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Roughness effects on the electrical conductivity of thin films grown in a quasi-layer-by-layer mode
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We investigate morphology effects on the electrical conductivity on thin semiconducting and metallic films
grown in a quasi-layer-by-layer growth mode within the framework of quantum-mechanical electron transport
theory. The film growth mode is described by a nonequilibrium Sine—Gordon model that incorporates
evaporation/recondensation, surface diffusion, and lattice pinning effects. For semiconducting films, pinning
effects manifest themselves as oscillations superimposed on a smoothly increasing conductivity with growth
time. For metallic films, quantum size effect oscillations are strongly convoluted with pinning induced oscil-
lations, which dominate the conductivity variations at later stages of growth.
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[. INTRODUCTION tions of convolution of QSE and morphology oscillations
will be investigated thoroughly for semiconducting and me-
Deviations of thin film surfaces/interfaces from flatnesstallic films through a quantum-mechanical Boltzmann
have strong influence on their electrical transport propertiesapproacfi that allows calculation of thin film conductivity
since they induce additional electron scattefingElectron  influenced solely by electron boundary roughness scattering.
scattering by random roughness alters the size and shape of
guantum size effectdQSE in a manner that depends
strongly on the form of the corresponding roughness corre- Il. CONDUCTIVITY THEORY
lation function associated with the nature of roughness at AND QUASI-LAYER-BY-LAYER GROWTH MODEL
short and long roughness wavelengtfisn addition, the film
growth mode as well as cross-correlation roughness effects
can also strongly influence the conductivity of thin filfns. In the Born approximation, the in-plane electrical conduc-
At any rate, a |ayer_by_|ayer growth mode would elimi- t|V|ty O-f th|n f|ImS bounded Solely by roughness electron
nate additional electron scattering due to surface roughnesscattering is given by
Indeed, at high temperature molecular beam epitaxy or
atomic layer epitaxy, the growth in a layer-by-layer mode is N
1

Conductivity formalism

anticipated where each depositing layer is completed before _ e’h® E
the growth of the next layer starft§.Nevertheless, such a 7= m?(h)
growth mode does not always takes place. Instead, a quasi-
layer-by-layer is expected where some nucleation on top of
already existing islands can commence, which is, however, . N
only a small portion compared to the bottom grown layer. In Cnn’(EF):j [ 5nn/'\nkﬁ 2 An{|D(Anm. D)%)
systems where layer-by-layer growth or quasi-layer-by-layer 0 m=1
growttP8 commences, QSE oscillations have been shown to
bg a!tere(_j by surface/interface roughness c_onvoluted by os- — AAL (| h(Gnn ,1)|2)cosd ]} d, ()
cillations imposed by morphology characteristics.

For example, conductivity measurements in Pb and Pb—In
alloyed films grown on $111)6X6-Au and Au films on s 2 s 5
Si(11)7x7°8 where quasi-layer-by-layer growth occurs Wherednn =(dg+ g, —20,0n c0sO)™, g, =[(2m/%°)(Er
showed oscillations with 1 ML(monolayey period associ- —En)]*? with E¢ andE, being, respectively, the Fermi en-
ated with periodic changes in roughness, and were consistetgy and the energy minimum of tireminiband edge, and
with reflection high energy electron diffractioRHEED) ~ An=|®n((h)/2)|* with ®,(z) the quantized electron wave
measurement. Moreover, an additional oscillation of 2 ML-function along thez axis for a flat film.N is the number of
period was observed which was associated with QSE osciklectron populated lateral subbands dr(d,t) the surface
lations. In addition, oscillations in resistivity versus film roughness fluctuation from flatness. For a flat film of thick-
thickness have been observed in Pt fiflrend Ag, In, Ga ness(h) and carrier density, Er, andN are determined by
films grown on thick Ag and Au basis layel3. the conditiod n(h)=(m/mh?)(NEz—=,_1\E,) with ng

In this paper, we perform a theoretical investigation of the=n(h) the areal electron density. If, for simplicity, the elec-
quasi-layer-by-layer grown morphological effects on the thintrons are localized in the film by an infinite confining poten-
film conductivity convoluted with QSE. The quasi-layer-by- tial well, then A,=#%27?n?/m(h)? and E,= (A2/2m)(n/
layer mode will be described in terms of a Sine—Gordon(h))2.3>® Clearly the knowledge of the roughness spectrum
(SG) model that incorporates both surface relaxation by sur{|h(q,t)|?) is required to further calculate the electron con-
face diffusion and/or evaporation/recondensation. Complicaeluctivity from Egs.(1) and(2).

