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The transport properties of Gesg_,Sb,Te g0+, Alloys where 0 < x<15and 0 < y <30 in the
thin films state were studied. The temperature dependence of the d.c. electrical conductivity
measurements for all prepared composition with different thickness, shows that, all samples
behaves as a semiconductor up to a specific temperature at which an abrupt transition appears.
That transition is due to the change of the semiconductor from non-degenerate to degenerate
state. The temperature dependence of a.c. electrical conductivity measurements shows that,
the a.c. conductivity for all films are frequency independent in the tested frequency range from
0.12 to 10 kHz. Thermoelectric power was found to have positive sign indicating that these
alloys are p-type semiconductors. The value of temperature coefficient y was found to be in the
order of 10~ (eV/K). The calculation of the free-charge carrier concentration and charge
mobility shows that, the abrupt transition appears in thermoelectric power and conductivity are
due to an abrupt increase in the mobility. © 2006 Springer Science + Business Media, Inc.

1. Introduction

Chalcogenide alloys have received considerable attention
because of their wide-range of applications in infrared
transmission, semiconductors, photovoltaics and in phase
change optical recording technology [1, 2]. Chalcogenide
materials especially those which having Ge and Te metals
have an importance in modern technology, for instance
GeTe exhibit high thermal stability of the amorphous
phase and also fast crystallization times, which are re-
quired for direct optical overwrite process [3]. This indi-
cates that, it can be used as an electrical switch, in memory
devices such as CD or DVD, and also this material have
high piezoelectricity, which make it applicable in many
other applications. Some of the electrical properties for
this alloy were reported [4—6]. It is noted that, the addi-
tion of antimony to the GeTe binary system increase the
practicality of commercial-scale production by easing the
requirement for precision in composition of the deposited
film without deleterious effects in the speed of stability
[7]. On the other hand, if antimony is substituted for ger-
manium, it helps to relax the interatomic stresses between
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Te and Ge and allowing the formation of a more sym-
metrical (fcc) structure [7]. Earlier studies revealed that
the chalcogenide compounds with stoichiometric compo-
sition in the Ge-Sb-Te ternary system are good candidate
materials for an active optical recording medium [8, 9].
Kooi et al. [10] studied the crystallization of amorphous
Ge;,Sb,Tes films (10, 40, and 70 nm thick) using in situ
heating in a transmission electron microscope (TEM) and
found that, the electron irradiation-induced crystallization
is possible at room temperature using a 400 kV electron
beam. The crystallization kinetics of Ge4Sb, Tes films had
been investigated by Wamwangi et al. [11] and found that,
these systems has a cubic structure after crystallization.
The aim of the present work is to extend the study of
the transport properties of Ge-Te and Ge-Sb-Te system.

2. Experimental

GespTesp and GeygTegp—Sb, system where x=1,5and 10
were prepared in the bulk form as a mixture of Ge, Sb and
Te of purity 99.999 using the conventional melt quench
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TABLE I The original bulk and final thin film compositions

Sample
nomenclature

Original bulk

composition Film composition

SbO GesoTesg Gey 1 Terg

Sbl Ge4oSb; Teso Ge12.77Sby 72 Tegs 51
Sb5 GeqoSbsTess Gei6.155b6.73Te77.13
Sb10 Ge4oSbigTeso Ge12.537Sbs.33Tesz.24

technique. Seven grams of each sample was weighted as
weight percent, then the mixture of pure elements were
mixed in an evacuated sealed silica ampoule under vac-
uum of 107 torr. The ampoules containing the samples
were then placed in a furnace whose temperature was
raised in steps up to 950 = 20°C for 18 hr. The ampoules
were shaken several times to ensure the homogeneity dur-
ing the synthesising process. Then, the ampoules were
removed from the furnace and quenched in an ice wa-
ter. The obtained samples were examined by the X-ray
powder diffraction, accordingly the obtained samples are
found to be crystalline.

Thin films of thickness 300, 400, 500 and 550 nm
were prepared by thermal evaporation technique using
an Edwards coating system E-306 with evaporation rate
(15-20 A/s). The thickness of all films was controlled
using MAXTEX. Inc model TM200 Sin 351-thickness
monitor. All samples were deposited on a Pyrex sub-
strate, at room temperature (25 to 30°C) during film
condensation. The final composition was determined
using the Energy Dispersive X-ray (EDX) measurements.
The obtained compositions are tabulated in Table 1.

