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Pulsed laser deposition of Bi ,Tes-based thermoelectric thin films
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Thin films of p-type BiysSby sTez, n-type B Te, /S 3, andn-type (B Tes) oo ShyTes)5(ShySes) s

(with 0.13 wt % Sb}) were deposited on substrates of mica and aluminum niddesilicon 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. AIN/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 AIN/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 flash evaporation is difficult to control while hot wall epitaxy

Bi,Tey-based compounds with high Seebeck coefficientS carried out at very high substrate temperatures, thus, re-

are well known for use in thermoelectric cooling devices.smCtIng the use of many substrates. The problem of resput-

The crystal structure of these materials is composed ofefing during the film growth is present in sputter deposition
atomic layers in the order of Te/Bi/Te/Te/Bi/Te/BilTe/Te/... While differences in volatility of component elements are
oriented along the axis with the Te/Te layers held together Present in vacuum evaporation. In addition, cooling the tar-
by weak van der Waal forcésHigher efficiency thin-film ~ get during sputtering limits the power that can be applied
thermoelectric devices are widely foreseen to have applicapecause of the low thermal conductivity of thermoelectric
tions in microelectronics such as heat spreaders for electronfargets. The most important requirement to attain high value
devices and laser diodes. The main benefit of thin-film therfor the figure of merit is the stoichiometry in composition
moelectric coolers is the dramatic increase in cooling powewithin the solubility limits of the phase diagram. A large
density. It has also been established that the use of diamorgéviation from stoichiometry arises in vapor deposition be-
or an aluminum nitride substrate with high thermal conduc-cause the constituent elements in the target exhibit dissimilar
tivity is necessary to achieve two orders of magnitude highesticking coefficients on the substrate. Also, the tendency for
power density dissipation using the thin-film coolérs. re-evaporation of certain elements from the films is present
~ Numerous techniques have been attempted for deposjjecayse of their higher vapor pressure. The ability to repli-
tion of t.h(:?rmoelectnc films mcIung evapqraﬂon, flash cate the composition of the target material in the film is one
z\éaggirﬁgr? s El[?é?i% %)lzrr-nzelzr:er 2%::;%’ hi{]errri]rlr?:: \é?fg?r of the benefits of pulsed laser depositi#iD) compared to

P » SP ’ P y other thin-film deposition techniquéd?LD is preferred over

culty in the deposition of thermoelectric films is maintaining h | i the | induced Isi d
stoichiometry. All the previous studies have reported that thdhermal evapora |on. as .e asgr-m uce e?@ slon produces
@ plume of a material with stoichiometry similar to that of

stoichiometry could be achieved only in a small range o

-12
substrate temperatures between 250 to 300 °C. Moreovei€ targef.

We used PLD to deposit thin films from targets of

#lectronic mail: jagkasichainula@ncsu.edu P-type Bb'SSblBTe?" ntype BbT€75s, and n-type

PAlso at: Solid State Division, Oak Ridge National Laboratory, Oak Ridge, (BizTes) oo Shy Tes)5(Sh,Sey)s (with 0.13 wt % Sbi). These
TN 37831. p-type andn-type compounds are known to be with the op-
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timum compositions for fabrication of thermoelectric cooling C. Pulsed laser deposition of thermoelectric thin

devices that could be used at room temperature. Highly crysims

talline and stoichiometric Bire; films have been deposited

using PLD® In the present effort, emphasis was given to the  The B, sSb; <Te; (p-type) target for PLD was made by

deposition of stoichiometric thermoelectric thin films by sintering the powder compacts. The ,B#,-Se; and

PLD through variation of deposition parameters such as 'aSE(rBi2Te3)90(Sb2Te3)5(SbZSeg)5 (+0.13Wt% Sb}) (n-type)

energy, target composition, and substrate characteristics. ingots were grown by the Bridgman method and the targets
were obtained by slicing the ingots with a diamond saw per-
pendicular to the growth axis to yield smaller circular disks
of 25 mm in diameter and 10 mm in thickness. The same
targets were used for the deposition of several films. The

Substrates of mica and aluminum nitride were chosen téarget was loaded in a stage that was rotated about the nor-

deposit the thermoelectric thin films. Both mica and alumi-mal to the surface. Either mica or AIN/ED0O) or AIN/

num nitride are good thermal conductors and possess a he®i(111) substrates were loaded in the stainless-steel vacuum

agonal crystal structure that could be favorable for thechamber. The center of the target coincided approximately

Bi,Tey-based films with the QO preferred orientation of \ith the center of the substrate and was separated by 4 cm.

