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(57) 	 ABSTRACT 

A thermoelectrically cooled GMR sensor having a first ther-
moelectric layer with an array of nanowires, wherein the 
nanowires include a diameter of about 1 nanometer to about 
1000 nanometers. A plurality of alternating layers of mag-
netic and nonmagnetic material are positioned over and 
extend the nanowires to form a GMR assembly. A second 
thermoelectric layer is positioned over the GMR assembly 
and extends the nanowires, such that the nanowires have a 
length of between about 100 nanometers and about 500 
microns. Conductors are placed in contact with the first and 
second thermoelectric layers for connecting the thermoelec-
tric layers to a voltage source. 
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Figure 2. (a) Polarization plot of Bi 3+, HTe02+, and the combined BiSbTe solution, (b) 

SbO` partial current. 
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Figure 4(b). Measurements of electrical conductivity of BiSbTe nanowires with respect to 
temperature. 

5e-2 

r~ 
4e-2 

3e-2 
v 

2e-2 

0- 

1 e-2 

-20 mV 
-100 mV 

~ ..... -150 mV 
—~— -200 rnV 
.....>,... -250 mV 

300 	320 	340 	360 	380 

Temperature (K) 

Figure 4(c). Measurements of power factor of BiSbTe nanowires with respect to 
temperature. 
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Figure 5b. Variation of Te concentration with deposition potential. 
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THERMOCOOLING OF GMR SENSORS 	 III. DETAILED DESCRIPTION OF SELECTED 
EMBODIMENTS 

This application claims the benefit under 35 USC § 119(e) 
of U.S. provisional application No. 61/146,579 filed Jan. 22, 
2009, whichis incorporatedby reference herein in its entirety. 

This invention was made at least in part with government 
support under contract no. NNX07AL03A awarded by 
NASA. The government may have certain rights in the inven-
tion. 

LBACKGROUND 

A typical GMR device consists of at least two layers of 
ferromagnetic materials separated by a spacer layer. When 
the two magnetization vectors of the ferromagnetic layers are 
aligned, the electrical resistance will be lower (so a higher 
current flows at constant voltage) than if the ferromagnetic 
layers are anti-aligned. This constitutes a magnetic field sen-
sor. Two variants of GMR have been applied in devices: (1) 
current-in-plane (CIP), where the electric current flows par-
allel to the layers and (2) current-perpendicular-to-plane 
(CPP), where the electric current flows in a direction perpen-
dicular to the layers. 

II. BRIEF DESCRIPTION OF THE DRAWINGS 

FIG.1 illustrates one embodiment of a GMR sensor of the 
present invention. 

FIGS. 2a and 2b are polarization plots a BiSbTe solution 
and SbO' partial current. 

FIG. 3 is a plot showing the stoichiometric Bi, Te, Sb ratios 
in the deposited alloy with respect to deposition potential vs 
SCE. 

FIGS. 4a to 4c show measurements of (a) Seebeck coeffi-
cient, (b) electrical conductivity, and (c) power factor of BiS-
bTe nanowires with respect to temperature. 

FIG. 5a shows a polarization plot of individual Bi 3 + 

HTe02' and combined BiXTei, electrolytes. 
FIG. 5b shows the variation of Te concentration with depo-

sition potential. 
FIG. 6 shows an XRD of BixTey  nanowires deposited in 

AAO membranes at different potentials. 
FIG. 7 shows the Seebeck coefficient of Bi xTey  thin films 

measured at various temperatures. 
FIG. 8 shows the Seebeck coefficient variation withrespect 

to Tellurium concentration and temperature. 
FIG. 9 shows the contour of AT (K) vs. current (A) 
FIG. 10 shows GMR measurements of CoNi/Cu GMR 

layered nanowires with and without Bi xTey  cap. 
FIG. 11 shows a Seebeck coefficient measurement setup. 
FIGS. 12a and 12b show polarization curves. 
FIG. 13 shows BixTey  nanowires deposited in AAO mem-

branes at different potentials. 
FIG. 14 shows the variation of Te concentration with 

respect to deposition potentials. 
FIG. 15 shows a 3-D plot of the variation of Seebeck 

coefficient with respect to tellurium concentration and tem-
perature. 

FIG. 16a shows the change in resistance with temperature 
for a nanowire. 

FIG. 16b shows the variation of Seebeck coefficient with 
temperature for a nanowire. 

FIG. 16c shows the change in resistance with temperature 
for a nanowire. 

FIG. 16d shows the variation of Seebeck coefficient with 
temperature for a nanowire. 

FIG. 1 illustrates one example of a thermoelectrically 
5 cooled GMR sensor 1 constructed according to the present 

invention. GMR sensor 1 is generally constructed of a tem-
plate 2 having a series of pores formed therein and GMR 
nanowires 4 deposited into the pores. Template 2 will typi-
cally be formed from a nonconductive material, two examples 

10 of which are anodized alumina and polycarbonate film. In 
FIG. 1, template 2 is a section of polycarbonate with pores 
formed therein. In FIG. 1, a gold layer 11 has been sputtered 
onto the bottom of template 2 and gold layer 11 will serve as 
the conductive base allowing electro-deposition of materials 

15 into the pores. The first layer deposited into the pores will be 
an p-type thermoelectric semiconductor material 7. In one 
example, the first layer of thermoelectric material will be a 
BixTey  compound. Examples of thermoelectric compounds 
could include Bije i , Bi2Te3 , Bi3 Te2 , Bi,Te3 , Bi4Te,, BiS- 

20 bTe, BiSeTe, BiTe, PbxTey, CdxTey, SixGey, CoxSby, CsBix  
Tey, AgPb,SbTey, ZnxSbyYbxCoySbz, CeFeCoSb, 
Bio s Sb i sTe3 , or Biz Sbo 3 Tez 1 . However, the thermoelectric 
layers could be any thermoelectric semiconductor, metal, 
metallic, or semi-metal material. 

25 	Following deposition of the first thermoelectric layer, a 
series of magnetic/non-magnetic layers will be deposited in 
order to form GMR section 5. In two examples, the GMR 
layers are either CoNi/Cu layers or CoNiFe/Cu layers. Other 
alternating layers could include Co/Cu, CoNiCu/Cu, or other 

30 layers providing a GMR effect. 
After deposition of the GMR section 5, a second thermo-

electric layer 8 is deposited onthe nanowires. In this example, 
thermoelectric layer 8 may be a n-type Bi xTey  compound as 
described above. A top layer 6 is formed across the nanowires. 

