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The electrical contact resistance significantly affects the efficiency of thermoelements. In the case of high

doped thermoelectric materials, the tunneling mechanism of conductivity prevails at metal-semiconductor interface,

which makes it possible to obtain a contact resistance of less than 10−8 Ohm ·m2 . Low resistance values

significantly complicate its experimental determination. Work present three techniques and a measuring stand

for the investigation of contact resistance. The techniques are based on the measurement of the total electrical

resistance, which consists of transient contact resistance and the resistance of the thermoelectric material with

its subsequent exclusion. The developed techniques differ in the arrangement of the investigated contacts on the

samples, in the methods of measurement and processing of the obtained results, and make it possible to determine

the specific contact resistance of the order of 10−10 Ohm ·m2.
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1. Introduction

One of the main characteristics of film contacts forma-

tion in semiconductor structures is contact resistivity that

significantly affects their efficiency. In thermoelements this

parameter value is especially critical since thermoelectric

materials (TEM), of which the thermoelements are made,

have high electrical conductivity. Charge carriers concen-

tration in TEM is usually 1019−1020 cm−3. In this case

the specific weight of contact resistance can be crucial

in thermoelement structure and can significantly impact

its thermal and electrophysical parameters. Therefore, the

ohmic contacts are essential for thermoelements technology.

Ohmic contacts are metal–semiconductor contacts, which

resistance is negligible compared to volume resistance of

semiconductor at any current direction. According to the

author of study [1], the ohmic contact should have resistivity

of < 10−7 Ohm ·m2. In case of contact for TEM this value

should be not more than 10−8 Ohm ·m2 [2–6]. Significant

impact of contacts resistance on thermoelectric devices

efficiency is specified by several authors [2–9]. According to

author of study [10], in case of increase of contact resistance

in thermoelements, operating through Peltier effect, to 1%

of thermoelement resistance, the temperature difference (its

main parameter) is reduced to 30% of maximum value.

In study [11] it was observed that the maximum value of

efficiency in generator thermoelements can be achieved at

contacts resistivity on a level of 10−10 Ohm ·m2.

The required condition of Ohmic contact presence at

metal–semiconductor interface is a low value of Schottky

barrier. Two conductivity mechanisms are connected

with Schottky barrier: thermoelectron emission and tunne-

ling [12–14]. Two empirical methods of contacts producing

are connected with these mechanisms. The first one consists

in selection of metal (as per work function), that creates
low Schottky barrier together with semiconductor. Ohmic

contacts can be made using metals with work function that

is less than for semiconductor of n-type and more than for

semiconductor of p-type. However, there are very small

number of metal–semiconductor combinations that satisfy

this condition. At the same time it was experimentally

revealed for the majority of semiconductors, that energy

barrier does not depend on metal work function, but is

defined with surface states density [1,12]. Therefore, the

commonly used method of ohmic contacts producing is a

heavy doping of semiconductor for the contact, sufficient

enough to provide charge carriers tunneling through the

barrier. The prevailing tunneling current component expo-

nentially depends on free charge carriers concentration [12].
At concentration of ∼ 1019 cm−3 the contact resistance is

mainly defined with tunneling processes, that is characteris-

tic for TEM.

Low values of contact resistance in semiconductor —
metal contact structure significantly complicate its experi-

mental determination. The method of contact resistance

measurement similar to well-known method of TLM (Trans-
mission line method) [8,15–18] is proposed in this study.
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Total electrical resistance, consisting of contact resistance

and substrate resistance, is measured with its following

exclusion. Our case is based on TEM samples, on which

the metal contacts are formed using ion-plasma deposition.

According to studies performed under this work, the

implementation methods of the specified method for mea-

suring the low contact resistance (measurement techniques)
are important for stable data acquisition with minimum

measurement errors. The techniques proposed in this

study have differences in terms of location of the studied

contacts on TEM samples, methods of measurements and

the observed results processing.

