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We use conducting atomic force microscopy (AFM) in ultra high vacuum to measure the
thermoelectric power of Au, Pt, and 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA) films.
Tips coated with thick (1200 nm) Pt films or highly doped diamond film give reproducible data.
The thermoelectric power of metal junctions formed with diamond tips is high but dominated by
the diamond material thus making diamond tips of limited applicability in thermovoltage AFM. Pt
coated tips on Au or Pt films gives small thermovoltage signal, making quantitative analysis of the
thermopower on metal sample problematic. The thermovoltage AFM technique appears best suited
to study organic thin films and the thermoelectric power of 1.5 nm and 2 nm thick PTCDA
deposited on Au measured with Pt tips is 342 and 372 lV/K, respectively. The negative sign
indicates that the lowest unoccupied molecular orbital level dominates electrical transport.
C 2011 American Institute of Physics. [doi:10.1063/1.3581073]
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I. INTRODUCTION

Thermoelectric nanomaterials and films may play a key
role in future thermoelectric devices for energy conversion
or utilization.1–3 The thermoelectric efficiency depends on
the thermoelectric figure of merit ZT ¼ (S2r/k)T, where S is
the thermoelectric power or Seebeck coefficient, r is the
electrical conductivity, k is the thermal conductivity and T is
the absolute temperature. Recently, scanning probe microscopy (SPM) methods have been developed to enable direct
measurement of nanoscale thermoelectric properties.4–9
Such localized measurements of S, r, and k can provide criteria to select new thermoelectric nanomaterials.
Another area of application for SPM is the measurement
of local thermoelectric power of molecular heterojunctions,
with an aim to elucidate electrical transport mechanisms in
molecular electronic devices.10 Specifically, if a temperature
gradient is established across a SPM tip-sample junction, the
measurement of the local thermovoltage signal generated at
the junction can augment “standard” SPM methods, such as
scanning tunneling microscopy (STM) and conducting
atomic force microscopy (AFM). This is because, in comparison to STM and conduction AFM currentvoltage (IV)
data, the thermovoltage signal is relatively insensitive to the
number of molecules in the junction and can also determine
if the lowest unoccupied or highest occupied molecular orbital (LUMO or HOMO) is closer to the Fermi level of the
contacting metals.11
STM methods have previously been used to measure the
local thermovoltage and electrical transport of various nanostructures and molecular interfaces.4–6 However, STM techniques suffer from the problem that a bias voltage needs to
be applied across the tip-sample gap to induce a tunneling
a)

Author to whom correspondence should be addressed. Electronic mail:
s-oshea@imre.a-star.edu.sg.

0021-8979/2011/109(8)/084341/7/$30.00

current necessary for topography feedback (tip height) control. Thermovoltage, in contrast, is several orders of magnitude smaller than the STM bias voltage and should be
measured in the absence of an electric current. These mutually incompatible regimes require switching between a tip
height controlling state and a thermovoltage measuring state.
This complicates the instrumentation and tip control, and the
switching process is prone to introduce large transients and
other electrical artifacts.
Since the tip contacts the surface to measure thermoelectric power, it is apparent that conduction AFM offers an alternative experimental approach, and recently Reddy et al. 8,9
demonstrated thermoelectric power measurements on a selfassembled monolayer using conducting AFM in ambient conditions. Related AFM based techniques have been used for
mapping of thermal conductivity variations at the nanoscale,12
thermopower profiling of a Si p-n junction,13 and contact
potential measurement between a heated conducting AFM tip
and a metal film.14 The principal advantage of AFM-based
thermovoltage measurements is that topography feedback
control is based on force measurements, and can therefore be
performed independently of and simultaneously with electric
measurements, eliminating several potential sources of
artifacts.
An important issue in conducting AFM, and hence thermovoltage AFM, is to ensure the tip remains electrically
conducting during an experiment, i.e., the tip must be robust.15 In this paper we explore the use of different tips and
present thermovoltage AFM data using conducting tips consisting of thick and thin Pt films, thin Au film, and conducting diamond films. As in conduction AFM15 the tip can
readily wear or oxidize, and our results on metal surfaces
show that at present only diamond tips and thick Pt coated
tips provide sufficiently repeatable thermovoltage AFM
measurements. Both the diamond and thick Pt tips are rather
blunt. Nevertheless, useful results were obtained on different
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metal surfaces and we also show thermovoltage data using
thick Pt coated tips for thin film 3,4,9,10-perylene tetracarboxylic dianhydride (PTCDA), a material of interest for organic electronics.
II. EXPERIMENT

