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Abstract: Th in ZnO film s w ere g rown on silicon ( 111) / sapph ire substrate v ia pu lsed laser deposition technique

and then som e o f the sam ples w ere treated w ith d ifferent rap id therm al annealing ( RTA ) cond itions, such as annea�

ling tem pera ture rang ing of 500 to 900 � and annealing amb ience( nitrogen and oxygen). F ina lly, these samp les

w ere character ized w ith X�ray d iffraction ( XRD ), X�ray photoe lectron spectroscopy ( XPS), IR and photo lum ines�

cence ( PL ), respectively. Itw as observed tha t the quality and the g ra in size o f thin ZnO film s increased after annea�

ling. M oreove r, at the sam e low er annea ling tem perature, the film s annealed under n itrog en am bience show ed better

qua lities and few oxygen vacanc ies than tho se annea led under oxygen amb ience. The exper im ent showed tha t the best

annea ling temperature under n itrogen amb ience w as 900 � and the optimum annea ling temperature under oxygen

amb iencew as 800 � . Furtherm ore, as oxygen vacanc ies decreased, stronger g reen photo lum inescencew as de tected,

possibly related to the contents of the oxygen vacanc ies.
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1� Introduction

ZnO is a w ideband�gap ( 3. 37 eV ) compound
sem iconductor w ith a large exc iton b ind ing energy

( 60meV ), w hich has been considered as the most

su itable mater ia l for UV dev ices when compared to

the thermal energy ( 26 m eV ) of room tempera�

ture
[ 1 ]
. M oreover, its exce llen t optoe lectron ic pro�

perties and high chem ical stability make it become

one of themost prom isingmaterials fo r optoelectronic

dev ices, includ ing display dev ices, UV�light em it�
ters, transparent power electronic devices, gas�sen�
sing senso rs, surface acoust icw ave ( SAW ) dev ices

and p iezoelectric transdu�cers[ 2] . Due to the in teres�

ting app licat ions, the PL properties o f ZnO need to

be stud ied thoroughly and num erous researchers

have attempted to grow h igh crystalline ZnO film s de�
posited on Siw afers. How ever, the larger latticem is�
match betw een ZnO and S i substrates has bu ilt up a

challenge to f in ish i.t Some researchers focused on

the improvement o f qua lity of the film by optim izing

the grow ing cond itions, such as deposit ion pressure,

deposition time, substrate temperature
[ 3]

and grow th

ambient. On the other hand, the annea ling treatm en t

is an effective technique to improve crystallin ity,

w hich is usua lly adopted in the conventional furnace

annea ling. The a lternative method is rapid therma l

annea ling. This techn ique facilitates themodeling o f
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the structure or the optical propert ies by contro lling

the heated temperature in seconds
[ 4]
. In order to in�

vest igate the structure and lum inescence o f ZnO, w e

prepared the film s w ith PLD and post�annea led it

under d ifferent temperatures and different amb iences.

The results to the relat ionsh ips betw een the structure

and photolum inescence of the film s and the annea ling

temperatures and amb iences are presented in this

paper. �

2� Experiments

Th in ZnO film s w ere grown on silicon ( 111 ) /

sapph ire substrate by PLD techn ique. Pu lsed K rF

laserw as operated at a w ave leng th of 248 nm and a

repetition rate o f 5Hz. The laser energy densityw as

250mJ/P. The targetw as a ceram ic ZnO target ( 1�in.
diameter, 99. 99% purity ). A substrate ho lderw as

placed at 50mm from the targe.t ZnO film s w ere de�
posited at substrate temperatures of 500 � for 30

m in in the partia l oxygen pressure of 0. 13 Pa. Ten

pieces of ZnO samples w ere cut from the as�deposi�
ted ZnO sample and w as d ivided into tw o groups.

Then the ZnO samples w ere transferred to the

RTP�500 rapid thermal predecessor and treated in

the ranges o f 500 � to 900 � for 60 s in oxygen

and the other group in nitrogen ( both w ith a purity

of 99. 99% and f lux at 2 L /m in) amb ience, respec�
t ive ly. During the annealing process, the rising rate

of the temperature w as kept at 60 � / s.

A ll the samp les w ere investigated by XRD sys�
tem (M odelM SAL�XD2, w ith CuK� of 1. 540 6 nm
and a power of 30 kV  30 mA ). To further study

the effect o f annealing amb ience on the structure,

selected samp les w ere analyzed by IR and XPS. In

add ition, optical properties o f the selected film sw ere

character ized by the PL m easurements, wh ich w ere

carried out at room temperature using aH e�Cd laser
as a light source at an excitation w avelength o f

325 nm.