growth. Moreover, these substrates with a high dielectricrpe sypstrate was heated with a tungsten bulb heater. The
constant are also used for heat spreaders in electronic pac&éposition chamber was evacuated tox 10 7—5

aging. Because AIN substrates were not readily avallable}< 10~7 Torr by a turbomolecular pump backed by a rotary

thin films of AIN on silicon(100 and(111) substrates were Th bstrat heated t ¢ ¢ bet

deposited by dc reactive magnetron sputtering. pump. The substrate Wa§ eate 0,? emperature between
_ 300 °C and 500 °C for various depositions. The temperature

A. Preparation of substrates of the substrate was measured by placing a thermocouple on

Thin freshly cleaved mica sheets of ifn thickness and @ Si sample close to substrate of deposition and placed on the
AIN on p-type Si wafers of 50Qum thickness, with100) or  heater plate covering the tungsten bulb. The temperature of
(111) orientation, were chosen as the substrates. The silicothe substrate was allowed to reach a stable value by allowing
substrates were cleaned with acetone and methanol to disufficient time before deposition.
solve any contaminants adhering to the surface. Finally, sili- A pulsed Nd—YAG laser operating at 10 Hz frequency
con wafers were etched in a 49% hydrof_lupric acid solutiony g delivering the fourth harmonia =266 nm, pulse dura-
for about 3 min, followed by rinsing in distilled water, and ... __g_g n$ was used to ablate the target. The laser

drying before the deposition of AN. AN was sputter depos- eam was focused onto the target with a converging lens of

ited on the silicon substrates by a procedure described next. .
yap 0 mm focal length. The laser beam was incident on the

target at 45°. A schematic of our experimental PLD setup is
illustrated in Fig. 1. The target was rotated to avoid nonsto-
ichiometry resulting from localized evaporation from the
same region in the target. The laser-generated plume was

AIN was deposlteq on SI!ICOI’] substrate;, by dC. reaCtlvedeposited on the substrate. The laser fluence was also con-
magnetron sputtering in a mixture of ultrahigh-purity argon, ied by means of tuning the harmonic generators to a

and nitrogen gasés:}* The partial pressures of argon and _ _ :
nitrogen were both maintained between 0—1 mTorr in thdMnaximum energy of 0.25 J/cinThe pressure in the deposi-

deposition chamber with a total sputtering pressure of 2—30n chamber was found to change fromx&0 fto7
mTorr. A high-purity aluminum(99.999% disk, 100 mm in ¥ 10 Torr during the deposition upon increase in laser en-
diameter, was used as a target with a pulsed dc power sourc®gy to the maximum value. The deposition time was also
The stainless-steel deposition chamber was evacuated tovaried between 30 min anl h toincrease the thickness of
predeposition vacuum of%10 © Torr using a turbomolecu- the film. In addition, the films on AIN/Si substrates were
lar pump backed by a rotary pump. The substrate temperateposited at a lower laser fluence of 0.18 J@nd were
ture was raised to 600°C by a resistance heater. Initiallysubsequently annealdd situ at 200°C in the deposition
argon was introduced to a partial pressure of 0—1 mTorr anghamber for 2 h. During annealing, the vacuum level in the

plasma generated at a target current of 0.5 A for Sputtefamper was the same as that obtained prior to the deposi-

cleaning the target surface for 2 min. A movable shutter Wa%Fon. The laser fluence, substrate temperature, time of depo-
used to mask the substrates during this stage. The target cur-

: . : Sition, and substrate orientation were varied in the deposition
rent was increased to 2 A while ultrapure nitrogen gas wasf i il Y I the d i AIN/S
introduced to a partial pressure of 0—1 mTorr into the cham?' different Tims. oyvever, all the depositions on :
ber. At this juncture, the ratio of circulating power to effec- substrates were carried out at lower laser fluence that re-
tive power was found to be between 0.62 and 1.05. Thi$ulted in lower particulate emission in the plume. The thick-
value of the ratio was indicative of the insulating nature ofness of the films measured by a profilometer was found to be
the AIN film that is formed during deposition. The deposition 1.5 um for a deposition time of 1 h. Thus, the deposition rate

was carried out for 60 min. of 0.4 nm/s was observed.

Il. EXPERIMENT

B. Deposition of aluminum nitride
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FIG. 1. Schematic of PLD setup used
for deposition of thermoelectric films.
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Ill. RESULTS (0012 planes were present, in addition to that of the reflec-
tions from silicon and AIN, and thus indicate highly textured
or epitaxial growth along the axis. Certain low intensity

