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Recent studies have incorporated real-time feedback control in*-
the plasma etching process [2], [6], [13], [7], [14]. The emphasis 0 90 T v
these studies has been on the plasma, rather than the wafer surf:

Square Root of Cost Function

The feature evolution estimation problem is complementary to th 8%
plasma control task. For example, one can imagine using the actr 4
surface area generated by the estimator as an input to the plas
model. 600+

Il. CURVE FLOWS AND STATIC LEVEL SETS = 50
_ With a 2-D planar represen_tation of the s_urface, the movingg aod
interface is described by a family of parameterized cur¢és,) = 2
(x(s,1).y(s.t)). The curve evolves according & /0t = 3(s, 1)\ 300
where s parameterizes the curvd/ is the normal vector, ang is

the velocity function 200G
To represent the evolution of this curve, we applydtetic level set

approach. Consider the class of curves evolving so that the veloci

function never changes sign. Once such a curve has passed throug . 2 .

point, it never returns. Thus each point in the plane may be assign

a unique value, equal to the time at which the curve passed throu,..

it. If the curve never reaches a particular point, a valuexinay Fig. 1. Square root off versus estimated. True 3 = 1.

be assigned there. The resultiogssing-timefunction T'(x, y) is a

time-invariant level set function. The evolving interface at timis
given by The obstacle to the practical application of this formula is that

5 it is quite tricky to compute the change in tangent directitn,
C(t)={(r.y) € B T(x.y) = - (1) accu?ately. Altksllough theplevel set func%ion maygbe used directly to
The time-invariant PDE describirig(=, y) is 3||VT|| = 1. Sethian generate this information through computation of the unit normal
has presented dast marching (FM) algorithm for solving this (which is simplyVT/||VT]|), these estimates are most precise when
equation. For details of the algorithm, as well as further discussignis smooth Of course, it is exactly whef is nonsmoottthat we
of static level sets, see [11]. require the values.

Our estimation algorithm will require us to calculate the rate of Siddigi et al. compare techniques for recovering contours from
change in the length of the curve. The appropriate expression fprievel set function [8]. They present a method based loosely on
smoothcurves isOL /ot = j()] Brpds [5]. Here, x is the curvature contour tracing algorithms found in computer vision applications, but
andp is the usual metric [3]. However, evolving features can develapith two key differences. The first is the additionsifock placement
corners and hence will only bgiecewisesmooth. In the case to be logic, similar to essentially nonoscillatory interpolation schemes; the
considered, the normal velocity will be piecewise constant, that isecond is the use of geometric, rather than polynomial, interpolation.
constant on a given segment, but possibly varying from segmentTthe scheme presented in [8] detects shocks by abrupt changes in
segment. In particular, it may take one of two values: either zergsientation or curvature. Double shocks are “relieved” by a single
or a positive value3. The underlying notion is that the curve isinterpolated shock, smoothing both orientation and curvature. We
propagating through an “active” medium in which it has a uniformyefer to [8] and the references therein for more details. The version
isotropic, normal velocity3. This medium has embedded in it inertimplemented here is similar, but only first order. That is, shocks are
inclusions, through which the curve cannot pass. detected by a large change in orientation only, and when consecutive

Corners in the curve affect the value 6L/0t. Let # be the shocks are relieved, only the orientation is smoothed.
orientation of the curve, that is, the angle between the tangent to
the curve and thes-axis, moving along the curve in the positive
sense [3]. At thath corner there is a jump in orientatiodg;. The m
necessary correction terms have been calculated. A description of the ) . . N
analysis, and a listing of the terms themselves, may be found in [1].TiS section describes a highly simplified model of a plasma

The key feature concerning us here is that the shock correction tef@ing process. A uniform layer of silicon sits on an inert substrate.
are all of the formdy(Aé;). Let X (t; 3) denote the sum over all The silicon is masked with a layer of resist, except for one or more

corners of they(Ad,) terms. Further, lef (¢ 3) := [ rpds denote narrow gaps. The simplifying assumptions are as follows: 1) The

the total curvature where the integral is over the smooth segmenf&ch can be 9°r_‘3idere_d.as 2-D pjangr; “2) The patterning is periOdiF;
only. The notation indicates thatis treated as a constant parameters) 11€ €tch is isotropic; 4) The “active” material is homogeneous;

Then the corrected expression for the rate of change of length is @d 5) The mask and substrate are perfectly inert. o
, It remains to define an appropriate measurement. As material is
Le(t: 8) = BE (+; 8) + BX(#; ). @)

removed from the surface of the wafer, it enters the reactor chamber
We make the following observation: The shape of the evolving the form of reaction by-products. The concentration of these
feature may be expressed as a function of the varig&hte 3t only. by-products can be determined via mass spectroscopy. While not
This may be seen from Huygens’ principle, which states that tisgandard on industrial reactors, mass spectrometers are available in
front is the envelope of the set of circles with radicentered on the laboratory [6]. This is the signal that we propose to use for
the initial active surface. Thus we can write= L(R), K = K(R), reconstructing the etch rate and feature evolution. For the purposes of
and X = X(R), and L, = L'(R)3. Comparison with (2) gives this preliminary study we use the following simplification: Assume
L'(R) = K(R) + X(R), and so that the rate of change of the concentration of etching by-products
Ls = L'(R)t. 3) in the plgsma is known and that this rate is due solely to removal
of material from the wafer.

L L
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(b) Dashed line: Truth modelp = 0.10. (b) Three-trench etch rate estimate.

