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Abstract 

Zr02 thin films were grown by the atomic layer epitaxy (ALE) technique using ZrC1 4 and water as reactants. At 
500°C amorphous films with good thickness uniformities were deposited onto soda lime glass substrates. However, 
rather long pulse and purge times were needed to realize the self-controlled growth. Films were characterized by 
means of spectrophotometry, RBS, NRA, SEM and AFM. 

1. Introduction 

Zr0 2 is characterized by extreme thermal, 
chemical and mechanical stability which together 
with its optical and electrical properties gives rise 
to a wide range of technical applications for Zr02 

thin films and coatings, especially in optics [1], 
electronics [2,3] and protective applications [ 4]. 
When mixed with other oxides, like Y20 3 , MgO, 
CaO or Ce02 , Zr02 becomes stabilized against 
phase transformations which facilitates its use in 
thermal barrier coatings [5,6]. Moreover, the oxy
gen ion conducting property of Zr02 based oxide 
mixtures [7,8] gives rise to further applications for 
these films and coatings, e.g., in gas sensors [9] 
and fuel cells [10]. 

Besides numerous physical vapor deposition 
techniques, like plasma spraying [5] and ion-as
sisted deposition [11], also sol-gel method [4,12] 
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and chemical vapor deposition (CVD) have been 
used to deposit Zr02 films. The most typical 
zirconium compounds exploited in CVD are 
ZrCl 4 [2,13-17], {3-diketonates [18-22] and alkox
ides [1,23,24]. However, the use of ZrCl 4 , the 
most readily available volatile zirconium precur
sor, is complicated due to its facile hydrolysis and 
oxidation resulting in premature gas-phase reac
tions and powder formation [13,16,17,21]. This 
problem is normally circumvented by generating 
water in situ from a mixture of C02 and H 2 near 
the heated substrate surface (Eq. (1)) [2,13-16]. 
The water formed reacts immediately with ZrCl 4 

(Eq. (2)). As a consequence of the strong temper
ature dependence of the water formation the film 
growth is controlled conveniently by means of the 
substrate temperature. 

C02(g) + H 2(g) +------+ CO(g) + H 20(g), (1) 

ZrClig) + 2 H 20(g)-----+ Zr0 2(s) + 4 HCl(g). 

(2) 

However, this process suffers from the high tern-
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perature needed for the water formation. Even 
though the film growth does take place at 600°C 
[16] substrate temperatures higher than 800°C are 
generally exploited in order to realize a reason
able deposition rate. Consequently, the choice of 
the substrate material is essentially limited. 
Moreover, it has been observed that some carbon 
is incorporated into the films [14]. 

The characteristic feature of the atomic layer 
epitaxy (ALE) technique is the alternate dosing 
of the reactants which avoids the gas-phase reac
tions. We have demonstrated earlier that Ti02 

films with good thickness uniformities can be 
deposited by ALE using TiC1 4 and water as reac
tants [25]. The general similarity of this process to 
the ZrCl 4/water system inspired us to the pre
sent work where the possibilities of ALE to de
posit Zr0 2 films onto soda lime glass substrates 
have been studied. 

2. Experimental 

Film deposition was carried out with a com
mercial flow type F-120 ALE-reactor (Micro
chemistry Ltd., Finland) [26] using nitrogen as a 

Thickness I nm 

carrier and purging gas. Total pressure of the 
reactor was in the order of 10 mbar. ZrCl 4 (99.9% 
purity; Aldrich) was evaporated from an open 
boat at 165°C. An external water reservoir held at 
20°C was connected to the cold end of the reactor 
through a capillary and a needle valve. Water was 
introduced into the reactor by means of its own 
pressure without any bubbling systems. The puls
ing of the reactants was realized by means of 
computer-controlled solenoid valves. The films 
were deposited onto 5 x 5 cm 2 soda lime glass 
substrates at 500°C. 

