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This work presents an approach for measuring cross plane electrical contact resistances directly

using Kelvin Probe Microscopy. With this technique we were able to measure the electrical

contact resistances of a cross section of a thermoelectric thin film made of Bi2Te3 sandwiched

between two gold electrodes. On the one hand, the bottom gold electrode, which is located on top

of the silicon substrate, was used as a cathode in electro-deposition process to grow the sample.

On the other hand, the gold electrode on top was made via physical evaporation. The electrical

contact resistances measured at both interfaces were 0:11 6 0:01X and 0:15 6 0:01X,

respectively. These differences are related to differences between the top and bottom

gold/bismuth-telluride film, obtaining smaller contact resistance where the film was grown by

electro-deposition. VC 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4826684]

Thermoelectric materials have the capability to transform

a difference of temperature into electricity, and vice-versa.

Therefore, they can be used to take advantage of the waste

heat by transforming it into electrical energy. This application

makes them quite appealing for developing sustainable energy

devices. The efficiency of these materials is related to their

Figure of Merit (ZT), defined as ZT ¼ ðrS2=kÞT, where r, k,

and S are the electrical conductivity, the thermal conductivity,

and the Seebeck coefficient, respectively.1 Many efforts have

been made in order to improve the performance of these mate-

rials. The key to carrying out this achievement resides in the

nano-structuring of materials.2,3 For that purpose, different ex-

perimental procedures based on electrochemistry processes,

chemical and physical vapor deposition, liquid phase deposi-

tion or sputtering, etc., have allowed the fabrication of thin

films and nanowires of thermoelectric materials exhibiting a

high ZT.4

In order to evaluate the ZT of thermoelectric thin films,

it is mandatory to measure and analyze the electrical and

thermal conductivities of the sample, as well as their

Seebeck coefficient. The measurements of the transport

properties of thermoelectric nano-structured materials can be

carried out separately through different experimental techni-

ques5,6 or directly through the Harman method.7,8

A key parameter that has to be taken into account when

measuring transport properties is the influence of the electri-

cal contacts. Indeed, when an actual thermoelectric device is

implemented, the behavior of the electrical contacts may

have a considerable impact on its efficiency. In fact, when

passing a current through the sample the voltage drops across

the contact resistances and heat is generated due to the Joule

effect. Therefore, the higher the electrical resistivity of the

contacts are, the more Joule heat is produced and the higher

the electrical voltage drop is. This causes an alteration of the

gradient of temperature in the thermoelectric sample as well

as in the measurement of the Seebeck voltage. These effects

are not only important for thermoelectricity, but in every

electronic device. As a matter of fact, the smaller the dimen-

sions of the active material (thin films or nanowires), the

higher the influence of the electrical contacts. Therefore, a

method to accurately characterize the actual characteristics

of the electrical contacts is very helpful and necessary.

Although there are different methods that provide a way to

determine or remove the influence of the resistance of the

electrical contacts in thin films, such as the four probe tech-

nique9 or the variable thickness method,10 in this work we

present an alternative method of measuring the electrical

contact resistances directly. Additionally, works regarding

measurements of contact resistance and electrical characteri-

zation with different techniques for nanowires,11 mole-

cules,12 and polymeric or organic thin films13 have been

reported recently.

In this work, we present a way of measuring the electrical

contact resistance of a thermoelectric thin film in cross plane

configuration, thanks to the Kelvin Probe Microscopy (KPM)

technique.14 The cross plane direction is defined as the direc-

tion perpendicular to the surface of the substrate, that is, the

direction in which the thermal gradient will be established for

the device to work as a thermoelectric device in most cases. It

is important to mention that the bismuth telluride films have

been optimized in order to have their c-axis parallel to the sur-

face of the substrate, that is, to have their better performance

as thermoelectric material in the direction perpendicular to the

surface of the substrate (cross plane direction). This technique

gives the possibility of mapping the surface potential of the

different components of the sample, that is, substrate, electri-

cal contacts, and thin film, as well as a topographic image of

the same region.15 The working principle of this technique

consists on applying simultaneously a DC and an AC voltage

through a conductive Atomic Force Microscopy tip. These

voltages produce different electrostatic forces in the tip, and

from the interaction of these forces with the surface under

study, the local work function can be obtained.16

Previous works on KPM for in plane measurements, i.e.,

along the direction parallel to the surface of the substrate, of

the potential drops at the contacts have been carried out fora)Electronic mail: marisol@imm.cnm.csic.es
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thin film transistors.17 Nevertheless, no measurements of

