIpTKbl paKTOpNapAbIH 3cepiHeH 60n1aTbIH NePOBCKUTTETI AerpajauUusanbiK,
npouecrepai 3eprrey

3axupos A.A., 2 Qxamanbaesa I'.T., 2Ap-Myxamenosa I".LL.

1 HaHomexHonozus uHcmumymel, Aannacmarsl Texac yHusepcumemi, PuyapdcoH, Texac, AKLL

2 an-®apabu ameiHdarel Kazak ¥ammeik yHusepcumemi, 71, dn-®apabu kew., 050040, Aamamel, KazaxcmaH



https://doi.org/10.31643/2021/6445.36

Kommrercuoe McnonssoBarme Murepansaoro Ceipsa. Nod (319), 2021 ISSN-L 2616-6445, ISSN 2224-5243

Makana kengi: 06 mameip 2021
CapantamagaH eTTti: 07 mayceim 2021
KabbingaHap!: 05 KazaH 2021

TYRIHAEME

Makanasa Kypaeni KopfacblH ranoreHMATEpi MeH onapfa HerisgenreH KyH Hartapeanapbl HerisiHae
$OTOaKTMBTI NEPOBCKUAT MaTepuangapbiHaa 6onaTblH Aerpajauma NpoLecTepiHiH  MexaHusmaepi
Typanbl 6ipkatap »aHa ipreni 6inim KenTipinreH. MepoBCKUTTIK GOTOINEKTPAIK KOHABIPFbINAPAbIH,
JKYMbIC TYPaKTbI/bIfbIH apTTbIPyAblH, 3aMaHayu a4icTepi MeH Tacingepi KapacTbipbliaFaH. Kapblk neH
YKOFapbl TemnepaTypaHbIH acepiHeH MeTanaapablH, KelleHai ranoreHuaTepiHae (KopFacbiH MeH Kanaibl)
JKYPETiH Jerpagauma nNpouecTepiHiH aHbIKTanfaH onaapbl XaHa OyblHABIK KOFapbl THMIMAI KaHe
TYPaKTbl KyH BaTapeanapblH Kypy CanacblHAa *KaHa 3epTreynepdi ofaH api AambITy YWiH MaHbI3abl.
blapipayabiH, 3epTTenreH MofenbAepi bINfangplH, acepi  KesiHAe Ae, pagvauuanbik  MoHAany
npouecTepiHiH, HaTUXKeci apKblibl aa cypettenedi. ISO KylnepiHiH OpbIH aybICTbipy npouecTepi
apacblHaafbl  GaceKenecTikTi, COHAal-aK BaNeHTTIK [AuanasoHblHA@ naiga  6onfaH  TECIKTIH,
[eNoKanmn3aumAcbiH eckepeTiH [lekcTep-Bapan napafoKebiH WeLyAiH, MaHbI3abliblfbiHa Haca Hasap
aypapbinagpl. MepoBCKUT MIEHKafFa TaCnaHblIH, KbICIM KYLLiH ©3repTy apKbl/ibl XKapblK KOHBEPCUACBIHbIH,
MOK -HiH, Makcumanapl MaHiHe wamameH 12,7 % xeTtyre 6onaTtbiHAbIFbI KepceTingi. MonsapoH TypiHgeri
3apAg TacbiMmangaywbliapabiH, 601ybl OHbIH, *KOFapblaayblHa Kapai Aerpagauma Tvimainirin 6aranayra
aWTapAbiKTall acep eTyi MYMKIH eKeHairi aHbiKTanapl. A/bIHFAH  ManimetrTep  GOTOXMMUANDIK,
peaKkuuanapabiH TUIMAINIT Typanbl 4aCTYpAi uaeanapapl Tybereini esrepte anaabl.

TyiiiH ce30ep: NepOBCKUT MaTepPUaNAapbl, Aerpagaumanblik NPoLecTep, MHKaNCcyAauma.
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AHHOTALMA

B ctaTbe onucaH pAg HOBbIX GYHAAMEHTANbHbLIX 3HAHMIN O MexaHW3max AerpagalmOoHHbIX NPOLECCOB,
npoTeKaWwmx B (OTOAKTUBHBLIX MEPOBCKUTHLIX MaTepuanax Ha OCHOBE KOMM/EKCHbIX raforeHnaos
CBMHLA W CONHeYHbIX 6aTapesx. Ha vx OCHOBE, pPacCMOTPEHbl COBPEMEHHbIe METoAbl M Moaxoapl K
NOBLIWEHNIO  3KCMAYaTaUMOHHOW  CTaBUNbHOCTM  MEPOBCKUTHbIX  HOTOBONLTAUYECKUX  YCTPOMCTB.
BblfiBNEHHbIE NYTU AErpajaLMOHHbIX MPOLECCOB, MPOTEKAOLWMX B KOMMIEKCHbIX raloreHnaax MeTanios
(cBuHLa M onoBa) noA AeNCTBMEM CBETA M MOBBILWEHHbIX TEMMNEPATYP, UMEIOT BaXKHOe 3HauyeHue Ans
banbHerwux pas3paboToK B 06/1acTM cO34aHUA BbICOKOIOPEKTUBHBIX U CTabUAbHBIX NEPOBCKUTHbLIX
CONHeYHbIX 6aTapeil HOBOro MoKoneHusa. MccnenoBaHHble MOAENM Aerpajauuu OnMucaHbl Kak nog
AeicTBMEM BNarv, Tak v B pesy/ibTaTe NPOLECCOB PaAMaLMOHHON MOHKU3aUMK. NoauEpKMBAETCA 3HaYeHNe
peweHus napagoKkca [ekctepa-Bapau, rae yuuTbiBaeTCA KOHKYPEHUMA MeXAy MpPoLeccaMmy CMeLLeHus
1SO-cOCTOAHMIA, a TaKXKe AenoKanusaumsa obpasyloweinca AbipKM B BaNeHTHOM 30He. [MoKasaHo, yTo
M3MEHAA CUNY [3BNEHWUA NIEHTbl HA MEPOBCKUTHYIO MNAEHKY, MOMHO Obl10 AOCTUYL MAKCUMANbHBIX
3HaueHu apdeKkTMBHOCTM Npeobpa3oBaHmA cBeTa 0KoMo 12,7 %. YCTaHOBNEHO, YTO HaNMuMe HocuTenen
3apAga B BMAE MONAPOHOB MOMKET CYLLECTBEHHO MOBAMATH Ha OLEHKY 3GPEeKTMBHOCTM Aerpajaumun B
CTOPOHY ee yBesnnyeHus. MonyyeHHble AaHHblIE MOTYT KOPEHHbIM 06Pa3oM M3MEHWUTb TPAAMLMOHHbIE
npeacTasneHnn 06 apdekTUBHOCTU GOTOXMMUYECKUX peaKLmiA.
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