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Chemical energy dissipation at surfaces under UHV
and higher pressure conditions studied using metal-
insulator-metal and similar devices’

Detlef Diesing” and Eckart Hasselbrink®

Metal heterostructures have in recent years been used to gain insights into the relevance of energy
dissipation into electronic degrees of freedom in surface chemistry. Non-adiabaticity in the surface
chemistry results in the creation of electron-hole pairs, the number and energetic distribution of
which needs to be studied in detail. Several types of devices such as metal-insulator-metal, metal-
semiconductor and metal-semiconductor oxide-semiconductor, have been used. These devices
operate by spatially separating the electrons form the holes, as an internal barrier allows only
— or at least favours — for one kind of carriers the transport from the top to the back electrode.
An introduction into the matter, a survey of the literature and a critical discussion of the state of

research is attempted.

1 Introduction

Metal-insulator-metal, metal-insulator-semiconductor and metal-
semiconductor thin film devices have in recent years allowed to
shed new light on a long standing, fundamental problem in sur-
face chemistry. For more or less pragmatic reasons it has been
commonly assumed that the dynamics of reactions at metal sur-
faces proceeds strictly in the electronic ground state. It is argued
that excited electronic states have short lifetimes, hence exhibit
broad widths leading to a large coupling between states such that
the system will rapidly collapse onto the electronic ground state.
However, this argument may also be turned around. As metals
have a continuous spectrum of electronic excitations, no chem-
ical process on a metallic surface will proceed without any ex-
citation of electron-hole pairs.! Hence, it remains the quest to
quantify the extent of energy which is transferred into electronic
excitations in the course of a surface chemical reaction. Thin film
heterostructures have just made such studies possible.

Moreover, there is also a strong applied interest in this question.
Any excitation of electronic degrees of freedom in the metal sub-
strate can be regarded as a direct conversion of chemical energy
into electrical energy. And the question arises if these processes
are such strong that they promise to be practical applicable for
the generation of electricity.2® Such an utilisation will require to
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operate chemical reactors at large turn over frequencies, implying
rather high pressures of the reacting gases and elevated tempera-
tures. Hence, this is the motivation for experiments at conditions
closely resembling these.

The fundamental aspect of the functionality of thin metal het-
erostructures in this context is, that the structure allows to spa-
tially separate the excited electrons from the corresponding holes
(Fig. 1). Hence, a current can be observed when connecting a
meter between the front metal layer and the back side which is a
reflection of the number of electronic excitations created by the
surface chemistry per unit time.

The role of non-adiabaticity in surface chemical reactions has
recently been reviewed.*® A review with special focus on the in-
terplay of hot electrons and metal-oxide interfaces in the context
of catalysis has also been prepared recently.”
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Fig. 1 Principle of the application of thin metal film devices for the study
of the coupling to electronic degrees of freedom in surface chemistry.
The chemistry proceeding on the front side goes along with the
excitation of eleciron-hole-pairs, the electrons of which may in this case
pass the barrier imposed by the oxide layer provided they have sufficient
energy. The resulting electron flux can externally be detected as a
macroscopic current.
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2 Devices

In recent years, several laboratories have made use of structures
which have in common that a several nanometer thick metal film
is exposed to vacuum and its surface supports the chemistry to
study, while an internal interface serves as a filter for either elec-
tron or hole transport. The metal film rests either on a sub-
strate with a thin oxide layer at the interface or alternatively
the spontaneously formed Schottky space charge layers at metal-
semiconductor interfaces have been utilised as such barrier lay-
ers. Metal-insulator-metal (MIM) structures have been prepared
by us by first electrochemically oxidising a 30 nm thick metal film
deposited on glass.810 The oxidation process is self-limiting, re-
sulting in a uniform oxide thickness of 3-4 nm.!! On top of this
oxide layer a metal film is deposited with a thickness just large
enough to ensure that the film is closed. Thicknesses of 15 nm
for Au and 7 nm for Pt have been sufficient to achieve the latter.
These films are microcrystalline in structure.

