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We present a calculation of the photoelectric quantum yield of Schottky diodes, taking into account
the spatial distribution of photon absorption in the metal film. We also present measurements of the
quantum yield of epitaxial CoSi, diodes, with metal thicknesses varying from 25 A up to 1000 A A
comparison of our experimental data with the results of this model leads to the determination of the es-
cape depth of the hot electrons in CoSi,. The escape depth was found to be around 90 A at room tem-
perature and 100 A at 77 K for 0.75-eV incident-photon energy and to decrease slightly with photon en-
ergy. These results are discussed and interpreted in terms of electron-phonon and electron-electron in-

teractions.

I. INTRODUCTION

Internal photoemission over metal-semiconductor
Schottky barriers has been extensively studied over more
than two decades, '? and has proved to be a very valuable
tool for the study of Schottky barrier properties.*
Technologically, Schottky diodes can be used for infrared
detection:® photodetectors for wavelengths as long as 12
um have recently been fabricated.® From the physics
perspective, the quantum efficiency of these detectors al-
lows one to study the transport of photoexcited electrons
in metals.! The quantum efficiency, however, results
from a rather complex set of physical phenomena which
are involved in the detection process, namely, (i) photon
absorption in the metal film, (ii) diffusion of the photoex-
cited electrons towards the metal-semiconductor inter-
face, and (iii) collection of the hot electrons in the semi-
conductor. This latter process, independent of film thick-
ness, is associated with the internal quantum yield, i.e.,
the ratio of the number of collected electrons to the num-
ber of photoexcited electrons reaching the interface, and
was discussed by Fowler’ in the early 1930s. On the oth-
er hand, both photon absorption and hot-electron trans-
port strongly depend on the metal film thickness. They
have already been studied, but unfortunately as two in-
dependent processes. Infrared absorption has been stud-
ied in various metals such as noble metals! and silicides
of platinum, ® iridium,® and cobalt.!® Hot-electron trans-
port has been extensively studied both experimentally
and theoretically: several observations of ballistic trans-
port in metal films have been reported in semiconductor-
metali-semiconductor  structures, ! while a large
amount of theoretical work has been devoted to the
dependence of the inelastic mean free path on the excita-
tion energy'>!* and to the redirection effect of quasielas-
tic collisions (mainly electron-phonon interactions) on the
escape probability.!>? It should be noted that most stud-
ies concerning internal photoemission poorly address the
problem of the spatial distribution of photon absorption
in the metal film: they either use a constant!® or exponen-
tiall"!3 distribution profile, or do not address this point at
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all.? It has been demonstrated, however, that due to the
multiple reflection of light in thin metal films, the optical
reflection, transmission, and absorption coefficients are
nontrivial functions of film thickness.® %17 Thus a pre-
cise study of hot-electron transport in metals based on
internal photoemission requires that one take into ac-
count the optical absorption distribution to calculate the
quantum efficiency.

In this paper, we present a one-dimensional calculation
of the quantum yield of Schottky diodes, taking into ac-
count the spatial distribution of photon absorption, i.e.,
of photoexcited electrons in the metal film. The yields so
calculated are then compared with the measured ones ob-
tained on epitaxial CoSi,/Si Schottky diodes of different
metal thicknesses. The hot-electron escape depth is then
deduced and the effects of temperature and excitation en-
ergy are presented. Different relaxation mechanisms for
hot electrons in CoSi,, mainly electron-electron and
electron-phonon scattering, are then discussed.

II. ONE-DIMENSIONAL MODEL

A plane wave of angular frequency o is perpendicular-
ly incident on a thin metal film of thickness d, grown or
deposited on a dielectric substrate, e.g., silicon in our
case. The propagation of the electromagnetic wave is de-
scribed in the substrate by means of a real index n; and in
the metal film by a complex index n +ik (with n and k
real). r and ¢ (respectively, r’ and t') represent the
Fresnel reflection and transmission coefficients of the
wave on the metal-air interface (respectively metal-
semiconductor interface).!” The angles £ and ¥ are
defined by r=|rle’* and r'=|r'|e’Y, the wavelength in
vacuum by A, the wave vector in the metal K by
o(n +ik)/c, and the optical lengths respectively associat-
ed with phase rotation and attenuation of the electromag-
netic wave by L, =A /4mn and L, =\ /47k.

