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Absract. Zirconium dioxide thin films deposited by electron beam evaporation (EBE)
and reactive magnetron sputtering (RMS) on glass and potassium chloride single
crystal substrates have been investigated. EBE 71O, thin films packing density and
index of refraction increase in the ranges 0.6—0.9 and 1.83—2.08 respectively when
the substrate temperature increases from 30°C to 400°C. The films grow in a crys-
talline defined columnar structure at above 150°C. RMS ZrO, thin films have
a packing density near unity and an index of refraction of about 2.20. Films with
very good optical quality can be deposited with oxygen partial pressure Py from

region of the maximum of U — Pq curve, where U is the discharge voltage during
the sputtering.

Pestome. Hanecennt Todkue miedxu u3 ZrOp MeTONaMH 3JEKTPOHHO-Ty4EBOro HCHapeHus
Y PeaKTHBHOTO MArHETPOHHOTO pPachbUIeHns Ha IO/VIOKKAX W3 CTEeKJa i M3 MOHOKpHC-
TaNM0B XJOpHAA Kamusi. [IPOBE/IEHO MCCACNOBAHHE HX ONTHYECKHX CBOHCTB M OTHOCHTEND-
HOI (IOTHOCTH B 3aBHCHMOCTH OT TeMIepaTypsl Mojaoxku B auamasowe 30--400° 25

Touxue macHkd u3 Zr,O, MOnyuyesusle MCTOLOM 3JEKTPOHHO-TYYeBOrO HCNApeHHd,
MOKa3anu HapacTapie I0Ka3atels MPeNOMIeHH Ha ATuAe BOIHBI 550 nm 1 OTHOCHUT/BHON
wiotHOcTH B mmanazoHe 1.83—2.08 u 0.6—0.9 cooTBeTCTBEHHO NPU W3MEHEHHH TEMIEpd-
typr mognoxkn or 30°C mo 400° C. INpu Temneparypax HOLIOMKH BBILIE 150° C mneHku
MMET KOMOHOBMAHYIO CTPYKTYPY, OUpEeAeNseMyl KpHCTalIHTaMH. Ilpu TeMmmneparypax
mke 150°C UMEIoTCa HEKOTOpble OTKIOHeHHs B CTOPOHY aMop(HOM CTPYKTYpHI C myC-
TOTaMH. .

Tonkue mienku u3 ZrQ,, MOIydeHHbIE METOLOM pPEAKTUBHOIO MarHeTPOHHOro pac-
NBUICHAS], UMEIOT OTHOCHTEIbHYIO IMIOTHOCTD, OMM3KYI0 K elHHHIe, W IOKa3aTelh IpeioM-
Mennss Ha miMHe BoZuel 550 nm o0x0a0 2.20. [lieHKH ¢ XOpOUHAMU ONTHYECKHMH CBOH-
CTBAMH M0JYYai0TCSl B [HANas0He MapluUanbHOTO AaBAEHHS KMCAOPOAA, COOTBETCTBYIOLIErO
Makcumymy kpupoit U= P , rie U — wanpsixeHue paspsjia BO BpeMs paclblICHHA.

1. Introduction

Zirconium dioxide thin films are well-known dielectric films. They are
transparent in a wide wavelength region (024—12 pm) and show very good mecha-
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nical stability [1]. ZrO, thin films have successfully been used as protective and anti-
reflective coatings in optical systems for the visible and infrared wavelength ranges [2].

Generally, ZrO, thin films are deposited using electron beam evaporation. During
the deposition by this technique the films grow in a columnar structure with many
voids perpendicular to the substrate surface resulting in a packing density that is
lower than unity. Therefore, the index of refraction of the evaporated films is lower
than that of the bulk material. Some of the voids are filled with water changing
in this way the refractive index of the film [3]. The voids in ZrO, thin films decrease
the film’s mechanical stability and deteriorate their water protective properties. Hence,
technologies for the deposition of ZrO, with the highest packing density must
be developed.

In this paper we present the results from the investigation of the optical properties
and the packing density of thin ZrO, films deposited by electron beam evaporation
(EBE) and reactive magnetron sputtering (RMS) on glass or KCl single crystal sub-
strates.

