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Quantitative Analysis of a Laser Interferometer Waveform
Obtained During Oxygen Reactive-lon Etching of Thin Polymer Films

B.C. Dems, P.D. Krasicky, and F. Rodriguez
School of Chemical Engineering, Olin Hall,
Cornell University, Ithaca, NY 14853
Laser interferometry is used extensively in the integrated circuit and

thin film processing industries. It is well-suited for end-point detection
and in situ etch rate monitoring during the plasma processing of thin polymer
films. The qualitative features of the laser interferogram can also shed
light on physical changes occurring at any particular time in the process.
This paper describes a rigorous analysis of an interferogram which allows the
polymer’s refractive index to be calculated directly from the waveform. This
in turn allcws in situ etch rate determination without prior knowledge of the
polymer film’s physical properties. The analysis also allows the degree of
surface roughening imparted to the film during plasma processing to be
assessed on a relative basis., The analysis is restricted to: (a) plasma
processes which have a large chemical etch component, (b) to etch gases which

do not contain film-forming pre-cursors, and (¢) polymer films which remain

homogeneous at all times.

BACKGROUND

A model for the type of thin film system realized in Reactive-Ion
et ——————

Etching (RIE) is shown in figure 1. The polymer film is labeled as region #Z,T

the substrate as #3, and the plasma environment as #1. The polymer-substrate

O
(2-3) interface is assumed to be sharp and smooth, but the plasma-polymer (l- Dl

2) interface may be diffuse or rough. Unpolarized light of vacuum wavelength
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A is incident upon the system from region #l at an angle 9, relative to the

normal. The system's overall reflectance R is given by [1],

1

[ r223 + 2fr12r23cos¢ + fzrzu

1+ 2fr12r23C05¢ + fzrzulz”

where I, and 1 are the incident and reflected light intensities, respectively.

The r's with subscripts are Fresnel reflection coefficients for sharp, smooth
interfaces between the media denoted, while f is a reduction factor for
reflection from the plasma-polymer (1-2) interface and accounts for spreading
of the interface into a transition region. R is a periodic function of the
film thickness d through the phase function ¢ = ¢,+¢,, which includes the

phase delay [2],
¢, = (4md/2)(nd - nisin?s,)® (2)

associated with passage of light through the film to the substrate and back,
as well as any additional phase shift ¢, introduced by the transition region.
When the 1-2 interface is perfectly sharp and smooth, then £ = 1, ¢, = 0, and
the maximum value of the periodically oscillating reflectance equals the
reflectance of the bare substrate after the film is completely removed. The
optical effect of f < 1 is a reduction in amplitude of oscillation of R from
what it would be for an otherwise sharp, smooth interface.

For a sharp, smooth film with ¢, = 0, the final reflectance maximum
occurs just as film removal is completed. With a transition region, f and ¢,
are constant if this region maintains fixed size and shape, but are expected
to vary once the region begins to collapse into the substrate near the
endpoint of film removal. An observable effect of f and ¢, varying is the

end-point according to the laser interferogram occurring slightly before the




final extrapolated reflectance maximum. The shape of the R versus time curve
near the endpoint can provide clues to the shape of the concentration profile
through the transition region (see figure 2). In RIE, film roughening is
expected from ion bombardment of the exposed surface. Roughening of the 1-2
interface can produce an amplitude reduction in reflectance oscillations
similar to that due to diffuseness if the laser beam is sufficiently wide
compared to the roughness correlation length. But scattering from the rough
interface also deflects energy out of the specular directions and introduces
additional corrections into R. As a first approximation, these corrections
can be neglected and the interferometer waveform for RIE analyzed using a
modified version of diffuse interface transition layer theory.

When |r;,| <<1, as for most polymer films dissolving in solvents, R is

well-approximated by a power series in r,, to first order:
R = 13 + 2fr,ry5(1-15)cosé (3)

Physically, this amounts to considering emerging rays whose histories involve
no more than one reflection from the 1-2 interface. R is then a purely
sinusoidal function of ¢ (and of film thickness d), oscillating about the
value R, = r3,. The factor f reduces the oscillation amplitude symmetrically
about R = R, which facilitates straightforward calculation of polymer
refractive index from quantities measured directly from the waveform {3].
When |r;,| is not small, as in the plasma etching of thin polymer films, the
first order power series approximation is inadequate. For example, for a
plasma/poly(methylmethacrylate)/silicon system, r;, = -0.196 and r,, = -0.442.
The waveform for a uniformly etching film is no longer purely sinusoidal in

time but contains other harmonic components. In addition, amplitude reduction




through the f factor does not preserve the vertical median R, making the film
refractive index calculation non-trivial.

