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In this work, 3 models of strontium titanate, including pure STO, N-doped STO and O-
vacancy STO models, were investigated to study electronic and thermoelectric properties.
Vienna Ab initio simulation package (VASP) which based on density functional theory was
used to calculate electronic structure of strontium titanate with addition of Hubbard
parameter (U) to treat the strong on-site Coulomb interaction in d-electron and
thermoelectric properties were also investigated with BoltzTrap program. The results
indicate that pure SrTiO3 has energy band gap of 3.11 eV for GGA+U (U=8.7 eV) calculation
which is underestimated compared with experimental value due to limitation of DFT. For N-
doped model, there are states induced above valence band resulting in band gap narrowing
about 0.38 eV. Removing of Oxygen atom makes strontium titanate structure defect which
lead to formation of a band below the conduction band. Thermoelectric results show that
doping strontium titanate with Nitrogen and Oxygen vacancy can improve thermoelectrical
efficient of strontium titanate because of larger ZT which increase with temperature. The
rare earth elements doping on the STO could promote electrical conductivity per relaxation
time of the STO and, the N-doped STO could obviously decrease band gap width of the
STO from 3.17 to 2.72 eV. From this point, it is interesting that La and Dy doping on the
STO would have an ability to improve electrical conductivity of the STO and being narrower
of the Eg after N doping is an optional way to improve optical properties of the STO. These
advantages could lead the STO to be more utilized in widely various field and higher

efficiency applications for more benefits
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ABSTRACT

In this work, 3 models of strontium titanate, including pure STO, N-doped STO and
O-vacancy STO models, were investigated to study electronic and thermoelectric properties.
Vienna Ab initio simulation package (VASP) which based on density functional theory was
used to calculate electronic structure of strontium titanate with addition of Hubbard parameter
(U) to treat the strong on-site Coulomb interaction in d-electron and thermoelectric properties
were also investigated with BoltzTrap program. The results indicate that pure SrTiO3 has
energy band gap of 3.11 eV for GGA+U (U=8.7 eV) calculation which is underestimated
compared with experimental value due to limitation of DFT. For N-doped model, there are
states induced above valence band resulting in band gap narrowing about 0.38 eV. Removing
of Oxygen atom makes strontium titanate structure defect which lead to formation of a band
below the conduction band. Thermoelectric results show that doping strontium titanate with
Nitrogen and Oxygen vacancy can improve thermoelectrical efficient of strontium titanate
because of larger ZT which increase with temperature. The rare earth elements doping on the
STO could promote electrical conductivity per relaxation time of the STO and, the N-doped
STO could obviously decrease band gap width of the STO from 3.17 to 2.72 eV. From this
point, it is interesting that La and Dy doping on the STO would have an ability to improve
electrical conductivity of the STO and being narrower of the Eg after N doping is an optional
way to improve optical properties of the STO. These advantages could lead the STO to be

more utilized in widely various field and higher efficiency applications for more benefits.
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saasiienammilwihuasendulssandtuaiigs udfisnammihanudaudich Saafiie
ZT amauLﬁﬂulﬂmmmﬂu"ﬁ'aqﬁﬁﬂizaw%mwmqmaﬂuﬁlﬁﬂw%w‘i‘w [12] Wiatieu
fuTaqumasludidnninducniu dadawmagladiden ZT Uszanas 1 Sefimsuiaszanam
mMawmasluddnvinvesaasaudan lnmuelos msFaviarmldiiadesineludumia

E/a.u. STO B3PW
P S e L
0300 - /|0 e N S
A | AsaeS
0.100 L/ : )
|
0.000 [
0100 -
0200 | o
NS
0.300 - =
@ T X M r R X M R

.

sUN 2.2: Tassaauounasnupesaasaudienlnmiue Zadulasaseesiggianii
Hgasnawasnuuuulains 39 CBM waz VBM asanu I’ uaz R mudau
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MIND 2.1 MUFIMsAui lennmsanslaseaiemedidnnsaiinduasansau
= Uy 1
e lnmualegldisane 9

lactice constant Bulk modulus Energy gap

A GPa eV ref.
PBE-GGA 3.946 171 1.855 1]
LDA 3.866 204 1.717 (1]
LDA+U 3.881 198 2.026 [1]
(U=3.2eV, J=0.90eV)
LDA+U 3.898 189 2.351 [1]
(U=5.0eV, J=0.64¢V)
PBE-GGA 3.94 169 1.99 [12]
LDA 3.86 214 2.04 [12]
OLCAO 3.931 163 1.45 [13]
FPLAPW 3.863 203 1.84 [14]
LDA 3.899 200 2.04 [15]
PP-LDA 3.862 186 2.17 [16]
Expt. 3.900-3.905 174-183 3.25 (1]
- a\_\ 4 5 4 p
24% 2 N\ 21 SO
-
3,
EﬁD- ------ B I | O e it R
= e
= NN
5 =
2 2
-4 4-
¢ F 0 Z GG F Q@ Z GG F @O Z G

o a £
sUN 2.3: Taseaauaunasnuasansauiien lnmua (a) ‘[mm%’wuaqwﬁ (b) Taseass

u
1

Naamearaanlulasau wae (c) laseasaniiameasnaNLaum iy
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A4 )29 lATIEIIN

Gl’]‘.i'N‘Yl 2.2: GI'IS'NL’LI‘SEI‘ULV]EI‘IJFIENGZJ‘IJGI?IBQLLUGLGEIN maala anou uazansauienln
MLUG

Properties  Bismus Tellulide Silicon Strontium titanate

o(S/cm) 3.3x10°3 9.1x10? 1x103
S(uV/K) 250 172 150
PF(uW/cmK?) 13 27 23
m*(mg) 0.37 0.33 0.2-6
Nopt(cm™3) 1.7x1018 2x1020° 3.8x1018
1(cm?2/Vs) 1.2x103 1.5x103 6
Nc(em—2) 2.8x101%° 5.0x101%°
Eg(eV) 0.13 1.1 3.1

2.1.4 maﬂssqnm‘[ﬁ'ﬁm

3 msﬂsvaﬂm""lﬁmuamamﬂﬂulmmLumﬁgﬂmqaﬁ"ww'%aw%( Tassaniisigasieasazaan
LLaVImqaswwumsma Tuvanvaeanwae iy “lmﬂuwul,l,a‘[uﬂiulfziaammwaq [17]
panTluULDs [18] @sNUf3ents9@ el [9] Felalunszunumsuaniiienanida
wialalasiau [19] wasldiduiaquasudidnning (1] Uudy

.ot 8 & o
= | L—
SIS 0,0,
AR PANI
Rl {
S SrTio,

Wb b b e ey f ] e

“20 OH- OH*

JUT 2.4 msUszgnd 1 a asauian lnm we du s ufisen seadie uas 314y
nssIUMsuemerdn@aiwaalalasiau

2.2 NYuRNInTULaA MBI

M3 AN AnaNA 209389 luszauasaantudasanda namans alrauanlumsud Jam
Povszuuvasaymeduiiuszuundenududou Jdnludasandamsdszanalugiuuy
N9 9 NBANANNTUTDUYBISTUUNY WA LTNaMIAMIUIMNuaI U
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ngufansn3-wadn (Hartree Fock theory) la@isunsnzuaduzasngudidnasaulugy

FALNDINDSHIUUG (Slater determinant) N HA RN LA TINNTOBEUEDUATAIENUAN
1Uaeu (exchange interaction) LLazqmauﬂ’ﬁ adNLIMS (antisymmetric property)2aaW9AZY

Aaule wikaMIMNNNNIEHLEANaedauag NN HaINIAMIRNIANHATIN
ANNFNWUSVRY (correlation effect) 2D9DYMA IEUD UNWIBI U AN NYuH Weriduiia

anuvnLULAY [20] Teangufiinendasnunguiuneadlauidsnuazlaiu uasaums
Taviu-guzaaznandaludraouaa i

sUN 2.5: 1981985 ABYU (Walter Kohn) (71e) Yuas latauilisn (Pierre Hohenberg)

(NAN), wae § 213 (Lu Sham)(27) HAnAungufieiduiaenuvnuiulul 1964-
1965

2.2.1 nguijunzaslataudsnuazlau

noufunvaslaauiisnuazlaviu (Hohenberg-Kohn theorem) Qnﬁ@ﬁu"z’i’uiuﬂ 1964 lag
Yuas Tammﬁfﬂ (Pierre Hohenberg)uaz1aalnas AWy (Walter Kohn) Usenaueie 2
‘wqwgwmu

nqvg]unm 1 ummwmLLuuaLaﬂmamwmimwumemlﬂwLﬂmuﬂuwamumaﬂ

Tugausiupasszuy
ngufunil 2 enuvnwiudEnasauli iwasnusINgasszuuiimamign Aann

WNUUUBLENOTDUNUNAT

2.2.2  aNMIlAKU-2IN

duMSsIARU-1Y (Kohn-Sham equation) tWuanmsildlumsmnamaguasanmsyls
6\1L%%ﬂawmuwamaumm‘[mamﬁaLLmﬁﬂmﬂmquﬁu*nwaq‘[mamﬁ%ﬂLLafLﬂﬁu PNMSI

Uszanauuuuasu-lawwulawas (Born-Oppenheimer approx1mat10n) mnmaﬂmmmaﬂa
ninnMazdEnasaUIN amJmsﬂsvmmmmmaaaaamLuamaunumanmau "ZN

MR N5 UM STRNTANNDN WAINUIUS VB TILATET UazmMs Lﬂa’ﬂu%?lEN Tedad
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wazdanasautiudaszaany [10] (BN AMENTG 289 399 TU AU WAMNUFIU NN AN
BIANATAUINIUY WaINUTINYBITTUUNIIBaYM AUl

B e2 n(rn(r’) Zm(r
()] = Tnonln(r) + 4o | [ %7 ara WOZ I g1+ Excnr)]
(2.1)

WaNusnBITIuIIIENMS 2.1 WlumanuanssnuaIstuasdidnasaudiluilsuns
Asendany 003 UUmaNNAINUANTu9DENATAN NaINUANE St INeBEnAsaUNUT
1A3HE uazwaINUFNTUSLAnAsuFNRLEMNEGU

noujunusslagudsnuas laiuuaz msldisn3esuiia (variational method) zla
aumsneseaumsrlseand 6aaumse.2 Banaumsinaumslavu-mnu

h2
[_mviz +Veff:| YIS = Eppfs (2.2)

PKS Fann Taviu-2u 0as50a (Kohn Sham orbitals) i Apaniiuue(band index) waz
Ei ABWAINUNTNNUSHUABHUUUAUY )

lowi Veren(m)] = Vi (1) + Vet ()] + Ve In(r]] (2.3)

Vorr ADANLENHS
= [ Y4 S A [ Y d" [ aa 1 a s

Vi Aadndansnd Wudndlwihiiasanndunsnsenssuinedianasau

Ver: ARAngMeauan udndlniiiiasannaunsnsenssnindianasaunuiineaad

Ve Padnduanildsudunes

azirunanmsladu-muianvazamsiuannmsglsfenaszasssuuaymaiie 3
ANNTUT DU DYDY NALRAEYDIFNMIST AW U -2 mmsnmmm‘[ﬂEﬂﬁnswmmmsaamﬂam
Taaetae (self consistent) H4 uwumw"luiﬂ‘w 2.6 Failumsudaumsiondamsvne

g 50U (iterative procedure) Iﬂﬂmammnﬂmmﬁmmm wawuﬂﬂﬂmwamaﬂﬂswmm
Fuannau (Vets (1) WaLnaIMNTUTeATuAauYRIBIEnATaY (WES (1) manmmmma

fazdmunamenumnutueaadidnasey wumaumalﬂﬂamsmmmmwawuﬂﬂﬂmma
sulndiiaiasldlumssnnalusaulnl ualumeUfos e fiesiiazihms wauszuie
wasnudndauluiuazoum ToamsthuaureInasnusu Induas uNaus UMy
InfundafidenhimsnanBady (Linear mixing) $8umMs

new

BEY (1) = VY (1) + (1 — ) VO (1) (2.4)

dia o Ao duUseansunemsuaw wé’wplﬁ'wé’wmﬁ’ﬂﬁﬁ’qNﬁé‘l’ﬂ%ﬁﬁﬁ"nﬂﬁﬁﬂﬂﬂ;
WA uAAL LT WS IUYBIBENATaUBNASITINFNMSIAU-2NN UdThWedFuaauile
mﬁwmmmmmwmLLﬁuﬂaqﬁLﬁﬂmauﬁﬂg% tia azih lU dnamn wasnudngddea
fasldluseude ll FemsdnaasiduilluGes  unseiissuugdhuss uadeaes
MwdanuzasruLrasaviiuassauiud e tiaenhaiiaaniy tuudaehszuugud
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uwuramsAugnuaaelinagunndreans

(3N OUMSAIUID

l

EANNAULUUDENATDUY

MUUNAINUANT TSNS

MU WU ANE
< = o
DN PBTI LS TU

!

AMUIUNBINUANET 91D

MnaaNumn Ry
Adnasauou lud

UA N5 lAU-1N
1
ToaWerzunduuay
nasnuluueazaauy
i

hi m’maaum'igjl,ﬁ'mmwé'mmm
| 1o

duganImuIn

UM 2.6: unUMWUEANIEMIANUMeITNgul dtuanurnwivlesmssonaass
Tagdiag

MIBan e aNUsEINSMsHaNTUADIEan vz aN sz dan T e ann hu
FTUUYNMIFDAARDI A8 GILBY szuuazgaan ueondan Wil mdee il ssuuazld
UIUITDUYDNNI T UIULY D

2.2.3  dAnsiniay

dngiiien (pseudopotential) Qﬂa%wﬁvummﬁalﬁaﬁmaszwLmumﬂﬁ'ﬁ'ﬂﬂ'ﬂ'ﬁwa loadned
WanazinanawzBilanasauNuengaduBlanasauwny (core electron) 89NN
anasagiudl lumansovgaeanuanazaaxld uasiludnisdndluihaniawdsarilim
tausﬁﬁL?\ﬂmsaugﬂﬁmimﬁwmﬁauﬁmﬂﬁwﬁmuﬁﬂﬁﬁwﬁq (Screening potential)
mﬂgﬂﬁ 3.3 auufiuniisees r nnah Teut YAp = YPS uay VAE = vPS WA r < Te
azdl Wap £ WPS uaz VAE £ VPS uasilsdtunauaieuasssuuiimandaunis suiludas
TaWsfzugIU(basis function)3usnniiaUsznauiuiladsunay sanlildnmlums
awnnnumulies msladaisuaauiiondadunefsunaudeu(smooth wavefunction)
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seteliuszudanswenmsuaznalumsina Tnsfinamennadiasusiug Taaweisu
AauTaNRdasiTanuEeail

1. i 1 30T ey, WeAFUARUTsNG B T puRUTIF T UA AU LTS ILaE NEI N UTIN
snsdndifisndasniundsnusiuiigneas

2. WerFuaduisuuasTeiTuARuTuLRS IR sl NNG L BT & = oy,

3. Uszamelunsanansail rey, PINSNaNRaINNN AT uaauTaudael awhiu
ﬁa%'wmﬂﬂﬂﬁ%’uﬂ?;uﬁgﬁﬁq

4. fndifianfishadudasansaihlulssndldfuilamilnddaeiuld

5. dwiusauuiiididnasauiunuanndiliudesnnauani®id fuRusam (rela-
tivistic properties) Lludndiianiasraaiunaas

S

2.2.4 szuunidnsgluaiu

7l

ypudaiinsinSeazaanluanuaet q Mlissuuiifidndniianwauau Wadduadu
ApepIiNaNIaasnalealdnguiunuasudan (Bloch Theorem) ina1i "wWagduadu
PDBIuimuAure sy utasaduszINY” AlENMS

P (r) = ug(r)et” (2.5)

Wa k Aannwasaaululzgidunau r Aadunivezaanlumadning uaz u(r) A

Warzunuau gedianilu

we(r) =) crpget®HOT (2.6)
G

UM 2.7: Wisuiisulidduaduaseweessuy (Wae) nuiliiduadudien (WPS) wazdnd
A39(VAE) pudndiiien (VPS)
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Tagi i g (Wumedi uaz G Aannwaslud3guaiunau
o 'S sa v < [d o SV C% v
inlilelaviu-mnu aastinaveswasudcluilu nouijlsfruiaenuvuiuiv

() = Y cprgeir6T (2.7)
G

NMNFNMT 2.7 WwOBINTENY G MINUTYN weiliasnnauantazes Tagnedeny

ANNFINUMN (WU lnaszaunasnuwas i) ldannsoaznsfiansane G ANaeu
gale fvuae G gegau Ng hldanms 2.7 nanaty

Ng

Y3 = ) cpagetTEUT (2.8)
Gi=1

Tumed§iamsdmuaiinanness 6 uulildBashu Jsdmuamwasnuanaaw
(cutoff energy) UWNUMIMUUANUIUNINGDS G laspIFANNTNNUS

K+ Geutl
Ecut = I+ 2cut| (2.9)

Wauny PXS (1) Mnaums 2.8 Tugumslaiu-mu wazunaumsaenanazlaalany
warlaviu-7uN pasinand e Ng A §msSUA k e F9ndaunsmmenNaNius
szrine lainuuaznnmasaauaslalasaiauounatnueeise
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2.2.5  N15AIUINULUY DFT+U

nouf Wedguila anumnuiuiida unwiaalumsmmnausigasu dsznieddnasaulu
szuunidianasauly 3d wie 5f aasine MImuwInuUy DFT+U Jeimsfiansanuseg

saniluasialailounas DFT waud lagaunwsasnanan [21] Taaluanusee Dudarev
waz Liechtenstein [22] lofienuwlafzuiiauas DET+U L3nail

u—j
Eprriu = EDFT+2;TT [p? —p7p°] (2.10)

e U fa duunsamitaes (Hubbard parameter)

J @@ screened Stoner-like exchange parameter
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J

Y] a o a
2.3 'Jﬁﬁlﬂl'él{[&lalﬂﬂﬂﬁﬂﬁ

4 a = 4
2.3.1 ﬂiﬁlﬂgﬂﬁlsml‘"aiia‘lataﬂﬂsﬂa

Saqwasludidaniniduiaafsinh iddnesauiurdaiidumisielu Tassada e
TdSundsnuanudauasiimsmamwisnuamudounnudnaigamaiigelud vsnad
aamgiion caTwusuuasUszalwihmeluiag Teamsedsuiivesdssluihivnliide
nsvualnihz L'%ﬂﬂﬂiﬁﬂgmsnﬁdwﬂsmgmmﬂmaﬂuﬁLﬁﬂ‘vﬁﬂ %ﬂLﬁ'mﬁaqﬁuﬂsmgm
seldiun Unngmsalwaliiss wazdsngmsainandu

A Cooling/heating B Power generation
(Peltier effect) (Seebeck effect)
Heat absorption (cooling) Heat input
N B N B
LV T )
S A S
= Heat rejection (heating) = Heat removal
Power

output

= 4 = 4 oy
sub 2.8: Unngmsaliwatnasuazusngmsaidiua

Usingmsaidium (Seebeck effect)
UnngmsaldiuadulnngmsainadsnsmsiianszualWihnnanuuandwasgumni

u
a

Tufaq lasanuuandizasaampih liiiamsiedeuiisasdidnasaunnuinuitgamai
wwllnuiifaamgfion liusnaifgaumgiguialaauanduduluihun duuina
fifigamgisnBumvihay ineussduluih wasnssualuihau Gandanusadndludih
degamgih duUszanddiua (Seebeck coefficient) Fudauiuanmslaaail

AV

S=TAT

(2.11)

Wa S Ap dudss@nddiun AV Aeanudndndlnihuassasuinaluian uaz AT e
HAONYBIRUNYN
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Usingmsaiiwatiias (Peltier effect)

Uswﬂgmizﬁfjgﬂﬁuwu‘[mﬂ 2 11NN ManTaE5ILAY French Watchmake Waz Jean
Char Athanase Peltier Taawanunlasmanaassshunszualuihzhlululansasssiion
dafiu ildAaanuuandesgamgil Fullunamnnnauaidsasiagudazsii il

WadANAIaULATAUN NIUIDE ARSI lane N adasmeaNNsaulilmemunil was
ganauannsaunnlmednmu dvanmszasunngmsaliilagnih lulgluszuunaaidiu

ﬂiﬁngmsafwaué'u (Thomson effect)
JaLdan noudu (William Thomson) PR GRRGERY (Lord Kelvin) lenani « uia
unsuLLzﬂwmmummamaﬂmammumqﬂu ‘nﬂ‘mqmwmauwuaﬂﬂumﬂwawmniuua

1V\|1/\|’F«nﬂﬁ3ﬂLEIulﬂﬁgﬂiauﬂiaﬂiﬂﬁgﬂiaulﬂﬂgﬂLilu » Feunngmaslilifedasiudanmads
suanufauuuuiunduld iiennmsmunszualiiidluuiaeiidanuuandaas
QRIVEHT
dulsiifudhisilssansmmwaasaqasTudidnninGent Figure of Merit n3a
zT FufluBinailiimbauasauiuanmgi fanuduiusaadl
0S2T
K

T =

(2.12)

dla s Aaduilszanddiue o Aaammihlniheasdidneseu « Feamwinanuiauvns
Aidnasauuasiuau dnluiaaiifie ZT gusdaimdulssanstungs dunnadeding
sugheazglwihinn dasfianausumush viaiimahWihia asemsgadenaenu
Tihnaulldundsnuamudou waniluiagithanudauldlud
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o ua a o a
2.3.2 m‘smuam@mﬂuum‘nwma‘ﬂuataﬂﬂiﬂﬁ

msﬁwmmqmauﬂ’ﬁﬁLﬁ'mﬁ'umi"uudq§L§ﬂmau°lu°zlml,lf'fm (solid) NNz DVAENOHLY NI
ADUEUDFIEY (lincar response theory) 4 Lﬂquwﬁfﬁlhjﬁwﬁqﬁqamumﬁqmauéfuwm
JTUU lquuﬁﬁ szulasumsiasuulasasmsnszanediinasay (electron distribution)
fannanumeuan N3heudeagau)ll annulman sy lnih Tieglugy
WerFumasndanu TesUssnahmsuldsuulaesimsnszngdidnaseunasiafsuang
WA URANUFNNUSHULUUBUFY S195Un5almnasludiannsnd TR sanHazaINaas
FUNNUNHEN (E) LLazLﬂsLﬁﬂuﬁwmqmwQﬁ (VT) famsnszNYaIdENATaU Fatnan
nseudlwih T Usenaumedasinanasanms 2.13

1

J =Ko le| T

K1 (—=VT) (2.13)

Fawaridu K,, mleann

(2.14)

Kn = j G(e,T)(e—u)“( !

