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Abstract 

Thin ( ~ 1/xm) crystalline ZnO films with a good optical quality and a good (0002) texture are grown under two considerably 
different process parameter sets using a r.f. planar magnetron sputtering unit. The optical parameters of the two corresponding 
ZnO layers are distinctly different: high refractive index ( - 2.0 at A = 632.8 nm) ZnO films resembling the single crystal form, 
and ZnO films with considerably lower (typical difference 0.05) refractive indices. The refractive index of the latter ZnO layers 
is adjustable ( ~  1.93-1.96 at A = 632.8 nm) through the process deposition parameters. It is shown that the difference in 
refractive index between the two ZnO types most probably results from a difference in package density of the crystal columns. 
The optical waveguide losses of both ZnO types are typically 1-3 dB/cm at A = 632.8 nm, however the low refractive index 
ZnO layers need a post-deposition anneal step to obtain these values. The two ZnO types are used to fabricate optical channel- 
and slab waveguides with small refractive index differences. 

1. Introduct ion 

Zinc oxide (ZnO) offers many possibilities when 
used in thin film technology. It can easily be deposited 
at moderate temperatures on several substrates includ- 
ing silicon. Its (relatively large) electro-mechanical 
properties makes it particularly useful in surface acous- 
tic wave (SAW) devices [ 1,2] and micro mechanics 
[3,4]. Furthermore because of  its transparency for 
wavelengths between 400 nm and (at least) 2 Ixm and 
its electro-optical and elasto-optical properties, ZnO is 
an interesting material for application in integrated 
optical devices. Use of  silicon wafers as substrates for 
the integrated optical thin film system provides the 
possibility of  monolithic integration of  acoustic devices 
with integrated optics ( IO) and electronics, that is 
missing in the generally applied LiNbO3 acousto-opti- 
cal devices [5,6]. Despite this device flexibility, ZnO 
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has only little applications in the integrated optics field. 
A reason for this could be the relatively large attenua- 
tion values for optical modes in (sputtered) ZnO lay- 
ers, which are typically 1 dB/cm [7,8] : however, it is 
possible to strongly reduce this by laser annealing [ 9] 
to values as low as 0.01 dB/cm. More important could 
be the difficulties in the fabrication of  single-mode 
waveguides in ZnO, which is caused by the high refrac- 
tive index contrast between ZnO and the most often 
used substrate material, silicon dioxide (SiO2). This 
large index difference does not only require small chan- 
nel dimensions, but also leads to optical mode field 
distributions which are not compatible with that of  a 
standard single mode fiber. This results in a very low 
efficiency of  the transfer from fibers to the IO system. 

For improving this fiber to chip coupling higher 
refractive index materials should be applied as cover 
and substrate layers, In general, this strongly degrades 
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the effects of the electro-optical and acousto-optical 
properties of the IO system however. This dilemma can 
be solved if ZnO films with different values of refrac- 
tive index could be obtained. We found that this could 
be achieved by varying the process parameters of the 
planar magnetron sputtering process used for the dep- 
osition of the ZnO layers. The deposition process is 
optimized with respect to the boundary conditions 
stemming from the IO application, i.e. low optical 
attenuation and good thickness uniformity. Finally we 
were able to determine two parameter sets: one in which 
the optical parameters of the ZnO layer resemble those 
of single crystals (refractive indices at wavelength 
h = 632.8 nm approximately 2.00), and one in which 
the refractive indices are much lower and even adjust- 
able to a certain extent (1.93 to 1.96). For obtaining 
more knowledge about the origin of these refractive 
index differences, the two types of ZnO are then studied 
in more detail using refractive index dispersion meas- 
urements, transmission spectroscopy, X-ray diffraction 
(XRD), scanning electron microscopy (SEM) and 
transmission electron microscopy (TEM). From these 
characterization methods conclusions will be drawn 
upon the crystallinity of the ZnO films and the nature 
of the differences (a difference in package density) 
between them. Finally several applications combining 
the two ZnO types will be discussed. 

2. Experimental 

2.1. Sputter deposition of ZnO 

The ZnO layers were deposited on thermally oxi- 
dized monocrystalline silicon wafers (Wacker, 3 inch 
diameter, thickness 0.4 mm) and quartz (suprasil, 1 
inch diameter, thickness 1 mm) as substrate material. 
The oxidition occurs in water vapour using a conven- 
tional resistance heated furnace set at a temperature of 
1150°C for 800 minutes, resulting in a 2 txm thick SiO2 
layer. 

