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Surface-roughness effect on capacitance and leakage current of an insulating film
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Effects of surface roughness on electrical properties of a thin insulating film capacitor with one smooth
electrode plate and one rough electrode plate are investigated. The electrode plate roughness is described in
terms of self-affine fractal scaling through the roughness expametite root-mean squargms) roughness
amplitudew, and the correlation length The electric field, capacitance, and leakage current show similar
qualitative changes with the roughness parameters: they all increasma®ases, and also increase as either
£ or a decreaseq.S0163-18209)10035-3

I. INTRODUCTION increasing surface roughness, the leakage currents of BST
(Bay _4SKTiO3), SBT  (SrBiTa0y) and PZT
The rough morphology of surfaces and interfaces and théPbZr _,Ti,Os) increase:" Chenet al. demonstrated that the
presence of material defects.g., dislocations, impurities, roughness of the polyimide substrate has a strong influence
etc) can alter the operational conditions of microelectronic®n the elzectrlcal properties and yields of thin TaO
devicest? An enormous amount of effort is underway in capacitors? Both the leakage current and the breakdown

order to understand the electronic and electrical properties ulrctihsetrr;rg?éh tlr?gre;sgﬂé?rall?ecéetizpSsisr?b%téerl\tzeoéog%g?tziz
devices affected by these imperfections which prevent pote  (NEY g Y

tial device applications. Examples are storage capacitors fntBCB) to planarize the substrate can greatly improve the ca-

! ) acitor yield and performancd.All these experimental re-
dynamic and static random access memof@®RAM and 06 y b P

| . hin-film el i d sults show a qualitative trend: the leakage current increases
SRAM), alternating current thin-film electroluminescent €-with the increase of surface roughness.

vices, etc” Indeed, many proposed device geometries re- o 5 parallel-plate capacitor, the capacitaGgedepends
?euc![: g;en %L%Vl\jtcheo:otlgﬁ-quamy films. However, kinetic ef- o gielectric film thicknes$iy asCo~1/hy. A change ofhg
_ ghness and defects formation in filmgiows a change iKc,. However, defects such as pinholes in

depending on the material, the substrate on which the growtthe dielectric filmt® and roughness at the metal/dielectric
commences, and the deposition conditions. interfacé can alter electric-field characteristics within the ca-

Examples of roughness effects on electrical properties opacitor area, effectively influencing the dielectric strength of
devices include, but are not limited to, the following impor- the insulating material. Another important issue is the accu-
tant cases. Random rough surfaces have been shown to iracy in using the capacitance measurement to determine the
fluence drastically the image potential of a charge situated idielectric constant of a thin insulating film. This is a standard
the vicinity of a plane interface between a vacuum and dechnique for microelectronics manufacturing. Now there are
dielectric® Such roughness effects could have a strong influgrowing interests on finding suitable low dielectric constant
ence on an inversion layer at a semiconductor/oxide interlow-k) material to substitute the Sjan order to reduce the
face, since it can cause shifts of electronic energy |8weig  resistor-capacitofRC) delay. However, as we will see later,
thus alter the device function. Surface/interface roughnesie roughness will cause an overestimation of the dielectric
has been shown to influence strongly the electrical conducconstant of a material, or introduce a large error bar in the
tivity of semiconducting and metallic thin filnfsThe pres- Measurement.

ence of a rough metal/insulator interfa@eg., for polycrys- Up to now a quantitative study of metal/dielectric inter-
talline and multilayer BaTi@thin films) has been shown to face roughness effegts on t_he'electrlc f'?ld’ _capa_mna_ncg, and
influence the field breakdown mechaniém leakage current within a thin-film capacitor is still missing.