Film thicknesses were determined by fitting 
transmittance spectra using the method devel
oped and described by Ylilammi and Ranta-aho 
[27]. Transmittance spectra covering wavelengths 
of 380-1100 nm were measured with a Hitachi 
U-2000 spectrophotometer equipped with a spe
cial sample holder. Stoichiometry and possible 
chlorine residues of the films were analyzed by 
means of Rutherford backscattering spectrometry 
(RBS) of 2.0-MeY 4 He+ ions from the 2.5-MV 
Van de Graaff accelerator of the Accelerator 
Laboratory, University of Helsinki [28]. RBS also 
provided comparative thickness values. Hydrogen 
contents were determined by the nuclear reaction 
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Fig. l. The dependence of film thicknesses on the reactant pulse lengths for films deposited at 500°C using 2000 reaction cycles. 
The purge times used were 3.0 s except for 2.0 s pulse times where 4.0 s purging sequences were employed. 
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analysis (NRA) technique using a 15 N 2 + beam 
from the 5-MV tandem accelerator EGP-10-11 of 
the Accelerator Laboratory to excite the 6.385 
Me V resonance of the 1 H(15 N, ay )12C reaction 
[29). Crystallinity of the films was examined by 
XRD measurements using a Philips MPD 1880 
powder X-ray diffractometer and Cu Ka radia
tion. A JEOL JSEM-820 scanning electron micro
scope (SEM) and a Nanoscope II atomic force 
microscope (AFM) were exploited for the mor
phological characterization. 

3. Results and discussion 

3.1. Film growth 

The dependence of film thicknesses on pulse 
durations is shown in Fig. 1 for films grown at 
500°C using 2000 reaction cycles. A saturated film 
thickness of 105 nm was achieved with pulse 
times exceeding 1.0 s. Even with the shortest 
pulse times used the film thicknesses were al
ready in the order of 90 nm suggesting that the 
saturation is controlled mainly by surface pro
cesses instead of mass transfer. When the pulse 
time of one reactant was fixed to 1.0 s, i.e., to the 
value needed for saturation, and the length of the 
other pulse was varied independently, it was ob
served that the ZrC1 4 pulse was the critical one 
in respect of the thickness saturation. The water 
pulse could be shortened to 0.2 s with no effect 
on film thicknesses, whereas short ZrC1 4 pulses 
resulted in thicknesses comparable to those ob
tained having both pulses short (Fig. 1). Thus, the 
surface processes following the adsorption of 
ZrC1 4 were interpreted to be responsible for the 
long pulse times needed. 

The growth rate corresponding to the satu
rated thickness value is 0.53 A/cycle showing 
that only a submonolayer of Zr0 2 was deposited 
during one cycle. The apparent origin of growth 
rates less than a monolayer per cycle met in 
various ALE processes is the bulkiness of the 
precursor molecules [30). 

The data shown in Fig. 1 was obtained using 
3.0 s purge durations except for the 2.0 s pulses 
where longer purging (4.0 s) was needed to 

achieve good thickness uniformity. The effect of 
the purge time was studied in detail with 1.5 s 
pulse durations (Fig. 2). The thicknesses shown 
were measured at the center of the substrates. 
Thus, even though 2.0 s purging was sufficient to 
achieve a constant thickness value at this particu
lar point longer purge sequences (3.0 s) were 
needed to obtain the overall thickness uniformity. 
The insufficient purging resulted in films with 
thicknesses increasing towards the end of the 
substrate. As the purge time was increased the 
stabilized thickness values were obtained initially 
at the leading edge of the substrate while the 
area of insufficient purging contracted towards 
the end of the substrate (Fig. 3). The films de
posited with insufficient purging were profiled 
not only in the flow direction but also perpendic
ular to it, being thickest at the middle. 

The independent variation of the purge dura
tions after the two reactant pulses showed that 
the purge sequence following the water pulse was 
the critical one. Even with short water pulses long 
purge sequences were needed. On the other hand, 
the purge period after the ZrCl 4 pulse could be 
shortened to one second without any effect on 
the thickness uniformity. 

Perhaps the most crucial question in respect of 
both the growth mechanism and, consequently, 
the origin of the long purge time needed is 
whether the film surface remains hydroxyl
terminated or not after the water pulse. Unfortu
nately, the compact design of our reactor cham
ber makes any kind of in situ characterization 
technique needed to answer this question ex
tremely difficult to realize. Some guidance to this 
problem is obtained from the IR studies of Agron 
et al. [31) which have shown that even after 
extensive outgassing in vacuum at 500°C consid
erable amounts of hydroxyl groups bonded to 
more than a single cation are retained on the 
surface of Zr0 2 powder. Nevertheless, since the 
chemical environment on the growing film sur
face is likely to differ essentially from that on the 
surface of powder pressed in dies, these results 
can be regarded as only tentative. Therefore, 
both possibilities, i.e., hydroxylated and dehy
droxylated surfaces, will be considered. 