We deposited our ZnO films using a r.f. planar mag- 
netron sputter unit [8]. The metallic Zn target 
(99.999%) with a diameter of 6 inch is reactively sput- 
tered using 99.999% pure oxygen (02).  The residual 
gas pressure before sputtering is about 3 × 10 -5 Pa. 
The oxygen pressure Po2 during sputtering can be var- 
ied between 0.5 Pa and 10 Pa. The substrate is clamped 

in a substrate holder which is placed above the target 
at a distance dt-s. This distance can be varied between 
3 and 10 cm. The substrate holder and therefore also 
the substrate can be heated by means of an ohmic coil 
to temperature Ts which is varied between 125 and 
590°C. The applied r.f. power PRF, which is coupled to 
the target by means of a manually operated matching 
network, can be varied between 600 and 1800 Watt. 
All four mentioned process parameters (Pov dt-s, Ts 
and PRF) were varied in the experiments. 

After removal from the vacuum chamber, it is pos- 
sible to give the wafers an additional annealing step 
[ 10]. This post-deposition anneal step is done in ambi- 
ent atmosphere in a resistance heated oven, at a tem- 
perature of 400 and/or 450°C. 

2.2. Characterization 

The structural properties of ZnO strongly determine 
the optical (as well as the electrical) properties of the 
ZnO films [ 11 ]. By checking the optical characteristics 
of the films, a qualitative impression of the ZnO layers 
can therefore be obtained. A quick impression of uni- 
formity of the ZnO films can be obtained from ellip- 
sometry (apparatus: Plasmos). More accurate data on 
thickness and refractive index are derived by using the 
prism coupling method [ 12] applying a rutile prism. 
In this way also the refractive index dispersion can be 
measured, using more wavelengths. Using the Kra- 
mers-Kronig relations, this can also be calculated from 
the transmission spectrum of the layers. This transmis- 
sion is measured (apparatus: Shimadzu) in the range 
of 190 nm to 3200 nm, using the quartz as substrate. 

It should be noted that besides the refractive indices 
also the ZnO waveguide optical losses vary with wave- 
length, mainly due to the intrinsic absorption of ZnO 
(see Section 3.2) and to the reduction of the effects of 
light scattering at larger wavelengths. For measuring 
the optical losses of the films acting as the slab wave- 
guides both the "eye sensitivity rule" (for determining 
the higher attenuation values) and the scanning pho- 
todiode method are used [ 13,14]. 

To obtain a more detailed impression of the effects 
of sputter-deposition parameters and post-deposition 
annealing on the structural properties of the ZnO films, 
we performed X-ray diffraction measurements on sev- 
eral of the available samples. With XRD it is possible 
to obtain information on crystallographic symmetry, 



R.G. Heideman et al. / Optical Materials 4 (1995) 741-755 743 

texture and strain (both residual- (macro-) and micro 
strain). The apparatus (Philips) uses a copper (Cu) 
source (A~,=0.15406 nm, (A~,=0.154439 nm) 
with a Ni-filter. By using 0-20 scans the crystallo- 
graphic symmetry can be determined. The texture of 
the films is revealed by using both the 0-20 scans and 
the rocking curves ( 0-scan at fixed 20 value). While 
comparing the peak position in the 0-20 scan with that 
of a perfect crystal, the residual strain in the layers can 
be determined, while local lattice distortions (micro- 
strain) can be calculated from the line-broadening of 
this scan. 

Structural information can also obtained with scan- 
ning and transmission electron microscopy (SEM and 
TEM, respectively). Furthermore, with SEM it is pos- 
sible to obtain additional details about film structure 
such as surface roughness, initial layer information, and 
the dimensions of the ZnO columns. Even smaller 
details such as (ir)regularities of the crystal and its 
columnar boundaries can be made visible using TEM. 

3. Results and discussion 

3.1. Thickness uniformity 
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As the thickness uniformity with fixed dimensions 
is mainly determined by the distance between target 
and substrate dt_s, this was the first parameter to be 
optimized. Because the centres of the target and the 
substrate were aligned, it is expected that the thickness 
distribution across a wafer should be circularly sym- 
metric. Therefore the non-uniformity can be defined as 
the one dimensional deviation of the thickness normal- 
ized to the layer thickness in the center of the wafer. In 
Fig. 1 the most important results are presented. 

