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Abstract

The effects of post-annealing temperature on the optical and electrical properties of P-doped ZnO thin films grown on

sapphire substrate have been investigated under oxygen ambient. The XRD shows that regardless of the post-annealing
temperature , all P-doped ZnO thin films indicate the c-axis orientation. The results of hall effect measurements indicate
the P-doped ZnO thin film annealed at 850C exhibits p-type behavior with hole concentration of 1.18x1016cm™ and hole
mobility of 096cm™/Vs. The low-temperature (10K) photoluminescence results reveal that the peak related to the
neutral-acceptor exciton (AQX) , free electrons to neutral acceptor (FA) and donor acceptor pair (DAP) at 3.351eV, 3.283V
and 320leV are observed in the films showing p-type behavior with acceptor. The optimization of deposition and
post-annealing conditions will certainly make the P-doped ZnO thin films promising materials for the application to the
next generation of optical devices.
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glul o
= LS

Aot} ZnO hexagonal T-Z2MX, (002) o]
02 "Heog Adggor e oquxg 7txa ¢

==X H 46 # SD H

(127)

H2z 11
12 ; 10
@w | ntype = i ptype | ntype g
H 0
NZ 10 | ‘©
5 3
N’ 8-—
= S
8 st i1 £
=
QD 4+ c
e Q
@© (@]
© 2 s 8
A— A =
0 | 1 L | ; | 0.1 8
700 750 800 850 900
Annealing Temperature (°C)
a2l 5 FH XMl REo uE P ZEHE ZnO gete
MY E4
Fig. 5. The electrical properties of P-doped ZnO thin
flms as a function of post-annealing
temperatures.
AAFEC] (002) WEoz 4 wiskstA

e vt A metallic Zny P
S das vehR gt
a8 48 BTAA +4 At P =94 ZnO vt
o] AFM 24 A5 e Folth. 17 494
o, HlmA nE FHIFHNE Yeplor ojue
A7 e 490nm=E EFA = AT
I¥ 58 650TY 718 £E2 AZE P &S

€ ZnO
ahnke dxg &9g W Aol E oF

=
A=

van der Pauw$ 0.2 243 A9E Jehd Zolo}
AubE o7 7n0 Wt At FFH HAYE Zn u
ol n & A=AE vehl, W7A A=A AR
FES #Eol kil €A ek ATelAME pd A
TEAS /HAE Zn0 HEhE AFer] fE PrF =3
g dhs AR & $4 HgE sk 289 5
oA B5o] P =39 Zn0 ¥ute 39 X7 2%}
700C~800TQ A% e oJ¥3] n § Axds v
ERfgiE) ol FE AHE =7 Skl et Zn-0

o Agto] ofHARRE Zn09 a7t =RA FHEst
7] wjEolttf ojmel A AjEle] BEE 384x
10%m A 699x10%m™, A=t ©o]FEE 0.79%em’
NsAlA 106ecm?/Vs el #91E Jehgich 234y
80T §4 A LxdAe P 97 S83] dHo=
24s5o) AMHEA ZFgad o’ mad n¥
WS Hold voto] pPog WAHE g B

om, olmje] & Af2do} Fkg & olvk=

2
na

= 27}

R=

1



12

3.191eV{DAP) /

3.361eV4{D"X)

PL Intensity(arb.units)

360 200
Wavelength(nm)
(@

360 420

'(Fxs) 351eV4{A’X)

N

3.283eV-{FA)
/ 3.201eV-DAP)

3.021eV-DB)

/

PL Intensity(arb.units)

400

380
Wavelength(nm)
(b)

360 420

J8 6 P TEE ZnO wate] M2 PL (10 K) spectra
(@ ZxM2l ™ (b) 850C B2l ¥

10K PL spectra of P-doped ZnO thin films.

(a) as—grown and {b) annealed at 850C.

Fig. 6.