Experiments were performed in contact mode in an
RHK ultrahigh vacuum (UHV) AFM with a base pressure of
2  1010 Torr. The thermoelectric voltage was measured
on samples consisting of evaporated Au and sputtered Pt
films on mica, and PTCDA films on Au (111). All metal
surfaces were degassed at 400 K for several hours in UHV to
remove adsorbed gases and contamination. PTCDA films
were grown by thermal evaporation on an evaporated Au
(111) on mica surface at room temperature (RT) at a deposition rate of 0.010.03 nm/s in another high vacuum system,
and quickly transferred to the UHV AFM system via a fast
entry load lock chamber.
A schematic of the thermovoltage setup is shown in Fig.
1(a). A fast home-built electrometer amplifier is used to measure the output thermovoltage Vth representing the thermoelectric signals (DV1, DV2, DV3) generated around the entire
thermoelectric loop (Fig. 2). The different thermoelectric
signals arise because temperature differences (T1, T2, T3)
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exist across the tip and sample, and the surrounding ambient
(Ta), as shown in Fig. 1(b). The input equivalent noise level
of the amplifier is 270 nV at a 3 dB bandwidth of 125
Hz, allowing fast recovery from overload that may occur due
to an open circuit before the tip touches the sample. The
metal substrate film of the sample is grounded. Shielded cabling (0.5 m) connects the amplifier to the conducting AFM
cantilever. The AFM cantilever is kept at RT and the sample
temperature is varied by supplying a heating current to a filament inside a metal sample holder. The sample is clamped
onto a heat spreading copper disk, ensuring uniform temperature across the entire substrate. The sample temperature is
measured using a thermocouple in contact with the copper
disk.
In our experiments, we used a typical contact force of
15 nN. The contact diameter of tip-metal junctions under
plastic deformation conditions can be estimated as
dplastic ¼ (4 F/pHm)1/2, where F is the contact force and Hm is
the hardness of the softer material. For F ¼ 15 nN and Hm
100 MPa (for typical metals), the contact diameter is 10
nm.9,16 Similarly, if the contact is entirely elastic, the contact
diameter under a Derjaguin-Muller-Toporov type load17 is
delastic ¼ ½6RðF þ Fc Þ=E 1=3 where R is the tip radius of curvature, E* is effective elastic modulus and Fc is the tip-sample pull-off force (typically 40 nN). The largest contact
diameter expected in our experiments occurs for the softest
sample (assuming E* 1 GPa for PTCDA as found for selfassembled monolayers on Au)18 probed with the largest tip
(R 150 nm for a thick Pt coated tip), giving delastic 30 nm.
Thus under typical conditions for both elastic and plastic deformation we expect the tip-sample contact diameter to be of
order 10 nm.
III. TEMPERATURE DISTRIBUTION AND EFFECT ON
MEASURED THERMOPOWER

While the quantity of interest in the experiment is the
thermopower of the sample at the AFM tip-sample junction,

FIG. 1. (a) Schematic of the thermovoltage AFM measurement setup. Silicon cantilevers are used and the tips are coated with thick Pt or highly doped
diamond films. The output voltage (Vth) is measured between the cantilever
(at ambient) and a heated sample. In our experiments the sample is a metal
film on mica, with PTCDA as an optional overlayer film. (b) Schematic
view of the tip-sample contact showing temperatures defined in the analysis.
T1 is the temperature at the tip apex when in contact with the sample; T2 is
the temperature at the overlayer-metal substrate interface; T3 is the temperature of the metal substrate, and is essentially the temperature measured by
the thermocouple; and Ta is the ambient temperature, which is the temperature of the wires at the input to the voltage amplifier. T1, T2, and T3 differ
because heat flows from the metal substrate to the tip in the region around
the tip-sample contact.