Figure 3 is a sketch of a typical waveform obtained during an oxygen/RIE
process. Referring to this figure, let R, be the extreme values of R when the
transition layer is present. Let R} be the corresponding values if the
interface were sharp (f=1). These values can be identified by setting cos¢ =

4] in equation (1) which gives,

R.: - r ¥z, + fr12 2 (4)
L1 2 fry,r,

° Yy 1y, 2

RR={ ] (5)
[ 1% r,r,

Remember that R} = r{,, the reflectance of the bare substrate medium. As

before, let R, be the value of R for which cos¢=0 in (1),

(6)

(B + £
(1 + ford,rs, ]
Note that the points on the waveform for which R=R, are equally spaced along ¢
for a uniformly decreasing film thickness, thus making them identifiable. The
plasma itself contributes to the measured intensity. This contribution,
defined as R, must be subtracted from the reflectance values before any
calculations are made. R, is measured by extinguishing the plasma and
measuring the corresponding reduction in intensity. No evidence of non-linear
optical effects are observed.

When f=1, the directly measurable ratio x° = (R°/R3)¥ for normal or near
normal incidence can be easily used to determine n;, knowing n; and n;. At

normal incidence,




. 2
R - { Ny - My ] (7a)
n3 + nl
2

2
RO - ( PaM - M (7b)
nyn, + n%

Solving for n, in terms of x° yields,

Nty oy o 5
( n; - ng ]
n; = (“3“1)"l (8)

n3+n1 +x°
[ n - m

For unpolarized light, this relation is a very good approximation for
incidence angles 9; < 15°. When f<1, the observed ratio is x = (R./R,)* < x°.
If r,, were small, then the fact that f would compress the waveform
symmetrically about the value R, could be used to find x°, and hence n,. Note
that this analysis would also immediately determine f because equation (3)
would apply, and f would be the amplitude reduction factor for the reflectance
oscillations. But if r;, is not small, then a more careful analysis is
needed.

Consider the quantities AR,* = |R,Y - R$¥|, which denote the shifts in the
extreme values of R¥ due to spreading of the interface. Using equations (4)

and (5), these can be written as

(1 - f)rlz(l - rzzs) I

AR - | (9
(1 £ fry,r,) (1 £ ror,,)
One then finds
1 + fr,ry 1 + 11 (10)
[ AR? [ 1 - fry,ry ] [ 1 - rypry; ]




If the right side of equation (10) were known or could be estimated reasonably
well, the equation could then be used to find R® from normalized values of R,,
R}, and R. which are available experimentally. If (1 - f) were small, then
the fractional shifts AR,/R} would also be small, and vice-versa, so that the

ratio of shifts could be written via differentials as

[AR' ] - [i_]” [ﬁf (11)
OR, R, ORY

But the right side of equation (10) is not known a_priori. A crude

approximation might be to set it equal to unity, and equation (11) would then

give
(AR./AR,) = (R./R,)Y¥ = x (12)

This crude approximation gives a rather simple result but is probably not
accurate enough for most purposes. However, it turns out that the quantities
on the right side of (10) can be obtained from a more careful analysis of the
interferometer waveform. And once these quantities are known, n, can then be
found directly from them without recourse to equations (11) or (12).

