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Hot electrons and holes created at Ag and Cu surfaces by adsorption of thermal hydrogen an
deuterium atoms have been measured directly with ultrathin metal film Schottky diode detectors on
Si(111). When the metal surface is exposed to these atoms, charge carriers are excited at the surfa
travel ballistically toward the interface, and have been detected as achemicurrentin the diode. The
current decreases with increasing exposure and eventually reaches a constant value at the steady-s
coverage. This is the first direct evidence of nonadiabatic energy dissipation during adsorption a
transition metal surfaces. [S0031-9007(98)08122-8]

PACS numbers: 82.20.Rp, 34.50.Dy, 79.20.Rf, 82.65.My
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The pathways of energy dissipation in exotherm
reactions at metal surfaces are of fundamental interest
still poorly understood. Bond formation energies of u
to several eV are transferred into the substrate. Si
bulk phonon energies are typically 2 orders of magnitu
smaller, nonadiabatic excitations of electron-hole (e
pairs may be a significant alternative to multiple phon
creation [1–4]. With surface reactions at thermal collisi
energies, there are a few examples of energy tran
into the electronic system accompanied by light emiss
(chemiluminescence) [5] and exoelectron ejection [
These effects are observed only with the exotherm
adsorption of electronegative molecules on reactive m
surfaces. In addition, exoelectron emission requires t
the metal has a low work function. Heretofore, the
has been no direct experimental evidence for adsorpt
induced e-h pair excitations at transition metal surfac
Although the maximum energy of any hot charge carrie
is smaller than the metal work function, precludin
exoelectron emission, the energy may be sufficiently la
to enable the charge carriers to be collected by crossin
smaller potential barrier.

We demonstrate in the present study that the direct
tection of chemisorption-induced e-h pairs is feasible us
the Schottky barrier of a transition metal-semiconduc
diode detector. We chose the adsorption of atomic hyd
gen on Ag and Cu film surfaces as model systems. Th
metals exhibit high reactivity to atomic hydrogen but ne
ligible dissociative adsorption of H2 [7]. The formation
energy of the H-metal bond is large, about 2.5 eV in bo
cases [7]. To detect the hot charge carriers, we design
sensor consisting of a large-area metal-semiconductor c
tact with an ultrathin metal film. The proposed mechani
of current production in the sensor is illustrated in Fig. 1
for the case of hot electrons. The transition metal film
evaporated onn-type Si forming a diode with a Schot
tky barrier,F. Figure 1(a) shows the Fermi level,EF , the
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conduction band minimum (CBM) and the valence ban
maximum (VBM). If the exothermic chemisorption of H
atoms creates e-h pairs, hot electrons may travel ballis
cally through the film and cross the barrier. They can b
detected as a current which we hereafter call achemicur-
rent. Similarly, hot holes may be measured with ap-type
diode. The charge carrier energies lie between the ba
rier height and the adsorption energy, i.e., between 0.5 a
2.5 eV aboveEF . The mean free path (mfp) of electrons
and holes in this energy range are typically on the ord

FIG. 1. (a) Principle ofchemicurrent detection. H atoms
react with the metal surface creating e-h pairs (1). Th
hot electrons travel ballistically through the film into the
semiconductor (2) where they are detected. (b) Schematic c
view through the H sensing Schottky diode. The ultrathin meta
film is connected to the Au pad during evaporation.
© 1999 The American Physical Society
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of 100 Å, as determined by thermal and field emission [8
internal photoemission [8], and ballistic electron emissio
microscopy [9]. The film thickness should be in the rang
of the mfp of the charge carriers.

The sensor design is shown in Fig. 1(b). The devic
are microfabricated onn- and p-doped Si wafers with
(111) orientation (rn ­ 5 10 V cm, rp ­ 1 20 V cm),
and an Ohmic contact is provided on the back of the wafe
by As1 and B1 ion implantation, respectively. Isolated
from the silicon, thick Au contact pads are evaporated
a 4000 Å thermal oxide layer on the front of the devic
A 0.3 cm2 window is wet chemically etched through the
oxide and between the isolated Au pads by use of buffer
hydrofluoric acid leaving a clean and passivated Si(11
surface. The processing is performed under clean ro
conditions using ultrapure reagents. The samples
then transferred into an ultrahigh vacuum chambersp ø
1028 Pad for metal deposition and measurements.

