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The paper summarises the results of our investigations deaiing with preparation of rare earth oxide 
films and examinations of their physical properties. Different deposition methods have been 
applied for fabrication of these films and rare-earth-oxide-based thin Mm coatings. Main results 
concerning Mm microstructure and optical properties in the wavelength range from the UV up to 
the IR are presented. Electrical and dielectric studies have been carried out in the time domain and 
in the lrequency domain (from very low frequencies up to radio frequencies) for selected rare earth 
oxides. MIM sandwich-type structures have been fabricated for this aim. Trapping levels in these 
oxides have been investigated. The complex impedance diagnostics was applied to analysis of the 
volume of Mm and interfacial properties (metal/insulator barriers) of M/R^O^/M thin Mm 
structures.

1. Introduction
Rare earth elements and different rare earth compounds have been in the focus of 
interest of scientists and researchers for the iast 50 years. Rare earth oxides (REO) 
are an important group, which can be distinguished from among many rare earth 
compounds. This group consists of the oxides of 17 elements in the periodic system,
i.e., lanthanum, the lanthanide, scandium and yttrium, which have been intensively 
investigated. The REO have been the subject of a large number of publications. 
Many review papers published in scientific journals and books which appeared to 
date have been devoted to preparation of the REO, their structure, physicochemical 
properties and also possible applications [l]-[8].

Since the 60's a great progress in thin-film technology has been observed 
[9]-[13]. Many different materials have been prepared in a thin-film form. Thin 
films have been fabricated as simple planar coatings on dielectrics, semiconductors 
and metals or in a sandwich type structures (:.e., MIM, MOS, MOM, MOSFET, 
etc., structures). These works have been performed mainly as a result of examina
tions of the basic physical and material properties of thin films as well as due to their 
potential application. First works devoted to preparation of the REO films, their 
optical, dielectric and electrical properties were published at the end of 50's 
[14]-[18].
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We started examination of the REO thin iiims in the 70's. Our first papers were 
devoted to elaboration of reproducible fabrication methods for the REO thin films 
and to examination of their basic physical properties. Then our interest was focused 
on optical, dielectric and electrical properties of the REO thin film coatings and 
REO thin film structures. Results of these investigations have been published in 
scientific journals, conference proceedings and reports [19]-[63]. Optical and 
electrical properties of the REO thin films were also the subject of Ph.D. theses 
[64]-[66].

The aim of this paper is to present and summarise results of the investigation 
carried out by our Thin Film Group, dealing with preparation and characterization 
of the REO thin films, which covers the period up to the year 2000.

2. Preparation of rare earth oxide thin films

In the bulk state all the REO form sesquioxides, R2O3 (R = La, Ce, ...,Y and Sc). 
Some of the REO form dioxides, RO2 (R = Ce, Pr and Tb). For Ce, Pr and Tb the 
intermediate oxides, RO^ (where 1.5 < x < 2) are also known [1]. According to [4] 
the monoxides, RO, can be formed in the gas state only at high temperatures in 
a vacuum. In solid state only EuO is well-established [4]. The monoxides of some 
other rare earth metals can be observed in the bulk state at high temperatures under 
high pressure. The REO have been known as the high temperature oxides which 
melt in the temperature range from 2300 to 2500 "C [1], [3], [6].

Different preparation methods have been applied to fabrication of the REO thin 
films and to REO-based thin-film coatings. These methods include both physical as 
well as chemical deposition. Some of these techniques have been applied to 
preparation of the REO films in our laboratory. In fabricating thin films we used the 
following methods:

a) Thin films were produced by thermal evaporation of the REO from resistance 
heaters. Tungsten boats were used as evaporation source. These depositions were 
carried out in the vacuum chamber under the oxygen partial pressure of 8 x 10  ̂Tr 
(1x10*2

b) Thin films were prepared by the reactive evaporation of the rare earth metal 
in oxygen, at a pressure of 4x10*^ Tr (5x10* 2 Pa).

c) The REO thin films were fabricated by the method of electron-beam 
depositions in a vacuum.

d) Thin films were obtained by thermal oxidation of the rare earth metal films 
previously deposited onto respective substrates.

Many papers can be found in the literature which deal with the physical 
properties of thin films prepared by direct evaporation of the REO from resistance 
sources (mainly from tungsten heaters) [67]-[88]. These investigations were 
performed due to potential application in thin-film optics and microelectronics. 
However, poor reproducibility of the physical parameters for films prepared with 
such a technology was reported by some investigators [14], [36], [87].
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We have shown [25], [26] that films deposited by direct evaporation from 
tungsten sources contain tungsten impurities. These impurities exist in the form of 
tungsten oxides. The content of the non-stoichiometric tungsten oxide depends on 
the temperature of a resistance heater and the type of rare earth metal. The X-ray 
microanalysis of the films have shown that tungsten contamination of such films 
may reach a level from about 5 weight percent for Gd^O^ up to about 18 weight 
percent for YbaOa [25], [26]. At present, a simple evaporation from resistance 
heater seems to be a poor preparation method of the REO films.

A satisfactory quality of thin film coatings and thin film structures has been 
obtained with the methods (b), (c) and (d). These methods have been reported in 
papers [89] —[104] to be also successfully applied to deposition of the REO films. 
However, it has been found that the best method of producing of the REO films is 
the evaporation of the rare earth metal oxide with the help of an electron gun. 
We have been applied quartz and glass plates as the evaporation substrates. Films 
for optical investigations have been deposited onto MgF^, KRS-5, KBr and Si 
substrates. The NaCl monocrystals have also been used as substrates for films 
evaprated for structural examinations purposes.

A1 electrical, dielectric and photoconductivity studies as well as examinations of 
thermally stimulated currents were carried out on M/R2O3/M thin film sandwich 
type structures [20], [34], [51]. These structures (thin-film capacitors) were 
deposited onto quartz or glass substrates with the use of specially arranged 
mechanical masks. The areas of thin film capacitors were in the range 0.1 — 10 mm^.

