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n-type and p-type thermoelectric thin films have been deposited by direct current magnetron sputtering
from n-type Bi,Te;7Seq3 and p-type BigsSbqsTes targets.on glass and Al,O3 substrates. X-ray diffraction
and energy dispersive spectrometry combined with electrical measurements such as Seebeck coefficient
and electrical resistivity were used for the thermoelectric thin films characterization. It was found that

the composition of the sputtered thin films was close to the sputtering target stoichiometry for the
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than 1 mW/K? m.

tested deposition conditions and that the thin film composition did not seem to be the determinant
parameter for the thermoelectrical properties. Indeed, the chamber pressure and plasma power have a
greater influence on the thermoelectrical performances of the films. Annealing in Ar atmosphere (250 °C
for n-type and 300 °C for p-type films) enhanced the film crystallization and yield power factors higher

1. Introduction

Most applications of thermoelectricity deal with cooling and power
generation, both based on thermal and electrical energy conversion.
The thermoelectrical properties of bismuth telluride compounds at
room temperature are already used for the fabrication of micro cooler
devices [1-3].

However, sizing and integration problems of new devices cannot be
solved with existing bulk materials: Thermoelectric thin film devel-
opment is necessary. The thermoelectric properties of thin films have
long been of small interest compared to those of bulk materials. They
have been only recently improved with Bi;Tes-Sb,Tes super lattices for
which a high performance increase has been obtained due to the
dimensionality reduction [4].

Thermoelectrical thin films have already been prepared by different
deposition techniques such as thermal co-evaporation [5,6], flash
evaporation [7], radio frequency sputtering [8], ion beam sputtering
[9], molecular beam epitaxy [10,11], hot wall epitaxy [12,13], electro-
chemical deposition [ 14,15], Metal Organic Chemical Vapor Deposition
(MOCVD) [16] or pulsed laser deposition [17,18].

The aim of this work was to deposit bismuth telluride thin films by
direct current (dc) magnetron sputtering using one single target and
to optimize the thermoelectrical properties. According to previous
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Merlin, 38050 Grenoble Cedex 9, France. Tel.: +33 4 76 39 13 49; fax: +33 4 57 78 62.
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research on Bi,Te; -, Se, and Bi, - ,SbyTes thin film systems [19-23], the 45
target compositions were chosen as follows: Bi,Te, ;Seq 3 for n-type 46
and BigsSbysTes for p-type thermoelectric films. Two types of sub- 47
strates were used: glass microscope slides and polycrystalline Al,0s. 48
Film composition and thermoelectric performances were investigated 49
before and after Ar annealing. 50

2. Experimental details 51

2.1. Film deposition 52

Films were deposited at room temperature using a dc magnetron
sputtering device. Commercial 50 mm diameter hot pressed targets
were used with the following composition: Bi,Te, ;Seq 5 for n-type and
BipsSbisTes for p-type materials. The stoichiometry of both targets
was verified by Energy Dispersive X-ray Spectroscopy (EDS) with a £3%
accuracy. Both glass microscope slides and polycrystalline Al,O3 were 58
used as substrates, with 25x25 mm? dimension. The substrates were 59
cleaned using deionized water prior to a 15 min alcohol ultrasonic 60
bath. 61

Pressure before deposition was lower than 5-10"% Pa. A 10 min 62
target pre-sputtering was used to eliminate surface contamination 63
prior to plasma deposition. The sputtering conditions and the resulting 64
film thicknesses are described in Table 1. 65

After deposition, films were annealed in Ar atmosphere at different 66
temperatures (up to 250 °C and 300 °C for respectively Bi,Te,;Seq 3 67
and Big sSbysTes films) and for different durations (up to 32 h). 68
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Table 1

Sputtering parameters and thicknesses of n-type BiTeSe thin films with Bi,Te;;Sep 3 nominal composition deposited on glass and Al,03 substrates

Sample Substrate Target/substrate distance Plasma power (W) Argon pressure (Pa) Deposition time Film thickness Remarks

name type (cm) (mn) (nm)

