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This study addresses the influences of the topography of the bottom electrodes on the properties of the

thermoelectric effects across molecular wires made from self-assembled monolayers (SAMs) of

oligophenylenethiolates or alkanethiolates. We showed that the flatter the surface of the electrode, the

better would be the packing of molecules, resulting in the larger values of the Seebeck coefficient.

Surprisingly, the analysis of the power factor (PF) for both the SAMs of oligophenylenethiolates and

alkanethiolates suggested that an optimal roughness of bottom electrodes as well as molecular length

could be found for the highest values of PF rather than the flattest surfaces. Our results indicated that

the topography of the bottom electrodes plays a crucial role in SAM-based molecular thermoelectric

effects.
1. Introduction

Studying the thermoelectric effects in molecular junctions is an
effective strategy for understanding the mechanisms of transi-
tion between heat and electricity at the atomic/molecular level
and is a promising system for the future development of elec-
trical energy generators or cooling elements at the nanoscale.1–5

When applying a temperature difference (DT) between the two
electrodes of a molecular junction, a thermoelectric voltage
(DV), proportional to DT, occurs, with its corresponding rela-

tionship given by S ¼ �DV
DT

, where S is the Seebeck coefficient or

thermopower. Based on the Landauer's pioneering work,6 the
thermopower can be depicted by eqn (1).3

SðTÞ ¼ � 1

eT

ÐN
0

d3 sð3Þð3� mÞ
�
�vf

v3

�

ÐN
0

d3sð3Þ
�
�vf

v3

� (1)

sð3Þ ¼
X2

i¼1

4GiLGiR

ð3� 3iÞ2 þ ðGiL þ GiRÞ2
(2)

where s (3), as shown in eqn (2), is the transmission function of
electrons transferring from one electrode to another electrode,
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and f is the Fermi distribution. G1L and G2L and G1R and G2R

refer to the energy coupling of molecular frontier orbitals with
the le and right electrodes, respectively. 31 and 32 commonly
represent the highest occupied molecular orbital (HOMO) and
the lowest unoccupied molecular orbital (LUMO) separately.
Therefore, the thermopower of molecular junctions is strongly
associated with the coupling of the HOMO or LUMO with the
Fermi level (3F) of an electrode and is basically determined by
the essence of the molecule/metal interfaces, which, in turn,
depends on both the inter- and intra-molecular interactions,7

the tilt angles of the molecules,8 and the molecule/electrode
interactions.9–14

We note that the investigations on the thermopower of
molecular junctions have been mainly focused on the electronic
structures of molecules,5,15,16 while few groups have analyzed
how the physical property of an electrode in a molecular junc-
tion inuences the value of S. The surface roughness and
topography oen play dominant roles in the electronic struc-
tures of junctions composed of self-assembled monolayers
(SAMs). It has been shown that the charge transport through
SAMs depends on the surface topography of the electrodes and/
or the molecule/electrode interfaces,7,12–14,17–20 but it remains
unclear whether these factors inuence the thermoelectric
property of a molecular junction. We show that the values of S,
from junctions with SAMs of oligophenylenethiolates or alka-
nethiolates, could be tuned by over 5 times (maximum) by
varying the topography of the electrodes (from ∼3 Å atness to
a∼3 nm roughness). The atter the surface of the electrode, the
better the packing of molecules, resulting in a larger Seebeck
effect. On the other hand, the best power factor (PF= S2s; where
s refers to the electrical conductivity) of a SAM with a certain
chain length was generated at an optimal surface roughness,
This journal is © The Royal Society of Chemistry 2022
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rather than with the smoothest surface of the electrode. By
statistical analysis of more than 6000 traces over 1650molecular
junctions in total, we gained new insights into the relationship
among the four most important parameters of such junctions:
the roughness, the conductivity, the Seebeck coefficient, and
the power factor. Our results show that the surface roughness is
important and must be considered in the design of such junc-
tions. Overall, our ndings should help in the future design of
molecular thermoelectric junctions.