R2O3 B ase

Fig. 1. Typica) configuration of M/R^O,/M thin Him sandwiches fabricated for dieiectric and eiectrical 
measurements.

However, most of the specimens under examination had the area of about
1 — 1.5 mm^. Sample thickness (:.e., thickness of the REO films) ranged from 0.020 to
2 pm. A quartz-crystal monitor was applied for film thickness monitoring during 
film deposition. Finally optical interference methods were used for film thickness
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measurements after deposition. Typical deposited structures consisted of 10 thin Him 
capacitors deposited onto each plate (Fig. 1).

3. Film microstructure

It is known that under suitable conditions the rare earth sesquioxides form live types 
of the polymorphic structures designated as types A, B, C, N and X. However, for 
temperatures below about 2000 °C only hexagonal (A-type), monoclinic (B-type), 
and body centred (C-type) structures have been observed [1] — [3]. The structure of 
rare earth oxides in a thin him form has been investigated by many researchers. 
A review article summarizing structural examinations of the REO films was 
published by GASGNIER [4].

In order to identify the deposited material and its structure we applied X-ray 
electron diffraction methods as well as transmission electron microscope obser
vations (TEM micrographs). Dron-1 type X-ray diffractometer and Philips EM-310 
electron microscope were used for this aim. Structural examinations were carried out 
for EU2O3 [24], GdzOi [30], [64], Dy^O^ [48], Ho^O^ [61] and Yb^O, [25], [36], 
[66] thin films.

We have shown that films obtained by thermal evaporation of R2O3 from 
tungsten boats are completely amorphous independent of the deposition parameters 
[36], [64]. Films obtained by thermal oxidation of polycrystalline metal films at 
a temperature of 423 K were also amorphous [36].

Thin films obtained by electron beam deposition or by reactive evaporation of 
the rare earth metal in oxygen were amorphous in nature or polycrystalline 
depending on conditions under which they were obtained. The main parameters 
which influence the ordering of the film structure are: elevated temperature of 
substrate and increased pressure during evaporation as well as thermal annealing 
after deposition.

Films deposited onto unheated substrates with the help of an electron gun or by 
reactive evaporation of the rare earth metal in the oxygen were amorphous or 
polycrystalline bordering on amorphous. Only one up to a few diffusive diffraction 
rings have been observed in diffraction patterns for such films. Films deposited at the 
oxygen pressure of (2 — 8) x 10"^ Tr (3 x 10"^ — 1 x 10"^ Pa) onto heated substrates 
(up to T = 473 —535 K) were polycrystalline with a grain size of about 10 — 14 nm. 
A well-marked texture was observed in X-ray diffraction patterns for Gd203 [30] 
and Yb203 [36] films deposited onto heated substrates or for films themally annaled 
at 673 K. The R2O3 films recrystallized easily, however, as a result of electron beam 
irradiation during TEM examinations. Such a recrystallization followed due to 
sharply focused electron beam that caused film heating. Large crystals (up to 0.2 — 
2 pm in size) were observed in Dy203 [48], H02O3 [61] and Yb203 [36] films 
heated with an electron beam.

On the basis of the electron and X-ray diffraction patterns we could state that all 
diffraction rings we observed for the REO films correspond with the most intensive
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rings for R2O3 powders (literature data) and are consistent with those of bulk- 
centred cubic structure for rare earth metai sesquioxide (C-type structure of R2O3).

4. Optica! properties
Experimental examinations of the optical properties of thin films are based on two 
main groups of measuring techniques, namely: i) the spectrophotometric methods 
which rely on the measurements of specimen's transmittance T or reflectance 
R versus the wavelength, and ii) the polarization methods which deal with the 
measurements and analysis of light polarity for the light reflected of the specimen.

Both of these methods have been applied in our laboratory for optical 
examinations of the REO thin films since the 70's [21], [22], [24] —[33], [48], [62]. 
Most of the papers published up to 1974 were devoted to optical examinations of 
thin films fabricated by a simple vacuum deposition of the REO from commonly 
used sources (tungsten, molybdenum or tantalum boats). Films fabricated with such 
a technique exhibit strong absorption in the ultraviolet, showing also a considerable 
absorption in the violet [14], [25]. This absorption can be reduced by annealing the 
specimens for many hours. Films deposited by evaporation from resistance heaters 
have high refractive index n = 1.8 — 2.2 at 600 nm which in some cases is even higher 
than that for monocrystals [14], [25], [64]. We have shown that such a behaviour is 
connected with high impurity concentration coming from evaporation sources [25], 
[26]. For some of the REO these impurities were a risen of very non-reproducible 
optical properties of thin Elms [14], [25], [26]. Systematic optical investigations 
have been carried out for thin Elm oxides of praseodymium, europium, gadolinium, 
terbium, dysprosium, holmium, erbium, ytterbium and lutetium deposited with the 
help of an electron gun.

4.1. Spectral characteristics of transmittance and complex refractive index
The dielectric properties of any thin film for optical frequencies are described by the 
complex refractive index

"*(/) = "(/W K T ). (1)
The knowledge of spectral characteristics of the real part of the refractive index 

and the extinction coefficient is important not only from the physical point of view, 
but also due to possible applications of the given material in optical instruments and 
devices.

For thin dielectric and semiconductor Elms the R(2) and T(2) spectral charac
teristics enable observation of the interference effects. Optical transmittance of the 
parallel-plate uniform thin film characterized by the complex refractive index 
H? = Hi — jki deposited onto non-absorbing substrate can be expressed by general 
equation [105]

^ _______3npH2(n? + k?)______
Ech^ +  Fsh?? —Gcos^ + Hsin( (2 )
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in which: E ^ n g  + kg + Hg^ng + ki + n^-t^ngno?^,
F  =  2 n ^  [ ^ 2 ( ^ 1  +  k g  +  n g )  +  H o (n g  +  k g  +  n g ) ] ,

G = (Hi +  ̂ i-Mo)(Hi + ic^-H2)-4WoM2/ii,
H = 2 [f^H? + kg -  wg) + Mo(n̂  + kg -  ng)],

?? = 4jck^/2, ( = 4nni J/2, J  — fiim thickness, ^  — refractive index of the substrate, 
n„ — the refractive index of the "first medium" (the air), 2 — the wavelength.

