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a b s t r a c t

Measuring the thermoelectric transport properties of a material is a prerequisite to

determining its usefulness for application in waste heat recovery or cooling and the basis

for devising improvement strategies. While well-established characterization methods

exist for bulk samples, characterization of microscale samples remains challenging. This

usually results in incomplete characterization such as restriction to study of the thermal

transport properties, which can be misleading. While elaborate microdevices for complete

thermoelectric characterization have been fabricated, a demanding transfer of the samples

onto these devices is generally required and establishing sufficient electrical contact can be

challenging in this case. Therefore a complete and transfer free in-plane characterization

method for samples obtained by deposition processes was developed. The approach is

based on expanding a well-established self-heating technique for the measurement of

electrical and thermal conductivity to allow, in addition, for the measurement of the

Seebeck coefficient. The fabrication exclusively involves photolithography and wet

etching, with no need for other steps like electron-beam lithography and a lift-off process.

The accuracy of the method is verified by numerical studies closely mimicking the actual

measurement process, comparison to measurements on simultaneously deposited refer-

ence samples and results from literature.

© 2021 The Authors. Published by Elsevier B.V. This is an open access article under the CC
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1. Introduction

It has been shown that the maximum thermoelectric con-

version efficiency depends only on the temperature of the

reservoirs and the dimensionless figure of merit, zTm ¼ S2s
k
Tm,

where Tm is the average temperature. This explains why

research in thermoelectric conversion revolves around the

problem of enhancing the thermoelectric figure of merit.

Different kinds of approaches have been taken to enhance the

figure of merit [1,2]. Most of the recent breakthroughs in

enhancing the figure of merit can be attributed to nano-

structuring [3]. In many cases obtaining bulk thermoelectric

materials that can undergo conventional thermoelectric

characterization methods by nanostructuring is not feasible.

This particularly applies to deposition based fabrication

methods, namely electrochemical [4,5] and physical [6e8] or

chemical [9] vapor deposition. Typically these processes are

limited to the deposition of films on the order of micrometers,

which highlights the importance of measuring the thermo-

electric properties of films. For microscale samples different

characterizationmethods have been developed. Few allow the

measurement of all required material properties on the same

sample and even fewer along the same orientation. The latter

can be important as many thermoelectric materials exhibit

anisotropy [10]. Samples obtained by deposition processes

typically have low aspect ratios. Therefore the term “cross-

plane” is used to refer to measurements in the growth direc-

tion, while “in-plane” is used to refer to measurements

orthogonal to the growth direction. The thermal conductivity

is usually measured cross-plane by approaches such as the

3u-, time-domain thermoreflectance or photoacoustic

methods [11e14], since the supporting substrate acts as a heat

sink. The electrical conductivity is advantageously measured

in-plane. In case of cross-plane measurements spreading

resistance within the sample and the substrate can be sig-

nificant [15].

In case of exclusively in-plane measurements it is usually

necessary to release samples from the substrate, as the sub-

strate can thermally short circuit the samples. In 2001 a sus-

pended microbridge device for the measurement of the

thermoelectric properties of carbon nanotubes was designed

by Li Shi [16]. Since then devices of this kind have been used

for thermoelectric characterization of diverse materials

[17e19]. They can be considered one of the most accurate,

precise and comprehensive characterization methods. The

measurements are conducted in vacuum to avoid heat

transfer by convection and the microscale sample length

together with the use of a radiation shield ensures that radi-

ative heat transfer can be ignored. The main disadvantage of

these devices is the complexity of the fabrication process,

generally requiring at least two lithography steps, namely a

lift-off process for the deposition of resistance thermometers,

microheaters and electrodes and a second step for the

patterning of the dielectric layer. Moreover the transfer of the

microscale samples onto themeasurement device is required,

which typically involves subsequent patterning of the sample

and an other metallization step or annealing to ensure good

electrical contact. The latter can be vital as often a pseudo 4-

probe measurement is employed. A method based on a
similar micro-bridge device but specifically designed for the

in-plane characterization of electrodeposited samples was

recently proposed [20]. This approach is based on patterning

of resistance thermometers and heaters and backside etching

to suspend the sample. However, as the authors state, it is

limited to the characterization of sufficiently thermally

conductive samples, as the ratio of heat conducted through

the resistance thermometers and heat conducted through the

sample is assumed to be negligible. In case of 6 mm thick

samples of thermal conductivity 2Wm�1K�1, typical for Bi2Te3
at room temperature, the measured thermal conductivity

severely exceeds the correct value (by 475%, supporting in-

formation of [20]).

