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Pulsed laser deposition of Bi 2Te3-based thermoelectric thin films
Raghuveer S. Makala, K. Jagannadham,a) and B. C. Salesb)

Department of Materials Science and Engineering, North Carolina State University, Raleigh,
North Carolina 27695-7907

~Received 13 February 2003; accepted 25 June 2003!

Thin films of p-type Bi0.5Sb1.5Te3 , n-type Bi2Te2.7Se0.3, andn-type (Bi2Te3)90(Sb2Te3)5(Sb2Se3)5

~with 0.13 wt % SbI3) were deposited on substrates of mica and aluminum nitride~on silicon! using
pulsed laser ablation at substrate temperatures between 300 °C to 500 °C. The films were
characterized using x-ray diffraction and transmission electron microscopy for crystalline quality
and epitaxial growth on the substrates. The surface morphology and microstructure were examined
using scanning electron microscopy. X-ray mapping and energy-dispersive spectroscopy were
performed to determine nonstoichiometry in the composition and homogeneity. The quality of the
films, in terms of stoichiometric composition and crystal perfection, was studied as a function of
growth temperature and laser fluence. The values of the Seebeck coefficient, electrical resistivity,
and Hall mobility in the thin films were measured and compared with those in the bulk.
Thermoelectric figure of merit of the films was evaluated from the measured parameters. Correlation
of the thermoelectric properties, with the crystalline quality and stoichiometric composition of the
films, showed the advantages of pulsed laser deposition of the multicomponent thermoelectric thin
films. The results illustrate that laser physical vapor deposition is a suitable choice for deposition of
multicomponent thermoelectric films. However, optimization of target composition, substrate
temperature, and annealing of the films after deposition were found necessary to maintain the
desired stoichiometry and low defect density. AlN/Si substrates provided better quality films
compared to substrates of mica. Poor adhesion and cracking of the films on mica were found to be
detrimental factors. Films deposited on AlN/Si substrates were found to show higher carrier
mobility and higher values of Seebeck coefficient. ©2003 American Institute of Physics.
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I. INTRODUCTION

Bi2Te3-based compounds with high Seebeck coeffici
are well known for use in thermoelectric cooling device
The crystal structure of these materials is composed
atomic layers in the order of Te/Bi/Te/Te/Bi/Te/Bi/Te/Te/
oriented along thec axis with the Te/Te layers held togeth
by weak van der Waal forces.1 Higher efficiency thin-film
thermoelectric devices are widely foreseen to have appl
tions in microelectronics such as heat spreaders for electr
devices and laser diodes. The main benefit of thin-film th
moelectric coolers is the dramatic increase in cooling po
density. It has also been established that the use of diam
or an aluminum nitride substrate with high thermal cond
tivity is necessary to achieve two orders of magnitude hig
power density dissipation using the thin-film coolers.2

Numerous techniques have been attempted for dep
tion of thermoelectric films including evaporation, flas
evaporation,3 molecular-beam epitaxy,4 chemical vapor
deposition, sputtering,5 and laser ablation.6 A primary diffi-
culty in the deposition of thermoelectric films is maintainin
stoichiometry. All the previous studies have reported that
stoichiometry could be achieved only in a small range
substrate temperatures between 250 to 300 °C. Moreo
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flash evaporation is difficult to control while hot wall epitax
is carried out at very high substrate temperatures, thus
stricting the use of many substrates. The problem of res
tering during the film growth is present in sputter depositi
while differences in volatility of component elements a
present in vacuum evaporation. In addition, cooling the t
get during sputtering limits the power that can be appl
because of the low thermal conductivity of thermoelect
targets. The most important requirement to attain high va
for the figure of merit is the stoichiometry in compositio
within the solubility limits of the phase diagram. A larg
deviation from stoichiometry arises in vapor deposition b
cause the constituent elements in the target exhibit dissim
sticking coefficients on the substrate. Also, the tendency
re-evaporation of certain elements from the films is pres
because of their higher vapor pressure. The ability to re
cate the composition of the target material in the film is o
of the benefits of pulsed laser deposition~PLD! compared to
other thin-film deposition techniques.7 PLD is preferred over
thermal evaporation as the laser-induced expulsion produ
a plume of a material with stoichiometry similar to that
the target.8–12

We used PLD to deposit thin films from targets
p-type Bi0.5Sb1.5Te3 , n-type Bi2Te2.7Se0.3, and n-type
(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 ~with 0.13 wt % SbI3). These
p-type andn-type compounds are known to be with the o

,

7 © 2003 American Institute of Physics
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timum compositions for fabrication of thermoelectric coolin
devices that could be used at room temperature. Highly c
talline and stoichiometric Bi2Te3 films have been deposite
using PLD.6 In the present effort, emphasis was given to t
deposition of stoichiometric thermoelectric thin films b
PLD through variation of deposition parameters such as la
energy, target composition, and substrate characteristics

II. EXPERIMENT

Substrates of mica and aluminum nitride were chosen
deposit the thermoelectric thin films. Both mica and alum
num nitride are good thermal conductors and possess a
agonal crystal structure that could be favorable for
Bi2Te3-based films with the 00n preferred orientation of
growth. Moreover, these substrates with a high dielec
constant are also used for heat spreaders in electronic p
aging. Because AlN substrates were not readily availa
thin films of AlN on silicon ~100! and ~111! substrates were
deposited by dc reactive magnetron sputtering.