N
> 92AZ[C 1)
n=1
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Growth model T L
A quasi-layer-by-layer growth can be described by a phe- i
nomenological Langevin equation representing the nonequi- 0.24
librium analogue of the SG modér*? !
0.21
N
ah(r,t 2ah(r,t
f?t )=R+ vV2h—kV4h+ 5(r,t)—Asin %} = o1
3 © 015
with h(r,t) the surface heighR the rate of impinging ada- (XPY N 2%
toms, v the evaporation/recondensation coefficient, aride A
diffusion coefficient. »(r,t) represents intrinsic random 008
noise fluctuations of amplitude D such that 006 — T S T
(n(r,)n(r',t"))=2D&(r—r")5(t—t") and (x(r,t))=0 2 4 6 8 ooz m® ®
which are responsible for roughening during growafis the t (sec)
strength of the pinning term that favors energetically integer
values of surface heights in units of the atomic spacifhg*® FIG. 1. (@ Roughness amplitude/(t) vs evolution timet for

Indeed, the pinning forc¥ ,;,= — A si27h(r,t)/c] mim-  pinning amplitudeA=0, 0.1, 0.3, and 0.5D=0.2, »=1, and «
ics qualitatively two-dimensiondPD) nucleation-dominated =5. with increasingA the oscillation amplitude increases.
growth process. For low surface coverage, such
<0, there are a few atoms on the top layer and thus the Figure 1 shows calculations of the time evolving rms
possibility of 2D islands to overcome the potential barrier toroughness amplitude
reach the critical island size is small. As a result a number of
deposited atoms that are not stable on the crystal surface will w(t)=(h*Y=J_qc(In(a,)[?)q dq

evaporate back into the vapor phase. With increasing sun‘ac‘f%r various values of the pinning strength coefficiétatin
coverage such thaky,>0, on the surface there are many 2D both cases, as the pinning strendthincreases, the oscilla-

islands leading to an enhanced proba_bility that monomers tg amplitude ofw(t) increases superimposed on a growing
be attached fo islands resulting in an easier grOWtn’oughness amplitude due to kinetic roughening. The position

2,13 P _
Erocessl._ hFor / a E srgall Slnnlr;g d forcebV_pm | of these oscillations is the same since oAlghanges. The
= —eAsin2ah(r,t)/c], Eq.(3) can be solved perturbatively oscillatory behavior forA>0 is also characteristic for the

and the roughness spectryfh(q,t)|%) is given by(see Ap- roughness spectrufih(q,t)|?), as can be seen in Fig. 2 for

pendiy q=0c=(8mng)¥? with ng=4.8x10 * A2 reflected in the
1— e-20xa*+ vg)t corresponding stgtistical properties, suchvad). .For_ the
(Ih(q,t)[?)=D ———F—5— parameters used in the caIcuIanm(st)./Rt_f 1, .WhICh is an
KkQqQ~+vq important constraint not only for the justification of the per-
ADG e 2(ka*+ vadit turbative solution of the SG model given by E®) but also
+ ce sin(27Rt/c) the necessary condition for the validity of the conductivity
7R kq*+vg? formalism, which, in general, requires<(h)>*in order for

(27RUC) 20kt vt electron localization effects in they plane to be ignored.
cog2wRt/c)—e

