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The effect of film thickness on the optical and electrical properties of Cu-30 wt % GeOQ,—70 wt%
thin cermet films prepared by electron-beam deposition at about 10~ Pa and at a substrate
temperature of 300 K is reported. The ultraviolet, visible and direct current (d.c.) conductivity
results are analysed with the aim of determining the optical band gap, E,:, the width of the band
tails, E., and the d.c. thermal activation energy, E,. It was found that the optical energy gap
increases with increasing thickness and that the absorption was due to indirect transitions in
k-space. The general feature of the absorption edge remains similar for both unannealed and
annealed films, but annealing has the effect of decreasing E,.. The d.c. conductivity results show
that E, decreases with increasing thickness. From a knowledge of E,,; andE,, a probable model of
the electronic band structure in Cu—GeOQ, thin films has been suggested.

1. Introduction

Extensive studies of ceramic—metal (cermet) thin films
have been carried out for many years because of their
potential applications in integrated circuits [1-11].
The excellent transmittance (about 92%) of the cer-
mets in the visible region and continuous variation of
the absorption coefficient as a function of photon
energy make them ideal as photoelectric devices, ab-
sorption filters and other optical elements [12]. These
films are primarily insulators with metal incorporated.
Optical and electrical characterizations were studied of
cermet films with various metal and dielectric com-
positions, such as Mn-SiO [3], Cu-SiO, [5] and
Au-Si0, [6], which were prepared by various depos-
ition techniques.

Some thickness-dependent optical and electrical
properties of Cu-GeO, films were investigated. The
main purpose was to examine optical absorption and
d.c. conductivity, in terms of the models currently in
use, and to describe these properties. Determinations
of the optical band gap, E,, the refractive index #, the
width E, of the tail of localized states in the band gap
and the d.c. thermal activation energy, E,, are often
necessary to develop the electronic band structures of
amorphous materials [3]. The theoretical work of
Davis and Mott [7] and Tauc er al. [8] have generally
established that for many amorphous materials in the
higher absorption region (« > 10* cm ) the absorp-
tion coefficient a(v) is described by

CX(V) = B(hV - Eopl)z/hv (1)
where v is the photon frequency, # is Planck’s constant
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and B is a constant. Furthermore, for many amorph-
ous materials, the low-frequency end of the band gap
shows -an almost linear relation on a logarithmic
scale. This behaviour has often been referred to in
the literature as the Urbach behaviour [9]. For
a(v) < 10* cm ™!, this may be expressed by the rela-
tion

alv) = ogexplho/E,) {2)

where o is a constant.

The dielectric function, g, is a fundamental property
of the cermets, and it can be used to calculate the
optical gap. To determine this parameter it is essential
to know K, the extinction coefficient. Further, much of
the optical behaviour of the films can be understood
when n and K are plotted as a function of the incident
photon energy. Once a(v) is known, the parameter
K can be calculated according to the relation,

(M)A

K =
4r

3)

D.c. conductivity was measured with the aim of
determining the activation energy. Various theories
have been proposed to account for the electrical con-
duction mechanism in thin films [7, 10, 11, 13-15].
Depending on the size and spacing of the conducting
particles in a dielectric matrix, as well as the temper-
ature variation, conduction may occur via quantum-
mechanical tunnelling, thermionic emission or hop-
ping. In the case of semiconducting amorphous
materials, the conduction mechanism can be at-
tributed to any one of, or a combination of, the above
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three processes. In our present study we find that all
cermets are well described by

oo exp( — Eq/kT) )

in the high temperature region (7 > 323 K). Here o, is
a constant. Equation 4 indicates that conduction may
be due to thermionic carrier excitation from extended
states of the valance band to those of the conduction
band.

g =

2. Experimental techniques

2.1. Preparation of the films

Thin films of varying thickness (227-407 nm) were
prepared by electron-beam evaporation of appropri-
ate mixes of Cu and GeO, powder (pressed in the
shape of pellets) from a single graphite boat at a pres-
sure of about 102 Pa and a substrate temperature of
300 K. Corning 7059 glass substrates were ultrasoni-
cally cleaned in a series of conventional steps and by
a glow-discharge cleaning process. The substrates
were positioned centrally, relative to the source, and
the films were deposited on to them at a beam voltage
of 3 kV and a beam current of 10-12 mA, correspond-
ing to deposition rates within 2-3.5nms™!. The de-
position rate and thickness were controlled by reflec-
tion interference of a He-Ne laser beam during the
growth of the film using a photosensor, the output of
which was then fed to a x—y plotter via a lock-in
amplifier. The reflection—transmission curve (Fig. 1)
obeyed the following relation [16]
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Figure 1 Reflectance (in arbitrary units) as a function of growth
time of the film A. Number of reflection and transmission peaks, X,
and thickness, 1, are according to Equation 5. (4)X = 34
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where ¢ is the thickness of the film, A is the laser
wavelength, X is the number of reflection and trans-
mission peaks and n is the refractive index of the film.