3� Results and D iscussion

3. 1� Annealing Temperature

F ig. 1 and Fig. 2 show sXRD patterns of the as�
deposited and RTA�treated th in ZnO film s in the 2�

ranges o f 30!~ 40! at different temperatures and dif�
ferent annea ling amb ience, respect ively. As can be

seen from XRD pattern, these film s are a ll pure ZnO

film s w ith wurtzite�type structure show ing ( 002 )

peak. The crystallite size o f the samp les can be cal�
cu la ted using the fo llow ing Scherrer�s equation: D ∀

0. 9 /!cos�, where  is the X�ray w aveleng th, �,
the diffraction ang le and !, the va lue o f fu llw ave a t

ha lfm ax ium ( FWHM ) in radians. The FWHM, dif�
fraction ang le and grain size are illustrated in Table

1. It can be noticed tha t there is a decrease o f

FWHM ind icat ing the improvement of quality and a

better ( 002) orientation through annealing in n itro�
gen amb ience in temperature ranges of 500~ 900 �

and oxygen amb ience in temperature ranges o f 500~

800 � . W e be lieve that the improvement o f crystal�
lin ity is due to the rearrangement of ZnO atoms in

the film by the supp ly of suffic ient thermal energy.

Furthermore, the crystallin ity o f the film s increases

w ith the increasing post�annea ling temperature. A t

re latively high temperature to som e exten,t atom s on

surface have enough kine tic energy so that they can
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Table 1� The estimated param eters for the structure of ZnO /S i th in film s at d ifferen t annealing amb ience and

temperature�

RTA

tem pe rature

N2 am bience O2 amb ience

FWHM /nm Grain size /nm 2�/ ( !) FWHM /nm Gra in size /nm 2�/( !FWHM /nm Grain size /nm )

As�d epos ited 34. 261 0. 318 25. 84

500 � 34. 380 0. 294 27. 96 34. 26 0. 309 26. 60

600 � 34. 400 0. 291 28. 26 34. 40 0. 316 26. 02

700 � 34. 580 0. 259 31. 77 34. 52 0. 272 30. 24

800 � 34. 561 0. 248 33. 17 34. 60 0. 233 35. 31

900 � 34. 701 0. 239 34. 44 34. 64 0. 245 33. 59

move quick ly to low est energy sites and have better

qua lity. M oreover, at low temperatures, the film an�
nealed at N2 amb ience d isplays better qua lity than

that in O 2 amb ience at the same temperature, w hich

is consistent w ith the findings o f Dae�Kue Hwang�s
groups

[ 5]
. Moreover, the film s annealed under oxygen

amb ience show the best qua lity and the b iggest gra in

size at 800 � , w hich indicates that 800 � is the

opt imum annealing temperature for the film in th is

w ork, and this is consistent w ith M. Jung�s re�

search
[ 6]
. How ever, the crystal quality of th in ZnO /

S i film s m ight degenerate at annea ling temperature

900 � under oxygen ambience, wh ich cou ld be at�
tributed to the d iscrepancy betw een ZnO and S i sub�
strate during annealing, bo th the recrystallization

and the interdiffusion betw een ZnO layer and S i sub�
strate w ill be acce lerated

[ 4 ]
.

3. 2� AnnealingAmbience

To further investigate the e ffect of annealing

amb ience on the film s, IR stud ies are carried ou.t

F ig. 3 show s the IR spectra of the film s annea led at

900 � in oxygen and nitrogen amb ience, respec�
t ive ly.

F ig. 3 show s that the as�deposited ZnO film s

conta ins three absorption bands at approx ima tely

414, 614 and 1 108 cm
- 1
, w hich are typically ZnO

absorption attributed to bending vibration absorption

of Zn�O bond, loca l v ibration of substitu tiona l car�
bon in S i crysta l lattice and vibration absorption o f

S i�O bond, respectively
[ 7 ]
. It can be no ticed that

the absorption peak of Zn�O becomes stronger after

annea ling and theFWHM becomes narrow er, as clearly

F ig. 3� IR spectra o f as�depos ited and annea led th in ZnO

film s. The inset show s the c lea r Zn�O absorption

peak.

seen in transm ittance spectra, wh ich concurs w ith

XRD analysis. M oreover, ZnO absorpt ion peak

show s a red sh ift a fter annea ling, indicating the de�

crease of v ibration frequency ∀. A s ∀∃ k /m,

w here k is the constan t of Zn�O chem ical bond and

m =
m Znm O

m Zn +m O

we can conc lude that the decrease o f

indicates less ex istence of Zn�O bond. This may be

caused by the d issipat ion o f oxygen from the f ilm s.

N o peaks re lated to nitrogen have been detected, in�
dica ting the n itrogen on ly p lays as protect ing gas.

W e surm ise that the increase of gra in size is accom�
pan ied w ith the dissipation of oxygen. Due to the

oxygen ambience, the dissipation of oxygen is to

some extent inh ibited, the g ra in size is sma ller than

that annealed under n itrogen in the same temperature.

