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ABSTRACT

Perovskite Solar Cells (PSCs) have witnessed to astounding improvement in power
conversion efficiency (PCE) in the past decades. With this development PSCs are attracting
research attention as the most promising candidate for the next generation of solar cells.
However, the presence of a peculiar hysteresis behavior in the current density-voltage
characteristic of these devices remains a key obstacle on the road to commercialization. The
3" cations are believed to reduce the hysteresis and thus improve the PCE of PSCs. In this
study the effect of Boron-doping in the electron transport layer on the PCE of PSCs will be
demonstrated. The Density Functional Theory (DFT) modelling method will be performed in
this study, using Titanium dioxide as the electron transport layer in the methylammonium
lead iodide perovskite solar cell. Based on the optimized energy densities obtained from DFT
models the photovoltaic characteristics of the PSCs will be calculated. This study helps to
understand the fundamental aspects of defect formation in TiO, and how to diminish it to

improve the efficiency of solar cells.
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N3xUIUNISTIAINUYeIBLanATouaY (eletron-hole pairs) ludatssuAsendeues inliiAnnas
Wasuwlawesdnsmainuisenntuediunisanelouuszqainddnaseunsenqy Nanmeud
Lagn1svaaeansbiiuindidnaseudiuiuniegluaniusiiinseandiauiinason1sgaduuunuR

aaa Y o [y 1

a o a IS ~ ¢
warnsiinuisevesgadunddny wu eendlauvsethvulnndeulasenlya(s)
=) av add v
2.3 1Nd191IDIUIIYNLNYIVDY

Lei Li wagmuz[6] laAnwnanszynuvesn1siasluseu (B-doping) Weoawesa (P-doping) uag
Tuseunauvleanesa (B/P-codoping) fifiselassasauaundsuvesinnidevlaeanles (Tio,) 7id
sUNANUUUBUIINA (anatase) IagldndnnisAuimun1unguanuruiliy (Density functional
theory; DFT) uan1s@nwInuin (n) n1sideeznenluseuns eneanssadnlulundnass TiO, vinlw
lassasrnanusalagseusynaulusounsoneanesaiinn1izlaeasaluduluasu (under-
coordination effect) u518munile5enivernenvelasiasausianisiiegouas (local bond
relaxation) LLaz'SLﬁﬂmaugﬂm‘%ﬂﬁag%ﬁﬁ’uazmammﬂ?ﬁyu (core electron entrapment) () A3
wuuuvessdnnseuuinalndivozneudiiiviu vrldAadudundsnuunsnludonasew 1

LaUNANY (band gap) denalingn TiO, anunsaganduuadiuguinesiiuld (visible light) uazan

g03INIANNEUVRIBLENATOUNNNTEAUAILNAINULAS (A) WBNIINTUY APUNUILUUBLENATOU

%
a % 5

vSnalndfvesnouiiudu Sunletlisiannseudasy (nonbonding electrons) Tuwautrlnin

[

LaZLAUILAUTVRY TIO, tinan Y7 (polarized) Uu virlvwauaiswaskauilwdwdlndvouuu



VBILOUINAUTUINTU AIHALYRITIITENIIUAUNTIULAUAY LA TEAUNG I UT AN TUY
(working function) 484 TiO, aAad (3) sgAundsuilsndunuianasdmalididnaseuluiiuenan
ve30nau U NANTY (reactive) nan1533uaunsau U see N UN1TRRNLUULAY

duasendusuisedaasUseansningeialy
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uni 3

gunsaluazdsn1sAniugu

- Software : biovia materials studio castep

ASn1sAtiueu

1.

asralaseass lmmdeuleeanlun

1.1 AnunA" Lattice parameter Tunsassiuvinasslassadslnnfleulaeenlansuina
1.2 Add atom Tulaseasns Crystal Avinsasnald

AI%UA Set up NISATUIAIYDY Software Faseluil

2.1 Task : Geometry Optimization

2.2 Quality Ultra-fine

2.3 Functional : GGA PBE

2.4 Spin polarized

2.5 Use LDA+U

fvun Properties N3AUIBMwes Software daseluil
3.1 Band structure

3.2 Density of states

Suvnseunalasadne,Band structure waz density of states vadlassadnslnmiesla
ponlgRaUINE