A. Preparation of substrates

Thin freshly cleaved mica sheets of 15mm thickness and
AlN on p-type Si wafers of 500mm thickness, with~100! or
~111! orientation, were chosen as the substrates. The sil
substrates were cleaned with acetone and methanol to
solve any contaminants adhering to the surface. Finally,
con wafers were etched in a 49% hydrofluoric acid solut
for about 3 min, followed by rinsing in distilled water, an
drying before the deposition of AlN. AlN was sputter depo
ited on the silicon substrates by a procedure described n

B. Deposition of aluminum nitride

AlN was deposited on silicon substrates by dc react
magnetron sputtering in a mixture of ultrahigh-purity arg
and nitrogen gases.13,14 The partial pressures of argon an
nitrogen were both maintained between 0–1 mTorr in
deposition chamber with a total sputtering pressure of 2
mTorr. A high-purity aluminum~99.999%! disk, 100 mm in
diameter, was used as a target with a pulsed dc power so
The stainless-steel deposition chamber was evacuated
predeposition vacuum of 531026 Torr using a turbomolecu
lar pump backed by a rotary pump. The substrate temp
ture was raised to 600 °C by a resistance heater. Initia
argon was introduced to a partial pressure of 0–1 mTorr
plasma generated at a target current of 0.5 A for spu
cleaning the target surface for 2 min. A movable shutter w
used to mask the substrates during this stage. The target
rent was increased to 2 A while ultrapure nitrogen gas w
introduced to a partial pressure of 0–1 mTorr into the cha
ber. At this juncture, the ratio of circulating power to effe
tive power was found to be between 0.62 and 1.05. T
value of the ratio was indicative of the insulating nature
the AlN film that is formed during deposition. The depositio
was carried out for 60 min.
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C. Pulsed laser deposition of thermoelectric thin
films

The Bi0.5Sb1.5Te3 ~p-type! target for PLD was made by
sintering the powder compacts. The Bi2Te2.7Se0.3 and
(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 (10.13 wt % SbI3) ~n-type!
ingots were grown by the Bridgman method and the targ
were obtained by slicing the ingots with a diamond saw p
pendicular to the growth axis to yield smaller circular dis
of 25 mm in diameter and 10 mm in thickness. The sa
targets were used for the deposition of several films. T
target was loaded in a stage that was rotated about the
mal to the surface. Either mica or AlN/Si~100! or AlN/
Si~111! substrates were loaded in the stainless-steel vac
chamber. The center of the target coincided approxima
with the center of the substrate and was separated by 4
The substrate was heated with a tungsten bulb heater.
deposition chamber was evacuated to 131027– 5
31027 Torr by a turbomolecular pump backed by a rota
pump. The substrate was heated to a temperature betw
300 °C and 500 °C for various depositions. The temperat
of the substrate was measured by placing a thermocoupl
a Si sample close to substrate of deposition and placed on
heater plate covering the tungsten bulb. The temperatur
the substrate was allowed to reach a stable value by allow
sufficient time before deposition.

A pulsed Nd–YAG laser operating at 10 Hz frequen
and delivering the fourth harmonic~l5266 nm, pulse dura-
tion: t58–9 ns! was used to ablate the target. The las
beam was focused onto the target with a converging len
50 mm focal length. The laser beam was incident on
target at 45°. A schematic of our experimental PLD setup
illustrated in Fig. 1. The target was rotated to avoid nons
ichiometry resulting from localized evaporation from th
same region in the target. The laser-generated plume
deposited on the substrate. The laser fluence was also
trolled by means of tuning the harmonic generators to
maximum energy of 0.25 J/cm2. The pressure in the depos
tion chamber was found to change from 831027 to 7
31026 Torr during the deposition upon increase in laser e
ergy to the maximum value. The deposition time was a
varied between 30 min and 1 h to increase the thickness o
the film. In addition, the films on AlN/Si substrates we
deposited at a lower laser fluence of 0.18 J/cm2 and were
subsequently annealedin situ at 200 °C in the deposition
chamber for 2 h. During annealing, the vacuum level in
chamber was the same as that obtained prior to the dep
tion. The laser fluence, substrate temperature, time of de
sition, and substrate orientation were varied in the deposi
of different films. However, all the depositions on AlN/S
substrates were carried out at lower laser fluence that
sulted in lower particulate emission in the plume. The thic
ness of the films measured by a profilometer was found to
1.5mm for a deposition time of 1 h. Thus, the deposition ra
of 0.4 nm/s was observed.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 1. Schematic of PLD setup use
for deposition of thermoelectric films.
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III. RESULTS

