Comparison of surface roughness of polished silicon wafers measured
by light scattering topography, soft-x-ray scattering,
and atomic-force microscopy
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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.

Chemomechanically polished silicon wafers are used irsmooth the wafer surface rather than to remove material.
a wide range of technologies. In many of these applicationsyafers B and C did not experience the final polishing step.
the desired properties are influenced by the Si surface moiFhey represent the range of variation in roughness that is
phology. Improvement of polishing methods to increase Sbbserved by LST before the final polishing step. Immediately
wafer surface quality has been a continuing goal of silicorafter polishing, all wafers were inspected by LST using a
manufacturers. Among the various methods used for th€ENSOR ANS 10d. This instrument integrates the scattered
characterization of microroughness, light scattering topograintensity in a volume range bounded by two corig$ and
phy (LST)! is commonly used in industry because it enables25° with respect to the normalThis detection range together
a very rapid inspection of the entire wafer. Because LSTwith the wavelengths used =488 and 514 niresults in a
integrates diffusely scattered light over an instrumentally reband pass of 1-m. Soft-x-ray-scattering measurements
stricted solid angle, the output of the method, the “hazewere carried out at the multilayer-mirror monochrométor
value,” is related only to the rms roughneés the given beam line at the Synchrotron Radiation Center, University of
bandpassand no information on lateral scale of the rough- Wisconsin-Madison. The monochromator delivers high flux
ness is obtaine@llt is known that the lateral frequency of the Over an energy range of 250 to 2500 eV. The advantage of
roughness influences device qualitfeisateral scale lengths this source is the very high intensity compared to conven-
of roughness can be obtained either from real-space scannéiffnal sources and the higher surface sensitivity afforded by
probe measurements, such as atomic force microscopje low energy of the x rays. We used rocking curves
(AFM), or from x-ray scatteringXRS) measurements. AFM 0 probe the intensity distribution parallel to the sample
is direct, is readily interpreted, and has a wide band pass. TH!rface® For all measurements, a scattering angle 6f 2
disadvantage is that it is very slow. Diffuse x-ray scattering=3-4° and a wavelength of=9.3 A (E=1330 eV} were
extends the lower bandpass limit of AFM and covers thechosen. The instrumental broadening at the experimental
bandpass of LST. It is rapid, giving an average over a |arg@ondition§ corresponds to an upper Iimit of the band pass of
sample area if desired, but is indirect, requiring modeling fordoout 10um, about an order of magnitude beter than con-
interpretation. In both AFM and XRS, analysis of the ventional laboratory x-ray dlf_fractomet_ers. The lower limit of
height—height correlation and the height-difference functiondhe bandpass, about 1 nm, is determined by the wavelength
of surface morphologiéé provides the lateral correlation US€d. The AFM measurements had a bandpass of 5 nm to 10

length of the roughness as well as the roughness expone#™: With the upper limit determined by the scan range that

h, which tells how “jagged” a surface with a given rms Was chosen. _ _ . .
roughness i&° The haze value®, 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 orders
f of magnitude(see Table)l If it is assumed, as usual, that the
height deviations from the mean surface level are Gaussian
distributed, the value db is related to the rms roughness

In this letter we report the determination of values for
the rms roughness, the lateral correlation length and the
roughness exponehtof Si(001) wafers at different stages o
polishing using both soft-x-ray diffuse scatterif§XRS
and AFM. We compare these results with the haze value
obtained by LST and discuss them in terms of the band pa
of each method. The combination of SXRS, AFM, and LST
measurements allows a quantitative overall characterization D=R{1-exg — (c4m/\)2], 1)
of the mesoscopic wafer roughness. We investigated samples
from three different Si wafers. Wafer A underwent the entire
multistep chemomechanical polishing procedure. The finalvhere R denotes the total reflectance, i.e., the ratio of the
step has a reduced chemida@tching power in order to intensity reflected into the entire half space to the incident
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TABLE |. Roughness values obtained on thre€081) wafers by LST, SXRS, and AFM. The haze values are given in ppm of the incident intensity. The
bandpass of each technique is also listed.

LST Soft x ray AFM
Sample Haze(ppm) o (nm) o (nm) & (um) h o (nm) & (um) h
A 0.046+0.001 0.013:0.0001 0.078:0.005 1.46:0.1 0.7:0.15 0.115-0.015 1.5-0.3 0.7#0.1
B 12.0+0.6 0.22-0.005 0.470.02 1.16:0.2 0.5£0.1 0.46-0.05 1.3£0.3 0.5£0.1
C 83.0+1.0 0.57-0.004 1.25-0.1 1.15+0.15 0.8:0.1 1.10:0.12 1.1-0.3 0.720.1
Bandpass 1-@m 1 nm-10um 5 nm-10um

intensity (R=~0.4 for Si atA=500 nm and normal inci- specular peak and the diffuse intenditjue to the high reso-

dence. Equation(1) gives a ranking of the rms roughness lution of the instrumentallows the determination of unique

opA<0g<OcC. o, & h triplets (see Table)L All the samples have approxi-
The measured soft-x-ray rocking curves are shown ifmately the same lateral correlation length, in the one-

Fig. 1. All polishing procedures yield a two-component pro- micrometer range. The roughness exponent ranges from 0.5
file: an instrument limited peak in the specular direction and o g