Thus, the purpose of this study is development and

research of experimental techniques of contact resistance

of metal films, formed on semiconductor materials, TEM in

this case, as well as comparative analysis of data observed

using these techniques for measurements optimization.

2. Experimental part

2.1. Samples preparation

During development of techniques of contact resis-

tance measurement the nickel contacts, formed with ion-

plasma deposition on samples of Bi2Te2.8Se0.2, alloyed with

0.14weight% CdCl2, made using zone melting, were used.

Condition of TEM surface significantly impacts the

contacts characteristics [17,19–22]. Before application of

thin films of Ni the mechanical processing of TEM samples

surface to roughness of 150 nm was performed with the

following cleaning, which methods are presented in [20].
Samples surface roughness and film thickness were mea-

sured using profile meter KLA-Tencor P-7.

Before loading into deposition system chamber the

samples were cleaned with isopropyl alcohol with the

following drying with nitrogen. Contacts formation was

performed using high-vacuum deposition system Angstrom

EvoVac 34. Vacuum thermal annealing of TEM samples

was performed directly in the chamber with initial pressure

of 7 · 10−8 Torr and temperature of 200◦C. After annealing

the samples surface cleaning was performed with argon

ions bombardment for 30 s. During vacuum thermal

annealing using quadrupole SRS RGA 200, that is a part

of the deposition system, the quality of the samples surface

finishing was controlled.

Ion-plasma deposition of nickel contacts with thickness

of 300 nm was performed after ion cleaning and operating

pressure achieving in the chamber. The following deposition

modes were used: chamber pressure — 7 · 10−8 Torr,

deposition rate — 2 Å/s, gas pressure (Ar) — 2 · 10−3,

temperature — 200◦C.

Contact areas forming on side surfaces of TEM samples

was performed using masks made of aluminum alloy

foil with thickness of 0.1mm, in which the windows

with diameter of 1.5mm were made using laser machine

BetaMARK 2000. Distance between contacts was defined

with accuracy of 50µm.

TEM samples of certain shape and location of examined

contacts were prepared for each technique. Samples � 1

were made as cylinders with length of 30mm and diameter

of 10mm. Mechanical processing of samples side surface

along crystal growth direction was performed for contacts

producing. Contact areas of Ni with diameter of 1.5mm

were formed through deposition on the resulting plane every

5.0mm, and to these areas the current and potential contact

wires were soldered.

Samples � 2 were made as discs with diameter of 20mm

and thickness of 2mm. These samples cutting was

performed in direction, perpendicular to crystal growth.

After that the mechanical processing of samples surface

was performed, when on every 5mm of the surface the

nickel contact areas with diameter of 1.5mm were formed.

Commutation of current and potential wires to contact areas

was performed with soldering.

Samples � 3 were made similar to samples � 1, but on

opposite ends of TEM samples the contact areas of Ni with

thickness of 300 nm were additionally formed with ion-

plasma deposition. Plates of Ni with thickness of 1mm

were soldered to contact areas at the ends. Commutation

potential wires for voltage drop measurement were soldered

to contact areas formed on sample side surface.

Samples � 4 were made as cylinders with length

of 20mm and diameter of 10mm. Samples side surface and

ends were mechanically processed to roughness of 150 nm.

Contact areas of Ni, to which the nickel plates with

thickness of 1mm were soldered, were formed at opposite

ends of sample using ion-plasma deposition.

2.2. Measurement techniques

For implementation of contact resistance measurement

techniques the stand was developed, including: measur-

ing cell, equipped with micrometric measuring indica-

tors and digital microscope with visualizer; multimeter

Keithley 2001 (M); high-accuracy electronic thermometer

TEN-4; programmable power supply Motech LPS-305 (A)
with integrated amperemeter and voltmeter; high-accuracy

resistance box Time Electronics 1067 (RB). Measured data

from multimeter, thermometer and microscope come to

computer, that is a part of stand structure.

