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Thermoelectric performance of films in the bismuth-tellurium
and antimony-tellurium systems
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Coevaporated bismuth-tellurium and antimony-tellurium films were fabricated under various
deposition conditiongcontrolled evaporation rates of individual species, substrate temperature, and
substrate materigl and their thermoelectriqTE) properties (Seebeck coefficient, electrical
resistivity, and carrier concentratipmere measured in search of optimal TE performance. The
tellurium atomic concentration was varied from 48% to 74%, the substrate temperature ranged from
130 to 300 °C, and glass, mica, magnesium oxide, and sapphire substrates were used. The chemical
composition and crystal structure of the films were recordesing microprobe and x-ray
diffractometer, respectively analyzed, and compared with available standard®iand ShTe;
single-crystal samples. High-performance TE films had tellurium atomic concentration around 60%
and were deposited at a substrate temperature between 260 and 27@005 @merican Institute

of Physics[DOI: 10.1063/1.1914948

I. INTRODUCTION lattices, which are produced by alternately depositing thin
(-4 nm films of Bi,Te; and ShTe;. For n-type
Telluride compounds have been extensively studied irBi,Te;/Bi,Te, 555617, ZoT of 1.4 is found. Exploring ther-
the past decades, due to their high thermoele€Ti®) figure  mionic emission at interfaces, Vashaee and Shakdwave
of merit Z, at room temperature. In bulk materials, a dimen-recently shown that metal-base superlattices with tall barriers
sionless figure of meriZT of 0.75 inp-BiSb,Te;, at 300 K,  can achieveZ.T larger than 5, at room temperature. A key
was reported about 40 years ai'gSince then, there has been requirement is the nonconservation of lateral momentum,
modest progress in increasiyT near room temperature. which allows a higher number of electrons to participate in
The highest value reported appears to be 1.14 for théhe thermionic emission process.
p—(Bi,Te3)0.24ShyTe3)0 74 Sh,S8) 3 alloy? The motivation for the present work is the application of
The TE properties of telluride filmg.7—20um thick) Bi,Te; and ShTe; (in their simplest form as then- and
measured at room temperature, for various deposition mettp-type elements, respectively, of a column-type micro-TE
ods, substrate temperatures, and substrate materials, araoler™® Using coevaporation of the elements, we deposited
listed in Fig. 1. Zou et al® deposited n-Bi,Te; and  bismuth-tellurium(Bi-Te) and antimony-tellurium(Sb-Te
p-Sh,Te; films by coevaporation, at a substrate temperaturghin films at variousTg,, and compositions, seeking films
Teup Of 260 and 230 °C, respectively, with.T of approxi-  with optimum TE performance. Although it is known that
mately 0.3(thermal conductivity of 1.5 W/m K is assumed Tg,above 200 °C is needed for films with higT (or high
Lim et al® used electroplating, and tmeBi,Te; films exhib-  power factoraé/pe, as reported in Fig. )1 the performance
ited notably low performance, compared with that reporteddf telluride compound films formed at lower temperatures is
by others. The properties of theBi,_,ShTe; films were not  also investigated, since in the device fabrication, the current
fully characterized due to the poor reproducibility. Botteer TE film patterning method limitsTg,, to values below
al.>® used cosputtering, followed by annealing, to improvel70 °C™ The effect of substrate material and crystal struc-
the TE properties. ture on the TE properties is also explored. Platinum is used
Several approaches have been proposed to ent#fice as the substrate for the TE films in the micro-TE cooler fab-
in thin-film TE materials. Using quantum-confinement ef- rication (current is injected through metal connectors com-
fects, which allows for the manipulation of the Seebeck co{osed of Cr/Au/Ti/Pt layers, where Pt interfaces with the
efficient s by enhancing the density of states near the FermTE elements™* and so, it is of particular interest here.
energy,Z.T ranging from 1.3 to 1.6, at 300 K, was reported
for PbSeTe/PbTe quantum dot superlattice struct(fes. Il. FILM FABRICATION

Venkatasubramaniaet al? showZT of 2.4 for p-type nano- The Bi-Te and Sh-Te films were deposited by coevapo-
structured superlattices of Hies/StyTe; at room tempera- ration. Each of the element&®Bi, Sb, and Te shots are
ture. These are phonon-blocking/electron-transmitting SUPel5g 99994 purgof the desired corr'1pou;‘|tlrom the Bi_Te or