The band structure of such a device is illustrated in Fig. 2. If
no bias voltage is applied to the device the Fermi levels of the
top metal film and the substrate align. These two systems are
separated by the oxide layer which exhibits a band gap. For the
barrier materials used by us, Ta, Al and Ti, the width of the band
gap ranges between 3 and 5 eV. 1213 The band gap is energetically
aligned such with the Fermi level of the metal that the conduction
band is closer to the Fermi level than the valence band. Thus, the
energy with respect to the band edge required for transport is
smaller for electrons than for holes. Moreover, we find a built-in
electric field across the oxide causing the barrier to be skewed
like a parallelogram. I.e the barrier for electrons is larger on the
interface towards the top metal film than towards the substrate.

The carrier transport though such systems was characterised
studying the optical response to near-infrared photons.!4 The
most important finding was that for excitation energies close to
the barrier height always electron transport from the top metal to
the substrate was favoured over the reverse transport. This effect
was tentatively attributed to energy losses due to electron-phonon
scattering in the oxide’s conduction band.

Metal-semiconductor (MS) structures have also been used to
study the conversion of chemical energy into electronic excita-
tions in the course of surface reactions. 2116 In these structures
a Schottky barrier at the buried interface serves as filter for (hot)
electrons or alternatively holes (Fig. 3). It depends on the doping
of the semiconductor substrate whether its bands bend up (n-type
semiconductor) or bend down (p-type) at the interface due to the
formation of a space charge layer. That creates a barrier for elec-
tron transport at energies close to the conduction band minimum
or alternatively for holes at the valence band top. In the first case,
this Schottky barrier allows only electrons with excitation ener-
gies larger than the barrier height to cross into the conduction
band of the semiconductor substrate, whereas the corresponding
holes are confined at the interface. In the second case, the role of
electrons and holes is reversed.

These structures have in common that a buried oxide layer or
alternatively the Schottky barrier serves to separate the chemi-
cally excited (hot) electrons from the corresponding holes. As
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Fig. 2 Bandstructure of a Au-Ta metal-insulator-metal thin film device.
The oxide layer exhibits a bad gap which insulates the two metal layers
for carrier transport at the Fermi level. The barrier due to the band gap
in the oxide is skewed due to an electric field across the oxide layer.
Moreover, a bias voltage has been applied resulting in an offset of the
Fermi levels of the two metals with respect to each other. The shading
indicates the Fermi distribution of electrons at a finite temperature for
the Ta layer and that the electronic system in the Au layer has been
excited. The arrows indicate the energetically most probable situation
for electron and hole transport, respectively.

long as the thickness of the top metal film is small enough that
the transport to the internal interface is predominantly ballistic —
a phrase standing for not encountering inelastic collisions — these
devices can be utilised to quantify the electronic excitations aris-
ing from the chemistry at the vacuum interface. Schottky barri-
ers typically exhibit heights of 0.5-0.8 €V and the space charge
layer extends ~100 nm into the semiconductor substrate. Hence,
tunnelling is exceedingly improbable and the barrier acts as a fil-
ter with a sharp threshold energy. However, this statement need
to be softened as in laboratory devices the Schottky barrier typi-
cally exhibits a lateral variation of 0.1 - 0.2 eV. MIM and metal-
insulator-semicondutcor (MIS) devices utilise a nanometer-thick
oxide layer which serves as charge carrier filter, however, with
a threshold energy typically larger than 1 eV. Tunnelling allows
carriers with energies somewhat smaller than the barrier to pass
the latter. Hence, the filter cuts off less sharply. Moreover, MIM
devices allow electrons and holes of sufficient energy to pass the
barrier. However, the threshold energies differs for electrons and
holes, such that transport for one of the two will predominate.
The use of MIM devices to study chemical processes goes back
to earlier work by Otto and coworkers in the context of elec-
trochemistry. 17 Also the reverse process — hot electron driven
surface chemistry utilising MIM devices — has received consid-
erable interest.18-21 In the applied world they receive interest
as sensors. 2272426 For further reading we refer to the review by