Copper and silver films are deposited by e-beam evap
ration at substrate temperatures of 135 K. The nomin
thickness is measured by a quartz microbalance. The e
ing of the oxide produces an angle of inclination betwee
oxide and Si surface of typically 25±. The evaporated thin
metal films are connected to the thick Au pad by virtu
of this small inclination angle providing a zero-force fron
contact. This design allows electrical contact for curren
voltage sI-V d measurements between the front and ba
contacts even with film thicknesses below 80 Å. The re
tifying properties are improved by annealing the devices
room temperature and cooling back to 135 K. The me
suredI-V curves were analyzed using thermionic emi
sion theory [10]. Effective barrier heights of 0.6–0.65 e
and 0.5–0.55 eV were determined for Cu and Ag films
75 Å thickness onn-Si(111), respectively. Onp-Si(111),
Ag and Cu diodes showed barriers of 0.5–0.6 eV. Ide
ity factors between 1.05 and 1.5 indicate that the large-a
diodes are laterally nonuniform and exhibit a barrier heig
distribution [11]. This corresponds to the nonuniform
structure of the metal films. Atomic force microscopy re
vealed coalescing metal islands after annealing.

The devices were maintained at 135 K and expos
to a modulated, thermal hydrogen beam produced by
microwave plasma. Photons had to be extracted fro
the beam to avoid photoexcitation which can be orde
of magnitude stronger than the chemicurrent. A spec
light blocking fixture was inserted into the plasma tub
to prevent any photon transmission. Design and functi
of the device are described in detail elsewhere [12]. T
content of atomic hydrogen,cH, i.e., the number of atoms
relative to the total number of particles in the beam w
measured with an in-line mass spectrometer. It vari
typically between 7% and 25%, where the variations we
associated with plasma fluctuations. We also measu
an average kinetic energy of the atomic hydrogen
between 300 and 350 K [12]. The total rate of atomic an
molecular hydrogen impinging on the diode was approx
mately constant,1013 particlesys. Hence, with a sensor
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area of0.3 cm2, the atomic flux varied between 3 and10 3

1012 H atomsycm2 s. The reaction-induced chemicurren
was detected between the front and back contacts us
standard lock-in techniques.No bias was applied to
the detectors during measurements. Because of the
temperature, the noise level was less than 0.5 pA.

Detector current responses in time (I-t curves) while ex-
posing the devices to atomic hydrogen are shown for Ay
n-Si, Agyp-Si, and Cuyn-Si diodes in Fig. 2. The atomic
impingement rate,qH, was7.5 6 2.5 3 1011 atomsys. At
t ­ 0, the beam shutter was opened. The current increa
instantaneously upon exposure, decays exponentially,
eventually reaches a steady-state value. The dip obser
in the I-t curve for Cu is due to a decrease in the atom
hydrogen flux due to plasma instabilities. The atomic h
drogen content,cH, decreased from 15% att ­ 1600 s to
below the detection limit of 2% att ­ 2100 s and then
recovered to its original value. The total beam inte
sity (atomic and molecular hydrogen) remained consta
Thus, the chemicurrent is detected only if atomic hydr
gen is present. Figure 2 shows that chemicurrents w
detected for bothp- and n-type AgySi diodes, implying
that both hot electrons and hot holes are created.

