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ABSTRACT. The electrical conducii=:zy (o) and Halt coefficient (Ry) of single crystals
prepared by a special modified BriZzman technique have been investigated over the
temperature range 245-495 K. Our investigation showed that our samples are p-type
conducting . The dependence of tmz Hall mobility on temperature was presented
graphically. The forbidden energy gzp was calculated and found to be 2.1 eV whereas
the tonization energy of the impunty level was 0.36 eV. The values of the electrical
conductivity, Hall coefficient and carrier concentration at room temperature were
1.87x10° Q' em™, 3.98x10° cm® €' 2d 1.57%10°em® respectively. The Hall mobility
at room temperature () was found to be 7.46x10° em® Vs, Also, the thermoelectric
power (TEP) was investigated in the temperature range 271-493 K. The combination of
the electrical and thermal measuremezrs in the present investigation makes it possible to
find various physical parameters such as mobilities, effective mass, relaxation times,
dif fusion coefficients and diffusion lzngths both for majority and for minority carriers,
Also figure of merit was determined These parameters reveal the general behavior of
this semiconductor.

1-Introduction

The ternary semiconducting chalcogenide with the formula ABX; (A, B represent metal
atoms, X represents chalcogen atoms) have been studied intensively in recent years. Rzcently
ternary thallium chalcogenides received 2 great deal of attention due to their optical and
electrical properties, in view of possible optoelectronic device application'"?. The temary
compound TlGaSe; belong to the class of III-III-VI; type semiconductors and have potential
application®", Due to this applicability here is a need for studying its detailed physical
properties. Much interest has recently on ternary chalcogenide TiGaSe» compound. which
possesses both ferroelectric and semiconductor propertiesb’@. TlGaSe, crystaliizes in

monoclinic system and belongs to a space group of cf, at room temperature. The intzrest of

these materials is simulated not only by their fundamental properties but also by possible
practical application”]. The photoconductivity of TIGaSe; single crystal were investizated in
the temperature range 78-300 KB, The photoluminescence (PL) spectra of II-III-VI, single
crystals (e.g.TlGaSe,, TIGaS,, TlnS,) weare studied®'. Also the spectral dependence of
photoconductivity and the near band edge absorption was reported!?]. The thermal expansion
properties have been studied''’). Moreover, gamma irradiation effect on the elzctrical
properties’*! and the behavior of TIGaSe: crystals near phase transition in static electric field
have also been reportedm]. The low temperature photoluminescence (PL) and infrarad (IR)
spectra of TlGaSes crystals was publishedm‘"’). Ramman spectra of TiGaSe; cr.stal at
different temperatures are discussed!'”). Txe optical properties of layered single crvsials of
TIGaSe: have been studied!'®]. The dielectric characteristic of TlGaSe, was report2d"! In
spite of all the above reported studies, l:zzrature still lacks of the information about Hall
properties, the carrier effective masses, th2 impunty level, mobility of charge carriers as well
as relaxation time, diffusion coefficienz, diffusion length, and the dominat scattering
mechanisms in TIGaSe; crystals. Thus tzz aim of this work is to report these properties
through the electrical conductivity, Hall efZzct and thermoelectric power measuremen:s.



2-Experimental details ;

The TiGaSe; compounds were synthesized by fusing initial components consisting of}
extra pure elements (purity 95.999%). The crystal were synthesized and grown in evacuated!
quartz ampoules. The silica zmpoule was evacuated to 10 Torr and sezl=d under vacuum. |