_ Ofrpl(e, T)) de

o ole,T), e frp Uay w #o dmwinluihBesnasn (spectral conductivity), @
ﬂiz@lﬂﬁlwmﬁtﬁﬂmau, WU mMIn sz wuUWes N-Ausn (Fermi-direc distrbution
function) W&z ANIMNLAN (Chemical potential) MNEY Fedndmataiizesdiinasauh
Tihfuilsidunasgamgdl fisnumnwadessninndsnueasszuuiiiddnaseu N ¢ fu
ssuUAf N+1 Budnesau figamaiila 1 1eassdndmaniionBanh ssduesd (fermi
lavel) (asanfiehdundasnumnaddl (fermi eneray) Neudaauysal (absolute zero) waz
fazdae q Weeennnssdundnumasinniuilaanmgiigedu

[HipannBLEnasauLAaziIUNaINY (¢ — 1) SINsaMmInUNSTLER InainnBEnasou
lalasnsqaeuenuadgums 2.13 6 —(e —u)/ el azla

1 1

JQel = _rKlE

JE- o7 Ke(=VT) (2.15)

%ﬁ‘ﬂﬁiﬁ"mﬂ‘iﬂE{%I"NﬂNﬂW‘JﬁﬁﬂﬂNﬂ”]ﬂﬂ']Wﬁ’]lWﬂ"l @hamwﬁﬂmm%'auLﬂmmﬂﬁtﬁﬂmau

"W = Q")d nJ 4 v %

wazAanUszandsiua 1@’1@8mﬂﬂmmauwuﬁwamums 2.13 duNIT 2.15 WasdNNITN
aalUil
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J=ot (2.16)
JQet = Ket(—=VT) (2.17)
E=SVT (2.18)

sumshugasmamwinlihénalesfiansensums 2.13 uaz 2.16 Tunsaifilaifing
LPEUAYDIRUNNH Wuldenfumamwinenudeuiiasnnadnasaufilaannmsiasan
guMs 2.15 uaz 2.17 dumsmune dulszans 4w eod anuduius e E uay
VT anaums 2.13 melamsauainlifinssualnih aumsiuans ofT), S(T) uae
ko1 (T) dansadisuleneannms 2.19 - 2.21 gama 3 aumsiuaumsauwuuiildesing
AasntamamnasTudidnninduasian

o(T) :JU(s,T) [—afFDa(:"T)] de (2.19)
1 [o(e,T)(e—w){—0frp(e, T)/0e}de
S(T) = el T [o(e, T) {—0frp (e, T)/0¢e} de (2.20)
B o [—0frp(e, T) 1 [lo — w){ofrp (e, T)/0e} del?
Ke(T)_eZTJ“(E’T)(E_“) { de }de 2T j (e T){—afFD(e,T)/as}ds
(2.21)

dums 2.19 - 2.21 Usenaulddemnay o(e, T) wazWefzuntiee (window function)
ﬁmmsmﬁwagjhgﬂ Funle, T) = (e — W)™ (—0frp (e, T)/¢) ﬂqﬁ%’uﬁgﬂﬁaﬂfhﬂqﬁ%’u
wihea lssnnihuilsiFuifiengslugmdsnuue 1 uasiigudnaagiidngmani p
aagl 2.9 Weddumhaniiieamanaasrfdumsnssanauuumasii-ausn i liaanse
fmnamiadiumheaiigumniile 1 Talien

naumMs 2.19 aananlan dmwihlwiheesiag (o(T)) ansamwnlannes
SINVIEURRY olc, T) Ay WridY Fyole, T) Feaziiiudn Warsu Fuole, T) Wuiailou
ﬂqﬁﬁumﬁﬂswmﬂﬁﬂwaﬂmmﬁwwﬂuwm ole, T) Toeilsdfuiiniifanilafian o Jen
mmmwwmmsqmmaﬂ (full width at half maximum: FWHM) Uszanay 3.5 kg T log
mmmwuummeumuammm [23]
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T T
- eop i 50 K
> 100 K
 Yr 200K 1
= wf -
Ly
1) e -
02 (k) -
=00 T
:‘f
—02 4
1 T T 1 T T
0.010 : 4  oal® ! ]
= : = !
.:. £y iy o !
B Pt Iy - i
.:_4_. 0.005 i 11. II \ - S anlL ! |
™ i ] — '
.- r Juns \ & !
s p EHE \ w '
/ L A W '
0.000 b——= = 1 . M LTV IS 0.0 I._ _|
-0.2 0.1 0.0 0.1 0.2 —10 -3 0 5 10
Energy, e—1/eV Reduced energy, (e — u)/k, T

UM 2.9: (a)-(c) nomliladdumbeneiiduidtusaiwdanuigumgil 50, 100 waz
200 K (d)-(f) annHendumihemanduradzugsansanuaanau

manUsednddue S(T) luaums 2.20 adune a8 WaATUKNINeN Fuole, T) wae
Fwil(e, T) ToadanduFwo(e, T) ‘?%mﬂuéhmﬂuaumimmsnLﬂﬁﬂu‘lﬁ'agﬂugﬂ o(T) wae
Warau Fu (e, T) Wusaraua 1A GFA NN NUUIN LLazﬁdw’hﬂﬂmqﬁmauﬁ £—
Uszans 1.6 kT Ua -1.6 kgT MuaIGU mauﬂsva‘wﬁmuﬂmmsauammﬂwamwaq
ole, T) Hiaaeduviail uuwmﬂmmauﬂsuawﬁﬁmmmnmmﬂmaum ole,T) R e—u =
1.6 kT fienannniudatiasnii e — w = 1.6 kgT 3109
faumamuInaNu3ou k. (T) manfidasaseusrazesaums 2.21 mmsmﬂﬂulm
oy —s20T :7j maniliieniasnniiladoufumenusn Sezaziumsiansanmnanil g
NANUSNAEIT BN URITHY Fyg(e, T) NARAFIRAT & — 1 Useanms 2.4 kpT uaz -2.4
ke T Tageamwinanudausansodioulaann ewaesad ofe, T) USDNTOU ) e —p = +
2.4 kgT



unii 2. NOUNEIYAN 20

ua a s a
QmﬂN‘UGm’Nma’ﬂuataﬂﬂ’imla\'ltaﬁz

nouirasuaoruaz lunganudl (Bloch-boltzmann theory) la fienuamuwih lwih iz
sulnasuluiiiturasanuvinuiuaauzyeedlanasey ANNGEINGN waznAHaUAE

dnsussvundulelsnsin o(e, T) Weaulanail

ole, T) = e;N(s)v2(s)T(T) (2.22)

[

dusulanemly insuseanae ofe, T) Wuradzudaduraansanu ol
o(e, T) = o(u, T)+ (e —p)[00(e, T)/0¢ele—p (2.23)

L6 LI ANIN BN VaIIATUA N I man g lUnmMIduntnsamNaNms 2.19
Ml vaa e manwLsn aaums 2.24 Fuilumanzasamwibh lWih @eadnasundu
Wenguzas Andmandl tuvane B aaandimemasluddnninvaelanzlild iasan

@NZBLENATDUNANIMNAT wataNNTaNBLEnaIaUTAUANIMNLATA e
o(e, T) =o(u, T) (2.24)

drumandszanadiunzaslave melamsuseana ole, T) a9dums 2.23 wazlunsd
UNLATAFNMS 2.20 DIALANNTNNUS

K3 T2

5 (2.25)

j(e —WFwa (e, T)de = Jsz(s, T)de =

S(T) = — (2.26)

kT (dIno(e, T)/de
3 el 0¢ .

dhuagmwihanusauresdianasauzaslansaansaadsuelaaldngues Wiedemann-
Franz law Fullugumsianannmsaaglanms 2.21 lagaziiunsinsanmauvaitilasan

= 1 v lﬂ' = QJ L4 e
NOIUBHNINLNBDLNYUNULNBNLLIN LLaghlﬁﬂ'ﬁﬂiﬁi&ﬂm o(e, T) MENNT 2.23

ki T

WG(H’ T) =Lo(u, NT (2.27)

1
et = 237 | ofe, TFwale, Thde =

o - S ' PR 212
138 L @9 Lorenz number Fttluemaan denily ﬂ;;E’T




unii 2. NOUNEIYAN 21

Ua a s a £ o o
QmﬂN‘UGWI’Nma’ﬂuatan‘n’iﬂ‘ma\‘lﬁTiﬂx‘lGl’J‘L!’l

fusuiaguszianansieiih amwihlWihueddnaseusdunadieanms

ne2t

— =Ten (2.28)
m

o=

IG]EI'VI m* oy um UNUNIRENHS (effective mass) UaZ FNMNARDNAIVDININE (car—
rier moblllty) audau Feaumsiddaulah amwihlnihdannesuasdaaduileds
@ EUEINEINY AMTUIZINUIUTNTBININTEN S TMUAN-NENIY DIUDUNSINY
1089 dndmuaiifiumsluand e = h2k2/(2m*) LLGiﬁqmwQﬁgq AaneTBUINMIATOU
asaudmuz lugwdsnui nhedu aums 2.28 39lawanzaniin daulumsdun
asantamamasTudidnninzasmsisdnhisiimslszanamsilsddumanssnauuumes
H-Ausn wazamwih ihdeanesudly

1 E—¢
fro(e, T) = — = exp (—k_er‘19> (2.29)
1 +exp (kBT) B
3
o(e, T) (e—eedg)zer (2.30)

Feazldmsusanasaaslumsasine e dulssansgiun Taawedsumsnssnauuy
wofi-Ausnlusums 2.29 mansalldfumendsnuiivhsnndndmaniiignimualy
Fuswdnuivauzas Ecag MNFNMT 2.28 LALANNTNNUSUDIANNWNUUUFIIULYBN
5LﬁnmauLLazmmL'%ﬁﬂzjumniumauauwé’wuwwﬂum N(e) x (e — sedg)l/z, v(e)
(6 — ceaqg) /2 UBE T ox (¢ — £cay)Y AtlamanUsz@ndFiuaily
S(T) = —<B <g+y+'u]:§‘ig> (2.31)

sumamwihanusaursdianasauresiagianieduglaeis Wiedemann-Franz
law Wudenululovs
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[ ua a s a v
2.4 msmmmqmaam NN L‘I’IEI'iTNEl LANNINMI ElTﬂ'ittﬂ'iN Boltz-
Trap

BoltzTrap (WuldsunsuiildlumsdnaqaaaniimemasTuddnninvaeise las onde
! v = 1{ 1

noufMsaudealudnaul (Boltzmann transport theory ) Taaduszandnsuuay (trans-

port coefficient)aansamuia loananmwibh I luudasHamazesndn NEununNasNY

%4 dQI

il

as(Tiw) = & [ ouple) |- 205 e (2.32)
of,(T;

Vo (T3) = g1 [ oanle)le =) | =245 e (2.33)

ap(T3 1) = 515 | oup(elle— ) [—af“é:”] de (2.34)

L8 Ko (T; w) AaaMwinaNu3au loalumsdurueia BoltzTrap 2z UM swansan
anmwihanusoureslniuay asuudmwihaNusauluNiaeinedeamninaINsauYas
wInzdlEanesaully, e Aamuszyliihuaddidneseu, T Aagaugil, Q delsnasly
vdamulau wazamwih Iih luudaziemeusIndnNatunasn o, () milaain

8(e —eix)

Ouple) = 10 Y ouplis k)b (2.35)
i,k

WD ¢ ADWAINIY, N Aadnnunneasaduk) log o (i, k) wlaan

oup (i, k) = 2t va(i, k)vp (i, k) (2.36)

Tk AN LAY (relaxation time) LLazmmL%anzju (group velocity) v (i, k) #0190

AUIUAIN
1 62 €,k

L 9%
valb k) = 5ok,

(2.37)

1 1 L = Q( o
drumdulseanddiue mmsammmlé’mnaumi

Sij = (0_1)“1\/0@ (238)
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NFNMT 2.32 - 2.34 WHAUNA 00p (T; 1), Vo (T5 1) UDE Kop (T; 1) GNAOGIUS
T, BOEQENYHANUALHM T NENNY wazlusunsy BoltzTrap laigansadnnmaiile

Lwalmmmamsmmm Tumsdnnaehelisunsy BoltzTrap Feuszanalvisndananiiiu
st o Tiandaudssinssuaile Tduiu . Gaanmsi 4.4



NHUNITANE

o))
=)}
Do

qwu%ﬁ'ﬂﬁloﬁ"ﬁwmmqmauﬂ’ﬁmq5Lﬁﬂmaﬁﬂﬁ?laqamamﬁﬂulmmLumﬁaﬂ‘[ﬂmﬂsu VASP
%ﬁﬁﬁé’ﬂmiﬁwmmagiuuﬁwugmwawqwﬁﬂqﬁ%’uﬁammwmLtﬂuﬁiﬁﬂﬁ'uizmmﬂuﬂqﬁ%’u
u uazlFmsUssnauuuanymnuiuddnnaseuwuuenu i wiams ez uu
nsdgudinll worldlsunsy Boltztap TumsinuaaantamamasTudidnnin ms
fnaanantaluudasduineasdsamainundail

3.1 msﬁwmmqmaw‘”ﬁmﬂ'ﬁLgnmaﬁnﬁ

3.1.1 NAFauA) E"T‘U‘UW{QWWS”@LG’IE]{‘?I mmzaﬂumsﬁwmm

madnalaglinquifsdsuiaanumnuiuiifandalumsimnausindniisuussszwig
audnaseulueasiivia 3d uax 5f fiflszazvheszwhssdundsnuuasdidneseuluaes
Difafes Sedfudeafiumsfimsandduiniamniiaes (Hubbard parameter) 23y
msdnnade DFT waudlateidadinam dluieihiiudomagauiiiamaaunda
winiwasiminzaniazldlumsdnna

X2y, Z°
4s 3d
N[t g
\\
Ti [Ar] 4s? 3d?
Xy, YZ, ZX

U 3.1: ssaunasnurasdianasaulusasivia 3d vatezeanlnmilisnlulaseaine
asauLiianlnmiue

24
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Tumsnagaumemsuindamniwasnmanzay awldlassadansoudisnlnmiuad
Usznaude 5 azaenlumsimnamasiiuaniio Taduaagdd uazdasiendanu daem
FUUNSamNTepsmaeq ufumsUssanaimnannasnuuanasudRuguuy LDA
w8z GGA us3suiisunamsimmnasumilannmsneans Tagesunniamniinas
ﬁmmsauﬁaﬁhﬁlﬁwamsﬁwmmaamﬂﬁaqﬁ’uwamswmaaqmnﬁqﬂ

sUM 3.2: Tassasnaasewdiesnlnmuailssnaudie 5 azaaw NlFlumanagauadu

SN NAPINIVINZEN laansanandihunuazaanlyaniley Flsunuaznandnsau
BN LaLFLANUNUBLADNDBNT LAY

3.1.2 AmnulasasNnangs

Tumsdnnalanainiieisssldlanahaasauienlimiuaiivssnaude 40 azaau
(supercell 2x2x2) waztlasuwassmunisaasazaanlulassadvaunsemiiusinszinaa
laaaufienidhlndaud Tasdaumsdmnaazdasiiminadaumsgithaaswaanuiiiam
witnudnaaruazinnuge k Awanzaalumsdnna

£/

P\ A
v s T ),

PN A
-

<€

-

VP s
%

Lo,

A i

sUD 3.3: Tawasnaasauiienlnmuefivsznaueme 40 azean AlElumsdmuin
AaantanMediannsaiing leanssnandibunuazesnlnmiiiay ddmunuazasnansau
ey Fuasunuazaanaandiau wasdindssunuszaanlulasauy
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3.1.3 AMNUANNBUILHUTDIUE

Tuauaauilazldlasasnngdasuas FaulyN vz ann londuasunauming lums
MaeNNrINwURdoU wazth lU@aunsNaNNBNLHLEI UL A NI UG

3.1.4  MIAIULATIFTNUDUNSINIY

dadmunmenumnuinanusaiaud agldladfuaduildnnmssmunaenumnuiu
szl dnnundinuessdidnaseuiioniasy k ieq aadumezesgediounes
3 Flasaaasouidionnmuaildilashendnuuugmnadifidumezesga i
anNasgaLu r-X-M-T-R-X-M-R [24]

— ’Mﬁﬁu“";,
~— R

CUB path: T-X-M-T-R-X|M-R

UM 3.4: Isuvgaruuasiduneeanaauanasgedniulanaiwndnuuugnunan

o ua a g a
3.2 ﬂ’l'iﬂ’luﬂmﬂmﬁalumﬂ’]flLﬂaﬁo‘[ualaﬂﬂiﬂ

aamiamamasTudidnnindiasdnnanlsznaulde mdudssanidiun ammwilwih
amMWneNNSaY ware figure of merit lumsnauedndszansdue smwihlnihea
nMpuAMY uazamwinanusaudanmweuams xdmunlagldlusunsu Blotzirap
Nnnhmdudszaniaue ammhlnih wazanmwihenudau lulFdmuaem figure of

merit



NaNISANEY wazanus1guanIsAnE

4.1 mamsﬁwmmqmaa«ﬁamaﬁLﬁﬂmaﬁﬂ&fmmamamﬁﬂuln
NMILUE

4.1.1  H@NINAFauMFUUITANITINIAaTNHIzaNTUNITAIUIOL

NnMIMnaaNNmNuLLEalaNanaasauiisn Inmualeafinsanaazesatiy 1o
KON IANUINAIUN 4.1

valence band 3 I conduction band

DOS

spin up
spin down
1 1 1 ) [l

-4 -2 0 2 4
E-E, (eV)

UM 4.1: nnvlugasanurnwinausaalasasnansauiian lnmuandssnaudae
5 pzaaw WamulagRNIaNKaaatly

nnanmamnuiuanugluzuil 4.1 wuhiideshewdsnussrinuounueudusziou
msh tuuaes i Tassadeaasaudisylnmue dulasiahasesiaglednh e
winsanenuwmnuiuanuzeasaludwuaz syl wuhenumnwiusmuziiony
auya iy inlwlassae il lufienaduwiwmdn wozdls dmunaanumnuinsauz v
Tassasnlos ldwansan waaesal uwuh enuvinuiduaous i sUsnwuida nurans

27
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amnnlagiarsanalu Bnnsdaliuamadnumasiuaniis adaduaagad wasades
Mawanunnumsmnalagiansanwavesaluaaudadlumsen 4.1 sauuluiunsu
ao 9l azaziumsinanatulumsina Wadumsusendans waznsnennsluns
AU

MIND 4.1: nynlFeudisuremismnuanantiveslanainaasauiisn lnmiue
TasRnsanuaslinnsanaty

A AN ULAONY u"’aﬂ“uaa@é"a BB9ININAINY
(A) (GPa) (eV)
NNSNFUY 3.9509 173.71 1.6730
lawasanatly 3.9509 173.71 1.6756

WaMnummNuaniy MUaANDaRaa UasAMBBITNNANIY 209lAaTEINTnTaY

Wean lnmue lagnsUszan ooy nasnuFunusuantldsunuy LDA waz GGA SN
MNP FULSAMNRGaSAe q TagldRnsannazesaly lauansmuInea
MINN 4.2

MITNN 4.2: NTRUTNAIAINUANTY TaANDINIH wazATBITHWAINIUNNMIAUIN

Toaldnsuseanauuy LDA wag GGA SINAUMS LA EULISanINeasAIa 9

AN ANY u“aﬂ"maa@a”ﬂ ATDIINNAINY | AITBITNNHINIU
() (GPa) G-G (eV) G-R (eV)

LDA 3.87 206.27 3.06 2.62
LDA+6.0 3.92 175.80 2.88 2.46
LDA+7.0 3.93 171.08 3.09 2.65
LDA+7.7 3.94 167.82 3.24 2.79
LDA+7.8 3.94 166.35 3.26 2.81
LDA+8.0 3.94 166.43 3.32 2.86
GGA 3.95 173.71 1.74 1.44
GGA+6.0 4.01 151.93 2.74 2.12
GGA+7.0 4.02 148.87 2.91 2.44
GGA+8.0 4.03 145.98 3.07 2.63
GGA+8.6 4.04 144.34 3.10 2.61
GGA+8.7 4.00 181.21 3.26 2.75
GGA+8.8 4.04 143.79 3.09 2.59
GGA+9.0 4.04 143.26 3.07 2.57
GGA+10.0 4.05 140.75 2.99 2.48
MINeaed [25] [26] 3.91 174-183 3.75 3.25
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NN 4.2 Rauly Nunsandmsulglumsdmnaauanitueslasainaasay
danlnmuminniigadsReulaiildmsdszanamnanwasnuuanidsuduiusuuy GGA

PUAUMFULISANITHLODS 8.7 eV tilaann@auladanan vinamIm U ura9 I NNaINU
TndiAeanunamaneasannige Wdslimvadnsagasadludnnasaadasiummasad

LazAAINULANNTN leanMIMuUAALAaau lUNNNaNMINAaadLNe 3.32 tasidud

4.1.2 WaNIAMMIUANNBUILUUTIUL

idlanasaumsgihusmmdsnuussdnnalasaiiiiadosassasauionlnmiualasia
filsznoudhe 8 gilawad Taeld GGA+U (U=8.7 ev) warldehwasnudnoeu 360 ev
$unuae k Wu 25x25x25 Mntuldlaseaedandnlumsdinaemunuiugaus
ToglFdaulamssunandiendu Tduamasmnadainswlusuil 4.2

SrTio|

5 T L T
Undoped STO

—02p
——Ti3d

e e R T
-2 0 2 Ef 4 6 8 -2 0 2 Ef 4 6 8
N-doped STO

N-doped SrTi(')3

o029
=N 2p|

DOS

PDOS

2 0 2 Ef 4 s 8 ol T L 4‘$ﬂd

-2 0 2 Ef 4 6 8

—- C)-v'a.cancy'SrTiO:sI
—t—o03p

8 s 1 L 1 . 1 AD*A\A

B 8

2 0 2 4 Ef 6
- 2 4
Energy (eV) Energy (eV)

o o v a < Y AN v
5U7 4.2: DOS waz PDOS wavaasautiias lnmualaseasiauignd Tassasni@aaas
Tulosiau wazlasasnizasnaludmuniauetasaanaanday

nnenumnuiudnulusun 4.2 azmuinmsida lulasuadllunuluduniszas
pandaululaseasndasauien lnmuauazmsiormldinadesineludumiszeseand
uaan i ¥ nasUsEr LU BUT LAz Lo UM LAUSY M siie lulasau
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MIATANFTNTAZDIINNAINULAUSN 0.32 eV dulaseasaniizasneludunieee
DNFRAUNTDITNWANIULAUSY 1.09 eV

iafa1san PDOS wasdnsautiion lnm e udazlasiad sz fivhreuzasuoun
Lausz”f’waq‘[mqa%"wu’%qw'él,ﬁmmﬂamuzwm O 2p FIUVDUVBILOUMTUNAAINFDIULYDY
O 2p waz Ti 3d Lﬁ'aL’iialu‘[m?muLﬁwlﬂluiﬂsqaé”wamamﬁwlﬂm e USHAYR UYL
Naugiianuzaae N 2p winihin mildanumnwivaausiisusnwdsul waziites
TNWAIUUAUD mumswﬂwmmaqmﬁumtmmwmaanﬂzﬂ,auslu‘[ﬂsqamwﬂwﬂ’nu
WULUUFOIUYBIFDIUE O 2p wWasuulaaly uaz Lﬂummmmmsummanwamuw
LA
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4.1.3 HANIIAIIAULATIFTILOUNIINIY

Energy (eV)
Energy (eV)