A Rigaku diffractometer was used for x-ray diffraction reflections were found to arise from half wavelength value of
analysis andh—26 scans were obtained using nickel-filtered the characteristic Ciia (0.154 06 nm) in the continuous
CuKa radiation(A=0.154 06 nmat an accelerating voltage spectrum that was not effectively filtered. However, the pres-
of 27.5 kV and an anode current of 20 mA. The diffraction ence of low index reflections and low intensity high-order
patterns from the films deposited on mica at 350°C argeflections is observed in the films deposited on AIN/Si. The
shown in Figs. 2)-2(c). Mica available in different forms is absence of other reflections from the film deposited on
pseudohexagonal wita=0.5199 nm,b=0.9027 nm, an&  AIN/Si is further taken as improvement in the textured
=2.0106 nm. BjsSh sTe; belongs to trigonal system with growth.
an equivalent hexagonal unit cell given &y 0.4401 nm and
c=2.7187nm. Similarly, the hexagonal unit cell of
Bi,Te,Sg; is given by a=0.4266nm and c
=2.98551 nm. It must be pointed out that because of the The growth morphology and composition of thermoelec-
variations in the composition of these compounds, the valuesic thin films deposited on mica and AIN were characterized
of the lattice parameters are obtained from the indexed redsing a Hitachi S-3200 scanning electron microsd@ieV),
flections shown in Figs.(2)—2(c). The observed reflections as shown in Figs. @) and 4b). An accelerating voltage of
illustrate preferential growth along the axis. The (008) 10 kV was applied and a magnification ranging from X00
family of peaks belongs to the thermoelectric film and theto 7000 was used to examine the morphology of the films.
peaks from mica substrate are designatedb902p). Here, The images from the films deposited at a substrate tempera-
n andp are positive integers that take values from 3 to 8. Forture of 350 °C showed the presence of particulates that were
every m(002p) peak arising from the mica substrate, aindicative of higher deposition rates and higher laser energy.
(003n) peak corresponding to the film was also observedTwo types of particulates were observét) Micron or sub-
This result confirms that the films were well textured, if not micron droplets and2) larger particulates shaped like flat
epitaxial. In addition, low intensity peaks corresponding todisks. The formation of larger particulates in the films depos-
reflections such agf0111), (205, and (0210 were also ited on AIN/Si was reduced at lower laser fluence. SEM mi-
present in then-type films. The results of x-ray diffraction crographs shown in Fig.(8) clearly illustrate the reduction
from p and n-type thermoelectric films deposited on AIN/ in particulate density in the films deposited at lower laser
Si(100 and AIN/Si111) are shown in Figs. @)—3(c) re-  fluence.
spectively. The crystal structure of AIN is hexagonal with X-ray maps were obtained to determine the distribution
=0.3114 nm and¢=0.4979 nm. It is seen that the peaks cor-of different elements in the films. The x-ray maps of different
responding to strong reflections from or{§06), (009, and  elements im-type films on mica are shown in Fig. 5. These

A. X-ray diffraction

B. Scanning electron microscopy
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maps were obtained from same regions, as shown in theespective targets and the results are summarized in Table I.
SEM images. Figure 5 illustrates the presence of the elelt was noted that all the films compared to the targets were
ments bismuth, tellurium, and selenium in the film, in addi-deficient in tellurium. Tellurium has higher vapor pressure
tion to those from the substrate. Energy-dispersive spectrosimong the elements in the target. Furthermore, compared to
copy (EDS) was also performed for quantitative analysis of the films on mica those on aluminum nitride were closer to
different elements in both the andp-type thin films and the the target stoichiometry, as seen from the results listed in the
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Table I. The analysis also showed that the composition of th€. Transmission electron microscopy

particulates was very much similar to that of the film. The _ S )
results of quantitative analysis of films deposited on AIN  Plan-view samples of thermoelectric thin films deposited
with improved predeposition vacuum of X110’ Torr 0N mica were examined in a TOPCON EM002B microscope
showed a slight improvement in the composition towardsat an accelerating voltage of 200 kV, with spherical aberra-
that of the target. tion, C;=0.5mm, and 0.18 nm point-to-point, and 0.12 nm
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age of the film is shown in Fig.(6). Hexagonal crystallites
that were oriented with the axis perpendicular to the plane
of the substrate were seen.

D. Transport properties

Seebeck coefficienthermopower was measured on all
the films as a function of temperature differert€ and the
observed values are shown in Tablgg)lland li(b) for films
deposited on mica and AIN/Si substrates, respectively. Table
Il (c) provides the values of the Seebeck coefficient for films
deposited on AIN/S1L00) with better predeposition vacuum.
The mobility and carrier concentration were not measured in
these films deposited with better predeposition vacuum. The
highest values of the measured Seebeck coefficient, mobility,
and carrier concentration are listed in Table Ill. Higher val-
ues were obtained amtype films deposited at 350 °C and on
p-type films deposited at 300 °C. The Seebeck value was
—224.51 uVIK for the n-type BiTe, ;S 5 bulk target. In
comparison, a value of-74.15 uV/K (see Table I was
found in the besn-type film on mica deposited from the
(BisTes) go( ShyTes) 5(ShSey) 5 target at a substrate tempera-
ture of 350°C. The Seebeck coefficient for tipetype
BigsShy sTe; bulk target was only 40.52V/K. As men-
tioned previously, the-type target was processed by sinter-
ing the powder compact and the lower value of Seebeck
coefficient could be attributed to nonuniform composition
resulting from incomplete sintering. Compared to this lower
value, the highest Seebeck coefficient in fhg/pe film de-
posited on mica was 86.64V/K. The value of Seebeck
FIG. 4. (@ SEM micrograph obtained on-type films deposited on mica coefficient could not be experimentally determined from the
substrates using high incident laser fluend®.SEM micrograph obtained R i i i -
onn-type films dgepogsited on AIN substrat(:(s(tﬁusing low inci%er?t laser fluencegigr/gew(eeg[ﬁ)) (‘;orgnsa%-r.??])e&-’(tﬁzi%)e? e:;?lri%etthiisﬁl:’:]ss gler?:)rsllt ed