Oligophenylenethiolates (HS(Ph)n, n = 1, 2, 3), especially
HS(Ph)2, have been commonly employed as prototypes to study
the thermoelectric effect of molecular junctions incorporated
with different experimental techniques,21–23 ever since Datta
et al.24 put forward theoretically the notion that the thermo-
power of a single molecular (HS(Ph)1) junction can be detected.
Later, Majumdar et al.25 rst determined that the value of S of
HS(Ph)2 was 12.9 � 2.2 mV K−1 using a system with two gold-
electrode contacts via thermoelectric scanning tunneling
microscopy break junction (STM-BJ). Later still, by using ther-
moelectric atomic force microscopy (TH-AFM), Reddy et al.26

showed that the S of HS(Ph)2 was 13.6 � 2.2 mV K−1. However,
there have been other more diversely distributed values of S of
HS(Ph)2 reported by other groups: Segalman et al.27 utilized
STM-BJ to obtain the S of HS(Ph)2 as 10.8 � 0.6 mV K−1 or 38 mV
K−1 by nanocrystal arrays;28 while Tao et al.29 stated that the S of
HS(Ph)2 was 7.9 � 0.1 mV K−1; and Yoon et al.23 recently
measured the S of HS(Ph)2 as 9.8 � 0.2 mV K−1 in large-area
junctions. Therefore, it can be rmly concluded that there are
signicant distinctions in the value of S measured by different
groups or on testbeds with the same HS(Ph)2 but difference in
the geometry and topography of the gold-electrodes utilized. To
explain the underlying reasons for these differences, it is of
central importance to systematically analyze the inuences of
the electrode on the thermopower of molecular junctions so as
to gain deeper insights into the correlation between S and the
physical properties of the electrode, as well as the interfaces of
the molecule–electrode contacts. In addition, there are tech-
nical obstacles to be overcome for the direct determination of
molecular thermal conductance; for example, the need for an
ultrahigh-vacuum and noise-free lab.30,31 The power factor (PF)
is a key parameter that describes how much electricity can be
generated from a thermoelectric material under a certain
temperature difference between two electrodes, representing
the overall transportation performance of a material. Unlike the
Seebeck effect, not much research has yet been done on the PF
of molecular junctions. Among the scant research, Gauger
et al.32 theoretically analyzed the dependence between the PF, S,
and electrical conductance (G) of a fullerene-based conjugated
molecular junction and stated that, similar to the bulk ther-
moelectric materials, S decreased with increasing the G. Also,
while Yoon et al.33 and Lambert et al.34 experimentally
conrmed the dependence of the PF on the molecular struc-
tures, how the PF is related to electrodes still remains unknown.

In this work, we systematically investigated how the surface
roughness of the bottom electrode in the system impacts the
thermopower and power factor of SAMs. Different electrodes are
manufactured as bottom electrodes for supporting SAMs,
This journal is © The Royal Society of Chemistry 2022
including via two distinctive preparation methods: direct
evaporation (DE) and template stripping (TS), while the top
electrode is typically made from the liquid metal of gallium/
indium alloy (EGaIn). Atomic force microscopy (AFM) is
usually exploited to characterize the surface topography and the
corresponding root-mean-square (rms) roughness. To investi-
gate the molecule–electrode interactions, we employed two
typical classes of molecules: oligophenylenethiolates (HS(Ph)n,
n = 1, 2 and 3; rigid and conjugated molecular wire) and alka-
nethiolates (HSCm, m = 4, 6 and 8; exible and saturated
molecular wire with a similar molecular length to HS(Ph)1,
HS(Ph)2, and HS(Ph)3, respectively), which possess similar
electron-tunneling distances. The synthetic methods for these
are shown in the ESI,† Synthesis section (Fig. S1–S4†). By
measuring the thermopower and electrical conductance across
the SAMs of HS(Ph)n and HSCm formed on the bottom elec-
trodes with different rms roughnesses, we could analyze how
the topography of the bottom electrode impacted the molecular
interactions (p–p or van der Waals intermolecular interactions)
and the values of S and PF. The main object of this study was to
examine and ultimately comprehend the inuences of the
surface topography of the bottom electrodes, the molecular
packing, and the coupling of the molecule–electrode interfaces
on the thermoelectric effects of SAMs.

