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The surface roughness of silicon wafers after different stages of chemomechanical polishing was
investigated by light scattering topography, soft-x-ray scattering, and atomic-force microscopy.
Quantitative values of the rms roughness, the lateral correlation length, and the roughness exponent
are extracted. The results suggest deviations from the ‘‘ideal’’ polishing process at large length
scales. ©1995 American Institute of Physics.
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Chemomechanically polished silicon wafers are used
a wide range of technologies. In many of these applicatio
the desired properties are influenced by the Si surface m
phology. Improvement of polishing methods to increase
wafer surface quality has been a continuing goal of silic
manufacturers. Among the various methods used for
characterization of microroughness, light scattering topog
phy ~LST!1 is commonly used in industry because it enab
a very rapid inspection of the entire wafer. Because L
integrates diffusely scattered light over an instrumentally
stricted solid angle, the output of the method, the ‘‘ha
value,’’ is related only to the rms roughness~in the given
bandpass! and no information on lateral scale of the roug
ness is obtained.2 It is known that the lateral frequency of th
roughness influences device qualities.3 Lateral scale lengths
of roughness can be obtained either from real-space scan
probe measurements, such as atomic force microsc
~AFM!, or from x-ray scattering~XRS! measurements. AFM
is direct, is readily interpreted, and has a wide band pass.
disadvantage is that it is very slow. Diffuse x-ray scatteri
extends the lower bandpass limit of AFM and covers t
bandpass of LST. It is rapid, giving an average over a la
sample area if desired, but is indirect, requiring modeling
interpretation. In both AFM and XRS, analysis of th
height–height correlation and the height-difference functio
of surface morphologies2,4 provides the lateral correlation
length of the roughness as well as the roughness expo
h, which tells how ‘‘jagged’’ a surface with a given rm
roughness is.5,6

In this letter we report the determination of values f
the rms roughnesss, the lateral correlation lengthj, and the
roughness exponenth of Si~001! wafers at different stages o
polishing using both soft-x-ray diffuse scattering~SXRS!
and AFM. We compare these results with the haze val
obtained by LST and discuss them in terms of the band p
of each method. The combination of SXRS, AFM, and LS
measurements allows a quantitative overall characteriza
of the mesoscopic wafer roughness. We investigated sam
from three different Si wafers. Wafer A underwent the ent
multistep chemomechanical polishing procedure. The fi
step has a reduced chemical~etching! power in order to
2346 Appl. Phys. Lett. 66 (18), 1 May 1995 0003-6951

Downloaded¬20¬Oct¬2001¬to¬144.92.164.201.¬Redistribution¬subject¬
in
ns,
or-
Si
on
the
ra-
les
ST
re-
ze

h-
e

ned-
opy

The
ng
he
rge
for
e
ns

nent
s

or

f

ues
ass
T
tion
ples
ire
nal

smooth the wafer surface rather than to remove materia
Wafers B and C did not experience the final polishing step
They represent the range of variation in roughness that
observed by LST before the final polishing step. Immediatel
after polishing, all wafers were inspected by LST using a
CENSOR ANS 100.1 This instrument integrates the scattered
intensity in a volume range bounded by two cones~5° and
25° with respect to the normal!. This detection range together
with the wavelengths used~l5488 and 514 nm! results in a
band pass of 1–6mm. Soft-x-ray-scattering measurements
were carried out at the multilayer-mirror monochromator7

beam line at the Synchrotron Radiation Center, University o
Wisconsin-Madison. The monochromator delivers high flux
over an energy range of 250 to 2500 eV. The advantage
this source is the very high intensity compared to conven
tional sources and the higher surface sensitivity afforded b
the low energy of the x rays. We used rocking curve
to probe the intensity distribution parallel to the sample
surface.8 For all measurements, a scattering angle of 2Q
53.4° and a wavelength ofl59.3 Å ~E51330 eV! were
chosen. The instrumental broadening at the experiment
conditions7 corresponds to an upper limit of the band pass o
about 10mm, about an order of magnitude better than con
ventional laboratory x-ray diffractometers. The lower limit of
the bandpass, about 1 nm, is determined by the waveleng
used. The AFM measurements had a bandpass of 5 nm to
mm, with the upper limit determined by the scan range tha
was chosen.

