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Electrical conductivity and thin-film growth dynamics
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It is known that surface steps can give rise to diffusion barriers and generate moundlike rough surfaces
during thin-film growth. We study the influence of moundlike rough surfaces on electron scattering and
electrical conductivity of semiconducting and metallic thin films. For a semiconducting film, the intraminiband
cutoff g, limits the contribution from mound surface scattering. Three different cases are illustrated to show
how surface morphology affects the conductiviy<q., qo=9., andgy>q.. Hereqy is the ring position
of the surface power spectrum. For a metallic film with a single rough boundary, quantum size @8&gt
oscillations are shifted in phase and weakened by the presence of wavelength selection in surface morphology.
In this case, the conductivity reaches a minimum at a certain value of the system correlatiorf whgtinthe
mound separatioh obeys the conditiom > g or A<\ (A being the Fermi wavelengthThe presence of
cross correlation in films with two rough boundaries greatly influences the initial stage of QSE oscillation of
metallic films. Finally, we show that the size and shape of quantum effects depend very much on the different
growth modes. The power-law behavior of the conductivity versus film thickness can be dramatically altered
during dynamic growth, which provides a reasonable explanation for recent experiments.

. INTRODUCTION to L%, whereL is the width of the quantum wefllt was
also shown that agreement between theoretical calculations
When the thickness of a smooth and continuous conductand experimental data on the Hall mobility of metal-oxide
ing film is reduced in one direction, the component of thesemiconductor field effect transistor devitasd in the elec-
wave vectorq of electrons in this direction becomes quan- tron mobility of high-mobility S{001) inversion layer¥ im-
tized. This leads to the quantum size effé@SE which can  proves if the exponential correlation length at the Si-SiO
affect the electrical conductivity Also the surface of a thin interface is taken into account. The interface roughness has
film adds additional electron scattering and has a significaralso been shown to affect the electron subband of InAs/GaSh
influence on the film conductivitythe so-called classical semiconducting quantum wefts.
size effect (CSB). The presence of rough boundaries in thin ~ On the theoretical side, there exist many studies of the
films can strongly influence QSE in the electrical transportinfluence of roughness on electrical resistivity using
properties. Jalochowslkt al. found that the resistivity of ul- quantum-mechanical treatments!® Fishman and Calecki
trathin Pb films and Pb-In alloyed films on($11)(6X6)-Au showed a power law behavior of thickness-dependent con-
(Ref. 3 and ultrathin Au films on Si(111)(%7) (Ref. 4  ductivity, oo<dS.'* If the lateral correlation lengtlj and the
has a 1 ML-periodic oscillations versus thickness due to thelectron Fermi wave vectogg satisfies {qe<1, thens
periodic change of the surface roughness. In the Pb ang2.1-2.3 for a metal film, which describes the CoSi
Pb-In systems additional 2 ML-period oscillations due to thethickness-dependent conductivity data weélFor a semicon-
QSE (Ref. 1) were observed. Oscillations in resistivity vs ducting films=6, which is consistent with the thickness de-
thickness were also observed in Pt fillnsyperposed metal pendent electron mobility data of AlAs/GaAs quantum well
films of Ag, In, and Ga on 20 nm-thick base of Ag or Au. taken by Sakaket al® However, the roughness correlation
Luo et al. observed that the conductivity of epitaxial Ag function has a significant effect on the conductivity when
films/24 nm Ag base/Si(111)(77) is proportional to the £qe>1. They have shown that wheig increases from less
square of the interface widt and also has a complicated than one to larger than ons,decreases from 2.3 to 11%.
relationship with lateral correlation length’ For quantum Recently these works were extended to self-affine surfces,
wells, Sakakiet al. showed experimentally and theoretically where a roughness exponert (0<H<1) describes the
that the mobility of the two-dimensional electrons in fractality of a self-affine surface/interface. It has been shown
modulated-doped AlAs/GaAs quantum wells is proportionaltheoretically that the value ¢ significantly influences elec-
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tron transport properties of metallic and semiconducting thircorrelation models with the thin film conductivity. We show
films.X® More specifically, the roughness exponéhtnflu-  that the dynamic growth process does alter the conductivity
ences not only the size and shape of QSE oscillations, bws thickness behavior. The paper is organized as follows.
also the magnitude of the film conductivity. First, we formulate the equations describing the double
So far most theories of roughness effect on electrical reboundary effect on the conductivity in Secs. Il and Ill. Then,
sistivity only assume that the surface roughness is fixedve investigate the effect of a single rough mound boundary
when the film thickness changes. This condition is not satison the conductivity of semiconducting and metalic films in
fied in most experimental situations. The roughness usuall§ec. IV. For semiconducting films the quantum transport for-
varies during the growth process, for example, as shown imula can be simplified, and provides a basic starting point to
both the layer-by-layer growth of Pb and Au filifsand the ~ understand the morphological effect. In this section we also
epitaxial Ag films! The change in the surface roughness of adiscuss the conductivity of metallic films with a single
film and the increase of the film thickness are governed bynound surface. In Sec. V, we concentrate on the dynamic
the same dynamic growth process, and are very closely rgrowth effect(unstable and stableon the conductivity of
lated to each other. For a perfectly smooth surface, the inmetallic films grown on a rough mound substrét®uble
crease of film thickness tends to increase the conductivity ofough boundarigs A conclusion is made in Sec. VI.
the film. However, the increase of the roughness tends to
reduce the conductlylty due to the I_O(_)undary scattering. | coNDUCTIVITY THEORY FOR THIN FILMS WITH
Therefore, the behavior of the conductivity as a function of TWO ROUGH BOUNDARIES
thin film growth timet or thicknesd is a result of the com-
petition between the thickness increment and the roughness When the bulk electron mean free path is much longer
variation (assuming that effects due to scattering by impuri-than the film thickness, the electrical conductivity is properly
ties, defects, and grain boundaries can be neglectétler  described by those formalisms which take into account
different film preparation conditiongsubstrate temperature, quantum-mechanically electronic structure of the fithiror
pressure, and growth rateor different growth methods simplicity, we assume a model electronic structure based on
(physical vapor evaporation, sputtering, chemical vapoiffree electron approximation and ignore bulk scattering pro-
deposition, etg, one may obtain a wide variety of different cesses. Thus, electrons are scattered diffusively only on
surface morphologies as well as the dynamic behaviorsough interfaces. In the following, we consider a film of av-
which are inherently related to different growth mechanismserage thicknesd with two rough interfaces distinguished by
For example, in the epitaxial growth of a film, the layer-by- the indexb=(1,2) located atz,(r)=z,+hy(r) (z;=—d/2
layer growth mode can commence in some cases, within andz,=d/2). Here, theh,(r) are the random roughness fluc-
certain temperature regime, where each depositing layer isiations which are assumed to be single-valued functions of
completed before the growth of the next layer st&tdow-  the in-plane position vectar=(x,y). For each interface we
ever, such a growth mode may not always occur. Insteadssume an isotropic auto-correlation functio@(r)
growth fronts with rough multilayer step structures in the =(h,(r)h,(0)) with (h,(r))=0, and a cross correlation
form of mounds (unstable growth could form during function Cpp (r)=(hy(r)hy(0)) with b#b’. In the Born
growth?~2* This is the result of the existence of an asym-approximation the in-plane conductivity is given'fy
metric step-edge diffusion barrier or Schwoebel barrier,