At low resistance values, which include the examined

contact resistance of contact — TEM structure, short circuit

is almost happened in the measuring circuit for power

source. In this case the majority of sources can not stabilize

the specified current with acceptable accuracy. Therefore,

the resistance box is sequentially included in the measuring

circuit to the sample. By means of regulation of parameters

of power source and resistance box in the circuit the

required current value was set, that was stabilized with error,

not exceeding 0.1%.

During measurements the temperature profile was con-

trolled at TEM sample using two thin-film platinum ther-

moresistors Pt-1000, installed in current probes. Ther-

moresistors were connected to thermometer TEN-4 with
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Figure 1. Measuring cell for contact resistance determination.
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Figure 2. Schemes of samples� 1 and� 2 and contact resistance

measurements as per the first technique.

measurement error of 0.05◦C. Voltage measurement error

did not exceed 0.2% considering multimeter sensitivity of

(10−7 V). It should be noted that at measurement of voltage

drop on the examined structures the four-wire scheme

was used, allowing to remove errors, defined by the lead

resistance. Current was passed through the sample in

two opposite directions. Direct current direction change

is required to remove thermoelectric effects influence on

measurement results.

Measuring cell design is presented in Fig. 1. The

examined TEM sample (1) was placed between current

probes (2), in copper mountings (3), through mica with

thickness of 20µm. This allows to minimize the tempera-

ture gradient on the sample during measurements. Current

probes contact area should not be less than cross section

of the examined samples. Copper mounting with the

sample was fixed on a base (4), which movement relating

to measuring probe (5) was regulated using precision

mechanism (6). Probe scanning step was regulated such

way. Measuring probe is made of steel needle with

gold cover. Force of load on TEM sample, located

between current probes, was defined using the device (7).
Micrometric indicator was used to control the movement

of the base with the sample and, consequently, measuring

probe scanning step (8). Probe position was defined with

error of 10µm. Force of clamping the measuring probe to

the examined sample was controlled using calibrated micro-

metric measuring indicator (9). Digital microscope (10),
connected with PC, was used for measurement process

visualization.

The first measurement technique. The first technique for

contact resistance measurement the samples � 1 and � 2

were used. Scheme of contact resistance measurement

is presented in Fig. 2. Numbers of contact areas on

the sample side surface are designated with digits. As

was shown above, the four-wire scheme was used during

measurements of voltage drop on the examined structures.

During measurement of contact resistance the examined

sample was put into the measuring cell and fixed between

current probes. For the first technique these probes were

used only for fixing the examined sample in the cell and

temperature measurement in it. Current was supplied to the

sample using current wires soldered to the contact areas.

Current with value of 100mA from the power source (A)
was supplied between the contact area � 1 and contact

1 2 3 4 5

A

M

RB

Measuring cell

a b c d

Figure 3. Schemes of sample � 3 and measurements of contact

resistance as per the second technique. a is the Ni-plate, b is the

solder, c is the nickel contact area, d is the TEM sample.
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Figure 4. Scheme of contact resistance measurement as per the

third technique. 1 is the measuring probe, 2 is the measuring

probe movement pattern.

areas � 2−5 sequentially. Voltage drop was measured with

multimeter (M) using potential wires. Measurements were

performed with the opposite current directions.

The second measurement technique. Schemes of contact

resistance measurement as per the second technique and

contacts location on the sample are presented in Fig. 3.

During measurement of contact resistance as per the

second technique the TEM sample � 3 was used and was

put into the measuring cell between the current probes.

Using the probes connected to power source the current

of 100mA was passed through the sample. Voltage

drop was defined using potential wires between the first

contact area and the rest contact areas, formed on the side

surface, sequentially. Measurements were performed with

the opposite current directions.

The third measurement technique. Sample � 4 was used

for studying the contact resistance as per the third technique.

Scheme of contact resistance measurement is presented in

Fig. 4. The sample is put into the measuring cell between

the current probes. Sample movement and, consequently,

measuring probe scanning along the sample side surface was

performed with a step from 50 to 500µm and controlled

using micrometer indicator. Measurement was performed

with the measuring probe scanning over the whole length

of TEM sample from one nickel plate on the sample end

to another. After measuring probe installation the current

of 300mA was passed through the sample from the power

source using the current probes. Two measurements of

voltage drop between the end nickel plate and the measuring

probe with the opposite current directions were performed

in each point on sample surface as per the scanning step.