Sb-Te systenjsis placed in a 17-cc molybdenum boat,

dDepartment of Mechanical Engineering; electronic mail: which is connected to an independent power sugpbn-
,, dasilva@umich.edu . trolled manually. The flux from each source is monitored
Author to whom correspondence should be addressed; also at Department,
of Mechanical Engineering; electronic mail: kaviany@umich.edu with separat_e quartz-crystal sensors. The substrates are
®Department of Physics; electronic mail: cuher@umich.edu placed at a distance of 46 cm above the sources, and rotate at
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Zou et al. 3] Lim et al. [4] Béttner et al. [5, 6]
Co-Evaporation Electroplating Co-Sputtering
Glass Au N/R
e P n- p- n- p- n- -
| SbyTes | BijTes | Biy,SbyTes | BisTes | (Bi,Sb);Tes | BiyTes FIG. 1. Reported deposition methods
— and properties of the- andp-type tel-
| 230 260 N/A N/A N/R N/R luride films. (N/A: Not/Available;
171 | 228 | NR 60 | 227 155 N/R: Not/Reportefi
104 13.0 N/R 10.0 23 21
2.80 3.99 N/R 0.36 224 1.14
0.7 0.7 20 20 10-20 10-20

a controlled speed. A resistive heafptaced above the sub- couples. The Cu leads of the thermocouples were also used
stratg can maintain a constant substrate temperature of up tt measure the potential differendeyp, across the film. The
300 °C, which is measured by a typethermocouple located Seebeck coefficient was determined by

at a distance of 5 mm from the substrate edge. The calibra-

tion of this thermocouple was established by comparing its as= Ag , (1)
temperature with a second thermocouple attached directly at T,-Tc

the back surface of the substrate, which was stationary. An

additional film thickness monitor is used to measure the2nd the results were corrected for the thermopower of the Cu

overall thickness of the deposited compound. leads. _ o _ _

The pressure during deposition varied fronx 107 to The electrical resistivity, was obtained using the stan-
4% 10°% torr. The Bi and Sb deposition rates varied from dard four-probe method, also at room temperature, under
1+0.1 to 2.5+0.1 A/s, while the Te rate varied from vacuum. Itis given by
2.5+0.5t0 4.5+0.5 A/s. All substrates were cleaned prior to RA,

the deposition with acetone and isopropanol, and dried with  p,=——, (2)
N,. L

wherelL is the film length(distance between the fine copper
Il. EILM CHARACTERIZATION wires used forA ¢ measurement when an electrical currént

is applied, A; (=wL,, i.e., product between the widtk and
the thicknessLl,) is the film cross-section area, and

The microstructure of the film&rain size and orienta- Re(=A¢/Je) is the electrical resistance. The film thickness,
tion) was examined using a high-resolution scanning electroh, Was obtained from four different locations on the sample,
microscopegSEM), which is combined with a focussed ion- with an accuracy of +5%, using a surface profiler.
beam workstation. The latter was used ifositu preparation Hall-effect measurements were performed in a cryostat
and analysis of sample cross sections. In order to prevent treguipped with a superconductitg T) magnet. A magnetic
damage to the surface grains by the ion beam, a platinurfield B and current], were applied, andR, (or A¢) was
patch (1 uwm thick) was deposited on top of each TE film, measured. Data were taken in both magnetic-field directions
prior to the sectioning. to eliminate effects due to any probe misalignment. The Hall

The orientation of the crystals in the films was deter-coefficientRy is given by
mined from x-ray diffraction(XRD) analyses. The patterns
were obtained using a Scintag powder x-ray diffractometer.

The relative concentration of the elements was mea-  Substrate |
sured, with an accuracy of £2%, by an electron microprobe
analyzer, and averaged over ten distinct locations for each  Heater
sample.

A. Crystal structure and composition

Heat Sink

B. Thermoelectric properties

The Seebeck coefficientg was measured at room tem- ,
perature, under vacuum. In each case, data were collected Substrate 2
from two films deposited at the same time on identical sub-
strates, which were mounted as shown in Fig. 2. One end dfiG. 2. Probe used for the Seebeck coefficient and electrical resistivity
the film (10-20 mm long and 2—4 mm wijlevas thermally =~ measurements. Two substrates, with the same TE film deposited on them,

connected to a heat sink and the other end to a heater. TRE Neld by the heat sirflcold side. The heater is attached to the opposite
edge of the substratékot side. The electrical resistivity measurements are

t?mperatures of the hot _and_cold sidds and T, respec- performed on substrate 2, while the Seebeck coefficient is obtained from
tively) were measured with fine copper-constantan thermosoth substrates.



114903-3 da Silva, Kaviany, and Uher J. Appl. Phys. 97, 114903 (2005)

TABLE I. Uncertainties of the measured and calculated properties. 0
- Seebeck Coefficient, Og

50 Resistivity, p, LS5
) -4 Power Factor, 0g2/p, g &
Property Uncertainty%) o 4 %
:;-100 .g 2
ag +5 Y 13w E
Pe *12 3150, =g
a3l pe +15 2 e
Ry +15 200 g

ne +15 i1

wm 20 -250 ——— 0

100 140 180 220 260 300

T:ub' °C
R, = Reﬂe (3) FIG. 3. Effect of Tg,, on the TE properties, where the Te concentration
H B’ (averaged over ten points for each samplaried from 59.7% to 60.9%.