A. X-ray diffraction

A Rigaku diffractometer was used for x-ray diffractio
analysis andu–2u scans were obtained using nickel-filtere
CuKa radiation~l50.154 06 nm! at an accelerating voltag
of 27.5 kV and an anode current of 20 mA. The diffracti
patterns from the films deposited on mica at 350 °C
shown in Figs. 2~a!–2~c!. Mica available in different forms is
pseudohexagonal witha50.5199 nm,b50.9027 nm, andc
52.0106 nm. Bi0.5Sb1.5Te3 belongs to trigonal system with
an equivalent hexagonal unit cell given bya50.4401 nm and
c52.7187 nm. Similarly, the hexagonal unit cell o
Bi2Te2.7Se0.3 is given by a50.4266 nm and c
52.985 51 nm. It must be pointed out that because of
variations in the composition of these compounds, the va
of the lattice parameters are obtained from the indexed
flections shown in Figs. 2~a!–2~c!. The observed reflection
illustrate preferential growth along thec axis. The (003n)
family of peaks belongs to the thermoelectric film and t
peaks from mica substrate are designated bym(002p). Here,
n andp are positive integers that take values from 3 to 8. F
every m(002p) peak arising from the mica substrate,
(003n) peak corresponding to the film was also observ
This result confirms that the films were well textured, if n
epitaxial. In addition, low intensity peaks corresponding
reflections such as~0111!, ~205!, and ~0210! were also
present in then-type films. The results of x-ray diffraction
from p and n-type thermoelectric films deposited on AlN
Si~100! and AlN/Si~111! are shown in Figs. 3~a!–3~c! re-
spectively. The crystal structure of AlN is hexagonal witha
50.3114 nm andc50.4979 nm. It is seen that the peaks co
responding to strong reflections from only~006!, ~009!, and
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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~0012! planes were present, in addition to that of the refle
tions from silicon and AlN, and thus indicate highly texture
or epitaxial growth along thec axis. Certain low intensity
reflections were found to arise from half wavelength value
the characteristic CuKa (0.154 06 nm) in the continuou
spectrum that was not effectively filtered. However, the pr
ence of low index reflections and low intensity high-ord
reflections is observed in the films deposited on AlN/Si. T
absence of other reflections from the film deposited
AlN/Si is further taken as improvement in the texture
growth.

B. Scanning electron microscopy

The growth morphology and composition of thermoele
tric thin films deposited on mica and AlN were characteriz
using a Hitachi S-3200 scanning electron microscope~SEM!,
as shown in Figs. 4~a! and 4~b!. An accelerating voltage o
10 kV was applied and a magnification ranging from 1003
to 70003 was used to examine the morphology of the film
The images from the films deposited at a substrate temp
ture of 350 °C showed the presence of particulates that w
indicative of higher deposition rates and higher laser ene
Two types of particulates were observed:~1! Micron or sub-
micron droplets and~2! larger particulates shaped like fla
disks. The formation of larger particulates in the films dep
ited on AlN/Si was reduced at lower laser fluence. SEM m
crographs shown in Fig. 4~b! clearly illustrate the reduction
in particulate density in the films deposited at lower las
fluence.

X-ray maps were obtained to determine the distribut
of different elements in the films. The x-ray maps of differe
elements inn-type films on mica are shown in Fig. 5. Thes
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 2. ~a! u–2u x-ray diffraction scan
obtained on Bi0.5Sb1.5Te3 thin films de-
posited on mica.~b! u–2u x-ray dif-
fraction scan obtained on Bi2Te2.7Se0.3

thin films deposited on mica.~c! u–2u
x-ray diffraction scan obtained on thin
films deposited on mica substrates u
ing a (Bi2Te3)90(Sb2Te3)10(Sb2Se3)10

(10.13 wt % SbI3) target.
t
el
di
ro
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ere
re
d to
to
the
maps were obtained from same regions, as shown in
SEM images. Figure 5 illustrates the presence of the
ments bismuth, tellurium, and selenium in the film, in ad
tion to those from the substrate. Energy-dispersive spect
copy ~EDS! was also performed for quantitative analysis
different elements in both then- andp-type thin films and the
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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respective targets and the results are summarized in Tab
It was noted that all the films compared to the targets w
deficient in tellurium. Tellurium has higher vapor pressu
among the elements in the target. Furthermore, compare
the films on mica those on aluminum nitride were closer
the target stoichiometry, as seen from the results listed in
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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FIG. 3. ~a! u–2u x-ray diffraction scan
obtained on Bi0.5Sb1.5Te3 thermoelec-
tric thin films deposited on AlN/
Si~100! substrate.~b! u–2u x-ray dif-
fraction scan obtained on Bi0.5Sb1.5Te3

thermoelectric thin films deposited on
AlN/Si~111! substrate. ~c! u–2u
x-ray diffraction scan obtained
on (Bi2Te3)90(Sb2Te3)10(Sb2Se3)10

