Si/Ge films on laterally structured surfaces: An x-ray study
of conformal roughness
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X-ray diffraction measurements in the region of small incidence and exit angles on thin amorphous
silicon/germanium films on laterally structured surfaces are performed. From fits of the data we
obtain directly how the Fourier components of the substrates propagate through the evaporated films
without being influenced by the intrinsic statistical roughness of the interfaces. The results show that
a replication factor extracted from a given model can be quantitatively tested with our
measurements. €996 American Institute of Physidss0003-695(96)02301-7

A large body of work concerning correlated roughness in 1
multilayers with statistically rough interfaces was done inthe ~ 1(r,02)~ ?% 42 5(Cly m)
past(see, e.g., Refs. 137But the separation of the intrinsic ‘
roughness from the conformal part is often not unique and
always very difficult.

In this letter we study how the Fourier spectrum of
evaporated thin Si/Ge films is influenced by an underlying @
laterally periodic substratéi.e., by a surface grating with The asterisk denotes a conjugate complex quantity and the
period d). These substrates can be regarded as a particulgtectron density differences of the overlayers are given by
kind of “roughness” with only a few enhanced Fourier com- 4P«=pi+1~ Pk The quantities” m(q,) are the Fourier co-
ponents. Due to the lateral periodicity the conformal part isefficients of the functions e){ﬁ'qukOf)}-B_ll They can be
now located at positiong=m- 27/d (m intege in recipro- ca!culated analy_tlcally for a symmetric trapezoidal-like peri-
cal space and therefore clearly separated from the statistic‘c):tfj'c.StruCture W'th the width of the bars, grooves, and Inter-

. . . . mediate regions s, gy, and by, respectively
microscopic roughness. X-ray scattering experiments fro

. . ) . o d=s,+g,+2by), and the heights, %! under the as-
SifGe layer systems on Si gratings with a periodicity o:(Tzsumpliior?kof ak)Gaussian dist?ibutign of the microscopic
d=9800A and a height oh~100A in the region of

o _ ) _roughnesses 6f,(rj). Finally after averaging in the
small incidence and exit angles were performed to '”VeSt"z-direction[see also Eq(14) in Ref. 10 the result
gate how the Fourier coefficients of the stepped substrates

N
A, 1))
xjgl Apdpie ™ TV (A) 7 m(y).

propagate through the layer stadlem example for polymer i gy 02 SiN(39m0k)
films is shown in Ref. 8 Zkm(dz)=e g,(0z 1q—d
To explain the x-ray data we consider a system of 2im
N—1 overlayers on top of a surface described by a periodic SIN(3 gmsk) ~ig,hy
height functionf,(x). The locationsg(r|) of the interfaces +(=1™ rsk(qz)ﬁe
are described byz(r))=fi(X) +1,+ 5f(r)) with a ran- 20m
domly fluctuating quantitysf,(r;). The periodic part of the +o[(g,h) 71, 2
interfacek is f,(x) = f (x+d) andl, denotes the baseline of . . ,
fi(x) (note: thké k))asekli(ne of)the SLkastratd is0). 1S obta|2 ed with the roughness faCtorssk'gk(qZ)

Calculating the x-ray scattering intensity for such a sys- exp(—qzoéKQKIZ) and rms roughnesse%k'gk of the b?‘rs
tem in Born approximation yield: and grooves of layek. Note that Eq.(2) is an expansion

which is correct up to the first order imgh,) ~1. This is no

restriction because in our worlk,>100 A is always ful-
dPresent address: Department of Applied Physics, Stanford, CA 94305ﬁ|led and the Born approximation is only valid for
4090.
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bpresent address: XFD/APS Argonne National Laboratory, 9700 S. Casgz>_0-05 A _ [an_ eX?‘Ct analytic expression for trapezoidal
Ave., Argonne, lllinois 60439. grating functions is given by Ed3.35 in Ref. 11].
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8q,=3.5%107° A ~*. The resolution in the directiop out

z m=3
T m=2 of the scattering planex(z) was rather coarse and therefore
m=1 "y need not be considerdthtegration over,).
x m=0 We have performedj, scans in reciprocal space along
K, =1 rods with g,=g,, which means along the diffraction orders

and additionally between the diffraction orders along rods
with gq,=q,,+ 7/d to monitor the diffusely scattered inten-
sity stemming from the random fluctuatio@$,(r|) of the
interfacest® This diffuse intensity was subtracted from the
data taken along, for q,=q,, to obtain the true specular
- : : reflectivity and true intensity of the diffraction orders, re-
SR S : SRR s spectively. Therefore the periodic conformal part is easily
separated from the statistical roughness and can be explained
with the aforementioned model. However there are indeed
conformal roughness contributions caused by the random
FIG. 1. Schematic drawing of a laterally structured surface with Si/Ge fimsfoughness fluctuations of the evaporated laysee Refs. 1,
on top. Due to the lateral periodicity an incoming x-ray wéyés reflected 2, and 8. They are also subtracted from the data by subtract-
(m=0) as well as scattere_d into nonspecular dif'fraction_ or‘d‘ems#()). ‘ ing the intensity obtained alonqx=qm+ w/d. But we are
Note that the evaporated films follow the substrate periodicity but with . f . N
different Fourier coefficientsfor clarity this effect is exaggerated in this _Only. interested in .the SmCtIy perIOdIC part of the rQUhg_neSS’
sketch. i.e. in that part with wave numbeig=m-2=/d, which is
perfectly correlated throughout the layer stack.
The analysis of the measurements of the first sample

