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Influence of self-affine interface roughness on the charge capacitance
between two dielectric media
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In this paper we investigate the influence of the interface roughness on the charge capacitance between two
different dielectric media. Assuming the roughness fluctuations to be self-affine, it is shown that the roughness
exponentH, which characterizes short wavelength roughness fluctuations, plays the dominant role with respect
to the rms roughness amplitude and the lateral correlation length Furthermore, it is shown that any
evolution of the interface roughness under conditions leading to time variant local interface slope will have
significant influence on charge capacitance properties.
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[. INTRODUCTION Chapman theory for a rough interface between two immis-
cible electrolytes. In this work the authors derived a rough-
A wide variety of important topics in electrochemistry, ness function of the capacitance in terms of the Fourier
colloid science, biophysics? and semiconductor technoldgy transform of the height-height correlation function of the
are based on the Gouy-Chapm@bC)>® theory of electro- interface!® It was shown that the capacity of the interface
lyte plasma near a flat charged wall. For a long period incould be significantly higher than the value predicted by the
electrochemistry, studies were performed on the liquid merGC theory. The deviation from the GC prediction depends on
cury drop electrode, and later on GaTi, Ga, and InGahe competition among the Debye lengths for the two elec-
electrodes. Moreover, studies on solid electrodése., Cd,  trolyte solutions and the height and characteristic length of
Bi, Cu, Ph revealed problems that were associated withthe rough interface modulatidfi.Nevertheless, so far the
metal/electrolyte interface roughness, which is a problentalculations were performed for the simple case of periodic
that has been extensively addressed in various comprehefough interfaces, which possess only one lateral period. On
sive studie$. Indeed, for rough metal/solution interfaces we the other hand, random rough interfaces possess roughness
cannot replace the flat surface area with that of the rough ongver various length scales rather than over a single one.
because characteristic lateral roughness length scales canin this paper we extend the present theory to investigate
compete with system characteristic length scales leading tthe case of random self-affine rough interfaces, which can
different functional dependence on potential and electrolyteover the case of thermal fluctuations in the limit of rough-
concentratior?. ening exponents equal to zewithin the harmonic approxi-
However, in contrast to metal/solution interfaces, verymation for thermally induced capillary fluctuatiod$-1°
little is known about the structure of dielectric liquid/liquid This is quite a general description and it can be also applied
interfaces. One approach is that the solvents form a shag semiconductor/metal, semiconductor/electrolyte, and
boundary and a compact layer of solvent molecules, whiclnetal/electrolyte interfaces within the linear Poisson-
the ions cannot further penetr&t@nother approach is that it Boltzmann(PB) equationt®
exists a mixed layer of the solutiok$Furthermore, the in-
terfacial structure of liquid-liquid interfaces is different from
metal/solution interfaces without specific adsorption. The Il. CAPACITANCE THEORY

measured capacity at low electrolyte concentrations is found In this work we denote with “1” the side of medium with

to be higher than the GC capacliyln addition, besides ex- dielectric constant, andy> h(x), while with “2" the me-

perimental investigations, computer simulations of dielectric. . L : .
liquid/liquid interface$®'® show that there is a sharp inter- dium side with dielectric constaet andy<h(x) [Fig. (a),

face at which the two liquids do not mix, whereas recent\zgir‘;g;[j;rg?E::%;gerggehd;lmgnggilaza;i '(jgscr;isk;(;%r%d a
calculations based on the density functional formalism pre- g y

dict a mixed solvent layéf: This is also confirmed within a single valued random funcilom— h(x) of the in-plane posi-

simple lattice gas modé?.Including ions in this approach, it tion dlstaence< so thath(x))=0. The linear PB equation has

was also possible to explain the higher capacity compared 1€ formt

the GC capacity by the existence of a mixed boundary layer, V2 -k, 2B=c (i=1,2 (1)

whose thickness extends over several solvent diameters. The D ' Y

extent of this boundary layer depends on the solubility of onevherec; is a constant usually set to zero in one sikig,

solvent in the other. (=1/\p;) and B=1/kgT with T as the system temperature.
Furthermore, for rough liquid/liquid interfaces a recentThe boundary conditions used to solve Ef.in a perturba-