35 In one example, top layer 6 is a continuous layer of the n-type 
BixTey  compound. In other examples, top layer 6 could be a 
conductive metal such as Cu or Au. As an alternative (not 
shown in FIG. 1) bottom layer 11 could further include a layer 
of Cu which can act as a heatsink. Wires or conductive strips 

40 10a and 10b will be electrically connected to the n-type 
thermoelectric layer 8 and the p-type thermoelectric layer 7, 
respectively. In the example of FIG. 1, the wires/conductive 
strips 10a and 10b will connect to a potentiostat/nanovoltme-
ter. 

45 	It will be understood that in the normal operation of the 
GMR sensor, the varying resistance of the GMR material is 
detected by a current flowing through the GMR layers. How-
ever, because this current is also flowing through the thermo-
electric layers, a thermoelectric cooling effect will simulta- 

50 neously take place. In the example of FIG. 1, the bottom 
p-type layers 7 will accumulate heat from the GMR layers as 
a result of the thermoelectric cooling. The heat in bottom 
p-type layers 7 is then transferred to bottom layer 3 and will 
be dissipated in any conventional manner. 

55 

Alternate Embodiments 

Another embodiment of the invention comprises a method 
of forming a thermoelectrically cooled GMR sensor. This 

60 method includes the steps of: (a) electrodepositing a first 
thermoelectric layer comprising one of either a p-type mate- 
rial or an n-type material onto a template having a plurality of 
pores; (b) electrodepositing onto the template over the first 
thermoelectric layer a plurality of alternating layers of mag- 

65 netic and non-magnetic materials in order to form a GMR 
assembly; (c) electrodepositing a second thermoelectric layer 
of either p-type or an n-type material (whichever type was not 
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4 
deposited in step (a)) on the template over the GMR assem-
bly; and then (d) depositing conductive layers in electrical 
contact withthe thermoelectric layers. In one variation of this 
embodiment, a 20/10 (Bi/Teratio in mM) electrolyte solution 
was employed and p-type nanowires were obtained by depos-
iting at an electropotential of about -200 mV to -250 mV and 
n-type nanowires were obtained by depositing at an electro-
potential of about -50 mV to -150 mV. In alternative varia-
tion of this embodiment, a 20/20 (Bi/Te ratio in mM) electro-
lyte solution was employed and n-type nanowires were 
obtained by depositing at an electro -potential of about -50 
mV to -200 mV. 

Another embodiment forms the thermo-electric layers 
from bismuth antimony telluride (BiSbTe) nanowires, which 
are electrodepo sited at constant potentials into polycarbonate 
templates from a tartaric-nitric acid electrolyte. A 
Biz Sbo 6Te2 9  nanowire sample deposited at -150 mV, shows 
a high Seebeck coefficient (S) value of -630 µV/K and a 
electrical conductivity (a) of L14x10 5  (ohm•m)-i  at 300 K, 
resulting in a high power factor (S 2 a) of 4.5x10

-2 
 Wm-'K -2  

for BiTe alloy family. With the available data on thermal 
conductivity (1-4Wrn i K-i)ofthesenanomaterials,theelec-
trodeposited Bi z Sbo  6Te2 9  nanowires are goods candidates 
for achieving a desirable figure of merit (ZT>3) for thermo-
electric materials. This figure of merit is defined as 
ZT=S2uT/k where, S is the Seebeck coefficient, a is electrical 
conductivity, T is the absolute temperature, k is thermal con-
ductivity. 

A further embodiment (Embodiment A) is a thermoelec-
trically cooled micro-device comprising (a) a first thermo-
electric layer comprising an array of nanowires, wherein the 
nanowires include a diameter of about 1 nanometer to about 
1000 nanometers; (b) a microdevice positioned over the first 
thermoelectric layer; (c) a second thermoelectric layer posi-
tioned over the micro-device and extending the nanowires, 
such that the nanowires have a length of between about 100 
nanometers and about 500 microns; and (d) conductors in 
contact with the first and second thermoelectric layers for 
connecting the thermoelectric layers to a voltage source. This 
Embodiment A further includes the micro-device being a 
device for measuring at least one parameter of GMR, current, 
magnetic flux density, or displacement. 

Another embodiment (Embodiment B) is a method of 
forming a thermoelectrically cooled GMR sensor comprising 
the steps of: (a) electrodepo siting a first thermoelectric layer 
comprising one of a p-type material or an n-type material onto 
a template having a plurality of pores, the pores having a size 
ranging from 5 nm to 5000 mu; (b) electrodepo siting onto the 
template over the first thermoelectric layer a plurality of 
alternating layers of magnetic and non-magnetic materials in 
order to form a GMR assembly; (c) electrodepositing a sec-
ond thermoelectric layer comprising the other of a p-type or 
an n-type material on the template over the GMR assembly; 
(d) depositing conductive layers in electrical contact with the 
thermoelectric layers; and (e) dissolving the template to 
release the GMR assembly and thermoelectric layers. 

Variations of this Embodiment B include (i) wherein the 
alternating layers of magnetic and non-magnetic materials 
comprise at least one of Co/Cu, CoNi/Cu, CoNiCu/Cu, or 
CoNiFeCu/Cu; (ii) wherein the thermoelectric layers are at 
least one of: BiSbTe, BiSeTe, BiTe, Pb xTey, CdxTey, SixGey, 
Co'Sby, CsBixTey, AgPb,SbTey, ZnxSbyYb,CoySbz, or CeFe-
CoSb; (iii) wherein depositing the GMR assembly comprises 
depositing at least about 500 alternating layers; (iv) wherein 
a template area over which the first thermoelectric layer is 
deposited is between about 0.01 um 2  and about 1 mm2 ; (v) 
wherein the template has a thickness of between about 2 um 

and about 2000 um; and (vi) wherein the template has a 
thickness of between about 200 um and about 2000 um. A 
further variation of Embodiment B is where the p-type mate-
rial is deposited from a solution having a Te concentration of 

5 less than about 30% and the n-type material is deposited from 
a solution having a Te concentration between about 30% and 
about 50%. Another variation of Embodiment B is where the 
solution from which the p-type material is deposited includes 
Bi, Sb, and Te (e.g., 0.5 mM B'2011  1.5 mM Sb2O3  and 3 mM 

10 TeO21  1 M HNO3 , 0.2 M Tartaric acid.) and the solution from 
which the n-type material is deposited includes Bi, Se, and Te 
(e.g., 2 mM Bi 2O31  0.5 mM Se2O3  and 2.7 mM TeO21  1 M 
HNO3). In this example embodiment, p-type material was 
deposited at -200 mV and has the formulation Bi o 5 Sb i 5 Te3  

15 and the n-type material was deposited at -20 mV and has the 
formulation Bi z Seo 3 Te2 1 . 

