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The optical properties of inhomogeneously grown rough silver films have been analyzed on the
basis of reflectance measurements. Data have been recorded within the wave number range 50
cm21,l21,50 000 cm21. The results are compared with compact and fairly smooth films, made
from the same metal. Rough films reveal very low reflectance and high absorptivity values of nearly
1, at wave numbers.200 cm21. The reflectance of these films is peaking at the bulk plasma
resonancehvp of silver at 3.87 eV. Smooth compact films, in contrast, show a pronounced
minimum at the same energy. Based on an effective medium approach and available literature data,
the dielectric function~DF! and absorption coefficient have been calculated. For rough films, the
real part of the DF remains positive within the whole spectral range, but is negative for compact
films belowhvp , in agreement with published data. The calculated DF of the inhomogeneously
grown films fully resembles the experimental observations. ©1996 American Institute of Physics.
@S0021-8979~96!06714-X#

I. INTRODUCTION

Optical absorbers with high efficiency are key compo-
nents towards the fabrication of sensitive thermal radiation
detectors. They usually are deposited as a thin layer on top of
the heat sensitive element. Film thickness and material den-
sity are crucial quantities, since they account for the effective
thermal mass and, hence, define thermal time constant and
frequency range of operation of the device.

To establish sufficiently high optical absorptance and de-
vice performance appropriate selection of the absorber mate-
rial is an important issue.1 Under terrestrial conditions and in
connection with phonon noise limited performance, thermal
detectors successfully compete with quantum detectors only
in the far IR regime2 and wavelengthsl.12 mm. Back-
ground limited superior performance~BLIP! is established,
in contrast, under outer space conditions and at lowT. Thus,
only few materials meet the given requirements. Dielectrics
typically fail, due to their relatively large optical band gaps
and weak absorptivity in the far IR region. Metal films com-
monly are highly reflective when deposited as an homoge-
neous layer under high vacuum conditions. The solution is
rough, inhomogeneously growing semimetallic or metallic
films, where rigid optical boundary conditions are lifted
through soft, poorly defined interfaces and surfaces. Under
these conditions, optical reflectance values usually remain
low. Examples are black gold and black carbon films.3 The
surface of these materials appears optically black since its
open, porous, and granular structure minimizes optical re-
flectance. Absorptivity values of nearly 100% are achievable
for some wavelength regions. Under ideal conditions, the
optical properties of these materials should not vary with

photon energy over the whole range of interest.
In this work, the optical properties of ultrarough or black

silver films on silicon have been addressed, covering the
wave number range 50 cm21,l21,50 000 cm21. The data,
eventually, are compared with the behavior of the compact
metal. Among the noble metals, silver displays a well de-
fined plasma oscillation, where the free-electron system of
the solid is collectively resonating. Within the quantum rep-
resentation, these excitations are described as quasi-particles,
i.e., plasmons. They usually are probed directly by electron
loss spectroscopy~ELS!, applied to compact thin films of the
solid. To some degree, the many body excitation determines
the dielectric function of the solid, and thus severely affects
the optical properties of the material.

II. EXPERIMENT

Briefly, rough silver films have been deposited onto pol-
ished Si~100! surfaces through evaporation of the metal in a
N2 or He atmosphere at a pressure of 1 mbar. Under these
circumstances, the metal atoms coagulate from the gas phase
into small sphericals. Upon their condensation onto the sili-
con surface, a fluffy network is formed at a density of
2%–5% of the compact solid. Film thickness is ranging from
5 to 7 mm, but is difficult to determine exactly. The film
structure has been analyzed through transmission electron
microscope ~TEM!, and scanning electron microscope
~SEM! characterization. This is shown in Figs. 1~a! and 1~b!.
The TEM micrograph of Fig. 1~a! illustrates the formation of
small clusters of metal atoms, where a very small amount of
silver has been evaporated under identical conditions onto a
thin carbon foil. The diameter of the primary particles is

