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We experimentally study the thermoelectric properties of an Au,Ge;_, thin-film alloy close to the
metal-insulator transition (x = 19.5%). The thermoelectric characterization of the thin-film alloy shows a
Seebeck coefficient comparable to that of Au thin film while preserving good thermal sensor properties,
revealing the potential interest in its use in nanoscale thermoelectric systems. In particular, we demonstrate
the ability to directly evaporate an Au,Ge;_, thin film on different nanometric-thick molecular layers.
A device engineering is proposed paving the way for investigation of the thermoelectricity of large-area
nanometric-thick molecular layers, where the alloy is integrated as a contact electrode, fulfilling the double
role of an in situ local heater and a high-resolution thermometer.
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I. INTRODUCTION

Thermal transport at the nanoscale has recently been
the subject of renewed interest both theoretically and
experimentally, due to the ability to tailor the electronic
properties of materials by quantum design [1,2]. In par-
ticular, exciting results have been achieved in the field
of molecular thermoelectricity. Following the pioneer-
ing work of Reddy et al. [3], recent experiments have
reported combined conductance and thermopower mea-
surements [4—0], gate control of thermoelectric effects
[7], Peltier cooling of molecular junctions [8], the influ-
ence of the mechanical-junction configuration on ther-
moelectricity [9], and an enhanced thermoelectric effect
in cross-conjugated molecules [10—12]. However, most
results in this field have been obtained on systems con-
sisting of single or few molecules, whereas the ther-
moelectric properties of large-area molecular junctions
remain unexplored. Such junctions are good candidates for
potential applications of molecular electronics owing to
a complementary-metal-oxide-semiconductor- (CMOS-)
compatible fabrication process and a high robustness
[13—16]. In any event, contacting large-area molecular
junctions is a longstanding issue. Direct evaporation of a
metal electrode on a few-nanometer-thick molecular layer
usually ends up with the formation of short circuits due
to the presence of metallic filaments. This has led to the
development of multiple approaches (conducting atomic-
force microscopy, Ga-In eutectic contact), which are typ-
ically not compatible with applications. The successful
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integration of aromatic molecules in large-area molecu-
lar junctions by the electroreduction of diazonium salt has
represented an important breakthrough [14—17]. Such a
technique allows the realization of a thin and robust molec-
ular layer covalently grafted onto a surface electrode and
able to sustain the direct evaporation of a counter-electrode
in a cross-bar geometry. Recently, junctions based on var-
ious molecules have been successfully fabricated with
Ti/Au, Cu, and electron-beam evaporated carbon top elec-

trodes [14—19]. However, this molecular junction architec-
ture has never been tested for thermoelectric investigation
because of the difficulty of achieving a thermal gradi-
ent across it. The use of CMOS-compatible fabrication
methods with organic molecules, where a possible high
thermoelectric efficiency can be achieved [11,20], could
represent a new route for energy-harvesting applications at
the nanoscale. In any event, probing the thermopower of
large-area molecular junctions requires the current through
the junctions to be measured while simultaneously heating
only one of the contacts and measuring the temperature dif-
ference across the junction in situ. This cannot be achieved
with Au or e-carbon contacts, due to low and high resis-
tivity, respectively. Furthermore, another general issue in
realizing thermoelectric measurements is to reduce any
spurious thermoelectric signal, such as that related to the
junction electrodes in the case of a large-area molecu-
lar junction, as much as possible. As a consequence, the
device design and the choice of materials for exploring the
thermoelectricity of molecular films are crucial aspects that
need to be investigated in detail.

Here, we report on the growth and thermoelectric char-
acterization of Au,Ge;_, thin-film alloys (x = 19.5%) and
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on the fabrication of large-area molecular junctions with a
Au,Ge;_, top contact. We discover that for this particular
composition, placing the alloy close to its metal-insulator
transition (MIT) [21-24], the Seebeck coefficient is very
close to that of pure Au films up to 200 K, while the alloy
preserves good thermosensor properties. This aspect is
particularly appealing for thermoelectric applications. We
demonstrate, therefore, the possibility of directly deposit-
ing the alloy on a nanometric-thick molecular layer cova-
lently bonded onto a gold electrode, in order to achieve a
large-area molecular junction in a cross-bar configuration.
A Au,Ge;_,-based junction electrode with such a low See-
beck coefficient can fulfill the double requirement of being
resistive enough to generate Joule heating and having a
resistance that is sensitive enough to temperature to be
used as a local thermometer, opening up new perspectives
for molecular thermoelectricity.

