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L INTRODUCTION :

Phoftoconductivity processes involve absorption of energies from
electromagnetic radiations (X-rays, y-rays, UV, visible light, IR) and the
excitation of charge carriers from a non-conducting ground state to a higher
energy state where they are free to contribute to the electrical conductivity and
the return of charge carriers from the conducting states to their ground states.
These are structure sensitive phenomena depending on impurity content and
structural defects in the material. All semiconductors and insulators are
photoconductors. The life time of the free carriers and capture cross sections are
important characteristic parameters of a photoconductor. The conductivity
increa_ses upon exposure to suitable radiation. The number of materials, for
which the conductivity increases large enough and hence can be useful, is fairly
very small. Whereas an ample study can be found reported in literature on the
thermoelectric and other transport properties of Bi,Te;  °, there is no report so
far on photoconducﬁivity study particularly on the doped Bi,Tes thin films. The

results obtained of measurements of photoconductivity of Sbg,Bi;gTes
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Sny, Bi; gTe; and Bi,Te, gSeq, thin films carried out by the author are presented

below, following a general overview of the phenomenon.

II. GENERAL DISCUSSION :

When light is absorbed by a material so as to raise electrons to
higher energy states, several possibilities occur. If the excited electrons are in
the conduction band, the conductivity of the material increases as a result of
absorption of light and the effect is known as photoconductivity. If the excited
electrons give up their excess energy in the form of photons while returning to
their initial state, the effect is known as luminescence. The photocurrent (current
increased by illumination) depends on the intensity and wavelength of the
illuminating light and the temperature of the specimen.

Trapping is a fundamental process for energy storage in almost all
electronically active solids. This energy storage is accompolished by the spatial
location of an electron or hole, in such a way that the electron or hole is
prohibited from moving freely through the crystal unless supplied with thermal
or optical energy. When the trapped electrons or holes are released, they are free
to move until captured by a recombination center or by another trap. Those
regions which are able to capture electrons and holes and detain them in a

restricted volume are called traps.
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The capturing centres may be classified into two groups'®:

1. Trapping Centre : If the captured carrier has a greater probability of
being thermally re-excited to the free state than of recombining with a carrier of
| opposite sign at the imperfection, the centre is called a trap centre.
2. Recombination Centre : If the Acapfured carrier has a greater probability
of recombining with a carrier of opposite sign, say, at the imperfection, than of
being re-excited to the free state, the centre is called a recombination centre.
Although, a centre with an energy level lying near-one of the band edges will be
more likely fo act as a trap than as a recombination centre (and vice versa for
centres with levels lying near the middle of the forbidden gap), the distinction
between traps and recombination centres is a distinction drawn on the basis of
the relative probability of thermal ejection versus recombination, i.e., on kinetic
conditions, and not on the basis of the intrinsic nature of the centres themselves.
A recombination centre at one condition of light level and temperature may act
as a trap at another condition of light level and temperature.

Recombination may also occur, as in the more usual cases, through
recombination centres : either an electron being captured by an excited centre
containing a hole, or a hole being captured by an excited centre containing an
-electron. A photoconductor quality is judged usually by photosensitivity which

means photocondctivity per unit excitation intensity, i.c., the change in
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conductivity caused by excitation divided by the excitation intensity.

When light of appropriate wavelength is incident on a photoconductor
free electrons and holes are generated at identical rates and recombine via the
discrete states (impurity levels) (Figure - 1). On physical grounds it can be stated
that there are states (A) near the conduction band and above steady state electron
Fermi level such that the electrons falling into these states are rapidly re-excited
thermally into the conduction band. These states which are in thermal
equilibrium with the electrons in the conduction band are known as shallow
trapping states. It is also clear that the electron falling into deeper lying states
(B) will not be thermally re-excited for a long time. Before thermal re-excitation
takes place, such an electron is more likely to capture a free hole. These deeper
lying states are known as ground states (recombination centres). The electrons
and holes falling into these states have completed their life history. The
occupancy of ground states by electrons or holes is determined by purely kinetic
processes of recombination. The occupancy of shallow trapping states is
determined by the condition of being in thermal equilibrium with the electrons
in the conduction band or the holes in the filled band.

Bube® has conveniently defined the location of a demarcation level,
separating the trapping and the re-combination levels with a more intricate

picture of distribution of states.
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measurements of luminescence provide useful information about critical steps in
the mechanism of photoconductivity.

According to the Scharnhorst model® the temperature dependence of
photoconductivity is through

Ac(T) o« peng(T) = pAn ... 1

The maxima in Ac (T) will be observed regardless of the magnitude of the
fixed intensity of illumination, (where An is the excess electron density, ng is the
equilibrim electron density, p is the carrier mobility and A" photoconductivity).