Th23 Glass 6 4 4.1072 60 730

Th27 7 30 100 Not analyzed in composition
Th31 15 4.1072 30 1450

Th33 7 60 1100

Th35 3 4 4.1072 30 910

Th39 7 60 590

Th41 15 4.1072 60 8700 Not measurable after annealing
Th43 7 30 2200

Th24 Al,03 6 4 4.1072 60 750

Th28 7 30 100 Not analyzed in composition
Th32 15 4.1072 30 1600

Th34 7 60 1150

Th36 3 4 4.1072 30 980

Th40 7 60 620

Th42 15 4.1072 60 7500 Not measurable after annealing
Th44 7 30 1500

2.2. Film characterization

Film thickness was measured using a stylus surface profiler (Dektak 3.0).

Film crystallization was investigated with an X-ray Diffraction
(XRD) system (D5000 Brucker) in the conventional ©-20 mode using
the Cu Ko radiation. EDS was performed on an environmental
scanning electron microscope (ESEM FEI Quanta 200) operating at
18 kV for the films composition determination. At least three different
regions of each sample were analyzed with the same conditions
(accelerating voltage, beam current, magnification, acquisition time).
Quantitative analysis of the different elements (atomic percent con-
centration) was performed by non-standard analysis (using ZAF cor-
rection procedures) with a +3% accuracy.

The Seebeck coefficient S (UV/K) and the electrical resistivity
p (mQ cm) were measured at room temperature to determine the
power factor P=S%/p. This factor gives an indication of the thermo-
electric performance, usually expressed by the figure of merit Z=S?/pk=
P/k (k being the thermal conductivity).

A device was developed (see Fig. 1) to measure the Seebeck coeffi-
cient of the films by applying a thermal gradient along the film plane.

The left part of the device (hot zone) was regulated using a heating
cartridge and the right part of the device (cool zone) was maintained
at 17 °C with flowing water.

A mechanical pressure ensured the thermal and electrical contacts
quality at the hot and cold ends of the set-up. The temperature gradient
was measured with an accuracy of £1 °C by two K-type thermocouples
(0.1 mm diameter) located at the surface of the films. The induced
voltage was measured using an Agilent 34401A Digital multimeter. The
estimated accuracy of the Seebeck coefficient measurement was +5%.
The homogeneity of the Seebeck value along the films was verified by
changing the probe distances. In addition, different thermal gradients
with a maximum of AT=20 °Cyield a constant Seebeck coefficient.

Mechanical pressure

Insulator l l

Substrate
| Film
B
I 1
Hot _f—1 <t cod
reference —| reference
Thermocouples | block
I

|
block |
|

Fig. 1. Schematic of experimental set-up for Seebeck coefficient measurement.

Electrical resistivity was measured at room temperature using the
standard four-points probe measurement. The universal Jandel four
linear points test equipment associated to a Keithley 237 current
source and a Keithley 199 multimeter yielded resistivity measure-
ments with an accuracy of +5%. According to the different accuracy
estimations, the power factor is calculated with an accuracy of +15%.

3. Results and discussion
3.1. n-type BiyTe5 ;Seq 3 thermoelectric thin films

3.1.1. Electrical properties and composition of as grown films
Electrical properties of as grown n-type films sputtered on glass
substrates from the Bi,Te; ;Seq 5 target are summarized in Table 2. Power
factors were calculated from the S and p measurements of the different
films. Deposition conditions and EDS composition analysis are also
reported in this table. The samples are sorted by growing power factor.
Results on as grown films are as follows:

- low Ar deposition pressure yields low resistivity and consequently
high power factor.

- low Se contents (<6 at.%) lead to low power factor values. The low
thermoelectrical properties of sample Th43 are however not yet
understood.

The first point shows that the sputtering mechanism rather impacts
the electrical resistivity than the Seebeck coefficient.

Even though the power factor values are very low due to unan-
nealing, it can be noticed that a deposition parameter such as pressure
has a strong influence on the electrical resistivity. Indeed, it is known
that a high pressure reduces the mean free path and consequently the
particles having a lower energy change the nucleation and the growth
mechanisms at the substrate surface.