Banici. 25

3 Ultrahigh vacuum studies

Significant progress has been made in the last two decades in
unravelling the fundamentals of gas-surface interaction. %2’ So-
phisticated experiments and rapid progress in theoretical mod-
elling have contributed to this success.?8 Elaborate total energy
calculations providing potential energy surfaces and high dimen-
sionality quantum or classical calculations of the dynamics are
today state-of-the-art. However, these schemes tacitly assume
that the chemical process described evolves adiabatically in the

This journal is © The Royal Society of Chemistry [year]

Page 2 of 10



Page 3 of 10

Pd  6H-SIC  Ohmic
15nm  7-tyPe pack contact

Y

H,&
\5 e
H,0 7| [l€]
%

Pd
(15 nm)

6H-SiC
n-type

Fig. 3 Schematic drawing of the devices used by Karpov and coworkers
and their respective bandstructure. The surface chemistry can induce
hot electrons some of which are ballistically transported through the
metal film and over the Schottky barrier in the Pd/n-SiC structure. ®
denotes the height of the Schottky barrier, E¢ the position of the
conduction band minimum, E; the Fermi level, and Ey the top of the
valence band. Reproduced from Ref. '® with permission from *Publisher
AIP’, [2015].

electronic ground state. This is in particular the case whenever
density functional theory (DFT) is relied upon. In order to cope
with the many nuclear degrees of freedom involved in surface
processes, schemes are advantageous which calculate the poten-
tial data points ad hoc along with the evolution of a trajectory, for
which the term ab initio molecular dynamics (AIMD) has been
coined.??30 There is, however, mounting evidence suggesting
that non-adiabatic effects must not be neglected in many impor-
tant situations.>3! Experiments, such as the dissociative adsorp-
tion of O, on Al(111)32-35 and the interaction of highly vibra-
tionally excited NO with Cu(111)3® and Cs covered Au(111)37
raise the question whether the non-adiabaticity in surface chemi-
cal reactions has not been underestimated in the past. The signifi-
cance of non-adiabatic effects in dissociative adsorption or recom-
binative desorption is lively and controversially discussed383°
based on studies of interaction systems such as Hp/Cu(111),40-43
N,/Ru(001) 14445 and N,/W(110).4% On the theoretical side,
first steps have been undertaken to cope with this challenge. 4651

Naturally, there is a quest to have a direct measure of the
degree of non-adiabaticity in gas-surface interactions. In semi-
nal work, Nienhaus and coworkers reported the observation of a
chemicurrent when a Ag/Si-Schottky diode was exposed to a flux
of hydrogen atoms suggesting that a portion of the chemisorption
energy is dissipated to electronic degrees of freedom of the sub-
strate.>2 This experiment has stimulated novel theoretical stud-
ies. 53-58

The experiment of Nienhaus and McFarland showed an initial
electron flux of 4.5 x 10~* e~ per adsorbing H atom (Fig. 4). The
signal decreased exponentially with time which was attributed
to the saturation of surface sites with H adatoms. The steady-
state current was attributed to the fact that sites became available
again due to Eley-Rideal type abstraction reactions.

Nienhaus and coworkers have build on their initial work on

This journal is © The Royal Society of Chemistry [year]
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Fig. 4 "Chemicurrent” transient observed by Nienhaus and coworkers
when exposing a Ag/n-Si(111) Schottky diode to a flux of H atoms. The
device was held at 136 k and the thickness of the Ag layer was 7.5 nm.
Adapted from Ref.* with permission from 'Publisher Elsevier’, [2015].

hydrogen adsorption®2°? by using Metal/Si Schottky diodes to
study the oxidation of alkali®® and Mg films®! as well as the ho-
moepitaxy of Mg. 62

In our laboratory we have used MIM structures to search for
electronic excitations in the course of the interaction of H with
and on metal surfaces.810 Studies could be carried out over the
temperature range from 130 to 350 K due to the negligible sen-
sitivity to visible photons and the smaller thermal noise level of
MIMs. Au was the material primarily used for the catalytic sur-
face. The results were later on compared to those obtained with
other metals, such as Cu, Ag and Pt.

