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For ultrathin copper films of various morphology we studied adsorbate-induced changes in broadband
infrared transmission at normal incidence of light. Smooth Cu films on Si(111) and mesoscopically rough Cu
films on KBr(001) were exposed to CO and to C2H4. We observed significant broadband changes for each of
these gases and for both surfaces. Applying a Drude-type model we calculated the optical spectra in accord
with the experiment. We find that the effects related to a change in the electronic relaxation rate are weakly
influenced by the mesoscopic roughness of the film, while the effects related to charge transfer are strongly
enhanced due to such roughness. This paper shows that the real adsorbate-induced changes can be determined
for both the homogeneous films and the inhomogeneous films beyond percolation. The increased surface area
owing to mesoscopic roughness is merely one contribution to larger adsorbate-induced effects of inhomoge-
neous films. The other more interesting contribution is due to depolarization in rough metal films that is
responsible for strong enhancement of charge transfer effects.

DOI: 10.1103/PhysRevB.70.115406 PACS number(s): 78.20.2e, 68.43.2h, 78.30.2j, 73.25.1i

I. INTRODUCTION

The elastic mean free path of electrons in bulk metals,
e.g., Cu at room temperature, is up to several ten nanometers.
As a consequence, if current is carried by metal nanostruc-
tures with a size in the few 10 nanometer range, the resis-
tance is already strongly influenced by the structural and
chemical nature of the nanostructure interfaces with the en-
vironment. This so-called surface or adsorbate-induced resis-
tivity is of fundamental importance for an understanding of
nanostructure electronic properties and for the development
of nanostructure based applications. Adsorbate-induced re-
sistivity of thin films has been demonstrated in dc resistivity
measurements,1–4 infrared (ir) broadband reflectivity
experiments,1,2 and by optical spectroscopy.5,6 Surface-
enhanced ir-absorption(SEIRA) may also be influenced by
the scattering between adsorbates and conduction electrons,
which has been demonstrated in a very recent study on the
origin of the Fano-type line shape of surface-enhanced ir
absorption by adsorbate vibrations.7,8

An early study of the morphology dependence of
adsorbate-induced surface resisitivity was done by Wißmann
via dc-resistivity experiments.3 For films of various morphol-
ogy he found roughly the same increase of resistivity per
adsorbed molecule at the beginning of exposure. However,
smooth films showed a smaller maximum change when com-
pared with rough films. Later, he also addressed the influence
of thin film morphology on the adsorbate-induced change in
ellipsometry data.6 Again, annealed films showed smaller ef-
fects compared to granular films. However, due to a lack of
detailed information on surface roughness, an analysis of the
quantitative relations between surface roughness and adsor-
bate effects was not possible.

Classically, in a certain vicinity to the surface adsorbates
can induce a changeDvt in the relaxation ratevt of free
charge carriers and a changeDn in their densityn.1,3 For a
thin film of thicknessd and a mean free pathlMFP of the free
charge carriers, both effects lead to a changeDr in the resis-
tivity r, i.e.,

Dr = r ·
lMFP
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For a broad number of adsorbate/thin-film systems, a neg-
ligibly small Dn can be assumed, as it is done for the scat-
tering model of surface resistivity by Persson.9–11 Then,Dr
is dominated byDvt and C* =1. Tobin found that the sur-
face resistivity model could be tested by comparingDr with
adsorbate-induced changes in the reflectivity of metal sur-
faces forp-polarized infrared light.1 Such changesDRp have
been extensively studied within the recent years.1,2,12–17They
were predicted to be proportional toDr (measured for thin
films),2,9–11 i.e.,
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with vP being the bulk plasma frequency of the metal,c the
speed of light,e0 the electric constant andu the angle of
incidence with respect to the surface normal. ForC* =1 the
ratio DRp/Dr should neither depend on the kind of adsorbate
and the adsorbate coverage, nor on morphology-dependent
scattering rates.

Tobin experimentally investigated the factorC* for pure
copper films18 and found that it varied with the type of ad-
sorbate, which means thatDn cannot be neglected.1 But, sur-
prisingly C* also varied with the morphology of the films
(see Table 1 in Ref. 1 and Fig. 8 in Ref. 1). For films with the
lower conductivities, i.e., highervt [as-grown films on
Si(100) (Refs. 13 and 19)], he found higherC* values com-
pared to films with the higher conductivities and lowervt

[annealed Cu films on glass12 and on TiO2s110d2]. Following
Eq. (2), it seems that for the rough low-conductivity films the
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changesDn/n (with Dn,0) are enhanced with respect to the
changesDvt /vt. Tobin calculated the corresponding charge
transferDn and found unreasonably high values for it.1 An
even dominant role ofDn/nB must be concluded from ex-
periments with formic acid exposure of rough copper films
where a resistivity change but no reflectivity change was
observed.1,19 According to Eqs.(2) and(3), this corresponds
to −Dn/n@Dvt /vt. These results point to unexpectedly
strong effects of charge transfer and cannot be explained
without looking at the real film morphology.