(The lines are used only to guide the gye.
and from that, the carrier concentratiog and mobility «
were calculated using causing this problem. Metalli¢€Cu or Au) contacts can be

B Ry patterned prior to or after the TE film deposition, for future
R andu=—, (4) measurements.
HE Pe

Ne

wheree; is the electron charge.

IV. OPTIMUM POWER FACTOR IN THE BISMUTH-
TELLURIUM SYSTEM

. Error analysi .
c or analysts A. Effect of substrate temperature on thermoelectric

The uncertaintyAF of a propertyF was calculated using properties of Bi-Te films

the relation One-micron-thick Bi—Te films with Te concentration

n (aF )2] 12 around 60% were deposited on a glass substrate at tempera-

AF(Xy, Xy, ...) = [E

—AX , (5)  tures varying from 130 to 280 °C. In Fig. 3, the measured TE
=1\ X properties are shown for the various films. The Seebeck co-
where efficient is negative indicating that the films ardype, and
its absolute value increases witly,, up to 260 °C, where it
F(X1, X, -..) = ag(Ag, T, To) reaches a plateau. Also, at this temperatpyrdias a mini-
= po(RoW, Lo L) mum, and the power factoa%/pe, has its optimum value. At
ee e higher temperatures, because Te can reevaporate from the
= aélpe(as, Pe) substrate leaving point defedfs.g., a vacancy or an antisite
=Ry(Ro L) defec} in the crystal structurey,, which is sensitive to these
defects, increases sharply.
=nc(Ry) The lower values ofg at Tg,,<<260 °C can be an indi-

(6) cation that other Bi—Te phases coexist withBi;. For pure
Bi (although it is unlikely to find unreacted Bi in the films

The results are shown in Table I. ag is =50 and -10QuV/K for directions parallel and per-

For ag, which was obtained from two samples of the pendicular to the trigonal axis, respectivé:l‘yThe film com-
same film that were mounted side by side in the pr@fig.  position was measured at ten distinct locations on the
2), variations in repeatability were also taken into accountsample, as previously mentioned, and for an analytical vol-
The Seebeck coefficient was measured on each sample afteme of about 1-um?, the at. % Te varied from 59.3 to
heating and waiting 20-30 min for steady state, and als®0.1, for the film deposited at 130 °C. Although these values
after cooling. So, data were collected twice for each samplenight indicate that the compound is,Be;, they could be an
totaling four measurements for each film. The difference beaverage of various phases, since the area analyzed with the
tween the maximum and minimum value of these four meamicroprobe covers hundreds of grains for the low-
surements was calculated in terms of a fraction of the avettemperature film, as can be inferred from Figa)4 The sur-
agedas This was compared with the result from Ef), and  face SEM micrograph of the film coevaporated at 260 °C,
the larger value was taken as the uncertaintydn with at. % Te of 60, is shown in Fig.(8), where grains as

The accuracy of the, was limited by the uncertainties large as 0.5um are evident. The dashed lines at the cross-
in A; andL, while for Ry, the limit was found by drifts ilR, ~ sectional view are highlighting the grain boundaries. Voids
(or Ap). Measurements oRy were not completed when are observed in the cross section of the film deposited at
drifts were above 10%, which limited the data collection to130 °C [Fig. 4@)], and the grain boundaries, although ap-
only few points in the Bi—Te system. The electrical contactspearing to be closer to each other than in the highgp
which were made with silver paint, were suspected to bdilms, are not well defined.

= /’L(RHipe) .



114903-4 da Silva, Kaviany, and Uher J. Appl. Phys. 97, 114903 (2005)

(@)

500 nm

500 nm

‘\_~_,,{‘.

FIG. 4. SEM micrograph showing the
top and cross section of the coevapo-
rated BjTe; films deposited ata) 130
and (b) 260 °C, both with at. %Te of
60, and(c) 260 °C with at. %Te of 54.
The bar on the bottom right of each
SEM micrograph corresponds to a
length of 500 nn{on scalé. In (b) and

3 (c), the dashed lines at the cross-
S00 nm section views are highlighting grain

e boundaries.

