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Influence of Substrate Temperature on the Optical
Congtantsof ZnO Thin Fim Grown by LD
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Abstract: Sectroscopic ellipsmetry (SE) was employed o characterize ZnO thin fims prepared by pulsed laser
deposition (ALD) on Si (100) substrates at various tamperature of 400, 500, 600 and 700
(n) and extinction coefficients (k) of the ZnO filmswere calculated in the gpectral range of 400 800 rm for each

. The refractive indices

deposition teamperature by fitting the ellipsometic paraneters based on a three-layers digersion with Cauchy model It
was found that the optical constantswere significantly affected by the substrate temperature Through analyzing the
crystalline structures and surface momphologiesof ZnO thin films grown at different substrate temperature by XRD and
atomic forcemicroscopy (ARM) , regectively, 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, itwas sug-
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gested 600
line quality

might be the optimum deposition tanperature for groving dense ZrO filmswith high optical and crystal-
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1 Introduction

Zinc oxide isawide and direct band-ggp (3 3 &/)

- g@mioconductor material with excitonic binding
energy as large as60 meV.
of gpplications such as lar cells thin fims gas

It can be used in a variety

€enors and trangarent contacts because of its
digtinctive optical and . electrical propertieél‘zl.

Much work has been focused on the fabrication of
Zro thin film via different methods such asmolecu-
lar bean epitaxy >, ol-gel process® , magnetron

(%91 and metal

12]

putteringd®”" , pulsed laser deposition
organic chanical vapor deposition'*’ Among
these technologies H.D posseses of sme unique
advantages such as sbichiometric deposition, high

film quality due o the high energy of the laser, and
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flexibility o the substrate types It has been well
known that precise control o the paraneters such as
oxygen presaure, ubstrate type and substrate tem-
perature in LD growth is important 1o obtain high
quality ZnO film, and substrate temperature usually
plays a core ole Undoubtedly, ZnO has becane
much promising in optelectronic and optical appli-
cations such asUV detectors, shortwavelength laser
diodes (LDs) and light-amitting diodes (LEDS).

Therefore, the research on the optical properties of
Zro films ismuch demanded to pramoting itspracti-
cal applications Among all kinds of detection tech-
nologies, fectrosoopic ellipometry is already pro-
ven © be a non-destructive and sensitive technique
and has been used o analyze the optical properties
of ZrO film grown by various methods at different
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conditions such as RF-guttering at different oxygen
presuuré ®' | ALD at different growth tamperature on
glass substrate ™! and reactive uttering at different
oxygen partial pressuré™. However, up © now
there are fav studieson the influencesof Si aubstrate
tamperature on the optical constants of ZnO fims
grovn by ALD.

Herein, we gystamically investigated the influ-
ences of growth tamperature on the optical constants
of ZrO thin films grown by ALD on Si substrates
The optical constantsof the films are extracted by fit-
ting the ellipsmetic gectra with Cauchy model
The variation of the refractive index can be attributed
to the changesof the packing density of the ZnO thin
fim. The reaults indicated that 600  might be the
optmum growth temperature to obtain dense ZrnO
fimswith hamogeneous optical and crystalline qua-
lity Our reultswould be useful for exploiting the
goplications of ZnO fims grovn by ALD in opfo-
electronic devices

2 Experments

ZnO films were fabricated on Si (100) sub-
strates by using a KrF excimer plused-laser (L amb-
da Physik GOM PexPro 102, 248 rm, 150 mJ) abla-
tion of a sintered ceranic ZnO target prepared fram
the standard ceramic process The deposition condi-
tions are as follovs the repetition frequency of the
laser is 10 Hz, the background O, preswure is 16
Pa, the target b substrate distance is 50 mm, the
deposition tme is45 min, and the substrate tenpe-
rature are 400, 500, 600, and 700 , regectively

The crystalline structuresof ZnO thin fimswere
detected by X-ray diffraction (XRD, Rigaku D/
Max-B). The surface momphologieswere studied by
aomic force microscopy (ARVI, CSMM 4000 Being
Nan-InsrtumentsL td ).