From Fig. 1 a it can be concluded that the best uni- 
formities are obtained at the dt_s values of 10 cm (with 
a circular symmetric gaussian profile) and 3.5 cm (a 
ring-shaped profile which is shifted with respect to the 
center of the wafer). The latter optimum is in good 
agreement with theory [ 14] : a uniform thickness dis- 
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Fig. 1. Thickness non-uniformity as a function of the distance to the center of the wafer, with the target-substrate distance d,_~ (in mm) as 
parameter (a). The non-uniformity around the dt-s value of 35 mm (b). 
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Table 1 
Optimized ZnO process parameters for minimal attenuation values 

type 1 type 2 

d,_~ (mm) 100 100 
Po~ (Pa) 2 1/2 
Ts (°C) 590 350--425 
PRF (W) 1800 1000 

roughness and (probably) extra crystal defects, thereby 
dramatically increasing the waveguide losses for ZnO 
layer thicknesses larger than 1/2 p,m. Therefore the 10 
cm value will be used as the dt_s set-point value. 

3.2. Op t i ca l  charac ter i za t ion  

With the dt.s value of  10 cm the other proces para- 
meters were varied to minimize the waveguide atten- 
uation. Besides waveguide thickness and film structure, 
this parameter is strongly dependent on the wavelength 
used. This is illustrated in Fig. 2a, where the optical 
transmittance measured with a beam perpendicular to 
the film surface in the range from 190 to 3200 nm is 
shown. The figure is corrected for the substrate trans- 
mittance. The ZnO film with thickness of  1/2 ~m is 
deposited on a quartz substrate using the deposition 
parameters corresponding to "ZnO type 1" as shown 
in Table 1. Clearly visible is the ZnO absorbance edge 
at approximately 380 nm (bandgap energy --- 3.25 eV),  
while the thin film interference causes the intensity 

tribution can be expected at a dt_~ value of  3 /4  of  the 
plasma diameter ( ~ 5 cm). Nevertheless, this 3.5 cm 
value will not be used as the set-point, for two reasons. 
The first reason is shown in Fig. lb. Here the thickness 
uniformity in the close proximity of  this dt_s value is 
given, clearly showing the - too - large depence upon 
this distance, while also the circular thickness sym- 
metry is disturbed (probably due to a plasma asym- 
metry, caused by the off-center inlet of  the oxygen gas). 
The other reason is that this distance is too small to 
prevent the layer from electron bombardment. This 
bombardment results in a largely increased surface 

Fig. 2. Optical transmission spectrum of a ZnO type 1 film with thickness of 1/2 p,m on a quartz substrate (a). Typical waveguide attenuation 
values of the lowest TE mode (TE0) as a function of wavelength, with ZnO thickness of 1 p.m (b). 
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modulations. The waveguide losses depend upon the 
wavelength used, not only because of this intrinsic 
absorbance of ZnO, but probably also because of wave- 
length-dependent scattering losses etc. This is shown 
in more detail in Fig. 2b, were typical attenuation values 
for a 1 pxm thick ZnO (type 2 after post-deposition 
annealing, see next section) as a function of wave- 
length are shown. From this figure is can be concluded 
that ZnO is not suitable for waveguide applications 
beneath approximately 500 nm. Furthermore, it can be 
seen that the waveguide optical losses decrease with 
increasing wavelength: at A = 1.3 Ixm the attenuation 
is typically 2 times lower than at 632.8 nm. 

Attenuation and refractive index as a function o f  

annealing 
For comparison the waveguide attenuation measure- 

ments were done at one wavelength (632.8 nm) with 
a standardized thickness ( 1/2 and 1 ixm) on a ther- 
mally oxidized (2 Ixm) Si-wafer. The 632.8 nm wave- 
length is selected because of its clear visibility and its 
sufficient distance from the bandgap region (see Fig. 
2). 

The characterization was done as a function of anneal 
time. The post deposition annealing was done in ambi- 
ent atmosphere, because initial experiments in either 
O~ and/or N2 atmosphere revealed no significant dif- 
ference (probably due to the non-100% purity of the 
gases used). 

In contrast to previously reported investigations [ 8 ], 
we found two parameter sets in which the attenuation 
reaches a (local) minimal value, with largely different 
resulting optical parameters: one which requires a post- 
deposition anneal step (referred to as type 2 ZnO), and 
one which doesn't (type 1 ZnO). The corresponding 
process parameters are summarized in Table 1. 

The resulting type 1 ZnO layers have attenuation 
values at wavelength of 632.8 nm which are = 2 dB/ 
cm, almost independent of the layer thickness, see 
Fig. 3. 