¥msiasEdnansAINes Software fsalul
6.1 laseas1eves lnndeulaoenlen

6.2 1n59a519 Band structure 8¢ lunudeulasenlan

6.3 1598519 Density of states ve9 Innuflvulavonlen



Erergy (eV)

Bl Rebuild Crystal

Space Group  Lattice Parameters IOptions |
Lattice type: 3D Triclinic

Lengths (4)
a: [3785 =Hb: [3785 He:[o514 =)
Symmetry constraints:  None
Angles (degr
{30000 = pJe0.000 = y:[s0.000 =
Symmetry constraints:  None
Rebuld |+ Apply Cancel

Ell Add Atoms
Atoms |0ph'ons|
Bement: B | .|
Name: B a: [0.750
Oudten) o = b: o750
Occupancy: |1.0 c: |0.283222

» Te factors

' None " lsotropic (" Anisotropic

Add Help

JUN 2 Fumsunisaelaseasne nmilleslaeenlen Anatase phase

al CASTEP Calculation

Setup | Blectronic | Propetties | Job Control |

Task: IGeometryOptimization L] More... |

Quality: IUltra-ﬁne "I
Functional: gaa  ~||BE  ~|

[~ Use ITS vI method for DFT-D correction

¥V Use formal spin as initial

—

¥ Spin polarized

= CASTEP Calculation | x

Setup | Blectronic  Propetties | Job Control |

™} Band structure

[] Corelevel spectroscopy

|y Density of states

[ "] Electron density difference
["] Electron localization function

[ ] Electronic excitations v
Band structure

Energy range: 10.0 eV

k-point set: Fine v

Separstion:  [0015 1A _ More.. |

3UN 3 MsfimuarINSAWINYE Software

|nitial spin
[V Use LDA<U ™ Include spin-orbit coupling
vV Metal Charge: lO _-:_‘J]
Run ||  Fles. | Hep
CASTEP Band Structure
Band gap is 2.227 &V

CaN

11

s(electrons/eV)

s

¥owe s s

s 8

CASTEP Partial Density of States

= = a
Energy (V]
W@ @¢ @an

U 4 nanleannniseiulales Software
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(%
[y

NUABUANIlAEN1TATILUUTI899798 Spin-polarized DFT model ¥9¢ CASTEP package
& 9 Electron - ionic core interaction Qﬂ@ﬁmaﬁw Generalized gradient approximation (GGA)
Tng PBE functional Tnssadsilmunzaniigavesimmidonlaoenludgneiuialag Plane-wave
basis ey cutoff energy A9 380 eV

o v A N a 12 ° 1% y & °
Maﬂﬁnﬂiﬂiﬂaﬁw LW&HS'&@J‘WQ@GU@QVLVWHLu?Jllim@@ﬂl"(j@QﬂﬁquijLaﬂiﬂiﬁaiqﬂuu"ﬂSgﬂuqlﬂ

Ffunnu Electronic structure faselud

1. Band structure

2. Density of states

Tnelassadadivinmsanelunsidedlaun

1. I ideuleoonledeuimanuuuigns

2. lymideulasenloneumalaseasisunnsedulanyesnlan

3. lnmidleuleeenlonsuimalenisluseusesay 8.3 lnuaznal
4. lymideulavenloneuimadenigluseusesas 4.2 lngaznay
5. lymdeulaeenloneuimadenisluseusesas 2.1 lnuaznay

wingnalsAniuen Band gap vesansneintiilaannnisAuialee DFT fafldaanndoatuan

3 a v o . . Y  ad = ° ° = v
AUTuATY ASUN1T on-site correction 3515 GGA+U Fagniwildluniseunandieluleen
Band gap Midenndasiuaniildainnisnaaes [7-8] Fudiuldaindiedn U = 7.50 ev gniluldiu

dianmseuluty 3d veseznoulnniien A1 Band gap vasinnudleulneenlenfiniuialadadian

3.154 eV TndlAesiuAn Band gap vedlnnuilenlaesnlenluninuduase (3.2 eV)
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e)

d)

b) lassaseunws astulangaantan

sUN 5 lassasslnndeulaeenledouna (a) usgws (

A1)

&h)

3 lusou 8.3% lagaxmau (d) Lameluseu 4.2% Lngoznal (e)

L39A8

(Oxygen vacancies) (c)

