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ABSTRACT: In this work we have developed novel experimental platforms to understand the
structure property relationship of molecular junctions. Specifically, we sought to investigate the
feasibility of creation of organic-based thermoelectric energy conversion. Towards this goal, we
first developed a picowatt-resolution calorimeter that is critical for characterizing thermal
transport through molecular junctions (Sadat ef al., Appl. Phys. Lett., 2011). Subsequently, we
developed a novel thermal imaging tool for probing temperature fields with nanoscale resolution
(Kim et al., ACS Nano, 2012). Finally, we used the novel scanning thermal imaging techniques
(Jeong et al., In Review, ACS Nano) to both understand Joule heating in nanoscale
interconnects and to establish temperature differentials across nanoscale gaps. These three
terminal devices were created to tune the electronic structure of molecular junctions while
probing their thermoelectric properties. We have recently used these devices to tune
thermoelectric effects in molecular junctions and preparing these interesting results for review
and publication (To be submitted to Nature Nanotechnology).

Key Words: Thermoelectrics, Nanofabrication, Organic Molecules.



The goal of this project was to understand the thermoelectric properties of molecular junctions.
Specifically, we sought to understand the relationship between thermoelectric properties and the
electronic structure of molecular junctions with the goal of creating efficient organic based
thermoelectric materials. To accomplish this goal we adopted a multipronged approach. First, we
sought to develop the capabilities to perform three terminal thermoelectric measurements of
molecular junctions by fabricating a molecular field effect transistor with a gate electrode that is
in close proximity (a few nanometers) of the molecule. In order to accomplish these
measurements it was necessary to establish temperature differentials of ~1 K across metal
electrodes separated by ~1 nanometer. Towards this goal we extensively leveraged our
nanofabrication capabilities and developed novel thermometry and calorimetric tools developed
by us recently. In this report we first describe the novel scanning probe techniques developed as
part of this project and provide details of the techniques used in fabricating the probes.
Subsequently, we will describe the novel three terminal devices required for the measurements
and also elaborate on how we fabricated the devices and characterized the temperature
differentials in them. We also present unpublished results that show how we have leveraged
these nanoscale devices to elucidate the relationship between electronic structure and
thermoelectric properties of molecular junctions as well as to understand the role of Joule heating
in the electromigration of devices. Finally, we also present details of the picowatt resolution
calorimeter developed by us which is critical for extending the current studies into the thermal
domain.

1. Ultra-high vacuum Scanning Thermal Microscopy

Probing temperature fields with nanoscale resolution S

is critical for accomplishing the goals of this project. 95— Ve rom T pnctn
Although impressive progress had been achieved in
scanning thermal microscopy (SThM) [1-7], obtaining
quantitative information regarding thermal fields using :
SThM has remained elusive. Further, achieving high ~10 o Contact ——
spatial resolutions of ~10 nm or lower had not been =y

possible despite the need for such resolution in e perature field
detailed thermal studies on nano-scale devices. These
apparent limitations of SThM were due to operation in
ambient conditions where local measurement of
temperature fields is impeded by parasitic heat transfer
between the tip and the sample via conduction through
both air and the liquid meniscus that exists at the tip-
sample interface[8]. Further, the spatial resolution of
SThM in the ambient was limited to ~50 nm due to the
large tip-sample contact size (~50 nm) that arises from
the liquid film existing at the tip-sample interface[8].

Figure 1: (a) Schematic view of the
As part of this project we have recently developed an gc“””"_”g ’hl” ”t’“l microscope (SThM). (b}

_hi _ . canning elecitron microscope images o,
ul‘Fra high vacuum (UHV)‘based scanning thermal the STRM probe with an integrated Au-Cr
microscope (SThM) technique that overcomes all | o pocoupie. (Kim et al, ACS Nano,
these challenges.[9] In this technique (Figure 1), a | 2012

custom fabricated atomic force microscope (AFM)




cantilever with a nanoscale Au-Cr thermocouple
integrated into the tip of the probe is used to measure
temperature fields of surfaces. Operation in an UHV
environment eliminates parasitic heat transport
between the tip and the sample enabling quantitative
measurement of temperature fields on metal and
dielectric surfaces with nanoscale resolution.