contact resistances in cross plane configuration have been

done by this technique. In this work, we focused on the mea-

surement of the electrical contact resistances between two

gold electrodes that sandwich a Bi2Te3 thin film with the

KPM technique.

The bismuth telluride film was grown by electrodeposition

in a three electrode electrochemical cell, according to Ref. 18.

The working electrode consisted of a silicon wafer (Si (110))

with an electron beam evaporated layer of 5 nm chromium and

150 nm gold layers. The reference electrode was Ag/AgCl (3M

KCl), the counter electrode was a platinum mesh, and the elec-

trochemical bath was that described in Ref. 18. The electrode-

position process was carried out at a constant applied potential

of �40 mV for 2 h, resulting in a film of 4.5 lm thickness pref-

erentially oriented along (110). Then, a high electrical contact

between the bottom gold electrode and the bismuth telluride

film is granted due to the electrodeposition process itself. After

electrodeposition, the sample was extracted and cleaned and

then it was introduced in the same electron beam evaporation

system mentioned above, and a second gold layer of 100 nm

was evaporated on the surface of the film, forming the top elec-

trode. Given that this is a physical method, the goodness of the

electrical contact between this top electrode and the film

depends of the conditions of the deposit, the roughness of the

bismuth telluride films and other parameters,19 which make

this contact different from the one obtained with the bottom

electrode. Figure 1 shows a scanning electron microscope of

the final sample.

Then, the Bi2Te3 thin film, sandwiched by two gold

electrodes and held to the Si substrate, was cut and its cross

side was scanned with KPM at different bias voltages. From

the obtained surface potential map, the contact resistance of

the contacts was determined. For that purpose, we worked

with a Cervantes Fullmode Atomic Force Microscopy

(AFM) system developed by Nanotec Electr�onica S.L.20 and

we used Multi75E-G BudgetSensors
VR

probes made of Si

with Cr/Pt conductive coating. This way of measuring

involves many experimental requirements, e.g., the need of a

considerably flat surface (in the order of nanometers), the

right positioning of the tip on the electrical contacts and on

the thin film and a careful adjustment of the first and second

harmonic parameters of the AFM signal in order to analyze

the topography and surface potential with high precision,

among others. In exchange for these difficulties, one obtains

the possibility to measure accurately and locally the electri-

cal contact resistance between the electrodes and the film as

well as the morphology of the sample edge.

In order to measure the cross section of the sample, a

special experimental set up was developed. Conductive ep-

oxy resist was used to connect two 50 lm diameter gold

wires on the top and bottom gold electrodes of the thin film

sample. To gain access to the cross section of the sample for

its measurement with the tip of the AFM, the whole sample

was sandwiched between two pieces of glass of 500 lm

thickness. The pieces of glass were glued with

CrystalbondTM to an alumina substrate, which was also glued

to the AFM holder. Finally, the two gold wires were con-

nected to two gold pads where other electrical wires made

connection to a voltage source, which passed current through

the Bi2Te3 film. Figure 2 shows schematically the experi-

mental set up described above.

Moreover, it is necessary to cut along the thickness of the

film in such a way that the resulting cut surface is smooth

enough to carry out the KPM measurements (with a roughness

on the order of nanometers), maintaining the gold of both

surfaces of the film as flat as possible. Different ways of fulfill-

ing the requirements were tried. As a first approach, the sample

was broken controlling the cut with a previous scratching of

the silicon substrate with a diamond tip. However, this resulted

in a shearing effect.21 This is related to the Young and Poisson

modulus of the whole sample, which is mainly dominated by

the Si substrate (hardness number of around 7), given that the

Bi2Te3 film is quite soft (hardness number of around 2.5).