(b)

a v o v P a Ll v
suUh 4.3: IﬂsqaswLmuwamuwaa‘[maaiwamaumﬂulwmLummqmﬁmﬂizﬂaumﬂ (a)
5 pzaaN waz (b) 40 aznay

nnlasssuaunssnuradlasiadansauionlnmuafivsznaude 5 azaay Tu
gﬂﬁ 4.3 (2) wuhlasaseaasauden lnmuefigasinanasnuuuulainse (indirect
band gap) Lﬁmmﬂéhl,mﬁw‘iwqmamamnumsﬁw (conduction band minimum: CBM) ttag
FUMUNGIFAYBILOUNAINLINAUT (valence band maximum: VBM) agfisumiia k auas
duniafiu Tagdidunis CBM as4iu3aunuan(G) uas VBM aNAUa R Mgaedn
wasuiladenily 2.75 ev

dm3ulaseadh supercell 2x2x2 Fuilulasaahaifinnalwyluligissuddanaidn
Tinfipfidwndy illassadeuoundanuiidnuasfunududisy 4.3 (b) Fadumis
VBM finsafiuge R lulassaauoundanuzaslasesdi 1 gliowad Imswunuinass
AU G Tulaseaseuaunasnueelaseasy supercell 2x2x2 (u%nmﬁ’nnaulugﬂ) Toad
MTBITNTERTNEIUNUS CBM waz VBM Wi 3.11 eV

Tunmsnaass MdariNwssnuasaasauiay nmueiianilu 3.25 eV [25] [26] A
e lganmsinaliadasnendsmniasnhiiasezdy disemnlumséna
Tassasuaunasnulealdnguiieddutiaanuvuiuiu Ansanmwznazasddnasau
UBNGA 2IANMIANIAINAYBINT screening 2B4ABSDLENATEYU M IKAWIMMTDITN
wasnulasipanihfiesezdiu
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Energy(eV)

PN v 1% ~ v a < ¥
UM 4.4: Tassasnuaunasnuaasdasauiisnlnmue (a) Taseasaudgnsd (b) Taseasn
NRamelulasau way (o) Tassasnidesnaluduniaratasnanaaniau

msidaazaevlulasuiiididnesauuanga 5  ash/ludmumissesasndauii
Aidmsouruanga 66 MliAalee wasiianus3u (acceptor state) HaTUMTOUOUN
WWUEEITUR 4.4 (b) MFBTINNEINUIEN TN YAZBILOUMTNUALIAITAUBILALN
wudiu 2.73 ev Fawaunhaeshandanuuaddasiainuigns 0.38 ev

dumaihazaansantauasn lUnnlanahaiamiidesinlulaseds dreanu
uﬂwéamaq‘[ﬂiqaﬁwazﬁﬂﬁ'l,ﬁmaawu:ﬁuﬁma'NLmumsﬂwé’qgﬂﬁ' 4.4 (¢) Mldadas
TaNdIUUAUALMAaLREY 2.05 eV Fuaunhdahandanuzaslasiaeuignd 1.06
eV

NMIRNTaN DOS war Tassauounaany ardunafiumsidsuuomasanii
fimsfedandiauaannnlasaii awdasousiicumia 7 eV uazidoudumiiaa Ef
Tnduaumsih anasilimsuasunnmssinhludulon: uennniimsdedandiau
apnuazMataaudumisens Ef Afwuldiilafinaidounsg 1wu La was Dywnlulu sTO
FamsudsuulaiioaazdinadaduiamesmumasTudidnasnuasansmnil Feazdnwmu
Widadaly
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120

)

60

TDOS
TDOS

30+

Energ‘S/ (e¥)

UM 4.5: TaNaNNINAINIUMFA 40 d2aaNYd (a) STO waz (b) STO+Vo NuNuUFHh
e ANW UNUDEADNYBN S, Ti taz O MUEIAU DOS 284 (c) STO waz (d) STO+Vo waz

TA59a5 LA UNEINUZDY (¢) STO waz (d) STO+Vo g Ef = 4.69 waz 7.80 eV d1M5U
STO tag STO+Vo MNFINU
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120

TDOS

Energy (eV)

3UN 4.6: TaRaNNNANIUHIFA 40 D2aBNYBN (a) NSTO waz (b) NSTO+Vo Nunudi
e AN NN UWNUBEABNYBY St, Ti, O waz N mua1au DOS 284 (c) LDSTO wag (d)

LDSTO+Vo a2 lAs9asNuaUnNaInuzad (c) NSTO uaz (d) NSTO+Vo 38 Ef = 4.49
ez 7.28 eV &MU NSTO waz NSTO+Vo MuaIAU



UNN 4. WaMSANE) UazaNUeuanIsANE 35

9% , . 5 120 E
() i (d) Y
1 90- E
60+ : 1
I I
& } < |
= | = :
= 304 : |
; 30 .
| ]
| I
] 0 M L
0 6 9 12
Energy (eV)

Energy (eV)

JUN 4.7: 1A3ETNNNAINUMFN 40 8s0dNYBY (a) LDSTO Uaz (b) LDSTO+Vo Nunu

dih @en By aee Q&Y UNuBEAaNYN Sr, Ti, O, La kag Dy mua1eu DOS 284 (c)

LDSTO uag (d) LDSTO+Vo uaz lasedsauaunasIuzad (c) LDSTO was (d) LDSTO
+Vo M8 Ef = 8.96 1lay 8.81 eV d@1%3uU LDSTO ez LDSTO+Vo MuaIau
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1 IE T ; 'E-
| f | f
1 1
" () i o) (d)
: i
! I
% 60 | L 01 :
c 1
g ; = :
I
304 | 30 !
1 I
1 1
0 T = 0 T 1 -
0 6 9 12 0 3 6 9 12
Energy (eV) Energy (eV)

UM 4.8: TA39aTNNNGINUMEN 40 D2ABNUDI (a) LaSTO Uaz (b) DySTO+Vo Nunud

Y @Wen suy Wdes RN UNUBABNYBN St, Ti, O, La wdz Dy N9y DOS 284 (c)

LaSTO uaz (d) DySTO+Vo sz Iﬂ‘NﬂiN ULOUNWSNIUDY (¢) LaSTO uaz (d) DySTO
+Vo @28 Ef = 8.68 Wz 8.35 eV d115U LaSTO waz DySTO+Vo mMuUSIAUY



UNN 4. WaMSAN® uazaNUsguanIsAne 37

o QU a o a =
4.2 mamsmmmqmaa«ummqmas"Tumanmnwmamaumw
Tomiue

4.2.1  enamwihlniheanaitiauaais

dmsumsennales g lusunsy BoltzTrap mamwih lihuazanmwihanusauilaas
faoulsnaunauamy (1) Fafluenilisansasnnaldnnlsunsuil uaiimsuszana
’LmﬂummwmmmaﬂLmawziuﬂ Tosunazlaseasinaziion T unnanueanlu

mmswslﬁmwuﬂmlmlmanmNauﬂmﬂwaq‘[ﬂsqamqamaumauiwuummam‘[mm%q
NNUN 4.9 Az aamwih lWih ds nadeu ez aaslasiaeuignd e genh
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SITiO3 (STO) is an attractive material that offers a wide range of technological applications, e.g., ferroelec-
tricity, solar cell and photocatalysis. An application that the STO might be utilized is diluted magnetic
semiconductors. Here, we would like to improve magnetic property of the STO by Ti site substitution
using Co atoms. In this work, we present the structural, optical and magnetic properties of perfect and
oxygen defect structures of STO and Co-doped SrTiOs via experimental and theoretical aspects. In first-
principles calculation, the structural properties, electronic band structure and magnetic properties of

IC(?_’ ;V(f;g:l: SITIO undoped STO and Co-doped STO supercells have been investigated by density functional theory using
Hydrothermal 3 GGA with Hubbard model scheme (GGA+U) on Vienna Ab initio Simulation Package (VASP). In calculation
DFT detail, pure phase of STO with nanometer scale size of undoped STO and Co-doped STO have been syn-
DMS thesized using hydrothermal technique. The findings obtained from DFT computation reveal that the new

states in gap between the valence band and conduction band of the STO were induced after Co atom was
doped into the host structure. These impurity states narrow the band gap corresponding to experimental
results. In addition, band splitting was observed on O defect and dopant systems, indicating that missing
O and doping Co on STO could induce magnetization on none-magnetic material of STO. In case of syn-
thesized powder, ferromagnetic behaviors are determined in the dopant system annealed in Ar.
Additionally, another appreciated point of Co doping is that surface area of the STO is improved. Thus,
it is expected that the surface activity, such as photocatalytic performance, of the STO will be enhanced.
From all referred results, they introduce that the Co-doped STO might be a potential candidate to be a
photocatalyst for the high photocatalytic performance under visible light radiation and the diluted mag-
netic semiconductor in spintronic devices.

Photocatalyst

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

SrTiO3 (STO), a semiconductor with 3.2 eV [1] of indirect band
gap (E,) and a perovskite structure material, receives aplenty
attention from scientists. In current, because of outstanding prop-
erties of the STO, the scientists attempt to improve properties to
enhance performance of STO applications such as dye-sensitized
solar cell [2,3], photocatalyst activity [4], water splitting [5,6],
hydrogen production [7] and, thermoelectric devices [8]. Among
these, there has been a growing interest in using STO as a catalyst

* Corresponding author at: Department of Physics, Faculty of Science, Khon Kaen
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for photocatalytic processes because of its semiconducting feature,
thermal stability and photocorrossion resistance. However, the
band gap of this oxide corresponds to the UV light which is only
a minor portion (around 4%) of the entire solar spectrum. This fac-
tor remarkably limits the photocatalytic performance of STO. To
overcome the hindrance, a possible way to enhance the efficiency
is to engineer the band gap in order to appropriately match the
energy of visible and infrared light by means of introducing
impurity.

However, the STO still has disadvantages, for example, it has no
magnetism (diamagnetic behavior) at room temperature and E; is
according to ultraviolet range, just 4% of solar radiation. Here, we
also would like to improve magnetic properties of the STO to be
more applications such as diluted magnetic semiconductors
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(DMSs) which is a class of spintronic devices. Our previous work,
Sikam et al. [9] and Moontragoon et al. [10], found that iron (Fe)
and manganese (Mn) doping on ZnO structure could induce mag-
netic behavior on the non-magnetic material of ZnO. In case of
3d electron material doping on the STO, report of experiment by
Karaphun et al. [11,12], and Siddheswaran et al. [13] points out
that 3d transition metal doping on the STO structure could induce

magnetic behavior on the diamagnetic material. Therefore, in this
work, Co, which is 3d electron transition, would be doped into
the STO structure then, structure, magnetism and, electronic band
structure will be observed.

In addition to the magnetism, the Co-doped SrTiOs is expected
to present more specific surface area than the undoped STO
because of defect on the surface induced by effort to replace the
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Fig. 1. (a) optimized structure, DOS calculated using (b) GGA and (c) GGA+U, and band structure calculated using (d) GGA and (e) GGA+U of an unit-cell STO. E;addressing at
1.66 and 2.94 eV for GGA and GGA+U approaches, respectively. Moreover, calculated (f) DOS and (g) band structure using HSE hybrid functional with Eylocating at 3.27 eV.
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host site by added impurity atoms. This is inspired by the report of
Lu et al. [14]. They reported that when the STO was doped by
BiFeQs, particles were smaller, leading to greater surface area
and active surface. Additionally, the photocatalytic performance
of hydrogen production of the doped STO is larger than that of
the pure STO, approximately ten times under UV-visible radiation.
Moreover, being greater of photocatalytic activity after Co was
doped on the STO (thin film) is reported by Ichihara et al. [15] that
the Co-doped STO illustrates higher photocatalytic activity for
methyl blue under visible light radiation of 460 nm. In the same
trend to Fe-implanted STO reported by Lobacheva et al. [16], add-
ing other atom (Fe) on the host STO brings about O vacancy and

Table 1
The calculated bulk modulus and energy band gap.

Bulk modulus (GPa) Energy band gap

G-G (eV) G-R (eV)
GGA 173.71 1.74 1.44
GGA+6.0 151.93 2.74 2.12
GGA+7.0 148.87 291 2.44
GGA+8.0 145.98 3.07 2.63
GGA+8.6 144.34 3.10 2.61
GGA+8.7 181.21 3.26 2.75
GGA+8.8 143.79 3.09 2.59
GGA+9.0 143.26 3.07 2.57
GGA+10.0 140.75 2.99 248
Experimental data 174-183 [27,28] 3.75 [29] 3.25[29]

(a)

oo

more surface defect. Therefore, effect of the Co adding to the par-
ticle size and surface area will be observed in this work.

Another problem of the STO is that it is not easy to prepare the
perovskite structure of the SrTiO3; without secondary phase. The
secondary phases that have been examined are SrCOs; [4], Sr
(NO3) [15], SrpTiO4 [18]. Materialists employ various methods to
prepare nanoparticles such as hydrothermal [4,11,19], combustion
[17,20,21] and, simple polymer solution route [18]. Among these,
the hydrothermal synthesis can successfully synthesis pure phase
of the STO as the reports of Karaphun et al. [11] and Zhang et al.
[19]. In addition, high temperature is not required to chemical
react in the hydrothermal process because massive pressure within
Teflon-lined autoclave can support chemical reaction of substance.
Thus, this work would like to study of STO and Co-doped STO
nanoparticles prepared by hydrothermal method using Ti P25
(compositing phase of anatase and rutile) as titanium source
because anatase and rutile phases show different energy band
gap that could lead material to absorb wider range light, resulting
in high performance under solar radiation utilization. Also, Ishi-
kawa et al. [21] reported that the SrTiO5 structure can be prepared
using the anatase and rutile phases. Therefore, it is interesting that
how optical band gap and structure of the STO synthesized by mix-
ing phase of TiO, would be.

In addition, we pay attention to oxygen defects on the STO
structure because the oxygen vacancy on the structure could
improve optical and magnetic properties of the STO, suggested

(b)

@
$:4

” \O
O HO

Fig. 2. Optimized super-cell of (a) STO, (b) O defect of STO, (c) Co-doped STO, (d) O defect of Co-doped STO structures.
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by Tan et al. [22] and Krithiga et al. [23]. Therefore, properties of
the prepared samples annealed in Ar to observe oxygen vacancy
influence on the undoped STO and Co-doped STO structures will
be considered in this work too.

In case of calculation, density functional theory or DFT method
is widely utilized to calculate and examine properties of material
because it can reduce complicate in many-body system calculation.
The DFT is based on approximation that potential energy depends

Table 2

Lattice parameters of the calculated forty-atom systems via GGA and GGA+U calculation.

95

on electron density. However, energy band gap obtained from the
DFT is far from experimental value, for example, the E, of SrTiO5 as
0.83 eV, calculated by Carlotto et al. [24], which underestimates
than experiment value (3.2 eV). To correct this problem, Hubbard
parameter (U) for 3d transition element are added in the calcula-
tion through effective Hubbard parameter or U, difference of
on-site coulomb interaction (U) and strength of the on-site
Coulomb interaction (J). After the U is added, the Eg of the STO is

Structure Lattice parameters (angstrom) Eg (eV) Magnetization ([ig)
a c
STO 3.91246 3.91249 1.79 0.000
STO+U 3.91246 3.91249 3.05 0.001
Co-doped STO 3.90122 3.90131 0.52 1.001
Co-doped STO+U 3.90122 3.90131 1.55 0.893
O defect of CSTO+U 3.85452 3.85615 1.57 1.000
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Fig. 3. DOS of forty-atom STO calculated using (left) GGA and (right) GGA+U where Eylocated at 4.12 and 4.41 eV for GGA and GGA+U calculations, respectively.
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Fig. 7. Band structure of Co-doped STO super-lattice structures calculated using (left) GGA and (right) GGA+U where E located at 4.20 and 4.29 eV for GGA and GGA+U
calculations, respectively.
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Fig. 10. (left) DOS and (right) band structure of O defect on STO super-lattice modeling structure calculated using GGA+U where Ey located at 5.64 eV.

wider as 1.33 eV [24]. From this, the parameter U of Ti and Co is
utilized to calculate optimized structure, magnetization, density
of states (DOS) and band structure of the STO and Co-doped STO.

From above referred problems, this work would like to study
the STO and Co-doped STO whether doping cobalt influence on
magnetic behavior of the STO or not and, how structural and
optical properties of the STO are after the cobalt was doped into
the STO structure. In addition to perfect structure, oxygen imper-
fect system would be also studied. Thus, aim of this work is to
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characterize the structural, optical, and magnetic properties of
the undoped and doping Co on the SrTiO3 both the perfect and
oxygen defect structure both experimental and theoretical
investigations. In the experiment, the nanoparticles of the STO
and Co-doped STO will be prepared using hydrothermal method
then, annealed in normal air and Ar gas. In the calculation,
optimized structure, density of states, band structures and magne-
tization of the STO and Co-doped STO would be investigated by the
DFT study using the VASP code.
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2. Experimental details
2.1. Synthesis details

Nanopowder of SrTi; xCoxO3 (x =0.125) were prepared using
hydrothermal synthesis. Solutions of SrOgN, (99.0%, Aldrich),
TiO,-P25 (99.5%, Aldrich) and Co(NOs3),-6H,0 (99.99%, Aldrich)
were mixed together and stirred at room temperature for 3 h.
Then, 10 M of potassium hydroxide (KOH) was added to the solu-
tion and continually stirred for 24 h. After that, the solution was
poured into Teflon-lined stainless steel autoclave for hydrothermal
treatment hold at 200 °C for 24 h. Next, precipitate was washed to
eliminate contaminant, e.g. KNO3 and hydrocarbon, using ethanol
and deionized (DI) water several times. Then, the precipitate would
be dried in an oven at 80 °C. After that, powder of as-synthesized
undoped and Co-doped SrTiO3 would be obtained. Finally, the as-
synthesized powder was annealed in air and argon gas at 800 °C
holding for 3 h. In case of undoped samples, the STO was prepared
the same route to the doped samples but the Co(NOs3),.6H,0 was
not added.

2.2. Characterizations

The structure of pure STO and Co-doped STO samples were
characterized by an X-ray diffraction (XRD) technique using X-
ray diffractometer (PANalytical, EMPYREAN) and element compo-
sition of prepared samples were analyzed by an energy-
dispersive X-ray spectroscopy (EDX) analysis via energy-
dispersive X-ray spectroscopy (SNE-4500 M, SEC). Morphology
were studied using scanning electron microscope (SEM) and trans-
mission electron microscope (TEM). SEM micrographs were per-
formed by the scanning electron microscopy (SNE-4500 M, SEC).
Both TEM images and selected area electron diffraction (SAED)
analysis were conducted using the transmission electron micro-
scopy (FEI Tecnai G2). The optical band gap was determined using
absorbance mode of UV-Vis spectroscopy (UV-3101PC, Shimadzu).
The magnetic behaviors were examined using a vibrating sample
magnetometer or VSM, (Versa Lab VSM mode, Quantum Design)
in an applied field from —10,000 to +10,000 Oe. Elemental mapping
was detected using focused Ion Beam (FIB) technology on scanning
electron microscope (SEM) or FIB-SEM (FEI Helios Nanolab G3 CX
Dual Beam). In case of the surface area, it was analyzed using Bru-
nauer, Emmett and Teller or BET technique (Autosorb-1 Quan-
tachrome). Additionally, elemental percentage of Ti and Co was
measured using inductively coupled plasma optical emission spec-
trometry or ICP-OES.

3. Computational details

Perfect and oxygen vacancy structure of undoped STO were
modeled as a 2 x 2 x 2 super-cell which corresponds to a super-
cell of eight times as large as the size, containing 40 atoms, of a
primitive unit cell in base plane direction. Then, a site of Ti was
replaced by Co, called Co-doped STO or CSTO. The orbitals of Sr
(4s524p®5s2), Ti(3p®4s23d?), 0(2s22p?) and Co(3d®4s') were treated
as valence electrons. Calculation was performed using Vienna Ab
initio Simulation Package (VASP) [25]. A 19 x 19 x 19 k-point
mesh in the Brillouin zone and the cutoff energy of the plane wave
of 360 eV were employed. Projector-augmented plane wave pseu-
dopotential method (PAW) [26] within of the generalized gradient
approximation with Hubbard model (GGA+U) since coulomb inter-
action Ugg of Co and Ti as 3.1 and 8.7 eV, respectively. Scheme of
the Perdew-Burke-Ernzerh of PBE has been used to treat exchange
and correlation energy to explore the optimized structures, density

of states, band structure as well as magnetization of the STO after
the cobalt atoms were added in to the structure.

4. Results and discussion

An optimized unit cell of STO are shown in Fig. 1(a). Lattice
parameter a obtained from optimization is 3.87765 angstrom.
DOS and band structure of five atoms calculated using GGA are
shown in Fig. 1(b) and (d), respectively. E, of the STO is 1.66 eV.
The E; obtained from the GGA calculation is very underestimate
compared to the experimental report (3.2 eV of the E). To improve
interaction of electrons in systems, Hubbard parameter (U) would
be added in the calculation.
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Fig. 12. XRD patterns of as-prepared (down) STO and (up) Co-doped STO.
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Fig. 13. XRD patterns of Co-doped STO (a) annealed in Ar and (b) annealed in air
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Table 3
Average particle size obtained from the TEM images and, specific surface area and
pore volume of the prepared samples measured by BET technique.

Samples Particle Surface area Pore volume
size (nm) (m*[g) (cc/g)

STO annealed in air 65.94 15.43 0.3453

CSTO annealed in air 51.68 19.38 0.3179

STO annealed in Ar 58.70 16.06 0.3452

CSTO annealed in Ar 41.39 18.49 0.2976
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Next, the Hubbard parameter (U) for Ti would be tested using k-
point grid of 21 x 21 x 21. Table 1 is showing bulk modulus of

Table 4
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Obtained experimental data of prepared STO and CSTO.

Samples Lattice parameters  Eg (eV)  Magnetism at 300 K
a (angstrom)

As-prepared STO 3.91094 3.13 Diamagnetism

As-prepared CSTO 3.90730 3.07 Diamagnetism

STO annealed in air 3.90664 3.09 Paramagnet

CSTO annealed in air  3.90046 3.08 Paramagnet +
Ferromagnetism

STO annealed in Ar 3.90591 3.15 Diamagnetism +
Ferromagnetism

CSTO annealed in Ar  3.90215 3.11 Ferromagnetism

(a) as-synthesized STO

SrLa

GGA and GGA+U calculations. Comparing the bulk modulus and
energy gap (G to G and G to R) obtained from the calculation to
experiment reports, 8.7 eV of U leads the bulk modulus and band
gap of STO to be closed to the experiment data (174-183 GPa).
From this point, this work would utilize U of 8.7 eV for Ti in the
calculation.

After adding U in the calculation (U=8.7 eV for Ti), the E; is
wider to 2.94 eV because bottom states of conduction band shift
to higher energy, as shown in Fig. 1(c, e). Here, adding U could
improve on-site coulomb interaction of valence electrons of the
systems to be closer to the experimental report. Additionally, indi-
rect band gap, where VCM locates at R point and CBM locates at G
point, of the STO calculated using the GGA and GGA+U approaches
are observed in Fig. 1(d, e). This indirect band gap of the STO is
according to experimental report of Fu et al. [30].