Here, we present a study which explains how the changes
of measured quantities due to adsorbate-induced charge car-
rier relaxation and adsorbate-induced charge transfer are
modified by the mesoscopic roughness of a real film. We
present broadband infrared spectroscopic results for adsorp-
tion of CO and of C2H4 on two types of continuous(con-
ducting) copper films as shown in Fig. 1: mesoscopically
smooth films grown on Si(111) and mesoscopically rough
films grown on KBr(001). Despite the different mesoscopic
roughness, which is due to the different surface diffusion
properties for Cu atoms on the two substrates, a similar de-
gree of atomic roughness can be expected for the surfaces
owing to the growth at the same substrate temperature. We
studied the morphologies byin-situ IR spectroscopy during
film growth and by ex-situ atomic force microscopy(AFM)
at the final film thickness. The measured adsorbate-induced
changes in the broadband transmission(ACBT) for the two
adsorbates and for the two morphologies were analyzed with
respect toDvP

2 /vP
2 and Dvt /vt. The influence of a mesos-

copic film roughness on these parameters is theoretically in-
vestigated on the basis of the two-dimensional(2D) Brugge-
mann model. These calculations let us conclude that the
electric depolarization due to a rough film microstructure
gives an enhanced sensitivity of the measured conductivity
to adsorbate-induced charge transfer. This effect explains un-
reasonably high values for the adsorbate-induced changes of
the electron density that have been reported in Ref. 1.

II. THEORETICAL BACKGROUND

In previous work20,21 we have shown that for homoge-
neous metal thin films(with average film thicknessd) the
ir-optical properties may be described with local optics on
the basis of Drude-type dielectric function

efilmsv,dd = 1 −
vP filmsv,dd2

v · fv + ivt filmsv,ddg s4d

with v the circular frequency.22 Note, for the calculation of
spectra in the mid-ir and even for copper it is important to

take account of the frequency dependence of the Drude pa-
rametersvP film and vt film.20 The mid-ir frequency depen-
dence is not due to contributions from interband transitions
that are expected for higher photon energies, i.e., above
,1.5 eV for copper.23,24 For metal optics well below this
threshold, we use the typical backgrounde`=1.25

For rough metal films one must consider that depolariza-
tion effects(stray fields) change the optical response to the
external field compared to the response of a smooth film.
Effective media theories have been developed for various
geometries and dimensionalities.26–28 But beyond the perco-
lation threshold, the ir-optical properties of rough metal films
can also be described by a Drude-type dielectric function, as
it has been shown in theory29 and in experiment.21

Now we want to analyze this easy description of inhomo-
geneous but continuous metal films again, looking at the
consequences for an interpretation of adsorbate effects in ex-
perimental studies of the conductivity. We start with the ana-
lytic approach to the dielectric function of inhomogeneous
media that originally was developed by Bruggemann.28 This
theory holds particularly for thin films if the two components
occur on a topological equivalent level.30,31 Even for films
formed from arrays of regularly shaped islands7 we found
from the IR analysis in the vicinity of the percolation thresh-
old (above and below) that the Bruggemann theory(BT) is
well suited for the calculation of thin film ir-optical
properties.7 BT has been applied by Persson and Demuth32 to
determine the frequency dependent resistivity of metal ultra-
thin films on silicon. Zhang and Stroud33 showed that BT
well describes the numeric simulations of the dynamic con-
ductivity of inhomogeneous metal thin films. They also find
that BT can easily be extended even to account for the di-
mensional crossover from two to three dimensions as the
film thickness increases.

Let us calculate the dielectric functioneB for a two-
dimensional mixture of a metal(with volume fractionF) and
a dielectric(with volume fraction 1−F) according to BT by
solving the equation

F
em − eB

em + eB
+ s1 − Fd

ed − eB

ed + eB
= 0 s5d

for eB. Here, the dielectric functions of the two components
areem for the metal, with

emsvd = 1 −
vPm

2

v · sv + ivtmd , s6d

and a constanted for the nonmetal. This leads to

eB = em ·FS1 −
ed

em
DSF −

1

2
D

7ÎS1 −
ed

em
D2SF −

1

2
D2

+
ed

em
G , s7d

where the sign of the square root must be chosen to fulfill
Im eBù0. Except forF in the vicinity of the critical filling
Fc, which is 1/2 in two dimensions,34 the negative sign of
the root is valid. In this work we only considerF.Fc, i.e.,

FIG. 1. Sketch of the two types of Cu films that are investigated
in this work: mesoscopically smooth films on Si and mesoscopi-
cally rough films on KBr. Due to the same growth temperature the
same adsorption properties are expected for the surfaces of these
films.
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conducting films with a volume filling beyond the percola-
tion threshold.

For copper films withvPm=66 000 cm−1 (Ref. 25) and
F=0.6 the imaginary part ofeB from Eq.(7) is shown in Fig.
2. The relaxation of the metal component has been chosen to
be roughly corresponding to either bulk propertiessvtm

=20 cm−1d or thin film properties [typically vtm

=2000 cm−1 (Ref. 20)]. For simplicity, the frequency depen-
dencies of the Drude parameters are ignored in this calcula-
tion. The dependence of ImeB on ed is demonstrated with the
curves fored=1 anded=2. ed.1 would be relevant for films
with adsorbate multilayers for example. The frequency de-
pendence of ImeB seems to divide into two regimes: a low-
frequency regime, where ImeB is almost independent from
ed, and a high-frequency regime, where ImeB is dominated
by ed. This division is the more pronounced the smaller the
relaxation. It is obvious that the transition between the two
regimes strongly depends oned. As we want to investigate
conducting films beyond the percolation threshold, the
metal-like effective properties in the low frequency regime
and its upper frequency limit are of interest for this paper.