FIG. 2. (Left side) A schematic showing the thermal equivalent circuit used
to determine the temperature (T) at various locations, based on the ratio of
thermal resistances (R). (Right side) Electrical equivalent circuit, summing
up thermovoltage contributions (DV) arising from the temperature differentials and resulting in the thermoelectric output Vth measured at the amplifier.
Note that while the wire adds a contribution Sw(Ta-T3) to Vth, its thermal resistance Rw does not affect the temperature distribution as it only appears as
a thermal shunt between the heated sample and ambient.
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this cannot be measured directly because the temperature
gradient and concomitant thermovoltage is not confined to
the tip-sample junction [Fig. 1(b) and Fig. 2]. In particular,
the wiring that connects the sample to the reference input of
the amplifier is exposed to the full temperature difference
between sample and ambient, generating an additional thermovoltage that must be necessarily included in all measurements. The effective Seebeck coefficient of the wiring
(Sw) was determined by a calibration experiment in which a
bulk gold sample was brought into contact with a 0.2 mm diameter gold wire in lieu of the AFM tip. As the Seebeck
coefficient of gold is well known,19 the thermopower of the
wiring can be readily determined from the observed total
thermovoltage.
The temperature distribution along the tip-sample junction
and, thereby, the individual thermoelectric contributions of tip
and sample can be estimated using the heat diffusion equation,
taking into account the geometry and thermal conductance of
the AFM tip and sample. Below, we essentially follow earlier
works9,16,20 and adapt them to our specific experiment.
Referring to Fig. 2, the measured thermoelectric voltage
is given as:
Vth ¼  SW ðT3  Ta Þ  Ssub ðT2  T3 Þ  Sfilm ðT1  T2 Þ

ðT3  T2 Þ
 Stip ðTa  T1 Þ ¼ ðT3  Ta Þ
Ssub
ðT3  Ta Þ

ðT2  T1 Þ
ðT1  Ta Þ
Sfilm þ
Stip  SW ;
(1)
þ
ðT3  Ta Þ
ðT3  Ta Þ
where Sw, Stip, Sfilm, and Ssub are the Seebeck coefficients of
the wire, tip, molecular film, and substrate, respectively.
By undertaking the experiment in vacuum, thermal leakage via air conduction/convection or liquid capillary formation is avoided, reducing the complexity of the thermal
circuit; i.e., sample, film and tip are strictly connected in series. The steady-state temperatures T1 and T2 [Fig. 1(b)] can
therefore be estimated by apportioning the applied temperature difference T3 - Ta according to the ratio of thermal resistances of AFM tip (Rtip), substrate (Rsub), and molecular film
(Rfilm). The temperature T3 is measured by the thermocouple.
The overall thermoelectric voltage is then governed by a
weighted sum of Seebeck coefficients

Rtip
Rfilm
Vth ¼ ðT3 –Ta Þ
Stip þ
Sfilm
Rtip þ Rfilm þ Rsub
Rtip þ Rfilm þ Rsub

Rsub
(2)
þ
Ssub  SW :
Rtip þ Rfilm þ Rsub
The case of a direct tip-substrate contact (i.e. no PTCDA
film) is included in this expression by setting Rfilm ¼ 0
(which implies T1 ¼ T2).
We have obtained the various thermal resistances (Rsub,
Rtip, Rfilm) from the heat diffusion equation j ¼ krTfor a
given geometry,9,16,20 where j is the heat flux density and k
the local thermal conductivity. The stationary heat flow
through a nanocontact of diameter d on a planar bulk substrate
with heat conductivity ksub can be approximated by a semispherical geometry, associated with a thermal resistance of16

J. Appl. Phys. 109, 084341 (2011)

Rsub ¼

1
:
pksub d

(3)

The thermal resistance of different metal substrates is calculated for bulk values of thermal conductivities of Pt and Au.21
The thermal resistance of a coated silicon AFM tip,
neglecting lateral heat flow, can be approximated by integration along the tip vertical axis y as16
ðH
dy
;
(4)
Rtip ¼
0 ASi ðyÞkSi þ Acoat ðyÞkcoat
where H is the total tip height, A(y) is the cross section at tip
height y, and k is the thermal conductivity. The subscripts
refer to the contributions by silicon (“Si”) and the conductive
coating (“coat”). To obtain the respective cross sections, we
model the tip geometry as a silicon cone covered with a uniform coating layer (i.e., Pt or diamond) of a given thickness,
truncated to a contact area of diameter d. While an analytical
solution of the above expression exists for this geometry, it
is rather unwieldy, and we resorted to numerical integration.
The thermal resistance of coated tips is given in Table I for
different thermal conductivities of Pt and diamond.21,22
For the molecular film, if the thickness t of the film is
small compared to the contact size d, lateral heat flow components (edge effects) may be neglected, and the associated
thermal resistance is
Rfilm ¼