Thin insulating films have been used as a gate oxide anll’ this paper we wiII_addre_zss the above issues using a simple
dielectric  interlayer  (SiQ),%®° DRAM capacitor parallel-plate capacitor with one rough electrode. We com-
(Ba,_,SrTiOy), % and a découpling capacitor (@) bine simple roughness models that describe self-affine ran-

— XX ’

(Ref. 12 in high-performance packaging. A large number ofdom rough surfaces gnd_ a perturt_)ation solution of the Pois-
experiments have found that the surface/interface morphoﬁOn equation for a thin-film capacitor.

ogy has a great influence on the electrical properties of thOSﬁ ELECTRIC POTENTIAL AND ELECTRIC FIELD OF A

dle_lectrlcs, especially the leakage current. _For exampl_es, CAPACITOR WITH A SINGLE ROUGH BOUNDARY
Chin et al. showed that the presence of native oxide will

increase the interface roughness, gate oxide leakage current, Consider a parallel-plate capacitor with only one rough
and stress-induced hole trapki et al. also found that with  electrode surface at potentiland the other onésubstrate
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FIG. 1. Schematic of a parallel plate capacitor with a rough

boundarye is the dielectric constant of the filling material, is the
average thickness of the dielectrics, dnd,y) is the fluctuation of
the thicknessp=(x,y) is the in-plane position.

is smooth at potential zero, as shown in Fig. 1. Heis the
dielectric constant of the filling materiahy is the average
thickness, andh(x,y) is the surface height fluctuation. In

order to calculate the electrostatic potential, one needs to

solve the Laplace equation between the capacitor planes,

V2D (x,y,2)=0, 1)
that obeys the boundary conditions
®(x,y,z=0)=0, 2
and
d[x,y,z=f(x,y)]=V. 3

Here @ is the electrostatic potential, arm=f(x,y) is the
rough electrode surface. If we assume thHék,y)=hg

+Ah(x,y), wherex<1, then we can apply a perturbation
method for the potential on the rough boundary to solve the

Laplace equation[Eqg. (1)]. Thus the boundary condition
[Eq. (3)] can be expanded as a Taylor series in the form

(D(X!yth) + (DZ(valhO))\h(va)

1
+ E(Dzz(x,y,ho))\zhz(x.yH'-'=V, 4

where®,=gd/9z, &,,=7*®/9z?, and so on. We also as-
sume that the potential takes a similar perturbative form

D(x,y,2)=PV(x,y,2) + A DD (x,y,2)
NP (x,y,2)+ - (5

Substituting Eq(5) into Eg. (1), we find that, for any order
of perturbation®((x,y,z) satisfies the Laplace equation

V2d™M(x,y,z)=0. (6)

Furthermore, the boundary conditions for various orders of

perturbation are as follows: For the zeroth order,

®O(x,y,z=0)=0, (7a)
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®O(x,y,z=hg)=V, (7b)
which yields the solution
Vz
DO (x,y,z)=—. )
ho
For the first order,
PN (x,y,z=0)=0, (9a)
dM(x,y,z=hg)=—h(x,y) L (x,y,he).  (9b)
For the second order,
®@(x,y,z=0)=0, (103

D@ (x,y,z=hg)=—h(x,y) @ (x,y,ho)
= 3h*(x.y) @ (x.y,ho).
(10b)
For a perturbation higher than the first order, we can employ

the Fourier transform technique to solve the Laplace equa-
tion with boundary conditions similar to Eq&®) and (10):

(92
Vzd)(“)(x,y,z):a—zz(I)(“)(x,y,z)+V§<I>(”)(x,y,z)=0,
11
where p=(X,y) represents the position vector in tixey

plane. Performing a Fourier transform in tkey plane ac-
cording to the equations

dM(k,z)= ! f dp®M(p,z)elk P (12
) (27_[_)2 ) l
2(p2)= [ Bk e 13
then the Laplacian equation takes the form
2 ~ ~
ﬁdb(”)(k,z)— k2dM(k,z)=0. (14
The general solution of Eq14) can be put in a form
dM(k,z)=AM(k)e"*+BM(k)e (15)
Applying the boundary condition a&=0, one has
A (k)=—-B™M(k), (16)
which alternatively implies that
dM(k,z)=2AM(k)sinh(kz). 17

A(M(k) can be determined by the boundary conditiorz at
=hg. For the first-order perturbation we obtain potentials in
Fourier and real spaces, respectively:

~ Vv sinh(kz) .
q)(l)(k,z)——h—omh(k), (18)
\ sinh(kz) ik
Cb(l)(p,Z)Z—h—OJ dkmh(k)e kp_ (19)
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Similarly, by using the property of convolution for Fourier
transform for the second-order perturbation, we obtain

~ Vv , costtk’hg)sinh(kz)
q’(z)(k'z)_h_of K SRk hg) sinf(khg)
xk'h(k"Yh(k—k"), (20)
V coshik’hg)sinh(kz)
) — !
*Hp2) =1 f dkf Ak’ Sinh(k ho)sinh( kho)
xk'h(k"Yh(k—k")e ke, (21)

If we setA=1, then the electrostatic potential between two
plates(electrodes can be approximated by

Vz V sinh(kz) .

~@0) (1) 2)—_—_ —ik-p
O~PO+ PV P he o Sinh(kho) h(k)e
\% , coshik’hg)sinh(kz) =~
+h_oJ’ d"f aK SRk hgysinf(kig) < MK
xh(k—k")e ke, (22)

Furthermore, the electric field can be calculated as

E(x,y,2)=—VP=—VOO-vpH-_yp@—...
coshikz)

_ V dek
" e 2 hy ) @€ sinikng)
\% coshk’hg)coshkz
——fdkfdk'. f(/ o). ftk2)
hg sinh(k”hg)sinh(khg)
xh(k—k')e krg,

\ f dk sinh(kz)

ho sinh(khg)
\% coshik’hg)sinh(kz
+—fdkfdk' ticho)sinflic2)
ho
xh(k—k")e ™ Pik+--,

Kh(k)e 'k rg,

k'Kh(k")

Kh(k)e krik

SInf(K'hg)sinf(khg) < M(K")

(23

where&; is the unit vector in the direction.

Ill. SELF-AFFINE ROUGHNESS SPECTRUM

A wide variety of surface/interface roughness occurring in

nature is well described by self-affine fractal scaftfidex-

amples include the nanometer scale topology of vapor-
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FIG. 2. Semilog plot of the rms local surface slopg,s
=(|Vh|?!? as a function of roughness exponentor two very
different roughness parameter ratiow/¢ (a,=0.3nm, w
=2.0nm, and¢=20 and 80 nm

A W2§2
(27T)5 (1+ak2§2)1+°"

(|h(k)|?)= (25)

with a=(1/2a)[1—(1+ak?¢?) *] if 0<a<1, and a
=(1/2)Ir’{1+al€§2] if «=0. HereA is the area of the flat
electrode plate we considered, dadis the upper cutoff of

the spatial frequency. Other roughness models, which satisfy
the scaling relation, depicted by E(4), can be found in
Refs. 14, 15, and 17.

IV. ROUGHNESS EFFECTS ON ELECTRICAL
POTENTIAL AND ELECTRIC FIELD IN A CAPACITOR
WITH ONE ROUGH ELECTRODE

Our calculations have been performed in the limit of weak
roughness|Vh|<1) or alternatively small rms local surface
slopes pyme=(|Vh|?)Y?<k;11, and small rms roughness
amplitudesw such thatv<<hg. For random self-affine rough
surfaces,p,ms has been shown to scale pg,e<w/ &, 1819
Figure 2 is a plot of this relation and shows that the rms local
slope p,ms Strongly depends on the roughness exponent
The value ofp,,s decreases by more than one order of mag-
nitude asa increases from 0 to 1, even for small roughness
parameter ratiosv/&.

In the following we will assume statistically stationary

deposited metal films, eroded and fractured surfaces, etc. F§Hrfaces up to the second ordémnslation invariantor

self-affine fractals the roughness spectr(1|rTn(k)|2> scales
as?
k=272¢ jf kes1

([h(k)[%)= const if k&<l (24
with the roughness exponentbeing a measure of the degree
of surface irregularity, and the lateral correlation length.
Small values ofx characterize more jagged or irregular sur-
faces at short roughness wavelengths). The scaling be-
havior depicted by Eq(24) can be described by a simple

Lorentzian modet®

-~ 2m* _ )
<h(k)h(k')>:T<|h(k)| )O(k+k’), (26)