The refractive index measurements at the same 
wavelength yield two indices, n n (with TE-modes) and 
n • (with TM-modes). Their values, being measured 
at 5 positions at the wafer, are: nit = 1.994+0.001, 
n± = 2.009 + 0.001 (errors due to irreproducibility 
included). Comparing these values with that of single 
crystal ZnO (1.9903 and 2.0065, respectively [15]) 
reveals that the films are properly oriented 

(poly)crystalline ZnO (see also Section 3.3). There- 
fore the nit and the n± will be denoted as the ordinary 
(no) and extra-ordinary (ne) refractive index, respec- 
tively. 

Post deposition anneal steps hardly alter neither the 
attenuation nor the refractive indices, see Figs. 3 and 
4, respectively. For convenience, the shown curves in 
these figures represent process parameters in the prox- 
imity of the optimized sets only. The most critical proc- 
ess parameter is T~: lowering the substrate temperature 
below 500°C results in a less oriented structure (as 
measured with the prism coupling method via a 
strongly reduced difference between no and ne) going 
with a dramatical increase in attenuation compared to 
the optimized situation. 

For the type 2 ZnO layers the situation is completely 
different. The attenuation values are (at this wave- 
length) typically 1-3 dB/cm at ½-1 ~xm, respectively. 
It should be noted however that these attenuation values 
cannot be obtained without post-deposition annealing, 
see Fig. 3. Before annealing the attenuation is very high 
(>> 100 dB/cm).  Interestingly, the anneal steps go 
with sharply reduced refractive indices, see Fig. 4. The 
limiting refractive index values are not as uniform over 
a wafer as is the case with situation 1: ___ 0.005, while 
the reproducibility error has the same value: ___ 0.005. 
The required minimal anneal temperature is 400°C: as 
already reported in literature [ 10], we found that the 
same results are obtained in case of a reduced required 
anneal time by increasing the anneal temperature to 
450°C. Too long annealing at this temperature or 
increasing the temperature to 500°C or higher values 
leads to increased attenuation values, probably due to 
micro fracturing. 

In contrast to ZnO type 1, Po2 rather than/~, is the 
critical parameter in ZnO type 2. The Ts value can be 
decreased to (at least) i25°C without sharply increas- 
ing the attenuation values, see Fig. 3b. It should be 
noted that the resulting refractive indices can be 
adjusted using the PRF and the Ts value. 

Both ZnO types show a slightly reduced difference 
between no and ne with post-deposition annealing, typ- 
ically from 0.020 to 0.015. 

Refractive index dispersion 
The transmittance curve shown in Fig. 2a corre- 

sponds with a typical (ordinary) refractive index 
behaviour shown in Fig. 5a. Here the dispersion curves 
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Fig. 3. TEo-mode attenuation values (at wavelength of 632.8 nm) of type 1 (a) and type 2 (b) ZnO layers, as a function of anneal time at 450°C 
in ambient atmosphere. The experimental error (errors due to irreproducibility included ) is + 1/2 dB/cm (not shown in the figures). The ZnO 
thickness is 1/2 Izm (open markers) and 1 I~m (filled markers). The process parameters substrate temperature Ts, r.f. power Pw and oxygen 
pressure Po2, are used as parameter, while the distance between target and substrate dt_~ is fixed at 100 ram. 

of  a 1/2 I~m ZnO layer of  type 1 and type 2 (before 
and after post-deposit ion annealing) are shown, using 
the prism coupling method at five different wave- 
lengths. From this figure a substantial difference in 
dispersion becomes visible. 

The refractive index dispersion data (below the band 
gap) can be fitted to the well known Sel lmeyer  approx- 
imation [ 17], 

S" h 2 
nZ=A-I  - - -  ( w i t h X i n n m ) ,  (1)  /~2 - - / ~ 2  

where n is the refractive index for a specified direction 
of  light polarization, A represents a dispersionless back- 
ground and S the oscil lator strength of  the absorption 

band with resonance wavelength ho. They can also be 
fitted to the simpler single-oscillator description 
[ 19,20], 

n2 _ l - Ed" Eo 
E2 _ E2 (2a)  

or al tematively 

1 Eo h . c  1 
n 2------1 = ~ - Eo'---~d " A --5'  (2b)  

where E is the photon energy, Eo is the energy of  the 
effective dispersion oscillator ( typical ly near the main 
peak in the absorption spectrum), and Ed is the so- 
called dispersion energy. The latter quantity is very 
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F i g .  4. Ordinary refractive indices ( at wavelength of 632.8 nm) of the type 1 (a) and type 2 (b) ZnO layers, as a function of anneal time at 
450°C in ambient atmosphere (the corresponding extra-ordinary refractive indices show the same behaviour and are therefore not shown). The 
ZnO thickness is 1/2 i~m (open markers) and 1 i~m (filled markers). The process parameters substrate temperature T~, r.f. power PRF and 
oxygen pressure Po2, are used as parameter, while the distance between target and substrate dt_s is fixed at 100 mm. 