which inhibits the downhill diffusion of incoming atoms in 402 NN
this multilayer step structure. In contrast, the noise-induced o= _—_-> > (Er—¢,)(Er—¢,)[C(Eg),, 1%
roughening during the growth can lead to the formation of hd =1 72

self-affine fractal morpholog$? (1)
One can imagine that a different dynamic growth process ] _
can give a different thickness-dependent or a growth-timeVith the matrix elements [C(Eg)],, (=[C™(EF)loor
dependent behavior of the conductivity. A simple example is™ [C**(EF)],,/) describing intra- and intersubband transi-
to assume that the thickness scalesdad, the interface tions. The matrix elements are equal to the sum of an inco-
width asw=t#, and the conductivity asedsw 2.2 Substi- herent termC™ (incoherent scattering by two rough inter-
tuting the first two relations into the third one, one fingds faces and cross correlation ternceor terms (coherent
wts' = 15-28_ This means that the general power-law relationscatte”ng by different interfacedn Eq. (1), N is the number

S \with e of occupied minibands, anfl is the Fermi energy.
oocd® with s=2.3 or 6.0 may not be observed because the The matrix elementSC™(E,)],, of the coherent part of

combination of power-law growthwe=t? and the time- . . )
dependent thickness=t reduces the exponent value of the scattering were calculated_m Refs. 25'and .26’ and their ex-
tensions to the case of a single layer film with double rough

conductivity fromsto s’ =s—2. Up to now, most of those o . e
dynamic growth effects have not been considered in th(la)oundanes{lgnormg any spin-splitting effecisake the form

thickness-dependent conductivity. Also previous theoretical
works did not consider how different kinds of morphology in -
would affect the surface conductivity. Moreover, the effects [C (EF)]vv’_gl
of roughness in films with two rough boundaries as well as
the cross correlation arising from roughness correlation be- , [2m
tween film/substrate and film/vacuum interfaces on the elec- —Q,0,r Ly’ f (|hp(ay,)|*)cosed 9}
trical conductivity have not been considered yet. 0