on AIN/Si, however, showed larger values of thermopower

compared to the films on mica. Thetype film on AIN/Si
line-to-line resolution. The selected area diffraction patterrshowed a Seebeck value 6f154.69uV/K while a value of
(SADP) from the mica substrate is shown in Figapand 142.2 uV/K was found in thep-type film, both deposited at
illustrates the reflections obtained from fi#®01] hexagonal 350 °C. The improved values of thermopower are related to
zone axis. The SADP obtained from the thermoelectric filmthe use of lower incident laser fluence and the inclusion of an
on mica substrate is shown in Fighp. The satellite spots, in additional annealing stepf@ h at 200 °C. Theesults sum-
addition to those obtained for mica, arise from the reflectionsnarized in Table Kc) illustrate an improvement in ther-
that belong to the thermoelectric film. This is indicative of mopower for the films deposited on AIN(SD0. The
preferred growth of the film along theaxis of the substrate. changes in the quality of the films upon annealing as seen in
A transmission electron microscogy EM) bright-field im-  the results of x-ray diffraction were not significant but the

FIG. 5. X-ray map of micrograph ob-
tained omn-type Bi,Te, ;Se, 3 films de-
posited on AIN substrates using a high
incident laser fluence. Image is shown
in (a), Bi in (b), Se in(c), Te in(d), Si

in (e), Al'in (f), and N in(g).
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TABLE I. Composition analysis of films deposited at 350 °C using EDS.

Films on AIN/Si(100
deposited at base
Films on mica Films on AIN/SL00O pressures of X107 Torr

Element Target Overall Particulates Film Overall Particulates Film  Overall Particulates Film

p-Big sShy Te; Bi 1157  12.48 11.35 132  11.18 10.32 1155 11.06 10.12 11.81
Sh 29.18  36.97 38.47 35.68  34.47 36.18 30.47  30.69 30.85 30.03
Te 59.25  50.55 49.08 5111 57.35 58.5 57.98 58.13 59.03 58.16
N-(Bi,yTes) oo Sy Tes) 5(ShSey) s Bi 2748 3201 31.35 3275 30.26 29.72 31.14 2859 29.18 28.44
(0.13 wt % Shj doped Sb 13.71  17.13 16.81 19.14  13.26 13.34 12.03  14.27 14.34 14.32
Te 559  49.12 49.86 4657 53.54 53.42 5458  54.05 53.78 54.27
Se 255 113 1.02 118 258 2.67 209 264 2.18 2.51
[ 035 061 0.96 024 036 0.85 016 042 0.31 0.46
n-Bi,Te,;Sa5 Bi 39.62  46.24 46.81 47.39 4294 43.01 42.74 4248 41.02 41.68
Te 54.44  46.16 48.06 4877 51.72 51.01 5143  52.39 53.78 52.63
Se 594 743 5.08 43 5.31 5.98 583  5.08 5.17 5.69