Therefore in this study microdevices designed for the in-

plane thermoelectric characterization of samples obtained

by deposition processes, electroplating in particular, were

investigated. The thermal conductivity is measured by a self-

heating approach introduced in 2009 [21,22], while an addi-

tional electrode is used for the measurement of the thermo-

power. Thus all the three thermoelectric parameters are

determined and the advantages of this method are the

comparatively simple fabrication process, avoiding sample

transfer and its negative consequences and accurate mea-

surements over a wide range of thermoelectric sample prop-

erties. The developed method is validated by numerical

modelling, comparison to results from literature and to mea-

surements on reference samples.
2. Methods

2.1. Device design and measurement method

The idea of the approach is to expand the self-heatingmethod

for measuring not only the thermal and electrical conduc-

tance but also the thermopower of suspended samples. This

method, briefly described above, exploits the temperature

dependence of the sample's electrical resistance. The mea-

surement of thermopower requires generating temperature

differences between electrodes contacting the sample. As

depicted in Fig. 1a the device consists of a suspended elec-

trodeposited sample supported at its center by an electrode,

consisting of gold underlying the electrodeposited film. The

electrode itself is supported by a film of silicon oxide (about

1 mm thick) and silicon. Anisotropic silicon etching is applied

to fabricate this partially suspended and supported structure.

Since the central electrode is supported by silicon, acting as a

heatsink, even application of currents through the suspended

samples that cause its average temperature to increase

significantly, has no significant effect on the temperature of

the supported central segment. By applying currents at least

two orders of magnitude higher than the sample currents

through the central electrode, referred to as heating current in

the following, temperature excursions in the central segment

can be generated. Therefore by design of the device the tem-

perature of the central segment can be controlled by the cur-

rent through the central electrode, irrespective of the sample

current. So in a first measurement, applying no heating cur-

rent to the central electrode, the electrical and thermal

conductance are determined as follows.

https://doi.org/10.1016/j.jmrt.2021.08.109
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Fig. 1 e Schematic of the device for the in-plane measurement of thermoelectric properties (a). The inset is a close-up of a

cross-section view of the supported central electrode. (b) Equivalent circuit of the device modelling the electrical properties

including the voltage sources. The heating current source is assumed to be isolated from ground.
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The electrical conductance is determined bymeasurement

of the differential resistance, i.e. the slope of V-I curves for

small sample current excursions to avoid Joule heating. The

current range is adjusted based on the sample properties, but

generally does not exceed 100 mA.

The thermal conductance is obtained by measuring the

static electrical resistance of the sample as a function of the

power P dissipated in the sample (the product of the voltage

and the applied dc current). In this case an order of magnitude

greater sample currents are applied. In a sample of uniform

composition and cross section Joule heating leads to a para-

bolic temperature profile if conduction is the only mode of

heat transfer. If the ends of the sample are connected to a

heatsink one can show that DTs ¼ P
12Ks

, where Ks denotes the

thermal conductance of the sample [21] and DTs, the average

temperature excursion. The average temperature increase in

each branch is derived from its electrical resistance increase.

This is accomplished by performing measurements at a range

of substrate temperatures. A forth order polynomial is fitted to

the resistance-temperature data, which is numerically inver-

ted to obtain the average temperature as a function of the

electrical resistance.

In a second step the thermopower is determined in the

following manner: The central electrode is heated to create a

temperature difference between the center and ends of the

suspended sample. The thermopower S is the voltage induced
Fig. 2 e Optical microscope images of the microdevices at differe

lithography and etching of the exposed metals, two of the notch

underlying silicon and the second lithography and finally (c) aft

photoresist. The final steps are etching of supporting silicon dio
by the Seebeck effect divided by this temperature difference,

i.e. S ¼ �DV/DT. This means that electric potential and tem-

perature differences between the central segment and the

ends have to be measured.

The temperature increase of the central supported

segment of the sample is again determined by measuring the

increase of its electrical resistance due to the heating current.

It is denoted by DTs,max, since the maximum temperature in-

crease is expected at the Joule heated central electrode (see

Fig. 3b). DTs,max can be inferred from the measured tempera-

ture increase averaged over the suspended segments of the

sample, DTs, by assuming a linear temperature profile in

absence of self heating and modes of heat transfer other than

conduction: DTs,max ¼ 2DTs. Any measurable deviation from a

linear profile can be avoided by applying small enough cur-

rents through the sample during the resistancemeasurement.

