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Influence of morphology on adsorbate-induced changes in thin-film dynamic conductivity
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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 ¢hl%i and mesoscopically rough Cu
films on KBr(001) were exposed to CO and to,i8,. 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.
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I. INTRODUCTION Iver (Aw, An lvep Aw,
. . Ap=p-——|\—-——|=p-—— —-C*, (1)
The elastic mean free path of electrons in bulk metals, d ®w, N d o,
e.g., Cu at room temperature, is up to several ten nanometers,
As a consequence, if current is carried by metal nanostruct
tures with a size in the few 10 nanometer range, the resis- — An/n
tance is already strongly influenced by the structural and C*=1+——. (2
chemical nature of the nanostructure interfaces with the en- Awo,

vironment. This so-called surface or adsorbate-induced resis- rq 4 broad number of adsorbate/thin-film systems, a neg-
tivity is of fundamental importance for an understanding of;; ibly small An can be assumed, as it is done for thé scat-

nanostructure electronic properties and for the developmen ring model of surface resistivity by Perssokt Then, A
of nanostructure based applications. Adsorbate-induced res dominated bvAw. and C* =1. Tobin found tHat thé Sﬁr_
sistivity of thin films has been demonstrated in dc resistivityface resistivity z]o dTe | could be .teste d by compagwith
4 X >
measurements,’ infrared (ir) - broadband _reflectivity adsorbate-induced changes in the reflectivity of metal sur-

experiments;? and by optical spectroscopy. Surface- . . )
enhanced ir-absorptiofSEIRA) may also be influenced by faces forp-polarized infrared light.Such changeAR; have

the scattering between adsorbates and conduction electrof¥gen extensively studied within the recent yeer&*"They

which has been demonstrated in a very recent study on th&ere predicted to be proportional tp (measured for thin

origin of the Fano-type line shape of surface-enhanced ifilms),2%*i.e.,

absorption by adsorbate vibratioh%. )
An early study of the morphology dependence of AR, __wpe  4dcosf 1

adsorbate-induced surface resisitivity was done by Wimann Ap c cos g+ wzlw,% c*’

via dc-resistivity experimentsFor films of various morphol- ) ,

ogy he found roughly the same increase of resistivity peMVith @p being the bulk plasma frequency of the mewthe

adsorbed molecule at the beginning of exposure. HowevegP€ed of light,e; the electric constant and the angle of

smooth films showed a smaller maximum change when condncidence with respect to the surface normal. E6r=1 the

pared with rough films. Later, he also addressed the influencétio AR,/Ap should neither depend on the kind of adsorbate

of thin film morphology on the adsorbate-induced change irend the adsorbate coverage, nor on morphology-dependent

ellipsometry dat&.Again, annealed films showed smaller ef- scattering rates.

fects compared to granular films. However, due to a lack of Tobin experimentally investigated the factG¥ for pure

detailed information on surface roughness, an analysis of theopper filmd8 and found that it varied with the type of ad-

quantitative relations between surface roughness and adsaerbate, which means thAnh cannot be neglectédBut, sur-

bate effects was not possible. prisingly C* also varied with the morphology of the films
Classically, in a certain vicinity to the surface adsorbategsee Table 1 in Ref. 1 and Fig. 8 in Rej. Eor films with the

can induce a changlw, in the relaxation ratew, of free  lower conductivities, i.e., highew,. [as-grown films on

charge carriers and a change in their densityn.>® For a  Si(100) (Refs. 13 and 18, he found higheC* values com-

thin film of thicknessd and a mean free patkyp of the free  pared to films with the higher conductivities and lowey

charge carriers, both effects lead to a chaagen the resis- [annealed Cu films on glagsand on TiQ(110)?]. Following

tivity p, i.e., Eq.(2), it seems that for the rough low-conductivity films the
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take account of the frequency dependence of the Drude pa-
Wﬁa’mﬂ WM rameterswe im and o fim.>* The mid-ir frequency depen-

dence is not due to contributions from interband transitions
’ Si(111) ‘ ‘ KBr(001) l that are expected for higher photon energies, i.e., above
| | | | ~1.5 eV for coppef?* For metal optics well below this

' ' ' ' threshold, we use the typical backgrouag=12°

FIG. 1. Sketch of the two types of Cu films that are investigated For rough meta] films one must con_sider that depolariza-
in this work: mesoscopically smooth films on Si and mesoscopiioN effects(stray fields change the optical response to the
cally rough films on KBr. Due to the same growth temperature theXternal field compared to the response of a smooth film.

same adsorption properties are expected for the surfaces of thebdfective media theories have been developed for various
films. geometries and dimensionaliti&s?® But beyond the perco-

lation threshold, the ir-optical properties of rough metal films
changes\n/n (with An<0) are enhanced with respect to the can also be described by a Drude-type dielectric function, as
changesiw,/ w,. Tobin calculated the corresponding chargeijt has been shown in thed&and in experimert:
transferAn and found unreasonably high values fot An Now we want to analyze this easy description of inhomo-
even dominant role oAn/ng must be concluded from ex- geneous but continuous metal films again, looking at the
periments W'.th.fc.)rm'c acid exposure of ro_ugh copper f'Imsconsequences for an interpretation of adsorbate effects in ex-
Wktlere adfgi'\s“‘"tg_ chf;nge buzt no dr%fle::#wty change dwasperimental studies of the conductivity. We start with the ana-
?o s_eAr\I{]e/n.> AZC/OJ) m?’hgseq?és{lﬁg [go?;’]t tICS) CL?r:reii)%Oc?egly lytic approach to the dielectric function of inhomé%geneous

