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Bismuth telluride (BiTes)-based solid solutions are state-of-the-art thermoelectric (TE) materials for
cooling applications at room temperature with a high figure of merit ZT. Nanostructured TE bismuth
telluride thick films have been fabricated by electrodeposition from a solution containing bismuth nitrate
and tellurium dioxiden 1 M nitric acid onto gold-sputtered aluminum substrates. A conventional three-
electrode cell was used with a platinum sheet as the counter electrode and a saturated calomel electrode
(SCE) as the reference electrode. Ethylene glycol (EG) was added to the electrolyte in order to increase
the thickness of the deposited films, and its effect on the structure, morphology, and compositional
stoichiometry of the deposited film was investigated. SEM and XRD were used for structural and
compositional characterization. Bismuth telluride films with thicknesses of cauB5@ stoichiometric
composition of BjTe;, and a hexagonal crystal structure were obtained. A microprobe technique was
used to measure the lateral Seebeck coefficient in several samples. The free-standing films were shown
to be of high homogeneity, where the abundance distribution of the Seebeck coefficient showed a half
width of less than LV K~*and a high electrical conductivity of around 450 S¢érat room temperature.

1. Introduction or p-type (Bb+sTes—s) TE material; the carrier concentration
) _ - ~will also be changed, resulting in different TE figures of
Thermoelectric (TE) materials are utilized as electric merit.

generators or coolers in several applications, such as mini-  gjim devices are required to allow for localized cooling

power-generation systems and microcoolé€CD technol- at points of interest in many TE applications, such as
ogy;® and infrared detectorsThe TE figure of merit, ZT,is  thermochemistry on a chip, biothermoelectric chips, and
expressed a§To/, whereSis the Seebeck coefficient, active cooling for microelectronic processér$hin films

is the electrical conductivityT is the temperature, amtdis varying from submicrometer to a few micrometers thick are
the thermal conductivity. Thus, the enhancement of the TE expected to have thermal conductivity lower than that of the
figure of merit can be achieved by increasttgs well asy single crystals because of strong phonon scatterings at both

or by decreasing. Group 15 chalcogenide compounds have syrfaces and film interfacés.
received considerable attention for more than three decades The current density value scales with the thickness of the

because of their potential applications as TE materials. material, and for efficient cooling, a value has to be chosen
Among the various TE materials, bismuth tellurideB), that achieves an economic operation of a TE device. The
a group 15 chalcogenide compound, has been the main focugptimal current density in a cross-plane arrangement in-
of research because of the superior ZT near room temperaturgreases with decreasing film thickness, and the Peltier heat
in bulk form? By varying the composition, e.g,. with slight  flux also increases proportionally. The integration of thin-
deviations from its stoichiometric composition {Bes), film TE devices into microsystems was proposed by the
bismuth telluride can be tailored to be n-type ABires+s) microPelt concep and focuses on achieving the highest
cooling power densities over very small areas (microregions).
* Corresponding author. E-mail: shanghua@mse.kth.se (S.L.); mamoun@ The use of thick film, on the other hand, is more suitable
matchem kth.se (M.M.). Tel: 46-8-7908158. Fax: 46-8-7909072. for application in devices Covering Iarge areas and operating

TRoyal Institute of Technology. ; . X
s Present address: Department of Chemistry and Biochemistry, University at small-to-moderate temperature differences. Thick-film-

of California, Santa Barbara, CA 93106.
UPresent address: Institute of Advanced Technology and New Materials, - -
Mubarak City for Scientific Research and Technology Applications, New Borg ~ (5) Hu, Y. F.; Sutter, E.; Si, W. D.; Li, QAppl. Phys. Lett2005 87,

