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Nonadiabatic processes are observed during growth of Mg atoms from the gas phase on Mg films.

Chemicurrents are measured in thin film Mg=p-Sið001Þ Schottky diodes which are exposed to thermally

evaporated Mg atoms. The photonic and chemical contributions to the observed reverse currents in the

devices can be distinguished by varying the Mg atom flux and by independent measurements using an

empty evaporator as a source of heat radiation.
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When metal atoms from the gas phase are deposited on a
metal surface the initially localized valence electrons of the
atom are transferred into the delocalized states of the solid
metal. This condensation is an exothermic process. Its
released energy can be deduced from the heat of vaporiza-
tion or sublimation which are typically a few eV=atom
[1,2]. Although much effort has been spent on the detailed
study of the nonmetal-metal transition [3,4], much less is
known about the dynamics and the mechanisms of how the
condensation energy is dissipated. This issue is important
not only for the understanding of the elementary steps of
metallization but also for describing the metal film growth.
The present study addresses this issue and, in particular, the
nonadiabatic energy transfer during the growth of metal
films under ultrahigh vacuum conditions.

Since the detection of chemically induced electronic
excitations has become feasible by the use of thin-film
electronic devices, nonadiabatic dissipation of chemical
energy during gas-surface reactions has gained much at-
tention [5–10]. In addition, progress in the theory of non-
adiabatic processes at surfaces, e.g., applying time-
dependent density functional theory (TD-DFT) or elec-
tronic friction models has improved the understand-
ing of the elementary steps behind the excitation mecha-
nism [11–14]. Obviously, electronic excitation with mobile
hot charge carriers is a common feature of exothermic
metal surface reactions in which bonds are formed. So
far, for a variety of gas-surface and heterogeneous catalytic
reactions the nonadiabatic character of energy dissipa-
tion was successfully demonstrated applying exoemis-
sion experiments [15–19] or using the chemicurrent
scheme [5–10,20–23].

The present study investigates the energy transfer during
the growth of Mg on Mg. From the temperature depen-
dence of the vapor pressure the condensation energy is
expected to be approximately 1.5 eV [2,24]. As an alkali
earth metal, Magnesium has a closed electronic shell and
metallization occurs by hybridization of s- and p orbitals
while approaching the surface corresponding to a Wilson-
type transition [4,25]. A chemicurrent setup has been used
to find out if the rapid rearrangement of the electronic

structure and the release of the condensation energy gen-
erate electronic excitations. Chemicurrent measurements
were performed with Mg=p-Sið001Þ Schottky diodes
which were fabricated by depositing Mg on clean and
hydrogen-passivated Si(001) surfaces (� ¼ 1–10 �cm)
at a temperature of 120 K. Mg atoms were evaporated
from a vitreous carbon (VC) crucible of a commercial
effusion cell (Createc) under ultrahigh vacuum conditions
with a base pressure below 10�9 hPa. The diode area was
approximately 0:75 cm2 and the metal film thickness var-
ied between 2 and 40 nm. After deposition the diodes were
annealed to room temperature to improve the metal film
quality. From in situ current-voltage measurements a ho-
mogeneous Schottky barrier height of 0:5� 0:1 eV was
determined. This value indicates that no intermixing of Mg
and Si occurs since Mg silicides lead to larger barrier
heights on p-Si [26]. The Schottky diode was placed in
front of a thermal Mg evaporator equipped with a beam
shutter. The reverse current response in the device was
monitored under zero bias and at low diode temperatures
of typically 120 K. In the upper panel of Fig. 1, the
principle of the current generation and detection is sche-
matically presented. The scheme shows an energy-space
diagram and the bending of the silicon band edges (VBM,
CBM) resulting in the Schottky barrier �B. Since the
thermal evaporator is also a heat radiator, three different
processes can create a reverse current in the diode. Process
(1) demonstrates the chemicurrent mechanism which gen-
erates electron-hole pairs at the surface due to nonadiabatic
energy dissipation. Hot holes are detected in the device
after ballistic transport through the metal film and trans-
mission across the Schottky barrier. Internal photoemission
(2) may occur from photons with energies above �B and
the photoeffect (3) is due to effective absorption of photons
with energies above the fundamental band gap Egap in the

space charge layer. Mg is sublimated at low evaporator
temperatures typically between 570 and 620 K and, hence,
photonic effects are small enough to allow chemicurrent
detection in the pA range.
The lower panel of Fig. 1 shows a current detected in a