(10.13 wt % SbI3) thermoelectric
thin films deposited on AlN/Si~100!
substrate.
th
he
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rd

ed
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m

Table I. The analysis also showed that the composition of
particulates was very much similar to that of the film. T
results of quantitative analysis of films deposited on A
with improved predeposition vacuum of 131027 Torr
showed a slight improvement in the composition towa
that of the target.
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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C. Transmission electron microscopy

Plan-view samples of thermoelectric thin films deposit
on mica were examined in a TOPCON EM002B microsco
at an accelerating voltage of 200 kV, with spherical aber
tion, Cs50.5 mm, and 0.18 nm point-to-point, and 0.12 n
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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line-to-line resolution. The selected area diffraction patt
~SADP! from the mica substrate is shown in Fig. 6~a! and
illustrates the reflections obtained from the@0001# hexagonal
zone axis. The SADP obtained from the thermoelectric fi
on mica substrate is shown in Fig. 6~b!. The satellite spots, in
addition to those obtained for mica, arise from the reflectio
that belong to the thermoelectric film. This is indicative
preferred growth of the film along thec axis of the substrate
A transmission electron microscopy~TEM! bright-field im-

FIG. 4. ~a! SEM micrograph obtained onn-type films deposited on mica
substrates using high incident laser fluence.~b! SEM micrograph obtained
on n-type films deposited on AlN substrates using low incident laser fluen
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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age of the film is shown in Fig. 6~c!. Hexagonal crystallites
that were oriented with thec axis perpendicular to the plan
of the substrate were seen.

D. Transport properties

Seebeck coefficient~thermopower! was measured on al
the films as a function of temperature differencedT and the
observed values are shown in Tables II~a! and II~b! for films
deposited on mica and AlN/Si substrates, respectively. Ta
II ~c! provides the values of the Seebeck coefficient for fil
deposited on AlN/Si~100! with better predeposition vacuum
The mobility and carrier concentration were not measured
these films deposited with better predeposition vacuum.
highest values of the measured Seebeck coefficient, mob
and carrier concentration are listed in Table III. Higher v
ues were obtained onn-type films deposited at 350 °C and o
p-type films deposited at 300 °C. The Seebeck value w
2224.51mV/K for the n-type Bi2Te2.7Se0.3 bulk target. In
comparison, a value of274.15 mV/K ~see Table II! was
found in the bestn-type film on mica deposited from th
(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 target at a substrate temper
ture of 350 °C. The Seebeck coefficient for thep-type
Bi0.5Sb1.5Te3 bulk target was only 40.52mV/K. As men-
tioned previously, thep-type target was processed by sinte
ing the powder compact and the lower value of Seeb
coefficient could be attributed to nonuniform compositi
resulting from incomplete sintering. Compared to this low
value, the highest Seebeck coefficient in thep-type film de-
posited on mica was 86.64mV/K. The value of Seebeck
coefficient could not be experimentally determined from t
n-type (Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 target as its dimen-
sions were too small. The thermoelectric thin films deposi
on AlN/Si, however, showed larger values of thermopow
compared to the films on mica. Then-type film on AlN/Si
showed a Seebeck value of2154.69mV/K while a value of
142.2mV/K was found in thep-type film, both deposited a
350 °C. The improved values of thermopower are related
the use of lower incident laser fluence and the inclusion of
additional annealing step for 2 h at 200 °C. Theresults sum-
marized in Table II~c! illustrate an improvement in ther
mopower for the films deposited on AlN/Si~100!. The
changes in the quality of the films upon annealing as see
the results of x-ray diffraction were not significant but th

e.
h
n

FIG. 5. X-ray map of micrograph ob-
tained onn-type Bi2Te2.7Se0.3 films de-
posited on AlN substrates using a hig
incident laser fluence. Image is show
in ~a!, Bi in ~b!, Se in~c!, Te in ~d!, Si
in ~e!, Al in ~f!, and N in~g!.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE I. Composition analysis of films deposited at 350 °C using EDS.

Element Target

Films on mica Films on AlN/Si~100!