T ' edia that originally was developed by Bruggemanmhis

strong effects of charge transfer and cannot be explame?;eory holds particularly for thin films if the two components

without looking at the real film morphology. ) . .
Here, we prgesent a study which gxplai%)g how the chang(fccur on a topological equivalent e85! Even for films

of measured quantities due to adsorbate-induced charge ciprmed from arrays of regularly shaped islahatee found

rier relaxation and adsorbate-induced charge transfer af&om the IR analysis in the vicinity of the percolation thresh-
modified by the mesoscopic roughness of a real film. WePld (@bove and beloythat the Bruggemann theo(§8T) is
present broadband infrared spectroscopic results for adsorpell suited for the calculation of thin film ir-optical
tion of CO and of GH, on two types of continuougcon-  Properties’ BT has been applied by Persson and Derffith
ducting copper films as shown in Fig. 1: mesoscopicallydetermine the frequency dependent resistivity of metal ultra-
smooth films grown on $111) and mesoscopically rough thin films on silicon. Zhang and Strotitishowed that BT
films grown on KB(001). Despite the different mesoscopic well describes the numeric simulations of the dynamic con-
roughness, which is due to the different surface diffusionductivity of inhomogeneous metal thin films. They also find
properties for Cu atoms on the two substrates, a similar dethat BT can easily be extended even to account for the di-
gree of atomic roughness can be expected for the surfacesensional crossover from two to three dimensions as the
owing to the growth at the same substrate temperature. Wigim thickness increases.

studied the morphologies bip-situ IR spectroscopy during  Let us calculate the dielectric functiogs for a two-
film growth and by ex-situ atomic force microscoPFM)  dimensional mixture of a metaith volume fractionF) and

changes in the broadband transmissi&&BT) for the two solving the equation

adsorbates and for the two morphologies were analyzed with

respect toA w3/ w3 and Aw,/ »,. The influence of a mesos- e €4 €n

copic film roughness on these parameters is theoretically in- Fx +(1- F): =0 5)
vestigated on the basis of the two-dimensiot2®) Brugge- m" B ar B

mann model. These calculations let us conclude that theor 5. Here, the dielectric functions of the two components
electric depolarization due to a rough film microstructureare ¢, for the metal, with

gives an enhanced sensitivity of the measured conductivity

to adsorbate-induced charge transfer. This effect explains un- _ wém

reasonably high values for the adsorbate-induced changes of €m(w) =1~ w - (0+ion,)' 6)

the electron density that have been reported in Ref. 1.

and a constang, for the nonmetal. This leads to
Il. THEORETICAL BACKGROUND

In previous work%>?! we have shown that for homoge- e [(1 _ﬂ><|:__>
neous metal thin filmgwith average film thicknessl) the BT m €m 2
ir-optical properties may be described with local optics on 5 5
the basis of Drude-type dielectric function - \/(1 _ﬂ> (F _ 1) + ﬂ] 7
€m €m

wp fiim (@,d)?

w-[o+io,fm(o,d)]

&im (@,d) =1 - (4 where the sign of the square root must be chosen to fulfill
Im eg=0. Except forF in the vicinity of the critical filling
with  the circular frequencs? Note, for the calculation of F¢, which is 1/2 in two dimension¥, the negative sign of

spectra in the mid-ir and even for copper it is important tothe root is valid. In this work we only considér>F,, i.e.,

115406-2



INFLUENCE OF MORPHOLOGY ON ADSORBATE-. PHYSICAL REVIEW B 70, 115406(2004

o 10 ' ' ' ' 10.0 J1.0
g , ®_=2000 cm'
§ 10°¢ . 8.0 q08
.5’ (,) E
1| e D" 52 oo 3
E 107 N\o,20em i Z 60 405 =
S I N T = e
B 4l @ &
s S 40 {o0a S
o w
L |
10"
% e, ] 2.0 402
© : : L
10—2 | | : L L
0 2000 4000 6000 8000 0.0 0.0
: LA T L L -
wavenumber [1/cm] 05 068 07 08 09 1.0

FIG. 2. Imaginary part of the dielectric functicsg for a two- filling factor F

dimensional inhomogeneous medium composed of §6%0.6)
copper (wpm,=66 000 cm?t) and 40% dielectric withe;=1 (solid
lines) and with ;=2 (dashed lines The values for the relaxation
., are 20 cm® (lower curvey and 2000 ciit (upper curves Be-
low the high wave number limitv,,y (vertical lines for the two
values ofey) the effective medium is well described by a Drude-
type dielectric functionF-ep o (Circles with w3 o=0.335 w3,
and , off= @ m-

FIG. 3. Dependence ab? ./ w3, and the relative sensitivity
S=(dw} ol IF)1 (05 o/ F) on the metal filling factorF for two-
dimensional films.