Another embodiment (Embodiment C) is method of form-
ing a thermoelectrically cooled GMR sensor comprising the 
steps of: (a) forming a first thermoelectric layer comprising 

20 one of a p-type material or an n-type material onto a template 
having a plurality of pores, the pores having a size ranging 
from 5 nm to 5000 nm; (b) forming onto the template over the 
first thermoelectric layer a plurality of alternating layers of 
magnetic and non-magnetic materials in order to form a GMR 

25 assembly; (c) forming a second then noelectric layer compris-
ing the other of a p-type or an n-type material on the template 
over the GMR assembly; (d) forming conductive layers in 
electrical contact with the thermoelectric layers; and (e) dis-
solving the template to release the GMR assembly and ther- 

30 moelectric layers. A variation of this Embodiment C is where 
the thermoelectric and GMR layers are formed through elec-
tro-deposition. 

It will be understood that FIG. 1 illustrates merely one 
example of the thermoelectrically cooled GMR sensor of the 

35 present invention. Many alternative thermoelectric materials 
or GMR materials could be employed. Although FIG. 1 uti-
lizes nano-needle structures, nano-tube structures, thin/flat 
structures or other shaped structures could also be utilized. 

Additionally, the present invention may be used for con- 
40 ventional cooling such as refrigerators, seat cooler in auto-

mobiles, etc. The same nanowires may be integrated in a 
series or parallel architecture so that the required cooling 
powers can be obtained for the applications, i.e. the dimen-
sions of the nanowires will remain the same and the number 

45 of these wires will increase to match the load requirements. 
These variations and many further variations should be con-
sidered as falling within the scope of the present invention. 

IV. EXPERIMENTAL EXAMPLES 
50 

1. Example One 

BiSbTe nanowires were electrodepo sited into polycarbon- 
ate membranes using a Solatron 1287 function generator at 

55 constant potentials and room temperature from a tartaric- 
nitric acid base electrolyte. Being difficult to dissolve, Sb 2O3  
was treated with tartaric acid as a complexing agent to 
increase its solubility in water, and the obtained solution was 
mixed with a separately prepared Bi 2O3  and TeO2  electrolyte 

6o dissolved in HNO3 , followed by the addition of deionized 
(DI) water to make the final composition of 2.5 mM Bi 3+, 5 
mM SbO', 10 mM Te021  0.2 M tartaric acid, and IM HNO 3 . 

The reference and counter electrodes were Saturated Calomel 
Electrode (SCE) and a platinum (99.99%) mesh connected to 

65 a platinum wire, respectively. A 60 mn thick An layer was 
sputtered on commercially available 50 mn pore size poly- 
carbonate (Whatman) templates to deposit the nanostruc- 
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tures. Polycarbonate (PC) membranes (6 µm thickness, 6x10 $  
pores/cm2), have lower thermal conductivity compared to 
alumina membranes making them more effective for nanow-
ire based devices. The obtained electrodepo sited nanostruc-
tures embedded in the template, were separated by dissolving 5 

the polycarbonate using dichloromethane (Alfa Aesar) fol-
lowed by rinsing with DI water several times, before imaging 
the with SEM (Hitachi S4800). Qualitative and quantitative 
composition analysis was obtained using EDS (Hitachi 
4800). The Micromanipulator 916776 electrical probe station io 
with a tip contacting diameter 10 µm was used to make 
precise contacts on the samples for electrical measure-
ments. 20  Resistance and the voltage of the samples were mea-
sured using Kiethley 236 and 6514 (±10 µV to ±210 V) 
electrometers, respectively. A Cu strip was used as a reference 15 

for voltage measurements, while an Omega K-type thermo-
couple was used to measure temperature. 

FIG. 2 shows the polarization curves of the individual Bi 3  
HTeO2 '

1 
 SbO' and their combined electrolyte. The goal of 

this analysis is to identify suitable deposition potentials to 20 

obtain BiSbTe alloys with different compositions. In the indi-
vidual electrolytes, HTeO 2' current is higher than the Bi 3 + 
current (FIG. 2a), which is consistent with the fact that 
HTeO2' had a higher concentration (10 mM) than the Bi 3 + 
(2.5 M), and their respective limiting currents were reached at 25 

-115 mV and -90 mV. Compared to the partial currents of the 
more noble metals Bi 3' and HTeO2'

1 
 SbO' partial current 

(FIG. 2b) is very low (-0.2 to -0.4 mA/cm 2) for potentials 
less than -500 mV, and it was found to increase only at higher 
deposition potentials. This is consistent with the earlier 30 

reports showing higher reduction potentials for SbO'. Two 
minor limiting currents were observed for SbO' reduction at 
-70 mV and -250 mV, corresponding to the hydrogen evo-
lution potentials of individual Bi 3 ' and HTeO2' components. 

The polarization plot of the combined electrolyte can be 35 

divided in to three reduction regions R i , R2, and R3 . In the 
deposition regions R, and R2  extending from 0 to -70 mV, and 
-70 to -180 mV, respectively, the combined electrolyte cur-
rent is equal to the sum of the individual currents. For low 
deposit potentials in the region R, the alloy current has a 40 

major contribution from the more noble elements Bi 3' and 
HTeO2 '

1 
 which is justified by the composition analysis shown 

in FIG. 3. Antimony deposition was not observed at a low 
potential of -20 mV and stoichiometric Bi 2Te3  alloy nanow-
ires were then obtained. Further increase in the deposition 45 

potential to -50 mV inducedthe reduction of antimony. Atwo 
step reduction process, withthe initial reduction of HTeO 2' to 
Te, followed by the further reduction of Te to more stable 
Bi2Te3  characterizes this electrodeposition window. 

