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Multiple-scattering theory of the surface resistivity of stepped Al surfaces
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When an electrical current flows parallel to a stepped metal surface, the steps contribute to the surface-
induced resistivity due to the diffuse scattering of the carriers that occurs at the step edges. In this paper,
multiple-scattering theory is used to compute the surface resistivity induced by steps on the (Ligbal
surfaces of Al. The carrier scattering by the surface barrier is described by a model corrugated potential fit to
the results of a first-principles calculation of the surface-induced resistivity of the unstepped surface. The Bloch
states of the semi-infinite bulk are described by a layer—Korringa-Kohn-Rostoker calculation. The surface
resistivity is found to be a function of the step density,, and becomes a linear function @f for low
step-edge densities. Deviation for linearity at higher step densities results from the multiple scattering of
carriers between step edges.

[. INTRODUCTION terrace widths we are able to study how the scattering inter-
action between step edges influences the magnituge, .of
In this paper we study the surface resistivity that is in-Our approach is to use a multiple-scattering model to treat
duced by steps at the surface of a metal through which the carrier scattering by the vicinal00 surfaces of Al,
current is flowing. It is well known that the adsorption of replacing the true surface potential with a model corrugated
adatoms or molecules onto a metallic thin film changes théurface barrier fit to first-principles calculations. The mul-
surface resistivityp,, because the adsorbates act as additiple scattering of the carriers between the surface barrier and
tional scattering centers for carriers impinging on thethe semi-infinite bulk is evaluated to determine the effective
surface'? This is a fundamental problem in the theory of surface reflectivity for carriers impinging on the surface from
electron scattering at surfacesnd, as Persson has demon-the interior of the metal.
strated, is closely related to the theory of vibrational damp- The contribution of a step tps is related to the effective
ing at surfaced, electronic friction®® and surface wind valence that describes the force acting on a step edge
electromigratior”:” From a technological viewpoint, ad- when a current flows parallel to a stepped metal surface. This
vances in miniaturization will make it increasingly important is because both quantities are a measure of the effectiveness
to understand the surface contribution to resistance of nanowith which a step diffusely scatters the carriers incident from
cale metallic interconnects and devieShe sensitivity of  the bulk. Explicitly, if we consider a jellium thin film, thick-
the resistivity of thin films to surface contamination alsonesss, with an array of identical steps having parallel edges
forms the physical basis for many solid-state sen&ors. oriented perpendicular to the applied electric field, then the
In addition to adatoms, the presence of surface stepsffective wind valence per unit length of the step edgg, is
would be expected to altgr since the diffuse scattering of related tops as follows:
carriers at the step edges alters the momentum distribution of
carriers scattered by the surfd@nd therefore makes an ad- 7el ps
ditional contribution to the surface resistivity. Steps have Zw= NPy @
been invoked as the microscopic origin of resistivity changes
that can be described in terms of the surface profile autocoiHere, p,, is the bulk resistivity andy, is the carrier density.
relation functior® However, to our knowledge there has 7, is the one-dimensional step density. The calculation of the
been only one prior microscopic study of surface resistivitywind valence for steps was the subject of a prior
induced by steps, a pseudopotential/jellium calculatiop,of publication!!
for a stepped surface modeled by removing rows of atoms This paper is organized as follows. In the next section we
from AI(100 to create a (%1) missing-row outline our theoretical approach to the calculationpgffor
superstructuré’ The removal of atom rows from AL00) stepped surfaces. In Sec. Il the results of this method are
was found to significantly increase the surface resistivity.compared to prior first-principle results for AD0) and
This phenomenon was interpreted in terms of the additionall(111). The method is then used to compute the surface
diffuse scattering of the carriers produced by the missingesistivity of stepped surfaces vicinal to(A00).
row. In this paper we adopt an alternative, albeit approxi-
mate, theoretical approach that allows us to isolate the
surface-induced resistivity of a single step and compute
for stepped surfaces with terrace widths that are significantly Consider a surface parallel to tkg plane that consists of
longer than could be treated by first-principles methods. Ira periodic array of steps. The step edges are all oriented
addition, by computing the surface resistivity for a range ofparallel to they axis, thez axis is the surface normal, and a
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current flows along the surface parallel to theaxis. The tions for the scattered wave functions in terms of the Fourier
stepped surface is periodic with periaclong thex axis and  components of the potenti®lg(z),**
period b parallel to they axis and generates a set of two- 1P
dimensional reciprocal lattice vecto®&= (G, ,G,). = (k=2
The resistivity of such a surface may be calculated by 2 dzZ¢G(Z)+§ Ve-e(2)¢a(2)=(Ke) be(2).