The Poynting vector in the metal at a distance x from
the metal-air interface S(x) is calculated for front il-
lumination (light incident on the metal side) taking into
account the multiple reflection of the wave in the film.
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Due to the strong absorption by the free electrons, the
distance covered by the wave in the metal before extinc-
tion is small compared to the optical coherence length.
The complex amplitudes of all reflected waves are thus
added up in the calculation. For front illumination, S(x)
may be written as

t

r/eZIKd

S(x)=S§,
1—r

—x/L (x—2d)/L
X k—n|r'|2e k

d—x

n

+2k|r'le " rsin +wll,

where S, is the Poynting vector in air of the incident
wave; the prefactor describes the effect of multiple
reflections of the wave in the metal film, the first term in
parentheses describes the energy flux propagating in the
incident direction, i.e., from the air to the semiconductor,
the second, the energy flux propagating in the reverse
direction, and the last, the interferences between waves
propagating in opposite directions.

The number N(x)dx of photons absorbed in the region
between x and x +dx, which is equal to the number of
photoexcited electrons in the same region, is given by
1 3S(x) dx

Nlx)dx=—7""3,

(2)

We must then take into account the effect of collisions
on the electron escape over the Schottky barrier. The es-
cape probability is the probability of the hot electron
maintaining an energy higher than the barrier energy un-
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til it reaches the interface. We suppose that this escape
probability can be described by an inelastic escape depth
L, i.e., as an exponentially decreasing function of the dis-
tance between the position of the hot-electron creation
and the barrier. Since the typical energy of an excited
electron is much less than the metal work function, we
assume a total reflection of the hot electron on the
metal-air interface and therefore a unity reflection
coefficient. Taking into account both directions of elec-
tron diffusion, i.e., toward both interfaces, the probability
p(x) of an electron excited at x reaching the metal-
semiconductor interface is then

p(x)=%e_d/L(e"/L+e_"/L) . (3)

In order to derive the internal quantum yield Y, i.e., the
probability of an excited electron at the interface escap-
ing in the semiconductor, the conservation of the com-
ponent of the electron wave vector parallel to the inter-
face is assumed during the transition.” Y; is then equal to
the probability of an excited electron having a kinetic en-
ergy in the direction perpendicular to the interface higher
than the barrier height ¢; assuming hv << Ep, it is given
in the free electron model by'®

_(hv—g)
Yr 4E hv “@

Finally, the external quantum yield Y, equal to the
probability of an incident photon giving rise to a collect-

ed electron, is
d
YE=f0 YIp(x)N

(x)
Ni

dx , (5)

where N; is the number of incident photons, equal to
S, /hv. We then obtain

Yp=Y; 1—rrt’e2in ZLe_pd
L,%ZL;[LK(Hlr’I2>sinh(d/L)+L(1—Ir'lz)cosh(d/L)—L(e‘”L"—lr’lze_d/L")]
+ ‘Lzzkhlrrfl,l‘z [L,cosWsinh(d /L )—L sinW cosh(d /L )+L sin(d /L, +¥)] | , ©
[

where p=1/L+1/L,.

Our calculation can be checked against the Heavens
formulation!” of absorption of electromagnetic energy in
a metal film: if the escape depth L is infinite, every elec-
tron excited with an energy higher than the barrier will
eventually be collected and the external quantum yield is
then reduced to the absorption coefficient times the inter-
nal quantum yield. It can easily be verified that the exter-
nal quantum yield, calculated from expression (6) in the
limit of infinite escape depth and unity internal quantum

yield, is indeed exactly equal to the absorption coefficient
calculated using the Heavens formulas. It should also be
noted that the absorption first increases with film thick-
ness, reaches a maximum, and then decreases towards its
limiting value. The existence of this maximum, which
has been observed experimentally,®® is a direct conse-
quence of interference effects in the metal film and
justifies the apparent complexity of our model.

