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GENERAL INTRODUCTION




Chalcogenide seamiconductors have recently been the
focus of considerable attention because of their switching
and memory effectse. These disordered materials find
applications in optics, electronics, electrophotography.

The chalcogenide glasses are of particular interest because
of their increasing use in electrostatic imaging, television
engineering and switching and memory devices.

Avorphous selenium filns are currently used in
xerographyl’z because of their relatively high stability,
high photoconductivity, and the low equilibriun conductivity.
Amorphous antimony sulfide and also arsenic selenido4 are used
in wellknown vidicon tubes. 3Some of the amorphous filzsy by
virtue of their 1nstab111ty5 caused by crystallization or
vitrification, are put to use in fabricating memory devices.
The vitrifiable materials (e.gs Te=As=Ge) are used in
resettable memory devices. &specially the laser beam induced
structural changes in asorphous semiconducting filus are used
onp'a. Another device based on

such instability is a threshold switch® 2°, It is aifferent

to store and convey informati

from memory switch in that it does not lock in the 'ON' state
but switches back below a certain holding current into 'OFF!
states The above mentioned switching devices are used in
electronic circuitry17°19, in display by electroluninescent
panelszo, in coaputer momorieszo, for linear amplification



in some special oircuitlls, also as a piezoelectric sensorzl.

Certain semiconductors can be made amorphous under
drastic quenching conditions, such as vaipour deposition onto
a cold substrate. In case of arsenic and antimony chalcogenides
a serious problem arises of controlling stoichiometry or of

malntaining a constant predetermined composition of deposited
materials.

One aim of the present work has been to develop a
chenical method for the preparation of thin films of arsenic,
antimony and cadaium chalcogenides. The same method can be made
suitable for preparing mixed solid solutions also,

(@ege Asarea.AsZSoa $ Sb2803.8b2T03 etc.)s However the scope
of this thesis 1s restricted to only arsenic, antimony and
cadmiun chalcogenides (simple binary selenides and tellurides)
prepared by this chemical method and vitreous arsenic
tetraselenide prepared by melt quenching. Throughout the work
described in this contribution, the intent has been to compare
the properties of the vitreous, amorphous and crystalline

thin films obtained by this chemical method with those of the
filns obtained by the other conventional methods.

This thesls comprises of seven different chapters;
the first six chapters deal with different compoundsj
arsenic telluride, arsenic selenide, antimony telluride,

antizony selenide, cadrium telluride and cadmiun selenide.



Bach chapter is further subdivided in different sections,
covering the historical survey of the individual compound,
the experimental techniques usedy the results obtained and

conclusions and discussions.

The overall summary and conclusions are given
at the end in the seventh chapter.



CHAPTER - 1.




ARSENIC TELLURIDE

l.l Historical Bacground

The unit cell of Asarsa is monoclinic and the

space group is cgh - C2/m 22. The lattice parameters are

o
a = 14,339 £ 0,001 3y b = 4,006 & 0,005 A,
0
C = 9,873 £ 0,005 A, B = 95,0°,

There are four molecules per unit cell. The atoms
occupy five sets of special positions as follows:

4(1) 1 (xy Oy 2) (xy Oy 3)+ (0y Oy O3 1/2, 1/2, O)

Atomic positional parameters i

x y z
Asp 00115 045 00445
ASII 0.2056 0.0 0,145
TOI 0,032 0.0 0.282
T.II 0.280 0.6 04337
T.III 04375 0.0 0.034

The structurey which consists of zigzag chains
in vhich the arsenic atoms are octahedrally and trigonally
bonded to telluriums, appears closely related to the
structure of /S-Gazoa -



T.C.Harman et al.® published a paper on the
preparation of tellurides from purified elements by several
techniques and presented the data on electrical and thermal
properties of n-type ('Te' doped) and petype A32T33 ('As* doped)
as a function of temperature and impurity concentration.
Pressure contacts to A'zr‘a were found to give spurious results.
Tin soldered contacts were used to give consistent
reproducible results. Electrical resistivity was measured for
polyerystalline, cylindrically shaped specinens from
80 to 250°K. Intrinsic resistivity region was not attained
because of the high impurity concentration of the specimens.
The variation of carrier mobility with temperature was
ke for AszTea. This led to
the conclusion that the compounds were necessarily heavily

doped.

approximately proportional to T

B.T.Kolomiets>>

found that the conductivity of

such chalcogenldes glasses increased with the increase in the
proportion of the heavy component. lany glasses were found to
pass easily to a crystalline state by annealing in the
softening range. This transition caused very large changes

in conductivity. Such high differences in conductivity
between the glassy and crystalline state of the same material
were attributed to a change in the short range order or to the

changes in the impurity states on transition.



KeWelser and M.H.Bx-och:lcy'26 studied the electrical
conductivity, optical absorption and photoconductivity of
amorphous Aazrea filus prepared by condensing the vapour on a
gooled substrate. Over the temperature range 200 to 400°K
the conductivity was of the form S= Co exp (-BEa/kT), with

0o = 600 "Yen ™t and Ea = 0.4 eve The results were
interpreted ia terms of a "conductivity gap" of 0.8 eve The
average mobility was found to lie between 0.3 and 5 cmzlv.sec.,
which led to the fact that the "sobility edges " which are
responsible for the conductivity gap were on the border~line
between localized and delocalized states. The optical
absorption data supported the fact that for energles well above
the conductivity gap the density of valence and conduction band
states had a parabolic dependence on energys The
experinentally found optical gap of 0495 = 0.98 ev was the
energy difference between edges of parabolic states.
Photoconductivity measurements gave the lower limit of

mobility of carriers to be 0.3 cmz/v.soc.

:-Footnoto s Kiobility edges are the reglons of energy where

ohe moblility of carriers increases quite
abruptly from a negligible value to a value
which no longer depends strongly on energys




EeCroitoru et a1.27 studied the electrical

conductivity of amorphous thin f£ilms of AspTe; and at low and
nigh electrical fields in temperature range from 77 to 3850 Ke
The value of Ba = 0425 ev at 400 volts while the value at

10 volts was 046 eve There was a space charge limited

current with a trap level located at 0.28 eve

H.K.Rockstadzs studied the frequency dependence

of the ac conductivity of Aazrea at room temperatures. The
conductivity could be considered to consist of 2 components,
a frequency independent component oo and a frequency (w)
dependent component Tye He found o, varied as w° with 's!
usually lying in the range 0.8 to 0.9« The component 0':l is
attributed to a hopping mechanismy and Co is attributed to
intrinsic band conduction. Optical data for the fundamental

absorption edge were also includede.

AoHruby and L.§toura529 studied.DTA and electrical

conductivity of glassy semiconducting Aszi‘ea. Blectrical
conductivity was measured in the range 150 to 300°K and 1t was
found that the temperature dependence of conductivity was
exponential from 200 to :!)OOK, expressed by the relation

O = Co exp (=BEg/2kl) where kg = 0495 eve These measurements
were done with the electric fields upto 100 v/cm on samples
with variable geometry in order to eliminate the coatact

resistancee



HeKeRockstad™® studied the temperature dependence
of ac and dec conductivity. The quantity (61 = cf- o)
was plotted as a function of temperature at ].()5 Hzg where
o y Vas ac component and Oo was dc component of the
conductivity., Below aoo°x 0'1 wvas proportional to T w® and
above 200°K it rose more rapidly with Te At any given
teaperature 0’1 vas proportional to w° where s~1. The
quantity 0’1 was attributed to hopping in localized states
and in tail states near mobility edges. The plot log 6o - 1/T
was linear for Oo between 108 and 10™° oha™* cn”t with an

activation energy 0439 eve.

JeMMarshall et al.m' reported the transport and

photoconductivity properties of nonecrystalline Aszrea and
correlated the data with the band structure of the material.
The log 0 « 1/T plot showed several regions with differing
activation energies. The low field value of 0.42 ev. decreased
to about 030 ev. at high flelds, with a further reduction to
about 0.22 ev. at low texperatures. Temperature dependence

of the photocurreant gave rise to activation energies of 0,16 ev
and O«11 ev in the low temperature region, Bimolecular
recombination analysis suggested that traps were at depths of
0432 ev. and 0422 ev. which tallied with the high field datas
(Room teaperature value of drift mobility of As Te. 10" cn’/v x
sece and Ba = 435 = 40 ev.),



LeStouraé et al."> studled the optical absorption

and photoconductivity of Aszroa glass as a function of
photon energy and temperaturee. DC electrical conductivity
was measured by a two probe arrangement at fields lower than
10 v/cm and was found to be exponentially dependent on 1/T
lees 0= Co oxp (=Bg/2kT). Here ig = 0,90 ev at 300°K and

oo = 10° Tlen"l. The value of Eg matches with the bandgap
of AI2T03 which indicates that it is the activation energy of
intrinsic conductivity. Below 200°K there was a deviation
from the exponential dependence which was explained as due to
the intrinsic conductivity being gradually replaced by the
hopping conductivity.

AeAbrahdm ot al.>> studied the optical absorption,
photoconductivity, electrical conductivity and DTA of glassy
Aazrea. DC conductivity results are comparable to those
reported abovoaz.

DeBrasen®? studied low field (10 v/em) conductivity
of glassy films of Aszroa obtained by splatecooling of
erystalline Aazrea. He obtained Ea = 0.3 ev for non-annealed
sarples. After annealing the films above 85°c, he found an
increase in the activation energy. The filus annealed at 112°C
gave Ea = 0,475 ev.
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KeWelsery, AsJe.Grant and T.D.x\:ouatamas

published
an extensive work on the transport properties of amorphous
arsenic telluride. They developed a model for the conduction
in localized band-tail and in extended states which implied
that the amorphous solid conduction was dominated by carriers
in localized states. They studied the low and high field
conductivity, thermopower, photoconductivity and Hall effect.
Activation energy calculated from the conductivity vs

temperature curve was found toc be 0,45 eve.
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l.2 Experimental techniques

Preparation of thin films of arsenic telluride

Thin films of arsenic telluride (Aszrea) were
prepared by the action of hydrogen telluride gas on an aqueous
solution of arsenic trichloride. The method of preparation is
described below.

An aqueous solution of arsenic trichloride was
prepared by the method described by J’.Devyae. Arsenic trioxide
was heated in a mixture of concentrated hydrochloric acid and
concentrated sulphuric acides The prepared solution was then
diluted to desired concentration. The compound, Alzl‘oa,
required for the preparation of hydrogen telluride®’(i,Te), was
prepared by melting the stoichiometric mixture of the elervents

in evacuated silica capsules.

A vacuum desiccator with two openings, each having
a stopcock, was used as the reaction vessel (Fig.l)e A shallow
dish containing solution of Ascla was kept in the desiccator.
A glass disc with a rod fixed at the edgey was kept in the
solution with the disc dipping completely under the solution,
A dry tiny bowl, previously heated under ir lamp was placed
near the shallow dish exactly under the funnel tipe Then a
small amount of “-2“3' which was freshly prepared and
preserved under dry conditions in a desiccator, was transferred
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to the bowls. The other opening was then connected to the
water suction pumpe This pre-suction was required to allow

the generated gas to diffuse uniformly over the surface of the
solution in the dish. After about 15 minutes the suction was
cut off and a few drops of dilute HCl were added into the funnel.
The stopcock under the funnel was then slowly opened so that
dilute HCl could slip down very slowly into the bowl containing
AlpTege The flow of dilute HCl was stopped leaving behind

some HC1l in the funnel. By this care no air was allowed to
enter the vessel through the funnel. The generated gas ﬂére
diffused over the entire surface of the solution inside the
shallow dish and gave a thin uniforn film of arsenic telluride.
After a certain tiue interval the reaction vessel was again
connected to the water suction puzp to remove most of the
uareacted HQTe gases After about 30 minutes air was allowed to
leak slowly in the system through funnel and flush out the
residual HETQo The filu so formed was then lifted on the glass
disc and allowed to refloat on fresh distilled water to wash out
the possible water soluble impurities. This washing process
was repeated thrice. This filn of arsenic telluride was then
taken on different substrates as required for different

ueasurements, drlied and preserved in a desiccator.

It was found experimentally that the concentration
range 0.,01 = 0,021 of AsCl3 and a pd range of 2-4 gave good

resultse
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While handling the gas, due care was taken against
its toxie behaviour®S, The gas decomposes in the presence
of moisture and rubber, therefore ground glass joints vere
used wherever needed. The whole experinental seteup was
enclosed inside a good hood fixed with a povwerful exhaust fan.

Blectron diffraction

In order to get an idea about the structure of the
£ilm of arsenic telluride, electron diffraction technique was
employede A plece of fine nickel wire gauze was heated to red
heat in a flame and cooleds A drop of collodion solution (2%)
in anylacetate was added to fresh distilled water in a shallow
dish. After some time = thin and transparent film was formed
on the surface of waters The filn was lifted on the cleaned
nickel wire guaze and dried. The washed film of arsenic
telluride was taken on this piece of guaze holding the
collodion film, It was then dried and a transuission electron
diffraction pattern was takens The arsenic telluride film was
also taken on a clean glass substrate and electron diffraction

pattern by reflection was takene
Thickness meas

The multiple beam interferometery matnod39 was
employed to measure the thickness of films. The light rays
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which have undergone multiple reflections between a substrate
and reference flat, interfere and form fringes. These
interference fringes, which are sharp because of multiple
reflections, are used to determine the film thickness. The
fringes produced by multiple beam interferometery are
deplicted in Fig.2a.

A sharp step was produced between the substrate
and the surface of arsenic telluride films, A highly
reflecting opaque film of aluminium was then evaporated on it.
This deposit accurately contours the steps A partially
transparent £ilm of aluminium was deposited on another glass
slides This was the reference plate, placed on the top of the
steps This reference plate cade small angle to the substrate
surfaces It was then illuminated with collimated monochromatic
light obtained from sodium source (5893 ). Fringes of equal
thickness were then produced where the beams interferced
constructively (Fig.2b),

The fringe spacing Dy and fringe displacement
across the step dy (Fig.2c) were measured with the help of a
travelling microscopee. Thickness ty of the film of
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arsenic telluride was calculated using the formula

d )\
t =2 %%
vhere t = thickness of the film
d = fringe displacement
D = fringe spacing
A= 5893 2 (sodium lamp yellow lines)

I-V characteristics

i) Sample preparation

First the bottom gold electrode was deposited on
a glass substrate by vacuum evaporation. The film of arsenic
telluride was taken on this electrode with proper maskings.
The film was then allowed to dry at about 95°C for half an hour
and then preserved in a desiccator. These dried films over
gold electrodes vwere masked properly and the top aluminiun
electrode was deposited by vacuum evaporatione. This gave a

sandvich structure as follows

AU - Asalba « Al (Pige3a)

i1) Dynanic characteristic

The sandwichy in series with a variable resistance
'R' was connected to a function generator 'F' (Fig.3b).