Fig. 2. Dependence of the transmission coefficient T upon the wavetength 2 for Lu^O^ thin iilms 
deposited at different oxygen pressures: p =  5x10*3 Tr (7x10** Pa), 4 =  457 nm (soiid iine) and 
p = 8 x 10*s T,. (i x  iQ-2 ^ — 513 nm (broken iine).

In Figure 1, T(2) characteristics ibr LU2O3 thin films are presented [62]. Such 
transmittance characteristics are typical for all R2O3 iilms. The range of good 
transparency for R2O3 iilms starts from about 0.2—0.3 pm and lasts up to the 
near-infrared, depending on the REO, Him thickness and on conditions during Him 
fabrication. The interference effects are well seen in this region. As-deposited Hlms of 
terbium and praseodymium exhibit high absorption in the UV and the visible-range 
and correspond with Tb^O^ and Pr^O^ Elm stoichiometry, respectively. After 
reduction process in the hydrogen atmosphere these Hlms transformed into ses- 
quioxides [27], [28]. Such Hlms had spectral characteristics of the transmittance 
similar to those of other sesquioxides. Examplary transmittance characteristics for 
PrgOn and P^C^ thin Hlms obtained by MARCINÓW [28] are shown in Fig. 3.

The Gd2Û3 thin Hlms have been investigated in the infrared, in a wide wave 
spectrum range up to 50 pm [26], [30]. A typical dependence of transmittance on the 
wavelength is presented in Fig. 4. In the region investigated the Gd2Û3 thin Hlms 
— regardless of the evaporation technique and kind of the substrate — have 
absorption bands localised at 3, 7, 11.7 and 25 pm. They were described in the 
following way:

a) the absorption band at 3 pm results from the O —H stretching mode,
b) the double band at 7 pm and very weak absorption band at 11.7 pm 

(for Hlms thicker than 0.7 pm) are due to the CO3 ions in the carbonate compounds,
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Fig. 3. Spectral dependence of the transmission coefficient for Pr^O^ and Pr^O,, thin Blms of thickness 
545 nm. Curve 1 is plotted for Pr^O,, films. Curve 2 shows T(A) characteristic for films prepared by the 
reduction of Pr^O,, films in the hydrogen furnace at 973 K. Film thickness — 545 nm.

[̂pml

Fig. 4. Infrared transmittance of Gd^O^ film 1 pm thick, evaporated onto KRS-5 substrate.

c) the absorption band at 25 pm is connected with the centre of lattice vibration of 
Gd203-

The absorption bands at 3, 7 and 11.7 pm resuited from residuai gases 
incorporated into the iiims during evaporation process.

The refractive index of thin Qims can be evaluated from Eq. (2) by application of 
the numerical methods. A special evaluation method has been applied to this aim 
[106]. TRUSZKOWSKA, BOROWICZ and WESOŁOWSKA [32] have estimated optical 
constants of the REO lilms by the numerical fitting of the T(2) data. However, most 
literature which provides for estimation of the optical constants deals with different 
approximation of the general formula expressed by Eq. (2). In the simplest case, 
neglecting him absorption, this formula can be rewritten [11], [105].
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-T ^ _________________ 8"o"2"l_________________
("0 +  "l) ("l +  "2)^ +  4Ho"i "2 +  ("^ -  "o)("2 -  "o)cos f

Assuming HQ < Hi > H2, the transmittance reaches extreme values 7 ^  and 
Tmm for optical thicknesses of the Sim: n ^  = l/2ni2, = l/4(2m+1)2, respectively
(w is the interference order). The refractive index can be easily evaluated for these 
extremes of the transmittance. The simpliSed methods given by HALL and FERGUS- 
SON [107], SCHULTZ and TANGHERLINI [108] and VRIENS and RlPPENS [109] have 
also been applied by us to evaluation of optical constants of the REO Sims.

Fig. 5. Dependence of the refractive index n and extinction coefEcient /c for D y,0^ iiims on the wave
length. Fiim thickness: d =  526

T a b i e  1. The refractive index of rare earth oxide iiims.

Rare earth oxide n(A =  0.55 pm) n(2 =  1 pm) References

Pr^O^ 2.05 2.01 [28]
Pr.O i, 1.98 1.91 [28]
Eu.,0, 1.86 1.84 [24], [26]
Gd^O, 1.92 1.91 [26], [30]
TbiO , 1.88 1.83 [27]
TbiO? 129 1.87 [27]
Dy^O, 1.86 1.85 [48]
H o^o, 1.80 1.79 [61]
Er^O, 1.88 1.87 [26]
Yb;0 , 1.91 1.90 [21], [25], [26]
LU2O3 1.84 1.83 [62]

Typical dispersion characteristics of the optical constants n(2) and ft(2) for 
Dy20a Sims are shown in Fig. 5. The refractive index of all the Sims under xamination 
has a small dispersion in the wavelength range 0.5 —2.5 pm. The R2O3 Sims exhibited 
very small absorption for a visible and infrared range. Values of the extinction 
coefScient for most REO Sims were below 0.01 for 2 > 350 nm. Values of the reSractive 
index estimated by us for different rare earth oxides at 2 = 0.55 pm and 2 = 1  pm are
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compiled in Table 1. Except for Sims, values of the refractive indexes lor rare
earth sesquioxide layers at A =  0.55 pm are in the deficient range 1.8 —1.92 pm.

4.2. Optical application of the REO films: anti-reflection coatings
Optical examinations of thin films are important due to their potential application in 
optical instruments. The REO layers on quartz and glass exhibit very good adhesion. 
The REO coatings show high resistance to laser-beam irradiation in the near-infrared 
(at 2 = 1.06 pm) [29]. These properties classify them as useful in applications. We have 
proposed to apply the REO films to antireflection coatings. A single, a double and 
a triple layer coating are commonly used. Two types of such coatings were fabricated 
by us on the basis of the REO films:

a) a single layer coating of S-L(2/4) type on semiconductor substrates,
b) a double layer coating of a S-H(2/4)L(2/4) type on glass substrates (S denotes 

here the substrate, H and L are the high and low refractive index materials, 
respectively).