2. Results and discussion
Thermoelectric measurement conducted by the EGaIn
technique

Fig. 1a and b show schematic illustrations of the test platform
we used for performing our test experiments on molecular
thermoelectric junctions, using EGaIn as the top electrode. A
polyimide (PI) lm embedded with multiple heating resistors
was used to heat the bottom electrode, generating a tempera-
ture difference (DT = 0–8 K) across the junctions. Molecules
were assembled on gold (Au) bottom-electrodes and the conical
shaped tips of EGaIn were used to conformally contact the top-
surface of the SAMs eventually forming molecular thermoelec-
tric junctions. When the Au electrode was heated, the S of the
SAMs, according to the Seebeck effect, could be determined by
measuring the thermoelectric voltage (DV) across the junction
and deducing the relationship between DV and the Seebeck
coefficient. The analysis of the relationship between the
measured DV and S of the SAMs was similar to in Reddy's pio-
neering work,25,26 with the details provided in the ESI,† Elec-
trical and thermoelectrical measurements section (Fig. S5 and
S6†).

Typical thermoelectric-voltage traces of the AuTS-S(Ph)2//
Ga2O3/EGaIn junctions at different DT values are shown in
Fig. 1c, wherein, V1 refers to the initial voltage across a junction
without DT (where the magnitude of V1 originates from the
chemical potential difference at the SAM/electrode interface),
and the average of V1 (hV1i) and its standard deviation could be
obtained over a∼100 s test duration (rate of data acquisition: 10
data points of voltage per second) with Gaussian tting. Once
we heated the bottom electrode, DT occurred and the measured
voltage was positively shied, indicating charge transport was
J. Mater. Chem. A, 2022, 10, 23304–23313 | 23305

https://doi.org/10.1039/d2ta05642a


Fig. 1 Demonstration of the thermoelectric measurements conducted by the EGaIn technique. (a) Schematic diagram of the thermoelectric
testbed developedwith the EGaIn technique. (b) Schematic illustration of a SAM-based thermoelectric junction. (c) Thermoelectric voltage of the
AuTS-S(Ph)2//Ga2O3/EGaIn junctions at DT = 2.0 K (red), DT = 3.5 K (blue), and DT = 5.0 K (green). (d) Typical thermoelectric-voltage trace for
AuTS-S(Ph)2 (DT= 5 K). (e) Plot ofDV against the number of junctions from the SAMs of AuTS-S(Ph)2 at DT= 5.0 K. (f) Plot of the histograms of hDVi
(the mean value of DV) over 20 junctions with a Gaussian fitting.
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dominated by the HOMO, which was in accordance with the
ndings in other studies.22,25,26 When the junction reached
thermal equilibrium, the average value of V2 (hV2i) and its
standard deviation were calculated over a 200 s test time with
Gaussian tting. Then, the DV was obtained by using hV2i and
subtracting hV1i at a certain DT for each junction. Fig. 1c shows
that the measured values of the DV of the AuTS-S(Ph)2//Ga2O3/
EGaIn junction were enhanced as DT increased, veriably
demonstrating that our method is suitable for testing the
thermoelectric effects of molecular junctions with high
stability.
Acquisition and statistical analysis of the thermopower