3. Study results and discussion

At first the structure resistance was calculated for deter-

mination of the contact resistance of the examined structures

as per the first and second techniques using the formula

R = U/I, (1)

where U is the voltage drop, I is the current.

During measurements the current was passed in two

directions, while voltage drop on the structure was defined

using the formula

U = (|U1| + |U2|)/2, (2)

where U1 and U2 are the voltage drops at current passing in

two opposite directions.

Contact resistance was calculated the following way.

Resistances were measured, for instance, Rstr12 and Rstr13.

Resistance Rstr12 between contact areas 1 and 2 (Figs. 2
and 3) includes resistance of contacts 1 and 2 (Rc), as

well as TEM resistance at the area between these contacts

(RM12):
Rstr12 = 2Rc + RM12. (3)

Therefore, Rstr13 will be equal to:

Rstr13 = 2Rc + RM13. (4)

Ratio of RM12 and RM13 is defined by the distances

between the contact areas 1, 2 and 1, 3. Since contacts are

formed on the same distance,

RM13 = 2RM12. (5)

Then the contact resistance can be calculated using the

formula

Rc = (2Rstr12 − Rstr13)/2. (6)

Contact resistivity considering contact area (Sc) was

defined the following way:

ρc = RcSc . (7)

TEM, made by direct crystallization, have an anisotropy

of properties, including electrical conductivity. Therefore,

the measurement of contact resistance at current passing

along (sample � 1) and across (sample � 2) TEM crystal

growth direction is of interest for validation of the observed

results. Best case scenario, the measured contact resistances,

observed on both samples, cut from TEM crystal ingots

along and across its growth, should have the same values.

The measurement results, observed at implementation of

the first technique (samples � 1 and � 2) and the second

technique (sample � 3), are presented in the table.

Analyzing the observed data it should be noted that

electrical resistance of structure (Rstr) of samples � 1

and � 2 is different. This is defined by anisotropy of values

of TEM electrical conductivity. Particularly, TEM electrical

conductivity along crystal growth axis is higher than in

perpendicular direction. This effect has no influence on

contact resistance. Therefore, the observed values of Rc and

ρc on samples� 1 and� 2 differ not more than it is defined

by the measurements error.
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Results of contact resistance study

Sample
I, mA

U12, U13, Rstr12, Rstr13, Rc , ρc ,

� µV µV mOhm mOhm mOhm Ohm ·m2

1 100 644 1141 6.44 11.41 0.74 1.3 · 10−9

2 100 820 1502 8.20 15.02 0.69 1.2 · 10−9

3 100 476 641 1.59 2.14 0.51 0.9 · 10−9

Values of contact resistance, defined as per the first and

second techniques, are different, that is probably caused

with current lines distribution during measurements. In this

regard the second technique is preferable, since current lines

are evenly distributed in it. Current distribution influence on

accuracy of electrophysical measurements is also mentioned

by the authors [23,24].

Sample � 4 was used for studying the contact resistance

as per the third technique. Nickel plate in the end contact

of this sample performed two functions. The first one is an

area for measuring probe installation (it is not possible to

install the probe on a film with thickness of 300 nm). The

second one (as for sample � 3) is the even distribution of

current lines along sample cross section at current passing

through it.

During probe scanning over the surface of the sample

the voltage drop between the nickel plate and measuring

probe was measured. Then, the existing resistance was

calculated using the formula (1). During study using this

technique the current, passed through the sample, was

increased to 300mA. This is necessary to compensate the

error, appearing due to decrease of distance between the

measurement points, resulting in significant reduction of the

measured voltage.

During probe movement over the sample the scanning

step changed. In the area of measured contact the step

was 50µm, that relates to necessity of more accurate

determination of its position. Such accuracy is not required

at the probe scanning over thermoelectric material. There-

fore, for measurements promptness the step was increased

to 500µm.

