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SUMMARY

Experimental results are presented for the angular distribution of radiation scattered
from single deep grooves etched in silicon. Both visible and infrared radiation is used.
Whereas the grooves are wide compared to the wavelength of the visible radiation, they
span a range of sizes from approximately twice down to half the infrared wavelength.
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1 INTRODUCTION

Scattering of electromagnetic radiation from objects whose dimensions are comparable
to, or smaller than the wavelength of the probing radiation is of fundamental! importance
in many problems involving the scattering of radiation. It is generally thought that
conventional physical optics is inappropriate for dealing with objects having dimensions
smaller than the wavelength. In this Memorandum we report some measurements of
scattering of visible and infrared laser radiation from objects ranging in size from
somewhat above to somewhat below the infrared probing wavelength. In particular we
concentrate on phase rather than amplitude objects because of their relevance to a wide
range of applications such as optical remote surface measurement(l), semiconductor
integrated circuit inspection and radar scattering.

For simplicity we have chosen a single groove as the target. A series of silicon
slices have been prepared, each slice contzining a series of etched equal depth grooves
with nominal widths ranging from 4 uym to 25 um. Each groove, which was 2.5 mm
long had a 100 um width groove perpendicular to it near either end to delineate it. In
all, four slices were used, having etching times of § hour, § hour, 1 hour and 14 hours;
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these correspond to depths ranging from 4 pm to 30 um. When illuminated by CO,
laser radiation of wavelength 10.6 pum the silicon grooves allow the study of structures
ranging from about twice to slightly less than half the wavelength to be conducted. We
first briefly outline the elementary physical optics theory for structures large compared to
the probing wavelength and then present some measurements of scattering from the
grooves using He~Ne laser light. For this case even the smallest groove (4 um) is many
times the probing wavelength (0.63 um) and so the derived theory should apply. We
then present some measurements made using a CO, laser. In this case significant
differences occur depending on whether the input laser radiation is polarised parallel or
orthogonal to the groove direction.

2 THEORY

The situation considered is that shown in Figure 1. A Gaussian profiled beam of
width W is incident on the groove of width s and depth d; for simplicity normal incidence
is assumed. The incident radiation is diffracted at the top of the groove, seflected from
the bottom and observed in the Fraunhofer region at an angle 6. The neglect of
secondary diffraction at the bottom of the groove is justified when

2
ks cosé
3 >> 1

jie when the bottom of the groove is in the Fresnel region of the diffraction pattern
produced by the top of the groove. The phase difference corresponding 1o the path
difference between rays AE and ABF is 2p,c0s0 where o, = kd and k = 2x/),
Neglecting side wall effects the amplitude A in the far-field direction 6 is given by:

3/2 2 2
BF (8) J exp [- 35] exp(ikxsinf)dx + l exp [- XF] exp i(kxsiné + 2¢°coso)dx
- -5/2

2
+ I exp [- 55] exp(ikxsinf)dx [@D)]
W
-$/2

where B ix a complex constant and F(8) is an angle dependent term(2) which is unity for
normal incidence. The expression given in (1) can be reduced to two integrals, the first
of which is the specular term and reduces to a narrow gaussian. When s << W the
second integral reduces to the product of two terms, one of which is the amplitude
variation due to the finite depth of the groove and the other the effect due to the finite
groove width. The intensity (AA*) of the non-specular component is proportional to:

sln1 [ks sinG]
2s2(l-cos(2¢°coso)) 2)
[ks sinO]
—

Therefore nulls occur due to the width of the groove in directions . given by

0, = sln-1 [:—)‘] : n =« 0,1, 2 ... (3)
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Nulls also occur due to the finite depth of the groove, and occur when

2¢°coso = 2wm ; m = 0,1, 2 ... (4)

Unlike the width term, the depth induced nulls are equally spaced in cos6, the
separation between successive minima being M2d. If the angle of incidence is not zero
but rather 6;, then the position of the width induced minima is changed to

n\

sinon - -s—+ sin0i (&9)]

The separation between the depth induced minima remains as M\/2d.

Actually the simple resuli(1) given here is also correct in the presence of multiple
scattering at the groove side walls. Figure 2a shows the limit of single scattering. Wave
ABC just escapes the groove with a single scattering (at B). The simplest multiple
scattering situation is shown in Figure 2b. Ray ABCD undergoes one extra scattering
compared with the situation shown in Figure 2a. Since however AB = BE the situation is
equivalent to a single scattering by ray EBCD and the previous arguments apply. A
similar result can be shown to apply for all higher multiple scattering situations.