The reduction of all three elements was observed in the 50 

region R2  forming different BiSbTe alloy combinations. Indi-
cating the individual Bi 3 ' and HTeO2' components, two lim-
iting currents were observed at -100 mV and -125 mV; 
however, the negative shift in the reduction potentials in the 
combined electrolyte, compared to the individual compo- 55 

nents, contradicts the positive shift observed in the BiTe elec-
trolytes. This behavior can be attributed to the formation of 
antimony-tartaric acid complex cations which tend to shift the 
reduction potentials to more negative values. Concentration 
of antimony in the deposited alloy remained relatively con- 60 

stant for depositions in the R 2  region, therefore obtaining 
stoichiometric Bi2 Sb0 66Te3 4  and Bi2 Sb0 6Te2 9  at -100 mV 
and -150 mV, respectively. An overall third limiting current 
was observed inthe R 3  region, while the composition analysis 
of the nanowires sample deposited at -200 mV and -250 mV 65 

shows a further increase in the antimony composition form-
ing Sb rich alloys. In the R3  region reduction starts with the  

6 
formation of H 2Te from HTeO2'

1 
 followed by the electro-

chemical reaction of H zTe with Bi3 ' and SbO', to form BiS-
bTe alloys. 16  In the overall deposition range analyzed (-20 
mV to -250 mV), Bi concentration remained comparatively 
constant, while Te concentration decreased and antimony 
content increased with potential. 

SEM images were made of the nanowires in the back-
ground of dissolved polycarbonate template, deposited at 
-150 mV. Even though the template pore diameter is 50 mu, 
the SEM analysis shows that the nanowires have larger diam-
eter of (I 10 mut5 mn standard deviation), which indicates 
the bulging of the nanowires in the pores during the elec-
trodeposition process. Fully grown nanowires having differ-
ent alloy compositions, deposited at -20 mV, -100 mV, -150 
mV, -200 mV, and -250 mV, were chosen for thermoelectric 
characterization. 

FIG. 4a shows the Seebeck coefficients of BiSbTe nanow-
ires. All the measured samples showed a decreasing trend in 
Seebeck coefficients with temperature and the negative val-
ues indicate their n-type behavior. The highest Seebeck coef-
ficient of -630 µV/K was obtained at 300 K for nanowire 
sample electrodeposited at a potential of -150 mV. Antimony 
rich nanowires deposited at potentials -200 mV and -250 mV 
exhibited lower Seebeck coefficients of -244 µV/K and -325 
µV/K at 375 K; however, even these lower nanowires values 
are higher than their bulk counterparts .23  Variation of electri-
cal conductivity of the nanowires samples with temperature is 
illustrated in FIG. 4b. A semiconducting behavior was indi-
cated by the increase in conductivity at low temperatures with 
a high value of, 1.14x105  (ohm•m)-i  at 300 K, for the -150 
mV sample, while the antimony rich sample obtained at high 
deposition potential (-250 mV) showed the lowest conduc-
tivity of 9.2x103  (ohm•m)-1 . FIG. 4c illustrates the behavior 
of nanowire's power factor (S2  u). The highest room tempera-
ture power factor of 4.5x10 -2  Wm-'K -2  was obtained for 
nanowires sample deposited at -150 mV, while the lowest 
room temperature power factor of 4.0x10 -3  Wm-'K -2  was 
obtained for -250 mV sample. Relating to the composition of 
the nanowires, the highest S 2a was calculated for 
Bi2 Sb0 6Te2 9  nanowire sample deposited at -150 mV. The 
higher power factor for these nanowires compared to their 
bulk counterparts is mainly due to the improved contribution 
from Seebeck coefficients. 

The antimony content in the BiSb alloys has a major influ-
ence on the nanowire diameter at which a semimetal to semi-
conductor transition can be observed, which is due to the 
increased distance between the electron and hole subbands. 
Compared to the diameter (<50 mu) for bismuth nanowires, 
addition of antimony increases the diameter at which this 
transition could be observed, meaning that even the larger 
diameter BiSb alloy wires, with an optimum antimony com-
position, can exhibit a semiconducting behavior resulting in 
higher Seebeck coefficients. The same phenomenon can be 
attributed to the high Seebeck coefficients achieved in 
Bi2 Sb0  6Te2 9  nanowires, which have the antimony atomic 
percentage of 11 and the nanowire diameter of 110 mu, values 
close to optimum antimony percentage and wire diameter 
predicted to for BiSb nanowires. Addition of antimony also 
induces the external carriers, increasing the conductivity of 
nanowires deposited at -100 mV and -150 mV However, 
further increase in the antimony concentration at high depo-
sition potential (-200 mV, -250 mV) could increase the band 
gap energies, decreasing the conductivity of nanowires. 
Nanowire thermal conductivity was found to be lower than 
their bulk counter parts due to the boundary scattering. 
Assuming that the thermal conductivity of BiSbTe is in the 
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same range as the measured BiTe nanowires (1-4Wm 'K -i ), 
the Bi2 Sbo  6Te2 9  nanowire samples can achieve a ZT>3. 

2. Example Two 

Electrodeposition was used to fabricate the thin films, 
nanowires, and GMR layers. BixTey  nanowires and thin films 
were deposited from 1M HNO 3  solution containing 20 mM 
B'02  and 20 mM TeO2 . The reference and counter electrodes 
were Saturated Calomel Electrode (SCE) and a platinum io 
(99.99%) mesh, respectively. Copper foil was used as the 
cathode substrate for thin films, while Au:Pd (60:40) sput-
tered polycarbonate (PC) or alumina (AAO) templates were 
used to make the nanostructures. GMR layers were obtained 
from an aqueous solution containing 25 mM NiSO 4, 50 mM 15 

CoSO4, and 1 mM CuSO4  using a pulse potential technique. 
Electrodeposition was carried out using Solatron 1287 func-
tion generator. Optimized deposition potentials were esti-
mated from the polarization curves. The electrodeposited 
nanowires, thin films and GMR layered structures with Bi, 20 

Tel caps were imaged and studied using SEM (Hitachi 
S4800) and TEM (7EOL 7EM 2010). Quantitative composi-
tion analysis was obtained using EDS (Hitachi 4800). Crystal 
structure of the thin films and nanowires were studied using 
XRD (Cu Ka radiation). The Micromanipulator 916776 elec- 25 

trical probe station with a tip contacting radius ranging from 
1 to 35 µm was used to make precise contacts on the samples 
for electrical measurements. Voltage across the sample was 
measured using Keithley 6514 Electrometer (±10 µV to 
±210V). An Omega K-type thermocouple was used for tern- 30 

perature measurements. An in-house built PID controlled 
electrical heater was used to provide accurate and uniform 
heat distribution for Seebeck measurements. 

