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1. INTRODUCTION

The.chalcogenide glasses have become a matter of great concern
in recent years because of their potential use as switching and memory
devices.]-3 Research on the multicomponent chalcogenide glasses was
spurred by the discovery that most of them have ordiqary semicon-
ducting electrical properties with a room temperature conductivity

of the vider uf IO_qgg-lcm—]. Adrphous TIZSe-AszTe3, however,

has a room temperature conductivity of IO-B(fI cm-‘ which is larger
than the conductivity of many crystalline semiconductors.

Multicomponent chalcogenide glasses are essentially covalent
in nature and are remarkably insensitive to accidental impurities.
They contain a large number of unsaturated chemical‘bgnds capable of
engaging and satisfying the valence requirements of any impurity.
This factor and the possibility of internal rearrangements without
lattice constraints are believed to preclude the impurities from
acting as donors or acceptors of electrons as they would in crystal-
line semiconductors, |In this sense, at least, such glasses must be
regarded as almost intrinsic semiconductors. |

It is extremely difficult to determine the structure of multi-
component chalcogenide glasses by mcans of x-ray or electron diffrac-
tion experiments. However, the amorphous nature can be verified by
noting the absence of Bragg scattering peaks. Structural investiga-

5

tions by x-ray diffraction due to Hilton et al. on a bulk sample of

GeISASMSTeho glass yield a radial distribution function with two
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peaks at 2.50 and 4,02 L. The position of the first peak corresponds
to an average of all interatomic distances which range from 2.43 A
(Ge-Ge) to 2.86 L (Te-Te). A nuclear magnetic resonance study6 of
amorphous and crystallized Te8]Ge]5Asu showed a 0,1% chemical shift
of the Te peak from that of the crystalline Te.

For a large class of multicomponent chalcogenide glasses, the
electrical conductivity increases exponentially with increasing tem-

perature in accordance with the ordinary semiconductor expression

-E_/kT
o

L -1

Q cm-] and thc activation energy

9

with o, between IOZQ-]cm-I and 10

0
. 7,8
Eo in the 0.3 to 1.0 eV range.

Quinn and Johnson” have measured
the electrical conductivity of a bulk sample of GelSTeSOASS in the
temperature range 230-330 K. The values of E0 and,c0 obtained by them
are 0.43-0.48 eV and (1-5) xIOBSQ-icm-], respectively. The values of
resistivities on TeAsGeS glasses obtained by Mackowski et al.lo lie

in the range of 104 to 106()cm. Their results also show an increase
in rcsistivity with an Increase in percentage of Ge in the glass. The
room temperature resistivity and activation energy have been measured
for four different samples in the form of bulk and evaporated films

of As-Te-Ge by R. Pinto.]] My own research group members have
measured temperature dependence of resistivity of bulk samples of
AslSTe73Ge]2 and ASISTe7OGe15 and have reported the activation en-

; ¥ - - - -
ergies of 0,37 eV\and 0.30 eV and % values of 50(2] cm ] and 5Q ] cm I



respectively. Bunton et al.]2 measured the resistivity and activation
energy of Ge-Te-As-Si ‘samples in the form of bulk, evaporated films
and sputtered films, and have come to the conclusion that the re-
sistivities and activation energies of sputtered films had values
which were closer to the corresponding values for the bulk material
rather than to the values for evaporated {ilms. Hence it was decided
to measure the resistivities and activation energies of the As-Te-Ge
thin film samples prepared by RF sputtering.

Measurements of the Seebeck coefficients have been performed on
several multicomponent chalcogenide glasses, and it is generally
agreed that p-type conduction predominates in this class of materials.
Seager et al.]3 have measured both Hall coefficients and Seebeck coef-
ficients in ASSO_TeAS-GeS and AsS—TeSO-Ge]5 samples. The Hall coef-
ficients indicated n-type conduction and an activation energy EH of
0.06-0,07 eV, EH is the activation energy obtained from Hall coef-
ficients, The room-temperature value of the Hall mobility, my =
0.053 cmZ/V-sec, obtained by Panus et al.lu is in good agreement with
the results of Secager et al. But the Seebeck coefficients for the
same samples showed p-type conductivity and their data Qave an activa-
tion energy Es = 0.24 eV and 0,29 eV for ASSTe8OGe15 and ASSOTeQSGGS
respectively. Es is the activation energy obtained from Seebeck
coefficients. The conductivity measurements on the same samples yield
activation cnergies E_ = 0.43 eV and 0.46 eV for the AsSTeBOGe]5 and
ASSOTeMSGeS glasses respectively. Ec is the activation energy ob-

tained from conductivity measurements.