Clearly a prerequisite to the accuracy of this approach is

that the sample resistance can be accurately measured while

a heating current is applied simultaneously. The feasibility is

not obvious since sample and electrode are electrically con-

nected, which means they could interfere. Based on Kirchh-

off's current law which is valid in this case of low frequency

currents, interferences can be avoided if at least one of the

sources has a floating ground, or in other words is isolated

from ground. The case of a floating heating current source is

depicted in the equivalent circuit of the device, Fig. 1b. Since
nt stages of the fabrication process, namely (a) after the first

es have been circled, (b) after anisotropic wet etching of the

er electroplating into the prepared molds and stripping the

xide and exposed metals to obtain free-standing samples.

https://doi.org/10.1016/j.jmrt.2021.08.109
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Fig. 3 e SEM image of a completed microdevice with electrodeposited bismuth telluride. (a) Together with an image of the

finite element model (b). The surface temperature in K is indicated by a color map. SEM images of the nickel (c) and bismuth

(d) sample are also displayed thermal grease was applied to avoid unwanted temperature gradients between the copper

blocks and the sample ends.
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charge accumulation can not occur at low frequencies, the

currents flowing out of and into the source Vh must be equal.

As no current can be drawn from or flow to ground this im-

plies that Ih,1 ¼ Ih,2. Moreover applying Kirchhoff's current law

to the node formed by the junction of all four resistors yields

Ih,1 � Ih,2 þ Is,1 � Is,2 ¼ Is,1 � Is,2 ¼ 0. Therefore in case of a

floating ground the currents do not interfere and the resis-

tance of the sample Rs,1 þ Rs,2 can be determined irrespective

of the heating current. This observation holds true for arbi-

trary values of the four resistances. In general the voltage read

by the meter depicted in Fig. 1b is

V ¼ Rs;2Is þ Rh;1Ih � SDTs;max: (1)

Here it is assumed that the Seebeck coefficient of the sup-

ported central electrode is negligible. It should be noted that

generally the contribution due to the Seebeck effect is (Sel � S)

DTs,max,whereSel is theSeebeckcoefficientof theelectrode.Sel in

turn can be approximated to Sel z SAu þ ðS � SAuÞ G
GAu

for small

G=GAu, where G is the electrical conductance of the electro-

deposited part of the electrode and GAu that of the underlying

gold. This takes account of the electrode being a composite of

gold and the deposited material. As the Seebeck coefficient of

gold is below 2.2 mV/K in the studied range of temperatures

[23,24], Sel can be ignored if the conductance of the deposited

material is much smaller than the gold's. Particularly when n-

type materials are studied, as in the present case, the Seebeck

coefficientof theelectrodecanbecloseto0asthe thermopowers

of the composites cancel, however the relative nature of the

measurementhas tobeconsideredespeciallywhenmaterialsof

low thermopower are studied. There are several ways of
extracting from the measured voltage the desired thermovolt-

age �SDTs,max. In the present case the most advantageous is to

apply AC heating currents (on the order of 100 kHz). Since the

other voltages are applied and measured by National In-

struments data acquisition modules at a sampling rate about

2 Hz, voltages due to the AC heating current are averaged out

when the frequency of the heating source is sufficiently high.

Isolation from ground of the AC source is ensured by using

the secondary current of a transformer powered in our case by

a function generator. This has the additional advantages that

constant voltage offsets of the source are eliminated and

impedance matching allows achieving increased heating

currents.

In practice the Seebeck coefficient is measured by per-

forming linear sample current sweeps of small amplitude

while simultaneously increasing the alternating heating cur-

rent amplitude (see Sec. 3.2). The slope of the V-I curves again

indicates the sample resistance, since the last two terms in

Equation (1), Rh,1Ih � SDTs,max, are independent of the sample

current Is. The offset of the curves is the thermovoltage (the

second term in Equation (1), Rh,1Ih, is averaged out).
2.2. Fabrication

The fabrication of the microdevices begins with the thermal

oxidation of C100D silicon wafers. These were purchased from

the Center of MicroNanotechnology, Lausanne. Electron-beam

evaporation was then employed to deposit 5 nm Cr/1 mm Au

films, using anAlliance-Concept EVA760. Photolithographywas

applied to pattern the underlying metal films and oxide by

https://doi.org/10.1016/j.jmrt.2021.08.109
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etching, see Fig. 2a. The oxide/metal films then serve as mask