S 1
(F - Fc)

is fulfilled. Vice versa, a film withF fulfilling this relation
may be described by a Drude-type dielectric functisee
the dotted lines in Fig. 2 For  and w ,, both in the mid-ir,
or below, relation(9) corresponds to a spectral range
< wmnae Where to a good approximation

Reen,

2_2 (9)

€d

conducting films with a volume filling beyond the percola-
tion threshold.

For copper films withwp,,=66 000 cm* (Ref. 25 and
F=0.6 the imaginary part ofg from Eq.(7) is shown in Fig.
2. The relaxation of the metal component has been chosen to Omax= Wpm- (F = Fc)/\*Cd- (10)
be roughly corresponding to either bulk propertigs,, ] o )
=20cnty) or thin film properties [typically w,, Ihereis no significant dependencedwfa, on the relaxation
=2000 cm (Ref. 20]. For simplicity, the frequency depen- @ A sma_ll_change o%_d, e.g., due_ to gas adsorption in the
dencies of the Drude parameters are ignored in this calculd0ids, modifieswy,, but it does not influencep ¢ andw, i
tion. The dependence of leg on e is demonstrated with the 1N the spectral range < wma, (See Fig. 2 On the other
curves fore;=1 ande,=2. 5> 1 would be relevant for films hand, fore> wp,, or for F nearF¢ andw in the ir, changes
with adsorbate multilayers for example. The frequency dein € lead to significant contributions to the ACBT.
pendence of Ingg seems to divide into two regimes: a low- Equa§|on(8) gives a plasmq frequenayp o < wpy, This
frequency regime, where Iey is almost independent from C€an easily be seen in the limi < wp., where Eq.(5) re-
€5, and a high-frequency regime, where &nis dominated —duces to
by e4. This division is the more pronounced the smaller the ea=(2F-1) - e (12)
relaxation. It is obvious that the transition between the two
regimes strongly depends ag. As we want to investigate According to Eq.(8), this equality givesvy o/ wp,, as
conducting films beyond the percolation threshold, the 02 Je2 =2 -1F (12)
metal-like effective properties in the low frequency regime P eff Pm '
and its upper frequency limit are of interest for this paper. This dependence is shown in Fig. 3. The effective plasma

For a calculation of the mid-ir absorption of a real film frequencywp . decreases with decreasing metal filling and
with eg we use an effective Drude-type dielectric function jt approaches zero values in the vicinity of the percolation
and the average thicknedsvhich is related to the amount of threshold atF=F,=0.5. We want to emphasize that the
metal per unit area. Ifl is in the nanometer range it can be physical origin of the relatiomp o < wpy, is Not the reduced
assumed that charge density in the metal-dielectric mixture, as this reduc-

tion is already compensated by weighting égmwith the
(8) factor F~! [see Eq(8)]. Instead, its reason is the insertion of
empty volume which causes depolarization.

Before we show that Eq12) has a severe consequence
with do,=d/F as the optical thickness of the Bruggemannfor the optical measurement of the charge transfer involved
effective medium. The effective quantityp e(w) corre-  with adsorption, we want to remind that charge transfer at
sponds toey(w) of Eq. (6) with the only difference thabp,,  surfaces is treated in two different ways in the literature. In
and w,,, are substituted by effective parametess s and  local optics applied to surfaces, the surface position is usu-
w, o We find that Eq(8) is reasonable if ally kept constant and only the optical properties in the sur-

d- |m€Deﬁ:dopt' |mEB
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face region(which is the whole thin film in our cageare  (vacuum and the thin film substrat@dditionally, in a me-
allowed to change. Correspondingly, the charge transfedium which is inhomogeneous on a nanoscale the Drude
(e.g., involved with a chemical reaction at a surfaiscede-  parameters of the metal component are unknown because of
scribed by a small chang&n. In a more atomistic picture classical and quantum mechanical size effects. The Drude-
such charge transfer is described withunchanged but with  type analysis of spectra of such inhomogeneous metal films
a change in the total number of metal atoms. While for aallows to keep the number of free parameters low with the
smooth film(F=1) this can be expressed by a chadgkof  only restriction that the frequency range is limited by
film thicknessd, for a rough film(F <1) a change\F of the = w<wpnay [Or for a given frequency range y>F,;,, with
filling factor F might be more descriptive. The equivalence Fmin from Eq.(9)]. Then, as we calculate the thicknessf a

of these pictures is expressed by the relation film from deposition parameters, only two fit parameters are

left. Since we use the convenient thin-film formulation with

Ad= n d= E (13 wp fim (,d) = B(d) - wp puK(®) (18)

In the following we will useAd as a measure of the trans- and with
ferred amount of charge.
The effect of charge transfer on the dielectric-function

parameteiwp o follows from Eq.(12). If we define areffec-  for copper at 100 K, our fit parameters g8&d) and w,4(d).