Rockstad]5

has measured the.ac conductivity of Te,_+8As3OSi]2Ge]0
and he has observed that the ac conductivity equals the d.c. con-
ductivity up to IO4 to 105 Hz, but the ac conductfvity increases
with frquency approximately proportional to w0'9 in the IO5 to 108

' Hz reglon,

Optical absorption spectra of chalcogenide glasses always ex-.
hibit rclatively sharp absurptlon edges, from which optical gaps can

be deduv::ed.7’8

It appears that thin films of a given composition
absorb. light of all frequencies to a somewhat greater extent than do
bulk samples of the same composition, but the position of the optical
edge is the same within experimental error.]6'-Thus the exponential
dependence of electrical conductivity over a wide temperature range
and the reasonably distinct.wavelength limits in the absorption

spectra strongly support the view that multicomponent chalcogenide

glasses may be regarded as intrinsic semiconductors.




1. APPARATUS

Figure 1 shows the entire apparatus which consists of a resist-
ance measuring unit, a temperature control unit and a temperature

measuring unit.

A. Resistance Measuring Circuit
For the measurement of hlgh reslstances an apparatus built by

17

Mr, Robert Johnson in 1966 has been used. The block diagram of the

apparatus is shown in Fig. 2. It is claimed that this instrument can

15 to 10]6 ohms. In the

measure sample impedances as high as 10
measuring circuit the current supply provided a voltage varying from
0 to 10 volts across the sample. The current was determined by
measuring the voltage across a variable resistor, In most cases,
because of the high resistance of the samples, a resistance of 100,1
MQ has been used to obtain readable voltages across the variable
resistor. This voltage was measured by a Keithley fodel 601 electro-
meter which has a maximum sensitivity of 1 mvdfulj scale with input
“impedance of 0" q.

The voltage across the sample was.measured by the null method
using battery operated potentiometers and Victoreen model 475 BR
dynamic capacitor electrometers functioning as null indicators. After
30 minutes warm up, it was necessary to calibrate the potentiometer
P3 by the 601 electrometer. In order to read the voltage across the

variable resistor accurately a digital Hewlett-Packard RMS voltmeter

~(3k03 A) was connected to the 601 electrometer.

)
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B. Sample Ho[ﬂer

The sample holder is shown in Fig.’$ and Fig. é; The important
parts are the following,

(1) A hollow copper disc forms the base of the system through
which cold water can be passed to maintain the temperature of the
sample fairly constant, This copper disc also serves as a heat sink
for the thermo-electric cooler which is mounted oh top'of it,

(2) A standard Borg-Warner thermo-electric cooler (0.5'" x0.5'")
(Model 094492) is used to vary the temperature of the sample from
-30° C to +30° C. This thermo-electric cooler was mounted on the
copper disc using tin-indium eutectic solder., While soldering,
proper care was taken not to heat the thermo-electric cooler exces-
sively (limit is 125° C). Number 18 copper wires, which were covered
with teflon coating, were leads to the thermo-electric cooler.

(3 dn top of the thermo-electric cooler a copper plate of
thickness 1/32" is soldered with indium,

(4) Epoxy, which has high electrical insulation and good
thermal conduction was used to mount the YSI| precision thermistor
on the copper plate (part #44003). The resistance of the thermistor
is 1000 Q at 25° C, and varies from 10,92 K at -30° C to 833.7 Q at
+30° C. However, because of the glass substrate between copper plate
and sample, the actual variation in temperature of the copper plate
was much greater than the temperature variation of the sample, The
operating temperature range of the-thermistor is from -80° C to

+150° C. The thermistor leads are #28 manganin wires with teflon
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coating, One must take extra precaution in handling the thermistor
leads since they are likely to break at the joints if they are,}f
twisted,

(5) The current and voltage probes are made of thin copper
plate. These probes are clamped to the copper plate with teflon
screws., Teflon pieces having sufficient thickness were placed be-
tween the probes and copper plate to achieve high electrical in-
sulation., Again #28 manganin wire was used for connections. The
substrate holder is tightly held on the copper plate by the current
and voltage probes. Sufficient care was taken, while tightenihg the
screws, not to impose heavy mechanical stress on the thermo-electric
cooler,

(6) A cogper-constantan thermocouple was mounted on the sample
that had been sputtered specially for such purposes. Indium solder

made a good contact between the thermocouple and sample.