Fig. 6. Spectra! dependence of the reflectance for a single fayer Lu^O^fA/d) anti-reflection coating on silicon 
substrate. The broken line shows the reflectance of the pure silicon wafer.

Spectral characteristic of the reflection coefficient of the first type of coating is 
shown in Fig. 6 [62]. This is a Lu20^(/)./4) anti-reflection coating on silicon wafers. 
The Yb203(2/4)MgF2(2/4) and Gd203(2/4) MgF2(2/4) anti-reflection coatings of the 
second type were fabricated on glass substrates [29]. Spectral characteristic of the 
reflection coefficient for Gd 203(2/4) MgF2(2/4) anti-reflection coating on a glass 
substrate is shown in Fig. 7. The results show that it is easy to produce very useful 
REO-based anti-reflection coatings with minimum reflectance below 1%.
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Fig. 7. Spectral dependence of the reflectance for a double layer Gd20 (̂A/4)MgF2(A/4) anti-reflection 
coating on BK-7 glass substrate.

5. Electrical properties of M /R 2 O 3 /M  thin films structures
Electrical conductivity of the REO for baked powder samples has been examined 
by different researchers for high temperature range, t.e., for 573 K < T < 1846 K. 
[110] —[113]. These examinations show that both electrons and ions take part in 
electrical conductivity in R2O3. Most of the rare earth sesquioxides exhibit very good 
insulating properties.

We started examinations of the electrical properties of some REO in a thin film 
form at the end of the 70's. Vacuum deposited M/R2O3/M (M = Dy, Ho, Yb) thin Him 
sandwich-type structures were examined. The first works on that subject dealt with 
development of measuring techniques and with fabrication of M1M structures, as well 
as influence of preparation methods on electrical properties of rare earth oxides [23], 
[35], [36], [66]. Electrical properties of M/R2O3/M structures were repeatable and 
stable in time, except for the lilms prepared by vacuum deposition of the REO from 
resistance heaters.

5.1. Electrical conductivity
Different techniques were applied for determination of the electrical conductivity of 
M/R2O3/M structures:

a) The conductivity was estimated from measurements of charging currents. The 
"equilibrium current" 7^ was reached after the time of 10^—10̂  s [36].

b) The conductivity was determined with the method of slow cooling of specimens 
at applied voltage [53].
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c) The conductivity was evaluated from reiation (4) by measuring the charging 
7̂ (t) and discharging current J^(t) after the time t [41]

At room temperature the iow Held d.c. resistivity of M/H02O3/M
and M/Yb^O^/M thin film sandwiches was very high, p = 10̂  ̂  —10^ Qm, which is 
comparable with resistivity of the other high-resistivity MIM thin Him structures [36], 
[41]. Temperature dependence of the d.c. conductivity for M/R^O^/M structures was 
measured. Typical temperature characteristics of d.c. conductivity current for 
Al/Dy^O^/A! structures in log/ oc T  ̂ scale measured at different voltages are shown 
in Fig. 8 [53]. We can conclude from these measurements that electrical conductivity 
of M/R2O3/M structures can be described by typical Arhenius type formula

in which k is Boltzmann constant and T is a temperature, E2 and E3 are respective 
activation energies for conduction process and c ^ , and ^ 3  are preexponential 
factors. The lirst term in Eq. (5) is responsible for the conductivity in the 
temperature range 400 K < T<  500 K, the second one decides on the conductivity at 
temperatures 300 K < T<  400 K, while the last one describes the conductivity

(4)

(5)

-8

12 V 
10 V 
7 V 
4 V 
2V 
IV

Al/Dy2Û3/Al

-13 \
1.8 2.2 2.6 3.0 3.4 3.8 4.2 4.6

jgpo [K-,]T
Fig. 8. Temperature dependence of the conductivity current for Al/Dy^O^/Al thin Blm sandwiches measured 
at different voltages in log f — 1000/T scale. Dy^O^ Blm thickness d =  146 nm.
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at low temperatures. Values of the high-temperature activation energy E  ̂ for the 
samples examined were in the range 0.9 — 1.23 eV [35], [36], [41], [43], 
[51], [58]. The experimental data show that the activation energy E3 depends 
on applied voltage and is connected with deep Coulombic centres. The activation 
energy E2 reached values of 0.54 eV for structures [36] and
0.32 eV/0.55 eV for M/Dy^O^/M structures [47]. At low temperatures, :.e., for 
100 K < T < 200 K, the conductivity was almost temperature independent Values of 
the activation energy E3 were in the range 0.01 — 0.03 eV (for M/Dy203/M thin-film 
structures). The hopping type conductivity was involved for the explanation of the 
low-temperature d.c. electrical conductivity in these structures [53].

5.2. Current-voltage characteristics
The current voltage (I —V) characteristics for M/R2O3/M thin him structures 
measured for temperatures between 200 K and 500 K have been presented in the 
papers [23], [35], [58], [60]. For all the specimens examined low-voltage I —V 
characteristics were linear (:.e., Ohmic): I oc V \ For high electrical Helds (i'.e., for 
E ^  10̂  V/cm), the I —V characteristics exhibited non-linear behaviour: IocV". 
Values of the exponent n were in the range between 1 and 12 [36], [60] and depended 
on the temperature, applied voltage, material of capacitor electrodes and on film 
preparation method.

To explain the I —V characteristics different conductivity mechanisms including 
bulk effects as well as processes responsible for carrier transport across M/1 contacts 
have been taken into account [23], [24], [66]. Experimental investigations of 
M/Yb203/M structures show that usually barrier-type contacts are formed at 

interfaces. Ohmic electrodes are formed only at Yb/YT^Og contacts 
obtained by thermal oxidation of Yb films [63].