transport properties were improved. We believe that anneaflms is encouraged by the hexagonal atomic arrangement
ing the point defects contributed to the improvement via represent in mica and AIN. However, the in-plane crystallo-
duced scattering and increase in the mobility of the carriersgraphic growth relationship in terms of atomic arrangement
Results presented in Tablesdl-1I(c) and Il may be corre-  has not been determined in the present work.
lated with the Seebeck value taken as the label for each Characterization of the thermoelectric films by SEM re-
Sample. These results allow us to conclude that the value Qfeajed uniform deposition’ however' with the presence of
the Seebeck coefficient remained higher when the mobilityarticulates. Particulates are considered to form as a result of
of the carriers was also higher or close to the highest valugitace roughening followed by shock wave recoil from the
Measurements were made on all the films to determingget The incident laser beam produces microscopic irregu-
Hall mobility and carrier concentration, and again the highest, sies on the target surface. The laser-induced thermal and
values are shown in Table lll. Specifically, while carrier coN- o chanical shock waves dislodge and eject particles from
centration should be optimized, the resuilts of higher rnObiIitythe surface irregularities in the form of molten micron-sized
are gi¥:en impo(;ta:jncehwiftr ths carrier dcfoncer;]tri;i“? ir; theglobules that are deposited on the substrate. The films with
same film provided. The films deposited from the pe . . .
target showed higher Seebeck coefficient and higher mobig}e Sf(gacﬁer?eoapehogzﬁzaSgtoxzigé;?ee:;M rg;c(r)ozgga%r;nm
ity. Bettern-type films were obtained at a substrate tempera;l_ hge den,sity of thz particulates was redu?:)éd bu;c ot -com
ture of 350 °C whereas bettertype films were obtained at )
300 °C on the mica. The higﬁegtpcarrier mobility in the films pletely eIiminatet_j upon lowering the laser fluence to 0.125
on mica was 40.42 cfiVs for the n-type deposited at Jient, as shown in Fig. @). o _
350 °C with Sby doping and 28.89 cV's for p-type de- X-ray maps are useful for the qualitative analysis of the
posited at 300 °C. The value of mobility improved to 68.84 distribution of the elements in the film. Results of quantita-
cn?/V s on then-type films (with Sbl; doping deposited on tive analysis of the composition of the films using EDS are
AIN/Si(111) at 350 °C. The resistivity in this particular film, Ppresented in Table I. The uniform distribution of all of the
provided in Table Ilb), was found to be 9.4810 3 Q cm. elements and absence of preferential segregation along grain
Better transport properties were observed in the films depodsoundaries in the films is inferred from the results shown in

ited on AIN/S(100 compared to those on AIN/Gill). Fig. 5. From results shown in Table |, it is concluded that the
particulates shown in Fig. 5 are richer in bismuth and tellu-
IV. DISCUSSION rium. Tellurium has a higher vapor pressure among the con-

Cleaved mica substrates provide the hexagonal in_p|an§tituents in the target and the formation of tellurium rich
symmetry with large and atomically smooth surfaces andParticulates suggests that these are dislodged from the target

were chosen as the substrate materials for the deposition ¥fithout further evaporation during PLD. On the other hand,
the thermoelectric thin films. The Bie;-based thermoelec- W€ have observed tellurium deficiency in the films deposited
tric compounds are expected to crystallize in a hexagond®" mica. The analysis also showed that the composition of
structure with the growth oriented along thexis. The pres- the particulates is very much similar to that of the film. The
ence of the(003 family of peaks in the x-ray diffraction interaction between the higher incident laser energy and tar-
patterns illustrates deposition of textured films with growthget surface is expected to raise the temperature so that tellu-
along thec axis. However, the limited adhesion of the films rium is preferentially depleted by evaporation from the target
and presence of cleavage steps on mica substrates necessirface’>® Continuous laser ablation from the same region
tated the use of AIN/Si substrates wit001) preferred crys- on the target surface increases the tellurium deficiency and,
tallographic orientation of AIN. Growth of (003 oriented therefore, the film is also deficient in tellurium. However, the
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TABLE Il. (a). Values of Seebeck coefficient, carrier mobility, and carrier concentration in the thermoelectric films deposited on mica.

Hall effect measurements

Films Substrate
deposited deposition Seebeck Resistivity Hall mobility Carrier Concentration
on mica temperaturg°C) coefficient(uV/K) p(ohm cm (cm?IV's) (lco
p-BigsShy sTey 300 86.64 1.04 1072 26.32 3.31x 10
350 37.74 2.5& 1072 15.45 1.56x 10'°
400 49.76 8.0 10732 22.84 3.41x 10¥
450 49.00 3.9< 1072 20.09 8.59x 10
500 34.65 1.16< 1072 28.89 1.87x 10%°
n-Bi,Se ;Tey 3 300 —-31.10 1.69< 103 27.22 1.38x 107
350 —53.47 1.71x 1073 35.37 1.21x 106%°
400 —45.04 2.85x< 1073 24.97 9.86x 10%
n-(Bi,Te;) oo Shy 300 —30.80 1.39x 1073 14.43 3.24x 10¥°
Tes)s(Sh,Sey)s 350 —74.15 5.06x 1073 40.42 2.63x 10¥°
(Sbl; doped 400 —49.13 5.03x 103 38.34 3.61x 10¥

(b). Values of Seebeck coefficient, carrier mobility, and carrier concentration in the thermoelectric films deposited on AIN/Si.