The haze valuesD, i.e., the ratio of the intensity scat-
tered into the detection cone to the incident intensity, ob
tained by LST for the three samples cover a range of 4 orde
of magnitude~see Table I!. If it is assumed, as usual, that the
height deviations from the mean surface level are Gaussia
distributed, the value ofD is related to the rms roughnesss
by9

D5R$12exp@2~s4p/l!2#%, ~1!

whereR denotes the total reflectance, i.e., the ratio of th
intensity reflected into the entire half space to the inciden
/95/66(18)/2346/3/$6.00 © 1995 American Institute of Physics
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The
TABLE I. Roughness values obtained on three Si~001! wafers by LST, SXRS, and AFM. The haze values are given in ppm of the incident intensity.
bandpass of each technique is also listed.

Sample

LST Soft x ray AFM

Haze~ppm! s ~nm! s ~nm! j ~mm! h s ~nm! j ~mm! h

A 0.04660.001 0.01360.0001 0.07860.005 1.4060.1 0.760.15 0.11560.015 1.560.3 0.760.1
B 12.060.6 0.2260.005 0.4760.02 1.1060.2 0.560.1 0.4660.05 1.360.3 0.560.1
C 83.061.0 0.5760.004 1.2560.1 1.1560.15 0.860.1 1.1060.12 1.160.3 0.760.1

Bandpass 1–6mm 1 nm–10mm 5 nm–10mm
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intensity ~R'0.4 for Si at l5500 nm and normal inci-
dence!. Equation~1! gives a ranking of the rms roughnes
sA,sB,sC.

The measured soft-x-ray rocking curves are shown
Fig. 1. All polishing procedures yield a two-component pr
file: an instrument limited peak in the specular direction a
a broad diffuse component. The existence of such a t
component profile implies a roughness with a long-wav
length cutoff.6 For such roughness, the height–height cor
lation functionC(x)

C~x!5^@z~x01x!2^z&#@z~x0!2^z&#&, ~2!

wherez(x0! is the height at a pointx0, andx is the lateral
separation between two surfaces points, can be written
terms ofs, j, andh as

C~x!5s2 exp@2~ uxu/j!2h#. ~3!

This correlation function treats the surface as self-affi
fractal4,6 on a short length scale and as smooth on a lo
length scale. In this approach, the amount of the diffuse co
ponent is determined by the rms roughness; the width of
component and its detailed shape give the lateral correla
length and the roughness parameter, respectively. A la
value of the roughness parameterh means more gradua
height changes. From the levels of the diffuse componen
can easily be seen that wafer A is the smoothest and waf
is the roughest, in agreement with the LST result. The cal
lated profiles, also shown in Fig. 1, were obtained using
procedure of Sinhaet al.6 The sharp break between th

FIG. 1. Soft-x-ray rocking curves~s! along with the calculated intensity
distributions~—! for wafers A, B, and C. The fits are made to match t
ratio of intensity of the specular to diffuse component. A higher diffu
intensity corresponds to greater rms roughness. The roughness param
obtained from the fitting are listed in Table I.
Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995
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specular peak and the diffuse intensity~due to the high reso-
lution of the instrument! allows the determination of unique
s, j, h triplets ~see Table I!. All the samples have approxi-
mately the same lateral correlation length, in the one
micrometer range. The roughness exponent ranges from
to 0.8.

Figure 2 shows as an example an AFM image of wafer
measured over an area of 10mm310mm. All wafers exhibit
morphological features with lateral dimensions of about 3–
mm but of decreasing height for the smoother samples. Thes
values listed in Table I are averages of five 10mm310 mm
scans at different points on each sample. They are in qua
titative agreement with the results of the soft-x-ray analysi
The lateral correlation length of roughness can be obtain
from the AFM images by determining the dependence of th
height–height correlationC(x) and the height difference
functionH(x) on the lateral dimension of the analyzed area
To compare with the soft-x-ray analysis~which is one di-
mensional because of the intensity integration in one dire
tion!, we calculatedC(x) andH(x) as a function ofx and
averaged all the line scans. Using Eq.~3!, the lateral corre-
lation lengthj is given by the value ofx at which the func-
tion decays to 1/e. The resulting values~see Table I! are in
agreement with the soft x-ray data. The size of the visib
structures mentioned above confirms this length scale.