Roset explained the photoconductivity dependence on intensity and
temperature on the basis of the concept of electron and hole demarcation levels
mentioned above. The recombination velocity is governed by the discreate states
lying between the two demarcation levels. Discreate states lying outside the two
demarcation lines have a negligible effect on recombination. The positions of
demarcation lines usually coincide almost exactly with steady state Fermi levels
or the quasi-Fermi levels, the ‘ portions of which in turn determine the electron
and hole densities in the bands. When the rate of generation of non-equilibrium
carriers increases, their densities in the band increases and the quasi-Ferim

levels are displaced towards the band edges. Consequently, the levels which

151



have acted as traps under weak excitation now become recombination centres.
Conversely, when the generation of non-equilibrium carriers is reduced, their
density decreases and the quasi-Fermi levels approach one another coming close
to the equilibrium position. Then the levels which have acted as recombination
levels under intense excitation become traps. =

In the case of weak excitation, when the free carrier densities are low
compared to the densities of band electrons and holes, the total densities of
bound carriers remain practically constant. However, the localized electrons and
holes are re-distributed between recombiﬁation and trapping levels by

intermediate transitions to the bands and from bands to these levels.

III. Experimental Results :

Thin films of Sby,Bi; sTe;, Snp, BijsTes and Bi;Te,sSeq, were prepared
on cleaned glass substrates at room temperature (~ 313K) using the thermal
evaporation method under a pressure of 10° Pa. 180 nm, 190nm and 210 nm
thick films of these materials were obtained. Aluminum film electrodes with
finger shape geometry were deposited on the films, as shown in Figure-2. This
particular geometry of the electrode enables a large sensitivity area to be
employed between closely spaced electrodes and hence increases the sensitivity.

The photoconductivity of these films was measured as a function of illumination
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time, intensity and temperature. The illumination source was a 750 watt halogen
lamp. The intensity was _measured by a foot-candle meter and converted into
units of lux. The photocurrent was measured by a microammeter. For higher
temperature studies, the sample was kept inside the vacuum chamber (10”° Pa.)
to prevent oxidation. As in the conductivity experiment, radiant heater and
chromel-Alumel thermo-couple were used for heating and measuring the

temperature, respectively.

Variation of Photocurrent with intensity :

Variation of logarithm of photocurrent (which is the difference of
currents obtained under illumination and under darkness) with light intensity,
obtained ' for Sby; Bijg Tes, Sngs Bijs Té3 and Bi, Te, s Sep, thin films is as
displayed in Figures 3 (a),(b) and (c), respectively (i.e. Log Ac Vs LogL ). The
readings were taken at room temperature. The light intensity was varied from
150 lux to about 800 lux . It can be seen that there is a change in the slopes of
the straight lines, observed in all the three cases at a light intensity of around 646
lux . The slope values n are indicated near the respective regioﬁs in the plot.
Similar changes have been reported in a number of semiconductor films (5-21

This change conespoﬁds to a change involving the behaviour of a centre,

from that of a trap to that of a recombination centre with change in intensity. If
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the electron Fermi level in a photoconductor is raised by increasing light
intensity or lowering temperature so as to include levels formally acting as
electron trapping levels, the increased recombination due to these levels causes a
decrease in photosensitivity[gl. This decrease in photosensitivity manifests itself
by a decrease in n, in the relation Ac o L", where L is the light intensity. The
decrease in photosensitivity is known to set in fairly suddenly if trapping levels
involved are reasonably monoenergetic.

The excess electrons/iﬁsed by illumination increase the rate of capture by
the traps which are then gradually filled. The rate of filling of traps can be varied
by altering the intensity of exciting light.

If an excess of electron density A n is established by optical excitation

(generation rate g;) then

where ny is the equilibrium electron density, V is the recombination velocity and
S is the cross section for recombination capture.Let us write (ng VS)‘1=I. It
clearly indicates that An « g, if T is a constant, or when 1 changes there is
substantial departure from the linear increase of photoconductivity with
excitation intensity, i.e. a change in the degree of population of capture levels.

The photocurrent variations in Sbg,Bi; sTes,Sng,Bi; gTes and BiyTe, sSe 2
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thin films with time and intensity of illumination, are shown in Figures 4
- (a), (b) and (c). The sample was exposed to light for 200 seconds and then the
light was extinguished and readings were taken continuously. The
photoconductivity rise and decay are of considerable interest as these
phenomena are sensitive to trapping effects due to impurity levels. It can be seen
from Figures 4 (a), (b) and (c) that when low intensity light (242 & 344 lux) was
incident on the sample, there is a steep increase in the photocurrent from A to
B, followed by a slow rise from B to C and exhibiting saturation from C to D.
When the light is extinguished the photocurrent suddenly decreases upto a poiﬁt
E and reaches a steady value beyond E . Under strong illumination (= 646 lux )
similar rise and decay are observed excepté for a plateau being absent at the
maximum. Since the illumination time was limited to 200 sec to avoid heating o'f
the specimen, the saturation region was not reached in these cases.