1058 J. Appl. Phys. 80 (2), 15 July 1996 0021-8979/96/80(2)/1058/5/$10.00 © 1996 American Institute of Physics



approximately 10 nm. The SEM micrograph at reduced mag-
nification in Fig. 1~b! illustrates the microstructure of con-
densed rough films on silicon, forming the above-mentioned
network. Compact films have been prepared through evapo-
ration of the metal under high vacuum conditions. Optical
reflectance data from the films have been recorded, using a
Bruker 113 v Fourier spectrometer at wave numbers,5000
cm21, while a LAMBDA2 spectrometer has been employed
within the spectral region 9000 cm21,l21,50 000 cm21.

III. OPTICAL DATA ANALYSES

The dielectric function~DF! and absorption coefficients
of the films eventually have been obtained from the optical
measurements, in connection with a multilayer Fresnel cal-
culation and an automated fitting routine to establish best

agreement. Data are compared with the behavior of smoothly
grown films, deposited onto the same substrate material.

The fitting routines used for the calculations rely on an
effective medium model, combined with a percolation ap-
proach. To establish the minimum deviation between mea-
surements and calculated data, the above-mentioned fitting
routine has been employed. The associated algorithm in-
volves two steps. First, the macroscopic parameters like
layer thickness, volume fraction, etc. have been determined
by use of a parametrized spectral density function, establish-
ing a set with the lowest error. Second, the spectral density
has been fitted in detail. This has been achieved through
small corrections to the spectral density, determined through
the deviation and sensitivity of a given value ofg(n) to
experimental data. A detailed description is given
elsewhere.4,5

Briefly, the dielectric function of a composite material,
designed from two different phases with different complex
dielectric functions, is written as

e~r !5
e1 if r is within phase 1

e2 if r is within phase 2.
~1!

For the inhomogeneous films under study, one phase is taken
as compact silver, where the appropriate DF has been taken
from the literature. The second phase is treated as vacuum.
The effective density of the resulting composite is only a few
percent of the compact material.

Frome(r ) an effective dielectric functioneeff is defined,
independent ofr. Averaging over the volumeV yields the
relation

1

2V
e0E

n
e~r !E2~r !dr5

1

2
e0eeffS 1VE E~r !dr D 2. ~2!

This expression is convenient, provided that the volume con-
tains a sufficiently large number of inhomogeneities and the
electric-fieldE is nearly constant withinV.

In other words, the characteristic length scale of the in-
homogeneities, defined through the particle size or distance
between them, should be much smaller than the wavelength
of the incoming radiation. This condition is known as the
electrostatic limit. To derive the effective dielectric constant
eeff from Eq.~2!, one expandseeff in terms of the geometrical
electrostatic resonances of the given system. These reso-
nances only come into effect, if the~generally complex! quo-
tient e1/e2 becomes negative and real. To transform all reso-
nances into a finite interval,eeff is replaced through the
reduced dielectric constant, defined as

t5
e2

e22e1
5t81 i t 9. ~3!

Especially for the case of multiple resonances that are ex-
pected if the system is statistically arranged, it is convenient
to use an integral representation instead of a series expan-
sion. This treatment is leading to an expression of the form
known as the Bergman representation4

eeff5e2S 12 f E
0

1g~n, f !

t2n
dnD , ~4!

FIG. 1. ~a! TEM micrograph of isolated silver clusters, deposited onto an
amorphous carbon foil.~b! SEM micrograph of the fluffy network, formed
through coagulation of the particles on a silicon surface.
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wheref is the volume fraction, taken through phase 1.
Here the integration variablen is scanning all possible

resonances. The spectral densityg(n, f ) determines how
strong they appear for the given microtopology. The actual
calculations are performed in an automated fitting routine,
until best agreement with the experimental data is estab-
lished.