Hall effect measurements

Films Substrate Seebeck

deposited deposition coefficient Resistivity Hall mobility ~ Carrier Concentration

on AIN temperaturg°C) (uVIK) p(ohm cm (cm?IV's) (/co)

Big.sShy £Te; films AIN/ 300 104.51 1.7% 10°? 29.07 9.89x 10'®
Si(100) 350 142.20 1.94 1072 35.33 1.02x 10%°
AIN/ 300 96.37 1.86< 1072 15.48 4.46x 10'°
Si(112) 350 124.34 2.05 1072 19.41 1.28x 10%°

n-Bi,Se ;Tey 3 AIN/ 300 —77.52 3.41x 1073 41.37 1.39x 10%°
Si(100) 350 —54.89 1.86x 1073 33.98 2.15x 10%°
AIN/ 300 —43.71 1.26x 1073 24.63 1.78x 107°
Si(111) 350 —28.91 1.27x 1073 13.74 3.59x 10%°

n-(Bi,Tes) oo ShyTes)5(ShSey) s (Sbk doped AIN/ 300 —147.64 9.43x 103 65.37 1.3x 10
Si(100) 350 —104.15 5.06< 1072 40.42 5.63x 10%°
AIN/ 300 —62.94 3.69< 1073 36.29 4.43x 10*°
Si(112) 350 —154.69 9.48< 1072 68.84 9.58x 10'®

(c). The values of Seebeck coefficient and electrical resistivity in
X 1077 Torr.

the films deposited on @OOSisubstrates at a

predeposition vacuum of 1.0

Seebeck
Films deposited coefficient Resistivity,
on AIN/Si(100 (uVIK) p(ohm cm
BigsShy sTe; 138.42 1.13x 1072
Bi,Se ;Tey 3 —81.32 1.23x 103
n-(BiyTes)go(ShyTes)s(ShSey) s —166.37 1.17X 1072

(0.13 wt % Sbj} doped

composition of the films deposited on AIN/Si at lower inci- ity by scattering the charge carriérsThe mean-free path of
dent laser energy is closer to the target stoichiometry andarriers in the films evaluated from conductivity and carrier
also showed less variation between the particulates and thgyncentration is found to be between 5 to 15 nm and thus
film. This result is explained by the lower temperature at-grain boundaries are not responsible for major scattering.
tained by the target surface at lower laser energy. In additionyp,o grain size of the films is not expected to be very small as
EDS analysis of films deposited on AIN under better predey,q f width at half the maximum of the x-ray diffraction

. - i )
position vacuum .(K 10" Torr) showed a further IMProve~ 0 aks is also small. Plan-view samples of thermoelectric thin
ment in composition toward that of the target. The reductio ims on mica. examined by TEM and shown in Fid. 6. illus-
of oxygen in the chamber for improved vacuum prevents L y ) 9-©,
formations of oxides in the laser-generated plume and errate that the films are extremely well textured with preferred
ables tellurium to reach the substrate. Thus, a nearly congr@oWth direction along the axis. The grain size of the films
ent transfer of target stoichiometry was achieved by the ged$ 1—2 #m and thus the grain boundaries could not be re-
eration of a plume at lower laser fluences and a bettepPonsible for scattering. Point defects and nonstoichiometric
predeposition vacuum. regions are considered responsible for scattering. Annealing
The microstructure of the films is very important as of the films is responsible for the reduction in point defects

grain boundaries and crystalline defects increase the resistiand thus an improvement in the mobility of the carriers.
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TABLE IIl. Highest values of Seebeck coefficient, carrier mobility, and 100
carrier concentration in the thermoelectric films. §
u
£ 80
Parameter Substrate n type p type "
-
Highesta Mica ~74.15 86.64 8 60
(rVIK) Lo
AIN/Si(100) —166.37 142.2 %
AIN/SI(111)  —154.69 124.34 g 4
Highest Mica 40.42 28.89 S 0
(cn@IV s) 8
AIN/Si(100 65.37 35.33 3 0
AIN/Si(111) 68.84 19.41 n 0.1 1.0 19 10.0
Highest carrier Mica 1.38x 107° 3.41x 10" Carrier concentration. 10 cm's
concentration ?
(cm™) _ FIG. 7. Variation of thermoelectric power with carrier concentration for
AIN/Si(100) 2.15x107° 1.02x10° p-type films deposited on mica.
AIN/Si(111) 3.59x 10%° 4.46x 10"

AIN/Si substrate is also expected to introduce interfacial de-
. ) fects. The thermal expansion coefficient of,Bi;-based
The larger Seebeck values obtained for the films deposéompounds (2810 /K) and that of AIN/Si (2< 10" 9/K)

r nsible for lar nsile thermal strains in the thin film
for the bulk material$®'’ The lower values of the Seebeck ?L%poerf?:c())ofir?ge or large tensile thermal strains in the t

c?e_ff;]qent Ior the f||m_? deposited or_lt_mlca arde (rjelfatetd o nt?]n— The values of the Seebeck coefficient are shown as a
stoichiometry, nonuniform composition, and Aetects in e, s of the carrier concentration in Figs. 7 and 8 for films
films. The improved values of the Seebeck coefficient from

the fil AIN/S btained when | densit on mica and Figs. 9 and 10 for films on AIN/Si. The ob-
€ fims on | were obtained when lower densily oo\ a4 increase in the Seebeck coefficientwith decreas-