Films on AlN/Si~100!
deposited at base

pressures of 131027 Torr

Overall Particulates Film Overall Particulates Film Overall Particulates Fi

p-Bi0.5Sb1.5Te3 Bi 11.57 12.48 11.35 13.2 11.18 10.32 11.55 11.06 10.12 11
Sb 29.18 36.97 38.47 35.68 34.47 36.18 30.47 30.69 30.85 30
Te 59.25 50.55 49.08 51.11 57.35 58.5 57.98 58.13 59.03 58

n-(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5

(0.13 wt % SbI3 doped!
Bi 27.48 32.01 31.35 32.75 30.26 29.72 31.14 28.59 29.18 28
Sb 13.71 17.13 16.81 19.14 13.26 13.34 12.03 14.27 14.34 14
Te 55.9 49.12 49.86 46.57 53.54 53.42 54.58 54.05 53.78 54
Se 2.55 1.13 1.02 1.18 2.58 2.67 2.09 2.64 2.18 2.
I 0.35 0.61 0.96 0.24 0.36 0.85 0.16 0.42 0.31 0.4

n-Bi2Te2.7Se0.3 Bi 39.62 46.24 46.81 47.39 42.94 43.01 42.74 42.48 41.02 41
Te 54.44 46.16 48.06 48.77 51.72 51.01 51.43 52.39 53.78 52
Se 5.94 7.43 5.08 4.3 5.31 5.98 5.83 5.08 5.17 5.
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transport properties were improved. We believe that ann
ing the point defects contributed to the improvement via
duced scattering and increase in the mobility of the carri
Results presented in Tables II~a!–II~c! and III may be corre-
lated with the Seebeck value taken as the label for e
sample. These results allow us to conclude that the valu
the Seebeck coefficient remained higher when the mob
of the carriers was also higher or close to the highest va

Measurements were made on all the films to determ
Hall mobility and carrier concentration, and again the high
values are shown in Table III. Specifically, while carrier co
centration should be optimized, the results of higher mobi
are given importance with the carrier concentration in
same film provided. The films deposited from the SbI3 doped
target showed higher Seebeck coefficient and higher mo
ity. Bettern-type films were obtained at a substrate tempe
ture of 350 °C whereas betterp-type films were obtained a
300 °C on the mica. The highest carrier mobility in the film
on mica was 40.42 cm2/V s for the n-type deposited a
350 °C with SbI3 doping and 28.89 cm2/V s for p-type de-
posited at 300 °C. The value of mobility improved to 68.
cm2/V s on then-type films~with SbI3 doping! deposited on
AlN/Si~111! at 350 °C. The resistivity in this particular film
provided in Table II~b!, was found to be 9.4831023 V cm.
Better transport properties were observed in the films dep
ited on AlN/Si~100! compared to those on AlN/Si~111!.

IV. DISCUSSION

Cleaved mica substrates provide the hexagonal in-p
symmetry with large and atomically smooth surfaces a
were chosen as the substrate materials for the depositio
the thermoelectric thin films. The Bi2Te3-based thermoelec
tric compounds are expected to crystallize in a hexago
structure with the growth oriented along thec axis. The pres-
ence of the~003! family of peaks in the x-ray diffraction
patterns illustrates deposition of textured films with grow
along thec axis. However, the limited adhesion of the film
and presence of cleavage steps on mica substrates ne
tated the use of AlN/Si substrates with~0001! preferred crys-
tallographic orientation of AlN. Growth of (003n) oriented
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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films is encouraged by the hexagonal atomic arrangem
present in mica and AlN. However, the in-plane crystal
graphic growth relationship in terms of atomic arrangem
has not been determined in the present work.

Characterization of the thermoelectric films by SEM r
vealed uniform deposition, however, with the presence
particulates. Particulates are considered to form as a resu
surface roughening followed by shock wave recoil from t
target. The incident laser beam produces microscopic irre
larities on the target surface. The laser-induced thermal
mechanical shock waves dislodge and eject particles f
the surface irregularities in the form of molten micron-siz
globules that are deposited on the substrate. The films w
the surface morphology, shown in the SEM micrographs
Fig. 4~a!, were deposited at incident energy of 0.25 J/cm2.
The density of the particulates was reduced but not co
pletely eliminated upon lowering the laser fluence to 0.1
J/cm2, as shown in Fig. 4~b!.

X-ray maps are useful for the qualitative analysis of t
distribution of the elements in the film. Results of quanti
tive analysis of the composition of the films using EDS a
presented in Table I. The uniform distribution of all of th
elements and absence of preferential segregation along g
boundaries in the films is inferred from the results shown
Fig. 5. From results shown in Table I, it is concluded that t
particulates shown in Fig. 5 are richer in bismuth and tel
rium. Tellurium has a higher vapor pressure among the c
stituents in the target and the formation of tellurium ri
particulates suggests that these are dislodged from the ta
without further evaporation during PLD. On the other han
we have observed tellurium deficiency in the films deposi
on mica. The analysis also showed that the composition
the particulates is very much similar to that of the film. T
interaction between the higher incident laser energy and
get surface is expected to raise the temperature so that t
rium is preferentially depleted by evaporation from the tar
surface.15,16 Continuous laser ablation from the same regi
on the target surface increases the tellurium deficiency a
therefore, the film is also deficient in tellurium. However, t
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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TABLE II. ~a!. Values of Seebeck coefficient, carrier mobility, and carrier concentration in the thermoelectric films deposited on mica.