Performing an ensemble average of EB2) (taking into
account thath(k))=0) and substituting Eq(26) into Eq.
(22), one obtains the dominant terms in the electrostatic po-
tential:

(D)= DO+ (D), 27)



9160 ZHAO, WANG, LU, PALASANTZAS, AND DE HOSSON PRB 60

L4 F
¢<0>:V_Z' !
ho 112 b
Vz coshk’hg) Loty
<‘1>(2)>=(27r)4—2f — s
Ahg Jo<k<k, Sinh(k"hg) T 108
X k'([h(k")|?)dk’. (28 6\4 1.06
Equation(28) shows that surface roughness causes an addi 1.04
tional potential(®(?)) across the film, and this additional Lol
potential is still proportional to the distanegrom the bot- 1
tom plate. Therefore, the effect of roughness increases the 1.00
effective potentiakd) between the two plates. As a result,
the average electric field incread@ghere the average trans- 0.98 M— — - = .
verse fields are zeyo 10 10 10 10 10
L
(E)y=E©+(EP), (29
FIG. 3. Semilog plot of the ratio of electrostatic fiekis)/E(©
v as a function of the normalized lateral correlation lendth
E(O):__Ae& (=é&/hg) for A=0.01, anda=0.3, 0.5, 0.7, and 0.9. HerA
ho —w/h,.
E@N_ (o) \Y costtk’hg) (|h(k)|2)~w?. However, the roughness spectrum has a
() =-(2m A_zho 0<k<k, Sinh(k"hp) more complicated dependence erand¢; see Eq.(25).
X k’(|ﬁ(k')|2>dk’é3, (30 V. ROUGHNESS EFFECTS ON CAPACITANCE WITH

: . e ONE ROUGH ELECTRODE
i.e., the roughness increases the average electric field inside

the insulating film, or in other words, the effective thickness The surface charge densityon a rough capacitor plate is
of the insulating film decreases. Substituting E25) into  given by o=¢E-A with Ai=(Vh—&;)/[1+(Vh)?]*2 being
Eqg. (30), and normalizingw, £ andk’ by hy asA=w/h,, the unit vector normal to a rough surface platezath,

L=¢/hg, andq=khy, respectively, Eq(29) becomes +h(p). Within the second-order perturbation expansion and
an ensemble average over possible roughness configurations,
(E) 4 g?cothq) the average capacitand€)=(Q)/V=[{o)ds/V is given

Equation(31) clearly shows that roughness increases the av- (C)= A_s 1+ lf [(hV2h>+((Vh)2)]dp

erage electric field in the film. The increased fi¢ldE) ho A

=(E)—E© is proportional to the square of interface width

w, and also has a complicated relationship with both the +2_7Tf cosftkho) k(lﬁ(k)|2>dk
lateral correlation lengtl¥ and the roughness exponesmt Ahg Jo<k<k, Sinh(khy)

Figure 3 shows the dependence of the electric field ratio (328

(E)/E® on the normalized lateral correlation lengthfor

various roughness exponentsat a fixedA=0.01. For a  Substituting the Fourier transforms

fixed roughness exponent asL increases, the electric field

ratio (E)/E(®) decreases, but remains larger than 1. At very f ((Vh)2>dp=f (hV2h>dp=f k2<|ﬁ(k)|2>dk,

largeL, the surface essentially becomes very smooth, and the 0<k<kg

roughness has no effect on the electric field. For a fixeas (32b

a decreases, the electric field ratio increases.lFsil and  nto Eq. (324 we obtain the expression

a=0.3, the electric fieldE) can increase to about 15% of

E©. This may not seem so significant. Notice that the rms

roughnessv is only 1% of the thicknesk for this case. The

change of electric field will be more significant for ultrathin

dielectric films, whereA is much larger than 0.01 for the 2 coshikhp)

same value ofv. _ " A, f 0<k=k, Sinf(kho)
It is worthwhile to point out that any complex dependence

of the electrostatic potential and the electric field on theTo calculate morphology effects d€) using Eq.(33), one

roughness parameters arises franand £ and not fromw. needs the knowledge of a roughness spectrum. The excess

Because both the additional electric potential and electricapacitance due to surface roughness depends on the rms

field depend on the rms roughness amplitwde through  roughness amplitudes as (C)— Co~w? becauseg|h(k)|?)

their relationships with the roughness spectrum simply as-w?.