for the anisotropic etching of the underlying silicon. A potas-

sium hydroxide solution was chosen as the etchant due to its

low toxicity and high C110D, C100D selectivity. During this process

the metal/oxide layer is partially suspended, namely the areas

onto which the sample is subsequently deposited (see Fig. 2b

and also 1a). The central segment is still supported after the

etching process because its edges are aligned with C110D. The

notches in the design (see Fig. 2a) have the purpose to facilitate

undercutting. The suspended supports of the samples were

deliberately designed to be much wider than the sample. This

prevents deposition at the edge of the support to be joinedwith

the sample due to overgrowth during electroplating at a later

stage. After silicon etching a second lithography is carried out

to obtain templates for electroforming. During this process

bubble formation due to trapping of air or accumulation of

resist in the etch pits had to be avoided.

After carrying out the electrodeposition, the photoresist is

stripped and the oxide on the backside of the suspended

structures is etched using buffered hydrofluoric acid. Subse-

quently the exposed metals on the top and backsides are

etched, which leaves a sample with two freely suspended

branches, concluding the fabrication. Figure 3a is a SEM image

of a completed device. All samples were deposited under

constant applied potential. In case of Bi2Te3 the electroplating

bath consisted of 10mMTe (IV), 7.5mMBi(III) in 1M nitric acid

as supporting electrolyte [25] and deposition was carried out

at 40 mV against sat. Ag/AgCl at room temperature. Bismuth

was also deposited from 1 M nitric acid containing 0.1 M Bi(III)

[26] and deposition was carried out at �40 mV against sat. Ag/

AgCl at room temperature. Finally Ni was deposited from a

1.9 M solution of nickel sulphate at �1 V against sat. Ag/AgCl

at room temperature.

In case of Bi2Te3 a film of thickness 2.05 mm with a root

mean square (rms) roughness of about 100 nmwas deposited,

in case of bismuth 1 ± 0.27 mm and in case of Ni 74 ± 13 nm.

Reasons for reducing the thickness of the in particular elec-

trically more conductive Bi and Ni samples are stated in Sec.

3.2.

2.3. Setup and reference sample preparation

All measurements on the microdevices were carried out in a

self-made setup in high vacuum to avoid convective heat

transfer. It consists of insulated nichrome wire clamped be-

tween two copper plates. The sample holder (consisting of a

smaller Cu plate) is mounted on these plates and all electrical

leads are clamped between the copper plates and the sample

holder. This prevents heat transfer by the wires soldered be-

tween the leads and the dies, which becomes important at

large substrate to room temperature differences. A platinum

resistance thermometer was glued to the substrate holder

with thermally conductive epoxy. Additionally a radiation

shield surrounding the die was thermally anchored to the

copper plates to minimize radiation heat transfer to the wall

of the chamber. The substrate temperature is controlled by a

PID controller to mK precision.

Apart from numerical studies and comparison to literature

the approach was validated by comparison to measurements

on reference samples in case of thermopower. These were
deposited together with the studied microdevices, i.e. the

reference sampleswere deposited simultaneously in the same

electrochemical cell and at the same potential as the micro-

devices. For the reference samples the substrate consisted of

silicon wafers spin coated with a thin film of PMMA. Gold was

sputtered onto these as a seed layer. After electrodeposition

pieces of glass slides were glued to the deposit using epoxy. As

the adhesion between gold and PMMA is much weaker than

the adhesion between epoxy and the sample, the samples

could be easily mechanically detached from the substrate.

Any residual PMMA was removed with acetone and the seed

layer was etched using a potassium iodide solution. Mea-

surements of the thermopower of these samples were per-

formed in a self-built setup and also with a commercial device

(Linseis LSR-3). The self-built setup consisted of two resis-

tance wires embedded in two copper block. The temperature

of each block was determined by platinum resistance ther-

mometers. Bi-directional temperatures gradients were ob-

tained by applying heating currents to each coil separately.

Each end of the reference sample was clamped to one of the

blocks and the electrical potential difference measured by

thin Cu wires (50 mm diameter) soldered to the samples. As all

other measurements, the reference measurements were car-

ried out in vacuum and thermal grease was applied to avoid

unwanted temperature gradients between the copper blocks

and the sample ends.