The ampoule, with its charge. was placed in a three-zone tube furnace which was designed |

and constructed in our labora:ories. More details about the apparatus, the electrical system
and the mechanical system wer2 previously published®. The silica tube was kept for 10 hin
the first zone, where the tempzrature was higher than the crystallization termperature. The melt
was shaken during heating several times. Then the ampoule was drawn with a rate of 2 mm/h
and allowed to enter the second zone in which the temperature was corresponding to the
crystallization temperature®". In the final stage as the ampoule began to enter the third zone,
the solidification process was achieved, since the temperature inside this zone was below the
crystallization temperature. Tne duration for obtaining TlGaSe; in single crystal form was
about fourteen days. X-ray an=lysis and DTA investigation confirmed that T1GaSe; is a single
crystal. The XRD patterns show that these crystals have monoclinic structure with the lattice
parameters of a=10.756°A, b=10.1730°A, c=15.596°A and (=99.92°A specimens for
measurements were prepared for electrical conductivity and Hall effect in rectangular shape
with mean dimensions 7x2.2x1 mm® . Ohmic contacts were formed on the specimen surfaces
by means of silver paste and the ohmic nature of the contact was checked by recording the
current voltage characteristic. The dc¢ compensation method was adopted for measuring
voltage without drawing appreciable current by using a Tensely UJ33E potentiometer As to
the sensitivity of our potentiorneter the error limits are not exceeding 1%. All measurements
were carried out under vacuumn with 0.5 tesla magnetic field strength. The magnetic field was
oriented parallel to the cleavage plane i.eH L C( where the C-axis is perpendicular to the
cleavage plane)®l. Details of the experimental arrangements and cryostat was described
. [22} . g . .
previously ™. For measuring the thermoelectric power (TEP), the sample was prepared in a
cylindrical shape. The length of sample shoud be as short as possible, but the cross sectional
area should be as large as possible. A two parts holder was used for making the temperature
difference along the crystal, in a direction perpendicular to the natural cleavage plane, for
investigation the thermoelectric power. The sample (5.6 mm length) was supported between
the two holders. A temperature gradient of about 5-10K was maintain=d by two electric
heaters. One of them stands at one end of the sample and the other one surrounding the whole
sample body. The accuracy of the measurement was enough because the potential difference
and the temperature were measured simultaneously. Also these measurements were done
under vacuum for preventing oxidation of the sample or water vapor effect. The temperature
was measured with the aid of a calibrated thermocouple. Details of the apparatus, working
chamber and method of measurements have been publishedm'zﬂ.

3-Results and discussion

Typical data presented in Zigure 1 show the conductivity as a function of temperature in
the range 245-495 K. The curve is quit similar to the simple semiconductor behavior. It
should be noted that the curve in figure 1, three regions can be distinguish=d. Beginning from
the low temperature, the electical conductivity (o) increased slowly wit> temperature, and
this is due to the fact that the czrrier concentration in this region is determinad by the number
of ionized acceptors liberated :~om the impurity level. From this region th=z ionization energy
was calculated, indicating thz- the acceptor level lies 0.36 eV above the :op of the valance
band. The 6-T curve passes t=rough an intermediate region, 309-441. This is the transition
from impurity to intrinsic conZuctivity which depends on the carrier concentration and their
mobilities (this will be clear if one observes both figures 3 and 4 in that temperature range 1.
At temperature above 441 K, :he conductivity increases rapidly because of the carrier being
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excited from the extended state of the valance zznd into the conduction band. So the width of
the forbidden energy gap can be calculated It s found to be 2.1 eV. From figure | the valus
of G, at room temperature equals 1.87x10° (Q.2m)". Since Hall measurements_are important,
ﬁc..w 2 is constructed in the temperature range 248-484 K. Figure 2 shows the dependence of
RpT77 against the temperature. The positive siza of Ry indicates that the majority carriers arz
holes. It can be seen from figure 2 that the Hall coefficient decreases with the rise in
temperature, but above 400 K it decreases very rzpidly. Determination of the energy gap from
Hall data is possible from this relation. The bazd width of the energy gap calculated from th=
slope of the curve in the intrinsic region was found to be 2.1 eV. The values of the Hall
coetficient and carrier concentration at room temperature are 3.98x10° cm® C'and 1.57x10°
cm™ respectively. The temperature dependence of the Hall mobility for TIGaSe, is shown in
figure 3. It was found that the exponent n in the relation g, a T%(below 330 K) is 1.5
indicating that the scattering of the carriers is influenced by the impurities i.e the impurities
plax an important role in this range of temperature. We will able to say the mobility increasz
with temperature, As temperature decreases, the mobility due to impurity ion scattering
decreases too. In the high temperature range (T >330 K), the carrier scattering mechanism is
the scattering on thermal lattice vibration, which causes the mobility to decrease with the
temperature increase. The mobility decreases according to the law 4, a T72 This leads to
the assumption that phonon scattering is dominate. At room temperature the Hall mobility
is gz, =7. 46x10° cm?® Vs . Figure 4 1llustrates the variation of the current carrier density
against the temperature. Figure 4 is helpful for understanding figure 1. Also from the basis of
the relation p; = (N .Ny)!/2 o785 /2KT _ 0o7255 (2KT  Thus the energy gap (AE,) can be