Analysing the current transients and correlating them with the
kinetics of the hydrogen recombination reaction, the following
observations could be established: (i) The steady-state current
follows the same rate law as the recombinations reaction. (ii) If
the flux of hydrogen atoms is cycled, the observed transient is in
agreement with 2" order kinetics for the recombination reaction.
(iii) A contribution from adsorption or Eley-rideal type abstrac-
tion events can only be of minor importance although it cannot
completely be ruled out. (iv) With the build up of coverage a
displacement current is observed, which is due to the shift of the
Fermi level in a nanometer thick metal film when adsorption is ac-
companied by charge transfer at the surface. (v) The signal scales
with the thickness of the top metal layer as it is expected from
the free path length of electrons at an energy corresponding to
the barrier height. Hence, the data suggests that the Langmuir-
Hinshelwood type recombination events are the predominating
source of electronic excitations which are observed as current.

The currents were found to scale as expected when the sub-
strate metal was varied from which the oxide layer was prepared.
Al exhibits such a high barrier (2-3 eV depending on preparation
method) 12 that no current could be observed. Using Ti instead of
Ta, a significantly larger current resulted as the barrier is smaller
with 1.2-1.4 eV compared to the 1.7 eV for Ta. %3
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At this point we may summarise: In Ag/Schottky barrier ex-
periments at 7s=130 K a chemicurrent is observed which is in-
terpreted to result from H atom adsorption. In experiments using
MIM devices at elevated temperatures a current arising from the
LH recombination reaction dominates. These two reports conflict
on first glance, but may not necessarily do so. At Tg=130 K the
recombination reaction has a very small rate such that a current
may escape observation in the Nienhaus experiments. Moreover,
it may be speculated that a current from the recombination reac-
tion contributes to the steady-state current reported. Experiments
at elevated temperature have not been feasible with Schottky
diodes due to the thermal noise. In the experiments using MIM
devices, on the other hand, the electronic excitations arising from
adsorption may not have been observable due to the higher bar-
rier in these devices. This reasoning would suggest that H adsorp-
tion leads to excitation of smaller mean energy than those from
the LH recombination reaction. This argument is corroborated by
the fact that the current density observed with Schottky devices
is about one order of magnitude larger than the one seen with
MIM devices. Interestingly, Wodtke and coworkers have recently
found evidence that the creation of electron-hole pairs mediates
strong energy losses in the collision of hyperthermal H atoms with
a Au surface. % Theoretical modelling suggests that the H atoms
undergo sequential collisions transferring on average 0.4 eV each
time, 9> which would be consistent with the interpretation of the
MIM and Schottky device experiments.

Studying different metals as substrate for the chemistry we
found: For the coinage metals — Ag and Cu - the findings are
qualitatively equal to the ones discussed for Au, but quantitatively
different. In contrast, no chemicurrent attributable to the recom-
bination reaction could be observed for Pt.

The interaction of hydrogen with coinage and noble metal sur-
faces has been subject of innumerable studies. % The binding en-
ergy of H with the various faces of these metals ranges between
260 - 280 kJ/mol for Pt, 230 kJ/mol for Cu, and 190 - 210 kJ/mol
for Ag and Au.%” Whereas these differences seem only quantita-
tive in nature, the transition state to recombinative desorption has
a different character in the case of Pt group metals when com-
pared to the coinage metals.%8 In the latter case the transition
state lies energetically 50 to 100 kJ/mol above the asymptotic
level corresponding to an unbound H; molecule, with the high-
est value expected for Au. In the case of Pt, there is no such
pronounced maximum in the minimum energy path way of the
molecule away from the surface.®® This is inline with the find-
ing that dissociative H, adsorption is not activated on Pt group
metals, whereas on coinage metal it is strongly.