Table 2
Seebeck coefficient (S), resistivity (p) and power factor (P) of n-type BiTeSe thin films
with Bi,Te, ;Seq 3 nominal composition deposited on glass substrates

Sample  Argon Composition S(UW/K) p(mQcm) P(mW/K?m)
name pressure (Pa) (at.%) +3% +5% +5% +£15%

Th33 7 Bizzo Tesl — } -110 234 0.052

Th43 7 Biss, Te5skSes;  —196 68.7 0.056

Th27 7 Not analysed =133 20.8 0.085

Th39 7 Bisso Tegos Seap  —157 233 0.11

Th23 4.1072 Bisso Tesgo Sezo  —201 34.0 012

Th35 4.1072 Bisgs Tess7 Segs  —108 53 0.22

Th31 4.1072 Biss; Tes70 Sez3  —108 5.1 0.23

Th41 4.1072 Bisy1 Tesis Segs  —77 24 0.24

Ar deposition pressure and composition determined by EDS analysis are also reported.
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Fig. 2. XRD pattern of n-type BiTeSe thin films with Bi,Te;Sep 3 nominal composition
deposited on glass and Al,O3 substrates before annealing. Deposition conditions:
target-to-substrate distance: 6 cm; plasma power: 4 W; Ar pressure: 0.04 Pa; deposition
time: 60 min. Symbols (*) correspond to Al,O3 peaks. JCPDS Card 050-0954 of the
Bi,Te, 7Seq 3 phase is also reported.

The large resistivity values attributed to this low activation energy
(thus inefficient growth) also correspond to low Se contents. High
deposition pressure conditions rather influence the yield of Se particles
(low atomic percent) than Bi or Te elements for which a small com-
position variation (less than 13%) from the initial target stoichiometry
is obtained whatever the deposition conditions.

3.1.2. Initial crystallization of the sputtered films

Fig. 2 shows typical XRD patterns of thin films sputtered on glass
(Th23) and Al;03 (Th24) substrates. Compared to the power diffrac-
tion file (Card 050-0954) [24], the patterns of both samples can_ be
attributed to the Bi,Te,;Seps phase. For sample Th24 the clearest
peaks of the Bi,Te;, 7Seq 3 phase corresponds to the (015) plane but the
intensity is very low compared to the Al,03 substrate peaks. The same
phase is found in sample Th23 but with a preferred orientation since
only a small (006) peak appears in the pattern.

The very low peak intensities of the Bi,Te, ;Seq 3 phase are attributed
to the low film crystallization. This explains why the power factors of the
as-deposited films are low compared to other results in the literature
[25,26]. As described in further sections of this work, annealing of these

o
o
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=
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100 200
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o

300

Fig. 4. Power factor versus annealing temperature for an n-type BiTeSe thin film with
Bi,Te, ;Seq 3 nominal composition deposited on glass substrate. Same deposition condi-
tions than samples presented in Fig. 2; annealing time: 120 min.

3.1.3. Annealing temperature effect on film crystallization 148

The sputtered films were annealed in order to improve crystal- 149
lization and thermoelectrical performances according to previous 150
studies [27-29]. The glass sputtered sample Th23 was annealed with 151
different annealing temperatures during a constant time of 2 h. Fig. 3 152
shows the power factor increase foran annealing temperature ranging 153
from 20 °C up to 250 °C. 154

The power factor reaches 0.4 mW/K?> m (S=150 pV/K and 155
p=5.3 mQ cm) for annealing conditions of 2 h at 250 °C. This value is 156
explained by a large decrease of the resistivity due to film crystal- 157
lization during annealing, as shown in Fig. 4. The Bi,Te, ;Seq 3 pattern 158
(JCPDS Card no 050-0954) [24] reported on this figure confirms that 159
the compound formed is very close to the Bi,Te, ;Seq 3 phase. 160

Preferred orientation of sample Th23 after annealing is confirmed 161
since only (00l) peaks are found in the XRD patterns. The growth along 162
the c-axis is reproducible as already observed by Giani et al. on 163
epitaxial film of Bi;Tes and Sb,Tes grown by MOCVD on Pyrex and 164
silicon substrates [30]. 165

Quantitative thin film composition after annealing was also 166
analyzed and the film stoichiometry was conserved up to 250 °C. 167