@, fim(©,d) = w,o(d) + 9.57X 1072 o (19

tive charge transfer The frequency independent facttd) accounts for depolar-
Aw? ization effects and possible size effettgl*>while the fre-
(Ad)gg = Z_Pe“ d, (14) guency dependent bulk plasma frequeagy,, () is calcu-

Wp off lated from tabulated daf&.The relaxatiorw,(w,d) accounts

for the frequency dependence of the bulk relaxation rate in
coppef® and it allows a thickness dependent adjustment of
(Ad)ei=S-Ad (15) the total relaxation to include scattering from defects and
thin film interfaces. For calculating ir spectra we use com-
mercial softwaré® which allows a fully coherent treatment of
1 field amplitudes.
S= Fo1 (16) As the spectra of the ACBT are normalized to those of the
unexposed films, we start the spectral fits with the param-
The paramete® can be interpreted as an enhancement factoetersB? and w,o derived from the clean, unexposed film’s ir
that accounts for the increased optical sensitivitAtb For ~ spectrum and vary them to get values for the exposed films.
a film with F in the intervalF.<F <1, the value foAd).; ~ The corresponding changes ardwf g =0 fim.exposed
from a Drude-type analysis of experimental.g., optical - w? fim-unexposed  @nd Aw =00 exposed @0 unexposed
data overestimates the true charge tranAferThe degree of Adsorbate-induced changes in the frequency dependence of
overestimation increases with decreasigs shown in Fig.  wp 5m andw,g are neglected in this study. Further details of
3. For example, forF=0.55, the overestimation is by an our calculations have been given in Ref. 20.
order of magnitude.
Now, let us consider the adsorbate-induced chakgg,
in the relaxation of charge carriers. From KE&) and(11) it

comes out that Our experimental setup consists of a Fourier transform ir
(17) spectromete(BRUKER IFS66v/S and a mercury cadmium
telluride (MCT) detector which are connected to an
This equality means that the real adsorbate-induced changgtrahigh-vacuum(UHV) preparation chamber with base
in the relaxation is directly obtained from a Drude-type pressure below 2 1078 Pa. A low-energy electron diffrac-
analysis of spectra. For both the adsorbate-induced changtien (LEED) system allowsin-situ characterization of the
AF andAw,, it is important to note that simply because the crystalline quality of prepared surfaces.
larger surface of an inhomogeneous film accepts more adsor- Aiming at surfaces of different mesoscopic roughniese
bates the changes can be increased with respect to smodtig. 1) we prepared Cu films on silicon and on KBr.
films. KBr(001) surfaces were prepared by cleavage in air followed
Before we report on our experiments and the ir-by a degassing in UHV at 473 K for a period of 3-4 h. For
spectroscopic results we want to shortly describe their analySi(111), we used high resistivitf >8000() cm) hydrogen
sis performed on the basis of the Drude-type mddek Eq. terminatedn-type silicor¥” and thermally processed it under
(4)].2°2 The application of this model is reasonable as forUHV. The Si surfaces that gave smooth Cu films we call
more advanced models the number of unknown paramete®&i[l] and SfII]. The thermal processing for[gj was heating
is rather large. In reality, detailed knowledge on the morpholto 1270 K for~1 min. This leads to a X 7 surface recon-
ogy, the dimensionality, and the filling factérof the metal  struction which was checked with LEED. The[lEj sample
films is absent in most cases. Furthermore, the valuefie  was heated to only 1130 K for1 min. At this temperature
unclear for a thin film between two different dielectrics the hydrogen is desorbed but the phase transition to the

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

with

Ill. EXPERIMENT

W7 eff = Wm-
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0.6 ' '
FIG. 4. The relative transmittance
X g 05 Tiim / Tsubstrate OF COpper films on KBr and on
é = ’ Si[ll] at Ts=100 K normalized to the transmit-
E = tance of the bare substrate is shog& versus
g é 04 film thickness for two different wave numbers
~‘q=J ?:;; and (b) versus wave number for a thickneds
= B 03 =5 nm. The arrows in(@) indicate an optical
% 2 — experiment crossover for the selected wave numbers at a
X 02F e i thigknessic. Thgy roughly mark the onset qf me-
0 1 5 3 4 5§ 1000 2000 3000 tallic conc_iuctlvny. In(b) also the spectral fits to
film thickness [nm] wavenumber [oi] the experimental data are shown.
7 X7 superstructure is not yet entirely proceed&d. IV. RESULTS AND DISCUSSION

An electron impact evaporatg©OMICRON EFM3 was
used for Cu deposition on the substrates. For all films the
average film thicknesd was calculated from the deposition The spectra measured during Cu deposition on KBr and

time anq the deposition ra(eypically O.'l nm/min Wh.iCh on Si indicate that with increasing average film thickndss
was calibrated for each experiment with a quartz microbal-

ance. The Si and KBr substrate temperattyeuring metal the relative ir transmissiofgy, / Tsypsyraredecreases. This de-

deposition was 100 K. Only for the 7 nm film on[BiT, was crease is found for the whole spectral range and it is shown
. S oo . .
raised to 400 K during an intervening period of Cu deposi-" Fi9: 4@) for two representative wave numbeéns the case