(27TR/C)2+4(Kq4+ Vq2)2 6 S B S L S A B S e

4AD sin(2=Rtc)
~ c(kq*+vgd) (27R/c) 2+ 4(kq*+ vg?)?”
(4)

which is what is required in the calculation of the film elec-
trical conductivity®

q..)1%>

<|h(q

Ill. RESULTS AND DISCUSSION

Our conductivity calculationgunless statedwere per-
formed for growth rateR=3A/s, D=0.2A/s, andc L
=3 A, as well as the units of the coefficientsand « are ob— . R S BN
assumed such thaw]=A?/s and[«x]=A%s. In addition, 2 4 6 8 o2 " 1
we note that the contribution of evaporation/recondensatior t (sec)
in surface relaxation is significant at larger length scates (
>27T\/m), while the shorter length Scales<(27'r\/m) FIG. 2. Power spectrum vs evolution timidor v=1, k=5, A
surface diffusion is the dominant one. =0, 0.1, 0.3, 0.5 fog=q.=(87ng)¥? with n;=4.8x 10" * A2,
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FIG. 3. Roughness amplitude vs evolution timet with and o o ) _
without discrete lattice effect correction fek=0.2, D=0.5, R FIG. 4. Conductivityo vs evolution timet for semiconducting

=3, c=3, k=2, v=0 (diffusion dominated surface relaxation films with areal electronn,=4.8x10 *A"% D=0.2, v=1,
The roughness amplitude increases almost linearly with time with<=>5, ahdA=0 (solid line), 0.1, 0.3, 0.5.

an oscillating growth rate of small amplitude singe- A. ) ) S
namely evaporation/recondensation and surface diffusion in

Nevertheless, we should point out that the oscillatory be-the preser.lt' case. Hc')we.ver, as pinning starts to c'ontnbute for
>0, additional oscillations occur and are superimposed on

havior is smaller at th rl f growth. This i . .
avior is smaler at the early stages of growt S is due t he conductivity increment that occurs in an oscillatory man-

the fact that Eq(1) is a continuous model. As a result, dis- - With increasing pinning strenagh the conductivity os-
crete lattice effects are ignored. Indeed, as long as the surfalg" With 1 INg pinning gi uctivity

coveragen| = (h)—in[(h)/c]c} is not an integer, the surface Cillation amplitude increases .especially at Iz_:ttyejr stages of
will be rough independent of the smoothing:] mechanismgrOWth' Nevertheless, the existence of the initial transient
Such a process is highly washed out at very early stages ?tgt]ilgée’ef\?é ré?;(esége;on;n?s“gsiq“i;[ﬁguxvcfg‘?; ?{Ete dclzcr:]r_ete
growth. Such an effect can be corrected by considering th 9- b

fact that the 2D-nucleation growth mode and dynamic rough- uctivity besides that of morphologicgl roughness param-
ening are independent, which allows to consider as an effece—ters such as the. rms roughness amph_twd&g. D).
In order to gain further understanding on the effect of

Ve i ; = M2 w2 wi 2 _ - o - : .

E\./e |nte3rfaﬁe W'?;]hw._ﬂ w +Wd'f5 t\;]\/'thd_\/\/d.s tc‘?(tlt' 0)'ff inning on the conductivity, we consider the following. For
Igureé 5 shows the Influence or the discrete fatlice elieck,,o mipipang occupiedN=1), the conductivity is given

correction, which leads to recovery of the oscillatory behav

ior at early growth stages. At later growth stages, the Lange-
vin equation dominates the description of roughehiraj- 2n.e® 27 -1
lowing its use for electron transport calculations. 0=73 <h>5{ fo (Ih(g11,1)|*)(1—cos6)d6 5

