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of generating electric energy using a method based on this effect is substantiated.
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1. INTRODUCTION

When an atom (or a molecule) of a gas collides with
the surface of a solid, energy of about 1 eV is released
as aresult of the formation of a chemical bond. The pro-
cesses of stabilization of the resultant chemical bonds
by dissipation of the released energy play an important
part in heterogeneous phenomena (growth of nano-
tubes, nanoparticles, and nanocrystals, formation of
nanocomposites, epitaxy, catalysis, plasma-assisted
treatments of materials, etc.). The excited chemical
bonds are stabilized at the surface due to generation of
phonons or excited electronic states in the solid. Since
the released energy (~1 eV) is much higher than even
the energy of the highest-frequency photons (~1072 eV),
the electron-assisted accommodation can successfully
compete with the phonon-involving processes. In par-
ticular, at the metal surface, the just formed (excited)
adsorption bond [1] and the molecules at the first vibra-
tion level [2, 3] relax mainly by generation of electron—
hole pairs in the metal rather than by generation of
phonons. In this case, the electronic channel of dissipa-
tion of the vibrational energy is formed due to the inter-
action of the electromagnetic field of the dipole (qua-
drupole) of the excited chemical bond with the elec-
trons of the crystal.

On adsorption and chemical transformations at the
surface of semiconductors, the electron-assisted
accommodation occurs with the participation of bound
electrons residing in the valence band or at the local
levels of the surface electron states. In solids, the elec-
tron-excited states appear due to Landau—Zener’s tran-
sitions, adiabatic transitions, tunneling of nuclei [4],
and dipole interactions. In this case, excitation of the
electronic subsystem of the surface manifests itself in
the nonequilibrium conductivity [4, 5] and lumines-
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cence [6, 7] of the semiconductors, as well as in the
emission of electrons into the gas environment [6, 8].

The high activity of certain metal catalysts with
respect to heterogeneous chemical reactions can be due
to the participation of conduction electrons in stabiliz-
ing the molecules of intermediate substances or prod-
ucts [1-3, 7-9]. However, the role of electron-assisted
accommodation in the metal-induced acceleration of
heterogeneous chemical processes is poorly known,
since the methods of tracking the electronic excitation
of metals during heterogeneous processes have not yet
been developed. For such a method, one can use the
effect of passage of the flux of hot electrons, excited
during the chemical reaction, through the metal-semi-
conductor interface [9]. In this case, the thickness of the
metal film deposited onto the semiconductor surface
should be no larger than the length L of the energy dis-
sipation of hot electrons in the metal [10]. The length L
is defined as L = vv~!, where vis the velocity of an elec-
tron at the Fermi surface and v is the frequency of elec-
tron collisions with energy exchange. In rather pure
metals within a wide temperature region, the basic
mechanism of equilibration is the interaction of con-
duction electrons with phonons (the electron—electron
collisions can become the dominant mechanism of
equilibration only at very low temperatures) [10]. With
increasing temperature, the energy-dissipation length
of hot electrons decreases because of the increase in the
frequency of electron—phonon collisions. This fre-
quency is v ~ kTh™" at high temperatures (7 > 0) and
Vv ~kT?h™" - 672 at low temperatures (7 < 0), where 0 is
the Debye temperature of the metal and 4 is Planck’s
constant [10]. With v = 10° ms™ and T = 300 K, we
obtain the estimate L = vw™!' = 107 m.

The effect of chemoemission of electrons from the
surface of metals and semiconductors into the gas envi-
ronment [6, 8] indicates that the energy exchange dur-
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ing exothermic catalytic reactions is accompanied by
generation of excited electrons in the solids, with the
excess energy up to 2—4 eV, higher than the work func-
tion of certain materials. A similar effect of chemoe-
mission of hot electrons from a metal to a semiconduc-
tor is possible [9]. In this case, the potential barrier for
electrons at the interface between the metal film and
semiconductor is relatively low and depends on either
the difference between the work functions of the mate-
rials in contact or the charge at the semiconductor sur-
face; this surface charge depends on the density of sur-
face states, the type of conductivity, and the concentra-
tion of charge carriers in the semiconductor [11]. Due
to the small height of the barrier at the contact, the cur-
rents of chemoemission of electrons from the metal to
the semiconductor can be very large.