When using both kinds of devices — MIM sensors or Schottky
contacts — marked isotope effects are observed. The signal for H
exposure is by a factor of about 4 larger than for D exposure. %°?
A strong isotope effect is generally seen as a litmus test for non-
adiabaticity. The influence of non-adiabatic coupling scales with
the velocity of the particle. Hence, comparing two isotopes at the
same translational energy the amount of energy lost due to non-
adiabatic effects scales with the square root of the mass ratio. This
expectation is reproduced in first principles model calculations
using time-dependent DFT.”0 As the barrier in the device cuts

4| Journal Name, [year], [vol.],1-9

off low energy excitations, large isotope effects result. Knowing
the cut-off energy and assuming a Boltzmann distribution, the
parameter characterising this distribution can be derived, which
is often expressed as a fictitious temperature. In these studies
values between 2000 and 3000 K are found. If this value is for
the moment interpreted as the mean energy of the excitations,
then this amounts to some 10 kJ/mol, i.e. a tenth of a typical
chemical binding energy. Interestingly, the reported isotope effect
by Nienhaus and coworkers in their experiment is smaller than
the one reported by us for experiments using MIMs which is inline
with the suggestion that adsorption results in excitations of lower
energy than the recombination reaction.

Electrons

Energy (E - Ef) [eV]

Partial Current [a.u.]

Fig. 5 Differential Spectroscopy of the energy distribution of the electron
and hole flow in MIM device. By biasing the device the two Fermi levels
are offset with respect to each other. As a consequence electron and
hole flow are eased or hampered. Form the current variation the slop of
the energy distribution in the vicinity of the cut-off energies can be
derived; 1075 K and 1675 K for the electron and the holes, respectively.

MIM devices allow one to apply a bias voltage between the two
metal layers. As a consequence the Fermi levels are shifted with
respect to each other and the barrier imposed by the band gap
in the oxide is distorted (Fig. 1). Depending on polarity, trans-
port from the top layer to the back contact becomes easier for
electrons or alternatively holes, while the other type of carriers
encounters the opposite effect. Effectively, the median cut-off en-
ergies are shifted to lower values on the absolute energy scale or
to higher ones. Alternating the applied allowed bias voltage al-
lows to obtain the derivative of the current with respect to the
cut-off energy, that is the spectrum in the vicinity of these energy
values (Fig. 5). Experiments for H interacting with Au yielded
that the distribution of electrons has a slope of 1050 K at an en-
ergy of 1.4 €V and the one for holes of 1675 K at the cutoff-energy
of 2.4 eV. For D atom dosing smaller values, namely 900 and
1050 K, respectively, were found as expected. These values give a
refined picture of the respective distributions when compared to
the simple estimate derived from the isotope effects.

Theoretical work has focused on the non-adiabaticity of atomic
hydrogen adsorption. The crossing of the atomic affinity level
through the Fermi level of the metal is seen as the critical point
along the trajectory as it gives rise to a spin orthogonalisa-

This journal is © The Royal Society of Chemistry [year]
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tion catastrophe when discussed within the Newns-Anderson pic-
ture. %#>7 The later arises as the H atom carries spin but the metal
is spin umpolarized. Qualitative agreement has been achieved in
model calculations. Less theoretical attention has been paid to
the recombination process. But recent work has suggested that
motion of hot H atoms on the surface may be connected with
large electronic friction.*® Such motion is the precursor to any
recombination reaction and, hence, would scale with the rate of
this reaction.