El-Arab City, P.O. Box 21934, Alexandria, Egypt. 171911.
*German Aerospace Center. (6) Hicks, L. D.; Dresselhaus, M. Rhys. Re. B 1993 47, 12727.
(1) Rowe, D. M.CRC Handbook of ThermoelectricSRC Press: Boca (7) Buttner, H.; Nurnus, J.; Gavriko, A.; Kwer, G.; Jgle, M.; Kunzel,
Raton, FL, 1995. C.; Eberhard, D.; Plescher, G.; Schubert A.; Schlereth, K.JH.
(2) Rowe, D. M.; Bhandari, C. MModern ThermoelectrigsReston: Microelectromech. Sys2004 13, 414.
Reston, VA, 1983. (8) Fleurial, J. P.; Snyder, G. J.; Patel, J.; Herman, J. A.; Caillat, T.;
(3) Shafai, C.; Brett)). Vac. Sci. Technol., A997 15, 2798. Nesmith, B.; Kolawa, E. A.AIP Conf. Proc.200Q 504 (Space
(4) Min, G.; Rowe, D. M.Solid-State Electron1999,43, 923. Technology and Applications International Forum Proceedings), 1500.

10.1021/cm0601710 CCC: $33.50 © 2006 American Chemical Society
Published on Web 07/11/2006



3628 Chem. Mater., Vol. 18, No. 16, 2006 Li et al.

based devices have technological advantages over convenabove 20 mV versus a saturated calomel electrode (SCE),
tional TE module technology, for which there are practical whereas p-type bismuth telluride was deposited below 20
problems in fabricating pellets with lengths of a few hundred mV versus SCE. They proposed that the change in the
micrometers. On the other hand, there are serious limitationscharge-carrier concentration of bismuth telluride is caused
on the use of thin films, if applied to larger areas, due to the by enhancing the deposition of Bi and decreasing the applied
need to drain released heat. This problem can be avoidedpotential during electrolysis. This change in behavior with
by the use of a thick-film concept, in which the influence of compositional changes is in agreement with the results of
electrical and, in particular, thermal contact and spreading the study by Martin-Gonzalez et al.,even though the
resistance is kept low. Thus, high efficiency and a high potential range reported for the specific bismuth telluride
coefficient of performance (COP) can be achieved by using composition was not similar. This difference in potential
thick films with flux quantities that are about 1 order of range was primarily due to the differences in the concentra-
magnitude larger than those of conventional devices. By tions of BiO" and HTeQ" in the electrolytes. However, only
controlling the film thickness, it is feasible to ideally tune simple electrolytes that consisted of BiOHTeQ,", and
the flux quantities to the specific application, ensuring HNOs;were employed in the above studies, and the thickness
efficient operation. of the films was limited to less than 2Qdn because of a

In our previous researdi® we have demonstrated that decrease in the electrical conductivity of the deposited films
nanostructuring TE materials reduces the thermal conductiv-0ver metal substrates and poor adhesion between films and
ity, 4, thus enhancing their figure of merit, ZT. In addition Substrates.

to the bulk bismuth telluride materials, high-quality bismuth
telluride thin films have been fabricated by electrodeposition
in an acidic aqueous solutidh!?However, no work has been
reported on the fabrication of bismuth telluride thick film
(100-500 um). Therefore, there is a need to fabricate
nanostructured bismuth telluride thick films.

Several methods have been developed for the fabrication

Various organic additives in relatively small addition
amounts have been shown to have large effects on the
physical properties of electrodeposited films, such as bright-
ness, smoothness, hardness, and ductiityOrganic sol-
vents, pure as well as in a mixture, are increasingly used in
electrodeposition process&g! The use of organic solvents
as additives in the electrolytes results in changing the

mechanism of the electrodeposition process, which makes

of TE films, such as evaporatidf sputtering; MOCVD,* : : g : s
and electrodepositiolf. The electrodeposition technique is It POssible to develop films with greater thickness, e.g.-200
500 um. In this paper, we report on the fabrication of