The purpose of this study is to analyze the condi-
tions for emission of hot electrons, excited during the
catalytic reaction in a metal, through the metal-semi-
conductor interface and to provide theoretical basis for
the possibility of the practical use of this effect in elec-
tric current sources.

2. SUBSTANTIATION
OF THE EXPERIMENTAL METHOD

Let a thin metal film be at the surface of an n-type
semiconductor, in which the film forms a depletion
layer. Let the thickness of the film, d, satisfy the condi-
tion d < L, where L is the energy-dissipation length of
hot electrons in the metal. As the voltage U is applied,
the electric current begins to pass between the metal
film and semiconductor; the current density is [11]

Js[1T—exp(al)]. )]

J
Here,
Js = 0.25en,Vexp(—au,),

where e is the elementary charge, n, is the concentra-
tion of conduction electrons in the semiconductor, ¥ is
the average thermal velocity of electrons in the semi-
conductor, u, is the contact potential difference

between the metal and semiconductor, a = e(kT)™', k is
the Boltzmann constant, and 7 is the temperature.

Let electrons at the surface of the metal film be
excited with the use of a catalytic reaction. Then, a dif-
fusion flux of hot electrons is generated; the energy of
these electrons in the metal layer with thickness d
decreases by a factor of ~exp(-dvv') = 1, i.e., only
slightly. Let the energy of the hot electrons be suffi-
ciently high to overcome the potential barrier at the
interface. In this case, when having reached the plane of
the contact, the hot electrons pass into the semiconduc-
tor, and the electric field of the contact pushes them out
into the semiconductor bulk due to the upward band
bending at the semiconductor surface (the upward band
bending is caused by the appropriate choice of the par-
ticular metal-semiconductor system). If eu, > kT, the

Debye screening length Ly, is shorter than the momen-
tum relaxation length of hot electrons in the semicon-
ductor, L;, and the above-barrier reflection of the hot
electrons can be disregarded, a considerable portion of
the hot electron transfers from the metal into the semi-
conductor. As a result, the current density j changes by
the quantity j, and becomes equal to

jt =gt = end+jll-expal)]l. (@)

Here, j, = enJ, J is the rate of the heterogeneous reac-
tion, N = B,B,, B, is the probability of the formation of
the electron-excited state in the metal on the formation
of the product molecule, and B, is the probability of
propagation of a hot electron through the metal film and
interface.

If the electric circuit involving the semiconductor
with the metal film at its surface is open, the electron
excitation of the surface of the film induces a potential
difference V between the film and semiconductor. In
the steady-state conditions, the quantity V is defined by
the condition of equality between the current of hot
electrons transferred from the metal to the semiconduc-
tor, j,, and the current of electrons transferred from the
semiconductor to the metal, j,. The current j, consists
of the current of hot electrons, scattering experienced in
the semiconductor after passing through the contact,
and the current of equilibrium electrons. Since the scat-
tered electrons are thermalized, the contribution of hot
electrons to the quantity j, can be disregarded. Using
the equality j,. = j, and the expression [11]

Jn = Jslexp(aV) 1],

we find

V= "—Tln(l +eﬂ). 3)
e J,

If the electric circuit is closed, the voltage at the con-
tact, V|, is smaller than V, and the currents j, and j, now
do not compensate each other. Therefore, the circuit
experiences a current flow, the density of which is

Jo = enJ —jlexp(aVy)—1]. “)

Thus, the emission of hot electrons from the metal
into the semiconductor involves the effects described
by expressions (2)—(4).

There are no principal prohibitions upon the con-
dition m = 1, where 1 = 3,3, B, < 1 [1-4], and B, =
exp(—dvv') < 1. Therefore, according to expressions (3)
and (4), it is possible to create a current source that
operates on the energy of heterogeneous chemical reac-
tions at the interface between a metal catalyst and a gas.
(In galvanic current sources, the electrochemical pro-
cesses occur at the surface of electrodes placed into an
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electrolyte.) The power released in the external circuit
of such a source is