@ broad dlffuse.compo_nent. The emstencg of such a two- Figure 2 shows as an example an AFM image of wafer C
component profile implies a roughness with a long-wave-

length cutoff® For such roughness, the height—height Corre_measured pver an area O.f Jan>x 10 ’“m Al yvafers exhibit
lation functionC(x) morphological feat_ures Wlth lateral dimensions of about 3—4
pm but of decreasing height for the smoother samples.oThe
C(X)={([z(xg+X)—{Z)1[z(x0) —{2) 1), (2)  values listed in Table | are averages of five WX 10 um
scans at different points on each sample. They are in quan-
jitative agreement with the results of the soft-x-ray analysis.
The lateral correlation length of roughness can be obtained
from the AFM images by determining the dependence of the
C(x)=0o? ex — (Ix|/&)*"]. (3 height—height correlatiorC(x) and the height difference
This correlation function treats the surface as self-affindunctionH(x) on the lateral dimension of the analyzed area.
fracta*® on a short length scale and as smooth on a long© compare with the soft-x-ray analysiwhich is one di-
length scale. In this approach, the amount of the diffuse commensional because of the intensity integration in one direc-
ponent is determined by the rms roughness; the width of thigon), we calculatedC(x) andH(x) as a function ofx and
component and its detailed shape give the lateral correlatioaveraged all the line scans. Using E8), the lateral corre-
length and the roughness parameter, respectively. A largéation lengthé is given by the value ok at which the func-
value of the roughness parametermeans more gradual tion decays to 1¢. The resulting valuegsee Table)l are in
height changes. From the levels of the diffuse components Bgreement with the soft x-ray data. The size of the visible
can easily be seen that wafer A is the smoothest and wafer ryctures mentioned above confirms this length scale.
is the roughest, in agreement with the LST result. The calcu-  The roughness exponentcan be determined by evalu-

lated profiles, also ShOWQ in Fig. 1, were obtained using theing the height difference function. For a self-affine surface,
procedure of Sinhaet al’ The sharp break between the

wherez(x,) is the height at a point,, andx is the lateral
separation between two surfaces points, can be written i
terms ofg, ¢ andh as

Relative intensity

-0.001 0.000 0.001
1
S,&"

FIG. 1. Soft-x-ray rocking curvegO) along with the calculated intensity
distributions(—) for wafers A, B, and C. The fits are made to match the
ratio of intensity of the specular to diffuse component. A higher diffuse
intensity corresponds to greater rms roughness. The roughness parameters
obtained from the fitting are listed in Table I. FIG. 2. Typical AFM image, here for wafer C.
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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 range

A of LST haze values they displayed, in order to obtain bench-

S marks to interpret the haze values in terms of surface rough-

¥ ness, especially for larger correlation lengths. LST orders the
S samples correctly, but the surface roughness is generally un-
% derestimated, mainly because longer-wavelength roughness
R is excluded or under-represented. Because these samples

10100 o 10 103' ""'1"04 were specifically chosen for this study, they may not be rep-
x (nm) resentative of “typical” quality of commercially available
wafers. However, for a wafer “out of the box” from a dif-
FIG. 3. Log—log plot of the height difference functidr(x), as a function  Te€rent _suppller we obtained a similar lateral correlation
of the lateral rang& obtained from AFM images of wafer C. To increase the length in the one micrometer rang.
data density at small distances, curves for 600<&®0 nm and 2.5umX2.5 In conclusion, we have monitored the surface roughness
pm scans are included. From the initial slope in the short-range scale @, tion during different stages of chemomechanical polish-
roughness exponent di=0.71+0.1 is determined. Because of finite . i o d h h
window-size effects and remaining image curvature, value$if) are ing of silicon wafers. Qua}nt|tat|ve ata for the rms rough-
reliable only up to about of the scan size. ness, the lateral correlation length of roughness, and the
roughness exponent were obtained by soft x-ray scattering
and AFM. LST haze values, however, generally underesti-
p— 2 1 1
HO) =([2(x+x0) = z(x0) %) @ mate the rms rough i ishi -
ghness. The final polishing procedure ap

has at small distance$x<¢) an asymptotic power-law plied here results in very smooth surfaces with a rms rough-

form? ness<1 A (on a length scale of 1Qum). The lateral
o correlation length of the roughness, introduced by an early
HX)~x" (x<§). (5 stage of polishing, apparently is not influenced by the final

polishing step. The persistence of correlation, but below that
shown in Fig. 3 for sample C of a perfectly self-affine surface, suggests deviations from an

Table | shows that all three measurements yield a ranki_deal polishing process. The excellent agreement of the data
ing of the rms roughness'y<og<cc. The nearly per- demonstrates the advantage of combining soft-x-ray scatter-

fect agreement between SXRS and AFM measurements igg and AFM for monitoring the surface roughness evolu-

understandable because both methods look at the surfaBgn; the former produces excellent statistics while the latter
with almost the same bandpass. The lower values of rrngroduces a local, real-space view that also permits visualiza-
roughness estimated from the LST measurements are mainﬁfﬁ?n of possible polishing artifacts. This combination of
dué® to the lower upper limit of the bandpass of LST, which ethods allows examination as well of the influence of sub-
thus misses the long-range roughness observed v(/ith X_ra?rate surface finish on growth-front roughness of thin films
scattering and AFM. For wafer A, for which the deviation is r interfacial roughness of multilayer films deposited onto
strongest, the rms values obtained by soft-x-ray scatterinauCh substrates’

and AFM may be somewhat too high because of the effect oB Mll—h;i ;g?jmh v(\j/asGsupp?\lrted [%3932':1 2,\25F5{8G Gcr"f‘rm No.
noisel® The lateral correlation length, aboutdm for all - ; an rant No. ) - el ac

samples, does not change after the final polishing step, a‘(_nowledges support of the German Academic Exchange Ser-

though this step decreases the rms roughness considerabY)'f.:e‘ We thank K.-C. Liu and J. Liu for technical assistance.
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The initial slope of the log—log plot of 4 vs x givesh, as
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