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MsLHOddzzYsj o CORSPL Mul ti physics, ZzO0 thdtse Od
¢ sdgj-ydiglsdzj dzls dzOw Istcj e sdz dzgOW fjls€ O. 1 OHOYO te
CotstcHddzOIls. | i stedy dBsHjdzd fsC0O0L OdzO dzO todf
wodzw jIsipw fd By Iste dfigdets A, Gfstse Oy daR0 stsdz' S5 j j
orBtcOdz IsOC d d3, Ylstser ftsetcjh detsfyls Oy stseo
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] OtcOd3j Iste 1 20y d
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ftosdmrtsHdIs f OH j dzd J , ¢ tsls tsto s jts dzGsdets & fndiaf v dgdy W (i
otsLBEYHjddY d dtddL Oydd), SCtltster j dMmfrilsr 9 O |
1 dzgj e ds slIs fijtejHdzgjets CtOwW sB dzOfMisd ¢ OlstsH datsa
CObtsHdsets ftosMistcOdzeise O. [ Odzj j 1 dzj € Is tOEzzdz@" |
Jsd3jIsddz sOCyJ, ylss bkd3jdz hjdzed {Issets f OtcOd3d k
Csdzyj deglsteOydvw 1 dzj Slstetsdetsea, yYlsts ctsotstedls tsB Bh j
Vdgd dz' M jdedd { dzj CSltesdadets? Isj B j eOlskzter HdzW tOL
Mo w L Odats fls jlstgdgts + dzj 1§ ths to ts dzr gdzj ¥ Is d3j dgt h Iz 1 dzd 66
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Is ts Blz , Yylsts twcOL dzdeisd J Isg d3tf idag Q Wsltictis HdzZw tcOL tWHSH
Bgh jdz' 8 BEHJjIs BOd 3. RL 1 Issets dsy des MHj dzOIs' ¢
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d40dzllgIsjteBtceMSC d2 ctsmMizHOteMmilse jdzadz" 2 1 dzj SIstetsls j m dzg
ddz. 1. RrR. vdz wdeso O ([ j dzd dzO)
b dzdets Is Ay j. dzr € 54 dzO dzO to dztst® §f ofifif AatdgO W j efc | ce@fylgtsW h j 2 Mis Olst j
fosctcOBBdsds §OCjlsj ANSYS HFSS Hdzv fftejHo Otedlsj dz' dats?
BOcdzd Isdets? otsdzdzr o dBOLjtedOdzj Hts jots dLEBIo dzj dedw . ¢
9 OdBwOtc O a3 Is tistisds das 3y Afif DG OO0 sflzf y0 1 todo jHjdzr Ghdsedy j s,
5 ®BjlssH] BSHj ddtetse Odzd W .

sdzf yjorj Mdzse O: &BH] zdtese OERy , HY & Ea € Bdgdfdzl in ¢ ®© | fff foisdal dac
@Ot dzOv dzd dzbY OB P AU,

[ dzv  f sdzz u g ded 'Ozt Uz j 8 PdgpaizE dMmY sdz! L s OdzW 3
f ZOdzOtedets? dzddedd HjtejHOYyd (s, tedMmizdesS 1), t
MudlsOdzdets? dz0 yYOfMmlsslsdz 2 HJOY OLtsdz tSIs 50 His 20
fMsB 2 &OMMde detsj dzOIs kz dgadisigts 2ts fipe@ts od@jdey j 4 did iy ls@fCdimsi2A
vu321 (6014811 dd3) . 1 ditdzjClstedyj MSOw Htesdzd yo, c
Yomls&As0 0500 [ 4 y) . [ jbOdzdzdL Oydwy  &zOMmisddzr Mmtsmissd
BCd3: OHGjLdBdelzse s Mdzsw O ( Is tats & BitB i) dzis 7z &f % nf ifaRts Wy
StcOdz! detsets fosotsHdd SO sf1 MsMisOoadvw jls 1, 7 s,
Ctsds d { CteOdetsds MsMmlsOoadzw jIs 0, 7 oiBds [ 1] . 1 d&zv 6
éfOQQMBJ sBiMmMfdudddy (1J) HightsBregkfodyd Sik

tdf. 1. Jldn S dOdkOwds?2 ddddd §jtjHoyd

[SHj dzdtetso Odzed ] dBtsy jIs HOI! dzOHY Yy dze" | tjL Ezdz' IO
tedyj Métses d WdLrdyijmMStsets fsHBBY toj Odz! desgts W
ssydzse s i HJ dzd dzsdnts stistp g isBydepz s d [dI= f Otc O3 Istetso ¢
st HJ dzj dedes Bz O dze tste ( Is d3lz .

[Bhd?2 Odzcsstedlsds ddtsH j dzdtetso Odedw d tjh jdzdw L OH
ted mMizdzC § 2.