\

500 nm

S00 nm

fe—]

In Table Il, Ry,n;, and u are presented for films depos- Note in Fig. 5 that these three strongest peaks are seen in the
ited at T, of 250, 260, and 280 °C. Among the films with spectra of the reference-powderedBi; (a) and of the films
60% of Te, the one deposited at 260 °C, which has the highdeposited at 130 °(b) (the relative intensities are differgnt
est power factor, also has the highest mobilityesumably  These reflection planes indicate no preferential crystallite

because it is very close to a true,Be; stoichiometry and  jentation of samplega) and (b), which was expected for
thus has a minimal number of de_fe)ctshgh mopllltlc_es are a), since the powdered grains are randomly oriented. We
expected for crystal structures with large grain sizes sinc

they tend to reduce boundary scattering of carriers. fied to match the x-ray spectra of other possible phases

The diffraction patterns of powdered Bie; single crys- (apar't f_°r BjTey) within the Bi-Te system but found no
tal, and of the Bi—Te films, are shown in Figgab-5(c). The ~ convincing match.
position of the peaks agrees with the associated entries in the 1he intensities of the diffraction peaks corresponding to
Powder-Diffraction File for BjTe;,'® and the corresponding (00) planes(c-axis preferentially oriented, perpendicular to
reflection planeghkl) are labeled. the substrate surfapdecome significant aT,, of 230 °C

The three highest relative intensitield],, reported in  (not shown herg and increase at higher temperatures. They
Ref. 13, correspond to the plan€l5) (1/1,=100, (1.0.10  are dominant in the film deposited at 260[¥&g. 5(c), peaks
(111,=25), and (110 (1/1,=25). For other peakd/l,<8.  corresponding tq006) and (0.0.15 planes, which had the

highest power facto(Fig. 3).

TABLE Il. Measured Hall coefficienR,, carrier concentration, and mo- In Fig. 6, the diffraction patterns of the Bi-Te films de-
bility n of Bi—Te films, at room temperature. posited at 130 and 260 °C are enlarged to show the effect of
Teup ON the linewidth of the peaks. The smaller linewidths
observed in Fig. @), when compared witlia), indicate an
250 60 -0.063 9.9 2 increase in the grain size with the increasergf, and sug-

Tod°C) at.% Te Ry(10°mP/C) n(10P°m™>)  w(107* m?/V's)

ggg 28 ‘8-2?3 ;2 15225 gest higher crystalline quality. This result is in agreement
260 507 0,017 37 ’9 with Figs. 4a) and 4b). Such physical characteristic of the

260 57.6 ~0.006 96 96 f||_ms can also be 'c_u_‘fectmg the TE properti@s previously
260 54.0 -0.003 196 10.6 discussed for mobility
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FIG. 5. X-ray diffraction patterns of reference-powderegdl®} single crys-
tal (a), and coevaporated Hie; films (at. % Te~60) deposited on a glass
substrate at 130 °(h), and at 260 °Qc). The positiongdiffraction angle
26) of the measured peaks agree with the Powder-Diffraction(Eéde Ref.

13).

B. Effect of film composition on thermoelectric

properties of Bi—Te films

J. Appl. Phys. 97, 114903 (2005)
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FIG. 7. Effect of Te composition on the TE properties of Bi-Te films de-
posited on a glass substrate(at 260 and(b) 130 °C.(The lines are used
only to guide the eye.

(c-axis for films deposited afg,,, of 260 °C, and random for
films deposited af,, of 130 °Q was observed.
Hall coefficients for films deposited at 260 °C, given in

Bi—Te films were deposited on glass substrates at variou§able I, indicate a reduction of the carrier concentratign
stoichiometries foiT,, of 260 and 130 °C. The effect of film with the increase in the Te content. The mobilgyhas a
composition on the TE properties can be seen, at these termaximum at at. % Te of 60. Note that, althoughis about
peratures, in Figs.(@ and 7b). The optimum power factors, ten times lower for the film with at. % Te of 54, its resistivity
given in Table Il for bothT,,, were found for at. % Te of pe is also lower compared with the film with 60% of Te, as

approximately 60. Note that in Fig.(&, films with at. %

shown in Fig. Ta), due to its highen, (p is inversely pro-

Te>60 could not be obtained due to the reevaporation of Tgortional to the product betweegn andn,).

from the substrate.

In the XRD patterngnot presented hereno effect of

The top surface of the films with at. % Te of 60 and 54
(both deposited at 260 9Gs shown in Figs. &) and 4c),

composition on the predominant orientation of the filmsrespectively. The film with a larger grain size is richer in Te

(0.0.15)

(b)

L (015)
L (0.0.18)
b (0.021)

F;

T, = 260°C

(@)

(015)

(0.0.15)
(125)

T, = 130°C

30 40 50 60
20, °

FIG. 6. X-ray diffraction patterns of Bi-Te films deposited at Xapand

260 °C(h), showing the effect ofly,, on the linewidths.

(

and has higher carrier mobility. The cross sections are also
presented, where this difference in the grain size is clearly
indicated by the grain boundaries highlighted with dashed
lines.

C. Effect of substrate material and crystal structure
on thermoelectric properties of Bi-Te films

Bi—Te films were coevaporated on gladgpe-Il soda
lime), Al,O5 (0001, MgO (100), mica, and Pt substrates at
Tsup Of 260 °C. The effect of film composition on the TE
properties is shown in Figs(&—8(c) for all substrates, with

TABLE Ill. Measured optimum TE properties of coevaporated Bi-Te films
deposited at 260 and 130 °C.

