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A detailed study of the impact of surface preparation and postdeposition annealing on contact resistivity for sputtered Ni and Co
contacts to thin-film Bi2Te3 is presented. The specific contact resistivity is obtained using the transfer length method. It is observed
that in situ sputter cleaning using Ar bombardment before metal deposition gives a surface free of oxides and other contaminants.
This surface treatment reduces the contact resistivity by more than 10 times for both Ni and Co contacts. Postdeposition annealing
at 100°C on samples that were sputter-cleaned further reduces the contact resistivity to ⬍10−7 ⍀ cm2 for both Ni and Co contacts
to Bi2Te3. Co as a suitable contact metal to Bi2Te3 is reported. Co provided similar contact resistance values as Ni, but had better
adhesion and less diffusion into the thermoelectric material, making it a suitable candidate for contact metallization to Bi2Te3
based devices.
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Thermoelectric 共TE兲 coolers have been extensively used in the
optoelectronic, automotive, space, and semiconductor industries
where low device operational temperature is key to device performance in terms of speed and reliability.1-3 However, despite these
advantages the use of TE devices has been limited for high watt
density applications.4 To allow TE coolers to reach the next level in
terms of performance and power density, the thickness of the device
needs to be scaled down.5 Contact resistance becomes a serious
limitation to the efficiency of TE material based solid-state coolers
with thermoelement leg lengths ⬍100 m, as can be seen in Fig. 1,
where the ratio of device figure-of-merit 共Zd兲 and material figureof-merit 共Zm兲 is plotted vs the thermoelement leg length 共L兲 as a
function of contact resistance.6 The relationship between Zd and Zm
is given by Eq. 1 7
Zd = Zm
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where L is the thermoelement leg length, rc is the contact resistance,
and  is the bulk conductivity.
As can been seen in Fig. 1a, for a device leg length of 100 m,
Zd /Zm drops from 0.9 to 0.5 as the contact resistivity increases from
5 ⫻ 10−7 to 5 ⫻ 10−6 ⍀ cm2. The resulting drop in the device dimensionless figure-of-merit ZdT impacts the coefficient of performance 共COP兲 of the device as shown in Fig. 1b, which can be
expressed as8
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where Tc and Th represent the temperature of the cold side and the
hot side, respectively. Therefore, from a device point of view, although a high Z material can be achieved, the device COP can still
be low due to the degradation of Z due to the contact resistivity. For
thin TE materials, the losses become even more extreme and low
electrical contact resistivity of ⬍10−7 ⍀ cm2 is needed to minimize
the impact of contact resistance on COP. High contact resistance at
the electrode/TE material interface remains a challenge that is limiting widespread adoption of TE technology in many applications.
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For industry standard TE devices, electroless plated Ni is used as
a diffusion barrier to Cu and solder components such as Sn. However, electroless Ni gives a relatively high contact resistivity 共⬎5
⫻ 10−6 ⍀ cm2兲.9 Bi2Te3 is a small bandgap semiconductor with a
bandgap of 0.16 eV. Therefore it is theoretically possible to obtain a
very low contact resistance, ⬍10−7 ⍀ cm2, for an ideal metal–
semiconductor contact; however, real metal–semiconductor interfaces are far more complex.10 Extrinsic factors such as unwanted
impurities and structural imperfections tend to accumulate at the
interface and dominate the behavior of the metal–semiconductor
interface.11 The optimization of processing methods such as surface
preparation, cleaning, metal deposition, and alloying for the fabrication of practical metal–semiconductor contacts becomes important
to achieve a near ideal contact.12 A detailed study of the effect of
surface preparation and heat-treatment on contact resistance for
sputtered Ni contacts to thin-film Bi2Te3 is presented. The contact
resistance values obtained using the transfer length method 共TLM兲
for Ni are compared to Co as a potential contact metal to Bi2Te3.
Experimental
Thermal SiO2 共100 nm兲 on Si was used as the insulating layer for
Bi2Te3 mesa isolation. A lift-off process was used to define the mesa
pattern 共layer 1兲 using a standard photolithography process. After
patterning layer 1 using photoresist S1813, 5 nm of Cr was E-beam
evaporated as an adhesion layer between the Bi2Te3 and the SiO2. Bi
共100 nm兲 and Te 共142 nm兲 were deposited as a bilayer on the substrate using E-beam evaporation. The thickness of Bi and Te was
carefully chosen so that a stoichiometric film of Bi2Te3 was produced. After lift-off and visual inspection, the sample was annealed
at 200°C for 2 h under vacuum at 10−7 Torr. For a qualitative
assessment of the Bi2Te3 films, grazing incidence X-ray diffraction
共GIXRD兲 was used for the structural characterization of the asdeposited and annealed Bi2Te3 films using a Rigaku ULTIMA III
system with Cu K␣ 共 = 1.54 Å兲 X-ray radiation, operated at 40
kV and 44 mA. Surface analysis to compare different cleaning methods was done using monochromatic X-ray photoelectron spectroscopy 共XPS兲 using an Al K 共1486.7 eV兲 X-ray source with a linewidth of ⬃0.25 eV and pass energy of 15 eV. Due to the difficulty
in finding etchants which preferentially etch metals such as Ni and
Co, but stop on Bi2Te3, layer 2 was patterned using lift-off. Figure
2a and b shows the schematic cross-sectional view of the layers and
a top view of an actual sample after fabrication. An AJA ATC Orion
4 HV magnetron system was used to sputter Ni and Co onto the
patterned samples. The Co and Ni films were deposited for 30 min at