an attractive technique because it has many advantages; SO i )
including cost effectiveness, rapid deposition rates, and nanostrupjtured thlcl_< films of bismuth teIIurl(_ie by an elec_-
relative ease in controlling film thickness from the nanore- trodeposition technique. The effect of adding an organic
gime to microregime. solvent, ethylene glycol (EG), to the_ _eIectronFe has on the
In an earlier study, Takahashi et'&lsuccessfully dem- structure, morphology, and pomposmonal st0|gh|om(_atry of
d electrode ’osition of bismuth telluride and con- the deposited bismuth telluride film has been investigated.
?nstrate € . ,p . ) This work also creates the possibility of preparing nano-
irmed _the material s_structurg by. X-ray diffraction (XRD) structured TE bismuth telluride with different stoichiometries
analysis. A systematic investigation of the electrochemical (i1 attached on substrates or as free-standing films
reactions and compositional changes as a function of applied '
potential in a nitric-acid bath containing BiGand HTeQ*
cations was performed by Martin-Gonzalez etahnd they
found that a new mechanism of deposition appears once the Film Fabrication. Thick films of bismuth telluride were
potential is more negative than ca500 mV. Miyazaki and cathodically deposited onto gold sputtered-aluminum substrates. A
Kajitani' reported that the deposition of either n-type or gold layer ¢-100 nm thick) was sputtered onto one side of a piece
p-type bismuth telluride could be controlled by controlling ©f @luminum foil (0.1 mm thick, 1.5 1.5= 2.25 cn#, Riedel-de
the deposition potential. In their studies, the researchers foundgf.‘g:]) ?hzeé;;it?zl;‘:gz;:,ﬁifggtlrgdﬁ gg:g%egio&ﬂicetgdepo'
. . . . Ition. | . .
that n-type bismuth telluride could be obtained at a potential in 1 M HNOj3, where the concentration was determined on the basis
of work by Miyazaki et al! and the ratio between bismuth and
tellurium was that according to Sapp et?aVarious amounts of
EG were added to the electrolyte at concentrations of 10, 20, 30,
and 40% (v/v) to study the organic-solvent effect on bismuth
telluride thick-film formation. A three-electrode conventional
electrochemical cell was used for the deposition of bismuth telluride
with Pt foil (~8 cn¥) as the counter electrode (anode) and SCE as
the reference electrode with a cathedmode separating distance
of 2 cm. Ar gas was bubbled into the electrolyte for 10 min to

2. Experimental Section
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remove oxygen from the solution prior to the electrodeposition and because the local temperature gradient caused by the probe tip can

was continued throughout the experiment at a low rat&0( mL/ also heat the materials of the supporting substrate, yielding an
min). Electrodeposition was carried out using an EG&G PAR model integration of the Seebeck coefficient of the sample and the
263A potentiostat/galvanostat at room temperatti298 K) either substrate. If the substrate has a very low thermal coupling, this

potentiostatically or galvanostatically with regular monitoring of effect will be negligible. The TE thick films were deposited on a
the cathodic current and potential, respectively. The potentiostatic Au-coated Al substrate with a very good thermal coupling, which
electrodeposition was performed -ab0, —75, —120, —150, and could lead to erroneous measurements. Taking into account the
—200 mV, as these values are within the common diffusion- thickness of the samples of more than 108, this effect will
controlled region between all used soluti@hEor the galvanostatic ~ disappear or at least attenuate, because the local temperature
electrodeposition, a current density of 3.3 mAfamas used while gradient will not exceed a certain depth of an estimategidn
a high potential of around 1.9 V between the cathode and the anodebismuth telluride. Recent results show that it is indeed now possible
was applied. Typical electrodeposition duration was around 24 h. to measure the influence of a substrate and estimate the depth of a
Finally, the deposited films were removed from the electrolyte and temperature gradieft.
rinsed in three steps; 0.1 M HNGolution (pH~1), deionized The electrical conductivity has been measured by means of an
water, and ethanol, followed by drying in air. in-line four-point probe between room temperature and 300