Al
NN

FIG.3a. SANDWICH
@

37
R s}
g

FIG. 3k
X:08CILLOSCOPE

S SAMPLE
R:RESISTANCE B8OX

AI27-3 :_!LM -~

STRUCTURE

FIG. 3¢,
SP:STBILIZED
POWER SUPPLY

F - FUNCTION GENERATOR

18



The voltage drop across the sandwich 'S8' was fed to the
x=anplifier while the voltage across the resistance was
fed to the yeamplifier of the oscilloscope 'X'

(Tektronix 515 A)e Tridngular pulse was used for the
measurenentse The x=- and y= gain of the amplifier were
adjusted so as to limit the trace of the beam within the
view of the oscilloscope. The oscilloscope was callbrated
with the internal calibration signale. As the voltage drop
across 'R' was equal to RI, with usual notations, the beam
directly traced the I»V characteristic of the sandwich
under studye

1i1) Steady state characteristic

DC I=V characteristic was also studled using the
eircuit described in the Fige3ce The voltage was applied
to the sample 'S' from a stabilized power supply SP's By
varying the applied voltage the current was recorded from
milliameters A graph of current (I) versus voltage (V)
was plotted.

DC electrical conductivity

" A two probe arrangexent was used to study the
electrical conductivity. Gold or aluminiun was evaporated

19



on the thin film with proper masking to give a spacing of
one millimeter between the two end electrodes. Thess
coplanar electrodes were given pressure contacts with the
help of phosphor bronze strips. The sample holder (Fig.da)
iuade out of a brass block was provided with a microheaters
The sample holder was connected to the bottom of a doubleswall
pyrex dewar flask with the help of a 'glasseto=uetal' seal
(Fige4b). (This multipurpose conductivity cell can be used
for conductivity and ir absorption measurements from liquid
nitrogen temperature to 400°c. At the bottom of the cell a
provision was made to fix two sodium chloride windows on
elther side).

Through one of the openings in the Dewar, six
insulated copper wires (two for microheater and four for
conductivity) and two thermocouple wires (copper and
constantan) were taken out and then this opening was epoxye
sealed and rade leakproof for vacuun of the order of 10.41‘01':-.
At the botton of this conductivity cell, a Bel9 joint was
fused which was connected to the vacuus system when needed.

The heater was connected to a stabilized DC power
supplye Ihe coppereconstantan junction was placed on the
filsy the thermoemf of which gave the temperature of the
sample under studye. A stabilized power supply was used to
apply a fixed voltage whereas the current flowing through
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the sample was measured using an electrometer.

The distance between electrodes ('L') and area of
cross section ('A') were measured accurately. With the
knowledge of 'L'y 'A' and 'R' (resistance) the resistivity
* 9t was calculated by the wellknown relationwz

= Rx AL
or O=L/RX A
where O = gonductivity (cten™t),
The graph of log o vs 1/T was plotted. The slope of this

graph gave the value of thermal activation energy, Bae.

By extrapolating the graph to 1/T = 0§ the
pre~exponential factor O o was calculated which appears in
the conductivity expression given below.

0 = ogexp (=Ba/kT)
vhere 0 = conductivity ( a™len™d)
O, = pre=exponeantial factor ( _o_"lcm"l)
Ea = Thermal activation energy
k = Boltzmann's constant
T = Absolute temperature
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Optical absorption

The fundamental absorption refers to the excitation ;
of an electron from the valence band to conduction band and
it manifests itself by a rapid rise in absorption which can
be used to deternine the energy gap of the semiconductor.

The absorption coefficienty ol{hv), for a given
photon energy is proportional to the probability for the
transition frow the initial state to the final state and also
to the density of available (empty) final state. The selection
rule for the allowed transition is Ak = O3 i.e. a transition
indicated by a vertical line on a plot of E vs k (Direct
transition)s Phonon assisted indirect transitions (Ak % 0)
are also possible but they are in general weaker than the
direct (Ak = 0) transitions.

If exciton formation or electroa=hole interaction
is neglected, the forms of the absorption coefficlentyol
as a function of photon energy h» depend on the type of
energy bands containing the initial and final state. For
siuple parabolic bands they are

For direct transitions i~

oCh v, ~ (b - &g opt)?
where n = ¢ or 3/2 depending on whether the transition is
allowed or forbidden in the quantun~ mechanical sense. B5g opt
1s the optical gap and n, is the refractive indem.



For indirect transitions :

(hY =-Eg opt + Eph)n (hy=kg opt-&ph)n
oCn_ - hyv +
° exp (Eph/kT)=l leexp (~Eph/kT)

Here Eph is the anergy of phonon and n = 2 for allowed
transitions whereas for forbidden transitions n = 3. The two
terns in the above expression represent contributions from
tronsitions involving phonon absorption and emission
respectively. They have different coefficients of
proportionality snd temperature dependences.

Absorption coefficlent for direct transition.u
usually lies in tha range 10% to 10% or™! whereas for indirect
transitions the range is 10 %o 20° ez=l. In order to evaluate
the band gap for direct allowed transitions oc? or (ochw)? or
(oc/lw)2/:3 is plotted against photon ensrgy to give a straight
line. The intercept of this plot on energy axis gives the
band gap (&g opt)e

In cese of indirect transitions®l <? or (chy L
13 plotted against photon energy to give a straight line.
Actually two straight lines and hence two  intercepts are
usually obtsined for indirect transitions. One intercept
asorresponds to (Eg opt + Eph) and the other corresponds to
(Bg opt = Eph).



)

The absorption curve over a wide spectral range
exhibits three diatﬂgt featuresi2, The high energy side
portion of the curve corresponds to the interband transition
which can be characterized by a rapid rise in absorption
coefficlent over several decades within a narrov range of
" photon energy ( a few ev) near the forbidden gap. Here the
relation «hd ~ (h kg opt)® holds good.

In several materials like alkall halides, Cds,
trigonal Se a different type of absorption edge is observed.
There is a gradual increase in the absorption extending over
a vide range of photon energy (several ev), (the onset of
interband absorption). 1t is named as Urbach edge or tail
which obeys the following relation i

o= o exp {w’inv- Eg opt)/kl'}
where 7 '1s constant and T 1s absclute temperature ( n1100°K).
The possible explanation given for this type of behaviour is
as due to band adge exciton absorption wodified by internal
fieldss The order of the fields is estimated to be 5 x 10° v/em
This exponentlal absorption region is very much alike, bearing
saue slopey for alrost all anorphnous and many erystalline
semlconductorss Therefore it is not attributed to absorption
frou and to tall states On still lower energy side very weak
absorption is observeds This region is sensitive to the
structure and composition of the material under study. Its



behaviour is also exponential with photon energy and 1is
apparently assoclated with absorption involving gap states.

The £ilm of arsenic telluride was taken on a
quartz substrate. Using another blank quartz plate of the
same thickness as the reference, the optical spectrum of the
£ilm was scanned on a ratio recording Beckmann
spectrophotometers The spectrum was scanned in the
spectral range 500 to 1300 mye Absorption coefficient, oC,

at different photon energies (h») was calculated using
the tonuh‘a,

24303 log, Io/Ix 24303 x optical density
o= =

thickness (x) thickness of the f£ilm in cms.

In order to determine the optical activation enargy
and the type of optical transition various graphs were
plotted such as logoC vs hv, oc? vs hvy V&Cvs hv ,
Joch> vs hy, (och)? vs hv (0ch)?/3 vs hveta.



27

1.3 Results

Blectron diffraction

Fig.5 displays the electron diffraction patterns,
obtained by transmission and by reflection, for arsenic
telluride film,

The 'd' values and the relative lntensitles for the
various lines for tho monoclinic arsenic telluride reported
and those experimentally observed for our sample are presented
in Table-=l. Almost all the strong lines of our sample are
matching to those reported for the monoclinic structuree. The
compound is thus identified as monoclinic arsenic telluride.

For the sample heated on glass plates at 150°C, the
electron diffraction pattern showed spots on the diffraction
lines with d = 3,10 and 1,62 4 1o the plane of incidence.
This is indicative of a partial orientation of some planes
parallel to the glass substrate., Due to overlapping of
several reflections it is not clear which plane is parallel
to the substrate but it apnears likely that it could be
201 or 112
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Fig.5. BElectron diffraction patterns, by transmission (above)

and by reflection (below) of As,Teq thin film.
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Table=l
Reported Observed

e ———— Transmission Reflection

o
hil a (A) Relative a @) Relative a (})

intensity intensity

1l 2 3 4 5 6
200 7.14 We 6485 We
201 555 We 5448 We
202 4,23 We
111 3462 We 3.78 MeSe
400 387
003 3028 s. 3.25 MQS.
401 327
112 3407
310 3.06
402 3402 VeSe 3.056 Se 310
112 3.00
311 2,97
203 2489 We
311 2.88
402 2,88 VeWe
312 254
113 2453 Mo

403 2,83
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1 2 3 4 5 5

510 2433

403 2432 :

213 2.31 Se 2.32 BeSe 2438
2430

204 2,29 M

601 2.28

511 223 VoW,

602 222

313 2.18 W

512 2.16

602 2,07

114 205 M. 2,10 BeSs 2407

512 205

020 2400 M. 1.99 Mo 1.94

214 1.97

008 1.97

513 1.96 MeSe

021 1.96

513 1.84 We 1.85 We

710 1.82

711 1.51 M,

293 1.81

800 1.79 We 1.77

801 1.78
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1 2 3 4 5 6

514 1.75 We 1.75 V.

115 1.74 W

023 1.71 We 1.7 VolWe

421 1.71

422 1.67

405 1.66 M,

712 1.66

T

zog 1.63 M

803 1.63

422 1.62

804 1,61

621 1.50 M, 1,62 We 1.52
224 1.50

406 1.44

911 1.44 M, 1.44 We

622 1.44

88'-—5; a VoW 1.41
025 1.40 o ’
207 1.40

215 1-39 Y-W.

804 1-39

20,0 5 1% W

'37 1.35 ’



1 2 3 4 S 6
8 1.33
1.33 We
11 1.33
9 1.31
31 1.31 We 1.31 We 1.30
606 1.30
330 1.29
%g% 1.28 M.
1.28
822 1.27
228 1.26 M. 1.26 We
808 1.26
823 1.26
11,1,1 l.24
332 l.24 We
11,1,0 l.24

Thickness measurements

Thickness of the chemically deposited arsenic
telluride films was found to vary with experimental
parameters, such as rate of generation of gas, exposure time
etce The film thickness calculated for differeant runs
was in the range 1200 to 1500 1.
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I=V Characteristics

The I~V characteristic, as observed on the
oscilloscope using the set-up described in Fig.3b was
invariably linear upto atleast 30 voltse The dc I=V
characteristic as measured using the seteup described
in Fig.3c was hovever different. The I=-V plot was a
straight line upto an applied voltage of ~ 5 volts (i.e. a
field of ~ 10° v/enm)s Above this fleld, the current started
rising rapidly and non-linearly with respect to the applied
voltage (Fige6)s At a slightly higher voltage (~ 6.5 volts)
the current fell down abruptly by a factor of 4=5.

Electrical conductivity

As presented in Fig.7 all samples exhibited a
dependence of conductivity on temperature of the form
G = 00 exp (=Ba/kT)

The value of thermal activation energy computed
fron the conductivity curves 1s 0.47 ev and the
pre-exponential factor o, ~5 x 10° (ohm-ca)™t.
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Orptical absorption

The coefficient of absorption was of the order
20%u™ at room temperature. Only (achv)® = hy plot
gave a good straight line which on extrapolation met the
energy axis at photon energy 1.10 eve The value of the
optical band gap is taken to be 1.10 ev (Fig.8).

1
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led Discussion

There have been several earlier studles on
arsenic telluride but all of them appear to deal with
amorphous arsenic telluride. To the best of our knowledge
we have for the first time studled the orystalline arsenic
telluride in thin f£ilm forme. A comparison of tnese two
systems appears interesting.

JeioMarshall et ale>’

dependence of activation energy of noncrystalline Asaroa
on applied field. De.Barsen reported the increase in the

have reported an inverse

activation energy with annealing temperature which he
attributed to the poss:l.blo erystallization taking place at
high tem perature (~112°C); on going from amorphous to
erystalline form the activation energy increases.

N.Croitoru et al. reported different values of activation
energles at different fields and within different temperature
ranges. He concluded that over a large temperature range and
at high electric fields the current was limited with space
charge with a shallow trap.

Our samples were polyecrystalline and showed no such
dependence on annealing. The samples were taken several times
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through a temperature cycle 30 = 110°C while measuring the
electrical conductivity and the results repeated reproducibly.
Similarly no field dependence of Ea was observed. We have
obtained a constant value of activation energy equal to 0.47 ev
which is roughly half of the optical band gap ( = 1.07 ev).

An activation energy close to ( Eg/2 ) has been observed for
meny amorphous materials and is attributed to the pinning of
Fermi level in the middle of the gap due to the existence of a
large density of states in the gap. Such a large density of
states in the gap however appears unlikely because our
naterial is crystalline. It appears more likely thet the
composition is truly intrinsic because of the stoichiometry
achieved in our method of preparation. The film Aazl'oa vas
obtalned by chemlcal reaction between the respective ions in
solution and in view of the chemical affinity of As towards Te
ions one can expect the reaction product to be A'2T03o
Alternatively the activation energy may be partly associated
with hopping. In that case the material could be extrinsic
with the impurity level close to cne of the band edges. The
observed activation energy in that case would be
predominantly associated with hoppinge.

Though ac I=V characteristic for sandwiches was
ohnic the de¢ I=V plot showed significant departure
from the ohmic behaviour with some characteristic features.
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In case of de¢ I=V characteristic there was an abrupt rise of
current at approximately 3 x 10° v/ocm followed by a fall to a
much smaller value. However in this process the film was not
destroyed because one could repeat the eycle again, This
might mean that some high conductivity filaments were formed
which might take most of the current and get burnt. The rest
of the sample remained unchanged so that the current fell back
to a normal value.

In the erystalline film the observed value of optical
band gap is v 1.l eve In case of amorphous material it has been
reported to vary from 0.9 to 1.0 ev. The wide variation in the
reported literature value of Eg opt. for amorphous materials
possibly arises from the difficulty in locating the absorption
edge from the experimental results. In some cases the plot at
the absorption edge is not linear and so there 1s some
uncertainty in extrapolation to zero absorption.