True value = 1.25.
Fig. 2. h = 0.10. (a) Feature evolution—Solid line: Estimated; Dashed line:
Exact. (b) Etch rate estimate. True valuel.25. where, it is natural to ask whether Gauss—Newton iteration may be
used to find the minimizing estimate. The answer is no; this cost
Under the above assumptions, the predicted measurement is jusction is not sufficiently smooth. To see this, consider a simple
y(t) = BL(t; ) whereL(t; 3) is the length of the estimated surfaceunpatterned planar etch. Here the evolving feature is a line segment
and the dependence of the time history bfon g is explicity of constant lengthl.. The corresponding measurement at any time
indicated. It is also understood thatt; 3) refers only to the portion is simply y = ~L, where ~ is the true etch rate. Let the etch
of the surface that is exposed silicon, not resist or substrate. Ngt to completion, that is, until the measured signal is zero. Let
that it is impossible to relatg(¢) to the etch rate without knowledge the time required for this to occur be denotéd For an etch rate
of the feature shape. estimate3, the cost function at completion may be found to be
The remainder of this paper concerns the construction of di3) = LM|3 — ~|/2 where M := L~T is the true total area of
estimator that will track the evolving feature morphology, based anaterial to be etched. Thus Hessian-based methods are inappropriate.
the total etch rate measurement. The level set simulation plays fftee isotropic etch exhibits similar behavior. Fig. 1 is a plot of the
role of the plant model, and the etch ratds used as an adjustablesquare root of/ versusg. Again the cost function shows a corner
parameter. We assume that the initial geometry is known exactly, Butthe solution. However, it is still possible to use the information
that the etch rate, though constant or slowly varying, is not knowsontained in our calculation of the first derivative.
An algorithm is needed that solves the problem of “best” matching Fig. 1 suggests that is smooth away from the solution and that
an etch rate estimate to the measured data. The estimated etchtteee are no other local minimizers in a broad range of etch rates.

is then used to propagate the estimated feature. Therefore,J decreases in the direction of the solution, and the sign of
We express the objective as a minimization problem Js changes only across the true etch rate. Then for the present case,
) ) S EOSR where the parameter space is one-dimensional and the parameter must
mn J(9) = mn 53(/#) R(7) (4)  pe positive, the following algorithm is suitable: 1) Make an initial

where [R(3)]: = BL(t::3) — y(t:). Generally, efficient solution 9U€SS at the etch raté"” = fo; 2)Evaluate]rg) = Jﬂ_(/ﬂ(z)) for the
of minimization problems requires analytical expressions for tH@!lrent etch rate estimate; 3)., is negative, set ") = k),
first derivative of the cost function with respect to the unknowif .7 is positive, se"+!) = 3 /k, wherek > 1; 4) Loop to 2)
parameters. The problem in this case is taking derivatives throughtil 7§ changes sign; and 5) WheH,’ changes sign, the solution

the set-valued function in (1). The derivativi(3) is J3(3) = has been bracketed. Proceed by bisectiorf gras though searching
R(3)"VR(j). The necessary derivative is given BY R(3); = for a root of Js.

L(t;; 8)+3Ls(ts; 3). Atany timet;, given some value of, L(t;; 3)

can be found using a forward solvB;(t;; 3) is given by (3). The IV. SIMULATION RESULTS

required functions of? = /3t are evaluated as described in Section Il. When the periodic trench pattern consists of a single trench, the
With an expression for the first derivative available almost evergxact solution is easy to write down, based on Huygens’ principle [1].
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The exact solution was used to generate measurement data, which was etch rate measurement$EZEE Trans. Semiconduct. Manufactol. 10,
input to the estimation scheme described above. Here the height of no. 1, pp. 42-51, 1997. )
the active layer is 5 units, with an estimator mesh size of 0.1. The trfg] D- A- White, D. Boning, S. W. Butler, and G. G. Barna, "Spatial
L . . characterization of wafer state using principal component analysis of

etch rate was set to 1.25, and the initial guess given to the estimator sl emission spectra in plasma etchEEE Trans. Semiconduct.
was 1. The etch rate was estimated at intervals of 1 time unit, and Manufact, vol. 10, no. 1, pp. 52-61, 1997.
the corresponding surface drawn. Fig. 2 shows the results compared
to the exact solution.

The estimator was also tested using a mask pattern which repeats
after three trenches. Again, the height of the active layer is 5 units. In
this case the truth model used is an FM simulation with a mesh size . . . .
of 0.1, while the estimator mesh size is 0.25. Again, a true etch rate Robustifying Nonlinear Systems Using High-Order
of 1.25 is used, and an initial guess of 1.0 is supplied to the estimator, Neural Network Controllers
which updates an etch rate estimate at 0.5 time unit intervals. While
no attempt was made to streamline the code for fast execution, the
computation times are quite reasonable. Each surface profile estimate

took under 20 s on a DEC AlphaStation 500. This compares fa'VOrablyAbstract—A robustifying control methodology for affine in the control

George A. Rovithakis

to plasma etch times. Fig. 3 shows the results. nonlinear dynamical systems is developed in this paper. A correction
control signal is added to a nominal controller (designed to guarantee a
ACKNOWLEDGMENT desired performance for the corresponding nominal system), to render the

actual system uniformly ultimately bounded. The control signal is smooth
The authors would like to thank P. Khargonekar for his help on thasd does not require thea priori knowledge of an upper bound on the
control literature in the area of semiconductor manufacturing. A|§B°de"f|19 et and/or Op“m_lal" welghtr\]/alues. Slmhulatlons performed on
they would like to thank J. Higman and T. Higman for enlighteniné1 simple noniinear system fllustrate the approach.
conversations on thin-film processing. Index Terms—Neural networks, robust nonlinear adaptive control.
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