4 Higher pressure studies

Studies at pressures large enough to induce in thin film structures
currents of macroscopically relevant magnitude have been pio-
neered by the Somorjai group.”1=72 For their initial studies they
used structurally rather complicated Pt/TiO, and Pt/GaN devices
for which they coined the term catalytic nanodiode. Exposing
these devices to a near-stoichiometic flow of CO + O, at about
10* Pa and elevating the temperature to 400 to 550 °C, they ob-
served for hours steady currents. In a subsequent study of the
hydrogen oxidation reaction, 7 a yield of 1.1 x 10~ electrons per
reaction event was derived, by looking at the ratio of the cur-
rent observed to the turnover frequency (Fig. 6). One question
of concern was: what is the thermoelectric contribution to these
currents. This question was addressed by running experiments
in which the devices were exposed a flow of He. However, it is
difficult to account this way for the heating due to the dissipated
exothermicity of the chemical reactions.

60

(a)

40

20

™ T T T T T T T T TT

TOF (H,O/Pt sitels)

30
25 f
20 f
15 |
10 f

Chemicurrent (nA)

0
0 2 4 6 8 10
Pressure of hydrogen (Torr)

Fig. 6 Turnover frequency for different pressures of H, in 10° Pa of O,
at 353 K. (b} A plot of the chemicurrent as a function of different H,
pressures in 10° Pa of 0. Reprinted with permission from 74. Copyright
(2009) American Chemical Society.

Karpov and Nedrygailov studied hydrogen oxidation to water
on surfaces of Pd/n-SiC heterojunction nanostructures (Fig. 3). 15
These devices exhibit a Schottky barrier of 0.65 €V similar to the
Si based ones, but the use of the wide band gap semiconductor

This journal is © The Royal Society of Chemistry [year]
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SiC allows one to operate at elevated temperatures necessary to
achieve appreciable reaction rates. Currents of up to 7.2 pA at
T = 667 K were observed during admission of a stoichiometric
oxygen-hydrogen mixture with a pressure of 25 Pa. Analysing
their data, they concluded that the quantum yield may be as
large as 0.2, whereby this property is defined as the number of
electrons observed per water formation event. They suggested
that the predominant part must be attributed to ballistic electrons
as the current would be much larger than what is expected as
thermionic current based on the Richardson equation.

In a subsequent paper the same authors employed Pd/GaP and
Pt/GaP devices with results inline with their earlier conclusions.?
In all these studies the prime argument was that the current ob-
served scales linearly with the reaction rate.

Creighton and Coltrin '® were able to shed some light on these
experiments by building similar devices and modelling the heat
flow in such a structure as used by Park and Somorjai. Argu-
ing that the dominant source of a thermoelectric (Seebeck) cur-
rent is the lateral temperature gradient between the two electric
contacts, namely the Ohmic contact to the semiconductor sub-
strate and the electric contact to the metal layer, a simplifying
replacement circuit was constructed. Using experimentally de-
termined temperatures for the two spots, a current is predicted
which in magnitude and dependence on reaction rate agrees well
with what is observed experimentally. The large current in these
devices is facilitated by the large Seebeck coefficient of GaN.

Metal back
contact

Metal top n-type

layer semiconductor

Reactants

Products

Fig. 7 Temperature gradients and resulting charge carrier transport in a
metal-semiconductor nanostructure with ¢, the Schottky barrier height,
Er the Fermi level, 6T the temperature drop across the semiconductor
layer, and E¢- and Ey the conduction band minimum and valence band
top energy, respectively. A thermionic current (1) arises in case of a
temperature drop across the metal-semiconductor interface. The
thermoeleciric current (2) is due to the Seebeck effect caused by the
temperature gradient across the semiconductor layer between the
interfaces to the top metal layer and the Ohmic metal back contact.