Downloaded on 2015-05-19 to IP 109.171.137.210 address. Redistribution subject to ECS terms of use (see ecsdl.org/site/terms_use) unless CC License in place (see abstract).

Journal of The Electrochemical Society, 157 共6兲 H666-H670 共2010兲

H667

Figure 2. 共Color online兲 共a兲 Schematic cross section of the layers after
patterning. 共b兲 Optical micrograph showing top view of actual sample after
fabrication. 共c兲 A general schematic of a TLM structure. 共d兲 An example of
the total resistance 共Rt兲 vs pad distance 共L兲 plot to extract Rc, Rsh, and Lt.

loading in the deposition system. The samples that were in situ Ar+
sputtered just before the metal deposition were bombarded with Ar+
ions at 50 W at a pressure of 10 mTorr for 10 min. The postannealing was done at different temperatures 共100 and 200°C兲 for 2 h at a
pressure of 10−7 Torr.
Contact Resistance Measurement
The two terminal multiple contact resistor method originally proposed by Shockley,13 also known as the TLM, was used to measure
contact resistance 共Rc兲 and to extract the contact area-independent
term specific contact resistivity 共c兲.14 Separate metal pads on each
side of the mesa, as can be seen in Fig. 2, were designed for uniform
current flow under the contacts.15 The total resistance measured between adjacent metal pads is given by16
Figure 1. 共Color online兲 共a兲 Ratio of device figure-of-merit 共Zd兲 to material
figure-of-merit 共Zm兲 is plotted against TE leg length 共L兲, and 共b兲 COP is
plotted against device figure-of-merit 共Zd兲

9 and 8 nm/min, respectively, at room temperature at a pressure of 4
mTorr and a power density of 10 W/cm2 using Ar as the sputter gas.
Table I summarizes the set of samples prepared to compare the
impact of surface preparation, postannealing, and metals on the contact resistance. The solvent-cleaned samples were rinsed with acetone, isopropyl alcohol 共IPA兲, and deionized 共DI兲 water before

Rt =

2LtRsk
Rsh
L+
W
W
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where Rt is the total measured resistance, Rsh is the Bi2Te3 sheet
resistance, Rsk is the modified sheet resistance under the contact, Lt
is the transfer length, W is the contact width, and L the distance
between the adjacent metal pads. Contact resistance, Rc is given by
Rc =

LtRsk
W
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The total resistance is measured between each set of pads and
plotted vs the pad spacing. Using Eq. 3 and 4, the contact resistance