theory has been proposédor the case of the linear Gouy- tive approach are the followingp(x,-=)=Ad and ®(x,
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+2)=0, where A® is the total potential drop across the

interfacet® The quantity that can be independently controlled

in an experiment is the total potential drdppb across the
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interface, since someone has no direct influence on the inter- A

face position itself. Moreover, ifi(x) is the normal vector to
the interfacepointing within side 1 then it is assumed that
the displacement vectoD s,V(D obeys the constraint
ﬁ'(lil_
trostatic contribution from adsorption of ionic spedgiebi-
nally, the potential continuity at the interface yields[x,y
=h(x)]=®,[x,y=h(x)].*°

For weak roughneg$Vh| < 1) the charge capacitan€zis
given byt®

C= CGCAfIathough’
2>— 2

k){|h(k
f_Qc<k<ch3( Kt o

with R® as the geometrical roughness factoatio of real
rough area over the average flat interface aréhe GC ca-
pacitance for a flat interface is given §gc=[(g:Kp1)™*
+(ssz2)‘1]‘1. The other functions in Eq2) are given by?

= RG +
Rrough CGCA(I’

Cse Cocu(k)
ﬂ(k)— f(k)+—2 o 2(K) + o ——fu(k)
Coci(K
—%z()fgz(kx 3
K| 2
fi(k):l_{[zri(k) 1]- {(k) 1}}
ri(k) = V1 + (K¥kp?), (4)
2
foll0=1- [r‘(k) ) kDFrmk)} ’ ®
R _CGCZAcb{i_ ]_CGCZMJ[L_ ]
2= DT T T e e
(6)

In any case, for the calculation of the charge capacitahce
in terms of Eq.(2) a model for the roughness spectrum
(|h(k)|?) is necessary. This will defined in the following sec-
tion.

Ill. INTERFACE ROUGHNESS MODEL

A self-affine morphology is characterized by a finite cor-
relation lengthé, a rms roughness amplituge=\/(|h|?), and
a roughness exponeht (0<H<1), which is a measure of
the degree of surface irregularitySmall values oH (~0)

52)=0 (zero charge density in absence of nonelec-

@

FIG. 1. () Schematic of the interface system under consider-
ation.(b) Local interface slope vs roughness exportérfior various
correlations lengthg as indicated.

(Ih(k)|?) is characterized by the power law scaling behavior
(h(k)[? ek 2 if ké>1 and (|h(k)[>)=const ifké<1.t”
This scaling behavior is satisfied by the simple Lorentzian
model for{|h(k)|?):18:19

2mW2E

2\ —
<|h(k)| >_ (1+a|k|§ 1+2H

()

with a=(1/H)[1-(1+aQ.£) 2] if 0<H<1, anda=2 In(1
+aQ.é) if H=0.1819This form differs from the form of the
power spectrum for liquid-liquid interfac&sfor roughness
exponentsH >0. However, for roughness exponeriis=0
(logarithmic roughnegsthe corresponding two-dimensional
counterpart of Eq(7) [(|h|?) o (1+ak?&?)~*] reproduces
that of thermally induced capillary fluctuatiorigh|?)o (1
+k269)71] in liquids within the harmonic approximatich.
On the other hand, the one-dimensional form of the power
spectrum is suited to describe solid-liquid and solid-solid
interfaces where the theory discussed in Sec. Il can also be
applied for semiconductor/metal, semiconductor/electrolyte,
and metal/electrolyte interfaces within the linear PB
equation'®

IV. RESULTS—DISCUSSION
The geometrical roughness factor can be more accurately

computed for the case of Gaussian roughness fluctudfions
by the knowledge of the local interface slope. Indeed, since

characterize extremely jagged or irregular surfaces, whil&®=(f\1+|Vh[?) (with (---) an ensemble average over pos-

large values H (~1) surfaces with smooth hills and

sible roughness configurationsve have for Gaussian

valleys!” For self-affine fractals the roughness spectrumfluctuationg?

