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Abstract
The motivation for this work was to develop in-situ monitoring and control of electron cyclotron resonance (ECR)
as an anisotropic etch doing minimal surface damage to electronic materials. We have used a modular rotatinganalyzer spectroscopic ellipsometer in both the in-situ and ex-situ modes to investigate etching of Si, SIO2, GaAs and
InP, as well as GaAs/A11 _ ~ Gax As/GaAs and InP/Inl_ x Gax As heterostructures. Etching was done using a 175 W
ECR source with mixtures of CC12F2 and either oxygen or inert gases in various flow ratios in order to prevent
polymerization. The experimental variables in these experiments were the gas ratios, gas species, r.f. substrate bias
voltage (power) and substrate temperature. Etching was found to create a thin damage region near the surface
modeled ellipsometrically as crystalline-plus-amorphous semiconductor in a Bruggeman effective-medium mixture.

1. Introduction
There is considerable interest in electron cyclotron
resonance (ECR) as a high density source for anisotropic dry etching, and minimal surface damage for
production of submicron-sized features [1]. In order to
understand and control this process a non-destructive
in-situ method is highly desirable, and spectroscopic
ellipsometry (SE) is ideal for this application [2].
In this paper we describe SE experiments in which
frequent complete spectral scans from 300 to 800 nm
were taken. Also data were taken in real time in situ at
a few optimally selected wavelengths as etching proceeded [2].

2. Experimental details
The following materials and structures were used: Si,
GaAs, and InP bulk grown and polished crystals; thermally grown SiO2 on Si, GaAs/(30 wt.% A 1 - G a - A s ) /
GaAs and (53 wt.% I n - G a - A s ) / I n P epitaxially grown
structures all with (100) orientation. Optical constants
were obtained from the literature for Si [3], GaAs [4],
InP [3], amorphous SiO2 [3], amorphous silicon (a-Si)
[3], amorphous GaAs (a-GaAs) [5], GaAs oxide and InP
oxide [6]. Amorphous InP optical constants were not
available; so those of a-GaAs were substituted.
The ECR source was operated in a cryopumped
chamber with a base pressure of 5 x 10 -7 Torr. The end
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of the 175 W ECR source was 15 cm from the substrate
surface and at an angle of 45 ° to the normal.
The rotating-analyzer ellipsometer was mounted on
stress and birefringent-free Studna windows at an angle
of incidence of 70 ° . (This angle was chosen to accommodate optimal in-situ monitoring of dielectric depositions. The optimal angle for semiconductors is near
75°.) The substrate was water cooled, and an r.f. bias
was applied to the metallic back plate isolated by
ceramic from the sample.
The etching gas selected was CC12 F2 since it etches a
wide range of materials. Oxygen or hydrogen is mixed
with CC12F 2 to prevent polymerization on the substrate
[7]. Thus the flow rates of 2 standard cm3min -1 for
CC12F2 and 6 standard cm 3 min -1 for 02 (or H2) were
held constant, and the main parameter of the etch was
the r.f. bias.
A commercial atomic force microscope was used,
capable of "remote" operation and with unusually
shaped samples. This yielded top views (two-dimensional plots), as well as three-dimensional views and
statistical analysis of peak height variation and r.m.s.
roughness.

3. Results
3. I. S i 0 2 / S i

The starting oxide thickness was 410.5 nm, and etching in CC12F2 with oxygen etched SiO 2 at a rate of up
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to 17 nm rain- l, depending on the r.f. bias power (30 or
40 W), gas pressure (6 mTorr) and species (02 or H2).
SiO2 etched up to three or four times more rapidly in
H2 mixtures than in O2 mixtures.
3.2. Bulk crystalline Si, GaAs and I n P

Etching was done only with CC12F2 and 02 with
20 W r.f. bias at a pressure of 1 mTorr and 175 W, and
etch rates were in the range from 2.0 to 3.5 nm min ~ as
determined by masking and profilometry after completion of experiments. In-situ ellipsometry on thick bulk
materials does not determine thicknesses; however, surface effects are seen which could be generally due to
roughening, oxide thickness or damage layer formation.
Figure 1 shows models used for fitting of full SE data
on Si, GaAs and InP before etching, and Fig. 2 shows
models which fit the data after etching.
Note in Fig. 1 that the natural oxide thicknesses are
on the order of 1.8 3.2 nm. Etchants include oxygen,
and Fig. 2 shows that the oxides thicken to 2.5-4.3 nm
during etching and mix with amorphous semiconduc-
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Fig. 1. Models used for the ellipsometric analysis of bulk substrates
before etching together with biased estimator errors. Typical oxide
layer thickness uncertainties are _+0.1nm.
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tor. In addition a damage layer is created which is
modeled ellipsometrically by adding 50% (fixed) amorphous material to crystalline material [8]. The final
best-fit models for the ellipsometric data are given in
Fig. 2 together with the biased estimator errors [9].
These errors are low, and the fits are excellent, except
for InP, indicating an imperfect model for this case.
3.3. Multilayer structures

Variable-angle spectroscopic ellipsometry has been
enormously effective in determining layer thicknesses and
alloy fractions in multilayer heterostructures [ 10]. Typically these thicknesses are accurate to better than 0.5 nm
and confirmed by cross-sectional transmission electron
microscopy [11]. Optical constants are now known
for AI, Gal .,As [12, 13] alloys, and In0.53Gao.47As [14]
and strained layers at other compositions [15]. Thus
considerable microstructural analysis can be done by
SE, including in an in-situ environment. With multilayer structures, thicknesses and compositions can be
simultaneously monitored in real time. Considerable
data were taken during etching in the experiments
at present reported, with intermittent stops to make
full spectral scans. Typical in-situ data were taken during
etching at 350, 450, 550 and 650 nm wavelengths every
few seconds. Owing to space limits in this paper, these
results will be discussed elsewhere.
Figure 3 shows spectral data after etching on an
In~Gal_~As layer in CC12F2/O 2 from an initial 7 7 45.4 nm thickness for the InxGa~ ~As/InP sample. An
interesting trend is found; the composition increased
from its initial In0.sGao.sAs to InxGa, ~As with x in
the range between 0.55 and 0.60 soon after etching
started. Presumably this increase in x is due to preferential etching of Ga by the etchants used for these experiments.
As for the bulk material case, etching GaAs/
Alx Gal ~,As/GaAs resulted in a rapid increase in oxide
thickness to approximately 4 5 nm from an initial
value near 2 nm.

X2 = 0.97
4. Discussion
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Fig. 2. Models used for the ellipsometricanalysis of bulk materials
after etching, together with biased estimator errors. Typical damage
layer thickness uncertainties are +0.1 nm.

We have shown that in-situ SE is sensitive to surface
chemistry and surface damage during etching of semiconductors. The ECR and particular etchants used in
these experiments are shown to do little surface roughening (as confirmed by atomic force microscopy (AFM)).
However, etching creates a damage layer which extends
downwards several nanometers from the top surface.
One final note is that the SE and A F M data reveal
complementary information. There are irregular surface
features seen by A F M when the lateral roughness has
a bandwidth between 10 nm and 5 gm, and a vertical
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Fig. 3. Spectral ~ and A data for InxGa 1 .,.As/InP after etching in
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effective-medium approximation, SE senses microstructure both at and below the surface to a depth dependent
on the optical absorption coefficient when these features
have dimensions less than about 100 nm.
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