C_As

2 ~
1+—J K2(|h(k)|?)dk
0<k<kg

k<|ﬁ(k)|2>dk]. (33)
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1.8 1.6 (a) Schottky emission
’ A4=0.01
1.7 N F9 =108
(=1 g 1.4 '.-3“ =10 V/m
1.6 % 3 T=300K
L\)o 1.5 i vh 12}
& 14
\Y \
1L3F 1.0}
1.2 L L 1
11k 2.8 (b) Poole-Frenkel effect
1.0 2.4 :‘\ a=0.3
L
FIG. 4. Capacitance rati¢C)/C, as a function of the normal-
ized lateral correlation length(= &/hg) for A=0.01, ande=0.4,
0.6, and 0.8. Her& =w/h,.

Figure 4 shows the calculated capacitance &y C, as 10
a function of the normalized lateral correlation lengttior L
various roughness exponents As the roughness exponent
decreaseéhe rougher surface is at short wavelengthsgy FIG. 5. Semilog plot of the leakage current density ratio(&r

the roughness contributions drastically increase the capacfchottky emission antb) the Poole-Frenkel effect as a function of
tance by more than 30% for small roughness exponents th(%) normalized lateral correlation lengtt(=¢/hg) for A=0.01,
<0.5 and a moderate roughness parameter ratio~0.01 E =10°V/m, T=300K, and roughness exponeat=0.3, 0.5,
close to the weak roughness linitee Fig. 2 In fact, as the 07+ and 0.9. Hera=w/ho.

roughness exponent decreases or the ratiw/ ¢ increases, . , i

the area of a rough capacitor plate increases. This leads ef- (2) Schottky emissioniThis type of conduction over the
fectively to a larger charge storage. Therefore, nanoscale supotential barrier of a metal/insulator interface is analogous to

face roughness can drastically increase capacitance chardf€ thermionic emission, except that the applied electric field
teristics, altering microelectronic device operations andowers the barrier height of the interface. The emission cur-

characteristics. rent density is given by'®

_ A 724 Bg /KT ABEIKT
VI. ROUGHNESS EFFECTS ON LEAKAGE CURRENTS IN Jsc=AsT e "B el ™=, (34)

A CAPACITOR WITH ONE ROUGH ELECTRODE whereA (=120 A/deg cri) being the Dushman-Richardson

Since the surface roughness can alter the average electreenstant, B;=e%% \4mseq, €, is the permittivity of the
static field, it can also alter the leakage current of an insulatvacuum, andbg is the Schottky potential barriédepending
ing film. Independent of the mechanism that causes the lealon, e.g., metal work function, surface states, image forces,
age current, the leakage current density typically has aetc) at the interfacé?
exponential relationship with the electric field. Therefore, the (b) Poole-Frenkel effectThis effect is characterized by a
higher the field, the higher the leakage current density. For anechanism similar to that of the Schottky effect, except that
rough electrode, due to the fluctuation of the surface heighta field is applied to excite the thermal electrons from traps
the local electric field will vary from place to place, as we into the conduction band of an insulafor® The resulting
have derived in Eq(23). At the peak of a rough surface, the current density has the form
electric field is larger than the valley, and we expect the
leakage current density at the peak to be higher than that at pr:MEe*‘bB/ZKTeZBsE/KT, (35)
the valley. If the leakage current density was only propor-
tional to the electric field, then the average leakage currenivhere n is the conductivity, and the barrier lowered by an
would show very little effect due to surface roughness. How-applied field is twice that observed in Schottky emission.
ever, as the leakage current density changes exponentiallshis is due to the immobility of positive charges associated
with the electric field, the leakage current at the peak willwith the traps.
gain more than the loss in the valley. Therefore, the net ef- In both cases, the main roughness contribution to a leak-
fect of surface roughness is to increase the leakage curreage current arises from the exponential dependence of the
density, even though other conditions are kept the same. lourrent, where the component of the electric fielthltered
the following we take two conduction mechanisms, Schottkyby roughnessyields the dominant effect. Thus, by making
emission and the Poole-Frenkel effect, as examples to shoan expansion of the electric fiellin Egs.(34) and(35), we
how the surface roughness affects the leakage current denbtain the final leakage current formulas that incorporate
sity. Other conduction mechanism follows a similar method.roughness effects to the second-order perturbation theory:
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10° 1.04
E @ L=10 L @L=10
9 =10° V/m 103+ 4=0.01
T=300K 1.02 T=300K
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1.00 ________________-.----:_-,:,:,‘.T::-""""'
A TR ' '
?Q =03 b)L=1
10-1 - I 096 - PUBNTSETIrEr | - N |'7 .
10° 10° 10 10 10 10

