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Abstract. The long-wavelength surface-plasmon-induced por-
tion of the photoelectron emission (PE) spectrum of granulated
silver and gold films activated by cesium and oxygen is found to
shift toward the short-wavelength region with respect to the
optical absorption band. The intensity of this long-wavelength
portion decreases exponentially with increasing wavelength,
and a photoelectric threshold is not detected. The photoeffect
in such structures is shown to be determined by the probability
of tunneling nonequilibrium photoelectrons through the poten-
tial barrier formed by an activating layer. The PE spectra
calculated in the triangle barrier approximation agree well
with appropriate experimental spectra.

1. Introduction

The tunneling mechanism of electron transitions is the basis
for many physical processes in solids. In some cases, it
manifests itself when an electric field is applied, for example,
during the field electron emission considered by Fowler and
Nordheim [1] or during light absorption in semiconductors
(Franz—Keldysh effect) [2]. In the course of field emission,
equilibrium electrons tunnel from the Fermi level in a solid
into a vacuum. In this case, the emission current is specified by
the electron tunneling probability from the solid surface
through a potential barrier whose shape is close to a
triangle, and this current increases exponentially with the
applied field strength F. In the Franz—Keldysh effect, the
light quantum absorption probability for energies iv < E,,
where E, is the band gap of a semiconductor, increases with
the applied field F. It is impossible to exactly determine E,,
since the light absorption probability at a given value of F
decreases exponentially with decreasing energy /v.
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In granulated metallic films, new light absorption bands
are known to appear; they are caused by surface-plasmon
excitation in the nanoparticles making up these films [3, 4].
For example, absorption bands appear at a wavelength
A= 500 nm in granulated Ag films [3] and are absent in
solid films. According to the Mie theory [5], the light
absorption cross section of a spherical nanoparticle of
volume ¥V for nanoparticles whose linear dimensions are
much smaller than 1 is given by
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where & (1) +1ie3(4) = ¢(4) is the dielectric constant of the
metal, and a surface plasma resonance occurs at A,, where
&1(4p) = —2. In spheroidal nanoparticles, this resonance
shifts toward long wavelengths with respect to the resonance
in spherical nanoparticles. This shift increases as the spheroid
axial ratio R = b/a decreases. Nanoparticles produced by
various methods — thermal or laser deposition, chemical
vapor deposition, etc. — are always characterized by a spread
in R. Therefore, their shape can be close to a sphere; then, the
average value of R exceeds 0.5, and surface-plasmon absorp-
tion is maximal [see Eqn (1)] near A,, where & (4,) = —2.
Moreover, nanoparticles can have the shape of an oblate or
prolate spheroid; in this case, R < 1, and the surface-plasmon
absorption maximum shifts strongly toward long wave-
lengths with respect to A, and is located near
Amax = 24,/ VrR. According to Ref. [3], the spectral depen-
dence of the light absorption coefficient for spheroids with
different values of R represents the envelope of the Gaussian
distribution of the absorption cross sections for these
nanoparticles and can be written out as
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where N is the number of nanoparticles on the surface;
R=n/v/T+n2; n, is the average value equal to b/c for
b/a <1, and o, is the standard deviation of the Gaussian
distribution.

In Refs [6, 7], we detected photoelectron emission induced
by surface-plasmon excitation in the visible region from Ag
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and Au nanoparticles whose surface was activated by cesium
and oxygen. The properties of plasmons in the visible region
were studied previously in numerous works using light
absorption. In these works, opaque substrates were utilized;
therefore, absorption spectra could not be recorded. For
studying the properties of thin films, photoelectron emission
(PE) is much more sensitive than optical absorption. As
follows from Refs [6, 7], the PE spectra of the activated Ag
and Au nanoparticles possess no distinct photoemission
threshold A9 = ¢/vg. The purpose of this work is to study
simultaneously the PE and optical absorption spectra of the
activated Ag and Au nanoparticles with the goal of determin-
ing the cause of the absence of a distinct photoelectric
threshold in such structures and revealing the photoeffect
mechanism in them.