In order to draw statistically robust results, we collected large
amounts of experimental data. Fig. 1d depicts a typical ther-
moelectric voltage trace for AuTS-S(Ph)2 (DT = 5.0 K). As
mentioned above, we carried out micro-voltage measurements
across 550 s in total for each molecular junction, and each
thermoelectric-voltage trace contained three stable sections: the
rst section, starting from 0 to 100 s, which contained ∼1000
data points of V1 (typically ranging from 10.00 mV to 30.00 mV);
the second section, starting from ∼150 s to ∼350 s, which
contained ∼2000 data points of V2; and the third section,
starting from the time when heating stopped till the voltage
dropped to a constant value close to V1 for another 100 s (from
450 s to 550 s). Fig. 1e shows DV measured for 20 junctions of
AuTS-S(Ph)2 at DT = 5.0 K. For each junction—for instance, the
junction #1 marked with the red ellipse in Fig. 1e–the black
23306 | J. Mater. Chem. A, 2022, 10, 23304–23313
empty square represents hV1i averaged from ∼1000 data points
of V1, and the blue solid square represents hV2i averaged from
∼2000 data points of V2. We recorded at least 20 junctions for
each SAM at each applied DT in order to generate a histogram of
DV that could be Gaussian tted to determine the mean value of
DV (hDVi), together with the corresponding standard deviation,
as shown in Fig. 1f. We rst calculated the values of hV1i, hV2i,
and hDVi for each junction and then plotted the histograms. It
should be noted that each histogram was generated by repro-
ducible junctions that contained at least 60 000 data points. Our
method is similar to Yoon's approach23 for measuring the
thermopower using an EGaIn electrode, but we acquired and
calculated DV (= hV2i − hV1i) as the thermoelectric voltage
rather than directly using hV2i, as in themethod from ref. 23. The
advantages of our method are summarized as follows: (i) the
variations of hV1i could come from the small uctuations of
room-temperature or different EGaIn SAMs contacts for each
junction, which would be largely ignored by only using the
values of hV2i to represent the thermoelectric voltage; (ii) the
standard deviations of DV were ∼10 times smaller than the data
from Yoon's approach in ref. 23; (iii) the measured results in our
work are highly reproducible with abundant thermoelectric
data (over 1 × 104 data points at certain applied DT) and
sensitive enough for taking into consideration subtle changes
in molecular junctions. In addition, we measured the thermo-
power of P-type and N-type commercial silicon wafers (100, from
Seiren KST Corp., Japan; see data in Fig. S7 and S8†) by the
described method, and calculated the averaged values of S as
309.3 � 7.8 and −286.3 � 26.3 mV K−1, respectively, which were
This journal is © The Royal Society of Chemistry 2022
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Table 1 Comparison of S (mV K−1) and log10jJj (A cm−2; at +0.1 V) of SAMs on different bottom-electrodes

Subject rms (nm) HS(Ph)1 HS(Ph)2 HS(Ph)3 HSC4 HSC6 HSC8 Bare Au

S (mV K−1) 0.37 3.5 � 0.1 6.2 � 0.3 8.2 � 0.2 7.7 � 0.2 5.6 � 0.2 4.8 � 0.2 2.1 � 0.1
1.30 2.9 � 0.1 3.6 � 0.2 5.0 � 0.4 5.8 � 0.2 5.2 � 0.3 3.2 � 0.2 2.0 � 0.1
2.20 1.6 � 0.4 1.8 � 0.1 3.7 � 0.1 3.9 � 0.1 3.6 � 0.3 2.8 � 0.3 2.0 � 0.1
3.20 0.9 � 0.1 1.1 � 0.1 2.9 � 0.3 3.4 � 0.4 2.9 � 0.6 1.2 � 0.1 2.0 � 0.1

log10jJj (A cm−2)
at +0.1 V

0.37 −0.20 � 0.21 −1.34 � 0.21 −2.71 � 0.14 −0.28 � 0.13 −1.05 � 0.16 −1.72 � 0.10 Shorta

1.30 0.11 � 0.14 −0.63 � 0.31 −2.20 � 0.12 0.24 � 0.10 −0.64 � 0.17 −1.33 � 0.21 Short
2.20 0.45 � 0.21 −0.27 � 0.18 −1.87 � 0.14 0.87 � 0.20 −0.27 � 0.12 −0.94 � 0.18 Short
3.20 0.84 � 0.31 −0.01 � 0.15 −1.76 � 0.13 1.03 � 0.20 −0.25 � 0.25 −0.74 � 0.20 Short

a Direct EGaIn/Au contacts generated extremely high currents above the current-range of our electrometer.
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in a good agreement with the published data,3 further demon-
strating that our method was suitable for obtaining the ther-
mopower of molecular junctions. In addition, the signicant
digits for the output voltage and the input temperature were
0.01 mV (Fig. S9†) and 0.1 K (Fig. S10†), respectively. The accu-
racy of the measurements and the error analyses for the
measured DV and DT are discussed in the ESI,† Electrical and
thermoelectrical measurements section. The uncertainty of the
related S for the SAMs ranged from 0.1 to 0.6 mV K−1, as listed in
Table 1.