5 nm-Mg=p-Sið001Þ diode placed in front of the Mg
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evaporator which is held at TEvap ¼ 600 K. The Mg dep-

osition rate was determined with a commercial calibrated
quartz microbalance (Inficon, 6 MHz quartz crystals) as
1:1 nm=min (� 0:5%) which corresponds to an impinging
rate of 6� 1013 atoms=s onto the diode. When the shutter
is closed the background current is zero within the noise
level of 2 pA. At t ¼ 0, the shutter is opened and an
instantaneous current response of 80 pA is observed. The
current decreases exponentially due to the growing Mg
film. After 150 s the shutter is closed for 25 s. The ex-
ponential attenuation of the current is resumed after re-
opening the shutter. The attenuation length � is determined
as 5.4 nm from the exponential decay, i.e., expð�rt=�Þ
where r denotes the growth rate. This value is close to what
was reported earlier for chemicurrents [27]. As demon-
strated below, attenuation of infrared light leads to much
larger � values. This is a first indication that the observed
current is predominantly due to hot charge carrier creation
at the surface. Thermoelectric effects can be completely
neglected. They cannot explain the decay as well as the
magnitude of the current. If every atom deposits 1.5 eV the
total power is 36 �W. Assuming a stationary heat flow
through the diode the temperature difference across the
0.6 mm thick Si wafer can be calculated with the thermal

conductance of Si [28] as 0:6 �K which results in a
thermoelectric power of 3 nV. However, this voltage cannot
induce a measurable current as for the Schottky diodes
contact resistances at zero bias are measured in the G�.
range.
To eliminate the effect of attenuation of the current by

the Mg film growth, the opening of the shutter was reduced
to a few seconds and the respective currents were recorded
for varying Mg atom fluxes adjusted by the evaporator
temperature. Response current spikes for Mg=p-Sið001Þ
diodes with initial film thicknesses of 3 and 6 nm are
plotted as a function of time and evaporator temperature
in Fig. 2. Decreasing the evaporator temperature leads to a
significant reduction of the reverse current in the device
due to a lower Mg atom flux and reduced thermal radiation
from the evaporator. In addition, the diode with the larger
metal film thickness is much less sensitive in agreement
with the observation in Fig. 1. The measured current com-
prises three additive contributions according to the above
introduced three processes of current generation, i.e.,

I ¼ ICC þ IIPE þ IP

’ � exp

�
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kBTevap

�
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�
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The first term represents the contribution of the chemicur-
rent with efficiency � and Hsub as the enthalpy of subli-
mation of Mg. The second and third term describe the
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FIG. 2. Reverse current spikes detected from two Mg=p-Si
Schottky diodes with different initial Mg film thicknesses upon
exposure to an atomic Mg beam.
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FIG. 1. Upper panel: Energy-space diagram of a thin-film
metal-semiconductor diode. Three processes can generate a
reverse current in the device upon exposing the diode to Mg
atoms from a thermal evaporator: (1) chemicurrent, (2) internal
photoemission and (3) photoeffect. Lower panel: Current trace
detected from a 5 nmMg=p-Sið001Þ diode upon exposure of Mg
atoms.
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internal photoemission (IIPE) and the photoeffect (Ip).

They are derived from Wien’s law which is valid in this
present case of low evaporator temperatures and large
barrier energies. The maximum of the Planck’s radiation
curve is found at a photon energy of 0.15 eV for TEvap ¼
620 K which is much smaller than the barrier height
(0.5 eV) or the band gap energy (1.16 eV). The coefficients
� and � include the photon mode density and the solid
angle between sample and evaporator. They have a negli-
gible temperature dependence due to the integration of the
radiation curve for photon energies above �B and Egap,

respectively.
To distinguish the different contributions the current

values are plotted as a function of the evaporator tempera-
ture in an Arrhenius diagram as shown in Fig. 3. In the
lower panel of the figure the Mg deposition rate as deter-
mined with the quartz microbalance is displayed. From the
slope the enthalpy of sublimation of Mg is measured as
Hsub ¼ 1:3 eV for our experiments. This value is slightly

smaller than literature data of 1.5 eV [2,24]. The top panel
of Fig. 3 represents the current data detected at the 6 nm
Mg=Si diode as shown in Fig. 2. The solid line is a fit which
consists of the sum of two exponentials with energies
according to chemicurrent (1.3 eV) at large and internal
photoemission current (0.5 eV) at low evaporator tempera-
tures. The photocurrent is too small to be resolved on the
dominating chemicurrent background. Pure photoinduced
currents are presented in the middle panel in Fig. 3 where
theMg=p-Sið001Þ diode is exclusively exposed to the heat
radiation of an equally constructed but empty evaporator.
Here, two exponentials are observed which can be attrib-
uted to internal photoemission (0.5 eV) and to the photo-
effect (1.1 eV). Therefore, as soon as Mg is deposited onto
the diode the chemicurrent exceeds the photocurrent at
large evaporation temperatures but the internal photoemis-
sion current can still be observed at low temperatures due
to a vanishing deposition rate. Taking the difference of the
currents in the same sample when facing the Mg and the
empty evaporator, respectively, is not practical as the
emissivities of the two evaporators are different.
Data as shown in Fig. 3 were collected for many

Mg=p-Si diodes with different initial Mg film thicknesses.
The respective energies of the fitting exponentials are
summarized in Fig. 4. The diagram gives strong evidence
that independent of the film thickness chemicurrents, i.e.,
nonadiabatically excited charge carriers are observed at
large evaporator temperatures. The energy in the exponen-
tial yields the enthalpy of sublimation of Mg, i.e., 1.3 eV
(solid rectangles). For low evaporator temperatures, a value
close to the Schottky barrier height is found due to internal
photoemission (solid circles). In addition, the current data
of diodes are included in Fig. 4 which were only irradiated
with photons due to heat radiation from an empty evapo-
rator (open symbols). Here, an energy of 1:03� 0:07 eV is
extracted for the fitting exponential at higher evaporator
temperatures. It is significantly smaller than the enthalpy of
sublimation. The deviation from the band gap energy
(1.16 eV) can be explained by the indirect light absorption
process in Si which needs a phonon for band-to-band
transitions. Hence, the fundamental absorption starts at
energies below Egap [29].