(b) as-synthesized CSTO
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Calculated DOS of the unit-cell STO using HSE hybrid functional
advised by Heyd, Scuseria, and Ernzerhof [31] are represented in
Fig. 1(f). The E; obtained from this method is 3.40 eV. Comparing
the HSE to the GGA+U calculation results, the DOS obtained from
two approaches are similar. Nonetheless, the HSE method still give
band width closer to the experimental report. The calculation using
the HSE method has undoubtedly been beneficial, there, neverthe-
less, is good reason to be concerned about drawback. The
calculation using the HSE hybrid functional has to utilize much
more resource than the DFT approach. Calculation of forty-atom
STO and dopant systems is overload of our computer. To solve this
problem, because calculated results of the GGA+U is not signifi-
cantly different from the HSE hybrid functional calculation, this
work would report and discuss the results calculated using GGA
+U method.

The following step, super-cell modelling, consisting forty atoms,
will be studied. Optimized structures of pure STO, an oxygen defect
of the STO structure, an atom of Co doping on the STO (Co-doped
STO or CSTO), and a site of oxygen vacancy on the Co-doped STO
are represented in Fig. 2(a), (b), (¢) and (d), respectively. Lattice
parameters obtained from structural optimization of the STO, Co-
doped STO and O defect on the CSTO calculated using GGA and
GGA+U approaches are shown in Table 2. Here, the obtained a of

the STO is larger than that of experimental report (ICDD no. 35-
0734, a=c=3.9050 angstrom) about 0.19%. Comparing DOS of
the STO calculated using GGA study and GGA+U calculation, as rep-
resented in Fig. 3(left), and Fig. 3(right), respectively, the DOS cal-
culated using GGA and GGA+U are the same but conduction band
states shift to higher states (from 6.0 to 7.6 eV), resulting in larger
gap, same trend to 5 atoms systems.

Calculated band structures along any paths on first Brillouin
zone of face centered cubic structures of the STO using the
GGA and GGA+U were illustrated in Fig. 4(left) and (right). Both
of them show similar band structure which valence band maxi-
mum (VBM) and conduction band minimum (CBM) is at the
same point, Gamma (G). Comparing the E; of the GGA and
GGA+U calculation, the E; of the GGA+U is larger because the
E; calculated by GGA and GGA+U approaches exhibits 1.79 and
3.05 eV, respectively. These results indicate that added U of
8.7 eV for Ti does not change band model of the STO system
but it leads the E; to be wider and closer to experimental data
(about 3.2 eV). Because on-site column interaction of 3d orbitals
of Ti is not correct, adding U could correct this interaction.
Therefore, 8.7 eV of U is acceptable to correct the on-site cou-
lomb of the Ti. To observe properties of the studied structure of
the STO and Co-doped STO, this work will be conducted on add-
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ing U approach. Although the STO is an indirect material (from
experimental reported by Wu et al. [1]), the same point of the
VBM and CBM at G point is due to Brillouin zone folding in
small size systems. It cause G point acts as if it is the VBM
and CBM. Nevertheless, indirect band gap semiconductor of the
STO is confirming in Fig. 1(d, e) as explained already before.

DOS and band structure of oxygen imperfect structure of the
STO are shown in Fig. 5(left) and (right), respectively. Here, E, can-
not be determined because the Fermi level (Ey) is locating in con-
duction band. O defect in the structure could cause magnetism in
the STO because asymmetry of spin up and spin down states,
and spin difference in band structure. Magnetization obtained from
GGA+U calculation is 0.4649 pip. This one points out that the dia-
magnetic STO could be magnetic material if there is oxygen
vacancy in the system.

In the Co doping on the STO structure, Uegr=3.1eV, U=4.0eV
and ] = 0.9 eV, of Co atom is employed in this calculation, as report
of Wehling et al. [32]. Comparing DOS of Co-doped STO calculated
using GGA and GGA+U approaches as represented in Fig. 6(left) and
(right), respectively, appearing of step stone, which is located
between valence band and conduction band, are observed when
U of the Co and Ti are added in the calculation. As seen in band

structure of GGA and GGA+U calculations shown in Fig. 7(left)
and (right), respectively, once adding U of Co and Ti, conduction
states shift to higher energy, in the same direction to the pure
STO systems. It results to wider E; of the system to 1.55eV, as
shown in Table 2.

Influence of titanium site replacement by cobalt atom on band
structure calculated via the GGA+U of perfect structure will be dis-
cussed as follow. Comparing the band structure of the pure STO
(Fig. 4(right)) to the Co-doped STO (Fig. 7(right)), the splitting states
of spin up and spin down states, showing existence of unpaired elec-
trons, is not absolutely observed in the STO system but is explored in
the Co-doped STO. This result is according to the DOS that the STO
does not show asymmetry while the Co-doped STO exhibits inequal-
ity of number of spin up and spin down states, corresponding to
report of Zhou et al. [33]. These evidences indicate that the STO is a
non-magnetic compound while the Co-doped STO might represent
magnetic behavior. In addition, states locating between valence
band and conduction band after added Co content, which are
observed in the DOS, are also found in the band structure. The Co
doping in the system causes resulting in more number of hole in
the system, leading to new states formation near E;. A following
result from the occurring new states is narrower E,. Therefore, it is
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possible that optical band gap energy of the Co-doped STO will rep-
resent less width of the E, than that of the undoped STO in experi-
mental results. The new states would be acceptor states which are
resulting from hole doping of substituted Ti site by Co atom.

Considering projected density of states (PDOS) of the pure STO to
the dopant systems as illustrated in Figs. 8 and 9, respectively, PDOS
of the STO is showing that inequality of spin electrons of the Sr, Ti
and O are not explored. The p orbital of O is the VBM and d orbital
of Ti is the CBM of this system. Comparing PDOS of pure systems
to the doped STO, it is obviously showing that adding Co content
extremely results to PDOS of the Ti. Here, the step stone of the Co-
doped STO system cause from electrons of Co and Ti. After Co content
was doped into the STO structure, states of p orbital of the Sr at Eyis
induced, asymmetry of spin electrons of d orbital of the Ti and Co,
and p orbital of the O were observed. New states between gap is
resulting from the Ti, Co, and O. It is possible that the d orbital of
the Co could interact to host atoms and lead to band engineering.
Here, it indicates that cause of narrower E; of the dopant system is
from the Co atom adding. These evidences confirm that the d orbital
of Co could effect to electron states of the other atoms in the systems,
leading to change in E; and magnetism of the material.

Next, DOS and band structure of the O vacancy of the CSTO struc-
ture as shown in Fig. 10(left) and (right), respectively, would be con-
sidered. Comparing band structure of O defect of pure and doped STO
(as shownin Fig. 5(right) and 10(right), respectively), states are sim-
ilar except the new states locating near Ey. Here, Co atoms doping on
the STO could induce the new states which would lead E; of the O
defect of CSTO system to less band width than that of the O imperfect
structure of STO, same result to perfect structure. However, indirect
E; of the O defect of CSTO structure is still wider than perfect struc-
ture. Finally, considering PDOS of the O defect of the CSTO as shown
in Fig. 11, the states below Eyis resulting from Sr, Ti, Co and O atoms.
Also, extremely asymmetry of the Ti and Co are observed. From this
point, O defect could cause magnetism in the CSTO system. New
states near E¢(5.0-6.4 eV)are observed in all atoms. It is possible that
missing of O atom results in electron alignment and electron interac-
tion of the system. Comparing magnetization of the CSTO to the O
defect on the CSTO structure as shown in Table 2, the O vacancy sys-
tem shows more magnetization. This magnetism was described by
Venkatesan et al. [34], Coey et al. [35], Ren et al. [36] and Krithiga
etal.[23]. They suggested that magnetism can be induced by oxygen
vacancy for oxide semiconductor. This mechanism is F-center
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Fig. 16. Elemental mapping of (a) as-synthesized Co-doped STO, (b) Co-doped STO annealed in normal air and (c) Co-doped STO annealed in Ar.

exchange mechanism when electrons are trapped in oxygen vacancy
in the lattice. All data from first-principles calculation is concluded
in Table 2.

XRD patterns of as-prepared samples are shown in Fig. 12. All
diffraction peaks are according to standard data of perovskite
structure of SrTiOs (ICDD no. 35-0734), for example, at 2theta of
32.40, 46.49, and 57.80 degree corresponds to (11 0), (2 00), and
(211) planes, respectively, while secondary peaks are not
observed. Thus, the perovskite structure of the STO is a main phase
of synthesized powder. However, shifting peaks of the doped

structure to the undoped STO are observed, as shown in inset
graph of Fig. 12. The shifting peak to larger 2theta is confirming
the other atom doping on the STO structure. After annealing, the
XRD patterns were represented in Fig. 13. The perovskite structure
of SrTiOs is still the main phase of the undoped STO and Co-doped
STO powders that are annealed in both normal air and Ar gas.
Secondary phase of SrCOs; structure (ICDD no. 05-0418) is not
observed in the STO but is examined in Co-doped systems, as
labeled by stars (). Appearing of the SrCO; in the dopant system
might be because the Co contents inhibit the SrTiOs; structure
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formation. It results in the structure formation of residue of the Sr
content to C and O. The reason that the SrCOj; is not observed when
the powders were not annealed might be because the SrCO;
requires high temperature (more than 80 °C) for structure forma-
tion. The impurity phase of the SrCO5 is also observed in the
prepared STO using hydrothermal by Karaphun et al. [37] and
Huang et al. [4]. There are some interesting reasons described
the existence of the SrCO; when the SrTiO3 is doping by other
atoms. For instance, literatures written by of Guo et al. [38] and
Huang et al. [4] suggested that the SrCOs; formation might be
resulting from chemical reaction of Sr** and CO%~ where the
CO3™ are forming from CO, in air and OH™. Nevertheless, Lee

et al. [18] found that the SrCO5 appears when the STO was synthe-
sized using temperature of 600 °C and, the SrCOs is not observed
when prepared powers were heated at 1200-1300 °C. Thus, the
SrCO3; might not be able to form the structure when heat treatment
is conducted at very high temperature. In addition, Carlotto et al.
[39] supposed that a factor leading to the SrCOs is O vacancy
inducing from added Co. Additionally, the SrCOs is also observed
on other transition atom adding on the SrTiOs, for example, Fe-
implanted SrTiOs reported by Lobacheva et al. [16]. Nevertheless,
the SrCOs is a diamagnetic compound so it does not effect to mag-
netism of the prepared samples. Lattice parameter a of prepared
samples obtained from XRD peaks are listed in Table 4.
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Existence of Co atoms on the STO structure were examined
using EDX technique. Elements of the prepared samples are repre-
sented in Fig. 14. Because Au was coated on sample surface to
improve electrical conductivity of the sample and Cu substrate
was utilized as sample holder to analyze the samples using the
EDX analysis, the Au and Cu would be detected as components of
the synthesized samples. Considering atom percentage of the
as-synthesized undoped STO as represented in Fig. 14(a), there
are only substrate were detected as 27.70, 18.29 and 47.18 for Sr,
Ti and O, respectively, same direction to the annealed samples as
represented in Fig. 14(c, e). In case of as-synthesized Co-doped
structure, as seen in Fig. 14(b), the Sr, Ti and O which are host
elements were detected with high atom percentage of 25.37,

14.49 and 53.35, respectively, with not abundantly percentage of
Co, in the same trend to annealed samples as seen in Fig. 14(d, f).
These results are confirming the existence of Co atoms on the
STO structure. Nevertheless, the percentage as shown in Fig. 14 is
only relative percentage. It is not a mole percentage. Nonetheless,
exact percentage of the Ti and Co was measured using the ICP-OES
technique. The detected percentage of Ti and Co is 0.94 and 0.06,
respectively.

Additionally, distributions of elements in the prepared
samples are detected via elemental mapping using FIB-SEM
technique, as seen in Figs. 15 and 16. Considering the STO as seen
in Fig. 15(a-c), obtained elemental mapping are demonstrating
the same distributions of Sr, Ti and O whole the detected area.
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Fig. 17. SEM micrographs of as-prepared (a) STO and (b) Co-doped STO, annealing in air of (¢) STO and (d) Co-doped STO and, annealing in Ar of (e) STO and (f) Co-doped STO.

Nevertheless, lower oxygen content is detected in the sample
annealed in Ar, as seen in black area. This result is well-known that
because annealing in Ar gas results in less oxygen quantity in the
samples, leading to O vacancies.

In case of the doped STO, both as-synthesized and annealed
samples are observed uniform distributions of Sr, Ti, Co and O, as
showed in Fig. 16(a, b). In case of composition mapping of sample
annealed in Ar gas as presented in Fig. 16(c), less distribution of the
Co is explored. Comparing elemental mapping of annealed sample
in difference atmosphere, this is pointing that annealing in Ar truly
effects to added impurity which could result to properties of sam-
ples. Turning to detected cluster of the Co in Co-doped STO
annealed in Ar, this is possible that Ar gas flowing leads to oxygen
vacancies in the perovskite structure. Less oxygen quantity is not
enough to form the perovskite structure anymore. This results to
measured slightly Co residue.

Morphology of prepared samples was investigated using SEM
and TEM techniques. The SEM images of the synthesized samples
using hydrothermal method were illustrated in Fig. 17. Comparing
particle size to scale, all prepared powders are in nanometer scale
size both the undoped STO and Co-doped STO. Considering the

SEM micrographs of dopant systems as presented in Fig. 17(b, d,
f), the particles of the doped structure show more aggregation
and less homogenous shape than that of the undoped STO as illus-
trated in Fig. 17(a, c, e).

In case of the TEM analysis, Most of as-prepared particles both
undoped and doped STO are cubic shape, as seen in Fig. 18. Parti-
cles of the as-prepared STO, as seen in Fig. 18(a), have average size
of 43.12 nm. In case of as-synthesized doped STO, average particle
size is 39.05 nm, as shown in Fig. 18(c). Here, particles are smaller
when Co was doped into the STO. This result is according to the
SEM images and report of Karaphun et al. [37]. It is possible that
the Co contents inhibit structural formation of the STO, resulting
in structural distortion and different particle-shape formation of
the Co-doped STO powder compared to the undoped structure.
TEM images of annealing in air of STO and CSTO, as represented
in Fig. 19(a) and (c), respectively, synthesized particles are cubic
shape for both the STO and CSTO. Average particle size of the
STO is 65.94 nm while particles of the CSTO is a little smaller than
that of the STO, as 51.68 nm, same trend to as-prepared samples.
One observed view from annealing in normal air is that particle
shape shows a little change from exactly cubic to a little distortion
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Fig. 18. TEM images of as-prepared (a) STO and (c) Co-doped STO and, SAED patterns of as-prepared (b) STO and (d) Co-doped STO.

cubic, compared to as-synthesized samples. This might be due to
very high pressure at high temperature (800 °C). Such high pres-
sure could lead particle shape to change. However, average particle
size of the samples annealed in air are larger than the as-
synthesized samples might be because of much aggregation of
small particles and grain combination of fine particles, resulting
in larger particle size. Next, influence of annealing in Ar gas will
be discussed. TEM images of the STO and CSTO annealed in Ar
are represented in Fig. 20(a) and (c), respectively. Particle size of
the STO and CSTO annealed in Ar as 58.70 and 41.39 nm, respec-
tively. Here, it is obviously seen that O vacancy in the system could
effect to particle size. As assumed that the less O might be not
enough for the perovskite structure formation of the particles. This
leads to the obtained structures are not perfect like as synthesized
and annealed in normal air samples, as the observed important evi-
dence of the smaller particle size, compared to the as-synthesized
samples. To obviously illustrate difference of particle size at differ-
ence thermal treatment, the particle size of prepared samples is
concluded in Table 3. In the presence of SAED analysis, all SAED

patterns of the STO and CSTO are corresponding to plane of
perovskite structure of the SrTiOs (ICDD no. 35-0734), as shown
in Figs. 18-20.

From the BET study as seen in Table 3, it is observed that the Co-
doped STO shows obviously larger specific surface area and, less
pore volume than the undoped STO. This is due to the fact that
added Co contents to replace the Ti site results in defects on the
material owning to unequal of ionic radius and oxidation number
of Ti and Co. Considering effect of annealed atmosphere of
undoped STO on the surface area, samples annealed in Ar shows
higher surface area and less pore volume. A possible reason of
the obtained bigger specific surface area and smaller pore volume
is particle size. Smaller particle size could lead to the greater speci-
fic surface area. Nonetheless, the Co-doped STO samples show
opposite trend to the undoped STO. As illustrated, the Co-doped
STO annealed in Ar shows less pore volume and particle size, com-
pared to the Co-doped STO annealed in normal air, but the specific
surface area is smaller than the annealed in air. This point obvi-
ously presents that missing of the O exactly effects to specific sur-
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face area. This might be resulting from host structure cannot be
formed when there is not enough O in the system, resulting in
structural distortion as seen in shifting peaks of XRD patterns
and particle distortion as seen in TEM image.

Therefore, from the study of surface properties of the prepared
samples, we see that adding the Co atoms resulting in the less parti-
cle size and more specific surface area, according to the report of Lu
etal.[14],Ichiharaetal.[15] and Lobachevaetal.[16]. Thus, a benefit
of this work is that the Co-doped STO could successfully promote the
surface area of the STO because of less pore volume of the prepared
samples. An obviously benefit of the obtained greater surface area,
after Co atoms were added into the STO structure, is larger surface
activity, expected to promote the photocatalytic activity of the STO.

After that, absorption range of the prepared samples will be
studied as follow to answer the question that whether the synthe-
sized samples could absorb Sun radiation and are able to utilized
under solar spectrum or not.

Optical band gap energy of the STO and Co-doped STO were
examined by UV and visible light absorbance detected using

UV-visible spectroscopy. Graphs of (othv)'/? for indirect band gap
material on vertical axis versus photon energy (hv) on horizontal
axis were plotted then, band-gap width will be obtained from x-
axis interception point where o is the absorbance coefficient, h
the Planck’s constant and v the light frequency. As represented in
Fig. 21, Eg of the STO and Co-doped STO is 3.13 and 3.07 eV, respec-
tively. After heat treatment in normal air, the Eg of the STO decreases
to 3.09 eV and of the CSTO is a little increasing to 3.08 eV. The Eg of
the STO obtained from experiment is close to the GGA+U calcula-
tion. Here, the heat treatment bring about more orderly atom. The
more orderly arrangement of atoms in lattice effects to band struc-
ture of the system so the Eg is changed. From the band width, we see
that CSTO shows narrower E, than that of the undoped STO when
annealed in both air and Ar. A point that we has observed is anneal-
ing in Ar, resulting in wider band-gap which is according to the first-
principles calculation of dopant systems as discussed before.

In the presence of magnetism of prepared samples, VSM tech-
nique was employed to measure magnetization (M) of the samples
with varying external field (H). Room temperature M-H curve
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determined at +10,000 to —10,000 Oe was observed and plotted
graphs as shown in Fig. 22.

As-synthesized samples show diamagnetic characteristic
both the STO and Co-doped STO, as shown in Fig. 22(a) and (b),
respectively, where magnetization of the STO is approximately
one-third times of Co-doped STO at 10,000 Oe of external field.
The characterized diamagnetism of the STO is according to the
magnetization of 0.001 pg obtained from the first-principles calcu-
lation. Although the STO is composed of 3d transition of the Ti
atom, electron alignment of the Ti#" is [Ar] so the STO is non-
magnetic material, according to PDOS of the STO as seen in Fig. 8.

After annealed in air, transformation of diamagnetic behavior to
paramagnet of the doped STO is observed, as represented in Fig. 22
(c). It would be possible that the heat treatment could improve
atom arrangement in the lattice. Then, magnetic moment in the
lattice could more interact to neighborhood magnetic moment,
resulting in more number of magnetic-moment alignment in the
same direction to external field. It is cause of paramagnetic behav-
ior in the STO, and transformation to mixing phase of paramagnetic
and ferromagnetic characteristic when Co contents were added

into the STO structure, as seen in Fig. 22(d), because the as-
prepared CSTO shows more M than that of the STO. This result is
according to report of Karaphun et al. [11]. After the curve was
split, there are two shapes of the M-H curves of paramagnet and
ferromagnetism as shown in inset graph (i) and (ii) of Fig. 22(d),
respectively. In this point, it could be assumed that the CSTO
annealed in air could show ferromagnetic behavior which is
according to the calculation results that magnetization is approxi-
mately 0.893 i, resulting from 3d electrons of the Co atom inter-
acting to the host atoms.

An interesting point is after annealed in Ar, the STO, as seen in
Fig. 22(e), shows combination of two-magnetic curve of
diamagnetic and ferromagnetic after split off the graph as seen in
inset graph (i) and (ii) of as Fig. 22(e), respectively. Appearing of
the mixing magnetic phases might be resulting from some lattices
could change magnetic alignment but some lattices cannot after
the heat treatment with inert gas flowing because all of powders
cannot face heat and gas flowing in the same temperature and
volume completely, bringing about oxygen vacancy could not
occur in all lattice of the samples. However, the observed
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annealed in Ar and, (f) Co-doped STO annealed in Ar.

ferromagnetic-characteristic curve is corresponding to the first-
principles calculation of the O defect structure of the STO, as dis-
cussed before that oxygen vacancy could be induced magnetic
behavior by the F-centered mechanism.

Magnetism of the doped samples are according to calculated
results as explained before that after added Co atoms into the
STO structure, magnetism in the non-magnetic STO would be
induced as seen that sample annealed in air shows maxing
phase of paramagnetic and ferromagnetic behavior, small hys-
teresis loop with not saturated magnetization. In this work, it
is surprising that ferromagnetism is observed in the Co-
doped STO powders which are annealed in Ar. Saturated mag-
netization (M) and coercive force (H;) are 5.417 emu/g and
104.42 Oe, respectively. The obtained M; equals to 0.150 ps.

Nevertheless, the GGA+U of the imperfect structure of the
CSTO shows magnetization of 1.000 pg. This underestimation
might result from any defect in the synthesized sample.
Electron alignment of cobalt is [Ar] 3d” 4s2 Two oxidation
states of the Co are Co?*, [Ar] 3d’ called cobaltous, and Co>",
[Ar] 3d° called cobaltic. It is possible that when Ti** site was
substituted by Co atom, inequality of charge might induce
defect, such as cation or anion vacancy, in lattice. This,
ferromagnetism at room temperature in the imperfect lattice
of the Co-doped STO might be resulting from F-center mecha-
nism, as discussed before, which is resulting in magnetism in
material at room temperature such as room-temperature ferro-
magnetism in K-doped ZnO [23]. All obtained experimental
data was represented in Table 4.
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paramagnetic and ii) ferromagnetic behavior, (e) STO annealed in Ar with inset graphs of i) diamagnetic and ii) ferromagnetic characteristics and, (f) Co-doped STO annealed

in Ar.

