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Thermal and mechanical properties of ternary Se rich Se1−x−yTexPy semiconducting
glasses (Te< 20 at % and P< 10 at %) in vitreous bulk and film form have been studied by
differential scanning calorimetry (DSC) and microhardness measurements. Bulk vitreous
samples were prepared by conventional melt quenching techniques and the amorphous
photoreceptor films were prepared by vacuum deposition onto oxidized aluminum
substrates whose electrophotographic properties were reported previously. We measured
the glass transition temperature Tg starting from a well defined thermal history and using
both heating and cooling scans as a function of composition. Tg increases monotonically
with both Te and P content. Both bulk and film samples evince similar compositional Tg

dependence. The increase in Tg with the P content in the glasses follows the Tanaka rule,
that is, P addition has a networking effect due to the trivalent nature of the P atom and
increases the mean coordination number. Both Te and P additions initially inhibit
crystallization but at high Te contents (∼20 at %) the crystallization behavior is comparable
to the pure a-Se case. Glasses with ∼10 at % Te seem to have the greatest resistance to
crystallization. The crystallization behavior does not correlate with the Tg behavior over the
whole composition range. The Vickers microhardness HV increases with both Te and P
content. HV vs. Te and P behavior is similar to that of Tg vs. Te and P content . The
compositional dependence of both HV and Tg can be explained by the same factors that
reduce Se chain mobility. C© 1999 Kluwer Academic Publishers

1. Introduction
Recently, there has been an increased interest in the
properties of amorphous selenium (a-Se) rich semi-
conducting alloys due to their current uses as photo-
conductors in high definition TV pick-up tubes and,
particularly, in digital X-ray imaging. Amorphous se-
lenium binary alloys with tellurium, due to their elec-
trophotographic applications such as photoreceptors
in photocopying and laser printing, have been widely
studied in both vacuum deposited amorphous film and
vitreous bulk form in the past as reported and re-
viewed by a number of authors (see, for example, refer-
ences [1–11] and references therein which cover a wide
range of properties). Physical properties (e.g. density,
hardness, glass transition temperature, electrical con-
ductivity etc.) of binary vitreous Se:P alloys have been
reviewed by Borisova [1] though experimental data for
amorphous Se:P films is either very limited (e.g. [12])
or absent. Some of the most common physical proper-
ties of ternary Se:Te:P glasses such as the glass forming

ability, density and electrical conductivity have been re-
ported by a number of researchers as also summarized
by Borisova [1]. Nearly all the measurements pertain to
vitreous bulk samples quenched from the melt. There
has been only one reported electrophotographic mea-
surements on Se:Te:P vacuum deposited amorphous
films which exhibit photosensitivity extending to the
red region [13]. There have been no systematic stud-
ies on the thermal and mechanical properties of similar
vacuum deposited a-Se:Te:P films which initiated the
present study. Thermal and mechanical properties, such
as the glass transition and crystallization temperatures
and microhardness, are important factors in the poten-
tial use of these vitreous chalcogenide alloys in device
applications [8, 9].

The physical properties of bulk glasses of the ternary
Se:Te:P system or the binary Se:Te, Se:P systems have
been usually reported either for very specific exper-
imental conditions or without a full description of
the experimental procedures. For example, the glass
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transformation behavior of these alloys has been typi-
cally investigated by using differential thermal analysis
(DTA) or differential scanning calorimetry (DSC) mea-
surements under heating scans only. It is well known,
however, that the glass transformation phenomenon as
measured by heating scans exhibits dependence on the
thermal history of each particular sample and, strictly,
one cannot simply determine the effect of alloying on
the glass transition temperature,Tg, without consider-
ing the thermal history of each particular sample of
given composition. For example, it is generally found
from DSC measurements that alloying of Se with Te in-
creasesTg (e.g. [8, 9]) but in various other studies, such
as in ultrasonic velocity vs. temperature [14] or volume
vs. temperature measurements [15],Tg has been ob-
served to decrease with the Te content. In this work we
decided to examine the glass transition temperature by
DSC under both heating and cooling scans. In carrying
out DSC cooling scans, the vitreous specimen is heated
to a temperature above itsTg at that heating rate. At this
temperature, the structure is in the super- cooled liquid
state or in liquid-like equilibrium state. The cooling
scan at a constant cooling rate is then initiated from this
temperature until the specimen becomes “glass”. The
glass transition temperature determined by this cooling
DSC method does not show a dependence on the initial
condition or the thermal history because in each case
the sample starts from a liquid-like equilibrium state
[16] (pure a-Se case was studied in reference [17]). In
this work we carried out DSC experiments under both
cooling and heating scans to obtain the thermal prop-
erties of both vitreous bulk samples and vacuum de-
posited amorphous photoreceptor films from the same
bulk samples.