More generally, our findings encourage the use of such
thin-film alloys as heaters and thermosensors in nanoscale
devices designed to investigate the thermoelectric prop-
erties of low-dimensional materials such as nanowires
[25-28], graphene [29,30], and carbon nanotubes [31,32],
where metal-based nanowires with lower sensitivity are
typically used.

I1I. SAMPLE FABRICATION AND METHODS

The fabrication of Au,Ge;_, thin-film alloys is realized
following Zhu et al. [24], who take advantage of the inter-
facial atomic-diffusion mechanism of Au and Ge atoms
occurring in a superlattice configuration. Thin films with
an optical-lithography-defined area of 50 x 150 um? and
a thickness of 100 nm are obtained in a superlattice struc-
ture by alternating the evaporation of 1 nm of Au (Neyco,
99.99%) and 6 nm of Ge (Neyco, 99.99%) at low rates
(0.01 and 0.05 nm/s, respectively) on Si/SiO; substrates
at room temperature (the Si substrate is boron doped,
with a resistivity of pg; >~ 0.2-0.4 Qcm at room temper-
ature). The base pressure of the evaporation chamber is
approximately 5 x 1073 mbar and increases to approxi-
mately 1 x 10" mbar during processing. A quartz crystal
is used to monitor the thicknesses of the layers and the
atomic rates. The ratio between the thicknesses of the Ge
and Au layers is chosen to reach a composition close to the
metal-insulator transition, which occurs around x = 18%.
After evaporation, samples are left in the vacuum chamber
overnight. A subsequent optical-lithography step defines
four Ni/Au (10 nm/300 nm) contact probes for electrical
characterization. The use of a Ni adhesion layer helps in
the formation of ohmic contacts with the Au,Ge,_, alloy
[33] and the Au capping layer allows easy wire bonding.
Finally, in order to promote alloy formation with a stable
film resistance, a 24 h annealing at 135 °C is realized [34].
A long-time low-temperature annealing is preferred to a

short-time high-temperature one so as to obtain the for-
mation of the alloy by a process that can be compatible
with the presence of a molecular layer. As we will dis-
cuss later, the whole thin-film alloy fabrication procedure
is well matched for the integration of this material as one
electrode of a large-area junction including a molecular
layer.

Figure 1(a) shows a schematic representation of the
device and a scanning-electron-microscope (SEM) image
of the final device is reported in Fig. 1(b). The four Ni/Au
contacts are labeled a, b, ¢, and d. They have a minimum
width of ~10 um and are spaced at d,;, = dp. = 10 um
and d.; = 70 um from each other.

Energy-dispersive x-ray (EDX) analysis is performed
in order to evaluate the average composition of the alloy.
This estimation is done by averaging the spectral weight
on 30 different zones of the sample. An example of some
EDX spectra is reported in Fig. 2(a) in the 0—10 keV
energy range, where the positions corresponding to the K,
L, and M lines of Si, Au, and Ge can be easily identified.
The quantitative analysis of line intensities allows us to
determine the concentration of each element in the sam-
ple. In the case of Fig. 2(a), a thin-film alloy with an Au
atomic concentration of 19.5% and a Ge atomic concentra-
tion of 80.5% is realized, confirming the achievement of a
composition close to the metal-insulator transition, located

FIG. 1. (a) A schematic representation of the device. The four
Ni/Au contact probes, labeled a, b, ¢, and d, are spaced at d,, =
10 pm, dp. = 10 um, and d.; = 70 um. The numbers from 1 to 6
define zones of the device with different temperatures. (b) A SEM
image of a Au,Ge,_, thin film with an area of 50 x 150 um? and
a thickness of 100 nm.
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slightly on the metallic side of the transition. Element-
distribution maps obtained by scanning the beam in a
televisionlike raster and displaying the intensity of the
selected Au and Ge x-ray line confirm that the elements
are well diluted within the alloy at the explored scale.