The photocurrent during the decay will be proportional to the rate at
which carriers are thermally freed from traps, multiplied by the appropriate life
time for the freed carriers. Those traps which have been filled during the
excitation of the material will become empty, when the excitation is removed, at
a rate depending on their capture cross section and their ionization energy[g]. If
it is assumed that re-trapping of the carriers freed from traps is negligible, then

an exponential decay is expected. If many different types of traps are present,

155



2 - N
Bl O
oy
'l"'z RS 1. 2‘42 L)J)(
g & B g
&> o Ke'dhQ 2,
’I"f J X B \ N 317'1.} Lz,;x
& S O
" < VA LAY,
18 v, N
T {/ 5 (X Q A, ?63 LU\X
22e A A G
= & & NS, 361 Ly
X
( "' (2 4.4 3
“0 * A AN “
Qo ¥ D O
o 7 ol,‘ X \‘\‘\
V)
;1 ll 4 § C D 2N
D.‘.Q" 7B A e 58 SN
e ) X ° o N N
?5 Y, 4, o . N S
’ ¢ % u A 0 N
J 13, A a‘ o-506-6, A C N 5
Q O A ed g C D& al ¥ 8 NI
5 |do/ " 06 NS
¥4
T ‘g'/‘ ¥ 2 y oo AL og 4 D
e o 7 e » SACacmS
A [A 2 & 3 [RANYN 3 D
5. a8 1 B & AN C by VS AN N
A o 2 & = D/
B ) %) S L3
(2 B3 O CNG)
<22 Q00 Oromooe
Z 0066660
B
l’ E 1 F
A -
T T |
100 200 300 400

TIME ($Ec) —

Figl; (a)



PUDTOLURRENT (168 A) ——

18]

&

3

i

(3}

100 . 200

CTIME (SEC) —»




)

Photocurrent(10 A)

20

15

&

a o Xy
o % A
? o
2 \v) 19 ©
2 g
& ¥
Q) v, <

Lo 2492 Luy
2. 34y Ly
3. 644 lyx
4. 963 Loy
6. F61 lux

200
TIME (sec)




with different capture cross sections and ionization energies, as seems to be
frequently the case, the decay curve has time dependence which can be
expressed generally as
I = It T 3

where t is the time ,I, is the initial carrier concentration, 1 is the carrier
concentration at time t and n is a constant which may vary in different ranges
of t and also be dependent on illumination intensity. Thus the photocurrent
decay should follow a similar power low. The plots of log (photocurrent) versus
log (time) in the decay region are as shown in Figures 5 (a), (b) 6 (a),(b) and 7
(a), (b) for two extreme illumination intensities and for the three materials. The
values of decay constant obtained at different illumination intensities are shown
in Table-1 for these materials. There is observed a substantial decrease in n at
higher intensities.

The photoconductivity rise and decay results obtained agree with those

RN p-type silicon where the rise and decay of

observed by Hornbeck et a
photoconduction was found to be due to the presence of shallow and deep traps
in the material with reference to Figure 4, Ythe photoconductive rise from A to B
is caused by excess electrons and holes produced by light in the conduction and

valence bands. These photogenerated carriers reach equilibrium concentration in

a time which is of the order of the life time of the electrons in the material. The
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TABLE -1

Decay Constant, n

Sbho, Bi s Tes Sng, Bi; 3 Tes

Intensity Lux Bi, Tey g Seo
242 2.58 2.09 0.076
861 1.8 0.026 0.030




slow increase in photoconductivity from B to C and almost constant
photoconductivity from C to D are an evidence of trapping of carriers in
shallow traps. When the light is switched off, the drop in photoconductivity
reflects the decrease in carrier density caused by recombination of excess
electrons and holes in the conduction and valence bands, i.e., a normal
recombination process. The steady photoconductivity beyond E is slightly
higher than the original value which may be because of the filling of deep traps
that may occur in this time scale. In a number of compound semiconductors also
such behaviour has been observed. For example, similar results were obtained
by Dutta et al.l™ in the case of PbSe thin films, Bhatt et al ™¥ in the case of

SnSe and Patel et al"? in the case of AglnSe; thin films.

VARIATION OF PHOTOCURRENT WITH TEMPERATURE :

The temperature of the sample under illumination was varied from room
temperature to about 403K and the photocurrent was measured.The variation of
photocurrent with temperature of the film under constant light intensity (646
lux) is as shown in Figure 8 (a), (b) and (¢) . There is a peak at 353 K, above
which the photocurrent decreases with increase in temperature of the film. This
is due to the fact that, if the traps are filled by excitons at a low temperature,

they may be emptied by raising the temperatre. Usually for the sake of
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convenience the temperature is raised nearly at a steady rate. The increase of
thermally stimulated conductivity is proportional to the rate of trap emptying
multiplied by the appropriate life time. A curve of current for single trap depth is

some what asymmetric with a fairly sharp maxima at a temperature ( as in the
present case), which is determined by the capture cross section of the trap and
the heating rate.

Scharnhorst ! explained a transition from An/n, >>1 (where A n is the
excess electron density and n, is the equilibrium electron density), at low
temperature to An/ng <<1 at high temperature to account for the peaks observed
in the photocurrent variation with temperature. According to his model, the
temperature dependence of photoconductivity is through

Ac (T) =« pon, (T)=pAn
The maxima in Ac (T) will be observed regardless of the magnitude of fixed
intensity of illumination,(where n is the excess electron density, ng is the
equilibrum electron density,puis the carrier mobility and Ac photoconduc-
tivity), if, in addition, - W(T), the carrier mobility, is a monotonic

function of T, which decreases more slowly than ny(T).
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CONCLUSIONS :

1.

n

From the plot of log of Ac versus log L it can be concluded that Ac oc L'}
where n is around 1 up to L = 646 Lux and for L > 646 lux, n is

around 0.6. This change in n can be assigned to the change in behaviour

of a center from that of a trap to that of a recombination center.