C. Temperature Control and Power Supply

The circuit diagram for the temperature control and power supply
is shown in Fig, 5. In the power supﬁly unit a transformer converted
110 V a.c. to 6,3 V a.c, with 10 amperes current. This voltage was
rectified by a bridge circuit using 12 F 10 diodes, A filter circuit
of an inductor (0.01 H) and a capacitor (4000 ufF, 25 V) was used to
obtain ripple free d.c. It was possible to obtain 0 to 10 V.d.c. by
adjusting the variable transformer. An Eltex modular power supply
was connected directly across 110 V a.c. to obtain 415 and -15 V for

the operational amplifiers in the temperature control unit.
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In the temperature control unit, two 49.9 kQ one percent re-
sistors formed two arms of the Wheatstone bridge. The third and
fourth arms of the bridge were a thermistor (1000 Q at 25° C) mounted
on top of the copper plate in the sample ho]der§ (Fig. 5) and a Rubi-
con Company resistance box (1 Q to 10,000 Q in steps) respectively.
If the bridge.was unbalanced by choosing a resistance ( > 1000 Q)
from the resistance box, a difference in the potential resulted
across the bridge (A and C). This differential potential was fed to
the 741 operational amplifiers (#1 and #2) which were mainly used to
obtain a low output impedance from a high input impedance. The third
741 operational amplifier magnified the input diffe;ence potential
about 100 times to drive the transistor 2N697 which in turn drove the
trangistor 2N5055. A gradual increase in the voltage and current was
observed in the voltmeter and current meter respectively. The:
switch passed the current through the thermo-electric cooler in a
particular direction to cool the sample. This cooling of the sample
cooled the thermistor as well, and the resistance of the thermistor
increased, The difference in potential across the bridge decreased
and the voltmeter and ammeter indicated a decrease in the voltage
and current respectively, This process continued until the thermistor
resistance was almost equal to the resistance of the resistance box.
The bridge was almost balanced and the current in the thermo-electric
cooler was just sufficient to maintain the sample at the required
temperature. Thus it was possible to decrease the sample temperature

to a minimum of -30° C by taking the highest resistance from the
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resistance box. On the other hand by choosing a resistance ( < 1000
Q) it was possible to pass current through the thermo-electric cooler
in the opposite direction to heat the sample. A temperature of +30° C
could be obtained by decreasing the resistance to 100 Q in the resist-
tance box. The rate of heating and cooling was also dependent on the
iéi_ voltage (L.V.) obtained from the power supply. By choosing a
particular resistance from the resistance box and adjusting the vari-
able transtformer in the power supply it was possible to obtain any
desired temperature of the sample in the temperature range -30° C to
+30° C. A copper-constantan thermocouple was used as a temperature

sensor, and the EMF of the thermocouple was measured by a type K-3

universal potentiometer.
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I11. SAMPLE PREPARATION

RF sputtering is a very useful technique to obtain amorphous
thin films of multicomponent samples.]8 The main target of Te75As25
prepared by Dr. B. F. T. Bolker, one of our group members, has been
used to obtain Tilms oFihigh Te content. The target was fabricated
from 99.9999% purity Te and As. As shown in Fig. 6 the subtargets
[0.04 cm (1/64 in.) thick slices of semiconductor gfade Ge] rested
on top of the Te-As main target and were held in place by gravity.

The four slices were of different sizes and placed to give the de-
sired Ge content to the films,

The substrates were standard 1.3 cmx 1.3 ¢cmx0.08 cm, Corning
7059 glass plates with typical surface smoothness of 1/2 micro inch.
Contact pads of Mo of thickness 7000 i were previously sputtered on
these substrates. To insure good thermal contact with the holder,
the substrates were coated on the backside with Ga-In eutectic.

Five individual substrates were used to obtain different compositions
of Ge as shown in Fig. 6.