Three possible origins have to be considered for any chemicur-
rent: (i) the kind of current we discussed for the UHV studies,
namely a true chemicurrent arising from electrons, respectively
holes, excited in the context of a chemical reaction event and
ballistically transported to the internal interface. (ii) a thermionic

Journal Name, [year], [vol.], 1-9 |5
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current arising from a difference in temperatures between the two
metal layers which are separated by the barrier. (iii) a thermoelec-
tric current arising from a temperature gradient across any one of
the layers due to the finite thermal conductivity. If the two layers
separated by the oxide barrier are of different temperature an im-
balance in their respective (Fermi) distribution of carriers arises.
In thermal equilibrium the electron flows from one layer to the
other and vice versa cancel. In case of a temperature gradient,
this is not anymore the case as the hotter layer will contribute a
larger number of electrons ("1" in Fig.7). Hence, a macroscopic
current arises as long as the two layers are shortcircuited. Quan-
titatively, this current can be accounted for by applying the Bethe
equation

epp
=AT? - A 1
Jiso i CXP{ kBTl} ; €]

where A is the Richardson constant, ¢, the Schottky barrier height
and 67 the temperature of the emitting layer. The major uncer-
tainty is the Richardson constant one needs to know, what how-
ever is only truly the case for metals. The macroscopic current is
then the difference between the microscopic ones in both direc-
tions.

Thermoelectric currents inside one medium arise due to tem-
perature differences between two boundary surfaces of one
medium. The driving force for these currents is the Seebeck volt-
age which is induced by a diffusion process of thermally activated
charge carriers.”> The dominating charge carriers (electrons in
metals in and n type semiconductors, defect electrons in p-type
semiconductors) flow from the hotter edge of the medium to the
colder giving to rise a potential difference between the edges
of the medium. Non-negligible temperature differences across
a medium can be expected when one interface of the medium
is heated by the catalysed reactions while the other side is ulti-
mately connected to a heat sink. Such kind of devices were intro-
duced decades ago.”® When the surface of such a device supports
a catalyzed reaction with a significant turn over frequency, a heat
flow of several 10 mW/cm? is to be expected.”” The resulting
temperature gradient can lead to significant thermoelectric cur-
rents in particular across semiconductor layers. For silicon the
Seebeck coefficient is in the range of 1000 uV/K,7° for Ga based
systems one finds 300 uV/K.”8 Even in the latter case the Seebeck
coefficient is large enough to expect device currents of the size
which have been attributed in some studies to chemiscurrents. 16

As the top layer is only nanometers thick, no significant tem-
perature drop will exist across it. The same argument holds for
the insulating oxide layer in MIM devices. Thus, a thermoelec-
tric current has only to be considered for the back electrode. The
comparably low contribution of thermoelectric effects is to be ex-
pected for these MIM devices as the Seebeck coefficient is small
for metals.”? For noble metals the Seebeck coefficient does not
exceed 10 uV/K, for the catalytically active platinum the coeffi-
cient even becomes zero at 200 K and changes sign. 80

In any case, the exothermicity of the chemistry at the vacuum
interface is a significant power source causing a temperature gra-
dient across the device, the details of which depend on its design
and its suspension in the apparatus. When the back electrode is

6| Journal Name, [year], [vol.],1—9

made from a material with a large Seebeck coefficient such as
most semiconductors, this will be the largest concern. For MIM
devices the thermionic current is likely dominating as the Seeback
coefficients of metals are small.

T
1.00 H,#+50, | -
—— 3 mbar
o 098 — 5 mbar | T
o — 7 mbar
~ 0.96f
o
5 0.94
o
173
o o092 -
o
0.90 ~|
0.88 -

A Temperature [K]

Devicecurrent [uA]

1 1 1 1 1 1
120 240 360 480 600 720
Time [s]

Fig. 8 Pressure, temperature increase and device current observed
during the reaction of H, with O, in a bulb experiment using a Pt/Si
device. The bulb (55 /) was filled with H, and O, in the ratio of 1:5 to
total pressures of 3, 5 and 7 mbar. The reaction was initiated at about ¢=
80 s by irradiating the Pt surface with a light bulb which causes the
temperature to rise from room temperature to the ignition one. 8