5. Conclusions

Perovskite structure of STO and Co-doped STO was prepared
using hydrothermal method. The synthesized nanoparticles show
narrower energy gap, more specific surface area and more magne-
tization when the Co contents were doped into the STO structure.
According to first-principles calculation, DOS and band structures
obviously point out that the narrower E, of the doped system is
due to new states forming in gap and, magnetism after Co doping
on the STO structure is due to inequality of spin down and spin up
states. These appreciate properties would be resulting from
unpaired electrons of Co atoms. In addition, O vacancy could effect
to properties of the material. The O vacancy could cause more
magnetic and wider E,; of the Co-doped STO system. From all, it

is possible that 3d transition of Co atoms doping on the non-
magnetic structure would induce magnetism and create new states
which will lead the material to be more applications such as good
spintronic devices, high photocatalyst activity, great thermoelec-
tric performance and, outstanding solar cell activity. The best con-
dition for application as DMS is the Co-doped STO annealed in Ar
due to observed ferromagnetic behavior while the Co-doped STO
annealed in air is more suitable to be as great photocatalyst
because of very high specific area and narrowest band gap.
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This work presents electronic and thermoelectric properties of ZnO and SrTiOs in the presence of nitrogen
impurity have been investigated by means of the theoretical first-principles calculations. It is found that
N-doped ZnO has a smaller band gap compared to the pure counterpart. This material also exhibits the
enhanced thermoelectric properties of the positive Seebeck coefficient and higher electrical conductivity
per relaxation time. Furthermore, SrTiO3 with nitrogen impurity possess the smaller energy gaps. For
thermoelectric properties, ZT of undoped SrTiOs; decreases as temperature increases. Nevertheless, ZT
of N-doped SrTiO3; increases with temperature. Therefore, the introduction of nitrogen impurity to ZnO
and SrTiOs is an alternative way to improve their thermoelectric efficiencies.

© 2018 Elsevier B.V. All rights reserved.

1. Introduction

Nowadays, there are a number of solar spectrum utilizations
such as solar cell, photocatalysis and so on. ZnO and SrTiOs, non-
magnetic compounds, ecological friendly materials and n-type
semiconductors with wide direct band gap [1,2], have rigorously
got attention for applications as transparent electronics, ultraviolet
(UV) light emitters, piezoelectric devices, chemical sensors, solar
cells [3], gas sensors 4], varistors [5], and transistors [6]. Although,
the ZnO have three structures, the most stable structure at room
temperature is wurtzite phase [7,8]. An application of ZnO and
SrTiOs is a photocatalyst in photocatalytic process for wastewater
treatment and water splitting to hydrogen produce. An increasing
in population results in more resource demand, more waste and
more released pollution, such as waste water, air pollution. From
the reasons given above, science knowledge is an utilized way to
solve and recover these problems. The photocatalytic process is
one of the potential solution employed to treat the wastewater
because it can separate molecular pollution from compound to

* Corresponding author at: Department of Physics, Faculty of Science, Khon Kaen
University, Khon Kaen 40002, Thailand.
E-mail address: mpairo@kku.ac.th (P. Moontragoon).

https://doi.org/10.1016/j.apsusc.2018.02.196
0169-4332/© 2018 Elsevier B.V. All rights reserved.

ions. Two compounds which get attention to be applied as photo-
catalyst are the ZnO and SrTiOs; because they have gap between
valence band and conduction band as 3.37 and 3.87 eV for the
ZnO and SrTiOs, respectively [1,2]. However, a disadvantage to be
considered is that energy gap of the zinc oxide and SrTiO; is
according to ultraviolet radiation, which is only 4% of solar spec-
trum. To obtain higher photocatalytic performance under solar
radiation, zinc oxide and SrTiO3 are expected to absorb visible light
because it is about 43% of solar radiation. A well-known method to
modify energy gap is doping other elements into host structures. In
case of Nitrogen-doping in zinc oxide structure, there are reports
that it shows narrow E; and p-type nature [9-11]. For instance,
narrower Eg, higher photocatalytic activity and more magnitude
of photocurrent under the visible light radiation of the ZnO when
nitrogen contents were doped into the zinc oxide structure.
Because of these advantages, the N-doped ZnO is studied to apply
as catalyst in photocatalytic process.

Moreover, the photocatalytic activity of the N-doped SrTiO3 will
also been studied. Xu et al. [2] reported that the N-doped SrTiO;
shows more specific surface area than the SrTiOs. Additionally,
higher photocatalytic performance under UV radiation of the N-
doped SrTiOs; than that of the SrTiOs is observed. Moreover, it is
surprising that the N-doped SrTiOs; shows more photocatalytic
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activity than the TiO,-P25 which is widely studied as photocata-
lyst. Because the N-doped SrTiO; shows higher photocatalytic per-
formance than the pure SrTiO3 and TiO,, the N-doped SrTiOs is an
efficiency promising catalyst for photocatalytic application. From
these results, it is possible that doping N can successfully improve
photocatalytic performance of the SrTiO; under UV radiation.

In the presence of calculation method, density functional theory
or DFT is assuming that Vy is depending on just density of elec-
trons. In case of difference of the DFT and Hartree-Fock approxima-
tions, the Hartree-Fock is supposing that free electrons are
independent, leading to Schrodinger’s equation depending on the
wave function. Thus, this method could lead the Hamiltonian to
being easier. A negative aspect of this technique is that behavior
of electrons in systems will be not similar to the fact because there
is no electron correlation. To cure this problem, the DFT calculation
is used to explain the Schrodinger’s equation. This treats that the
Schrodinger’s equation is more attaching to the density of elec-
trons than the wave function. Thus, the density functional theory
is one of functional employed to decrease the complication of the
potential energy. Nonetheless, the Hartree-Fock approximation is
suitable for the systems consisting of not much number of elec-
trons. Moreover, this approximation provides more precise data
than the DFT calculation. The written Schrodinger’s equation under
this term is known as Kohn-Sham'’s equation, as

2m

h? - =z T
{ V2 4 fof(r)}l//i(r) = Ey(1)

where V¥ (r) is effective potential. The potential of the DFT is
defined that it depends on the electron density (p(7).

2 . T . — —
/dr %— |+ V(1) where p(r)
r

Vion is the potential of the nuclei screened by core electrons. More-
over, pseudopotential is used to explain potential of valence elec-
trons. This is owning to the fact that only valence electrons can
freely move in systems and react to other atoms but core electrons

are localized. Additionally, V,.(7) is the exchange and correlation
potential, functional of electron density. The exchange-correlation
functional is defined as difference of the exact ground-state energy
and non-interacting kinetic energy functional with interaction of
the electrons.

The direct energy conversion between heat and electricity
based on thermoelectric effects without moving parts is attractive
form any applications in power generation and heat pumping. The
efficiency of the thermoelectric energy conversion is an increasing
in function of the materials non dimensional figure of merit ZT
[12,13],

2
7T S°oT
Ke + Kp

where ¢ is the electrical conductivity, S is the Seebeck coefficient, T
is the temperature, K. is the electronic thermal conductivity, and K.
is the lattice thermal conductivity. Therefore, a good thermoelectric
material must be a large Seebeck coefficient, high electrical conduc-
tivity and low thermal conductivity. The combination of these prop-
erties can be obtained from semiconducting materials, or by
adjustment doping level of solid solution alloys because of their -
band structure and electronic properties at high temperatures.
Considering thermoelectric properties of doped ZnO and SrTiOs,
they are recently paid attention due to their demonstration of high

ZT in medium temperature range comparable to some of good
thermoelectric materials such as lead telluride. In addition to their
high figure-of-merit, their abundance in nature and non-toxic fea-
tures make them even more attractive. Therefore, doped ZnO and
SrTiO3 has attracted increasing interest as thermoelectric materials
as an environmental compatible material.

The thermoelectric efficiency of the ZnO and SrTiO5 alloys, how-
ever, is still low when compared to Bi;Te; and Bi,Ses. Therefore,
many researchers try to improve the thermoelectric efficiency of
this alloy, i.e. by taking advantage of a nanostructure. There are
many reports suggested that the power factor can be increased
by taking advantage of quantum confinement effects, such as
quantum wells, quantum wires and quantum dots, because when
the size of system has reached nanometer scale, the quantum
effect will play important roll, i.e. the density of electronic states
(DOS) can split and become narrow. For example, Venkatasubra-
manian et al. [14] has shown that Bi,Tes/Sb,Tes superlattices with
a high-ZT value of up to 2.4, and Harman et al. [15] also has sup-
ported this idea by reporting PbSeTe/ PbTe quantum-dot superlat-
tices with a ZT value of greater than 3.0 at about 570 K. It has been
proven that nanostructures enhance the thermoelectric figure of
merit of semiconductors in comparison with bulk. For example,
single nanowires (NWs) exhibit higher ZT than bulk materials.
The longer SiGe nanowire array gives a higher Seebeck coefficient.
Nanostructures provide a chance to disconnect the linkage
between thermal and electrical transport by introducing some
new scattering mechanisms for ZT enhancement. These nanostruc-
tures, however, cannot be fabricated readily and are more expen-
sive than the bulk. There is another approach to improve
efficiency of the thermoelectric properties of ZnO is adding
heavy-ion atoms, such as rare earth atoms, into the crystal, because
the doped giant atoms could create point defect which is heavy-ion
with large vibration amplitude contained within partially filled
structural sites to scatter phonons within the unit cell crystal.
Therefore, the thermal conductance of thermoelectric material will
decrease when increasing defecting atoms. However, the added
heavy atom is not abundant in nature and is expensive, and some
atoms are toxic. Another idea of increasing ZT is introducing
nanocomposite materials or grain boundary because increasing
grain boundary scattering throughout system could decrease the
thermal conductivity, due to the scattering the propagation of pho-
nons by the grain boundary which is smaller than the average free
path of phonons. However, it is also carrier (electrons or holes)
scattering at small crystallite sizes as well which results in a signif-
icant decreasing in charge carrier mobility and electronic conduc-
tivity. Therefore, the compromised crystallite sizes and grain
boundary are keys of an improvement of the ZT but the process
to control the size of grain boundary is complicated.

In case of the thermoelectric properties of SrTiO3, Sun and Singh
[16] reported in 2016 that the ZT of undoped STO is 0.7 at 1400 K,
calculated using BoltzTraP code. Additionally, the reported nar-
rower band gap, after N contents were added into the SrTiO3, is
an important clue that the thermoelectric properties of the N-
doped SrTiO3 might be different from the undoped SrTiO3 because
the change in band structure could lead to change in the thermo-
electric properties. This is well-known that the Seebeck coefficient
is functional of energy gap (E,) as equational of S;qx is around Eg/2-
€Tmax Where S,y is the maximum value of magnitude of the See-
beck coefficient, e the carrier charge and T4 the absolute
temperature when S, achieves the maximum value [17].

Therefore, the main purpose of this project is to find simple
method to improve the thermoelectric efficiency of ZnO and SrTiO3
by introducing p-type ZnO and SrTiO3 thermoelectric semiconduc-
tor by doping nitrogen, which could cause the steeper density of
states resulting from nearly degenerate valence bands near the
band edge. The temperature dependence of the thermoelectric
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transport properties of p-type N-doped ZnO and SrTiO; was stud-
ied in detail by using first-principles theory to calculate the elec-
tronic, optical and thermoelectric properties of the N-doped ZnO
and SrTiOs. In the thermoelectric properties aspect, the results will
lead to the relationship between thermoelectric properties, includ-
ing figure of merit (ZT), electrical conductivity, thermal conductiv-
ity, in order to find the best condition for improving the
thermoelectric efficiency of the N-doped ZnO and SrTiOs. More-
over, we also calculate the electronic properties, electron density
and density of states, changing of density of states to obtain energy
band gap.

2. Computational details

In this work, N-doped ZnO and N-doped SrTiO3;, were modeled
by 2 x 2 x 2 supercells which contain 32 atoms of ZnO hexagonal
wurzite structure and 40 atoms of SrTiO3 perovskite structure, as
shown in Fig. 1. The orbitals of N(4s%2p®), Zn(3d'%4s?), Sr
(4s5%4p°®5s?), Ti (3p®4s23d?) and O(2s%2p*) were treated as valence
electrons. N-doped ZnO and SrTiO3; were modeled by replacing a
N atom to the position of an O atom. The corresponding doping
concentrations are 6.25% and 4.17% for N-doped ZnO and N-
doped SrTiOs, respectively.

First-principles calculations based on the density functional
theory were carried out using Vienna Ab initio Simulation Package

(VASP) code [18] within projected augmented plane wave (PAW)
[19]. The generalized gradient approximation with Hubbard model
(GGA + U) scheme was used as the exchange-correlation functional
to deal with the strongly-localized d-orbital. A 21 x 21 x 21 mesh
Monkhorst-Pack in k-point mesh and a plane wave with cutoff
energy of 400 eV used to assure convergent results were utilized
for the doped ZnO super-cell calculation. In case of the SrTiOs5, A
23 x 23 x 23 Monkhorst-Pack in k-point grid and energy cutoff
as 360eV were used. All the calculations were spin-polarized.
However, we found that both N-doped ZnO and N-doped SrTiOs
are nonmagnetic because of the negligibly small magnetic
moments. Therefore, the effect of spin was not considered in the
subsequent calculations of thermoelectric properties.

According to the electronic structure from the VASP calculation,
we obtained the energy (&,x) of the alloys in various wave vector
(k) and band (n). Then, we used the semi-classical Boltzmann
transportation theory in BoltzTraP [20-24] program for find ther-
moelectric properties of the materials. The calculations started
with the construction of the effective potential, including the pseu-
dopotential, the Hartree potential and the exchange-correlation
potential. The GGA + U with coulomb interaction Ueg of Zn and Ti
as 9.0 and 8.7 eV, respectively, in the scheme of Perdew-Burke-
Ernzerh (PBE) was employed to treat more exchange and correla-
tion energy. Then, the effects of N doping in the ZnO and SrTiO3
systems on the density of states, electronic structure and thermo-
electric properties were investigated.

(b) N-doped ZnO

-

Fig. 1. Simulated structures of (a) zinc oxide and (b) nitrogen-doped zinc oxide with gray ball of the zinc, red the oxygen and, blue the nitrogen atoms, (c) SrTiO3 and (d) N-
doped SrTiO; with green ball of the Sr, blue of the Ti, red of the O and pink of the N. (For interpretation of the references to colour in this figure legend, the reader is referred to

the web version of this article.)
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3. Results and discussion
3.1. N-doped ZnO

In this work, the 32 atoms of both zinc oxide and nitrogen-
doped zinc oxide structures were simulated by first-principles cal-
culation as shown in Fig. 1. An oxygen atom was replaced by a
nitrogen atom then, its structure was optimized. According to the

T T T

Undoped ZnO, Ef=3.21 eV

0 L I 1 L

-4 -2 0 2 Ef 4 6 8 10 12
60 T T T T

N-doped ZnO, Ef=1.23 eV

40 E
201 1

-4 -2 0 Ef2 4 6 8 10 12

Energy (eV)

Fig. 2. Total density of states of (up) undoped ZnO and (down) N-doped ZnO where
Eris Fermi level. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)
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optimized structure, as shown in Fig. 1(b), the lattice parameters,
c/a ratio, of N-doped ZnO is more than that of the undoped ZnO
due to larger atomic radius of nitrogen. Compared DOS of the pure
ZnO, Fig. 2(up), to DOS of dopant system, Fig. 2(down), we see that
there are new states above valence band of nitrogen-doped zinc
oxide. For the new states, electrons in these states can jump to con-
duction band more easily than valence electrons of the pure zinc
oxide system. It results in more electrical conductivity. The p-
type doping of nitrogen, the number of holes will be produced
and they will create new state near valence states as acceptor level.
Besides, in case of photocatalytic process, more number of gener-
ated carriers cause more photocatalytic degradation of adsorptive
removal such as methyl orange and methylene blue. Partial DOS
and projected DOS of Zn, O and N atoms of ZnO and N-doped
ZnO systems were shown in Figs. 3 and 4. Fermi level of the ZnO
and N-doped ZnO systems is at 3.21 and 1.23 eV, accordingly. As
seen in Fig. 3, DOS of Zn and O is not much different and, there
is not much empty states near the Fermi level. It results in not
much number of electron or hole could occupy states around the
Fermi level. Consequently, the ZnO cannot transfer carriers easily
and quickly then, electrical and electronic thermal conductivities
are not appreciate. Comparing Fig. 3 to Fig. 4, Zn atoms show unlike
partial DOS when N atoms was doped into system. In Fig. 4(b), it is
the DOS of Zn atom locating near N atom. Moreover, O illustrates a
little change in DOS too. After N atom was doped into the system,
the Fermi level was shifted from 3.21 to 1.23 eV and states locating
near the Fermi level are d orbital of Zn and p orbital of O and N. It is
possible that carriers could occupy empty states around the Fermi
level then, it is easy to jump to upper states (conduction band). As a
result, the N-doped ZnO might show more electrical and electronic
thermal conductivity than the ZnO.

PDOS

PDOS

=]

Ef4 8 12
Energy (eV)

Fig. 3. Partial DOS of (a) Zn and (b) O where dash lines show Fermi level and projected DOS of (c) Zn and (d) O of ZnO which black lines show the s orbital, red lines the p

orbital and blue line the d orbital.
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Fig. 4. Partial DOS of (a) and (b) Zn, (c) O and (d) N and projected DOS of (e) and (f) Zn, (g) O and (h) N atoms in N-doped ZnO with dash line of Fermi level.

The calculated band structures of the zinc oxide and the N-
doped ZnO are shown in Fig. 5. The direct energy gap of ZnO is
2.24 eV, which is underestimated value of energy bad gap when
compared to experimental result (3.34 eV). It is due to weak parti-
cle interaction. This system is direct band gap because maximum
energy of valence band and minimum energy of conduction band
is at the same wave vector of zero (Gamma point). Because the
new states above valence states, it results in narrower energy
gap of N-doped ZnO, 1.92 eV, than the pure ZnO. From calculated
both DOS and band structures, they confirm that the photocatalytic
activity of N-doped ZnO should be higher than the pure ZnO
because of being narrower of energy band gap and new states near
Fermi level which is according to experimental reports. The nar-
rower Eg of the N-doped ZnO leads to more number of carriers
jumping to upper band than the pure zinc oxide. In addition, Das
et al. [11] reported that nitrogen doping turn zinc oxide from n-
type to p-type nature. This result introduces that nitrogen doping
can extend applications of zinc oxide and the calculated results
of this work can confirm the p-type nature of the N-doped ZnO
because there are new states from 2p orbital of nitrogen atom
located near the valence band edge. Therefore, there is valence
band offset between pure ZnO and N-doped ZnO and it could be
exploited as heteros-junction as show in Fig. 4. According to the
energy band structure and density of states, the effective mass of
the pure ZnO and N-doped ZnO can be calculated from parabolic

dispersion relation, ie. m* = h*(9%¢/ok?) ', it shows that doped
ZnO has higher mobility than the pure ZnO. These results show a
new class of semiconductors, zinc oxynitride (ZnON), which could
be used as thin film transistors (TFTs) material to provide high-
performance, low-cost, and low power-consumption displays.
Thermoelectric properties as a function of chemical potential
(p) at any temperautres of undoped and nitrogen-doped zinc oxide
were shown in Figs. 6 and 7 where E; is Fermi level. Plots of See-
beck coefficient as a function of chemical potential p and temper-
ature of pure ZnO and N-doped ZnO are shown in Fig. 6(a) and (b),
respectively. First, at energy level where chemical potential equals
to electrochemical potential Ef, the ZnO represents about —242.3
p1V/K. However, at [-Ef as more than zero (n-type doping), magni-
tude of the Seebeck coefficient is less and converge to zero. On the
other hand, when p-E is less than zero (p-type doping), the mag-
nitude of Seebeck coefficient raises and reaches the highest value
at p-Er = —0.05 Ry of 2390.2 pV/K at 250K and 1063.7 pV/K at

Energy (eV)

n0 N-doped ZnO

Fig. 5. Band structures of (left) pure ZnO, (right) N-doped ZnO where Fermi level of
the ZnO and N-doped ZnO systems is at 3.21 and 1.23 eV, respectively, and (down)
Band alignment of pure ZnO/N-doped ZnO heterostructure.

800 K. The Seebeck coefficient of the doped ZnO shows higher See-
beck coefficient when p-E¢ is more than zero, reaching 818.1 pV/K
at 800K for p-E¢=0.05 Ry.

In the presence of electrical conductivity per relaxation time,
the ZnO shows higher values with p-E¢ increasing and reaches
maximum values when p-E¢ equals to 0.05 Ry. On the other hand,
the N-doped ZnO shows decreasing in G/t with p-E; increasing
when p-E¢ is more than zero. However, the o/t shows increasing
values with p-Ef increasing when pi-Eg is less than zero. From these
graphs, the o/t is hardly depending on temperature. It is advan-
tage that the G/t is not worse when it is used at high temperature.
In the same direction to /7, the ZnO shows more K./t with p-E¢
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Fig. 6. Plot of thermoelectric properties depending on temperature at any chemical potential of Seebeck coefficient of (a) pure ZnO and (b) N-doped ZnO, electrical
conductivity per relaxation time of (c) pure ZnO and (d) N-doped ZnO and, electronic thermal conductivity per relaxation time of (e) pure ZnO and (f) N-doped ZnO.

increasing when p-E¢ is more than zero and, less with pi-Ef decreas-
ing when p-E is less than zero. However, the N-doped ZnO shows
more K./t as well as p-E¢ decreasing when p-Es is less than zero
while less ./t with p-Erf increasing is observed when pi-Er is more
than zero. Whatever, the K./t is a function of temperature, differ-
ing from o/t. The more temperature results in increasing in K./t
for both the pure ZnO and the N-doped ZnO. This is a problem
for applying these materials at high temperature.

The ZT of the pure ZnO is higher when it was doped by p-type
material. It is converging to 1.0 when p-Ef decreases to —0.05 Ry.
However, for n-type doping, the ZT reduces with p-E¢ increasing.
In the presence of the N-doped ZnO, the ZT raises with p-Eg increas-
ing. The maximum value of the ZT of N-doped ZnO is at p-E; as
about 0.02 of 400-650 K. It is possible that N-doped ZnO material
is a promising material to be applied as thermoelectric device for
application at high temperature. Considered ZT of p-type doping
of the ZnO, the p-type doping of ZnO should show higher ZT than

the pure ZnO. Then, considered the N-doped ZnO at L = Eg, the ZT
of the N-doped ZnO is lower than that of the pure ZnO. This
opposes to the p-type doping of ZnO. It might be due to not much
doping concentration of nitrogen on ZnO structure in this work.

Thermoelectric properties at Fermi level of ZnO and N-doped ZnO
are represented in Fig. 8(a)-(d). In Fig. 8(a), the undoped zinc oxide
shows negative value of Seebeck coefficient indicating n-type con-
duction with magnitude of 242.3 nV/K while the N-doped ZnO
shows positive value. The Seebeck coefficient of the ZnO is not much
change with temperature varying from 200 to 1000 K. On the other
hand, the Seebeck coefficient of the N-doped ZnO, p-type conduc-
tion, is proportional to the temperature. Increasing in the tempera-
ture brings about high Seebeck coefficient. A maximum
thermopower of dopant system is 83.1 pV/K at 1000 K.