computing the momentum transfer between the surface and (5)
the carriers for carriers incident from the interior of the metal ) _ _
at Fermi energy, -, with parallel wave vectork For relatively small unit cells, Eq5) can be solved using

= (ky,ky). Since the stepped surface possesses twdhe clpse—coupling methdd;.essentially Eq(5) is numeri-.
dimensional periodicity, the carriers are diffracted back intoc@lly integrated from outside the metal to the matching
the bulk as a set of beams with parallel wave vectors pIang. This _method is not _sunable for the stepped surfaces
+G. If the probability of reflection into beamG is  considered in this paper since, for each the number of
pc(er k) then the rate of momentum transferred to the surJeciprocal lattice vector§ needed to obtain convergent am-
face for unit incident flux iGpg(K). The total momentum plitudes increases rap[dly with the step terrace wid#h, the .
transfer is obtained by integrating this quantity overkgl) ~ &réa of the surface unit celinstead, we employ an approxi-
weighted by the appropriate carrier populatishifted Fermi ~ Mate model in which the surface potential is represented by a
spherg. This leads to an expressigim atomic unit3 for the corrugation function{(r;) that sets the location of an infi-

surface-induced resistivity tensor expressed in terms o_rf1itely repulsivel barrier with periodic corrugaﬁons represent-
pg,l012 ing the underlying surface crystallograptyThis model po-

tential does not reproduce, exactly, the actisaift) surface
1 barrier potential. Nevertheless, we can select a corrugation
|fpr:(2ﬂ_)—329f j z[% G.Ggpol(€r k) |d?k, function that closely mimics the actual surface reflectivity.
e S8 @) Since this is the quantity needed to comppge we fit {(r))
parametrically to a first-principles calculation for the un-
wherea,B=X,y, {1 is the area of the surface, and the inte- stepped surface.
gral is performed over the surface Brillouin zone. Equation This model potential permits an approximate calculation
(2) is valid where a plane-wave expansion of the carriefof the surface reflectivity using the Rayleigh ansatz
states can be madsee Eq(4) below] o Lk ,r=[ry,¢(ry)])=0] and solving
In order to determine the the surface resistivity from Eq.
(2) the reflectivity of the stepped surface for carriers incident
from the interior of the metal must be computed. Our ap-
proach for computing this quantity is adapted from that de-
tailed in earlier publicatio$™** and will be described only by the GR method® The surface is represented by a grid of
briefly here. sampling points in real spacg,, and a finite set of recipro-
We seek solutions of the Scltiager equation which pro- cal lattice vectorsG. Then, Eq.(6) may be written as a
duce a set of incoming and outgoing Bloch states asymptotinatrix equation forg and, for eactk;, and G, the surface
cally deep in the metal: reflectivities may be obtained by matrix inversion. Formally,

this method generates an asymptotic series for the reflectivi-
ties in the number o6 vectors. Although a detailed descrip-
k1) = de(k *”’L% r(G.kj) da(k;,r). () tion of the limitations of this approach can be found

elsewheré/ we note that it has been demonstrated that for a
The surface reflectivity;, (G,k;), was obtained by separately two-dimensional sinusoidal corrugation with a peak-to-peak
computing the reflectivity of the semi-infinite bulk, amplitudeh and wavelengtla, the method is absolutely con-
ro(G,k;), and the surface barriary(G,k ), with respectto a vergent for values oh smaller than approximately 0.9’
matching plane £=0) just outside of the topmost plane of In fact, for the specific case of the stepped surfaces vicinal to
atoms. Atz=0 we have Al (100 considered in this paper, the approximation becomes
more accurate for larger terrace widths and the corrugation
height is larger than this limiting value only if th€l00)
terraces are shorter than two atoms across. For all of the
calculations presented in this paper the GR method produced
x el (kit6) rgikg2, (4)  surface reflectivities that obeyed the flux conservation test to
within 0.1%. Consequently, the Rayleigh ansatz is not a sig-
nificant source of error in our calculation.