2. Experimental technique

Zirconium dioxide thin films were deposited in a vacuum vessel eva-
cuated to a background pressure of 4.5X10-% Pa. A rectangular planar magnetron
and an electron gun were used to deposit the film by RMS and EBE, respectively.

Thin film was deposited by EBE under pressute of 6X10~3 Pa and at constant
power of the electron gun of 580 W. For the evaporation “Merck” ZrO, powder with
optical purity was used.

The films obtained by RMS were deposited by sputtering of a Zr target in
Ar+0O, atmosphere at total pressure of 0.3 Pa. The partial pressure of the oxygen
was varied in the range 0.2 — 15X 10~2 Pa. During the deposition at different oxygen
partial pressures the average discharge current density was maintained constant
at 425 A/m® The distance between the target (or the evaporator in the case of EBE)
and the substrate was 12 cm.

Glass or KCI single crystal plates were used as substrates. In the case of KCI
plates, (100) planes were covering surface. Before the deposition the substrates were
cleaned in argon discharge at pressure 0.15 Pa for 5 min. During the deposition
the substrate temperature was maintained constant in the 30—400°C fxnge. It was
measured with a chromel-allumel thermocouple mounted on the substrate holder very
near to the centre of the substrate plate.

The reflectance and transmittance in the 0.33—25 pm wavelength range were
measured with dual-beam-spectrophotometer “Specord UV/VIS” and “Specord 71 IR”,
The index of refraction, the absorption coefficient and the thickness of the films were
determined from the transmission scans by the envelope method described by Swane-
poel [4].

The stability of ZrO, films in water was controlled by annealing the samples in
supersaturated vapours of KCI solution in water saturated at 75°C. Periodically the
reflectance and transmittance were measured and the film has been observed by
optical microscope. ,

The packing censity of the deposited films was obtained using the absorption
of water at 2.97 um.

The infrared (IR) transmission spectra of thin films with water filled pores show
an absorption band at 2.97 pm due to the vibration of the water molecules. Measuring
the absorption coefficient ¢ at the maximum of this band one can determine the
film packing density P using the relation:
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pP=1—12
o

w

where a,, is the water absorption coefficient at 2.97 um (0, =12700 cm™! [5]).

3. Experimental results

3.1. General considerations

The crystalline and morphological microstructure of evaporated thin
films are related to the material’s properties and deposition conditions in a complex
manner. Empirical structure-zone-models for evaporated or sputtered films have shown
[6,7] that in the case of low substrate temperatures 7((7,<0.5 Ty, Tm — melting tempe-
rature of the material), the films consist of columnar or needle-like grains and a large
quantity of differently shaped voids and pores. For most optical materials, particularly
metal oxides, the conditions 7,<<0.5 Ty are usually realized. Because of the voids
the density of a deposited film p; is lower than the density of the bulk material pg.
The ratio p;/pg=P is called packing density. It gives the volume concentration of
the material within the whole layer volume.

Optical properties, mainly the refractive index and its dispersion, are strongly
influenced by the microstructure of the film. Materials like TiO, [8], which may exist
in several crystalline phases with large differences in the refractive index, can show
optical properties which depend on the film’s crystal phase composition. Generally
the refractive index of a coating is determined by the grain structure and by the quan-
tity and shape of the voids and pores.

In contact with moist air, most of the voids and pores fill up with water by ad-
sorption and capillar action, changing in this way the average film’s refractive index
and special characteristics (transmission and reflection spectra).

Therefore, each film which nominally consists of a single material only, has to be
considered as a mixture of bulk material and empty or water-filled voids.