The thickness and surface

of the fimswere investigated by scanning electron
microscopy (SEM, Sirion 200 FEI).
constants of the film were estimated by a rotating an-
alyzer ellipsmeter ( EPLLA-A Shanghai Fudan
Anzheng Energy Optical Nework Ca , LTD) in the
gectral range of 400 800 M. The incident angle
was fixed at 70°.

The optical

3 Reaults and D iscussion

Foectrosoopic ellipsmetry (SE) wasperfomed
to derive the optical constants and thickness of the
ALD zrO film. Two parameters related o the optical
and structure properties of the samples, W andA
were measured, which have the following relation-
ship:

p == = taW e (D) (1)

fs
where 1, and r, are the complex reflection coefficients
of the polarized parallel (p) and pemendicular ()
o the plane of incidence regpectively Based on the
previous reportson the ectrosoopic analysisof ZnO
fimd™*® " Cauchy model provided better pectral
fitting than that of the Selimeier digersion model
which is an enpirical model and assumes the extinc-
(*] " Therefore, Cauchy
model is adopted to fit the experimental gectrosco-
pic data in thiswork As shown in Fig 1, a three-
layer model, air/ZnO fiim/interfacial layer/Si sub-

tion coefficient (k) is zero

strate, was used © extract the optical constants of
the films
(100) , whose optical constantswere taken fram the
literature and not arrowved to vary during the fitting
The interfacial layer was effective medium gpp roxi-
mation layer, whichwasasamed o be a SO, layer.
ZrO fim layer isa hamogeneous layer and its rough-
ness is not taken into account Three phase Cauchy
digpersion model is given by:

In this model, aubstrate layer was Si

B, C,
nd) =A, e e
B C
kA ) = A +A—: +ﬁ (2)

where A, , B,, C,, A, B, and C, are the Cauchy

parameters and are determined fram fitting © the ex-

perimental ectra, A is the wavelength of the light,
Air

ZnO layer

Interfacial layer

1

Fig 1 Illustration of a three-layer model used in the Cauchy

model fitting
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n is the refractive index, k is the extinction coeffi-
cient The film thickness was then introduced as
another fitting paranmeter during the fitting procedure
and was olved independently. The quality of the fit-
ting was detemined by minimizing the weighted test
function, namely the mean-squared error (M SE)
defined by the L evenbergM arquardt algoritm'*’.

Fig 2 showvs the reaults of the fitting with Cauchy
model  the experimental data for 600
temperature
are very cloe © the expermental ectra The
thickness deduced fram the fitting is about 403 9
mim, which is in agreament with the value obtained
fram the closs-section SBM image (400 m, Fig 3),
uggesting that the fitting procedure used in this
work is reliable The n and k paraneters in the
Cauchy model are deduced o be A, =1 900 25,
B, =Q 000 132 nm’, G, =Q 006 05 M7, A, =3 0 X
10°°, B, =3 0x10° m’,C, =1 0x10°° m".

TheM SE was estimated © be Q0 15 The calcula-
ted optical constants n and k as a function of the
wavelength at different deposition tamperature of 400

700 are own in Fig 4(a) and (b), repectively.
It can be sen that n and k decrease in the ectral
range of 400 800 rm with the increasing wave-

ubstrate
It can be sen that the fitting rewults
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length k is very snall and near to zero for all the
sanples, suggesting ZrO fimsare trangarent in this
wavelength region'™’. Significantly, a clear depen-
dence of n on the substrate tamperature can be ob-
<rved from the pectra With the temperature in-
creasing from 400 t 500
then decreased at the tamperature range of 500 700

It is alo found that k at 500 is larger than
the values at other deposition tamperature

, n_increasd first, and

It is sug
gested that the variation of n is related o the chan-
ges of the packing density The packing density is
detemined by the grain size and grain boundary of
the ZnO films These tvo factbrs influence on the
packing density in an opposite way, that is the
large grain size can reault in the large packing densi-
ty whereas the large grain boundary can decrease the
packing density Thinkably, the lower n corregponds
o the lover packing density > %!,