The chemicurrent transient shown in Fig. 2 represe
the occupation of empty adsorption sites by atomic hyd
gen on the metal film. The hydrogen coverage,Q, in-
creases and the adsorption probability decreases with
decreasing availability of empty sites. The steady-sta
current observed in the long time limit is a consequen
of a balance between H removal from the surface by a
straction and readsorption [13]. The chemicurrent,I, is

FIG. 2. Chemicurrent as a function of H exposure time f
diodes with thin Cu and Ag films. The transients correspo
to the filling of empty adsorption sites by atomic hydrogen o
the metal surfaces. The steady-state currents are explaine
a balance of abstraction and readsorption of atomic hydroge
447
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expected to be proportional to the H atom flux and the fra
tion of unoccupied adsorption sites, i.e.,I ­ aqHsQs 2

Qd, whereQs is the saturation coverage if no abstractio
occurs anda is a constant.

If we assume that the adsorption of H and its abstract
by atomic hydrogen in the gas phase are governed b
Langmuirian and an Eley-Rideal mechanism, respectiv
[13], the time rate equation forI andQ obeying first-order
kinetics may be written as

dIydt ~ 2dQydt ­ 2sqHyAd fsasQs 2 Qd 2 srQg ,
(1)

whereA is the active diode area, andsa and sr are the
cross sections for adsorption and abstraction, respectiv
By considering the time limits fort ­ 0 and t ! `, the
ratio of the cross sections may be determined from t
maximum value,Imax, and the steady-state value,Is, of
the chemicurrent viasrysa ­ IsysImax 2 Isd. Cross sec-
tion ratios calculated from the data in Fig. 2 are 0.2 f
Agyn-Si and 0.4 for the two other diodes. Such larg
abstraction cross sections have been observed previo
on other surfaces [13]. Equation (1) predicts an expone
tial decay of the chemicurrent with a time constant ofAy
qHssa 1 sr d. Single exponential fits to the data in Fig.
result in decay constants of 480 s for Agyp-Si, 670 s for
Cuyn-Si, and 750 s for Agyn-Si. The observed variation is
still within the rather large uncertainties of the flux. Cros
section ratio and decay constant allow the calculation of
absolute cross sections if the active diode area,A, and the H
atom rate,qH, are known. WithA ø 0.3 cm2, the analy-
sis gives values forsa of approximately5 3 10216 cm2

for Ag and4 3 10216 cm2 for the Cu film. With an as-
sumed initial adsorption probability of unity, the recipro
cal of the cross sectionsa is equal to the adsorption site
density. From our data, we obtain adsorption site de
sities of s2 3d 3 1015 cm22 for both Ag and Cu films.
These values are in excellent agreement with the num
of metal atoms per unit area which is2.4 3 1015 cm22 for
Ag(111) and3.1 3 1015 cm22 for Cu(111) surfaces, and
support our interpretation of theI-t curves. Furthermore,
the present experiment shows a new way of measuring s
abstraction rates with only one atomic species.

It was also found that the chemicurrent is attenuat
exponentially with increasing metal thickness in Agyn-Si
diodes. The attenuation length correlated well with th
mfp of electrons in Ag, which further supports the ide
of hot electron creation at the surface and ballistic trav
through the metal film.

The quantitative difference between then-type Ag and
Cu Schottky diodes in Fig. 2 is striking. A sensitivity
may be defined by dividing the initial chemicurrent a
t ­ 0 by the H atom impingement rate. This gives th
number of electrons detected per adsorption event wh
is 4.5 3 1023 for Ag and 1.5 3 1024 for Cu. On p-
type diodes, we found the same sensitivityratio. Thus,
the difference does not correspond to a barrier heig
difference which is observed only withn-type Schottky
448
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diodes. We attribute the sensitivity difference to two
effects. First, the mfp of electrons in Cu films has bee
measured to be half that of Ag films [8]. Second, th
interface properties of AgySi and CuySi are very different;
e.g., although copper reacts with Si and may form a silicid
[14], similar reactions are not known for Ag on Si. Since
the diodes are annealed, CuySi interfaces are expected
to be rougher and to have more scattering centers th
AgySi interfaces. The enhanced roughness may reduce
transmission probability considerably, in agreement wit
reported results on mfp in silicides which are smaller tha
in metals [9].

