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Self-affine roughness effects on the double-layer charge density
and capacitance in the nonlinear regime
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G. M. E. A. Backx
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(Received 19 September 2002; accepted 16 Decembel 2002

In this paper we investigate the influence of self-affine roughness on the charge density and
capacitance of electrical double layers within the nonlinear regime. The roughness influence is
significant for small roughness exponenk$<{0.5) and/or large long wavelength roughness ratios
w/ &, as well as small Debye lengths, (<£). With increasing electrode voltage, the apparent
charge density increases fast in an exponential manner for relatively high voltages. On the other
hand, the charge capacitance increases up to a maximum after which it approaches an asymptotic
value, which is determined by the roughness ratio of the actual to apparent flat interface area. The
roughness influence is amplified within the nonlinear regime if the interface becomes rougher at any
lateral roughness wavelengtsmaller exponent and/or larger ratiav/ £). Finally, the total charge
capacitance, which is obtained by considering the contribution from the thin Helmholtz layer, is also
shown to be highly sensitive to interface roughness details within the nonlinear regim200®
American Institute of Physics[DOI: 10.1063/1.1545092

I. INTRODUCTION tion curves versus inverse Debye length were explained
by the influence of energetic inhomogeneity of polycrystal-

elec'ta;octhZrer:iss %{ g;:l)eiijscicgncgnlfigrtﬁn;icgpspe“rﬁ?ctfnndsuc "N line surfaced® Furthermore, extension of the linear theory to
tor technology 'etc are base’d oI?] ¥[he ’Gou Cha manthe case of the nonlinear Poisson—Boltzmann theory was
gy ete., y—thap I} and Lustet al,'* who ex-

5,6 performed by Daikhinet al
(GO theory O.f electrolyte plas.ma near a flat charged wall. lained successfully data from rough Cd electrodes. In the
For a long period electrochemical studies were performetg

RN : ) riginal work by Daikhin etal!! within the nonlinear
with liquid mercury drop electrode, and later with GaTi, Ga,  ; B
InGa, etc., electrodesStudies with solid electroddse., Cd, Poisson—Boltzmann theory, the case of weak roughness for

. . .., sinusoidal and Gaussian roughness was explored.
aéte?lyéIch):tt)rorIevee?r:f:rfg(r:zbrlgthhrzggts were associated with In this work we will present an extension of the nonlin-
vt Y ' ear theory to the case self-affine roughness. This is a more

_ For low electrode volt_ages, with flat metal/electrolyte general type of random roughness, which is observed in a
interfaces, the GC theory yields a space charge capac?t%ncewide variety of physical systentse., thin films grown under
Coc=¢eSha/4m\p, Where ¢ is the solvent dielectric con- y orphy Y N g

; ) ) nonequilibrium conditions'®** The extension for this type
stant, Sy is the flat interface area, andy is the Debye d s yp

. of rough morphology will be accomplished by setting prop-
lengtr? t.hat measures the separation of charge a.nd counteerrly the limits of the pertubative approach for weak electrode
charge in electrolyte plasma. On the other hand, in order t

oughness, where analytic calculations of the average local

apcount for_rough metal/glec_trolyte.mterfaces, one Carmo|¥1terface further facilitate analytic results for double-layer
simply consider the contribution of interface roughness by

replacing the flat surface aré&p, by RS, in the equation properties.
for Cgc, where isR the ratio of the true surface to the
apparently flat cross-section ar&g,. This is because the
characteristic lateral roughness length sdalean compete
with system characteristic length scales such as the Debye In this paper we will assume that the rough metal/
length \p, leading to different functional dependence onelectrolyte interface can be described by a single valued ran-
electrode potential and electrolyte concentration as wadom functionz=h(R;,) of the in-plane position vectdr;,
shown by Daikhiret al? =(x,y) with the average flat interface area at=0

The theory of Daikhinet al® was applied for electric ((h(R;i,))=0). The rough interface is assumed to be held at
double layers with Bi, Sb, and Cd electrodésThe devia-  potential ®,. For any electrostatic potentiab(r), one
tions between experimental and theoretical roughness fun¢ras to solve the Poisson—Boltzmann equati§itd
— (k3/epB)sinhEeB®)=0 (\p=kg' and B=1/kgT) with
dAuthor to whom correspondence should be addressed; electronic maiPoundary conditions®(x,y,z=h(r))=®, and ®(x,y,
G.Palasantzas@phys.rug.nl z— +) =0 (assuming that the electrolyte occupies the half