Films
deposited
on mica

Substrate
deposition

temperature~°C!
Seebeck

coefficient~mV/K !

Hall effect measurements

Resistivity
r~ohm cm!

Hall mobility
~cm2/V s!

Carrier Concentration
~/cc!

p-Bi0.5Sb1.5Te3 300 86.64 1.043 1022 26.32 3.313 1018

350 37.74 2.583 1022 15.45 1.563 1019

400 49.76 8.013 1023 22.84 3.413 1019

450 49.00 3.93 1022 20.09 8.593 1018

500 34.65 1.163 1022 28.89 1.873 1019

n-Bi2Se2.7Te0.3 300 231.10 1.693 1023 27.22 1.383 1020

350 253.47 1.713 1023 35.37 1.213 1020

400 245.04 2.853 1023 24.97 9.863 1019

n-(Bi2Te3)90(Sb2

Te3)5(Sb2Se3)5

(SbI3 doped!

300 230.80 1.393 1023 14.43 3.243 1019

350 274.15 5.063 1023 40.42 2.633 1019

400 249.13 5.033 1023 38.34 3.613 1019

~b!. Values of Seebeck coefficient, carrier mobility, and carrier concentration in the thermoelectric films deposited on AlN/Si.

Films
deposited
on AlN

Substrate
deposition

temperature~°C!

Seebeck
coefficient

~mV/K !

Hall effect measurements

Resistivity
r~ohm cm!

Hall mobility
~cm2/V s!

Carrier Concentration
~/cc!

Bi0.5Sb1.5Te3 films AlN/
Si~100!

300 104.51 1.793 1022 29.07 9.893 1018

350 142.20 1.943 1022 35.33 1.023 1019

AlN/
Si~111!

300 96.37 1.863 1022 15.48 4.463 1019

350 124.34 2.053 1022 19.41 1.283 1019

n-Bi2Se2.7Te0.3 AlN/
Si~100!

300 277.52 3.413 1023 41.37 1.393 1020

350 254.89 1.863 1023 33.98 2.153 1020

AlN/
Si~111!

300 243.71 1.263 1023 24.63 1.783 1020

350 228.91 1.273 1023 13.74 3.593 1020

n-(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 (SbI3 doped! AlN/
Si~100!

300 2147.64 9.433 1023 65.37 1.33 1019

350 2104.15 5.063 1023 40.42 5.633 1019

AlN/
Si~111!

300 262.94 3.693 1023 36.29 4.433 1019

350 2154.69 9.483 1023 68.84 9.583 1018

~c!. The values of Seebeck coefficient and electrical resistivity in the films deposited on AlN/Si~100! substrates at a predeposition vacuum of 1
31027 Torr.

Films deposited
on AlN/Si~100!

Seebeck
coefficient

~mV/K !
Resistivity,
r~ohm cm!

Bi0.5Sb1.5Te3 138.42 1.133 1022

Bi2Se2.7Te0.3 281.32 1.233 1023

n-(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5

(0.13 wt % SbI3 doped!
2166.37 1.173 1022
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composition of the films deposited on AlN/Si at lower inc
dent laser energy is closer to the target stoichiometry
also showed less variation between the particulates and
film. This result is explained by the lower temperature
tained by the target surface at lower laser energy. In addit
EDS analysis of films deposited on AlN under better pre
position vacuum (131027 Torr) showed a further improve
ment in composition toward that of the target. The reduct
of oxygen in the chamber for improved vacuum preve
formations of oxides in the laser-generated plume and
ables tellurium to reach the substrate. Thus, a nearly con
ent transfer of target stoichiometry was achieved by the g
eration of a plume at lower laser fluences and a be
predeposition vacuum.