5.3. Isothermal non-steady state currents
The method of isothermal non-steady state currents or dielectric-relaxation-currents 
(IDRC) was applied to electrical examinations of M/R2O3/M thin film capacitors 
[41], [43], [52], [60], [63]. The method consists of the time domain measurements of 
the charging i,(f) and discharging currents /¿(i). The 7„M currents were measured after 
application of a step voltage 1/ to the sample at a time i = 0. The /¿(i) currents were 
measured after voltage removing.

Typical families of the isothermal charging and discharging currents for 
Al/Ho203/Al-type capacitors are shown in Figs. 9 and 10, respectively [52]. The 
discharging currents follow the relations:

7,(t) oc f"" for short times, (6)
/¿(t) oc i""  for long times, (7)

which express the "universal dielectric response law" [114], [115].
For short times the charging currents have the same character as the discharging 

currents. For long times the charging currents reach a constant value and correspond
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to the conductivity current (/¿J at a given temperature. Values of the parameter n were 
in the range 0.22 — 0.60 for Al/Dy^O^/Al [41], [45] about 0.4 for Al/Ho^O^/Al [52] 
and 0.38 — 0.5 for A]/Yb20^/Ai [43], [60]. Values of the exponent m changed

Fig. 9. Time dependence of the charging current i,(t) for Al/Ho^O^/Al structures with different insulator 
thicknesses measured at a temperature of 473 K.

Fig. 10. Time dependence of the discharging current /¿(t) for Al/Ho^O^/Al structures with different insulator 
thicknesses measured at a temperature of 473 K.
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between 0.9 and 1.5. The 7 (̂t) characteristics in this range depend on the metal applied 
as capacitor electrodes [60]. Such a behaviour shows an important role of electrodes 
in long-time dielectric relaxation characteristics. In paper [63], the charge released 
during relaxation process was estimated. These results were explained under assump
tion of the response of two Schottky barriers at M/1 electrodes.

6. Dielectric properties

The dielectric properties of any insulating film can be characterized by the complex 
capacitance, usually determined from measurements

C* (M) = C'(m) -j'C"(M) =  Cfm J (8)
co

C' and C" denote the real and imaginary parts of the capacitance, respectively. C(co) 
and G(co) are the parallel electric capacitance and the total conductance of the 
specimen, at a circular frequency co (co = 2n/).

The complex dielectric permittivity s*(co) is related to C* by a geometrical factor 
Co — EpS/d

e*(M) = = e'(co) -;e"(co) (9)

where Ep is the dielectric permittivity of a free space, s is sample area and if — its 
thickness.

Very often in technical applications the dielectric loss factor, tan <5 is also used for 
material characterization

t a n á  =
C(co)

coC(to)
E"(M) (10)

We started dielectric studies of the REO films by examining the fundamental 
material properties and characteristics for ytterbium oxide films fabricated with 
different methods [23], [34] —[36]. At room temperature M/YbxOa/M thin film 
capacitors exhibit high dielectric breakdown field strength, > 10̂  V/m, the 
dielectric permittivity in the range of 10.9 — 12.5 (at 1 kHz), low dissipation factor, 
tan <5 = 0.004 — 0.015 and temperature coefficient of the capacitance, TCC = 
370 ppm/K.

In order to examine the basic dielectric properties of R2O3 films and M/R2O3/M 
thin film structures the dielectric measurements were carried out in a wide frequency 
range from 0.01 mHz to 10 MHz. A few experimental techniques, schematically 
shown in Fig.ll were applied for this aim [34], [37], [39] —[41], [43], [45], [52]. 
Experimental results were presented in the frequency domain with the following 
functions: C '(/) and C"(/) [41], [44], [45], C'(/) and tang [37], [39], [40], e'(/) 
and s"(/) [47], [48], [54], [58] or with dielectric susceptibility [42].
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evaluation of C(f), tan 5(f), Z(f) 
and e(f) from parameters of the ellipse

with
C -b r id g e

evaluation of C(f), tan S(f),Z(f) and s(f)

!

Of E(f)

10' 10' 10' 10' 10' 10= 10' 10" 10"
Frequency[Hz]

Fig. 11. Schematic illustration of expérimentai methods appiied to dielectric measurements of rare earth 
oxide liims in a wide frequency range.

6.1. Complex capacitance
Dispersion characteristics of the complex capacitance for M/R^O^/M thin film 
capacitors (R = Dy, Ho and Yb) were very similar. Typical examples of C' and C" 
dispersion curves obtained for Al/T^Oa/Al thin him sandwiches [41] measured at 
different temperatures are shown in Figs. 12 and 13. For low temperatures and high

Fig. 12. Frequency dependence of the reai part of the compiex capacitance C*( / )  at different 
temperatures: o — 476 K, V — 451 K, x — 428 K., * -  398 K, A — 376 K, +  — 338 K, and
a — 298 K.. Film thickness 4 =  526 K.
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f [Hz]

Fig. 13. Frequency dependence of the imaginary part of the compiex capacitance C"(/), for Ai/Dy^O,/Ai 
thin fiim sandwiches measured at different temperatures: o — 476 K, V — 451 K, x — 428 K, # — 398 K, 
A — 376 K, +  — 338 K, and ° — 298 K. Fiim thickness 4 =  526 nm. Curves of the dieiectric iosses C"(/) 
were evaiuated from the charging currents. C" oc to" * is drawn to indicate the region dominated by d.c. 
conductance.

frequencies C'(/) characteristics exhibit a smaii dispersion giving dieiectric response 
of Dy20^ him itseif. At )ow frequencies C'(/) curves increase strongly and saturate. 
The dissipation curves C" for Ai/Dy^O^/Ai structures exhibit thermaiiy activated 
peak, which comes from an interaction between the volume and interfacial processes 
[55]. The activation energy for the loss peak was estimated with Debye's shift 
method. Values of E^ were: 1 — 1.1 eV for Dy^O^ [40], [41] and Yb^O^ [40], [43] 
and 0.7 eV for H02O3 [58], respectively.