2. Arrangement of the experiment.
Results and discussion

We fabricated Ag and Au granulated films, activated them by
Cs and O, measured their PE and absorption spectra, and
determined their surface composition by X-ray photoelectron
spectroscopy (XPES) at a pressure of 1079 Torr. All
measurements were performed at room temperature. A thin
Ag or Au film was evaporated onto a 20-nm-thick InO,—
SnO;, transparent and conducting film supported on a glass
substrate. The average thickness of the former film was 4—
5 nm, as determined by a quartz weight meter. A substrate
coated with a metallic film was heated at 300 °C for 20 min.
Under these conditions, the granulated Ag films consist of
oblate spheroids [3], and the deposited Au films consist of
nanoparticles whose shape is close to a sphere [4]. The
formation of Ag and Au nanoparticles in our work was
corroborated by XPES data. Thermally evaporated metallic
films with an average thickness of less than 10 nm are typically
known to be discontinuous and nonconducting. Therefore,
apart from Ag(3ds) and Au(4f;7) peaks, the XPES spectra of
the evaporated gold and silver films also contained In(3ds),
Sn(3ds), and O(1s) peaks possessed by the substrate. For a
4- to 5-nm thick continuous film, no peaks from substrate
elements should appear due to a small photoelectron escape
depth in XPES, which is about 1 nm. After sample heating,
the substrate peaks increased sharply and the Ag and Au peak
intensities simultaneously decreased. This change in the
XPES peaks is caused by a decrease in the substrate surface
covered by an evaporated metal upon heating, which
corresponds to the formation of metallic nanoparticles. The
granulated Ag and Au films were activated by the traditional
technique of activating semiconductor photocathodes with a
negative electron affinity [8]. This activation technique leads
to a higher photoelectron escape probability into a vacuum as
compared to the activation by only Cs, which allowed us to
generate intense PE induced by surface-plasmon excitation in
Ag and Au nanoparticles in the visible region [6, 7]. While
earlier, PE from metallic films has been detected only in the
UV region.

For Au nanoparticles, the light absorption a(2)/om.x and
PE quantum yield Q(4)/QOmax maxima were located near the
maximum calculated from Eqn (1), which indicates that the
shape of the Au nanoparticles was close to a sphere. The
width of absorption spectrum in this case is significantly
larger than the width determined by Eqn (1) and corresponds
to Gaussian distribution (2) with the parameters R = 0.65
and ¢, = 0.3. The XPES study of the ratio between free
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Figure 1. Ag nanoparticle spectra: (/) sensitivity S/Smax, (2) quantum yield
0O/ Omax, (3) experimental absorption o/om,y, and (4) absorption calcu-
lated by Eqn (2). The inset shows the long-wavelength portion of the
S/ Smax spectrum.

substrate surface area and area covered by gold after heating
demonstrates that, in the case of quasispherical (R = 0.65)
nanoparticles, their radius reaches 4—6 nm and the light
absorption spectrum is specified by surface-plasmon excita-
tion in these nanoparticles. The light absorption spectrum of
the Ag nanoparticles (Fig. 1, curve 3) coincided with the
spectrum calculated by Eqn (2) at ¢, = 0.045 and 5, = 0.1
(Fig. 1, curve 4). This corresponds to a plasma resonance for
oblate spheroids with an axial ratio »/a ~ 0.1 and, according
to Ref. [3], a =~ 50 nm. As follows from Eqn (1), the surface
plasmon resonance for spherical Ag nanoparticles is maximal
at A, ~ 350 nm, and it was not studied in this work. The PE
spectra of none of the Ag and Au samples had a clear
photoelectric threshold. The sensitivity in the long-wave-
length region of the PE spectra decreased exponentially to S
with increasing wavelength A, which is specified by the
sensitivity limit of the available apparatus (inset to Fig. 1a).
Another specific feature of the Ag and Au samples is a
shift in the long-wavelength region of the PE spectra toward
the short-wavelength region with respect to the long-
wavelength region of the absorption spectra (Fig. 1, curves
1-3). Figure 2 depicts the long-wavelength portions of the
quantum yield (Q/Omax) and light absorption (o/¢imax)
spectra as a function of the photon energy hv for Ag
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Figure 2. Quantum yield Q/Qmax (1) and absorption o/om,y (2) spectra of
Ag nanoparticles after optimum activation. Quantum yield Q/Qmax
spectrum (3) and absorption /o,y spectrum (4) calculated by Eqn (2)
for an S-1 photocathode. Points in the curves are the Q/Omax spectra
calculated by Eqn (3) for the barrier parameters given in Table 1.
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Figure 3. Au nanoparticle spectra of the quantum yield Q/Qm,y after
optimum activation (/) and PE degradation (2, 3), and of the absorption
spectrum o/, (4). Points in the curves are the Q/Qmax spectra calculated
by Eqn (3) for the barrier parameters given in Table 1.