The amorphisity of the as-deposited thin films is
checked using X-ray diffractometer (type Philips 1390)
with Cu K,-radiation and Ni-filter. The temperature de-
pendence of a.c and d.c conductivity and thermoelectric
power of as-deposited films have been studied during
isochronal annealing from room temperature up to 550 k
by using the coplanar, MIM, arrangement. All measure-
ments were carried out in an evacuated Pyrex container
built specially for the present work, in vacuum of less
than.O1 torr to reduce possible oxidation of the films.

3. Results and discussion

3.1. X-ray diffraction

Fig. 1 shows a typical X-ray diffraction patterns for all as-
deposited compositions of 550 nm thickness. It is noted
that, all samples are in the amorphous state where there is
no characteristic diffraction peaks. This same feature was
found to be the same for all the samples.

3.2. Electrical properties

3.2.1. D.C. electrical conductivity

The d.c. electrical conductivity of all as-deposited films
of 400 nm thickness for all compositions were measured
and plotted as a function of 1000/T as shown in Fig. 2.
It is noted that, the conductivity increases gradually with
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Figure I Representation of X-ray diffraction pattern for; (a) Gez; Teyg, (b)
Ge12.775b1 72 Tess 51, (¢) Gei6.155be.73Te77.13 and (d) Gey2.5375bs 33 Tesz 24
at 550 nm thickness.

temperature (non-degenerate semiconductor). At a spe-
cific temperature, the conductivity abruptly increases five
orders of magnitude, followed by a nearly constant value.
During cooling the value of the conductivity decreases
very slowly with temperature (degenerate semiconduc-
tor). It was found that, the slope is negative for all sam-
ples with different thickness, i.e. the behaviour of the
electrical conductivity following the phase change is nei-
ther metallic nor semimetallic. This post transformation
behaviour may be explained on the basis of the carrier
concentration, n, or carrier’s mobility, . The apparent
abrupt transition of conductivity is generally may be due
to the transformation from non-degenerate to degener-
ate semiconductor. This is confirmed by the calculation
of activation energy during heating before transition and
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Figure 2 Temperature dependence of d.c. electrical conductivity for;

(a) GeziTerg, (b) Ger277Sb172Tegss1, (¢) Geye.15Sbe.73Tez7.13 and (d)
Ge12.537Sb5 33 Tegn 24 at 400 nm thickness.



TABLE II d.c. electrical parameters for films

Heating Cooling
Sample Temperature range Transition temp. Temperature range
nomenclature (K) Eq* (eV) In(og) ($2.cm)~! (K) (K) Eq.** (eV)
Sb0 312-443 0.43 2.46 445 317-563 0.036
Sbl 309-388 0.42 3.20 485 317-630 0.040
Sb5 306453 0.50 7.70 470 323-577 0.035
Sb10 312443 0.43 2.46 445 317-563 0.036

Eq4c**: activation energy of degenerate s.c. below the transition temperature; E4.*: activation energy of non- degenerate s.c. post transition.

TABLE III d.c. electrical parameters for Gey| Te7g films “Sb0”
Heating Cooling
Film thickness Temperature range Transition Temperature range
(nm) (K) Eq* (eV) In(og) (S2.cm)~! temperature (K) (K) Eq.** (eV)
80 309-423 0.42 6.20 473 317-572 0.10
300 306427 0.32 1.22 489 321-565 0.08
400 307-400 0.48 7.30 443 317-561 0.11
550 307440 0.39 5.06 445 320-546 0.11

Eq4c**: activation energy of degenerate s.c. below the transition temperature; E4.*: activation energy of non- degenerate s.c. post transition.

during cooling according to the following equation,

Eae
o = o exp (_ k;) (1)

where Eg. is the activation energy due to d.c. conduc-
tivity and & is the Boltzmann’s constant. From the above
results, it is noted that, these alloys are a semiconduc-
tor material having a defect localized states separated
from the Fermi level by energy E4.~0.43 eV during heat-
ing process and before the transition. After transition the
Fermi level is moved toward the bottom of the valance
band but still within the gap, and the material behaves as
a degenerate semiconductor. Table II shows that, changes
of, Sb, concentration have almost no effect on the value
of the activation energy. Also, it is noted that there is no
significant effect on the activation energy as a function of
the film thickness, indicating that the films structure struc-
ture and homogenity didn’t changed. Table III present the
results concerning the Ge,; Te;9 sample where all samples
behaves’ in a similar manner.

3.2.2. A.C. electrical conductivity

The measurement of the a.c. electrical conductivity,
0 ot(w), on the other hand for the amorphous semicon-
ductor gives an idea about the conductivity of that mate-
rial as well as the relaxation behaviour. Generally, o (@)
is evaluated by; oy (w) = wC tan(é)% where w is the
applied angular frequency, § is the loss angle, C the mea-
sured capacitance in Farad, d is the electrodes separation

and A is the sample cross section area.