XRD patterns of the films were obtained using a Philips PW An ac current of several milliamps is applied to the outer contact
1012/20 and 3020 diffractometer with Cwiadiation. The average ~ probes, and the voltage is measured with the inner probes. The
crystallite size D, could be calculated from the peak broadening distance between all adjacent probes is equal. A numerical

of the diffraction pattern using Scherrer's equatidi) = 0.9/ correction factor (Valdez factor) is applied to take into account the
(pcos ), wheref is the pure diffraction line width, full width at particular geometry of the sample. To eliminate the influence of
half-maximum, andl is the X-ray wavelength (Cu dG, 1 = the metallic substrate on the electrical conductivity measurement,
1.54056 A). we considered only free-standing films in this work. Because the

Electrodeposited bismuth telluride thick films were imaged with - toughness of the deposited free-standing films is not high enough,
both transmission electron microscopy (TEM, JEOL 2000EX) and It iS difficult to apply the four-point probe without destroying the
scanning electron microscopy (SEM, JEOL JSM-888) equipped film. Therefore, electrical conductivity measurement was limited
with an energy-dispersive X-ray spectrometer (EDS), which was to several free-standing films that occasionally possess bgtter
used for composition analysis. The thickness of the films was toughness. A more accurate method for measuring electrical

determined by measuring the cross-section of the film under SEM. conductivity on thick films is currently under study.
TE Evaluation. Seebeck coefficient and electrical conductivity . .
of different samples prepared by the electrodeposition process have 3. Results and Discussion
been m_eastjhreds. Thbe Sl’(eebefcf!‘ _m'?c’pr:’hbe (SMPI) 1S "’:‘de"'c?thfor Synthesis and Fundamental Characterization. The
measuring the Seebeck coetlicient on the sample surtace wi a‘electrodeposition process of bismuth telluride was well-
spatial resolution down to X560 um (depending on the thermal . : 12728 : . ;
conductivity of the material) investigated!?"28In both potentiostatic and galvanostatic
. " electrodeposition processes, bismuth and tellurium com-
A heated probe tip is positioned onto the sample surface. The . e . . .
pounds are dissolved in nitric acid to form the oxide cations

sample is fixed in good electrical and thermal contact to a heat == "' P . -
sink and is connected to another thermocouple measuring the sinkBIO and HTeQ". Bismuth telluride is insoluble in dilute

temperature. The heat flow from the probe tip to the sample causesNitric acid; thus, reduction of HTeO to Te*~ at an electrode

a local temperature gradient in the vicinity of the tip. Mounting Will result in the precipitation of Bile; on the electrode
the probe to a three-dimensional micropositioning system allows surface. This can take place in a potentiostatic electrodepo-
for the determination of the thermopower at each microposition of sition process, because Bi®equires a lower potential than

the sample surface. The result is a two-dimensional image of the HTeO," and is thus more difficult to reduéé The overall
Seebeck coefficierft:?> Special sample holders have been devel- reaction for the process is
oped to mechanically fix thick films as well ensure simultaneously

good electrical and thermal contact as a precondition for a high- 134" + 186 + 2BIO" + 3HTeQ+ — Bi,Teyl + 8H,0
quality measurement. The SMP apparatus has been improved by 1)

adding an electronic contact detection system so that the probe tip
will stop its movement immediately after touching the sample to However, for a galvanostatic electrodeposition process,
avoid destruction of the films. especially with high potentialX1.5 V) between the two

Seebeck coefficient measurement is a tool to detect the distribu- glectrodes, Bi® and HTeQt will be reduced simulta-
tion of different electrically active components in the materials. It negusly, resulting in a solid-state reaction between Bi and
is capable of detecting functional inhomogeneities, different phases, 14 in the molecular range. The electrodeposition process of
even small differences in doping concentration, which cannot be . . .
detected by other surface analysis methods such as SEM, EDSE) Ir{srﬁocgr:hzebi)l(lf :j:(s:te; gl)t/)t)(/a t(;]ifeﬂfggct);vltﬂge Zﬁgﬁ gj;’ ;E(raface
etc. Measuring the Seebeck coefficient of films can be difficult, -

and are absorbed on the growth sites at the electrode surface.