tion (for 4 nm<d<5 nm). At 400 K surface diffusion is of Cu/KBr a very weak increase of ir transmittance at 2-2.5
already fast but silicide formation has not yet staA®gach "M film thickness is found due to a reduction of substrate
film preparation was monitored by recording ir transmittance€flectivity by a Cu 8-island film). In the beginning of metal
spectra at normal incidence of light. For one spectrunflepositionTiy, / TsupstrareiS lower for the higher frequency.
(800 cnt! to 4200 cm?, resolution 32 crmt) 100 scans were Around a certain thickness this situation reverses, i.e.,
sampled within 7 s. Trm/ Tsubstrate 1S @lmMost independent from frequency there.
At the final thickness and still &,=100 K the films were The thicknesgl, for this optical crossover is between 2 nm
exposed to either CQourity 99.997 vol % or C,H, (purity  and 4 nm(see Table ). Even though for all samples the
99.95 vol % at a partial pressure of typically>210® Pa  spectra at 5 nm thickness exhibit a metal-like dispersion
(ion-gauge readout During exposure we measured the d(Tqm/ Tsupstrat! dw0 >0 [Fig. 4(b)], the almost two times
ACBT with a spectral resolution of 4 crh (100 scans per largerd, for Cu/KBr and the higher transmission of these
spectrum sampled in 20) @and in steps of~0.3L (1L samples already suggest a more rough mesoscopic morphol-
=1.33x 10 Pa 9. Figure 2 in Ref. 20 demonstrates the ogy for Cu/KBr and a more smooth morphology for Cu/Si.
typical course of the experiments. Before performing a Drude-type analysis of such spectra,
For further characterization of the morphologies of thewe should check the volume filling of the films with re-
films ex-situ AFM measurements were performed quickly Spect towp,, Of Eq. (10) and relation(9). For copper, since
after transferring the samples to air. On various locations oithe frequency dependence @f i is weak, we can take,
the samples imaging was done in tapping mode with a Digi-as the critical thickness for percolatiéh?®41For all films of
tal Instruments Nanoscope Il using tips with a radius ofthis ACBT study, the final thicknesd is more than 30%
5-10 nm. aboved,. For estimating the corresponding volume fillikg

A. Thin film growth and morphology

TABLE |. Parameters used for calculating the transmittance of copper thin films and the adsorbate-induced change in the broadband
transmissionNACBT) for exposures above saturation to several adsorbates at 100 K: film thiakngssknessd, of optical crossover,
depolarization 2= w3 4,/ w5, and zero-frequency relaxation raw@,. The change in surface resistivity is given dsAw,q
=d- (0,0 exposed @70 unexposel @Nd for the effective charge transfer the valug( ) o=d- (w3 film-exposed w3 film-unexposed” 1) IS shown. As-
SUMING 3 gim/ @5 b= 2F — 1 we calculated the sensitivigand the true charge transfad (see text The films were grown and exposed
to the adsorbates at100 K.

Before exposure Changes after exposure
Film  Substrate d &  ©pgm/®hpu @0  Adsorbate Exposure dAw,  (Ad)gy S Ad
(nm)  (nm) (cmh (L) (cmnm)  (nm) (nm)
+0.2 +0.1 +0.01 +40 +0.5 +25 +0.01 +0.2 £0.01
Cu Sy 70 21 1.06 3102 co 5.0 833 003 09 003
Cu KBr(001 51 3.7 0.36 1514 CcO 8.8 1051 0.08 4.5 0.02
Cu  S{uIy] 50 2.2 0.93 2097 ¢, 17.5 305 002 11 002
Cu  KBr00l) 57 3.7 0.32 2071 H, 17.8 660 014 53 003
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we consider 8-island growth modes where the island height
does not increase faster than the island diameter. Then we g
dF/ad=(2/3)(F/d) for a film where island nucleation has
finished and coalescence has not yet started. Assuming thi
relation even in the vicinity of the percolation transition, we
find thatF =F-(d/d.)?® and that the films at the final thick-
ness should have a volume filling of more than 20% above
F.. We note that this is a rough estimation as elastic strain®.
and surface diffusion barriers can lead to a columnarlike®
growth’ and therefore slow down the filling of the film vol-
ume with deposited material. Nevertheless, usixg0.6 for FIG. 5. AFM images of mesoscopically rough Cu films on
a calculation of the spectral range for a Drude-type descripkBr(001) (left) and of smooth Cu films on Gi11)[I1] (right). Film
tion of ir spectra, we findvya,= 0.1 -wp py for the films in  thickness is 5.5 nm for both films. Imaging is c_zlone in air at room
vacuum, Wh'Ch |S above the Spectral range |n our experllemperature, scan size is 200 k200 nm. Both films are grown at
ments.

_As demonstrated in Fig. 4, we succeed in describing theeqyjar RHEED (reflecting high-energy electron diffrac-
thin-film ir spectra by only varying the two parameters (o) oscillations are reported for the first nanometer of Cu
wp fim [i.€., B, see Eq.(18)] and w,o [see Eq.(19)]. The  on 5i111) 7x 7 at~120 K which is interpreted as silicide
found best-fit values for these parameters are given in Tablg, mation and interdiffusion at the interfat&® The stron-

l. ) ) o ger relaxation for Cu/$i] (compared to Cu/§lil ]) is prob-

While wp fim is aroundwp pyy for Cu/Si, itis far below a1y que to stronger intermixing as a result of the tempo-
@p pui for Cu/KBr. For the films on $I] and on Sill] this  5rily higher temperature during depositigsee Sec. I).
indicates absence of depol_arlzatlon effects and therefore g.om annealing experiments and dc-resistivity measurements
smooth morphology. The slightly largesp i, for the S[I] e know that for 5 nm Cu/$111) (grown and investigated
substrate is possibly due to the temperature variation during; 10o K o, is strongly increased after heating to 400 K.
Cu deposition(see Sec. I). The smallwp fiy, values for the  This increase is not due to a change of the surface shape, as
films on KBr are a clear indication for depolarization owing @ ] 03 oy IS Observed to remain almost unchanged