P =j,V,S = ’%Tj051n(1 +e}”-§°), (5)

where S is the surface area of the metal film. In order to
increase the power of the current source by decreasing j
(see expressions (1), (3)—(5)), for the substrate, one can
use a planar p—n junction (or a heterojunction), whose
internal electric field draws the hot electrons deep into
the crystal. At a certain takeoff current j, =j,,, the power
is maximal: P = P,,. To determine the quantities j,, and
P,,, numerical calculations are needed. According to the
results of the numerical calculations, the maximal load
power P,, steadily increases with increasing J. Assum-
ing that the pressure of the gas mixture takes different
values in the range 10-'-10° Pa and the parameters are
T=300K,S=1cm? j,=10°Acm>? andn =1, we
use expressions (3)—(5) to obtain the following results:
at the rate of the chemical reaction J = 10'7, 10'%, 102!,
and 10%* cm™? 57!, the quantities P,, and j,, are equal to
2.8 %1073, 04, 62, and 8 x 10° W and 1.4 x 1072, 1.5,
150, and 1.5 x 10* A cm2, respectively. The power of
the current source can be several orders of magnitude
larger than the power of electrochemical sources, in
which the power is limited by the diffusion of chemical
reagents in the electrolyte. As an example of catalytic
reactions that can probably be used in the current
source, we can refer to the exothermic heterogeneous
processes 2H, + O, — 2H,0, C,H, + H, — C,H,,
and C,H, + H, — C,H; that occur at the surface of
platinum and palladium at the temperature 7 = 300—
350 K. (The last two reactions are of considerable prac-
tical importance.)

We now estimate the momentum relaxation length
of hot electrons in the semiconductor, L;, and the Debye
screening length Ly, in the case of experimentally stud-
ied n-type silicon (see below) with the resistivity p =
100 Q cm. Taking the electron mobility in the
slightly doped Si crystals at 7=300 K to be Lt = 1.3 X
103 cm? V-1 s7! [11], we obtain n, = (epup)! = 5 X
1013 ecm™. It is worth noting that, at the concentration of
dopant atoms N, = n, = 5 x 10" cm™, the scattering of
electrons at impurities does not virtually influence the
electron mobility [11]. We use the expression [ = et}
[11], where 7, and m are the momentum relaxation time
and the effective mass of an electron in the semiconduc-
tor, respectively. Then we have L, = p,tm™! = p; e,
where p; is the electron momentum in the semiconduc-

tor. If Lp < L;, we have p; = p,, where p; is the momen-
tum of a hot electron in the metal (this electron then
transfers into the semiconductor). In this case, we
obtain the estimate L; = pjte”! = (1077-107%) m (at the
temperature 7= 300 K). In this case, we also have L =
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(ekT)"*(4me’ny)~""2 = 2 x 1077 m. For p-type silicon with
p =100 Q cm and p, = 500 cm* V' s7! [11], we can
similarly find Ly = 1 x 1077 m. Thus, at 7 = 300 K and
N, = 10" cm™, the condition Ly < L, is satisfied at the
metal-silicon interface.

3. EXPERIMENTAL

In the experiments, we used p-type Si crystals
(doped with Ga) with resistivity 100 Q cm and n-type
Si crystals (doped with As) with resistivity 100 € cm.
The thickness of the crystals was 0.4 mm, and the area
of the larger face (further referred to as the b face) was
§ =2-100 mm?. A layer of gold or nickel was deposited
onto the b face of the crystal by thermal evaporation in
vacuum. The layer thickness was d = 107, 3 x 108, and
1077 m. (The films with the thickness 3 x 107%, and
10~ m do not satisfy the condition d < L, where L =
107 m at T = 300 K.) Simultaneously, the metal was
deposited onto the surface of the quartz sensor of a
piezoelectric balance placed near the Si samples. The
thickness d was determined from the decrease in the
frequency of characteristic vibrations of the piezoelec-
tric balance, f, measured with a ChZ-54 frequency
counter: d o< Af, where Af = f, — f and f; is the initial
characteristic frequency of the piezoelectric balance. (It
is known that a change in the thickness of the quartz
plate of the piezoelectric sensor by Ax yields a change
in the characteristic frequency of the quartz oscillator,

Af= fzk}1 Ax, where k;is the frequency coefficient.) In
determining the quantity d, the relative error was 20%.