2.2. Spectroscopic measurements and

determination of film thickness,

refractive index and absorption

coefficient
The optical-transmission measurements in the range
550-2000 nm were carried out using a Cary 2300
double-beam spectrophotometer with automatic data
acquisition by computer. Transmission spectra for
samples C and D were obtained but no such spectra
were obtained for samples A and B, indicating that the
latter were too thin to form interference fringes.
Fig. 2 shows the transmission spectra for sample C.
Using the Swanepoel technique [16] (which is based
on creating envelopes of transmission maxima and
minima), the refractive index, n, and film thickness, ¢,
were determined according to the following relations:

no= [N+ (N2 - s ©)

where
(Tu—Tw) S2+1
N = 2§
TuTm + 2
and
Ak
(= a2 (7)

2(Ay 1y — hany)

Here n, and n, are the refractive indexes at two
adjacent maxima or minima corresponding to
wavelengths & and A, respectively. Ty and T, are the
values of the transmission maximum and correspond-
ing minimum at specific wavelengths. § is the refrac-
tive index of the substrate.

The refractive index of the substrate was found to be
constant in the region 500-1000 nm and was cal-
culated from the transmission curve (Fig. 2) according

to the relation [16],
1 1 1/2

-
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Figure 2 Transmission spectra for a 407 nm thick film of Cu-GeO,
on Corning-7059-glass substrate with transmission 7. Curves Ty,
and T, according to the text.



TABLE I Optical properties of Cu-30 % GeO,-70 % cermet films deposited at a substrate temperature of 300 K and at a vacuum pressure

of 1073 Pa
Films Thickness Deposition Before annealing After annealing
(nm) rate R ‘
(nms™") Eopi(€V) E.(eV) Eop (€V) E,(eV)

A 227 32 1.69 0.60 1.30 1.08

B 340 2.0 1.96 1.23 1.70 1.01

C 407 31 1.99 0.64 1.85 0.68
D (GeO,) 395 3.5 2.80 - 2.86 1.17

The transmittance T of the substrate was found to be
0.93 from which S was calculated to be 1.51. The
thickness of sample C was found to be 407 nm and of
sample B 340 nm. These values enabled the refractive
index to be calculated, in the range 2.31-2.39, as
a function of wavelength. The Swanepoel method has
been used by many authors for amorphous thin films
and has been found to be accurate to + 1% [17, 18].

The refractive index of sample A, corresponding to
a He-Ne laser wavelength of 632.8 nm, was deter-
mined from the transmission curve of C. Using Equa-
tion 5 with the values of X from Fig. 1, the thickness of
sample A was calculated. The same technique was
used to calculate the thickness of sample B. These
values are listed in Table 1.

The optical absorption measurements in the range
270-800 nm were also carried out using the Cary 2300
spectrophotometer. A Corning glass was used as a ref-
erence to eliminate the effect of substrate absorption.
The absorption coefficient o (v) was obtained using the
standard relation

a(v)=t"'ln4 )

where A4 is the absorbance of the films.

2.3. Annealing and d.c. conductivity
measurements

Differential scanning calorimetry (DSC) was per-
formed to ensure that the annealing temperature was
lower than the glass transition temperature, 7,. No
structural or phase changes were observed up to
500 °C. Therefore, the films were annealed at 250 °C at
ambient atmosphere for 2 h and the specimens were
then cooled to room temperature at a rate of
2°Cmin~ "

D.c. conductivity was measured in the range
573-323 K using a HP 4140 B PA meter which acted
as a voltage source and a picoammeter. A HP 3497A
data-acquisition unit was used to measure the poten-
tial drop across the thermocouple. All measurements
were carried out under the control of a HP 9836
A computer.