2.4. Numerical modelling

Most characterization methods, particularly for microscale

samples, are subject to some degree to systematic errors. In

this context finite element analysis (FEA) is a useful tool to

estimate the significance of these errors. The modelling ef-

forts, using COMSOL Multiphysics 5.5, were based on

mimicking as closely as possible the fabricated devices and

the measurement process, see Fig. 3b.

The material and dimensional properties were obtained

either from the supplier (thickness of wafer and wet thermal

oxide), previous measurements (thermoelectric properties

and temperature coefficient of resistance of bismuth telluride)

and literature (electrical conductivity of gold and specific heat

and density of all materials, relevant only for transient

studies) or were inferred (thermal conductivity of gold based

on the WiedemanneFranz law). All the material and dimen-

sional properties except for the electrical resistivity of the

sample were assumed to be constants. A linear temperature

dependence of the electrical resistivity, i.e. rs(x) ¼ rs,0 (1 þ a(T

(x)�T0)), was assumed, which is reasonable if the temperature

excursions are small. Here a is the temperature coefficient of

resistance and rs,0 the resistivity at T0 (i.e. the substrate tem-

perature). The potential difference between the ends of the

sample was determined as a function of various applied cur-

rents through the sample and positive, null and negative

heating currents. The value of the heating current was chosen

to generate temperature excursions of the junction between

sample and electrode of about 5 K (between 100 and 350mA in

magnitude). Other studied parameters included sample

properties and also the thickness of the gold and oxide layers.

The applied heating current was adjusted as a function of the

latter parameters to maintain the temperature excursion at

https://doi.org/10.1016/j.jmrt.2021.08.109
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Fig. 4 e The computed sample resistance as a function of the applied power including the line of best fit (a). From the slope

and sample dimensions the thermal conductivity can be obtained, the relative error is plotted as a function of oxide and

metal film thickness (b). The relative error of the measured resistivity is displayed again as a function of oxide and metal

film thickness (c).
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5 K. Based on the applied currents and the computed voltages

the thermoelectric properties of the samples were obtained in

the same way as from the measurements, except that means

of sweeps performed at positive and negative direct heating

currents Ih were computed instead of applying alternating

currents. A steady state frequency domain study does not

seem feasible since constant currents have to be simulta-

neously applied and a transient model would significantly

increase the computation time.
3. Results and discussion

3.1. Numerical modelling

Figure 4a is an example of a linear regression of the resistance

as a function of power, obtained from post-processing the FEA

results. Figure 4b displays the deviation of the resulting from

the set thermal conductivity (2 Wm�1K�1) as a function of

metal and oxide film thickness and Fig. 4c shows the deviation

of the simulation-based from the set electrical conductivity

(150 kS/m). Generally the thickness was set to 2 mm, the

thermopower to 80 mVK�1 and the temperature coefficient to

0.001 K�1.

The influence of the relevant parameters on the systematic

measurement error is discussed in the following. As expected

the error in the electrical conductivity measurement does not

significantly depend on the thickness of the metal or oxide

film.

The error in the thermal conductivity measurement has a

clear increasing trend with increasing oxide thickness and

decreasing metal film thickness. Increasing the oxide thick-

ness causes the thermal resistance between the sample and

the surrounding substrate to increase and for equal power

dissipation this causes the temperature difference between

the supports of the sample and the substrate to increase,

which is assumed to be negligible. Thinning the metal film

decreases its efficiency at conducting heat and therefore this

also increases the error.

Figure 5b shows the error in the estimation of DT again as a

function of metal and oxide film thickness. Here the temper-

ature difference computed from the resistance increase was

compared with the actual difference of the sample
temperature close to the edge of the central electrode and the

sample temperature at the edge of the pit. These temperatures

were chosen in recognition that temperature excursions

within supported segments of the sample do not matter as

arising potential differences are eliminated by the supporting

metal film. It can be observed that the error in the temperature

measurements accounts to a large degree for the error of the

thermopower measurement (see Fig. 5a). This is even more

obvious when variations in the width of the central electrode

caused by underetching are ignored, which were accounted

for in the presented case. Clearly the error of the temperature

decreases with the oxide thickness. The main reason for this

is that the heating power has to be increased to maintain the

temperature excursion as the oxide film thickness decreases.