While the frequency dependent electrical conductivity
is given by [12];

o (w) = Ao’ 2)
where;
oor(@) = 0 (w) + ogc (3)

here, s, is the frequency exponent. If oo (@) = o4, then,
the frequency dependent electrical conductivity, o(w),
vanishes. The total conductivity for all compositions with
different thickness are obtained by measuring the capaci-
tance of the sample C, and the loss tangent, tan(§), using
a computerized RCL bridge at the specific frequencies
0.12, 1.0 and 10.0 kHz respectively. It is noted that, all
total conductivity measurements take the same behaviour
and value as the d.c. conductivity. Fig. 3 shows represen-
tative results for different compositions for the 400 nm
thickness. When In o (w) is plotted as a function of ap-
plied frequency, In(f), for all samples it is noted that, the
value of the frequency exponent, s, is equal to zero as
shown in Fig. 4, for the representative Sb0 sample. This
points out to that the electrical conductivity for all sam-
ples with different thickness is frequency independent in
the tested frequency range.

3.2.3. Thermoelectric power

The measurement of thermoelectric power, TEP, on the
other hand for semiconducting materials is a good method
to determine the type of conduction depending on the
sign of the Seebek coefficient, S. Additionally it is an
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Figure 3 Temperature dependence of a.c. electrical conductivity for;

(a) GeziTerg, (b) Ger277Sb172Tegss1, (¢) Gere.15Sbe.73Ter7.13 and (d)
Ge12.537Sbs 33 Tegn 24 with 400 nm thickness at 1.0 kHz.
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Figure 4 Representation of In(c) as a function of In(f) for
Ge12.775by.72Tegs 51 films.

alternative method to calculate the optical temperature
coefficient, y, according to the formula [13];

E.—Ef=E@©) —yT or E;—E,=E(@0)—yT

“)

where E,, E, and E; correspond as usual the conduction,
valance and Fermi energies, respectively. While E(0) is
the width of the gap at zero K.

3454

0.15 0.072
(a) (b)
< 010} <
S = 0.068 -
E E
o 0.05 | o*
0.064 |-
0.00 PR PR P PO P P
350 400 450 500 550 350 400 450 500 550
T (K) T (K)
0.20 0.30
(c) (d)

0.15
< < 020
S S
E 010} E
t:nﬁ wﬂ 0.10

0.05

000l L L. L. 00l——L 1. |

350 400 450 500 550 350 400 450 500 550

T (K) T (K)

Figure 5 Temperature dependence of thermoelectric power for; (a)
GepiTerg, (b) Gein77SbiaTesssi, (¢) Geiei5Sbe.73Ter713 and (d)
Gej2.5375bs5 33 Tegp 24 with 300 nm thickness.

The TEP of the amorphous samples was measured from
room temperature up to 550 K as shown in Fig. 5, for all
samples with 300 nm thickness. From Fig. 5 it is noted
that, the thermoelectric power is positive indicating a p-
type (holes) semiconductor [13, 14], within the whole
temperature range. The positive sign behaviour is pre-
served even above the abrupt transition.

Generally if the conduction is due to one type of carri-
ers, then, the temperature dependence of TEP obeys the
following equation [13]:

S—E[E”T—%wa} 5)

e | kT

where Ey, is the activation energy due to TEP and A is a
constant nearly equal to unity for amorphous state [13].
When TEP below the transition is plotted as a function
of the reciprocal of temperature it give a straight line that
has positive slope equals to Ey,. The activation energy as
calculated from the liner curves are shown in Figs. 6a—d
for Sb0, Sb1, Sb5 and Sb10 samples respectively and are
tabulated in Tables IV to VII respectively.

As the activation energy, Eq., due to electrical conduc-
tivity below the transition temperature is compared with
that of the activation energy Ey, due to TEP, it is noted
that, Ey, < E4 for all samples. This inequality indicates
that the conduction mechanism is due to hopping [13].