calculated from the slope of the curve in the intrinsic region which is good agreement with tha
vah.a obtained from the conductivity and Hall effect work and also agrees with valus

in®=>! The result for the temperature depender‘.e of TEP of single crystal of TIGaSe; in the
tem:)eranm range 271-493 K are presented in figure 5. At the beginning of the curve TE’?’
incrzases as the temperature rises, reaching a maximum value at « equal to 563 pVK™

=207. A sharp drop of TEP is observed until it reaches 24 u\VK ™' at 343 K. The decrease ofn
values, at temperature higher than 307 K, 13 regarded as a result of the compensation
processes. Above 343 K the TEP increases with increasing temperature. The observed
positive thermoelectric power value in the entirz temperature range investigated result from
the fact that the hole concentration is greater than that of electrons, that is, the material is P-
type. This Agrees with result obtained from Hall effect data and published data®*!. In the
intrinsic region the TEP can be described by the following relation!"!

-k [ p-1( aE, 3. m
a = i+ 2 |+~ In|
e b+1| 2K 1 4 kmﬂ

where K is Boltzmann's constant, b the ratio of mobilities, AEg the width of the forbidden

gap and m, and mare the effective masses of electrons and holes respectively. This formula
precicts that a plot of « as a function of the reciprocal of the temperature in the intrinsic rangs
sho=ld be a straight line. The plot of the thzrmoelectric power («) as a function of the
recinrocal of the temperature is shown in figure 3. Since AZ, equals 2.1 eV from Hall data and
we are assuming that ”’n/’”p dose not vary with temperature, it was found tha:
b=z [u, =132 Thus, using x, =7.46x10° :m°V's™ at room temperature means tha:
1, =985x10° cm®V™'s" . The ratio of electron and hole effective masses m /m evaluated
from the intercept of the curve with the «-axis 2nd it was found to be mn/mp =849%107".
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is known that the thermoelectric pcwer of a semiconductor, when one type of carriers
27

dominates, is given by the following rzlation’
o = K [ ; ph’
l ?\ﬁ (Zrm;KT)yz

plotting the above relation between « 2nd In T predicts that TEP increases with tempzrature in
the temperature range corresponding 2 the impurity region as shown in figure 7. From the

intercept of the line {in the impurity region) with the ¢ axis we got m; =2.647 107 ¢

Combining this value with the above rztio mn/mp allows us to determine the effective mass of

the electrons. This value equals 2.247 » 107 kg . The calculated values of the effective masses
both for minority and for majority ca-riers can be used for detemmination of the relaxation
time for both current carriers. This vzlue for holes turns out to be 1.23x10"'%s, whereas for
electrons 1s equals 1.38x10 ;”s The diffusion co*ff‘scxents for holes and electrons can be
deduced to be D,=193.02 em®st and Do=254.79 cm’s” respectwely The diffusion constant is
inversely pmpomonal to the effective mass of hole and electrons. So this result is quite
logical. Another important parameter can be estimated, that is the diffusion length. The values
of Lyand L, were found to be 1.34x10°cm and 5.93x107cm for hole and electrons
respectively. Figure 8 depicts the dependence of the TEP on the natural logarithm of the
charge carrier concentration. The main conclusion from this curve is that « decreases sharply
and linearly as the concentration increase.