Il. DOUBLE-LAYER THEORY AND INTERFACE
ROUGHNESS MODELS
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spacez>0).! In the weak roughness limi{{h|<1 andh
<\p), the apparent charge density,, on the metal elec-
trode is given by 100}

rms

e

Uafmsmf(eﬁ‘bo)'?l(q’o), a

) 10-1

_a. 1 2, _d7d F
Rl(q)o)—1+§j0<q<Q F(q,eB8Po)([h(q)| >W,
D

102 L

with Lg=e?B/e the Bjerrum length and the dielectric con- 10-2 '1'0-1
stant of the electrolyte solvent. Moreover, we have wiE
F(d,e800) = g1~ 0% (KerM(@)%, M(a)=Ap"+0?,

and KeﬁZA,SlCOShe,B(I)O). Furthermore, for the diffuse FIG. 1. Local slope vs the roughness ratit¢ for various roughness expo-
charge capacitand@ we havé! nentsH.

C=R(®o)Cco
P lll. RESULTS: DISCUSSION
~ 1 q
R(®o)=1+7 JO< _ F1(g,eBPo)(h(a)]?) 22 2 During the calculations we considered the dielectric con-
9<Qe stante =80 and room system temperature- 300 K. These
= D=0 1— a2 M(d) — Kot 2(N=2/K parameters 'yleld a Bjerrum lengthy=28.7 nm. Moreovgr,
1(0,65%0) =1 =G IM(A) ~Kefrt 2(Ap /Ker) ] the calculations were performed for roughness amplitudes
X[Keg+M(q)] 3, w=1nm, Debye lengtha ,>w, and small local interface
. _ slopes pms= V([Vh[?)<1) as can be seen in Fig. 1. Substi-
where(|h(q)|%) is the metal/electrolyte interface roughnesstution of Eq.(4) to Eq.(3) yields for the average local slope
spectrum. Moreover, the requirement of weak roughnesge simple analytic resuft

(JVh|<1 andh<\p) for the validity of Egs.(1) and(2) can
be reformulated more precisely by the requirement that the w4
average local interface slope be small gf,= (|Vh[?) prms_ﬁag 1-H
<1 andw/Ap<1 with w=/(h?) the saturated rms rough-
ness amplitude. The average local slopgs is given in

terms of the roughness spectrdth(q)|?) by the expression

1/2
[(1+aQZ¢d)t H-1]-2a; . (5

We should also note that for the lower roughness cut-off we
have considered the valwe= 0.3 nm, which corresponds to
a typical lattice constant for metals. However, a lower value
d?q |12 might be necessary for a particular physical systdapend-
Prms:[J‘ q*(Ih(a)]?) 2n?| (3)  ing on the materialbecause the actual smallest step height
0=a<Qc 4 might be smaller than the lattice constant.

whereQ.= 7r/c with c a lower lateral roughness cutoff of the
order of atomic dimensions.

In the following we will consider a model for the rough-
ness spectrurilh(q)|?), which is necessary for the calcula-
tion of the charge density and capacitance in terms of Eqsg™~ 4
(1)—(2). Any physical self-affine morphology is character-
ized by a finite correlation length, an rms roughness am- 3
plitude w, and a roughness expondit(0<H<1) that is a a
measure of the degree of surface irregularit Small val- ~
ues of H (~0) characterize extremely jagged or irregular & 2}
surfaces, while large valueld (~1) characterize surfaces
with smooth hills and valley® For self-affine fractals the
roughness spectrugih(q)|?) is characterized by the power
law scaling behavior, namelyh(q)|?)<cq 272" if qé>1
and(|h(q)|?)const ifqé<1.!® This scaling behavior is sat- 0
isfied by the simple Lorentzian model folh(q)|?) (Ref. 14 10

(C/m 2)

ap

[0

o 2mwWPE
(Ih(a)| >—W (4

FIG. 2. Apparent charge density vs field strengd, for various rough-

. 2.9\ _H ness exponentlsl, w=1 nm, £&=50 nm, and\p=10 nm. The inset shows
with  a=1/2H[1—-(1+aQgé”) "[(0<H<1), and a  gjmilar plots for various values of the correlation length 10, and 50 nm,