3 EXPERIMENT

The experimental arrangement was as shown in Figure 3. The output from a
He-Ne laser was chopped at ~ 500 Hz before impinging on the silicon slice, the angle of
incidence being 5.6°. For some of the measurements a lens was used to focus the
radiation on the silicon groove to increase the measured signal-to-noise ratio. The
detector was a 10 mm diameter photodiode with a rectangular mask over its front surface.
This allowed the vertical aperture to be kept at about 8 mm so that as the detector was
scanned around the silicon it did not ‘walk-off’ the one-dimensional diffraction pattern
generated by the groove. The width of the aperture was kept in the range 2-4 mm;
below 2 mm speckle noise became intrusive and above 4 mm the angular resolution was
compromised, the upper size of aperture corresponding to an angular resolution of about
0.3 degrees.

The detector was scanned via an arm attached to a computer controlled rotating
table, the silicon being rigidly mounted through a hole in the centre of the table. The
detector signal was fed through a low~noise amplifier into a phase sensitive detector and
hence into a programmable digital voltmeter and finally into the computer controlling the
table rotation. Typically 1000 readings were taken in a 30" scan.

For the CO, measurements the He-Ne laser was replaced by a CW CO; laser of
heavy invar construction for maximum passive stability; it produced a maximum of 3 W of
TEMgy, power on the P20 (00°'1-100) line. A dither stabilisation scheme was
incorporated into the laser to keep power fluctvations below 0.1%. A Brewster window
was included in the cavity to ensure a well defined polarisation direction. The photodiode
detector was replaced by a pyroelectric one. A rotatable wire grid polariser was attached
to the front of the detector housing to allow the amount of depolarisation caused by the
groove to be determined. The plane of polarisation of the laser radiation incident on the
groove could be rotated by means of a zinc selenide half wave plate between the laser
and the silicon groove.

Figure 4 shows two typical He~Ne angular scans of the mean scattered intensity I1(6)
on a log-linear plot. The traces have been moved vertically 10 separate them and do not
reflect differences in measured signals. Both traces arise from grooves having the same
nominal width of 20 um but different depths, the top one being from the j hour etched
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slice and the lower one from the } hour one. Both traces display two obvious periods;
the short ‘sinusoidal-type' period can be attributed to the width of the groove and the
longer period moculation to its depth.

Rather than relying on the groove widths being exactly the same as that of the
mask used to make them, the width of each groove was measured using a microscope.
This showed that nominally identical widths on different slices were in fact slighly
different, the widths being generally wider with increasing etching time. No wvariation of
width along a groove was apparent. Figure 5a is a plot of the measured angular positions
of the minima of the diffraction pattern from the 1 hour etch slice (using He-Ne
radiation) versus that predicted from (5) using the measured widths. The crosses are from
the 23.5 um wide groove (nominally 20 pm) and the circles are from the 7.3 um
{nominally 4 pm) groove. The close agreement between these rvesults and the predicted
dotted line indicates that the theory is adequate. Similar results were found for all the
other grooves including the 4 um nominal groove width, which was indeed actually 4 um,
on the } hour etch slice.

The minima due to the groove depth are somewhat less well defined than those due
to the width. This is principally due to non-uniformity in depth of any one groove. On
any one silicon slice all the grooves and their adjacent 100 pm wide delineation grooves
should all be of equal depth. The actual depth wa measured using an Alpha-Step profile
measuring instrument scanned across one of the dilineation grooves. In general the depth
varied across the groove by anything up to 1 um. The variation is presumably less across
the much narrower grooves used in the experiment. However, under a microscope various
apparently random depth variations could generally be seen along any one groove.
Consequently it is likely that any groove will vary in depth by a significant fraction of the
visible probing wavelength over its illuminated length (20-1000 um). Hence the diffraction
minima can be expected to appear ‘smoothed-out' to some degree, as found. The depth
induced minima corresponding to the lower scans in Figure 4 are shown by arrows.

From plots such as those in Figure 4 the angles at which depth induced minima
occurred were found by inspection. A check was made to see if successive minima were
equally spaced in cosd, and the mean depths and standard deviation calculated from (4).
These caiculated depths for nominally 20 um wide grooves are shown in Figure Sb plotied
against the Alpha-Step measurements. The error bars on the Alpha-Step measurements
encompass the depth variation measured across the 100 um delineation grooves. From
this plot it can be seen that there is no evidence of any significant discrepancy between
the depths determined using the scattering data and those measured using the profiel
measuring device. Similar results were found using the 4 mm grooves.