3. Results and discussions

3.1. Optical absorption

Figs 3 and 4 show the optical absorption spectra at
different thicknesses for unannealed (Fig. 3) and an-
nealed (Fig. 4) Cu—GeO, and GeO, films. In Fig. 3,

08
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Figure 3 Absorption spectra for annealed films as function of
wavelength for film thickness: (A) 227 nm, (B} 340 nm, (C) 407 nm,
and (D) 395 nm (GeO,).
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Figure 4 Absorption spectra for annealed films as a function of
wavelength for film thicknesses: (A) 227 nm, (B) 340 nm, (C) 407 nm,
and (D) 395 nm (GeO,).

the optical absorption edge, which is defined as the
photon energy at which absorption starts increasing
from zero, shifts towards higher wavelengths with
increasing film thickness. This feature is generally re-
tained for unannealed films in Fig. 4, although the
absorption edges are seen to move towards higher
wavelengths leading to a decrease in the values of E .
Figs 5 and 6 show the graphs of (axhv)"/? against
photon energy for unannealed and annealed films,
respectively. The graphs have well defined linear re-
gions which confirm that the cermets and GeO, films
obey Equation 1. Values of E,, are obtained by ex-
trapolating the linear portions. These values are listed
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Figure 5 Optical absorption for unannealed films replotted in
accordance with Equation 1: (A,B,C) Cu-GeO, cermets, and
(D) amorphous GeQ,.
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Figure 6 Optical absorption for annealed films replotted in
accordance with Equation 1: (A,B,C) Cu-GeO, cermets, and
(D) amorphous GeO,.

in Table I. It is seen that E,, systematically decreases
as the thickness of the films decreases. Some explana-
tions for the variation of E,, with thickness are given
in [13]. The authors of [13] contend that dangling
bonds created during the deposition process might
introduce some structural defects in the films. In turn,
these defects form localized states in the material. As
the film thickness grows, these defects and, hence, the
localized states are reduced and the films become
more homogeneous and amorphous. As a result,
E, . increases. E,, for 100% GeO, (395 nm) is estim-
ated to be 2.80 eV whereas that for Cu-GeQ, (sample
C, 407 nm) is found to be 1.99 eV. Because these two
films have almost equal thickness and have been pro-
duced under identical deposition conditions, it ap-
pears that the addition of Cu to the matrix of GeO,
produces a reduction in E,,. Similar observations
have been made by other authors [ 3] for the Mn-SiO
system. It may be noted that for 100% SiO, E,,, has
been reported to be 2.73 eV (852 nm) for slow rates of
evaporation [ 13] whereas for 100% amorphous GeO,
glass, E,, was reported to be 3.75eV [19].

As seen from Table I, the values of E,, for annealed
cermet films are smaller than those of unannealed
films, which is consistent with the shift of the absorp-
tion spectra towards higher wavelengths (Fig. 5). This
shift may be associated with crystallization of the films
during annealing, resulting in a decrease in thickness
and an increase in refractive index, leading to more
optically dense films. The factor (ahv)'/? increases
as the film thickness increases, resulting in a higher
transition probability of carriers across the optical gap
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Figure 7 General shape of the absorption edge of the cermets for
film thicknesses: (A) 227 nm, (B) 340 nm, and (C) 407 nm.
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Figure 8 Urbach behaviour of the absorption edge plotted in ac-
cordance with Equation 2.

[20]. This may occur as impurity bands redistribute
themselves closer to the Fermi level.

3.2. The Urbach behaviour

Fig. 7 represents the general shape of the absorption
edge of Cu-GeQ, cermets. For each film, it is seen that
a(v) increases exponentially with hv in certain regions
suggesting that the Urbach rule (Equation 2) is being
followed. These regions are shown in separate plots in
Fig. 8. The values of the band tail width E, are cal-
culated from the slopes of these curves and are listed in
Table I. The values vary between 0.60 and 1.23 eV.
From this, there does not appear to be any systematic
dependence of E, on thickness. These values are quite
large compared to those of many amorphous semicon-
ductors [21] but are consistent with those of Mn-SiQ
cermets [3] (0.45-1.10 eV) depending on Mn concen-

“tration and deposition parameters such as rate of

evaporation and pressure. Moridi and Hogarth [12]
found that E. lay between 0.66 and 1.06 eV for various



Cu concentrations in copper—calcium phosphate
glasses.

Many theoretical and experimental explanations
have been put forward for the Urbach behaviour [14,
15, 22-25]. Though Urbach edges have been observed
in many crystalline and amorphous materials, no single
model is sufficient to explain their origin. Redfield
[22] attributes this effect to frequency-dependent fluc-
tuations of microfields caused by impurities. This
scenario is closely related to an electron-impurity scat-
tering process that results in lattice distortion and
band-tail behaviour in amorphous materials. Tauc
[24] proposed that this behaviour is due to electronic
transitions between localized states and that the width
of the tail, E,, will vary with composition and depos-
ition parameters. Davis and Mott [7] dispute Tauc’s
proposal on the ground that Urbach edges occur in
many amorphous semiconductors with roughly sim-
ilar slopes at room temperature. Dow and Redfield
[23] sugget that the Urbach edges arise from an elec-
tric-field broadening of an exciton in the localized
states. Davis and Mott dispute this idea too.