2. Experimental
2.1. Preparation of bulk glasses
Se1−x−yTexPy alloys are glass formers [1]. Glassy
Se1−x−yTexPy alloy source material was prepared at
the Joint Laboratory of Solid State Chemistry of the
Czech Academy of Sciences and the University of Par-
dubice, Czech Republic, by combining a xerographic-
grade fixed-composition amorphous Se:Te alloy with
xerographic grade pure Se and phosphorus (red phos-
phorus from Fluka). Weighed amounts of Se:Te alloy,
selenium and phosphorus were placed in a pre-cleaned
and outgased quartz ampoule (by heating under vac-
uum to 900◦C) which was immediately evacuated to a
pressure of 7.5× 10−6 Torr for 30 min. The ampoule
was then sealed, placed in a rotary furnace and heated
to 600◦C for about 5–6 h. Following heating, the am-
poule was cooled to 300◦C in the furnace and then it
was taken out from the furnace and allowed to cool to
room temperature. To prevent oxygen contamination,
the alloys were kept sealed in the ampoule until they
were needed for measurements as bulk samples or for
the preparation of amorphous films.

2.2. Amorphous film deposition
Amorphous films of thickness 60–80µm (typical
photoreceptor film thicknesses) were prepared at the

University of Saskatchewan (Electrical Engineering
Materials and Devices Laboratories) by thermal evapo-
ration of the Se100−x−yTexPy alloy source material onto
clean pre-oxidized aluminum substrates in a conven-
tional vacuum coating system. Prior to the evaporation,
the Al sheet substrate was degreased in trichloroethy-
lene and then etched in a weak solution of trisodium
phosphate and soda ash for 40 s at a temperature of
60◦C. Caustic residue on the substrate from the lat-
ter process was removed by dipping the substrate into
a concentrated nitric acid solution (67%) for 5 min at
room temperature. Finally the substrate was rinsed sev-
eral times with deionized water. An oxide layer was
grown on the substrate by placing it in a hot furnace
(about 150◦C) for several hours. Thermal evaporation
of the source material was accomplished by heating the
alloy in an open stainless steel boat to a temperature
of 350–390◦C in a vacuum of 5× 10−6 Torr. The sub-
strate temperature during the deposition process was
about 75◦C. A typical deposition time for a 60µm
thick photoreceptor film was 15–20 min.

2.3. Content analysis
The tellurium and phosphorus contents were obtained
by using an Elan Inductively Coupled Plasma-Mass
Spectrometer (ICP-MS) in the Department of Geology.
The Cl content in Cl doped Se-Te-P films are in the ppm
level Cl (typically 2–10 ppm). It was not possible to ob-
tain an accurate Cl analysis at the ppm level. Further, at
ppm levels, Cl addition does not affect the thermal and
mechanical properties of the alloy which depend pri-
marily on the Se-Te-P composition. Generally, chlorine
is added to Se:Te alloys to improve the electrophoto-
graphic properties [9, 18] but has no observable effect
on the thermal and mechanical properties at these ppm
levels.