075309-2



INFLUENCE OF SELF-AFFINE INTERFACE. PHYSICAL REVIEW B 71, 075309(2005

+oe 0
RC= f (1 + pyms u) %€ du (8) 10
0
10-1
Equation(8) accommodates the roughness influence due to
geometric roughness for both wedl,,s<1) or strong 510_2
(prms=>1) roughness. Indeed, for weaker roughnégg,s 1
<1) expansion of Eq(9) yields the series formula for the
geometric factor 103
+oo
Re=1+ %prms2 + 2 S(n)Prmszn 9 104 , R -
n=2 1000 2000 3000 4000
with S(n)={1-1-3-5--(2n-3)}(-1)""1/2". Note that up to E_, ( nm )

second order terms the result is independent of any nature of

the interface fluctuations, while the higher order terms are |G, 2. Roughness ratiB,o, vs roughness correlation lenggh
only valid for Gausian fluctuations. The average local slop&or )\,,=0.5 nm,e;=12, \p,=20 nm, £,=80, H=0.5, and various
prms iS given in terms of the roughness spectr(hik)|?) by roughness amplitudes as indicated.

the relation

_ 5 o dk ness amplitudev a nonlinear increment takes place. This is
pfms_{2f0<k<Q KIh(k)| >(2_7T) due to the surface termi~R®) in Eq. (11), where since
¢ Prms™~W We obtain a dependence enwith higher powers

with Q.=w/c and c as a lower length scale cutoff of the than 1 if we consider the terms with>2. The potential
order of atomic dimensions. The local slope shows a strondependent terrfintegral term has a simple dependencewn
dependence on the roughness expoféfhis is also dis-  since(|h|2) w2,
played in Fig. 1b) where a variation of the roughness expo-  Furthermore, Fig. 3 shows that the roughness contribution
nentH within its nominal range from 0 to iwhich is ap- R, to the charge capacitance is highly sensitive to changes
proximately an order of magnitugideads to local slope of the roughness exponeHt This is also clearly depicted in
variations by more than three orders of magnitude. Thereforgirect plots ofR,,, versus roughness exponéhin Fig. 4 for
the influence of the roughness exponéhtis significantly  various correlation lengthg and in Fig. 5 for various rough-
stronger than the effect of the lateral correlation lenjfas  ness amplitudew. Notably, as Fig. 4 indicates the roughness
Fig. 1(b) showd, and in more general sense of the longfactorR,,, shows a variation in decay rate with varying cor-
wavelength roughness ratw/ ¢. relation length¢. If we compare the influence of all the

In general, the charge capacitance will have a simplefoughness parametefw, ¢, andH), as the roughness expo-
dependence on the roughness amplitudesince (|h(k)|%  nentH changes by an order of magnitude within its nominal
«w? (assuming weak roughnéssvhile any more complex range of values, the variation of the facf®g, can be more
dependence will arise from the roughness paraméteasad  than an order of magnitude. As a result the effect of the
¢ for self-affine roughness. Our calculations were performedoughness exponeiit, which quantifies short range rough-
for lower roughness cutoff=0.3 nm where we have to point ness fluctuations, is more dominant than that of the rough-
out that the lower roughness cut¢é=0.3 nm in the present ness ratiov/ ¢ that quantifies the long wavelength roughness
calculationg corresponds to a typical lattice constant for characteristicglength scales £).
metals. However, a lower value might be necessary for a
physical systentdepending on the materjadince the actual
smallest step height might be smaller than the lattice con-

s increasing correlation lengtf while with increasing rough-
} (10

10-1
stant. 0
Figure 2 shows the dependence of the roughness factor 102
Rou=Rough—1 on the roughness amplitude Indeed, the §
factor R, subtracts any effect from the flat interface contri- & 3
bution (C=Cgc+CgcRou). This becomes more obvious if 10
we substitute Eq(10) into Eq. (2), which yields the simpler .
expression foiR,y,: 10
H=0.9
+o0
1 105 : z
Riou = Eprms2 + 22 R(n)prmszn 101 102 103
» & (nm)
+ K{(hk>»——. (11 . .
CocAP o<k<Qc'8( )<| ( )| >(27-r) (11) FIG. 3. Roughness ratiB,,, vs roughness correlation length

for A\p1=0.5 nm, £,=12, A\p,=20 nm, &,=80, w=0.1 nm, and
At any rate as Fig. 2 showR,,, decays rather fast with roughness exponents as indicated.
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FIG. 4. Roughness rati®,, vs roughness exponemi for

