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Metal - glass metal, MGM, thin �lm devices are prepared using vacuum deposition of Sb2Pb1Se7
compound. The capacitance and the loss tangent variation as a function of temperature and fre-
quency is studied. The observed characteristics are explained using small signal ac circuit analysis.
It is shown that the theoretical curve generated using the ac circuit analysis gives excellent �tting
with the experimental curve.

I Introduction

Semiconducting glasses, particularly chalcogenides
have been widely studied owing to their interesting
switching property [1]. These materials are used to fab-
ricate a variety of electronic devices, which arises when
the material is cast in thin �lm form. It is observed
that most physical properties reported on chalcogenides
have been investigated using polycrystalline pellets or
electrodeposits [2,3]. A good amount of work on dc
conduction [4], contact capacitance [5], spectral prop-
erties [6], ac conduction [7], structural and magnetic
properties [8] has been reported by many researchers.
However, the dielectric behaviour, such as, variation of
capacitance and dielectric loss as a function of temper-
ature and frequency has been overlooked to an extent.

In semiconductor thin �lm planner integrated cir-
cuits, for which high capacity in small space is required,
the capacitors may be grown by using either evapora-
tion or sputtering technique. To use the material in thin
�lm circuits it is necessary that the dielectric loss, tan
Æ, should be in a proper range. However the majority of
requirements do not need the lowest tan Æ (1% is quite
suÆcient). But in some cases, like active �lters, tan Æ
should not be more than 0.01%. The aging and temper-
ature variation of capacitance is also important for the
material. The temperature coeÆcient of a capacitance
is an important practical parameter for assessing the
expected behaviour of a thin �lm. This malces it nec-
essary to study the e�ect of temperature and frequency
on the device capacitance.

The dielectric behaviour of thin �lm devices de-
pends not only on their material properties, but also on
the substrate used for fabrication and the type of the

metal electrodes. Fringing e�ects at the edges of thin
�lm dielectrics is usually negligible because the thick-
ness of the dielectric is usually very small compare to
its lateral dimentions. The magnitude of geometric and
measured capacitance may di�er if the electric �eld at
the metal insulator interface varies with the insulator
over the region. For the given material the �lm thick-
ness alone establishes the capacitance density which in
turns can be used to determine the area needed for a
particular capacitance value.

The dielectric loss, which is the part of the energy
of an electric �eld dissipated irrecoverably as heat in di-
electric, is comprised of two parts, the �rst part, which
arises due to lead resistance and electrode resistance is
frequency dependent and in
uenced at higher frequen-
cies. This can be minimized using the electrodes of
highly conducting metal. The other term is a property
of the material itself, which is frequency dependent [9].
Also, the dielectric strength is found to reduce rapidly
below about 100nm, owing to pinholes and descret de-
fects in the �lm.

To the best of our knowledge no report is avail-
able on the study of dielectric properties of Sb2Pb1Se7
compound. We attempt to report, in this paper,
some of the dielectric properties of vacuum deposited
Al/Sb2Pb1Se7/Al devices. In all the devices used for
the study the thickness of the dielectric �lm was kept
at least above 100nm to minimize the inherent descret
defects and pinholes. Also, aluminium was used as an
electrode material and its thickness was always main-
tained above 500nm to reduce lead resistance.
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II Experimental

The chalcogenide compound, Sb2Pb1Se7, used to fabri-
cate the metal - glass - metal, MGM. devices was pre-
pared by melt quenching. The MGM devices were fab-
ricated on thoroughly cleaned microscope glass slides,
using Edwards Co. (UK) Turbomolecular pumping sta-
tion. The working chamber was �tted with Maxtek
(USA) �lm deposition controller model FDC 440. The
base plate housed an eight source turret, while the top
plate was �tted with mask changer assembly, both of
which could be monitored externally without requiring
to break the vacuum. The ultimate working pressure
during the deposition was 5� 10�6 mbar.