Topography of the Au bottom-electrodes

Next, we fabricated Au bottom-electrodes with different topog-
raphies for studies of the junctions. We used a template-
stripping (TS) method to fabricate the AuTS with rms rough-
ness of 0.37 � 0.28 nm (Fig. 2a), and used a direct deposition
(DE) method with different metal deposition rates to fabricate
three AuDE surfaces with rms roughnesses of 1.30 � 1.00 nm
(Fig. 2b), 2.20 � 1.80 nm (Fig. 2c), and 3.20 � 2.50 nm (Fig. 2d),
respectively. Compared to the AuDE electrode, the surface of
AuTS had a larger grain size (several hundred nm2) and was the
smoothest surface we could obtain. We could fabricate more
rough surfaces with other fabrication methods, such as using
the polishing method, but the values of the rms roughness of
several tens nanometers from those surfaces largely exceeded
the dimensions of molecules that cannot form large numbers of
stable junctions for meaningful analysis. Therefore, we used the
AuDE surface with an rms roughness of 3.20 nm as the roughest
surface in this study.

As depicted in Fig. 2e, the SAMs of HS(Ph)2 anchored on
a grain of an ultraat template-stripped Au substrate could be
orderly packed into a near 2D crystal.35,36 In contrast, for the
SAMs on the rough bottom-electrode, the presence of defect
sites, like grain boundaries with a larger width and depth than
the molecular dimensions, deteriorated the packing of the
molecules and resulted in thin-area defects.12 In an ideal
picture, the interactions between molecules would be small
enough that molecules in the SAMs could be considered as
parallel-connected resistors, and this would make the values of
S from a single molecule and the SAMs be unied,26 but in
reality, this seems much more complicated. Fig. 2e schemati-
cally shows that the disrupted packing of SAMs by rough
substrates would make the simple picture of resistors in parallel
This journal is © The Royal Society of Chemistry 2022
not hold up and hence, this remains an interesting point to be
investigated.

Dependence of S in molecular junctions on the topography of
Au bottom-electrodes

Fig. 3 shows plots of DV as a function of DT for the junctions of
SAMs in the forms of Au-S(Ph)n//Ga2O3/EGaIn and Au-SCm//
Ga2O3/EGaIn with n= 1, 2, 3 andm= 4, 6, 8. The thermoelectric
voltage of HS(Ph)2, which is the most-investigated molecule for
studying thermoelectric effects, was primarily measured on Au
substrates with different surface roughnesses. The plots of V1
and V2 of all the junctions are shown in the ESI, Fig. S11–S14,†
while the plots of DV of Au-S(Ph)2 as a function of DT (DT = 2.0,
3.5, 5.0, 6.5, and 8.0 K) with different surface roughnesses are
shown in Fig. 3b.

It can be observed that the values of DV were linearly corre-
lated with DT for the same rms roughness of the bottom elec-
trode and were in agreement with the previously reported values
by other groups.21,29 Hence, we chose to only measure the
thermoelectric voltage at DT = 2.0, 3.5, and 5.0 K for other
molecules to save time with repetitive workloads. The S values
for HS(Ph)2 were 6.2 � 0.3, 3.6 � 0.2, 1.8 � 0.1, and 1.1 � 0.1 mV
K−1 for the Au-S(Ph)2//Ga2O3/EGaIn junctions with rms rough-
nesses of Au of 0.37, 1.30, 2.20, and 3.20 nm, respectively (Table
1). The value of S for HS(Ph)2 dropped ∼83% with the rms
roughness increasing about 10 times (from 0.37 nm to 3.20 nm),
revealing that S was negatively correlated with the surface
roughness. It is worth stressing that the electrical characteris-
tics of the molecular junctions could also have been inuenced
by the SAMs/EGaIn contacts to a certain extent, but we quanti-
ed the S from 20 junctions of EGaIn/SAMs contacts and
regarded that the top electrode had no effect. The DV values of
HS(Ph)1 and HS(Ph)3 with different rms roughnesses of Au
electrode are shown in Fig. 3a, c, S15, and S16,† where it can be
seen that S declined by∼74% and∼64%, separately. We did not
observe a clear molecular-length dependence with the reduc-
tions of S with the increase in rms roughness.