2.4. Thermal properties
The thermal properties of bulk and film specimens were
studied by differential scanning calorimetry (DSC).
The bulk samples were crushed to small pieces and
the film samples were stripped of their substrates af-
ter which they were placed in small aluminum pans
and then sealed. An empty pan was used for reference.
The specimen weight was typically kept below 30 mg
to avoid the effects of finite thermal diffusivity of the
sample on the measured transition temperatures. The
experiments were carried out using a Mettler TA3000
thermal analysis system which consisted of a thermal
analyzer (TC10) and a low temperature liquid nitrogen
cell (DSC30), the latter allowing both heating and cool-
ing schedules to be investigated at any selected rate. In
a typical cooling scan DSC experiment for the mea-
surement ofTg, the sample was heated from ambient
temperature,Ta= 25◦C, at a rate of 20◦C min−1 to a
temperatureTo well above its glass transformation re-
gion for that heating rate, but below the crystallization
onset temperature. The cell was then stabilized at this
temperature for about two minutes and then the cooling
scan was initiated at a rate of 5◦C min−1. The cooling
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continued until the specimen past its glass transition
temperature and was in the glassy state. The glass tran-
sition temperatureTg during cooling is denoted asTgc.
After the cooling scan, the sample was left to anneal
at room temperature for approximately one month and
then it was subjected to a heating schedule consisting
of heating fromTa= 25◦C at a rate of 5◦C min−1 to
300◦C. It is important to note that the value of the
glass transition temperature,Tgh, under a heating scan
was measured for a sample with known thermal history
which was set by the last cooling scan at a rate 5◦C
min−1 and subsequent room temperature annealing.
The DSC thermogram for a heating scan was also used
to determine the crystallization onset temperature,Tco,
maximum crystallization rate temperature,Tcm, melt-
ing temperature,Tm, and the enthalphy changes during
these structural transformations. Heating and cooling
DSC scans were carried out for both bulk and film sam-
ples to compare the compositional dependence of the
glass transition temperature for both forms amorphous
structure, bulk and film.

2.5. Mechanical properties
The microhardness measurements on amorphous
Se:Te:P films were carried out in a standard way [19]
using a 10 g load applied for a 10 s duration both of
which were maintained the same for all the measure-
ments. The Buehler Miromet II microhardness tester
operates a diamond indenter for Vickers indentations
on the test sample under the selected load for a selected
duration. With a 10 g load, the measured indent diag-
onals were in the range 10–20µm which corresponds
to indentation depths much smaller than the film thick-
nesses. It is instructive to mention that Manikaet al.[20]
were able to show that microhardness measurements
on amorphous films remain meaningful even when the
indentation depth becomes comparable with the film
thickness. The Vickers hardness number,HV, was de-
termined via the standard equation forHV,

HV = 1.854(F/d2) (1)

whereF is the load in kg andd the mean diagonal in
µm.

3. Experimental results
Fig. 1 shows typical DSC thermograms observed in this
work under a heating scan. All glass compositions stud-
ied exhibited a clear glass transition endotherm. How-
ever, only glasses with limited P content (a few atomic
percent) evinced crystallization and melting peaks. The
thermograms for Se-Te-P alloys with low P content
(<1 at % P), in general, were similar to those reported
previously for the Se:Te binary alloys [21]. Fig. 2 shows
a typical DSC cooling scan where the glass transition
is a change in the base line or a change in the heating
capacity. Fig. 1 also identifies the experimental def-
initions used in this paper for the glass transforma-
tion onset temperature,Tgh, the crystallization onset

Figure 1 Typical DSC heating scan thermograms for Se-Te-P alloy film
for compositions shown. All thermogramns are at the same heating rate of
5◦C min−1. Operational definitions for the glass transition temperature
measured under a heating scan (Tgh), crystallization onset temperature
(Tco), maximum crystallization rate temperature (Tcm) and the melting
temperature (Tm) are also shown.

Figure 2 A typical DSC cooling scan for an a-Se:P film sample at a
cooling rate of 5◦C min−1 after equilibration in the “liquid” region,
aboveTgh for heating. The operational definition ofTgc from a cooling
is shown.

temperature,Tco, the temperature for the maximum of
the exothermic crystallization peak (or the temperature
for maximum crystallization rate),Tcm, and the melt-
ing temperature,Tm. The glass transition temperature,
Tgc, observed during cooling is operationally defined
in Fig. 2. It should be emphasized that the glass transi-
tion temperature observed during cooling,Tgc, was in-
dependent of the initial temperature,To (provided that

3781



To> Tgh) and, furthermore,Tgc, as expected, was found
to be independent of any thermal history. However, the
glass transition temperature observed during heating,
Tgh, was sensitive to the thermal history. ThusTghvalues
from heating scans were obtained on samples annealed
at room temperature as noted above.