nearly independent of  Eo and provides an independent 
oscillator strength quantity which can be related to the 
packaging density of  the crystal [20].  Therefore the 
single oscillator expression will be used, as this pro- 
vides information which can be directly related to the 
crystal structure. In Fig. 5b a plot of  the (ordinary) 

2 versus A- 2 is shown. refractive index factor (no - 1 ) - 1 
The filled markers correspond to the refractive index 
data for single crystal ZnO [ 15 ], while the straight line 
is the calculated curve using the single crystal values 
for Eo and Ed (see Table 2) from literature [ 19]. At 
long wavelengths a positive curvature deviation from 
linearity is visible, due to the negative contribution of 
lattice vibrations to the refractive index, while at short 
wavelengths a negative curvature deviation occurs due 
to the proximity of the absorption band. The open mark- 

ers in Fig. 5b represent the experimental data for the 
two ZnO types. From this plot Eo and Ed values can be 
calculated. 

In Table 2 the results are presented, when applied on 
the ordinary refractive index no. Because annealing has 
hardly any influence on type 1 ZnO, this type is rep- 
resented by only one column. From the Eo-value the 
wavelength at which maximum absorption occurs 
(~'ab . . . . . .  ) is calculated. 

From this table it follows that the values for ZnO 
type 1 agree well with those for a ZnO single crystal, 
in contrast to ZnO type 2. 

In the next section we will further investigate the 
differences between the two optimized ZnO types by 
examining their structural characteristics. Most atten- 
tion will be paid to the post-deposition anneal effects 
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Fig. 5. Comparison of the ordinary refractive index dispersion curves of ZnO type 1 and those of ZnO type 2, before and after annealing (a). 
The shown dispersion data are measured using the prism coupling method using the wavelengths: A = 457.9, 488, 514.5, 632.8 and 1064 nm. In 
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correspond to the refractive index data for single crystal ZnO [ 15]. The straight line is the calculated curve using the single crystal values for 
Eo and Ed (see Table 2) from literature [ 19]. 

on the c-axis lattice constant,  as this parameter  is found 
to be closely correlated to the refractive index behav-  

iour of  the Z n O  [ 16]. 

Table 2 
Eo and Ed constants describing the ordinary refractive index disper- 
sion using the single-oscillator description 

ZnO single ZnO-type 1 ZnO-type 2 
crystal 
theory (Ref. before 
[ 19] ) anneal 

after anneal 

Eo (eV) 6.4 6.4±0.1 7.0±0.1 
A,bs . . . .  (nm) 194 195+3 180±3 
Ed (eV) 17.1 17.2±0.3 18.5±0.3 

6.5±0.1 
191±3 
16.2±0.3 

3.3. Structural characterization 

Crystallographic symmetry 
Cystal l ine Z n O  belongs to the wurtzite class of  crys- 

tals (i.e. a hexagonal  closest packed latt ice).  W h e n  

deposited on substrates, it exhibits a strong tendency to 
grow with its c-axis perpendicular  to the substrate [ 21 ]. 

In Fig. 6 a typical 0 -20  scan (o f  type 1 Z n O )  and a 
typical rocking curve (of  type 2 Z n O  after post-depo- 

sit ion annea l ing)  are shown. Because of  its amorphous  
character, the thermally grown SiO2 layer is not con- 
t r ibut ing any diffraction peak. 

F rom the curves shown in Fig. 6 we immedia te ly  can 
draw the conclus ion that - as expected - both Z n O  
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types are clearly crystalline, and indeed exhibit a pref- 
erential growth direction c.q. orientation of their c-axis 
perpendicular to the substrate. The latter follows from 
the absence of reflections other than the (0002) and 
the (0004) planes. 

In Table 3 relevant data given by the XRD-meas- 
urements are presented. 

From these data the following structural information 
can be derived. 

c-axis lattice constant and residual (macro) strain 
The exact position of the XRD-peaks and thus also 

the c-axis lattice constant and the macro strain value 

depend on the type of ZnO materials. The calculated 
values are presented in Table 4. The experimental 
errors in the data presented in Table 4 are less than 
0.2%. 