The graph of (¢hv)2 vs hv gave a straight line which
on extrapolation to energy axis gave the value of optical
band gap to be ~ l.1 eve This is in falr sgreement with the
results reported for crystalline Aszroa“. The high value of
optical absorption coefficient togebher with the linear
dependence of« on (hv = &g opt)¥/nv suggest that the As,Te,



is a direct band gap materiale The close similarity
between the optical absorption characteristics of amorphous
and crystalline materials suggests that the absence of long
range order does not disturb the absorption characteristics
and that the optical properties are governed by the short
range coafiguration.

40



41

References
1. JeHsDessauer and He.E.Clark, "Xerography and Related
Process", Focal Press, London, 1965.
2. A«CeChen et alsy Proc. 4th Intern. Conf. on Amorphous
and Liquid Semiconductors, (PICALS), Ann Arbor, 1971.
3. D+Ee.Bradley, Brit. J. Appl. Phys., 5 (1954) 65, 96.
4. N.Goto and M.Ashikawa, J. Non=Cryst Solids,
4 (1970) 378.
5. S8eR.Ovshinsky and P.H.Klose, (PICALS), Ann Arbor, 1971.
6. R.G.Neale et al., Electronics, 43 (1970) 56.
7. J.Feinlelle et al., Appl. Phys. letters, 18 (1971) 254.
8. J.Feinleile et al., (PICALS), Ann Arbor,1971.
9. JeF.Dewald et al., J. Electrochem. Socs, 109 (1962) 243cC.
10. A.Jensen, German Patent 1213075, 1964,
Al. S.R.0Ovshinsky, J. Non=Cryst. Solids, 2 (1970) 99,
12. CeFeldman, Mater. Res. Bull., 3 (1968) 95.
13. K.Antonowicz et al., Carbon, 10 (1972) 81.
14. R.G.Nealey J. Non-Cryst. Solids, 2 (1970) 558.
15. C.Popescu and N.Croitoru, (PICALS), Ann Arbor, 1971.
16. T.Kaplan and D.Adler, ibid, 1971.
17. ReShanks, J. Non=Cryst. Solids, 2 (1970) 504.
18. T.J.Kobylarz, ibid, 2 (1970) 515.
19. D.L.Nelson, 1ibid, 2 (1970) 528.
20. G.R.Fleming, ibid, 2 (1970) 540.
21, Budathur and F.0.Arntz., (PICALS), 1971.
22, Ge.Je.Carron, Acta Crystallographica, 16 pt5 (1963) 338.
23, S.Geller, J. Chem. Phys., 33 (1960) 676.

24. T.C.Harman et al., J. Phys. Chem. Solids, 2 (1957) 181.



25, BeTsKolomiets, Book 'Elec. props. of chalcogenide
glasses, (1059,
26, K.Weiser end MeHeBrcodsky, Phys. Reve,l 2 (1970) 791,
27, NeCroltoru et aley J. Non=Crystalline Solids,
41 (197%) 492,
28, HoKoROOkSt&d’ Je NoneCryst SOlids, _2_ 1 (2970) 192,
29, AsHruby and L.3toured, Mat. Res. Bull,, 6 (1971) 465,
30. H.XRockatad, J« Non=Crystalline Solilds,
8=10 (1972) 621,
3l. JeMeMarshall ot 810, 1bid’ He10 (19’2) 760 o
3z, Le.Stourad ot ale, ibid, 8=10 (1972) 353,
33, Asabrahim, Czeche Jo Phys.y, B 22 (1972) 1168,
34. DeBrasen, Je Non=Crystalline Solids, 11 2 (1972) 131.
356, KeWelser, AeJeGrant and TeDoelMMoustalkas,
Private Publication, 1973.
36 JelieMellor, 'Comprehensive treatise on inorganic
and theore%ical chenlstry! 9 (1933) 233,
37, CoBrauer, 'Handbook »f preparative inorgsnic
chemistry' 1 (1963) 438.
38, Ne Irving, 'Dangerous properties of industrial

naterial; ' (1968) 325,

39, Re¥ieBerry, P, Hall and {,T.Harris, 'Thin £ilm
technology' (1968) 171 (D Van Nostrand Coey
incey Nedo Princeton).

40, CeKittle, 'slementary Solid State Physics', (1962) 109,
4l. ReHeBube, 'Photoconductivity of Solids' (1960)

Chapter 5, puges 212 and 224 (Jon Wiley and Sons, Inc.).
42, Le Comber and Mort, "flectroanic aad Structural

Properties of Amorphous Semiconductors" (1973)
Chapter 2 page 56 (academic Préss, London).

43, GeReHarrison et ale.y 'Practical Spectroscopy!y (1949)
Chapter 14, psges 363 and 369 (Blackis  Son Ltd.Landon).

44, JeBlack et aley Jo Phys. Chem. Sollds, 2 (1957) 240,



CHAPTER - 2.




43

ARSENIC SELENIDE

2.1 Historical background

Although the compound arsenic triselenide (AsySej)
bas been very extensively studled for the last decadey
relatively very little amount of work has been done in the
other region of As=-Se systemj in particular on
arsenic tetraselenide (As Se 4).

Arsenic tetraselenide (As 4804)

AeL.Renninger® found the unit cell of arsenic
tetraselenide to be monoclinic and the space group P2, [c.
The Jattice parameters are

a = 6.69 + 0.01 %, b = 13.86 + 0.02 %,
¢ = 10,00 + 0.01 A, ﬂ = 113.2 # 000700

There are four molecules per unit cell.

The atomic positions are

+(xyyy2)3 (=xy $+yy $=2) and (xy $=y, $+2) with

the atomic positional parameters as given below.



X y 2

As (1) 043595 0.0185 0.1088
As (2) 045627 =0,1420 0.4337
As (3) 041718 «0,1293 0.3325
As (4) 03380 ~0,1528 040364
Se (1) 046601 0.0077 043374
Se (2) 0,0930 040240 042130
Se (3) 046080 «0,2250 042450
Se (4) 0.,0670 «0,2150 041150

J.J.Bastow ot als® also reported the unit cell
for arsenic tetraselenide to be monoclinic but the space
group was given as le/n. The lattice parameters are also
different from those reported by A.L.Renninger.

a = 9463 £ 0,02 % b=13,80 £ 0,04 1,
¢ = 6473 + 0,02 % B=107 +0.5%



e
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Atomic positions are

X Y <
As (1) 0.1141 (4) 0.,0182 (3) «042452 (8)
As (2) 0.4271 (4) ~0,1405 (3) «0,1367 (8)
As (3) 0.3256 (4) =0.1312 (3) 0.1752 (8)
As (4) 0.0363 (4) «0,1603 (3) «042962 (9)
Se (1) 043485 (4) 00101 (3) «0,3065 (8)
8e (2) 042132 (4) 0.0252 (3) 0.1245 (8)
Se (3) 0.2414 (4) =042323 (3) «0,3729 (9)
Se (4) 0.1018 (5) «0,2178 (3) 0.0526 (9)

BeJe Samail et 31.3 and P.Goldstein and A.l’at‘.on4

have also reported crystal structure data on As 4804 on
sinilar lines.

(;.:4.0r].ova5 studied the optical properties,
photoconductivity and electrical conductivity of vitreous
AaSox ccmpositions (08 x245)e Tho variations in the
anount of Se had only a slight effect on the photoconductivity
and on the optical properties but there was a considerable
effect on the electrical conductivity, the density, hardness
and other physical propertiese The electrical conduction
had a maximum at x = 1.5,
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Kazguo Aral et a1.6 compared the electrical properties
of Ag doped and undoped Ase-Se system. The dependence of
dec conductivity on temperature in both the cases obeyed the
exponential laws

6= 0o exp (=Ba/kT)

The variation of o 5n0%x and Ba with the composition
of AseSe system had a maximum and minimum respectively at the
a_tcéhiomotric composition As,Seje The value of Ea for 1%Ag doped
M4So4 was ~ 0.76 ev whereas for AsySey it was v 0,96 ev.

Arsenic triselenide (Alzsoa)

The structural, electrical, optical and photoconducting
properties of arsenic triselenide (AsZSea) in the form of
single crystaly polycrystalline material, vitreous bullk
material and thin films have been studied in detail. The
compound has a monoclinic structuro7. Its de conductivity
showed intrinsic behaviour giving rise to an activation energy
of conduction equal to 0.9 eve The band gap Eg was found to be
approximately 1.8 "8 for the amorphous and glassy systems and
2410 ev for polycrystalline and single crystalline samples.
Temperature dependence of mobility was found to be
exponential which indicated an activated transition of the
carriers for the shallow traps in the band. It was also
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found that at low temperatures, the conductivity of amorphous
‘“28‘3 was much less than that of the crystal which was
attributed to the influence of dangling bonds and to some
extent also to impurities.

The ac conductivityg was found to be proportional
to v with n = 0,95 # 0,05 in frequency range 1.0 x 10° to
540 x 107 + Different models for frequency dependent
conduction have been considered. The thermally activated
hopping has been concluded to be the most likely process.
At lov temperatures, ac conductivity of amorphous Aazsea
nearly independent of temperature but strongly dependent
on the frequanofm. The frequency dependence of ac
conductivity was linear upto 10683 and quadratic in the range
106 to 1.08 Hzs Above 108Hz the conductivity was not dependent
on frequencye. This suggested that the ac conductivity of the
amorphous AsgSe, could not be interpreted by the hopping
conduction alone and the effects of spatial inhomogeniety

might have a role in the conduction mechanism,.

Photoconductivity and light absorption studies on
amorphous thin £11ns™t of As,Se; gave the optical band gap as
1.77 ev and for single crystals between 2.03 and 2426 eviZ,
The value reported for glassy A'zs‘s was ~ 1.85 0713. The
dependence of the square root of absorption coefficient on
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S
photon energy gave two rectilinear portions mtuiocung
the energy axis at 0.21 and 0.56 ev.

HeJeDe Wit and CeCrevecoeurt® studied the
I=V characteristic of uzsoa glass as a function of thickness
and temperature of the specimen. They found that a deviation
in Ohm's law started at 1.6 x 10° v/cm at room temperature.
Evaporatied In, Al and Au were used as the electrodes. A
third grounded guard electrode served to drain off surface
currentse They claimed that the observed deviation was not
caused by self-heating.

AsEsOven and TeM.Roberstonl® discussed in detail the
de and ac conductivity, thermoelectric power, optical
absorption and carrier mobility of AsgSege They concluded
that though the ac conductivity involved hopping, the de
properties were best reviewed in terms of a band model with a
"mobility gap" as introduced by Mott and Cohen. AC conductivity
problemshave not yet been resolveds Ae+E,0weni® also studied
electronic conduction mechanism in Ag doped Aszsos and
concluded that basically a band model is appropriate for
AsgSeqyy modified by tail of the localized states.

AeVeDanvilov et al.l? studied the electrical
conductivity in the vitreous system AaSol.s - Cux. The
conductlivity was found to increase with Cu concentration.
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The plot of log (Bg) vs =log(Cu) increased linearly in the
region of x from 0.6 to 0416, It was also found that at

19 at § Cu the band gap Eg reduced to 0.87 from 1.83 ev for
pure AsgSeqe The offect of 5 to 8 at % of Bey gy Cay &
caused a change in conductivity at 20°C by less than a factor
of 10.

A.VeDanvilov and collaboratorsls studied the effects

of Cu and Ag on photoelectric properties of A32803. As the

Cu or Ag content was increased, the maximua and the red edge
of the photoconductivity were found to be displaced towards

the long wavelength reglon. The results were in good
agreement with the data obtailned from the temperature
depeandence of electrical conductivity of the same compositions.
It was also deduced that the solubility of Cu in ABZSeais
approximately three times as large the solubility of Ag and that
Cu reduces the forbidden band width more strongly. The high
solubility of Cu was attributed to the fact that the effective
radil of Cu, As and Se are similar (1.28, 1.25 and 1.16 %
respectively) and to the high capacity of Cu for forming
coordinate valence bonds which impede crystallization

of glass.
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BeT.Kolomiets et ‘1.19-20 have made similar studles
(in the dopant range O=244 at.-$ Cu or Ag) and their results
are in general agreement with the above findings. They have
also tried Ga, In and Tl as dopants and observed a similar
behaviour in regard to the effect of impurities on
conductivity, activation energy and shift in spectral response.
A study of kinetics of photoconductivity for all the glass
conpositions showed the existence of traps for the majority
and minority carriers in the band gape



242+  Crystalline Arsenic tetraselenide (AsgSe, thin films)

2¢2s1e Sxperimental tcclniquu

Preparation of thin £ilns of arsenic selenide

Thin films of arsenic selenide were prepared by the
action of hydrogen selenide on an gqueous solution of arsenic
trichloride solution by the following method. These films
vere subsequently identified to be As Be,e

An aqueous solution of arsenic trichloride was
prepared as described in the previous chapters The required
basic ccmpounds, A].2803 and FeSey for the preparation of
hydrogen selenide®l gas were prepared by melting the
stoichicmetric mixture of the required elements in evacuated
quartz capsules. Here iron selenlde is preferred to
aluniniu: selenide because the latter is highly unstable in
moist air and so more dangerous to handle than FeSe.

The whole experimental seteup was installed exactly
on similar lines as described earlier in case of arsenic
telluride. The only change made was that the aluminium
telluride was peplaced by iron selenide in order to get
hydrogen selenide gas. The subsequent experimental procedure
vas repeated on exactly similar lines as described earlier
to obtain arsenic selenide film. The film so obtained was
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washed thoroughly and picked up on glass substrates, dried

and preserved in a desiccator for further measurements.

Arsenic trichloride solution with concentration
range 0401 = 0,02 i1 and pH range 2=4 gave good results.
The compound FeSe used here for the preparation of HySe,
was freshly prepared and preserved under dry conditions,



2e2¢2¢ Results

Blectron diffraction

Figel displays the transmission electron diffraction
pattern for a specimen of arsenic selenide film.

The experimentally observed 'd' values and relative
intensities for our sample are presented in Table=l together
with the calculated velues of 'd' for monoclinic As4Se4 using

3360692' b-moasx'
e = 10.0 %, p= 113.,2°%

The asgreemeat is reasonably good.

Table=l
o Observed Caloulated
hil Relative a ) a @
ingensity
113 VeSe 327 3422
33l Se 1,98 1498
110 Se 1.7 1,77
114 We 1,39 1439
027 M, 1.29 1.29
511 Mo 1.16 1,15

812 We 1,09 1,08



Fig.l.

Electron diffraction pattern (transmission)

of A54-534 thin film.
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Our 'd' values do not matech to any other reported
As=Se compound except As4804. Thus the compound is
ldentified as arsenic tetraselenide.

Thickness measurements

Thickness of tin chemically deposited thin films of
crystalline As,Se, was found to vary with experimental
conditlonse Thickness of the films used for the electrical
and optical measurements was in the range 1800=2000 1

I=V Characteristics

In case of dynamic I=V characteristics, a straight
line pessing through origin was obtained upto an applied
Voltage of 20 volts ( ~ 10° v/en).