Fig. S17–S19† shows the thermoelectric voltages of the Au-
SCm//Ga2O3/EGaIn junctions with different surface rough-
nesses, and the corresponding histograms are presented in
Fig. S20.† It could be easily noted that, contrary to HS(Ph)n, the
thermoelectric voltage of HSCm decreased with the increase in
the molecular length for the same rms roughness, in line with
J. Mater. Chem. A, 2022, 10, 23304–23313 | 23307
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Fig. 2 Topography of the bottom electrodes. Atomic force microscopy images of Au surfaces prepared by either the methods of template
stripping (TS) or direct evaporation (DE) with: (a) rms = 0.37 nm, (b) rms = 1.30 nm, (c) rms = 2.20 nm, or (d) rms = 3.20 nm. (e) Schematic
diagrams for the junctions of Au-S(Ph)2//Ga2O3/EGaIn with the SAMs at a grain (left) or at a defect site (right), which can be considered as (or not
as) a circuit of parallel resistors.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

11
/2

6/
20

22
 1

1:
01

:0
6 

A
M

. 
View Article Online
the reported results.23,37 The S of HSC4, HSC6, and HSC8

declined from 7.7 � 0.2 to 3.4 � 0.4 mV K−1 (∼56% reduction),
from 5.6 � 0.2 to 2.9 � 0.6 mV K−1 (∼48% reduction), and from
4.8 � 0.2 to 1.2 � 0.1 mV K−1 (∼76% reduction). Interestingly,
the S of HSC4 was consistently higher than that of HS(Ph)1
(Fig. 3g), but this observation was reversed when comparing the
S from HS(Ph)3 and HSC8 (Fig. 3i), and it seems that the tran-
sition happened in the middle chain length of HS(Ph)2 and
HSC6 (Fig. 3h). We found that the values of S for the bare Au (see
the empty squares in Fig. 3g–i; and for the primary data, see Fig.
S21 and S22†) were nearly independent of the rms roughness of
the Au electrode. The SAMs of HS(Ph)1, HS(Ph)2, and HSC8,
grown on the rough Au surfaces with an rms roughness
>2.00 nm could result in negative contributions to the Seebeck
effect: The values of S from the junctions of the Au-SAMs//EGaIn
were even lower than those generated by the direct Au/EGaIn
contacts.
23308 | J. Mater. Chem. A, 2022, 10, 23304–23313
Relationships between the conductivity, Seebeck coefficient,
and power factor

The average traces of the log10jJj–V plots of HS(Ph)n and HSCm

on different Au electrodes are shown in Fig. 4, while Fig. S23†
presents the related histograms of the log10jJj at −0.5 V. It can
be seen that the increase in the rms roughness of the substrates
caused a large enhancement of the current density for the SAMs
of HS(Ph)n (n = 1, 2, 3); however, relatively smaller effects were
noted in the conductivity of the SAMs of HSCm (m = 4, 6, 8). It
was also found, based on XPS characterization (Fig. S24–S27†),
that the bonding type between the molecules and bottom
electrode was strong covalent bonds both on the AuTS and AuDE

substrates. The varied surface roughness primarily altered the
intermolecular interactions; that is, the packing energy.36 A
poorer packing of the SAMs could induce a reduction in the
electron-tunneling distance and enhanced G, while the decline
in the number of molecules participating in electron transfer
leads to a decrease in S. Given the more rigid nature of HS(Ph)n,
This journal is © The Royal Society of Chemistry 2022
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Fig. 3 Thermopower as a function of surface roughness. (a)–(c) Plots of DV as a function of DT of Au-S(Ph)n//Ga2O3/EGaIn junctions (n= 1, 2, 3)
with different surface roughnesses. (d)–(f) Plots of DV as a function of DT of Au-SCm//Ga2O3/EGaIn junctions (m = 4, 6, 8) with different surface
roughnesses. The solid lines in (a)–(f) are the linear fits. (g–i) Plots of the Seebeck coefficient against rms roughness for HS(Ph)n (n = 1, 2, 3) and
HSCm (m = 4, 6, 8).
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HSCm containing exible C–C bonds may counteract the inu-
ence of the surface roughness on the molecular packing, and
SAMs with a better packing density normally yield a current
with less leakage.38 From the UPS spectra (Fig. S28–S34 and
Tables S1–S7†), the SAMs of HS(Ph)n and HSCm with different
rms roughnesses yielded similar values of the 3F as the Au
bottom-electrodes, ranging from 4.5 to 4.7 eV, and similar for
the values of the HOMO for HS(Ph)n and HSCm. Hence, the
changes in log10jJj with rms roughness were not associated with
the Fermi level of Au or the coupling of the HOMO with the
Fermi level of the bottom electrodes, undoubtedly conrming
the importance of well-packed SAMs for performing conduc-
tivity measurements with less leakage current. Considering the
reduction of S with the increase in rms roughness in Fig. 3, we
can draw the conclusion that in order to achieve high values of
S, the quality of the SAMs need to be of the highest standard.