=1/2 In(1+aQ¢?)(H=0). as well asH=0.7.
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. 4. Capacitance rati6/Cg vs field strengtred for A\p=10 nm: (a)

for ¢&=50 nm and various roughness exponeadsand (b) for H=0.5 and
FIG. 3. (a) Apparent charge density vs field strengBd, for various various correlation lengthé
Debye lengths\y for H=0.7, w=1 nm, £=50 nm. (b) Apparent(solid
line) and true (dotted ling charge density veed, for H=0.3, A\p
=10nm,w=1nm, andg=50 nm. integration variable from O tore. Figure 3b) shows both
the apparent and true charge density for various electrode
. ) . voltagesepd,. Clearly, significant differences occur for
In general, the charge density and capacitance will haVPdrge electrode voltages with the nonlinear regime.
a simple dependence on the roughness amplitudsnce Furthermore, the diffuse charge capacitan€e for
(In(q)[*)=w?, while any complex dependence will arise 5 gher interfacegsmaller exponent and/or larger ratio
from the roughness parametétsand &. Figure 2 shows the \/¢) increases faster with electrode voltage, having a more
dependence of the apparent charge density for increasing 8Bronounced maximum about the vale@®, ,.~10. The
plied voltage magnitude. Clearly the effect of the roughnesgy,aximum position shifts to larger values for rougher inter-
exponentH and the roughness ratiw/¢ (or correlation  faces that correspond to smaller roughness exponints
length £ for fixed roughness amplitude) becomes more  4nq/or larger roughness ratingé (Fig. 4). The effect of the
pronounced for large voltagesbg>1/ef) within the non-  o,ghness exponeht on the capacitance also becomes more
linear regime. This also further enhanced for smaller Debygjistinguishable for larger roughness exponents within the
Igngths Ap (<& or hlgher_electrolyte concentrationa nonlinear regime €3®,>1, Fig. 4. In addition, with de-
since\p = (e B/8me’n)* [Fig. 3(a)]. . creasing Debye lengthp the observed maximum shifts to
We should note that for the calculation of the true rathef,er field strengtheB®, (Fig. 5).
than the apparent charge density of the metal electrode, the Indeed, for high electrode potenti@gd,> 1, we have
knowledge of the actual rough interface area is necessarkeﬁ~()\51/2)exp@,B(DOIZ), which upon substitution in Eg.

Under the restriction of Gaussian height—height distribution(z) yields for the diffuse capacitand@ the simpler expres-
the ratio of the actual to the apparent flat surface area igjy,

given as a function of the average local slgpgs by'® ,

+ o %1_"_ _f 2 h 2
R= Syrue! Stat= fo e UV1+piddu. (6) Cec 2 o<q<Qcq (h(a] >(27T)2
2
Equations(1), (4), and(6) yield for the true charge density +47\D%e*ef”4’0J a(h(a)[2) d 0|2. 0
the simpler expressiomr .= 0,,/R. In EQ. (6) “u” is an 0<q<Q, (2m)
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FIG. 5. Capacitance rati@/Cgc vs roughness exponehifor various field ) )
strengthse8®,, Ap=10 nm,w=1 nm, £&=50 nm. FIG. 6. Capacitance rati€/Cgc vs Debye length\, for roughness expo-

nentH = 0.3, various field strengthsB®,, w=1 nm, andé=50 nm.

If we consider Eqs(3)—(5), substitution to Eq(7) yields the

analytic result (~1) as Fig. 6 indicates. However, for significant electrode
c w2 1 voltageseB®d, (with C close to its maximum value, Fig)4
C—~1+ W[m[xé_H_ 1]- Za] the capacitance decreases at a lower rate with increagjng
GC even for Debye lengthsy > ¢ (Fig. 6). For further increment
> g w2 1 ok of the voltage(within the saturation regime in Fig.)4the
+2\pe " >oplXe 1l effect of the Debye length is rather negligible, even Xy
>¢.
PRI S Finally, some consideration will be given to the case of
+ m[l_xc 1= ﬁ[XC _1]]’ ®  the total capacitanc€; which is obtained by the diffuse

capacitanc& and the Helmholtz capacitan€®; assuming a
series connection or @4=1/C+1/Cy,.*"" The capaci-
tanceCy is due to a thin layer of several angstroms thick
say of thicknesd ) of solvent molecules at the metal/
olvent interface with dielectric constast different from
that of the bulk electrolyte where the GC theory is appli-
cable. For a flat interface we hav@y fa=s, /4Ly,
while for a rough interface we have,=RC, 54 under the