FIG. 5a shows the polarization plots obtained at a scan rate 
of 10 mV/sec for individual 7.5 mM Bi ", 10 mM HTeO2' 35 

and mixed BixTey  electrolytes. At low deposition potentials 
below -50 mV the overall current in the mixed Bi xTey  elec-
trolyte is less than the individual Bi 3+ current and almost 
equal to HTeO21  current, suggesting that in the low potential 
region a Te-rich alloy should be obtained. The Te concentra- 40 

tion plot in FIG. 5b shows that a higher Te concentration was 
obtained in this deposition region (below -50 mV), implying 
a preferential Te deposition at low overpotentials. As the 
deposition potential increases, the already reduced Te influ-
ences the reduction of Bi. FIG. 5a shows that at a deposition 45 

potential of -100 mV the individual Bi current suddenly 
increases, which is in agreement with the composition analy-
sis (FIG. 5b) showing a Bi-rich (60%) alloy at this potential. 
Further increasing the deposition potential resulted in even 
lower Te concentrations: 30% Te at -150 mV and 20% Te at 50 

-300 mV. 
SEM images were made of thin films electrodeposited at 

various constant potentials. Stoichiometric Bi 2Te3 , Bi3 Te21  
Bi,Te3, Bi4Te, compositions were obtained at -50 mV, -100 
mV, -150 mV, and -300 mV, respectively. Significant varia- 55 

tions in film morphology were observed for minor composi-
tional changes. The Te-rich sample deposited at -50 mV, 
showed a needle-like morphology, while a fine granular struc-
ture was observed for Bi-rich samples deposited at -100 mV. 
As the deposition potential increased, the granular structure 60 

disappeared and a flowery-like Bi-rich structures were 
obtained at -300 mV. 

Nanowires were deposited in porous Alumina (AAO) and 
Polycarbonate (PC) membranes. Nanowires were obtained 
from low (-5 mV) to high (-300 mV) overpotentials using 65 

different pore size membranes: 20 nm to 100 nm in diameter 
and 6 µm to 60 µm in length. SEM images were taken of an  

8 
example of BixTey  alloy nanowires deposited in 20 nm pore 
diameter AAO membrane at -100 mV and another SEM 
image showed an example of Bi xTey  alloy nanowires depos-
ited in 50 nm pore diameter PC membrane at -300 mV. No 
significant H 2  evolution causing tubular structures was 
observed in the studied potential range, consequently well 
formed nanowires were obtained in these pore sizes. A TEM 
image was taken of a CoNi/Cu GMR layered nanowire elec-
trodeposited in a PC membrane with a p-type Bi xTey  thermo-
electric cap at the top. The imaged structure had a n-type 
bottom layer deposited at -50 mV followed by 500 bilayers 
(magnetic CoNi alternating with nonmagnetic Cu layers) and 
a p-type top deposited at -250 mV. Details about GMR depo-
sition are provided in ref. (15). 

FIG. 6 shows the XRD phase analysis of the nanowires 
deposited in AAO membrane at various potentials -5 mV, 
-100 mV, -300 mV. All the nanowire samples show a pref-
erential (110) orientation. Particularly, nanowires deposited 
at -5 mV exhibit a good crystalline nature showing a strong 
(110) peak. However the intensity of (110) peak decreased for 
nanowires deposited at higher overpotentials (-100 mV) and 
then vanished for the sample deposited at even higher over-
potentials (-300 mV), when the nanowires became amor-
phous. Rapid deposition rate at high overpotential is the rea-
son for the BixTey  nanowire crystalline to amorphous phase 
transition. Therefore, low deposition potentials lead to good 
crystalline samples while high deposition potentials lead to 
amorphous counterparts. 

FIG. 6 shows the Seebeck coefficients of the thin films 
deposited at -100 mV, -150 mV, -300 mV. A maximum 
Seebeck coefficient of -200 µV/K was obtained at 345K for a 
thin film deposited at an intermediate deposition potential of 
-150 mV. This intermediate deposition potential inducing 
polycrystallinity could be the reason for this high Seebeck 
coefficient. The thin films obtained at a lower negative depo-
sition potential (-100 mV) showed lower Seebeck coeffi-
cients, which could be related to the higher electrical conduc-
tivity of a better crystalline structure. However the 
amorphous nature of the thin film deposited at -300 mV 
might be the reason for its low Seebeck coefficient. Addi-
tional electrical, thermal conductivity and crystal structure 
data is required for further analysis. 

BixTey  thin films and nanowires were electrodeposited 
potentio statically in a wide deposition range, -5 mV to -300 
mV. Te induced Bi deposition was confirmed from composi-
tion analysis. The Te concentration in the electrodeposited 
thin films decreased with increased deposition potential. A 
needle-like structure was observed for Te-rich films deposited 
at low overpotentials while a flowery type structure was 
observed for Bi-rich samples deposited at high overpoten-
tials. Fully grown BixTey  nanowires were obtained from low 
to high overpotentials and their XRD revealed a crystalline to 
amorphous transition as a function of deposition potential. A 
maximum Seebeck coefficient of -200 µV/K was obtained 
for a thin film deposited at -150 mV. 

3. Example Three 

Potentiostatic electrodeposition was used to fabricate Bi, 
Tey  nanowires and GMR layers. Bi xTey  nanowires were 
deposited from two different aqueous acidic electrolytes pre-
pared usingAlfa Aesar Bi 2O3  (99.50%), TeO 2  (99.99%) pow-
ders, and aqueous HNO 3  (70%) purchased from Sol-1 and 
sol-2 are 2.5M HNO 3  electrolytes containing 20 mM Bi 3+ 20 
mM HTeO2' and 20 mM Bi3 + 10 mM HTeO2', respectively. 
GMR layers were obtained from an aqueous solution contain-
ing 25 mM NiSO4, 50 mM CoSO4, and 1 mM CuSO4  using a 
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pulsed potential technique. The reference and counter elec-
trodes were Saturated Calomel Electrode (SCE) and a plati-
num (99.99%) mesh, respectively. Au:Pd (60:40) sputtered 
alumina (AAO) templates were used to electrodeposit the 
nanostructures. Electrodeposition was carried out using Sola-
tron 1287 function generator. 