The surface of the Si crystals was coated with an
oxide film formed due to the interaction of silicon with
atmospheric oxygen [11]. Before depositing the metal,
this oxide film was removed from the surface with the
use of the HNO;—HF acid mixture. In the experiments,
we used also crystals with no deposited metal films
(d =0). A contact of area S was soldered or pressed to
the opposite b face of the crystal. A spring “point” con-
tact was attached to the deposited metal layer. For crys-
tals with the b faces of area S = 2 mm?, all faces except
b were coated with a protective epoxy layer. The result-
ing metal-semiconductor—metal (MSM) structures
exhibited photovoltage and thermopower, suggesting
that there exists a potential barrier for electrons or holes
at the interface between the semiconductor and the
metal film. The parameters of the barrier are controlled
by the charge at the Si surface [11]. In this study, the
height of the barrier was not measured.

The MSM structure was connected with the meter-
ing circuit and placed into a flow reactor. For electronic
excitation of the surface of the metal film, we used the
reaction of heterogeneous recombination of hydrogen
atoms, H + H — H,. Spectrally pure hydrogen was
steadily pumped through the reactor at the pressure
50 Pa. To produce the gas, we used a GVCh-6 hydrogen
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Fig. 1. Schematic sketch of the experimental system:
(1) reactor, (2) discharge tube, (3) Wood horn, and (4) the
sample.

generator; 99.995%-purity hydrogen was passed
through a silica gel filter. Dissociation of the hydrogen
molecules (H, — 2H) was conducted with the use of
a high-frequency discharge in the gas. The radiation
emission of the discharge was absorbed by the Wood
horn (Fig. 1). The lack of illumination of the metal
films with optical radiation of the gas discharge was
checked using indications of a photoelectric multiplier.
When diffusing into the reactor, the vibration- and elec-
tron-excited molecules produced in the discharge
region experienced not fewer than 10° collisions with
the gas molecules and, as a result, lost the excess energy
[12]. In some individual experiments, it was established
that the electrons and ions of the plasma recombined,
when diffusing, and did not penetrate into the reactor.
(At the voltage 100V applied to the gap between the Au
film and the electrode above it, the electric current in
the gas was below 1 x 10713 A.) In the reactor, the con-
centration of hydrogen atoms was 3 x 103 cm™, as
measured with the use of a hot probe.

Prior to the measurements, the samples were kept in
atomic hydrogen atmosphere for three hours. This pro-
cedure results in the removal of adsorbed molecules (of
oxygen, water, etc.) from the metal film, due to the for-
mation of volatile hydrides and the sputtering of the
adsorbed layer during the reaction [13, 14]. In some
experiments, the samples were contacted with a ther-
mocouple. It was established that the increase in their
temperature due to the reaction at the surface of the
gold film was about 0.2 K.

We now introduce the notation: let R, be the resis-
tance of the MSM structure, when incorporated into the
circuit so that the metal film is connected with the
“minus” pole of the voltage source, and R, be the resis-
tance of the same MSM structure, when the metal film
is connected with the “plus” pole of the voltage source.
In the experiments, we traced the time variations in the
resistances R, and R, of the MSM structure after turn-
ing on and off the source of hydrogen atoms, the poten-
tial difference V (chemically produced voltage) gener-
ated at the contacts of the MSM structure during the
reaction, and the short-circuit current /; initiated by the
chemically produced voltage in the structure shorted
against the microammeter. The resistances R, and R,
were measured with the d.c. bridge UPIP-60 M. The
quantity V was measured with the same bridge by the
compensation method or with the use of the voltme-
ter F116. In “blank” experiments, with the use of a
semiconductor diode placed into the reactor, it was
established that there was no electromagnetic noise.
(The system was protected from such noise by screening
of the reactor, discharge, and measuring instrument.)

4. RESULTS

In the atomic hydrogen atmosphere, the potential
difference V between the metal film (gold, nickel) and
semiconductor and the changes AR in the resistance of
the MSM structure are produced only in the case of
MSM structures involving n-type silicon. Under the
same conditions with samples involving p-type silicon,
these effects are unobservable. The effects are lacking
also in the MSM structures with “thin” metal films (d =
1 x 107® m) or in the n-type silicon crystals with no
deposited metal (d = 0, and the upper point contact is
connected directly with the b face of the crystal). The
above effects are observed at the thickness of the metal
films d = 3 x 10" m. No dependence of the effects on
the size of the Si crystals is observed. The hydrogen
atoms in the gas atmosphere influence the resistance of
the MSM structures, only if the metal film is connected
with the “minus” pole of the current source. When the
polarity of the applied voltage is changed, no effect is
produced: AR, = 0. With increasing content of hydro-
gen atoms in the gas atmosphere, the quantities V and
AR, increase. With increasing temperature (7" = 295—
450 K), the quantities V and AR, show a sharp (reverse)
decrease and become zero at 7 = 390 K.