For a calculation of the mid-ir absorption of a real film
with eB we use an effective Drude-type dielectric function
and the average thicknessd which is related to the amount of
metal per unit area. Ifd is in the nanometer range it can be
assumed that

d · Im eD eff = dopt · Im eB s8d

with dopt=d/F as the optical thickness of the Bruggemann
effective medium. The effective quantityeD effsvd corre-
sponds toemsvd of Eq. (6) with the only difference thatvPm

and vtm are substituted by effective parametersvP eff and
vt eff. We find that Eq.(8) is reasonable if

UReem

ed
U @

1

sF − Fcd2 − 2 s9d

is fulfilled. Vice versa, a film withF fulfilling this relation
may be described by a Drude-type dielectric function(see
the dotted lines in Fig. 2). For v andvtm both in the mid-ir,
or below, relation (9) corresponds to a spectral range
v,vmax, where to a good approximation

vmax= vPm· sF − Fcd/Îed. s10d

There is no significant dependence ofvmax on the relaxation
vtm. A small change ofed, e.g., due to gas adsorption in the
voids, modifiesvmax but it does not influencevP eff andvt eff
in the spectral rangev,vmax (see Fig. 2). On the other
hand, forv.vmax or for F nearFc andv in the ir, changes
in ed lead to significant contributions to the ACBT.7

Equation(8) gives a plasma frequencyvP eff,vPm. This
can easily be seen in the limitv!vmax, where Eq.(5) re-
duces to

eB = s2F − 1d · em. s11d

According to Eq.(8), this equality givesvP eff
2 /vPm

2 as

vP eff
2 /vPm

2 = 2 − 1/F. s12d

This dependence is shown in Fig. 3. The effective plasma
frequencyvP eff decreases with decreasing metal filling and
it approaches zero values in the vicinity of the percolation
threshold atF=Fc=0.5. We want to emphasize that the
physical origin of the relationvP eff,vPm is not the reduced
charge density in the metal-dielectric mixture, as this reduc-
tion is already compensated by weighting ImeB with the
factorF−1 [see Eq.(8)]. Instead, its reason is the insertion of
empty volume which causes depolarization.

Before we show that Eq.(12) has a severe consequence
for the optical measurement of the charge transfer involved
with adsorption, we want to remind that charge transfer at
surfaces is treated in two different ways in the literature. In
local optics applied to surfaces, the surface position is usu-
ally kept constant and only the optical properties in the sur-

FIG. 2. Imaginary part of the dielectric functioneB for a two-
dimensional inhomogeneous medium composed of 60%sF=0.6d
copper svPm=66 000 cm−1d and 40% dielectric withed=1 (solid
lines) and with ed=2 (dashed lines). The values for the relaxation
vtm are 20 cm−1 (lower curves) and 2000 cm−1 (upper curves). Be-
low the high wave number limitvmax (vertical lines for the two
values ofed) the effective medium is well described by a Drude-
type dielectric functionF ·eD eff (circles) with vP eff

2 =0.335·vPm
2

andvt eff=vtm.

FIG. 3. Dependence ofvP eff
2 /vPm

2 and the relative sensitivity
S=s]vP eff

2 /]Fd / svP eff
2 /Fd on the metal filling factorF for two-

dimensional films.
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face region(which is the whole thin film in our case) are
allowed to change. Correspondingly, the charge transfer
(e.g., involved with a chemical reaction at a surface) is de-
scribed by a small changeDn. In a more atomistic picture
such charge transfer is described withn unchanged but with
a change in the total number of metal atoms. While for a
smooth filmsF=1d this can be expressed by a changeDd of
film thicknessd, for a rough filmsF,1d a changeDF of the
filling factor F might be more descriptive. The equivalence
of these pictures is expressed by the relation

Dd =
Dn

n
·d =

DF

F
·d. s13d

In the following we will useDd as a measure of the trans-
ferred amount of charge.

The effect of charge transfer on the dielectric-function
parametervP eff follows from Eq.(12). If we define aneffec-
tive charge transfer

sDddeff =
DvP eff

2

vP eff
2 ·d, s14d

we find that it is related to the true charge transfer by

sDddeff = S· Dd s15d

with

S=
1

2F − 1
. s16d

The parameterScan be interpreted as an enhancement factor
that accounts for the increased optical sensitivity toDd. For
a film with F in the intervalFc,Fø1, the value forsDddeff

from a Drude-type analysis of experimental(e.g., optical)
data overestimates the true charge transferDd. The degree of
overestimation increases with decreasingF as shown in Fig.
3. For example, forF=0.55, the overestimation is by an
order of magnitude.

Now, let us consider the adsorbate-induced changeDvtm
in the relaxation of charge carriers. From Eq.(8) and(11) it
comes out that

vt eff = vtm. s17d

This equality means that the real adsorbate-induced change
in the relaxation is directly obtained from a Drude-type
analysis of spectra. For both the adsorbate-induced changes
DF andDvtm it is important to note that simply because the
larger surface of an inhomogeneous film accepts more adsor-
bates the changes can be increased with respect to smooth
films.