The increased heat flux into the substrate causes the tem-

perature of the substrate around the sample to increase. For

the same reason the error increases with the width of the

central bridge. The lower heat flux in case of a narrower bridge

leads to a more accurate temperature difference measure-

ment, since the accuracy of this measurement rests on the

assumption that the temperature at the ends of the sample

does not deviate from that of the heatsink.

It should also be noted that significantly improved accu-

racy can be achieved by suspending samples over through-

holes etched into the Si-chips from the backside, but

applying the same measurement method. In this manner,

based on both numerical and preliminary experimental re-

sults, significantly more accurate measurements (systematic

errors smaller than 4%) can be achieved. The reason is that

improved thermal isolation between the ends of the sample

can be achieved, as through-holes of arbitrary dimension are

feasible. Moreover this limits the exposure of the sample to

the wet etchants, as the etching processes can be mostly

carried out from the backside and also offers direct observa-

tion of the sample's underside to detect residual metal.

Apart from studying the influence of design parameters the

range of applicability was also investigated by determining

measurement errors as a function of the sample properties.

The relative errors were studied for a set of thermal and

electrical conductivities, see Fig. 6 (the measurement errors

were found to have a negligible dependence on the thermo-

power in the range of 10e210 mVK�1). All other properties were

maintained constant. The thermal conductivity error clearly
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Fig. 5 e Relative error of the thermopower as a function of metal and oxide film thickness (a). Relative deviation of the

determined temperature excursion from the average temperature excursion of the supported segment (b).
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increases with the sample's thermal conductance. More sig-

nificant is the dependence of the thermopower measure-

ments on the electrical conductance. A main contribution to

this is that the thermoelectric properties of supported areas

become more heavily weighted by the deposited material

instead of the underlying metal. More thermally and electri-

cally conductive samples have to be compensated for by

decreasing the film thickness: To maintain the systematic

thermopower error below 10% the thermoelectric film's sheet

resistance should exceed 1.4 U/sq. As the sample's sheet

resistance approaches that of the underlying gold (about

0.03U/sq), whichmeans thatG=GAu approaches 1, an expected

significant underestimation of the thermopower occurs.

To assess their impact on the results, thermal and elec-

trical contact resistances were included. For the thermal

interface resistance between the thermoelectric and gold

2 � 10�6 m2KW�1 were chosen based on the measurement by
Fig. 6 e Relative error of the thermal conductivity

measurement (crosses) and the thermopower

measurement (circles) as a function of the sample's
thermal conductance and sheet resistance. The dashed

black curve connects points for which thermal and

electrical conductance are coupled and thus provides an

estimate of the film thickness dependence of the error.
the photoacoustic method [27] on an interface obtained by

electroplating bismuth telluride on nickel. The contact resis-

tance between gold and silicon oxidewas determined by oxide

layer thickness dependent measurements to be less than 10�8

m2KW�1 [28]. The thermal interface resistance between oxide

and underlying silicon was ignored as a value less than 10�9

m2KW�1 is expected [29]. Finally based on [30] 5 mUcm2 can be

considered an upper bound for the electrical contact resis-

tance. With these values the error of the thermal conductivity

measurement increases to 5%, while the thermopower error

decreases. These results indicates that contact resistances

should be taken into account, for instance by performing

sample length dependent measurements, but are expected to

have limited impact.

In conclusion of the numerical studies one can observe

that the thickness of the metal film should be maximized

since it decreases the systematic error in the measurement of

all thermoelectric properties. The thickness of the oxide layer

correlates with an increase of the thermal conductivity mea-

surement error, however also with a decrease of the thermo-

power measurement error. The latter dependence is more

significant. Also the error on the thermopower contributes

twice as much to the overall error on the figure of merit, since

it depends on the square of the thermopower. Therefore a

thermal oxide and gold film thickness of 1 mmwas chosen as a

trade-off.

3.2. Measurements

As mentioned the electrical sample resistance is determined

from sample current sweeps of peak values below 100 mA

resulting (for typical sample resistances) in heating power less

than 1 mW and therefore temperature excursions on the order

of only 1 mK, which is negligible. The thermal conductance is

obtained from the static resistance as a function of power. The

sample dimensions are obtained from SEM micrographs and

based on these thermal and electrical conductivity can be

derived, as displayed in Fig. 7a and b. The uncertainty in the

sample dimensions is the main contribution to the error bars.