plasma was geperated and part|culate.den3|ty was reducei g carrier concentration is expected from the following re-
Also, an annealing step was used to relieve the large therm tion for a8

stresses, homogenize the composition, and reduce point de-
fects. The large difference in the thermal expansion coeffi-  anp=*(k/q)[r+2+In(N/n)], (1)

cient of the thermoelectric films and that of the mica Or with the negative sign fon-type and positive sign fqp-type
thermoelectric compoundg, is the Boltzmann’s constant,

is the scattering parameterijs the carrier concentratioll is

Fig. 6 (b) the density of states at the band edge given by
2(27m*kT)*¥%nh3, h is the Planck’s constantn* is the
effective mass of the charge carriers, ahds the tempera-
ture. In the presence of impurities, the scattering parameter
is equal to 2, while =0 for the atomic lattice. This result is
found to follow with some deviation in the films on all of the

Fig. 6 (a)

20 3
Carrier concentration, 10 cm
0.2 0.5 1.0 2.0

20
n
n-type
_/
A
]

— n-type with Sbl,

1 pm

»
S
>

-
e
T

&
S

Seebeck Coefficient, A VIK
Y in
= [—]

FIG. 6. (a) SADP obtained from the mica sheet used as a substrate material. _80
(b) SADP obtained on the thermoelectric thin films deposited on mica sub-

strates.(c) Bright-field TEM image obtained on thermoelectric thin films FIG. 8. Variation of thermoelectric power with carrier concentration for
illustrating the presence of hexagon shaped crystallites. n-type films deposited on mica.
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150 TABLE V. Values of ZT reported for n and p-type target materials.
I @ K (assumep
140 [ u Target composition (uVIK)  p(Qcm)  (W/cm K) ZT
i p—Bip sSh; :Te; 2322 0.0017 0.014 0.68
r n-(Bi,Tes)go( S Tes)5(Sh,Sey)s —206 0.0011 0.012 0.96
130 - (Sbk; doped
i n 2See Ref. 17.
120 -

of dopants could be attempted as dopant evaporation in the
L plume, can significantly alter the stoichiometry and thus im-
nor pact the carrier density in the thin films.

1 The use of thermoelectric films for cooling electronic
devices is measured by the thermoelectric figure of mérit,

Seebeck Coefficient, & VIK
a2

100 [ ) 5 : L
r \ given by Z=a*/pK, whereK is thermal conductivity and
the other parameters are already defined. The thermoelectric
90 L ; compounds possess low thermal conductivity whereas the
0.5 1.0 2.0 5.0 10.0 b 4 in this | L d th |
19 3 substrates used in this investigation are good thermal con-
Carrier concentration, 10 cm ductors. The thermal conductivity of the thin films is smaller

than that of the bulk thermoelectric compounds. Phonon
FIG. 9. Variation of thermoelectric power with carrier concentration for scattering at the grain boundaries, defects in the films, and
-type films deposited on AIN. ; ) ' L
piype fiims depostied on interfaces is known to reduce the thermal conductivity below

that of the bulk. We have assumed the thermal conductivity

values of 0.003 W/cmK and 0.004 W/cmK for the n and p
substrates, as shown by the results in Figs. 7 to 10. The Iarq:tégri’ trﬁngﬁltll(ve_lryﬁeazilbheess%fv T‘lilgl]frse a(;:z ;rg?ig_elf_r ?gr a;hqeuarter

vgrlgtlon in the S.eebeck cqefﬁment shqwn n F'g'. 7 for atarget and films at 300 K are shown in Tables IV and V
similar concentration of carriers fgrtype films deposited at :

. . . . . respectively. Th&Z T values of 0.05 and 0.17 for the and
different temperatures is associated with the large differences

. ” i ) : n-type for films on mica, respectively, are quite low. How-
in the mobility. Thep-type f||m§ were deposited from a ta'rget ever, theZT value for then- andp-type films on AIN/Si was
that was compacted and sintered from powder leading t

nonstiochiometry and defects in the films. The,, versus found to be 0.25 and 0.08, respectively. The value of 0.25 for

. . . . the n-type film on AIN/Si is less than that obtained for opti-

In(N/n) relation emphasizes that the carrier concentratipn, . ; L

. . . " mized bulk materials{T~0.96). The large variation in the
and density of statedy, are important factors in addition to . . . )

’ . . value ofZT, with a carrier concentration fartype films on
the scattering parameter,that determine the thermoelectric .~ . . : . . -
. . : mica, is associated with one particular film that exhibited a

properties of the films. In order to further improve the values

of Seebeck coefficient, targets, with different concentration%]::@fgr?tr gzb;'%gogeia\gﬁjrg :;n_lc_j 'trle;s{hi Z[E%Z?rfheee\tj:ﬁ]kec(;)fef-

figure of merit is reduced with decreasing thickness of the
films below 5um.! The thickness of the films deposited for
1 his 1.5um and, therefore, an increase in thickness by a