We can then calculate the external yield for finite
values of the escape depth L and incident light in the
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FIG. 1. Front illumination external quantum yield Y, of
Schottky diodes calculated as a function of metal thickness d.
The photon energy is 1 eV, the Fermi energy E is taken as
equal to 3.5 eV, the Schottky barrier height ¢ is 0.64 eV, the
metal indices are n =1 and k =5.4, and the calculation has been
%arried out for three values of escape depth L, 50, 100, and 200
A.

near infrared, i.e., with Av between 0.75 and 1 eV. In this
energy range, the silicon index n; is 3.3 while the com-
plex index of CoSi, has been measured in a previous
study.!® Figure 1 shows the dependence of the calculated
external quantum yield on metal thickness for a photon
energy equal to 1 eV and different values of the escape
depth: 50, 100, and 200 A. The important feature of this
figure is that the quantum yield exhibits a sharp max-
imum for a metal thickness of the order of the escape
depth L; the decrease in yield with metal thickness is
much more pronounced in this case than with an infinite
L. This arises because electrons excited far from the bar-
rier are, for a finite value of L, thermalized before being
collected. Finally, it should be added that the slope of
the quantum yield plotted in logarithmic scale for large
film thicknesses is the larger of L and L.

III. EXPERIMENT

The CoSi, films were grown in our laboratory on 2-in.
(111) n-type degenerate Si wafers (in order to minimize
series resistances) with a 1.5-2-um-thick epitaxial buffer
layer (doped to 3X10'® cm™3) on top. After a standard
cleaning procedure, the films were grown by ultrahigh-
vacuum deposition of Co (base pressure in the few 10~ 1°
Torr) at room temperature and followed by a solid phase
reaction at 650°C. All these films were extensively stud-
ied using electron and x-ray diffraction, Rutherford back-
scattering, and transmission electron microscopy, and
shown to be epitaxial.*#!> The diodes were then fabricat-
ed by standard lithographic and chemical etching tech-
niques, with diameters varying between 0.25 and 1.5 mm
and then mounted in a nitrogen cryostat.

The internal photoemission setup has been described
elsewhere.* The incident chopped beam was delivered by
a double prism monochromator and separated using a
beam splitter. One part of the beam was focused onto the
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diodes (front illumination) while the other was sent to a
pyroelectric photodetector allowing determination of the
incident photon flux at each photon energy (with a nu-
merical factor which depends only on the ratio of the
respective area of the diode and the photodetector, and
on the transmission and reflection coefficients of the beam
splitter). The photovoltage was measured using a lock-in
amplifier either directly on the diode or on a load resis-
tance. In the former case, the photocurrent is equal to
the photovoltage divided by the diode internal resistance,
which was measured precisely at the chopping frequency
using an ac voltage generator. The measuring frequency
was around 100 Hz and the typical internal resistance
was of the order of 10 kQ at 300 K. The measured pho-
tovoltage was typically in the 100-uV range, yielding a
photocurrent in the 10-nA range. The latter method was
used at low temperature as the diode internal resistance
could thus be orders of magnitude larger and could no
longer be measured accurately. A parallel resistance of
about 10 kQ) was then connected, allowing the charge im-
pedance to remain perfectly known and thus to deduce
the exact value of the photocurrent from the photovol-
tage measurement. The measurements were carried out
on diodes with CoSi, thicknesses ranging between 25 and
1000 A at temperatures of between 300 and 77 K and
photon energies of between 0.5 and 1 eV. The photo-
current dependence on the incident photon energy was
consistent with the Fowler theory,”!® in excellent agree-
ment with expression (4) of the internal quantum yield.
Figure 2(a) [respectively, 2(b)] shows the photocurrent
per photon (external quantum yield) as a function of met-
al thickness measured at 300 K (respectively, 77 K) for
three photon energies, 0.90, 0.95, and 1 eV. The yield in-
creases with metal thickness, reaches a sharp maximum
at 75 A, and then decreases abruptly. The shape of the
Yz(d) curves resembles that of the calculated ones, with,
however, a measured photocurrent which is slightly
smaller for the 100- and 200-A-thick films than the calcu-
lated one; this leads to a sharper maximum in the experi-
mental curve than in the theoretical one. As previously
mentioned, the curves related to different photon energies
are proportional to each other by a factor equal to the ra-
tio of the internal quantum yields. Furthermore, the 77-
K photocurrents are slightly larger than the 300-K ones,
in spite of a 40-meV increase in the Schottky-barrier
height,* thus indicating that the escape depth is larger at
77 K than at room temperature. Since the maximum
yield occurs for a metal thickness of 75 A our calculation
indicates that the escape depth L of electrons in CoSi,
lies around this value. A more precise value can be de-
duced by a direct comparison of the results with the
theoretical curves, based on the position of the maximum
yield and on the shape of the curve for thicknesses be-
tween 75 and 400 A. For 1000-A-thick films, the yield is
indeed dominated by the optical attenuation length L,
[which is of the order of 180 A (Ref. 10)] and shows little
dependence on L. Figure 3 shows the variation in L with
photon energy as deduced from our measurements at 300
and 77 K. L decreases slightly with photon energy and is
indeed larger at 77 than at 300 K. We would also like to
mention that the temperature dependence of the photo-
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FIG. 2. Experimental external quantum yield or photocurrent
per incident photon measured in CoSi, Schottky diodes at 300
K (a) and at 77 K (b) as a function of metal thickness d. The re-
sults are presented for three different photon energies: 1, 0.95,
and 0.9 eV. The photocurrent is given here in arbitrary units,
with the same numerical factor for both (a) and (b), so that the
photocurrent values of both figures can be compared.
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FIG. 3. Hot-electron escape depth L in CoSi, deduced from
photocurrent measurements in Schottky diodes as a function of
photon energy. The results are given in 300 and 77 K, with an
accuracy of the order of 20 A..