Tsuf°C)  pe(nQlm)  ag(uV/K) a%/pe(mW/sz) at. % Te Ly (um)

260 28.3 -228
130 16.9 -81

1.84
0.39

60.11 1.0
59.99 13
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@ 7 TABLE IV. Reflection planes of Bi-Te films deposited on various substrates
at Ty, of 260 °C and for at. % Te around 60.
-50
Substrat hkl
« 100 ubstrate (hkl)
> Glass 00)+(01
%1% Pt qu;+E012)
3 Substrate: - Glass ]
2200 -8~ Mica Mica (001)+(015+(0.2.10
- MgO 5% ! Al,0; (001)+(015)+(205)
250 > ALO; MgO (00))+(015 +(205) +(1.1.15
-300

53 54 55 56 57 58 59 60 6l

entation for the BjiTe; crystal structures grown on glass and
Pt, while crystals grown on MgO are more randomly ori-
ented.

The XRD patterns of the Bi—Te film deposited on glass
and Pt(at 260 °C and with at. % Te of 60.1LAre shown in
Figs. 9a) and 9b), respectively. I{c) is the spectra of the Pt
substrate, which should be subtracted fr@oh in order to
properly comparéa) and(b). Note that the samg@0l) peaks
are detected in both films, and the relative intensities of most
of them are similar.

V. OPTIMUM POWER FACTOR IN THE ANTIMONY-
TELLURIUM SYSTEM

A. Effect of substrate temperature on thermoelectric
properties of Sb-Te films

The measuredrs and p,, and the calculateabé/pe of
Sb—Te films deposited on glass, are shown in Fig. 10 as a
function of Ty, The tellurium concentration varies from
60.0% to 61.1% among the films, which are approximately
1 um thick. The Seebeck coefficient is positive indicating

at%Te
by 7
6 Substrate: - Glass
1 -2 Mica
- MgO
E 3 x- ALO, i
5 4] A
S 4
- 34
. 1
a g 1
+12%
1
0 - . . . .
53 54 55 56 57 58 59 60 61
at%Te
(©) 25
Substrate: o Glass
2.0 -a- Mica
£ - MgO +15% ...
‘% s »- AL O,
s 1
£
o 1.0
s
0.5
0.0

53 sS4 55 56 57 58 59 60 6l
at%Te

FIG. 8. Thermoelectric properties of Bi-Te films deposited at 260 °C on
glass, mica, MgO, and AD; substrates(The lines are used only to guide
the eye)

the exception of P¢substrates with high electrical resistivity
are required to allow for reliable measurements of TE prop-
erties.

At a given at. % Te, the variation of film composition
among the substrates was found to be within £0.5%. Al-
though the highest power factor was obtained for a film
grown on MgO(at. % Te of 60.], this is not the case for
other Te compositions. Therefore, to within an uncertainty of
15%, no significant effect of the substrdteaterial and crys-
tal structure on the TE film properties is evident. This is an
indication that films grown on Pt are likely to present similar
performance as the ones reported here.

In the XRD patterns, the position of the peaks agrees 40000

with the associated entries in the Powder-Diffraction File for
Bi,Tes,'? for all substrategincluding P}, and no significant
effect of at. % Te on the crystal structure of the films was
observed. The reflection planes verified in the films with
at. % Te around 60 are listed in Table IV, whéerie equal to

3, 6, 15, 18, and 21. The peaks from tt@®) planes pre-
sented higher intensities. Theaxis is the predominant ori-

that the films arg-type. Note that the maximumg and the

(©
40000
30000
20000
®) 10000 Pt
Substrate
2 40000 0 s Ty )
g S S B
S 30000 ‘ : /
5 S LSS /
=9 ) Sl J/
g i oy B
@ < 1000 / | A S
~ ’, b3 % /Pt Substrate
80000 o il ' Ak ok
/ v'-’z ‘ J/ ;
60000 = /7 =ty oy
b4 ’ =] S / S
s /7 /3 S0
S ’ ] ~ ’ ’ ’
S 4 / B / ’
Sl —~ /S
200 |2 LS EE S
— , .
S == Bi-Te on
Il = =S
N Vo Glass Substrate

10 20 30 40 50 60 70

80 90

26,°

FIG. 9. X-ray diffraction patterns of a Bi—Te film deposited on gl@sand
Pt (b) (at 260 °C and with at. % Te of 60.1land of the Pt substrai).