The material properties are related to the quantityt. The
effects of geometry, hence, are solely assigned tof and the
spectral densityg(n, f ). Form and size ofg(n, f ) are lim-
ited through the so-called momentum equation

E
0

1

g~n, f !dn51 ~5!

and, if the effective medium is isotropic

E
0

1

n3g~n, f !dn5
12 f

3
. ~5!

The spectral density as a function ofn, obtained for the
present data from the iterative fitting procedure, is illustrated
in Fig. 2. A fully consistent topological interpretation of the
spectral function, however, remains somewhat delicate. The
peak atn50.3 would correspond to a resonating sphere. The
strong peak atn50.55 is correlated with the dip near 28 000
cm21, shown in the originally recorded reflectance spectrum
and associated with the surface plasma resonance. Single sil-
ver clusters are not isolated particles, but cohere to each
other. This behavior is treated through a further, percolation-
type term applied to the spectral density, wherep0 deter-
mines the percolation strength.5,6 The spectral function then
is given through

g~n, f !5p0d r~n!1gresid.~n, f !, ~7!

whered r(n) represents the delta function.

IV. RESULTS AND DISCUSSION

Figs. 3~a!, 3~b!, and 4 display both the recorded and the
fitted data for rough and smooth films. Data have been taken
within the far infrared region at wave numbers 50

cm21,l21,600 cm21. The visible /UV regime has been
addressed at values 9000 cm21,l21,50 000 cm21. Solid
lines are experimental data. Broken lines are the result of the
fitting procedure, taking into account the influence from the
silicon substrate material. Reflectance values of rough films
are remarkably low, but increase towards lower wave num-
bers, as indicated in Fig. 4, where the fitted data appear
somewhat larger than the experimental values. In the visible
and UV part of the spectra, a prominent peak is resolved that
is located at 31 300 cm21 and photon energyhvp of 3.87 eV.
Its position fully coincides with the bulk plasma resonance of

FIG. 2. Spectral densityg(n, f ), obtained from the effective medium cal-
culations. Density of the metallic fraction is 1%, the percolation factor is
0.015.

FIG. 3. Reflectance for the rough film@Fig. 3~a!# and the compact material
@Fig. 3~b!# as a function of wave number. Experimental results are displayed
through the solid line, fitted data correspond to the broken curves.

FIG. 4. Experimental~solid line! and fitted reflectance~dashed line! within
the far infrared region for the inhomogeneously grown film.
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the silver.7 Note the presence of a further, rather broad maxi-
mum of reflectance near 20 000 cm21 and the minimum be-
low the plasma resonance, resolved at 28 000 cm21. At this
value~photon energy 3.47 eV!, the position of the associated
surface plasma resonance of silver is located.8,9

Compact, rather smooth films reveal a remarkably dif-
ferent behavior. In agreement with published data, optical
reflectance under these circumstances displays a pronounced
dip, located precisely at the bulk plasma frequency of 31 300
cm21. Reflectivity increases to nearly 1 towards lower wave
numbers, but retains at moderate values above the plasma
frequency. The present compact silver films on silicon also
consistently showed a swing near 29 000 cm21. It is related
to the surface plasma resonance, placed slightly below the
bulk plasma resonance. Its optical excitation requires the
presence of nonperfect, slightly rough surfaces.9 This condi-
tion has been taken into account through a modified fitting
procedure, where the surface roughness has been modeled
through a further, thin rough adlayer placed on top of the
compact smooth metal. Optical properties of this structure,
again, have been fitted through a combination of the effec-
tive medium approach with published data of the DF for the
dense material.10,11

The results of the fitting procedures, applied to both
rough and compact films, are illustrated below. The real
~solid line! and imaginary part~broken line! of the DF and
associated absorption coefficients~for the rough film! as a
function of wave number are shown in Figs. 5 and 6. The

related, thickness dependent optical absorptance of the rough
film, finally, is displayed in Fig. 7.