14 1(G ke el Ker Ko i) = g 6)
G

(K, 1) =€ meKeZ+ > [r(1-rpry) 1]
G

where thek; andG dependence afs andr, are implicit and
Kg,=*\2e—[k,+GJ?. The probability of nonspecular
diffraction is obtained by matching the solutions of E4).to
Eqg. (3) to determine the amplitudes of the nonevanescent
reflected Bloch states(G,k;). Using the approach described in the previous section we
The semi-infinite bulk reflectivities were computed usinghave computed the surface resistivity of step arrays corre-
a standard layer Korringa-Kohn-Rostoker method previouslsponding to the vicina{100) surfaces of Al. The unstepped
applied to the problem of adatom electromigratidiror the  surface, A{100), has a square unit cell of sidg=2.86 A
periodic surface barrier, Fourier transformation of the Schroand an interplanar spacirig,=2.02 A. The vicinal Al sur-
dinger equation generates a set of coupled differential equdaces considered in this paper consist of an array of identical

IIl. RESULTS
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FIG. 1. The corrugation function used to describe the vicinal
(100 surfaces of Al considered in this papdr,=2.02 A. The 0 . ‘ ‘ . . ‘ ‘
(100 terraces have a sinusoidal corrugation with peak-to-peak am- (@x1) (ax1) (6x1) (8x1) (10x1) (12x1) (14x1)
plitude ¢,. The step heighty, is equal to the interplanar spacing of
Al (100 projected onto the surface normal of the stepped surface.

FIG. 2. The calculated surface-induced resistivity for a series of
Al(100 NX 1 missing-row superstructures. The surface resistivity
gf the missing-row surface is expressed in units of the surface re-
sistivity of the(flat) Al(100 surface,p. Solid circles: thexx com-
ponent of the surface resistivity tensor corresponding to the resis-
tivity of the surface when the current flow and applied field are

erpendicular to the step edges. Open circlesytheomponent of

steps with(100) terraces. These surfaces are classified a
N(100)X (111) whereN is the number of atoms on the ter-
race (including the in-step atoit® Note that the limitN
—oo corresponds to ALOO) while N=1 corresponds to

Al(111). The gener?c cqrrugation function for these steppe he surface resistivity tensor corresponding to the resistivity of the
surfaces is shown in Fig. 1. TH&00) terraces are modeled g tace when the current flow and applied field are parallel to the

by a sinusoidal _corr_ugation with a peak-to-peak amplitudesiep edges. The lines are guides to the eye only.
{o- The step height is labeled

The surface reflectivity for this model surface was deter-

mined using the GR method described in the previous Seé_hese missing row surfaces, plotted as a functioN.dh Fig.

tion. The number ok, G, andr, vectors needed to generate 3 the surface resistivity is normalized to the surface resistiv-
of the unstepped100) surface,pg.

converged amplitudes increases linearly with the area of thl{*yI Fig. 2 b | rends. First te that f
surface unit cell. In order to obtain the results described i NFIg. 2 we observe several trends. Hrst, we note that for
=1, and in the limitN—«, there are no missing rows

this section we employed up to 328 symmetry inequivalen vy

k, points within the surface Brillouin zone, up to 900 recip- Present on the surface and we would expect pidtp”

rocal lattice vectors and up to 1312 real-space sampling_ Po- This trend is clearly reproduced in the calculation.

points. econd, surfaces with a relatively high density of missing
The amplitude of the terrace corrugatigpwas adjusted "OWS li.e., (2x1)—(6x1)] Sho‘x’x a substantial increase in

until the calculated surface-induced resistivity of the un-°’ compared to the ALOQ. p™ corresponds to the case

stepped100) surface of Al was equal to the value obtained Where rows of atoms are removed perpendicular to the direc-
from the first-principles calculation of Ishitfa ([Ip*] tion of current flow. Clearly, this increase is a result of the
S

=0.59 a.u.. The best-fit value of the corrugation amplitude additional diffuse sc_att_ering of parriers at g surface,

for A(100 was f3=0.42 A. AS e, we hen compured JeTEIeEA Y e missing rou e defects e abserve il
[[l¢py] for N=1; Al(111)]. We obtain a value ofl;p*] o P tth f y H OB 6. 0 d Y
=3.60a.u. which is in excellent agreement with Ishida’sM'SSING rows athe surtace. However, p7AIOPS as

first-principles calculation opg for Al(111); ([1;p5*]=3.54
a.u). This good agreement might seem fortuitous, especially
given the approximations inherent on our approach. How-
ever, the physical origin of the relatively large resistivity of
Al(11)) is the symmetry of the surface which, in contrast to
Al(100), does not generate a specularly reflected Bloch
wavel? Although the surface potential is treated approxi-
mately in our approach, the surface symmetry is correctly
described. Therefore we expect to obtain reasonable values
for the relative resistivity of AIL00) and Al(111), and we
have some confidence that our approach can reproduce the
trends inpg for the intermediate set of stepped surfaces that
are the focus of this paper.