In order o further study the dependence of n on
the substrate tanperature, the crystalline structures of
the ZrO thin fimswere detected by XRD, as ¢wn in
Fig 5 Only (002) and (004) peakswere observed in
the XRD patterns, indicating the preferential (002)
orientation of all the ZnO films Nevertheless, the
values of the full-width at half maximum (FVHM)
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Fig 2 The experimental and the fit( smulated by Cauchy model) ¥ andA on the ZnO thin film deposited at 600
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Fig 3 SEM ftop-view and crosssection (inset)
ZrO thin film deposited at 600
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Fig 4 The optical constants of the ZnO thin films deposited

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

(b) extinction coefficient(k).

of the (002) peaks are different at different growth
tamperature, as shown in Table 1
that the FWVHM at500  is snaller than others Ex-
ceptat500 , the FBVHM at700  is snaller than
that at 400 or 600 . We note that the RFAVHM
values are related © the average grain size of the

It can be seen

fims The snaller FWHM value usually corregponds
0 the larger grain sizé®'.

To evaluate the grain size and grain boundary of
the ZnO fims AFPM measuranents are carried out,
as shown in Fig & Obvioudy, the surface mompholo-
giesof the films change remarkably with the tenpera-

(002) 700 €
(002) 600 C
3 L (004)
= (002) 500
| (004)
(002) 400 C
(004)
20 30 40 50 60 70 80
20/(°)
Fig 5 XRD pattems of ZnO thin films deposited at
different tenperatures
Tablel PRNVHM of XRD (002) peaks of ZnO fim

deposited at different substrate tanperature

Substrate tamperature

) 500 600 700

FWHM 0 305° Q0 258° Q306° Q277°

ture increasing It isfound that the film deposited at
400 is composd 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 mixture of fine
grains and large grains © that the average grain size
ismuch large than that at 400 [Fig 6 (b) ],
which may repons © the snall FAVHM value at 500
. Due o the large grain size, the packing density
of the fiim at 500 is higher than that at 400
reaulting in the larger refractive index of the ZnO film
at500 [Fig 4(a) ]. Although the FWHM value
and the grain size of the film at 400 are amost
equal © that at 600 , their refractive indices are
very different From the Fig 6 (c), the grain boun-
dariesat 600  can be distinguished clearly, There-
fore, it is suggested the packing density of the film at
600 might be much snaller than that at 400
which is reponsible for its snaller refractive index
From the Fig 6(d) , the grain size of the film at 700
ismuch larger than that at 400 and 600
which is consistent with the FWVHM values Never-
theless, the fim at 700 alo shows large grain
Pacing and large surface roughness, which may re-
alt fram the column growth of the ZnO grains at this
tamperature As a reqult, the packing density at
700  is gnaller than that at other tanperature This
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Fig 6 ARV phase and three-dimensional imagesof ZrnO thin films deposited at different substrate temperatures (a) 400 ; (b)

500 ; (c)600 ; (d)700

may explains the gnallestn at 700 . On the other
hand, the snaller RMS correponds o the better
arface quality The grain size's rotmean-sjuare
(RM'S) valuesof the ZnO films obtained from A RV
arel5 2, 23 8, 6 5, 8 5 nm for 400, 500, 600,
700 ubstrate tamperature, regectively The
RM'S value at 500 are much larger than the
others, indicating the worse film quality The RM'S
value at 600 is gnallest as compared with the
reaults at other growth temperature

For optelectronic gpplications, film with high
structural and optical qualities ismuch desired  The
film quality is detemined by the surface roughness,
packing density, unifomity of the grain size, and
the optical properties such as refractive index Based
on our reaults, itissuggested that600  might be a
optimum temperature for LD ZnO film growth

4 Conclusion

ZrO thin films were deposited on Si (100)
aubstrate by ALD_at various temperature from 400
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