With the aid of an aluminum mask, rectangular-shaped [0.85 cmx
0.15 cm] films of As-Te-Ge of thickness 1-2 ym have been sputtered be-
tween the contact pads (Fig. 4)7  Another rectangular-shaped film was
sputtered to make thickness measurements, The first and second run

of samples were made without blas, The thlrd run of samples was

sputtered under 20% bias.
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IV. MEASUREMENTS AND RESULTS

A. Electron Microprobe Analysis

An Applied Research Lab model EMX electron microprobe was used
to analyze the samples compositionally for weight percent of the Te,
As, and Ge constituents. A standard computer program ''"Magic IV”]9
converted the microprobe readings to atomic percent of the constitu-
ents, The primary beam voltage was 10 KeV which provided a sample
current of approximately 43 nA. The counts for all three constitu-
ents were detected by Hu spectral line.

‘Within 100 um of the cemter %f each sample several microprobe
readings were taken. The sample was moved under the electron beam
at the rate of 96 microns/minute during the 40 second integration
time (counting time) of each measurement. This slow rate prevented e
sample heating and the pos;ibility of vaporfzing the film's con-
stituents, The composition of cach film as determined by these in-
dividual readings did not vary by more than a few tenths atoemic
percent, The arithmetic average of these separate measurements
was chosen to specify the film's actual composition.

The micro-probe was precalibrated with bulk standards consisting
of Te, As, and Ge pieces that came from the same lot of material that
was used for the target. The mean depth of beam penetration into the
film was 0.4 um. Since all tilms were thicker than 1.0 um, there was
.no problem with the electrons penetrating the substfatef The absolute

accuracy of these analyses was * 2%]9 which includes instrumental errors,
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standardization errors and small vibrations in beam locations on the
film,

It is possible to analyze the composition of the samples theo-
retically from known deposition profiles and from film thickness

‘s . 20
measurements by the use of the superposition equation.

N
T0g) = £ E 6 (PR 01 M

where T(PO)'

is the total film thickness at any pdint Po(xo,yo) of
{he planar substrgte, tis the'sputtering‘;{me, Gj(PO) is the deposi-
tion profile, and Rj(O') is‘fEe deposition rate at some reference
point which is chosen to be the cénter oflthe substraté plane 0'(0, 0)
(Fig. 7). Depenaing on théigeometry of'the subétrate and subtarget
arrangeﬁent it is pos;ible to calcu}a;e the depos{tion profile G(PO).

For the case of rectangular co-ordinates illustrated in'Fig. 7 the

deposition profile i520

Yo % 02
G(P,) = dy | dx- . (2)
° yj, xj, [(x=xp) 2+ (y -yg) 24077

The fundamental function for this double integral is
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Fig. 7. Cosputtering geometry for rectangular coordinates.



Using this fundamental function the deposition profile can be ex— .

pressed as

%2 Y2 BZF(mﬁy)
G(PO) = J‘ dx J" dy W = {F(x29 Yz) = F(x13 Yz)
Xy " '
- Flxy vy +Flxps v ) . ()

In equations 2, 3 and 4, (x,y) are cé-ordinates of the subtarget

. location, (xo, yo) is a point on the substrate, and D is the separa-

tion between target and substrate.

The calculated values of G(PO)Ge for different substrates due
to different Ge slices (Fig. 6) are given in Table la. These values
of G(PO) are normalized with respect to the profile for the total
composite target area at some fixed point on the substrate such as
the origin (0'). Similar?y.the normalized values of G(PO)Te and
G(PO)AS are calculated for different substrates from the main target

of As These results are shown in Table'lb., The compositions

25175

of As, Te and Ge obtained from the. electron micro probe analysis are

listed in Table lc.

- R . © g e w— -

¥ 20
1 X=X Y-y
F(x,y) = E{ 0 arc tg 0
S x-xg) 2 +0? J = xg) 2 40
. Y-=Yq. X=X ', ‘
+ 0 arc tg '_ 0. T J} . (3)
2 2 b o 7 2 i ’
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Table la., The calculated valucs of G(Po)

Ge
Substrates

Ge Slices S #2 #3 44 45
o 3.618 2.742 2.136 0.930 0.678

2 2.884  2.937  3.065 1,031 1,006

3 1.320 1.705 2.504 2.725 2,243

L ' 0.274 0. 409 0.781 0.589 0.495
' Total 8,096  7.793  8.486  5.275  L.422

Table 1b. Normalized values of G(Po)Ge, G(PO)As and G(Po)Te

Substrates #1 #2 #3 #h #5
G(PO)Ge 9.0% 7.9% 7.8% 5.3% L. 9%
G(Py) ¢ 68. 3% 69. 1% 69. 1% 71.0% 71.3%

