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Electrochemical etching of a (110) oriented Si wafer results in a porous silicon (PSi) layer which
exhibits a strong in-plane optical birefringence. We study the refractive index ellipsoid of (110)
PSi by angle-resolved optical transmittance measurements and reveal that it is a biaxial crystal.
The angle-resolved transmission electron microscope observations demonstrate that pores grow
along the directions in between the <100> crystal axes and the etching current flow and these
directions depend on the etching current density. The etching current density dependence of the
pore direction indicates that the shape of the index ellipsoid can be controlled by the etching
condition. © 2012 American Institute of Physics. [http://dx.doi.org/10.1063/1.3703522]

. INTRODUCTION

Porous silicon (PSi) prepared from (110) Si wafers exhib-
its strong in-plane optical birefringence.'™ The refractive
indices in the [001] (n100)) and [110] (n)110)) crystallographic
directions can be controlled in a wide range by the etching
current density.* Up to now, different kinds of polarizing
elements such as waveplates,” polarizers,® and polarization
dependent rugate filters and mirrors’ ™ operating in the visible
to near infrared (NIR) ranges have been realized. Further-
more, wave plates for the ultraviolet range have been pro-
duced by birefringent porous silica made by the oxidation of
birefringent PSi."

The mechanism of the birefringence of (110) PSi is
qualitatively explained by the alignment of Si nanowire skel-
etons constructing PSi along the <100> directions.''™"?
Kochergin et al. calculated the dielectric constant tensor of
(110) PSi by assuming a model that the direction of pores
coincides exactly with the equivalent <100> directions.'*"3
Bonder et al. calculated the polarization resolved refractive
indices by a first-principle study of (110) PSi based on a
super cell model. In the calculation, they assumed that ellip-
tical columns of 1—4 atoms are removed from a Si crystal
super cell of 16 atoms in the [100] and [010] directions.'®
Although these calculations assume the simplest structure
for (110) PSi, it is not experimentally proved. In fact the
three-dimensional structure of (110) PSi has not been experi-
mentally analyzed. Furthermore, the index ellipsoid of (110)
PSi is not determined; it is even not clear whether the index
ellipsoid is uniaxial or biaxial. These information is indis-
pensable to perform more realistic calculation and to
improve the performance of (110) PSi polarizing elements.

In this work, we determine the shape of index ellipsoids
of (110) PSi by angle-resolved optical transmittance meas-
urements. We demonstrate that the ellipsoid is biaxial and
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the ellipticity depends on the etching current density. Fol-
lowing the optical measurements, we perform angle-resolved
transmission electron microscopy (TEM) studies of the
cross-sections of (110) PSi and study the direction of the
pore growth. We discuss the mechanism of the in-plane opti-
cal birefringence based on the optical and TEM data.

Il. EXPERIMENTAL PROCEDURES

(110) PSi was prepared by electrochemical etching of
(110) oriented p™ Si wafers (1—5 mQ cm) in a solution of 1:1
by volume mixture of HF (46 wt. % in water) and ethanol. The
etching current densities were 20, 50, and 80 mA/cm?. At the
end of the etching process, a high current pulse (300 mA/cm?,
1.6 s) was applied to detach the PSi layer from the substrate.

Figure 1(a) shows a cleavage of a (110) Si wafer and the
crystal axes. The long and short diagonals of the rhombus
correspond to the directions of [001] and [110] crystal axes,
respectively. Figure 1(b) shows a structural model of (110)
PSi. Pores are schematically shown. The etching current
flows to the [110] direction. For angle-resolved cross-
sectional TEM observations, we prepare two specimens for
each PSi sample, one with a (001) surface and the other with
a (110) surface, by using a standard procedure including
mechanical polishing and ion milling.