4t
pd 2 k

;

(5)

film

where kfilm is the thermal conductivity of the film [kfilm for
PTCDA 10 W/(mK)].23
The calculated thermal resistances are summarized in
Table I. It should also be noted that the temperature gradient
is mostly confined to a small volume around the tip-sample
contact, and uncertainties of the nanoscale geometry of the
contact region may have disproportionate effects on the thermal resistances. We also ignored the temperature drop along
the AFM cantilever. We validated this assumption by measuring the resonance frequency of the cantilever, which
changed by about -100 ppm when the sample was heated
from 298 to 393 K. Using the known temperature coefficient
(30 ppm/K) of the resonance frequency,24 this translates to
a 3% effect which is negligible compared to other uncertainties (e.g., the geometry of the tip-sample contact).
IV. RESULTS AND DISCUSSION
A. Thermoelectric power of Au and Pt films

Various conducting tips were prepared to measure the
thermoelectric power of junctions formed by conducting
AFM tips and thin Au and Pt films. For each tip, measurements were repeated 50 times, contacting the sample in
different locations, and experimental errors are estimated
from the spread of this data. Where several different tips
were used on the same type of sample, consistent results
were obtained. A summary of all measurements, including a
calibration measurement of a bulk gold wire touching a bulk
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TABLE I. Estimated thermal resistances of AFM tips, substrates, and PTCDA
molecular films based on the following parameters. AFM tip geometry: height
H ¼ 15 lm; cone semi-angle h ¼ 20 ; contact diameter d ¼ 10 nm; Pt coating
thickness tPt ¼ 150 nm; diamond coating thickness tdia ¼ 100 nm. Thermal conductivities (at 300 K): kAu ¼ 317 W/(mK);21 kPt ¼ 71.6 W/(mK);21 kSi ¼ 148
W/(mK);21 kdia ¼ 1000 W/(mK);21,22 kPTCDA ¼ 10 W/(mK).23
Thermal resistance Rth [105 K/W]

Component
Pt coated Si AFM tip
Diamond coated Si AFM tip
Au substrate
Pt substrate
PTCDA film (1.5 nm)
PTCDA film (2 nm)

24.2
1.8
1.0
4.5
19.1
25.5

gold sample (to determine Sw), is given in Table II and discussed below.
Initially, conducting tips were made by sputtering 50 nm
of Au or Pt on Si AFM probes. However, these thin film
coated tips were found to be unsuitable for stable and repeatable thermovoltage AFM measurements (data not shown).
Currentvoltage (IV) curves at low bias show the metal
film wears rapidly from the tip apex and the tip becomes
nonconducting. To obtain more stable probes, thick Pt film
tips were produced by sputtering 1200 nm of Pt onto the Si
tips. This considerably blunts the tips (radius of curvature
Rtip 150 nm, determined from scanning electron microscopy micrographs) but ensures the tips remain robust and
allow repeatable thermovoltage measurements. Typical data
using the thick Pt coated tip on a Pt substrate is shown in
Fig. 3(a), with the measured thermovoltage changing linearly
with the sample-ambient temperature difference. To eliminate the effects of any offset voltages, the thermoelectric
power is determined from the average slope of this graph,
under the premise that any dependence of Seebeck coefficients on temperature is small. This assumption is justified
given that the uncertainties in measurement and analysis are
comparable to any nonlinearity in the data.
As observed in previous work,9 the magnitudes of the
observed Seebeck coefficients are significantly smaller than