Figure 9 shows the dependence of the thermoelectric power coefficient on th2 nanral
logarithm of the electrical conductivity. The following relation can be applied

K “2027m KT)me,u}
— N

a=—| A+In
e . Qrhy’
This behavior which govers the relation between the electrical conductivity and the TEP is
simtlar to that of « versus p.
By using the resnlts of measurements of the electrical conductivity . scebeck cocflicient u
and pubhshed valuet® of thermal conductivity K, the figure of merit (7) {or T1GaSes at room
temperature is calculated to be 9.62x140° 2 K1 This indicated that our best sample TIGaSe
can be use as high efficiency thermoelectric element.

4-Conclusion

In the present paper, the electrical conductivity, Hall effect and thermoelectric power of
T1GaSe; were reported. This work revealed that crystalline thallium-gallivm-disclenide his a
semiconducting nature with a P-type conductivity. It has an energy gap of 2.1 eV and
activation energy of acceptors of 0.36 eV. Combination of the electrical conductivity, Hall
effect and thermoelectric power data atlows us to deduce many important physical parameters
such as the mobilities, effective masses, diffusion coefficient, diffusion length, as well as
relaxation time for the majority and t=z minority carriers. The scattering mechanism of the
charge carriers was discussed in the ~resent study. The efficiency of thermoelectric power
conversion, also investigated through cztermination of figure of merit Z.
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Fig.

(1) The temperature dependence of electrical conductivity (o)
for TIGaSe; single crystal.
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Fig. (2) The dependence of RuT?” e zainst the temperature
for TIGaSe; single crystal.
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Fig (3) Variation of Inp with In T for a TIGaSe, single crystal.
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Fig (4) Hall mobility a3 a function of temperature for
TlGaSe- single crystal.
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Fig (5) Temperature dependence of TEP for TIGaSe; single crystal.
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Fig (6) Plot of («) against 10*/T for TIGaSe:

single crystal.
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Fig (7) The relation between (a) and In T for T1GaSe;, single crystal.
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Fig (8) The dependence of the TEP on the natural logarithm of the charge
carrier concentration for T1GaSe; single crystal.
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Fig (9) The dependence of the thermoelectric power coefficient on the natural
logaritlhan of k2 electrical conductivity for TIGaSe; single zrystal.

References

(1] Kalkan, N,, Kalomires, J. A., Hznias, M.,and Anagnostapoulos, A. N, Solid State Comr- -, 99:375 (1996).

[2] Gasanly, N, M., Serpenguzel, A.. Aydinli, A., and Baten, S. M. A, J. Luminescence 39:5 - 2000).

[3] Qasrawi,A. F., and Gasanly, N. M., Materials Research Bulletin 39:1353 (2004),

[4] Qasrawi, A. F., and Gasanly, N. M., Semicond. Sci. Technol. 19:503 (2004).

[5] Mikailov, F. A,, Basaran, E,, Senturk, E, Tiimbck, L., Mammadov, T. G, and Aliev, V. P, Sold State Comnun.
129:761 (2004).

[6] Sardarly, R. M., Samedov, O. A.. Sadykhov, 1. Sh., Mardukhaeva and Gabibov, T. A., $21id State Commun.77: 453
(1991).

[7] Youssef, S, B, Physica A 215:175 (1995).

{8] Ashraf, LM., Abdel Rahman, M. AL, and Badr, A. M., J. Phys. D. Appl. Phiys. 36: 109 (2 203).

[9] Gasanly, N. M., Aydinli, A, A., Bek, A., and Yilmaz, L., Sold State Commun, 21:105 (1953).

10] Aydinli, A, Gasanly, N. M,, Yilmaz, L., Serpengiizel, A., Semicond. Sci. Technol. 14:595 {1999).

11] Gasanly, N. M., Serpengiizel, A., Aydinli A., and Baten, S.M.A., J. Luminescence 86:35 12000).

12] Samedov, S. R., and Baykan, O.. Int. J. Infrared Millimeter wave 24: 231 (2003).

