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The dependence of the spectral distribution of photoelectron emission from silver nano-particles embedded in

BaO semiconductor thin film on external voltage and the size of silver nano-particles is predicted and investigated

theoretically. The photoelectron emission response curves to light of wavelength between 0.2 and 0.8um are given. The

dependence of the wavelength threshold on the size of silver nano-particles and external field strength is also shown.

Photoemission in the visible spectrum is explained as due to the optical resonance absorption in the silver particles.

This could be of importance in designing field-assisted photocathodes and finding their optimum operation conditions.

Keywords: photoemission, photoelectron spectra, semiconductor films

PACC: 7960, 7T360F

1. Introduction

Researchers are paying much attention on dielec-
tric composite thin films for optical switching and
computing and detecting ultra-short light pulses,['=7]
in which silver, gold and copper nano-particles are
usually dispersed. SiO5[8l and Al;05°) are often used
as materials for the dielectric thin films. BaO semi-
conductor thin film can be used as a substitute for
the dielectric thin film. When the noble metal silver
is embedded in it, forming the Ag—BaO semiconduc-
tor thin film, its nonlinear response is faster than the
laser pulse duration of several picoseconds.['9) It ap-
pears to be useful as a nonlinear material. This new
kind of semiconductor composite thin film is different
from dielectric composite thin film. Some papers on
the plasma resonance absorption spectra of silver, gold
and copper embedded in dielectric and semiconductor
thin film have been published.['1=13 However, stud-
ies on the spectral distribution of the photoelectron

emission form Ag-BaO thin film are rarely reported.

The study of photoelectron emission may give
more information on the initial and final states in-
volved in optical transitions than that of the absorp-
tion spectra of silver in semiconductor and dielectric
thin film does. It is known that if the final state lies
above the vacuum level of silver nano-particles, only
strong peaks of plasma resonance absorption will ap-
pear in the photoelectron emission spectra, while weak
peaks may also appear in the photoelectron emission
spectra if the final state lies below the vacuum level.
Because of this property, relatively weak peaks, which
cannot be resolved in plasma resonance absorption be-
cause of the masking effect of a nearby strong peak,
may sometimes be resolved in the photoelectric emis-

sion curves. This work is an extension of our early

research.[1¢!

It is the main purpose of this paper to investigate
the dependence of the wavelength threshold upon the
size of silver nano-particles and external voltage. Our
explanation of the observed photoelectron in the visi-

ble region is consistent with the experimental data.
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2.Spectral distribution of field as-
sisted emission of photoelec-
trons of Ag—BaO thin film

In the Ag-BaO thin film, silver nano-particles
are brought into contact with BaO semiconductor, as
shown in Fig.1. Upon close contact of metallic silver
and BaO semiconductor, the electrons in the metal
flow into the BaO semiconductor. The Fermi levels in
the two materials must be coincident at thermal equi-
librium, forming the metal-semiconductor barrier. As
a result the metal silver nano-particles and BaO semi-
conductor behave like a p—n junction. In Fig.2(a), (b),
(c), the vacuum level is Ey, Fermi level is Er, Fermi
level of metal silver is Fgy, Fermi level of BaO semi-
conductor is Erg, conduction band bottom level and
valence band top level for BaO semiconductor matrix
are F_ and FE,, respectively, and E. is an equiva-
All values

of the energy levels presented above are referenced to

lent barrier around silver nano-particles.

the conduction band bottom of silver nano-particles.
The photoelectrons coming from silver nano-particles
will probably enter the BaO semiconductor layer and
escape from the surface if their energy is higher than

E,.

Fig.1. BaO semiconductor thin film embedded with
silver nano-particles (shaded areas represent silver

nano-particles, dotted areas represent electrons).
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Fig.2. (a) Energy level diagram of silver and BaO

semiconductor before the contact; (b) Energy band po-
sition diagram in the neighbourhood of Ag-BaO sur-
face; (c) Charge distribution.