In case of de I=V characteristic an ohaic behvéiou'r
was observed upto applled voltage ~ 5 volts (10° v/em). At
this voltage there was an abrupt increase in current (~ 400 mA)
followed by a sudden fall (~ 40 mA) (Fige2)e This behaviour
is similar to that obtained for AsgTeqe
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Electrical coaducs Civity

The plot of log 0= 1/T for chemically deposited
erystalline films showed two sloves. The low temperature
slope was found to correspond to an activation energy
0sl5 ev whereas the value on high temperature side was
0492 eve The exurapolated values for the Pre-exponential
fastors were of the order ~ 103 and 10%(omm.ea)" for the
two linear portions respectively (Pig.3),

OQuoal absorgtion

For our sample only (cCh»)2 « hy» plot gave a fairly
s
geod straight line. On extrapolation, the graph interected
the snergy axis at photon energy ~ 1.95 ev (Figed),

When vwo attempted to compare the results on these
£ilas of AsgBeyy 1t turned out thare were no measurements
reported on the electrical, optical and transport properties
of bulk As4804. The only study published so far on AsySey is
related to the synthesis and erystal structure. We
therefore undertook the work on the alectrical properties
of bulk Aa4So4. We attempted to prepare eingle crystal and
vitreous states of the compound and study the bulk properties.
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Unfortunately our preliminary attempts to grow large sized
erystals from melt have been unsuccessfuls Further attempts
are being made, the results will be published elsewhere.

Here we are reporting on the bulk properties of
vitreous As Se,with several dopants. In addition to this
evaporated thin films of is Se, (amorphous) have also been
studled. The experimental techniques along with the results
are presented in the following pages.
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2.3 Amorphous As4Se4 (bulk)

2.3.1¢ Introduction

It is welknown that the formation of sharp band
edges in crystals is a consequence of periodicity.
Although long range order is unlikely in non=-crystalline
systems, the existence of short range order in these
amorphous or glassy materials has been detected by radial
distribution function studies. Over a few interatomic
distances the peaks observed for amorphous material are
almost identical to those for corresponding crystalline
material. This 1s the reason why amorphous or glassy
materials are expected to maintain some sort of a band
structure with possibly diffused band edges.

Like crystalline materials the electrical
properties of majority of amorphous semiconductors are
found to be dependent on the previous history of the
compound such as the method of preparation, consequent
thermal treatments ete. Crystalline semiconductors are
known to be very much sensitive to impurities, on the
other hand non-crystalline materials are much less sensitive

to impurities. In crystalline semiconductors each impurity
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atom is forced by a long range order to have the
co-ordination number of the host atom it substitutes
whereas in amorphous materials each atom can satisfy its
own valence bonds by adjusting its nearest neighbour
environment.

It is commonly found for amorphous semfconductors
that the slope of the plot log ¢ =1/T gives a value of
activation energy approximately equal to half of the optical
band gap of the amorphous compound. (The values of the
optical band gap for amorphous and crystalline state of the
same compound are quite comparable)s In addition, such
materials appear to remain ‘intrinsic' evea with the
incorporation of small amounts of foreign impurities. The
Hall effect also remains intrinsic at low temperatures
for most of the amorphous compounds. These observations
suggest that the Ferml level is close to the center of the
gap as is observed in the intrinsic crystalline semiconductors,
free from gap states (n=p). But there is an evidence of the
existence of large number of holes and electrons in localized
tall states and gap states of amorphous materlals
showing n#p.



Regardless the type of conduction whether
P or n - type, thermoelectric power measurements also
suggest that Fermi level is close to the gap ceater. IThe
above findings led to the conclusion that the Fermi level
is pinned near the center of the gap because of the
existence of gap states. Amorphous germanium however is an
exception where Ea # 4 Eg opte The value of activation
energy at room temperature is reported to be 0.15 ev whereas
the optical band gap for crystalline Ge is 0.7 ev.

The concept of mobility shoulder or edge is introduced
by N.F.Mottzz. It is regarded as the sharp energy change
separating the localized state energles from the extended
state energles. For value of E ahove the mobility edge
conduction can occur without thermal activation and for
values below the mobility edge an electron can move oaly by

exchanging energy with phonons and the motion is thermally
activated,

The mobility of hopping conduction between these
localized states ia about 10° times smaller than that in
bands whieh also indicates that the conduction is phonon
assisted., This is further confirmed by the experimental
findings that a plot of log O =1/T shows a change in slope
at the point where the conduction via nonelocalized states
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changes to the conduction via localized states. These
localized states act as trapping centers which have been
verified by the drift mobility measurements.

The optical band gap is obtained by the high
absorption region involving optical interband transitions
(o0 310% en™), The omset of this interband absorption
curve is characterized by strong absorption, in contrast
to low absorption in crystalline Ge or 81y and absorption
coefficient ranges from 1 to 10% en™%, The general
selection rules and keconservation are no longer applicable.
The absorption coefficient o4 increases exponentially as

U= const exp hD/B]_ SeesscesseRetnsenee (1)

The slope By lies between 0,05 and 0,08 ev for
almost all amorphous semiconductors. The reason is not yet
clear. The exponential absorption tail is called as Urbach
tall or edge which is attributed to the band edge exciton
absorption. This Urbach tail is caused by a dissociation of
excitons by internal fields present in these materials23,
These fields are estimated to be of the order 10%/cm. B in
the above expression (1) is proportional to the magnitude

of the internal fields.



The portion below the edge absorption is
structure sensitive and apparently associated with the
absorption involving localized gap states.

According to Anderson, Mott and Cohen®® the states
become localized near the top and bottom of the band when
their density falls below sbout 102 ev™‘em™3, The lack of
long range order gives rise to the tail states whereas the
gap states are believed to be orginating from dangling
bonds, impurities and other defects in or deviations from
the random network structure. Several models have been
proposed on the distribution of density autuas'zs.
Hovever the estimation of the upper limit to the density of
gap states by various methods such as field effect,
screening length and tunnelling experiments do not tally
with results obtained from optical absorption.



263¢2¢ Experimental techniques and results

Preparation of vitreous arsenic tetraselenide
(As4804 bulk)

The starting materials, arsenic and selenium,used
for the preparation of the compound, were of 4 N purity.
These materials were further purified by sublimation in
evacuated quartz capsules to 1.0'6 mm Hge In case of arsenic
the charge was held at 600=620°C whereas selenium was sublimed
at 300-320°C. These initially purified materials were mixed
in appropriate proportions in an agate mortar and transferred
to a quartz capsule which was then evacuated to ].O'6 mm Hg
and sealeds This sealed quartz capsule containing the charge
was heated slowly to 400°C and held at that temperature for
one daye. The temperature was then raised slowly to 800°% and
the capsule was held at this temperature for six days. The
capsule was intermitently shaken to ensure a thorough mixing
and removal of volds in the bulk material.s After the 6th day
the capsule containing the melt was water quenched and the
ingot of vitreous As, Se, vas obtained., Thin slices of
8lze ~ Osl cm X Cu7 cm X 046 cme Were cut out from the ingot
for the electrical conductivity measurements.
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8ix different samples were prepared with six

different dopants viz. Ag, Cu, Cd, Zn, Sn and Ge, taking
one gram of the parent glass (Aaés%) and mixing 20 mg of a
dopant with it (i.e. dopant concentration 2%). The reaction
nixture was then heated in evacuated (1078 ma Hg) quartz
capsules, with intermitent shaking, in temperature range
700=750°C for 6-3 hours and then it was water quenched.
Sauples of the desired shapes were cut out from the lngots

for the electrical conductivity measurements.

Thin f£ilms of the parent glass (As,Se,) were also
obtained by vacuum evaporation on glass plates and sodium
chloride plates for electrical conductivity and optical
measurements. The vacuum deposition unit used for our purpose
is depicted in the Fig.Sa. It was a all glass unit consisting
of = mercury diffusion pump preceeded by a rotary oil pump
for fore vacuur, This vacuum unit could be operated to low
rrossures, of the order 10°® Torr. The McLeod gauge was
connected to this system to measure the inside pressure. The
sctual deposition of the compound AsgSe, or of gold and
aluminium ag electrodes, wes done in a special chamber fitted
with tvo standard vacuum joints Be45 and B~29 coane joints.

The B»45 cone joint connected to the vacuum line
whereas the B=29 was fitted to a socket joint;B-29 carrying
two electriczl leads. The material to be evaporated was



Fig.5.

Vacuum deposition unit.

6¢
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ouhzlded in silica wool which was placed on a helical
tungsten fllamsale In case of gold or aluainium deposition
the loops werc made of the respactive metal wire and allowed
tc hang on the filameat. Before deposition the filament was
cleaned by heating it to glow red hote. The distance between
the source and the substrate wes always 5,00 cmse The
deposition was done by resistive heating of the tungsten
filanent (coil diameter 5.0 mm and wire dlameter 0.5 mm ).

A=pray powder diffraction

The bulk arsenic tetraselenide was finely ground
and filled 1n a fine caplllary, required for xeray diffraction.
Diffragtlion patterns were taken with Cu Ko radiation.

Fige.€ displays the x-ray diffpaction pattern for
the powdered arsenic tetrasslenidos 0Only broad haloes were

noticed indicnting the vitreous nature of the compound,

3ize and thickness measurements

In case of vecuwr deposited thin fila of amorphous
A&4564. thiclkness wsg measured by the wsual multiple beam

verdleroascary mebtind.



Fig 64

L=ray diffraction pattern
of AS4SG4 .
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The sizes of the slices cut out of the glassy
ingot of As,Sey were precisely measured with the help of a
micrometer screw guage. -

Thickness of the evaporated thin films of
As e, was found to vary with evaporation conditions,
The thickness of the film used for the electrical and optical
measurements was 1500 1.

DIA/DIG/TG measurements

The instrument used for the measurement was
'Derivatograph' type 0D=102, It measures simultaneously
the change in weight (1G), the rate of change in weight (DIG),
the heat conteat change (DTA) of the test specimen while the
furnace 1s being heated at a nearly uniform rate.

The amount of sample (“4304 or mixture of As and Se)
and of inert reference (nzoa) was the same 1.e. 200 mge The
reaction chamber was evacuated using a wateresuction pump.

The heating rate was adjusted at 10% per minute.

The DIGe-galvanometer measured the current induced
by the coil suspended from the analytical balance beam and
moving in a magnetic field.



The DTA-galvanometer measured the difference
between the voltages of two thermocouples; one from
inert sample and the other from the sample under study.

The T-Galvanometer measured the temperature of the
sample alone.

Fige7a and Pig.7b display the DTA/DIG/TC curves
for the reacted compound (As 4804) and the unreacted mixture
of As and Se of the same composition respectively.,

As indicated in Fig.7a the DTA curve for arsenic
tetraseleride compound has a broad exothermic peak between
temperatures 90 and 320°C, From this it is interpreted that
the compound started softening from 90°C and melted
completely at 320°C, Another exothermic peak is observed
between 460 and 600°C with a peak at 560°¢C whereas at the
sane temperatures a trough is noticed on the DIG curve. This
is attributed to the evaporation of the compound., This can
further be confirmed by TG curve showing a gradual loss in
veight started from 460°C onwardsy followed by a subsequent
rapld loss frow 560°C onwards. At 800°C there was total loss
in weight leaving behind empty erucible.

The DTA curve preseanted in Fig.7b for the mixture of
As and Se shows small but sharp peai at 210°C indicating the
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probable incomplete reaction between arsenic and seleniun
taking place. The subsequent two exothermic peaks in the
range 380 to 600°C indicate the evaporation of unreacted
constituents and reacted compound from the parent mixture,
The corresponding troughs on DTG curve can be noticed in the
same temperature range. The IG curve shows a loss in weight
started at 380°C followed by a rapid loss from 3560°% onwarlds.
at 800% no residue is left beaind,

As The features observed in rig.7b (DTA, 1G for a
nixture of As and Se) are completely absent in Fig.7a it is
concluded that no unreacted As or Se was present in the
reacted compound and that a single phased compound corresponding
to the composition As 4804 was formed.

DC conductivity

In case of thin £1ilm of Aa45e4 the usual two point
arrangement was used with evaporated gold electrodes.

The thin slices cut out of the bulk material were
given gold electrodes at the two opposite faces so as to
sandwich the slice in between the gold electrodes. The slice
was then placed on a geld foll inside the sample holder,
Pressure contacts were given with the help of phosphor bronze
strips to the gold foll as well as to the top electrode,



Using the conductivity cell desecribed earlier
the dc conductivity was measured.

The conductivity graphs for the 8 samples, i.e.
AsgSe,(thin £ilm), AsgSeq(bulk), AsqSeq + 2% Ag,
As Sey + 2% Cu, AsgSe, + 2% Cd, AsgSe, + 2% 2n,
As,Se, + 2% Ge and As,Se, + 2% Sn are illustrated serially
in 8 to 156 figures.

In the case of samples of As,Se,(thin £ilm),
Asgbe, + 2f% Ag and Asgdeyq + 2% Cu a plot of log 6 = L/T
gave two distinet slopes. The activation energies Ea1 and
Eapdeplctel in the Table~l correspoad to the slopes on low
and high temperature sides respectively.

In case of sauples, u4804(bu11:), As,8e, + 2% Cd,
As Se + 2% Zny AsgSe, + 2% Sn and As,Se, + 2% Ge conductivity
vas almost constant with increasing temperature in the range
300 to 400°K, Thereafter it was found to increase
exponentially with temperature obeylng the relation

6 = 00 exp (-Bazlkr)
Where Eaa is the activatlon energy corresponding to the
higher temperature side slope of the respective graphs

The numerical values of activetion energles (Ba)
and pre-exponential factors ( 60) froa the respective plots
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of log 6=1/T for different samples are given in Table~l.

Table=l
Fige. Compound Activation
No. energy ev
8e A%Su(thln £ilm) 0.13
0.94
e u4804(bu1k) 0.00
0.,99
10. Aa‘Bo‘ + 24 N 0420
0+86
0+88
12, As,Se, + 2% Cd 0400
0.80
13. AS4864 +2f Zn 0,00
0495
14. u43.‘ + 2% Ge 0400
0490
15, AsySe, + 24 Sn 0,00
0,90

Pre-exponential
factor co

ohn™Yen™
9.5 x 1072
1.7 x 107

4,0 x 10710
447.0

7.9 x 10°°
0.3162

2.8 x 107
046310

1.0 x 10°°
31,60

7.9 x 10~10
1.6 x 10°

362 X 10‘9
32 X 102

1.6 x 1079
1.8 b4 102



Optical absorption

Arsenic tetraselenide was vacuum deposited on a
glass substrate. The absorption spectrum of the deposited
thin film was scanned in the visible range on a ratio
recording Beckmann spectrophotometers. Absorption coefficient,
oC,was calculated on similar lines as explained in the first
chaptere. The graphs, ocz; vs hyyVocvs h»y (oChd=h», log oC=hv
and (ath>)2 « hywere plotted.