with q;,=[47n4(1— cos#)]"? for an infinite potential welP.
Equation(5) shows that the spatial frequency regime of the
When the number of occupied lateral minibands is smalmorphology with wave vectors 9q<q.=(8ng)? will
(e.9.,N=1,2), the film is termed as semiconducting. For contribute to the film conductivity. This is due to the fact that
only one lateral miniband populatedN& 1) there are no forward scattering, which contributes less to the conductiv-
quantum size effects present. In this case, only intraminibanfly, occurs for6=0 or 27 yielding q,,=0, while backward
scattering contributes to the conductivity simplifying the un-scattering has the largest contribution to the conductivity for
derstanding of pinning effects on the conductivity depen-g= 7 yielding q,,=0q.=(87n)Y? For forward scattering
dence with increasing growth time. As a result, an oscillatorythe integrand in the integral part of E¢) becomes
behavior present will arise solely from morphology effects
associated in the present case to pinning effects favoring a lim _0,2-(|N(q11,1)[?)(1—cos)
layer-by-layer growth. _ 2D\ s
Figure 4 shows the temporal dependence of the conduc- =[(ADc/7R) —(ADc/mR%) Jsin(27Ruc)
tivity for sufficiently low areal electron densitpyg=4.8 which has a positive amplitude [(ADc/7R)
X 10 *A~2in such a way that only one miniband is popu- — (ADc/7w?R?)])>0 for R>1/mr. For backward scattering
lated for the thicknesses or growth times considered. In theve obtain (|h(g;=0c,t)|?)(1—cosm)=2(h(q;=0qc,t)|?)
absence of a pinning forc&=0, as shown by the solid line, which is always positive independently of the deposition rate
the conductivity increases with growth time following a R. Therefore, depending on the deposition rate, the contribu-
simple power law behaviost* with X=X(»,x) and de- tion of backward and forward scattering on the pinning in-
pending on the strength of the relaxation mechanismsjuced morphological oscillations could be in-phase for sig-

Semiconducting film conductivity
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FIG. 6. Conductivityo vs evolution timet for metallic films
with bulk electron densityn=13.2x10"2A"3, D=0.2, v=«

FIG. 5. Conductivit s evolution timet for metallic films
ucuvityo v VOlutl I | | =0.1’ 0.5’ 1’ andh=0.2.

with bulk electron densitn=13.2x102A"3%, D=0.2, v=1, «

=5, andA=0 (solid line), 0.1, 0.3, 0.5. . ) . .
face relaxatior(increasing coefficient and/ork) the ampli-

tude of pinning induced oscillations increases, as is depicted

nificant deposition rateR> 1/ or out-of-phase for very low in Fig. 6

deposition rates, such th&<1/#. Figure 2 shows the be- .
havior of the roughness spectrum for backward scattering, At later growth stages where the effect of pinning appears
which has the strongest contribution to the conductivity. 0 be more pronc.)u.nced V.V'th.m the continuum T“Ode.' descrip-
Clearly it can be seen that at the early stages of growth, thtlon, the co_nductmty oscﬂla’upn; bgar similarities Wlt'h those

morphological oscillations arising from pinning are rather©f the semiconducting case indicating a strong dominance of
weak, thus implying a weak contribution to the conductivity, morpholog|ca_l effects over quantum effects arising from the
and vice versa upon inclusion of the discrete lattice effec .Iectron confmement in the direction perpe_ndlcular to_ the
correction, which is depicted in Fig. 3. ilm surface. In Fig. 7 we present conductivity calculations

for various bulk electron densities in the range=13.2

X 10 4-13.2<10 2A 3. With lower electron density the
Metallic film conductivity number of populated lateral minibands decreases leading to

For metallic films the number of occupied minibands in- /€SS QSE oscillations, and as a result, to reduced contribution

creases rapidly with increasing thickness or growth tiNe ( Of inter-miniband scattering. Comparing Figs. 5 and 7, we
>1), leading alternatively to the presence of QSE oscilla-£an infer that in the latter case, pinning mducgd qscnlatlo_ns
tions. These oscillations arise from the fact that each time th@"® more affected by QSE oscillations complicating the in-
Fermi level crosses the bottom of a lateral miniband anothet€rpretation of the conductivity behavior altered by morphol-
channel for scattering opens, which reduces the conductivit§9y €ffects.
and further leads to an oscillatory increment. In general, their
shape and size depends on the particular rough morpholoc [ T T e T T
under consideration as previous studies have shioWhe | (@) n=13.2x102 nm3
situation for metallic films is more complex than that of s | (b) n=13.2x103 nm3
semiconducting films; since besides intraminiband scatter'g' [ (c) n=13.2x104 nm
ing, transitions between lateral minibands leading to inter- Q
miniband scattering yield significant contributions the con-%_ 20_'

S—

hal

o)

ductivity behavior[cross-terms in Eq(2)].