Before we report on our experiments and the ir-
spectroscopic results we want to shortly describe their analy-
sis performed on the basis of the Drude-type model[see Eq.
(4)].20,21 The application of this model is reasonable as for
more advanced models the number of unknown parameters
is rather large. In reality, detailed knowledge on the morphol-
ogy, the dimensionality, and the filling factorF of the metal
films is absent in most cases. Furthermore, the value fored is
unclear for a thin film between two different dielectrics

(vacuum and the thin film substrate). Additionally, in a me-
dium which is inhomogeneous on a nanoscale the Drude
parameters of the metal component are unknown because of
classical and quantum mechanical size effects. The Drude-
type analysis of spectra of such inhomogeneous metal films
allows to keep the number of free parameters low with the
only restriction that the frequency range is limited by
v,vmax [or for a given frequency range byF.Fmin, with
Fmin from Eq.(9)]. Then, as we calculate the thicknessd of a
film from deposition parameters, only two fit parameters are
left. Since we use the convenient thin-film formulation with

vP filmsv,dd = bsdd · vP bulksvd s18d

and with

vt filmsv,dd = vt0sdd + 9.573 10−2 · v s19d

for copper at 100 K, our fit parameters arebsdd andvt0sdd.
The frequency independent factorbsdd accounts for depolar-
ization effects and possible size effects,20,21,35while the fre-
quency dependent bulk plasma frequencyvP bulksvd is calcu-
lated from tabulated data.25 The relaxationvtsv ,dd accounts
for the frequency dependence of the bulk relaxation rate in
copper20 and it allows a thickness dependent adjustment of
the total relaxation to include scattering from defects and
thin film interfaces. For calculating ir spectra we use com-
mercial software36 which allows a fully coherent treatment of
field amplitudes.

As the spectra of the ACBT are normalized to those of the
unexposed films, we start the spectral fits with the param-
etersb2 andvt0 derived from the clean, unexposed film’s ir
spectrum and vary them to get values for the exposed films.
The corresponding changes areDvP film

2 =vP film-exposed
2

−vP film-unexposed
2 and Dvt0=vt0 exposed−vt0 unexposed.

Adsorbate-induced changes in the frequency dependence of
vP film andvt0 are neglected in this study. Further details of
our calculations have been given in Ref. 20.

III. EXPERIMENT

Our experimental setup consists of a Fourier transform ir
spectrometer(BRUKER IFS66v/S) and a mercury cadmium
telluride (MCT) detector which are connected to an
ultrahigh-vacuum(UHV) preparation chamber with base
pressure below 2310−8 Pa. A low-energy electron diffrac-
tion (LEED) system allowsin-situ characterization of the
crystalline quality of prepared surfaces.

Aiming at surfaces of different mesoscopic roughness(see
Fig. 1) we prepared Cu films on silicon and on KBr.
KBr(001) surfaces were prepared by cleavage in air followed
by a degassing in UHV at 473 K for a period of 3–4 h. For
Si(111), we used high resistivitys.8000V cmd hydrogen
terminatedn-type silicon37 and thermally processed it under
UHV. The Si surfaces that gave smooth Cu films we call
Si[I] and Si[II ]. The thermal processing for Si[I] was heating
to 1270 K for,1 min. This leads to a 737 surface recon-
struction which was checked with LEED. The Si[II ] sample
was heated to only 1130 K for,1 min. At this temperature
the hydrogen is desorbed but the phase transition to the
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737 superstructure is not yet entirely proceeded.38

An electron impact evaporator(OMICRON EFM3) was
used for Cu deposition on the substrates. For all films the
average film thicknessd was calculated from the deposition
time and the deposition rate(typically 0.1 nm/min) which
was calibrated for each experiment with a quartz microbal-
ance. The Si and KBr substrate temperatureTs during metal
deposition was 100 K. Only for the 7 nm film on Si[I] Ts was
raised to 400 K during an intervening period of Cu deposi-
tion (for 4 nm,d,5 nm). At 400 K surface diffusion is
already fast but silicide formation has not yet started.39 Each
film preparation was monitored by recording ir transmittance
spectra at normal incidence of light. For one spectrum
(800 cm−1 to 4200 cm−1, resolution 32 cm−1) 100 scans were
sampled within 7 s.

At the final thickness and still atTs=100 K the films were
exposed to either CO(purity 99.997 vol %) or C2H4 (purity
99.95 vol %) at a partial pressure of typically 2310−6 Pa
(ion-gauge readout). During exposure we measured the
ACBT with a spectral resolution of 4 cm−1 (100 scans per
spectrum sampled in 20 s) and in steps of,0.3 L s1 L
=1.33310−4 Pa sd. Figure 2 in Ref. 20 demonstrates the
typical course of the experiments.

For further characterization of the morphologies of the
films ex-situ AFM measurements were performed quickly
after transferring the samples to air. On various locations on
the samples imaging was done in tapping mode with a Digi-
tal Instruments Nanoscope III using tips with a radius of
5–10 nm.

IV. RESULTS AND DISCUSSION

A. Thin film growth and morphology

The spectra measured during Cu deposition on KBr and
on Si indicate that with increasing average film thicknessd
the relative ir transmissionTfilm /Tsubstratedecreases. This de-
crease is found for the whole spectral range and it is shown
in Fig. 4(a) for two representative wave numbers(in the case
of Cu/KBr a very weak increase of ir transmittance at 2–2.5
nm film thickness is found due to a reduction of substrate
reflectivity by a Cu 3d-island film). In the beginning of metal
depositionTfilm /Tsubstrateis lower for the higher frequency.
Around a certain thickness this situation reverses, i.e.,
Tfilm /Tsubstrate is almost independent from frequency there.
The thicknessdc for this optical crossover is between 2 nm
and 4 nm(see Table I). Even though for all samples the
spectra at 5 nm thickness exhibit a metal-like dispersion
]sTfilm /Tsubstrated /]v.0 [Fig. 4(b)], the almost two times
larger dc for Cu/KBr and the higher transmission of these
samples already suggest a more rough mesoscopic morphol-
ogy for Cu/KBr and a more smooth morphology for Cu/Si.