A second approach consisted in an ulterior polishing of

the cross section obtained after the sample was broken. For

FIG. 1. Scanning electron microscope image of the edge of a 4.5 lm thick-

ness Bi2Te3 sample. Gold electrodes are placed on top and bottom of the

sample.

FIG. 2. (a) and (b) Schematic set up of the experimental system. The sample is sandwiched between two gold electrodes, placed on a Si substrate, and it is

positioned vertically thanks to two 500 lm pieces of laboratory glass. This system is held on an alumina substrate which is pasted on the AFM holder. A volt-

age source is in charge of passing a current through the sample. The KPM tip scans the sample in the current direction, i.e., in perpendicular direction to the

plane of the electrodes.
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that purpose, another silicon substrate of similar dimensions

was glued on top of the thin film sample, in order to have the

film in between two substrates of the same hardness. Then,

the whole sandwich was embedded in a resist and it was pol-

ished with 0.1 lm and 0.05 lm diamond particles. However,

during the polishing tension on the surface of the sample

resulted in some of the thin film detaching from the bottom

gold layer and the current conduction along the thin film,

when using the gold layers as electrodes, was lower than

expected.

Finally, we decided to improve the first method by

immersing the sample into liquid nitrogen before breaking.

This process resulted in a flatter cross section and required

no further polishing. Even though, the Au-Bi2Te3 interface

close to the Si substrate show in all cases a step that emerged

between materials as expected from the different mechanical

properties of the sample, where the AFM tip could hook on

or scratch. However, it is smaller than the situation where

the sample was broken without submerging it into liquid

nitrogen. The average surface roughness of the Bi2Te3 area

and its areas closer to the interfaces are around 50 nano-

meters, which assure accuracy when measuring.

From the theoretical point of view, the force acting at

the tip in KPM measurements can be described as

F ¼ 1

2

@C

@z
U2; (1)

where C is the capacitance of the probe-sample system and

U ¼ Udc þ Uac sinðxtÞ is the total potential applied. A local

change in the dielectric properties would produce a change

in the force signal. The resulting equation for the total force

can be split in different terms

F ¼ Fdc þ Fx sinðwtÞ þ F2x sinð2xtÞ; (2)

where the dc term of the force is related with the topographic

image of the surface of the sample, while Fx and F2x are

related to the surface potential and dielectric properties of

the sample, respectively. The first harmonic of the ac signal,

Fx, can be written as

Fx ¼
@C

@z
UacUdc: (3)

Then, the dc voltage can be expressed as

Udc ¼ Uf eedback � /, where / is the surface potential and the

Uf eedback is the dc voltage applied by the AFM in order to

fulfill the Fx ¼ 0 condition, so it can measure the sample

surface potential.16

Given that the gold electrodes, the Bi2Te3 film and the

Si substrate have different work functions, one must be able

to detect differences in the surface potential given by the

KPM image. Figure 3 shows a simplified profile of the

expected surface potential for unbiased and biased situations.

In the unbiased situation, the KPM measures the work

functions of the Bi2Te3 thin film and the gold electrodes.

However, when a difference of voltage is applied between

electrodes, the surface potential measured by the tip does not

correspond only to the work function of the material scanned

but also to the voltage of the scan area.

In order to measure the contact resistance between the

gold electrodes and the Bi2Te3 thin film, it is mandatory to

measure the work function difference between both materials

obtained in the unbiased case, so one can subtract it in the bi-

ased situation and measure the voltage drop in the

Au-Bi2Te3 interface.

Even though using the least aggressive way of breaking

the sample, its full topographic profile has a considerable

lean. Moreover, taking into account the relative large thick-

ness of the Bi2Te3 thin film (4.5 lm) in comparison to the

size of the electrodes (100 nm), a full KPM scan of the thin

film sample should be avoided. Otherwise one would not

have enough resolution to study the area of interest, which

involves the interface between the electrodes and the sample

giving information about the contact resistance. With this

working procedure, a more accurate detection of the KPM

signals is obtained, which will involve a better determination

of the electrical contact resistance of the Au-Bi2Te3

interface.