In the case of the reaction H + H — H, at the sur-
face of the gold film deposited at the surface of the
n-type silicon, we obtain a number of results. These are
described below. After turning on the source of atomic
hydrogen, the resistance R, of the MSM structures
shows a stepwise decrease (by the quantity AR,), and

the new resistance (R) in the atomic hydrogen envi-
ronment remains unchanged with time (during time

SEMICONDUCTORS  Vol. 42 No.1 2008
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Fig. 2. The time dependence of the resistance of the Au
film-n-Si contact after (upward arrow) turning on and
(downward arrow) turning off the source of atomic hydro-
gen. The gold film is connected with (/) the minus and

(2) plus poles of the power source. U=0.1V,d =3 x 108 m,
and 7=295 K.

intervals of ~10% s). After turning off the source of
atomic hydrogen, the resistance regains its original
value in a stepwise manner. If we change the polarity of
the voltage applied to the MSM structure, the hydrogen
atoms in gas atmosphere do not influence the value
of R, (Fig. 2). The voltage U applied to the MSM struc-
ture influences the magnitude AR, of the observed step-
wise changes in the quantity R, (Fig. 3, curves [, I*).
At the same time, a similar quantity AR, remains equal
to zero at different values of the voltage U (Fig. 3,
curves 2, 2*%). The ratio of the resistance of the MSM
structure with the turned-on source of atomic hydro-
gen, R*, to the resistance with the turned-off discharge, R,
depends on the value and polarity of the applied voltage U
and shows a stepwise change at U = 0 (inset in Fig. 3).

After turning on and off the source of hydrogen
atoms, the chemically produced voltage V generated at
the contacts of the MSM structure during the heteroge-
neous reaction H + H — H, at the surface of the gold
film and the short-circuit current I, initiated by this
voltage show stepwise changes; then these quantities
remain unchanged during the time intervals of ~10° s
(Fig. 4). In atomic hydrogen atmosphere, the gold film
acquires a positive charge, while the semiconductor a
negative charge.

In the case of MSM structures with nickel films,
under the same conditions, the quantities V and I are
two orders of magnitude smaller than these in the MSM
structures with gold films. In addition, the kinetic
curves R, () obtained after turning on and off the source
of hydrogen atoms are different for the structures with
gold and nickel. After turning on the source of hydro-
gen atoms, the resistance R, of the MSM structure with
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Fig. 3. Dependences of the resistance of the Au film—n-Si
contact on the value and polarity of the voltage at this con-
tact in (/, 2) molecular and (/*, 2*) atomic hydrogen. In
measuring the resistance R in the atomic hydrogen environ-
ment, the source of hydrogen atoms was turned on for 7 s.
The gold film is connected with (/, /¥) the minus and

(2, 2%) plus poles of the current source. d = 3 X 1078 m and
T =295 K. See text for explanations to the inset.

the nickel film shows firstly a stepwise increase and
then a slow decrease. After turning off the source of
hydrogen atoms, the resistance decreases stepwise and
then slowly regains its initial value (Fig. 5, curve 7).
Similar slow changes in the resistance of this structure
occur after turning on and off the illumination (Fig. 5,
curve /'). With increasing temperature, the observed
change AR, in the quantity R, sharply (reversibly)
decreases, and at 7 = 390 K, turning on the source of
hydrogen atoms has virtually no effect on the resistance R,
(Fig. 5, curve 2). If the nickel film is connected with the
“plus” pole of the current source, turning on the source

j» WA cm™2 V, mV
4 2
10 110
1
51 15
0r—— 0
Il Il Il Il

Fig. 4. The time dependence of (/) the potential difference
between the gold film and n-type silicon and (2) the short-
circuit current of the structure connected to a microammeter
after (upward arrow) turning on and (downward arrow)

turning off the source of atomic hydrogen. d = 3 X 108 m
and 7=295 K.
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Fig. 5. Time dependences of the resistance of the Ni film-»-Si
structure after (upward arrow) turning on and (downward
arrow) turning off the source of atomic hydrogen. The
nickel film is connected with (/, I', 2) the minus and
(3) “plus” poles of the current source. 7' = (/, 3) 295 and
(2) 390 K. Curve ' refers to the change in the resistance R,
with time after the turning on and off of the illumination.

d=3x10%mandU=1V.

of hydrogen atoms does not induce any changes in the
resistance of the MSM structures (Fig. 5, curve 3).