Consider the general form of the reflectance R from equation (1), namely

R = a + c(cos¢) (13)
b + c(cos¢)

b =1+ £22,r% (14b)

Cc = I2fr12rz3| (lZJC)

In terms of these one can write previously defined quantities as




R, = (22° (15)
b *c
R, = a/b (16)
Now define the directly measurable ratios
+
Q = Ry/R, = (1% /2 17
l1%c¢/b

Letting A=a/c and B=b/c, and solving equations (17) for A and B, one obtains

A = [ Q - Q- ] (133)
Q. + Q. - 2Q,Q.
B - [ Q - Q ] (18b)
2 -Q -Q

Letting y = |fr,,/r,;] and z = [fr;,r,;|, one finds that 2A = y + 1/y and

2B = z + 1/z, from which y and z are found to be
y = |a - (A% - D)¥| (19a)
z = |B - (B - 1)¥| (19b)

Equation (19b) is valid in general, whereas (19a) holds only if y <1, a
condition which in practice can be arranged. However, if it happens to be
known that y > 1, then the opposite sign preceding the square root term in

(19a) should be used. Once A and B are known, it follows that

[fry,] = (zy)¥ (20a)
lt2sl = (z/y)% (20b)
Now the task is to determine f.
First define the directly measurable quantity w = (R,/R3)®. Using

equations (4), (5), and (20), w can be written in terms of v, z, and f as




(1 + 2)(1 + y/f)
which can then be solved for f to give
£ - [ y -z -y(l +2)(1 - w (22)
y -2+ (1+2z)(1-w

Equations (21) and (22) involve the assumption that r,, and r,; are both of the
same algebraic sign, so that either n; < n, < n; or n; < n; < n;. Othervise,
appropriate sign adjustments must be made. Knowing f and |fr,,|, one may then
determine |ry,|.

Finally, assuming that n, < n, < n3, a condition typical in RIE, one notes

that
Iryz] = M2 - ™ (23a)
lrpy) = (13~ M2 (23b)

which leaves two ways to solve for the polymer refractive index, n,,

n; ‘;l_:_lflil_] m (24a)
[ 1 - |1y,

n, = (1 - Irasl ] Ny (24b)
[ 1+ x|

A local etch rate can be calculated once n, is determined. The change in
thickness corresponding to one complete oscillation is known as the thickness
period, dp,

d, - (25)
2 [nd - nisin®s,]*




which is constant as long as the film properties are not changing during the
process. The local etch rate is related to d, and the temporal period of

oscillation, T (see figure 3),
etch rate = d,/T (26)

EXPERIMENTAL

All waveforms were collected using a reactive-ion etcher built in-house
equipped with a He-Ne laser (A=632.8nm) interferometer as depicted in figure
4. The laser beam was aimed at the substrate surface at an angle of 10°
relative to the normal. Laser intensity was measured by a photodiode whose
signal was passed through a transimpedance amplifier/low pass filter (cutoff
frequency = 10Hz) circuit and digitally recorded by an IBM personal computer.
Dry oxygen was used exclusively as the etch gas. Films of
poly(methylmethacrylate), PMMA (KTI Chemicals,950k), and VMCH, a commercially
available poly(vinylchloride-vinyl acetate-maleic anhydride) terpolymer were
spun from 6% solutions in chlorobenzene onto 3" silicon wafers at 1500 rpm and
pre-baked at 160°C for 1 hour yielding film thicknesses of lum £ 0.1.

Surface roughness was measured according to ANS1 standard 1346.1-(1978)
using a Tencor Instruments Alpha-Step 200 stylus profilometer located at the
National Nanofabrication Facility of Cornell. Five surface roughness
measurements were made for each sample and their average values recorded.
Details of the experimental apparatus set-up and its operation are given

elsewhere [4]).




DATA_ANALYSIS
The interferometric data were digitally smoothed (attenuation range =

0.9995-1.005) and differentiated so that the local minima (=R.) and maxima
(=R,) of the interferogram could be located and averaged over a given run. An
average value of the medium/substrate reflectance, RS (=r€3), was also
calculated over a ten second period after the end-point had been reached. The
plasma intensity was then determined by extinguishing the plasma. The baseline
measurement for the background intensity was measured by closing the shutter
on the laser for about five seconds immediately before each run. Initial
results showed that it was very difficult to determine R, experimentally due
to small increases (=5%/min.) in etch rate with time. Therefore, an initial
guess of R,= %(R, + R.) was used. These values were input to a computer
program which computed the polymer’s refractive index (=n,) by the following
iterative scheme.

After subtracting the baseline and plasma intensity, experimental R.