Figure 4(a) shows a topographic image of the full cross-

section of the Si/SiO2/Au/Bi2Te3/Au/Air layers. Figures

4(b)–4(d) are KPM pictures of the unbiased case focused on

both Au-Bi2Te3 interfaces and the Bi2Te3 film. A profile of

the surface potential profile is observed from where the work

function difference between materials are determined.

Despite the fact that accurate difference between work func-

tion must be taken under vacuum conditions, the work func-

tion difference that we obtained experimentally under

atmospheric conditions, around 140 mV and 180 mV in the

Au-Bi2Te3 interfaces close to air and Si, respectively, is in

the order of the theoretical values of the work function dif-

ference between the gold, 5.3–5.45 eV,22 and Bi2Te3,

5.3 eV.23 Great care was taken in the KPM measurement of

the Au-Bi2Te3 interface because of the step that emerged

FIG. 3. Energy bands diagram of the

gold electrodes and Bi2Te3 film at (a)

unbiased and (b) biased situation.
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between materials when breaking the sample, as it was

explained above, and the similitude between their work

functions.

After the work function difference is determined, multi-

ple scans at different voltages of the same Au-Bi2Te3 inter-

face were taken. The applied voltages ranged between

0.05 V and 0.3 V in steps of 0.05 V. We proceeded to mea-

sure the difference of surface potential between the gold and

the Bi2Te3 thin film for the biased cases. Then, to obtain the

voltage drop at the interface, the work function difference

previously measured at zero volts was subtracted

DVinterf ace ¼ D1Au�Bi2Te3
ðVapplied 6¼ 0Þ

� D1Au�Bi2Te3
ðVapplied ¼ 0Þ: (4)

The current flowing through the sample was recorded,

and applying ohms law, the contact resistance is determined

Rcontact ¼
DVinterf ace

I
: (5)

Figures 4(e) and 4(f) show the measuring procedure and

the signal obtained when a voltage of 0.1 V was applied between

electrodes. A distinction between the surface potential of the

gold electrode and the Bi2Te3 thin film is clearly observed.

The results obtained are presented in Figure 4(g). The

total resistance of the system is 0:87 6 0:01X, measured

from the I-V curve obtained from the voltage/current

source/multimeter, which includes the intrinsic resistances of

the different materials and all contact resistances present in

the experimental setup, such as the epoxy contact resistances,

wires resistances, etc. But the KPM is able to measure directly

and locally the contact resistance at the Au-Bi2Te3 interfaces. At

the measured voltages, the whole system and the contacts pre-

sented an ohmic behavior as shown in Figure 4(g). The electrical

contact resistance of the interface closer to the air has been deter-

mined to be 0:15 6 0:01X while the one closer to the Si sub-

strate has been found to be 0:11 6 0:01X. These results show

that the contact in the Au-Bi2Te3 interface closer to Si substrate

is better than the one made by evaporation on top of the sample.

The electrical resistivity of Bi2Te3 thin film is around

1.5 lX�m.24 Considering a Au/Bi2T3/Au sample area of

0.5mm2 and a thickness of 4.5 lm, it results in an electrical

resistance of around 15 lX. This resolution is not reached by

the KPM for this kind of measurement. The resulting total

electrical resistance of the whole system was determined to

be 0:87 6 0:01X. If subtracting the electrical resistances of

the contacts, 0:15 6 0:01X and 0:11 6 0:01X, we obtain a re-

sistance for the rest of the system of 0.61 6 0:02 X. This re-

sistance includes wire resistances, the resistances that arose

from contacting the gold wires to the gold pads, the electrical

wires used and the contact resistances from the epoxy resist,

which were used to connect gold wires to the electrodes of

the thin film sample. Since the resistance of Bi2Te3 is negli-

gible when compared with the other resistances, we observe

FIG. 4. (a) Topographic picture of a 4.5 lm edge of the Bi2Te3 thin film with gold electrodes on a Si substrate. (b) Inset picture shows a zoom of a KPM image

for the unbiased edge close to air. The graph reveals the difference between the surface potential of the electrode and the Bi2Te3 thin film is of the order of dif-

ference between work functions �140 mV. (c) Inset picture shows a KPM image of the Bi2Te3 area. The graph shows the surface potential at this location. (d)