As can be seen in Fig. 4 by the solid line, in the absence
of pinning or A=0, the QSE oscillations have a saw-tooth
structure with increasing growth time and a perioth /2
with A the Fermi wavelength. As long as pinning starts
contributing to conductivity, the shape and magnitude of the
oscillations start to deviate from the pure QSE oscillatory - i
behavior (absence of pinningA=0), and rather interpen- 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16
etrate through these pure QSE oscillations. The effect of pin t (sec)
ning, in comparison to the case of semiconducting films
shown in Fig. 5, starts to appear even at very early stages of FIG. 7. Conductivitys vs evolution timet for metallic films
growth and progressively prevails over the pure QSE modeith various bulk electron densities, as indicated for 3, c=3,
with increasing growth time. In addition, with increasing sur- A=0.2, k=5, andv = 2.

15

125404-4



ROUGHNESS EFFECTS ON THE ELECTRICA .. PHYSICAL REVIEW B 63 125404

IV. CONCLUSIONS

t
. o hyi(a,)= f n(g,r)e” k" ndr (A2
In conclusion, we investigated roughness effects on the ' 0

electrical conductivity on thin semiconducting and metallic
films grown in a quasi-layer-by-layer growth mode within
the framework of Boltzmann quantum-mechanical electrorwith h; g andh; ; representing, respectively, the average sur-
transport theory. The film growth mode was described inface height and the height fluctuation at zero-order perturba-
terms of a nonequilibrium Sine-Gordon model that incorpo-tion. Since usuall)(hi1)<hl,0, the pinning-sine term in Eq.
rates roughening and surface relaxation in terms ofAl) can be further approximated by
evaporation/recondensation and surface diffusion, combined
with lattice pinning effects that favor layer-by-layer growth.
The latter type of growth effect manifests itself on the tem- oh, [2@R
poral evolution of roughness parameters, such as the rms WZVVth—kV‘lhz—AS'n(Tt)
roughness amplitude. For semiconducting films, pinning ef-
fects manifest themselves as oscillations on an otherwise 27A 5(277R )

1,1CO .

smoothly increasing conductivity with growth time in the - — ¢ (A3)
absence of pinning. However, for metallic films, quantum

size effect oscillations are convoluted with morphological

oscillations leading to complex oscillatory patterns of theTherefore, if we seh,=h, o+ h, , such that

conductivity versus thickness or growth evolution time. ' ’
Clearly for metallic films, pinning induced oscillations at

later stages of growth dominate the conductivity behavior

over quantum mechanical induced oscillatiéRSE). At any oh 2R
rate, we should point out that our results are limited to late 220 —Asin( )
stages of growth thus minimizing the effect of neglecting

discrete lattice effectd=ig. 3). Further studies are in progress

to properly incorporate discrete lattice effects in quantum

mechanical thin film conductivity calculations. dhy

ot

=vV?h,1—kV*h,
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APPENDIX hy=Rt+ % | cod 2Rt | _1 AS

()= 27R co c B (A5)
If we assume the perturbative expansibr-h;+eh,
+&%h3+ ..., Eq.(3) yields
and

ah
a—tl =R+ vV2h; —KV*h, +n;

t
hos(gt)=—A f h14(q,7)cog 2Rr/c)e” (ka*+rad)t-ng
0

ﬁhz 2 4 i 27Th1
WZVV hz_kv h2_A SIN| +n. (Al) (AB)
By settingh; =h; g+ h; ; with h; ;=Rt, we obtain from Eq. o )
(A1) which finally yields the roughness spectrum of E4j.
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