The photoconductivity rise and decay observed in the present case show

the presence of shallow traps.

It is also observed that the photoconductivity increases with temperature

of the samples up to 353 K and tilen decreases. This is probably due to

emptying of traps up to 353 K whereas the sharp maxima indicate the

possibility of single trap depths.
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Flectrical Resistivity and Optical Band Gap of Doped
Bi,Te; Single Crystals

C.I'. Desai and P.H. Soni
Phystes Department, Faculty of Science,
The M S Univeranty of Baroda, Vadodara - 390 002, India

The V-VI compounts are narrow andgap semiconductors and usclul as
thermoelectric device maten. Is. Pad cularly Bi;Te; among these is known
0 have gl potentia! for th tmoelectric generation. It usually has n-type
conduchivity and a bandgap of about 0.16 eV. Therc have been various
studics on the buk and thinfilm characteristics of Bi;Te, both pure and
doped with Sb, including the optical and clectrical propertics. There is also
a repert on nucroharducess of BiyTe; single crystals. While, majority of
work cr this system has been aimed at thermoclectric charaterization,
little, if any, has been reported on the effects of dopants other than Sb. The
authors report 1 this paper the results of their clectrical resiistivity and
optical band gap study of single crystals of Bi,Te; doped with Se.Sa, and
Sbhoat the level of 4 alomic percentage of cach. For conductivity
mcasurcments, four picbe fechmique was used along the cleavage surfaces
of ithe arystals The resistivity was measured in the temperature range 35°
Cto 130" C and the fereperature  dependence of resistivity was used (o
obtain the activation cnetgy

The optical absorbouce of these crystals was measurcd in the wave
nember fange froa 500t 3000 em™ and the absorption ceefficient o was
cilcutmed as & function of photon cnergy. The plots of (o hv)? Vs photon
encrpy (ho) weie used to evaluate the optical band gaps The transttions in

atl the cases were ob.erved to be allowed direct type The results are
discussed in the paper

INTROBUCHION

The V-VI groap compound: are narron band gap senusconductors and known to find applicaions
ranging, from photoconductsve fargets in TV cameras o LR, spectroscopy. Among these BiyTes ts the
most potential matedial for thermoclectronic devices (1-2). It enystalizes into a rhombohedral structure
with space group R3m. Its melting pont 15 about 573°C It usually has n - type conductivity and a hand
gap of about 0 16 ¢V There have been varous studics on the bulk and than film characteristics of Bi.Tc;.
uwcluding thermoclectiic characicnization and optical and clectrical propertics (3-5). There is also a rcport
on nucrohardness of D Tey single crystals (3) We hereby report the clectrical resistivity and optical band
p of Bi; Tey doped with Sb,Sc and Sn at the level oﬁ atomic pereentage cach.
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EXPERIMENTAL

The single crystals were obtamed from stocltomettic mintures of the respective ciements of SN
punty, using Bridgman - Stockbarger mcthod The crystal quality was such as to yield a fairly planc
cleavage surface, The vacuum pressurc used to scul the quartz, ampoules containing the charge was of the
order of 10 Pa and the ampoule fowering rate and the furnace temperature gradicnt  “re kept at 3.5
muvhr & 457 Clem, respectively

The conductivity type of the orystals was tested by the hot probe maliod  Sb, 2By 3 Tes and
Sngy Bi; 4Tey exitubited p -type conductivity, whereas BiaTe, ySeq 2 was found to be n-type. For electrical
resistivity measurements, Valde's four-probe technique was used along the cleavage surfaces of the
crystals The measurements were carried out at different temperatures in the range from 35° Cto 130° C,

For optical band gap study, a FTIR spectrophotometer (BOMEM, Canada) was used. The opticat
gaps ware evaluated from the absorbance versus photon energy data. The spectra were repeated on two to
three samples

RESULTS AND DISCUSSION

The room temperature resistivity of Sb,» BiggTey . SngiBijg Tey and BiyTe,3Seqs  single

crystals were measured to be 2.1x107 @ cm, 064x10° @ cm and 0.51x107 @ cm. respectively. The

temperature dependence of the resistivity, p. of the three crystals is shown in Fig -1. The plots indicatc

extrinsic conduction in the temperature range uscd and obey the relation p = pg exp Q—EpIKBT). where Ep

is the resistivity activation energy. The actuvation energy values calculated from the corresponding slopes

are found to be Qi leV, (010¢V and 0442 eV, respectively. To access the intrisic regime, measurements at
still higher termperatures need be conducted

