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Based on an inverse transform method originally developed by Chandley and modified by us in the
present work, we show that the height-height correlation function of a rough Si surface can be
obtained directly from a single intensity distribution profile of light scattering. A novel diode array
detectors arrangement was used to obtain the intensity profile. The roughness parameters, including
the interface width, lateral correlation length, and roughness exponent were extracted from the
height-height correlation function and were compared with that obtained by an atomic force
microscope. ©1996 American Institute of Physics.@S0003-6951~96!01722-6#
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Recently there has been intense interest in the stud
statistically rough surfaces which are generated in proce
such as the growth of thin films.1,2 Theoretical understandin
of these rough surfaces has been pursued based on a s
hypothesis. The surface is described by a height-height
relation of the form

H~r !5^@h~r !2h~0!#2&52w2f ~r /j!, ~1!

wheref (x)5x2a for x!1, andf (x)51 for x@1. The func-
tion h(r ) describes the height of the surface at lateral po
tion r . a is called the roughness exponent,w5$^@h(r )
2^h&#2&%1/2 is the interface width, andj is the lateral corre-
lation length. Thus the surface morphology is complet
characterized by these three roughness parameters,w, j, and
a.

Experimentally the most direct method to quantitative
obtain these three roughness parameters is to measur
height-height correlation of the surface using real-space
aging techniques. Examples of real-space imaging are s
ning tunneling microscopy~STM!, atomic force microscopy
~AFM!, secondary electron microscopy~SEM!, transmission
electron microscopy~TEM!, and optical imaging techniques
Diffraction techniques such as electron diffraction, x-ray d
fraction, atom diffraction, and light scattering, are also use
in the quantitative study of the surface morphology.3 One
can obtain these three roughness parameters by analyzin
diffraction profiles~the angular distribution of diffraction in
tensity!. But the measurement and analysis are very of
quite elaborative. For example, to extract the valuea of a
rough surface from light scattering,4 one needs to measur
many diffraction profiles~specular reflection! for a wide
range of diffraction geometry by changing the incident ang
This limits the temporal resolution of the measurement a
prevents one from obtaining quantitative information of t
surface morphology in real time.

In this letter, we show that the real-space height-hei
correlation of a statistically rough surface can be obtain
directly from a single intensity distribution profile from ligh
scattering at a suitable diffraction geometry using an inve
Fourier transform method pioneered by Chandley.5 We used
an array of photodiode detectors to obtain the scattered
gular profile from a rough Si surface in a few hundredth o
Appl. Phys. Lett. 68 (22), 27 May 1996 0003-6951/96/68(22)/3
of
ses

aling
or-

i-

ly

y
the

m-
an-

f-
ul

the

en

e.
nd
e

ht
ed

se

an-
a

second. The height-height correlation function was extrac
from the profile and the results were compared with t
obtained by an AFM image.

The light source was a He-Ne laser with waveleng
l56328 Å. The sample was mounted on a rotational st
where the incident angle could be changed@Fig. 1~a!#. The
scattered light passed through a lens with a focal len
f512.5 cm. The detector array was positioned at the fo
plane of the lens, and Fig. 1~b! shows the in-plane scatterin
geometry used in this experiment. The detector array w
controlled by an optical multichannel analyzer~OMA!.
There were 1024 photodiodes within the length of the arr
L52.5 cm. The separation between two adjacent diodes
L/1024;25mm. Therefore the resolution of the detector ink

FIG. 1. ~a! A schematic of the light-scattering setup.~b! The in-plane scat-
tering geometry used in the experiment.
3063063/3/$10.00 © 1996 American Institute of Physics
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space was 253k/ f;231027 Å21, wherek52p/l. How-
ever, the length of each diode was 0.25 cm. It is quite lar
compared with the spacing between adjacent diodes. T
corresponds to a resolution of 231025 Å21 in k space. Each
diode acted like a ‘‘slit’’ detector. Also, the ratio of the linea
dimension of the detector arrayL and the focal lengthf of the
lens determined the collection angle. This angle dictated
range ofki , the momentum transfer parallel to the surfac
that could be obtained in the measurement of a single profi
Dk;kL/ f5231024 Å21. This defined the size of the win-
dow in the angular profile measurement. Each scattering p
file was obtained within 30 ms which could not be achieve
if a conventional light detection scheme was used.6

To illustrate the method, a light-scattering profile from
the back side of a Si wafer at an incident angle ofu570° is
shown in Fig. 2. As is well known, the profile from a statis
tically rough surface contains ad-function-like peak sitting
on a diffuse, broad profile.3,6 In Chandley’s 1976 paper,5 he
suggested an inverse transform technique to obtain the a
correlation functionC(r )5^h(r )h(0)& directly from the
scattering profile in the limit ofl@w:

C~r !5
1

V
FV211AE S~k' ,ki!exp~ ik ir !dkiG , ~2!

whereS is the measured profile, andV[(k'w)
2. k' and

ki are momentum transfers perpendicular and parallel to
sample surface, respectively.k'5(4p/l)cosu and ki

5(2p/l)sing, whereu and g are the incident angle with
respect to the normal of the surface and the in-plane scat
ing angle, respectively. If we assume a slit detector for
isotropic surface, the integration becomes a one-dimensio
problem along the array of detector diodes.A51/
*S(k' ,ki)dki so thatC(r ) is normalized such thatC(0)
51. The height-height correlation function is directly relate
to the autocorrelation:H(r )52w2@12C(r )#. Therefore
H(r ) can also be obtained from the measured profile
rectly.