Initially, aluminium metal was evaporated to de-
posit on the substrate in the form of two parallel strips
each of 60mm in length, 2mm in width and separated by
5mm from one another. These strips formed the lower
electrodes. The material was then deposited through
appropriate mask to cover an area of 50mm � 15mm,
leaving 5mm of the end portions on both the sides
of each aluminium strip. Six counter electrodes, each
2mm wide and 20mm long, perpendicular to the lower
electrodes were deposited on the material to obtain 12
MGM devices each of area 4mm2 (see Figs. 1a and
1b). The entire deposition sequence was completed
without breaking the vacuum at any stage. Fabrica-
tion of twelve devices on a single substrate allowed to
repeatedly carry out all the electrical measurements on
a �lm, of any particular thickness, prepared essentially
under identical deposition conditions.

Figure 1. (a) Schematic view of metal - glass - metal devices.
(b) Cross sectional view of the devices.

The electrical measurements on the devices were
carried out in vacuum using a cryostat, which could
be evacuated to 10�2 mbar pressure during the mea-
surements. The substrate temperature inside the cryo-
stat could be varied from 150K to 500K. The dielectric
measurements were carried using `Precision LCR Me-
ter' HP model 4284A which could measure and display
thirteen di�erent parameters such as capacitance, di-

electric loss etc., for di�erent frequencies ranging from
20Hz to 1MHz

III Results

Fig. 2 shows the capacitance-temperature (C - T) char-
acteristics of a typical representative sample with �lm
thickness 270nm. The measurements were carried at
1KHz �xed applied frequency. It is seen that as tem-
perature increases the capacitance also increases in the
range of the temperature used for the study. During the
sample cooling, the C - T curve traces slightly di�erent
path for the �rst heating and cooling cycle. However,
during the subsequent heating and cooling cycles, the C
- T curve assumes identical path. All the ac character-
istics reported in this paper are based on the measure-
ments carried out on the samples, which were subjected
to the thermal cycling as described above.

Figure 2. Capacitance - temperature characteristics of the
device with �lm thickness 270nm for 1KHz �xed applied
frequency.

Fig. 3 shows a capacitance versus frequency plot of
the devices with di�erent �lm thicknesses at 295K. It is
seen that the capacitance initially falls sharply as the
frequency increases and then saturates to some value
as the frequency approaches 1MHz. The ratio of low
frequency to high frequency capacitance obtained from
the curves is found to be close to 12:1 for all the �lm
devices. Fig. 4 shows the tan Æ � ! characteristics of
the devices with di�erent �lm thicknesses at 295K. It is
found that tan Æ initially decrease with increase in fre-
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quency, attains a minimum, and again starts to increase
further frequency is increased.

Figure 3. Capacitance versus frequency plots of the devices
with di�erent �lm thickness at 295K.

Figure 4. Tan Æ versus frequency curves of the devices with
di�erent �lm thicknesses at 295K.

Fig. 5 shows the C - T characteristics of the devices
of di�erent �lm thicknesses at �xed applied frequency
of 1KHz. Here the temperatures range chosen for the
display of C - T characteristics is 250 to 410K. This is
because the capacitance is found to saturate near about
250K and the glass transition temperature, Tg, is found
to be 419K from the earlier studies [10]. Fig. 6 shows
the C - T characteristics of a device, with �lm thickness
270nm, at various constant frequencies. It is observed
that the rate at which the capacitance initially increases
with temperature reduces as the applied frequency is
increased, and at 1MHz the capacitance shows only a

marginal change with increase in temperature. The sat-
uration value of capacitance attained near 250K is ap-
proximated as geometric bulk capacitance, Cb, as that
obtained at liquid nitrogen temperature. Hence a plot
of Cb versus inverse thickness should yield a straight
line. Fig. 7 shows the Cb versus 1/S plot, which is
a straight line. The dielectric constant calculated us-
ing the slope of the curve is found to be 12 which is
in agreement with the values reported for other similar
material [11].