Since the currents were measured with diodes of dif-
ferent initial film thicknesses the attenuation lengths
can be determined. For chemicurrents, a value of � ¼
4:3� 1:0 nm is found which is in agreement with the value
from Fig. 1. The experiments with pure heat radiation yield
an attenuation length for the photocurrent of 21� 4:0 nm
which is larger than values calculated from optical data of
Mg. From the extinction coefficient, the penetration depths
of photons in bulk Mg are calculated as 14 nm for h� ¼
0:5 eV and 8 nm for h� ¼ 1:16 eV [30]. The difference to
the measured 21 nm can be explained by the laterally
varying Mg film thickness. Nonuniform film growth leads
to larger attenuation lengths since the semiconductor sur-
face is partly covered with a metal film thinner than the

10

100

−1.3 eV/k
B

 

Mg, hν → 6 nm Mg / p-Si(001)

−0.5 eV/k
B

10

100

 

C
ur

re
nt

 (
pA

)

hν → 15 nm Mg / p-Si(001)

−1.1 eV/k
B −0.5 eV/k

B

1.60 1.65 1.70 1.75 1.80 1.85 1.90

0.1

1

Evaporator temperature (K)

 

D
ep

os
iti

on
 r

at
e 

(n
m

/m
in

)

Reciprocal evap. temperature (1000/K)

Quartz microbalance

−1.3 eV/k
B

620 600 580 560 540

FIG. 3. Arrhenius plots of detected currents in the diode and of
the deposition rate. The numbers represent the slopes of the
exponential functions. Top panel: current detected from a diode
exposed to an atomic Mg beam from the thermal evaporator.
Middle panel: current detected from a diode exposed to radiation
only. Lower panel: deposition rate yielding the enthalpy of
sublimation.
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nominal coverage. The presented results demonstrate that
the observed currents in theMg=p-Sið001Þ Schottky diodes
which are exposed to an atomic Mg beam are predomi-
nantly generated by electronic excitation of the metal
electrons during metal film growth. The efficiency can be
determined from the deposition rate and the measured
currents in Fig. 2. For the 3 nm Mg=Si diode a chemicur-
rent of 340 pA is measured for a deposition rate of 6�
1013 atoms=s onto the device area (0:75 cm2) at 598 K,
yielding an efficiency of 3:5� 10�5 elementary charge/
atom. This value is by a factor of 1000 smaller than for
chemicurrents during oxidation of Mg by O2 [9]. From this
value it cannot be determined how much energy is dissi-
pated nonadiabatically into electron-hole pairs and how
much is dissipated directly into the phonon system because
the diode does not detect excited charge carriers with
energies below the Schottky barrier. However, the signifi-
cant chemicurrent implies the surprising result that metal-
on-metal growth occurs with nonadiabatic energy dissipa-
tion at all. Since no charge transfer processes are expected,
the excitation mechanism is likely to be electronic friction
[11,13]. In case of Mg deposition, hybridization of 3s- and
3p-levels must happen to understand the metallic character
of the Mg solid [4]. This may happen by exchange between
atomic and metal electrons causing a strong interaction
which may be the driving force for electronic excitations.

In conclusion, chemicurrents were detected during Mg
deposition onMg=p-Sið001Þ Schottky diodes with varying
metal film thicknesses demonstrating that nonadiabatic
energy dissipation occurs during metal condensation. The
Mg atom beam was produced by thermal evaporation and
the chemicurrent efficiency was found to be in the 10�5

elementary charge/atom range. Photocurrents and internal
photoemission currents in the devices could be distin-
guished from the chemicurrent contribution by varying
the evaporator’s temperature and by measuring the pho-
tonic effect by use of an empty evaporator independently.
The chemicurrent is exponentially attenuated with increas-
ing Mg film thickness. The attenuation length is deter-
mined as approximately 5 nm which is typical for hot
charge carrier transport in metal films. The results give
rise to a new view on the dynamics of metal film growth
and metal-on-metal interactions in general as most of the
homoepitaxial systems have a much higher exothermicity
than in case of Mg.
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FIG. 4. Energies extracted from fitting exponentials of various
Arrhenius plots for Mg=Si Schottky diodes with different initial
Mg film thicknesses. The solid symbols represent data from
diodes which were exposed to thermally evaporated Mg atoms.
Open symbols give data from irradiated diodes. The energy at
1.3 eV corresponds to the enthalpy of sublimation (chemicur-
rent), at 1.03 eV to the indirect band-to-band absorption energy
(photocurrent) and at 0.6 eV to the Schottky barrier height
(internal photoemission).
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