In this paper, we correlate phenomenological roughness 2

2

N
27
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with Lp*=Ugy’(zp)¥5(20). (Iho(a)|?) is the Fourier with L(q)=%vq*~«q*, andhi(qg,t) being the spatial Fou-
transform of the auto-correlation functia®y,(r) (assuming rier transform ofh;(r,t). Both spectra are necessary relations
isotropic roughness qvv,:(q§+ qi_zqqu, cosh)?, q,  for further calculations of the film conductivity.
=[(2m/%?)(Eg—E,)]¥? and is the wave vector of the A moundlike rough morphology can also be described by
miniband edgeg is the angle betweeg, andaq,, ¥,(z) is @ phenomenological height-height correlation functfon
the quantized electron wave function in thelirection for a  C(r) =w2e (79?3 (27r/\) where its Fourier transform has
film with smooth boundaries, arld,, is the confining poten- the fornt*

tial at thebth interface'* The matrix elements of the cross- P

correlated part are calculated in a similar way but for indices {|h(q)|?) = (27)(w2{?/2)e~ 4™ FaNINEIRID (g z2IN),

b#b’.?" Thus, we have (7
N ) whereJy(x) andly(x) are the zeroth-order Bessel and modi-
CCo(E =2l s, 2|_qu h 246 fied Bessel fgncﬂons, respecnyely. There are three roughness
[C7(ER) o, v Zl Atz | (1M12(G0,0 %) parameters in the model: the interface widththe system

correlation lengthZ, which determines how randomly the
o' [27 2 mounds are distributed on the surface, and the average
~ 0,011 fo (Ihs@y,)[*)cosodo|, mound separatiok.>* Combining both lateral length scalés
and\ we can define an effective lateral correlation length
(3 py the relation (1#2)=(1/¢%) + (7% \2). Note that the cor-

with Lis=_TU 7 2)1TU 7 2.1, relation functionC(r) has an oscillatory behavior faf=2\
(I @)[2) is t1r21e th(£ Ft)llpjvrgerl)tlrp;rfsflc))gr[n g;ﬂ é(rozs)swgt()rrzgl]ation (strong Schwoebel effecteading to a characteristic satellite
ring atqy=2m/\ of the power spectruri/h(q)|?).?*

function C,5(r). The number of occupied minibanésand

the Fermi levelEg for a film of given thicknessl and elec-

tron density n are determined from the relatih nd IV. CONDUCTIVITY OF SEMICONDUCTING AND
=(m/77ﬁ2)(N EF_EDI:LEU) with the areal electron density METALLIC FILMS WITH A SINGLE MOUND SURFACE

n.s: nd. If the eleCtrO.nS are localized in the film by an infi- Semiconducting f||mg\s the e|ectr0n densiﬂy Of a Semi_
nite confining potential well Y, — +<), then the edge of conducting film is very low, usually the number of occupied
the vth miniband is given byE,=(#?/2m)(v7/d)* (Refs.  minibandsN is small, sayN=1 or 2. If we takeN=1, the
14 and 18 with Lp*=(h?4md®)®?u® and Li5=  electrical conductivity can be analytically expressed as
—(h?/4md®)2v2 2. Note that the validity of the above con-
ductivity formalism requires the roughness amplitude to be

4n
much smaller than the film thickness (w<d).8* U:GO[?

21
fo (hy(@2)+ (ha(@)D) — 2(hiA)?))

Ill. FOURIER TRANSFORM OF MOUND SURFACES X (1—cos6)do

-1
}df’, 8
In order to correctly account for the cross correlations for
films with double rough boundaries, we will consider the whereq=[47nd(1—cos6)]*?, is the amplitude of scattered
growth within the framework of linear Langevin growth momentum transfer an@®,=e?/27%. Equation(8) shows
equations. These equations have been shown to describe treat only certain spatial frequency regime of the surface mor-
growth mechanism reasonably well in various ca8eBhe  phology will contribute to the conductivity. This follows
roughened growth front is described by the linear equationfrom the fact thatq ranges from 0 to an upper cutodf,
=+8mnd, which is fixed for constant areal densityd.
dha(r,t)/oat=Lhy(r,t) + n(r,t), (4)  Equation(8) also shows that the forward electron scattering
with 75(r,t) being a Gaussian white noise such that(0~0 or 6~2m) does not cpntribute to'the resistivity,' while
(p(r ) p(r',t'))=2D8(r—r')8(t—t'), { 5(r,t))=0, D be- back\(varq electron scatteringd€ 7) gives the dominant
ing the noise amplitude, and being the linear operatdr ~ contribution. _ .
=+pV?—«kV* The coefficients is proportional to the sur- Cllearly from E_q_.(8) we Obt"’."” thg power-law bf haylor of
face diffusion coefficient of incoming atoms during film the film conductivity versus film thickness as<d®. Since

growth. The coefficient with a(—) sign describing unstable the Fermi wavelength¢ for a semiconducting film is usu-
growth due to Schwoebel barrier or(a&) sign describing ally large(~10 nm), the QSE oscillation for semiconducting