Figure 5. Capacitance versus temperature characteristics
of the devices with di�erent �lm thicknesses and at �xed
applied frequency, 1KHz.

Figure 6. Capacitance versus temperature characteristics of
the device with �lm thickness 270nm for di�erent frequen-
cies.
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Figure 7. Capacitance versus inverse �lm thickness plot at
250K.

Fig. 8 shows the temperature variation of tan Æ�!
characteristics of a typical representative device with
�lm thickness 270nm. It is seen that the dielectric loss
initially decreases with the increase in frequency, at-
tains a minimum, and then starts increasing monoton-
ically. The frequency, at which tan Æ attains minimum,
!min; is found to increase with increase in device tem-
perature.

Figure 8. Tan Æ versus frequency characteristics of the de-
vice with �lm thickness 270nm at di�erent temperatures.

IV Discussion

The ac characteristics are usually explained on the basis
of either of the three models, namely, Debye relaxation
model [l2,13], Schottky barriers model [14,15] or growth
of aluminium oxide at the metal-insulator interface [16].

However, for Debye relaxation process the low fre-
quency to the high frequency capacitance ratio is ex-
pected typically to be 3:1 [13] while the observed ratio
in case of our �lms is 12:1. Further, the Debye relax-
ation model is based on polarization of a material and
applicable to a few polar solids [17]. As reported [10],
the X-ray di�ractograph of the evaporated Sb2Pb1Se7
�lm shows sharp peaks corresponding only to PbSe and
Se6. It is known that PbSe is very strong bond [18]
while Se6 is hexagonal in structure. Hence both, PbSe
and Se6 cannot be readily polarized. This implies that,
in the present case, the evaporated material is non-polar
in nature and hence the observed dielectric properties of
the samples cannot be explained on the basis of Debye
relaxation model.

In the case of Schottky barriers model the ratio of
low frequency to high frequency capacitance could be
typically 20:1 [14] while the observed ratio is 12:1. It
has also been observed during the low �eld dc mea-
surements [19], that the dc conduction is governed by
space charge limited conduction mechanism which de-
mands the electrode contacts to be ohmic. Also all the
dc characteristic curves were identical in nature even if
the polarity of the electrodes was reversed. Thus the
observed ac characteristics can not be explained on the
basis of Schottky barriers model also.

The third possibility is the growth of oxide at the
aluminium material interfaces. The growth of such ox-
ide can be made easily evident from the C-T charac-
teristics where the decrease in the magnitude of the
capacitance is observed in each heating and cooling cy-
cle [16]. However, no such phenomenon was observed
and the C-T curve traced identical path during heating
and cooling of the sample. This is also to be expected,
as the entire deposition sequence was completed with-
out braking vacuum at any stage. Thus allowing the
interfaces to get exposed to the oxygen in air.

Thus it is evident that the observed characteristics
cannot be explained on the basis of these models. An
attempt is therefore, made to interpret the observed
characteristics using a basic small signal ac circuit anal-
ysis [20].

As shown in Fig. 9(a), the measured capacitance
can be represented as a bulk capacitance, Cb, in paral-
lel with the bulk resistance, Rb both in series with the
lead resistance r=2 on either side. The e�ective parallel
and series impedances of this circuit can be given by,

Zp = r + (CbllRb) (1)
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and

Zs = Rs +
1

j!Cs
: (2)

With

Rs = r +
Rb

1 + !2C2

bR
2

b

(3)

and

Cs =
1 + !2C2

bR
2

b

!2CbR2

b

=
1

!2CbR2

b

+ Cb � a+ b (4)

Rb = R0 exp

�
�E

kT

�
(5)

where

Rb = Bulk resistance

Ch = Bulk capacitance

r=2 = Lead resistance

Ro = Characteristic resistance of bulk material

Rs = E�ective series resistance

Cs = E�ective series capacitance

T = Temperature

�E = Activation energy of carriers

Figure 9. (a) General representation; (b) Equivalent series
circuit.