The capabilities of UHV-SThM can be seen from the
thermal image (Figure 2) of a 200 nm wide and 50 nm
thick Platinum (Pt) line, which was heated by passing a
small electrical current. The thermal image (Figure 2b)
corresponds to a region where the 200 nm wide Pt line
(through which an electrical current is flowing) is
connected to a 1 pm wide Pt line (probe lead through
which no electrical current is passing, see Figure 2a).
As can be seen from the figure, the temperature decays
rapidly along the 1um wide line as the Pt line acts as a
fin. This clearly demonstrates that thermal fields can be
imaged with nanoscale resolution using the UHV-
SThM technique. More detailed studies[9], performed £igure 2: (@) SEM image of a 200 nm wide
by us, unambiguously demonstrate that UHV-SThM is Pt line. (b) shows a thermal image in a 2.5
Lo X um x 2.5 um region where the 200 nm wide
capable of quantitatively mapping temperature fields ', . . ..c o top of a 1 um wide Pt line.
with ~15 mK temperature resolution and ~10 nm iy o1 al, ACS Nano, 2012)
spatial resolution. ,

Fabrication of SThM Probes: The steps involved in the fabrication of the scanning thermal
microscopy (SThM) probes are shown in Fig. 3 and are as follows: (Stepl) The fabrication
process of SThM probe starts by lithographically making a 1.6 um deep groove on a double side
polished silicon (Si) wafer by a plasma etch. We note that this groove increases the stiffness of
probe cantilever and prevents large deflections of the cantilever due to laser heating in ultra high
vacuum (UHV) conditions: such deflections are expected due to differences in the thermal
expansion coefficients of the materials of which the cantilever is made (more details of the effect
of differential thermal expansion are provided later in the SI). Subsequently, 500 nm thick low-
stress low pressure chemical vapor deposition (LPCVD) silicon nitride (SiNy) is deposited on
both sides of the wafer. Then, the back side of the wafer is lithographically patterned by plasma
etching to facilitate the cantilever release process in the final step of the fabrication. (Step 2) 8
um thick low temperature silicon oxide (LTO) is deposited on both sides of the wafer and is
annealed at 1000°C for 1 hour in order to reduce the residual stress of low-stress nitride and LTO
layers: this LTO layer will eventually be patterned to create the probe tip. Subsequently, a Cr cap
(150 nm thick) is lithographically patterned by Cr etching and is designed to facilitate the etching
of LTO to create the probe tip. (Step 3) The LTO probe tip is fabricated by buffered HF (HF :
NH4F = 1:5) etching, which takes ~100 minutes. In order to obtain a sharp tip the etching status
of the tip is monitored, at 10 minute intervals, by using an optical microscope. (Step 4) After
fabrication of a sharp LTO tip, a gold (Au) line (Cr/Au: 5/90 nm) is lithographically defined by
sputtering and Au etching. This Au line is the first metal layer of the SThM probe. (Step 5) The
insulating layer between two metal lines is created by depositing 70 nm of SiNyx on the probe by



plasma enhanced chemical vapor deposition (PECVD). (Step 6) In order to create a nanoscale
thermocouple junction on the apex of the probe tip, a 6 um thick Shipley Microposit S1827
photoresist is deposited on the probe. The photoresist and PECVD SiNy is slowly plasma etched
until a very small portion of the Au layer is extruded. (Step 7) A Chromium (Cr) line (Cr: 90 nm)
is lithographically defined by sputtering and Cr etching. This Cr line is the second metal layer of
the SThM probe, and is deposited to create a nanoscale Au-Cr thermocouple junction at the end
of the probe tip. (Step 8) Finally, the SThM probe is released by KOH etching.