From an equation of Seebeck coefficient S that S = 8”23’;‘2;12”*T (z)"?

where kg is the Boltzmann’s constant, e is the carrier charge, h is
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Fig. 7. Dimensionless figure of merit (ZT) as function of temperature at any
chemical potentials of (a) undoped ZnO and (b) nitrogen-doped zinc oxide.

the Planck’s constant, m* is the effective mass, T is the absolute
temperature and, n is the carrier concentration [22]. At 1000 K,
the ZnO show more magnitude of Seebeck coefficient than the N-
doped ZnO. It might be owing to more number of carriers of the
dopant system, over hole carrier of nitrogen atom replacement in
oxygen site, than that of the pure zinc oxide. As the inverse propor-
tion of the S to carrier concentration, the magnitude of Seebeck
coefficient of the N-doped ZnO system is less than that of the pure
zinc oxide. Influent of temperature to the Seebeck coefficient, the
increasing in temperature leads to more number of generated car-
riers, bringing about more Seebeck coefficient magnitude accord-
ing to trend of Seebeck coefficient of the N-doped ZnO.

Electrical conductivity per relaxation time varying with temper-
ature of ZnO and N-doped ZnO as shown in Fig. 8(b), the pure ZnO
shows the highest value of 1.63 x 10'® S.cm™!.s~! at 1000 K while
the less value is 1.5 x 10'7 S.em™'.s™! at 200 K, electrical conduc-
tivity per relaxation time increasing with temperature. The electri-
cal conductivity is a function of carrier concentration n, carrier
mobility 1 and electronic charge e as ¢ = nep [22]. Increasing in
temperature results in more kinetic energy of carrier so electron
concentration and carrier mobility will be raised with temperature
increasing then, the electrical conductivity is higher. However,
relaxation time is depending on temperature parameter. Increasing
in temperature brings about less relaxation time. Therefore, the
pure ZnO system shows more electrical conductivity per relaxation
time when temperature increases. However, the N-doped ZnO rep-
resents inverse proportion of o/t to the temperature. At 200 K, it

illustrates 2.33 x 10'7 S-cm~'.s~! then, it decreases to be 2.02 x
10'7 S.em™'.s7! at 1000 K. It is possible that a lot of hole carrier
generated brings about high carrier concentration and low mobil-
ity, resulting in less electrical conductivity per relaxation time.
More electrical conductivity per relaxation time might be on
account of more number of carrier of the dopant system. Among
the N-doped ZnO and pure ZnO, the N-doped ZnO shows more car-
rier concentration, resulting in less relaxation time and bringing
about more o/t.

Thermal conductivity k is composed of electron part k. and lat-
tice vibration (phonon) part xp, as K = Ke+Kp. From BoltzTraP calcu-
lation, only K. could be calculated while k, could not be. Fig. 8(c)
shows electronic thermal conductivity per relaxation time of N-
doped ZnO and pure ZnO. Trend of k. is increasing with tempera-
ture for both the pure ZnO and the doped ZnO. It can be explained
using relationship of k. and T as K.=LoT where L is the Lorenz fac-
tor (2.4 x 1078.J2.K~2.C2 for free electron), which depends on car-
rier concentration [25]. The N-doped ZnO shows more electronic
thermal conductivity per relaxation time than that of the ZnO.
1000 K gives maximum values of ./t as 1.27 x 10'* and 4.34 x
10 W-m~'.K~'.s~! for the doped ZnO and the pure ZnO, respec-
tively. It is owing to the electronic thermal conductivity is a func-
tion of carrier concentration that K.=neplLT. At the same
temperature, there is more carrier concentration of the dopant sys-
tem than that of the pure system. It is resulting in more . of the N-
doped ZnO than the undoped ZnO.

Dimensionless figure of merit ZT is utilized to explain efficiency
of thermal to electrical energy transformation. In Fig. 8(d), high ZT
value about 0.75 is observed in ZnO while maximum ZT of N-doped
ZnO is 0.32. The dopant system, only 0.16 of ZT is observed at 200 K
and, it reaches the highest ZT of 0.32 at 1000 K. The ZT increasing
with temperature, the high ZT, high ability to transform thermal
energy to electrical energy, of the ZnO is due to high Seebeck coef-
ficient and less electronic thermal conductivity per relaxation time,
while the not much values of ZT of the dopant system is owing to
high x./t and low magnitude of Seebeck coefficient.

From studied results, doped nitrogen atom on ZnO structure are
showing more outstanding thermoelectric properties than the pure
ZnO especially increasing in electrical conductivity of the ZnO and,
turning n-type conduction to p-type conductivity material.

After that, the calculated results from BoltztraP code will be
compared to experimental results reported by Qu et al. [26]. From
experimental report, the magnitude of S of the undoped ZnO is
raising with temperature from —225 pV/K and reach the peak at
temperature of 500 °C as —260 pV/K. Next, the magnitude is falling
down to —175 to —260 puV/K at 800°C. From this point, the
obtained S from BoltztraP code is closed to experimental data, at
500 °C or 723 K. In case of the ZT, the ZT of calculated results shows
the same trend to the experimental data, quite stable in range from
100 to 800 °C. However, the computed ZT from DFT method is
much difference from the experimental side. The presented ZT is
0.75 and around 0.01 fpr computed studied and experimental data,
respectively. A cause of underestimate value might be resulting
from Fermi level provided from VASP because the obtained Fermi
level of the VASP package is defined as the highest state of valence
band. Maybe, the shown E¢ points might not the exact Fermi level
of the material. Additionally, there are a number of atoms in the
prepared samples, exactly more than the calculated model. More
number of carriers could illustrate greater number of the TE prop-
erties. Nonetheless, although the exact number might not be equal
to the experimental reports, the obtained trends could tell us that
how the TE properties will be when temperature changes and
other atoms are doped into the structure. It is important due to
the fact that the trend could inform us how to improve TE proper-
ties of the materials then, the experimental study will be con-
ducted as follow to check the results to get the most out of it.
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Fig. 8. Thermoelectric properties of pure ZnO and N-doped ZnO of (a) Seebeck coefficient, (b) electrical conductivity per relaxation time, (c) electrical thermal conductivity
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Fig. 9. Total density of states of (up) undoped SrTiO; and (down) N-doped SrTiO3
where E; is Fermi level.

3.2. N-doped SrTiO3

Density of states and band structures of the SrTiO; and N-doped
SrTiO3 are represented in Figs. 9 and 10. Comparing DOS of two
systems, it is obviously illustrated that adding N atom effects to
DOS of the SrTiOs. Additionally, direct band gap of the SrTiOs is
observed in the band structure. This is due to the fact that band
would be rolled up in the supercell calculations. Obtained energy
band gap from the band structure of the pure and nitrogen-
doped SrTiO3 are 3.11 and 2.73 eV, respectively. Comparing the
experimental results, band gap of the SrTiOs is around 3.87 eV,
indirect band gap [2]. The underestimated number of the gap is
because only valence electrons are considered in the density func-

Energy (eV)

Fig. 10. Band structures of (left) undoped SrTiO3 and (right) N-doped SrTiOs.
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tional theory calculation while screening of core electrons is not
considered. Therefore, the obtained gap is not exactly equal to
the experimental report. Nevertheless, trend of optical properties
resulting from the gap change when other atoms were added into
the systems could be predicted using the DFT study. The results
show that in the case of the N-doped SrTiOs, there are some accep-
tor states which are introduced above the valence band and
decreasing energy gap 0.38 eV. The forming acceptor states upper
the valence band of the N-doped SrTiOs are claimed that they are
originated by hole carriers, increased by replacing O site by N
atom. Therefore, from explained reasons, adding N atom into the
SrTiO3 will be able to improve thermoelectric properties of the
SrTiO; because more carriers and dominant change of band
structures.

Figs. 11-13 are plotting thermoelectric properties as a function
of chemical potential (p) at any temperautres of undoped and
nitrogen-doped SrTiOs. Considering the TE properties of the SrTiO3
as seen in Fig. 11, Seebeck coefficient at point of chemical potential
equaling to electrochemical potential E is —5.64 nV/K at 250K,
then it becomes to be as —2.30 pV/K at 800 K, trending to decrease
with temperature climbing as seen in blue area changing to light
green. Considering at p-E¢ as more than zero, if the p-Er is in range
of 0.03 Ry, the Seebeck coefficient will bit the maximum point of
11.6 pV/K at 250 K. After that, it will reduce with temperature rais-
ing. In case of p-type doping, the maximum number of the Sis 5.12
1V/K at 430 K. In this view, both n-type and p-type doping could
improve the magnitude of S and, the n-type doping could give
the greater absolute number of S than the p-type. In case of the
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electrical conductivity per relaxation time and thermal conductiv-
ity per relaxation time, the G/t reaches the maximum value at p-E¢
is around —0.04 Ry while the ¥/t remains constant no matter
what the p-Ef will be. Finally, the ZT will be considered. The ZT
of the SrTiOs is increasing, obviously seen in range of 250-300 K,
when it was modified by n-type and p-type doping, but the n-
type doping could give the greater ZT of the SrTiOs; than the p-
type doping because the n-type doping provide the highest ZT
when the p-E¢is 0.03 Ry.

After that, considering TE proterties with structrue of N-doped
SrTiO3 as represented in Fig. 12, outstanding points of the S is at
u-Ef = —0.05 and 0.02 Ry because value is 7.73 and 7.99 uV/K,
respectively, at 250 K. Additionally, at p-Ef = 0.04 Ry the highest
of magnitude of the S is observed as 9.43 puV/K. Thus, n-type and
p-type doping could provide the higher absolute S. Considering
the o/t and /T, when the pI-E; is less than zero, it could provide
greater o/t which will be benefit for the ZT. However, a drawback
point is that the K/t is also higher. In case of the ZT, it is obviously
seen that both n-type doping and p-type doping could trend to
increase the ZT of the N-doped SrTiOs.

From all TE properties of undoped and N-doped SrTiO3 as con-
sidered above, they confirm that both n-type and p-type doping
could improve TE properties because more number of carriers
effect to the TE properties. More number of carries is similar to
trucks. This means that goods could be more loaded and shorter
taken time to transport if there are more trucks.

Considering the thermoelectric properties at the Fermi level of
the pure and N-doped SrTiO3, the Seebeck coefficient are negative

2.0 » ) * T * T T T v T

1.0 1 &

0.5 -

N-doped SrTiO,

0.0
300

500 600 700 800 900

Temperature (K)

400 1000

0.005 r T T T T T T T T T T T
0.004 ) o
N-doped SrTiO, ¢
...
0.003 4 g

0.002 1

0.001 - -
SrTiO,

0.000 3
—
900 1000

T T T X T T
600 700 800
Temperature (K)

———
300 400 500

Fig. 13. Thermoelectric properties of pure SrTiO; and N-doped SrTiOs: a) Seebeck coefficient, (b) electrical conductivity per relaxation time, (c) thermal conductivity

(electronic) per relaxation time and (d) ZT.
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value for pure SrTiO3 and, positive value for N-doped SrTiO3; whole
studied temperature range. This is pointing out that electrons are
major carriers of pure SrTiO3 systems, and holes are major carriers
of N-doped SrTiOs. Thus, they could be concluded that the SrTiO3
system are n-type semiconductors while the N-doped SrTiOs
shows p-type semiconductor. In case of the N-doped SrTiOs, the
p-type nature of the Seebeck coefficient is according to the band
structure as mentioned before. Magnitude of the Seebeck coeffi-
cient of pure SrTiOs; decreases with greater temperature from
4.50 to 1.87 puV/K at 1000 K. On the other hand, larger temperature
results in higher magnitude number of the Seebeck coefficient
where the maximum value is 10.21 pV/K at 1000 K for the N-
doped SrTiOs. From this point, we can see that N doping on the
SrTiO3 brings about larger magnitude of the Seebeck coefficient
at high temperature. This is due to the fact that the increase in
more difference of carriers brings about larger magnitude of See-
beck coefficient, as shown in Fig. 13(a).

In case of the electrical and electronic thermal conductivity as
seen in Fig. 13(b) and (c), electronic thermal conductivity per relax-
ation time and ratio of electrical conductivity and relaxation time
of N-doped SrTiO; stay stable, a little more than zero. Nonetheless,
the SrTiOs represents dominant value of both the ¢/t and K/t as
shown as the black lines. A benefit of the SrTiOs is greater electrical
conductivity, but a disadvantage is that higher thermal conductiv-
ity/relaxation time, compared to N-doped SrTiOs. Therefore, the
figure of merit or ZT will be considered as follow to observe the
ability to convert heat to electrical energy of these structures.

Considering the ZT, trend of the SrTiOs falls with greater tem-
perature while that of the N-doped SrTiO5 are increasing with tem-
perature. Although the ZT of the N-doped SrTiO3 might be less than
the pure SrTiO3 in range of temperature as 300-480 K, the N-doped
SrTiO3 is demonstrating a good trend with temperature increasing
and the more ZT than the SrTiOs; at temperature above 480 K. In
detail, the SrTiO5; begins with 0.001 and end as 0.000 at T = 1000
K while the N-doped SrTiOs starts at zero and finishes as 0.04 at
1000 K. This trend is according to the Seebeck coefficient as consid-
ered before because the ZT is direct proportional to the Seebeck
coefficient. From these points, they are guiding that the SrTiOs does
not convenient for utilization at high temperature, but N-doped
SrTiO3 could be. Thus, the N-doped SrTiOs would be new expecta-
tion to be applied as high efficiency thermoelectric materials for
using at high temperature.

Comparing to the experimental result reported by Liu et al. [27],
from the report the ZT of bulk STO starts with —450 puV/K at 300 K
then, the absolute S shows a little going down with temperature
increasing. This trend is according to the computed S of this work
although the magnitude of S is not equal. In case of the ZT, from the
BoltztraP calculation, the ZT values are quite stable (the ZT of 0.001
at 300 K), same trend to the experimental report with the ZT of less
than 0.0125. Here, we see that trends of the obtained TE properties
of the SrTiOs; from calculation approach and experimental study
are similar. Nonetheless, the underestimate value of calculation
results compared to the experimental data might be from the
Fermi level and more number of the atoms as discussed above.

4. Conclusion

In summary, electronic and thermoelectric properties of ZnO
and SrTiO3 in the presence of nitrogen impurity have been investi-
gated by means of the first-principles calculations. It is found that
N-doped ZnO has a smaller band gap compared to the pure coun-
terpart because of the localized impurity states located near the
valence band (i.e., p-type character). Furthermore, N-doped ZnO
exhibits the enhanced thermoelectric properties of the positive
Seebeck coefficient and higher electrical conductivity per relax-

ation time. Similarly, SrTiO; with nitrogen impurity possess the
smaller energy gaps. For thermoelectric properties, ZT of undoped
SrTiO5 decreases as temperature increases. Nevertheless, ZT of N-
doped SrTiOs increases with temperature, confirming that O site
replacement by N atom can improve thermoelectric efficiency.
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In this work, the giant dielectric properties and dielectric relaxation behaviour in (Fej sNbj/5),Ti; Oz
(x = 0-0.1) ceramics prepared by a conventional solid state reaction method were investigated. Pure phase of
rutile-TiO, was obtained in all ceramic compositions. Dense ceramic microstructure without porosity was
achieved in the sintered ceramics. High dielectric permittivity of > 10 was obtained. The existence of Ti** and

Ti®* was confirmed by X-ray photoelectron spectroscopy. The thermally activated dielectric relaxation beha-
viour in (Fe;»Nb; ,»),Ti; O, ceramics was observed and attributed to the electron hopping mechanism.

1. Introduction

In recent years, dielectric oxides that can exhibit high dielectric
permittivity of & > 10° (giant dielectric oxides) have been widely
studied owing to their potentially useful in many applications, espe-
cially for multilayer ceramic capacitors (MLCCs) [1]. Additionally, the
fascinating dielectric behaviour of any giant dielectric material has
stimulated the research activity in this area. Many models were pro-
posed to describe a high dielectric response in giant dielectric oxides
such as internal barrier layer capacitor (IBLC), surface barrier layer
capacitor (SBLC), polaronic electron hopping models as well as
Schottky barrier at sample-electrode contact [2-6].

In®*/Nb°* co-doped rutile TiO, (INTO) ceramic was reported to be
a new giant dielectric oxide that can exhibit high-performance giant
dielectric properties with low dielectric loss tangent (tand) [1]. Very
high &’ (6 X 10*) and tan8 = 0.02 were accomplished inINTO ceramics.
Accordingly, a new concept for explaining the giant dielectric response
in INTO ceramics was reported. Free electrons produced by Nb>*
doping ions were localized in complex defect clusters, which was pro-
duced by In®** doping. This was referred to as an electron — pinned
defect dipole (EPDD) model [1]. When an electric field was applied to
INTO ceramics, the strong polarization of free electrons was produced
in defect clusters, giving rise to very high ¢’ value and low tan3. It was
further reported that other TiO, —based systems such as Ga>*/Nb>*

[2], Bi®*/Nb°* [7], AI®*/Nb°* [8], Sm®* /Ta®" [9], V3*/Ta>* [10],
and Ga®>*/Ta®* [11] can also exhibit the giant dielectric properties.
Accordingly, many models have been reasonably used proposed to ex-
plain the overall giant dielectric properties of these co-doped TiO,
ceramics [1-3,7,8,11,12]. The origin of the giant dielectric response in
TiO,-based is still unclear now.

In the work, the giant dielectric properties and dielectric relaxation
behaviour of a new TiO,-based system, i.e., Fe>* /Nb®* co-doped TiO,
(FNTO) ceramics, were investigated. The phase composition and mi-
crostructure of the sintered ceramics were characterized. The origin of
the giant dielectric response was discussed in details.

2. Experimental & theoretical details

(Fe; oNby 5)4Ti; 4O, ceramics (where x = 0.01, 0.025, 0.05, and
0.10, which were referred to as 1%FNTO, 2.5%FNTO, 5%FNTO, 10%
FNTO ceramics, respectively), were prepared by a solid state reaction
method. First, TiO,, Nb5Os, and Fe,O3; were mixed by wet — ball milling
in ethanol for 24h. Second, the mixture was heated to evaporate
ethanol. Third, dried mixed powders were pressed into pellets. Finally,
the pellets were sintered at 1300-1400 °C for 5h.

The sintered FNTO ceramics were characterized by X-ray diffraction
technique (XRD, PANalytical, EMPYREAN), scanning electron micro-
scope (SEM, SNE4500M) and X-ray photoelectron spectroscopy (XPS,
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Fig. 1. SEM image of 10%FNTO ceramic sintered at 1300 °C for 5h.

PHI5000 Versa Probe II, ULVAC-PHI, Japan) at the SUT-NANOTEC-
SLRI Joint Research Facility, Synchrotron Light Research Institute
(SLRI), Thailand. The dielectric properties were measured using a
KEYSIGHT E4990A Impedance Analyzer over the frequency and tem-
perature ranges of 10>-10” Hz and —60-210 °C, respectively.

3. Results and discussion

Fig. 1 shows the microstructure of the 10%FNTO ceramic sintered at
1300 °C for 5h. Highly dense microstructure was observed. Porosity
and abnormal grain growth were not observed. The average grain size
was about 5um. Fig. 2 demonstrates the XRD patterns of (Fe;,»Nb;,
2)xTi1.xO2 ceramics with different co-doping concentrations sintered at
1300 °C for 5h. Single phase of rutile—TiO, was detected in all XRD
patterns. This means that both of Fe and Nb dopants can substitute on
Ti sites.

To explain the dielectric properties of FNTO ceramics, the existence
of Ti®* and oxygen vacancy should be confirmed. The XPS technique
was used to characterize, as shown in Figs. 3 and 4 for TiZp and Ols,
respectively. The XPS peaks at the binding energy of ~ 458.53 and ~
457.70 eV were assigned as Ti*" and Ti®*, respectively [1]. The ex-
istence of Ti** is generally resulted from Nb®>* doping ions due to the
charge compensation. For the O1s profiles, the major peak at 529.99 eV
was assigned to the oxygen lattice (Ti— O bond) [1]. The peaks at 531.4
and 532.67 eV were assigned to oxygen lattices and oxygen vacancies,
respectively [1,11]. It is likely that the oxygen vacancies in TiO5 might
be produced by Fe** doping ions. Both of Ti** and oxygen vacancies
were confirmed to exist.

The dielectric properties of (Fe;,»Nb;,2)Ti; xO, ceramics at room
temperature are shown in Fig. 5. In the frequency range below 10 Hz,
very high values of ¢’ were obtained in all sintered ceramics. In this
frequency range, ¢’ slightly increased with increasing co-doping
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Fig. 2. XRD patterns of (Fej,sNb;,2)xTi;.xO2 (FNTO) ceramics sintered at
1300 °C for 5h.
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Fig. 5. Frequency dependence of ¢’ at RT of (Fe; ,5Nb; /5),Ti; xO» ceramics with
different co-doping concentrations sintered at 1300 °C for 5 h; inset shows the
frequency dependence of tand at RT.

concentration. A step-like decrease in ¢’ appeared. As shown in the
inset, tand peaks were observed, corresponding to the observed step-
like decrease in ¢’. This dielectric characteristic is signified to dielectric
relaxation behaviour.

In the frequency range higher than 10° Hz, the &’ values of all sin-
tered ceramics were independent on frequency and nearly the same in
value. For all sintered ceramics, their ¢’ values were about 102, which is
the intrinsic value of undoped TiO, [13]. This result indicated that
Fe*/Nb>* co-doping ions have an effect on the dielectric response of
TiO, only in a low frequency range.

The frequency depednence of the dielectric properties at different
temperatures was further investigated. Fig. 6, for the 1%FNTO ceramic,
the step-like decrease in ¢’ shifted to high frequencies as temperature
increased, corresponding to the movement of tand peaks. This is the
thermally activated dielectric relaxation process [14]. Note that this
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Fig. 6. Frequency depednence of the dielectric properties (¢’ and tand) at dif-
ferent temperatures for the 1%FNTO ceramic.

dielectric behaviour in the 1%FNTO ceramic is similar to other co-
doping concentrations [not shown]. It was observed that the giant di-
electric response of FNTO ceramics was dominated in a high tempera-
ture range only. The overall dielectric properties of FNTO ceramics are
totally different from those of other TiOy-based systems
[4,6,9,12,15-19].

Hu et al. [2,8] have proposed that EPDD clusters cannot be occurred
in the AI**/Nb®* co —doped TiO, ceramics because the ionic radius of
the AI>* was smaller than that of host Ti** ion. The triangular shaped
complex defect of Al,>* —V5—Ti**, in which V{ must be originated
from substitution of AI®* [Al,05(2Ti05)—2Al7;+ Vo + 20,1, cannot be
produced. As demonstrated in Figs. 5 and 6, the giant dielectric prop-
erties can be observed only in a temperature range of higher than RT. At
—60 °C, the giant dielectric behaviour vanished. This result is contrast
to that observed in other co-doped TiO, systems, at which the giant
dielectric properties can be observed even at a low temperature of
—200°C [1,2]. Thus, the origin of the giant dielectric response in the
FNTO ceramics may be different from that of other TiO-based systems.
According to the impedance spectroscopy analysis [not shown], the
giant dielectric response of FNTO ceramics may not be caused by the
IBLC effect because of their high resistivity of the grains. Considering
the temperature dependence of the dielectric behaviour, the EPDD ef-
fect is clearly related to this observation in FNTO ceramics. According
to the XPS result, the giant dielectric response in FNTO ceramics may be
related to electron hopping between Ti** and Ti®* and/or Fe** and
Fe*.