E” (V/m)

FIG. 6. The leakage current density rafib)/Jy; for the Poole- FIG. 7. Semilog plot of the leakage current density ratio

Frenkel effect as a function of the normalized r(gr;s roughrefs (Jp/ 35 for the Poole-Frenkel effect as a function of the apparent
(@ L=10 and(b) L=1 on a log-log scale aE@=10°V/im, T fg|q strengthE© for (@ L=10 and(b) L=1 at A=0.01, T
=300K, and roughness exponemt=0.3, 0.5, 0.7, and 0.9. Here 300k, and roughness exponemt=0.3, 0.5, 0.7, and 0.9. Here

L=¢/ho andA=w/ho. L=¢/ho andA=w/h,.
For Schottky emission assumingE®)/E®<1, we  pehavior to that of Fig. 3, as expected. The only difference
obtain between Schottky emission and the Poole-Frenkel effect is
that for the same rough surface the leakage current density in
[E®) (g2 20 . -
Jso) _ p<ﬂs B (E >) (36) Poole-Frenkel effect is higher than that in Schottky emission.
Jse 2kT  EO@ ) In Fig. 6 we plot the leakage density ratidy)/J; as a

function of the normalized interface width for (a) L=10
and(b) L=1 at different roughness exponemtvalues. The
field strengthE(®=10% V/m. Clearly the leakage current in-
creases drastically with the increases of the normalized inter-
face widthA. For a relative smooth surfate= 10, the leak-
age current density can be almost 30 times greateA at
>, (377 >0.1 ande=0.3. However, ad decreases, the effect of
interface widthw becomes even more significant, as shown
) = ] in Fig. 6b). It is also interesting to note that even for the
with Jgf:ME(O)efq)B/K_Tefzﬁs\Em/KT being the unperturbed saméJ rough surface, the chang% of the applied field strength
leakage current density for a smooth metal/insulator interg(0) il also change the degree of the roughness effect.

face. . o Figure 7 shows the leakage current density ratio as a function
. Equqtlons(36) and Eq.(37) are very similar. From the ¢ ihe applied field strengtE(© for (a) L=10 and(b) L
discussion of the electric field in Sec. IV, we learned that_ 1 4 A—=0.01. The ratio(pr>/J8f increases a€© in-

<E(2)>,°‘W2' Therefore, we expect that the leakage current,o,qes hyt the effect is not so significant under the condi-
density increases exponentially wiit*. Also, since(E®) "\ 551 that we considered in Fig. 7

decreases monotonically with increasing normalized Iateratl ' o
correlation lengthL and increasing roughness exponent
we would expect a similar behavior in the leakage current
density. Figure 5 shows the dependence of the Schottky and The above treatments for both the capacitance and the
Poole-Frenkel leakage current densities on the normalizegakage current are based on a mean-field point of view.
lateral correlation lengti. for various values ofx at A There are still some open questions. For the capacitance, in
=0.01. In both cases our calculations were performed for apractice the size of the electrode cannot be infinite. In this
insulating film with relatively low permittivitye =3.9 (which  case one needs to consider the edge effect of the capacitance.
corresponds to Si§), and a field strengtE(©=10°V/m at  In general the edge effect will contribute a geometric factor,
room temperatur@ = 300 K. We see that Fig. 5 has a similar which tends to increase the capacitatfté.the size of the

where J0.=A.T?%e~®s/KTe=A/EKT s the unperturbed

leakage current density for a smooth metal/insulator inter

face, and the rati6E‘?))/E(©) can be obtained from E¢30).
For the Poole-Frenkel effect we obtain

L PR BET (E?)