The difference in c-axis lattice constants has to be 
attributed to the occurrence of stresses in the films, all 
of them having the c-axis perpendicular to the substrate 
surface. Under compression (parallel to the surface), 
the c-axis lattice constant will increase, leading to a 
somewhat larger interplanar distance for the (0002) 
planes. Under tension the reverse occurs. All strains 
are possitive, which indicates that the films are 
stretched perpendicular to, and therefore compressed 
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Table 3 
Typical XRD experimental results 

ZnO type 1 ZnO type 2 

before aneal after aneal before anneal after anneal 

20 (0002) 34.24 ° 34.26 ° 33.87 ° 34.27 ° 
FWHM 0.266 ° 0.247 ° 0.710 ° 0.342 ° 
(0002) 
20 (0004) 72.13 ° 72.18 ° 71.38 ° 72.23 ° 
FWHM 0.60 ° 0.58 ° 1.60 ° 0.75 ° 
(0004) 
rocking curve 2.77 ° 2.46 ° 2.61 ° 2.37 ° 
FWHM 
(0002) 

Table 4 
Typical c-axis lattice constants and residual strain values. The single 
crystal value is 0.521 nm [ 16] 

ZnO type 1 ZnO type 2 

before aneal after aneal before after anneal 
anneal 

c-axislattice 0.5238 nm 0.5232 nm 0.5288 nm 0.5232 nm 
constant. 
residual 0.604).65% 0.504).55% 1.50-1.60% 0.50-0.55% 
(macro) 
strain 

Table 5 
Typical micro-strain values 

ZnO type 1 ZnO type 2 

before aneal after aneal before anneal after anneal 

micro strain 0.45--0.5% 0.5-0.6% 1.6-1.8% 0.7-0.9% 

parallel to the film surface. The existence of a com- 
pression is confirmed by the nature of the curvature of 
the Si-wafers. Measuring this curvature by using a sur- 

face profiler (Sloan Dektak 3030) qualitatively con- 
firms the results given in Table 4. 

From this table we find that the literature value of 
the c-axis lattice constant for single crystals is never 
obtained. As expected from the refractive index data, 
type 1 ZnO, which resembles the single-crystal form, 
has a c-axis lattice constant which is hardly altered by 
the post-deposition annealing. On the other hand type 
2 ZnO shows a large decrease in c-axis lattice constant 

with annealing. The latter is going with a sharp decrease 
in stress in the layers (see also section micro-strain). 

Texture 

As mentioned in Section 2.2 information about the 

film texture can be obtained from the rocking curves. 
From Table 3 it can be seen that before annealing there 

is only a small difference between the FWHM values 
of the two ZnO types. After the post-deposition anneal- 

ing this mutual difference becomes even smaller. It can 
therefore be concluded that the spread in orientation 
from the ZnO columnar c-axis is approximately the 

same for both ZnO types: the FWHM value of --- 2.5 ° 
means that more than 68% of all the columns are ori- 

ented within 1 ° deviation from the c-axis. Interestingly, 

the post-deposition annealing leads to a significantly 
smaller rocking curve FHWM value, which probably 

corresponds to the (measured) small decrease in dif- 

ference between the the refractive indices (ne - no) for 
both ZnO types (see Section 3.2). 

Micro-strain 

From the broadening of the XRD-lines data can be 
obtained on the micro-strain values (e.g. local lattice 

distortions). Using Scherrer's relation, this phenome- 

non can be distinguished from other line broadening 
effects through its specific dependence upon the angle 
0. In Table 5 the typical values are summarized. 

From this table the same tendency can be observed 
as with the macro-strain,,with one exception: ZnO type 

1 shows a slight increase in microstrain with post-dep- 

osition annealing. 

3.4. SEM and TEM microscopy 

In Fig. 7 the SEM pictures of the cross-section of 
two typical ZnO layers are shown. Both layers have a 
thickness of 1/2 Ixm and are grown on a 2 I~m thick 
SiO2 layer on a Si-support (also the attenuation values 

are the same, appr. 2 dB/cm at 632.8 nm).  Interest- 
ingly, the post-deposition annealing applied to both 
samples doesn' t  change the difference in the SEM 
images. 