114903-7 da Silva, Kaviany, and Uher J. Appl. Phys. 97, 114903 (2005)

180 4 . . . _
- Secheck Coetticiont, 0 (almost one order of magnitude higher thl:élrgm, which is
presented in Table Il for at. % Te of p&"1° Moreover, be-

g . -
L3 g % cause the formation energy for antisite defd&b on the Te
160 | = Resistivity, p, . . R K i
; & Power Factor, 0521p, K % sublattice is low, SlyTe; crystals also contain a high density
2 150 1,8 of such defects.
g & kS The lower values op, shown in Fig. 10, when compared
g

with the results from Fig. 3, can also be attributed to the
higher background carrier densitpr highern.) of Sh-Te
films. As found from Eq(4), p. is inversely proportional to

120 , . 0 Ne-
160 180 200 220 240 260 280 300

T.mb ’ °C

—

The surface SEM micrographs of the film coevaporated
at 170 and 270 °C are shown in Figs.(d1and 11b), re-
FIG. 10. Effect ofT,,, on the TE properties, where the Te concentration SPectively, with magnifications of 60 080 and 15 00
(averaged over ten points for each samplaried from 60.0% to 61.1%. (where the latter indicates homogeneity in the grain struc-
(The lines are used only to guide the gye. ture). The grain size increases with,,, and an increase in
carrier mobility u is expected, as discussed in Sec. IV A.
minimum p, do not occur at the same temperature, as obThis is in agreement with the decreasgsTyincreases,
served for the Bi—Te system in Fig. 3. The optimum powerobserved in Fig. 10, sincg, is inversely proportional tq
factor is found afT,, around 270 °C. [Eq. (4)]. At high T, reevaporation of Te from the substrate
For T¢,,<<270 °C, the difference between the maximum occurs(which creates point defects in the crystal struckure
and minimumag is about 15% of their averagéig. 10,  causing the increase pf.
while in the Bi—Te system this value increases to 80m. The diffraction patterns of powdered Sie; single crys-
3). This lower sensitivity ofag to T, in the Sb-Te com- tal, and the Sb—Te films depositedTat, of 170 and 270 °C
pounds can be due to the higher background carrier densigre shown in Figs. 12)-12c). The position of the peaks
of this system compared with Bi—-Te. Because the maximunagrees with the associated entries in the Powder-Diffraction
of the solids curve in the Sb-Te phase diagram is shiftedile for ShTe;™® and the corresponding reflection planes
towards the side of Sb, crystals of Sk prepared from (hkl) are labeled.
stoichiometric melts are alwaystype conductors and con- The three highest relative intensitidd|l,, reported in
tain high concentrations of holes, on the order of10~3 Ref. 13, correspond to the plangxl5) (1/1,=100), (1.0.10

FIG. 11. SEM micrograph showing
the top views of the coevaporated
Sb-Te films deposited dg) 170 and
(b) 270 °C, both with at. % Te around
60, and(c) 270 °C with at. % Te about
50. Each micrograph on the right
shows a larger area of the same film,
500 nm indicating uniformity of the grain

L /| Ll N ey A structure.
F—— : \ ‘ ,

S00 nm 5,

==
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FIG. 12. X-ray diffraction patterns of reference-powdered T8 single

crystal (a), and coevaporated $be; films (at. % Te~60) deposited on a
glass substrate at 17@) and 270 °C(c). The positions(diffraction angle

26) of the measured peaks agree with the Powder-Diffraction(Eéde Ref.
13).

(111,=35), and (110 (l/1,=25). For other peaks/I,< 10.
Note that in Fig. 12, these three strongest peaks are seen
the spectra of the reference-powderedT®h (a) and the two

highest peaks are dominant in the film deposited at 170 °C

(b) (the relative intensities are differgntThese reflection
planes indicate no preferential crystallite orientation of
samples(a) and (b), which was expected fofa), since the

powdered grains are randomly oriented. No convincing

match with the x-ray spectra of other possible phdsgsrt
from ShTe;) within the Sb—Te system was found.

In the XRD spectra for the film deposited at 270[%g.
12(c)], and at higher substrate temperatuf@st shown

here, the intensity of the diffraction peaks that correspond to
(00) planes increased relatively to the other peaks identified

in the films deposited at lower,, It is evident that aJ,
increases, the Sb-Te crystal structures become mards
oriented.

In Fig. 13, the XRD spectra of the films deposited at 170

and 270 °C are enlargdfbr 26 varying from 37° to 47fin

order to show the difference in the linewidths between the

peaks of the two films. A3, increases, the linewidths de-
crease (peaks are sharpersuggesting higher crystalline

quality. This result is in agreement with the increase in the

grain size shown in Fig. 11, ak,;, increases.

B. Effect of film composition on thermoelectric
properties of Sb-Te films

The composition of the Sb—Te films was varied from

J. Appl. Phys. 97, 114903 (2005)

(0.0.15)

®)

(1.0.10)

T,,, =270°C
J\ A T,,=170°C

37 42 47
28,°

(@)

FIG. 13. X-ray diffraction patterns of Sb—Te films deposited at (&fGand
270 °C(b), showing the effect of,, on the linewidths.

films deposited on a glass substrate at 270 and 170 °C, re-
spectively. The effect on the TE properties can be seen in
Fig. 14. The optimum power factors are given in Table V.