13] Abdullaev, N. A., Mamedov, T. G., and Suleimanov R. A., Low tenp. Phys. 27:076 (200

14] Sheleg, A. U., Todkovskaya, K. V., and Kwilovich, R. A., Phys. Solid State 40: 1208 (19931,

15] Allakhverdiev, K. R., Akhmed-Zade, N. D., Mamedov, T. G., Mamedoy, T. S,, and Seicoy, M. G. Y., Low temp.
Phys. 26:36(2000).

[
[
[
(
[
{

[16] Gasanly, N. M., Ragimov, A. S_ znd Tagirov, V. L., Physica 122: 28 (1983).

[17] Yuksek, N. S., and Gasanly, N. M., Cryst. Res. Technol. 40:264 (2005).

[18] EL-Nahass, M. M., Saliam, M. M., Rahman, $. A., and tbrahim, E. M., Solid State Sciz- 2 §:488 (2006).
[19] Sentiirk, E., and Mikailov, F. A Cryst. Res. Technol, 41:3131 (2006).

[20] Hussein S, A, and Nagat, A. T.. Cryst. Res. Technol. 24: 283 (1989).

[21] Girbulak, B, Appl. Phys. 8§6:753 (1999).

[22} Nagat, A. T, Hussein, S. A., Gameel Y. H,, and Belal, A. E., Indian I. of Pure and App! 75, 28:586 (1990).
[23] Hussein, S. A, Nagat, A. T., Gameel Y. H., and Belal, A. A, Egypt. J. Solids. 10:45 (195 %5,

[24] Gamal, G. A, Nassary, M. M., Hussein 8. A, and Nagat, A. T., Cryst. Res. Technol. 27429 (1992).

{25] Giirbulak, B., Physica B 293:289 (2001).

[26] Johnson, V. A,, and Lark Horovitz, K., Phys. Rev. 92:226 (1953).

[27] Wilson, A. H., Theory of metals 2ad edn, Cambridge university press, Cambridge (1958).

[28] stupelmen, V., and Filarelov, G.. Semiconductor Devices, Mir Publisher Moscow (1976).

- 9


http:Commun.77

Aot o Jlae Ftastdl 2l oL e AMTBITCD DA U e LS G
Al S ol Al S el B BRRY Y S AL ol

3 _\:77 b 33 et J A _als 3..';,‘\:;1 Sabd ;J.:.}‘:d‘ u,i:: :‘«.3_5.3_*»:_‘ REATITN :SE f_,_ll &.;_\Jmi

PR UL T S YO RPUL LI K PN EX PR | A TLENGAN B e 1 NI UL O SN

e plang z adE e bl PETIE L;m ol eleiDd Lali avaay ALY 335k e
EJ‘J_A.S il Jwéu.ju._aa 3 Jﬁj‘hﬁﬂau&x ’J&waj@‘.gjiﬁ}&fb}dlbu@
:\._ﬂ._;.a}nﬁbju/h.a_}d aLa.k JW_MLSJJ U‘u”‘ 24 CJ&QJ:_E::EJMQ@JSSQ:E
LS e dnnl g.‘:b..i}\ 5 taa éu::}{; Jj-:ﬂLA- QUQ._; Y__.L_. Cxrd s < A gall t}m Oya
LS. 3.)‘.)——\-"‘ Taoy Lol L)“J:\J "*:‘.;‘ﬁjﬁﬁ‘ 5)-13‘.5 3 i J\—,‘i‘i‘ Gl a8 e (S
sl Bl S s Qs,J LS . L;.‘s‘w 5 :@ém Ll (,uﬁ, O JS0 LA W) ey LY

L‘.ﬁj&fjlﬁ};&ﬁ\/at};‘ ,_.C;,‘_aj ,.:x.x.JAJ.:._s.:uS.Al ,:'_“ .MQLJLJ a_-’a_j \_,J“/.‘.\j_s_/...a_xs
PV UL R VU IRVC TN

w

10