Carrler concentration, 1020cm'3 longer deposition time is expected to further improveZiie
00.5. ' .?‘.0 50 100 500 value.
More importantly, maximizing the value oZT is
20 equivalent to doing the same with the parameter
N, m*¥24/K, , wherem* is the effective mass of the ma-
40 jority charge carrierN, is the number of equivalent para-
.60l N bolic bands K, is the lattice thermal conductivity, and is

the carrier mobility*®°The values ofZ T for all of the films
-80 ¢ - have been shown as a function of the mobilityand the
carrier concentration in Figs. 11-14. These results indicate

Seebeck Coefficient, & VIK

-100
-120 — n-type with 5b|3 TABLE IV. Highest values oZT obtained om and p-type films.
-140 L K (assumey
Films a (uVIK) p(Q2 cm) (W/cmK) ZT
-160
p type on mica 86.64 0.0104 0.003 0.05
_180 p type on AIN 142.2 0.0194 0.004 0.08
n type on mica —53.47 0.00171 0.003 0.17
FIG. 10. Variation of thermoelectric power with carrier concentration for n type on AIN —154.69 0.009 48 0.003 0.25

n-type films deposited on AIN.
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19 3 0
Carrler concentration, 10 cm 05 1.0 20 50 10.0 200 50.0
FIG. 12. ZT vs carrier concentration for thermoelectric films deposited on Carrier concentration, 1(;‘9cm-
mica.

FIG. 14. ZT vs carrier concentration for thermoelectric films deposited on
AIN.

that higher carrier mobility with optimized carrier concentra-
tion is necessary to obtain thin films with a high&F value.
The values of mobility in the thermoelectric thin films de-
posited on mica and AIN/Si substrates were smaller com-  crystalline quality with a preferred (@) alignment with
pared to the values in the bulk!’ The lower values of mo- the substrates.

bility in the films could be attributed to scattering by point (2) Congruent transfer of the target composition to the thin
defects and impurities. Recombination centers and traps in films was achieved with lower laser fluence. It was found
addition to impurity scattering are also present at the grain that films with improved crystallinity and thermoelectric
boundaries. Though it is seen that the films deposited characteristics could be deposited at temperature be-
from the n-type (BbTe;)go(ShTe;)s(ShSe)s (with tween 300 to 350 °C.

0.13wt % Shj) target showed a higher Seebeck value ad3) Improved n-type films on AIN/Si substrates were ob-
well as a higher mobility, further improvement and higher ~ tained from a (BjTe;)go(ShyTes)s(Sh,Ses)s target

ZT value could be achieved with larger thickness, better sto- doped with 0.13 wt % of Shland showed & T value of
ichiometry, uniform composition, and a reduction in defects. ~ 0.25. Thep-type films deposited from a BiSh; sTe;

A dramatic improvement in the value &T through an in- target, however, showed a lower value of 0.08. The val-

crease inN, by the formation of nanocrystalline films is ues of Seebeck coefficient were lower and that of the
already reported®~22 electrical resistivity higher from the films compared to

the same parameters from the bulk targets. These results
indicate that the carrier concentration is higher than the
optimum value and the mobility of the charge carriers is
lower.

(4) Thermoelectric properties in the films could be improved
by the better control of stoichiometry, increase in film
thickness, and minimization of the volume fraction of
particulates, pores, and atomic level point defects.

ing PLD. The films showed uniform thickness and high

V. CONCLUSIONS

The following conclusions are reached from the deposi
tion and characterization of thermoelectfie and n-type
films by PLD on substrates of mica and AIN/Si:

(1) X-ray diffraction, scanning electron microscopy, TEM
showed that the textured growth of thermoelectric films
on AIN/Si and mica substrates could be achieved by us-

30
i n-type with Sbl3 “
16 .
g 20
14 e .
12 s
1 / R H
219 n-type with Sbi y s ]
g8 i 3\ . 10t
N 6 ‘ """""" - ‘/‘ - - :
e Y . A b /{ p-type
4 »
2 /P-WPE 0 n L " "
0 o [3 ° 10 20 30 40 ) 60 70
12 17 22 27 32 37 2 bl el

Mobility, cm?/V.s
FIG. 13. ZT vs carrier mobility for thermoelectric thin films deposited on
FIG. 11. ZT vs carrier mobility for thermoelectric films deposited on mica. AIN.
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(5) The present effort has illustrated the use of AIN/Si, an 'D. B. Chrisey and G. K. Hubler, edsPulsed Laser Deposition of Thin
efficient heat spreader, also as a favorable substrate maFilms (Wiley, New York, 1994.

- . P 8J. W. Horwitz and J. A. Sprague, iRulsed Laser Deposition of Thin
terial for the deposition of thermoelectric films. Films, edited by D. B. Chrisey and G. K. HublaNiley, New York, 1994,
p. 229.
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