Table I. Sample identification for samples used in this study and summary of the specific contact resistivities and the bulk resistivities extracted
from TLM measurements.
Sample
identification

Sputtered metal

Surface treatment

Postannealing
共°C兲

Specific contact resistivity
共⍀ cm2兲

Bulk resistivity
共m⍀ cm兲

Ni_S
Ni_S_100
Ni_Ar
Ni_Ar_100
Ni_Ar_200
Co_S
Co_S_100
Co_Ar
Co_Ar_100
Co_Ar_200

Ni
Ni
Ni
Ni
Ni
Co
Co
Co
Co
Co

Solvent-cleaned
Solvent-cleaned
Solvent-cleaned + Ar sputter-cleaned
Solvent-cleaned + Ar sputter-cleaned
Solvent-cleaned + Ar sputter-cleaned
Solvent-cleaned
Solvent-cleaned
Solvent-cleaned + Ar sputter-cleaned
Solvent-cleaned + Ar sputter-cleaned
Solvent-cleaned + Ar sputter-cleaned

None
100
None
100
200
None
100
None
100
200

189.51 ⫾ 40.08
797.03 ⫾ 70.45
1.49 ⫾ 0.32
0.07 ⫾ 0.03
⬍0.01
13.22 ⫾ 1.69
11.35 ⫾ 5.99
2.08 ⫾ 0.78
0.04 ⫾ 0.03
⬍0.01

4.94
3.54
2.66
2.47
1.84
4.22
3.73
2.47
2.29
3.21
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Figure 3. 共a兲 Thin-film GIXRD curve for
Bi–Te showing Bi2Te3 phase formation.
All the peaks are consistent with polycrystalline Bi2Te3. 共b兲 Cross-sectional SEM
micrograph of postannealed Bi2Te3 film.
共c兲 SEM micrograph of surface morphology of Bi2Te3 film.

can be obtained from the y-intercept, 2Rc, and the semiconductor
sheet resistance from the slope, Rsh /W. From Eq. 3, the x-intercept,
Lx, gives additional information about the transfer length, Lt, and the
effective semiconductor sheet resistance, Rsk, under the pads. Lundberg and Östling17 defined Lt as the distance from the edge of the
contact at which the current has dropped to 1/e of its original value
at the leading edge. The transfer length is related to the distance
needed for the current to flow in or out of the contact. The effective
sheet resistance is related to the change in the sheet resistance from
alloying. If Rsh and Rsk are equal, then Lx is simply 2Lt and “W
⫻ Lt” becomes the effective area; therefore
c = RcWLt

关5兴

For this work, we assume Rsh = Rsk, therefore using Eq. 5 for the
specific contact resistivity calculation.
As shown in Fig. 2a, the TLM structures consist of a thin-film
Bi2Te3 mesa 共100 ⫻ 1300 m兲 with several metal pads 共100
⫻ 50 m兲 separated by 10, 20, 30, 40, 50, 60, 70, 80, and 90 m.
A four-point probe method that reduces parasitic effects such as
probe resistance and probe contact resistance was used to measure
the total resistance. Force probes 共I兲 were placed on metal pads
共100 ⫻ 100 m兲 on each end of the mesa and the sense probes 共V兲
were placed on top of the metal pads that were being measured.
Resistance measurements were taken at a fixed current of 1 mA
共averaged over 10 points兲. The voltage difference was measured for
the adjacent metal pads. The data were recorded using an LR2000
Quadtech milliohm meter. The total resistance was plotted vs the
pad separation, as shown in Fig. 2d.