R., R}, and R, values were substituted in equations (17)-(20) and (22)

and solved for |r;,| and |r,;]. The polymer refractive index was then

calculated with equations (24a) and (24b) and the results between the

two compared. The value of R, was then appropriately adjusted and the

process repeated using the new R, until the n,-values calculated by

equations (24a) and (24b) agreed to within 0.1X. Singularities in the

expressions for parameters A and B in equations (18a) and (18b) were

avoided by making a 5% change in R, when necessary. Convergence was

usually achieved in less than ten iterationms.
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RESULTS

Results of refractive index measurements for PMMA and VMCH during oxygen
RIE at 35mTorr and various incident rf power densities are tabulated in Table
1. The values in the first column are those obtained using the full |
reflectance relation (1) while those in the second column were calculated
assuming r,,<<l. The calculated n, values are invariant with respect to power
level to within experimental error. The more rigorous analysis makes a 2-4
percent correction to the, r,,<<l case and yields results that are in good
agreement with values cited in the literature or measured by other
methods.

The laser interferometer appears to be sensitive enough to detect small
changes in surface structure. Figure 5 is a plot of amplitude reduction
factor versus incident power density obtained for PMMA and VMCH films at
35mTorr. It is seen that f decreases with rf power which may indicate that
more surface roughening occurs at higher ion bombatdmenﬁbénergies.
Extrapolation of the curves to zero power does not necessarily go through f=1
(i.e. sharp interface), particularly for the PMMA curve. This is consistent
with the fact that scattering of light by pre-etched PMMA films was always
observed during the experiments whereas scattering by pre-etched (post-bake)
VMCH films, while present to a small extent, was noticeably less. Roughness
amplitudes estimated from f using transition layer theory [3] range from 60 to
130 A for PMMA and from 80 to 140 A for VMCH.

Table 2 summarizes surface roughness values measured for PMMA and VMCH
samples etched for 1.0 minute at 35mTorr at various power densities. Although
the measured values of 80 - 105 A fall within the ranges obtained from the

interferometer and transition layer theory, there is no significant variation

11




with power density. Differences in surface roughness between pre-etched films
of PMMA and VMCH are also negligible according to the stylus measurements.

Table 3 is a summary of results obtained for 0,/RIE of PMMA at 0.125
Watts/cm? and 0f75/Watts/cm2 and 5mTorr and 35mTorr. The amplitude reduction
factor is approximately equal to unity (sharp/smooth surface) at 5mTorr for
both power levels while measured differences exist at 35mTorr. The etch rates
are 2-3 times lower at SmTorr than the corresponding rates at 35mTorr. In
addition, the dark space width, measured with a cathetometer, increased from
l.1lcm at 35mTorr to 3.0cm at 5mTorr while self-bias potentials were only
modestly higher at 5mTorr. Non-local transport theories [5] predict
comparable energy deposition rates at these conditions but ion fluxes that are
two to six times greater at 35mTorr than at SmTorr. Apparently, surface
roughness and etch rate scale with ion flux to the surface.

SEM photomicrographs of etched films confirm these findings. Figures (6a)-
(6c) are SEM photomicrographs taken of PMMA films etched for one minute under
the following 0,/RIE conditions: (6a) baked/unetched, (6b) 0.125 Watts/cm?,
35mTorr; (6c) 0.75 Watts/cm?, 35mTorr. It is clear that the film surfaces
etched at 35mTorr become progressively rougher with increasing power density.
Similar SEM analyses showed the films etched at 5mTorr to remain smooth after
identical etching intervals. The characteristic wavelength of the corrugated
surface folds of the roughened films appear to increase from less than 0.1lum
at low power to about 0.2um at high power. These wavelengths are less than
wavelength of the probing laser beam and insure that the beam is indeed
optically averaging the surface roughness. Had the surface corrugations been

of sufficiently long wavelength, then the reflected beam signal would carry

12




only local information about the film surface and would make the results
difficult to interpret.