R E© kT E©

VII. DISCUSSIONS AND CONCLUSIONS



PRB 60 SURFACE-ROUGHNESS EFFECT ON CAPACITANCE AND . .. 9163

electrode is much larger than the lateral correlation of thgPoole-Frenkel emissigri* As shown in Fig. 5, one would
rough electrode, we would expect a similar behavior of theexpect that the roughness will have different impact on the
capacitance as in the infinite electrode case. However, if theakage current.
electrode size is smaller than the lateral correlation length of We investigated roughness effects on electrical properties
the rough electrode, since only limited spatial frequencyin a parallel-plate capacitor with one smooth electrode and
from the roughness will contribute to the capacitance, thenhe other roughened at nanometer length scales. Qualitatively
the total contribution from the rough surface will decrease similar results would be expected for capacitors with double
This is only a simple extrapolation from our above discus-rough plates as well as for other geometries. We found that
sion; detailed behavior can be obtained by solving the finitethe roughness can cause a stronger effective figlt}
size capacitor bounded by one rough electrdde. +(E®) than the fieldE®. The excessive field E(®)

Another issue is the critical breakdown field strenfth  caused by surface roughness is proportiona¥tpand has a
under the presence of surface roughness. In Sec. IV we havemplicated relation with¢ and «. In general (E®?) de-
shown that surface roughness will increase the figfl to  creases when eithé@ror « increases. The effect of a rough
the effective electric field b(?+(E®) inside the insulat-  surface also increases the capacitance, and it has a similar
ing film. If we assume the critical field for an insulating film effect on the electric field. In addition, we examined qualita-
is fixed, then the presence of surface roughness will reductvely how weak roughness perturbations can affect the leak-
the breakdown field by a value ¢E®). This intuitive dis- age current in the capacitor for two distinct cases. It was
cussion may work fine for a thermal breakdown, since inshown that for Schottky and Poole-Frenkel emissions, the
order to induce the breakdown, the heat generated by th@ughness effects within the weak roughness limit can give a
electric field cannot be localized. However, for a pure elecsignificant contribution to the leakage current for a moderate
trical breakdown, a localized breakdown may happen firstfield strength even at room temperatdre 300 K. For these
especially at the peak of a rough surface. This localizedypes of leakage current, an increase of roughness at any
breakdown requires only a much smaller electric fiéltf), wavelengthla decreasing and ratiw/ ¢ increasing is shown
and opens conducting channels from the upper electrode to increase the leakage current. Results from many experi-
the lower electrode. As the field increases, those channelments have trends which agree qualitatively with our
become wider and wider. Those opened channels will defipredictions~12 Further experimental studies on thin-film ca-
nitely enhance the electric fields in the vicinities of the pacitors with known roughness would be required to estab-
peaks, and therefore at a certain field strength they causelish a quantitative connection with our theoretical predic-
global breakdown. A detailed investigation of such a behavtions.
ior is still not available.

We have to point out that in actual experimental situations
the conduction mechanism might have a more complex be-
havior. It has been observed in crystalline and amorphous This work was supported in part by NSF, SRC Center for
Ta,05 films (deposited on Sie¥n-Si substrateswith a rela-  Advanced Interconnect Science and Technology, and
tively high dielectric constarg,~ 31, under a moderate field MARCO Focus Center Research Program. G.P. would like
(10'=3.5x 10" V/m), that the conduction processes are electo acknowledge the support from the Netherlands Institute
trode limited (Schottky emission while under higher fields for Metals ResearciNIMR). We thank Professor E. Ry-
(>3.5x10"V/m) conduction processes are bulk limited mazaeski for valuable discussions.
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