4. Conclusions

(Fe; oNbq 5)4Ti;.,O- ceramics with different co-doping concentra-
tions were successfully prepared by a conventional solid state reaction
method. Single phase of rutile-TiO, was achieved in all sintered cera-
mics. The sintered ceramics were highly dense. The (Fe;,5Nb;,5),Ti;.
02 ceramics exhibited high dielectric permittivity in the range of
103-10° at temperature higher than RT. The giant dielectric response

Ceramics International xxx (XXxXX) XXX—XXX

and thermally activated dielectric relaxation behaviour in (Fe;,»Nb;,
2)xTi1.xO> ceramics was observed and described to the electron hopping
mechanism, rather than IBLC or EPDD models.
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Abstract In this work, pure and Fe-doped ZnO were inves-
tigated in both experimental and theoretical aspects. The
Zn;,Fe,O (x = 0.000, 0.0625, and 0.125) nanoparti-
cles were prepared by a combustion method. The crys-
tal structures were characterized by the X-ray diffraction
(XRD) and selected area electron diffraction (SAED) anal-
ysis, morphology by the scanning electron microscope
(SEM) and transmission electron microscopy (TEM) tech-
niques, elemental analysis or chemical characterization by
energy-dispersive X-ray spectroscopy (EDS or EDX), mag-
netic behavior by vibrating sample magnetometer (VSM),
and optical band gap by ultraviolet-visible (UV-Vis) spec-
troscopy. In the first principle calculation, the structural
properties, density of states (DOS), electronic band struc-
ture, and magnetic property of pure ZnO and Zn;.,Fe,O
have been investigated by means of density functional the-
ory with local density approximation (LDA), general gradi-
ent approximation (GGA), as well as LDA and GGA with
Hubbard model scheme (LDA + U and GGA + U), pack-
aged in the Vienna Ab initio Simulation Package (VASP).
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The calculation was performed using self-consistent pro-
jected augmented plane wave (PAW). The zinc oxide was
modeled using 2 x 2 x 2 super-cell in ideal hexagonal
wurtzite structure. The prepared samples of pure ZnO and
Zn;_,Fe, O with iron concentration of 6.25 and 12.5 % by
mole have a phase of the hexagonal wurtzite structure with
particle size in nanometer scale. The calculation results indi-
cate that the pure ZnO has direct energy band gap of 2.24 eV
for GGA + U calculation in the scheme of Perdew—Burke—
Ernzerh of PBE, which are underestimated when compared
to the results from the experiment part, £, = .17 eV.
The calculated magnetic dipole moments of the Zn;.,Fe, O
when the iron contents (x) are 0.000, 0.0625, and 0.125
equal to 0.00, 3.91, and 7.83 w; respectively. The density
of states of dopant systems shows an intermediate band
from d orbital of iron atoms located near the valence band.
This indicates that small amount of doped iron engineers
the band structure. These results show that the doped iron
atoms seem to play an important role for the appearance of
intermediate band and magnetism.

Keywords Diluted magnetic semiconductor - Fe-doped
ZnO - Spintronics

1 Introduction

For a decade, ZnO, a non-magnetic, ecological friendly
material, and n-type semiconductor with widely direct band
gap of 3.37 eV [1], has rigorously attracted research atten-
tion for its exceptional properties and resourceful appli-
cations in transparent electronics, ultraviolet (UV) light
emitters, piezoelectric devices, chemical sensors, solar cells
[2], gas sensors [3], varistors [4], and transistors [5]. For
example, it can be used as transparent conducting glass

@ Springer
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for displays and photovoltaic panels instead of indium tin
oxide (ITO) which is more expensive. The zinc oxide is
widely used in various technological applications because it
is inexpensive material, abundant availability in nature, and
thermally stable. There are three structures of zinc oxide
which are a stable hexagonal wurtzite, a metastable cubic
zinc blende, and a high-pressure rock salt [6, 7]. Due to the
most stable structure at room temperature of wurtzite phase,
there are many literatures regarding wurtzite applications.
Its challenge is that if we can improve ZnO features, then it
will be used in more ways than currently possible. Such as
magnetic behavior, magnetism in ZnO will lead ZnO to be
a potential candidate for the emerging spintronics.
Spintronic or spin-based electronic is a technology which
is improved from the role play of spin electron in mate-
rials and exploit spin properties instead of or in addition
to electron charges and can take advantage of electronic,
optical, and magnetic properties of semiconductors and use
the spin of electron instead of the charge of electron for
reading, writing data, and transferring the information to
integrate with traditional semiconductor technology. There-
fore, this technology needs room temperature ferromagnetic
materials. Additionally, transition-doped ZnO materials are
not expensive, relatively abundant, chemically stable, easy
to prepare, and non-toxic, and especially, there are number

of researches showing room temperature ferromagnetism
of doped ZnO. One of the magnetic material classes is
diluted magnetic semiconductor (DMS). It is being replaced
of some fractions of atoms in a non-magnetic host such
as ZnO, TiO,, and SnO; by transition metal (TM) or rare
earth ions [6, 8]. It is an effective application in the spin-
tronic devices such as data storage devices and information
processing devices [6]. ZnO-based DMS are widely stud-
ied in terms of both theoretical and experimental studies, for
example, the ferromagnetic behavior at the room tempera-
ture of TM-doped ZnO when TM are V, Ag, Cr, Mn, and Fe
[6, 8-15]. Not only magnetic behavior but also optical prop-
erty is investigated. For example, Ul Haq et al. [6] reported
that V-doped ZnO is n-type and Ag-doped ZnO is p-type
conductivity. Besides, Fe ion is doped on zinc oxide as
well. They expected that 3d-electrons of Fe will improve the
electrical, optical, and magnetic properties of ZnO. Other
studies confirm iron ions can modify ZnO features. For
example, Liu et al. [16] reported that ferromagnetism of
Fe-doped ZnO nanoparticles depends on iron concentration.
For energy band gap, there are controversial results regard-
ing the effect of percent concentration of iron ions to energy
band gap of Fe-doped ZnO. Liu et al. showed an increasing
in Fe concentration until 3 % increases the energy band gap;
on the other hand, Ciciliati et al. [10] reported the increase

Fig. 1 The crystal structures of
Fe-doped zinc oxide
(FeyZn;_,O)ax = 0.000, b

x =0.0625, and ¢ x = 0.125
where pink represents the Zn
atoms, red the O atoms and,
light blue the Fe atoms

(b)
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Fig. 2 XRD patters of Fe-doped zinc oxide (FeyZn;.,O) with x =
0.000, x = 0.0625, and x = 0.125 nanopowder calcined at 400 and
450°C

in iron concentration until 10 % results in being narrower of
energy band gap.

Nanomaterial is greatly popular nowadays because of
enormous surface per volume. There are a lot of methods
to prepare nanomaterial such as combustion [9], sol-gel
[10], and hydrothermal [17] methods. Among these, the
combustion method is an excellent choice to synthesize Fe-
doped ZnO because this method takes less time and has less
cost and easy-to-prepare nanoparticles. Therefore, this work
would like to observe structural, electronic, and magnetic
properties of 6.25 and 12.5 % concentration by mole of Fe-
doping on ZnO both theoretical and experimental aspects.
The Fe-doped and pure ZnO were calculated by density
functional theory (DFT). The projector augmented wave
(PAW) [18] pseudopotential method was used on the Vienna
Ab initio Simulation Package (VASP) software package
[19]. Moreover, in this research, for nanoparticle synthesis,
doped and pure zinc oxide were prepared by a combustion
method using zinc acetate as the zinc source, oxygen gases
in air as the oxygen source, and iron acetate as the dop-
ing agent and iron source. Then, its crystal structures were

Table 1 Summary of calculated lattice parameters from XRD peaks
of Zn;_,Fe, O powder calcined at 450 °C with x = 0.000, 0.0625 and
0.125

Samples Lattice parameters (A)

a c
x =0.000 3.249 5.207
x = 0.0625 3.249 5.206
x =0.125 3.251 5.202

characterized by X-ray diffraction (XRD) and selected
area electron diffraction (SAED) analysis, composition ele-
ments by energy-dispersive X-ray spectroscopy (EDX),
morphology by scanning electron microscope (SEM)
and transmission electron microscopy (TEM) techniques,
magnetic properties by vibrating sample magnetometer
(VSM)investigation, and optical band gap by ultraviolet-
visible (UV-Vis) spectroscopy study.

2 Experimental Details
2.1 Synthesis Details

The Znj.,Fe, O (x = 0.000, 0.0625, and 0.125) nanopar-
ticles were prepared by a solution combustion method.
Zn(CH3CO»), was dissolved in 40 mL of deionized (DI)
water and stirred at room temperature. Then, solution of
Fe(CsH70,)3 with 10 mL of DI water and 10 mL of ethanol
was added to the solution during the being stirred. After
that, solution of a gram of citric acid in 10 mL of ethanol
and solution of a gram of polyethylene glycol (PEG) in 20
mL ethanol were mixed into the previous solution while
being stirred continually. Finally, 20 mL of DI and 20 mL
of ethanol were added. The final solution was still stirred
and heated at 220 °C. After that, it was taken into an oven
with 350 °C for an hour. After cooling down, precursors
will be obtained. The precursor was calcined at 400 and
450 °C at normal atmosphere with 8 h for holding. The
obtained powders were characterized by the XRD technique
to identify crystal structures, the EDX analysis to determine
composition element, the SEM photographs to study mor-
phology, VSM study to observe magnetism, and UV-Vis
spectroscopy to investigate absorbance under illumination
of ultraviolet and visible spectra.

2.2 Characterizations
The structure and element composition of pure ZnO and

Zn.,Fe, O samples were characterized by the X-ray diffrac-
tion (PANalytical, EMPYREAN) and the energy-dispersive
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Fig. 3 Total energy and volume for structural optimization by using LDA, LDA + U, GGA, and GGA + U

X-ray spectroscopy (EMAX x-act, Horiba), respectively.
In the presence of morphology, SEM micrographs were
performed by the scanning electron microscopy (S-3000N,
Hitachi). Both TEM images and SAED analysis were
conducted using the transmission electron microscopy
(FEI Tecnai G?). The optical band gap was determined
using absorbance mode of UV-Vis spectroscopy (UV-
3101PC, Shimadzu). The magnetic behavior of the calcined
Zn;_Fe,O powders were examined at 50-300 K using a
vibrating sample magnetometer (Versa Lab VSM mode,
Quantum Design) in an applied field from —10,000 to
410,000 Oe.

2.3 Computational Details

In this calculation, the pure ZnO and Fe-doped ZnO
(FeyZnq_x)O) with Fe content x = 0.000, 0.625, and
0.125, as shown in Fig. 1, were modeled as ideal hexagonal
wurtzite structure with a 2 x 2 x 2 super-cell which cor-
responds to a super-cell of eight times as large as the size
of a primitive wurtzite unit cell in base plane direction.
The orbitals of Fe(3d%4s?), Zn(3d'%4s?), and O(2s>2p*)
were treated as valence electrons. The effects of Fe-doping
in a ZnO system on the electronic structure and mag-
netic property were investigated using projector-augmented
plane wave pseudopotential method (PAW) within the gen-
eral gradient approximation with Hubbard model where
coulomb interaction Ueg of Zn and Fe was 9.0 and 5.91 eV,
respectively, using the Vienna Ab initio Simulation Pack-
age (VASP) with the generalized gradient approximation
where Hubbard model (GGA + U) in the scheme of the

@ Springer

Perdew—Burke-Ernzerh of PBE has been used to treat
more exchange and correlation energy to explore the struc-
tural and electrical properties as well as the possibility of
ferromagnetism as observed in recent experiments. In cal-
culation, a 11 x 11 x 11 k-point mesh in the Brillouin zone
and the cutoff energy of the plane wave of 400 eV were
employed.

3 Results and Discussion

The prepared samples have been characterized the crystal
structures and phase formation by using XRD technique, as
shown in Fig. 2. X-ray diffraction patterns of the calcined
samples at 400 and 450 °C of pure ZnO and Fe-doped ZnO
are corresponding to wurtzite structure of ZnO of ICDD
no. 36-1451 with no secondary phase. When we compared
undoped ZnO to doped ZnO calcined at 450 °C, we found

Table 2 The optimized lattice parameters of four atoms of pure zinc
oxide

Method Lattice parameters (A)

a c
LDA 3.200 5.100
LDA +U 3.180 5.073
GGA 3.280 5.250
GGA + U 3.260 5.250
PBE 3.123 5.043
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Fig. 4 SEM images of a pure
ZnO and iron-doped zinc oxide
with b x = 0.0625 and ¢

x = 0.125, TEM images of d
pure ZnO, and iron-doped zinc
oxide with e x = 0.0625 and f
x = 0.125 and SAED patterns
of g pure ZnO, and iron-doped
zinc oxide with h x = 0.0625
and i x = 0.125 with calcination
at 400 °C

that XRD patterns of pure ZnO are smoother than Fe-doped
ZnO. Moreover, the peak intensity of pure ZnO is sharper.
It illustrates that pure ZnO are more crystalline than doped
ZnO. It indicates that the crystallinity of the ZnO decreases
because of Fe-doping. This result is similar to Lui et al. [16].
Lattice parameters of synthesized samples are calculated
from XRD peaks and shown in Table 1.

The calculated values of lattice parameters of Znj.,Fe, O
samples are comparable to the values reported in literature
(@ = 3.242 and ¢ = 5.195 A) [4] and ICDD card no. 36-
1451 (a = 3.249 and ¢ = 5.206 A). These results are in
good agreement with the optimized structure calculation, as
show in Fig. 3. When we compared lattice parameters of
pure zinc oxide to iron-doped zinc oxide, we see that an
increase in iron content brings about the lattice parameter
a increases while lattice parameter ¢ decreases. In theoreti-
cal evaluation of the optimized structural properties of ZnO,
the total energy of hexagonal wurtzite unit cell (containing
four atoms) was calculated using LDA, LDA + U, GGA,
and GGA + U schemes via ABINIT code and GGA + U
in the PBE via VASP code around the optimized volume
and then the lattice parameters were calculated by fitting the
calculated total energies in various unit cell volumes into

102)
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¥ o 100

i

{ % :
.\\:_v ¥

110—=
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at 2)—/
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-

Birch-Murnaghan equation of state. The optimized lattice
parameters values of ZnO are reported in Table 2.

The morphology of the calcined samples at 400 °C is
shown in SEM and TEM images as Fig. 4a—f. Particle size
of all synthesized samples are in nanometer scale, less than
70 nm. It indicates that prepared samples are nanoparticles
of hexagonal shape with lattice fringe of pure zinc oxide.
When iron contents were doped into zinc oxide structure,
particle shape converts from hexagonal to spherical-like
shape with a few rod shapes. Fe-doping ions have a remark-
able effect on the particle size of Zn;..Fe,O samples.
The decrease in particles size of the Znj.,Fe,O system
may be due to the ability of Fe ions to inhibit the crys-
tal growth rate of ZnO. Substitution of Fe ions into ZnO
lattice can produce some defects. Therefore, variation in
defect concentration can cause a change in the rate of crystal
growth.

In case of SAED study, ring diffraction patterns of pre-
pared samples indicate that all of synthesized particles are
polycrystalline material. From XRD patterns, we see that all
of prepared samples are zinc oxide structure of hexagonal
wurtzite as main structure which planes such as (1 0 0), (1
0 1), (1 0 2) are observed in diffraction patterns as shown
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Fig. 5 Energy dispersive X-ray
(EDX) spectra of a pure zinc
oxide and Fe-doped ZnO with
iron concentration of b 6.25 and
¢ 12.5 %, respectively, calcined
at 400 °C
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in Fig. 4g—i. Some light spots are observed in the pure ZnO
sample. It would be because of larger particle size of the
pure ZnO than the Fe-doping systems which is according
to the particles size from TEM images that the pure ZnO
nanoperticles are the biggest, the second is 6.25 %, and the
last is 12.5 %, respectively.

The energy dispersive X-ray analysis (EDX) technique,
however, is employed in order to detect the element compo-
sition of synthesized Zn.,Fe, O samples. The EDX spectra
and atomic percentage of pure zinc oxide and doped zinc
oxide with iron content of 6.25 and 12.5 % by mole calcined
at 400 °C are shown in Fig. 5. It confirms an existence of
iron content in dopant system.

To examine band gap energy (E), an absorbance mode
under UV-Vis spectra of the synthesized nanopowders was
conducted. From absorption spectra of ZnO in Fig. 6, the
direct band gap are obtained by extrapolating the plots of
(hv)? to the vertical versus hv to the horizontal. The val-
ues of energy gap of the calcined at 450 °C samples are
around 3.17, 3.08, and 2.92 eV for the pure ZnO and the
Fe-doped ZnO with x = 0.0625 and 0.125, respectively,
as shown in Fig. 6a—c. Band structure of zinc oxide was
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calculated using LAD, LDA + U, GGA, and GGA + U
and represented in Fig. 7. From this, we see that Hubbard
scheme gives narrower Eg. According to the energy band
structure (Fig. 8) and the density of states (DOS) (Fig. 9)
calculated by the GGA + U in the scheme of PBE, they
indicate that the pure ZnO has a direct energy band gap of
2.24 eV, which is in good agreement with the other calcula-
tions. However, the energy band gap is still underestimated,
compared with the experimental value (a direct wide-band
gap of 3.17 eV). It is due to the density functional the-
ory. From the experimental values of optical band gap of
calcined at 450 °C nanoparticles as shown in Fig. 6a—c, it
shows that the added iron content brings about being nar-
rower of energy band gap in zinc oxide. It indicates that
the E,; decrease of iron-doped zinc oxide with increasing of
the iron concentration might be due to the energy state of
d orbital from Fe atoms which located between the valence
band and the conduction band to be an intermediate band
as shown in partial DOS (PDOS) in Fig. 10. Therefore,
the electrons occupying in these states can play an impor-
tant role in electronic properties of this material. Also, the
optical band gap of Fe-doped ZnO calcined at 400 °C was
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Fig. 6 Optical band gap of
calcination at 450 °C of a pure
ZnO and Fe-doped ZnO with
iron content of b 6.25 % and ¢
12.5 % and calcination at 400 °C
of Fe-doped ZnO with iron
content of d 6.25 % and e 12.5 %
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investigated. The E, values of the calcination at 450 and
400 °C of Znj.,Fe, O samples for x = 0.0625 are 3.08
and 3.12 eV, respectively, and for x = 0.125 are 2.92
and 2.96 eV, respectively, as shown in Fig. 6. From these,
we see that the calcination at higher temperature brings
about being narrower of energy band gap. It is because of

Fig.7 The calculated band

Photon energy (eV)

more aggregation when the powders were calcined at high
temperature.

The magnetic properties of the Fe-doped zinc oxide are
described as follows. According to the GGA + U calcula-
tion, the magnetization of pure ZnO, Fep 0625Zn¢.93750 and
Fep.125Zn¢ 8750 has magnetic moments of 0.00, 3.91, and

(a) (b)

structure of pure crystal ZnO 10
with a LDA (black solid line)
LDA + U (red solid line) and b
GGA (black solid line) and
GGA + U (red solid line)

Energy (eV)
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(a)

G M K G A L

Fig. 8 The calculated band structure a pure and Fe-doped ZnO, b with
Fe content of 0.0625 and ¢ Fe content of 0.125 by using GGA + U
(black and red lines represent energy level of spin up and spin down,
respectively)

7.83 up, respectively. In case of pure zinc oxide, this can be
explained as the fact that the electrons in the zinc atoms and
oxygen atoms are paired electrons (spin up and spin down)
in the 3d orbital and the 2p orbital, respectively, whereas
there are four unpaired electrons in the 3d orbital of Fe atom.
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Fig. 9 The calculated density of states (DOS) of a pure zinc oxide and
Fe-doped ZnO, b with Fe content of 0.0625 and ¢ Fe content of 0.125

Therefore, the total net spin of pure zinc oxide is zero, but
not for Fe-doped ZnO, whereas the appearance ferromag-
netism in Fe-doped ZnO can be described as superexchange
theory which the exchange interaction happens only on the
Fe and O sides, not on Zn and O sides. Therefore, there are
still four unpaired electrons (spin up electrons or spin down
electrons) located in the 3d orbital of Fe atoms as shown in
Fig. 11. Difference of the spin up and spin down electron
is shown in partial DOS of Fe in Fig. 10d. In the exper-
imental aspect, the magnetic properties of all Zn;.Fe,O
powders were examined from 50 K to room temperature
using a VSM technique. The relationship between magneti-
zation (M) and applied magnetic field (H) was observed to
study magnetic property of synthesized nanoparticles. M—
H curves examined at room temperature of 6.25 and 12.5 %
of iron-doped zinc oxide calcined at 400 and 450 °C are rep-
resented in Fig. 12a, b. The pure zinc oxide shows diamag-
netic behavior while the Zn;.,Fe, O of x = 0.0625 shows
paramagnetic behavior and x = 0.125 shows superparam-
agnetic behavior. The diamagnetism of pure ZnO is because
zinc oxide has no magnetic dipole moment which is in good
agreement with the calculated results, the magnetic dipole
moment of pure ZnO as 0.00 wy,. Besides, M—H curves
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Fig. 10 a The total DOS of

6.25 % of Fe-doped ZnO and (a) (b)
the partial DOS of b zinc, ¢ 100 — T
oxygen, and d iron atoms
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were conducted at 50-300 K of Fe-doped ZnO are shown
in Fig. 12¢, d. The 6.25 % of Fe-doped ZnO samples cal-
cined at 400 and 450 °C show superparamagnetic behavior
at 50 to 150 K. The superparamagnetism of iron-doped zinc
oxide is confirmed by M-T curves (plotting of magnetiza-
tion versus temperature) in zero filed cooled (ZFC) and field
cooled (FC) modes in an applied field of 5000 Oe at 50—
300 K as shown in Fig. 13. From that, blocking temperature

Fig. 11 The isosurface of
difference between spin up
electron density and spin down
electron density (spin up—spin
down) of Fe,Zn;_.,O when a

x =0.0625 and b x = 0.125

may be lower than 50 K. It results in the doped zinc oxide
samples show superparamagnetic behavior. The superpara-
magnetism may be due to a very small particle size of
prepared samples which is in nanometer scale as TEM
images in Fig. 4. At above 150 K, the linearity of the VSM
result of 6.25 % of Fe-doped ZnO indicates the paramag-
netic behavior. For 12.5 % of Fe-doped ZnO, remanence
magnetization (M;) shows the maximum value at 50 K of
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Fig. 12 The specific ( )
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examination. It indicates that magnetism of prepared sam-
ples decreases with temperature increasing. Also, M—H
curves at 50 K of 6.25 and 12.5 % of Fe-doped ZnO were
determined and shown in Fig. 12e, f). The results show
influence of calcination temperature to magnetic behavior of
prepared nanoparticles. When we compared M; of the cal-
cined iron-doped zinc oxide at 400 to 450 °C, the doped zinc
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oxide nanoparticles of calcination at 400 °C show more M;
values. It indicates that temperature calcination effects on
magnetism. The high temperature calcination may effect on
magnetic moment alignment and destroy magnetism of syn-
thesized samples. From the study of magnetic property, the
magnetization of Znj.,Fe,O nanoparticles increases with
increasing in Fe-doping concentration.
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Fig. 13 Zero field cooled (ZFC) and field cooled (FC) curves of cal-
cined at 400 °C iron-doped zinc oxide with iron content of a 6.25 %
and b 12.5 %

4 Conclusion

In summary, the Zn;_,Fe, O nanoparticles with x = 0.000,
0.0625, and 0.125 had been prepared by a combustion
method. The XRD analysis showed the pure ZnO and
Zn|Fe,O with a temperature calcination of 400 and
450 °C samples are zincite hexagonal structure as the main
phase with lattice parameters a of 3.25 and ¢ of 5.21 A for
the both pure ZnO and the Zng 9375Fe(.06250 and a of 3.25 A
and ¢ of 5.20 A for the Zng g75Feq. 1250 which are in good
agreement with the calculated results from the structural
optimization. The morphology of the Zn;_, Fe, O nanoparti-
cles was characterized by SEM and TEM techniques. The
prepared nanoparticles convert from hexagonal-like shape
to spherical-like shape when iron was added. The elec-
tronic structure and magnetic property of Fe-doped ZnO

had been investigated by means of the first principle cal-
culations based on general gradient approximation with
Hubbard model (GGA + U) in the scheme of PBE. We had
used super-cell method to model ZnO doped with 6.25 and
12.5 % of iron. The results showed that the pure and the
doped zinc oxide systems are semiconductor. The pure ZnO
has energy band gap of 2.24 eV and that of Fe-doped ZnO
systems decrease with the atomic fraction of iron. Accord-
ing to partial density of states, there are strong interaction
between 3d orbital of O and 2p orbital of Fe which may
affect to the decreasing of energy band gap of Fe-doped
ZnO and induce the energy band occurring between the
valence and conduction band. The results also point out that
the magnetic moments increase with the atomic fraction of
iron and play important role in occurrence and stability of
superparamagnetism of ZnO. According to the electronic
and magnetic properties, therefore, Fe-doped ZnO poten-
tially is a promising magneto-electronic material and it can
be used for photocatalytic materials [20, 21] and nanometer
scale spintronics device material [22].
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structure shows massless Dirac particles, characteristic for real graphene. Therefore, artificial graphene-
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1. Introduction

Graphene, a two-dimensional (2D) hexagonal crystalline allotrope with a regular sp2-bonding of carbon, has been attracting the re-
search attention due to a variety of its unique properties, being a strong, light, nearly transparent material, and an excellent conductor of
heat and electricity [1,2]. In particular, it shows an unusual feature in its 2D band structure, with massless Dirac fermions (Dirac cones),
showing intrinsically ultrahigh carrier mobilities, since the quasiparticles in it behave like relativistic elementary particles with zero rest
mass [3,4]. Due to these outstanding characteristics, graphene shows extraordinary potential for device applications, like graphene transis-
tors for high-frequency electronics, flexible touch-screen devices, smart windows, batteries, fuel cells, photovoltaic cells and supercapaci-
tors based on graphene, and also has a prospect of replacing metals in the manufacture of aircraft and cars by graphene-plastic composites.