J. Y. DUBOZ AND P. A. BADOZ 44

current on a given diode indicates a slightly larger ratio
L(77 K)/L(300 K) than the one obtained from the calcu-
lation, indicating that the 77-K mean free path is actually
slightly larger than indicated in Fig. 3.

IV. DISCUSSION

Electrons in metals with energies much more than kT
above the Fermi level are usually referred to as hot elec-
trons. However, it should be pointed out that the metal
here cannot be considered to contain a hot-electron gas
as only a very limited number of electrons are excited
while others are still in equilibrium with the lattice.’® As
a consequence, interactions between hot electrons are
negligible. Statistical averaging of the hot-electron pa-
rameters (velocity and energy) is replaced here by a time
averaging, the equivalence between these two ways of
averaging arising from ergodicity. The excess energy of a
hot electron in a metal is less than the photon energy as
its initial energy is equal to or lower than E;.2° It varies,
however, in the same way as the photon energy and we
will therefore discuss our results using indifferently the
photon energy and electron excess energy. Our model
does not take into account elastic collisions and momen-
tum redistribution. Again, we will discuss our results
mainly in terms of energy relaxation. Since the velocity
of a hot electron is isotropic before and after an elastic
collision, the momentum relaxation is less important than
the energy relaxation in determining the hot-electron es-
cape probability. From these preliminary considerations,
we will summarize our results in the following way.

(i) The escape depth L of hot electrons (0.7-1 eV) in
CoSi, is around 80 A.

(ii) L increases slightly with decreasing temperature.

(iii) L tends to decrease with the electron excess ener-
gy.

Different mechanisms may contribute to the relaxation
of the hot-electron energy, involving acoustic or optical
phonons, and cold electrons. Collisions with defects, be-
ing essentially elastic,?! do not contribute to the electron
energy relaxation. First, we shall consider collisions with
acoustic phonons. Although some relatively high-energy
phonons (10 meV) can be emitted, the average energy
transferred during a collision with an acoustic phonon
remains small compared to the electron energy. Their
role in the electron energy relaxation is thus neglected
here.?"?2 However, even if they do not contribute in the
decrease of the inelastic mean free path, they may de-
crease the electron escape probability as well as the es-
cape depth by increasing the distance traveled by the
electron before the escape. This effect should occur
mainly in thick films (thickness larger than the inelastic
mean free path) while in thin films Dalal®> and Vickers'®
both claim that the yield is enhanced through the redis-
tribution of momentum by elastic phonon scattering.
These effects may be temperature dependent as some
thermally excited acoustic phonons with a small wave
vector may be absorbed. Indeed, calculations®® in Si
show that the momentum relaxation time for very-high-
energy electrons has a more pronounced temperature
dependence than has the energy relaxation time. The im-
portance of elastic scattering by acoustic phonons could
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also explain the large decrease in transmission factor
with temperature observed in semiconductor-metal-
semiconductor structure.!? In this case, the hot-electron
initial distribution is indeed highly anisotropic and the
momentum relaxation greatly reduces the transmission
factor of the metal film.