G(PO)AS 22.7% 23.0% 23.1% 23.7% 23.8%

Tabfé lc. Atomic percentages of Ge, Te and As obtained from electron

microprobe analysis
Conditions of

Substrates #1 #2 #3 #h4 #5 . Sputtering

Ge 6.6 4.9 L.9 2.k 1.6 o
Run #1  Te 64.3 59.9 60.5 61.6 63.5 No bias
As 29.1 35.2 34,6 36,0 34,9
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Table lc. Continued

Conditions of

Substrates #1 #2 #3 #h #5 Sputtering

Ge 6.8 5.4 5.9 2.3 1.6
Run #2 Te  60.0 61.3 60.9 63.8 65.0 No bias

As 33.2 333 33.2 339 33.h

Ge 9.8 8.4 7.9 L.3 3.4
Run #3  Te 58.5 58.7 61.3 62.1 61.5 20% bias
As.  .31.7 32.9 30.8 33.6 35.1

{f one assumes that the rate of deposition RJ(O') is the same
for all the constituents, then the deposition profiles listed in
Table 1b may be roughly regarded as the calculated compositions of
the different constituents, From a comparison of Table Ib (calcu-
lated compositions) and Table lc- (observed compositions) it is ob-
served that the percentage of Te determined from microprobe analysis
is less than the calculated percentage. A simllar loss in Te has
also been observed by Dr. B, F. T. Bolker|8 in his samples and he has
explained it as the result of a poor sticking coefficient for Te.
Assuming that all atoms of As and Ge leaving the target stick to the
substrate, an estimate of the sticking coefficient of Te can be made
in the following manner.

For substrate #3, the observed film composition is 60.5 at, % Te,

The calculated composition is 69,1 at;

" 34,6 at. % As and 4.9 at. % Ge.

% Te, 23,1 at. % As and 7.8 at. % Ge.
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For every 30.9 atoms of As+ Ge one expects 69.1 atoms of Te

whereas one observes L7.3 atoms of Te, Thus the sticking coefficient

of Te at 20° C is gg:? = 0,68, Similar calculations on other sub-
strates show that the sticking coefficient of Te lies somewhere be-
tween 0.63 to 0.73. Dr. B. F. T. Bolker]8 has reported that the
sticking coefficient varies with the substrate temperature. The
sticking coefficient of Te as reported by him was 0.61 at 20° C.
There is some evidence of resputtering of Te and As with 20%

bias (Table 1c). This effect has also been reported by Dr, B, F, T

Bolker]8 in his thesis,

B. Temperature Dependénce of Resistivity

Resistance of several samples of As-Te-Ge in the form of thin
films have been measured by two probe and four probe techniques. The
apparatus used for the measurement was precalibrated using 100 MQ
one percent resistor in place of the thin film sample. The accuracy
of the apparatus was quite good with an error of less than 3%.

All measurements were made in vacuo and in the absence of Visible
light., No electric field dependence of the conductivity was detected
over the range of fields employed [0.6 v/cm to 6 v/cm]. The thick-
ness as well as the resistances by the two probe and four probe
methods (Fig. 9) are shown in Table 2 for four samples al room tem-
perature (300 K). There is fairly good agreement in the resistivity
values measured by the two probe and four probe methods. This result
suggests that the films are homogeneous and the resistance of the

contact electrodes is negligible.



Table 2,

24

Two probe and four probe resistances at room temperature

Sample Thickness (&)

Resistance

(M) Resistivity (Q-cM)

Two probe Four probe Two probe Four probe

212 20861 270 88 1.02x10%  1.10x10"
#13 28590 L80 112 2.2’-’:)(10’4 ].70x10h
H#b 21031 480 230 l.49x104 2.26x]04
#15 13526 235 83 0.93x104 |.08x|04
Table 3. Activation energy and transition temperature
Activation energy (eV) Difference in
Low High activation Transition
Sample temperature temperature energy temperature (K)
#12 0.26 0.32 0.06 282
#13 0.29 0.45 0.16 286
#14 0.38 0.53 0.15 293
#15 0,25 0.30 0.05 276
Table 4, Composition, activation energy, energy gap (optical absorp-
tion) and S
Composition Activation
Sample As Te Ge energy (eV) Energy gap (eV) GO(Q-]cm-])
#£12 33 59 8  0.32 - 20
#13 31 61 8 0.45 0.92 300
F#14 38 62 4 0.38 0.85 80
#15 35 62 3  0.30

0.76 10
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A kink has been observed in the plot of resistivity versus
103/T in all samples (Fig. 8). The activation energies in the high
and low temperature regions and the transition temperature (where
kink occurs) are listed in Table 3. The results show that the transi-
tion temperature shifts towards higher temperature with an increase
in the activation energy.