In these oxygen/RIE experiments, the effect of the transition layer phase
shift ¢, is such that the endpoint begins close to the final extrapolated
reflectance maximum, perhaps anticipating it slightly as expected for a rough
film (figure 7). The approach to completion of etch removal appears to be
more gradual than is ordinarily seen in film dissolution experiments, with no
evidence of acceleration or steep inflection in the concentration profile
within the transition region. The concentration profile for a simple rough
interface is not expected to show any sharp inflection unless some intrinsic
layering structure (i.e. residual etch products) were present, and none is
evident from the interferogram. Furthermore, there is no reason to expect
acceleration of etch removal near the endpoint since etch rate is limited by
generation of active etchant species (atomic oxygen and 0," ions) in the gas

phase [6-9]. The observations are consistent with this expeciation.

DISCUSSION

Refractive index measurements made by this technique are of sufficient
accuracy to make this a valuable research tool in studying and characterizing
the dry etch behavior of novel polymer resist materials. In situ etch rate
can be measured and analyzed quickly without any prior knowledge of the
polymer’s physical properties.

Surface "roughness" measurements of reactive-ion etched
samples suggest that laser interferometry may be more sensitive than
mechanical stylus measurements. This apparent difference in sensitivity is

due to the fact that surface roughness correlation lengths in this study are

13




less than 0.2um. This is less than laser beam’s wavelength which insures
that the probing beam is optically averaging the surface roughness and makes
it intrinsically sensitive enough to use as a RIE characterization tool. On
the other hand, surface roughness magnitudes of this order are beyond the
sensitivity of a 5-12um diaﬁeter mechanical stylus tip. Similar conclusions
were drawn in the ellipsometric surface study by Nee [10].

The key factor in obtaining precise information from the oxygen/RIE laser
interferogram is careful process control which minimizes signal noise. The
calculations are very sensitive to small changes in reflected beam signal. 1In
many cases, the amplitudes of waveform oscillations can vary by a few percent
during a run which can lead to proportionate changes in calculated n, and f
values. Estimates of the plasma intensity, R,, are a function of the time at
which it is measured and the surface area of exposed etchable material during
the process. The plasma intensity is typically a few percent greater during
the etch when etchable material is still present. This was confirmed by

measuring the plasma intensity periodically throughout an etch cycle.

CONCLUSIONS

The full expression for the reflected intensity of a laser interferometer
in a plasma/polymer/silicon system can be used to measure the polymer
refractive index to within about 3 percent. This leads to an efficient and
non-destructive in situ etch rate measurement technique which does not require
any prior knowledge of film properties. The analysis can also be used to
gauge the degree of "roughening” imparted to a polymer film surface in a

plasma etching environment in a semi-quantitative manner.
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TABLE 1

Calculation of Polymer Refractive Index from Laser Interferometer
Waveform during Oxygen RIE"

POWER DENSITY SELF-BIAS PMMA VMCH
(Watts/cm?) (-VDC) T125Fp3  Tp<<ry F125Tp3 ¥1p<<Iyy
0.125 250 1.461 1.444 1.508 1.481
0.25 350 1.481 1.442 1.512 1.462
0.50 450 1.482 1.446 1.501 1.456
0.75 520 1.466 1.435 1.528 1.484
0.875 550 1.486 1.444 1.511 1.454
Accepted value 1.489 1.535™
Standard deviation
of measurement +0.010 $0.011

* RIE conditions: Flow=20 SCCM 0,, pressure=35mTorr
** Measured experimentally with Rudolph Instruments ellipsometer

TABLE 2

Average Surface Roughness of Etched PMMA and VMCH Films

POWER DENSITY SELF-BIAS SURFACE ROUGHNESS® (A)

(Watts/cm?) (-VDC) PMMA VMCH
unetched 40 35
0.125 250 100 85
0.25 350 90 95
0.50 450 80 105
0.75 520 90 80
1.05 575 85 90

* Surface Roughness measured with Tencor Instruments Alpha-Step 200 stylus
profilometer per ANSI Standard 1346.1-(1978)

0,/RIE Conditions: flow=20 SCCM, chamber pressure=35mTorr
Eteh time = 1.0 minute

16




TABLE 3

Amplitude Reduction Factor and Oxygen RIE Rate of PMMA

Power Density Pressure Self-Bias £ Etch Rate’
(Watts/cm?) (mTorr) (-VDC) (nm/min)
0.125 S 250 0.993 135
0.750 S 600 0.999 435
0.125 35 230 0.966 245
0.750 35 500 0.945 1160

* Time-weighted average
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