Before performing a Drude-type analysis of such spectra,
we should check the volume fillingF of the films with re-
spect tovmax of Eq. (10) and relation(9). For copper, since
the frequency dependence ofvP bulk is weak, we can takedc

as the critical thickness for percolation.21,40,41For all films of
this ACBT study, the final thicknessd is more than 30%
abovedc. For estimating the corresponding volume fillingF

FIG. 4. The relative transmittance
Tfilm /Tsubstrate of copper films on KBr and on
Si[II ] at Ts=100 K normalized to the transmit-
tance of the bare substrate is shown(a) versus
film thickness for two different wave numbers
and (b) versus wave number for a thicknessd
=5 nm. The arrows in(a) indicate an optical
crossover for the selected wave numbers at a
thicknessdc. They roughly mark the onset of me-
tallic conductivity. In (b) also the spectral fits to
the experimental data are shown.

TABLE I. Parameters used for calculating the transmittance of copper thin films and the adsorbate-induced change in the broadband
transmission(ACBT) for exposures above saturation to several adsorbates at 100 K: film thicknessd, thicknessdc of optical crossover,
depolarization b2=vP film

2 /vP bulk
2 and zero-frequency relaxation ratevt0. The change in surface resistivity is given asd·Dvt0

=d·svt0 exposed−vt0 unexposedd and for the effective charge transfer the value ofsDddeff=d·svP film-exposed
2 /vP film-unexposed

2 −1d is shown. As-
sumingvP film

2 /vP bulk
2 =2F−1 we calculated the sensitivityS and the true charge transferDd (see text). The films were grown and exposed

to the adsorbates at,100 K.

Before exposure Changes after exposure

Film Substrate d dc vP film
2 /vP bulk

2 vt0 Adsorbate Exposure dDvt0 sDddeff S Dd

(nm) (nm) scm−1d (L) scm−1 nmd (nm) (nm)

±0.2 ±0.1 ±0.01 ±40 ±0.5 ±25 ±0.01 ±0.2 ±0.01

Cu Si(111) [I] 7.0 2.1 1.06 3102 CO 5.0 833 0.03 0.9 0.03

Cu KBr(001) 5.1 3.7 0.36 1514 CO 8.8 1051 0.08 4.5 0.02

Cu Si(111) [II ] 5.0 2.2 0.93 2097 C2H4 17.5 305 0.02 1.1 0.02

Cu KBr(001) 5.7 3.7 0.32 2071 C2H4 17.8 660 0.14 5.3 0.03
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we consider 3d-island growth modes where the island height
does not increase faster than the island diameter. Then we get
]F /]dù s2/3dsF /dd for a film where island nucleation has
finished and coalescence has not yet started. Assuming this
relation even in the vicinity of the percolation transition, we
find thatFùFc·sd/dcd2/3 and that the films at the final thick-
ness should have a volume filling of more than 20% above
Fc. We note that this is a rough estimation as elastic strain
and surface diffusion barriers can lead to a columnarlike
growth7 and therefore slow down the filling of the film vol-
ume with deposited material. Nevertheless, usingF*0.6 for
a calculation of the spectral range for a Drude-type descrip-
tion of ir spectra, we findvmax*0.1·vP bulk for the films in
vacuum, which is above the spectral range in our experi-
ments.

As demonstrated in Fig. 4, we succeed in describing the
thin-film ir spectra by only varying the two parameters
vP film [i.e., b, see Eq.(18)] and vt0 [see Eq.(19)]. The
found best-fit values for these parameters are given in Table
I.

While vP film is aroundvP bulk for Cu/Si, it is far below
vP bulk for Cu/KBr. For the films on Si[I] and on Si[II ] this
indicates absence of depolarization effects and therefore a
smooth morphology. The slightly largervP film for the Si[I]
substrate is possibly due to the temperature variation during
Cu deposition(see Sec. III). The smallvP film values for the
films on KBr are a clear indication for depolarization owing
to a granular morphology of these films.21,35 Assuming
vP film

2 /vP bulk
2 .2−1/F according to Eq.(12), i.e., neglect-

ing quantum size effects ofvP film
2 , we getF<1 for Cu/Si

and F<0.6 for Cu/KBr. Note that these values are consis-
tent with our above estimation of filling factors fromdc val-
ues.