We study the morphology of the alloy surfaces by
SEM or by atomic-force microscopy (AFM). Two sur-
face images are reported in Figs. 2(b) (SEM) and 2(c)
(AFM) for two different samples. The images reveal the
presence of grains the dimensions of which depend on the
particular sample. Figure 2(b) shows a typical grain size
of 2030 nm. Surprisingly, very small and regular grains
with dimensions lower than 10 nm are visible in the SEM
image as brighter spots, uniformly distributed on the sur-
face [the white spots in Fig. 2(b)]. This can probably be
attributed to aggregates of Au atoms in the alloy that are
not perfectly diluted. The AFM image reveals the presence
of higher grains dimensions, with a more important size
dispersion, in the 1050 nm range. Surface analysis aver-
aged on ten different zones of the sample with an area of

3 x 3 um? gives an average root-mean-square roughness
of approximately 4 nm. This structural and morphological
analysis reveals that repeating the same fabrication pro-
cedure exactly does not yield precisely the same atomic
composition, nor exactly the same morphology of the sam-
ples. The inset of Fig. 2(a) shows the temperature depen-
dence of the resistivity between 4 K < T < 250 K for three
samples fabricated under identical conditions but having
different atomic concentrations. The EDX results show a
dispersion in composition slightly less than approximately
1%. The resistivity versus temperature curves prove, as
expected, that the electronic-transport properties are sensi-
tive to the alloy composition [21,35] and the way in which
the alloy forms. However, such a dispersion does not pre-
vent the possibility of using the films as thermosensors,
since important variations of the resistivity are present in
the explored temperature range for all the samples. Here-
after, we will focus on the thermoelectric characterization
of one of the samples of Fig. 2(b) showing the composi-
tion AujosGeggs. As explained afterwards, we expect that
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slightly composition oscillations affect only marginally the
thermoelectric response.

The thermoelectric characterization of the alloy is real-
ized in a cryofree refrigerator that allows temperature
variation from 3.7 K to 300 K with a stability of few mil-
likelvins. A nonlocal scheme is adopted to heat only part
of the sample and to generate a temperature gradient along
the longitudinal dimension of the Au,Ge|_, thin film. A dc
voltage, Vyeat, 1S applied between contacts a and b, induc-
ing power dissipation by Joule heating (P = IV ~ AT).
Even if the power dissipation takes place between contacts
a and b, a lower temperature increase is also induced on
contact ¢. Contact d is far enough from contact ¢ to be
considered as being at the temperature of the substrate,
Tenv, Which is thermally anchored to the sample holder
by a GE (IMI 7031) low-temperature glue (CMR-Direct).
The thermal conductivity of the glue (0.24 W/m K) is
lower than that of the Si substrate (~150 W/m K) and the
Si0, oxide layer (0.7 W/m K); this ensures that the ther-
malization of the sample takes place mainly through wire
bonding on the metallic pads (with in-plane dimensions of
200 x 200 um?). A temperature sensor is fixed to the sam-
ple holder in order to have continuous monitoring of the
substrate temperature.

Such a temperature-gradient scheme is supported by
finite-element simulations performed with the COMSOL
multiphysics software (Joule heating and conductive
media modules). Figure 3 shows the result of the simu-
lation for a Au,Ge;_, thin film on a Si/Si0, substrate with
the four Ni/Au contatcs. The dimensions of the simulated
device are equal to that of the fabricated one. A dc volt-
age drop of 2 V is simulated between contacts a and b, the
voltage being applied on contact b while grounding con-
tact a, and all surfaces are considered to be electrically
insulated. The high thermal conductivity of the Ni/Au con-
tacts and the thermal coupling to the sample holder through
the connection pads and the substrate induces the thermal-
ization of the Au,Ge;_, thin film. The temperature of the
bottom plane of the substrate, thermalized with the cold
finger of the cryostat, as well as the temperature of the
contacting pads, thermalized through the wire bonding to
the sample holder, are fixed at the temperature of the sur-
rounding environment. All other surfaces are considered
to be insulating. The presence of the low-temperature glue
thermalizing the substrate is taken into account by consid-
ering the value of the thermal conductivity at the interface
between the substrate and the sample holder to be equal
to 0.24 W/m K. All other thermal boundary resistances
are neglected to simplify the simulations. The calculations
are performed by considering the electrical and thermal
properties of the different materials extracted from the
literature [7] and by solving the Fourier low for heat trans-
fer in isotropic media, VT = —_q> /k, where ?T is the
temperature-gradient field, ¢ is the local heat flux, and
k the thermal conductivity. Note that the only unknown
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FIG.3. (a) A three-dimensional color plot of the temperature in

the Au,Ge;_, thin-film alloy for an applied voltage Vje,r of 2V
between contacts ¢ and b at a temperature T,y = 150K of the
surrounding environment. (b) Temperature profiles in the longi-
tudinal direction of the device [red dotted line in (a)] calculated
by varying the kayge value from 1 to 150 W/m K. A tempera-
ture gradient of the order of 20 K develops between contacts ¢
and d. The positions of the contact probes are indicated by the
vertical dark yellow bars. Inset: an enlargement of the calculated
temperature profiles between contacts ¢ and d.

parameter in the simulations is the thermal conductivity of
the thin-film alloy, kauge, Which is varied over a wide range
(1-150 W/m K). Note also that the simulation results are
intended to produce only qualitative information.