Absorption coefficienty oC, for the vacuum deposited
¢hin £1lm (1600 %) of As Se, was in the range 10° to 10%ea"2
at room temperature. A plot of (och2)? vs h is depicted in
Fig.16. The straight line when extrapolated intersected the
energy axis at 2,00 ev (= Eg opt)s The plot (0ch»)%=h gave
a better straight line compared to any other plot, therefore
the value 2.00 ev was taken as the direct band gap for the
material.

Arsenic tetraselenide was vacuum deposited on
sodiun chloride ir windows, #n order to check its
transparency to ir region. Thicker deposits, about few
nicrons, giving dark red colour were used for the
measurements. The spectrum was scanned on Perikin Elmer
model 212, in the frequency range 600 to 3700 en™l, Thickness
of the deposited film was calculated with the help of the
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fringes obtained on the ir spectrums The formula used

where t ¢ true spacing
s thickness of the film
N : number of fringes

D, and 2, & frequencies between which the

1
fringes are counted.
N : Refroctive Index of AsySey (unkmown)

The thick £ilm of As 4804 deposited on sodium
chloride substrate showed a complete transparency to ir
reglon ranging from 600 to 3700 cm™l (Figel7)e The
thickness of the deposited film calculated from the fringes

obtained on ir spectrua was 10.534(micron). The value of

. . n . .
refractive index of AsySeqy is not availakble in Literature;
ihe value (s yet 4o be deteymined.
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The compound u“so‘ can be made crystalline, glassy
or amorphous depending on the method of preparation. In
amorphous or glassy seaiconductors there is no evidence for
shallow donors near the conduction band or shallow acceptors
near the valence band. Here ecach atom can satisfy its
valence bonds by adjusting its nearest neighbour environment,
on the other hand in crystalline semiconductors each impurity
atom is forced by long range order to have the co-ordination
nunber of the host atom it substitutes. Impurity effect in
amorphous materlals is lessened because of the presence
of gap states and pinning of Ep due to impurities. There is
no evidence of shallow donors or acceptors coantrolling the
conductivity at lov temperature.

So far there 1s no electrical or optical studies
made on As,Se,e The filus prepared by chemical deposition
vere ocrystalline. The log ¢ - 1/T plot gave two values for
activation energies. Low temperature activation energy
equal to 0.15 ev and high temperature 0.95 ev. This suggests
an impurity level near the band edges must have been formed,
The compound was not intentionally dopeds Impurity level
might be arising from nonstoichiometry. The compound
AsgBey 1s reported to undergo photodecomposition®® and this
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process is further promoted by the presence of moisture.
Our erystalline films were prepared by chemical reaction
in vater medium in presence of light. However after
drying, the films were preserved in a black paint coated
desiccator to stop the further reaction. The photodecompo-
sition in moist air is described by the reaction 1=

20isture .
hy
W Aty gommae Mx ¥ e

Our compound mizht undergo similar reaction as

@olsture

h»
0x4

Nonwstolchiometry developed from the above possible
reactions may de responsible for tas creatlica of impurity
level at 0,15 eve In case of vacuus deposited f4ilms the
possible thermal decomposition and possible formation of
molecules like - 182502’, As3e,, As4302. AsSe, As amd Se as
reported by ReFeShewl” may be responsidle to create an
impurity level at 0.13 ev. High teaperature activation
energy in both crystalline and amorphous films is comparable
and can be attributed to the intrinsic conduction as Ea = $Eg.
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The above possibilities of extrinsic conduction
have been ruled out in case of bulk Aa4804 glass where
only one conductivity slope corresponding to an activation
energy 0.98 ev is observed. This value is roughly one half of
the optical hand gap (=2.,0 ev) suggesting the intrinsic
conduction.

Iwo per cent doping of Cd or Zny Sn or Ge found to
have no effect on electrical conduction of glassy As 4Se .

2% doping of Ag or Cu in As Se, bulk glass showed
pronounced effect on conductivity. Both Ag and Cu gave
two slopes corresponding to low and high activation energies.
In neither case intrinsic region was attained upto 120°C
at which the glass started softening. K,Arai et al.®
reported the temperature dependence of electrical conductivity
of Ag doped As-Se glass with a single activation energy.
They observed a decrease in the activation energy with increase
in Ag concentratlion, and concluded that the effect of Ag on the
conductivity is related to the ratio of Se to As in the parent
glass. They have interpreted their results on the basis of
mobility of the impurity. Formation of a compound AgZSe is
favoured in Se rich As~Se system without cubting many bonds
between As and Se and Ag impurity under such conditions
considered to be less mobiles On the other hand in As rich
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glass, formation of A¢280 may cause many cuttings of

As=Se bond leaving 'As' free. 'Ag' surrounded by such
As-defects was considered to be more mobile. They have
considered Ag and Cu to be mobile impurities in Ase-Se
systemy affecting the electrical conduction to the
considerable extent. These authors have notclarified why
only Ag or Cu affect the electrical conduction and other
impurities have no such effect,

BeTeKoloniets et ale°® and others® ™38 4150 studied
the effect of impurities on the conductivity and
photoelectric properties of glassy AsZSc o The observed
initlal decrease of conductivity, with Ag and Cu upto 0.2 at.g
was attributed to the increase in carrier scattering introduced
by Jdmpurities or by lattice imperfections caused by them,
Further lncrease in the concentration of these impurities
caused a decrease of activation energy and was attributed to
a possible transition to a more ordered structure since
mobility was increaseds They concluded that these impurities
in glassy Asyle, reduce the depth of trapping centres for
majority and minority current carriers in the band gape

The As-Se system 1s reported as p=type since holes
are the major current carrionm. The observed low and high
values of activation energies which we have obtained can be
explained on the basis of two types of impurity states.
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The carriers originating from the low lying impurity
states (close to the valence band) start contributing to
conduction process at low temperaturese If the density of
states in these impurity levels is small then at high
temperature the carriers originating from the deeper levels
vhere the density of states is presumably higher, overtake
and predominate the conduction process. This conduction
corresponds to the high sctivation energy.

In both the casesj crystalline and amorphous

oc = ¢ (h»~ Bg opt)¥/nv
helds goods The values of optical activation energy for
both the states of As,Se, are comparable. The values are
2.0 and 1.95 ev for amorphous and crystalline As 254
respectively. We conclude from the above results that
the optical transitions in both amorphous and crystalline
AsySey ere direct and allowed ones.
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ANTIMONY TELLURIDE

3ele Historical Iuolgromd

The unit cell of 8b21'03 is rhonboh’édull and the

space group is R3 n ng. The unit cell may be transformed

to a bigger hexagonal cell, the lattice parameters for which
are as follows.

a=4.252%0.02% ¢ =300+ 0,022
There are three molecules in the hexagonal unit cell.
The atomic positions are as follows.

6 8b in 6 (c) at 050923 0,0.i.

vith Z = 0,400 040403
3 Te in 3 (a) 040,40, +< _1_93_%_
6 To 1n 6 (c) at 0,0y 0504 Zs 333
vith Z = 0,211 2;,1; 1.

\5 3

T.CoHarman et al.” studied the electrical and
thermal properties of petype SbyTege The carrier
concentration in SboTe, was found to be approximately
7x 1019/0113 which was attributed to the high "wrong atom"
defect level.



JeBlack et al.® studied the electrical and optical
properties of SbyTe; single crystalse. Infra red transmission
was poor presumably because of high carrier concentration.
Small amount of transmission from 3.63 to about 5 microns
was observed, The edge was found to correspond to an energy
gap of 0.3 eve Hall and resistivity data vere taken in a
range of temperatures around 300°K and the sample was found
to be extrinsic.

SheMovhanov et ale? prepared zone refined single
erystals of SbyTese The electrical conductivity for the
samples was found to be anisotropic and 1its component along
the x-axis was approximately 7 times that across ite. The
conductivity curves showed that the minimum electrical

conductivity occu%éd at the maximum thermal emf,

VeAsBrodovii and V.I.Lyashenko® also prepared
single crystals and studied the temperature dependence of
conductivity, Hall constant, mobility and thermal emf. They
obtained ohmic contacts for Sbaros by applying Wood's alloy
and pure Pb. It was found that the concentration of the
current carriers over a wide range of temperatures (from
«150° to 150%) did not depend on temperature. The mobility
decreased with a rise in temperature indicating that the
scattering of current carrier by thermal oscillations of the



lattice predominated. The dependence of the effective mass
on temperature was calculated from the measurements of
thermal emf.

NeS.Rajagopalan and 5.K.Ghosh® measured the
electrical conductivity, Hall mobility and thermoelectric
pover of vacuum deposited polycrystalline films of SbgTeq
with aquadag electrodes. The measurements were taken before
and after heat treatment. The observed large increase in
conductivity and thermoelectric power after heat treatment
led them to conclude that inter-crystallite barriers were
present before the heat treatment. Variatioa of log (R)
with temperature before and after heat treatment showed that
the inter-crystallite barrier height reduced to one teath
of its value on heat treatment. Before heat treatment
Ba = 0,05 ev and after heat treatment it fell to 0,006 ev,.
Mobility was found to depend on the thickness of the f£ilm
and only slightly on heat tpeatment.

B.Ronalund et al.? studied the electrical properties
of doped SboTege Seebeck coefficient and electrical
conductivity were measured on Sb,yTe; doped with Pb, I, CuBry,
Sn etce The material was always found to be strongly pe=type
with the Seebeck coefficlent 8 = 80 4( V/°K. The Seebeck
coefficient, S, was plotted as a fuaction of electrical
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conductivity, ¢ , for szroa with various dopantse The S
versus ¢ curve indicated the exlstence of two valence bands
separated by 0.23 eve.

VeSeTyushev and O.VeShelud'Ko® studied the Hall

effecty electrical conductivity and thermoeemf of evaporated
Sbgleg films at 20%. The SbyTe; films were petype and thedir
electrical resistivity was found to be dependent on the
height of the intercrystallite barriery, he For freshly
prepared films, 'h' was equal to 0,06 ev and was found to
decrease by an order of magnitude after thermal treatment at
100°C. The mobility, A{s increased with the filn thickness,
dy and was found to depend only slightly on 'h', The
thermoelectric power was found to depend only slightly

on the evaporation velocity and on 'd' but it decreased
strougly with 'h',

L.A.Smirnov et al.? studied the temperature
dependence of the Hall coefficlent, electrical conductivity,
thermoelectric power and thermal conductivity. From the
data on thermal conductivity and Hall effect they concluded
that S8bole, has a complex valence band. The thermoelectric
pover data and Hall effect suggested that the gap between

the subebands became narrower with increasing temperature.



CeStraub and Z.KoesislO studied the specifie
resistance and Hall voltage of polyerystalline SbyTeg at
various temperatures. The specific resistance was found
to have a maximum value approximately at 400°%. Data on
minority charge-carrier concentration showed that thermal
scattering predominates in stoichiometric samples. The
defect site concentration was found to be high in szi‘cag
owing to the similarity between the ionic radii of the two
constituents, which favours incorporation of foreign atoms.
The temperature dependence of mobility was found to be a
34 « power function of temperature.

AeAoAvericin et al.}d studied the change in the
electrical properties of 3bgTeg under hydrostatic pressure
in order to support the supposed existence of complex
structure in the valence band of SboTe,e The coefficient
of thermo-enf, electrical conductivity and Hall coefficient
were measured as a function of hydrostatiec pressure upto
15 kbarj on p=type Bbal'oa single crystals as well as on
doped Bbzroa with various amounts of I, Te, Pb and Zn, Pure
bismuth or Woods metal was used for the electrodes. All the
samples were found to exhibit an increase in electrical
conductivity and thermoelectric power and a decrease in Hall
coefficient with increasing pressure. The experimental
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results vere explained on the basis of two subbands of
holes in antimony telluride, mutually shifted by pressure,
and the strong influence of interband scattering.

KeYokota and S.Katayamal® studied the effects
of annealing time and temperature on Seebeck coefficlents
of BigTegy BigSeg and SboTege For petype Sbolegy the
samples annealed at 400°C were found to show larger
Seebeck coefficient than those annealed at 500°C,
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320 Experimental techniques

Preparation of thin films of antimony telluride (SbpTes)

Thin films of antimony telluride (Sbarea) vere
prepared by the agtion of hydrogen telluride gas on an
aqueous solution of antimony trichloride.

An aqueou:x solution of antimony trichloride (Sbcla)
was prepared using the method described by J.Re.Glauber and
PuL.Fobiquet!3, antimony trioxide was heated in concentrated
hydrochloric acid and the resulting solution was further
diluted to desired concentration. Hydrolysis of antimony
trichloride by water was retarded by the presence of excess
hydrochloric acid and tartaric acid. The solution so
prepared vas then exposed to hydrogen telluride gas
following the same procedure and using the same experimental
set-up as described earlier.

The thim £ilm of antimony telluride so obtained
was washed thoroughly, picked up on sodium chloride and
glass substrates and drieds The samples were preserved in

a desiccator for further measurements.

The concentration of Sbc13 was in the range
0.01 =« 0,02 M while the pH range was 2«4,



The electron diffraction, thickness measurements,
I=V characteristics of sandwiches such as Al=SbyTe =Au,
and the electrical conductivity measurements were carried
out on similar lines as described earlier.

Thermoe W 8 8

The measurements were carried out on thin
(~4000 %) £ilm of SbyTe, in temperature range 300 to 400°K,

Fig.l displays the experimental set-up along with
the sample holder used for the thermoelectric power
measurements. A glass plate, coated with tin oxide, was used
as the internal microheater. It was fixed at one end under
the sample whereas at the other end an ordinary glass plate
of the same thickness was inserted to balance the levels The
contacts were given to the tin oxide heater, with the help
of air drying solderable silver paint., The copper leads were
soldered to these silver electrodes and then connected to a
stabilized power supply.

A glass plate bearing Sbal‘ea £ilm was then placed
on this microheater. The gold electrodes were previously
deposited one centimeter apart on the SboTe, filme Two
copper-constantan thermocouples were fixed on both the gold
electrodes with the help of thermally conducting but
electrically insulating pastes These two different
thermocouples read two end-temperatures separately on the
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potentiometer.

Iwo press contacts were given to two gold
electrodes with the help of phosphor bronze strips.
These strips were connected to a vacuum tube voltameter
to record the thermoenf. The sample holder assembly was
placed in a vertical tubular furnace which acted as an
external heating source. Measurements were carried out
under vacuum (v 10%3 Torr).