At T, of 270 °C, because the measured results do not
follow a smooth curve, each property is plotted separately

@
160 Seebeck Coefficient, oig
2 120
g
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in £ 3 1 Resistivity, p,
£
S 2
w
2 1 LT; I
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©
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22
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& :
S i
C1
0
50 52 54 56 58 60 62
at%Te
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s i -= Resistivity, p, &
90 i -&- Power Factor, 0g2/p, S
70 | r—_/j\‘_“——ﬂ 1
50 4 - : 0
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at% Te

FIG. 14. Effect of Te composition on the TE properties of Sb—Te films
deposited on a glass substratéatto (c) 270 and(d) 170 °C.(The lines are

approximately 50 to 62 at. % Te, and 50 to 74 at. % Te, forused only to guide the eye.
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TABLE V. Measured optimum TE properties of coevaporated Sb-Te films X-ray diffraction analyses show that on »l;, the
deposited at 270 and 170 °C. Sb—Te crystal structures were stronghaxis oriented, while

on Pt, no preferential orientation was detected. Because it
was not possible to compare the measured TE properties of
270 125 149 1.78 60.53 11 the films deposited on glass with the other substrates, and
170 25.5 126 0.62 58.85 1.0  also, because the films deposited on Pt did not have the
c-preferential orientation verified for the films with optimum
power factor deposit on glass, the question remains if the

with error bars[Figs. 14a)-14(c)], where an approximate fjims deposited on Pt will have the same TE properties as the
best-fit line is drawn as a guide to the eye. The optimunjms deposited on glass.

power factor is found for a film slightly rich in Te. The peak
in Fig. 14(c) is located on the right side of the vertical dashed
line (which marks the Sfie; stoichiometry, where the re- VI. CONCLUSIONS
sistivity has a minimunjFig. 14b)]. The peak found fop,
at at. % Te of 59.5 might be due to a defect structure formingalt
around that composition. :
The top surfaces of the films with at. %
(both deposited at 270 9Care shown in Figs. ib) and
11(c), respectively. The one richer in Te has a larger grairg
size, again indicating that its mobility is likely to be higher.
In contrast to the Bi—Te system, whepg at 60% Te was
about six times larger than that at 54%g. 7(a)], the Sb-Te
system does not show significant differencespjnat these ;
compositiong Fig. 14b)]. The difference in carrier concen- yielded a lower value of the power factor.

tration should not be as pronounced as the one measured f rdThedcfrystaI:ihneIquali_té/ﬂ(:f thfetr?i—;ﬁzglmsttreporteddhfere,
Bi—Te (Table 1), due to the higher background carrier den- educed from the finewidins of the patierns and from

sity of the Sb—Te films near stoichiometry. . SEM_ micrographs, was aff_ected BYu, No effect of
The power factor of the films deposited at 170[fg. composition on crystal orientation was seen. Based on the

14(d)] slightly increases around 60% Te, and then reaches [imited number of t(_asts performed, no significant effect of
plateau. No effect of composition on the crystal orientation' € substrate material "?m(.j crystal strugture on ths TE prop-
of these films is foundthey are polycrystalline erties was observed, within an uncertainty of +15%. This is
For films deposited at 270 °C, the XRD patterfiot an indication that Bi—Te films deposited on Pt are likely to
shown hergindicate that at at. % T,e about 60 and above it have the same performance as the films deposited on glass,
'Al, 03, MgO, or mica. The XRD pattern indicates that Bé;

the intensities of the peaks corresponding(®®) planes N ; ) .
increase significantljthe highest corresponding ¢6.0.159]. forms on Pt(at Ts,, _Of 260 °Q, which supports its use in the
connector of the micro-TE cooler, as the metal that interfaces

0 ) o .
Below 60% Te, films are polycrystallinpvith the highest with the TE element&