Thep-type AgySi diode is seen in Fig. 2 to be approxi-
mately 3.5 times less sensitive than then-type device. This
might be explained by differences in the mfp of holes an
electrons in Ag, as observed previously in Au [8] and PtS
thin films [15]. In these studies, the attenuation lengths
holes were a factor of approximately 1.5 smaller than fo
electrons. Additionally, the sensitivity difference may b
related to the energy spectra of holes and electrons exci
by the surface reactions. Thed bands of bulk Ag cannot
contribute to the ballistic current since they are more tha
2.7 eV belowEF [16]. The ballistic charge carriers thus
have nearly freesp character. The probability of excit-
ing an e-h pair is assumed to depend on the joint dens
of states (DOS) of occupied and empty electronic state
Since the DOS of Ag increases slightly with energy in th
range of63 eV aroundEF [16], electrons closer to the
Fermi level are excited more effectively. Consequentl
the energy distributions of ballistic holes and electrons a
not symmetric aroundEF and, on average, the ballistic
electrons are expected to have higher kinetic energies th
the hot holes. Such an asymmetry would lead to a signi
cant sensitivity difference betweenp- andn-type devices.

Figure 3 showsI-t curves for atomic hydrogen and
deuterium reacting with a 75 Å Ag film onn-Sis111d.
The oscillations in the decay curves are due to plasm

FIG. 3. I-t curves recorded from Agyn-Sis111d diodes ex-
posed to atomic hydrogen and deuterium. The chemicurre
due to atomic hydrogen adsorption is multiplied by a facto
of 0.3.
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fluctuations. Although the impingement rate of atomi
deuterium was approximately twice as large as for atom
hydrogen, the measured chemicurrent with D exposure w
smaller by a factor of 3, i.e., the sensitivity to D is 6
times smaller than to H atoms. The slight difference i
the strengths of H and D metal bonds cannot explain th
observed isotope effect. A reduced adsorption probabili
for D on Ag would also not account for this observation
since this would affect the decay rate as well. The dec
rates in Fig. 3 differ by a factor of approximately 1.8
which is exclusively attributed to the flux difference. The
isotope effect implies different velocities and interactio
times of the incoming H and D atoms by a factor op

2. The interaction time, however, is still in the10213 s
range, at least 1 order of magnitude longer than tim
constants of electron transfer between substrate and
impinging atoms. For the same reason, we exclude intern
exoelectron emission which requires quenching of resona
charge transfer into the affinity level of the approachin
atom accompanied by a drastic change of the surfa
oxidation state [3,6].

The more relevant mechanism behind the isotope effe
is likely to be the deexcitation of highly excited vibra-
tional states formed under chemisorption. The maximu
spacings between the vibrational levels are in the order
100 meV. Therefore, higher order vibrational relaxatio
is needed to create hot electrons and holes with sufficie
energy to traverse the Schottky barrier. The formatio
energies of D-Ag and H-Ag bonds are almost identica
however, the vibrational states in the anharmonic D-A
potential are closer to each other than for H-Ag. Cons
quently, to create charge carriers with energies above t
barrier, the transition between two vibrational levels mu
be of higher order for the D-Ag than for the H-Ag system
The transition probability decreases with increasing orde
so that less electrons or holes with sufficient energy a
excited when D instead of H is adsorbed. This explain
the lower sensitivity of the device to D.

In summary, we report the first direct detection of ho
electrons and holes excited by adsorption of atomic H (a
D) on ultrathin Ag and Cu films as achemicurrent. The
current is measured in a large-area Schottky diode form
from these metals on Si(111). The devices are uniq
sensors which can discriminate atomic from molecula
hydrogen as well as D from H atoms. The chemicurren
decay exponentially with exposure time and reach a stead
state value. This behavior corresponds to the occupati
of free adsorption sites by H atoms and a balance betwe
adsorption and abstraction. The currents are smaller
p-type semiconductors are used and if the devices a
exposed to D rather than H. This effect opens a new way
monitoring reactions on metal surfaces and will certain
initiate further investigations to clarify the mechanism o
the excitation.
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