The momentum transfeg: =k;—k; (ki andk; are the  ghows that the Ge layer is nearly conformal and homoge-
wave vectors of the incident and scattered x rays, respegieous on the stepped surface with a rather thick oxide layer
tively) is decomposed by=(q,,q,)". The delta function g top (thicknesses of the Ge and Ge@yers:|g.—36 A
4(qr,m) in Eq. (1) leads to resolution limited diffraction or- and| e, = 26 R). Figure 2 shows foug, scans along the

ders at the positionsy; m=(dx—0m.dy) =0 in reciprocal qiionsq =g, for m=0,1,2,3 =0 reflectivity for the
space which are caused by the periodic structure of thgecong sample together with the fit using EGS.and (2).
samplessee Fig. 1= . _ Due to the oversimplified model of trapezoidal layer struc-
The su_bstrates_ are symmetric trapezoidally shaped sufyreg geviations between the fit and the data are clearly vis-
face gratings with a spacing ofd=9800A and jhje |t should also be noted that all curves are fitted simul-

$1=91=4000 A, b1:4900 A. They were prepared USNg taneously without introducing any normalization constants
lithographic method$? Furthermore, we assume a very thin and that the inclusion of the roughness of the grooves and

(1,=10A), perfectly conformall #5m(a)=71m(dz)] @ hars with the roughness factors in E@) might be too
tive SiO, layer on the substratéS.The evaporated films gimple. Nguyeret al” have shown that an overgrown sharp
k=3, ... N are also assumed to be trapezoitide Fig. 1  pattern can be significantly smoothed out by the evaporation
but with other parameters, gi, by, andh, which means  of fiims. But their films are made out of other materials and
with other Fourier components but the same periodidity  they are rather thick so that a direct comparison is difficult.
We have investigated two samples. Ge and Si layers of fevertheless the fit is good enough to yield the parameters
nominal thickness of 50 A were evaporated on the substrates =g, , b,, andh, of each layer so that the Fourier coeffi-
with a commercial setuggBalzers BAK 550. Due to the cients of the periodic interfaces as a function of the layer
preparation conditions amorphous layers are expected with fyickness|, can be calculated. The substrate parameters
density of 90% compared to that of bulk single crystals. Thechange from the bottom to the top GeQayer to
first sample consists of a Si grating,= 105 A) with only hgeo,= 127 A, Sce0,= Yceo,= 3800 A, and bgeo,= 1100 A.
one Ge layer on top. This sample was investigated to cheCpe optained layer thicknesses of the Ge/SilGe/SaGtem

if a homogeneous film builds up on top of the periodic SUrare|o.=68 A, Ig=65 A, |g.=36 A, andlgeo =26 A. The
face. Furthermore we get the values for the thickness of th%set in Fig. 2 shows a transverse scanozat fixger 0.2

GeQ;, layer which forms after the evaporation and the values ~1. The diffraction orders which contain the information

of the Si a_mq Ge densities anq rms roughnesses of the S.'/ Zbout the periodic part of the surface can be seen as resolu-
and Gel/air interfaces from this measurement and previoug - jimited peaks

. . . 5 .
investigations= To reduce the number of free fit parameters To describe the propagation of the Fourier components

these results were taken for the fits of the data of the secon(gif the films more quantitatively we define the replication
sample. This sample was a Si grating with=130 A and factor y(q,1) according to Spilleet al:!®

three evaporated laye(&e/Si/Ge.
The x-ray measurements were performed at the National ?k(q) =x(a,1p)- ?k_l(q)_ 3

Synchrotron Light SourcéBrookhaven National Laborato- .

ries) on the Exxon beamline X10B using a wavelength of The functiony(q,l) connects the Fourier transforfp(q) of

A=1.131 A. The measured, resolution for our setup was layerk with baselinel, with the Fourier transforni,_(q)
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o FIG. 3. Replication factox(q,l) for g=q,, with m=1,3,5 obtained from
i the x-ray datgsymbolg and a fit(lines) corresponding to a simple diffusion
r model with y(q,1) =exp(—g?1). Note that the upper Ge layer is split into
F a pure Ge and a GeQayer.
o L e ] number g;=2x/d and partially correlated N<<1 would
0.0 0.1 02 03 04 05 mean uncorrelatgdfor the higher frequency components

q, A1 g;=3-27/d andgs=5-27/d, respectively.
In summary, we have shown a new way to investigate
FIG. 2. True speculam=0 and true intensity along the diffraction orders the phenomenon of correlated roughness. The use of a sur-
m=1,2,3 (symbolg and corresponding fitdlines for a Si grating with ~ face grating as substrate makes it possible to extract the con-
evaporated Ge/Si/Ge films. For clarity, all curves are shifted three orders oformal part of the roughness out of the x-ray data in an
magnitude against each other. The inset displays a transverse scan obtairﬁﬁique and unambiguous manner. Therefore the replication
at the positiorg,=0.2 A 71 - .
factor can be directly obtained from the measurements and a

. . quantitative comparison with existing models can be made.
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