3.2.3.1. Determination of the optical temperature coeffi-
cient The optical temperature coefficient, y, given above



TABLE IV Thermoelectric power parameters calculated for Gey; Te7g films. Ey,: activation energy, and y is the optical temperature coefficient

as calculated from T.E.P

Y (eV/K)
Film thickness (nm) Temperature range (K) En(eV) AW =Eg4. — En (eV)  Transition temp. (K) x 1074
80 335-382 0.342 0.078 473 12.2
400 366-375 0.295 0.135 453 7.08
550 405-440 0.368 0.088 445 8.21

TABLE V  Thermoelectric power parameters calculated for Gej,77Sby 72 Tegs 51 films. Eg: activation energy and y is the optical temperature

coefficient as calculated from T.E.P

Y (eV/K)
Film thickness (nm) Temperature range (K) Ey (eV) AW =Eg4. — En (eV)  Transition temp. (K) x 1074
300 364-372 0.018 0.416 413 0.919
400 366-375 0.137 0.291 485 3.274
550 375-395 0.101 0.275 443 8.207
TABLE VI Thermoelectric power parameters calculated for Gejg 15Sbg 73Te77.13 films. Ey,: activation energy, and y is the optical temperature

coefficient as calculated from T.E.P

v (eV/K)
Film thickness (nm) Temperature range (K) Eg (eV) AW =Eg4. — En (eV)  Transition temp. (K) x 1074
300 433-443 0.064 0.23 422 8.85
400 339-353 0.093 0.414 470 11.16
TABLE VII Thermoelectric power parameters calculated for Gejz, 5375bs 33 Teg 24 films. Eg: activation energy and y is the optical temperature

coefficient as calculated from T.E.P

y (eV/K)
Film thickness (nm) Temperature range (K) Ew (eV) AWy = Eqc — Em (eV)  Transition temp. (K) x 107*
300 382-400 0.118 0.227 422 1.42
400 365-389 0.126 0.325 441 2.63
020 — - o be calculated according to;
[ ® sonm 0.3 ®  300mm
| & wom 400 nm
g 0oy Ll g g o
= [ = 02} k[ Em
E 012} E M=ST == [%—%T +TA ©6)
PR & ¢
»® 0.08 |- » 01F ﬁ
. T
| | | . . . .
004 020 00024 0.0028 400z 00028  0.0032 The Peltier coefficient, IT , is plotted as a fu.nctlon of
1T (K™) 1T (K7) temperature for all tested samples, as shown in Figs. 7a—d.
03w 025F These curves show a linear dependence and having a slope
" d . .
- I_gm!g? ,( - equal to —(IT /e-k/e), where, y, is the optical temperature
L 02 £ o020} o o coefficient. The obtained values of, y, were found to have
E | o E a magnitude of 10~* eV/K. This is in consistence with
w§o1 g Ufﬁ 015 that reported by Moot & Davis [13] for chalcogenide
I materials.
| s | s | 0.10 1 s 1 s 1

0.0024 0.0026 0.0028
1T (K™)

0.0024 0.0026 0.0028
1T (K™)
Figure 6 Absolute thermoelectric power as a function of 1/T for; (a) for

Gen1 Terg, (b) for Ge2.77Sb1.72Tegs 51, (¢) for Ge6.15Sbe 73 Te77.13 and (d)
for Ge|2.5375bs 33 Teg2.24.

in Equation 4 can be obtained by measuring the optical
absorption as a function of temperature. Alternatively, it
can be calculated from the thermoelectric power through
the Peltier coefficient, I1. The Peltier coefficient IT may

3.2.3.2. Carrier concentration and carrier mobility A
raised up question concerning the origin of the abrupt
transition observed in the conductivity as well as in, TEP,
measurements is matter of our concern. Is it due to change
in the charge carrier concentration or change of the car-
rier mobility or change in both? To determine which of
these mechanisms is the main cause of that transition;
the carrier concentration and the charge mobility must
be calculated first. From thermoelectric power, the free-
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charge-carrier concentration can be calculate applying the
following equation [15];

2m * kT \>/? S
ps=2(=5—) ew(2-7) O

Where m* is the effective mass of charge carrier, k is the
Boltzmann’s constant, S is the absolute value of thermo-
electric power and h is the Planck’s constant. A value of
m* = 0.76m, is being used [16] for the amorphous state in
the present work, where it is much less in the crystalline
hexgonal phase [18]. The number of carrier concentration
can also be calculated from the d.c. conductivity measure-
ments if the thermal activation energy is known according
to the following equation [17];

2mm x kT \*/? —Ey,
Do =2 (T) CXP( T ) ®)

Where, E4 is the thermal activation energy as calcu-
lated from the d.c. conductivity of the amorphous phase
during heating.

On the other hand to calculate the charge mobility, u,
at different temperatures it is usually being done by cal-
culating the free-charge-carrier concentration from inde-
pendent Hall-coefficient that is connected to the conduc-
tivity. However, this may also be done by evaluating the
free-carrier concentration by applying the thermoelectric
power measurements Equation 7. The mobility, i, is then
calculated by correlating the electrical conductivity and
TEP by applying the relation;

Odc
pS e

IS ®
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Figure 8 Representation of carrier concentration as a function of temper-
ature that are calculated from; (a) d.c. conductivity & (b) thermoelectric
power.