The interpretation of the depen-
[ dence of refractive index on packing
| density P can be done on the basis
<= e o of well-known mixing models [9—11],
/ i 4. taking into account information on
£ - X the microstructure of the film.
/ Figure 1 shows three types of
A B idealized microstructures: structure A
— isolated, columnar grains are embed-
ded into voids; structure B — isola-
ted, elongated pores are embedded into
the film material; structure C —

\ 5 isolated holes are distributed in the
R \% Y film,

L. Structures A and B are typical
PSR ¥ . for columnar growth mode of the
c film, but in different ranges of pack-

Fig. 1. Bragg-Pippard structures: A — crystal defined mgk.denséty’ ,: = SdtruCturﬁ (‘f “forltz\x;
columnar structure; B — void defined columnar struc- ~PacKing densily and so-cafled “crysia
ure; C — void defined amorphous structure defined behaviour” and structure B

t
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for a packing density higher than 0.9 and “void-defined behaviour”. Structure C may
describe an amorphous state, which is void-defined [12].

As reported elsewhere [13], the use of the Bragg-Pippard model leads to different
relations between the refractive index n of the film and its packing density P for
these three structures:

_ (1—P)ng+(1+Pyny nis ‘ @
(1+P)2+(1+P)ng

for structure A,

- Png+(2—Pynpyn’ @)
(2—P)png+Pn,

for structure B, and

2Pni+(3—2P)n2 n?
e P 4)

(3—P)n%+Pn?
for structure C, where np is the index of refraction of the bulk material and n, is
the refractive index of the pores (7,=1.00 in vacuum and 7,=1.33 in air when all pores
are filled with water).

3.2. Thin ZrOs films deposited by EBE

EBE deposited thin films generally show lower packing density and
lower index of refraction than the bulk material. Curve 2 in Fig. 2 shows the IR trans-
mission spectrum of ZrO, thin film deposited by EBE on the (100) plane of KCI
single-crystal plate at room temperature (RT). One can see the strong water band

wavelength, um
25 3 4 5 7 10 20

transmittance

0.7 | | 1 1 1 1 !

40 35 30 25 20 15 10 5
wavenumber, 10?cm ™!

Fig. 2. Infrared (IR) transmission spectra of ZrO, thin films deposited
at RT on (100) surface of KCI single crystals: / — uncoated KCI pla-
te; 2 — KClI plate coated with EBE ZrO,, geometrical thickness 243 nm;
3 — KCI plate coated with RMS ZrO, film, Py =7X10—2 Pa, geomet-

Tical thickness 174 nm
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located at 2.97 pm. Curve / in the same Figure is the spectrum of an uncoated
KCI plate.

In Fig. 3 two relative transmission gpectra (7,=T7;/Ts where T is transmittance
of the film-substrate, 7 is transmittance
of the substrate, 7 is the relative transmit-
tance) of EBE deposited ZrO, films are
shown: spectrum 1 was measured imme-
diately after deposition and spectrum 2
was obtained after 5 hours anmealing in
the way described previously. The geo-
metrical thickness of the film is 177 nm.
The comparison of curve 7 with curve 2
in Fig. 3 shows the change of the trans-
mittance because of the increased index
of refraction of the film during the anne-
aling. The reason is that during the annea-
ling additional voids or pores are filled

07 1 ! ' : with water. The annealing was prolonged

2 = # - 6 12 for 65 hours but there are no additional
e R el changes in the spectra because of the
Fig 3. Relative transmission spectra of ZrO, thin saturation.
films deposited by EBE at 160° C on glass substrate : The substrate temperature is a para-
hl_‘mm‘fd'“‘ely after the deposition; 2 —after 5 yqter which essentially determines the film
ours annealing in the saturated vapours of a satu- . . .
rated KCI solution in water at 75°C. The geometri- Structureand packing density, and the in-
cal thickness of the film is 177 nm dex of refraction, respectively. Figure 4
shows the packing density, index of refrac-
tion and absorption coefficient ZrO, thin films deposited by EBE at different substrate
temperatures. The packing density and index of refraction increase with increasing
substrate temperature but the absorption coefficient is minimal in the 250—300°C
range. Hence, ZrO, thin films with good optical properties could be deposited at subst-
rate temperatures near 250 and 300°C. At higher su?strate temperatures the absorption
increases and the films loose their transparency.