[ BH] dzdteso Odzd J € 5§ dzO dzO te dzts S Qe @zt jdIs t4f t§ et J eH " Ofys{dzdf™ oz
sz Odzed stcd Is d3

v dtfcj " j dablution type)o ' B d o @ijOsmWw en TeOdptzr Rallody tojh
ftoJ HdzOL dzOYJ dz HSHFO OB fgdzp dzdiytzs e S Bclstso 82 Mistclz
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ZOCtozE@EOIRLd yO o Oy OjlsmMw o Isjtedsd dzOr tsilsdztsh j dad 2
O h drn otslsL odzdetse s szt Mded € O, ddBI s " dr ©OL d3j todats:
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tdfm. 2. ¢dcstedsd ©jhjddw LOHOY ® HFSS

N 4

tdf. 3. [GHjd s/} O) BjL dOctkLCd, B) &Oct

[OjtdOd dF j §OwOdjlster d&sHj ddiekj ' &7 Bl jCIst
LT HOdsdz & OAYSedOststedsjp sscEts, ML HOs Odzd i)' detsor
tdOdz dZ 5 § OO Istc O .

I coyjmbej GmdseOddY dhNfsd L toBdkOnY jifCeddd @
ydw f dzOfmisddzr (O tedmikzdzCj 3 tBBL &ZOYJ O ttcOdzy §
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HFSS. RMftsdz' LtsoOdedj btsdz! ¢t tSHdzse s Mdzsw o7 L o
4yYydlsO] &30L gE®r 9o A3 Y HEZ yYJ dzlstcOdz! dzr &3 d BEBSts9 " d3d ¢
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ftojHMsOodv jls Mot odlzlstej dzdzs ¥ 50 6h dzsfylss , -
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fselsOR. uOCyj] HOdMd 2§ tsiddgfstlisets,o qls®dzj s
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BsHjdzd BdzdL $d € 1 MY jtedd3j dals Odz! dz d3 H Odzdz’ 3.
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tor1to1 fusd R Tear[ut st
rfc rRyfrterirecdurdt AUty foovy L4
gVt JuoRrRIJr1RC Wy PBLL13f JTrolrd/f

O. Ruor . Jemosf [Uo. O uvrs [

[ sMC s MCQE Isasjidzdz” 2 kjrddui MSd2 Eddejtemdlsjls d:
dzdzts s Oy diflsOls ' | ftoj HMisOo dzj dz0 ©OL tcOBBICO ftodBBSEO HAEY
totslsdodzj dedW IstsdzS drn f dzj detsC f) otsL dgtsy datsfls? & L a3 dzj dzd W
B to] ded 2 .dz' t Auctd@BYE Y @ Odz' dzOW 1 dzj Slsted yj MSCOW Mo j RO dL i3
JBO fedesttd. [fdmMOd Ghdseods | Ctdftd] ds’ ftdBstO
st i fomistetsjdedj 3 ctcO¥NdEO LOadMmd ddsMmisd dzOf tew ¥ j dad W

rd mMzsea ©: bkHJjdz dztsj YtsojterndesMmisdasy Msftetslsdodzy dadj , Is

dzed 3 dtL Cdzs yiorn OO stetse Is 5 dz€ tsff dzj dats y dzt
fsojterndesMmMlsdesy Mfteslsdodzjdedd (1 w). 1 jdzduyddkz EH
sO¢ CPg BRoadmwls ~ROKOCIjtdmisdSd ItsdeS 52 4 dzj dz€ d .
ly thstesoCso" n IstsdzSdrm Hdzj dztsC ([ ul) d sMmlstctse
slsfmdzi Hd s tOMMisswdedy dBIYHE BMstesa CORBd d dr o
L dzgOYj ded Vv a3 tc Ofgfléstivisdeds CBYH d dr ©OL Bj OB dBisy dats
s H j dzd fsLotdzwe h dj ftocsedzsL Jtetso Ols! GJjtsdj Isted Yy
WdLduimSdy ftsyjmmr, kOCdj C0OC ®RiscEsCieOldOw ¢
l JdzdyddzO0 EHjdz degsets 1l d sOCYj o 0Oy GEsas dzZWSime § tc
NbN, Ctbtt'j dnMftsd LbkzslshmY HdY ML HOddY ykeo i
HijlsjSlstesa. 1o jHjdder j dMdzjHseOddy [2] §&¢
BOj edOdzO vykeomlseodlsj dz' detsets + dzj dzj dzZls© dzOf tew iz ©
9 j dzd ysffdm,H j dzw ¥ h Ow COyjMmlseots HjlsjSlsstc® d oL @Y C
Ajdzms5 HOdzdzts?2 tOBSlsT wWodzw jlsmw ©OLWGOBBICO d fi
lu ltsdSdn f dj dss .