one would expect from the bulk values of the materials forming the junctions. In the special case of a Pt coated tip on a
Pt sample, we can eliminate the uncertainty associated with
the distribution of the applied temperature difference by
treating the tip-substrate junction as a homogeneous material. Under this assumption, we obtain a value of SPt ¼ -1.86
lV/K (Table II), which is only about third of the reported
bulk value of 5.28 lV/K.19 A possible explanation may lie
in the structure of the Pt film and coating. The sputtered films
have a rather small grain size of 20 nm (estimated from
STM and SEM imaging, not shown), which may significantly affect transport properties. In a study on thin film thermocouples,25,26 a comparable reduction in thermopower of a
Pt film was demonstrated and attributed to the film thickness
limiting the electron mean free path in one dimension. The
granular structure of sputtered Pt films would restrict the
mean free path in all three dimensions, and may even
enhance this effect. This observation of lowered thermopower highlights a potential difficulty in scanning probe
thermovoltage measurements, as the preparation of the probe
may have unexpectedly large effects on the experiment.
In the case of a Pt coated tip in contact with an Au film,
we do not have a quantitative explanation for the observed
thermopower, despite excellent reproducibility of the measured thermoelectric response using several tips. Specifically,
if Stip is taken as 1.86 lV/K (i.e., as found in the Pt on Pt
experiments) we find Ssub ¼ 43.5 lV/K for Au substrate,
which is clearly not realistic. Possibly the Au substrate introduces further thin film effects restricting the electron mean
free path, but we note that these evaporated and annealed
Au(111) films have a large lateral grain size, on the order of
hundreds of nanometers. More probably the problem arises
from large uncertainties in the calculations. We notice that
the thermal resistance of the Pt tip, estimated from the bulk
thermal conductivity, is significantly larger than that of the
Au substrate; hence, the expected temperature drop across
the substrate is very small (4%). Given the measurement
uncertainties, the relatively small value of (T2T1) makes
analysis difficult and the errors large. Further uncertainty
arises because the small grain size of the sputtered Pt may

TABLE II. Measured thermoelectric response for different substrate/film/tip combinations, estimated distribution of the applied temperature gradient (in %),
and calculated Seebeck coefficients (all in lV/K). Probes are Si tips coated with a layer of Pt, Au, or highly p-doped diamond. Evaporated Au and sputtered Pt
films are 50 nm thick. The Seebeck coefficient of Au (boldface) is taken from the literature19 and used as a reference. The Au (bulk) substrate/Au (bulk) tip
experiment was used to find the thermopower of the wires (Sw) connecting to the sample. The calculated value of Ssub marked with * for the Pt tip-Au combination is shown for completeness but is clearly not realistic. The uncertainty in the thermoelectric power at each value of sample-ambient temperature difference,
as shown by the error bars in Figs. 3 and 5, was estimated from the total spread of repeated measurements (n  50) using a given tip. The error in the voltage
vs. temperature slope was found by manually fitting the data curves.

Substrate

Film

Tip

No. of
tips used

Au (bulk)
Pt
Au
Pt
Au
Au
Au

—
—
—
—
—
PTCDA (1.5 nm)
PTCDA (2 nm)

Au (bulk)
Pt
Pt
diamond
diamond
Pt
Pt

1
1
3
2
3
2
2

Measured
Thermoelectric
response (lV/K)

% sub

% film

% tip

Ssub
lV/K

Sfilm
lV/K

S-tip
lV/K

Sw
lV/K

þ0.5 6 0.2
3.3 6 0.2
1.5 6 0.2
þ 20 6 2
þ 15 6 2
140 6 10
190 6 20

—
—
4
71
36
2
2

—
—
—
—
—
43
50

—
—
96
29
64
55
48

1.94
1.86
43.5*
1.86
1.94
1.94
1.94

—
—
—
—
—
342
372

1.94
1.86
1.86
80
25
1.86
1.86

1.44
1.44
1.44
1.44
1.44
1.44
1.44
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FIG. 4. Schematic showing the relative weighting of the temperature (DT)
and thermovoltage (DV) drops across the tip region (the shaded area labeled
“tip” and DV1) and substrate (the clear area labeled “sub” and DV3) for three
different tip-substrate combinations. In case three an additional temperature
and voltage drop is present (DV2) arising from the presence of a PTCDA film.