- 35 . 1Im u )
to a granular morphology of these filis® Assuming Information on mesoscopic roughness can also be ob-

2 2 ~9_ i i ~ . .
@p fim/ @p pui =2~ 1/F according to Eq(12), i.e., neglect-  yaineq from ir spectra after adsorbate expoduFer Cu/KBr
ing quantum size effects abp j,, we getF~1 for Cu/Si e observe strong adsorbate vibrational structuczee to
and F=0.6 for Cu/KBr. Note that these values are CONnsis-SEIRA) after exposure to CO or to 8, (see Fig. 6, and

5.0 nm

2.5 nm

0.0 nm

tent with our above estimation of filling factors frodg val-  Sec. |v B for details. The occurrence of SEIRA at normal

ues. . ) ) ) incidence of light and its strength is a consequence of metal
Concerning charge carrier relaxation, the valuewgf is  film roughnes<:414°For Cu/Si no SEIRA is observed.

roughly 1000 to 3000 citt for all films (see Table)l which The results of our characterization of Cu films on KBr and

is more than a factor of 10 stronger than the relaxation obn Sjll] by AFM are shown in Fig. 5. Both images were
bulk Cu at 100 K[w,,=45 cnT* (Ref. 42]. This cannot be  taken ex-situ at room temperature about 1 hour after the
explained by only the classical size effect for a single-samples were transferred to air. From thermal desorption ex-
crystalline homogeneous film with zero speculattyas  periments and ir-spectral measurements aftesitu heating
Iupp/d=7 in our case at mid-ir frequenciésAs we know  of the films to ~300 K we know that the ir transmission
from our Fe-thin-film studie$;** the relaxation is strongly decreases due to an annealing of the films but the morphol-
enhanced in inhomogeneous thin films. Because of the sSmalgy dependent SEIRA effects indicate only minor changes in
@p fim ! @p pui Values for Cu/KBr, we propose the mesos-the morphology. The spectral changes correspond to a
copic roughness of the film as the main origin of the largesmoothing of atomic roughness and not to a change of me-
w. values for Cu/KBr. However, for Cu/Si we have deter- soscopic shape. We can also exclude strong effects due to
mined similar or even larger values faso, even though exposure to air. With increasing exposure of 5.5 nm Cu on
05 im/ 05 =1 for these films. Since we suppose from KBr (grown at 100 K we find an increase of ir transmission,
AFM and from ir spectra after CO exposuiee belowthat  but after 15 hours in air the ir transmission still indicates
these films do not have a significant mesoscopic roughnesmetallic conductivity, i.e., the films remain beyond the per-
our explanation for the large,; values are structural defects colation threshold. As the films on the two different sub-
inside the films(e.g., grain boundari¢sand chemical disor- strates(KBr and Sj were handled the same way and as Cu
der at the interface to silicon. From the smaltkrvalues  shows only moderate reactivity to ambient air, the significant
(compared to Cu/KBrand from the fact that we could ob- differences in mesoscopic surface shape should still be
serve only a faint ringlike diffraction structure by LEED we present during imaging.

conclude a polycrystallinity with rotational domains and The Cu films on KBr are mesoscopically rough with well-
grain sizes significantly smaller than in the case of Cu/KBr.defined grains of typically 20 nm sizéom center to center
Grain boundary scattering can effectively increase the dc reand typically 3 nm heightfrom top to valley. The lateral
sistivity of Cu films on Si(Ref. 45 and of Cu nanowire®®  size of the grains is only little beloW,ep, which is 34 nm for
Chemical disorder is concluded from the literature, wherebulk Cu at 100 K and at»=2000 cm* [see Eq.(19)]. The
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pronounced edges of these grains and the measured height COe ure (a)

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
w3 im ! 03 i 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 strongl-&land
growth mode(Mollmer-Weber growth is known for a broad
series of metals on ionic crystal surfaé&s? 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/Sil11)7Xx7, the literature reports on 1000 2000 3000 2000
RHEED oscillations for growth at ~120K and
d>1 nm#*8 Such oscillations indicate a layer-by-layer

grolvvttlpfon m?.SOSCODIC?"y frgoﬁ}h SL;rfa;ces.f th d FIG. 6. Spectra of adsorbate-induced change in broadband trans-
n tis section we estimated hilling tactors for the prepared,i«qiqo, (ACBT): (a) 5 nm Cu/KB(00) and 7 nm Cu/SiL11)

f|Im§ (F_z 0.6 for Cu/KI_3r andF=1 fo_r Cu/Sj. This esti- exposed to CO(b) 5 nm Cu on KB(001) and 5 nm Cu on $i11)

mation is based on our ir spectroscopic results rather than_ th&posed to GH,. Solid lines, from experiment; dashed lines, cal-

AFM results as, e.g., fine trenches or small holes in the filmyjateq with the values given in Table I. The exposures are indi-

are masked by the finite size and curvature of the tip. Thesgated by the labels. For the films on KBr the spectra also show

values will be used for the following quantitative discussionapsorption lines from adsorbate vibrations. FoHg/ Cu/KBr the

of adsorbate effects. structure at~2100 cm? is due to CO adsorption from the residual
gas(pco= 1071 mbay prior to C,H, exposure.