{ OL©EOBEBICO MAjd fedesEO

[ jbtsH Hd&v dJLdBjtejdedV EHjdz detsets 1 u ff tédiBytc tsd3
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Abstract: With the rapid development of photovoltaic technologies variety of novel materials are emerging.
Perovskites are one ofehmost promising ones which are going to be utilized for the fourth generation solar
cells. Perovskites possess excellent optoelectronic properties such as high absorption coefficient, small exciton

binding energy and high mobility. However, a number sfiés relating to degradation and stability must be

solved. In this report, latest advances in perovskite solar cells (PSC) and the PSCs properties development

methods such as perovskite/silicon tandem and introduction of quantum dots (QDs) will beediscuss

Keywords: Perovskite; quantum dots; solar cells; perovskite/silicon tandem

Introduction

Perovskite solar cells draw much attention due to the rapid increasing of power conversion

efficiency (PCE)!* The record efficiency was set by hybrid orgaimierganic lead halide PSCs
(HPSCs) with efficiency 25.2%, which is comparable with commercial solar €lEhis type

of PSCs possesses the benefits of both organic and inorganic semicontflittorsever, the
abovementioned value concerns the PS@th area smaller than 1 ériThe PCE of HPSCs is
heavily dependent on the sizes of active aféd@he larger active area, the lower efficiency is
revealed. The relation between active area and PCE is presented in FiguBedides, high

PCE may be éhieved by improvement of the morphology and the crystalline quality in order to

prepare highguality perovskite
A 24

films.
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Figure 1. A) PCE over the years. B) PCE related to active area

21 Also, enormous research is undertaken on preparation ofdaegeerovskite solar mod-
ules (PSMs) which are going to be commercially acceptable in fltupmother issue is effi-
ciency stability since even high efficiency lsgale HPSCs reveal wide PCE distribution.

Inorganic perovskite solar cells (IPSCs) are dgwaorthy candidates for the fourth genera-
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Active area (cm?)
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tion solar cells. However, IPSCs possess both advantages and drawbacks in term of stability and
efficiency. Over the past view years IPSCs a number of production technologies have been de-

veloped for both HPSCs ameSCs (solution methods, vapor deposition methodsyveporation

deposition). CsPbBiis the most appropriate material because of its excellent stability against
thermal and humidity environmental conditions. The PCE of IPSCs is 10.91%. The storage sta-

bil ity under

mo i

sture

(80 %

rel at i

humi di ty)

stability of organic materials under moisture, heat and oxygen is a challenging issue for commer-

cial applications of organic PSCs. The instability is caused bytilglaf the organic compo-
28
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nents such as MA FA" and by the weak chemical bonding energies between metal cations
(P*") and halide anions™(IBr, CI). The benefits of IPSCs are obtained by substituting the or-
ganic cation (MA/FA™) with inorganic ones(s"). There are three basic types based on different
halides, i.e. CsPbl CsPbBs, CsPbCJ. ¥l CsPbé, despite the suitable bandg@punacceptable
for the solar cells because of phase transition from the black cubic phase to the yeHow non
perovskite pase at room temperatul®.

Optical bandgap for CsP{IB eV) is unsuitable for application in solar cells, whereas CsP-
bBrs with bandgap 2.3 eV, better stability, excellent light absorbing properties leads to the re-
markable improvement of the solar satharacteristics being incorporated into them.

T Y T L L T L T
5 —_ wp—
4 _W_ = - =
o 1.0 -&- 1.0
w |, 5
2 \ W - i E__} J o
= == CsPbBr :.-v:arbcln — \ ——CsPbBryfcarkon
@ 054 \ %+ MAPby/carbon . B 054 -+ MAPhl/carbon
= Jt | —* MAPbI /spire-MeOTAD 'E
£ \ & ] = J g
5 ¢ » [90.95% RH, 25 ‘C 2 RH-~50-95% [100°C]
~ 0.0 . . . - 0.0 i ) N T "
o 1000 2000 0 300 600 200
Time (hours) Lmihiigie

Figure 2. Normalized PCE of HPSCs and IPSCs in different conditions related to time

Stability of HPSCs heavily depends on temperature and humidity, whereas inorganic PSCs
reveal much better stability in high humid air (33% RH) for more than 2500 h. Carbon
electrodebased CsPbBrretain 87% of initial stability in moisture conditions. Use of spiro
OMeTAD or other organic films as a HTL impair stability of PSCs due to thetiséggo wa-
ter. However, substituting of organic HTLs with inorganic ones as Midwed by better mois-
ture stability. Besi des, | PSCs possess bett
pose at hi gher than 350PSA3 tdeentpoentpaotsuer east. 8 50/
electrodebased CsPbBirstability is obtained due to the absence of organic HTL and lack of in-
ward diffusion of metal atoms into perovskite. CsPftarboni based PSCs reveal no degrada-
tion at 100AC hmegthwithbuuemdapsulation (@5% i Rkw,n 25 AC) f
Equally suitable performances for carbalectrodebased CsPbBrare achieved in a heated en-
vironment at a constant temper garooni dasddP8C5C. 8
was maintainedor more than 800 Kl