Artificial graphene (a common name for honeycomb lattice materials or structures) provides a tunable platform for investigating mass-
less Dirac quasiparticles, such as their behavior under electric field, magnetic field and band engineering methods [5-9]. These structures
can be fabricated by advanced nanoscale fabrication technology processes, which enable high quality low-dimensional nanoscale patterns
that can be precisely controlled. Examples of artificial graphene structures, which were designed and fabricated, are synthetic nanopat-
terned GaAs heterostructures with ultrahigh-mobility 2D electron gas [10-16]. These were successfully fabricated by, firstly, using an
electron beam nanolithography to produce an array of Nickel disks with the honeycomb geometry, and then by etching away the material
outside the disks by inductive-coupled reactive ion etching. Scanning tunneling microscope (STM) was used to pattern the Oxygen and
Carbon atoms of CO molecules in a honeycomb pattern. Another example of artificial graphene is based on atoms or molecule manipulated
by crystalline-like laser trapping of ultracold atoms. The honeycomb photonic crystal induced by laser irradiation is based on the change
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of refractive index. In this work, we calculate the band structures and energy dispersion relation of an artificial graphene of 2D confined
electrons in the Al,,Ga;_,As/GaAs/Al,,Ga;_,As system.

2. Computational method

In this work the artificial graphene based on quantum wire nanostructure, i.e. the honeycomb structure of Al,,Ga;_,,As/GaAs/Al,,Ga;_,
As is considered, with the Al content (w) equal to 0.20. The effective mass method is employed to solve the envelope function Schrédinger
equation. The conduction band discontinuity between Al,,Ga;_,,As and GaAs is taken as 0.79w (eV) for w < 0.41 [17-19]. Interdiffu-
sion leads to smoothing of the initially abrupt Al content profile around the interface. In case of cylindrical symmetry the exact analytical
solution for the interdiffusion profile exists [20], but is somewhat involved, and the Al profile in the layer plane, wy,(x, y), was here ap-
proximated by a simpler expression:
—w

Wy (X, y) = +w.
Y o (Vom0 07w

Therefore, the two dimensional potential profile in the xy plane, V (x, y), is described by
0.79w
o (V000 —Ru) |

where S is the reciprocal diffusion length parameter, (xo, yo) is the center of the GaAs wire, and Ry, the wire radius, as shown in Fig. 1(a).
According to the periodicity of this structure, we choose a 2D unit cell as arhomboid with basis vectorsa; = L3 — LBj L

Vx.y) = -

(1)

= 3itljanda, = BPi-1j
The lattice constant is L = +/3do, where d, is the distance between two neighboring GaAs wires, as shown in Fig. 1(b). Within the effective
mass method, the 2D electron energies and envelope wavefunctions are found from

-5 (7 )+
—— (V- VI)I+Vivy =€y (2)
2 m*m,

where m, is the free electron mass, m* is the position-dependent effective mass, according to the Al content (m* = 0.063 + 0.083w for
w < 0.41) [17-19], and has the similar smooth profile as the potential:

0.083w
(Vo000 -Ru) |
According to the chosen unit cell, new coordinates (u, v) were introduced to simplify the implementation of periodic boundary con-

ditions: u and v are the coordinates along a; and a, directions, where d; and d, are the 2D lattice basis vectors, d; = */2§” + % j and

m*(x,y) = 0.063 + 0.083w —

(3)

4, = ¢2§L; — %} Therefore, u and v take values between 0 and L, and are related to rectangular coordinates x and y as:
/3 ]
u 3 X
= 4
s (L) @
L3
while (u, v) can be transformed back to (x, y) as
V3 V3
X 5 9 | |u
M -7 2 H (5)
L2 2

The Schrédinger equation can now be written in the new coordinate system, e.g. in the constant effective mass case the kinetic energy
partis
92 92
Vi = — l - l
0x? ay?
4 {a%p %y 0%y }

3

ou? ov?  Qudv

a2 a2 02
In order to solve it, the finite difference method has been employed. The terms % % and 2L are written in finite difference form

oudv
as
(W) Vi1 — 2¥i + Vi
ou? i (Au)?
(W) Wi — 29 + Vi
a2 /)., (Av)?

’y __1 Yir1je — Yir1jo1
dudv ), 4Audv —Vic1jm + Yicj |
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Fig. 1. The potential profile of (a) two dimensional hexagonal lattice Aly,Gag gAs/GaAs/Aly,Gag gAs, and (b) within a rhomboidal unit cell.

Therefore, the finite-difference form of the 2D Schrédinger equation in the (u, v) coordinates is:
Yic1j — 2Yij + Vigaj N Yij1 — 2¥ij + Yij1
s (Au)? (Av)?
2m Vi — Yo — Yicyien + Yico
4Audv
((—hullfi_l,j + 2hy i — hulﬁi+1,j))
+ (—ho¥ijo1 + 2hy Wi j — hy i _
) ; . LV = el
Fhuy Vir1,je1 — RuuWig,j-1 Wiy = €V
_huvlpi—l,j+l + huv‘ﬁi—l,j—l
_hullfi,j—1 - hUVIi—l,j
+ (Zhu + 2hv + Vi,j) Wi,j
—hyrip1j — huija = eV
Fhyy Vi1 41 — huw Vi1 j—1
—hu izt je1 + hwicij—

__n? _ _ n? L
where h, = Zm(Au)z’hv = 2m(Av)2'h“v = EmAwGy’ and Vij = V(u, v).

+ Viji = e
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Table 1
The state energies of infinitely deep square wire and of a finite-barrier circular wire, calculated by finite difference method (FDM), finite
element method (FEM) with COMSOL package [21], and from the analytic solution [22].

Structure States State energy (eV)
FDM FEM Analytic solution

1 0.1646 0.1646 0.1646
Infinite square wire 2 0.4113 0.4115 0.4115
q 3 04113 0.4115 0.4115
4 0.6580 0.6585 0.6585
Finite circular wire (Ry = 4 nm) 1 —0.0731 —0.0743 —0.0758
1 —0.0947 —0.0949 —0.0907
Finite circular wire (Ry; = 5 nm) 2 —0.0129 —0.0132 —0.0336
3 —0.0129 —0.0132 —0.0336

2.1. Validity of the method

In order to check the validity of this method, and of the code developed for it, we have first calculated the bound state energies of three
systems: (1) single quantum wire, (2) double quantum wire with rectangular box boundary conditions, and (3) double quantum wire with
rhomboidal box boundary conditions.

2.1.1. Single quantum wire

The bound state energies of a 2D infinitely deep square wire with L, = L, = 8 nm, and of a finite-barrier circular wire with radius of
4 nm and depth of —0.79w eV in a square box, were calculated, assuming a constant effective mass m* = 0.063 + @ by using the
finite difference method, and were compared against the values obtained by the finite element method or from the analytic solution. The
results are shown in Table 1 and indicate the validity of the developed code and the finite difference method.

2.1.2. Double quantum wires
Using a constant effective mass m* = 0.063 + %, we have also calculated the bound state energies of GaAs double cylindrical

quantum wires (with a radius of 4, 5, and 6 nm) which were separated by dy = % nm, embedded in Al;_,,Ga,,As matrix of rectangular

shape (box) of the size L, = 30+/3 nm and L, = 30 nm, as shown in Fig. 2(a), and of rhomboidal shape with L = 30 nm, and with the
interdiffusion parameter 8 = 3, as shown in Fig. 2(b).

In the case of rhomboidal box, the envelope wave functions were gridded along the u and v directions. The Dirichlet boundary
conditions are ;o = Yin = 0({ = 0,1,2,3,...,N),and yo; = ¥n; = 0(G = 0,1,2,3,...,N). Therefore, the wavefunction
Yiji,j=1,2,3,...,N—1,canbe calculated from Hyy = ey when H is a symmetric matrix of size (N — 1)2 x (N — 1)%, and the content
of upper triangle of this matrix is:

A, B 0 0 --- 0 0 0
B A B 0O --- 0 0 0
0 B" A3 B --- 0 0 0
el = ()

0 0 0 0 B" Ayvs B 0
0 0 0 0 0O B Ay, B

Lo 0 0 0 O 0 BT Ay_.J
where the matrices A; and B are
ra; —h, 0O 0 -~ 0 0 0 1
—h, ¢&; —h, O 0 0 0
0 —h, c; —h, 0 0 0
A= C S ™
0 0 0 0 —hv CN—3,j —hv 0
0 0 0 0 0 —hv CN—2,j —hv
Lo o o o0 0 0  —h, cy_1j-
and
r hy hyy 0 0 0 0 0
huy h, h, O 0 0 0
—hy  hy  hy, 0 0 0
B=| o : ®)
0 0 0 0 -—hy, h hy, 0
0 0 0 0 0 hy  hy  hy
L O 0 0 0 0 0 —hyy  hy d
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Fig. 2. The potential profile of (a) single and double cylindrical Al ,GaggAs/GaAs/Alp,GaggAs quantum wires, with (b) rectangular boundary conditions, and (c) with
rhomboidal boundary conditions.

where the sizes of matrices Aj and B are (N — 1) x (N — 1), and ¢;; = 2h, + 2h, + V;;. The eigenvalues and eigenvectors of
H are the state energies and the envelope wave functions, the latter given in the (u, v) coordinate system, i.e. ¥i; = {¥1,1, ¥1.2,
Y13s e Y1 Y21, Y22, Y23, oo Wan—1s oo o UN—1. 1 YN—1.2, UN=1.35 -+ UN—1.N—1)-

In case of rectangular box, the envelope wave functions were grided along x and y directions, and the parameters were transformed

ash, = h, = " p = h, = ﬁ, hw = hy = 0,and V;; = V(x, y). The results were compared against the state energies

2m(Ay)?* Y
and wavefunctions obtained from the COMSOL software [21], which uses the finite element method, Fig. 3(a), (b) and Table 2. The two
methods are in good agreement, particularly for low-energy states, and the described finite difference method was further employed for
this structure.
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Fig. 3. The envelope wave functions of double GaAs cylindrical quantum wires embedded in Alg>GaggAs matrix, with (a) rectangular boundary conditions, and (b)
rhomboidal boundary conditions, calculated by the finite difference method.

3. Results
3.1. 2D energy band structure
The periodic potential V (r) with period of L in both u and v directions, shown in Fig. 1(b), has the property:
V(r) =V(r+R) (9)

where R is any translation vector for this unit cell. The wave functions then must satisfy the Bloch conditions, i.e. the wave functions can
be written as the product of a periodic function u(¥) and e*™

Vi (F) = up (e, (10)
and where the periodicity of uj, () is the same as that of the potential. Therefore, the particle wave functions in each period differ only by
the phase factor eF, i.e.

Vi@ = ¥ G + Re (11)
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Table 2
The state energies of double cylindrical quantum wire with rhomboidal and rectangular box boundary conditions,
calculated by finite difference method (FDM) and finite element method (FEM) with COMSOL package.
Ry (nm) States State energy (eV)
Rhomboid Rectangular
FDM FEM FDM FEM
1 —0.0648 —0.0713 —0.0721 —0.0720
2 —0.0545 —0.0705 —0.0714 —0.0713
4 3 —0.0095 0.0139 —0.0088 0.0088
4 0.0053 0.0236 0.0113 0.0114
5 0.0331 0.0302 0.0153 0.0154
6 0.0520 0.0302 0.0167 0.0167
1 —0.0856 —0.0924 —0.0932 —0.0931
2 —0.0751 —0.0916 —0.0925 —0.0924
5 3 —0.0388 —0.0121 —0.0154 —0.0153
4 —0.0267 —0.0055 —0.0128 —0.0127
5 0.0131 —0.0031 —0.0110 —0.0108
6 0.0327 —0.0031 —0.0079 —0.0077
1 —0.1015 —0.1070 —0.1081 —0.1083
2 —0.0895 —0.1059 —0.1071 —0.1072
6 3 —0.0622 —0.0394 —0.0422 —0.0420
4 —0.0505 —0.0333 —0.0395 —0.0390
5 —0.0150 —0.0317 —0.0382 —0.0380
6 —0.0001 —0.0317 —0.0351 —0.0350

where k is the wave vector (crystal momentum). The Hamiltonian matrix H is a Hermitian matrix of size of N2 x N2, where N is the number
of grid points along u and v directions, and its matrix elements are

Ay, B 0 0 0 0 CA
B A B 0 0 0 0
0 B' A; B 0 0 0
H=1: @ @~ : (12)
0 0 0 0 B' Ay, B 0
0 0 0 0 O B Ay.; B
lct 0 0 0 O 0 Bt Ay
where the matrices A; and B are
C1,j —hu 0 0 0 0 —hva_
~h, ¢ -—h, 0 0 0 0
0 —hu C3,j —hv 0 0 0
A= : : : : : (13)
0 0 0 0 —hv CN—2,j hv 0
0 0 0 0 0 —hv CN—1,j —hv
_—hU : 0 0 0 0 0 —hv Cn,j -
and
r hy hyy 0 0 0 0 —hufi]
_huv hu huv 0 0 0 0
0 —hyw hy huw 0 0 0
B= : : : : (14)
0 0 0 0 —hy, h huy 0
0 0 0 0 0 —hy, hy P
Lhyoff 0 0 0 0 0 —hy h,

where C = f,B, f, = el f, = €L and the sizes of matrices Band C are N x N.
The eigenvalues and eigenvectors of the Hamiltonian matrix are the state energies and wavefunctions of band n and wave vector

k= (ky, ky) = ( —'371, AU 5—1}, {—%2, e Bl}), asshown in Figs. 4 and 5. In order to check the validity of this method for the periodic

boundary conditions, the results were compared with those obtained with the, more conventional for periodic structures, plane wave
basis functions expansion (formally a linear variational method) as was employed in [9]. In the plane wave method the wavefunction is
written as
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Fig. 4. The energy dispersion for a rhomboidal unit cell artificial graphene Al ,Gag gAs/GaAs/Alg,Gag gAs structure.

. 1 .- = -
,‘/,nj(r) — ZC&_el(k+G)'r, (-15)
=72
where ¢ are the plane wave amplitude coefficients. The Hamiltonian matrix, H?;,E'- will be
P o. - - o
Heo = ﬂ(k +G)? co VG- G), (16)

where G are the reciprocal lattice vectors and V(a — E;/) is the Fourier transform of the potential V(¥), calculated as the 2D Fourier
transform of the honeycomb potential (shown in Fig. 1, and with Eq. (1)), v!ith the rhomboidal unit cell defining the structure periodicity.
The eigenvalues of the Hamiltonian matrix for any particular wave vector k are the band energies.

Examples of results obtained by the finite difference method and the plane wave method are shown in Fig. 5. The agreement between
the two is generally very good. In case of sharp boundaries (almost no interdiffusion, 8 = 100), the number of space grid points in the
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Fig. 5. The band structure of rhomboidal unit cell artificial graphene Aly>GagsAs/GaAs/Aly2GagsAs along special high-symmetry directions in the two-dimensional
hexagonal Brillouin zone (G = (0,0),M = (1/+/3,0)27/a,K = (0, 2/3)27/a), calculated by finite difference (solid lines) and plane wave method (dashed lines) in
the case of (a) large interdiffusion, 8 = 3 and (b) small interdiffusion, 8 = 100. The blue, black, red and green lines correspond to the number of grid points of 8, 16, 32 and
64, respectively, in each direction, or to the number of plane waves of 82, 162, 322 and 642. The energy is measured from the conduction band edge of the matrix material,
because the potential, Eq. (1), was defined in this manner. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this
article.)

finite difference method, and the number of waves in the plane wave method, required for well converged results, are both larger than the
what is needed in case of large interdiffusion. The convergence of the finite difference method improves (requiring a smaller number of
grid points) for sharp boundaries, while the convergence of the plane wave method improves for large interdiffusion. However, the overall
computation time is still smaller with the finite difference than with the plane wave method for any realistic case we have tested (having
8, 16, 32 and 64 grid points per direction, or a total of 82, 162, 322 and 64° plane waves), regardless of the level of interdiffusion.

3.2. Effect of position-dependent effective mass

In the previous subsection the two-dimensional band structure of artificial graphene was calculated, but the effective mass was assumed
constant. In order to include the effect position-dependent effective mass, we have simplified the problem by changing the unit cell from
rhomboidal to rectangular, with basis vectors d; = Lyi = 3dgiand d, = Lj= «/§in, as shown in Fig. 6.
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The 2D Schrédinger equation
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was written in finite difference form as [23]
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where the effective mass m*(x, y) = m(x, y)me, hy = IR and hy, = Iy while N, and N, are the number of grid points in x and

y directions, respectively. The Hamiltonian matrix, H, is a square Hermitian matrix of size NyN, x N;N,, and the upper triangle matrix

elements are

rAy, B 0 O 0 0 C A
Ab B, O 0 0 0
As Bs 0 0 0
H:
Any—3 Bny—3 0 0
An—2 By, 0
Any—1 By

(17)
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Fig. 7. The energy dispersion for rectangular unit cell artificial graphene Aly sGag2As/GaAs/AlygGag 2As.
where

[C1,j T 0 0 s 0 0 lLfo T
Cj Tj 0 0 s 0 0
C3j TI3j 0 0 s 0

A = (18)
! CNy—3,j TNy—=3,j 0 0
CNe-2j  TNe-2j O
CNe—1j The=1,j
L CNy,j -
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Fig. 8. (a)The influence of the position-dependent effective mass on the band structure along special high-symmetry directions in the two-dimensional rectangular Brillouin
zone (G = (0, 0), M = (0.5, 0.5)27 /a, X = (0.5, 0)27 /a, Y = (0, 0.5)27 /a) of rectangular unit cell artificial graphene Al,_,,Ga,As/Al;_,Ga,As/Al;_,,Ga,As, and the band
structure tunability achievable by varying: (b) the wire radius (Ry), (c) the cell size (dy), and (d) the Al content (z) in wires only at site A sublattice of the honeycomb lattice
structure. The energy is measured from the conduction band edge of the matrix material, because the potential, Eq. (1), was defined in this manner.
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B = (19)
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m; 0 0 - 0 0 0
usj 0 0 0 0
C=1 (20)
Y UNy—3,j 0 0 0
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UNy—1,j 0
L UN,,j
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and f, = ey, f, = exlx, The sizes of matrices B;, B]-T, C,and Ct are Ny x N,. The eigenvalues and eigenvectors of the Hamiltonian matrix

are the state energies and wavefunction of band n for wave vector k = (kx, ky) = ({—%, R %}, {—%, R % )

An example calculation of this type, shown in Fig. 7(a), shows the influence of the position-dependent effective mass on the
band structure of rectangular unit cell artificial graphene Al;_,,Ga,,As/Al;_,Ga,As/Al;_,Ga,As. There are only quantitative differences,
compared to the constant effective mass case (and these will depend on this constant mass value taken), but the band structure does show
Dirac points in the position-dependent mass as well.

To illustrate the band engineering possibilities in artificial graphene, Fig. 8(b), (c) shows the band structures obtained for different
values of wire radii Ry and cell sizes dy (distance between two neighboring GaAs wires). Yet another way of band structure tuning, offered
by artificial graphene, is by band gap opening at the Dirac points. This is achievable by breaking the symmetry, i.e. the equivalence of sites
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A and B in the hexagonal lattice, via changing the Al content only in the wires at site A sublattice of the honeycomb lattice structure, as
illustrated in Fig. 8(d).

4. Conclusions

The energy dispersion relation for artificial graphene, the two dimensional hexagonal lattice of Al,,Ga;_,,As/GaAs/Al,Ga;_,As, was
calculated by finite difference method. The effect of aluminum interdiffusion between GaAs quantum wires and the Al,,Ga;_,,As matrix
was taken into account by smoothing the potential and effective mass profiles between the two layers. The validity of the finite difference
method and the developed code was checked by comparing the bound state energies with analytic solutions in the case of single quantum
wire or, in cases of double quantum wires with constant or discontinuous effective mass, with the results obtained from the finite element
based COMSOL software. The energy dispersion relation of the artificial graphene shows massless Dirac particles and offers band structure
engineering possibilities.
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