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Relationship between phosphorus doping concentration and
electronic structure in anatase TiO,
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Abstract: The lattice parameters, P charge populations, energy band structures, density of states and absorption spectra of
anatase TiO, doped with different concentrations of P substituting at Ti sites were calculated using the first-principles
plane-wave ultra-soft pseudo-potential method based on the density functional theory. The calculated results show that
with the increase of P doping concentration, the cell volume of the anatase TiO, decreases, while the electronic
populations of P keep almost unchanged. At the same time, the width of forbidden band gradually becomes larger,
impurity levels are introduced near the valence band maximum, and the Fermi level goes into the conduction band, which
makes that the TiO, presents a half metal property. The absorption ability of TiO, is gradually enhanced in the visible
light region and the degree of the absorption edge blue shift becomes larger. The calculated forbidden band widths of the
P-doped anatase TiO, are consistent with the experimental results that, with the increase of P doping concentration, the
forbidden band widths are enlarged.
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Fig. 1 Structural model of anatase TiO, doped with different

P concentrations
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Table 1 Structural parameters of anatase TiO, doped with

different P concentrations

Doping type ~ A/A B/A C/A N
IP-TiO,™)  11.4341 11.4329 9.70825 1269.12
2P-TiO,  11.4344 113874 9.69366 1262.19
3P-TiO,  11.4023 113759 9.63684  1250.00
4P-TiO, 113515 113217 9.66256 1241.80

Experiment ? ¢=3.789 A 5=3.789 A ¢=9.507 A V=136.30 A’
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Fig. 2 Total energy of anatase TiO, doped with different P

concentrations after geometry optimization
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Table 2 Electronic populations of P in anatase TiO, doped

with different P concentrations

s orbital porbital  Total

Doping type  Site Charge/e
pine yp charge/e charge/e charge/e
1P-TiO,*  P(a) 1.09 1.96 3.04 1.96
. P(b) 1.08 1.95 3.04 1.96
2P-T102
P(c) 1.08 1.95 3.04 1.96
P(b) 1.08 1.96 3.04 1.96
3P-TiO,  P(c) 1.08 1.95 3.03 1.97
P(d) 1.09 1.96 3.04 1.96
P(b) 1.08 1.96 3.04 1.96
. P(c) 1.08 1.95 3.03 1.97
4P-T102
P(d) 1.08 1.95 3.03 1.97
P(e) 1.08 1.96 3.04 1.96
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Fig. 3 Band structures near Fermi energy level of anatase TiO, doped with different P concentrations: (a) 1P-TiO,”; (b) 2P-TiOy;

(c) 3P-TiO,; (d) 4P-TiO,



2000 A G A R

201347 H

TN TMHAR 3 FBMKIER AT 1%, oK
WAL TP NAFEER T . TS5 B £l T
%1, 1P-TiO,. 2P-TiO,. 3P-TiO, Al 4P-TiO, [ %7Kt
Loy ML P s G A U7 0.282, 0308, 0.352
F10.361 eV b, IXERMBEE P B w i, ok
REZLIE ) TiO, iy I MU BE BB oK, %45 BTG 2
Wit A X320 45

24 DEEE

d(ay~(d) s HANFIRFE P BB A1 TiO,
FICEM LTI S5 EEPDOS) K« MK 4 il LG
i, P BAKHBURY A TiO, WL 45K i 5% 3 5
e

1) XF 0 Ji¥, ki P IBAKREREm, P 3p
U5 O 2p BUEAE-8.31 eV AL A AL FE T W i,
IR O 2p B I HL 2452 B W (LI T 1S K o 1% =4,
BRIE S T R 45 R A AR T 4B AR

2) X TR, BEBAR P IR, R
o T R TEORN, HE, Ti 3d HUEAE 0.445 eV At
(iAW, R R s, X
T P IR TS, EMEEEEN Ti 3d B 1rEH

3
2_(a) —P3s
A -
T 1r
>
5z 0
2 —Ti4s
8 30 —Ti3p
) Ti3d
Z o .
E 100 —O02s
—02
50} P
0 L~ /. ! I ! I ! L
-109 -8 -7 -6 5 4 3 2 -1 0 1
Energy/eV
1O S
_ar —P3p
T 0
g ——Ti4s
8 30r —Ti3p
ﬁ ’ Ti 3d |
@ 0 . = - 4
S 100f —O02s
o —O02p
50
oL\ . L

Energy/eV
4 AN P BIRIK LBV TiO, 7 HL 1~ 70 B X EE

-109 8 -7 6 54 -3-2-10 1

e

3) M P 3piE A% ARG, 5 O 2p
MIBERAT k. BT P 3s Rl 3p BUE 2> A5 A
=3 eV~—2eV A4 0, TINfEM K B, Bk RS
(RIEEAT 2 A TR I T 5% E 2, FT LIX &t
BaRie A S PIRAER, T Ti O #24kiy. [R,
P3s Ml 3p B2 5 T izt b E2EEs
O 2p Pz AR A4k

2.5 WRUHIE

H T WEFAB 2R TiO, YRR I, KA [R1A
P BB AH TiO, BHAT V5, At e msfie ih £
5 oo tHELIN SR ] TiO, Y2 S, JFRH] 1.032 eV
BYT)EARF LN R IB BRI A TiO, MRS 3EA T
B, MIHFFESE. MK S iTUEH, P BA%Emk
T BT AH TiO, WS 58S, JF HLRiE P B %IkIE
88, TiO, MRS FE R FE WG K. X —I%
EIRTTHI VAT 20 1) TiO, 2571 55 B2 B P 45 A2 S 2 W i
IOy KR 45 ANTT . AE 450~800 nm IR KT Fl A,
TiO, XGRS RE 7B P 45 4% B IR K 52 02 T 4 i
PR, EROX—4 R RN 1) 7 TBAMER

4
®) —P3s
—~  2r —P3p
T
£ -~ Ti4s
g 30r —Ti3p /|
) Ti 3d
wn /o — —
S o) — '
& 100F —O02s
& —02
501 P
'|/\ Lt TE— ! I R
-10-9 -8 -7 -6 5 -4 -3 2-10 1
Energy/eV
10
(d —P3s
_ sl —P3p
T 0
g Lol —Tids
3 ’ —Ti3p
) ; Ti3d/ |
o) C
g 100 —O02s
(=9}
N ERVAN . L

-109 8 -7 6 54 -3 -2 -1 0 1
Energy/eV

Fig. 4 Comparison of partial density of states (PDOS) of anatase TiO, doped with different P concentrations: (a) 1P-TiO,*;

(b) 2P-TiOy; (¢) 3P-TiOs; (d) 4P-TiO,
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Fig. 5 Absorption spectra of anatase TiO, doped with

different P concentrations
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