Secondly, we will consider the effect of optical phonons
which may contribute significantly to the energy relaxa-
tion. Their energy being equal to or higher than kT, opti-
cal phonons are mainly emitted by hot electrons and,
therefore, their contribution is only slightly dependent on
the lattice temperature. In semiconductors, the optical-
phonon contribution determines the saturation velocity,
which decreases slightly with temperature.?"?* The ener-
gy relaxation time in Si due to optical-phonon-—electron
collisions is therefore expected to decrease only slightly
with temperature.?> The weak temperature dependence
of the escape depth may thus be caused either by the
latter effect or by the more indirect effect of the acoustic
phonons on the electron trajectories.

Let us now consider the dependence of the phonon
scattering on the hot-electron energy. The collision rate
is proportional to the square of the interaction potential
and to statistical occupation factors of the initial and the
final states which respect the total energy and momentum
conservations. Since the initial electron excess energy is
much higher than the optical-phonon energies, the sta-
tistical factors should not be very dependent on the elec-
tron energy. The interaction potential that must be used
here is a screened Coulombic potential; its Fourier trans-
form is proportional to (k3+g?%)~! where k, is the in-
verse of the screening length and ¢ is the electron
momentum change.?"? Assuming a parabolic band
structure, and after averaging over the scattering angle,
this term is proportional to (#*k3/2m +2E)”! and
therefore decreases with the electron kinetic energy E.
This decrease can be important in a semiconductor be-
cause the Debye screening length is large compared to in-
teratomic distances and because the relative kinetic ener-
gy variations may be large. This effect is indeed responsi-
ble for the so-called polar runaway effect.?"?> In a metal,
however, the Thomas-Fermi screening length is much
smaller and the variation in the electron kinetic energy is
small compared to the total one; consequently, the in-
teraction potential dependence on electron excess energy
is expected to be weak. Experimentally, it has been found
in a polar semiconductor (GaAs) that the inelastic mean
free path increases from 1000 A at 0.1 eV to 1500 A at
0.3 eV.%% Simulations in Si (Ref. 23) also reveal a very
slight increase in the energy relaxation time for energies
from 0.1 to 1 eV. In a metal, we thus assumed that the
energy relaxation time is only slightly dependent on the
electron energy. It is prime importance at this point to
focus on the difference between the energy relaxation
time 7, and the average total time 7', required by an
electron to be thermalized by phonon emission to an en-
ergy below the Schottky barrier height, i.e., to be lost for
internal photoemission. Taking the photon energy as the
electron excess energy, then T, equals 7,,(hv—g) /i),
where 7, is the energy of optical phonons and 7, is as-
sumed to be independent of Av. This means that elec-
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trons with higher energies have a larger escape probabili-
ty. Because of the momentum redistribution, the corre-
sponding mean free path does not vary linearly with 7',
(the diffusion limit would be a square root dependence)
but is an increasing function of the electron excess ener-
gy.
The third point will be devoted to the electron-electron
interactions. The mean free path for electron-electron
collisions can be estimated?’ by 1/NoS where N is the
carriers density, o the electron-electron cross section,
and S the statistical occupation factor. As previously ex-
plained, the interaction potential and o are not supposed
to be strongly dependent on the excitation energy. o has
been calculated for sodium?’ and was found to be in the
10~ %-cm? range. As pointed out by Bardeen and
Pines,?? this value is rather large but, for thermally excit-
ed electrons, where S equals (kT /Ep)?, the possible
scatterings are so greatly restricted by Pauli’s exclusion
principle' that collisions are infrequent. On the con-
trary, for optically excited electrons, S equals'
[(E—Eg)/Er)? (or in very thin films varies as
[(E—Eg)/Ep)?/In(E—Er) to account for two-
dimensional (2D) effects®®3°), and electron-electron col-
lisions become more frequent. Yet, these collisions are
rather infrequent in semiconductors due to their low elec-
tronic densities. When the carrier density is increased,
however, they are expected to play a more important
role® 3% and are likely to be predominant in metals
(CoSi, carrier density is 3X 10?2 cm ). Again, the total
time T,, required by an electron to relax to an energy
below the barrier height is equal to the sum of all the
electron-electron relaxation times 7, (E), where the sum
is extended over all intermediate states. Both 7, (E) and
the average energy dE exchanged during the collision
strongly depend on E and the sum cannot be easily calcu-
lated. It has been estimated!® that dE is an important
part of the excess energy E (e.g., two-thirds in alumi-
num). In this case T,, should be close to 7,,(Av), and the
escape probability and corresponding mean free path are
decreasing functions of the excess energy. As a result,
the slight decrease in the escape depth with increasing
electron excess energy already observed could possibly be
an indication of the importance of the electron-electron
interactions in the relaxation of photoexcited electrons in
CoSi,.