stable growth due to condensation/evaporatfoPerforming films i.s not obvious.as for metallic films. Ther_efore, in the
a Fourier transform of Eq(4) (Ref. 24 one obtains the followmg we only d'ISCUSS the morphologlcal issue on the
roughness spectrurfih,(q,t)|2) of the filmivacuum inter- conductmt‘y of semiconducting films for mound roughzness.
face and the cross correlation roughness spectruh® 2 ;mgle mound b012mdary we hazw(ehl(q) )
(|haq,0)|2) =(h1(0)*)=0. Since(|hy(q)|*)=(|h(a)[?)=w*, the con-
ductivity will depend on the roughness amplitudesimply
(|hy(q,t)|2) =€~ @Y|h,(q,t)|?) + (8) D (2! asoxw 2, while any other complex dependence will arise
solely from the dependence on the roughness parameters
-1)L(q) 4, (5  and{ Note also that the validity of the above conductivity
formalism requires the roughness amplitude to be much
{|h1x(g,1)|?) =€~ DY |hy(q,1)]?), (6)  smaller than the film thicknes$ (w<d).%
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.| Semiconducting film . (@ ¢<a
10 d=8nm 0.8 A=4¢=5nm
w=0.3 nm S Y l=44’=6nm
......... A=4£=10nm

0.6

o (1/uQcm)
Power Spectrum P(q)

¢ (nm)

FIG. 1. Semi-log plot of the conductivity of a semiconducting
film vs system correlation lengthfor film thicknessd=8 nm area 3
electron densityng=4.8x10"2 nm"?, interface widthw=0.3 nm, by c=2
and average mound separations 5, 6, 10, and 20 nm. - — i==5mm

If we assume that the surface of a semiconducting film
has a mound morphology with the power spectrum given by
Eq. (7), [ho(q)=h(q)], we can calculate the conductivity
according to Eq(8). Figure 1 shows the conductivity of a
semiconducting film as a function of the system correlation
length £, for various values of average mound separakon
=5, 6, 10, and 20 nm. In this case the -cutaff
=1.1nm%, and the Fermi wave vectay: is 0.7 nm*. For
these four different values of the average mound separations,
we observe different behaviors from Fig. 1: Ro=5 nm, 0 Liscians 1
the conductivity decreases at small system correlation length 00 03 1o 1 r 20 23 30
¢, after it reaches a minimum, it increases dramatically. For g (nm')

A =6 nm, the conductivity decreases monotonically with in-

creasing/. However, forh =10 and 20 nm, th¢-dependent FIG. 2. The power spectrB(q) of surfaces with\ =5, 6, and
conductivity behavior is more complicated. In the small- 10 nm for(a) A =4¢, and(b) A\=¢. The straight lines in the figures
regime, the conductivity decreases with increagjrand af-  represent the cutoff wave vecta, of the electron intraminiband
ter reaching a minimum it increases again and eventuallgcattering.

saturates at a certain constant value for lafg€he small¢

dependence in all these four cases is the same. The behaviategral in Eq.(8) only covers part of the ring, and the value
of the conductivity in all those four cases can be understoodf the integration begins to decrease which leads to the con-
if we investigate the corresponding power spectra. Figure 2uctivity increase. This turning point occurs at abdyy,
shows the power spectra far=5, 6, and 10 nm in two =N\. At very large( value, the ring becomes so sharp that it
different casesi(a) A=4( and (b) A={. In the casea will be totally outside the integration limits, O ty., and the
=4, there are only weak mounds on the surface, and theontribution of the surface roughness will be zero because
surface morphology is dominated by randomness, the powéhe surface features are too small to scatter electrons. In the
spectra look very similar to those of self-affine surfaces{As caseqy<q., when{ increases at certain points, the integral
increases, the power spectra become narrower, and thergion covers the entire power spectrum, the integral in Eq.
maximum amplitudes peak in the lower spatial frequency(8) [with (h;(q)?)=(h;x(q)?)=0] reaches the maximum
regime. The integral value in Eq@®) (with (h,(q)?)  value while the conductivity becomes minimum. This covers
=(h,(q)?)=0) increases, while the conductivity decreases.all the scattering events at all angles. At this point, we would
This is in agreement with observations from self-affineexpect {min><(q.—qg)~ ", where our numerical calculation
roughness? In this case, the electron forward scatteringshows 7=1.46+0.08. Therefore, when increases,’min
dominates. should decrease, which is the case shown in Figsee\

However, when{ keeps on increasing, the ring appears=20nm. When{ keeps on increasing, the power spectrum
and becomes sharper. According to the discussion in Sec. lltoncentrates more arourg, and the effective integration
the corresponding ring positions are 1.25, 1.05, and 0.68egion in Eq.(8) decreases. This causes the increase of the
nm %, for A\=5, 6, and 10 nm, as shown in Figh2 Clearly ~ conductivity. However, when/ becomes very large, the
those cases corresponddg>q., 0o~0q., andqo<gc. In power spectrum tends to becomes éunction, and the con-
the caseqp>q., when the ring becomes sharp enough, theductivity becomes constant. In this case, the electron tends to