All the experimental results are summarized in
Tables I and II for vitreous bulk and amorphous film
forms respectively. The plots described below were ob-
tained from the data in these tables.

The three-dimensional plots of the compositional
dependences ofTgh and Tgc for bulk and film
Se100−x−yTexPy alloys are shown in Figs 3a,b and

TABLE I Thermal properties of vitreous bulk samples

Se Te P Tgh Tgc 1HTg Tco Tcm 1Hc Tm 1Hm

(at %) (at %) (at %) (◦C) (◦C) (J/g) (◦C) (◦C) (J/g) (◦C) (J/g) Tg/Tm

100.0 0.0 0.0 44.0 41.6 3.3 129 147 59.7 215 68.4 0.644
99.9 0.0 0.1 44.2 41.5 1.8 113 185 26.5 218 39.2 0.641
99.8 0.0 0.2 46.1 42.3 2.0 104 183 21.9 215 62.2 0.646
98.9 0.0 1.1 47.9 45.5 3.3 111 173 15.1 213 17.5 0.655
98.7 0.0 1.3 51.0 48.0 4.0 118 182 7.9 214 14.3 0.659
91.4 0.0 8.6 77.3 75.5 4.3 165 175 1.7 188 4.6 0.756
90.6 0.0 9.4 76.4 79.5 4.2 116 170 2.0 180 6.5 0.778
99.94 0.06 0.0 47.6 41.7 3.6 136 158 63.4 216 72.2 0.643
99.7 0.3 0.0 48.0 42.0 3.4 127 146 62.0 218 73.9 0.641
99.4 0.6 0.0 48.1 42.5 3.5 141 164 63.4 218 73.3 0.641
98.8 1.2 0.0 48.3 42.8 3.5 131 151 60.9 218 73.3 0.643
96.5 3.5 0.0 50.6 43.7 3.9 132 145 58.6 223 72.2 0.639
93.6 6.4 0.0 53.8 47.1 4.3 144 156 56.5 227 70.1 0.640
90.2 9.8 0.0 57.3 49.1 4.8 149 160 55.8 232 73.2 0.637
80.6 19.6 0.0 62.4 56.5 4.4 125 137 47.7 245 79.2 0.636
90.8 7.2 2.0 61.5 55.8 5.7 141 174 3.8 213 5.9 0.675
88.3 9.7 2.0 63.6 55.4 5.5 140 192 6.6 218 6.0 0.670
88.0 7.0 5.0 73.1 67.5 6.1 131 180 1.6 203 1.1 0.715
85.6 9.4 5.0 82.3 85.2 5.9 — — — — — —
83.4 6.6 10.0 82.6 82.1 6.3 — — — — — —
81.1 8.9 10.0 87.3 92.4 4.5 — — — — — —

Temperature parameters are defined in Figs 1 and 2.

TABLE I I Thermal properties of vacuum coated amorphous films

Se Te P Tgh Tgc 1HTg Tco Tcm 1Hc Tm 1Hm HV

(at %) (at %) (at %) (◦C) (◦C) (J/g) (◦C) (◦C) (J/g) (◦C) (J/g) Tg/Tm (kgf/mm2)