In order to make contact with a prior study by Ishida, ‘ ‘ ‘
we considered first the surface-induced resistivity of an 10 15 20
Al (100 surface in which one in every rows of atoms par- Terrace Width N

allel to the (001 direction are removed to create A 1) FIG. 3. The calculateckx component of the surface-induced
missing-row superstructure. This superstructure could be resistivity tensor for surfaces vicinal to the(&00) surface plotted
garded as a set of up-down steps with terraces thatMre (as a function of the terrace widtd and normalized to the surface
—1) atoms wide, separated by a single missing row of atresistivity of the(flat) Al(100) surface,. The solid line is a guide
oms. Figure 2 shows the calculated valuepBfandp?’ for  to the eye only.
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] number of step edges per uni).Arom Fig. 4 it is apparent
. : that asns— 0 the surface resistivity becomes a linear func-
tion of the step density,
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where (1pg)(dpsiey/ 67s) isolates the contribution to the

] surface resistivity from the step edges. In this low step-
density regime, where the step edges are far apart, it is clear
that each step edge makes an independent contribution to the

Surface Resistivity p** (units of Py

Oﬁ ‘ ‘ ‘ ‘ surface resistivity of the stepped surface. This is consistent
0 002 004 006 008 0.1 0.12 with a model in which the multiple scattering of carriers
Step Edge Density (A™) between step edges is short range and becomes negligible at

sufficiently low step densities. From Fig. 4 we see that this

~ FIG. 4. The calculatedx component of surface-induced resis- |inaar dependence is established when the step edges are fur-
tivity tensor for surfaces vicinal to the Al00 surface plotted as a ther than approximately 25 A apart.

function of the one-dimensional step-edge density and normalized
to the surface resistivity of thelat) Al(100) surface,py. The solid
line is a linear fit to the low step-density results with slope 98 A.

Figure 4 indicates that there is a strong deviation from
linearity for higher step-edge densities where the calculated
surface resistivity is lower than predicted by a linear extrapo-
lation of the low step-density resistivity. This suggests that

the density of missing rows decreases. This latter behaviahe scattering interaction between step edges reduces the net

would be expected in the regime where the missing rows argmount of diffuse scattering from the surface so that the

SUffiCiently far apart for the diffuse Scattering from each Iinesurface resistivity is smaller than would be expected from

defect to be considered independent of the other mlssmg|mp|y superposing the effect of each step edge. This is a

rows. manifestation of multiple scattering of the carriers between

From Fig. 2 we observe that, comparetd, p*¥is only  adjacent step edges; each step edge lies in the “shadow” of
weakly changed by the presence of the missing row. Thishe upstream step edge Similar behavior has been seen in
reflects the relative ineffectiveness of steps in scattering catalculations of the wind force of pairs of adatoms, and ada-
riers which impinge parallel to the step edges, an effect alseoms and atom row¥’ For disordered overlayers of adatoms
observed in Ishida’s calculation for the X4.) superstruc- on metallic substrates this multiple-scattering interaction
ture. For comparison we note that Ishida’s pseudopotentiajives rise to the so-called Nordheim effect in surface resis-
calculatior® for the (4x1) superstructure yieldegy/p, tivity; the parabolic dependence of tig which rises and
~2-3.3.(This range of values arises because in Ishida'shen falls as the adatom coverage is varied betweef and
calculation p, and pX* were computed for two different 1.2 Figure 4 shows that there also exists similar behavior in
model surfaces; one-layer and two-layer slabs on jelliumthe surface resistivity of stepped surfaces. However, there is
respectively. Clearly, the substantial increase in th& ob-  a fundamental difference between the step and adatom case.
served in the pseudopotential calculation is reproduced bffor stepped surfaces, the zetd= ) and unit N=1) cov-

the results shown in Fig. 2. erage limits correspond to two different low Miller index

Next we considered a more realistic set of stepped sursurfaces, AI100) and Al(111), respectively. Therefore, un-
faces; the surfaces vicinal to @00 described at the begin- like the adatom casévhere #=0 and 1 correspond to the
ning of this section. Figure 3 shows the calculated values o§ame surfade the surface resistivity of a stepped surface at

p** for these surfaces plotted as a function of the terraceero and unit step-edge coverage will not, in general, be the

width, N, and is normalized to the surface resistivity of same.