The activation energy, energy gap (optical absorption data),
and % (o at 1 = 0) are listed in Table 3 together with the composi-

T

tion for all four samples. The values of % have been determined

from the extrapolation plots of log, oo against 103/T (Fig. 10). The

1 1 -1

value of o, lie in the range 10 Q_Icm— to 300 Q cm .

0

C. Sample Thickness Measurements

In order to measure the thickness of the thin film samples they
were first coated with silver in an evaporation chamber to a thick-
ness of a few thousand angstroms. In an A—scope Multiple Beam Inter-
ferometer fringes were observed. From the fringe spacing and off-set
spacing at the edge of the film, the thickness was determined. The
A-scope Multiple Beam Interférometer provides an absolute measure of
microscope vertical surface variations in the range from 30 to
20,000 A, Accuracy is normally * 10 A. The thicknesses of fosr

diffcrent samples are given in Table 2,

D. Optical Measurements
The data on optical absorption spectra was taken by a Recording

Spectrophotometer which is designed for automatic recording of
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absorption spectra in the wavelength region of 1860 A-26000 & with
good resolving power and high photometric accuracy. As shown in
Table 4 the energy gaps deduced from this data (Fig. 11) are in good
agreement with the activation energies (Ec = Eg/2) determined from

'dé'conductivity data,
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Fig. 8. Resistivity versus 103/temperature (K). The activation energies
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in the high and low temperature regions are also shown, *
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Fig. 11, Absorption coefficient & (cm=]) versus photon energy Ex(;QY:”"
The optical gaps are determined from the lower edges of the

lines,
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V. DISCUSSION

A. Temperature Dependence of Conductivity
Three mechanisms of electrical conduction in amorphous semi-
conductors have been suggested by Mott and Davis.8 The model of
energy bands predicted by them is shown In Fig. 12a. The mobility
edges for electrons and holes lie at EC and EV. The first kind of

localized states cxtend only to EA and E_ in the mobillty gap, and

B
are supposed to originate from lack of long range order. The second
kind of localized states near the Fermi level are assumed to arise
from defects in the structure., The defect states form longer tails
but are in sufficient in density to pin the Fermi level. According
to this model, total conductivity will vary with temperature as shown
in Fig. 12b,

(1) At high temperatures the conduction is aue to carriers
excited beyond the mobility shoulders into the extended states (non-
localized states).

(2) At low temperatures conduction is due to carriers excited
into the localized states at the band edges (EA or EB).

(3) At very low temperatures the conduction is due to carriers

hopping between localized states near the Fermi energy. In region

(1) if the imain current is carried by holes

(E.=E )
o =0y exp { ___EET_!— 1 | : (5)
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Fig.12a.

AN

N (E)

Energy bands in amorphous semiconductors

/7T

Fig.12B.7 Temperature dependence of conductivity
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where Oq> which is characteristic of the material, lies in the range

_IOZQ-]cm-]to IOQQ-]cm-R

A plot of In o against % will yield a straight line with a slope
EF-E
i—sz—Xl or essentially - %g-where E; is called the activa-

tion energy determined from conductivity measurements.

equal to -

In case the activation energy itself is a function of temperature
then the following cases arise.
Case A: If E, = E(0) ~vT ... o (6)

then the slope is - E%?l but the intercept on the o axis at % =0 is

Oy exp (%) which will be slightly higher than oq-
Case B: If E_= E(0) - B(kT)Z . .. _ : (7)

then the apparent activation energy A is

B 1 L

1
Hence a plot of In o against T is not a straight line but a slowly

varying curve as observed in one of my samples [#13, Fig. 8].