The roughness exponenth can be determined by evalu-
ating the height difference function. For a self-affine surfac

he
se
eters

FIG. 2. Typical AFM image, here for wafer C.
2347Teichert et al.
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H~x!5^@z~x1x0!2z~x0!#
2& ~4!

has at small distances~x!j) an asymptotic power-law
form4

H~x!;x2h ~x!j!. ~5!

The initial slope of the log–log plot of 4(x) vs x givesh, as
shown in Fig. 3 for sample C.

Table I shows that all three measurements yield a ra
ing of the rms roughnesssA,sB,sC. The nearly per-
fect agreement between SXRS and AFM measurement
understandable because both methods look at the sur
with almost the same bandpass. The lower values of
roughness estimated from the LST measurements are ma
due10 to the lower upper limit of the bandpass of LST, whic
thus misses the long-range roughness observed with x
scattering and AFM. For wafer A, for which the deviation
strongest, the rms values obtained by soft-x-ray scatte
and AFM may be somewhat too high because of the effec
noise.10 The lateral correlation length, about 1mm for all
samples, does not change after the final polishing step
though this step decreases the rms roughness consider
This value ofj is much greater than that obtained by othe2

on silicon wafers after the removal of the oxide. The roug
ness exponent values indicated that the height changes
gradual.

The conclusions to be drawn from Fig. 3 are quite i
triguing. Thin films grown by physical or chemical vapo
deposition typically have roughness that can be described
a correlation function that is self-affine fractal at small leng
scales but has a long-wavelength cutoff, with magnitu
s2, because of the loss of correlation for long length sca
x@j.4 In addition to smoothing, the aim of polishing is t
prevent the enhancement of special structure size. Ideal
ishing should produce self-affine fractal roughness on
length scales, i.e., a continuation of the straight line in Fig
to all wavelengths. We see neither a constant, as in gro
films, nor a continuation of the initial slope, but a behavi
between the two, suggesting that the surface continue

FIG. 3. Log–log plot of the height difference function,H(x), as a function
of the lateral rangex obtained from AFM images of wafer C. To increase th
data density at small distances, curves for 600 nm3600 nm and 2.5mm32.5
mm scans are included. From the initial slope in the short-range sca
roughness exponent ofh50.7160.1 is determined. Because of finit
window-size effects and remaining image curvature, values ofH(x) are
reliable only up to about

1
3 of the scan size.
2348 Appl. Phys. Lett., Vol. 66, No. 18, 1 May 1995
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have correlation to all wavelengths but with weaker correla
tion than a self-affine fractal surface. There are thus devia
tions from the ‘‘ideal’’ polishing process.

The samples used here were chosen because of the ra
of LST haze values they displayed, in order to obtain bench
marks to interpret the haze values in terms of surface roug
ness, especially for larger correlation lengths. LST orders th
samples correctly, but the surface roughness is generally u
derestimated, mainly because longer-wavelength roughne
is excluded or under-represented. Because these samp
were specifically chosen for this study, they may not be rep
resentative of ‘‘typical’’ quality of commercially available
wafers. However, for a wafer ‘‘out of the box’’ from a dif-
ferent supplier we obtained a similar lateral correlation
length in the one micrometer range.11

In conclusion, we have monitored the surface roughnes
evolution during different stages of chemomechanical polish
ing of silicon wafers. Quantitative data for the rms rough
ness, the lateral correlation length of roughness, and th
roughness exponent were obtained by soft x-ray scatterin
and AFM. LST haze values, however, generally underest
mate the rms roughness. The final polishing procedure a
plied here results in very smooth surfaces with a rms rough
ness<1 Å ~on a length scale of 10mm!. The lateral
correlation length of the roughness, introduced by an ear
stage of polishing, apparently is not influenced by the fina
polishing step. The persistence of correlation, but below tha
of a perfectly self-affine surface, suggests deviations from a
ideal polishing process. The excellent agreement of the da
demonstrates the advantage of combining soft-x-ray scatte
ing and AFM for monitoring the surface roughness evolu
tion; the former produces excellent statistics while the latte
produces a local, real-space view that also permits visualiz
tion of possible polishing artifacts. This combination of
methods allows examination as well of the influence of sub
strate surface finish on growth-front roughness of thin film
or interfacial roughness of multilayer films deposited onto
such substrates.7,8
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