Si = Cr = PECVD SiN,
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Figure 3. (a) The fabrication process of scanning thermal microscopy (SThM) probe: (Step 1) groove
fabrication, LPCVD SiN, deposition, backside patterning, (Step 2) LTO deposition, Cr cap patterning for
probe tip etching, (Step 3) LTO tip fabrication, (Step 4) Au line definition, (Step 5) PECVD SiN, deposition as
the insulating layer between two metal lines, (Step 6) thermocouple junction creation, (Step 7) Cr line
definition, and (Step 8) releasing of probe cantilever. (b) The SEM pictures show a fabricated SThM probe
that has a Au-Cr thermocouple whose spatial dimensions are ~100nm

2. Creation of Three Terminal Devices and Characterization of Temperature Differentials
A new approach is required to study the relation between electronic structure and thermoelectric
properties of MJs because none of the existing techniques are capable of performing these
difficult measurements. In order to accomplish this task, we developed a novel technique that
involves the creation of an electromigrated break junction device with an integrated heater
(EBJIH). The details of this approach are presented next.

Description of Three Terminal Devices: The devices that we fabricated in this project are
conceptually simple. Here, we first provide a general overview of the EBJIH device and
subsequently describe the devices that we have actually fabricated. The EBJIH device consists of
a metal nanowire that is in contact with two large contact pads (Fig. 4): this metal nanowire is
used to create a molecular junction (MJ) by employing an electromigration procedure described
elsewhere. Further, an aluminum (Al) gate electrode covered with a thin layer of aluminum oxide
(Al,03) is also located below the metal nanowire as shown in Fig. 4. This gate electrode can be
used to tune the electronic structure of MJs. In addition to these features, an electrical heater is



also integrated into the device and is located in close proximity to the region where a nanometer-
sized gap will be created to trap a single molecule (Fig. 4). A temperature differential of
approximately a few Kelvin can be created across the nanometer-sized MJ by supplying an
electrical current through the heater (a sinusoidal current can also be supplied to cause an
oscillation in the temperature differential across the MJ). While the existence of such large
temperature differentials across a nanometer-sized gap may seem surprising, a careful
computational analysis of the temperature field in the device strongly supports this claim and is
validated by our experiments (discussed later). The thermoelectric voltage differential across the
molecular junction for known temperature differentials can be measured directly while applying

15nm Al,O4
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Figure 4: Detailed schematic of the electromigrated junction with integrated heater (EBJIH) device. As can be
seen from the figure a heater is located in close proximity (~0.7 Um) to the nanometer-sized gap where the
molecule is trapped. An electric current passing through the heater (DC or sinusoidal (@) results in a
temperature differential (DC or at 2®), due to Joule heating, across the MJ. An aluminum gate-electrode coated

with aluminum oxide is located beneath the nanometer sized gap and enables the tuning of the electronic
structure of the MJ (Note: figure not drawn to scale and proportion)

a gate voltage to study the effect of electronic structure of a MJ on its thermoelectric properties.

Thermal Modeling (Unpublished Results): The proposed device (Fig. 4) consists of a metallic
(gold) nanowire that is ~15 nm thick is connected to two large contact pads as shown in the
figure. The Au nanowire is located above an Al gate electrode that is coated with ~15 nm thick
aluminum oxide layer (this thickness is larger than that used in the EBJ devices described in an
earlier section, the reason for this increased thickness is explained in detail later). An Aluminum
heater line that is ~10 nm thick and ~0.6 pm wide is located under the left contact pad and is
electrically isolated from the left contact pad by an ~15 nm thick aluminum oxide layer. A MJ,
where a single molecule is trapped in a nanometer sized gap in the metal nanowire, can be
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Figure 5: The temperature field of the
microfabricated device when a current of ~6
mA is passed through the heater (a) isometric
view, (b) top view. (c) A plot of the temperature
profile along the dotted line (in figure b) is
shown. A temperature differential of ~4.5 K is
seen at the nano-gap. This is ~25% of the total
AT (~18 K).

created by following the electromigration procedure
described in the previous section. If a DC electric
current (@ = 0) is supplied through the heater line, as
shown in Fig. 9, it would cause an increase in the
temperature of the heater line and lead to a thermal
gradient along the metal nanowire: the region in the
left electrode immediately above the heater line
would be at a higher temperature, 7+AT, whereas the
right electrode which is far away from the heater will
be at a lower temperature 7. An important question
in this context is: what fraction of the temperature
differential (AT) drops across the nanoscale gap? In
order to answer this question, we calculated the
temperature field in the device, for a range of
electrical currents, using a commercially available
finite element software (COMSOL) (Note: In these
calculations, care was taken to account for the
reduction in the thermal conductivity of thin films
due to the increased boundary scattering of electrons
and phonons). The result for one representative
choice of current (~6 mA) is shown in Fig. 5.