100.0 0.0 0.0 44.0 41.3 3.4 130 151 61.5 215 68.0 0.644 40.2
99.9 0.0 0.1 46.5 42.5 1.9 100 131 31.6 217 69.0 0.644 40.9
99.8 0.0 0.2 46.8 43.2 2.0 104 135 35.7 218 71.5 0.644 41.6
98.9 0.0 1.1 50.8 47.4 0.7 91 126 12.4 216 71.1 0.651 45.0
98.7 0.0 1.3 51.8 47.8 3.2 112 151 47.9 210 65.1 0.663 45.7
91.4 0.0 8.6 77.6 76.0 4.7 112 174 2.3 196 1.2 0.748 58.1
90.6 0.0 9.4 78.0 78.0 5.3 113 170 0.8 184 1.0 0.767 67.3
99.94 0.06 0.0 47.7 42.3 3.8 125 168 47.9 215 58.2 0.646 41.8
99.7 0.3 0.0 48.0 42.5 3.7 130 169 61.8 216 72.1 0.645 43.9
99.4 0.6 0.0 48.3 42.8 3.8 129 164 62.0 217 71.5 0.645 46.2
98.8 1.2 0.0 50.0 43.4 4.8 127 162 58.2 219 72.1 0.643 48.8
96.5 3.5 0.0 53.3 45.8 4.9 132 156 58.9 223 74.0 0.642 54.5
93.6 6.4 0.0 56.3 47.8 5.1 124 146 56.6 227 73.4 0.641 64.2
90.2 9.8 0.0 58.1 50.3 5.1 132 150 55.4 229 73.9 0.644 67.5
80.6 19.4 0.0 62.0 56.6 5.2 97 123 54.2 231 77.0 0.654 74.5
93.4 4.8 1.8 63.9 57.3 5.8 135 183 30.8 202 35.9 0.695 61.8
93.4 4.7 1.9 63.1 55.4 6.0 140 191 20.3 212 24.2 0.667 60.2
91.9 4.1 4.0 72.7 68.3 6.1 — — — 207 1.0 0.711 68.1
90.4 6.1 3.5 83.6 85.0 5.5 — — — — — — 73.6
87.5 4.2 8.3 82.7 82.7 6.0 — — — — — — 81.6
83.3 5.4 11.3 73.4 70.1 6.8 157 189 1.2 210 2.3 0.710 67.5

Temperature parameters are defined in Figs 1 and 2.

4a,b. It is apparent that the glass transition tempera-
ture increases with both Te and P contents. It can be
seen that both bulk and film samples evince similar
compositionalTg dependence.

Fig. 5a and b show the variation in the crystallization
onset temperature as a function of Te and P content in
bulk and film samples, respectively. The compositional
dependence of the crystallization behavior does not fol-
low the trend in the glass transition behavior in Figs 3
and 4.Tco exhibits a maximum as the Te concentration
is increased in both bulk and film samples. On the other
hand,Tco decreases with P alloying in bulk samples but
remains relatively unaffected in film samples.
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(a) (b)

Figure 3 The dependence ofTgh (from heating scans) on the composition of amorphous Se-Te-P glasses: (a) bulk samples and (b) film samples.

(a) (b)

Figure 4 The dependence ofTgc (from cooling scans) on the composition of amorphous Se-Te-P glasses: (a) bulk samples and (b) film samples.

(a) (b)

Figure 5 The dependence of the crystallization onset temperatureTco on the Se-Te-P glass composition for (a) bulk and (b) film samples.

The compositional dependence of the melting onset
temperature,Tm, is presented in Fig. 6a and b for bulk
and film samples respectively, where it can be seen that
Tm decreases with P alloying but increases with Te al-

loying. However,Tm is difficult to discern clearly as the
P concentration increases as apparent in Fig. 1.

Fig. 7a and b show the compositional dependence of
the endothermic relaxation enthalpy1HTg associated
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(a) (b)

Figure 6 The dependence of the melting temperatureTm on the Se-Te-P glass composition for (a) bulk and (b) film samples.

(a) (b)

Figure 7 The dependence of the glass transition enthalpy1HTg (observed during heating scans) on the Se-Te-P glass composition for (a) bulk and
(b) film samples.

with the glass transformation behavior during heating
scans for bulk and film samples. The relaxation en-
thalpy increases with both Te and P contents. Many
of the Se-Te-P ternary compositions did not exhibit a
clearly discernible full crystallization exothermic peak
that allows an unequivocal determination of the crys-
tallization enthalpy; the crystallization process typ-
ically runs into melting as apparent for Se98.7P1.3,
Se93.4Te4.7P1.9 in Fig. 1. Further, as expected, those
glasses that do not crystallize during heating also do not
evince a clear melting endotherm. We were therefore
unable to obtain accurate crystallization and melting
enthalpies for these ternary alloys.