3.1.4. Annealing duration effect on film crystallization 168
The optimal temperature of 250 °C obtained on sample Th23 was 169
then used to anneal all samples of Table 1 for different durations. 170
Fig. 5 shows the corresponding power factor variations for the film 171

A5 EES ' : sputtered on glass substrate. 172
films will significantly improve thermoelectric performance. The annealing time at 250 °C was increased up to 32 h and Fig. 5 173
shows that the power factor exceeds 1 mW/K? m. This value can be 174
T T compared to the best obtained on thin films (3-5 mW/K? m) [25,26] 175
and can be improved by further deposition and annealing conditions 176
& optimization. 177
g & Fig. 5 also shows two populations of thermoelectric performances 178
v g corresponding to two different thin films groups. 179
= —_
=1 s & © —
g g Jkg s 8
8 | 250°CH = = e - E 1.2
2z A : Y 1.0 Pl
g 2 G- e - - s —e—Th27
£ [100°G} : i : : 0.8
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Fig. 3. XRD patterns of n-type BiTeSe thin films with Bi,Te, ;Seo 3 nominal composition
deposited on glass substrates after annealing at temperatures ranging from room
temperature to 250 °C. Same deposition conditions than samples presented in Fig. 2.
JCPDS Card 050-0954 of the Bi,Te,7Seq 3 phase is also reported.

Annealing time (hours)

Fig. 5. Power factors versus annealing time for n-type BiTeSe thin films Bi,Te;,;Seq 3
deposited on glass substrates and annealed at 250 °C.
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A first group of samples (Th23, Th31, Th35) deposited at low Ar
pressure (4-1072 Pa) yielding high power factors, and a second group
of samples (Th27, Th33, Th39 and Th43) deposited at higher Ar pres-
sure (7 Pa) yielding lower power factors.

Sample Th41 could not be measured after annealing because of
film detachment from the substrate due to high stress across the film
thickness (8700 nm). However the as-deposited power factor value
was comparable of those of the first sample group.

This confirms the major role of the Ar deposition pressure during
sputtering. A complete study with a continuous variation of the depo-
sition pressure showed an optimum for which the highest power
factor value is obtained. This work confirmed that the deposition
pressure had a strong influence on the grain size after annealing. Grain
dimension was enhanced by low deposition pressure leading to large
carrier mobility and low resistivity of the samples. This grain growth
during annealing highly depends on the nuclei formation during the
sputtering step. A recent Atomic Force Microscopy study confirmed
this hypothesis: large grains were obtained on annealed samples
prepared at low Ar pressure.

Furthermore, it appears within each group of samples that the
plasma power is the second most influent deposition parameter.
Indeed, both high and low power factor populations show better
performances when the power of the plasma is low.

It should also be mentioned that thermoelectrical performance not
only depends on the film crystalline quality. As an example, sample
Th23 shows the highest c-axis alignment (only 001 peaks) but not the
highest power factor value.

The use of glass substrate clearly shows that thermoelectric perfor-
mance of the thin films is not directly correlated to a preferential
growth direction.

The same type of study was realized on Al,0O5 sputtered thin films:
the behavior is very similar to that obtained on glass substrate.

Fig. 6 also shows power factor enhancement with annealing
duration at 250 °C for these samples (despite of a small decrease after
8 h which we did not investigate yet).

The same two sub-populations can be identified according to Ar
pressure and plasma power sputtering conditions and the best power
factor value obtained reaches 1 mW/K? m.

With this study realized on both glass and Al,O5 substrates, we can
conclude that thermoelectrical performance does not depend on the
substrate type. Indeed, amorphous or polycrystalline substrates lead
to the same film morphology (as observed by SEM) and to the same
power factor values.