To get better insights from our results, we plotted the
correlation between S and ln(s) at different rms roughnesses of
the bottom electrodes. We calculated the ln(s) at 0.1 V from the
average log10jJj–V traces (Fig. 4). Fig. 5a–c show the linear rela-
tion by plotting S as a function of ln(s) at 0.1 V for HS(Ph)n and
This journal is © The Royal Society of Chemistry 2022
HSCm on diverse substrates, and we tted the data with a linear
equation to obtain the slope and intercept, which are shown in
Fig. 5. It was reported39 that for the case of organic thermo-
electric materials, by supposing a low concentration of hole and
hole-dominated conduction in the valence band, one could
construct the relationship between S and s, as shown as eqn (3),

S ¼ �kB

e
lnsþ kB

e
ln
�
Neffem

�
(3)

where Neff represents the effective density of states and m

denotes the intrinsic mobility. The S–ln(s) relationship gener-
ated from organic thermoelectric materials shows a xed value
of −kB/e of −86.17 mV K−1. Our SAMs-based thermoelectric
junctions, however, generated a much smaller values of the
slope at around ∼−1 to ∼−2 mV K−1 (the values of the slope are
shown inside the panels of Fig. 5). Although the charge trans-
port through the SAMs of HS(Ph)n and HSCm were determined
by the HOMO, which was hole-dominated transport, unlike for
organic thermoelectric materials, the SAMs did not provide
a continuous band with conduction channels for countless
numbers of charge carriers. Therefore, we could infer that, with
J. Mater. Chem. A, 2022, 10, 23304–23313 | 23309
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Fig. 4 Charge-transport results. Average traces of the log10jJj–V plot of (a–c) HS(Ph)n (n= 1, 2, 3) and (d–f) HSCm (m= 4, 6, 8) for the Au surfaces
with different rms roughnesses.

Journal of Materials Chemistry A Paper

Pu
bl

is
he

d 
on

 1
0 

O
ct

ob
er

 2
02

2.
 D

ow
nl

oa
de

d 
by

 T
si

ng
hu

a 
U

ni
ve

rs
ity

 o
n 

11
/2

6/
20

22
 1

1:
01

:0
6 

A
M

. 
View Article Online
limited numbers of conduction channels and numbers of holes,
there was less tunability of the Seebeck effects from our
molecular junctions than from organic thermoelectric mate-
rials. Theoretical studies need to be carried out in future studies
to reveal a deeper understanding of this linear relationship
between S and ln(s) in molecular thermoelectric junctions.
Fig. 5 Power factor as a function of the surface roughness. (a–c) Seebeck
4, 6, 8) with different rms roughnesses. (d–f) PF as a function of rms roug
are a visual guide.

23310 | J. Mater. Chem. A, 2022, 10, 23304–23313
The values of the power factors of HSCm and HS(Ph)n as
a function of surface roughness are plotted in Fig. 5d–f and S33†
(see the calculation of PF shown in the ESI,† Electrical and
thermoelectrical measurements section). These show that the
PF of saturated molecules (solid circles in red) are always higher
than that of conjugated molecules (solid circles in blue) with
coefficient verses ln(s) (at 0.1 V) for HS(Ph)n (n= 1, 2, 3) and HSCm (m=

hness for HS(Ph)n (n = 1, 2, 3) and HSCm (m = 4, 6, 8). The dashed lines

This journal is © The Royal Society of Chemistry 2022
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similar molecular lengths at the same rms roughness of Au
electrodes (Fig. 5). We could qualitatively explain this from the
perspective of electron tunneling and molecular packing by
combining the XPS and UPS results: whereby the values of S and
G depend on the molecular length (l, Table S8†), based on UPS
characterizations and the Simmons equation (Fig. S35†).
HS(Ph)1 with a smaller l, possessed a higher G than that of
HSC4, and a theoretically larger PF. However, physical absorbed
molecules could be observed for HS(Ph)1 anchored on the AuTS