Ap1=0.5 Nnm,g;=12,\p»,=20 nm,e,=80,w=1 nm, and correlation 010}~ ’ i ) ’ (b) 1
lengths¢ as indicated. \
0.08F a

For the cases of solid-solid and solid-liquid interfaces it is \
likely to modify or fabricate in advance the interface rough- 3 g.06}k A
ness characteristidsv, £, andH) by different thin film depo- v \A
sition processes where depending on the growth condition: 0.04} \A
and material properties the roughness can evolve as a func Na
tion of growth time!’ Therefore, as a secondary consequence 0.02F %<, AL
(not by considering any simultaneous temporal system evo ) h A
lution that would require solution of time dependent equa-

tions of motion we will consider how separately the evolu-
tion of interface roughness can influence the roughnes:
contribution to the charge capacitance. Indeed, if both rough-

rou
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ness parameters and ¢ evolve with some growth time as
wx 7 and £ 712 with z=2H/B, then the evolution of the
roughness factdR,, for various timesr is clearly evident in
Fig. 6(a). The choice of the so-called dynamic exponesb
that z#H/pB leads to an evolution of the local interface
slope. Indeed, sincg,ms>w/ &' we obtain forz=2H/8 the
temporal evolutiornp,,,s> 7°. Note that forz=H/3 the local
slope is time invariantdp,s/ d7=0). Indeed, the effect of the
temporal evolution as depicted by Figiabis more promi-
nent for low roughness exponer(td <0.5) or equivalently

FIG. 6. Roughness rati®,,, vs roughness exponer for
Ap1=1 nm, £;=12, \p2=20 nm, &,=80. (@) w=0.17%, ¢=107172
(8=0.25,z=2H/pB). Solid line: 7=0.1, solid triangles7=1, solid
circles: =10, open squaresr=50. (b) w=0.17°, =107 (B
=0.25,z=H/2p). Solid triangles:7=1, solid circles:7=10, open
squares=50.

interface smoothing as for example the casezoef/28,
which leads to local slope decrementggg.= 77, the rough-
ness contribution decreasfsig. 6(b)] with still, however,

when the interface becomes more irregular at short wavethe strongest influence appearing at small roughness expo-

lengths(<¢). On the other hand, if we consider the case of

10°

10"

H

FIG. 5. Roughness rati®k,, vs roughness exponeti for
Ap1=0.5 nm, g,=12, \p»,=20 nm, &,=80, w=1 nm, correlation
length §&=100 nm, and roughness amplitudesas indicated.

nentsH (<0.5).

V. CONCLUSIONS

In this paper we investigate the influence of the interface
roughness on the charge capacitance between two different
dielectric media. Assuming self-affine roughness fluctua-
tions, it is shown that the roughness expondrthat charac-
terizes short wavelength roughness fluctuations plays the
dominant role with respect to the rms roughness amplitude
and the lateral correlation length Furthermore, it is shown
that any temporal evolution of the interface roughness under
conditions leading to a temporally variant local interface
slope will have significant impact on charge capacitance
properties and should be carefully taken into consideration.
In all cases, the roughness leads to capacitance values larger
than the GC prediction. If the roughness function is known
for various electrolyte concentrations, one can get informa-
tion about the height-height correlation function of the inter-
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face. On the other hand, this result can be verified in a simpleterface roughness correlation function. As a result both ef-

geometry system by means of x-ray reflectivity, which al-fects have to be taken into account in capacitance calcula-

lows probing of interface fluctuations including also liquid- tions with the potential distribution and the correlation func-

liquid interfaces-’ tion being determined self-consistertfyHowever, such an
At any rate, because our results are derived from a quiteffect is not expected to be of significance for solid-liquid

general formalism that can be applied to a variety of inter-and solid-solid interfaces and it was omitted in the present

faces (semiconductor/metal, semiconductor/electrolyte, andreatment.

metal/electrolyte interfac&®, their applicability is expected
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