While the exponential temperature dependence of
the mobility can be represented by the following

relation [13];
—AE,
U= o €XP

T (10)

where (1 is the grain boundary limited mobility [14 ].
The carrier concentration p, was calculated for all sam-
ples of film thickness 400 nm below the transition tem-
perature and the data are shown in Fig. 8a. On the other
hand, the carrier concentration p; was calculated applying
Equation 7 for all samples with film thickness 400 nm at
all the temperature range (below and above transition) as
shown in Fig. 8b.

The charge mobility was calculated accordingly from
thermoelectric power using Equations 9 and 7 respec-
tively. Fig. 9 shows the relation between p and the recip-
rocal of the absolute temperature. This points to that the
transition in conductivity and/or thermoelectric power is
due to abrupt increase in the charge mobility not to the
carrier concentration. This results may be explained by
noting that, p;, is only changes within the same order of
magnitude (10 m~3), while 1 is changes within a wide
range from 107 to 0.1( cm?/V.s) as shown in Tables VIII
and IX.

3.2.3.3. Calculation of minority carrier concentration
Fig. 8 shows that, the carrier concentration as calculated
from TEP is larger than that calculated from the electri-



TABLE VIII Representation of carrier concentration parameters at
325 K, in the amorphous phase

Parameter ps (m™3) Po (m™3) log Tpo (m~3)
sample x 10% x 1023 cm?/(V.s) x 1023

Sbo 11.851 0.0568 —5.566 0.035

Sbl 3.1752 7.8375 —5.918 4.843

Sbs 7.9506 4.3603 —5.489 2.694

Sb10 1.6713 9.2375 —4.856 5.709

TABLE IX Representation of carrier concentration parameters at 325 K,
above transition

Parameter ps (m™3) Po (m™3) log Npo (m™3)
sample x 10% x 1023 cm?/(V.s) x 1023
Sb0 22.850 2.8014 —0.983 1.7310
Sbl 19.040 55.810 —1.307 34.492
Sb5 20.026 38.900 —0.974 24.042
Sbl10 18.694 61.861 —0.859 38.232

cal conductivity. If the material has two types of carriers
(holes and electrons) one type is a major while the other
is minor as long as the alloys under study is of p-type.
As our samples are p-type semiconductor, then the major-
ity carriers are holes, pp,,, while the minority carriers are
electrons, n;,,. Usually, thermoelectric power appears as
due to a result of transfer of majority carriers, while the
electrical conductivity is a final sum of the recombination
of majority and minority carriers. Accordingly, the num-
ber of minority carriers can be obtained according to the
mass action law [17]:

2
Ppo * fpo =11 (11
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Figure 9 Representation of the calculated (u) for; (a) Gep;Tero,
(b) Gej2.77Sb172Tegss1, (¢) for Geje15Sbe73Tez7.13 and (d) for
Ge13.537Sbs 33 Tegs 24 at 400 nm thickness.

where n is the intrinsic current carriers which can be
considered as that calculated from the d.c. conductivity
Do If ppo is proposed equal to p; which can be expressed
as in the following equation;

Ds = Npo + Po (12)

When Equations 11 and 12 are combined with each
other, Equation 11 becomes;

(p0 + Po) po = Jo (13)

then;

oo + Paltpo — pa =0 (14)
Then, to obtain the number of minority carriers 7,
according to the following equation obtained by solving

Equation 14 [17];

—po +/PI+4p2 _ po(V5-1)
ftro = 2 -T2

(15)

The calculated free-charge carriers that were evaluated
from the TEP, d.c. conductivity, mobility and the number
of minor current carriers below transition are shown in
Table VIII at 325 K, and above the transition temperature
namely at 531 K as shown in Table IX. Tables VIII and IX
respectively show that the numbers of majority carriers p;
is 107 times greater than the numbers of minority carriers
npo- Also the charge carrier mobility shows a great change
post the transition, since u changes within the range of
1074 t0 0.1 cm?/V.s.

4. Conclusion

From the above results, it is noted that, the tempera-
ture dependence of the electrical conductivities of the
Gesg—SbyTejgo+x—y thin films was found to have an irre-
versible abrupt transition at about 450 to 470 K. Thermo-
electric power measurements on the other hand revealed
that, these alloys are p-type semiconductors even above
the transition. Calculation of the free-charge carrier con-
centration and its mobility’s shows that, the abrupt tran-
sition appears in thermoelectric power as will as in the
conductivity is due to an abruptly change in the carrier
mobility.
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