The Seebeck coefficient is determined by measuring the

sample resistancewhile applying alternating heating currents

of increasing amplitude. The slope and offset of the obtained
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Fig. 7 e (a) Resistivity of the two branches of the Bi, Ni and Bi2Te3 samples, measured by the pseudo-4-probe method. Bulk

measurements are taken from [32] in case of Bi and [33] in case of Ni. (b) The thermal conductivity is displayed for both

branches and all three samples. Reference values are from the same sources as for (a). (c) The voltage drop along the right

sample branch is plotted against the current through the sample for increasing AC heating currents (approximate peak

values). The increasing offset is equal to the thermovoltage, while the resistance is derived from the slope (the increase of

the slope is too small to be noticed by bare eye). The inset is a representative example of a thermovoltageetemperature

curve for both branches of the sample, which is the result of analyzing the family of curves. (d) Comparison of the measured

thermopower with reference measurements on the Bi, Ni and Bi2Te3 samples. For the sake of clarity the thermopower is in

each case displayed for one of the two suspended branches only. The referencemeasurements were obtained with a Linseis

LSR-3 device in case of bismuth telluride and a self-built setup for the other samples.
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V-I curves indeed increase with the heating current, as illus-

trated by Fig. 7c, indicating the increasing resistance/tem-

perature and the thermovoltage respectively. Since the

thermovoltage measurements are most prone to systematic

errors based on the numerical modelling, they are compared

to measurements on reference samples (Fig. 7d) that were in

each case deposited together with the microdevices and

released from the conducting substrate by a lift-off process

and etching. In accordance with the numerical modelling the

thermopower is always underestimated, however consis-

tently by about 20%, which is much greater than the expected

deviation. Some contributing factors can be identified. Firstly,

it was determined by 4 point probe measurements that the

resistivity of the underlying gold film is 32% greater than

assumed in the finite element model, and it was demon-

strated that increased errors can be expected in this case (cf.

Figure 5a). Secondly as mentioned above abnormal under-

cutting occurs, likely due to galvanic coupling between gold

and chromium [31], which intensifies the width variation

along the central electrode. This can lead to temperature

gradients close to the junction and therefore an
overestimation of the temperature difference. As mentioned

above, based on numerical studies and also preliminary

experimental results significant improvements can be ex-

pected by fabricating devices over through-holes in the sub-

strate, but employing the same measurement method.

The reference measurement on Bi2Te3 was carried out by a

Linseis LSR-3, the others were performed on a setup described

above. The results of electrical and thermal conductivity

measurements are compared to values from literature, at

least in case of the pure metal samples. The significantly

greater uncertainty in case of the Ni and Bi samples is caused

by the uncertainty in the sample dimensions: the bismuth

sample has greater relative roughness and this is also true for

the nickel sample because less than 100 nm of nickel were

deposited. The reason for this choice is that nickel has a

significantly greater electrical conductivity and therefore

would have an accordingly greater impact on the Seebeck

coefficient measurement. Additionally the higher conductiv-

ity implies that the sample currentwould need to be increased

beyond hardware imposed limits to achieve sufficient tem-

perature excursions, if the thickness is not reduced.
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Nonetheless the electrical and thermal conductivities are in

good agreement to values from literature. Generally also

measurements on both branches are in good agreement. The

exception is the nickel sample caused by a tear in the left

sample and residual material on the right branch.

The results on bismuth telluride were further analyzed.

These samples (reference samples and microdevices) were

annealed prior to the thermoelectric characterization, as in

case of Bi2Te3 electrical resistance drift was observed, partic-

ularly at higher temperatures. The drift at constant tempera-

ture occurs at usually increasing rates of about 0.2 U/h or

3.5‰/h. Further investigation is required, but stabilization

could be achieved by annealing at 215 �C for 2 h in air. Higher

temperatures were avoided to prevent significant diffusion of

gold into the sample [34]. This had no measurable effect on

the composition, determined by energy dispersive X-ray

spectroscopy to be 41 at. % bismuth, but induced grain

growth (see Supporting Information (SI)). The lattice contri-

bution of the thermal conductivity kl is isolated by subtracting

the charge carrier contribution, which is derived from the

WiedemanneFranz law, i.e. kl ¼ ktot � LsT. The Sommerfeld

value for degenerate conductors is used as the Lorenz num-

ber, i.e. 2.44 � 10�8 WUK�2. It is well known that narrow-

bandgap semiconductors such as Bi2Te3 can exhibit bipolar

conduction [35,36] and therefore significantly enhanced Lor-

enz numbers in the transition region, however the electrical

conductivity is nearly an order of magnitude higher than one

would expect in this case [18,37], which means that this

contribution can be ignored at least at low temperatures. After

subtracting the charge carrier contribution the obtained lat-

tice component does not monotonically decrease with tem-

perature against expectation, indicating that the contribution

due to intrinsic carriers could become significant at the higher

substrate temperatures (see SI).

