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Abstract: Spectroscop ic ellip sometry ( SE) was emp loyed to characterize ZnO thin film s p repared by pulsed laser

deposition ( PLD) on Si (100) substrates at various temperature of 400, 500, 600 and 700 ℃. The refractive indices

( n) and extinction coefficients ( k) of the ZnO film s were calculated in the spectral range of 400～800 nm for each

deposition temperature by fitting the ellip sometic parameters based on a three2layers dispersion with Cauchy model. It

was found that the op tical constants were significantly affected by the substrate temperature. Through analyzing the

crystalline structures and surface morphologies of ZnO thin film s grown at different substrate temperature by XRD and

atom ic force m icroscopy (AFM ) , respectively, the variation of the refractive index can be attributed to the changes of

the packing density of the thin film. After comparing the results obtained at different grown temperature, it was sug2
gested 600 ℃m ight be the op timum deposition temperature for growing dense ZnO film s with high op tical and crystal2
line quality.
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1　 Introduction

Zinc oxide is a wide and direct band2gap (3. 3 eV)

Ⅱ2Ⅳ sem iconductor material with excitonic binding

energy as large as 60 meV. It can be used in a variety

of app lications such as solar cells, thin film s, gas

sensors and transparent contacts because of its

distinctive op tical and electrical p roperties
[ 1, 2 ]

.

Much work has been focused on the fabrication of

ZnO thin film via different methods such as molecu2
lar beam ep itaxy

[ 3, 4 ]
, sol2gel p rocess

[ 5 ]
, magnetron

sputtering
[ 6, 7 ]

, pulsed laser deposition
[ 8, 9 ]

and metal

organic chem ical vapor deposition
[ 10～12 ]

. Among

these technologies, PLD possesses of some unique

advantages such as stoichiometric deposition, high

film quality due to the high energy of the laser, and

flexibility to the substrate types. It has been well

known that p recise control to the parameters such as

oxygen p ressure, substrate type and substrate tem2
perature in PLD growth is important to obtain high

quality ZnO film , and substrate temperature usually

p lays a core role. Undoubtedly, ZnO has become

much p rom ising in op toelectronic and op tical app li2
cations such as UV detectors, short wavelength laser

diodes (LD s) and light2em itting diodes (LED s).

Therefore, the research on the op tical p roperties of

ZnO film s is much demanded to p romoting its p racti2
cal app lications. Among all kinds of detection tech2
nologies, spectroscop ic ellip sometry is already p ro2
ven to be a non2destructive and sensitive technique

and has been used to analyze the op tical p roperties

of ZnO film grown by various methods at different
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conditions such as RF2sputtering at different oxygen

p ressure[ 13 ] , PLD at different growth temperature on

glass substrate[ 14 ] and reactive sputtering at different

oxygen partial p ressure
[ 15 ]

. However, up to now

there are few studies on the influences of Si substrate

temperature on the op tical constants of ZnO film s

grown by PLD.

Herein, we system ically investigated the influ2
ences of growth temperature on the op tical constants

of ZnO thin film s grown by PLD on Si substrates.

The op tical constants of the film s are extracted by fit2
ting the ellip sometic spectra with Cauchy model.

The variation of the refractive index can be attributed

to the changes of the packing density of the ZnO thin

film. The results indicated that 600 ℃ m ight be the

op timum growth temperature to obtain dense ZnO

film s with homogeneous op tical and crystalline qua2
lity. Our results would be useful for exp loiting the

app lications of ZnO film s grown by PLD in op to2
electronic devices.

2　Experiments

ZnO film s were fabricated on Si ( 100 ) sub2
strates by using a KrF excimer p lused2laser (Lamb2
da Physik COMPexPro 102, 248 nm, 150 mJ) abla2
tion of a sintered ceram ic ZnO target p repared from

the standard ceram ic p rocess. The deposition condi2
tions are as follows: the repetition frequency of the

laser is 10 Hz, the background O2 p ressure is 16

Pa, the target to substrate distance is 50 mm, the

deposition time is 45 m in, and the substrate tempe2
rature are 400, 500, 600, and 700 ℃, respectively.

The crystalline structures of ZnO thin film swere

detected by X2ray diffraction ( XRD, R igaku D /

Max2rB ). The surface morphologies were studied by

atom ic force m icroscopy (AFM , CSPM4000 Being

Nan2Insrtuments L td. ). The thickness and surface

of the film s were investigated by scanning electron

m icroscopy ( SEM , Sirion 200 FE I). The op tical

constants of the film were estimated by a rotating an2
alyzer ellip someter ( EP ILLA2A Shanghai Fudan

Anzheng Energy Op tical Network Co. , LTD ) in the

spectral range of 400～800 nm. The incident angle

was fixed at 70°.