The problem becomes immediately apparent when one inspects
the results depicted in Fig. 8. These have been obtained in a bulb
experiment using mixtures of H, and O in the ratio 1:5 at differ-
ent pressures.8! The experiment used a Pt/SiOx/Si device. The
reaction was started by radiatively heating the Pt film after the gas
volume had been filled with the mixture. The top panel shows the
evolution of the pressure over time as the reaction proceeds. The
rate of the reaction is largest where the descent of the pressure
is steepest. This agrees well with the temperature increase which
is read using a tiny Pt1000 sensor attached to the Pt film. The
device was hang from thin wires to reduce the heat conduction
as far as possible, and thereby minimise temperature gradients
in the device. The bottom panel depicts the temporal evolution
of the current. A true chemicurrent one would expect to occur
synchronous with the chemical rate. It is immediately obvious,
that it evolves differently than the temperature measured and as
the rate of the chemical reaction. The peak current is observed
earlier in time. This experiment clearly suggests that the current
cannot solely by attributed to electrons excited in the course of

This journal is © The Royal Society of Chemistry [year]
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the surface chemical reactions. But it also does not appear be
only a temperature effect.

10

/
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: d
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1 1
200 300 400 500 600
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Fig. 9 Thermoelectric current density as calculated using a simple
model for a Pt/Si device. It is assumed that the Si substrate is 0.5 mm
thick. The temperature at the backside of the device is the variable.
Three different amounts of power dissipated from a catalysed chemical
reaction on the surface are considered, 1072, 10% and 10~° W cm 2.
The coloured circles indicate the regimes in which typical UHV and bulb
experiments are operated. Adapted from Ref. 77,

Nedrygailov et al. have addressed this problem in model stud-
ies.”7 Considering a Pt/n-Si device for which the thickness of
the Si substrate is 0.525 mm, he calculated the thermionic and
thermoelectric current. The chemistry proceeding at the vac-
uum interface is regarded as a power source. Typical turn-over-
frequencies in bulb experiments correspond to 107% to 1072 W
em™2. For simplicity is assumed that the backside is uniformly
held at a fixed temperature by the experimental layout allowing
for a one-dimensional model. The first finding is that the ther-
moelectric current is by two orders of magnitude larger than the
thermionic one. The size of the first markedly depends on the
temperature at the back of the device (Fig. 9). Between 200 and
600 K a variation of the current over 12 orders of magnitude is
calculated. For conditions typical of bulb experiments, the model
predicts a current density of 10~ to 107> A/em?2. This result is re-
markable as the temperature difference across the backelectrode
ranges only between 107 to 1073 K.

Admittedly, the thermoelectric effect is more pronounced in Si-
devices than e.g. GaN or TiO, based ones. But it raises certainly
concern, that the model suggests currents of a size as typically
observed in the bulb experiments. On the other hand, it is re-
assuring that under UHV experimental conditions thermoelectric
currents between 10717 to 10714 A/cm? are to be expected.

At present, the largest experimental stumbling block is an accu-
rate insitu measurement of the temperature of the catalytic active
nano film. With a volume of typically 0.1 mm3 its heat capacity is
orders of magnitude smaller than the one of the smallest sensor,
such as a Pt1000. Optical measurement are hampered by the fact
that such thin metal films are optically partially transparent. Indi-
rect ways to measure this temperature have been explored, 82.83
but they must not conflict with recording the chemicurrent.

This journal is © The Royal Society of Chemistry [year]

Chemical Society Reviews

5 Conclusions

Thin film metal heterostructures have allowed to shed new light
on the dissipation of chemical energy into electric excitations on
metal surfaces. The findings challenge the unreflected assump-
tion that surface chemical process will in any case be adiabatic,
i.e. follow the ground state potential energy surface. Encouraging
strides have been made to account by theoretical work for these
experimental findings. Regarding the work under high pressure
conditions it has been found that it is harder than expected to
separate direct electronic from subsequent thermal effects. The
search for materials with larger conversion efficiencies is still on.
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