From these figures the columnar growth perpendic- 
ular to the substrate is clearly visible. The photographs 
also suggest that the columnar width is approximately 
the same for both ZnO types (typically 50 nm) ,  which 
is not obvious [22] in view of the large difference in 
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(a) 

Si02 i 

Fig. 7. Scanning electron photographs (SEM) of the cross section of thin films of ZnO type 1 (a) and ZnO type 2 (b) after post-deposition 
annealing. The ZnO layers have a thickness of 1/2 p.m and are grown on 2 Ixm SiO2. 

substrate temperature and considering the resulting 
large optical differences. Furthermore, the columnar 
width seems to be more or less constant through the 
whole layer, without the presence of a (visible) initial 
layer. The latter is probably due to the limited resolution 
of the apparatus used. Most important feature however 
is the clear difference in package density between the 
two samples, with the ZnO type 1 (resembling the 
single crystal form) having the larger density. 

In Fig. 8 typical bright field TEM pictures of the two 
ZnO types are shown. The ZnO type 1 layer shows 

sharp columnar boundaries, which are less pronounced 
in the ZnO type 2 layer. For both ZnO types the colum- 
nar width is approximately 50 nm, in agreement with 
the dimensions visible on the SEM pictures. In contrast 
to Fig. 8b also a perfect very fine grid structure with a 
period of -= 0.5 nm is visible in Fig. 8a, which probably 
represents the the ZnO lattice structure. Both observa- 
tions are in agreement with the difference in resembl- 
ence to the single crystal form as suggested in Section 
3. 
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Fig. 8. Bright field transmission electron photographs (TEM) of ZnO type 1 (a) and of post-annealed ZnO type 2 (b) 
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3.5. Discussion 

In Section 3.2. it was found that the two ZnO types 
both show relatively low waveguide optical losses 
(after annealing). From the XRD measurements we 
can conclude that both types correspond to layers which 
are clearly (poly) crystalline, with their c-axis oriented 
perpendicular to the substrate. This is confirmed by the 
measurements of the two refractive indices of the ZnO 
layers: the experimentally found difference for both 
types implies a specific crystal orientation. On the SEM 
and TEM photographs the crystal columns are clearly 
visible, with a width of approximately 50 nm for both 
ZnO types: the columnar width seems to be constant 
through the layer. 

From the refractive index dispersion measurements 
it was concluded that ZnO type 1 resembles the single 
crystal form. Furthermore, these layers show negliga- 
ble post-deposition anneal effects on refractive index 
and waveguide losses. With the XRD measurements it 
was found that also the structural properties show neg- 
ligable post-deposition anneal effects. On the SEM 
photographs ZnO type 1 shows a densily packed crystal 
structure. 

The ZnO type 2 shows a significantly different opti- 
cal and structural behaviour, strongly depending upon 
the post-deposition anneal process. The deviating E0 
and Ed values of type 2 ZnO before annealing are found 
to correspond with a significantly different c-axis lattice 
constant. After post-deposition annealing, which 
largely reduces the c-axis lattice constant and (com- 
pressive) stress, it has its absorption peak maximum at 
the same wavelength as ZnO type 1 and single crystal 
ZnO. We suggest that the smaller Aab . . . . . .  -value (and 
therefore higher Eo-value, see Section 3.2) before 
annealing can be explained by excess Zn atoms in the 
layer. The post-deposition annealing process is then 
thought to oxidize the excess Zn atoms. This oxidation 
explains the sharply decreasing waveguide attenuation 
values and could be the origin of the observed corre- 
lation between light propagation loss and the value of 
the c-axis lattice constant which is also found in liter- 
ature [18]. Furthermore, it explains the decreasing 
refractive indices and the shifting Aab . . . . . .  . It also 
explains the experimentally observed decreasing con- 
ductivity (several orders of magnitude), which will be 
discussed in another paper. 

After post-deposition annealing ZnO type 2 shows a 
significantly lower Ed value than those of single crystal 
ZnO and ZnO type 1, while the Eo value and the c-axis 
lattice constants are identical. This can be explained by 
a difference in package density of the crystal columns 
[20], which indeed is clearly visible in the SEM pic- 
tures. The observed structural characteristics also cor- 
respond to this difference in package density: a low 
columnar crystal package density, as suggested for the 
type 2 ZnO, enables the observed large variation in 
lateral (compressive) stress. It can therefore be con- 
cluded that the significant difference between the 
refractive indices of the two ZnO types is caused by a 
difference in package density of the crystal columns. 