At room temperature the value obtained for the lattice

thermal conductivity is 0.5 Wm�1K�1, which falls short of the

values of 1.5 and 0.7 Wm�1K�1 reported for transport along

and across the basal plane of single crystals respectively

[38e41]. To a large degree this can be attributed to scattering at

grain boundaries. It was determined by X-ray diffraction (XRD)

that the grain size is on the order of 100 nm and that grains

have a weakly preferred C101D and C100D orientation (SI).

Although the grain size exceeds the phononmean free path by

orders of magnitude one can expect a decrease of the lattice

thermal conductivity by nearly 50% at least along the trigonal

direction [41,42] based on modelling for this case. The experi-

mental results are in good agreement with those of Takashiri

et al. who studied the lattice thermal conductivity of flash

evaporated nanocrystalline Bi2Te3 as a function of grain size.

The thermal conductivitywasmeasured using a differential 3u

method in this study and various grain sizes were obtained by

annealing at 150 and 250 �C. After annealing at 250 �C at a grain

size of 60 nm the authors find a lattice thermal conductivity of

0.4 Wm�1K�1. A value of 0.5 Wm�1K�1 at grain sizes between

100 and 300 nm followswell the trend observed by the authors.

The observed significant deviation from measurements on

bulk samples in case of Bi2Te3 raises the question why similar

deviations were not observed in case of the studied Ni and Bi

samples. Different reasons apply. In case of nickel the lattice

contribution comprises only a few percent of the total thermal
conductivity, particularly around room temperature [33].

Changes in the lattice contribution are therefore difficult to

observe and boundary scattering typically affects phonons

before charge carriers as the length scale is decreased. In case

of the bismuth sample the situation is different, charge car-

riers and phonons contribute approximately equally to the

thermal conductance at room temperature. However the grain

sizes in this sample are at least one order ofmagnitude greater

compared to the other studied samples, i.e. greater than 1 mm.

This was not determined by XRD but the plating conditions

are the same as in Sandnes et al. [26], who report grains of this

size, and this is also consistent with the coarse grained

appearance of this sample under scanning electron micro-

scopy (SEM) compared to the others. In general the samples

appear to be compact and uniform, which is consistent with

the typically good agreement between measurements on

either branches.
4. Conclusion

Micro-bridge devices for the complete in-plane thermoelectric

characterization of deposited filmswere developed, fabricated

and investigated. Compared to competing comprehensive

thermoelectric characterization methods for deposited films,

all based on suspendedmicrodevices, the developed approach

is distinguished by a simple fabrication process and accuracy

for a wide range of sample properties. The validity of the

method was first verified by mimicking the experiments by

finite element analysis. The underlying analytical assump-

tions were demonstrated to hold true as a wide range of

assumed material properties could be recovered accurately

numerically. In general good accuracy can be achieved if the

sample's sheet resistance exceeds about 1.4 U/sq to avoid

excessive errors in the thermopower measurement.

Secondly the method was verified experimentally by

comparing to measurements of the thermopower on simul-

taneously deposited reference samples as well as results from

literature. In accordance with finite element analysis we find

that the measurements of thermal and electrical conductivity

are in excellent agreement with literature and can be

considered accurate. Deviations from bulk measurements

were only observed in case of the nanocrystalline Bi2Te3
sample, which displayed a lower lattice thermal conductivity

than the bulk. This was attributed to enhanced grain bound-

ary scattering of phonons in agreement with previous results.

In conclusion significant systematic errors on the electrical

resistivity and the thermal conductivity could be excluded in

case of all studied materials.

The thermopower is expected to be most prone to sys-

tematic errors based on the numerical modelling, however a

greater than expected deviation of 20% from the reference

measurements was observed in all cases. This is likely mainly

caused by a greater than expected resistivity of the supporting

gold film and abnormal undercuttingwhile etching gold due to

galvanic effects. Design changes that improve the accuracy

were discussed and are currently under investigation. The

developedmethod represents a simpler and widely applicable

approach for the complete thermoelectric characterization of

deposited films.
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