6.2. Dielectric permittivity
Figure 14 shows typical examples of dielectric response lor dysprosium, holmium 
and ytterbium oxides sandwiched between aluminium electrodes [54]. Well-exposed, 
thermally activated maximum of dielectric losses is well seen in each curve. The real 
part of dielectric permittivity exhibits dispersion from one to three decades for 
frequency range between very low frequencies (:.e., 10 pHz —100 gHz) up to radio 
frequencies. For low frequencies and high temperatures e' saturated or even further 
increase of e'(/) was observed [39], [40]. The dielectric permittivity in this range 
reached values from s' =  100 to e' =  10000. Such high values of dielectric permit
tivity evaluated in this range have been taken as the apparent dielectric permittivity 
for M/R2O3/M structures and they cannot be connected with material properties of
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Log ( F[ Hz])

Fig. 14. Frequency dependence of the real and imaginary parts of dieiectric permittivity for AI/R^O^/AI 
thin him structures. The resuits were obtained at a temperature of 376 K for Dy^O,, 423 K for Ho^O^ 
and at 355 K for Dy^O^. The experimentai data correspond with insulator thickness of 526 nm, 216 nm 
and 150 nm for Dy^O^, Ho^O^ and Yb2 0 ,̂ respectiveiy.

Fig. 15. Frequency dependence of s' for Ai/Dy^O^/Ai thin fiim sandwiches of different dieiectric 
thicknesses: a — 167 nm, b — 226 nm, c — 273 nm, d — 348 nm at a temperature of 543 K.
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the oxides examined. This conclusion has been drawn on the basis of different 
experimenta! tests, :.e., from examination of the influence of: i) the insufator 
thickness, ii) the voltage bias, iii) the temperature and iv) the material applied as 
electrodes, on dielectric properties of M/R2O3/M structures [39], [40], [44], [54], 
[58]. In Figure 15 the influence of the film thickness on e'(/) dispersion curves for 
Al/Dy^O^/Al structures is shown. Two regions corresponding with properties of 
Dy2^3 volume (region 1) and with properties of Al/Dy^O^ boundaries (region II) 
can be distinguished in this Figure. In region I, :'.e., for audio and radio frequency 
region a dispersion of s' is very small. For different specimens values of the high 
frequency permittivity were in the range from 10 to 16. Values of the high-frequency 
permittivity depended on conditions during preparation of insulating films (mainly 
on the temperature of substrates, rate of him deposition and on oxygen pressure 
during evaporation process). We observed that the permittivity depended on the 
insulator thickness. A dependence of e' on insulator thickness for ytterbium-oxide- 
based thin film capacitors is shown in Fig. 16. It can be seen that the permittivity is 
constant only for insulator thickness greater than about 80 nm (e' = 12.5). For 
thinner films e' decreases down to about 7 [34]. In the same figure results obtained 
for the other rare earth oxides are compiled. Except of the anomalous behaviour 
observed by SAXENA and SRIVASTAVA [86] for E^C^ results for different oxides are 
very similar. Such a dependence of dielectric permittivity on film thickness can be 
explained particularly by the porosity of very thin films and mainly by the influence 
of both near electrode regions (their contribution for a small insulator thickness can 
be important) [34], [36], [58].

50 100 150 200 250 300
d [nm]

Fig. 16. Dependence of dielectric permittivity for Al/Yb203/Al thin Him capacitors. Resuits for 
[84], EU2O 3 [90], Pr^O^ [77], Dy^O^ [79] and La^O, [96] are taken from the literature.

Finally, for optical frequencies the permittivity was evaluated from Maxwell 
relations and optical transmittance measurements [61] —[62]. Values of the high- 
frequency optical dielectric permittivity of films were in the range from

= 3.24 to s'a, — 4.04 and are given in Table 2.
To sum up the results presented in this chapter, the fundamental dielectric 

properties of the REO films have been compiled in Table 2. The literature data
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dealing with the REO Sims prepared by eiectron-beam deposition have aiso been 
included in the same Table. It is seen that at room temperature the REO Sims 
exhibit interesting dielectric properties: i) relatively low dielectric losses, ii) low

T a b l e  2. Fundamental dielectric properties of electron-beam deposited REO thin films at a tem
perature of 297 K: the dielectric permittivity s', the loss factor taná and temperature coefficient of the 
capacitance TCC at 1 kHz, the dielectric permittivity at optical frequencies and the dielectric 
breakdown Held strength

Rare earth s' 
oxide

tan <5 E.
[MV/cm]

TCC
[ppm/K]

4 References

La^O, 12.2 0.004 0.2 - 1 2 [96]
CeO^ 13 0.015 [97]
Pr^O^ 4.04 [28]
N d ^ 10.1 [96]

12.64 0.0045 >1.5 350 [94]
EU2O 3 214 0.015 1200 3.39 [24], [90]

11 0.015 2 [97]
3.65 [30]

10 >3 [116]
Tb^O, 3.35 [27]
Dy^O, 10.2-10.9 0.001 3.42 [41], [48]

13.3 230-300 [40], [44]
H oiO , 10.8 0.01 150-210 3.24 [63]

13-14 0.0075 3 [97]
3.5 [26]

13-14 0.007 4 [97]
YbiO, 10.9 3.62 [36], [54]

115 0.004-0.015 >1 370 [34], [40]
Lu2Gg 3.46 [62]

13 0.003 3 [89]

TCC, iii) high dielectric breakdown Seld strength. Values of the dielectric permit- 
Svity (at 1kHz) for most of these oxides are in the range 10—14 and are close to 
values of s' obtained from the dielectric measurements of bulk specimens 
(11.5 < E < 15.5, except of CeOz) or estimated from Lyddane-Sachs-Teller relation 
(11.6 < e' < 14.9) [117].