In Fig. 5 the dependence of the film refraction index on the packing density is
shown for different structures. Curves A, B and C were obtained by relations (2, 3
and 4), respectively. n-P dependence for A structure is plotted for 7,=1.00 (empty
pores) and n,=1.33 (water filled pores). Because of the difficulties for water molecules
to penetrate the pores of structure C, the calculations in this case have been made
only for n,=1.00. The experimental results for n-P dependence of ZrO, thin films
deposited by EBE are shown in the same Figure with full circles. At higher tempera-
tures of the substrate (above 150°C), the experimental points are very close to the curve
of A structure with n,=1.33. We have to note here that coatings with different P
have been obtained at different substrate temperatures (see Fig. 4). At lower substrate
temperatures (below 150°C) the experimental points are situated higher than curve A
(n=1.33). Hence, one could suppose that some other structure with a higher index
of refraction contributes to this case. That could be the amorphous structure C.

wavelength, nm
310 350 400 500 €600 800

relative transmittance

3.3. RMS deposited ZrO; thin films

The ZrOy thin films were deposited by RMS on unheated substrates
and at constant current (425 A/m?). The dependence of the discharge voltage
discharge (at constant discharge current) on the oxygen partial pressure is
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shown in Fig. 6 by curve /. Curves 2 and 3 in the same Figure show the
Po,-dependences of the index of refraction and the packing density. In this case
the packing density P was calculated by relation (4) for structure C (at room tempe-
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Fig. 4. Substrate temperature dependence of the packing den-
sity P (— X —), index of refraction » (— ® —) and absorp-
tion coefficient @ of ZrO, thin films (— O —) for films deposi-
ted on glass substrates. The index of refraction n and the absor-
ption coefficient a are defined at wavelength 550 nm

rature the sputtered films are generally amorphous). At oxygen partial pressure Po,
below 5% 102 Pa the films show very high absorption in the visible region because
of the free Zr which they contain, so # could not been calculated for this Po,regio
using the method described in [4]. At pressure above 5% 1072 Pa the films are trans-
parent in the visible region and have a highest index of refraction (about 2.20).
The optimum oxygen partial pressure for the RMS-deposited 710, thin films at RT is
that in the region of the maximum of the U-Po, curve. That is so because at higher Po,
(regardless of the good film quality), the deposition rate drops because of the target
oxidation.

Reactive magnetron sputtering of Zr in Ar+4-O, atmosphere leads to the deposition
of thin films with packing density near unity. The transmission spectra of these films
in IR region do not show any absorption of water at 2.97 um (Fig. 2, curve 3). It
can be seen (Fig. 5) that it is difficult to draw conclusions for the film structure
by measuring the index of refraction. It is not possible to distinguish B and C struc-
tures. A detail structure investigation is necessary to separate these structures.

4. Conclusions

Zirconium dioxide thin films have been deposited on glass or KCI single
crystal substrates by electron beam evaporation or reactive magnetron sputtering.
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Fig. 5. Dependence of the index of refraction 7 on the packing
density P of ZrOs thin films. Curves A4, B, C correspond
to the structures shown in Fig. 1. n_ is the refractivein-
dex of the substance in the pores. Calculation of n for these
curves was made, using the relations (2—4) for the correspon-
ding structures. The experimental n-P dependence is shown
by full circles
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Fig. 6. RMS sputtering of Zr in Ar+O, atmesphere: / —
dependence of the discharge voltage U (‘at constant discharge
current density 425 A/m2)on the oxygen partial pressure Py, ;
2— P -dependence of the index of refraction of ZrO, thin
films deposited by RMS on glass substrates: 3 — P -de-
pendence of the packing density P
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EBE ZrO, thin films show a packing density and index of refraction lower than
those of the bulk material. The packing density and the index of refraction of EBE
21O, thin films increase in the ranges 0.6—0.9 and 1.83—2.08, respectively, where
the substrate temperature increases from 30°C to 400°C. These films grow in crystal-
defined columnar structure at temperatures higher than 150°C. At substrate temperatures
lower than 150°C a void-defined amorphous structure contributes to the index of
refraction.

ZrO, thin films deposited by RMS have a packing density near unity and an
index of refraction of about 2.20. Films with very high optical quality can be deposited
in the range of oxygen partial pressure situated in the region of the maximum
of U-Po, curve, where U is the discharge voltage during the reactive sputtering.
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