The microstructure of the films is very important
grain boundaries and crystalline defects increase the resi
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
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ity by scattering the charge carriers.15 The mean-free path o
carriers in the films evaluated from conductivity and carr
concentration is found to be between 5 to 15 nm and t
grain boundaries are not responsible for major scatter
The grain size of the films is not expected to be very smal
the full width at half the maximum of the x-ray diffractio
peaks is also small. Plan-view samples of thermoelectric
films on mica, examined by TEM and shown in Fig. 6, illu
trate that the films are extremely well textured with preferr
growth direction along thec axis. The grain size of the films
is 1–2 mm and thus the grain boundaries could not be
sponsible for scattering. Point defects and nonstoichiome
regions are considered responsible for scattering. Annea
of the films is responsible for the reduction in point defe
and thus an improvement in the mobility of the carriers.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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The larger Seebeck values obtained for the films dep
ited on mica substrates are about 2.5 times lower than
for the bulk materials.16,17 The lower values of the Seebec
coefficient for the films deposited on mica are related to n
stoichiometry, nonuniform composition, and defects in
films. The improved values of the Seebeck coefficient fr
the films on AlN/Si were obtained when lower dens
plasma was generated and particulate density was redu
Also, an annealing step was used to relieve the large the
stresses, homogenize the composition, and reduce poin
fects. The large difference in the thermal expansion coe
cient of the thermoelectric films and that of the mica

TABLE III. Highest values of Seebeck coefficient, carrier mobility, a
carrier concentration in the thermoelectric films.

Parameter Substrate n type p type

Highesta
~mV/K !

Mica 274.15 86.64

AlN/Si~100! 2166.37 142.2
AlN/Si~111! 2154.69 124.34

Highestm
~cm2/V s!

Mica 40.42 28.89

AlN/Si~100! 65.37 35.33
AlN/Si~111! 68.84 19.41

Highest carrier
concentration
~cm23!

Mica 1.3831020 3.4131019

AlN/Si~100! 2.1531020 1.0231020

AlN/Si~111! 3.5931020 4.4631019

FIG. 6. ~a! SADP obtained from the mica sheet used as a substrate mat
~b! SADP obtained on the thermoelectric thin films deposited on mica s
strates.~c! Bright-field TEM image obtained on thermoelectric thin film
illustrating the presence of hexagon shaped crystallites.
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AlN/Si substrate is also expected to introduce interfacial
fects. The thermal expansion coefficient of Bi2Te3-based
compounds (2031026/K) and that of AlN/Si (231026/K)
is responsible for large tensile thermal strains in the thin fi
upon cooling.

The values of the Seebeck coefficient are shown a
function of the carrier concentration in Figs. 7 and 8 for film
on mica and Figs. 9 and 10 for films on AlN/Si. The o
served increase in the Seebeck coefficient~a! with decreas-
ing carrier concentration is expected from the following r
lation for a18

an,p56~k/q!@r 121 ln~N/n!#, ~1!

with the negative sign forn-type and positive sign forp-type
thermoelectric compounds,k is the Boltzmann’s constant,r
is the scattering parameter,n is the carrier concentration,N is
the density of states at the band edge given
2(2pm* kT)3/2/nh3, h is the Planck’s constant,m* is the
effective mass of the charge carriers, andT is the tempera-
ture. In the presence of impurities, the scattering paramer
is equal to 2, whiler 50 for the atomic lattice. This result is
found to follow with some deviation in the films on all of th

al.
-

FIG. 7. Variation of thermoelectric power with carrier concentration f
p-type films deposited on mica.

FIG. 8. Variation of thermoelectric power with carrier concentration f
n-type films deposited on mica.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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substrates, as shown by the results in Figs. 7 to 10. The l
variation in the Seebeck coefficient shown in Fig. 7 for
similar concentration of carriers forp-type films deposited a
different temperatures is associated with the large differen
in the mobility. Thep-type films were deposited from a targ
that was compacted and sintered from powder leading
nonstiochiometry and defects in the films. Thean,p versus
ln(N/n) relation emphasizes that the carrier concentrationn,
and density of states,N, are important factors in addition t
the scattering parameter,r, that determine the thermoelectr
properties of the films. In order to further improve the valu
of Seebeck coefficient, targets, with different concentrati

FIG. 9. Variation of thermoelectric power with carrier concentration
p-type films deposited on AlN.

FIG. 10. Variation of thermoelectric power with carrier concentration
n-type films deposited on AlN.
Downloaded 24 Nov 2003 to 160.91.48.189. Redistribution subject to A
ge

es

to

s
s

of dopants could be attempted as dopant evaporation in
plume, can significantly alter the stoichiometry and thus i
pact the carrier density in the thin films.