7. Complex impedance diagnostics

The dielectric data for MIM structures can be described also with their complex 
impedance or admittance [56]:

Z'(M) =  Z'(M)-;Z"(M) = R ,- 7
MC,' (H )

V(M) =  r(M)+./-y"(M) = Gp+jMC,. (12)
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The complex impedance of MIM structure is connected with series resistance R, 
and series capacitance C, of a specimen. The complex admittance of a specimen is 
connected with its parallel resistance R^ (Rp = G, and parallel capacitance Cp. 
Both of these quantities are connected by the relation

Z'(M) 1
ÿ(M )'

(13)

Experimental data of any specimen can be presented with quantities Z or Y in 
the frequency domain as well as in the complex impedance or admittance graphs. 
The complex impedance diagnostics has been applied by us for examinations of the 
Al/R^O^/Al thin Him structures (R = Dy, Ho) in the frequency range 1 0 ^  — l(f  Hz 
[46], [52], [55], [56], [58]. Figures 17 and 18 show examples of the complex

Fig. 17. Complex impedance graphs for AI/Ho^O^/Al thin lilm capacitors. Results obtained for different 
insulator lilm thicknessses: a — 273 nm, b — 216 nm, c — 130 nm and d — 32 nm.

impedance graphs (the imaginary Z versus real Z) obtained for Al/Dy^O^Al and 
Al/Ho^O^/Al thin film structures of a different film thicknesses (Fig. 17) [52], [58] 
and for different voltage bias (Fig. 18) [56]. Two separate regions have been 
distinguished in each Z" = F(Z') graph:

i) the high frequency region corresponding to the volume of the insulating lilm 
(region 1), and

ii) the low-frequency region connected with properties of M/1 interfaces 
(region II).

A detailed analysis carried out for Dy20^ and Ho^O^-based thin him capacitors 
enabled estimation of a resistance of the volume of the insulator and a resistance of 
Af/1 interfaces [52], [56]. Both of these resistances were thermally activated. The 
activation energy for the volume processes was 1 eV and 0.7 eV for Dy20^ and 
H02O3, respectively and corresponded with the activation energies of the dielectric 
loss peak. The resistivity of M/7 boundaries was extremely high and a complete 
semicircle or arc was rarely observed even for high temperatures and frequencies as 
low as 0.1 mHz. Very often only a "spur" very sensible to the measurement voltage
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was formed in this region. The activation energy estimated in this region for 
Al/Dy^O^/Af structures — 1.2 eV was siightiy higher than for the volume 
processes [56].

Fig. 18. Iniluence of the measurement voltage (U =  — 2, — 6 and — 8 V) on the complex impedance graphs 
for AI/Dy^O^/AI thin lilm capacitors at the temperature T =  411 K. Resistance of electrodes R„ the 
insulator R„ and barriers R  ̂ are indicated.

We should also mention that dielectric studies at "high voltages" enable 
observation of a transition from electrode limited processes to volume limited 
processes. In general, high electric voltages cause large delormation of region II in 
Z" = E('Z) graphs. Unfortunately, very often it corresponds with irreversible 
changes in MIM structures, which usually are much faster at high temperatures 
[56]. The complex impedance graphs enable also estimation of the resistance of 
capacitor electrodes and contacts of M/R^O^/M structures [56].

Fig. 19. Schematic illustration of M/R^O^/M thin film structure showing the volume region of R^O^ Elm 
and two interfacial M/R^O, regions at each metal/insulator boundary.
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These examinations lead us to conclusion that M/R2O3/M thin (ilm structures 
can be represented by a simpie mode] schematically shown in Fig. 19 [54], [56]. In 
this mode], three regions, nameiy: the region of the voiume of R2O3 iiim and two 
near-eiectrode regions (Schottky barrier regions) are connected with metai elec- 
trodes. It has been shown that 4—8 nm thick Schottky barriers are formed at each 
eiectrode [39], [54].

8. Thermally stimulated processes (TSDC, TSPC and TSEE)

Different thermally stimuiated techniques such as the thermoluminescence (TL), 
thermally stimulated electron emission (TSEE), thermally stimulated capacitance 
(TSCAP), thermally stimulated currents (TSC), i.e., thermally stimulated depolariza
tion currents (TSDC), and thermally stimulated polarization currents (TSPC) have 
been widely applied for electrical studies of semiconductors or insulators sandwiched 
between metallic electrodes.

The TSC and the TSEE methods have been applied by us for examination of 
R2O3 thin films (R =  Dy, Ho and Yb).

8.1. Thermally stimulated currents
The TSC measurements were carried out in the temperature range from 130 K 
(297K) to about 550 K. The TSDC thermograms were obtained by specimens 
heating at a constant rate /f, so that the temperature increased linearly with time: 
T = 7̂ , + /?f. Microcomputer controlled apparatus for recording the TSC spectra 
have been described in the papers [49] —[51].

The low-temperature measurements carried out for A l/l^C ^/A l thin 
film thermoelectrects show that TSDC spectra exhibit only a single peak at 
299 K connected with the trapping level of 0.25 eV [38]. Systematic examinations 
of the TSDC and TSPC spectra were performed for the temperature range 
297 K —500(550) K. [47], [49] —[51], [53]. The influence of the heating rate, the 
polarizing temperature and time, the polarization voltage as well as the sample 
thickness on the TSDC and TSPC characteristics was tested. The TSDC spectra for 
M/R2O3/M thin film structures were very similar. The TSDC thermograms for 
A1/H0203/A1 thin film thermoelectrets measured at different heating rates /? are 
shown in Fig. 20 [51]. The TSDC characteristics are characterized by a single peak 
located between 360 K and 400 K depending on the rate of heating. It was 
established, however, that for high temperatures (:.e., for T > 7 ,̂ where 7^ is 
the temperature for the TSDC peak) a shape of TSDC characteristics is complex 
and depends on the polarization voltage, on the polarization time and polarization 
temperature [50], [51]. For the positive polarization voltage applied to the upper 
electrode the TSDC increases monotonically with the temperature, whereas for 
the negative voltage reverses its sign. This difference in the high temperature TSDC 
characteristic could be related to an asymmetrical structure of each M/1 boundary 
[51].
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Fig. 20. TSDC curves for Ai/Ho^O^/At thin fiim capacitors measured at different heating rates: a — 
0.042 K/s, b — 0.071 K/s, c — 0.12 K/s, d — 0.21 K/s, e — 0.3 K/s. Polarization conditions: =  —IV,
t,, =  1000 s, 7], =  410 K. Thickness of the insulator d =  130 nm.