Power Spectrum P(q)
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Metallic films 03| A =2.5nm
d . ——¢ =1mm
------ ¢ =2nm
: T ; =3nm
0.2} PL ¢ =5mm

o(1/nQcm)
; -
Power Spectrum P(q)

10 7 8
-1
d (nm) g (nm™)
FIG. 3. Log-log plot of the conductivity of a metallic film vs FIG. 4. The power spectig(q) of surfaces withy=1, 2, 3, and
film thicknessd for A=2.5nm, and varioug=1, 2, 3, and 5 nm. > nmforA=2.5nm. The arrows in the figure stand for the positions
Herew=0.3 nm, electron density=4.8x 10" nm™3. of the minimum wave vector during interminiband scattering, ,

for metal films with thicknessl=0.5, 0.6, and 0.7 nm.

be scattered into a certain angle, which is determinedgby
As \ increasesg, decreases, and this constant value of thdng film thickness are weak. A§ increases, the phase of
conductivity increases. This means more specular reflectioguantum size effect gradually changege the curve fot
of the electron occurs. In the casg=q., when the ring =2 nmin Fig. 3. When{>\, the phase shifts almost hy,
appears, the integration always covers the lower half of th@nd the oscillation amplitude reaches a maximum\ at{
ring. As { increases, the power spectrum amplitude aroundsee the curve fof=3 nm in Fig. 3. After { becomes larger
0o (or q.) increases. Consequently, the probability of back-than\, the phase of the oscillation changes a little witibut
ward scattering increases and the conductivity decreases. e amplitude of the oscillation increase®e the curve for
very large¢, the electron backward scattering dominates, and’ =5 nm in Fig. 3. In this case, the mound morphology
the conductivity becomes even smaller. dominates the surface.

Metallic Films Since the electron density for metallic  In order to understand this behavior, let us examine the
films is very high, the number of occupied minibargan  thickness region fod=0.4 nm tod=0.8 nm. From Eq(1),
be very largeN>1. In this case we should use Ed) to  the conductivity come from both the intraminiband and in-
estimate the conductivity. First, let us consider a thin filmterminiband scattering processes. The transition matrix only
with a single mound surface. Figure 3 shows the conductiveovers a certain spatial frequency region of the surface
ity vs the film thicknesdd for metallic films with a carrier ~power spectrum, same as the discussion above. For the intra-
density n=4.8x10'nm 3, a fixed interface widthw miniband scattering, the frequency region is from 0 tp, 2
=0.3nm, a fixed mound separatian=2.5nm, and various Wwhile for the inter-miniband scattering it is frotkq,, =q,
system correlation lengths The corresponding Fermi wave- —q, to q,+q,. Table | shows the number of minibanbls
length is\ p~0.52—0.57 nm. There are pronounced QSE os-the Fermi wave vectogg, the miniband edge wave vector
cillations at small film thickness for variousvalues. Gen- ¢,, and the minimum wave vector during interminiband
erally, a new cycle of the oscillations begins when the FermscatteringAq,, for those thicknesses. Figure 4 shows the
level crosses a miniband edge. This is associated with thpower spectra of a surface a&=2.5nm and for varioug
opening of new channels for scattering, which leads effecvalues. In this case, the ring of the power spectayposi-
tively to a drop in the conductivity. The oscillation period is tions at 2.51 nm?, which is far less thag, shown in Table
about half the Fermi wavelength £/2~0.25nm). However |. Ford=0.4nm,N=1, andq;=12.36 nm%, which is well
from Fig. 3 we see that faf<\ ({=1nmin Fig. 3, aweak above gy, the integral in Eq. (8) [with (h,(q)?)
mound surface, the calculated QSE oscillations with increas=(h,;,(q)?)=0] covers the whole power spectrum, and the

TABLE I. The number of minibandN, the Fermi wave vectogg , the miniband-edge wave vectqy,
and the minimum wave vector during interminiband scattedny, for different film thickness.