The optical absorbance was measurcd in the wave number range from 500 to 4000 cm™ . The
(o)’ versus (hv) plots of the respective semiconductors are shown in Fig - 2, where hu= photon energy
and o = relative absorption coefficicnt. It can be scen that the plot is linear in the region of strong
absorption near the fundamental absorption cdge. Thus, the absorption takes place through direct
interband transition (6). The band gap is obtaincd by extrapolating the linear part to the zero of the

ordinate. The optical band .gaps. thus obtaincd are 0.22eV, 0.22¢V and 0.24c¢V respectively, of
Sb, - Bi; gTey “ Snys Bi; g Tey and BiaTeyg Sco
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Sbg.2Bij aTes single crystals have been grown by the zone melting and Bndgman-8tockbarger methods.
The freezing interface temperature gradients of 90°C/cnband 45°C/cm, respectively, have begen found A
to yield the best quality crytals obtainable at the grow@r‘ate of 0.35 cm/h. The crystals have been g

characterized by the powder XRD technique. The crystals growth by the zone melting method have
been observed to exhibit certain typical features on their top free surfaces. A new dislocation etchant
has been developed to give reproducible etch-pitting on the cleavage surface. Tests of this dislocation
etchant have been carried out successfully and the etchant has been used to obtain dislocation density

in the crystals.

1. Introduction

The Vo—VI3 (V=Bi, Sb; VI=Se, Te) binary com-
pounds and their pseudobinary solid solutions are
highly anisotropic and crystallize into homologous
layered structures parallel to the ¢ axis. These are
typically narrow band gap semiconductors — E, ~
0.2 eV, ~ 0.35 eV and ~ 0.16 €V for SbyTeg, BizSes
and BipTey, respectively — and are known to find
applications ranging from photoconductive targets
in TV cameras to IR spectroscopy.!® There are
also a few applications like in temperature control
of laser diodes,® optical recording systems* and
strain gauges. Among these compounds, BipTes is
the material %ith the most potentiallfor thermoelec-
tric devices such as thermoelectric generators ther-
mocouples, thermocoolers and IR sensors with the
best figure of merit near room temperature.36-9 It
also finds applications in electronic, microelectronic,
optoelectronic and electromechanical devices.>10 It
has a rhombohedral structure with space group
R3m, melting point 573°C and p type conduc-
tivity. There have been various studies of the optical
and electrical properties of single crystals and thin
films of BipTes.1?~15 There is also a report on the
microhardness of Bi; Te; single crystals.? However,
there is hardly any work reported in the literature

on the crystal growth and dislocation etching of
BiyTes-based pseudobinory crystals. This is partic-
ularly so in the case of the solid solutions, BizTes:
Sh. Further, the impurity addition is also known to
modify the band gap as has also been cobserved by
the authors.}® The present paper reports the results
obtained on the growth and dislocation etching of
SbyoBij sTes single crystals.

2. Experimental

The stoichiometric weight proportions of the elemen-
tal materials of 5N purity were mixed and melted
under a pressure of 107° torr in a sealed quartz am-
poule. For this, the melt was continuously stirred
for 24 h at 10 rpm and then air-quenched. The in-
got so prepared was subjected to crystal growth by
the zone melting and Bridman-Stockbarger meth-
ods. For the zone melting method, the molten zone
was set to a length of about 1.5 cm and the freezing
interface gradient to about 90°C/fcm by controlling
the furnace temperature within +5°C. Thirty alter-
nate zone passes were given to the ingot to level off
the dopant, and other impurities. The zone travel
rated used was 0.35 cm/h. The last of the zone-
leveling passes was used for self-nucleated crystal
growth. For the Bridgman—Stockbarger method, the
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Fig. 1. Temperature profile of the zone melting furnace.
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Fig. 2. Temperature profile of the
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temperature gradient across the melting point at the
lower end was set to 45°C/cm by controlling the
furnace temperature within +5°C. It was lowered
through the gradient zone at the rate of 0.35 cm/h.
Single crystals of dimension about 6 cm in length and
1'cm diameter were obtained. The temperature pro-
files of the zone melting and Bridgman-Stockbarger
furnaces are shown in Figs. 1 and 2, respectively.

1st Reading

For the X-ray diffraction analysis of the powdered
samples from the crystals, the X-ray diffractometer
Philips PM8203 with PW1390 channel control, and
the PW1373 goniometer have been used. It was op-
erated at 3540 kV and 20 mA with a Cu target
(A = 1.5418 A). The powdered samples from differ-
ent parts of the crystal were subjected to the anal-
ysis. A new dislocation etchant capable of revealing
dislocatior? intersecting the cleavage plane was devel-
oped using AR grade chemicals, as described below.

3. Results and Discussion

The crystals obtained by zone melting were found to
exhibit some well-defined growth features on the free
surface. Figures 3 and 4 show these features. Fig-
ure 3 shows layers spreading over the surface of the
crystal, indicating that the layer growth mechanism
is effective. Frequently, there were growth hillocks
observed as shown in Fig, 4. Such hillocks with equi-
lateral triangular sections reflecty the (111) orienta-
tion of the growing crystal.