The absorbed ions are then reduced at the cathode. These

(23) Klug, H. P.; Alexander, L. EX-ray Diffraction ProceduresJohn Wiley
& Sons Inc.: New York, 1954.
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2004, Krakow, Poland; European Thermoelectric Society; p 90. (27) Fleurial, J. P.; Borshchevsky, A.; Ryan, M. A.; Phillips, W. M.; Snyder,

(25) Platzek, D.; Zuber, A.; Stiewe, C.;"Ba G.; Reinshaus, P.; Mer, J. G,; Caillat, T.; Kolawa, E. A.; Herman, J. A.; Mueller, P.; Nicolet,
E. Proceedings of the 22nd International Conference on Thermoelec- M. Mater. Res. Soc. Symp. Prat998 545, 493.
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2004; p 528. Chem. B2004 108 1844.
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Table 1. Summary of Electrodeposition Conditions for Bismuth
Deposition range 4 Telluride Thick Films
€ 0 ~ -1.5 to -8.5 mA/cm® i average
2 *r'/ = applied film
§f electrolytic potential deposition thickness
= 51 solution (mV) time (h) adhesion stoichiometry (um) color
% ,_._, Potentiostat
S .10 —o—10% EG 0EG —50 24 excellent Bigless 180 gray
] ——20% EG —75 24 very good Bigsles s 150 gray
3 Deposition range] " 30% EG —120 24 good  BiTes 100 black
15. epostion 1angel  ——40% EG —150 24 fair Bb.iTezo 100  black
~-235t0 175 mV —200 24 poor BisTers 100  black
400 200 0 200 400 600 10EG  -50 24 poor BisTexs 150  grey
Potential, V, vs. SCE (mV) =75 24 excellent Biles 200 grey
-12 24 i 7T 1
Figure 1. Potentiat-current relation of Au-sputtered Al substrate in 1 M _ 0 poor BilrTe2a S0 grey
. . - 150 24 poor Bi/Texs 170 black
HNOs;, 0.013 M BiO', and 0.01 M HTe@" solution at 298 K in the absence —~200 24 poor BiTe s 180 black
and presence of X40% (v/v) EG. 20EG  -50 24  excellent BigTes, 180 grey
. . -75 24 excellent  BigsTesos 180 grey
two steps _have been used fqr controlling the_composmor_l of ~120 24 excellent Bies 180 black
prepared films and are chemically presented in the following —150 24 excellent BiTes 180  black
; —200 24 excellent  BiosT€.95 180 black
two equations 30EG —50 24 excellent BisTess 180 grey
. _ . —75 24 very good BisTess 180 grey
+ +
BiO" + 2H" + 3e — Bi(s) + H,O (2) —-120 24 good BiTes 200 black
—-150 24 good BiTe; 200 black
HTeQ," + 3H" + 4e — Te(s)+ 2H,0 (3) —200 24 good Bi;Tes 200 black
40 EG —50 24 excellent BiTes 160 grey
. . . -50 48 excellent BiTe; 300 grey
Th|rd., the reduced 3| and Tg atoms rea}ct by a solid-state 75 24 excellent BiTes 200 black
reaction to form BiTes. This step mainly affects the -120 24  verygood BiTe; 250  black
crystalline nature of the deposits and is expressed as follows —150 24 verygood Bies 300  black
—200 24 very good BiTe; 300 black
2Bi(s) + 3Te(s)— Bi,Tey(s) (4) Galvanostatic
0EG 3.3 24 poor BiTe; 240 grey
Figure 1 shows the potentiaturrent curves for the solution 33 48 fair BeTes 190 grey
. . 7.5 24 excellent Biles 100 black
containirg 1 M HNGs, 0.013 M BiO", and 0.01 M HTe@" 10 EG 33 24  poor Bes 100  grey
in the absence and presence of different amounts of EG (10 33 48  poor BiTe; 120 grey
o " . 6 24 poor Bi.7Texs 150  grey
40% (v/v)). No further addition of ethylene gl%)/col IS S0EG 33 24 excellent Bles 180  grey
necessary, because the effect of both 30 and 40% (v/v) is 33 48  excellent BiTes; 350 grey
almost overlapped, as shown in Figure 1. The limiting current 4.5 24 excellent BiTes 180  black
region is observed betwedh= —275 mV andE = +75 30EG 3?’33 4251 :;f;:':r:‘tt gTrg 128 e
mV for the solution without EG, whereas it is betweer= 35 24  excellent BiTes 200 Dblack
—235 mV andE = +175 mV in the presence of EG. The 40EG 3 24 excellent Bies 250  black
3 48 excellent BiTe; 300 black