contact resistance plus the semiconductor resistance, so even though
the current is less for the Co contacts, the contact resistance for Co
and Ni are similar. Figures 5 and 6 show total resistance plotted as a
function of pad spacing for Ni and Co contacts on thin-film Bi2Te3
for the TLM measurements. Figure 7 is a summary of the specific
contact resistivities extracted from the TLM measurements for all
the samples. Ni and Co show a reduction in contact resistivity by
⬎10 times when the surface is in situ sputter-cleaned using Ar ion
bombardment, as compared to solvent cleaning only. The contact
resistivity for the Ni solvent-cleaned-only sample is reduced from
1.9 ⫻ 10−4 to 1.5 ⫻ 10−6 ⍀ cm2 when Ar+ sputter cleaning is
added. The contact resistivity for the Co contacts is reduced from
1.3 ⫻ 10−5 to 2.1 ⫻ 10−6 ⍀ cm2 when the Bi2Te3 substrate is
sputter-cleaned. The reduction in the contact resistivity is attributed
to the removal of oxides and other contaminants present on the
Bi2Te3 surface. Figure 8a and b shows data for the Bi and Te photoelectron peaks comparing different surface cleaning methods.
Sample A is as-grown with no surface cleaning; sample B is solventcleaned by rinsing with acetone, IPA, and DI water; sample C is
solvent-cleaned followed by etching in 1:10 HNO3:DI water for 60
s, followed by 20% Br2 in methanol for 60 s and rinsing in DI water;
and sample D is solvent-cleaned followed by in situ ion bombardment using Ar+ ions at 50 W, 10 mTorr for 10 min before sputter
deposition. Sample C shows partial removal of the surface oxides,

Results and Discussion
X-ray diffraction 共XRD兲 data of postannealed Bi2Te3 thin films
formed using sequential evaporation of Bi and Te show that Bi2Te3
is the only phase present, as shown in Fig. 3a. Other compound
phases of Bi–Te were either not present or were present below the
detection limit of GIXRD. Figure 3b shows a cross-sectional scanning electron microscopy 共SEM兲 micrograph of the postannealed
Bi2Te3 film, while Fig. 3c shows the surface morphology. It is observed that Bi and Te reacted completely to form polycrystalline
Bi2Te3. Thin-film formation of Bi2Te3 using sequential evaporation
of Bi and Te and postannealing was reported by Liao et al., but the
annealing time has been considerably reduced in our case.18,19
Table I is a summary of all the samples tested in this study, the
process conditions used, and the specific contact resistivity which
was extracted. As a preliminary test, the ohmic vs Schottky nature of
the contacts was tested. Linear current–voltage 共I-V兲 curves were
obtained, as shown in Fig. 4, for all the samples, indicative of ohmic
contact formation. The total current is limited by the sum of the

Figure 4. I-V characteristics for Ni and Co contacts measured between TLM
pads with a spacing of 30 m for different processing conditions. Solid
filled markers indicate Ni while unfilled represent Co.
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Figure 5. Total resistance is plotted as a function of pad spacing for Ni
contacts on thin-film Bi2Te3 for TLM measurements. Sample processed at
different postanneals and surface treatments are compared. Details of the
process used for different samples are shown in Table I.
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Figure 7. Summary of the specific contact resistivities extracted from TLM
measurements.

but the complete removal of the native oxide was only possible
using 10 min in situ Ar+ sputter cleaning. The solvent-cleaned
sample shows significant amounts of Bi and Te oxides at the surface,
which is the reason for a higher contact resistivity.
As shown in Fig. 7, further reduction in the contact resistivity is
achieved by postdeposition annealing at 100°C for Ar+ sputtercleaned samples. The specific contact resistivity is reduced by
⬎10 times from 1.49 ⫻ 10−6 to 7 ⫻ 10−8 ⍀ cm2 and from 2.08
⫻ 10−6 to 4 ⫻ 10−8 ⍀ cm2 for the Ni and Co contacts, respectively. As the measured specific contact resistivity is reduced the
systematic measurement error becomes large. Ueng et al.,20 reported
that the contribution from systematic errors can become as much as
⬃106% for the specific contact resistivity ⬍10−7 ⍀ cm2 for nonoptimized TLM structures. The variation in the measured specific
contact resistivity due to the systematic error plus random error was
55 and 76% for the Ni and Co contacts for 100°C postannealed
samples, respectively. The overall reduction in the contact resistivity
is much greater than the measurement error, indicating a significant
improvement using the proposed process. The reductions in the contact resistivity at annealing temperatures as low as 100°C are attributed to the electrically favorable interfacial phase formation for both