1000/T [1/K]
Fig. 21. TSPC curves for Al/Dy^O^/Al capacitors measured at different voltages: a — U =  1 V, 
b -  U =  2 V and c -  Li =  3 V (/} =  0.21 K/s, d =  526 nm).

The TSPC spectrum was measured after TSDC cycle at hnear heating condition, 
:.e., for T = H The TSPC is a sum of the equilibrium current (responsible for 
d.c. conductivity) and the nonequilibrium current. Typical TSPC characteristics for 
Al/Dy203/Al thin Sim capacitors are shown in Fig. 21 [59]. The TSPC curves 
obtained for low voltages (for t/ < 2.5 V) exhibit a single maximum which strictly 
corresponds with the observed TSDC peak. For t/ > 2.5 V the TSPC peak 
disappears due to a large contribution of the conductivity current.



28 T. WlKTORCZYK

8.2. TSEE spectra
Examinations of the TSEE spectra were performed for YbaOg thin iiims deposited 
onto tungsten substrates [38]. The measurements of the exoelectrons were carried 
out in the temperature range 273 — 800 K. The TSEE characteristics exhibited we!! 
marked maximum at the temperature of about 770 K.

8.3. Activation energy of traps
Different methods have been proposed in the literature for determination of traps 
activation energy from thermally stimulated thermograms. We have estimated the 
traps activation energy with the method of GARLlCK-GlBBSON [38]. This method 
takes into account the low temperature tail of the TSDC, TSPC and TSEE curves, 
where the measured signal follows according to the relation: 7(T) = exp [ —E/k7],
in which 7o is a constant and E is the activation energy of the process. The 
experimental data for R2O3 films and for M/R2O3/M structures were presented 
in log/ — 1000/T scale. The low temperature experimental results can be ap
proximated by straight lines the slopes of which correspond to E. Values of the 
activation energies estimated for Yb203 films and for AI/HO2O3/A!, Al/Dy203Al 
and Al/Yb203/A! thin film structures are given in Tab. 3. In the same table values of 
the activation energies obtained in electrical conductivity measurements E„ as well 
as by Debye's shift method in dielectric measurements Ep are compiled.

T a b l e  3. The activation energies for thin iiims estimated in thermaiiy stimulated processes E^^, 
Ersp, Ê sEE, from the dietectric measurements E, and from eiectricai conductivity measurements E,.

Rare oxide 
oxide [eV]

*̂TSP
[eV]

ErsEE
[eV] [eV]

R.
[eV]

References

Dy^O,
0.7
0.6-0.8 0.55

1-1 .1
0.01-0.03 
0.32, 0.55, 
1 -1 .2  
1.23

[49]
[47]
[39 ]-[4 1 ] 
[47]
[58]

H o ,0 , 0.5, 0.7 0.6- 0.74
0.7

1 [50], [51] 
[55]

YbiO,
0.25
0.6-0.8

1.6

1-1 .1
0.53, 0.98

[38]
[59]
[40], [43] 
[36]

9. Photoconductivity

The photoconductivity of M/Gd203/A! thin film structures with different metal 
electrodes (M = Al, Cu, Cr, Ag and Au) has been investigated by NOWAK [19], [20]. 
Photoconductivity current was measured at a temperature of 77 K and 300 K for
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Fig. 22. Spectra! characteristic of photocurrent at 300 K for an Ai/Gd^O^/Ai structure at a constant 
incident photon flux. The Gd^O^ film thickness was 230 nm and the top eiectrode was positive

specimens illuminated through semitransparent metai top eiectrodes with mono
chromatic radiation in the energy range hv =  1.5 — 3.5 eV. Under illumination the 
photocurrent shows a very week temperature dependence between 77 K and 300 K. 
A typical spectral scan shown in Fig. 22 exhibits two peaks. The experimental data 
were interpreted as the bulk excited photoeffect [20].

10. Summary and conclusions

Results of our experimental investigations dealing with thin films of rare earth oxides 
have been presented. These studies may be summarized in the following way:

1. Rare earth oxide films were fabricated with different methods. We have shown 
that satisfactory (amorphous or polycrystalline) thin-film coatings can be fabricated 
with all the methods applied, except for evaporation of the REO from resistance 
heaters.

2. Rare earth oxide films prepared on quartz or glass were stable in time and 
exhibited very good adhesion.

3. Rare earth oxide thin-film coatings exhibit interesting optical properties. 
Films of sesquioxides are transparent over a wide spectral range and have the 
refractive index in the range 1.8 — 1.92 (at 2 = 0.55 pm).

4. Electrical and dielectric studies were carried out for M/R2O2/M thin film 
structures (R = Dy, Ho and Yb). Values of the estimated dielectric permittivity for 
thick films increase from e(. = 3.24 — 3.62 at optical frequencies to s' =  10—14 for 
the audio- and radio-frequencies; and e' = 100—10000 (the apparent dielectric 
permittivity) at very low frequencies. In a wide frequency spectrum different 
polarization mechanisms are responsible for dielectric properties of R2O3 thin films 
and M/R2O3/M thin film structures.
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5. The results presented lead us to conclusions that both volume of the oxide
Him and metal/insulator boundaries are important in electrical and dielectric 
examinations of M/R2O3/M structures. Thin barriers, a few nanometers thick 
formed at both metal electrodes are responsible for low frequency/high temperature 
dielectric properties of these structures. High frequency/low temperature dielectric 
properties of structures are connected with film.

6. Thermally stimulated methods, the TSDC, TSPC and TSEE, as well as 
measurements of the photoconductivity were applied for examinations of traps in 
R2O3 thin films.

7. Optical characteristics show that rare earth oxide thin films can be considered 
as useful materials for fabrication of different good-quality thin-film optical coatings 
(especially as interference coatings). Moreover, very good dielectric and insulating 
properties classify them for application in electronic microcircuits.
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