Mglusou 2.1% lngasnay



uni 4

NANSNAADILAZIANTAUNANITNAADY

4.1 lnmmudeulnaenlodounnausgns

4.1.1 lnndeylasanledaunnauigns U = 0.00 eV

CASTEP Band Structure

Band gap is 2.227 eV

Energy (eV)

[V] Band energy
JUN 6 upundanuvesnnudenlasenlefeumauians U = 0.00 eV

CASTEP Partial Density of States

Density of States(electrons/eV)

Energy (eV)
Vs Me V] d []sum

JUN 7 Anamunsiuvesanusnasnwesinnullelaeenledeunnauians U = 0.00 eV

14
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4.1.2 lnndeylasanlenaunnauigns U = 7.50 eV

Energy (eV)

CASTEP Band Structure
Band gap is 3.154 eV

CBM —
E, = 3.154
VBM .

Q

alpha beta

JUN 8 uaundsnuveslimilleslaeenlafeuimauigns U = 7.50 eV

Density of States(electrons/eV)

26

24

22

20

CASTEP Partial Density of States

3
U

U

Energy (eV)
sMe [Vd VF

19 anuvukiuvesEnuenaswvadlineulaeanlefauimauians U = 7.50 eV
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HAYDINITUTUUTIMUUTIR0Y plan-wave DFT 113511 #3838 Hubbard correction

IS auaunaau (band structure) ved Innudeulasenledeumauians Yseuiieu

FENINMUUTIA0Y plan-wave DFT 1105314 (GGA) haglhUuTIa81InI1gUNHIUNNT on-site

fa o 1

correction A28A15LANAT U=7.50 eV (GGA+U7.50) Tvinudilannseuly Ti 3d ea50via wu?

PBITNITWINAUNG 11U (band gap) B4 Innideulpeenledeunnauigns dandu 2.227
wag 3.154 eV muaau Inensil GGA+UT7.50 1A band gap TnalAssiunan1snaaegasiunn
ign (Eg = 3.2 eV)

ASILARIAILNWILLUEN LD (PDOS) vadumayarmaululassasisvadlnnidiaule

£ =

sonlgdaunnau3ans nsdl GGA+U7.50 wandliituinszaunadsnuluwauiilni (conduction
band) dulvigjnszareegusiin Ti 3d easiva vaenszaunasulukauIaud (valence
band) d@uluusgnaume O 2p sestvia laell Ti 3d eesdvailudiuuseneusiunieluusie

YRNHITUNVDILDUI AU
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4.2 lymideulnesnludounnalassasruansaslulanzeanlyd (Oxygen vacancies)

4.2.1 lnniiedlassnlanaumalassadrsunnsasliulanzeanlas U = 0.00 eV

CASTEP Band Structure

Energy (eV)

Band energy

UM 10 uaundsnwvedlimilledlaeenleneuinalassasisunnsedlulanzeanled U = 0.00 eV

CASTEP Partial Density of States

Density of States(electrons/eV)

24 21 -18 -15 -12 9 5 3 0 3 6 9 12 15 18 21 24
Energy (eV)

Ms Me [v]d V] sum

UM 11 anuvwkdwresiimfledlasenledewinaaniusndinuvadassasisunnsaslulans

aanlwm U = 0.00 eV
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Nawed Oxygen vacancies lulassasiswaninnifloulaoanlen

T,mﬂa%’wLmuwé’wwﬂaqlwmLﬁamlmaaﬂlﬁiﬁammau%qwﬁﬁ Oxygen vacancies (non-
stoichiometric TiO,) AlAnannsisoznoueendiauesnainlassailanan wuinseiundaanuggn
YosuaULALD (VBM) wazsziundanusgavesnouiililiiy (CBM) andaudleifioudu VBM uag
CBM %94 stoichiometric TiO, S NTIT0IITEMILUNE I ULAUAIFY TeiEpsansIuILeT Ao
pondlaululassadenanliasunudnsnaiunlsunaasdunus silisiannseuves O 2p sasdvalu

VB mely uardiannseunasiaiiusysiuivesndiauusdiundudiug Ti 3d easdvialu CB [10]

Tassasrantundeulasanled Tuni1ig non-stoichiometric luvadeswiiadann Tidv) Tu

a

lassasrawdngnifadlaedidnaseuiindufiug Ti 3d eesdva iaudu TilN) dauvfvedlsenis

Y

\AnUfNseN
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4.3 lynnideulnosnlodaunnaidanlglusausagas 4.2