To further analyze the changes of oxygen during

annea ling under d ifferent cond itions, the XPS ana ly�
sis is performed to investigate the O1s core leve l

binding energy. The bind ing energy w as calibrated



616�� 发 � � 光 � � 学 � � 报 第 31卷

by taking carbon C1s peak ( 284. 6 eV) as reference.

In F ig. 4, the O1s can be fitted by tw o peaks

centered at ( 530 % 0. 15) eV ( O1 ) and ( 531. 9 %

0. 15) eV ( O2 ) . The O1 is a ttributed to O
2+

ion on

the w urtzite structure of hexagona l Zn
2 +

ion array,

surrounded by Zn atom s. TheO2 can be attributed to

the presence o f oxygen defic ient reg ions w ithin the

matrix o f ZnO. A fter annealing the ratio of O2 /O 1

decreased slight ly, indicating a decrease in oxygen

vacancies
[ 8]
. L ikew ise, the rat io increases a lot

after annea ling, indicating more oxygen vacanc ies

producing dur ing annea ling under bo th amb ience,

w hich concurred w ith IR analysis. Furthermore,

more oxygen vacanc ies ex ist in film annealed under

oxygen than that annealed under n itrogen.

F ig. 4� O1s peak fitted w ith tw o peaks for as�depo sited and

annea led thin ZnO film s

3. 3 � PL of ZnO Films Annealed at D ifferent

Ambience�

A s w e know, the orig in of the green photo lum i�
nescence of the ZnO film s is alw ays a controversy.

Generally, the green em ission is assumed to be

caused by different intrinsic defects in ZnO film,

such as oxygen vacancy, zinc vacancy and intersti�
t ial zinc

[ 9~ 11]
. A s far as this quest ion, spectra o f the

ZnO w ith different concentration of oxygen vacanc ies

are presented in F ig. 5, wh ich g ives another ev i�
dence for the relationsh ip betw een lum inescence and

oxygen vacanc ies. A s seen from the Fig. 5, the film

annea led under n itrogen amb ience show s w eak blue

and green photo lum inescence peaks located at 468

nm and 527 nm, respect ively, wh ile the film an�
nealed under oxygen amb ience has stronger peaks,

w hich may result from the increasing oxygen vacan�
cies. It could be concluded that the blue and green

pho tolum inescence is related to oxygen vacanc ies
[ 12, 13]

.

Furthermore, the UV photo lum inescence peaks

is close to the quality o f the film as the better�qua lity
ZnO annea led under nitrogen show s stronger peak

than tha t annealed under oxygen amb ience.

F ig. 5� PL spectra of thin ZnO film s annealed at 900 � un�

de r tw o oxygen and nitrogen amb ience

4� Conclusion

In summary, h ighly c�ax is�oriented thin ZnO

film s w ere grow n on S i( 111) w afers by PLD w ith

post�therm al annea ling under d ifferent ambience

using RTP. RTP treatment not on ly improved the

crysta llinity of the film bu t a lsom ade the oxygen dis�
sipate from the film, ind icating more oxygen

vacancies. Our experiment show ed that the optimum
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temperature for annea ling under oxygen ambience is

800 � and the best annea ling temperature under ni�
trogen amb ience is 900 � among the range o f 500~

900 � . In add it ion, more oxygen vacanc ies are

formed in the film s annea led under oxygen than that

in n itrogen amb ience at the annea ling temperature

900 � . Furthermore, it is conc luded that the green

photo lum inescence has c lose re lationsh ip w ith oxy�
gen vacancies through our experim ents. M ore experi�
men ts are underw ay to further investigate i.t
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退火温度及退火气氛对 ZnO薄膜的结构及发光性能的影响
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摘要: 采用脉冲激光沉积技术在 Si/蓝宝石衬底上制备了 ZnO薄膜, 结合快速退火设备研究了不同退火温度
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( 500~ 900 � )及退火气氛 ( N2, O2 )对薄膜的结构及其发光性能的影响。并优化条件得到具有最小半峰全宽

及最大晶粒尺寸的薄膜。X射线衍射 ( XRD )结果表明: 氮气氛下退火的 ZnO薄膜最佳退火温度为 900 � ;氧

气氛下退火的 ZnO薄膜最佳退火温度为 800 � 。红外 ( IR )光谱中, 退火后 Zn�O特征振动峰红移,说明在退

火过程中, 原子重新排布后占据较低能量位置; 同样的退火温度下, 氮气氛下退火的薄膜质量更优。同步辐

射光电子能谱 ( synchrotron�based XPS)分别表征了未退火及 N 2, O2下 900 � 退火的 ZnO薄膜, 分峰拟合结果

表明氧气氛下退火产生更多的氧空位。结构表征结合光致发光 ( PL )谱表明绿光的发光峰与氧空位有关。

关 � 键 � 词: ZnO薄膜; 快速退火; 光致发光 ; X射线光电子能谱; 氧空位
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