Large temperature gradients are developed for large heat
fluxes and/or for low thermal conductivities. A color plot
of the temperature gradient, in Fig. 3(a), shows the simula-
tion for a temperature of the environment equal to T, =
150 K when a voltage Vit = 2V is applied between con-
tacts a and b. The color scale demonstrates that the maxi-
mum temperature rise is located at the Au,Ge;_, thin-film
zone between contacts a and b. This reflects the fact that
the heat current in this region is high and that the ther-
mal conductivity of Au,Ge;_, is lower with respect to Au.
However, the simulation shows that a temperature drop
along the Au,Ge;_, thin film can be developed between
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contacts ¢ and d. Temperature profiles taken in the longi-
tudinal direction of the device at the center of the thin-film
alloy by varying kauge from 1 to 150 W/m K are plotted
in Fig. 3(b). The positions of the contact probes are indi-
cated by the vertical dark yellow bars in the figure. Varying
kauge mostly affects the maximum temperature reached in
the region between contacts @ and b. The average tempera-
ture rise between contacts ¢ and d when a voltage, Vi, 1S
applied between contacts a and b, is not greatly affected by
the value of kayce [see the inset to Fig. 3(b)]. This indicates
that the heat flow should be dominated by the substrate,
which has the highest heat conductance in the system since
it is 3 orders of magnitude thicker than the other compo-
nents of the device. From the simulation, we can conclude
that the temperature gradient between contacts ¢ and d can
be considered at a first approximation as a linear function
of'the distance, regardless of the value of kayuge. Qualitative
knowledge of the expected temperature profile as a func-
tion of the distance between contacts ¢ and d allows us
to extract the real temperature gradient developed in this
region, as will be explained in the next section.

In order to extract the real temperature in the different
parts of the thin-film alloy, calibration curves are realized
consisting in the measurement of the resistances between
the different electrical contacts, R,;, Rp., and R.4, as a
function of the temperature of the environment. The resis-
tances are measured using the standard ac technique, by
applying an ac voltage of low amplitude at low frequency
(Vae = 1mV, f >~ 17Hz) and by measuring the result-
ing ac current using a low-noise current-voltage amplifier.
With the help of these calibrations, we can extract the aver-
age temperature rise between any pair of contacts when a
dc voltage is applied between any other pair. The thermo-
electric scheme measurement of Fig. 1(a) is thus adopted:
while heating the Au,Ge,_, alloy between contacts a and
b, the thermoelectric voltage between contacts ¢ and d is
simultaneously measured.

III. RESULTS AND DISCUSSION

Until now, the thermoelectric power of the Au,Ge;_,
thin film has only been studied at high temperature (7 >
400 K) for different Au concentrations as a function of a
thermal annealing treatment, inducing a transition from
an amorphous to a recrystallized phase of the thin films
[35]. Thermopowers as large as approximately 45 mV/K
have been reported for a low Au concentration (5%) in
such a temperature range even though large fluctuations
are still present. A detailed characterization close to the
MIT and in a lower temperature range more appropriate for
studying thermoelectricity of molecular layers is therefore
lacking.

We discuss here the electrical and thermoelectric char-
acterizations of the AujgsGeggs alloy close to the MIT.
We first realize calibration curves of the different segments

of the thin-film alloy over a wide temperature range,
as described in the previous section. A typical calibra-
tion curve is shown in the inset of Fig. 4(a), where the
resistance of the ab segment, R, is measured in the tem-
perature range 3.7-260 K. As expected close to the metal-
insulator transition of the alloy, R, increases when the
temperature is lowered, leading to the realization of a good
temperature sensor, particularly in the low-temperature
regime.