Optical absorption

The ghin (~4000 R) f£ilm of SbyTe, was taken on a
sodium chloride ir window, dried carefully in a vacuum
deslccators The absorption spectrum for the dried film
was taken on a Perkin Elmer Modelel37 IR Spectrophotometer
in region from 3 to 5 microns. The graphs of (och)2ehy
and (och»)¥ «h» were plotted.
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3e3e Results

g

Blectron diffraction

Fig.2 displays the transmission electron diffraction
pattern for a sample of antimony telluride film.

The 'd' values and relative intensities for the
various lines for rhombohedral Sbal‘ea, for our sample are
given in Table~l along with the reported 'd’ valuest4,

Table=1l
Reported Observed
hie a @ a Q) Relative
intensity

101 317 314 Se

102 237 231 Vele
110 2.11 2.12 Mo

201 l.84 1.76 We

202 1.54 1.57 VeWe
212 1.36 1.37 We

300 l.24 l.24 VelWe
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Electrical properties (I-V characteristics,
DC conductivity and Thermoelectric power)

In case of dynamic I-V characteristic the sandwich
Al.-sszoa-Au shovwed an ohmic behaviour upto applied field
10% v/ea (~ 20 volts)e

In case of d¢ I=V characteristic there was an
abrupt increase of current (140 mA) with subsequent drop
(~ 30 mA) at an applied field 10° v/om. The plots, I vs V
and log I vs V were not straight lines bu the plot logI

vs log V (Pig.3) gave 'a good straight line with a slope
equal to 2.

The thickness of the films used for the

measurements of electrical conductivity was found to be
~ 4000 Ro

The plot of log 0= 1L/T for a thin fila of SbgTeg
in the temperature range 300 to 400°K gave a straight line
with a constant slope. The heating and subsequent cooling
of the same sample gave fairly reproducible results and a
constant value of activation energy equal to 0.12 ev was
obtained (Figed).
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The films studied here were from the same lot
from which the samples selected for dec conductivity.
Temperature gradient was varied from 5° to 20°C setting
the two heaters in different ways. Seebeck coefficlent
calculated from the readings was of the order
= 80 & 204V/°K and was found to be independent of
temperature (Fig.5).

Optical absorption

Absorption coefficient, oC, for a thin (~4000 1)
£1lm of SbyTe; Was of the order 10%a"} at room temperature.
A plot of (och»)? vs h is 1llustrated in Fig.6s The value
of the optical band gap obtained from the extrapolation of
the graph is ~ 0,27 ev (&g opt).



(s: x{v,fa., )

80~

20

P

¢

165

e | Y S I N T T T
330 30 330 360 370 380 390 400
T ko

FIG.3 VARIATION OF THERMOEMF WITH TEMPERATURE

FOR P-TYPE SboTey

w

] i .
025 CE) 0-35

PHOTON ENERGY chw)mn
FIG.& VARIATION OF (whw) as A FuMCTION

OF hw  FOR  SbyTey




116

Sede Discussion

It was not possible for the previous investigators
to derive the energy gap Eg between valence and conduction
bands from the electrical measurements since the intrinsic
region started at about 610°%¢ only 15° below the melting
point of Sbplege !Metallographic investigations proved that
it 1= not possible to prepare the stoichiometric compound
SbgTege It always gives two phases namely theeutectic of
SbTe enriched in Tey, and Te. Sb replaces 1‘01 sites to give
Sb riech compound as

eTe « Sb = Tole Sb = T0 « Te « Sb =

The thermoeemf measurements of our sample gave a
constant value of Seebeck coefficient, S, equal to
50 # ZOA{V/"K vhich gives an approximate value of the energy
difference between the valence band edge and the Fermi level
equal to 0,015 ev whereas the activation energy computed
from the conductivity slope is 0.12 ev. The higher value of
activation energy by about ~ 0,10 ev obtained in the
conductivity slope suggests that the extra activation energy
may be associated with mobility. Iwo carrier transport will
give low value of S for intrinsic semiconductors. This
could be a possible explanation but is considered less likely
because the hole mobility and density are known to be much
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higher than those of electrons. If the material was
amorphous one could have thought this as the possibility
but for a erystalline SbpTeg, this looks unlikely in view
of several previous reports on this material.

The activation energy roughly matches to the half
of the band gap which may tempt ona to suggest that the
material was intrinsic. It may behave like an intrinsie
somiconductor if the Fermi level is pinned at somewhere
in the middle of the gap due %0 the existense of a large
number of states.

However this is considered unlikely in view of
our thermoelectric power data. The material appears to be
extrinsice The material was not intentionaly doped and
it is likely that excess of Sk is responsible for the
extrinsic conduection, The extra activation energy appeares
to be assoclated with mobility as in case of hopping
seniconductor. In single crystals the predominant
scattering mechanism is due to phonon. It is reported that
the concentration of the current carriers was independent of
temperature whereas the mobility was found to decrease with
a rise in temperatures Our experimental value of activation
energy assoclated with mobility can be expressed by the
relation,

AR
A= Ao exp (= Tp) Where AE = 0412 ev.



The exponential increase of mobility with
temperature observed in our sample is in agreement with
the results reported uruu"'o.

The reported measurements on thin film revealed
that the mobility increases appreciably with the thickness
of the film but the effect of heat treatment and of the
height of intercrystallite barrier was insignificant,

The Seebeck coefficient Sy for the thin films was
reported to depend only slightly on film thickness but
found to decrease very strongly on the intercrystallite
barrier or grain boundaries. Our filus showed no sifnificant
change in Seebeck coefficient even after annealing, Fairly
constant value of S, suggestf%hat our samples vere free from
grain boundaries.

A plot of log I vs Log V is a straight line with
a slope equal to 2 (Fig.3). This indicates the conduction
mechanisa is space-charge-limited and the traps are
distributed uniformly,

Hetal insulator ohmic contact obeys Ohm's law at low
fields as long as the injected carrier density is lower than
the thermally generated free carrier density. When the
former predominates a space charge builds up at the electrodes.
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The generated current is termed as space charge limited
current (SCLG). Mott and Gurney*® deduced the following
expression for (SCLC) density Jj

V2

72108 ¢ -
d

vhere
d = thickness of the insulator along the
direction of the field

/{= Mobility of the charge carriers

€ = dlelectric constant of the insulator

V = applied potential in volts
The above relation holds good for trap free process.
Existence of traps causes a large fraction of the injection
space charge to condense thsxfln with consequent reduction in
the free carrier density. Filling of traps is a temperature
dependent process. R.W.Smith and A.Boaom, :(.A.Lamport"
suggested temperature correction for an insulator with

shallow traps as

2
v
Joc (LEBO ;3

where © = No/N, 8xp (-Ea/kT)
and Ea is the energy associated with the traps ng. below the
conduction band and Nec is the density of state at room
temperature. When all traps are filled the further injection



110

of charges will obey the relation for trap free process
i1+9. square law dependence of I or J on voltage. J or I
increases with temperature indicating the presence of
shallow traps. Conduction process in our sample is thus
(SCLC) with shallow trapse

Our samples showed a proper, though weak,
absorption edge. Antimony telluride is a direct band gap
material with optical band gap equal to 0.27 eve There is
considerable absorption even below the absorptioan edge.
The reason is not clear but is likely to be due to gap
states or excitons.
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The unit cell of antimony selenide’ is orthorhombic.
The space group® is Pama, (D}eeh). The lattice parameters

are

a=11,77 + 0,01 %, b =3.9 + .01 %,

¢ = 11.62 # 0,01 &,

There are four molecules per unit cell.

five sets of atoms, all in positions 4 (c)

There are

(2, & 2)5 (X, & B)3 (bexy %, $+3)3 (3+xy &y $=3).

Atomic parameters are 3

x
8d (1) 00,0305
8b (2) 0.3522
Se (1) 0+0824
Se (2) 0.8698
Se (3) 0.2132

0+3280
03597
0.8732
045566
01938

® Foot lote s The axes ay by ¢ have been transformed to

cy & and b respectively.
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F.Donald et al.? studied the electrical
resistivity of SboSe, as a function of weight por cent
of selenium and found an increase of four orders of
magnitude as the proportion changed from stoichiometric
through about 0.3% excess seleaium. They interpreted this
effect on the basis of a model in which SbySe,; crystals were
omboq«l in a matrix of glassy selenium. BE.A.Ignat'ev and
MuVeKot® hove further concluded that in the Sb-Se system
hole conduction was predominant for both, excess of Sb and Se.

MoVeKot and I.P.Molodyan derived the energy gaps
from electrical conductivity and spectral response for
polyerystalline layers of SboSe, and found the values to be
1.12 and 1.17 ev respectively. The energy gap for electrical
conduction for a single crystal stoichionetric Bbzsoa, was
1408 ov as reported by GP.Zharikov® whereas that with 1% Sb
excess gave 0.91 ev and polycrystalline SbpSe, with 1% Sb
excess gave the value to be l.54 ev.

KeSheKocharli et al.® reported the electrical energy
gap for p=-type szsoa to be 1.2 ev whereas the activation
energles for the impurity levels as E,=0,017, £,=0.18,
E520430 and £,20.53 eve

P.P.Erazdzhyunas and others’ studied the
photoconductivity and absorption spectra of crystalline and
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amorphous layers of SboSege The observed decrease in the
energy of optlcal activation with increasing temperature
was attributed to a decrease in the depth of the barrier
region, produced by changes in the electronephonon
interaction, Similar results were reported by

Mo PoMikalkevicius®,

J.Black et al.” studied the optical and electrical
properties of SboSez single crystals. The ir transmission
at 300°K gave rise to the absorption edge at 1.2 ev which
shifted to 1430 ev at 0°K. The temperature dependence of
intrinsic resistivity gave a value of 1.4 ev at 0°K (i.e.
thermal energy gap at 0°K). The dark resistivity of
8bgSe; films was higher compared with the single erystal
and polyerystalline SbpSes; as reported by BeT.Kolomiets
ot al,10,

MoVoKot and S.D.Shutov’’ concluded that the hole
conduction was predominant and that the condustivity of
SbgSegz single crystal was anisotropic. The values of the
activation energy for the charge carriers were
correspondingly £/ =1.03 ev and E | = 1.06 eve The same
authors®® later on deternined the positions of the optical
axes for a biaxial SbpSey erystals The optical activation
energy for the same crystallographic direction was found
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to depend on light polarization. They attributed such a
dependence to the possible complex structure for the
energy zones in Bbasoa.

AeFoSkubenkot® also studled the electrlcal and
photoelectrical propertias of single crystals of SbgSe,
and foand the maximum photocurrent in the temperature
range from <110 to 120°C was at wavelength, A = 970 m M.
The width of the forbidden gap was determined by the red
boundary of the photocurrent and found to be l.138 ev
at rcom temperatures. The photoelectrical measurements
gave the value 1l.18 ev for the energy gape Further study
on the crystal made by AsFeSkubenko aad S.VeLapt1il® pevealed
three additional peaits on the absorption curves One was
at N\ = 4455 - 2.7 A/ covering three maxima at 0428, 0,32

and 0+36 ev and the two other peaiks at 2.49 and 2.24 microns
corresponding to activation energles 0450 and 0,58 ev,

B.T.folomiets ot al.*® reported similar results
as reported earlier. They studlied current carrier sign,
voltage-current, light inteasity-photocurrent, spectral
characteristics, kineties of the photoelectric effact,
teuperature dependense of photocurrent, spectral dependence
of che light absovrption coefficient aud characteristics of
discharge of layers charged with an electron beam or ions
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from a corona discharge, for the amorphous layers of SboSeg

A.Efstathiou et nl.m studied the optical density,
dark conductivity and photoconductivity of evaporated SbypSe,
films as a function of deposition conditions. The initial
deposits exhibited abmormal band gap energles, as high as
le7 ev with a source operated 20 degrees below the melting
point of SboSes (611°C). The band gap decressed monotonically
with time during a long evaporation. A final constant value
in the range l.l « 1.2 ev was obtained when the source
temperature was at or above the melting point of SboSeqe
The data led them tc¢ the fact that the fractionation took
Place of initlally stolchiometric SbpSes until the
stoichiometric SboSe, started evaporating near the melting
polnt of the compound.

VeoLyubin and VeS.Maldzinskii}? studied the space-

charged-limited currents and light intensity-photocurrent
characteristics for crystalline and amorphous SbgSezs On
the basis of these results they refined the nature of the
energy distribution for the lccal centers and determined
its change in going from the amorphous to the crystalline
states They found an evidence for the monoenergetic local
states (traps) in the forblidden band., In going from
amorphous to crystalline state, the energy distribution
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/
/

wvas found to change from a quasicontinuous exponential
to a discrete distribution. v

| B.Grigas and M.iikalkevicius'® studled the
umme of the pressure of selenium saturated vapour
(pSe/ = 1031, 10 torr) in the ampule during the growth
of BbgSe, single erystal from the gas phasey on the
electrical and photoclectrical properties. The dark
resistivity at 20°C (Q,) was found to vary with ,Se from
103 to 10° ohmecny Q 4(,Se) had a maximum at ,Se = 10™4 torr,
The forbidden gap at O°K was 1.34 eve The variation of
dark conductivity with temperature provided the evidence
for local levels at 0455, 0440y 0430, 0424 and 04,18 ev,
The local levels at 0.28 and 0.46 ev were due to an excess
of Se and Sb respectively. The temperature coefficient of
the forbliden gap was evaluated to be =(447=5.7) x 10™%ev/k,
The local levels for amorphous samples, derived from
thermostimulated polarizetion were reported by
VeLeAveryanov et alel® to be 0,10, 0s15 = 0,18 and
0¢22 = 0425 Ve LeGeGribayak®® evaluated the local levels
by studying the photocurrent kinetics and the temperature
dependence of dark conductivity in range 20 to 200°C,
They used needle shaped crystals coatalning acceptor and
compensating donors with concentrations of 1.9 x 1018 ana
3.6 x 103%en™2 respectively. The sample was illuminated
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by monochromatic (0.994/) rectangular light pulses with
duration § x 103 sec. and rise time 5 x 10”5 sec. The
activation energies obtailned for the accepter levels were
0+43 and 0.29 ev,

VeVeSobolev et al.?} studled the edge absorption
of single crystal samples with polarizations B/ a, L/ b
and B/ ¢ at 295 and 90°Ks The absorption edge exhibited
two regions, the initial flat region and the region where
sharply lncreased absorption coefficient appeared as a
function of light polarization. At lower temperature the
absorption in the initial region was lower. The
absorption extrema of the valence and conduction bands
were situated at different points of the Kespace. One of
the extrema possessed three weakly split subebands. The
direct polarization absorption edge and the reflection
peak were dus to optical transitions in the poilnts where
absorption extrema of the valence and conduction bands
were formed,

As0.Allev ot als®? studled the Hall effect and
electrical conductivity of single erystals giving aquadag
electrodess The Hall effect was measured with ac during
modulation of the electric and magnetic fields with 60 and
50 Hz frequency respectively, iMeasurensats were taken from
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room %emperature to 435°K. The samples showed p=type
conduction throughout the temperature range used whereas
the electron and hole mobility were found to be 4.6 and
14.5 cn®/v.sec. respectively.