The autocorrelation functionC(r ) obtained from the
measured profile using this strategy@Eq. ~2!# is shown as the
dotted curve in Fig. 3 and the height-height correlation fun
tion H(r ) as the dotted curve in Fig. 4. The oscillation be
havior shown in the curve is due to the truncation of th

FIG. 2. The angular distribution of the specularly reflected light intens
from the back side of a Si surface was measured as a function of the
mentum transfer parallel to the surface,ki . The incident angle is 70°.
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measured profile in thek space. The limited rangeDk that
one can use from a detector array leads to this truncat
effect. One can reduce this effect by extrapolating the win
of the profile using, for example, a Lorentzian tail in th
intensity profile. However, this would not alter the main con
clusions we draw on the determination of the rough para
eters. In Fig. 4, the height-height correlation is plotted in
log-log scale so that the slope in the regionr,j is equal to
2a. The lateral correlation lengthj is defined as the position
where the curve begins to level off~as indicated by the ar-
rows shown in Fig. 4!. For r@j, the height-height correla-
tion function approaches 2w2 asymptotically. To extractw
andj from the curve, one can use either visual inspection,
a fitting procedure. We choose to use a function of the fo
H(r )52w2$12exp@2(r/j)2a%, a scaling form used by Sinha
et al.,7 to fit the curve. The results of the fitting are:w
;1300 Å, j;3.403104 Å, anda50.98.

The autocorrelation and height-height correlation fun
tions obtained from an AFM scan are shown as the so
curves in Figs. 3 and 4, respectively. The roughness para
eters obtained from fitting of the AFM scan are:w;2400 Å,
j;5.203104 Å, anda50.97. The tip size used in the AFM
scans has a diameter of 100 Å. The value ofa obtained by
AFM is very close to that obtained from the inverse tran

ity
mo-
FIG. 3. The autocorrelation functionC(r ) is plotted as a function of the
position r. Solid curve: from an AFM scan. Dotted curve: extraction from
the light-scattering profile using Chandley’s method. Dashed curve: extr
tion from the light-scattering profile using Eq.~3! in the text.

FIG. 4. The height-height correlation functionH(r ) is plotted as a function
of the positionr. Solid curve: from an AFM scan. Dotted curve: extractio
from the light-scattering profile using Chandley’s method. Dashed cur
extraction from the light-scattering profile using Eq.~3! in the text.
Zhao et al.
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form method. However, there is some discrepancy in t
values ofw and j. One possible source of the discrepanc
may come from the fact that the conditionl@w for which
Eq. ~2! is based upon, does not strictly hold in the prese
case. In fact, a formula can be derived based on the Kirc
hoff approximation and Gaussian distribution of the surfac
height without the restriction ofl@w:3,7,8

exp$2V@12C~r !#%5AE S~k' ,ki!exp~ ik ir !dki . ~3!

For l@w, V!1, and Eq.~3! reduces to Eq.~2!. Using Eq.
~3!, we obtained the functionsC(r ) andH(r ) from the data
presented in Fig. 2 and are shown as the dashed curve
Figs. 3 and 4, respectively. The roughness parameters
tracted were:w;1870 Å,j;4.753104 Å, anda50.99. The
extracted values ofw andj are closer to the values obtained
from the AFM scan@as compared to that extracted using Eq
~2!#. A summary of the parameters extracted using Eqs.~2!
and ~3!, and the comparison with the results obtained fro
the AFM scan is shown in Table I.

The limitation of Eq.~3! mainly lies in the Kirchhoff
approximation, which requires that the correlation lengthj
should be much larger than the wavelengthl, and the local

TABLE I. A comparison of the extracted values of roughness paramete
using different techniques. The sample is the back side of a Si surface.

Interface
width w ~Å!

Lateral
correlation

length (j3104 Å!
Roughness
exponenta

AFM 2400 5.20 0.97
Light scattering

~Chandley’s method! 1300 3.40 0.98
Light scattering

~Present method! 1870 4.75 0.99
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curvature of the surface should be small, i.e.,j@l, andw
!z.8 There is no additional requirement betweenw andl.
Furthermore, the resolution as well as the length of the diod
array determine the range ofj we can measure~from 1.0 to
1000.0mm!. The dynamic range and signal-to-noise ratio o
the diode array also affect an accurate determination ofw
andj. But these rely on the design of the instrument.

In conclusion we have shown that it is possible to obtain
the real-space height-height correlation function and th
roughness parameters, including the roughness exponent,
a rough surface using an inverse transform technique deriv
by Chandley and modified in the present work. It is also
shown that using an array of photodiode detectors, one c
obtain a scattering profile much faster than that achieve
using a conventional light detector. This new method open
up the possibility of quantitative, real-time monitoring of a
rough surface during processing.
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