In our present work, the values of E, vary signific-
antly with thickness and, as indicated earlier, many
authors have reported E, to be significantly dependent
on compositions. These observations contradict the
Davis—Mott hypothesis and lend support to the Tauc-
model in which the Urbach edge arises from electronic
transitions between localized states at the band tails.

3.3. The refractive index n(i) and the
extinction coefficient K(1)
The complex refractive index of the films is given by

A = n(d) — iK@Q)

n(}) for the sample C was calculated from the trans-
mission spectra (Fig. 2) using Equation 6 and was
found to vary between 2.31 and 2.39 in the wavelength
range 900-600 nm. K (1) was calculated using Equa-
tion 3. Fig. 9 illustrates the spectral dependence of
K()\) on photon energy for sample C. In this figure
three spectral regions can be identified. In the visible
region (800-500 nm) K is very small, this is a transpar-
ent region with low absorption. At the approach of the
band gap (1.99 eV), K increases rapidly; this is a highly
absorbing region. At energies greater than 3.5eV,
K decreases and the film tends to become transparent
again. Such dispersion of the optical properties is
usually attributed to excitation of carriers from the
extended states of the valence band to the conduction
band.

3.4. D.c. conductivity and energy-band
diagram

Fig. 10 shows graphs of In ¢ versus 7~ ! in the temper-
ature region 573-323 K. Equation 4 appears to be
obeyed by all films. E, is calculated from the gradients
of the linear portions of these curves and is listed in
Table I. It is found that with increasing film thickness,
E, decreases systematically. Furthermore, on compar-
ing E, for sample C with that of the sample D, it may
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Figure 9 Spectral dependence of the extinction coefficient K()) on
photon energy for the film C (407 nm).
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Figure 10 Conductivity plotted in accordance with Equation 4 for
the cermets: (A) 227 nm, (B) 340 nm, (C) 407 nm, (D) 395 nm (GeO,).

be noted that incorporation of Cu in the matrix of
GeO, has the effect of decreasing the activation
energy. Further, E, is less than 3 E,,,. Thus, it may be
assumed that an impurity band exists within the mo-

- bility gap. For sample C, the impurity band would be

located about 0.68 eV below the Fermi level. Assum-
ing that the Fermi level is midway between the valence
and conduction bands, a probable model of the elec-
tronic band structure in Cu—-GeO, cermet thin films
may be suggested (Fig. 11). As E,, is 1.85¢V, the
mobility gap can be calculated to be 2.34 ¢V.

The variation of E, with thickness can be explained
if it is assumed that E, is proportional to r~ !, where
r is the average linear dimension of a Cu particle [10].
In the present investigation, thermally activated con-
duction is assumed to take place between two Cu
particles separated by a space filled with GeO, . As the
film thickness grows, the space between the two Cu
particles decreases and the dimensions of the particles
increase leading to smaller activation energies. Morris
[6] and Miller et al. [26] found that the electrostatic
charge-activated tunnelling well explained the con-
duction mechanism in Au-SiO systems. However, it
may be noted from Fig. 11 that the potential barrier is
2.34 eV, which is much smaller than that found for
Au-SiO (3.7eV) by Miller et al. [26]. Steele and
Beynon [27] report thermally activated polaron hop-
ping between localized tail states as the dominant
mode of conduction for Au-SiO,, films with a metallic
content of 16 wt % . However, the conduction mechan-
ism in Cu-GeO, films cannot be determined unless
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Figure 11 A tentative energy band didgram for the cermet
Cu-GeQ, (407 nm).

thermoelectric and Hall-effect measurements are
made on the same samples. These aspects of the con-
duction mechanism will be the subject of further stud-
ies by us.

4. Conclusion
Spectroscopic measurements show that

1. The optical energy gap increases with increasing
thickness and absorption is due to indirect transitions
in k-space.

2. Incorporation of Cu in the matrix of GeO, intro-
duces defect states leading to a reduction in E,;.

3. Annealing has the effect of decreasing E,.
D.c. conductivity measurements indicate that:

1. Thermal activation energy decreases
increasing thickness.

2. In high temperature regions, conductivity is de-
scribed well by Equation 4.

with
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