Thus the equivalent circuit shown in Fig. 9(a) can
be represented as shown in the Fig. 9(b). The above
equations and the equivalent circuit shown in the Fig.
9(b) will be used for the analysis of the results. The
desired parameters are chosen in the following manner.
It is seen from equation 4 that when the applied signal
frequency is very high the measured capacitance ap-
proaches the bulk capacitance value. Hence the high

frequency capacitance, i.e., in the present case, capac-
itance at 1MHz, can be approximated as the bulk ca-
pacitance of the material for any given thickness. Thus
the bulk capacitance of the material for the thickness
270nm is 10nF. Also �E is chosen as 0.09eV and R0 as
393
.

IV.1 Variation of capacitance with tem-
perature

With the help of the above parameters the theoreti-
cal values of the capacitance were computed for various
temperature, for the representative sample with �lm
thickness 270nm. The theoretical C - T curve calcu-
lated for frequency 1KHz is shown by hexagon in Fig.
6. It is seen that there is excellent agreement between
experimental and theoretical curves.

Di�erentiating capacitance with temperature,

dCs

dT
=

da

dT
=

2�E

!2CbR2

bkT
2
> 0 (6)

Since, all the terms on the right hand side are positive;
capacitance is an increasing function of temperature.
In the above equation, right hand side term is inversely
proportional on square of the applied frequency. This
implies that the rate of change of capacitance, i.e., slope
of C - T plot decreases as the temperature of the de-
vice increases (ref. Fig. 6). Temperature coeÆcient of
capacitance (TCC) can be given by,

TCC =
dCs

dT
�

1

Cs
(7)

Since, all the terms in the above equation are pos-
itive, TCC is an increasing function of temperature.
This is shown in the Fig. 10.

Figure 10. TCC versus temperature characteristics of the
device with �lm thickness 270nm for 1 KHz frequency.



Shaila Wagle and Vinay Shirodkar 559

IV.II Variation of tan Æ with frequency

Dielectric loss, tan Æ, in general, can be given by,

tan Æ = !CsRs (8)

Substituting for Cs and Rs, the equation 8 may be writ-
ten as,

tanÆ = ! �
1 + !2C2

bR
2

b

!2CbR2

b

�

�
r +

Rb

1 + !2C2

bR
2

b

�
(9)

Di�erentiating tan Æ with respect to !, we get,

d(tanÆ)

d!
= �

�
1

!2CbRb

�
�

�
1

!2CbR2

b

�
+ rCb (10)

And second di�erentiation will be

d2tanÆ)

d!2
=

2

!3CbRb
+

2r

!3CbR2

b

> 0 (11)

Since all the terms in the above equation are positive,
tan Æ must go through a minimum value at a critical
frequency, !min. Hence equation 10 must be zero at
critical frequency, !min. Thus,

�

�
1

!2

min
CbRb

�
�

�
r

!2

min
CbR2

b

�
+ rCb = 0 (12)

Since lead resistance, r=2, is very small compared to the
bulk resistance, Rb, of the material, the second term in
the above equation approaches zero. Hence neglecting
this term, the above equation may be written as,

!min = �

�
1

rC2

bRb

�1=2

(13)

Equation 13 shows that the critical frequency !min de-
pends on the bulk resistance, which is temperature
dependent such that Rb decreases as temperature in-
creases (refer equation 5). Hence, !min should depend
on temperature such that !min should increase as tem-
perature increase, which is precisely what is observed
(refer Fig. 8).

V Conclusion

The Sb2Pb1Se77 �lms are prepared by vacuum deposi-
tion of the compound. The observed capacitance and
dielectric loss as a function of frequency and tempera-
ture can be satisfactorily explained on the basis of small

signal ac circuit analysis. The theoretical curve gener-
ated using the analysis show excellent �tting with cor-
responding experimental curve.
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