We would like to compare the absolute value of the es-
cape depth measured in CoSi, with values found in other
metals and semiconductors. Crowell and co-workers
found escape depths in noble metals in the 100-200-A
range. Relaxation times of optically excited electrons in
the 10~ '*-s range have been reported in metals;** we
found!” a relaxation time of 2.5X 10~ !° s in CoSi,, which
is consistent with the relatively short mean free path
presented in this work. In III-V compound semiconduc-
tors, Eastman?® measured values of an inelastic mean free
path between collisions with optical phonons of around
1000 A for electron energies higher than the optical pho-
non energy. Energy relaxation times of the order of
5X 107 s to 10712 s are reported in Si and GaAs (Refs.
23 and 21) for electron energies of around 1 eV. These
relaxation times correspond to the time between two col-
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lisions, and the time required to thermalize an electron by
300 or 400 meV would be even longer. The comparison
between energy relaxation times in metals and in semi-
conductors together with the comparison of their elec-
tron densities is thus particularly striking. For all of the
above reasons, we believe that the inelastic escape depth
deduced from our measurements in CoSi, is, at least par-
tially, related to electron-electron interactions. In addi-
tion, it should be noted that the 2D plasma energy is
lower than the 3D one: the long-range electron-electron
interactions might therefore also be considered as much
as the short-range ones.

Finally, we compare the relative magnitude of both the
experimental and theoretical quantum yields of Schottky
diodes. The measurements were performed on a diode
with a CoSi, thickness of 75 A. We measured the photo-
current and photon flux directly by permuting the diode
and the photodetector. We front illuminated them
through a small (0.5 mm diameter) hole in order to en-
sure the equality of the optical power received by the
diode and the detector (whose diameters are slightly
different and of the order of 1 mm). At a photon energy
of 1 eV and 300 K a photocurrent of 6.6 nA was mea-
sured for an optical power of 5.2 uW, thus leading to an
external quantum yield of 1.3X 1073, Our model, for the
same thickness, gave an escape depth L of 70 A and, with
the same parameters as those used in Fig. 1, an external
quantum yield of 2.6X107% We believe that the
discrepancy between the predicted and observed yields
arises from the expression of the internal quantum yield
used. While the quadratic dependence of the yield on
hv—g is beyond doubt, the actual prefactor is still a sub-
ject of controversy. Even with an infinite escape depth,
the total absorption coefficient in a 75- A-thick film being
around 0.1, the calculated yield would be 5X 10~ for hv
equal to 1 eV. Furthermore, external yields of a few per-
cent have been reported in PtSi/Si diodes’ and seem to be
in contradiction to the very small internal yield calculat-
ed from formula (4). Thus, on the one hand, the actual
internal yield is suspected of being higher than that used
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in our calculatlon On the other hand, the yield in such a
thin film (75 A) could be enhanced by a momentum redis-
tribution effect.

V. CONCLUSION

We have presented a calculation of the external quan-
tum yield of Schottky diodes based on the local depen-
dence of the optical absorption. An escape depth is as-
sumed for the hot electrons while the quasielastic col-
lisions and the wave-vector redistributions are neglected.
We performed measurements of the photocurrent per in-
cident photon in CoSi, n-type Si diodes at temperatures
between 300 and 77 K, with a metal thickness ranging
from 25 to 1000 A. The good agreement between the
theoretical and the observed dependence of the external
yield on metal thickness led to determination of the hot-
electron escape depth in CoSi,. It was found to be 90 A
at 300 K and 100 A at 77 K for 0.75-eV incident photons,
and to decrease slightly with photon energy. These re-
sults are interpreted in terms of electron-phonon and
electron-electron collisions. The dependence of the es-
cape depth on photon energy and comparison with the
inelastic mean free path of hot electrons in semiconduc-
tors seem to indicate that electron-electron collisions play
an important role in hot-electron energy relaxation in
CoSi,.
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