nanoparticles (curves 1, 2) and the Q/Qmax spectrum of a
silver —oxygen—cesium S-1 photocathode (Hamamatsu,
Japan) (curve 3).' The S-1 photocathode characteristics
were approximated using an absorption spectrum calculated
by Eqn (2) with the parameters g, = 0.018 and 5, = 0.035
(curve 4). As is seen from Fig. 2, the PE and absorption
spectra of the S-1 photocathode (curves 3, 4) are similar to
those of Ag nanoparticles. However, the shift in the spectra of
the S-1 photocathode with respect to the spectra of spherical
nanoparticles toward low photon energies is larger than that
in the spectra of silver nanoparticles (curves /, 2). This shift is
explained by the fact that the difference in the ratios of axial
lengths for the spheroidal Ag nanoparticles in the S-1
photocathode (for which n, = b/a = 0.035) is significantly
larger than those of the Ag nanoparticles (1, = 0.1) produced
by thermal evaporation, since the process of S-1 photo-
cathode growing differs substantially from the more simple
process of thermal evaporation. Figure 3 displays the Q/Omax
PE spectrum of Au nanoparticles as a function of the energy
hv after optimum activation (curve /) and a decrease in the PE
intensity of the Au samples (curves 2, 3 corresponding to PE
degradation) upon weak excess Cs adsorption after their
activation. In this case, the shift in the PE spectra (curves 2, 3)
with respect to the light absorption spectrum (curve 4), which
does not change during PE degradation, is even larger. The
intensity in the long-wavelength region of the PE spectrum
therewith continues to exponentially decrease with increasing
wavelength 1, and the spectrum has no step indicating a
photoelectric threshold. The short-wavelength portions of the
PE and absorption spectra (Fig. 1, curves / — 3) coincided, and
the quantum yield (the ratio of the number of photoelectrons
to the number of absorbed photons) for the Ag and Au
samples was Q ~ 0.01.

The absence of a photoelectric threshold, the exponential
decrease in the intensity of the long-wavelength portion of the
PE spectrum, and its shift toward the short-wavelength region
with respect to the light absorption spectrum of activated Ag
and Au nanoparticles point to a tunneling photoeffect
mechanism in such structures. In this case, photons excite
surface plasmons in the nanoparticles, and their absorption

! Cat. No. SSC1047E01 MAY/97 CR, printed in Japan (2000).
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Figure 4. Schematics of the photoeffect in activated nanoparticles:
(1) envelope of the a(iv) absorption spectra for nanoparticles with
different b/a ratios, (2) envelope of the quantum yield Q(hv) spectra for
photoelectrons tunneling through the barrier 4 after optimum activation,
(3) the same for photoelectrons tunneling through the barrier 5 after PE
degradation, and (6) schematic for the escape of photoelectrons excited by
hv light quanta after optimum activation and PE degradation, respec-
tively; dmin and dp are the tunneling lengths given in Table 1.

spectrum is described by Eqn (2), as illustrated in Fig. 4
(curve 7). The dashed lines under solid curve / represent the
absorption spectra of individual nanoparticles with various
axial ratios b/a, which are characterized by a Gaussian
distribution. These spectra are obtained from Eqn (2) at
o, = 0 for the appropriate r, parameters which depend on
the b/a ratio. A part of plasmons determined by Q =~ 0.01
emit electrons into the vacuum, and the remaining plasmons
dissipate their energy in nanoparticles or emit light quanta.
However, not all of the electrons can escape from the
nanoparticle surface into the vacuum. This surface has a
potential barrier formed by an activating layer which consists
of Cs* and Cst—~0O~ —Cs" dipoles [8]. This barrier can be
approximated by a triangle. The barrier height Uy measured
from the Fermi level Er and the field strength F are
determined from experiment using the expression

%(:a\;) _ P(hv)a(hv) 7 3)

umax

where P(hv) is the escape probability of an electron with an
energy hv into a vacuum via tunneling through the barrier

Table 1.