Al(100. For terrace widths oN~5 we see thap™* is in- In the low step-density regime, we deduce from the linear

creased by approximately a factor of 6 over its value forfit shown in Fig. 4 that (1do)(Jpsiey/ 67s) ~98 A. This

Al(100. Again, this increase is a reflection of the additional quantity is a measure of the contribution of a singl¢180

diffuse scattering of carriers by the step edges. We note thatep to the surface resistivity of a stepped1®0) surface. It

the case oN=1 corresponds to the Al11) surface. As was has a simple physical interpretation in the low step-density

noted earlier, a first-principles calculation of the surface reregime. When compared to the unsteppedlB0) surface, it

sistivity of Al(111) and A100) by Ishidd? determined that is the average distance between step edges that doubles the

p** for Al(111) was a factor of 6 larger than for &I00). surface resistivity.

That result is clearly consistent with the results shown in Fig. Given this interpretation of the variation @f with the

3. step-edge density, we now return to the missing-row results

As the terrace width increases we observe a drop in theresented earlie(Fig. 20 and in Fig. 5 we replop™ as a
surface-induced resistivity towards its value for the un-function of the one-dimensional missing-row density. Com-
stepped A(100 surface. This decrease simply reflects theparing Fig. 5(missing row$ to Fig. 4 (step edgegswe ob-
reduction of the spatial density of step edges on the surfacgerve that, when the missing-row density is low, the surface-
as a function of the terrace width. This is more apparent innduced resistivity depends linearly upon the density of

Fig. 4 wherep* is replotted as a function of the one- missing rows. Then, each missing row makes an independent

dimensional step-edge density of the surfage(i.e., the contribution tops. As in the step caséFig. 4), a deviation
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valence. This relation is strictly valid only for jellium where
all the momentum transfer occurs between the adatom and
the carriers. Nevertheless, we may use Byto estimate the
contribution to the surface resistivity of a single row of ada-
toms, with the same interatomic spacing as the rows of atoms
parallel to the step edges or missing rows, o1i180), a,
=2.86A. Assuming that there is no scattering of carriers
between atoms in the row, using the calculated wind valence
of an isolated Al adatom(monomej on semi-infinite
jellium,?° z,,= —30e, we obtainp,y,/po~64 A. Therefore,
the contribution to the surface resistivity from an isolated
0 ‘ } ‘ . ‘ step on A(100) is approximately a factor of 1.5 greater than
0 002 004 006 008 01 0.12 for a single atom row. This suggests that the diffuse scatter-
Missing-Row Density (A1) ing of carriers produced by a step is generated within the first
one or two rows of atoms at the leading edge of the step. By
FIG. 5. The calculateckx component of the surface-induced contrast, the contribution to the surface resistivity from an
resistivity tensor for a series of MO0 N1 missing-row super- jsolated missing row on ALOO) is approximately a factor of

structures, plotted as a function of the missing-row density. Thes smaller than for a single row of adatoms.
solid line is a linear fit to the low density results with slope 13 A.

[\*]

Surface Resistivity p™ (units of p )

from linearity occurs for higher missing-row densities. How- IV. CONCLUSIONS
ever, in contrast to the stepped surface, in this gaseses . .
above the value predicted by a linear dependence. This dif- We have. usgd a muIt|pIe—§c.atter|ng model to compute the
ference is a consequence of the scattering interaction bé_urface reS|st|V|_ty_ o_f s_teps vu:m_al to {I00. We find _that
tween rows of vacancies, rather than the rows of atom&® surface resistivity is a function of the step densy,

which constitute the step edges, which tends to increase tf&'d becomes a linear function gf for low step-edge den-

diffuse scattering from the surface. We deduce from the linSities. In this regime the contribution of a step to the surface

ear fit shown in Fig. 5 that for an isolated missing row "€SiStivity can be described by an effective lengthyey/ 57s
(1/po) (Sprm 1 5ms) ~ 13 A. This value is significantly smaller which is the average terrace width of a stepped surface that
than that obtained for a single step edge, 98 A. doubles the surface resistivity. For noninteracting steps on
It is informative to compare the contribution ggfrom an ~ A1(100 (1/po) (Spsier/ 575) ~98 A. This value is a factor of
isolated step edge or missing row to that from an isolated ARPProximately 1.5 larger than for a single row of Al adatoms

adatom on AIL00), |;p,, wherel; is the film thickness. In aligned parallel to the step edge suggesting that the diffuse
the limit of low adatom coverage scattering of carriers produced by a step occurs within the

first one or two rows of atoms at the leading edge of the step.

NaZy,

lipa]= : (8)
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