At the base temperature of the cryostat (3.7 K), no ther-
moelectric voltage is detected above the noise level of
our experimental setup. The measurements are thus real-
ized at higher temperature, T,y = 150 K and T,y = 200
K, where a measurable signal is observed even if, in this
temperature range, the sensitivity of the Au;9s5Gegos sen-
sor is reduced. Figures 4(a) and 4(c) show the calibration
curves of the thermoelectric source of the Aujgs5Geggs
thin-film alloy, corresponding to the resistance of the cd
segment, R 4, in the temperature ranges 150-185 K [Fig.
4(a)] and 200260 K [Fig. 4(c)]. In the two explored tem-
perature ranges, the R.; variation allows us to monitor the
temperature with a resolution of 3.7 /K and 2.5 /K,
respectively. A linear fit of the calibration curves (the
solid red lines) shows a temperature dependence of the
form R.; = Ry(1 + «T), where « is a negative temperature
coefficient. We find Ry = 1806 £3 Q and o = —2.03 x
10°+1 x107°K™! at T, = 150K [Fig. 4(a)] and
Ry=1583+5Qande = —1.58 x 1073 +£2 x 10 K!
at Teny = 200K [Fig. 4(b)], respectively. The calibration
curves allow the power dissipated by an applied dc voltage
in the ab segment, Vj,t, to be converted in the temperature
gradient along the cd segment as explained in what fol-
lows. Based on the finite-element simulation shown above,
we assume in a first approximation that the temperature
gradient between contacts ¢ and d has a linear dependence
on the distance x: T(x) = T, — (T, — T7)x/d.q. A straight-
forward calculation shows that AT.;, = T.— T; can be
expressed as a function of the applied voltage Ve as
follows:

2 AR( Vheat)

ATcd(Vheat) = oR
0

(M

where AR(Vheat) = Rea(Vheat) — Rea(Vheat = 0), in which
R.a(Vheat) 18 the resistance between contacts ¢ and d when
a dc voltage Vyeqe 1 applied between contacts @ and b. The
parameters « and R, are extracted from the fit of the cali-
bration curves shown in Figs. 4(a) and 4(c). The insets of
Figs. 4(b) and 4(d) show AT, as a function of Ve, in the
range —2V < Vyear < 2V for a temperature of the envi-
ronment of Ty, = 150K and T,y = 200K, respectively.
As expected, the curves show a paraboliclike behavior
verified by the fitting given by the solid red curves.

The central result of the paper is represented in the
main panel of Figs. 4(b) and 4(d), where the thermoelectric
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(a) The temperature dependence of the resistance of the cd segment, R.4, of the Auj9s5Geggs thin-film alloy in the range

150—185 K. Inset: the resistance of the ab segment, R, measured in the temperature range 3.7-260 K. (b) The thermoelectric voltage
measured on the cd segment of the Au,9 5Gegg s thin-film alloy heated following a nonlocal scheme at a temperature of the environment
of Teny = 150K. Inset: the temperature increase AT.; between contacts ¢ and d when applying a dc voltage Ve, between contacts
a and b. (c) The temperature dependence of the resistance of the cd segment, R 4, of the Aujgs5Gegs thin-film alloy in the range
200260 K. (d) The thermoelectric voltage measured on the cd segment of the Au;g 5Gegg s thin-film alloy heated following a nonlocal
scheme at a temperature of the environment of 7,,, = 200 K. Inset: the temperature increase AT.; between contacts ¢ and d when
applying a dc voltage Ve between contacts a and b. In all of the figures, the black dots are the experimental data and the solid red

lines are fitting curves.

voltage V,, measured on the cd segment of the Au;g 5Geg 5
thin-film alloy is plotted as a function of AT,,. The exper-
imental points follow a linear behavior for AT,; in the
0-30K. Note that the experimental data correspond to
measurements taken with both signs of the polarization
voltage. This proves that the sign of the thermoelectric sig-
nal is independent of the direction of the current between
contacts a and b, since the same signal is measured when
current flows from contact a to contact » and from con-
tact b to contact a. Following the schematic representation
of Fig. 1(a), the measured Seebeck coefficient, S,,, defined
as Sy = —[(V1 — V) /(T3 — T4)] = —AV16/AT34, can be
evaluated from the slope of the linear trend of the exper-
imental data. Note that we measure experimentally the
potential difference V,, = Vs — V1, which has the opposite
direction with respect to the temperature gradient, defined
by ATCd = Tc — Td = T3 — T4 = AT34. This 1mp11es that
according to the notation and to the adopted measure-
ment conventions, the extracted Seebeck coefficient, S, is
indeed a positive quantity. We find particularly low values
of S,,, of the order of S,, ~ 0.069 £ 0.006 uV/K at Tepy =
150K and S, ~ 0.222 + 0.005 uV/K at T,y = 200K. To

correctly interpret the measured thermopower values, we
consider the effect of thermal gradients developed on the
different parts of the device, including the connection lines
to the instruments, inducing additional thermoelectric con-
tributions. Following the schematic representation shown
in Fig. 1(a), the contributions of all the different parts of
the device can be written as follows:

Vo = Vi = —Swire(T2 — T),
Vs = V2 = =Sniau(T5 — T2),
Vi — V3 = —=Sauce(Ty — T3),
Vs — V4= —Sniau(Ts — Tu),
Ve — Vs = —Swire(Ts — T5),

where Sauce 18 the Seebeck coefficient of the Auyg 5Gegp s
thin-film alloy, Syire 1 the Seebeck coefficient of the con-
nection lines in the cryostat, Sxi/au is the Seebeck coeffi-
cient of the Ni/Au thin-film contact probes, and V; and 7;
(with i = 1, 6) are the voltage and the temperature at each
point indicated in the inset of Fig. 1(a).

014050-6



SEEBECK COEFFICIENT OF Au,Ge;_, THIN FILMS CLOSE...

PHYS. REV. APPLIED 11, 014050 (2019)

By adding the five equations and by taking into account
that T} = Tg = T with T the room temperature, 7, =
Ty = Ts = Teyy with Ty, the temperature of the surround-
ing environment (7., = 150 K and 200 K for the two mea-
surements), 75 — Ty =T, — Ty = AT.4, and Vg — V| =
V.., we obtain

Vin = SmATcd = _(SNi/Au - SAuGe)ATcd' (2)

Note that we are also considering connection lines with
identical absolute thermoelectric powers.

From Eq. (2), the Seebeck coefficient of the Au;g 5Geg s
thin film is given by

SauGe = Si + Sni/Au- (3)

The measured S, is actually the relative Seebeck coeffi-
cient, including the contribution of the Au;95Gegos alloy
and of the Ni/Au thin films used to realize the electri-
cal probes on the alloy. Note that the long annealing step
that ends the fabrication procedure is likely to induce Ni
impurities in the Au contact probes. It has been shown
that Fe magnetic impurities [36] or induced vacancies [37]
can change the thermopower of Au, particularly at low
temperatures (in the 1-100 K range), where its value can
be inverted in sign while remaining at a few wlV/K in
amplitude. On the contrary the high-temperature behav-
ior (in the >100K range) is only poorly affected. Given
the temperature values at which we perform our measure-
ments, we consider that our results should not be affected
by the presence of magnetic impurities in the gold con-
tacts. Anyway, even if such a contribution plays a role,
it should not completely modify our conclusions. We can
also make a rough estimation of the Si/au contribution,
by neglecting Ni diffusion in Au and by considering the
Ni-Au contact as a simple bilayer structure. The Seebeck
coefficient of the bilayer consisting of a 300-nm-thick Au
layer on top of a 10-nm-thick Ni layer can be expressed in
this case as Snijau = Sau + SNi(0au/ oni) (@ni/dau), Where
Sni 1s the Ni Seebeck coefficient, Sa, is the Au Seebeck
coefficient, p; and d; (i = Au, Ni) are the resistivity and
thickness of the two layers. The difference in resistivity
and thickness of the Ni and Au layers implies a contri-
bution of Sx; at 0.8% of the total value of Sni/au. The
value of Sy; for the bulk case at room temperature is of
the order of approximately —20 puV/K [38—40], and it
reduces to approximately —8.4 ©uV/K and approximately
—11 wV/K at T=150K and 7 = 200K, respectively
[41,42]. As a consequence, the correction to the value of
Sni/au due to Sy; becomes of the order of —0.07 ©V/K and
—0.09 uV/K at T= 150K and 7T = 200 K, respectively.
Note that this represents an overestimation, the Seebeck
coefficient being expected to decrease in the thin-film limit
with respect to the bulk case. By following Ref. [43],
where the authors use equivalent fabrication techniques,

the contribution of Sa, to Sni/au can be considered equal
to ~1.02 uV/K at T,y = 150K and to ~ 1.34 uV/K at
200K [44,45]. By taking these corrections into account,
we calculate that Sni/ay = 0.95 uV/K at T'= 150K and
Snijaw = 1.25 pV/K at T'= 200 K. Within these assump-
tions, we can estimate, for the Au;95Gegg 5 thin-film alloy,
a Seebeck coefficient Sayge equal to 1.02 uV/K at Tepy =
150K and to 1.47 uV/K at T,y = 200 K.