dinm N g (mm Y g (m™) g (MM gz (hm™Y) Ag, (hm™h) Agys (nm™h)  Agys (nmY

0.4 1 14.65 12.36

0.5 2 15.31 13.96 8.75 521

0.6 2 13.72 12.68 8.87 3.81

0.7 2 12.82 12.01 9.15 2.86

0.8 3 13.27 12.67 10.69 6.09 1.98 6.58 4.6
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conductivity for different{ should be close. As discussed in ——— ;

the above, the conductivity vs the system correlation leggth (a) Without cross correlation v=0.5

should behave similarly to the curve ®&=10nm in Fig. 1. AL Metallic films

Fromd=0.4 nm tod= 0.5 nm, the Fermi energy crosses the

second miniband, the conductivity should be a minimum. 7

This is the case for most surfaces witk- . However, for &
=
\6/

Unstable growth

<\, the conductivity is either at a maximuitd=1 nm
curve atd=0.5nm in Fig. 3 or somewhere in the middle
({=2nm curve atd=0.5nm in Fig. 3. This means the
roughness of the surface does not contribute a lot to the
conductivity. Fromd=0.5 to 0.6 nm, since,>(qg, the con-
tribution from the intraminiband scattering to the matrix el-
ementC,, is almost the same. However, the interminiband .
scattering contribution is different. As shown in Table | the 10 10'
minimum wave vector during interminiband scatterikg,,
decreases from 5.21 to 3.81 nfFor a surface morphology
with <\, the interminiband integrations will increase, as
do all the matrix element€,,, defined by Eq.1). This T

requires a decrease in the conductivity. On the other hand (b) With cross correlation v=05
the increase of film thickness tends to increase the conduc L Metallic films
o 10

tivity. In the casel/=1 nm the roughness effect overcomes

the thickness effect, and the conductivity decreases. But a
{=2nm, the thickness effect is dominant. For\, al-
thoughAq,, decreases, it is still well outside the ririgee
Fig. 4). Therefore, the contribution of the roughness to the
matrix element atd=0.6nm is the same as that at
=0.5nm, and the increasing thickness requires the conduc
tivity increase. When the film thickness increases from 0.6 to
0.7 nm, for{>\, the Aq,, decreases into the power spec-
trum ring, and the roughness starts to contribute to the con- 5 .
ductivity. Then the conductivity drops. Fg\, the rough- 10'
ness effect begins to decrease since more forward scatterin t (sec)
contributes to the matrix elements. Fraiw 0.7 to 0.8 nm,

the Fermi energy crosses the third miniband, and we should . . L
observe another cycle of oscillation. Therefore, the shift of F'G-5- Log-log plot of the conductivity of a thin metallic film
phase fromy<\ to >\ is a reflection of the morphological vs growth timet (unstable growthfor differentv values:v=0.5,

transition from a nonmound surface to a mound surface. 1:0(§) without cross correlation, an@) with cross correlation con-
. tribution. Here, the roughness parameters of the substratevare

For larger thickness, the COI’.ldUCtIVIty c:':m be approxi-_ 5 nm,Z=2 nm, A=1 nm: andxk=5.0, and the electron density
mated as a power law of the thickness;-d®, where the n=4.8x10 nm 2.
value of exponens’ varies in the range’~1.91—-1.97.

This value is lower than 2.3. This is expected since the ef- . ) ,
fective lateral correlation lengthis about 0.6-0.8nm, and havior (<2myuv/«) that is controlled by« (surface diffu-

£9r~7.5-10>1. In fact this result is consistent with Ref, Sion. These considerations are important for unstable
14, which showed that fofqe>1, s<2.3. growth to avoid a breakdown of the validity of the linear
approximation. Our calculations were performed for a film
growth rateR=0.2 nm/s(yielding a film thicknessd=Rt)
and a noise amplitud® = 3. Moreover, the units of the co-
efficientsD, «, andv in the growth equations are assumed
such tha{ D]=A/s, [k]=A%s, and[v]=A%s.

Now let us add the substrate roughness effect on the film Unstable Growth As shown in Fig. 5, in the unstable
conductivity. In this case, we assume the substrate is growth regime for substrate parametérs\ the conductiv-
mound surface, and the metallic film grown on it follows ity is very sensitive to the Schwoebel barrier coefficient
either unstable growth or stable growth as discussed in Seaffecting strongly the shape and size of time-dependent QSE
lll. The rough mound substrate is described by Ef}, the  oscillations, especially at longer growth time. For small
film/vacuum surface is described by E@), and the cross value (= 0.5), the conductivity increases almost as a power
correlation by Eq(6). The growth coefficientsc andv are  law with the growth time. However, for large value
assumed such that the surface and interface widths are mu¢k 1.0), the conductivity increases much less than the case of
smaller than the film thickness. This restriction implies small v value, also the absolute value of the conductivity
<k, and constrains the contribution of large length scalesirops. This effect indicates strong boundary roughness scat-
(r>2mu/k) that is dominated by (Schwoebel barrier or tering with increasing coefficient, and is in agreement with
evaporation/condensatipmelative to short length scale be- the fact that the surface becomes rougher with lasgealue.