peak corresponding to plar@19)]. The higher carrier concentration of Sb-Te films did af-
fect the TE properties. The Seebeck coefficient was found to
be less sensitive td,, and the electrical resistivities in gen-
eral were lower, compared with the Bi-Te system. The high-
Additional substrates, such as Pt,@, MgO, and mica est power factor(1.78 mW/K2 m) was obtained for a film
(the same type used in the Bi-Te system analysiere deposited at 270 °C, with at. % Te of 60.5. This result can be
included, together with glass, in each of the coevaporationsompared with the ones reported in Fig. 1. In Ref. 3, the best
of Sb—Te, afT,, of 270 °C, discussed in the previous sec- p-type film was deposited at 230 °C and ha@/pe of
tions. 2.8 mW/K?m. This difference in performance is mostly due
All films deposited on MgO and mica, and most of the to asg, Since the resistivities are comparable, as can be seen in
films on AlL,Os, had a rather poor quality. The films appearedTable V. The p-type ternary compound fabricated by
transparent on these substrates and no electrical continuit;psputteringﬁ, which was annealed after deposition, yielded
was found in them. The exceptions were the films depositedignificantly higheras, but also had a highep, than the
on Al,O5 at 270 °C, with at. % Te of 58.5, 58.9, and 59.3. other optimump-type Sb—Te films.
However, the thicknesses of these three films ojOAWere The SEM micrographs and the linewidths in the XRD
about 20% smaller than the values measured for the sanpatterns reported here for Sb—Te films indicate an increase in
films grown on glasgaround 1um). It is evident that there the crystalline quality with the increase ©§,, Films depos-
are problems with Sb—Te sticking to these substrates. Thiged at 270 °C become preferentiatiyaxis oriented for at. %
crystal structure of Sfe; is very similar to BjTe; (rhom-  Te above 60, while no effect of composition was found for
bohedral with five atoms in the primitive unit celf and  films deposited at 170 °C. Thermoelectric properties were
therefore, we would expect no significant effect of the sub-measured only for films on a glass substrate due to the poor
strate on the TE properties of Sb—Te films, as verified for thequality of the Sb—Te films deposited on 8;, MgO, and
Bi—Te system. mica. The films grown on Pt were analyzed by XRD and

Tauf°C)  pe(uQm)  aguVIK) a3/ p(mW/KZm) at. % Te Li(um)

For Bi—Te, the highest power factors were obtained at
% Te around 60, for films deposited &, of 260 °C

Te of 60 and 50(2.11 and 1.84 mW/Rm for deposition on MgO and glass,
respectively. Comparing this result with the ones given in
ig. 1, it is verified that the optimum-type film reported by
ou et al,® which was also deposited by coevaporation at
260 °C, presented the same valueagflisted in Table IlI.
However,a3/ p, is about two times lower than in Ref. 3, due
to the differences ip,. Then-type film reported by B&ttnér

C. Effect of substrate material and crystal structure
on thermoelectric properties of Sb-Te films
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showed no preferential orientation, whiteorientation was 3?- Z%U: D. M. Rowe, and S. G. K. Williams, Thin Solid Film#08, 270
fpund for optimum films grown on glass. This is an indica 43 R, Lim, G. J. Snyder, C.-K. Huang, J. A. Herman, M. A. Ryan, and J-P.
thn that the _TE properties of films grown on Pt substrate rjeyyial, Thermoelectric Microdevice Fabrication Process and Evaluation
might also differ from those grown on glass. Due to the at the Jet Propulsion LaboratotyPL), Proceedings of the 21st Interna-
limited data, no conclusion can be drawn on the effect of tional Conference on Thermoelectrickong Beach, California(2002

; ; (unpublished, pp. 535-539.
SUbStratdmatenal and CryStaI S.truc.tl)ren .the .TE .prOpemeS °H. Béttneret al, J. Microelectromech. Systl3, 414 (2004).
of Sb—Te films. A more extensive investigation is needed. ey Bottner (private communication
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ACKNOWLEDGMENTS 2229(2002.
. . . 8A. Majumdar, Science303 777 (2004.

This work was supported by the Engineering Research®d. vVashaee and A. Shakouri, Phys. Rev. L&2, 106103(2004.
Center Program of the National Science Foundation undelro(Lz-O\(/)V‘-D da Silva and M. Kaviany, Int. J. Heat Mass Transi, 2417
Award No. EEC-9986,866’ at the University of Michigan's How da Silva and M. Kaviany, J. Microelectromech. Sysiccepted for
Wireless Integrated Micro Systen(#/IMS) Center, and by publication.
the Conselho Nacional de Desenvolvimento Cientifico €'*C. F. Gallo, B. S. Chandrasekhar, and P. H. Sutter, J. Appl. PB¥§s144
Tecnologico-CNPq, Brazi(LWDS). The authors are also (1963

- - Joint Committee on Powder Diffraction Standafd€PDS, Powder Dif-
thankful to Dr. John Mansfield for the help with the SEM ¢~ . © File, Card Nos, 15.874 and 15-863, Pennsylvabes3.

micrographs. 144 Scherrer and S. Scherr@RC Handbook of Thermoelectriesdited by
D. M. Rowe (CRC, Boca Raton, FL, 1995p. 211.
D. A. Wright, Nature(London 181, 834 (1958. 15V, A. Kulbachinskii et al, Phys. Rev. B52, 10915(1995.

%R. Venkatasubramanian, E. Siivola, T. Colpitts, and B. O’Quinn, Nature'®M. Stordeur,CRC Handbook of Thermoelectrjoadited by D. M. Rowe
(London 413 597 (2001). (CRC, Boca Raton, FL, 1995p. 239.