Concerning charge carrier relaxation, the value ofvt0 is
roughly 1000 to 3000 cm−1 for all films (see Table I) which
is more than a factor of 10 stronger than the relaxation of
bulk Cu at 100 K[vt0=45 cm−1 (Ref. 42)]. This cannot be
explained by only the classical size effect for a single-
crystalline homogeneous film with zero specularity,43 as
lMFP/d<7 in our case at mid-ir frequencies.44 As we know
from our Fe-thin-film studies,21,44 the relaxation is strongly
enhanced in inhomogeneous thin films. Because of the small
vP film

2 /vP bulk
2 values for Cu/KBr, we propose the mesos-

copic roughness of the film as the main origin of the large
vt0 values for Cu/KBr. However, for Cu/Si we have deter-
mined similar or even larger values forvt0, even though
vP film

2 /vP bulk
2 <1 for these films. Since we suppose from

AFM and from ir spectra after CO exposure(see below) that
these films do not have a significant mesoscopic roughness,
our explanation for the largevt0 values are structural defects
inside the films(e.g., grain boundaries) and chemical disor-
der at the interface to silicon. From the smallerdc values
(compared to Cu/KBr) and from the fact that we could ob-
serve only a faint ringlike diffraction structure by LEED we
conclude a polycrystallinity with rotational domains and
grain sizes significantly smaller than in the case of Cu/KBr.
Grain boundary scattering can effectively increase the dc re-
sistivity of Cu films on Si(Ref. 45) and of Cu nanowires.46

Chemical disorder is concluded from the literature, where

irregular RHEED (reflecting high-energy electron diffrac-
tion) oscillations are reported for the first nanometer of Cu
on Si(111) 737 at ,120 K which is interpreted as silicide
formation and interdiffusion at the interface.47,48 The stron-
ger relaxation for Cu/SifIg (compared to Cu/SifII g) is prob-
ably due to stronger intermixing as a result of the tempo-
rarily higher temperature during deposition(see Sec. III).
From annealing experiments and dc-resistivity measurements
we know that for 5 nm Cu/Sis111d (grown and investigated
at 100 K) vt is strongly increased after heating to 400 K.
This increase is not due to a change of the surface shape, as
vP film

2 /vP bulk
2 is observed to remain almost unchanged.

Information on mesoscopic roughness can also be ob-
tained from ir spectra after adsorbate exposure.7 For Cu/KBr
we observe strong adsorbate vibrational structures(due to
SEIRA) after exposure to CO or to C2H4 (see Fig. 6, and
Sec. IV B for details). The occurrence of SEIRA at normal
incidence of light and its strength is a consequence of metal
film roughness.7,41,49For Cu/Si no SEIRA is observed.

The results of our characterization of Cu films on KBr and
on Si[II ] by AFM are shown in Fig. 5. Both images were
taken ex-situ at room temperature about 1 hour after the
samples were transferred to air. From thermal desorption ex-
periments and ir-spectral measurements afterin-situ heating
of the films to ,300 K we know that the ir transmission
decreases due to an annealing of the films but the morphol-
ogy dependent SEIRA effects indicate only minor changes in
the morphology. The spectral changes correspond to a
smoothing of atomic roughness and not to a change of me-
soscopic shape. We can also exclude strong effects due to
exposure to air. With increasing exposure of 5.5 nm Cu on
KBr (grown at 100 K) we find an increase of ir transmission,
but after 15 hours in air the ir transmission still indicates
metallic conductivity, i.e., the films remain beyond the per-
colation threshold. As the films on the two different sub-
strates(KBr and Si) were handled the same way and as Cu
shows only moderate reactivity to ambient air, the significant
differences in mesoscopic surface shape should still be
present during imaging.

The Cu films on KBr are mesoscopically rough with well-
defined grains of typically 20 nm size(from center to center)
and typically 3 nm height(from top to valley). The lateral
size of the grains is only little belowlMFP, which is 34 nm for
bulk Cu at 100 K and atv=2000 cm−1 [see Eq.(19)]. The

FIG. 5. AFM images of mesoscopically rough Cu films on
KBr(001) (left) and of smooth Cu films on Si(111)[II ] (right). Film
thickness is 5.5 nm for both films. Imaging is done in air at room
temperature, scan size is 200 nm3200 nm. Both films are grown at
100 K.
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pronounced edges of these grains and the measured height
variation in the range of the film thickness indicate an island
film little above the percolation threshold where coalescence
just has started. Strong depolarization and enhanced relax-
ation due to electron-surface scattering are a consequence of
such a topography. In contrast, the surface of the Cu film on
Si only shows a smooth variation of height with height dif-
ferences below 1 nm at typical lateral distances of about
10–20 nm. This smoothness aligns with the found
vP film

2 /vP bulk
2 values. The observation of grain boundaries is

beyond the resolution of this microscopy experiment.
Summarizing our studies of film morphology, we believe

in having prepared conducting films with surfaces of differ-
ent mesoscopic roughness as sketched in Fig. 1. This is based
on our analysis of ir spectroscopic results and supported by
our AFM results. From the literature a strong 3d-island
growth mode(Vollmer-Weber growth) is known for a broad
series of metals on ionic crystal surfaces.50–52 Generally, the
much higher surface free energy of metals compared to in-
sulating compounds is the main reason for this kind of
growth. For Cu/Sis111d737, the literature reports on
RHEED oscillations for growth at ,120 K and
d.1 nm.47,48 Such oscillations indicate a layer-by-layer
growth on mesoscopically smooth surfaces.

In this section we estimated filling factors for the prepared
films (F<0.6 for Cu/KBr andF<1 for Cu/Si). This esti-
mation is based on our ir spectroscopic results rather than the
AFM results as, e.g., fine trenches or small holes in the film
are masked by the finite size and curvature of the tip. These
values will be used for the following quantitative discussion
of adsorbate effects.