Inset KPM picture is a zoom of the Si substrate, the gold electrode and the Bi2Te3 thin film. Again, the difference of surface potentials, at unbiased, is of the

order of the difference between work functions as expected �180 mV. (e) KPM image and surface potential profile of the gold electrode and Bi2Te3 thin film

close to air when is biased at 0.1 V. (f) KPM image and surface potential profile of the gold electrode and Bi2Te3 thin film close to Si substrate when is biased

at 0.1 V. (g) Analysis of the electrical contact resistance after the analysis of the difference of voltage between the gold and Bi2Te3 thin film for different KPM

images, which corresponds to biased voltages ranging from 0 V to 0.25 V. The contact resistance of the side close to the Si substrate, where the thermoelectric

thin film started to grow via electro-deposition, is smaller in comparison to those closer to the air, which was deposited after the thin film was grown by gold

evaporation.
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that the total resistance measured with a two probe system is

highly influenced by other electrical resistances.

Contact resistances are consequence of defects, impur-

ities, or variation in the crystal size and orientation, forma-

tion of oxides or secondary phases at the interface between

two different materials, among others. As it is mentioned in

Ref. 25, the growth of a semiconductor on top of a metal, or

vice-versa, does not usually involve an energy gap at its

interface. However, the differences on the lattice parameters

of the materials generate strains between layers, causing the

dislocation of atoms and the formation of defects.

Furthermore, there could be also variations in the stoichiom-

etry of the thermoelectric compounds, as well as diffusion of

the metal into the semiconductor. The transport of heat and

electricity through the interface is affected considerably due

to these surface features. Additionally, the formation of oxi-

de/carboxylate/hydroxide-type phase after air exposure of

the film before adding the metal contact should be contem-

plated in those cases where the contact is not added in high

vacuum just after the film is grown.

In macroscopic devices, the values of the electrical contact

resistance between a semiconductor and a metal are usually

found between 10�8 and 10�9 Xm2.26 This value can be com-

pared to the ones that we have determined experimentally,

(2.8 6 0.1)�10�8 X�m2 and (3.8 6 0.1)�10�8 X�m2 for the inter-

face closer to Si substrate and the interface closer to air,

respectively. These results are also comparable to the ohmic

contacts desirable for applications in actual devices (around

10�9 X�m2).25,27–30 In order to explain this, we have to take

into account that the growing method used for bismuth tellu-

ride films was electro-deposition, which involves a surface

roughness18 higher than the obtained for film grown with high

vacuum techniques, such as Molecular Beam Epitaxy or Metal

Organic Chemical Vapor Deposition. It is also worth noting

the different morphologies of the surface and the bottom of the

film, as it can be clearly seen when a film is detached from the

substrate, as it is shown in Figure 5. Another possible reason

could be that the samples are in contact with the atmosphere

before the top gold electrode was evaporated, this could lead

to an oxidation of the first layers, which is avoided for sample

that is grown in vacuum and straightaway gold coated without

taking the sample to air. In order to determine if electrodepos-

ited Bi2Te3 films samples oxidized under air exposure, they

were studied over one year aging in air by different techniques

like micro-RAMAN, X-ray diffraction and Rutherford back-

scattering spectrometry (RBS). We have observed no oxygen

containing phases within the resolution limit of each technique.

So, oxidation seems not to be causing the difference.

In summary, we present a method based on KPM meas-

urements to determine electrical contact resistances of thin

films with high sensibility at the nanoscale.

With this technique we have been able to determine the

contact resistances at the interfaces of a thermoelectric Bi2Te3

film sandwiched between gold electrodes. These values were

0:15 6 0:01X and 0:11 6 0:01X, for the top and bottom

electrode-Bi2Te3 film interfaces. The differences observed are

assigned to difference of roughness between the two interfaces.
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