lll. RESULTS AND DISCUSSION
A. Angle-resolved transmittance measurements

The setup for the angle-resolved optical transmittance
measurements is shown in Fig. 1(c). Linearly polarized light
(Ip) whose polarization direction is perpendicular to the rota-
tion axis is incident on the sample, and the transmitted light
with the same polarization direction is recorded in the wave-
length range from 1000 to 2000 nm. This measurement is
repeated by rotating the sample on the rotation axis. The
rotation axis is either the [001] or [110] direction. The inten-
sities of the transmitted light when the rotation axes are the

© 2012 American Institute of Physics
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FIG. 1. (a), (b) Schematic illustrations of the structure of PSi. A, B, and C
represent the direction of TEM observations. o, f3, and 7y represent rotation
angles on [110], [001] and [110] directions, respectively. (c) Experimental
setup for the angle-resolved optical transmittance measurements. The polar-
ization direction of incident light is perpendicular to the rotation axis. The
rotation axis is either [001] and [110] direction.

[110] and [001] directions are denoted as I (¢p1g) and
I (4’[001})7 respectively. Since the thickness of the samples (10
um) is much larger than the wavelength of light, interference
fringes appear in the spectra. From the interference fringes
for the I(¢(11)) and I(pq;)) spectra, angle-dependence of
the refractive indices, n(¢(170)) and n(¢jgo1]), respectively,
are obtained by the formula,

i T
0=\ [ 70)

where d is the thickness of the PSi film, 4, is the wavelength
of the rth fringe, and ¢ is the rotation angle.

Figure 2 shows refractive indices around 1300 nm as a
function of the rotation angle ¢. The data when the rotation
axes are the [001] and [110] directions are shown for the
samples prepared with different etching current densities.
The refractive indices are larger when the current density is
smaller due to the smaller porosity. All the samples show
birefringence (n(¢jo01]) > n(P(110)))-

If the index ellipsoid is uniaxial, either n(¢ o) or
n(¢por)) is independent of ¢."” However, in Fig. 2, both
n(¢pig) and n(Ppoy)) increase with increasing the rotation
angle. This indicates that the (110) PSi is a biaxial crystal.
Refractive indices of the biaxial index ellipsoid can be
expressed as

+ sin?, (D)

!

n(d’[OOl],([liO})) = \/n[zlio]’([om])cosz ¢+ ”[leo]Sinz ¢, 2

where ¢’ is the refraction angle determined by the Snell’s
law.'” The curves in Fig. 2 are the results of the fitting. We
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FIG. 2. Refractive indices as a function of rotation angle (¢) around
1300 nm. Filled and open symbols represent the refractive indices when the
rotation axis is [001] and [110] directions, respectively. Lines are the results
of fitting. The etching current densities are 20, 50, and 80 mA/cmz.

can see that experimental data can be well fitted by the equa-
tion. From the fitting, njoot]> M[170)> and njiig) are obtained.
Figure 3(a) shows nj g, npiio) and npoy) as a function of the
etching current density. nj10, 7170}, and njoo;) have different
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FIG. 3. Etching current density dependence of (a) refractive indices of
[110], [110] and [001] directions and (b) the ellipticities.
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FIG. 4. Plan-view TEM image of (110) PSi with the etching current density
of 80 mA/cm?>. The observation direction is “A” in Fig. 1(b). Inset is the
electron diffraction pattern.
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values for all the samples. This confirms that the (110) PSi is
a biaxial crystal. The ellipticities represented by 7(;7¢ /no]
and njoo1]/n[110) are shown in Fig. 3(b). ny1¢/n(110] is almost
constant, while njgy / njiyo decreases with increasing the
etching current density. Therefore, the shape of the index
ellipsoid depends on the etching current density. This sug-
gests that we can design optical elements with different
angular characteristics by properly choosing the etching cur-
rent density range.