5. DISCUSSION

We may assume that the reaction is accompanied by
luminescent emission of radiation, whose spectral com-
position corresponds to the infrared region beyond the
response limits of the photoelectric detector. Penetra-
tion of this radiation into the semiconductor through the
semitransparent metal film and then absorption of the
radiation in the semiconductor have to be accompanied
by generation of electron-hole pairs. However, the
appearance of the potential difference V and the
changes AR in the resistance of the MSM structure
under the influence of hydrogen atoms are observed
only for the NSM structures involving n-type silicon.
Moreover, the quantity AR differs from zero only at a
certain polarity of the applied voltage. These results
cannot be conditioned by the effect of electromagnetic
radiation on the semiconductor or by the thermoelectric
effect associated with release of the reaction heat at the
surface of the film.

The “thin” metal films (d = 1 x 10~ m) are mosaic
in structure, as suggested by the lack of the metal-type
surface conductivity. The fact that no chemically pro-
duced voltage and no change in the resistance of the
MSM structure under the influence of hydrogen atoms
are observed in the MSM structures with “thin” metal
films or without metal films (d = 0) means that, for
these effects to occur, we need a continuous metal film
forming an electric contact with silicon, whereas pene-

tration of hydrogen atoms through the film to the silicon
surface does not result in the these effects. In the case
of “thick” films (d = 10”7 m), these effects are lacking,
since the condition d < L is not satisfied; because of
this, hot electrons lose the excess energy within the
thickness of the film and do not reach the metal-semi-
conductor interface. With increasing temperature, the
frequency of electron—phonon collisions increases.
Therefore, at T = 390 K, the quantities V and AR, are
zero because of dissipation of the energy of hot elec-
trons within the thickness of the metal film, since the
inequality d < v~'v is violated.

Under the experimental conditions, after turning on
the source of atomic hydrogen, the rate of the heteroge-
neous reaction H + H — H, at the surface of metals
(Cu, Pt, Ni) shows a stepwise increase and then remains
unchanged. After turning off the source of atomic
hydrogen, the rate of the reaction shows a stepwise
decrease by more than two orders of magnitude (these
data were obtained by detecting the dynamic effect of
the reaction) [6, 7]. Therefore, we can conclude that, in
the case of MSM structures with gold films, the
changes in the quantities AR,, V, and I after turning on
or off the discharge occur simultaneously with the
change in the rate of the heterogeneous reaction H +
H — H, at the surface of the film.

Now we show that the above results cannot be attrib-
uted to the change in the temperature of the semicon-
ductor because of the increase in the temperature of the
gold film due to the exothermic process H+ H — H,
at the film surface. Differentiating expression (1), we
obtain

1 dj _

r - 67] - _a]xexp(aU)’

§-Jofas-of-F)

Here, r is the resistance of the contact between the gold
film and semiconductor per unit area and R and R, are
the resistances of the contact at the temperatures 7" and
T, (T < T)), respectively. As defined by formula (6), the
dependence of the quantity R,R"" on the voltage applied
to the contact is smooth, with no discontinuities. How-
ever, such dependence is inconsistent with the experi-
mentally observed dependence of R*R! on the voltage U:
the experimental dependence involves a stepwise
change in the ratio R*R! at U = 0 (see inset in Fig. 3).
This result suggests that the change in the temperature
of the contact due to heat generation at the surface of
the gold film does not produce any noticeable effect on
the resistance of the contact. Consequently, the effect of
atomic hydrogen on the resistance of the contact (see
Figs. 2, 3) corresponds to the nonequilibrium electrical
conductivity of the contact due to emission of nonequi-
librium charge carriers from the gold film to the semi-
conductor. In this case, these charge carriers are elec-
trons, since the effect depends on the polarity of the

(6)
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applied voltage and occurs only if the “minus” pole of
the voltage source is connected with the gold film.