The typical X-ray powder diffraction pattern is
shown in Fig. 8. The pattern consists of well-defined
sharp diffraction lines. The full width at half maxi-
mum (FWHM) of the peaks confirms the good crys-
tallinity of the specimens. The identification of
the peaks in diffraction intensity was made using a
JCPDS data card.’? The compound and index as-
signments are indicated on the major peaks in the
respective plots. The observed and the JCPDS ﬁlé:d
values are found to be in fair agreement. BizTez hasa
rhombohedral structure and its hexagonal unit cell is
often used in crystal structure studies.!! Y. Feutelais
et al. have reported the values of lattice parameters

Fig. 3. Layers observed on the ‘free surface of the as-
grown crystal.
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Fig. 4. Growth hillock on the crystal surface.
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Fig. 5. XRD plot of Sbo.2Bi; sTes.

of the hexagonal cell, as ¢ = 4.395 A and ¢ =
30.44 A, in good agreement with our calculated pa-
rameters: a = 4.387 A and ¢ = 30.39 A. The crystals
grown as described above were cleaved at 0°C. The
constant orientation of the cleaved plane along the
entire length of the ingot indicated the sample to be
necessarily a single crystal. We have found no misori-
entation on the cleavage plane as observed under an
optical microscope. This observation is supported by
our etching studies. The crystals were free of grain
boundaries except for occasional low angle bound-
aries.

A. Sagar et al. have reported chemical etching
of Bi,Te; single crystals.}? Their results were found
difficult to reproduce, which may be due to the pres-
ence of Sb in the present case. However, the authors,
after numerous trials, have developed a dislocation
etchant to work on the (111) surface of these crys-
tals. The etchant consists of 3-part conc. solution
of iodine in methanol, 0.3-part HCI (70%) and 0.3-
part HNO3 (70%). This mixture was used to etch
the surface of freshly cleaved crystals. The minimum
etching time to produce well-defined triangular etch

Fig. 6. Etch pit arrangement observed to delineate spe-
cific dislocation orientations.

pits at room temperature was about 30 s, and this
could be extended to 60 s without deteriorating the
surface to any appreciable extent. The etching was
followed by rinsing the etched sample in methanol
and air-drying.

The etchant produces well-defined tri ar
pits, exhibiting the three fold symmetry axis perpen-
dicular to the (111) cleavage plane. Figure 6 shows
the etch pattern observed after etching the specimen
for 30 s. In Fig. 6, an interesting etch pit configu-
ration is observed, viz, etch grooves along the {112]
and {110] directions termifiated by etch pits. The
etch grooves produced by a dislocation etchant are
known to correspond to dislocations parallel to the
surface rather than inclined to it.1% Not frequently
observed, such a pattern indicates a dislocation pair
intersecting the observed plane and connected by dis-
location lying in the surface. In the cited example,
the surface-confined dislocations are along the [112]
and [110] directions delineated by the etch grooves.

Etch patterns obtained on oppositely matched
cleavage faces are shown in Fig. 7. There is almost
one-to-one correspondence of the etch pits observed,
implying that the etch pits are necessarily at disloca-
tion sites. Figure 8 illustrates etch grooves obtained
after etching the specimen for 30 s. Thus, apart from
isolated dislocations, low angle boundaries are also
seen to be delineated by the etch pits. Further tests
for the dislocation etchant, like successive etching of
a surface, scratching or indenting the surface and
etching it; were conducted to obtain satisfactory re-’
sults. Thus, the etchant composition stated above
is capable of revealing the grown-in and freshly pro-
duced dislocations intersecting the cleavage plane.
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Fig. 7. Matching of etch patterns on cleavage surface counterparts.

Fig. 8. Etch grooves produced by the etchant.

The average dislocation density of the crystals
grown by the Bridgman-Stockbarger and zone melt-
ing methods were found to be 1.9 x 10° and 1.4 x
105 ¢m~2, respectively, as measured by the etch pit
count method. .

4. Conclusions

The above results show that good quality single
crystals can be obtained by the zone melting and
Bridgman-Stockbarger methods. The observation
on growth features indicates the layer mechanism to
be effective in the growth of the crystal. Also, the
new etchant is capable of revealing dislocation inter-
secting the cleavage plane.
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Creep activation energy of flow process in Bi,Te,sSe,, single crystals
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Abstract. Temperature dependence of the Vickers microhardness of Bi,Te, Se,, single crystals has been
studied. Loading time dependence of microhardness at different temperatures has been used for creep study
in the temperature range 303 K~-373 K. The activation energy for indentation creep of the crystals has been

evaluated.

Keywords. Vickers microhardness; cleavage surface; creep; activation energy.

1. ‘Introduction

The V,~VI, (V=Bi, Sb; VI=Se, Te) binary compounds
}énd their pseudobinary solid solutions are highly aniso-
tropic and crystallize into homologous layered structures
parallel to the c-axis’ and known to find applications
ranging from photoconductive targets in TV cameras to
R detectors (Stolzerm et al 1986; Arivuoli et al 1988).