Optimized deposition potentials were estimated from the 
polarization curves (5 mV/sec). The electrodeposited nanow-
ires and GMR layered structures with BixTey  caps were 
imaged and studied using SEM (Hitachi 54800) and TEM 
(JEOL JEM 2010). Quantitative composition analysis was 
obtained using EDS (Hitachi 4800). The Micromanipulator 
916776 electrical probe station with a tip contacting radius 
ranging from 1 to 35 µm was used to make precise contacts on 
the samples for electrical measurements. Voltage across the 
sample was measured using Keithley 6514 Electrometer (±10 
µV to ±210 V). An Omega K-type thermocouple was used for 
temperature measurements. An in-house built PID controlled 
electrical heater was used to provide accurate and uniform 
heat distribution for Seebeck measurements. GMR was mea-
sured using a Hall measurement system (Lakeshore 665) that 
can sweep magnetic field from —1 T to 1 T at room tempera-
ture, in a four probe resistance method. 

FIG. 8 shows the variation of nanowire Seebeck coefficient 
with respect to Te concentration and temperature. All the 
nanowires deposited from sol-1 showed n-type characteris-
tics. The highest Seebeck coefficient of —318.7 µV/K was 
obtained for nanowires deposited at —20 mV, while p-type 
nanowires were obtained from Bi-rich electrolyte (sol-2) for 
higher deposition potentials (>-150 mV). The highest p-type 
Seebeck coefficient of 117 µV/K was obtained for nanowires 
deposited at —200 mV from sol-2. It can be seen that at low Te 
concentrations (<30%) p-type nanowires were obtained, 
while n-type nanowires were obtained at high Te concentra-
tions (>30%). Since Te acts as donor atom in Bi xTey, 
increased Te concentrations positively affected Seebeck coef-
ficients of n-type nanowires. Conversely, higher carrier con-
centrations resulting from high Te content (>50%) negatively 
affected Seebeck coefficients because of the improved elec-
trical conductivity. 

FIG. 9 shows the maximum cooling contour plot obtained 
using equation [1], for different thermal conductivities, 

AT(l) - lL(2Ac
-ST2 - IL) 	 [I] 

2Ao-(Ak + lSL) 

where AT is the temperature difference, I is the current 
applied, S is the Seebeck coefficient, a is the electrical con-
ductivity, k is the thermal conductivity, T is the absolute 
temperature, A is contact area of the sample, and L is the 
length of nanowire. It can be seen that AT across the sample 
decreases with increasing thermal conductivity and a maxi-
mum AT of 39.5 K can be obtained for a current of 17 A. 
Initially, AT increases with increased current, however, at 
higher currents AT starts decreasing due to Joule heating 
contribution (1 2  term) in equation [1]. 

The GMR nanowires with BixTey  cap deposited in porous 
alumina (AAO) template were imaged, including a TEM 
image of a CoNi/Cu GMR layered nanowire and a cross 
sectional SEM image of the GMR nanowires with a Bi xTey  
bottom. N-type (Te-rich) Bi xTey  bottom was deposited at a 
deposition potential of —20 mV followed by 2000 GMR 
bilayers (magnetic CoNi alternating with nonmagnetic Cu 
layers) and a Cu top. Thickness of the Bi xTey  bottom was 
measured to be 14±0.5 µm. 

10 
FIG. 10 shows the GMR measurements of the nanowires 

with and with-out BixTey  bottom. For comparison purpose 
GMR deposition conditions and number of layers were kept 
constant for both samples. The magnetic saturation fields for 

5 the compared samples show a difference of 0.15 T at room 
temperature. The BixTey  capped sample showed increase in 
GMR from —2.4 to —2.8% and saturates at lower magnetic 
field (0.1 T) compared to the sample without Bi xTey  bottom. 

The highest Seebeck coefficients of —318.7 µV/K and 117 
10 µV/K were measured for n-type and p-type nanowires depos-

ited at —20 mV and —250 mV from two different electrolytes. 
P-type nanowires were obtained at low Te concentrations 
(<30%). Increased Te content positively affected Seebeck 
coefficients of n-type nanowires. Conversely, high Te content 

15 (>50%) negatively affected the nanowire Seebeck coefficient 
due to higher carrier concentrations. The magnetic saturation 
of GMR of nanowires was improved due to local thermoelec-
tric cooling provided by BixTey  caps. 

20 	 4. Example Four 

Bismuth telluride nanowires were electrodeposited at 
room temperature and constant potentials from two different 
electrolytes: The 20/20, which contains 20 mM B' 201 , 20 

25 mM TeO2, and the 20/10, which contains 20 mM Bi 2O31  10 
mM TeO2 . Both the electrolytes were dissolved completely 
using 2.5 M HNO3, B'20, and TeO2  dissolve as Bi 3+ and 
HTeO2+ in acidic medium. All the chemicals were obtained 
from Alfa Aesar. The reference and counter electrodes were 

30 Saturated Calomel Electrode (SCE) and a platinum (99.99%) 
mesh, respectively. 60 mn thickAu:Pd (60:40) was sputtered 
on commercially available 20 mn (manufacturer specifica-
tions) pore sizeAAO (whatman) template to deposit the nano-
structures. Electrodeposition was carried out using Solatron 

35 1287 function generator. Optimized deposition potentials 
were estimated from the polarization curves obtained at a 
scan rate of 5 mV/s. The obtained electrodeposited nanowires 
were dissolved using KOH and rinsed with deionized water 
(DI) several times before imaging with SEM (Hitachi S4800). 

40 Qualitative and quantitative composition analysis was 
obtained using EDS (Hitachi 4800). Crystal structure of the 
nanowires was studied using XRD (Cu Ka radiation, col-
lected at CAMD). The Micromanipulator 916776 electrical 
probe station with a tip contacting diameter ranging from 1 to 

45 50 µm was used to make precise contacts on the samples for 
electrical measurements. FIG. 11 shows the schematic of the 
setup used for measuring Seebeck coefficient and resistance 
of electrodeposited samples. Voltage across the sample was 
measured using a Keithley 6514 Electrometer (±10 µV to 

50 ±210 V). A Cu strip was used as a reference for voltage 
measurements. Electrical isolation of the samples was pro-
vided by a 2 µm oxide layer Silicon wafer. An Omega K-type 
thermocouple was used for temperature measurements. 
Accurate and uniform heat distribution for Seebeck measure- 

55 ments was provided by proportional-integral-derivative 
(PID) controlled-electrical heater obtained from Love con-
trols. 