potential range (in the absence of EG) is not in agreement
with that suggested by Miyazaki et &llt is noticeable in mV in the case of solution without EG, whereas the opposite
Figure 1 that the open circuit potential increases toward the behavior is observed in the presence of EG. However, poor
more noble direction and that the limiting current density adhesion resulting in an easy separation between deposited
decreases as EG is added to the electrolyte. The same trenilms and substrate without breaking the films can be used
prevails as the concentration of EG increases. to fabricate free-standing films. On the other hand, excellent
Bismuth telluride thick films are obtained by both poten- adhesion results in the feasibility of forming thicker films.
tiostatic and galvanostatic routes on the basis of the The thickness of the deposited films decreases with
potentiat-current values as shown in Figure 1. Table 1 increasing the applied potential when the electrodeposition
summarizes the different electrodeposition conditions for all is carried out in aqueous solutions without EG, whereas it
electrolytes at 298 K, considering the 0% EG solution to be increases with the addition of EG. The maximum thickness
the solution containig 1 M HNOs;, 0.013 M BiO", and 0.01 of free-standing films achieved here is around 240 (see
M HTeO,". The color of the films is found to depend on Figure 2A), obtained in the case of galvanostatic elec-
the applied potential; it changes from gray at lower potentials trodeposition without EG at 3.3 mA/én(~1.9 V) for 24 h,
into black at higher potentials. The face in contact with the whereas the maximum thickness of films adhering well to
substrate exhibits a uniform surface with metallic luster. the substrate is found to be around 350 (see Figure 2B),
Although several other substrate materials have been testedn the case of 20% (v/v) EG at 3.3 mA/érf~~1.9 V) for 48
(Cu, Ni, Si, and stainless steel), adhesion of the depositedh. Thicker free-standing films cannot be obtained just by
films and mechanical quality have been found to be the bestincreasing the time of electrodeposition process because of
for Au-sputtered Al substrate. Thus, Au-sputtered Al sub- the adhesion problem. The increase in thickness by using
strate is used for all of the film studies presented in this paper. EG as an additive in the electrolyte is attributed to the
The adhesion of the deposited bismuth telluride films to the promotion of the adhesion of as-deposited bismuth telluride
substrate varies from excellent-ab0 mV to poor at—200 to the substrate. As for the adhesion enhancement by using
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Figure 2. SEM images of the films in edge view showing the thickness of: (A) 2a0for the free-standing film after deposition for 24 h in the absence
of EG and (B) 35Qum for the bismuth telluride film attached to the substrate after deposition for 48 h in the presence of EG. (Both films are as-deposited
at 298 K from 1 M HNQ, 0.013 M BiO", and 0.01 M HTe®@" with a current density of 3.3 mA/ch)

A - - 3 A. 1"'“ 1 e : B e _I.ITI
Figure 3. SEM images of galvanostatically electrodeposited bismuth telluride films of (A, B) stoichiometnylfis! HNO;, 0.013 M BiOf, and 0.01 M
HTeQ," without EG in the electrolyte; (C, D) stoichiometry frol M HNQ;, 0.013 M BiO, and 0.01 M HTe@" with EG in the electrolyte; and (E, F)
nonstoichiometry frm 1 M HNO;, 0.008 M BiOf, and 0.01 M HTe®@" without EG in the electrolyte. (All films are as-deposited at 298 K with a current
density of 3.3 mA/crh)