-
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B. Adsorbate exposure films on the different substratésee Fig. 6 for both CO and

Concerning molecular adsorption, the surfaces of the C&,H,. The development of molecular vibration resonances is
films on KBr00l) and on Si111) are both the results of observed for the two adsorbates on Cu/KBr, but not for
growth at~100 K. At this temperature, RHEED oscillations Cu/Si. We know that the intensities of these resonances are
are observed for Cu/@il11)%"#® and for Cu strongly increased due to SEIRA on rough metal fififi54°
homoepitaxy?> but they are damped out after few mono- On Cu films, this enhancement is stronger for CO than for
layers. Hence, for the films on the various substrates th€,H,. As a result, CO adsorption from the residual garsor
same microscopi¢atomic scalg surface roughness is ex- to C,H, exposurgleads to SEIRA linegat ~2100 cm?) of
pected and similar adsorbate sticking probabilities and adsimilar strength as the SEIRA lingbetween 900 ciit and
sorption kinetics may be assumed. 1600 cm?) from roughly monolayer coverage of ,8,.

From the very beginning of adsorbate exposure we obFrom the comparison of the CO line in Figgapand @b),
served a change in the ir-broadband transmission of thee estimate a precoverage of less than 4% of the surface
metal thin films on either of the substrates. We find that thevith CO in the GH,4 adsorption experiments. The full spec-
ACBT due to CO adsorption saturates at about 2.5 L fortral description including SEIRA lines is beyond the scope of
Cu/Si and at about 8 L for Cu/KBr. For an analysis of thethis paper. A quantitative explanation of these lines was
influence of mesoscopic morphology, we choose exposuregiven in recent worK.Here, we analyze the baseline change
above those saturation valugee Fig. 63)], i.e., we discuss as described in Sec. II.
spectra which represent CO saturation on defect-rich sur- Again, excellent spectral accord between experiment and
faces of Cu at 100 K. For £, exposure we find a faster calculation is obtained by fitting the two parameters
change in ir properties within roughly the first 5 L and fur- @3 im0 i @Nd w0 (see Fig. 6. We find that adsorbate-
ther a more gradual change. Up to an exposure of 18 L thenduced electronic relaxatiofsee Aw,4-d in Table ) and
films on KBr and on Si did not show a saturation of ACBT. effectice charge transfdsee(Ad). values in Table ]l are
In this case, we decided to compare spectra which were résoth positive for the two films and the two adsorbates. Ob-
corded at about the same exposure tbig[see Fig. &)]. viously, the adsorbates act as scatterers for electrons at the

The spectral shape of the ACBT is different for different Fermi level and they supply charge carriers for transgbrt.
adsorbate molecul&$,but also, it is different for the Cu These properties have contrary effects on the dynamic con-
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ductivity with a different balance in the various frequency keeping in mind that the total surface area of the rough films
regions?! For example, they cancel each other at a frequencys by a factor of about 2 larger than for the smooth films, the
where the ACBT vanishesee Fig. 6. From the literature it conclusion is that charge transfer per adsorbate molecule is
is known that adsorption of either CO okld, increases the not measurably influenced by an islandlike morphology, as
dc resistance of smooth Cu films mainly by increasing thesxpected. Rather it is the effective change of dielectric prop-
relaxation of conduction electrons?® This increase is stron-  erties which is enhanced by an inhomogeneous morphology.
ger for CO as its lowest unoccupied molecular orbital lies  Note, this conclusion is not restricted to the ir range of
lower than the one from £1,. Charge transfer is expected frequencies. There is no lower frequency limit for the appli-
for various chemisorption systems. Whilad)es<0 is ex-  capility of the sensitivityS. Hence, our conclusion would
pected for strongly electronegative adsorbates, e.galso hold for static resistivity measurements. We also want to
oxygen?° the positive(Ad); values for CO and @, are  point out that the enhancement of charge transfer effects is
supported by theoretical work which finds electron donatiorfor films already beyond the percolation threshold and, in
from the molecules to the metal substrate. addition, it is not limited to film thicknesses below the mean

There is a correlation between our results fas.-d and  free path of the charge carriers. Enhancement effects must be
(Ad)es and the morphology of the investigated films. We expected for the dielectric response of the free charge carri-
observed stronger changes for the rough films and smallesrs in a near-surface region with a thickness in the range of
changes for the smooth films. But also, the increase due tthe roughness amplitude. Surface resistivity effédise to
roughness is only weak faxw,-d (by a factor of 1.3 for CO  adsorbate induced relaxatijoare not enhanced by depolar-
and by a factor of 2.2 for §€H,), but strong for(Ad). (by @  ization.
factor of 3 for CO and by a factor of 7 for,8,). In the Let us return to the factaC* [see Eq(2)] and its experi-
following we analyze this roughness-induced enhancemenhental determination according to E&). The insensitivity
and its different strength for both these adsorbate effects. of AR, to charge transfer should also hold for metéds