For the infrared measurements the laser radiation was focussed on to the silicon, the
spot diameter being in the range 20-100 pm. A lens was also placed in front of the
detector, and the detector to silicon distance was reduced to 300 mm to increase the
signal to noise ratio. A Fraunhofer configuration was still however maintained. The
angular distribution of scattered radiation was measured in the same plane as the incident
beam, the specular direction being defined as the origin of the angular scale. A series of
experiments were performed with the input radiation (electric field vector E) polarised
either parallel (p) to the groove (perpendicular to the place of incidence) or orthogonal
(s) to it (in the place of incidence je magnetic vector H parallel to groove) as shown in
Figure 6. The wire grid polariser on the front of the detector was adjusted in each case
to maintain alignment with the laser polarisation direction. Because of the difficulty of
ensuring that the small area detector was exactly traversing the weak one-dimensional
diffraction pattern and not ‘walking-off' it, the angular scans for each groove were
repeated several times with the alignment being checked each time. The resultant
intensity scans were normalised with rfespect to the measured laser power to correct for
any long term laser power fluctuations. Figure 7 is a log-linear plot of the measured
angular variation of the scattered intensity (normalised with respect to laser power and
quoted in arbitrary units) versus angle for a groove depth of 30 um and nominal groove
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widths of 20 um and 4 um. The laser polarisation direction is parallel to the grooves (p)
and the angle of incidence (6;) is approximately 8°. The bottom trace is that of the
laser beam striking the flat silicon surface rather than a groove. There is more scatter in
these results than in the visible laser ones due to both the poorer signal to noise ratio
and the larger speckle size. Nevertheless the general features are readily apparent; at
small scattering angles (< 10°) there is a strong specular component and at larger angles
the diffuse component dominates. The measured scattering from the flat silicon is less
than that from even the smallest groove because it is both relatively smooth and, unlike
the grooves it has a two dimensional random structure and so does not preferentialiy
scatter radiation into the direction scanned by the detector.

To check for cross—depolarisation the wire grid polariser attached to the detector
housing was set orthogonal to the input polarisation direction and angular scans performed.
For all groove widths and both input polarisation directions the depolarised component,
defined as the ratio of the signal measured with the polariser orthogonal to the input
radiation polarisation direction, to that with it parallel was less than 5%. This is probably
an upper estimate as the depolarised signal was very close to the moise threshold except
near the specular direction.

From plots such as those shown in Figure 7 the scattered intensity was integrated
from 8 = 11" to 8 = 25" and plotted as a function of groove width for two angles of
incidence (8° and 27°) for p-polarisation in Figure 8a and s-—polarisation in Figure 8b.
To give an indication of the run-to-run scatter the maximum and minimum values of the
integrated intensity obtained from different experimental runs are given for some values of
groove width. The lower integration limit of 11" excludes specular contributions and the
upper limit of 25" corresponds to the angle beyond which the poor signal to noise ratio
distorts the measurements for narrow grooves. Also shown are theoretical curves
calculated from (2). The depth term in this equation [1-cos(2p,c0s6)] only moves the
calculated curve up and down the vertical axis without changing its shape. The
calculations have been carried out for a groove depth of 5 um; small changes in this term
produce large vertical movements of the curve. For groove widths less than the
wavelength, the integrated intensity is proportional to s2. For comparison lines of slope
two have been drawn through the experimental results in both Figures 8a and 8b. With
the exception of the deep groove small angle of incidence case, the results are seen to be
consistent with the theoretical curves, although grooves sufficiently wide to check for the
roll-over in the curve were not studied. The reason for the large peak in the
p-polarisation and dip in the s—-polarisation results at s ~ A for the d ~ 30 um, 6; = 8
cas¢c is not known.

Figure 9 shows the ratio of the integrated intensity with p-polarisation to that with
s—-polarisation as a function of groove width for the curves shown in Figures 8a and 8b.
It can be seen that the grooves scatter the p-polarisation radiation more than the
s—-polarisation; the ratio rises from the a little over unity at small groove widths to a
maximum around s ~ A and decreases slightly at larger values of s. However even when
s ~ 2x the ratio is still of order 1.5. Scattering from the silicon away from the grooves
gave a ratio of unity as expected. The unexplained resonance at s ~ )\ in the Jow angle
of incidence, deep groove case is especially marked, and produces a very large
Gaussian-type feature.

4 DISCUSSION

The elementary scalar theory outlined in section 2 is strictly only valid when the
laser wavelength is small compared to the groove width. For the » = 106 um
experiments this condition is not satisfied and a full vector theory approach is generally
thought necessary.