FIG. 12 shows the polarization behavior of the two studied 
combined electrolytes the 20/20, the 20/10, and their indi- 

60 vidual counterparts. FIG. 12a illustrates the overall current 
profile of the 20/20 combined electrolyte, in which two dis- 
tinct mass transport regions could be identified corresponding 
to the bismuth and tellurium components. From the partial 
current profiles the bismuth limiting current was reached at 

65 —150 mV. The overall current profile in the 20/20 combined 
electrolyte shows a shift toward the more noble potential 
region. FIG. 12b shows the overall current of the 20/10 elec- 
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trolyte and their partial currents. In this case the individual 

	
muth telluride, increase in Te concentration beyond 30% 

tellurium limiting current was observed at —250 mV. The 	resulted in obtaining n-type nanowires. Initially, increased Te 
overall current profile in the 20/10 case maintained the same 	concentrations positively affected Seebeck coefficients of 
behavioral trend as the 20/20 electrolyte, noticing a negative 	n-type nanowires. Conversely, higher electron carrier con- 
shift in limiting current potentials. 	 5 centrations resulting from high Te content (>47%) negatively 

The current behavior in the 20 mM Bi 3 + individual solution 	affected Seebeck coefficients because of the improved elec- 
showed a limiting value of —29 mA/cm 2  at —150 mV. In the 	trical conductivity. Seebeck coefficient strongly depends on 
individual electrolyte solutions, the HTeO 2' component lim- 	electrical conductivity: high electrical conductivity leads to a 
iting current was observed for low concentrations indicating 

	
higher thermal conductivity decreasing the temperature dif- 

a diffusion effect. For 20 mM HTeO 2' no clear limiting cur-  io ference (AT) across the nanowires, which in turn decreases 
rent was observed, while a limiting current density of —20.6 

	
the generated voltage, lowering the Seebeck coefficient. 

mA/cm2  was observed at —250 mV for 10 mM HTeO 2'. The 
	

Samples obtained from the equimolar Bi 3 + and HTeO2' (20/ 
equilibrium reduction potential of the combined electrolyte 

	
20) electrolyte showed dominant n-type behavior, while 

was found to be more positive compared to the individual 
	

samples obtained from the Bi-rich electrolyte showed p-type 
electrolytes due to the mutually induced codeposition mecha-  15 behavior at high deposition potentials. 
nism. Addition of Te in the combined electrolyte shifted 

	
FIG. 16 shows the electrical characterization of nanowires 

reduction potentials to more positive region. For instance, the 	obtained form 20/20 and 20/10 electrolyte. FIG. 16a illus- 
reduction potential for combined electrolyte with 10 mM 

	
trates the electrical resistivity as a function of temperature for 

HTe02' plus 20 mM Bi3 + (20/20) starts at 19 mV, while for 20 
	

nanowires obtained form 20/20 electrolyte for different depo- 
mM HTeO2' plus 20 mM Bi 3+ (20/10) electrolyte starts at 34 20 sition potentials. The lowest resistive nanowires were 
mV. To be noted that the current in the combined electrolytes 	obtained at —120 mV and the highest resistive nanowires were 
follows a similar trend in Bi 3 + individual electrolyte. A lim- 	obtained at a higher overpotential of —200 mV. FIG. 16b 
iting current was observed in the combined electrolyte when 	shows the nanowire Seebeck coefficients as a function of 
the individual kinetic region Bi current is less than the Te 	temperature for different deposition potentials. The highest 
counterpart. 	 25 n-type Seebeck coefficient of —318 µV/K was obtained for 

FIG. 13 shows XRD pattern of the nanowires deposited in 	nanowires deposited at —20 mV. The lowest n-type Seebeck 
AAO membrane atpotentials —5 mV, —100 mV, and —300 mV 

	
coefficient of —30 µV/K was obtained for nanowires depos- 

from the 20/20 electrolyte. The nanowires deposited at —5 mV 
	

ited at higher negative overpotentials (-150 mV). Following 
and —100 mV show a preferential (110) orientation, indicat- 	the explanation for the dependence of electrical conductivity 
ing that nanowires are polycrystalline with c-axis almost 30 on Seebeck coefficient, the low electrical resistive nanowires 
parallel to the nanowire length. However, the intensity of 

	
showed lower Seebeck coefficients. Nanowires deposited at 

(I 10) peak decreased for nanowires deposited at higher over- 	—20 mV and —100 mV have higher electrical resistivities 
potentials (-100 mV) and the (110) peak was strongly dimin- 	contributing to higher Seebeck coefficients. All the nanowires 
ished for the sample deposited at even higher overpotential 

	
deposited form 20/20 electrolyte showed negative Seebeck 

(-300 mV). Crystallite size calculations using the Scherer 35 coefficients, indicating that these are n-type in nature. 
equation in 7ADETM showed crystallite sizes of 210 A,150 A, 	FIG. 16c shows the electrical resistivity of nanowires 
and 950 A for nanowires deposited at —5 mV, —100 mV, and 

	
obtained from 20/10 electrolyte as a function of temperature 

—300 mV, respectively. The XRD data suggests that the crys- 	for different deposition potentials. It can be observed that 
tallite size is directly proportional to the deposition potential; 	nanowire electrical resistivity increased with increasing 
higher the deposition potential larger the crystallite size. 	4o deposition potential. The lowest resistive nanowires were 

FIG. 14 includes the solid state characterization of nanow- 	obtained at —50 mV and the highest resistive nanowires were 
ires obtained from 20/20, 20/10 combined electrolytes. FIG. 	obtained at a higher deposition potential of —250 mV. FIG. 
14 shows the composition analysis of the nanowires depos- 	16d shows the Seebeck coefficients as a function of tempera- 
ited from 20/20 and 20/10 electrolytes, respectively. An over- 	ture for nanowires deposited at different deposition potentials 
all decrease in Te composition was observed for all the 45 from 20/10 electrolyte. Both n and p-type nanowires were 
nanowires deposited in the —50 to —250 mV potential region. 	obtained from the 20/10 electrolyte. The highest p-type See- 
Exceptions were noted at —100 mV, —120 mV, where a spike 

	
beck coefficient of 117 µV/K was measured for nanowires 

in Te concentration was observed. The spike in the Te con- 	deposited at a high overpotential of —250 mV. The n-type 
centration can be explained by the changes in contributions of 