FIG. 3. Plot of the measured thermovoltage output (Vth) vs sample-ambient
temperature difference for: (a) 50 nm thick Pt film on mica using a thick Pt
coated tip; (b) 50 nm thick Au film on mica using a highly doped (p-type) diamond coated tip.

also significantly affect the thermal conductivity of the tip,
invalidating temperature distribution estimates.
The above results illustrate that, for practical thermovoltage measurements, it is desirable to minimize the thermal resistance of the probe so as to confine the temperature
gradient on the sample of interest rather than on the probe.
Doped (conducting) diamond coated AFM tips are promising
in this respect due to the excellent heat conductance of diamond [k ¼ 1000 W/(mK)].21,22 Indeed, a large thermoelectric response is seen with diamond tips on Pt and Au
substrates [Table II and Fig. 3(b)], with the positive value of
Stip confirming the p-type doping of the diamond. However,
despite the reduced temperature drop across the tip, the large
Seebeck coefficient associated with doped diamond overwhelms the thermovoltage contribution of the metallic samples, making extraction of the Seebeck coefficients of the
sample impractical. As an additional difficulty for reliable
thermovoltage characterization using diamond tips, the Seebeck coefficient for the probes may be variable due to differences in doping. Values in the range of 300 to 600 lV/K
have been reported elsewhere for doped diamond films,27
whereas in our experiments we estimate the Seebeck coefficient for the diamond tips to be 25 to 80 lV/K.
Irrespective of the difficulty in finding the Seebeck coefficient for the diamond tips, the value of Stip is still more
than an order of magnitude larger than Ssub of typical metallic samples, making it difficult or impractical to extract the
sample thermopower. Clearly, metallic probes with their
smaller intrinsic thermopower are more desirable. Figure 4
shows schematically the issues encountered using diamond
or Pt AFM tips. To extract the thermovoltage of the substrate

(DV3) it is preferable, given all the experimental and analysis
uncertainties, to have a much smaller voltage drop over the
tip (DV1) i.e., we require DV1 DV3. In case 1 (diamond tip
on metal) this condition is not met because although the temperature drop DT across the tip is smaller than the metal substrate, the much larger Seebeck coefficient of the diamond
results in DV1 being much larger than DV3. Conversely in
case 2 (Pt tip on Au) the Seebeck coefficients are of the same
orders but here most temperature drop DT occurs across the
tip and again DV1 DV3. In case 3, discussed below, a molecular film of PTCDA separates a metal tip from a metal
substrate. In this case sufficient temperature drop occurs
across the film and the film has high thermopower; hence a
large thermovoltage is generated across the film (DV2) allowing useful thermopower data to be obtained on the film.
B. Thermoelectric power of PTCDA film using Pt tip

The robustness and small Seebeck coefficient of the
thick Pt coated tips makes them useful for obtaining meaningful data for some technologically interesting surfaces.
The problem in the experiments on metal films was the comparatively low thermal conductivity of the tip. The effect of
temperature drops across the probe becomes less significant
for samples that are poor thermal conductors themselves,
e.g. organic films. Fig. 5 shows an example using data for
PTCDA films grown on Au (111). At the low coverages
used, the surface comprises two regions [Fig. 5(a)]; regions
where one or two monolayers lie flat on the Au surface, and
thicker regions where the PTCDA molecules still lie parallel
to the surface but grow as islands.28 The measured thermoelectric response of the Pt-PTCDA-Au junctions is (140 6 10)
lV/K for 1.5 nm thick PTCDA and (190 6 20) lV/K for 2nm thick PTCDA [Figs. 5(b) and 5(c)]. Based on the estimated
temperature distribution, this translates to PTCDA Seebeck
coefficients (see Table II) of 342 lV/K (1.5 nm film) and
372 lV/K (2 nm film). These values are much larger in magnitude than the thermoelectric power measured for all-metal
junctions, and such behavior is expected for organic materials
where the hybridized electronic structure closely approaches
the discrete molecular energy levels.10,29 In general, the thermoelectric response is dominated by the molecular orbital
(HOMO or LUMO) energetically closest to the Fermi level,
determining the sign of the Seebeck coefficient.6,8,11 The
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PTCDA films on Au (111) with Pt coated AFM tips in contact mode, as shown in the insets of Figs. 5(b) and 5(c). The
IV curves are asymmetric with higher conductivity at positive compared to negative sample bias. Previous scanning
tunneling spectroscopy (STS) studies of PTCDA grown on
Au(111) revealed that the LUMO level of several monolayers of PTCDA is þ 1.0 V above the Fermi level, whereas
the HOMO level is 1.9 V below the Fermi level.30 Our
IV data qualitatively shows that the HOMO-LUMO gap of
2 nm thick PTCDA is larger than that of 1.5 nm thick
PTCDA. A possible explanation for this thickness dependence of the HOMO-LUMO gap, which correlates with the
observed thickness dependence of the thermoelectric power,
is that the energy levels of organic molecules on or near a
metal surface are shifted due to image charge/surface polarization effects.31 The observed HOMO-LUMO gap depends
thus on the thickness of the film between the metal electrodes, approaching a constant, asymptotic value only for sufficiently thick films where such interface effects are
negligible.31 However, a quantitative description of the
measured thickness dependence of the thermoelectric power
for PTCDA requires an atomic level model for the PtPTCDA-Au junction.
V. CONCLUSION