Unstable growth RS

o (1/uQcm)

k=50

V. CONDUCTIVITY OF METALLIC FILMS WITH
DOUBLE ROUGH BOUNDARIES
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eters considerefFig. 6(b)]. On the other hand, in the stable
growth regime, the long time behavior of the conductivity

obeys a power law as a function of growth time~ts'.
Without cross correlation, at large(>10 9, for v=2.0, s’
=1.98, and for =0.5, s’ =1.93; with cross correlation, for
v=2.0,s'=1.97, and forv=0.5, s"=1.94. This qualita-
v=05 tively agrees with our prediction mentioned in the introduc-
""" v=135 tion and shows that the dynamic power law behavior of the
conductivity can be affected by different growth modes.
However, the discussion in the introduction was very crude,
because we did not consider the change of the lateral corre-
lation length. For example, aftér-10s, the lateral correla-
10° s tion length & for v=2.0 should be larger than/2vt
10 ~0.6 nm. From the discussion in Sec. IV, one fingtH

t (sec) >7.5 aftert=10sec. If there is no change in bathand ¢,
we would expecs’ ~1.91 from Sec. IV. From the discussion
in the introduction, we would expect a1 less than 1.91.
However Fig. 6a) gives ans’ value larger than 1.91. There-
fore, the growth of the lateral correlation length has a great
impact on the conductivity behavior. This effect becomes
even more pronounced when the substrate is rough. This

(a) Without cross correlation
Metallic films
Stable growth

—_
<
T

o (1/pQcm)

(=]
&
T
<
il
S
[==

(b) With cross correlation
107k Metallic films
Stable growth

g V=05 may provide a clue to solve the contradiction in the interpre-
> N A v=15 tation of the experimental conductivity of Co%3i.

= e S N v=20 Fishman and Calecki used a Gaussian correlation function

© w=03nm to interpret the experimental result of Cd$iTheir best fit

2nm showed thatw=4 A and é=2 A. Under this condition,

sinceéqe~1, s~2.3, which gives a remarkably good fit of

k=350 the experimental data. However, the morphological param-

10° , eters they obtained are quite unphysical. Because A is

10 smaller than the lattice constant of CdSi3 A), the surface

should be very smoothw(~0). But theirw=4 A contra-
dicts this expectation. In addition, the average local slope
o . o w/ é=2 (which means a surface has mounds with an average
FIG. 6. Log-log plot of the conductivity of a thin metallic film  -oniact angle of 63.54s too large to be realistic. They also
vs growth timet (stable growth for differentv values. =0.5, 1.5, e different correlation functiontboth Gaussian and ex-
and ?(a)_wnhout cross correlation, an@) with cross correlation onential with different & The exponent decreases ag
contribution. Here, the rough'ness parameters of the substrate Screases. Fot= 10A. s=1.5. which is far below the value
w=0.3nm,{=2 nm,A=1 nm; and«=5.0, and the electron den- . . . .
sity n=4.8x 10" nm 2. obtained expenr_nentall% All thesg considerations are based
on the assumption that at any thickness the CoSi films have
The contribution of nonzero cross correlatidfig. 5b)] al-  the samew and ¢, and these could not explain the experi-
ters the conductivity behavior at early stages of growthmental results. Our results show that even under the condi-
where QSE oscillations are significant. If we go back to thetion of £qe>1, if we include the dynamic growth effect
cross correlation E¢6), for the unstable growth, the power during CoSi film growth, as well as the substrate roughness
spectrum of spatial frequenay< q, will be amplified while  effect, we can still obtain an exponesit very close to the
high spatial frequency paq>q, will be suppressed. For experimental results. Figure 7 plots the experimental data
initial growth, contribution from the growth front roughness presented in Ref. 14 and our model fit by assuming an
is small compared to the growing substrate roughness comexponentially-decaying auto-correlation function. We as-
tribution. At this stage, substrate effect dominates the consume that bothv and£ are functions of film thicknesd, and
ductivity. However, as the growth time increases, the growttw<¢ for any thickness. To our knowledge, there is no de-
front roughness will take over, and long-time behaviors oftailed study of dynamics roughening on solid-phase epitaxy.
the conductivity with or without cross correlation should be Since it is a deposition process followed by an annealing
the same, which is the case in Fig. 5. process, it is reasonable that tvevill become smaller while
Stable GrowthIn the stable growth regime f@r>\, Fig. & will increase for larger film thicknessd. When w
6 shows that the conductivity increases with increasing=14.81"%%2 and ¢é=16.441%%% the best fit gives’ =2.4,
evaporation/condensation coefficiemt while the shape of which is about the same as that obtained by Fishman and
QSE oscillations is preserved. For the stable growth, the suCaleckil* Therefore, dynamic roughening process plays a
face becomes smoother whenbecomes larger, which im- very important role in the thickness dependent conductivity.
plies weaker surface/interface scattering, and the conductiv- In addition, the differens’ values for differenty imply
ity increases with growth time. For stable growth the effectthat at different growth temperatures, one may expect a dif-
of cross correlation is less significant for the substrate paranferent power law for the thickness or growth time dependent

t (sec)
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10 7 T ] power spectrum contributing to the electron scattering. At

; ] very large{>\, since the mound separation is compatible to
the wavelength of the scattered electron, the backward scat-
——Fit ] tering probability of electrons reaches its maximum, and the
conductivity becomes a minimum. Fap<q., the entire
E power spectrum contributes to the scattering. However, at
] large {>N\, g is the only scattering wave vector that elec-
tron can chose, and the conductivity saturates.