If the surface did remain hydroxyl-terminated 
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Thickness I nm 
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Fig. 2. The film thicknesses as a function of the purge durations. The data were measured at the center of the films grown by 2000 
cycles at S00°C using 1.5 s reactant pulses. 

the film growth would be expected to involve 
irreversible reactions of ZrC1 4 with surface hy
droxyls resulting in a chlorine-terminated surface 
and liberation of HCI. The subsequent water 
pulse would convert the surface back into a hy-
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droxyl-terminated one. In this case the slow pro
cesses which need the long purge time could be 
either the condensation of unstable hydroxyl 
groups or the desorption of molecular water. 
Holmes et al. [32] have observed that large quan-
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Fig. 3. The thickness profiles along the flow direction for films deposited using various purge times. 
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tities of water are irreversibly adsorbed on Zr02 
surfaces at ambient temperatures and attributed 
this to the formation of a hydrogen-bonded net
work of water on the top of the surface hydroxyl 
groups. Even though this effect is considerably 
reduced at elevated temperatures, even at 400°C 
three adsorption-desorption cycles were needed 
until a reversible equilibrium was obtained on the 
outgassed Zr02 surface [32]. Thus, it seems feasi
ble that even at 500°C the desorption of molecu
lar water from the hydroxyl-terminated surface 
could be slow enough to account for the long 
purge periods needed. 

On the other hand, if the film surface were 
completely dehydroxylated after the water pulse 
the mechanism in the film deposition would be 
the chemisorption of ZrC1 4 followed by its hydro
lysis. Since the strong adsorption of molecular 
water on Zr0 2 was attributed to hydrogen bond
ing to the hydroxyl groups it is likely to be in
significant on a dehydroxylated surface and, thus, 
in this case the long purge time could be related 
to dehydroxylation processes. 

The thickness profile at the leading edge of 
the substrate observed in all films (Fig. 3) is 
characteristic of the reactor used [25]. It is caused 
by the desorption of one reactant from walls 

Thickness I nm 

upstream the substrate during a pulse sequence 
of the other reactant, resulting in a CVD-like 
growth. Due to the facile reaction between ZrCl 4 

and water the desorbed species are exhausted 
from the vapor phase almost immediately after 
the crossing point of the reactant flow routes. 
However, since in our reactor this point is only 
about 1 cm ahead of the substrate, the tail of the 
CVD growth region overlaps with the leading 
edge of the substrate. 

One of the attractive features of the ALE 
technique is that the film thickness is controlled 
simply by the number of reaction cycles used. In 
the present study the ideal linear relationship was 
confirmed (Fig. 4). 

A slight thickness difference ( < 5%) was ob
served between films deposited using two ZrC1 4 

grades, one freshly opened and the other one 
being used for a couple of months. The most 
likely origin for this difference is a partial decom
position of ZrC1 4 when exposed repeatedly to air 
as the reactor was loaded. 

3.2. Film properties 

The adhesion of the films was studied by the 
adhesive tape test. No adhesion failures were 
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Fig. 4. Film thicknesses versus the number of reaction cycles used. 
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Fig. 5. AFM-images of films deposited using 2000 (a) and 4000 (b) reaction cycles. 

observed in these tests. Cross-sectional SEM mi
crographs showed that films consisted of densely 
packed granules extending through the whole 

Table I 

film. The lateral diameter of these granules was 
in the order of 100-200 nm. It was also observed 
that the film surface was essentially rougher than 

Total range and standard deviations of z-values obtained from 500 x 500 nm 2 AFM scan images of bare soda lime glass substrate 
and of films deposited using 2000 and 4000 reaction cycles; the nominal thicknesses were obtained from the transmittance 
measurements 

Number of Nominal film z-range Standard Standard deviation of z/ number of 
deposition cycles thickness (nm) (nm) deviation deposition cycles (nm) 

of z (nm) 

() 0 5.3 0.5 
2000 )()5 72 10.0 5.0 x 10 ' 
4000 210 83 12.6 3.2 x 10-_1 
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the film-substrate interface, revealing that con
siderable roughening had occurred during the 
film growth. 