. assumption that the layer thicknekg is smaller than all
On the other hand, the apparent surface charge density |3, - ~aristic roughness length scales, namaly: w, £).™
a monotonically increasing function of the applied voltage asp (4 capacitances is given by

is shown in Figs. 2 and 3. Indeed, in this case épd

with Xc=1+aQZ¢%. As Eq.(8) indicates, the capacitanc
converges to the geometrical valg~RCgc for eBd,
>1. This is the saturated value for the capacitance that a
pears in Figs. 3 and 4 beyond the observed maximum. Not:
that for weak roughness(,<1) the roughness ratiR is
given by the asymptotic expansionR= 1+pr2m5/2
+37,R(N) p2h with R(n)={1-3-5---(2n—3)}(—1)" ¥/
2",

>1 we have sinfgBd)~e#*922, cosheBdy)~e¥* 0?2, RR(®,)
Ry(®0)~R—(2\3) fo=q=q,a*(|(a)|?)d’a/[(2m)*]e~ 0 Cr=Cec—— : (10)
which y|e|ds R+ R(@O)(LH/)\D)(&‘/S*)
e W2 1 We should point out that for sufficiently rough metal surfaces
Uap”meeﬁ%lzR_eL_Da—sgA[ﬁ[xé_H_l] (H<1 andw/&~1 which implies strong roughness pfys
TA\ptB BT >1) the diffuse layer/Helmholtz layer interface will not

2 1 have the same roughness papameters even for thin Helm-
+ ﬁ[l_xcl:fH]— ﬁ[xcH—l]]eeB% (9)  holtz layers. Although this case falls out of the regime that
the present theory appliep <1 or weak roughnessit
with  R=~1+(1/2)fo=q<qd%(|h(a)[?)d*a/[(27)?]. The  should be taken carefully into account in future studies with
first term in Eq.(9) dominates exponentially for larggB®,,. rough metal electrodes within the strong roughness limit
If we also consider the true charge density from the relatio{p,ns>1).
Owe=0ap/R, then Eq.(9) yields as a dominant term Calculations of the total capacitanCg are given in Fig.
(which is independent of interface roughnessy,. 7 for Ly=0.4nm where we considered for simplicity
~(el4m\pLg)e®F®*o?, the cases, =¢. Similarly with the diffuse capacitanc€,
Furthermore, we will examine the diffuse capacitafce the total capacitanc€; is also strongly influenced by the
as a function of the Debye length within the nonlinear re-metal/solvent interface roughneg&ig. 7(a)]. Moreover,
gime. Indeed, the capacitan€2 has a value close to the the maximum ofC; as a function of electrode voltaggB®d,
geometric resulR Cg for small Debye lengthsp (<€), and  shifts to larger values with increasing Debye length. In
a value close taCg¢ for large A\p and low voltageseBd, comparison with the diffuse capacitan€eshown in Fig. 5
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(b)

FIG. 7. (a) Total capacitance rati€;/Cg¢ vs field strengtrefd, for A
=10 nm,w=1 nm, £=50 nm, and various roughness exponehtsb) To-
tal capacitance raticC;/Cgc vs field strengthed, for various Debye
lengths\p, H=0.3, w=1 nm, and¢=50 nm.

for various Debye length&, the total capacitanc€y is
less sensitive to changes af, for eBd,<10, while the
saturation regime gB8®P,>10)
changes ohp.

IV. CONCLUSIONS

is more influenced by

Roughness effects on the double-layer properties 4635

increases up to a maximum after which it approaches an
asymptotic value that is determined by the ratio of the actual
to average flat electrode area. In addition, the roughness in-
fluence is amplified within the nonlinear regime when the
interface becomes rougher at short and/or long roughness
wave lengths as quantified respectively by the roughness ex-
ponentH and the ratiow/&. Finally, the total capacitance
(which is obtained by considering the contribution of the
Helmholtz layey is also shown to be highly sensitive to in-
terface roughness details and the value of the Debye length
within the nonlinear regimegB®>1).
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