In region (2) the conductivity can be expressed by

o =0, exp { - (EF- E.+ A w])/kT} w (9)

B

where AW, is the activation energy for hopping and E_ is the energy

1
at the band edge. An estimate of o is rather difficult to make but

B

it 1s expected to be a factor of lO2 -th less than o,, factor of

0’
(EB - Ey) '

approximately KT » but mainly due to a lower mobility, In my
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]

results samples #12 and #13 have oy values 20$?-Icm-] and 300 0 cm_]

respectively, whereas o, values are ]0_] and 10'2s7']cm']. In re-

gion (3) conduction due to hopping of carriers in the localized states

near the Fermi energy is expressed as

o =o0, exp ( -AMZ/kT) . (10)

2

where o, <04 and stz is the hopping energy of the order of half the
width of the defect band shown in Fig. 12a,

A kink in the plot of In o versus 103/T, which has been observed
in my samples, has also been observed in amorphous silicon films at
240 K by P,: G. Lecomber and W. E. Spear.ZI ';héy also measured drift
mobilities in the same temperature range and they note a shift in the

activation energy of the mobility at the same temperature.' Their re~-

sults are reproduced in Fig, 13, Lecomber and Spear assume the band

- diagram (Fig. 13b) and interpret their results by saying that excess

electrons drift into the extended states with a mobility of about
10 cm2 sec-]V-]. At lower temperatures phonon assisted hopping occurs
through localized states occupying a range of 0.2 eV below the ex=~
tended states. The change in the gradient from 0.62 eV to 0.51 eV at
Tc== 2L0 K corresponds to a change of 0.10 eV in the activation
energy of the mobility at the same temperature.

It appears that the same kind of transition In thé conduction
mechanism occurs in the samples (As-Te-Ge) that | have measured. As

shown in Fig. lha for sample #12 the activation energy for conduc-

tlvity changes from 0.32 eV to 0.26 oV ot T_= 282 K, This result
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8 o 12
103/ T(°K™)

i H
0]

o f '_?ﬁg:‘WBa. " Conductivity data on amorphous silicon Trom Lécomber and
Spéar.ZI« On top at the right hand corner is a magnified

portion of region (1) and (2) with the corresponding activa-

[: tion energies..
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s}licon'from Lecomber and‘Spear.ZI The mobility activation

energies are also shown. On top at the right hand corner is

energy band diagram proposed by Lecomber and Spear.



CONDUCTIVITY (27 em™)

Fig. 14, Conductivity versus 103/témperature (K) for sample #12, The pro-

37
o A N
1074 T I E ! |
, (ev), o —
: _ tExtended s
.~ Sample #12 £ State’s’ -
0.32eV ClLoCalided |
' : o EL Sm'e?t . f
|Te=282K | | - 03208 {
I EF , T
| | YTV >
: o | - N(E) NS
- | _— @,
;
. \\
bodo
] T R L1

-5 ‘ .
19320 332 344 356 368 380 392 404

~ [IOYTEMPERATURE (K)]—

posed energy band diagram is shown on top at the right corner. .

i
s

"

o

x %
A%



38

can be explained assuming the band diagram shown in Fig. 14b, In

-region (1) T > 282 K, %6 = 0.32 eV corresponds to intrinsic conduc-

tivity with a band gap of 0.64 eV whereas in region (2) T < 282 K,
Es.= 0.26 eV suggests hopping conduction in localized states with an
activation energy of 0.10 eV. Hence | assume that the localized
states extend 0.16 eV below the conduction band. Although the drift
mobility has not been measured it is suggested that there is a cor-
responding change in the mobility activation energy from 0.16 eV to
0.10 eV at T, = 282 K.

A number of research papers indicate that the values of Eemand
oy decrease with decreasing temperature‘as witnessed by the author in
his own samples., This decrease is generally related to change in the
conduction mechanism, the intrinsic coﬁduction gradually being re-
placed by the hopping conduction. FEagen and Fri’czsc.:he]6 are of the
opinion that thermally activated hopping conduction with an activation
energy less than the mobility gap should be observed not too far below
room temperature, However there are two crucial experiments that
bring out the differences between hand conduction and hopping‘con-
duction.22

(1) The dependence of conductivity on the degree of compensation
is consistent with hopping but not with band conduction.