,—VI, compounds are narrow band gap semiconductors:
. 0-2eV, ~0-35¢V and ~0-16eV for Sb,Te,, Bi,Se,
nd Bi,Te,, respectively. There are also a few applications
or temperature control of laser diodes (Rowe and
Bhandari 1981), optical recording system (Watanabe et al
1983) and strain gauges (Atakulov et al 1982). Among
hese, Bi,Te, is the most potential material for thermo-
slectric devices such as thermoelectric generators, thermo-
bouples, thermocoolers and IR sensors with the best
figure of merit near room temperature {Roy et al 1978;
ieon et al 1981; Rowe and Bhandari 1981; Goodman
1985; Jansa et al 1992). It also finds widespread appli-
tation in electronic, microeléctronic, optoelectronic and
electromechanical devices (Sakai et al 1981; Arivuoli
et al 1988). It crystallizes into a rhombohedral structure
with space group R3m (Sagar and Faost 1967). Its
melting point is 573°C and has p-type semiconductivity.
[here have been various studies on optical and electrical
roperties of single crystals and thin films of BiTe,
Guha Thakurta and Bose 1970; Testardi and Burstein
972; Rahman Khan and Akhtaruzzaman 1982; George
ind Pradeep 1985). There is also a report on micro-
ardness of Bi,Te; single crystals (Arivuoli et al 1988).
However, there is hardly any work reported in literature
n the microhardness of Bi,Te, based pseudobinary
rystals. This is particularly so in the case of solid
blution, Bi,Te, : Se. Microhardness is a general macro-
robe for assessing the bond strength, apart from being

I\ uthor for comespondence

a measure of the bulk strength. Further, the impurity
addition is also known to modify band gap as has been
observed by the authors (Desai and Soni 1998). The
present paper reports the results of investigation of
the microbardness of Sb,,Bi,,Te,, Sn,,Bi,,Te, and
Bi,Te, Se,, single crystals and indentation creep of the
cleavage surfaces of these crystals.

2. Experimental

The single crystals were obtained from stoichiometric
mixture of the respective elements of SN purity, using
Bridgman-Stockbarger method. The crystal quality was
such that it yielded a fairly plane cleavage surface. The

_vacuum pressure used to seal the quartz ampoules con-

taining the charge was of the order of 107*Pa, the
temperature gradient across the melting point at the lower
end was set to 45°C/cm by controlling the furnace
temperature within £5°C. It was lowered through the
gradient zone at the rate of 0-35 cm/h.

The hardness indentations were carried out on freshly
cleaved surfaces of samples of at least 2 mm thick, using
Vickers diamond pyramidal hardness tester. The inden-
tation diagonals were measured to an accuracy of 0-19 um
using a micrometer eye piece. For the study of load
dependence of hardness, the applied load was varied in
the range from about 10mN to 1000 mN. The hardness
was calculated using the standard formula

1854p
H =-——x9-8065,
&

where p is the applied load in mN obtained as the
product of the load in g and g the 9-81ms™? d the
average of the two indentation mark diagonal lengths in
um and H, the Vickers hardness in MPa.

Since this equipment does not provide for high tempe-
rature hardness testing, a simple hot stage was prepared

21
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Figure 3. Plots of in(H>*—H2)+ 21 vs In (" -4/ +1

three sets of In (H,> — H;2) values at different temperatures
were obtained for three different values of In
(#% — /%) indicated by vertical broken lines. These values
‘of In (H;®-H;}) were plotted against the inverse of
corresponding temperature (figure 4). Again these curves
are straight lines with approximately equal slopes
according to (2). The slope represents the value
of - 0/3R. The energy value obtained in the present
case, 117 kJ/mol, is similar to those at low homologous
temperatures in the cases like Ag, Cu, Ni, Co etc. A
dislocation pipe diffusion mechanism may explain this.
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The Vickers microhardness indentations have been camed out on the cleavage faces of Sha 2Ihy gTes, Sng 2By #Te; and
BizTez sSep 2 single crystals obtained by Bndgman-Stockbarger method The applied load dependence and surface amsotropic
variations of hardness have been studied. All the three crystals exhibit unpunty hardening to an extent of 30-45% compared to
the pure BizTes crystal, whereas, a maximum hardness aniosotropy, to an extent of 20%, is exhubited by the Sn doped crystals.

Detailed results have been reported.

1 Introduction

The V2-V1I; (V-Bi, Sb, VI-Se, Te) binary compounds
and their pscudobinary solid solutions are highly anisot-
ropic and crystallize mto homologous laycred structurcs
parallel to the ¢- axis and known to find applications

_ ranging from photoconductive targets in TV cameras to -

IR Spectroscopy.'? V,-VI; compounds are narrow band
gap semiconductors: ko~ 0.2¢V, ~0.35¢V and ~0.16cV
for Sh,Te;, B1;Scy and Bi,Te;, respectively. There are
also a few applications for temperature control of lascr
diodes®, optical recording system® and strain gauges’.
Among these, Bi,Tes is the most potential material for
thermoelectnic devices such as thermoelectric gener-
ators, thermocouples, thermocoolers and IR sensors
with the best figure of merit near room temperature®®®.
Bi,Te; finds applications in electronic, microelectronic,
optoelectronic and electromechanical devices™'®. 1t
crystallizes into a rhombohedral structure with space.
group R3m(Ref 11). Its melting point is 573°C and 15 a
p-type semiconductor. There have been vanous studies
on optical and electrical properties of single crystals and
thin films of B1;Te; (Refs 12-15). There 15 also a report
on microhardness of Bi,Te; single crystals’. However,
there 1s hardly any work on microhardness, reported in
literature, on the Sb, Sn and Se doped Bi;Te; single
crystals Microhardness 1s a general macroprobe for
assessing the bond strength, apart from being a measure
of the bulk strength. Further, the impurity additionis also
known to modify band gap as has also been observed by
the authors'®. The prescnt paper reports the results of the
authors’ investigation of thc microhardness of
Sbg2B1y ¢ Tes, Sng B1y «Tey and Bi;Tey «Sen 2 single crys-