4.3.1 lnmtleulaeanlafaunnaiianlslusaudosas 4.2 U = 0.00 eV

€an
c
=D,

Density of States(electrons/eV)

Energy (eV)

-2.5

-3.5

42

39

36

33

30

27

24

21

CASTEP Band Structure

alpha beta

12 wounadsnuvedlnniisulaeanloseuinadoniglusausovay 4.2 lngaznau U = 0.00 eV

CASTEP Partial Density of States

=27, -24 -21 -18 -15

Energy (eV)
Vs Me Vd [V]F

JUN 13 anuvwkluvesanusndwuvedlindedlasenledeumademeluseusouay

4.2 lnwazaay U = 0.00 eV
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4.3.2 lnniiedlaesnlenaunailonlglusoudosay 4.2 U = 7.50 eV

CASTEP Band Structure

2.5

15 CBM yy
3,; os E, = 2.50 — Trap state
b VBM —

-2.5

alpha beta:

sUN 14 waunasnuvedlnniideuleeenlonsumaiioniglusausosas 4.2 lngazmau U = 7.50 eV

CASTEP Partial Density of States

Density of States(electrons/eV)

-27 -24 -21 -18 -15 -12 =9 -6 -3 i} 3 6 9 12 15 18 21
Energy (eV)
s Mp [vid VF

JUT 15 anuvwiduvesanugnasuvedlimieslasenleseuimalemeluseusesay 4.2

Tngarnay U = 7.50 eV
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NaveINIsIBluTausasay 4.2 nsihvindnlvlulassasswanlnnieylaeenlen

1ASIAT1AUNE 191UV mnndeulaeenledidentslusausesay 4.2 lnsasnay
(GGA+UT7.50) Wi suwsunulnnideulaoanled uSans (GGA+UT.50) Wu1 1989319581799

waUNAIUYed Wnnieulneanlenidanlsluseu anasain 3.154 eV (nsalmnfsulasanlan

=

U3ava) iwde 2.54 eV (UM 14) wagnuinnisidelusewilitinseaundanudulugesinsening

<

LOUNE U LTEAIITEAUNT N IUANIIEAUAN (trap state) LHUBIINTZAUNGIIULRALANLAY
BidnaseuignnIzAU (excitation) NUAUINAUS Vauzifenfudiausasessudianaseuannguy

(recombination) anwaULn WA fnavilrauTRgwaaaziadindwddsuwladld[7]

o’./j =l ¥ = = & a o ¥ U
1YaNNUY NSKIvazsauvadlusaululasIasananves Innuidsulasenles dnavinliszeu

PNA99IU VBM hag CBM anm1ad98 19110 v1lid ani1ua@iulsaniIssalsuaseand tad

o w 1

(reducing/oxidizing ability) WasuuUaslusgredidedinny nandelumillonlaeenlsnienisluseu

U aa a

Wuseandladnusinin wazidusismdnssunininmudeulaesnladusans

9
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uni 5

ayUnan1IAaaLazUaLaUBIUL

5.1 a@gunan1innaay

snnsinwnuidislnndedlaesnlefiinnnznieseaniau(Oxygen vacancies ) WU
STAUNEINUgIEnvoILUINaLUT (VBM) wazsziundanusgavesuauthlii (CBM) ansnas uaz
dlo Felvmnifloulaeanledseluseusosas 4.2 Tngoznon NUINUIIYIITENI LA UNSIIY
09 InifelneenlsdiSoselusey anaain 3.154 eV wde 2.56 eV niousdariliAnssiu
wdrnuduludesinesEmrnuaundeny Soniseiundnuannziudn (trap state)waviliaudd
Fanaswazedlniuasuudasiiuazyilasedundsau VBM uas CBM ansasetaunn Taglnng

= & A v Y a ¢ | & Aa a1 ' ~ I3
WHeulneonloniiamglusaudufieandlagnwsinii waztdudlsagnesunintnndeulaeanlan

RIS
5.2 UDLAUDLUY

msiiNaNIIMAaesIs A eI BuduANgNABIINNANITIIRBIIENg U AT uTaAI

UL (Density functional theory, DFT)
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