When an external voltage is applied, image force
induces lowering of the potential barrier for the emis-
sion of photoelectron so that the low-energy electrons
can escape into the vacuum. The barrier lowering be-
tween silver and BaO semiconductor is Ay. Owing to

the Schottky effect, the barrier lowering is given by![!”!
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where ¢ is the dielectric constant of BaO thin film, e,
is the permittivity of vacuum. E and V are the exter-
nally applied field and applied voltage, respectively.
d is the distance between the positive and negative
electrodes. In our early research,'6! the following for-
mula is used to calculate photoelectron current from

Ag—BaO thin film,
hv
[(hv)? — (hv)?]? + (RAwy /2)? (hv)?
> [E+ (E,— hv)]Y/?
- /EE E+ (B, — B/
E
" Texp(E — Em) /KT + 1

J(hv) /1o =

dE. 2)

The factor before the integral is due to resonance
absorption of radiation by silver nano-particles sus-
pended in BaO. The integral is the photon-electron
transport.

Thus with the external voltage applied, the bar-
rier height is considerably lowered, and becomes (E; —
Ev — Ap). From equation (2), the expression of emis-
sion of photoelectron from Ag-BaO thin film with ex-
ternal voltage is given by the following formula:

hv
[(hr)? = (hv)?]? + (hAw: j2)* (hv)?
X/Oo [E+ (E, — hv)]t 2
ErBy-ng B+ (By — E_)]1 2

E
X opE— BT 1 ®

Jsela(hv) /Iy =

In Eq.(3), physical parameters are as follows:[8]
(E; — Er)=1.7(eV), (Ev — FEr)=1.3(eV), where
Er=5.51(eV). The electron affinity is E4 = Ey — E_,
so we obtain (E,; — Ev)=0.4(eV), (E_ — Er)=0.6(eV),
Ey=6.81(eV). We let hv = 2.43(eV)(Ap=519nm),
En = (hv—1.3)(eV), hAw,/2=0.6(eV) (the full width
of half maximum of plasma resonance absorption of
silver nano-particles) and T=300K. Vf is the veloc-
ity of electrons at the Fermi level, L is the mean free
path. There is the following relation between L and

VF :
Vp

e . 4

Awl/g ( )

For silver, Vi = 1.4 x 108cm-s™" (at 273K). From
Eq.(4), L=1.54nm is obtained, which is much smaller

than the mean free path (57nm for bulk silver at
273K). The silver nano-particle surface is regarded
as a scatterer of conduction electrons. Assuming this
scattering process to be diffusion and the silver nano-
particles to have uniform size and spherical shape, the
mean free path Lsphere of electrons, disregarding its
coupling to the Fermi liquid, can easily be calculated

for spherical particles:

L()dW

R (5)
/ aw

where L(0) is the free path of an electron leaving an

Lsphere =

infinitesimal surface element df at an angle 6 to its
Provided that all

scattering mechanisms of the conduction electrons in

normal, after a scattering event.

a spherical particle are independent of one another,

and the number of scattering events per unit time is
dW = constant x dfd¢, (6)

where d¢ is the solid angle, we get:
Lgsphere = R. (7)

This result means that the dimension of silver
nano-particles limits the free electrons. Therefore, the
equivalent diameter of silver nano-particles will be L.
Here we let (hAwy/2)=1.0267, 0.6000, 0.3197, 0.2310,
0.1500, and 0.1000 (eV), the equivalent diameter of sil-
ver nano-particles will be 0.90, 1.54, 2.89, 4.00, 6.16,
and 9.24 (nm), respectively.

3. Discussion

Under three different forward bias voltages three
theoretical photoelectron spectral distributions for sil-
ver nano-particles embedded in BaO thin film are cal-
culated at room temperature, as shown in Fig.3(a)-
(f). The forward bias voltage ranges from 0 to +26V,
which corresponds to 0 to 900kV/cm. The depen-
dence of the wavelength threshold on the size of silver
nano-particles embedded in BaO thin film and the ex-

ternal field voltages is also shown in Fig.4.
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Fig.3. Spectral distributions (a), (b), (c), (d), (e), (f) of the long wavelength emission of
photoelectron for Ag—BaO thin film with and without forward bias voltages (0, 12, 26V).