The surface morphology was studied in more 
detail by means of AFM. In spite of their good 
thickness uniformity on a macroscopic scale, the 
films showed significant roughening on a micro
scopic sciile (Fig. 5). Numerical estimations about 
the surface roughnesses were obtained from the 
standard deviations and the total ranges of the 
z-values obtained from 500 X 500 nm2 scan areas 
(Table 1). The standard deviations divided by the 
number of deposition cycles used show that 
roughening has occurred more heavily during the 
first 2000 cycles as compared to the subsequent 
2000 cycles. All these observations are parallel 
with our previous results [33] about the morpho
logical development of ALE-deposited Ti0 2 

films. According to that study, roughening has its 
origin in agglomeration which was most intense 
during the very first deposition cycles. Obviously, 
the agglomeration is driven by the film-substrate 
interface energy. On the other hand, there is no 
unambiguous explanation for the agglomeration 
mechanism, but surface migration of hydroxyl 
groups or gas-phase migration of volatile interme
diates seem to be the most feasible ones [33]. 

XRD measurements revealed that the films 
were nearly amorphous. Only some weak reflec
tions attributed either to monoclinic or tetragonal 
Zr0 2 were observed. Obviously, elevation of the 
deposition temperature would enhance crystal
lization but with soda lime glass substrates 500°C 
is close to the upper limit. On the other hand, 
our studies concerning ALE deposition of Ti02 
have shown that also the substrate materials and 
the precursor compounds have a strong effect on 
the film crystallinity [25,34]. Therefore, it seems 
possible that the crystallinity of the ALE-de
posited Zr02 films would be improved as well if 
crystalline substrates and/or different precursors 
were used. 

RBS measurements confirmed that films were 
stoichiometric Zr02 . No chlorine was observed 
by RBS showing that the possible chlorine con
tamination was below 0.5 at%. Conversion of the 
mass densities obtained from RBS to geometrical 
thicknesses, using the density of monoclinic Zr0 2 , 

gave values comparable to those obtained by 
transmittance measurements. The close agree
ment of the two methods can be regarded as an 
indication of high film densities. However, the 
fact that the thicknesses obtained by RBS were 
the smaller ones may be indicative of slightly 
reduced film densities, caused most probably by 
the surface roughness. 

Hydrogen contents of the films were deter
mined by nuclear reaction analysis. Below the 
outermost surface layers the hydrogen content 
was less than 0.4 at%. Based on the facile adsorp
tion of water on oxide surfaces, the hydrogen 
profiles can be exploited when assessing densities 
of oxide films [35,36]. For a comparison, Martin 
et al. [11] have reported that electron-beam
evaporated Zr02 film contains 10 at% hydrogen. 
Even though significant film densification was 
achieved with Ar ion assistance the hydrogen 
content was still in the order of 1 at% [11]. Thus, 
the observed low hydrogen contents give further 
evidence about the high densities of ALE-de
posited Zr02 films. 

The films were highly transparent; no light 
absorption or scattering was observed in transmit
tance measurements. Refractive indices evalu
ated from the transmittance spectra were in the 
order of 2.2 which is comparable to the highest 
ones observed in CVD-deposited films [2,19]. The 
refractive indices along different crystal axes of 
monoclinic Zr0 2 crystals are 2.13, 2.19 and 2.20 
[37]. Thus, the refractive indices are in good 
accordance with the earlier observations about 
high film densities. 

4. Conclusions 

Zr0 2 thin films were deposited by ALE. The 
reactants used were ZrC1 4 and water, which is 
known to be a difficult combination in CVD 
processes because of premature gas-phase reac
tions. The sequential dosing of the reactants in 
ALE eliminated this problem and since no in situ 
water generation was needed the deposition tem
perature (500°C) used was considerably lower 
than those needed in CVD processes employing 
ZrCl 4 . The films deposited onto glass substrates 
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were highly transparent and had good thickness 
uniformities. According to the XRD measure
ments the films were nearly amorphous. The high 
refractive indices, the low hydrogen contents in 
the bulks of the films, as well as the close agree
ment between the thickness values obtained from 
RBS and transmittance measurements proved 
that the films had a high density. However, SEM 
and AFM showed that considerable roughening 
had occurred during the film growth. 
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