There exist clear differences among the two materials
systems. The real part of the dielectric function of rough
films consistently remains positive within the full spectral
regime. Its value near one well resembles vacuum condi-
tions, as expected for the very low-density material under
study. Variations appear at the bulk plasma resonance. Be-
low 10 000 cm21, a distinct increase of both the real and
imaginary part of the DF is observed. The latter result com-
pares to the properties of compact films. The calculated op-
tical absorptance is shown in Fig. 7.

Regarding future use of rough silver films as an optical
absorber, the material under study would be considered as an
acceptable solution, providing effective operation at wave
numbers above 200 cm21. Again, absorptivity values of
nearly 1 are achieved, depending on film thickness. Signifi-
cant variations of the absorption coefficient only appear
around the bulk plasma resonance, centered at 31 300 cm21,
where changes of absorptivity around 30% have been re-
solved. In view of far infrared applications~FIRs! of the
absorber films, the presence of the plasma resonance is with-
out any consequences. Its use within the visible /UV region
of the electro magnetic spectrum, however, would require
properly selected optical filters to accommodate for the
change of sensitivity.

The difference between inhomogeneously grown silver
films and the compact phase, regarding their dielectric func-
tion, is remarkable. First of all, the real part of the dielectric

FIG. 5. Dielectric function of compact and inhomogeneously grown films
for the visible UV region. The solid line is the real part, the broken line the
imaginary part of the DF. Lower curve shows the calculated absorption
coefficient of the rough film.

FIG. 6. Dielectric function of compact and inhomogeneously grown films
for the far IR region. The solid line is the real part, the broken line the
imaginary part of the DF. Lower curve shows the calculated absorption
coefficient of the rough film.
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function of compact films, shown in Figs. 5 and 6, consis-
tently remains negative at very large, increasing values for
wave numbers below the plasma resonance. This agrees well
with literature data. The imaginary part, in contrast, is small
and increases to rather large positive values with decreasing
wave numbers, as expected for a metallic conductor. Exactly
at the bulk plasma resonance, the real part of the dielectric
function disappears. Thin films at this energy therefore
would appear transmitting. Reflectance and absorptance val-
ues at the resonance remain low. This behavior applies to all
compact metals, exhibiting a well defined plasma resonance.
To some degree, it also affects the properties of the inhomo-
geneously grown composite material under study.

To identify the origin of the prominent features of rough
films shown in Fig. 3~a!, the optical properties have been
recalculated in absence of the silicon substrate. The result is
illustrated in Fig. 8. Under these circumstances, the transmit-
tance of a free standing layer of an inhomogeneously grown
film would display a sharp peak at the bulk plasma reso-
nance, a broad maximum around 18 000 cm21, and a mini-
mum at 29 000 wave numbers. All features are in agreement
with our experimental findings. The experimentally deter-
mined reflectance spectrum of the rough silver film under
study, hence, is understood primarily as a result of backre-
flection of the incoming radiation from the silicon substrate.
It thus is resembling the optical transmission characteristics
of the metallic absorber.

V. CONCLUSIONS

In summary, the optical properties of thin inhomoge-
neously grown silver films have been evaluated, covering the
far IR and visible/UV region of the electromagnetic spec-
trum. The material shows very small reflectance and high,

nearly constant absorptivity values at wavelength.50 mm.
Within the UV range, the bulk plasma resonance accounts
for strong variations of the absorptance near a photon energy
of 3.87 eV. Based on an effective medium approach, the
dielectric function and absorption coefficientsa have been
calculated from the experimental data. For rough films, the
real part of the DF remains positive within the whole spectral
range, but is negative for compact films below the plasma
resonance, in agreement with published data. The observed
peak of the reflectance of rough films at 3.87 eV is explained
as a reflection of transmitted radiation from the substrate film
interface. The high optical absorptivity of the prepared rough
silver films is appropriate as an absorber material for broad-
band thermal radiation detectors.
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