Independent of the correct estimation of the contri-
bution of the Ni-Au contacts, our experimental findings
support the idea that 19.5% of the Au in the Au,Ge;_,
thin-film alloy induces thermoelectric properties that are
comparable to that of simple Au.

It is known that intrinsic Ge has a high thermoelec-
tric power, in the range of 100 uV — 1mV [46], the
absolute value of which can be reduced by doping (n
or p type) [46]. A net reduction of the absolute value
of the Seebeck coefficient has already been measured
in other systems showing a MIT, close to the transition
conditions, such as VO, single crystals [47,48] and thin
films [49,50] and CuCr,_,Fe,S, and Cu;_,Fe,CrS; pow-
ders [51]. In general, the thermopower is expected to
vary significantly in such systems due to the changes in
the electronic structure of the material across the MIT.
One possible reason for the reduction in § is the for-
mation of separate metallic and semiconducting domains
inside the alloy and the way in which such domains
become connected. Given the composition and the struc-
tural characterization of the Au;95Gegg s alloy that we are
studying, we can expect the formation of small metallic
domains distributed in a matrix of larger semiconduct-
ing ones. The size and distribution of such domains are
uncontrolled parameters and, depending on the particular
configuration, they can be connected in series or parallel.
The total absolute value of S is a complicated function
in multiphase materials: it can be approximated by the
sum of the different domain contributions weighted by
their effective volume fraction and conductivity. Follow-
ing Katase et al. [50], in a series connection scheme, |S]
can be expressed by |S| = x|S|y + (1 — x)|S|;, where x
is the volume fraction of metallic-on-insulating domains
and |[S|y) is the absolute thermopower of the metal-
lic (insulating) domains, while in a parallel connection
scheme the expression of the absolute thermopower reads
IS| = [xou|Slar + (1 — x)o7|S1/1/[xom + (1 — x)o;], where
o (I) is the conductivity of the metallic (insulating) com-
ponent. A substantial |S| reduction is expected particu-
larly in the presence of metallic percolation paths in the
whole structure, promoting a parallel connection between
domains of different nature. In such a configuration, while
the total conductivity o depends on the complete com-
position of the thin-film alloy, S is more sensitive to the
metallic phase present in the alloy than to the insulating
phase. This scheme, already proposed for VO, thin films
[49,50], is particularly well suited in our case, where the

014050-7



C. SALHANI et al.

PHYS. REV. APPLIED 11, 014050 (2019)

multilayer fabrication procedure of the Au,Ge;_, thin-film
alloy could highly promote the presence of percolation
paths.

Our findings demonstrate that the realized Au;g5Gegg s
thin-film alloy presents thermoelectric properties similar
to those of gold, with a low Seebeck coefficient, while
retaining the characteristics of a good thermal sensor, mak-
ing it very suitable for thermoelectric applications at the
nanoscale. In particular, as mentioned at the beginning
of this section, in the low-temperature limit the thin-film
alloy shows no measurable thermoelectric signal and we
find very low thermoelectric contributions in a higher
temperature range, 150—200 K. This experimental obser-
vation, coupled to the measured temperature behavior of
the resistivity, shows that the film has the right properties
(a high-resistance temperature coefficient and a low See-
beck coefficient) to find application as a thermosensor for
temperatures ranging from approximately a few kelvins to
200 K.

Here, we emphasize that in order to be used in molec-
ular junctions, the Au,Ge;_, alloy must fulfill another
requirement: contacting molecular layers without form-
ing short circuits. To achieve this, we have realized
cross-bar molecular junctions by direct evaporation of
an Au,Ge|_, thin-film alloy on large-area molecular lay-
ers using three different molecules, namely bisthienylben-
zene (BTB), nitrobenzene (NB), and anthraquinone (AQ).
Their aromatic nature allows to graft them onto a metal-
lic surface following the approach of electroreduction of
diazonium salt. The molecular layers, with a 5-10 nm
thickness, are grafted onto a 20 pum-width, 10 mm-long,
50 nm thick Au film following the method detailed in Refs.
[18], [19], and [52]. We then evaporate the Au,Ge;_,
thin-film alloy directly on the molecular layer through an
optical-lithography-defined mask. The realization of the
alloy follows exactly the procedure described in Sec. II,

where the low evaporation rates and the relatively low tem-
perature used to promote the diffusion process of Au in Ge
are particularly well suited for the presence of a molecular
layer. By contacting the Au,Ge;_, alloy with two Ni-Au
electrodes, we finally end up with a large-area molecular
junction with a vertical configuration, where the molecular
layer is embedded between an Au contact and an Au,Ge|_,
contact.