According to the study in Sec. Il, our analysis of spectrametal filmg with an inhomogeneous or granular surface re-
should yield the genuine values for the relaxation experigion. This can be seen following Persson’s application of the
enced by the charge carriers in either the smooth or the rougheibelmand-parameter formalisrh.Charge transfer should
films. This means, the factors 1.3 and 2.2 reflect the trugot influence the imaginary part df. As a consequence, for
increase in charge carrier relaxation which is possibly due tinhomogeneous films witls>1 (at least in the surface re-
the larger total surface of Cu on KBr compared to Cu on Sigion) the experimental results for the factor should devi-
Playing only with surface geometries and assuming islandate from the ideal valugsee Eq.(2)] if charge transfer is
aspect ratiolheight divided by half of the diameteup to  present. The interpretation of experimen@f values may
unity, we find for islandlike films a surface area which is lead to unphysical results faxn/n, as it has been stated in
typically below a factor of 2 larger than for a smooth film, the literature: Hence, for a quantitative analysis of adsorbate
and even for islands with sharp and fine trenches ireffects in free-electron experiments, ranging from dc resis-
betweefP this factor is below 3. Hence, the enhancement oftivity measurement to probing millimeter wave or infrared
relaxation can be understood on the basis of the increasqstoperties, it is essential to consider the real film microstruc-
surface area. ture.

The roughness-induced strong increasd ). cannot Finally, we want to emphasize that our conclusions are
be understood purely on the basis of increased surface ardaased on the quantitative description of optical spectra from
Also, it is certainly not due to a different adsorbate-metalinhomogeneous metal thin films. This quantitative descrip-
bonding as we know from various ir reflection studies attion gets by with the minimum number of free parameters.
oblique incidence of adsorbate vibrational frequencies orwWe successfully described the frequency dependent interplay
rough and on smooth films which both were prepared at thef resistivity effects and chemical effects induced by adsor-
same temperatufé.We also exclude the background polar- bates. Nevertheless, the influence of quantum size effects and
izability of the adsorbed molecules as an origin of largeof nanoscale roughness on adsorbate-induced relaxation and
(Ad)¢ values for inhomogeneous films because this polarizadsorbate-induced charge transfer, e.g., at tunneling®&ites
ability changes the spectra only far> w,, as shown in were not investigated. However, they may be important for
Sec. ll(see Fig. 2. However, our analysis in Sec. Il suggests future studies of adsorbate-induced properties of metal nano-
that the spectral fit gives ai\d)s+ which is enhanced with ~ structures.
respect to the true charge transfat due to the optical prop-
erties of an inhomogeneous metal film. Fraf g,/ 03 i
=2F-1 [see E(g.(12)] we obtainF=~1 and S=1 for the
smooth films on Si, buff = 0.6 andS~5 for the rough films We prepared and studied thin films of copper ofiLEl)
on KBr (see Table)l According to this théAd)es values for  and on KB(001). Infrared transmission spectra, measured
the rough films are about 5 times larger thad, the real  during growth of the films, anéx-situatomic force micros-
amount of charge transfer. copy find a granular morphology on KBr and smooth films

We calculated values fakd using Eq.(15) and values for on Si. We exposed the films to CO and tgHz and mea-
(Ad)es and S from Table |. We get similar values for both sured their ir transmission during exposure. The transmit-
smooth and rough films. Taking into account the error intance changes were dependent on both the respective adsor-
(Ad)ef and the uncertainties in the determinationSfand  bate species and the thin-film morphology. We analyzed this

V. SUMMARY
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optical effect by applying a Drude-type model description Our conclusion is that in both static and dynamic conduc-

and determined the adsorbate-induced changes in the chargeéity experiments with adsorbates on conductive but inho-

carrier relaxation and in the thin-film plasma frequency. Formogeneous metal thin films the charge-transfer effects are
the granular morphologies the changes were enhanced conhanced due to depolarization. In the past, this enhance-
pared to the results from the smooth films and this enhancenent has lead to conclusions of incomprehensively large
ment was stronger for the plasma frequency change comharge transfer effects, which now can be understood. We
pared to the relaxation rate change. We understand thisiopose broadband ir spectroscopy of well-defined metal
finding on the basis of a model analysis of optical properties,anostructures and metal nanowires for further investigation

of inhomogeneous metal thin films. In a Drude-type analysigyt 5gsorbate effects involved with conduction electrons and
of optical spectra the adsorbate effect on the charge Cam‘?{uantum confinement

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 The authors are grateful to R. G. Tobin for stimulating

from plasma frequencies, is expected to be stronger than cahis work, and to B.N.J. Persson, A. Otto, and F. Forstmann
be explained with the increased surface area for adsorptiofior fruitful and interesting discussions. We thankfully ac-

The latter only explains the weaker roughness effect on th&nowledge financial support by the Deutsche Forschungsge-
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