FIG. 5. (Color online) (a) A tapping mode AFM image of a PTCDA film on
Au. The bright to dark contrast represents a sample height of 1.5 nm. Thermovoltage measurements are done on the island regions. Plots of the measured thermovoltage output (Vth) vs sample-ambient temperature difference
are shown for (b) 1.5-nm and (c) 2-nm PTCDA films grown on Au(111)
using thick Pt-coated tips. The insets show IV curves on the PTCDA taken
in contact mode using the same tips.

negative thermoelectric power for Pt-PTCDA-Au junction
demonstrates that n-type conductivity is dominating for
PTCDA grown on Au, i.e., the Fermi level is closer to the
LUMO.
The magnitude of the thermoelectric power increases
slightly as the film becomes thicker (from 342 to 372
lV/K). A Seebeck coefficient of 1100 lV/K for a 50 nm
thick PTCDA film has also been reported previously.29
These two measurements indicate that the thermoelectric
power of PTCDA on Au may depend on the thickness of the
film. We also measured currentvoltage (IV) curves of

In summary, we employed conducting AFM in UHV to
measure the thermoelectric power of 50 nm Au and 50 nm Pt
films on mica and PTCDA films on Au. Highly doped p-type
diamond and thick (1200 nm) Pt coated Si tips were found to
be sufficiently robust for reproducible thermovoltage experiments in contact AFM mode. Tips coated with thin (50 nm)
Au or Pt coatings were found to be unsatisfactory because
the conducting coatings wear off the tip apex.
The thermoelectric power of a junction using a thick Pt
coated probe and a Pt film resulted in markedly diminished
Seebeck coefficients compared to bulk value.19 We suggest
that the discrepancy may arise from the grain structure of the
sputtered metal films limiting the electron mean free path.
Such effects might also affect other transport properties, i.e.,
thermal conductance, and this lead to considerable measurement uncertainty due to the variability of tip properties. This
may point to a general difficulty for thermoelectric measurements on the nanoscale, in that the probe properties may differ considerably from the known bulk values. In the case of a
thick Pt tip on a Au film, the thermal resistance of the probe
dominates over that of the sample, making a quantitative
analysis of the sample’s thermopower impractical and highlighting the need for high thermal conductance of the probe.
Conducting (doped) diamond probes have low thermal
resistance, but their large Seebeck coefficients were found to
overwhelm the thermopower of metallic samples. Such tips
may be suited for measuring samples with large intrinsic
thermopower; however, the strong dependence of the diamond Seebeck coefficient on varying doping levels, and
uncertainties in thermal conductivity and tip geometry due to
the polycrystalline structure of the film, may still introduce
considerable error. Thus it appears that diamond tips have
limited applicability in thermovoltage AFM.
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Thick Pt coated tips were found to be suitable for measuring the thermoelectric response of a PTCDA molecular
film in a Pt-molecule-Au junction. The measured Seebeck
coefficient is large and has negative sign, indicating n-type
behavior with electronic transport being dominated by the
LUMO. There are indications that the thermoelectric power
of Pt-PTCDA-Au junctions depends on the PTCDA thickness, which we attribute to surface polarization effects. This
interpretation is supported by in situ IV spectroscopy using
the same Pt tip.
The advent of thermovoltage AFM to measure local
thermoelectric power will help investigate nanomaterials for
future thermoelectric devices and molecular electronics.6,8
However, as in conduction AFM,15 there is still a major challenge to fabricate probes that are sufficiently sharp, sufficiently robust, and sufficiently uniform or characterized.
Beyond these attributes, good thermovoltage probes also
require high thermal conductivity and small intrinsic thermopower, both of which may be difficult to predict from bulk
properties and depend on the fabrication process.
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