EG, it refers to the high viscosity of EG, which slows down stoichiometric films in the presence (D) and absence (B and
the movement of the ions (as shown in Figure 1), leading to F) of EG have the most-compact structures. In potentiostatic
smooth deposition on the electrode surface; as a result, theslectrodeposition, the morphology of electrodeposited bis-
adhesion is promotedd. muth telluride films is strongly affected by deposition
SEM images in Figure 3 clearly show that in galvanostatic potentials and the composition of the electrolyte. Needlelike
electrodeposition, the morphology of electrodeposited bis- structures are observed on the electrodeposited films in the
muth telluride films depends on the composition of the absence of EG at120 mV (see Figure 4A) and 3210%
electrolyte and stoichiometry of the films, which is in (v/iv) EG at—120 mV (see panels D and F of Figure 4),
agreement with Martin-Gonzalez et'ANeedlelike structures ~ whereas at the same deposition potentia-df20 mV, a
with very small features in the nanorange20—30 nm in round needlelike structure that looks like lettuce leaves is
width) are observed on stoichiometric films in the absence formed from 20% (v/v) EG (Figure 4C). In the case of 10%
of EG (see Figure 3A), whereas interconnected needlelike (v/v) EG at—75 mV and 40% (v/v) EG at75 mV, straight
structures are found on stoichiometric films in the presence hexagonal and rounded hexagonal structures are formed (see
of EG (see Figure 3C). However, nonstoichiometric films panels B and F of Figure 4), respectively. Contrary to many
fabricated by increasing the ratio between Biéhd HTeQ" authors!®'7 statements that different stoichiometries form
in the original electrolyte exhibit free starlike structures (see dissimilar structures, it is found in this investigation that there
Figure 3E). Panels B, D, and F in Figure 3 show that is no relation between the stoichiometry and the structure.
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Figure 4. SEM images of bismuth telluride films electrodeposited of 24 h at 298 K ftoM HNOs, 0.013 M BiO', and 0.01 M HTe@" at (A) 0% EG,
—120 mV; (B) 10% EG,—75 mV; (C) 20% EG,—120 mV; (D) 30% EG,—120 mV; (E) 40% EG~75 mV; and (F) 40% EG;120 mV.
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Figure 6. XRD pattern of as-deposited bismuth telluride thick film after

24 h at 298 K from 1 M HN@, 0.013 M BiOf, and 0.01 M HTe®@" with

a current density of 3.3 mA/chin the absence of EG.

current density of 3.3 mA/cfnconsist of Bi and Te, and a
e guantitative analysis of the spectrum indicates that the Bi:
v 1600 Te atomic ratio is close to 2:3. However, the stoichiometry

Figure 5. EDS spectrum of stoichiometric bismuth telluride fims elec-  Of the potentiostatically deposited bismuth telluride is de-
trodeposited after 24 h at 298 K frol M HNO;, 0.013 M BiO*, and 0.01 pendent on the applied potential as well as the electrolyte
M HTeO," with a current density of 3.3 mA/chin absence of EG. composition with a stoichiometric variation range of

The statement that the formation of n-type or p-type bismuth Bl14-27T€6-23 Table 1 illustrates that the stoichiometric
composition is achieved at-120 and —150 mV from

telluride is related to the microstructure rather than to Ut i the ab q £ 309
stoichiometry? is supported by the results of this work. Itis SQutionsin't r? absence an fpresoenccj of 30% (Vg') EG,”at
important to take into account that the last statement applies(;75 mV In the prlesgncr]e of 10% (v \? EG, :n Oat a/
only at a higher deposition potential that is accompanied by eposition potentials in the presence o 20 anc 40/9 (VIv)
cathodic hydrogen evolution, where dendritic structure EG. The stoichiometry of films obtained potentiostatically
prevails exhibit no coherent and logical evolution. From EDS, the

The t)l/pical EDS result is presented in Figure 5, which distribution of both Bi and Te for all the films is homoge-
verifies that the films deposited galvanostatically with a neous, indicating thaF the prepargd films have a good

tolerance to the experimental conditions.