B. Adsorbate exposure

Concerning molecular adsorption, the surfaces of the Cu
films on KBr(001) and on Si(111) are both the results of
growth at,100 K. At this temperature, RHEED oscillations
are observed for Cu/Sis111d47,48 and for Cu
homoepitaxy,53,54 but they are damped out after few mono-
layers. Hence, for the films on the various substrates the
same microscopic(atomic scale) surface roughness is ex-
pected and similar adsorbate sticking probabilities and ad-
sorption kinetics may be assumed.

From the very beginning of adsorbate exposure we ob-
served a change in the ir-broadband transmission of the
metal thin films on either of the substrates. We find that the
ACBT due to CO adsorption saturates at about 2.5 L for
Cu/Si and at about 8 L for Cu/KBr. For an analysis of the
influence of mesoscopic morphology, we choose exposures
above those saturation values[see Fig. 6(a)], i.e., we discuss
spectra which represent CO saturation on defect-rich sur-
faces of Cu at 100 K. For C2H4 exposure we find a faster
change in ir properties within roughly the first 5 L and fur-
ther a more gradual change. Up to an exposure of 18 L the
films on KBr and on Si did not show a saturation of ACBT.
In this case, we decided to compare spectra which were re-
corded at about the same exposure to C2H4 [see Fig. 6(b)].

The spectral shape of the ACBT is different for different
adsorbate molecules,20 but also, it is different for the Cu

films on the different substrates(see Fig. 6) for both CO and
C2H4. The development of molecular vibration resonances is
observed for the two adsorbates on Cu/KBr, but not for
Cu/Si. We know that the intensities of these resonances are
strongly increased due to SEIRA on rough metal films.8,41,49

On Cu films, this enhancement is stronger for CO than for
C2H4. As a result, CO adsorption from the residual gas(prior
to C2H4 exposure) leads to SEIRA lines(at ,2100 cm−1) of
similar strength as the SEIRA lines(between 900 cm−1 and
1600 cm−1) from roughly monolayer coverage of C2H4.
From the comparison of the CO line in Figs. 6(a) and 6(b),
we estimate a precoverage of less than 4% of the surface
with CO in the C2H4 adsorption experiments. The full spec-
tral description including SEIRA lines is beyond the scope of
this paper. A quantitative explanation of these lines was
given in recent work.7 Here, we analyze the baseline change
as described in Sec. II.

Again, excellent spectral accord between experiment and
calculation is obtained by fitting the two parameters
vP film

2 /vP bulk
2 and vt0 (see Fig. 6). We find that adsorbate-

induced electronic relaxation(see Dvt0·d in Table I) and
effectice charge transfer[seesDddeff values in Table I] are
both positive for the two films and the two adsorbates. Ob-
viously, the adsorbates act as scatterers for electrons at the
Fermi level and they supply charge carriers for transport.20

These properties have contrary effects on the dynamic con-

FIG. 6. Spectra of adsorbate-induced change in broadband trans-
mission (ACBT): (a) 5 nm Cu/KBrs001d and 7 nm Cu/Sis111d
exposed to CO;(b) 5 nm Cu on KBr(001) and 5 nm Cu on Si(111)
exposed to C2H4. Solid lines, from experiment; dashed lines, cal-
culated with the values given in Table I. The exposures are indi-
cated by the labels. For the films on KBr the spectra also show
absorption lines from adsorbate vibrations. For C2H4/Cu/KBr the
structure at,2100 cm−1 is due to CO adsorption from the residual
gasspCO&10−10 mbard prior to C2H4 exposure.
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ductivity with a different balance in the various frequency
regions.21 For example, they cancel each other at a frequency
where the ACBT vanishes(see Fig. 6). From the literature it
is known that adsorption of either CO or C2H4 increases the
dc resistance of smooth Cu films mainly by increasing the
relaxation of conduction electrons.1,16 This increase is stron-
ger for CO as its lowest unoccupied molecular orbital lies
lower than the one from C2H4. Charge transfer is expected
for various chemisorption systems. WhilesDddeff,0 is ex-
pected for strongly electronegative adsorbates, e.g.,
oxygen,20 the positivesDddeff values for CO and C2H4 are
supported by theoretical work which finds electron donation
from the molecules to the metal substrate.55

There is a correlation between our results forDvt ·d and
sDddeff and the morphology of the investigated films. We
observed stronger changes for the rough films and smaller
changes for the smooth films. But also, the increase due to
roughness is only weak forDvt ·d (by a factor of 1.3 for CO
and by a factor of 2.2 for C2H4), but strong forsDddeff (by a
factor of 3 for CO and by a factor of 7 for C2H4). In the
following we analyze this roughness-induced enhancement
and its different strength for both these adsorbate effects.

According to the study in Sec. II, our analysis of spectra
should yield the genuine values for the relaxation experi-
enced by the charge carriers in either the smooth or the rough
films. This means, the factors 1.3 and 2.2 reflect the true
increase in charge carrier relaxation which is possibly due to
the larger total surface of Cu on KBr compared to Cu on Si.
Playing only with surface geometries and assuming island-
aspect ratio(height divided by half of the diameter) up to
unity, we find for islandlike films a surface area which is
typically below a factor of 2 larger than for a smooth film,
and even for islands with sharp and fine trenches in
between56 this factor is below 3. Hence, the enhancement of
relaxation can be understood on the basis of the increased
surface area.