4. Applications 

One application was already mentioned in Section 
1. Using the difference in refractive index of the two 
ZnO types, sandwich (channel) waveguides can be 
formed with an optical mode profile resembling that of 
a standard single mode fiber ( see Fig. 9a). In this figure 
the channel is fabricated in the waveguiding layer (ZnO 
type 1 ): this can be achieved using ion beam etching 
(IBE). To obtain even smaller refractive index differ- 
ences, it is also possible to use the adjustability of the 

ZnO type2 1 

ZnO h/pel 

ZnO Wpe2 

Si 

ZnO type2 n 

ZnO type2 n+An 

ZnO ~pe2 n 

8i 

Fig. 9. ZnO sandwich structures forming optical waveguides. In (a) 
both ZnO types are used, with channel definition in the waveguiding 
(ZnO type 1 ) layer. In (b) a waveguide structure formed by ZnO 
type 2 only is shown, with channel definition in the cover layer. 
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(b)  

Fig. 10. Optical waveguide configuration combining the two ZnO 
types, yielding environmental shielding (a). In (b) a photograph is 
shown of the propagation of light (wavelength 632.8 nm) through 
such a waveguide structure. 

low refractive index ZnO type 2 (see Fig. 9b). The 
index profile can even be graded by adjusting the sub- 
strate temperature during deposition. For convenience, 
the channel definition is now done in the cover region. 

Another application is found in the acousto-optical 
field. In the waveguide structure shown in Fig. 9a metal 
electrodes can be deposited on top of the structure with- 
out any increase of the optical attenuation (see 
Fig. 10a). This offers three major advantages. First, the 
complete waveguide structure is made of ZnO, result- 
ing in larger electro-optical effects. Secondly, the ZnO 
layer combination, being much thicker than the optical 
waveguiding layer itself, can act as the acoustical wav- 
eguide. This enables a much more efficient exitation 
[ 23 ]. Finally, the acoustical waves can be generated at 
the applied waveguide directly. 

In Fig. 10b a photograph is shown, showing the 
environmental shielding property of a such a wave- 
guide configuration. For convenience, the substrate 
layer of ZnO type 2 is replaced by thermally grown 

SiO2. The aluminium stripes have a width of 1 mm and 
a thickness of 200 nm. 

5. Conclusions 

In these experiments we have shown that thin ( ~ 1 
i~m) crystalline ZnO films with a good optical quality 
and a good (0002) texture can be grown under consid- 
erably different process parameters. The ZnO deposi- 
tion procedure was optimized with regard to two 
boundary conditions stemming from the IO applica- 
tion, e.g. low optical losses and good thickness unifor- 
mity. The optical parameters of the corresponding ZnO 
layers are distinctly different. Besides a high refractive 
index ZnO film resembling the single crystal form, also 
ZnO films with considerably lower refractive indices 
(typical difference 0.05) can be produced. The refrac- 
tive index of the latter ZnO type is adjustable ( ~ 1.93- 
1.96 at A = 632.8 nm) through the process deposition 
parameters. 

The optical waveguide losses for both ZnO types are 
typically 1-3 dB/cm at a wavelength of 632.8 nm. In 
contrast to the high refractive index ZnO films, the low 
refractive index ZnO layers need a post deposition 
annealing step however to reach these attenuation val- 
ues. This is probably needed to oxidize excess zinc in 
the films. This post-deposition annealing not only 
decreases the waveguide optical losses and the refrac- 
tive index of the low refractive index ZnO, but also 
results in reduced micro- and macro strain values. Fur- 
thermore, the c-axis latice constant value is sharply 
decreased. 

Most of the crystallographic parameters as measured 
with XRD after the post-deposition anneal step are 
approximately the same for the two ZnO types: c-axis 
lattice constant (----0.5235 nm), residual strain 
(----0.5%) and rocking curve FWHM (~2.4°) .  Only 
the microstrain values are slightly different: 0.5-0.6% 
(ZnO type 1) and 0.7-0.9% (ZnO type 2). The dif- 
ference in refractive index dispersion between the two 
ZnO types is most probably caused by a difference in 
package density of the crystal columns. This can indeed 
be seen on the SEM pictures of the two different ZnO 
types. 

The two ZnO types are used to fabricate optical chan- 
nel-and slab waveguides with small refractive index 
differences, the core and the cladding both showing the 



R. G. Heideman et al. / Optical Materials 4 (1995) 741-755 755 

desired electro-optical and piezo-electrical behaviour. 
With this configuration metal electrodes can be fabri- 
cated directly on top of the waveguide structure without 
any increase of the optical attenuation. Furthermore the 
fabrication of channel waveguides with mode charac- 
teristics resembling the field distributions of standard 
optical fibers is now possible, enabling a largely 
improved fiber-to-chip coupling efficiency. 
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