Figure 6 shows the XRD pattern of an example of the

electrodeposited bismuth telluride thick films. The XRD
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(29) Bentien, A.; Paschen, S.; Plotner, M.; Grafe, H.; Fisher, W. Solid
State Electrochen003 7, 714.
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Figure 7. (A) Spatial distribution of the Seebeck coefficient measured on as-deposited bismuth telluride thick film after 24 h at 288LKMrBINGs;,
0.013 M BiOf, and 0.01 M HTe®@" with a current density of 3.3 mA/chin the absence of EG, and (B) the abundance distribution showing very high
homogeneity indicated by the half width of less thap\M K 1.

pattern exhibits polycrystalline bismuth telluride in the as- -150
deposited state with (110) as the prominent plane parallel to 5] l -145
the substrate. According to the standard ICDD PDF card (08- -140
0021), all of the detected peaks are indexed as those from 44 -135
the rhombohedral BT e; crystal (space group (R8) (166)) Ta -130
with hexagonal crystal structures. However, the intensity g ] -125
ratios of the peaks are not in good agreement with those » 2 -120

) e = -115
obtained by XRD on a ground product, indicating an @ 110
orientational effect in the film growtf’. The average > 1 105
crystallite size of electrodeposited bismuth telluride calcu- 0- R o -100
lated by Scherrer’s equation is in the range between 10 and ———— ‘ ‘ — S (UV/K)
30 nm, which is consistent with the result from SEM as 0 1 2 3 4 5
shown in Figure 3A. X-axis (mm)

TE Properties. The measured Seebeck coefficient of Figure 8. Spatial distribution of the Seebeck coefficient measured on films

different deposited stoichiometric Hie; thick films is after annealing at 30€C for 2 h under an inert atmosphere.

between—68 and —85 uV K™%, which shows that the films are cooled, the electrical conductivity increases with
material is n-type and is higher in absolute value than other decreasing temperature to a higher level than when at room
reported undoped bismuth telluride films (fror#0 to —60 temperature previously, which might indicate a microstruc-
uV K1) prepared by electrodeposition at room tempera- tural change in the film. Therefore, the power factsto]
ture2731Figure 7A shows the spatial distribution of the of the free-standing stoichiometric Bie; films can be
Seebeck coefficient measured on a typical electrodepositedcalculated to be around 200N m~ 'K =2 at room temper-
bismuth telluride thick film with a thickness of around 200 ature and will increase to around 6ROV m~! K=2 at 300

um. Itis obvious that the as-deposited bismuth telluride thick °C. Thermal conductivity is still under investigation, although
film has a very high homogeneity in the Seebeck coefficient it is difficult to measure for films.

and the abundance distribution shows a half width of less

than 1uV K1 at an average Seebeck coefficient-e68 4. Conclusions

uV K~ as seen from Figure 7B. As it has been reported
that annealing increases thermopower and resistivity con-
sistently with a decrease in carrier concentrafibthe as-
deposited films have been annealed at 30dor 2 h under

an inert atmosphere; an average Seebeck coefficien1db

uV K1 has been obtained, as seen from Figure 8.

The free-standing stoichiometric Bie; films deposited
galvanostatically in the absence of EG possess high electrical
conductivity of around 450 S crh at room temperature and
show a slightly lower electrical conductivity when heate
to higher temperatures up to 30Q. Thereafter, when the

Nanostructured TE bismuth telluride thick films with a
thickness up to 35@m have been fabricated by electrodepo-
sition. The influence of EG dissolved in the electrolyte on
the structure, morphology, and compositional stoichiometry
of the deposited films has been investigated. The films
possess polycrystalline Hies hexagonal unit cells with an
gverage crystallite size of around 180 nm. A high
homogeneity of the Seebeck coefficient and a high electrical
d conductivity resulting in a high power facto®¢) at room
temperature have been achieved on the fabricated thick films.
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