(2) The frequency dependence of a.c. conductivity should be
quite different for hopping and band conduction. In hopping conduc-

tion o increases with increasing frequency whereas in band conduction

o decreases with increasing frequency.
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However, it is generally believed that hopping conductivity is
negligible at room temperature. A change in conductivity at or around
room temperature from intrinsic to extrinsic can sometimes be related

23

to a structural change in the solid, Tanaka et al. have measured
the temperature dependence of the resistance of a bulk sample of
AshOTGSOGeIO and they have observed a kink at the glass transition
temperature (Tg = L50 K). The glass transition temperature of the
As-Te-Ge samples with the same composition as that of my samples has
not been reported because it is difficult to prepare bulk amorphous
samples of the same composition by quenching. In this composition
range normally the samples turn out to be crystalline rather than
amorphous.

But from the three dimensional figures showing the glass transi-
tion temperature of different compositions of As-Te-Ge (prepared by
Mr. H. R. Shanks, one of our group members) it appears that the glass
transition temperature for my samples must be substantially low.  In
case the glass transition temperature for these samples is at or
around room temperature then it is likely that the observed kink is
due to changé in structure rather than change in the conduction
mechanism, At this point, the question whether the kink is due to

change in structure or change in the conduction mechanism is not yet

resolved,

B. Resistivity and Composition
The resistivity data and data on Ec‘for different compositions

of As-Te-Ge by several research workers are compared with my data'by
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plotting r;sistivity and Eo versus percentage of Ge in Fig. 15a and
Fig. 15b respectively.. The values of resistivity at room temperature
obtained by me fit very well with the values of other workers. There
is a tendency of increasing resistivity with an increase in the per-
centage of Ge. Referring to Table 5 it appears that with an increase
in Ge-Ge bonds there should be a decrease in the number of conductioh
electrons because it takes much more energy to break a Ge-Gc bond

compared to an As-As or a Te-Te bond.

Table .5.. Bond energies in Te=As=Ge system.]

Bond Energy (kJ/mole)

Ge-Ge 188
Ge-As 187
As=-As 180
Ge-Té ’]56' ’
As-Te . 152

Te-Te 123 *




ORI Y

RESISTIVITY (£-cm) (AT 300°K)

Fig.

104

15a,

I

Room Temperature Resisfivity

AU D N D N A T 1 1 | | I |
- o Mackowski
— + Pinto ' S
- o Tanaka et al. _|
— x Kulkarni ]
s

+
— .l + —
- + —
— ) —
[ o —
— ° o o _
: x eoo0 i
| I X N

° .x
Y Y Y SR N T T Y I N B
02 4 6 B8 1012 14 16 18 20 22 24 26-28- -
% of Ge '

éesistivity (at 300 K) versus percentage of Ge. The symbols

correspond to the authors listed on top at the right hand corﬁer.'




2 L

-0 R L
. L x Seager et al. L
0.9 I— | ' + Pinto |
o Quinn & Johnson
| . o Kulkarni ]
08— ' _ S s Tanaka et al.
v Stourac et al.
0.7 — - - o
206 | ]
>- -
L) b w ®
@ - v —]
w 9-5 a .
& X o Q | .+
- ' —
0.4 —
S .
‘ o
03— ¢° N
0.2 —
ol | —
| | | I B l
O -5 o 15 - 20 25 30 35
% of Ge

Fig. 15b. Conductivity activation energy versus percentage of Ge. The

symbols correspond to the authors listed on top at the right

hand corner,




43

Vi,  SUMMARY

This investigation of temperature dependence of resistivity of
thin film samples of chalcogenide glasses (As-Te-Ge) has demonstrated

that the values of activation energy and o, for these samples obtained

'S, 0
K-
from RF sputtering lie close to the values of activation energy and

co'for bulk and evaporated samples. Two possible models have been
suggested to explain the sharp change in activation energy at 285 *
10 K. One may interpret the kink (qhange in slope) in the plot of
resistivity versus 103/T as the result of a change in the conduction
mechanism from band conduction to hopping éonduction. Alternatively,
one may interpret the change in slope as tHe result of a slight
change in structure at the glass transition. The question whether
the kink is due to a change in the conduction mechanism.or a changg
in the structure is not yet resolved.

In order to reach a definite conclusion one might observe x-ray
diffraction patterns of my samples at different temperatures. it is
a well-known fact that the characteristic pecaks observed in the x-ray
diffraction pattern of crystalline solids are not observed in the
case of an amorphous solid. [t is believed that a change in the

structure, if it exists, should somehow manifest itself in x-ray dif-

fraction patterns observed at different temperatures.
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