Resistance variation during probe movement over the

sample was schematically shown in Fig. 5. Value of contacts

resistance was defined by means of increase of the measured

resistance at probe transition from nickel plate to TEM on

one end of the sample or from TEM to nickel plate on

another end of the sample. Contacts resistance was defined

the following way:

Rc1 = R1 − Rp1, (8)

Rc2 = Rp2 − R2, (9)

where Rp1 and Rp2 are measured resistances at nickel plates.

R1 and R2 are measured resistances in the beginning and

end of TEM sample, respectively (Fig. 5).

0
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Rp2

R2
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Figure 5. Scheme of electrical resistance variation depending on

measuring probe position on TEM sample.
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Figure 6. Dependence of electrical resistance on sample � 4 on

measuring probe position.

It should be noted that at the same time the TEM resis-

tance presents in contacts resistance values. This is defined

by the fact that the minimum step of the measuring probe

movement (50µm) is significantly higher than thickness of

Ni deposited layer (300 nm). But this increase of contact

resistance does not significantly impact the measurement

results, since it is defined by the small thickness of

TEM layer and its high electrical conductivity. Also, TEM

contribution into the contact resistance can be calculated.

During measurements two values of contact resistance on

the opposite ends of the sample were defined. Average

value was calculated the following way:

Rc.av = (Rc1 + Rc2)/2. (10)

Contact resistivity was defined using the formula (7).
Experimental data from the sample � 4 contact resistance

study are presented in Fig. 6.
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During movement of the measuring probe on the first

section the resistance has small variations and is defined by

the nickel plate resistance (Fig. 6). At the measuring probe

transition from the nickel plate to TEM sample the sharp

increase of resistance is observed. Then, at probe scanning

over the sample, the TEM-defined resistance increases

linearly with distance. In the end of the sample, at probe

transition to the nickel plate, the second significant increase

of resistance is observed. Sharp change of resistance in

the beginning and end of the sample is defined by contact

resistance. Contact resistivity, determined using the third

technique, was 2.2 · 10−9 Ohm ·m2.

The proposed techniques can be used for studies during

development of contact systems technology for semicon-

ductor materials, equally including TEM. The technique

selection can be made considering process capabilities of

researchers at contacts producing.

According to studies, the contact resistivity of

∼ 10−10Ohm ·m2 can be defined with acceptable error,

indicating the high sensitivity of the techniques. For each

technique the measurement errors were defined considering

samples size and selected research modes. For the first

two techniques the error is at the level of 3 · 10−10 and

1 · 10−10 Ohm ·m2, respectively. For the third technique

the error was 5 · 10−10 Ohm ·m2. The largest part of the

third technique error was related to determination of the

measuring probe position and it can be reduced, as was

shown above, using the calculation.

The observed results are in good agreement with litera-

ture data for high-quality thin film contacts, formed with

vacuum deposition [16,19,25–27]. It should also be noted

that low values of contact resistance indicate the quality of

production technology of film contacts for TEM, presented

in this study.

It should be noted that the third measurement technique

can be used for determination of electrical conductivity of

thermoelectric materials.

4. Conclusion

Three techniques and the measuring stand are developed

for studying the contact resistance in film metal contact —
semiconductor structure. Experimental approbation of the

techniques was performed at metal film — thermoelectric

material structures, in which the contact resistivity is

∼ 10−9 Ohm ·m2. The techniques have differences in terms

of location of the studied contacts on TEM samples, me-

thods of measurements and the observed results processing.

High sensitivity of contact resistance determination on

the level of 10−10 Ohm ·m2 was observed. Measurement

errors were defined for each technique and they do

not exceed 5 · 10−10 Ohm ·m2. The proposed techniques

can be used for studies during development of contacts

technology for semiconductor materials, including contacts

in thermoelements. Selection of one of the techniques can

be made considering process capabilities of researchers at

contacts producing.
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