3　Results and D iscussion

Spectroscop ic ellip sometry ( SE) was performed

to derive the op tical constants and thickness of the

PLD ZnO film. Two parameters related to the op tical

and structure p roperties of the samp les, Ψ andΔ,

were measured, which have the following relation2
ship:

ρ =
rp
rs

= tanΨexp ( iΔ) (1)

where rp and rs are the comp lex reflection coefficients

of the polarized parallel (p ) and perpendicular ( s)

to the p lane of incidence respectively. Based on the

p revious reports on the spectroscop ic analysis of ZnO

film s[ 15, 16 ] , Cauchy model p rovided better spectral

fitting than that of the Sellmeier dispersion model

which is an emp irical model and assumes the extinc2
tion coefficient ( k ) is zero

[ 17 ]
. Therefore, Cauchy

model is adop ted to fit the experimental spectrosco2
p ic data in this work. A s shown in Fig. 1, a three2
layer model, air /ZnO film / interfacial layer/Si sub2
strate, was used to extract the op tical constants of

the film s. In this model, substrate layer was Si

(100) , whose op tical constants were taken from the

literature and not arrowed to vary during the fitting.

The interfacial layer was effective medium app roxi2
mation layer, which was assumed to be a SiO2 layer.

ZnO film layer is a homogeneous layer and its rough2
ness is not taken into account. Three phase Cauchy

dispersion model is given by:

n (λ) = An +
B n

λ2 +
Cn

λ4

k (λ) = Ak +
B k

λ2 +
Ck

λ4 (2)

where An , B n , Cn , Ak , B k and Ck are the Cauchy

parameters and are determ ined from fitting to the ex2
perimental spectra, λ is the wavelength of the light,

Fig. 1　 Illustration of a three2layer model used in the Cauchy

model fitting
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n is the refractive index, k is the extinction coeffi2
cient. The film thickness was then introduced as

another fitting parameter during the fitting p rocedure

and was solved independently. The quality of the fit2
ting was determ ined by m inim izing the weighted test

function, namely the mean2squared error (MSE )

defined by the Levenberg2Marquardt algorithm [ 18 ] .

Fig. 2 shows the results of the fitting with Cauchy

model to the experimental data for 600 ℃ substrate

temperature. It can be seen that the fitting results

are very close to the experimental spectra. The

thickness deduced from the fitting is about 403. 9

nm, which is in agreement with the value obtained

from the cross2section SEM image (～400 nm, Fig. 3) ,

suggesting that the fitting p rocedure used in this

work is reliable. The n and k parameters in the

Cauchy model are deduced to be: An = 1. 900 25,

B n =0. 000 132 nm
2
, Cn = 0. 006 05 nm

2
, Ak = 3. 0 ×

10
- 6

, B k = 3. 0 ×10
- 6

nm
2

, Ck = 1. 0 ×10
- 6

nm
2
.

The MSE was estimated to be ～0. 15. The calcula2
ted op tical constants n and k as a function of the

wavelength at different deposition temperature of 400～

700 ℃ are shown in Fig. 4 (a) and (b) , respectively.

It can be seen that n and k decrease in the spectral

range of 400 ～800 nm with the increasing wave2

length. k is very small and near to zero for all the

samp les, suggesting ZnO film s are transparent in this

wavelength region[ 19 ] . Significantly, a clear depen2
dence of n on the substrate temperature can be ob2
served from the spectra. W ith the temperature in2
creasing from 400 to 500 ℃, n increased first, and

then decreased at the temperature range of 500～700

℃. It is also found that k at 500 ℃ is larger than

the values at other deposition temperature. It is sug2
gested that the variation of n is related to the chan2
ges of the packing density. The packing density is

determ ined by the grain size and grain boundary of

the ZnO film s. These two factors influence on the

packing density in an opposite way, that is, the

large grain size can result in the large packing densi2
ty whereas the large grain boundary can decrease the

packing density. Thinkably, the lower n corresponds

to the lower packing density[ 15, 20, 21 ] .

In order to further study the dependence of n on

the substrate temperature, the crystalline structures of

the ZnO thin filmswere detected by XRD, as shown in

Fig. 5. Only (002) and (004) peakswere observed in

the XRD patterns, indicating the p referential (002)

orientation of all the ZnO film s. Nevertheless, the

values of the full2width at half m axim um ( FW HM )

Fig. 2　The experimental and the fit ( simulated by Cauchy model) Ψ andΔ on the ZnO thin film deposited at 600 ℃
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Fig. 3 　SEM top2view and cross2section ( inset) images of

ZnO thin film deposited at 600 ℃

Fig. 4　The op tical constants of the ZnO thin film s deposited

at different temperatures: ( a) refractive index ( n ) ;

( b) extinction coefficient( k).

of the ( 002) peaks are different at different growth

temperature, as shown in Table 1. It can be seen

that the FWHM at 500 ℃ is smaller than others. Ex2
cep t at 500 ℃, the FWHM at 700 ℃ is smaller than

that at 400 ℃ or 600 ℃. W e note that the FWHM

values are related to the average grain size of the

film s. The smaller FWHM value usually corresponds

to the larger grain size
[ 22 ]

.