Ni and Co. Previous work on interfacial reactions21 has shown the
formation of NiTe and CoTe2 as the preferred phases formed at
temperature as low as 100°C for Ni and Co.
Calculations show that a reduction in the y-intercept from 5.5 to
1.8 ⍀ results in a reduction in the specific contact resistivity from
9.9 ⫻ 10−6 to 1 ⫻ 10−6 ⍀ cm2, if the sheet resistance is held constant. A reduction from 0.2 to 0.1 ⍀ reduces the specific contact
resistivity from 1 ⫻ 10−8 to 3 ⫻ 10−9 ⍀ cm2. The specific contact
resistivity is reduced by almost 10 times for just a 0.1 ⍀ change in
the y-intercept for very low resistance contacts 共⬃10−8 ⍀ cm2兲.
The error from the measurement setup was measured to be ⬃1.1%,
which generates more than ⫾0.1 ⍀ variations in the y-intercept.
Therefore measurement of the specific contact resistivity
⬍10−8 ⍀ cm2 is limited by our present experimental procedure.
The samples annealed at 200°C show a very high diffusivity for
Ni.22 The change in the sheet resistance due to significant alloying
cannot be ignored for high temperature anneals. Effects such as
change in the sheet resistance must be accounted for in the accurate
measurement of contact resistivities ⬍10−8 ⍀ cm2. The I-V curves
for samples postannealed at 200°C show a lower total resistance and
therefore the specific contact resistivity for the Ar+ sputter-cleaned
Ni and Co samples could be ⬍10−8 ⍀ cm2, if the sheet resistance
has not changed dramatically.

Figure 6. Total resistance is plotted as a function of pad spacing for Co
contacts on thin-film Bi2Te3 for TLM measurements. Samples processed at
different postanneals and surface treatments are compared. Details of the
processes used for different samples are shown in Table I.

Figure 8. XPS spectra comparing different surface cleaning methods for 共a兲
Bi and 共b兲 Te region. Spectra labels for 共a兲 and 共b兲 are as follows, 共A兲 not
cleaned, 共B兲 solvent-cleaned by rinsing with acetone, IPA, and DI water, 共C兲
solvent-cleaned, dipped in 1:10 HNO3:DI water solution for 60 s, followed
by 20% Br2 in Methanol for 60 s and rinsing in DI water, and 共D兲 solventcleaned followed by ion bombardment using Ar+ ions.
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The electrical behavior for Co contacts is similar to Ni contacts
even after postannealing. Results from previous work where first
principle calculations were performed to study the stability of the
interfaces, show the Co/Bi2Te3 interfaces to be more thermodynamically stable than the Ni/Bi2Te3 interfaces.23 Co diffuses significantly less than Ni, therefore it is less likely to degrade the TE
property of the TE material.20 The film adhesion of Co deposited on
Bi2Te3 at room temperature is better than Ni, based on adhesion test
results using ASTM standard 3359-B. Therefore, Co contacts on
thin-film Bi2Te3 postannealed at 100–200°C show potential advantages over Ni, both thermodynamically and mechanically, and are as
good as Ni electrically.
Conclusions
We report improved contact resistivity values for contacts to
thin-film Bi2Te3 by using the proper metal and surface engineering.
The data indicate reduction in the contact resistivity by 10 times for
metal–semiconductor interfaces free of oxides and other contaminants. A further reduction is attained with suitable alloying and
phase formation by using low temperature postannealing. Specific
contact resistivities ⬍10−7 ⍀ cm2 were obtained for both Ni and
Co contacts annealed at 100°C, when the substrates were in situ
sputter-cleaned with Ar+ ion bombardment. The specific contact resistivity for the postannealed samples at 200°C could not be accurately determined using our current TLM technique due to the magnitude of measurement errors generated for ultralow contact
resistivity, but results suggest the contact resistivity is ⬍1
⫻ 10−8 ⍀ cm2. Co contacts on thin-film Bi2Te3 postannealed at
100–200°C have advantages over Ni both thermodynamically and
mechanically, and are as good as Ni electrically.
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