Microhardness of chalcogenide films is an impor-
tant mechanical property in photoreceptor applica-
tions. We measured the Vickers microhardness for the
Se1−x−yTexPy film samples . All samples showed clear
diamond Vickers indentations very similar to that re-
ported for pure a-Se (see photograph in reference [22]).
Fig. 8 shows the compositional dependence ofHV
where it is apparent that the mechanical hardness in-
creases monotonically with increasing Te and P con-

Figure 8 The dependence of Vickers microhardness on the Se-Te-P glass
composition for film samples.

tents. It should be noticed that theHV vs. Te, P sur-
face in Fig. 8 is very similar to that of the glass
transition temperature, e.g.Tgc vs. Te, P surface in
Fig. 4b.
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4. Discussion
We have observed that the glass transition temperature
determined during cooling (Tgc) is independent of the
initial cooling temperature but dependent on the cool-
ing rate; the cooling rate dependence is not investigated
in this work. However, the glass transition temperature
observed during heating (Tgh) was sensitive to the ther-
mal history which is an inherent feature of glasses;Tgh
observed in heating scans depends on the thermal his-
tory as well as the heating rate. Both the thermal history
and the heating rate were therefore kept the same for
all the samples. The results show thatTgc andTgh in-
crease with Te and P concentrations and that both bulk
and film forms of the amorphous state evince similar
compositionalTg dependence. TheTgc and Tgh vs. P
concentration behavior is steeper than that for the case
of Te addition alone. TheTg values for the Se-P system,
in general behavior, is in agreement with those for the
same composition in references [1] and [12] where they
have been determined by heating experiments rather
than a controlled cooling scan. Compositional depen-
dence ofTg can be explained qualitatively as follows.

Recent studies and experiments indicate that the
structure of a-Se consists of randomly mixed long poly-
meric Sen chains in which various portions of a chain
have ring-fragments (e.g. [9, 23, 24]), in contrast to a
structure which is a mixture of Sen chains and Se8
rings as thought in sixties and seventies. The average
coordination number is two. Neutron diffraction study
of Se1−xTe1−x glasses (x= 0–40 at %) shows that tel-
lurium short range order is mainly substitutional and
average coordination numberZ is kept almost con-
stant; Z≈ 2 [25]. EXAFS (extended X-ray absorp-
tion fine structure) measurements [26] have validated
above conclusions even in liquid Se100−xTex mixtures
up to x< 50 at %. Although Te enters the structure
by an isoelectronic substitution so that its coordina-
tion remains 2, there will nonetheless be changes in the
van der Waals bonds, or interchain secondary bonds,
because the Te atom is larger than the Se atom or put
differently has more electrons in orbitals (both Se and
Te have the same crystal structure, trigonal, which con-
sists of chains that are held together by van der Waals
bonds and the van der Waals interaction in Te crystals is
stronger than that in Se crystals). One can therefore ar-
gue an increase in secondary bonding between chains as
more Te added to the glass. Stronger secondary bond-
ing and the increase in the average chain mass with
Te addition lead to an increase in the glass transition
temperatureTg. The addition of Te will also increase
the concentration of charged valence alternation pair
(VAP) type defects [8] so that it may argued that the
increase inTg is partly due to Se+3 and Te+3 type defects
connecting neighboring chains and limiting molecular
(chain) mobility. This argument is tantamount to the
notion that the mean coordination numberZ increases
from 2 with Te addition. Mean coordination number in
Se1−x−yTexPy is defined by

Z = (1− x − y)NSe+ x NTe+ yNP (2)

where NSe, NTe and NP are the normal coordina-
tion numbers of Se, Te and P (NSe= NTe= 2 and

NP= 3). However, the concentration of these VAP de-
fects, due to the Boltzmann factor, is orders of mag-
nitude smaller than the atomic concentration and it is
unlikely that they will affectZ and hence the structure
to an extent thatTg will be raised even though their
influence on the electrical properties may be drastic
[8, 9].