	
Seebeck coefficient of —172 µV/K was obtained for nanow- 

the partial tellurium current in the kinetic region. The corre-  50 ires deposited at a low deposition potential of -50 mV. The 
sponding cross-sectional SEM images of the nanowires 	nanowire temperature influenced the p to n-type transition for 
deposited from 20/20 electrolyte at —120 mV and from 20/10 

	
structures deposited at —150 mV and —250 mV. Initially for 

electrolyte at —100 mV were made. From the SEM images it 
	

low temperatures p-type behavior was observed while n-type 
could be concluded that high density, bamboo shaped nanow- 	behavior was observed for temperatures above 360 K, which 
ires were obtained. Nanowires deposited from the Bi-rich 55 is a result of intrinsic to extrinsic transition of the nanowires. 
electrolyte (20/10) have a lower Te concentrations than the 

	
At high temperatures electrons which were the minority car- 

nanowires electrodeposited from 20/10 electrolyte, serving 	riers, get sufficient energy to transition to the conductionband 
as a proof of principle to the concept that the bismuth telluride 	and become majority carriers leading to n-type behavior. This 
alloy composition can be controlled by either changing the 

	
increase in carrier concentration also reflected in the resis- 

deposition potential or by changing the electrolyte concen-  60 tance measurements of the same samples. A significant 
tration. 	 decrease in resistivity due to higher carrier concentrations 

FIG. 15 shows the variation of Seebeck coefficient with 
	

was observed above 360 K confirming the intrinsic to extrin- 
respect to Te concentration and temperature for nanowires 	sic transition assumption. 
obtained from 20/20 and 20/10 electrolytes. It can be seen that 

	
The polarization behaviors of the two different ratio elec- 

at low Te concentrations (<30%) p-type nanowires were 65 trolytes considered (20/20 and 20/10) show a stronger depen- 
obtained, while n-type nanowires were obtained at high Te 

	
dence on the Bi concentration than on Te concentration. How- 

concentrations (>30%). Since Te acts as donor atom in his- 	ever, nanowires composition was found to be strongly 
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dependent on both electrolyte concentration and on the depo-
sition potentials. Fully grown bismuth telluride nanowires 
were obtained at low to high overpotentials, and their XRD 
revealed (110) orientation of the nanowires with c-axis par-
allel to the nanowires length. Nanowires deposited at high 
deposition potentials showed higher resistance. The highest n 
and p-type Seebeck coefficients of —318.7 µV/K, and 117 
µV/K were measured for nanowire deposited at —20 mV, and 
—250 mV from 20/20, and 20/10 electrolytes respectively. 
P-type nanowires were obtained for Te concentrations lower 
than 30% and an increased n-type Seebeck coefficient was 
observed for increased Te concentration up to 47%, when the 
Seebeck coefficient starts decreasing because of increased 
electrical conductivity. 

We claim: 
1. A thermoelectrically cooled GMR sensor comprising: 
a. a first thermoelectric layer comprising an array of 

nanowires, wherein the nanowires include a diameter of 
about 1 nanometer to about 1000 nanometers; 

b. a plurality of alternating layers of magnetic and nonmag-
netic material positioned over and extending the nanow-
ires to form a GMR assembly; 

c. a second thermoelectric layer positioned over the GMR 
assembly and extending the nanowires, such that the 
nanowires have a length of between about 100 nanom-
eters and about 500 microns; and 

d. conductors in contact with the first and second thermo-
electric layers for connecting the thermoelectric layers 
to a voltage source. 

2. The GMR sensor of claim 1, wherein the nanowire 
diameters are between about 20 nanometers to about 100 
nanometers and the nanowire lengths are between about 5 
microns to and about 60 microns. 

3. The GMR sensor of claim 1, further comprising at least 
500 alternating layers of magnetic and nonmagnetic material. 

4. The GMR sensor of claim 3, further comprising between 
about 2000 and about 2500 alternating layers of magnetic and 
nonmagnetic material. 

5. The GMR sensor of claim 1, wherein said GMR assem-
bly is positioned directly on said first thermoelectric layer and 
said second thermoelectric layer is positioned directly on said 
GMR assembly. 

6. The GMR sensor of claim 1, wherein a cross-sectional 
area of the layers forming the array of nanowires is about 
0.001 nm2  to about 1 mm2 . 

7. The GMR sensor of claim 1, wherein the array of nanow-
ires has a needle density of about 10 5  to 10 10  wires/cm2 . 

14 
8. The GMR sensor of claim 1, wherein the nanowires have 

an aspect ratio (length/diameter) of at least about 1000. 
9. The GMR sensor of claim 1, wherein the thermoelectric 

layers consist essentially of BixTey  compounds. 
5 	10. The GMR sensor of claim 1, wherein the diameter of 

the nanowires have a tolerance of between about 1 mu. 
11. The GMR sensor of claim 1, wherein the diameter of 

the nanowires have a tolerance of less than about 5 mu. 
12. A method of forming a thermoelectrically cooled GMR 

10 
sensor comprising the steps of: 

a. electrodepo siting a first thermoelectric layer comprising 
one of a p-type material or an n-type material from a first 
solution containing Bi, Sb, and Te under a first set of 
conditions; 

b. electrodepo siting onto the first thermoelectric layer a 
15 	plurality of alternating layers of magnetic and non-mag- 

netic materials in order to form a GMR assembly; 
c. electrodepo siting a second thermoelectric layer com-

prising the other of a p-type or an n-type material on the 
GMR assembly from the first solution under a second set 

20 	of conditions; and 
d. forming conductive layers in electrical contact with the 

thermoelectric layers. 
13. The method of claim 12, wherein an electropotential 

applied during deposition of the p-type material is about —100 
25 to about —350 mV and an electropotential applied during 

deposition of the n-type material is about —20 to —200 mV. 
14. The method of claim 12, wherein the electrodeposition 

steps are carried out at approximately standard (ambient) 
temperature and pressure. 

30 	15. The method of claim 13, wherein the first solution 
further includes Sb and the p-type material has the formula-
tion Bio 5 Sb i 5Te3  and the n-type material has the formulation 
Biz Sbo 3 Tez 1 . 

16. The method of claim 12, wherein the first thermoelec-
35 tric layer is formed on a template having apertures of exposed 

conductive material ranging from 10 mn to 500 um. 
17. The method of claim 16, wherein the template is 

between 1 um and 500 um in thickness. 
18. The method of claim 12, wherein the deposition is 

40 carried out at any sub-range between —1 mV and about —400 
mV. 

19. The method of claim 12, wherein the electropotential 
applied during deposition of the p-type material is a first 
negative value and the electropotential applied during depo- 

45 sition of the n-type material is a second negative value less 
than said first value. 
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