1.18x10%em>7 096cm’/VsolQth. dxa X7 90

0CZ2 F718lY, 2 2% wEd Atirl 2z 24
3 vl Eo] JAH FEE dolMr] g AxAe]

Al ng o2 Hgsle AS £ 4 gt o|2RE 9
gl A71H Aol $EAEY &9 il B 97
& wevde 348 ¢ 5 o

I3 62 p-type Zn0 ¥Hute] B8ty E4 S 2AE)
#s) A2 PL (10K)< 54¢ 235 Yehd Aolrh

7|92+ He-Cd #lolA (3265nm)E AHE-3stith
a9 6lae 54 A A9 P =3€ ZnO w9te] PL
£4& Yed Ao, Po} A#d ¥zt 319%VeY
3351leVellX YEhgth o] 2zt donor-acceptor pair
(DAP)$} neutral acceptor bound exciton (A’X) YFERU]
£ #3olth B3 n¥ 54E YEE donor- bound

Y M2 RF ¥ OE phosphorus doped ZnO &

(128

el
o
4o

oto] FI|H U

9 FEH Y

[= e}

exciton emission (D°X) ¥ =7} 3.361leVelA Webstth
ol A9 ZnO uretE AL PLAA SAYS o, Wl
A2 BEgEolv AFEZHEH AME = g A

Yok 23 6(b)E 850TOlH £ APE
28 A" pd Zn0 B 2H n¥H #AHH F3e
VehR] 9kgton 3384eVelA free exciton (FX) 3]
azk 714 A8t p S48 Ushiie s2E9
3.35leV, 3283V, 320leVolA veiston, ol 2tz
neutral acceptor bound exciton (A%X), free electrons
to neutral acceptor (FA),
recombination (DAP) H3E&
Fd Ao e FAE Zn TF
deep blue (DB) ¥ A% 3.02eV S NA

oz 7 &

donor acceptor pair
oJulst Aol E,
LESIEZ LR
A=A

V.4 &2

2 dFoXE PLD Ho2 P £3% ZnO WHhe A
ZHg & Abx B9UldlA 39 A 2E7F et A
718 L B3 EAo uA= G daiA 2AB
th. P 239 7Zn0 WHLEL $§ Ag Lxd F#H3
A ¢ wgde deilEe 002) J329e Jehidoh
AFM & %3 wtot g3 gelstAm, awe] ¥
W AA7]E 490nmAth P Zn0 kg 850°C
A g AHg A, b g3 BAEHAS P d
A7k B2 ZgaA ol p Y] AE 54E Kol
B olhe & A FEe F ol¥me 44
118x1016cm3:+ 096cm’/Vsd #& Jeht. AL
L & o] &3te] B8t EAE 2AME A7, 850TAA
i*a A2l whake] Z$ p¥ SAF #EdE AKX
(3.351eV), FA (3283eV) 2 DAP (320leV) 97} #
ZH Q) |28, £4E Ag AFE A A
ol P & 843 AAZ2EA p¥ ZnO S AR
T ALE ¢ F Ak
g5 P =3F Zn0 ¥ete] 33 27A% 39 A9
A& HAs A9, A FiaAd 88 F
E ¢ FEe A5 FEESE JAOE Jddrt

A

__l_

(00:
s

1o
=
=34

=
[}

A ™=

128

[

o

=
(L

[1] Dae-Kue Hwang, Min-Suk Oh, Yong-Seok Choi,
and Seong-Ju Park, “Effect of pressure on the
properties of phosphorus—doped p-type ZnQO thin



20098 28 MBS ==X M 46 H SDHAH 2 5 13

films grown by radic frequency-magnetron
sputtering”, Appl. Phys. Lett, Vol.92, pp.161109,
2008.

[2] Dae-Kue Hwang, Min-Suk Oh, Jae-Hong Lim,
and Seong-Ju Park, “ZnO thin films and
light-emitting diodes”, J. Phys. D: Appl. Phys,
Vol.40, pp. R387-R413, 2007.

[3] Veeramuthu Vaithianathan, Byung-Teak Lee,
and Sang Sub Kim, “Pulsed-laser—deposited
ptype ZnO films with phosphorus doping”, J.
Appl. Phys. Vol.98, pp.043579, 2005.

[4] Yu-Jia Zeng, Zhi-Zhen Ye, Wei-Zhong Xu,
Lan-Lan Chen, Dan-ying Li, Li-Ping Zhuy,
Bing-Hui Zhao, and Ying-Lin Hu, “Realization
of p-type ZnO films via monodoping of Li
acceptor”, J.Cryst. Grwoth. Vol. 283, pp.180-184,
2005.

[5] L. P. Dai H. Deng , F. Y. Mao and J. D. Zang,
“The recent advances of research on p-type
ZnO thin film”, J Mater Sci: Mater Electron,
Vol.19, pp.727-734, 2008.

[6] J. L. Zhao, X. M. Li, J. M. Bian, W. D. Yu, and
C. Y. Zhang. “Growth of nitrogen—-doped p-type
Zn0O films by spray pyrolysis and their electrical
and optical properties”, J. Crystal. Growth. Vol.
280, pp. 495-501. 2005.