Phosphorus addition immediately increases the av-
erage coordination number from 2 since phospho-
rus, which is in Group V, can bond with 3 or 5 Se
atoms. Three fold coordination will result in less struc-
tural strain than five fold coordination and would be
more favorable. Phosphorus atoms in the structure can
crosslink chains and hence enable a better covalent net-
work structure to be developed. This leads to the ob-
served steeper rise inTg with P addition than in the
case of Te addition alone as apparent in Fig. 3a and b
and Fig. 4a and b. In the present range of P concentra-
tion (up to 10 at %), the concentration of phosphorus
selenide like units (structural units PSe3/2, Se=PSe3/2
and P2Se4/2 where= is a double bond) is expected
to be so small that they do not form an independent
framework. The glass structure in the present com-
position range is therefore primarily determined by
the excess selenium and phosphorus atoms interlink-
ing chains through covalent bonds [27].

The relationship between the observedTg and the
mean coordination number, according to Tanaka [28],
can be empirically related by

ln(Tg)= 1.6Z + C (3)

where Z is the mean coordination number (1<
Z< 2.7) as defined in Equation 2, andC= 2.3 Equa-
tion 3, of course, does not consider the rate of heat-
ing or cooling onTg and therefore cannot be taken
to be an exact relationship but rather a trend indica-
tor. Typically, the relationship between ln(Tg) and the
heating (r ), or the cooling rate (q), is approximately
also linear, i.e. ln(Tg)= Ar + B where A and B are
constants. If we were to leaveC as an adjustable pa-
rameter we can findC based on a-Se for whichZ= 2.
Taking Tg= Tgc= 41.6+ 273 K, givesC= 2.55. We
can then examine Equation 3 for a-Se90.7P9.4 for which
Tgc= 79.5+ 273 K. Equation 3 givesZ= 2.071. As-
suming all P atoms are triply bonded (neglecting those
in five-fold coordination and also the small fraction
which also participate in VAP defect formation), we
find the mean coordination number to be,Z= (2 ×
0.907+ 3×0.094)= 2.09, close to the expected value.
In the case of Se:Te:P glasses, of course, Equation 3
does not explain the rise inTg with Te alloying as Te
atoms do not increase the average coordination num-
ber. For example, both Se81.1Te8.9P10and Se83.4Te6.6P10
glasses have approximately the same mean coordina-
tion, Z= 2.1, assuming that Te bonds with two neigh-
bors but they haveTgc of 92.4 and 82.1◦C, respectively.
It is, however, possible to explain the increase inTg
with Te addition by assuming that a small fraction of
Te atoms are triply bonded so that they cross link chains.
Then by using Equation 3 we can estimate the percent-
age of Te atoms in triple coordination. This turns out
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(a) (b)

Figure 9 The dependence ofTgc/Tm on the Se-Te-P glass composition for (a) bulk and (b) film samples.

to be about 10–15% of all the Te atoms. There is no
convincing justification for assuming that over∼10%
of the Te atoms in the structure are triply bonded given
that neutron diffraction studies show no dramatic mi-
crostructural changes or other unusual features in the
compositional range studied in this work [25].

It is well known that for many amorphous solids,
glass transformation behavior as well as the rate of
crystallization can be correlated with the viscosity,η.
Indeed, experiments on pure a-Se show a good correla-
tion between and the glass transformation and crystal-
lization behavior and the viscosity [29]. The viscosity
in Se1−xPx binary glasses increases with the P content
(up to 10 at %) [30, 31]. Although the increase inη
with P content correlates well with theTg behavior,
there is no clear correlation with the onset of crystal-
lization shown in Fig. 5. Furthermore, the viscosity of
liquid Se-Te alloys, though in the liquid state, has been
observed to decrease with increasing Te content [32]
which certainly does not agree with the present obser-
vation of increase inTg and also the initial increase in
the crystallization temperature.