For a single boundary metallic film, QSE oscillations are
shifted in phase and weakened by the presence of wave-
length selection in surface morphology. Since the miniband-
edge wave vectoq, is usually much larger than they,
those effects mainly come from the electron interminiband
scattering. In this case, the conductivity shows a minimum as
3 a function of{ for N>\ and/orA <\ (with A\¢ being the
] Fermi wavelength

s Data from Ref. [14]

c[1/uQcm]

- The formation of the double rough boundaries is consid-

== = ered through lineafstable and unstabléangevin equations,

10 10 which allow an estimation of cross-correlation electron scat-
d (nm) tering effects. The presence of cross correlation and the film

growth mode were shown to influence significantly the film
FIG. 7. Our fit (solid curvé to the experimental datéfilled  conductivity, as well as the size and shape of quantum size

squarep presented in Ref. 14. We assume an exponentially-effects. For unstable growing surfaces, the conductivity is
decaying auto-correlation function, and that betland ¢ are func-  sensitive to the Schwoebel barrier coefficiemt which
tions of film thicknessd. The best fit givess<d*%, whenw  strongly modifies the shapes and sizes of QSE oscillations.
=14.87°% and¢=16.441%% In the stable growth regime, on the other hand, the shape of

QSE oscillations in conductivity is preserved. We also have
conductivity, given that the measuring temperature of theshown that even under the conditigge> 1, the power-law
conductivity is the same. For example, at high temperature§kmendence of the conductivity versus film thickn@sswth
the growth is under thermal equiliprium, anq one would ®X-time) can still give a large exponens(~2.0), which may
pect a very smooth surface. In this case simce0, and¢ rProvide a way to explain some experimental results.

~.O’ one WOl.JId gxpect a very .good theo_retical explanatio Finally, we should mention that the behavior of the elec-
W\'/thrm# t(;lonSIrd?/\?tEgi the g,y?r";mc'jc rﬁggrhfr\;:/n? r;;rocrests.r H?;’IV trical conductivity as a function of thin-film growth time is a
Syﬁa\,mic r?)l?ggenings gr?)cce)ssecar?notebec}gngrege ature, €asult of the competition between the thickness increment,
Comparing Fig. 5 with Fig. 6, we can see that fhe unstableand the roughness variation with growth time. If the rough-
growth may gi\./e anomaiods behavior of thickness-"€SS increment is slower than the thickness growth, then the
dependent or growth time dependent conductivity, in addi—QSE oscillation preserves during growth, like in thg stable
tion to the initial percolation transition from discontinuous grom;;[hf ca;se.ﬂ? n me ?fhe:hh?(nd’ i t?he rloughnfei]s mcredases
film to a percolated and continuous film. This is because th uch Taster than the 1'm thickness, the 1oss ot the conduc-
exponential increase ot overcomes the growth of the lat- 1VILy caused by boundary roughness scattering will over-

eral correlation length¢ at long time, and the local slope come thg gain by the |.nclre_ment of th? thickness, and the
increases dramatically with time. QSE oscillations may diminish. In addition, we should em-

phasize that the growth models we considered in this paper
are very simple, which may not be the case in reality, espe-
VI. CONCLUSIONS cially for unstable growth since here we considered only the
) ) ] ] ) early stage of the step barrier effect. Nevertheless, these two
In conclusion, we studied in detail the influence of 5imple models demonstrate in principle how different growth

surface/interface roughness on the electrical conductivity of,qqes will affect the conductivity behavior of growing thin
semiconducting and metallic films. We consider of thin filmsqs.

with a single rough mound boundary and with two rough
boundaries. For semiconducting films with a single rough
boundary and when only one miniband is occupied, the elec-
tron scattering is due to the intraminiband scattering. The
intraminiband cutoffg, limits the contribution from mound G.P. would like to acknowledge support from the Nether-
surface scattering. Three different cases are illustrated tlands Institute for Metals Resear@ldIMR), and Y. Tokura’s
show how surface morphology affects the conductivily:  critical reading of the manuscript and important comments.
<d¢, o=, andqo>q.. Forge>q., the center of the Work at Rensselaer was supported by the NSF and the Semi-
power spectrum is outside the scattering wave vector. Atonductor Industrial Association Focus Center Research Pro-
large {>\, there is no contribution from the mound surface gram, J.B. acknowledges support through Research Project
to the conductivity. Foigp=q., there is always half of the No. 2P03B 075 14 of the Polish State Research Committee.
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