and AuDE electrodes (Fig. S24†). In contrast, HSC4 was relatively
densely assembled without any physical absorbed molecules on
the AuTS substrate (Fig. S26†). Also, the more rigid nature of
HS(Ph)1 could deteriorate the SAMs packing, leading to
a reduced number of molecules participating in electron
tunneling and hence a lower S. The related PF was dominated
by S for HS(Ph)1 and HSC4. In contrast, the l values of HS(Ph)2
and HS(Ph)3 were larger than that of HSC6 and HSC8, respec-
tively. In this case, the PF of the SAMs assembled on the AuTS

electrodemainly depended on G. An increasedmolecular length
contributed to an enhanced electron-tunneling distance and
decreased G and inferior PF, as discussed in the ESI,† deter-
mination of PF section.

One distinguishing characteristic was that the PF as a func-
tion of rms roughness increased and then decreased with
increasing the rms roughness of the electrodes for all the SAMs,
with one exception being HSC4, whereby we believe the PF of
HSC4 will be reduced eventually by an rms >3.00 nm judging
from the trend in Fig. 5d. The values of S were found to decrease
with the increase in the roughness, whereas G was enhanced.
This trade-off caused a nonlinear relationship between PF and
the rms of the bottom electrode (Fig. S36†). The increasing rms
of the Au electrode deteriorated the packing of the SAMs,
leading to a reduced electron-tunneling distance, and thus
increase in leakage current with the decrease in the value of S,
all of which contributed to the values of PF as a function of the
surface rms. In summary, the value of PF was determined by G
when rms # 2.20 nm and depended on the sharply reduced S
when rms >2.20 nm (see the plots of the trend of PF as a func-
tion of rms in Fig. S36†). Therefore, the optimization of PF in
SAMs-based junctions is unnecessary to fabricate ultrasmooth
bottom-electrodes, which was an unexpected nding without
the experimental verication. From the perspective of the
molecules, the PFs of HS(Ph)1 and HS(Ph)2 were maximized on
Au electrodes with an rms roughness of 1.30 nm, and that of the
longest HS(Ph)3 achieved the maximum value on the substrate
with 2.20 nm rms roughness. In contrast, the maximum values
of PF of the longest HSC8 was obtained on the bottom electrode
with a 1.30 nm rms roughness, while that of HSC6 and HSC4

were reached on Au substrates with 2.20 nm or larger values of
rms roughness. We believe these distinctions were due to the
differences in inelastic phonon scattering though rigid or ex-
ible molecules, which plays a vital role at metal/molecule
interfaces with various topographies.40 Increased values of
rms roughness can cause poorer molecular packing and
enhance the phonon transport, which leads to reduced phonon
thermal conductance.41,42
This journal is © The Royal Society of Chemistry 2022
3. Conclusion

In summary, we focused our efforts on the intrinsic interactions
between the thermopower of SAMs [HS(Ph)n (n = 1, 2, 3) or
HSCm (m = 4, 6, 8)] and the surface topography of Au bottom-
electrodes. The surface roughnesses of the Au, as character-
ized by AFM, were 0.37� 0.28, 1.30� 1.00, 2.20� 1.80, and 3.20
� 2.50 nm. We found the values of S for HS(Ph)n and HSCm

dropped ∼50% and ∼80%, with increasing the surface rough-
ness of the bottom electrodes. Compared to HSCm, the topog-
raphy of the Au surfaces showed stronger inuences on the S for
the SAMs of HS(Ph)n owing to the more rigid structure of
HS(Ph)n containing more defects from the rough surfaces.
Furthermore, it was interesting that the PF of HSCm was larger
than that of the similar molecular-length HS(Ph)n, which sug-
gested the saturated molecular wires served as a better choice
for their thermoelectric effects, and maximum values of the PF
could be achieved for the SAMs at a middle range of roughness
in this study, rather than with the smoothest surfaces. This
work underscored the underestimated importance of the
inuences of the topography of the bottom electrodes on the
Seebeck effects and on the conductivities of the SAMs, and
experimentally demonstrated the strategy for a rational design
of molecular thermoelectric junctions and devices.
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