tals. The microhardness was measured as a function o
applied load and onientation on the cleavage surfaces o.
thesc crystals

2 Experimental Details

The single crystals were obtained from stoichiometn
mixtures of the respective elements of 5N purity, usin;
Bridgman-Stockbarger method. The crystal quality wa
such as to yield a fairly plane cleavage surface. Th
vacuum pressure used to seal the quartz ampoules con
taining the charge was of the order of 10™*Pa and th
ampoule lowering rate and the furmace gradient wer
kept at 3.5 mm/hr and 45°/cm, respectively.

The hardness indentations were carried out on freshl
cleaved surfaces of samples at least 2mm thick, usin
Vickers diamond pyramidal hardness tester. The inder

“tation diagonals werc measured to an accuracy of 0 1

pm using a micrometer eye piece. For the study of loz
dependence of hardness, the applied load was varied
the range 10 to 1000 mN. For the study of surfac
anisotropy of hardness. the azimuthal onentation of tt
crystal surface was vaned from 0 to 90° with referen
to a fixed direction in the surface. keeping the applx
load constant The indentation time was kept constant
20 s in all the cases The hardness was calculated usi:
the standard formula:

where p =apphied load in mN obtained as the prodt
of the load 1n gm and g = 9.81ms™, d = average of t
two indentation mark diagonal lengths in um and H.
Vickers hardness in MPa
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The results, discussed below, are based on the obser-
vations averaged over at least three indentations pro-
duced at each vanable value and a particular indentation
set repeated on two to three samples

3 Results and Discussion

Fig 1 gives the plots of the Vickers hardness (Hy)
versus applied load (p), obtamed for the Sb, Sr and Se
doped crystals

The complexity observed 1n the load dependence of
hardness closcly paraliels many reports on a vanety of
crystals'™"® Particularly, the low load range (ie 200
mN or less) defies the Kick’s Law® which mmplies
hardness to be independent of load This dependence 1s
normally ascribed to the strain hardening of the surface
layers responding to the progressive penetration of the
loaded mdentor”™? The hardness peaks are in turn
explained 1n terms of the resulting deformation-induced
coherent regions. Beyond a certain depth of penetration,
which corresponds to the expanse of the coherent region
and to the load at the peak hardness, the indentor pene-
trates the virgin layers which easily favour nucleation
and multiplication of dislocations™®® It 1s observed
(Fig 1) that the hardness 1s independent of load for loads
beyond 300 mN and represents the truc hardness of the
bulk of the crystal Accordingly, the hardness valucs of
Sby:Bi, gTes, Sng 2By éﬂ:; and Bi1,Te; 5S¢ 2 crystals are

VOL 37, FEBRUARY 1999

630, 642 and 582 MParespectively (Fig 1). The reported
value of the pure Bi, Te; crystal is about 448 Mpa’. Thus
there 1s a significant impunty hardening observed with
all the three dopants, the maximum, ~43%, being that
due to Sn doping The plots of In p versus In d (where d
= ndentation diagonal length), follows the Meyer’s
law®, p =ad" with different values of  in different load
ranges (Fig. 2) Itisobserved to be nearerto 2 in the high
load range, reflecting the hardness saturation m thus load
range. Whereas, the Meyer indices in the low load ranges
for the three crystals are calculated to be 2.83, 4 82 and
3.28, respectively, in the cases of Sb, Sn and Se doped
crystals. These values far-exceed the 1deal value 2 indi-
cating high work hardening capacities of the crystals

The surface anisotropic vanations of A, in the three
cases are represented in Fig 3. The plots show a pen-
odicity corresponding to the 12-fold symmetry about the
loading axis which, 1n the present case, is normal to the
cleavage plane (II1). This 1s a result of the 3-fold sym-
metry of the crystals combined with the 4-fold symmetry
of the mdentor. It can be seen that there 15 maximum
amusotropy (of about 20%) in the case of the Sn doped
crystals

4 Conclusion

The hardness values of Sby :Bi) s Tes, Sny 2By T and
Bi;Te25Scq 2 single crystals have been obtained to be

3
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Fig | — Plots of f1y versus p
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630, 642 and 582 MPa, respectively. which are signifi-
cantly higher than the reported hardness of the purc
Bi;Tey enstals The work hardening capacity of Sn
doped cnystals has been observed to be the highest
among the three crvstals The surface antsotropic van-
ations of hardness are obscrved to be maximum (~20%)

in the case of Sn doped crvstals
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