In Fig.3, the greater the external voltages applied,
the higher the theoretical peaks that are obtained. Ex-
ternal voltage causes an increase in the intensity of
peaks in common, due to an increase of the number
of the emitted electrons when the external field volt-
age reduces the barrier between silver nano-particles
and BaO semiconductor. The application of external
field causes the energy band bending. Band bending
distorts the energy distribution of the emitted elec-
trons, and causes the number of emitted electrons to

increase and to get the maximum in theoretical pho-

toelectric emission spectra distribution. However, dis-
tortion will be reduced if the distance over which band
bending takes place is made small compared to the
depth of emission, which is actually the case in the
optical spectra of silver nano-particles embedded in
BaO semiconductor. Then the decrease of the number
of the emitted electrons causes the theoretical distri-
bution from silver nano-particles larger than 2.89 nm
to drop abruptly. Without the external field (see in
Fig.3) the theoretical spectra distributions are in good

agreement with the experimental results of Wu.[10:18]
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In Fig.4 the dependence of wavelength thresh-
old on size of silver particles embedded in BaO and
on external voltage is exhibited. External field can
cause wavelength threshold to decrease. The External
fields cause wavelength threshold of small-sized silver
nano-particles lower easily, but have difficulty in de-
creasing that of large-sized nano-particles (larger than
9.24 nm). It is obvious that the symbols indicating the
three different voltages overlap in Fig.4. It leads to the
conclusion that external voltages does not change the
wavelength threshold for silver nano-particles larger
than 9.24 nm. This is caused by that the contribution
of the plasma resonance absorption of radiation by
silver nano-particles larger than 9.24 nm to photoelec-

tron is more important than that of photon-electron

transport.
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Fig.4. Dependence of wavelength threshold Ag—-BaO
thin film on size of silver particles embedded in BaO

and on external field voltages.

It has been known for many years that the reso-
nance absorption of radiation by small metal particles
embedded in a dielectric thin film was derived from a
theory developed by Maxwell-Garnet for metal parti-
cles dispersed in a dielectric, or in the limit of small
isolated spheres from Mie scattering theory. If metal
particles and their separations are much smaller than
the wavelength of the incident light, the resonance or
Mie absorption corresponds to the collective absorp-

tion of metal particles much like plasma resonance.

The resonance wavelength Ag is strongly dependent
on the density of the metal clusters, the ambient di-
electric constant, and the presence of nearby inter-
band transitions as indicated by the following equa-

tion given by Moskovits:[19]

2+ 1/2
AR:)\P|:1+€+1_ZEO:| . (8)

In the above formula Ap is the plasma wavelength
for the metal, e}, the inter-band contribution to the
complex dielectric constant of the metal (g, is large
due to d-s transitions), and ¢ is the volume fraction
of the metal within a dielectric of dielectric constant
€0.

The peak position of the maximum emission of
photoelectron in the visible Ag has been found to vary.
We have found this peak to vary from 0.4 to 0.8um de-
pending upon the method of preparation. For silver,
€p is approximately a constant in the visible region of
the spectrum and equals to 4 and Ag is 0.136um. If
one assumes a value of g = 1.0 for BaO and 0.75 for g,
AR is 0.55um. When ¢=0.42, A\p is 0.41um. For small
values of g, Ap occurs in purple region, Ar is in the
red region. Thus AR is a function of the specific par-
ticle size distribution and their volume content in the
BaO thin film. These numbers are given to show that
reasonable values for the parameters involved in the
determination of Ag give the experimentally observed

AR.
4. Conclusion

We have presented an explanation of the photo-
electron emission for Ag—BaO which is consistent with
the observed experimental data for the first time. The
peak in the emission of photoelectron in the visible re-
gion is due to the resonance absorption of silver nano-
particles and also due to the size of silver particles be-
ing smaller than the electron scattering length which
cause the escape probability of photoelectrons from
small particles to be high. The resonance absorption

appears to be the dominant enhancement mechanism.
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