[71 GDu, YMaY. Zhang, T.Yang, “Preparation of
intrinsic and N-doped p-type ZnO thin films by
metalorganic vapor phase epitaxy”, Appl, Phys.
Lett, Vol.87, pp.213103, 2005.

[8] D.CLook, GMRenlund, RH. Burgener and JR.
Sizelove, “As~doped p-type ZnO produced by an
evaporation/sputtering process”, Appl. Phys. Lett,
Vol. 8, pp.5269-5271, 2004.

[9] Dae-Kue Hwang, Hyun-Sik Kim, Jae-Hong Lim,
Jin-Yong Oh, Jun-Ho Yang, Seong-Ju Park and
Kyoung-Koock Kim, “Study of the
photoluminescence of phosphorus—-doped p-type
Zn0 thin films grown by radio-frequency
magnetron sputtering”, Appl. Phys. Lett. Vol. 86,
pp. 151917, 2005.

[10]A. I ALC. H Kim, J. H Cho and Bog G
Kim, “Growth and Characterization of ZnO:Al
Thin Film Using RF Sputtering for Transparent
Conducting Oxide”, JKorean. Phys. Soc. 49,
$662, (2006).

[111ZY. Ning, SH. Cheng, SB. Ge, y. Chao,
Z2Q.Gang,Y X. Zhang, Z.G. Liu, “Preparation and
characterization of ZnO:Al films by pulsed laser
deposition”, thin solid films, 307, pp.50-53 (1997).

[12] A. Martin, J.P. Espinos, A. Justo, J. P. olgado,

F. Yubero, AR. Gonzalez-Elipe, “Preparation of
transparent and conductive Al-doped ZnO thin
films by ECR plasma enhanced CVD,
urface&coatings  technology,  151-152,  pp.
280-293, (2002).

[13] Soon-Jin So and Choon-Bae Park, “Diffusion of
phosphorus and arsenic using ampoule-tube
method on undoped ZnO thin films and electrical
and optical properties of P-type ZnO thin
films.”, Journal of Crystal Growth, Vol.285,
pp.606-612, 2005.

[14] Chongmu LEE, Jongmin LIM, Suyoung PARK
and Hyounwoo KIM, “Growth of nitrogen-doped
p-type ZnO thin films prepared by atomic layer
epitaxy, Rare Metals,Vol.25, pp.110-114, 2006.

(151 B.J.Jin, SHBae, S.YIlee and SIm, “Effects on
native defects on optical and electrical properties
of ZnO prepared by pulsed laser deposition”,
mater. scieng. B, Vol.71, pp.301-305, 2000.

[16]K. K Kim. HS. Kim, DK Hwang, JH Lim
and S.J. Park, “Realization of p-type ZnO thin
films via phosphorus doping and thermal
activation of the dopant”, Appl. Phys. Lett. Vol
83. pp. 63-65. 2003.

[171D.K. Hwang, M.S. Oh, JH. Lim, C.G. Kang, and
S.J. Park, “Effect of annealing temperature and
ambient gas on phosphorus doped p-type ZnQO’.
Appl. PhysLett, Vol90, pp021106, 2007.

[18] I.D. Ye, SL.Gu, SM. Zhu, F.Qin, SM. Liu, W.
Liu, X. Zhou, L.Q. Hu, R. Zhang, Y. Shi, And
YD. Zheng, “production of high-quality ZnO
films by the two-step annealing method”, J.
Appl. Phys, Vol 96, pp5308, 2004.



14 £ AM2| 2% Ha0| OE phosphorus doped ZnO BHEIQ| FI|N 2 Zety &4 #E? <

x x4 7Y

A2 (Post Doc.)
20008 ~&A A Agdzw Hdr] 2 H=AE
<F AR Uk WA FA, ZAG o
AR, bR by g4

LA
ﬁ

ox

i H B o o
ol & ol £ fob

RC/R R e

=T
Hoe ©oR T

o
o

A}

iy

.

¢
=

¢

Py
=

AR 4.

Univ. Southern California

Ak whAl £<1.

198713 ~19884 Oklahoma State University
o

198813 ~1989'd UCLA Device Research Lab.
Niluatal

1989 ~1992x1 A d#F 7] Sub Ao F+ 4
FAAFY

19923 ~ A Asthetn A3 eI
<F#4Eob 1 ULSI DRAM & $13 A23 7)

W, ARAA ¥, Pyroelectric A, SAW

device>

(130)