ZoHurych et al.® compared the shift of the
optical absorption edge with that of the photoconductive
spectral response of amorphous Sb;_.Se,  films as a function
of composition. The results were in agreemeat with those
reported earlier. AaAn execess of Sb or Se caused a shift
tovards smaller or larger activation energies, respectively.
Density of states of the quasifermi level for amorphous
samples vas found to be atleast 10% times greater than those
for the single crystal samples of SbySeqe

CeWood et €1,24 studled the optlcal and transport
properties of amorphous and crystalline antimony selenidej
stolchiometric and also with Sb and Se excess. For
crystalline SbZSea the absorption edge was at 1l.10 ev whereas
for amorphous SbgSeg 1t was at 1le3 eve The resistivity of
the stoichlometric amorphous £ilms was comparable to that of
crystalse The values of the thermal activation energies
computed from the slopes of the resistivity versus temperature
curve were 1.0 ev for the orystal and 0,50 ev for the
amorphous films, The maried sinilarity in properties for both
the states led tQem to the conclusion that there was no
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no extensive band tailing into the forbidden band gap as
one would expect to find from a mobility gap consideration.

ReMueller and CoWo0d®3 published a paper on the
preparation of amorphous thin films of controlled composition.
Various evaporation techniques were discussed and their
influence on the optical properties was studieds The optical
energy gap was found to increase with increasing selenium
content. The extrapolation of the curve square root of
(och) vs hofor amorphous SbpSe, to oC = 0 gave a value of
optical energy gap (Eg opt) to be 1.25 ev.

CeWood et als?® gtudied the optical and transport
properties as a function of composition in a complete range
of SbeSe systeme The absorption edges for different
compositions were found to obey the relation for none-direct
transitions. A tremendous variation in energy gap from 1.9
to 0440 ev on increasing the Sb 1 Se ratio was observed.
Blectrical conductivity of all the compositions was measured
as a function of temperature and activation energiles were
deternined from a leastesquares fit to the equation 3

¢ = 0o exp (=Ba/kT)

For the conduction in extended states 'Ea' represents
the energy difference between the Fermi level (Ep) and the



majority carrier band gap edge (Ey).

Optical energy gap at room temperature and the
thermal activation energy were plotted as a function of
composition. A break in both the curves was noticed in
the vicinity of 8b2803. At this composition 2 Ea ~ Bg opt.
Thls led to the fact that there was a symmetrical
distribution of states wita the Fermi level pinned near the
ceater of the gape The observed results, 28a DEg opt at
khigh Sb contents or 28a { B¢ opt at high Se contents vere
also interpreted with possible mechanisms.
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4.2, BExperimental tochniguu

Preparation of thin films of antimony triselenide (8b23°3)

Thin films of antimopy triselenide were prepared
by exposing an aqueous solution of antimony trichloride to
the vapours of hydrogen selenide gas.

An aqueous solution of antimony trichloride
(concentration range 0.01 = 0,02 M and pH range 2~4) was
prepared by the method described earliere. Iron selenide
was used for the preparation of hydrogen selenide gas.
Following the technique described earlier, thin films of
antimony triselenide were obtained on suitable substrates.
The film was taken on a gquartz substrate for absorption
experiments. The specimnens were preserved in a desiccator
for further measurements.
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4.3 Results

Electron diffraction

Figel displays the electron diffraction pattern by
transmission obtained for szs‘a £ilm. The broad haloes
on the pattern suggest the amorphous nature of the film,

Electrical properties (I=V characteristics and dc conductivity)

The films of thickness ~ 1300 % were used for all the
measurements. The sandwich structure Al=Sby Seg=Au showed
an ohmic behaviour upto ~ 40 volts (ac voltage) but
dc I~V characteristic was somewhat different as observed in
case of SboTege There was an abrupt shooting up of current
(~140 mA) at the applied voltage ~ 8 volts and at the same
voltage there was subsequent drop in the current (~ 30 mA).
The plots I vs V and log I vs V did not give good straight
line however the plot log I vs log V gave a good straight line
with a slope ~ 2 (Fig.2).

Temperature dependence of conductivity for all
samples obeyed the relation
6 = 60 exp (~Ba/2kT)



Fig ele

Electron diffraction pattern (transmission)

of deSeB thin film,
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The numerical values for Ea and co computed from
the conductivity curves were 0.42 ev and 31.62 (ohm-om)™%
respectively (Fig.3).

Optical absorption

The absorption coefficient, oc, for the films was
found to be of the order 10%m"l at room temperature. Out
of various graphs plotted,only (och)¥ = hv gave a fairly
good straight line intersecting the energy axis at photon
energy l.25 ev (Fig.4).
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4odke Discussion

Mtimony selenide has been studied in various formsj
single crystaly polycrystal or amorphous.s The reported
literature values for the optical band gap of the compound
vary from 1.0 to 1.7 ev. Such a wide variation 1s attributed
to the various compositlons of Sb and Ses The excess of Sb

causes decrease and the excess of Se causes increase in the
optical activation energye.

In our sample of amorphous 8b2803 the relation
¢ (hv = Bg opt)”
hy
seens to be obeyed with Eg opt = 1,25 eve This is an
indicative of indirect allowed transitions however the
absorption coefficlent is high,ranging from 10° to 10%m™*,
The results are in good agreement with published values®%,

oC=

The temperature dependence of electrical conductivity
gave a straight line with single activation energy equal to
042 eve This value is much less than half of the estimated
band gape For amorphous Ge similar results have been
reported2?, The value of activation energy for amorphous
Ge was reported to be 0.15 ev at room temperature whereas
the optical band gap was 0.7 ev,
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Absorption below the edge is nearly zero which
suggests that there are no states in the gap and no
intraband absorption possible. This is interesting because
amorphous material 1s supposed to have a large density of
states in the gap. In general the relation between
absorption coefficient and photon energy for amorphous

materials is not simple.

The compound SboSes 1s reported to be p-type.
The lovw thermal activation energy (0.42 ev) may be associated
with impurity state at 0.42 ev above the valence band. This
is not in agreement with the optical data, although past
literature shows evidence of local states at the following
energles 0428y 0432y 0436y 0443, 0,50 and 0,58 ev.
Alternatively the Fermi level is pinned at this point due
to the amorphous nature of the materiales The electrical
activation energy (0.42 ev) could also be due to change in
mobility with temperature as in a hopper. This point could
be best resolved by measuring thermoeemf or Hall effect as a
function of temperature. Unfortunately we could not carry
out these measurements because of the high resistance of

the samples
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CADMIUM TELLL

7% Historical bulgfromd

Cadmiun telluride occurs in both sphalerite and
wvurtzite modifications depending on the method of
prepauuonb s, Daring its preparation by vacuum
evaporation the propertion of the wurtzite form is found
to increase with temperature of the substrate and also with
eanealing. Therefore the wurtzite is concluded to be the
high temperature modificatlan.

cdTe™ % icuble, Sphalerite, B 3 type (2), Space group Fism = ri
/
The lattice parameter a = 6,47 %.

There are four molecules in the unit cell and all
atoms occupy speclal positions with coordinates

4 Te in (a) (040,0)

4 Cd in (¢) ()
CdTe 1 Hexagonal, wurtzite, B 4 type (3), Space group Féme

The lattice parameters are

a=4.57%% o=748%

} +(0ydyds 490s% and #4140)

The lattice parameters of the two modifications

are related as follovs 13
Spex = Soupte [V2

hex * 2 %gupic /\(_E
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Cadmiun telluride has received a lot of attention
because it can be prepared to a higher degree of puritya
as compared to the other members of II-VI compounds and thus
it offers a good scope for the study of the effect of
impurity oa certein fundamental properties. It is the only
member which can be made highly conducting in both p= and
n-typoe which makes it accessible to a wider range of
electrical weasurements. For petype Cdle the resistivity
can be reached down to 0,01 ohmecin’ whereas for n-type down
t0 0u5 ohmmon®, The dopant elements from groups III or VII
@ake 1t n~type and those from 1 or V group make it petype.
The excess Cd or Te mekes it n= or petype respectively. The
activation energy of conduction 1s about 0,003 ev for netype
and from 0«3 to 045 for petype. The forbidden gap estimatad
from optical measurements was 1.5 ev®,

There have beon no electrical measurements of band
gaps FeheKroger et alsl® and DeDe Notsel® obtained the
effective mass 0413 m for electrons and Q.41 m for holes.
SeYadana™ compared the observed mebility with the theory
of optical mode of acattering and estimased the effective
mass of holes to be 0.63 m,

DeDe Nobel® also measured Hall mobility of netype
samples as a function of temperature but discussed little
on scattering mechanismss He studled the impurity effect



in CdTe. The acceptors Ag, Cu and Au in CdTe, were found
to introduce levels with an ionization energy of 0.30 to
0.35 eve The additional level observed at 0.15 was attributed
to a Cd vacancy. He observed a deeper level at 0,60 = 0,65 ev
which he attributed to the doubly ionized Cd vacancy Vd“2.
MeR.Lorenz and B.Sogal].:l'2 have reported two other acceptor
levels; one lies 0.05 ev above the valence band edge and the
other 0.06 ev below the conduction band edge. He assumed
these levels to be first and second ionization states of a
Cd vacancy. F.Morehead and G.Manclel8 prepared low resistivity
p~type CdTe by doping with P or As but gave no data about
the level depths or mobility. M.R.Lorenz and H.H.lﬁfoodbury‘"':3
found that the nonequilibrium carrier concentration decayed
as An = Aho exp (t/7) where T was temperature dependent
and of the form

T = To exp (=AE/KT) where

To= 3.2 x 10712 sec and AE = 0.27 ev. The data
indicates the carrier has to pass over a barrier of this
height before recombining with the center.

There has been a considerable amount of discussion
whether the minimum of the conduction band lies at k=0. The
measurementsl4~16 in the threshold region just below the
excitation peak were interpreted in terms of a contribution
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from an indirect transition. This indirect transition
was found to associate with an indirect gap of the order
of 0.1 ev lower than the direct gap (~ 1.5 ev)s S.Yanadal?
concluded that conduction band has 4 or 8 minima along
(111) axis.

The transport studies and more recent optical
measurements nupportm'm‘ the fact that the principle band
edges of CdTe are at k=0 (except for the vary small shift
in the position of the valence band maximum).



Ge24 Experinental toomlun

Preparation of thin film of cadmium telluride (CdTe)

Thin films of cadmium telluride were obtained by
exposing an aqueous solution of cadmium acetate to the
vapours of hydrogen telluride gas.

An aqueous solution of cadmium acetate of 0.05 M
Was prepared. The pH of the solution was maintained
between 3-4 by adding dilute hydrochloric acid. Hydrogen
telluride gas was obtained by the action of dilute
hydrochloric acid on aluminium telluride. Using the
experimental technique and the set=up described earlier,
thin filas of cadmium telluride were obtained. Film
thicknesses were of the order of 1400 1.

The electron diffraction, de conductivity and
optical absorption were studied employing the techniques
described earlier.
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5030 Results
Elec £

Fig.l displays the electron diffraction pattern,
obtained by transmission for cadmium telluride film.

The 'd' values and the relative intensities for the
various lines for cubic cadmium telluride from the
literature and experimentally observed 'd' values for our
sample are presented in Table-l.

Table=l

hil Relative Observed caloulated”

intensity a D a (@
111 MeBe 3.72 3.73
200 We 3426 3.23
220 Me 2427 2,28
222 Mo 1.87 1.86
3z MeWe 1449 1449
422 We 1435 1.32
333 VeWe . 1420 1.25

* Using .-s.soi.

The agreement is good, suggesting that our films are
cubic cadmium telluride and since there are no extra lines
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Fig.l. Electron diffraction pattern (transmission)

of CdTe thin film.
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it 1s concluded that the material is pure, homogeneous
and single~phased.

DC conductivity

As 1llustrated in Fig.2 all four samples exhibited
a dependence of conductivity on temperature of the form 3

G = 60 exp (=Ea/kT)

where 6o = 2.0 x 10° omn™ten™?

and Ba = 0,65 ev

Optical absorption

X Absorption coefficient for the thin (1400 1) filam
of CdTe was of the order 10%m™l at room temperature. A plot
of (och )Q;hv is presented in Fig.3. The extrapolated
graph intersected the energy axis at photon energy 1.6 ev
(=Eg opt)s The plot ~JochVehd did not give a good
straight line.

The extrapolated Eg value matches with that reported
for cubic CdTe.
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5.4, Discussion

Thin films of cubic cadmium telluride can be
obtained by the method of chemical deposition employed here.
The vacuum evaporation is reported to give mixed phases,
sphalerite and wurtzite. The latter phase increases with
increasing temperature of the substrate and with rate of
evaporations However the chemical method gives a
homogeneous single-phased cubic CdTles

The activation energy obtained from log ¢ « 1/T
curves in the temperature range 300 to 400°K was 0.65 ev.
The value is roughly half the band gap of CdTe (1.6 ev)s. The
filus obtained by chemical deposition were not very highly
pure so as to give an intrinsiec activation energy also the
range of temperature studied was much below than that required
to reach intrinsic conduction, Reinhard Glang et ale22 have
reported various impurity levels arising from various
dopings. Lead impurity produces p-type CdTe with a level at
051 ev whareas excess Te produces a level at 0.15 ev above
the valence band. However we have not doped our films
intentionally., B.Goldstien and L.Penaak23 reported a level
0.6 ev above the valence band for thin films as well as for
bulk p-type CdTes They attributed the existence of this level
to the lmpurity or crystal defect level, We suggest our filrs
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were p-typey nonetreated and showing 065 ev level above
the valence vand.

Optical absorption studies reveal that the
transitions ware direct and alloweds The ensrgy of optical
activation computed from the graph (a:h2>)z- hY , vas 1.6 ev.
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CADMIUM SELENIDE

6ele Historicsal bangground

Cadmiua selenide occurs in both cubic and
hexagonal form depending on mthod of preparation. It
usually erystallizes 1n wurtzite type but during
precipitation from solution at room temperature it separates
out as zine blend modificationl. The cubic form is
metastable which converts to hexagonal partially at 130° and

completely on heating at 700°C for 18 hrs.2

CdSe : Cubic®

v}

Structure type B 3, Space group F43m -

£

The lattice parameter, a = 6.05 + 0.03 4.
There are four molecules per mnit cell.