These modeling results unambiguously show that
~25 % of the applied temperature differential, AT,
drops across the nanometer-sized junction (Fig. 5c¢).
This temperature differential arises due to a large
mismatch in the thermal conductivities of gold (~150
W/m-K [10]) and aluminum oxide (<1 W/m-K
[11]) thin films. This large mismatch suggests that a
large temperature differential could arise across the
nanometer-sized gap as heat has to flow from the left
electrode to the right electrode through the oxide
layer, which has a low thermal conductivity. In fact,
the thickness of the Al,Os; layer is purposefully
chosen to be thicker ~15 nm as opposed to ~5 nm
thickness used in previous EBJs[12] as this increases

the thermal isolation across the nanometer-sized gap. In this qualitative argument, the flow of
heat through the molecule bridging the two electrodes is neglected as the thermal resistance of a
molecule is expected to be extremely large (~10"" K/W)[13-16]. The above discussion strongly
suggests that it is indeed possible to establish temperature differentials across a MJ that is created
using an EBJ technique. Later, we will describe how these temperature differentials are
characterized experimentally and confirm that they are indeed in reasonable correspondence with

computational predictions.
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Figure 6: (a & b) Scanning electron micrograph
images of the nanofabricated EBJIH devices.
False coloring used to highlight the gate and
heater electrodes. (c) SEM image of the
electromigrated device. [Unpublished Results]

Fabrication of the Proposed Device:
Fabrication of the proposed device is readily
possible using the resources available in the
nanofabrication facility at the University of
Michigan. In Fig. 6 we show scanning electron
micrograph (SEM) images of the fabricated
devices (a & b). The location of the gate and
heater electrodes is shown via a false coloring
scheme. We also show an SEM image of a
device that has been electromigrated to create a
nanoscale gap (Fig. 6¢).

Nanoscale Thermal Imaging to
Experimentally Determine the Temperature
Field: In order to experimentally characterize the
temperature fields in the EBJIH devices, we
employed the UHV-SThM technique that we
developed as part of this project. The measured
temperature  fields shown in Fig. 7
unambiguously show that a large temperature
differential exists in the nanoscale gap of the
device confirming the feasibility of establishing
temperature differential across nanoscale gaps.

Molecular Gating Measurements
(Unpublished Results): The EBJIH device,
described above is currently being employed by
us to tune electronic structure and probe the
thermoelectric properties of molecular junctions.
Our recent results indicate that it is indeed
possible to tune the thermoelectric properties of
molecular junctions. These results are currently
being analyzed and are being submitted for
review and  publication in  Nature
Nanotechnology.

Summary: We have now successfully fabricated
the devices necessary to probe thermoelectric
effect in molecular junctions. We have already
characterized temperature fields in these devices

and are now performing three terminal measurements of thermoelectric properties of molecular
junctions. We are currently analyzing the obtained results and performing additional experiments
to conclusively determine the relationship between the electronic structure and thermoelectric
properties. We are hoping to report these important results in a top scientific journal.