3.2. p-type BiysSb;sTes thermoelectric thin films

Sputtering conditions and thermal treatments were also investi-
gated on p-type thermoelectric thin films deposited on glass and
Al,O3 substrates. BigsSbysTes is the optimal stoichiometry for the
thermoelectric properties.

e 1.2
£
Ng. 1.0 —0—Th24
= —e—Th28
2 08
£ —m—Th32
no- 0.6 4 —a—Th34
° —X—Th
8 04 K~ Thas
= 4 —+—Th4o
2 0.2 4 —o—Th44
3 ;9’—63——__4 "
2 00 : . :

0 10 20 30 40

Annealing time (hours)

Fig. 6. Power factors versus annealing time for n-type BiTeSe thin films Bi,Te, ;Seq 3
deposited on Al,O5 substrates and annealed at 250 °C.

Table 3 t3.1
Effect of annealing at 300 °C on Seebeck coefficient (S), resistivity (p) and power factor
(P) for p-type BiSbTe thin films with Bip sSby sTe; nominal composition

3.2
Sample Substrate Thickness Annealing S (uV/K) p (mQ cm) P (mW/K? m) t3.3

(nm) conditions 5% +5% +15%
Th54  Glass 700 None +304 450 2.6-1072 t3.4
16 h at +191 2.2 1.6 3.5
300 °C
Th59  ALO3 850 None +154 370 6.4-1073 t3.6
16 h at +218 2.4 2.0 3.7
300 °C

The influence of sputtering parameters on the thermoelectrical 228
performances of p-type samples are not related here. The following 229
sputtering conditions were chosen: a target-to-substrate distance of 230
5 cm, a plasma power of 15 W, an Ar pressure of 4-1072 Pa and a 231
sputtering time of 7 min. 232

Several unannealed thin films yielded power factors around 233
2-1072 mW/K? m, lower than literature values [26,29]. The Seebeck 234
coefficient is high (close to 300 V), but the resistivity is also very high 235
(5-107! Q cm) due to poor crystallization, as confirmed by XRD analysis. 236

In a similar way to the n-type films study, p-type films were 237
annealed in order to enhance thermoelectrical performances. As shown 238
by Takashiri et al. in Bip 4Sby gTes thin film prepared from nanoparticles 239
[31], the deviation of the atomic composition from stoichiometry is 240
slight for annealing temperatures up to 340 °C. 241

The p-type thin films were therefore annealed during 16 h at 242
300 °Cto avoid a loss of Te (and consequently an increase in the charge 243
carriers concentration). 244

Table 3 summarizes the thermoelectric properties obtained before 245
and after annealing of p-type thin films deposited on glass and Al,053 246
substrates. 247

On glass substrate, a strong decrease of the resistivity was observed 248
after annealing leading to an increase of the power factor despite a 249
small decrease of the Seebeck coefficient. 250

The highest power factor value reaches 2.0 mW/K?> m, which is 251
slightly less than values obtained by other groups [26,32] (~5 mW/K? m). 252
Such results are very encouraging since the sputtering conditions were 253
deliberately not optimized here. 254

Similarly to n-type films, XRD confirms films crystallization after 255
annealing on both types of substrates: glass and Al,Os. Here again, 256
thermoelectrical performances could not be correlated to any prefer- 257
ential crystal growth direction. 258

4. Conclusion 259

We showed that dc magnetron sputtering process leads to bismuth 260
telluride thin films with a stoichiometry very close to the starting 261
target composition, in contrast to what it is usually claimed in the 262
literature. This point has been verified with the n-type Bi,Te,;Seq3 263
thin films in particular for a low Ar deposition pressure. The 264
stoichiometry is even conserved after an Ar annealing, necessary for 265
phase crystallization enhancement so as to increase thermoelectric 266
properties. However, there is no influence of the substrate type: 267
thermoelectric performance of both n-type and p-type films are 268
similar when sputtered on either glass or Al,O3 substrates. 269

Thermoelectric thin films with acceptable performances have 270
thereby been obtained. For n-type and p-type films, power factors of 271
respectively 1.2 mW/K? m and 2.0 mW/K? m have been achieved. 272

Ar deposition pressure and plasma power seem to be the most 273
influent sputtering parameters on thermoelectrical performances. 274

Sputtering process optimization for further power factor enhance- 275
ment is currently under study and will soon be related. dc magnetron 276
sputtering process can also be used to develop devices based on n-p 277
pairs in various geometrical configurations. Configurations parallel 278
and perpendicular to the substrate are under investigation. 279
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