To evaluate the grain size and grain boundary of

the ZnO film s, AFM measurements are carried out,

as shown in Fig. 6. Obviously, the surface morpholo2
gies of the film s change remarkably with the tempera2

Fig. 5 　 XRD patterns of ZnO thin film s deposited at

different temperatures

Table 1 　 FW HM of XRD ( 002 ) peaks of ZnO f ilm

deposited a t d ifferen t substra te tem pera ture

Substrate temperature

(℃)
400 500 600 700

FWHM 0. 305° 0. 258° 0. 306° 0. 277°

ture increasing. It is found that the film deposited at

400 ℃ is composed of fine grains and the grains

pack together tightly [ Fig. 6 ( a) ] , which makes the

grain boundaries cannot be distinguished easily.

However, the film at 500 ℃ is the m ixture of fine

grains and large grains so that the average grain size

is much large than that at 400 ℃ [ Fig. 6 ( b ) ] ,

which may response to the small FWHM value at 500

℃. Due to the large grain size, the packing density

of the film at 500 ℃ is higher than that at 400 ℃,

resulting in the larger refractive index of the ZnO film

at 500 ℃ [ Fig. 4 ( a) ]. A lthough the FWHM value

and the grain size of the film at 400 ℃ are almost

equal to that at 600 ℃, their refractive indices are

very different. From the Fig. 6 ( c) , the grain boun2
daries at 600 ℃ can be distinguished clearly. There2
fore, it is suggested the packing density of the film at

600 ℃ m ight be much smaller than that at 400 ℃,

which is responsible for its smaller refractive index.

From the Fig. 6 ( d) , the grain size of the film at 700

℃ is much larger than that at 400 ℃ and 600 ℃,

which is consistent with the FWHM values. Never2
theless, the film at 700 ℃ also shows large grain

spacing and large surface roughness, which may re2
sult from the column growth of the ZnO grains at this

temperature. A s a result, the packing density at

700 ℃ is smaller than that at other temperature. This
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Fig. 6　AFM phase and three2dimensional images of ZnO thin film s deposited at different substrate temperatures ( a) 400 ℃; ( b)

500 ℃; ( c) 600 ℃; ( d) 700 ℃.

may exp lains the smallest n at 700 ℃. On the other

hand, the smaller RMS corresponds to the better

surface quality. The grain sizeπs root2mean2square

(RMS) values of the ZnO film s obtained from AFM

are 15. 2, 23. 8, 6. 5, 8. 5 nm for 400, 500, 600,

700 ℃ substrate temperature, respectively. The

RMS value at 500 ℃ are much larger than the

others, indicating the worse film quality. The RMS

value at 600 ℃ is smallest as compared with the

results at other growth temperature.

For op toelectronic app lications, film with high

structural and op tical qualities is much desired. The

film quality is determ ined by the surface roughness,

packing density, uniform ity of the grain size, and

the op tical p roperties such as refractive index. Based

on our results, it is suggested that 600 ℃m ight be a

op timum temperature for PLD ZnO film growth.

4　Conclusion

ZnO thin film s were deposited on Si ( 100 )

substrate by PLD at various temperature from 400～

700 ℃. By using Spectroscop ic ellip sometry, the

op tical constants of the ZnO film s were extracted by

fitting the ellip sometric spectra with Cauchy model.

The influences of the substrate temperature on the

op tical constants were system ically investigated. Ac2
cording to the crystalline structures measured by

XRD and surface morphologies detected by AFM ,

the changes in the op tical constants at different

growth temperature have been further discussed. W e

found that the refractive index is dependent on the

packing density of the ZnO thin film. The lower n

corresponds to the lower packing density. Signifi2
cantly, the packing density is a combined result of

the grain size and the grain boundary. Our results

demonstrate the possibility to control the op tical

p roperties by varying the substrate temperature. On

the other hand, homogeneous ZnO film with high

structural and op tical qualities is obtain at the growth

temperature of 600 ℃. These results could be im2
portant to exp loit the op toelectronic app lications of

ZnO film s.
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基片温度对 PLD制备 ZnO薄膜光学常数的影响

于永强 , 梁　齐 , 马渊明 , 仇旭升 , 章　伟 , 揭建胜 3

(合肥工业大学 应用物理系 , 安徽 合肥　230009)

摘要 : 光谱椭偏仪被用来研究用脉冲激光沉积方法在 Si(100)基片上 ,温度分别为 400, 500, 600, 700 ℃制备

的 ZnO薄膜的特性。利用三层 Cauchy散射模型拟合椭偏参数 ,计算了每个温度下制备的 ZnO薄膜在 400～

800 nm波长范围内的折射率 ( n)和消光系数 ( k)。发现基片温度对光学常数有很大的影响。通过分析 XRD

表征的晶体结构和 AFM表征的薄膜表面形貌 ,发现折射率的变化归因于薄膜堆积密度的变化。为了获得具

有较好的光学和薄膜质量的 ZnO薄膜 ,相比与其他沉积温度 600 ℃或许是最佳的沉积温度。

关 　键 　词 : 光谱椭偏仪 ; PLD; 氧化锌 ; 光学常数
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