Figures 5(a)-5(c) show the measured current-voltage
(I-V) characteristics of the junctions realized with the dif-
ferent molecules BTB (red dots), NB (blue dots), and
AQ (green dots). The /-V curves are measured by stan-
dard dc techniques by applying a fixed voltage on one
of the junction electrodes, while measuring the current
passing through a current-voltage amplifier. The three /-V
curves, measured at 7= 2K, display the typical nonlin-
ear behavior observed in molecular junctions [18,52—56].
The voltage range and maximum measured currents vary
among the junctions due to the different nature of the
molecular layer and to slight variation of the thickness of
the molecular layer. The insets of Figs. 5(a)-5(c) show
the log-log plots of the temperature dependence of the
Au,Ge)_, top electrode resistance in the temperature range
2K < T < 200K for the different molecular layers (same
color code): the alloy atomic composition is also indicated.
In all cases, the resistance behavior demonstrates a high
sensitivity over the whole explored temperature range.
Note also that, as shown in Fig. 2(b), despite slight vari-
ations in the alloy composition, the resistance of the top
contact electrode remains strongly temperature dependent.

All of these results constitute a first step toward the mea-
surement of the thermoelectric properties of large-area thin
molecular layers. The realization of thermoelectric mea-
surements across a molecular layer requires the ability to
create a controlled temperature gradient across the layer,
to measure such a gradient simultaneously, and to be sure

(a) (b) (c)
0.1 [ J— -
Au,, ,Ge
5 ~10 21.49€7856 | NB N il=
@
1 J 0.0} 2t
= 0 Yrw J z 2o 1 10 100
<< [ 3 T(K)
c o AuyGegg 2
= ./ -0t T2
[} ’d
& BTB s
i
-5te . 1 s
. [ 100
i : : ' : : —02l% - ‘ o, -6 ‘ ‘ : : :
-3 -2 - 0 1 2 3 “ 10 -05 00 05 10 03 -02 -01 00 01 02 03
V(V) V(V) V(V)
FIG. 5. The current-voltage (/-V) characteristics at 7= 2 K of junctions including a molecular layer, namely BTB (a), NB (b), and

AQ (c), and having an Au,Ge;_, electrode. All /-V curves show the typical nonlinear behavior of molecular junctions. Insets: the
temperature dependence of the resistance of the top electrodes realized with an Au,Ge,_, thin-film alloy of each large-area molecular

junction.
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that the electrodes do not dominate the thermoelectric sig-
nal. Here, we demonstrate not only that the Au,Ge;_, alloy
is a suitable material for heating and temperature sens-
ing, but also that due to its low Seebeck coefficient, it can
be employed at the nanoscale without introducing spuri-
ous dominating thermoelectric signals. In any event, an
accurate measurement of the temperature gradient across
a molecular junction is still lacking. In particular, further
implementations of additional local electrodes for tem-
perature sensing at the top and bottom contacts of the
junctions are required. These points are the focus of our
current work.

IV. CONCLUSION

By using a nonlocal heating configuration scheme, we
realize the thermoelectric characterization of Au,Ge;_,
thin-film alloys, close to the metal-insulator transition.
Based on finite-element simulations and by taking all
spurious thermoelectric effects into account, we reveal a
Seebeck coefficient of the thin-film alloy with x = 19.5%
very close to that of Au thin films. Simultaneously, we
observe good electrical properties of the thin-film alloy,
allowing it to be used as a high-resolution thermometer.
Finally, we demonstrate the possibility of integrating such
an element as the top electrode of a large-area vertical
molecular junction, embedding thin (5—10 nm) molecular
layers.

The performed detailed characterization suggests that
Au,Ge)_, thin-film alloys close to the metal-insulator tran-
sition allow the simultaneous realization of a local heater
and thermometer, suggesting possible engineering solu-
tions for thermoelectric applications at the nanoscale, such
as the study of the thermoelectric properties of nanometric
organic layers.
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