Thus, the appearance of a positive electric charge in
the gold film and the change in the resistance R, of the
MSM structure with n-type silicon are due to migration
of hot electrons, excited during the heterogeneous reac-
tion, through the film and metal-semiconductor inter-
face. Due to the upward band banding at the surface of
n-type silicon [11], the electric charges are separated at
the interface during the reaction. The lack of similar
nonequilibrium effects in the MSM structures with
p-type silicon is attributed to the fact that the surface of
p-type silicon captures holes, and as a result, there is a
downward band bending at the surface [11]. That is
why there are no conditions for separation of charges at
the interface: hot electrons that have reached the plane
of the contact are retained by the electric field of the
contact and do not penetrate into the semiconductor.

According to the results obtained here, emission of
hot holes from the gold film into the p- or n-type silicon
is not observed. The reason is that the lifetime of hot
holes in metals (T, < 107" s [15]) is at least two orders
of magnitude shorter than the lifetime of hot electrons,
and as a consequence, hot holes recombine with elec-
trons within the film, not reaching the metal-semicon-
ductor interface. In addition, the probability of genera-
tion of hot holes during the reaction can be small, since
only the electrons, whose initial energy is close to the
Fermi energy, gain the excess energy.

We use the equalities / = UR,' and I* = U(R¥)"',
where I and I* are the currents through the MSM struc-
ture with the turned-off and turned-on source of atomic
hydrogen, respectively. From expression (2), we find

Al =¥ —I=enJs,
: - Ul 1
R = (R, H' om= ( - )

= R rewsuh L = g g ) O

The above dependence R (U) is consistent with the

experimental curves R (U) (Fig. 3, curve /*). From
expression (7) with the experimentally measured R,(U)

and R* (U) (Fig. 3), we calculate the quantity 1 and

determine its dependence on the voltage applied
between the gold film and the semiconductor. In this
case, the rate of the reaction is calculated by the for-
mula J = 0.25n,cy, where n, is the concentration of
hydrogen atoms in the gas environment, c is the average
velocity of their thermal motion, and yis the coefficient
of heterogeneous recombination of hydrogen atoms at
the surface of the gold film (y=0.1 [16]). It is found that
the quantity M noticeably increases with the applied
voltage U (Fig. 6). This result means that the probabil-
ity 3, of the propagation of a hot electron through the
interface depends on U. The effect can be due to the fact
that, as the strength of the applied electric field is
increased [11], the potential barrier for electrons trans-
ferring from the metal to the semiconductor is lowered,
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Fig. 6. The dependence of the coefficient 1| on the value and
polarity of the voltage applied to the contact between the

gold film and n-type silicon. d = 3 X 1078 m and T'=295 K.

and, therefore, the portion of hot electrons diffusing
through the interface increases. Another possible cause
of the dependence B,(U) is limitation of the current by
the space charge of electrons, probably due to trapping
centers for electrons in the surface region of the semi-
conductor.

In the case of the MSM structure with the nickel film
(Fig. 5, curve 1), we use the parameters S =2 mm?, R, =

2kQm, R¥ =1.8kQ U=1V,and y=0.1[16] and
obtainm =2.5 x 1072,

The slow change in the resistance of the MSM struc-
tures with Ni films after turning on and off the source of
atomic hydrogen or illumination (see Fig. 5, curves I, [*)
is attributed to the capture of electrons by electron trap-
ping centers at the Ni—Si interface and, hence, the lim-
itation of the current by the space charge of electrons in
the semiconductor. The traps are most likely formed
due to diffusion of Ni atoms into the bulk of the semi-
conductor, in which the Ni atoms act as acceptor
dopants [11]. Diffusion of Au atoms into Si with the
formation of acceptor states seems to be less efficient
because of the relatively large size of Au atoms. As a
consequence, for the MSM structures with Au films,
the kinetic curves R,(¢) obtained with the time resolu-
tion At = 1 s are rectangular in shape (Fig. 2, curve 7).
Due to trapping of electrons by surface states, an inver-
sion p-type layer is formed in the surface layer of n-Si
[11]. Since nonequilibrium electrons generated during
the reaction transfer from the nickel film into silicon,
the resistivity of silicon, p,, changes by the quantity Ap =
p - pO = po[Hp(Po _p) - ue(n - ”0)](“;7[7 + !’Len)_l’ Where
n and p are the concentrations of electrons and holes
(at the time ¢ at the distance x from the surface), n, and
Do are their equilibrium concentrations (at r < 0), and |,
and |, are the mobilities of the electrons and holes.
Therefore, the initial increase in the resistance R,
(Fig. 5, curve 1) is due to recombination of nonequilib-
rium electrons, transferring from the metal, with holes.
Because of this, the concentration of charge carriers in



66 KHARLAMOV et al.

the blocking contact layer decreases for a short time. As
the trapping centers become occupied, the concentra-
tion of charge carriers (electrons) in the blocking layer
increases, resulting in a decrease in the resistance R,
with time.