We have also examined the Kauzmann empirical rule
Tg/Tm∼ 2/3, whereTm is the melting temperature,
for the present glasses as shown in Fig. 9a and b for
both bulk and film samples. We usedTgc (Tg from
cooling scans) for the glass transition temperature and
the standard operational definition ofTm in general
thermal analysis (as in Fig. 1). Values ofTgc/Tm for
Se:Te binary alloys are in the range 0.63–0.64 in close
agreement with the Kauzmann rule given thatTgc also
depends on the cooling rate. However, the ratioTgc/Tm
increases with the P content in the ternary alloys. At
the highest P concentration this ratio is around∼0.75
which is still not unusual given that for some network
glassesTg/Tm can be this high [33] and ratio itself de-
pends on howTg andTm were actually measured. The
melting temperature is progressively more difficult to
discern as the P content increases. The crystallization
exotherm becomes broader and melting begins before
the whole sample has crystallized. One should use
the liquidus temperature from the appropriate phase

diagrams but these are not readily available for Se:Te:P
ternary alloys.Tg/Tm values could only be evaluated
for those samples which exhibited crystallization as
summarized in Tables I and II.

In both Se:Te binary and Se:Te:P ternary alloys there
is an initial increase in the crystallization temperature
with Te alloying. The initial increase in the crystal-
lization onset temperature correlates well with the in-
crease in the glass transition temperature. The corre-
lation is not unexpected as both would be controlled
by the changes in the viscosity as the Te content is in-
creased. Glasses with∼10% Te have the greatest resis-
tance to crystallization. At high Te concentrations there
is a greater tendency to crystallize (crystallization onset
temperature decreases with the Te content) which may
be attributed to Te rich Se1−xTex glasses having a poor
glass forming ability [34]. Glasses with considerable P
content did not exhibit any crystallization exotherms as
apparent in Fig. 1 but only a gradual melting process.
This implies that trivalent P atoms in these chalcogen
glasses, by virtue of their networking ability, are good
glass formers [1].

Previous microhardness works have typically exam-
ined the microhardness of the binary glasses Se1−yPy

and Se1−xTex (e.g. [1, 9, 35]). The microhardness of
both binary glasses has been reported to increase with
the glass composition (P or Te) which is in agreement
with the HV vs. Te andHV vs. P cuts on the surface in
Fig. 8. The observed behavior ofHV in Fig. 8 correlates
well with that of the glass transition temperature (both
Tgh and Tgc) in Figs 3 and 4. One can argue that the
same factors that increaseTg also increaseHV. Factors
that limit relative chain flow (or increase the viscosity)
would lead to a harder glass. The increase inHV with
Te addition is due to an increase in the strength of in-
terchain secondary bonding whereas P addition leads
to chain linking, or networking, by primary bonding.

5. Conclusions
Thermal and mechanical properties of ternary Se
rich Se1−x−yTexPy semiconducting glasses (Te< 20
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at % and P< 10 at %) in bulk and vacuum deposited
(photoreceptor type) film form have been studied by
differential scanning calorimetry and microhardness
measurements. We measured the glass transition tem-
peratureTg starting from a well defined thermal history
and using both heating and cooling scans as a function
of composition.

The glass transition temperatureTg increases mono-
tonically with both Te and P content. The increase in
Tg with the P content in the glasses follows the Tanaka
rule, that is, P addition has a networking effect due
to the trivalent nature of the P atom and increases the
mean coordination number. The increase inTg with P
content also correlates well with the reported increase
in the viscosity with phosphor content in Se-P glasses.
The increase inTg with the Te addition is due to an in-
crease in the interchain secondary bond strength and/or
increase in the mean molecular (chain) mass since Te
atoms maintain their two-fold coordination number in
the structure. Both bulk and film samples evince similar
compositionalTg dependence. Kauzmann ratioTg/Tm
for these ternary alloys was between 0.63 to 0.78.

Both Te and P additions initially inhibit crystalliza-
tion. But at high Te contents (∼20 at %) the crystal-
lization behavior is comparable to the pure a-Se case.
Glasses with∼10 at %Te seem to have the greatest re-
sistance to crystallization. The crystallization behavior
does not correlate with theTg behavior over the whole
composition range.

The Vickers microhardnessHV increases with both
Te and P content.HV vs. Te and P behavior issimilar
to that ofTg vs. Te and P content . The compositional
dependence of bothHV andTg can be explained by the
same factors that reduce Se chain mobility (or increase
the viscosity).
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