Although much work(3:4.5) has been carried out for the case of a transmitting slit
in a perfectly conducting screen, relatively little has been carried out for grooves in a
non-perfectly conducting material. However, one relevant treatment is that of Di! and
Jacobs(6) who considered scattering of Ne~Ne laser radiation (A = 633 nm) by a
rectangular groove in a conducting aluminium substrate. The groove was slightly longer
than the laser wavelength and had a width to wavelength ratio of 0.8 and a depth
considerably less than a waveleagth (110 nm). They considered the cases of both p and s
polarised light and found significant differences between the scalar and vector theory
calculations. Using vector theory they showed that at the bcitom of the groove close to
the walls parallel to the incident E-vector the amplitude was small, whereas close to the
walls perpendicular to E the amplitude was large compared to the calculated scalar value.
They also found that the phase was largest, corresponding to a greater optical depth of
the groove, nearer the walls perpendicular to E. These results can be qualitatively
explained“) by romparing them with the solution of Sommerfeld(3) for the provlem of
diffraction by a narrow slit in a perfectly conducting infinitely thin screen. Sommerfeld
showed that when the incident field is p-polarised its electric field E is paralle]l to the
walls. Since the screen is a perfect conductor the electric field must be zero inside the
screen. Hence by the electromagnetic boundary condition requirement that the tangential
component of the electric field is continuous across the boundary, the electric field just
inside the groove must also be zero. Consequently for p-polarised radiation the groove
appears narrower than its physical width. For s-polarised radiation the electric field
vector is normal to the groove walls and by the continuity of the normal component of
electric  displacement boundary condition, the field is not zero at the boundary.
Consequently radiation incident on the groove is only slightly affected by the edges and
most is transmitted into the groove. Although the aluminium used by Dil and Jacobs was
not assumed to be a perfect conductor, the above description explains their results in a
qualitative manner. This is outlined in reference 7 as follows. When the incident
radiation is p-polarised it is everywhere tangential to the conducting surface and a
considerable amount of the light is reflected by the edges and walls of the groove,
resulting in only small fields at the bottom near the walls. It also means that the
average phase of the reflected light is smaller than predicted by scalar theory (kd) and the
groove appears shallower. When s-polarised light is used little is reflected by the edges
and because the electric field is discontinuous across the boundary at the walls, a large
proportion of the light may reach the bottom with a relatively large amplitude and be
reflected. Also the phase is larger.

From work on arrays of grooves(7) similar to the single ones just described(®) it is
found experimentally that, as predicted, the intensities of the diffraction orders are greater
by a factor of about two when the radiation is s-~polarised compared t{o that when it is
p-polarised. Also when the optical contrast between groove and surface is reduced, for
example by replacing the aluminium bX a dielectric, the polarisation effects became
smaller. For slits in perfect conductors(*.8) the polarisation effects are enhanced as the
slit depth is increased. However the work of Dill and Jacobs(6) on arrays of rectangular
grooves in aluminium show that the deviation from scalar theory predictions increases as
the groove width is reduced below the wavelength, but the groove depth has little effect
on the relative deviation, although their results are limited to a maximum depth of M\2.

It is difficult to reconcile the results of references 6 and 7 for a conducting surface
and which predict that the scattered intensity should be greater for s-polarised radiation
than p-polarised radiation with our results for a dielectric surface which show the opposite
result. It should also be noted that the magnitude of the effect (a factor of order two
except for the case when a large resonance occurs) is comparable. The possibility of the
large resonance being due to a surface plasmon effect cannot be excluaed.

The silicon targets used in this work were made of 380 um thick n-type silicon
with a doping level of 4 x 1020 m-3, corresponding to a resistivity of 13 0 cm. The
refractive index of it at 10.6 um is 2.4 and the extinction coefficient is zero(9).  This
high value of the refractive index may account for the ratio of the scattered intensities in




p and s polarisation being as high as those found using a good conductor in reference 6,
7. Only the front face of the silicon was polished, and had a reflectivity of 32% at
10.6 ym. The rear face was unpolished and had a rms roughness of 0.2 um. Only the
specular beam could be readily seen ir transmission, scattering at the rear face making it
impossible to see the weak level of radiation scattered by the grooves. This is not
expected to significantly affect the results since the radiation scattered by the grooves in
the forward direction, then re-scattered back through the silicon by the rear surface and
thence transmitted through the front silicon face is very small compared to that
backscattered by the groove.

5 CONCLUSIONS

The work described here has shown that, as expected, there is no discrepancy
between the measured angular positions of the diffraction minima from a single deep
phase object and those predicted using simple scalar diffraction theory when the probing
wavelength is at least six times smaller than the structure.  When however the laser
wavelength is increased to become comparable with the structure size complex variations in
the amount of scattering with polarisation direction and angle of incidence ocur.

In general it is found that, contrary to expectation based on scattering from
conductors, the scattered radiation from the dielectric object studied here is greater when
the input radiation is p-polarised than when it is s-polarised. Apart from one particular
combination of groove depth and angle of incidence where a large unexplained resonance
occurs, the ratio of scattered intensities is of order two. The variation of scattered
intensity with groove width for widths less than or comparable with the wavelength is
consistent with a square law behaviour predicted on the basis of a simple scalar approach.
To try and clarify the situation future experiments are planned with higher doping levels
in silicon targets and hence higher conductivities, which will allow the target to be
modelied as a good electrical conductor.
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FIG 2a LIMIT OF SINGLE SCATTERING

FIG 2b MULTIPLE SCATTERING
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