Hot Side (b) se0 E
; [ar—
’ = 400 - .
Z —o—i
— 300 p= I
Z 200 i
- o
= 100 -
= e
z i = ()
£ e
o -100 = o
2 ——
4 < =200 = e
Cold Side a e L 0
30.0kV 11.8mm x150k SE(U) S A 1 1 1 1 1 1 1 1 1

1.5 20 25 3.0 35 40 45 50 55

I'emperature difference (K)

Figure 7: (a & b) Measured temperatures along the nanowire of an EBJIH device. It can be seen that a
temperature differential of ~2.5 K exists across the nanoscale gap. [Unpublished Results]

3. Nanoscale Thermal Imaging to Understand Electromigration in Nanowires

Understanding heat dissipation (Joule heating) and transport in nanoscale devices is critical for
realizing novel nanoscale functional devices. In fact, Joule heating is widely expected to play an
important role in electromigration induced device failure: a process where atoms in a device are
displaced due to momentum transfer between charge carriers and the lattice. Electromigration in
devices is always accompanied by Joule heating, which accelerates the electromigration process
by affecting the mobility of atoms and is well known to limit the operating voltages and the
reliability of functional devices. To better understand the role of Joule heating on
electromigration several research groups have indirectly estimated the local temperature changes
during electromigration. However, a direct quantification of temperature fields during
electromigration—with nanoscale resolution—has remained elusive although such knowledge is
critical for both increasing the reliability of nanoscale devices and creating functional devices
that take advantage of electromigration.

In this work, we leveraged the advances in ultra-high vacuum scanning thermal microscopy
(UHV-SThM) accomplished in this project that enable quantitative nanoscale measurements of
temperature fields. Using this technique, we probed temperature fields in prototypical bow-tie
shaped gold (Au) devices (see Fig. 6). Our results unambiguously illustrate that electromigration
begins at temperatures significantly lower than the melting temperature of gold. Further, we
show that during electromigration voids predominantly accumulate at the cathode resulting in
both local hot spots and asymmetric temperature distributions. These results provide novel
insights into the microscopic details of hot spot evolution during electromigration and are
expected to guide the design of reliable nanoscale functional devices. These results have been
recently submitted for review and publication in ACS Nano.

4. Picowatt Resolution Calorimetry

As part of this project we have recently developed a new experimental technique that enables us
to perform heat flow calorimetry with <4 picowatt resolution. In order to accomplish this goal,
we microfabricated novel devices that feature a bimaterial cantilever temperature sensor



integrated into a micro-island that was suspended by thin and long beams to achieve a low
overall thermal conductance of ~600 nW/K. By placing the device in a high vacuum
environment and taking other precautions we successfully decoupled the device from ambient
acoustic and ambient vibrations. This level of isolation enabled us to successfully measure
modulated temperature changes, using the bimaterial cantilever, with ~6 pK resolution. Overall,
given the low thermal conductance and excellent temperature resolution, we were able to
measure heat flows with a resolution <4 pW (600 nW/K x 6 pK). We recently reported these
results in Applied Physics Letters[17].

(a) EL\N” X

I 50 pm |

Figure 8: (a) Schematic diagram of the picowatt calorimeter. A 4-probe heater/thermometer and a
bimaterial cantilever are integrated into the suspended region of the device. (b) Scanning electron
micrograph of the microfabricated calorimeter. The active area of the device is a 40x40 um’ region,
suspended by thin (2 um) and long (50 um) beams. A 200 um long bimaterial cantilever is integrated
with the suspended region.

Fabrication of Calorimeter: The Fabrication process starts by depositing low-stress LP-CVD
nitride on both sides of 500 um, p-type Si wafer (Fig. 9). Patterns of sensing, matching and
heater coils are transferred onto the photoresist by a combination of high-resolution lithography
and electron beam evaporation of 30 nm thick Pt film on the wafers, followed by the lift-off
process. All Pt coils are 0.8 um wide at the coil region and 1 pym wide on suspension beams.
Subsequently, two more lift-off process is used to deposit extra 100 nm of Au on current
carrying beams and 300 nm thick electrical leads to wire-bond pads. Next, suspension beam
pattern is transferred to nitride layer by patterning photoresist as a soft mask and plasma etching
of nitride film. All devices are released at the wafer level, by wet etching process using 40%
KOH solution in DI water. Eventually all devices were release using critical point drying
technique to prevent stiction between long suspension beams.

10
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Figure 9: (a) The fabrication process of the calorimeter with an integrated bimaterial cantilever temperature

sensor.
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