6. CONCLUSIONS

The propagation of hot electrons through the metal—
semiconductor interface is studied for the first time for
electrons generated during a catalytic reaction. For
chemoemission of electrons from the metal into the
semiconductor to occur, the condition L > d must be
satisfied (L is the energy dissipation length of hot elec-
trons in the metal and d is the thickness of the metal
film deposited onto the semiconductor). In addition, the
electric field at the contact may not retard the penetra-
tion of hot electrons into the bulk of the semiconductor.
The measurements of the parameters of chemoemis-
sion, N(U) and R(?), provide some data on the degree of
imperfection of the metal-semiconductor interface and
on the trapping centers for electrons in the surface
region of the semiconductor.

To accomplish efficient conversion of the energy
released during the catalytic chemical reaction into the
electric-current energy with the use of the metal-semi-
conductor structure, for the substrate for the metal film,
it is necessary to use a planar p—n junction (or a hetero-
junction), in which the internal field draws hot electrons
deep into the semiconductor.

ACKNOWLEDGMENTS

We thank S.N. Romashin, A.A. Yanovich, and
T.V. Ivanov for their help.

This study was supported by the Russian Founda-
tion for Basic Research, project no. 06-08-00079.

DN =

®

10.

11.

12.

13.

14.

15.

16.

REFERENCES

. W. Brenig, Z. Phys. B 23, 361 (1976).
. M. A. Kozhushner, V. G. Kustarev, and B. R. Shub, Dokl.

Akad. Nauk SSSR 237, 871 (1977).

B. N. Persson, Solid State Commun. 27, 417 (1978).

V. F. Kharlamoy, Yu. I. Tyurin, V. V. Styrov, and A. E. Ka-
banskii, Teor. Eksp. Khim. 14, 788 (1978).

V. V. Styrov and A. E. Kabanskii, Zh. Eksp. Teor. Fiz. 76,
1803 (1979) [Sov. Phys. JETP 49, 916 (1979)].

. V. E. Kharlamov, Atomic Recombination on Solid-State

Surface and Accompanying Effects (Tomsk. Gos. Univ.,
Tomsk, 1994) [in Russian].

V. E. Kharlamov, Kinet. Katal. 46, 497 (2005).
V. E. Kharlamov, Kinet. Katal. 20, 946 (1979).

V. F. Kharlamov, A. V. Sedov, and S. N. Romashin,
Pis’ma Zh. Tekh. Fiz. 30 (17), 48 (2004) [Sov. Tech.
Phys. Lett. 30, 732 (2004)].

E. M. Lifshitz and L. P. Pitaevskii, Physical Kinetics
(Nauka, Moscow, 1979; Pergamon, Oxford, 1981).

V. L. Bonch-Bruevich and S. G. Kalashnikov, Physics of
Semiconductors (Nauka, Moscow, 1990) [in Russian].

A. Kallir and J. Lambert, in Comprehensive Chemical
Kinetics, Ed. by C. Bomford and C. Tipper (Elsevier,
Amsterdam, 1969; Mir, Moscow, 1973).

L. Yu. Frolenkova, V. F. Kharlamov, T. S. Rogozhina, and
K. M. Anufriev, Kondens. Sredy Mezhfaz. Granitsy 3 (1),
49 (2001).

V. F. Kharlamov, L. Yu. Frolenkova, and T. S. Rogo-
zhina, Zh. Tekh. Fiz. 71 (10), 90 (2001) [Sov. Phys. Tech.
Phys. 46, 1294 (2001)].

V. 1. Veksler, Secondary Ion Emission From Metals
(Nauka, Moscow, 1978) [in Russian].

V. A. Lavrenko, Hydrogen Atom Recombination on
Solid-State Surface (Naukova Dumka, Kiev, 1973) [in
Russian].

Translated by E. Smorgonskaya

SEMICONDUCTORS  Vol. 42 No.1 2008




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