The roughness-induced strong increase ofsDddeff cannot
be understood purely on the basis of increased surface area.
Also, it is certainly not due to a different adsorbate-metal
bonding as we know from various ir reflection studies at
oblique incidence of adsorbate vibrational frequencies on
rough and on smooth films which both were prepared at the
same temperature.57 We also exclude the background polar-
izability of the adsorbed molecules as an origin of large
sDddeff values for inhomogeneous films because this polariz-
ability changes the spectra only forv.vmax, as shown in
Sec. II(see Fig. 2). However, our analysis in Sec. II suggests
that the spectral fit gives ansDddeff which is enhanced with
respect to the true charge transferDd due to the optical prop-
erties of an inhomogeneous metal film. FromvP film

2 /vP bulk
2

=2F−1 [see Eq.(12)] we obtain F<1 and S<1 for the
smooth films on Si, butF<0.6 andS<5 for the rough films
on KBr (see Table I). According to this thesDddeff values for
the rough films are about 5 times larger thanDd, the real
amount of charge transfer.

We calculated values forDd using Eq.(15) and values for
sDddeff and S from Table I. We get similar values for both
smooth and rough films. Taking into account the error in
sDddeff and the uncertainties in the determination ofS, and

keeping in mind that the total surface area of the rough films
is by a factor of about 2 larger than for the smooth films, the
conclusion is that charge transfer per adsorbate molecule is
not measurably influenced by an islandlike morphology, as
expected. Rather it is the effective change of dielectric prop-
erties which is enhanced by an inhomogeneous morphology.

Note, this conclusion is not restricted to the ir range of
frequencies. There is no lower frequency limit for the appli-
cability of the sensitivityS. Hence, our conclusion would
also hold for static resistivity measurements. We also want to
point out that the enhancement of charge transfer effects is
for films already beyond the percolation threshold and, in
addition, it is not limited to film thicknesses below the mean
free path of the charge carriers. Enhancement effects must be
expected for the dielectric response of the free charge carri-
ers in a near-surface region with a thickness in the range of
the roughness amplitude. Surface resistivity effects(due to
adsorbate induced relaxation) are not enhanced by depolar-
ization.

Let us return to the factorC* [see Eq.(2)] and its experi-
mental determination according to Eq.(3). The insensitivity
of DRp to charge transfer should also hold for metals(or
metal films) with an inhomogeneous or granular surface re-
gion. This can be seen following Persson’s application of the
Feibelmand-parameter formalism.9 Charge transfer should
not influence the imaginary part ofdi. As a consequence, for
inhomogeneous films withS.1 (at least in the surface re-
gion) the experimental results for the factorC* should devi-
ate from the ideal value[see Eq.(2)] if charge transfer is
present. The interpretation of experimentalC* values may
lead to unphysical results forDn/n, as it has been stated in
the literature.1 Hence, for a quantitative analysis of adsorbate
effects in free-electron experiments, ranging from dc resis-
tivity measurement to probing millimeter wave or infrared
properties, it is essential to consider the real film microstruc-
ture.

Finally, we want to emphasize that our conclusions are
based on the quantitative description of optical spectra from
inhomogeneous metal thin films. This quantitative descrip-
tion gets by with the minimum number of free parameters.
We successfully described the frequency dependent interplay
of resistivity effects and chemical effects induced by adsor-
bates. Nevertheless, the influence of quantum size effects and
of nanoscale roughness on adsorbate-induced relaxation and
adsorbate-induced charge transfer, e.g., at tunneling sites58

were not investigated. However, they may be important for
future studies of adsorbate-induced properties of metal nano-
structures.

V. SUMMARY

We prepared and studied thin films of copper on Si(111)
and on KBr(001). Infrared transmission spectra, measured
during growth of the films, andex-situatomic force micros-
copy find a granular morphology on KBr and smooth films
on Si. We exposed the films to CO and to C2H4 and mea-
sured their ir transmission during exposure. The transmit-
tance changes were dependent on both the respective adsor-
bate species and the thin-film morphology. We analyzed this
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optical effect by applying a Drude-type model description
and determined the adsorbate-induced changes in the charge
carrier relaxation and in the thin-film plasma frequency. For
the granular morphologies the changes were enhanced com-
pared to the results from the smooth films and this enhance-
ment was stronger for the plasma frequency change com-
pared to the relaxation rate change. We understand this
finding on the basis of a model analysis of optical properties
of inhomogeneous metal thin films. In a Drude-type analysis
of optical spectra the adsorbate effect on the charge carrier
relaxation appears unmodified but the effect related to micro-
scopic adsorbate-induced charge transfer is strongly ampli-
fied by mesoscopic roughness. According to this, for the in-
vestigated rough Cu films the effective adsorbate-induced
change in the number of free charge carriers, as deduced
from plasma frequencies, is expected to be stronger than can
be explained with the increased surface area for adsorption.
The latter only explains the weaker roughness effect on the
adsorbate-induced charge carrier relaxation.

Our conclusion is that in both static and dynamic conduc-
tivity experiments with adsorbates on conductive but inho-
mogeneous metal thin films the charge-transfer effects are
enhanced due to depolarization. In the past, this enhance-
ment has lead to conclusions of incomprehensively large
charge transfer effects, which now can be understood. We
propose broadband ir spectroscopy of well-defined metal
nanostructures and metal nanowires for further investigation
of adsorbate effects involved with conduction electrons and
quantum confinement.
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