Introduction of quantum dots (QDs)

Despite the fact that enormous efforts have been dedicated towards improving the stability
and efficiency of PSCs, their performance has been far lower than expected. One way to further
enhancerant of stability and efficiency is introduction of QDs as an interface layer between per-
ovskite film and the hole transport material (HTM). Figure 4 illustrated the improvement of
PSCs properties by introducing stable CsRDs between the FAMAPbperovkite film and
HTM layer forming FAMAPDbY/ CsPbt QDs/ HTM device structure. Research indicate that this
is a new strategy to achieve both high efficiency and stability in ambient air.

Figure 3 shows significant enhancement of the PCE of PSCs W/ QDstaftge in ambi-
ent air, whereas PSCs W/O QDs almost entirely lost their initial PCE getting yellow which indi-
cates the loss of cubic structure. Furthermore, PSCs with QDs showed enhanced stability under
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continuous light radiation declining to 81% of init@erformance after 100 h. In contrast, PSCs
W/O QDs show much more considerable fall reaching 58%.
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Figure 3. a) Dark storage stability of PSCs W/ and W/O Cs®bl interface layer. b) Normalized performance
evolution under continuous light irradiath

In order to achieve a stable cubic phase of Gsitlybom temperature &% and Pbias the
precursor and methyl acetate as the shape regulator are utilizeds @BBlyeveal excellent ab-
sorption in the visible light region, extending up to 700 fimMoreover, inserting of CsPbl
with valence band (VB) located between VB of the FAMAP#&id the HUMO of the HTM fa-
cilitate hole transfer, reducing recombination during the transport process. Consequently, re-
markable rise of PCE occurs from 15.17% to 685caused by significant increases aeicdnd
Jscfrom 1.049 V and 20.94 mA/chio 1.092 V and 24.42 mA/chnrespectively!®

Culn& quantum dot modified TiQ: nanoarrays (Ti@1 CulnS QD 1 NAs) considerably
improve stability and efficiency of GiNIHsPbls PSCs increasing initial PCE of 8.2% by 38.3%
achieving PCE of 13.3%. This growth is due to excellent light absorption and suitable bandgap
(1.6 eV) of Culng QDs. For the TiQi NA T based device the performance with apc'df
0.93V and dcof 13.4 mA/cn? was obtained while ¥ and 3cof TiO2 7 CulnS QD i NAs
were as high as 0.98V and 19.2 mA/&mespectively. The Tiex NA i based PSCs reach the
EQE of 62% whereas Tid CulnS QD1 NAs devices achieve almost 95%%.

0 100 {
a) —&mTi0,-NAS/MAPbI, /' b)
" —4—TiO.-CulnS, QDs-NAS/MAPbI
s 5. ' y uin 3 _‘/ / 80 |
E | / TLCR Ll ia bt E
:>:‘ -104 // / ‘E - Yy
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ST # @ |—e—TiO,/MAPDI, L
g A 20 {—9—TiO_-CulnS, QDs-NAs/MAPDI, \
5 i R X ,
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Voltage V Wavelength (nm)

Figure 4. a) J V characteistics of TiQi NAT based and Ti@i CulnS QD1 NAs; b) EQE spectra
Perovskite/silicon tandem solar cells
Tandem solar cells can reach energy conversion efficiency exceeding 40% if an ideal com-
bination is selected for the top and bottom solar cellketent years, the perovskite material sys-
tem has been investigated as potential material for perovskite/silicon tandem solar cells. The re-

alization of perovskite/silicon tandem solar cells with record efficiency is only possible if the
perovskite top salr cell and silicon bottom solar cell operate very close to the theoretical limit.
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Nevertheless, perovskite/silicon tandem solar cells with 27% energy conversation efficiency
have been demonstrated.

Front Contact
Hole Transporting

Perovskite

ectron Transporting

n-layer a-Si:H

Metal Back Contact

Figure 5. Perovskite/silicon tandem solar cell

Figure 6. Quantum efficiency of top (perovskite), bottom (Si) and total perovskite/Si solar cell.

Based on the best experimentally realized crystalline silicon solar cells it can be expected
that the shori circuit current of the best perovskite/silictendem solar cells is in the range
from 20 to 21 mA/crh B!

Conclusion

Technology of perovskite solar cells is rapid evolving branch of photovoltaics. It stands a
good chance to become PV technology of the fourth generation substituting widely usad silico
solar cells. Through the development of the quality of the films and fabrication methods continu-
ous improvement of stability and efficiency occurs. Nowadays, PSCs are in the process of com-
mercialization.
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