Uy, eV F,Vem™' hvpin, eV dain, nm  dp, nm
Au® 1.85 6.9x10° 1.3 0.8 2.7
Au! 2 5% 10° 1.5 1 4
Au? 2.22 47x10° 1.7 1.1 4.7
Ag 233 3.8x10°  1.75 1.5 6.2
S-1 1.33 44x10° 0.8 1.2 3
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with the height Uj in the field F[9]:

4v2m (Uy — 11\))3/2
nF ’

P(hv) =exp | — (4)

The long-wavelength regions of the experimental PE
spectra of Ag (Fig. 2, curve /) and Au (Fig. 3, curves /—3)
nanoparticles agree with the values (points in the respective
curves) calculated by Eqn (3) for a tunneling photoeffect
mechanism. The same agreement (Fig. 2, curve 3) was
obtained for the S-1 photocathode. According to Ref. [6],
the photoelectron emission from the S-1 photocathode is
caused by surface-plasmon excitation in the Ag nanoparticles
of this photocathode. The absence of a photoelectric thresh-
old in its PE spectrum is also related to photoelectron
tunneling through an activating Cs—O layer. Table 1 gives
the parameters Uy and F determined from the experimental
data using formula (3) for activated silver and gold nanopar-
ticles (Au®, after optimum activation; Au' and Au?, after PE
degradation) and for the S-1 photocathode. The table also
presents the photoelectron tunneling lengths dp, for the
values of vy, specified by the thresholds of sensitivity of
the available apparatus, as well as the electron tunneling
lengths dr from the Fermi level at the appropriate values of
Uy and F. Apparently, these lengths should be smaller than
the activating layer thickness which is about 1 nm and 10 nm
in dipole and heterojunction models, respectively, for a
decrease in the vacuum level [§]. As follows from the table,
the experimental values of dp, fit into the dipole model, and
the values of dr into the heterojunction model. This raises the
question of whether a photoelectric threshold exists in the
activated metallic nanoparticles. If this threshold does not
exist and the vacuum level coincides with the Fermi level in a
nanoparticle, the escape probability of photoelectrons with
an energy close to kT for the S-1 photocathode is on the order
of P~ 107! for the triangle barrier approximation with the
parameters (see Table 1) corresponding to the energy range
hv =0.8—1.2 eV (see Fig. 2, curve 3).

The agreement between the PE spectra calculated by
formula (3) and the experimental spectra indicates that the
photoeffect in the metallic nanoparticles activated by cesium
and oxygen is caused by photoelectron tunneling through the
potential barrier formed by the activating layer. In this case,
the photoeffect is characterized by nonequilibrium-photo-
electron tunneling probability P(hv) which depends on the
energy hv of photons exciting photoelectrons. The P(hv)
probability depends on the potential-barrier height, width,
and shape. For the triangle barrier approximation, the P(/iv)
probability is described by formula (4) and depends on the
electric field strength Fin the activating layer and the barrier
height Uj at the metal —activating layer interface. The value
of Uy when F — 0 can be considered as a work function ¢ of
electrons. In this case, the potential barrier transforms into a
potential wall of height ¢. As in many works dealing with the
S-1 photocathode, we did not reveal a photoelectric thresh-
old, which determines the work function from the surface of
activated Ag and Au nanoparticles, in this work. The PE
spectra of these structures in the photon energy range under
study are determined by the escape probability P(hv). A
similar PE mechanism was observed in gallium arsenide
activated by Cs and O [10]; in GaAs, however, quasiequili-
brium photoelectrons tunneling occurred from the y and L
subbands of the conduction band. Therefore, the photoelec-
tron escape probability in Ref. [10] was independent of v and

was determined by the subband energies E, and E;, while the
photoelectric threshold was specified by the band gap in
GaAs.

According to the PE model proposed, an increase in the
photoelectron escape probability upon activation or a
decrease upon PE degradation is caused by a change in the
potential-barrier parameters rather than a decrease or
increase in the potential-wall height (a decrease or an
increase in ¢, respectively). Such changes in the barrier
parameters upon PE degradation in the Au samples are seen
from Fig. 3 (curves 2, 3) and the table, as well as from the Cs
and O activation of gallium arsenide in Ref. [10]. Therefore,
the photoelectron escape probability from the surface of an
activated photoemitter can vary with Av from 1 to 0 rather
than as P =1 for hv > hvy and P = 0 for hv < hvy, as was
generally accepted.

3. Conclusion

We qualitatively grounded the agreement between experi-
mental data and a proposed tunneling photoeffect mechan-
ism in metallic nanoparticles activated by Cs and O. As a
result, we were able to explain the specific features in the PE
spectra of such structures and the absence of a photoelectric
threshold in them. In this connection it is necessary to
microscopically consider the potential-barrier parameters in
the activating layer and to investigate the interaction of the
layer dipoles with the dipole moments of the excited
nanoparticles.
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