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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.8–10 The oxidation process is self-limiting, re-

sulting in a uniform oxide thickness of 3-4 nm.11 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.12,13 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.14 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.2,15,16 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

Ta

E
F

Au

oxide

j
e

E
F

j
h

Evac
Evac

UT

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 eV 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.22–24,26 For further reading we refer to the review by

Bănică.25

3 Ultrahigh vacuum studies

Significant progress has been made in the last two decades in

unravelling the fundamentals of gas-surface interaction.6,27 So-

phisticated experiments and rapid progress in theoretical mod-

elling have contributed to this success.28 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

2 | 1–9

Page 2 of 10Chemical Society Reviews



be

utilizing

the

ballistic

lower

be

metal-

gy

reac-

both

the

mani-

re-

the

excita-

O2

H2

H O2

Ec

Ev

Ef

6H-SiC
-typen

Φ

Pd
(15 nm)

Ohmic
back contact

6H-SiC
-typen

Pd
15 nm

e–

e–

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. Φ

denotes the height of the Schottky barrier, EC the position of the

conduction band minimum, E f the Fermi level, and EV the top of the

valence band. Reproduced from Ref. 15 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.29,30 There is, however, mounting evidence suggesting

that non-adiabatic effects must not be neglected in many impor-

tant situations.5,31 Experiments, such as the dissociative adsorp-

tion of O2 on Al(111)32–35 and the interaction of highly vibra-

tionally excited NO with Cu(111)36 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 discussed38,39

based on studies of interaction systems such as H2/Cu(111),40–43

N2/Ru(001)41,44,45 and N2/W(110).42 On the theoretical side,

first steps have been undertaken to cope with this challenge.46–51

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.52 This experiment has stimulated novel theoretical stud-

ies.53–58

The experiment of Nienhaus and McFarland showed an initial

electron flux of 4.5×10−4 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
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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. 4 with permission from ’Publisher Elsevier’, [2015].

hydrogen adsorption52,59 by using Metal/Si Schottky diodes to

study the oxidation of alkali60 and Mg films61 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.8–10 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 2nd 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.63
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At this point we may summarise: In Ag/Schottky barrier ex-

periments at TS=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 TS=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.64 Theoretical modelling suggests that the H atoms

undergo sequential collisions transferring on average 0.4 eV each

time,65 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.66 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.67 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.68 In the latter case the transition

state lies energetically 50 to 100 kJ/mol above the asymptotic

level corresponding to an unbound H2 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.69 This is inline with the find-

ing that dissociative H2 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.8,59

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.70 As the barrier in the device cuts

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.
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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 eV 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-
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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

J1→2 = AT 2
1 exp

[

−

eϕb

kBT1

]

, (1)

where A is the Richardson constant, ϕb the Schottky barrier height

and δT1 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.75 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.76 When the surface of such a device supports

a catalyzed reaction with a significant turn over frequency, a heat

flow of several 10 mW/cm2 is to be expected.77 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 µV/K,76 for Ga based

systems one finds 300 µV/K.78 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.79 For noble metals the Seebeck coefficient does not

exceed 10 µV/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

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.
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Fig. 8 Pressure, temperature increase and device current observed

during the reaction of H2 with O2 in a bulb experiment using a Pt/Si

device. The bulb (55 l) was filled with H2 and O2 in the ratio of 1:5 to

total pressures of 3, 5 and 7 mbar. The reaction was initiated at about t=

80 s by irradiating the Pt surface with a light bulb which causes the

temperature to rise from room temperature to the ignition one. 81

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 H2 and O2 in the ratio 1:5 at differ-

ent pressures.81 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
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