All occupy positions as explained earlier for CdTe.

CdSe : WurtZzite
Structure tyne B4, 8race group Pémec
The lattice parameters are
a = 4.3 + 0.01 3, ¢ = 7,01 + 0,02 1.
There are two molecules per unit cell.

There has been very little work done on the
electrical properties of cadmium selenide. D.M.Heinz and
E.Banks4 studied the Hall mobility of several netype samples
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at room temperature. The samples studied were found

to have carrier concentration 3.3 x 1017om"3 and the
temperature dependence of conductivity indicated the
samples were degenerate and the mobility was found to vary
in the range 39 to 900 cnz/v.aoc-

KeHauffe and HeGeFlint®; Tubota et al.®, U.Dolega’

studied the conductivity on the partial pressure of its
constituents. They found shallow donors in crystal fired
under high cadmium pressure. ReBurmeizter® found an
lonization energy of 0.014 in samples annealed under
partial pressure of cadmium,

Mo Itakura and H.Toyoda® studied heat trested CdSe
in Se vapour. They found the treated crystals to be
degenerate n-type with carrier concentration 3.6 x 10% cm™3
and mobility of the order 580 cm2/v.sec.

DeMoHeinz and E.Banks?, R.G.Wheeler and J.0.Dimnocki®
determined the effective mass from Zeeman splitting of
exeitation lines to be 0.13 m which is in good agreement
with the one reported by U.Dolega’ by studying the dependence
of the thermoelectric power on carrier conceatration.
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SeKubo and M,0nukct™® measured the reflection
and absorption of ir due to free carriers in netype
cadmiun selenide. The optical measurements indicated
that the effective masses are anisotropic. There has
been no electrical measurements of the anisotropy.
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6.2, Experimental techniques

Preparation of thin films of cadmium selenide

Thin films of cadmium selenide were obtained
by the reaction of hydrogen selenide gas over the surface
the aqueous solution of cadmium acetate.

A aqueous solution of cadmium acetage was prepared
as described earlier. Hydrogen selenlde gas was obtained
by the action of dilute hydrochloric acid on iron selenide.
Using the experimental sete-up and the same procedure described
earlier thin films of cadmium selenide were obtained. It
was found experimentally that the concentration range
0403 = 0,05 M and pH range 3V 4 were suitable to obtain
good results,

The electron diffraction, dc conductivity and
optical sbsorption in visible region wvere studied employing
the techniques explained earlier.

Although the thickness of the films found to vary
with experimental conditions, the films used for the
conductivity and absorption experiments were having
thickness ~ 1400 4.
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6434 Results

Electron diffraction

Figel displays the electron diffraction pattern,
obtained by transmission for cadmium selenide film,

The d values and the relative intensities for
the various line for the cubic cadmium selenide from the
literature!® and those experimentally observed for our
sample are presented in Table=l. Almost all the 1ines of
our sample are matching to those réported for the cubie
structure. The compound is thus identified as cubic
cadmium selenide.

Tableel
Reported Observed
hic a Relative a @ Relative
intensity intensity
111 3.57 8. 3450 Se
220 2.14 8s 2,12 8e -
311 1.82 S, 1.80 S.
331 1,36 We 1,37 Ve
422 1.23 Ve 1.19 We
440 1,06 Vols 1,09 Voo



Fig.l.

Electron diffraction pattern (transmission)

of CdSe thin film.
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DC conductivity

As 1llustrated in Fig.2 all samples exhibited
an exponential dependence of conductivity on temperature
of the form 3

0 = 00 exp (~Ba/kT)

The value of pre-exponential factor,
60 = 25,12 ohm"ton™) whereas Ea = 0.24 eve

Optical absorption

only (och>)2eh> plot gave a good straight line.
The absorption coefficient was of the order ~ 10%m™} at
room temperature. The optical band gap obtained from the
graph was 1.75 ev (Fig.3).
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. Gede Discussion
T —————

he chemical method of preparation of thin films
amployed here gave pure cublc phase of CdSe. The films
obtained by other conventional methods were reported to
contain hoth phasum, cubic and hexagonal unless some
speeial precautionst®1® yore taken; such as rate of
deposition, substrate temperaturs ete. The existencu of
nized phases in CdSs filus 13 respomsible to produce
intercrystallite boundaries. The depletion layers as
proposaed by H.Borgerr’ and R.L.Pstrizls at sucn boundaries
act as potential barriers for the conduction of olectroas
and consequently affect the eloctrical properties.
Therefore it is essential to define the coaditions of
preparation and eny subsequant thermal treatment of the
specimen while considering the electrical properties of CdSe.

HeBerger et al.'” studied the dependence of electron
concentration on temperature and noticed the existence of
two temperature regions for non-treated and annealed films
at 400 &nd 700°C. The usual inmpurity conduction was observed
upto 400°K, The magnitude of olectron conceantration and its
activation energy was strongly dependent on the deposition
conditions. They concluded that upto 400°C intrinsic
impurities (native crystal imperfections) were effective
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sbove all as donors in case of n-type CdSe. However

above 400°C they observed a stronger dependence of

electron concentration on temperature with Ba equal to

140 eve From dark conductivity measurements ReH,Bube20

and LeAeBarton determined the shallow (414 ev) and d ap
(0s6 ev) dorors as the different lonization states of the
seme crystal imperfection (anlon vacancy)s The shallow
(0s6 ev) and the deep (1.0 ev) acceptor levels obtainad from
room teaperature ir spectrum studies were explalned os the
cation vacancies witn two trapred holes and one trapped
hole respectivelys They reported various activation
energles ranging from 0.8 to 0.4 ev for CdSe crystals baked
at different temperatures between 200 and 400°C whereas
nonannealed samples gav 085 ev as the activation energy.
The latter value is equal to one half the optical band

gap of CdSe (viz, 1.70 ev)s The crystals baked at 500°C
gave single activation energy equal to 0.14 ev.

Keguo Shimizu®l peported two doaar levels, 0«14 and 0,37 ev,
arising from the Se vacancies for the CdSe films baked at
100 and 180% respectively.

OQur films of CdSe were non-treated and gave a single
actlvation energy 0«24 ov in the temperature range 300 to
400°Ks The small value of activation energy suggests a new
level introduced by native imperfections in the crystalline
films such as Se vacancies or un extrinsic nature of the film.
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Incorporation of foreign impurities®=23 gyen
as Cdy Iny Sny Pb causes a decrease in the resistivity of
CdSe whereas Cuy Ag, Se substitute Cd from CdSe resulting
in the increase in the resistivity. Copper®? introduces
an acceptor level at 0.6 ev whereas Cl or Ga gives rise to
donor level at ~ 0,03 eve Indiffusion of oxvgonas'ze is
believed to fill up the Se vacancies resulting in the
increase of resistivity of CdSe.

Howsver our films ware not intentionally doped with
foreign impuritiss, Ths possibility nf the formation of
Potential harriers arising from the diphasic modification
of CdSe 1s also ruled out because our samples were of purely
cubic phase as conq;.mod with electron diffraction studies.
Ascording to ReH.Bube®’ the slope of log o =1/T for an netype
material having donors partially compensated by accepters,
gives the lonization energy of donors. Our experimental
value of astivation energy appears to be associated with
some donor resulting from selenium vacancies although the
value 1s little higher than expected, which can be attributed
to the erystal imperfections playing a large part in
electron conduction mechanism at low temperatures,



The value of the optical band gap reported by
ditferent investigators>3l panges from 1.74 to 1.84 ev.
However the accepted value for the band gap is 1.7 ev.
X.Rogge at ale 5 reported a shift of about 70 am to
longer wuvelengtiih for cubic phase as opposed %0 hexagonal
phase of CdSe. Our absorption studies on cubic CdSe
revealed that the optical transitions were direct and
alloved with an optical activation energy 1l.75 ev,.
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SUMMARY AND CONCLUS IONS

The films of As,Teqy As4804, szroa, SbZSoa .
CdTe and CdSe were prepared by employing the chemical
method described earliers The electron diffraction
patterns were taken for these [ilms. AsgTeg and As 259
vere identified as monoclinic. The film of SbyTey gave
a rhombohedral pattern. The filas of both CdTe and CdSe
Were revealed to be cubic whersas the {ilm of SboSe, was

amorphous showing only diffused rings on the patierns

The compound Al48.4 was prepared in glassy form
by melt quenching method. The x~ray diffraction pattern
for the powdered M4804 showed broad haloes revealing its
glassy nature. DTAy; DIG and TG curves were studied for
the compound u4804 as vell as for the mixture of As and Se
of the same composition and concluded that the compound
As“-"n‘ was a single phased.

To study electrical properties of these films,
Al or Au electrodes were deposited in vacuum,
I=V characteristics for sandwiches like

(1) A1 - Asgles = Au (2) Al - 4s,3e, = Au

(8) Al « Bbzi'oa - Au (4) AL - szsos - Au
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vere studied. The ac I=V plots were linear in all the
cases but the dc ones showed different behaviour. The
de I-V plot for sandwiches (1) and (2) showed an ohmic
behaviour upto certain fixed range of applied voltage.
Above this eritical voltage there was an abrupt rise in
current followed by the subsequent fall in the current
to a certain lov value.

In case of sandwiches (3) and (4) the I~V plots
were non-linear whereas the plots of log V versus log I
were linear with a slope value equal %o 2. This power law
dependence was attriduted to the space-charge-limited current.

The activation energy computed from the conductivity
curves for crystalline AsyTeg films was found to be
independent of the applied field unlike the amorphous
Asgle, films. Annealing of these crystalline films also
shoved no effect on activation energy. A constant value of
activation energy observed for crystalline AsgTe, was
0«47 ev ‘which is less than a half of the optical band gap
(viz. 1.1 ev). This activation energy may be partly
associated with hopping. The optical absorption studies
revealed that the crystalline AspTe; is a direct band gap
material with the optical band gap equal to 1.10 ev.
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The conductivity curves for the crystalline
AsgSe, fllms as well as for vacuum deposited amorphous
AsySe, films showed two slopes with low temperature
activation energy ~ 0.15 ev and high temperature value
~ 0495 ev. The lov temperature activation energy was
attributed to the extrinsic nature of the compound arising
from the possible photodecomposition or thermal
decomposition during evaporation in vacuume. The high
temperature activation energy, 0+95 evy 1is rougily one half
of the optical band gap of As e, (viz. 240 + 0.1 ev) and
thus indicating the intrinsic coaduction. To explain the
conduction mechanisa a possible alternative 1s also given
considering two types of impurity states.

However the bulk glassy 48,5e, shoved a single
activation energy (0+98 ev) throughout the temperature
range studleds This was attributed to the so called
intrinsic behaviour resulting from the pianing of the Fermi
level near the center of the gap as proposed for the
amorphous semiconductors having gap states.

Generally, the impurities in amorphous semiconductors
do not have noticeable effect on electrical conduction
because the impurity atoms can accommodate themselves in the
host matrix so that all the outer electrons will be taken up
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in bonds. 2% of Cdy Zn, Ge and Sn in As Se, bulk showed
no effect on electrical conduction. In all the cases only
one activation energy (~ 0.97 ev) was observed which was
quite comparable to the parent glassy As;Se,.

However 24 Ag in As Se, bulk gave two activation
energles 0+20 and 0.55 ev whereas 2% of Cu in As,Se, bullk
gave the values 0.13 and 0,58 ev. In both the cases the
reduction in activation energy was observed.

The optical absorption studies revealed that
AsgSe, 1s a direct band gap material with the optical
band gap 2.0 # 0.1 ev.

In case of erystalline SbgTe, films the conductivity
curve showed a single activation energy but as low as 0.12 ev
whereas the optical band gap was reported to be 0,30 ev.

We did not observe annealing effect as reported by earlier
authors and thus ruled out the presence of grain boundaries
in our samples. The Seebeck coefficient for SboTe, was found
to be 50 # 20 M V/°K and was independent of temperature.

The value of Seebecik ccefficlent suggested that the Fermi
level was close to the valence band edge and the difference
between them was ~ 0.015 eve The higher activation energy
obtained from the conductivity measurements was attributed

to be assoclated with mobility. The optical band gap was
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found to be 0427 ev for our films of erystalline Sbaroa.

Antimony Selenlde was amorphous and the conductivity
curve shoved a single activation energy equal to 0.42 ev
whereas the optical band gap was found to be 1.25 eve We
could not reach the intrinsic range of conductivity for
SboSeqe The small value of activation energy may be
assoclated with some impurity level at 0.42 ev above the
valence band as the material is p-type. The weak absorption
below the edge suggest the absence of gap states, The
activation energy may also be due to change in mobility with
temperature as in a hopper. This point could be best
resolved by measuring thermoenf,or Hall effect as a function
of temperature. Unfortunately we could not perform
thermoenf measurements because of the high resistance of
the sample.

The dependence of absorption ccefficient on photon
ehergy revealed that the amorphous SDZSea has an indirect
band gap of 1.25 eve

Cadmium telluride was obtained in cubic form. The
temperature dependence of conductivity showed a single
activation energy 0465 ev which was less than a half of the
optical band gap ( 1.6 ev)s We concluded that this
activation energy 0.65 ev might be associated with impurity
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level or crystal defect level.

The cubic CdSe films also gave a single activation
energy O0.24 ev which was attributed to native imperfections
in the crystalline films. The native imperfections might
be arising” from Se vacancies. The optical band gap for
CdSe was found to be 1.75 ev.

Invariably, the optical absorption coefficient oc,
for all the compounds studied except amorphous szs’a
obeyed the relation,

¢ (b> - Bg opt)?

s hy

indicating the compounds were direct band gap. The
amorphous 8b2803 showed the following dependences

¢ (hv - &g opt)®
=
B>

The amorphous Sbasoa gave an indirect band gap equal to
1425 eve

The chemical method of preparation of thin films
of chalcogenides has its own merits which are sumnarised
below.

(1) Large area uniform films can be obtained without
any speclal provision,.
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(2) The films obtained were free from grain boundaries and
volids which was examined under projection microscope.

(3) It has beea observed in many cases that the thickness
of the £film increases with time (during the deposition)
unto certain thickness beyond which no growth takes
places This upper limit of thickness retains fopr
particular compound under particular experimental
conditions. The advantage of this finding is to
produce filus of reproducible thickness for optical

and electrical measurements.

(4) Above all, this method 1s so simple and easy that
one can employ it to wmass scale production of thin
filuse The same solution can be repeatedly used and
thus the losses during the process are negligible and
consequently the ultimate cost of production will be
reduced considerably.

The above observations hopefully demonstrate the
inmportance and usefulness of this chemical method of
preparing thin films of semiconducting chalcogenides.
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