The use of thermoelectric films for cooling electron
devices is measured by the thermoelectric figure of meritZ,
given by Z5a2/rK, whereK is thermal conductivity and
the other parameters are already defined. The thermoele
compounds possess low thermal conductivity whereas
substrates used in this investigation are good thermal c
ductors. The thermal conductivity of the thin films is small
than that of the bulk thermoelectric compounds. Phon
scattering at the grain boundaries, defects in the films,
interfaces is known to reduce the thermal conductivity bel
that of the bulk. We have assumed the thermal conducti
values of 0.003 W/cm K and 0.004 W/cm K for the n and
type, respectively, and these values are smaller by a qu
from the bulk. The values of figure of merit,ZT, for the
target and films at 300 K are shown in Tables IV and
respectively. TheZT values of 0.05 and 0.17 for thep- and
n-type for films on mica, respectively, are quite low. How
ever, theZT value for then- andp-type films on AlN/Si was
found to be 0.25 and 0.08, respectively. The value of 0.25
the n-type film on AlN/Si is less than that obtained for opt
mized bulk materials (ZT'0.96). The large variation in the
value ofZT, with a carrier concentration forn-type films on
mica, is associated with one particular film that exhibited
higher mobility of carriers and, thus, a higher Seebeck co
ficient and a higher value ofZT than the other. The value o
figure of merit is reduced with decreasing thickness of
films below 5mm.1 The thickness of the films deposited fo
1 h is 1.5mm and, therefore, an increase in thickness b
longer deposition time is expected to further improve theZT
value.

More importantly, maximizing the value ofZT is
equivalent to doing the same with the parame
No m* 3/2m/KL , wherem* is the effective mass of the ma
jority charge carrier,No is the number of equivalent para
bolic bands,KL is the lattice thermal conductivity, andm is
the carrier mobility.18,19The values ofZT for all of the films
have been shown as a function of the mobilitym and the
carrier concentrationn in Figs. 11–14. These results indica

TABLE IV. Highest values ofZT obtained onn andp-type films.

Films a ~mV/K ! r~V cm!
K ~assumed!

~W/cmK! ZT

p type on mica 86.64 0.0104 0.003 0.05
p type on AlN 142.2 0.0194 0.004 0.08
n type on mica 253.47 0.001 71 0.003 0.17
n type on AlN 2154.69 0.009 48 0.003 0.25

TABLE V. Values ofZT reporteda for n andp-type target materials.

Target composition
a

~mV/K ! r~V cm!
K ~assumed!
~W/cm K! ZT

p—Bi0.5Sb1.5Te3 232.2 0.0017 0.014 0.68
n-(Bi2Te3)90(Sb2Te3)5(Sb2Se3)5

(SbI3 doped!
2206 0.0011 0.012 0.96

aSee Ref. 17.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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that higher carrier mobility with optimized carrier concentr
tion is necessary to obtain thin films with a higherZT value.
The values of mobility in the thermoelectric thin films d
posited on mica and AlN/Si substrates were smaller co
pared to the values in the bulk.16,17The lower values of mo-
bility in the films could be attributed to scattering by poi
defects and impurities. Recombination centers and trap
addition to impurity scattering are also present at the gr
boundaries. Though it is seen that the films depos
from the n-type (Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 ~with
0.13 wt % SbI3) target showed a higher Seebeck value
well as a higher mobility, further improvement and high
ZT value could be achieved with larger thickness, better s
ichiometry, uniform composition, and a reduction in defec
A dramatic improvement in the value ofZT through an in-
crease inNo by the formation of nanocrystalline films i
already reported.20–22

V. CONCLUSIONS

The following conclusions are reached from the depo
tion and characterization of thermoelectricp- and n-type
films by PLD on substrates of mica and AlN/Si:

~1! X-ray diffraction, scanning electron microscopy, TE
showed that the textured growth of thermoelectric film
on AlN/Si and mica substrates could be achieved by

FIG. 11. ZT vs carrier mobility for thermoelectric films deposited on mic

FIG. 12. ZT vs carrier concentration for thermoelectric films deposited
mica.
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ing PLD. The films showed uniform thickness and hig
crystalline quality with a preferred (00n) alignment with
the substrates.

~2! Congruent transfer of the target composition to the t
films was achieved with lower laser fluence. It was fou
that films with improved crystallinity and thermoelectr
characteristics could be deposited at temperature
tween 300 to 350 °C.

~3! Improved n-type films on AlN/Si substrates were ob
tained from a (Bi2Te3)90(Sb2Te3)5(Sb2Se3)5 target
doped with 0.13 wt % of SbI3 and showed aZT value of
0.25. Thep-type films deposited from a Bi0.5Sb1.5Te3

target, however, showed a lower value of 0.08. The v
ues of Seebeck coefficient were lower and that of
electrical resistivity higher from the films compared
the same parameters from the bulk targets. These re
indicate that the carrier concentration is higher than
optimum value and the mobility of the charge carriers
lower.

~4! Thermoelectric properties in the films could be improv
by the better control of stoichiometry, increase in fil
thickness, and minimization of the volume fraction
particulates, pores, and atomic level point defects.

FIG. 13. ZT vs carrier mobility for thermoelectric thin films deposited o
AlN.

FIG. 14. ZT vs carrier concentration for thermoelectric films deposited
AlN.
IP license or copyright, see http://ojps.aip.org/japo/japcr.jsp
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~5! The present effort has illustrated the use of AlN/Si,
efficient heat spreader, also as a favorable substrate
terial for the deposition of thermoelectric films.
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