B. Angle-resolved TEM observations

Figure 4 shows a plan-view TEM image and a selected
area electron diffraction (SAED) pattern of (110) PSi with
the etching current density of 80 mA/cm?. The observation
direction corresponds to “A” in Fig. 1(a). The crystal axes

FIG. 5. (a) Cross-sectional TEM image
with the [001] zone axis. The observation
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direction is “B” in Fig. 1(a). The sample
is prepared with the etching current den-
sity of 80 mA/cm?. (b) TEM image when
> the sample is tilted to the off-angle of 60°
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axis as indicated by o in Fig. 1(b). Insets
are the electron diffraction patterns. (c)
and (d) Histograms of the inclination
angles of pores to the [110] direction
obtained from (a) and (b), respectively.
(e) Tilt angle dependence of the angle
between pores. The etching current den-
sities are 20 and 80 mA/cm2. The error
bars are standard deviations of the distri-
butions in (c) and (d).
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FIG. 6. (a) Cross-sectional TEM image
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with the [110] zone axis. The observa-
tion direction is “C” in Fig. 1(a). The
sample is prepared with the etching cur-
rent density of 80 mA/cm®. (b) TEM
image when the sample is tilted to the
1 off-angle of 50° from the [110] zone axis
on the [001] axis as indicated by f in
Fig. 1(b). Insets are the electron diffrac-
tion patterns. (c¢) and (d) Histograms of
the inclination angles of pores to the
N [110] direction obtained from (a) and
(b), respectively. (e) Tilt angle depend-
ence of the peak angles in the histo-
grams. The etching current densities are
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determined from the SAED are shown in the inset. The dark
contrasts correspond to Si nanowire skeletons, while the
bright regions to pores. The size (diameter) of the Si nano-
wires is several tens of nanometers. The pores and the Si
nanowire skeletons align preferentially to the [110] direction.
This anisotropy of the structure is the origin of the in-plane
birefringence. The SAED pattern indicates that the diamond
structure of Si crystal is well-preserved and the (110) PSi is a
single crystal.'®

Figure 5(a) shows a cross-sectional TEM image with the
[001] zone axis as indicated by the SAED in the inset. The ob-
servation direction is shown by arrow “B” in Fig. 1(a). The
etching current flows from the top to the bottom. Bright con-
trasts corresponding to pores align along nearly the [100] and
[010] directions. In order to qualitatively analyze the direction

of the pore growth, we measure the inclination angles of pores
to the [110] direction. The histogram of the angles is shown in
Fig. 5(c). By fitting the histogram by two normal distribution
functions, the average of the angles between pores aligned
along two directions is obtained to be 51°.

In Fig. 5(b), the same sample is tilted to the off-angle of
60° from the [001] zone axis on the [110] axis as indicated
by « in Fig. 1(b). The bright contrasts shrink in length and
only [220] systematic reflections are conserved in the SAED.
Figure 5(d) shows the histogram obtained from Fig. 5(b).
The average angle between pores aligned along two direc-
tions increases to be approximately 81°. The same procedure
is repeated at 20° intervals within the off-angles of *=60°
from the [001] zone axis. The results are plotted in Fig. 5(e).
The symbols represent the averages of the angles between
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FIG. 7. (a) Cross-sectional TEM image with the [001] zone axis. The sam-
ple is prepared with the etching current density of 80 mA/cm?. (b) TEM
image when the sample is tilted to the off-angle of 60° from the [001] zone
axis on the [110] axis as indicated by y in Fig. 1(b). (c) and (d) Histograms
of the inclination angles of pores to the [110] direction obtained from (a)
and (b), respectively. (e) Cross-sectional TEM image with the [110] zone
axis. (f) TEM image when the sample is tilted to the off-angle of 50° from
the [110] zone axis on the [110] axis as indicated by 7 in Fig. 1(b). (g) and
(h) Histograms of the inclination angles of pores to the [110] direction
obtained from (e) and (f), respectively. (i) Tilt angle dependence of the angle
between pores. The tile angle y represents the angle measured from the
[001] axis. The etching current densities are 20 and 80 mA/cm?.

J. Appl. Phys. 111, 084303 (2012)

the pores and the error bars are standard deviations of the
distributions in the histograms. In Fig. 5(e), the data obtained
for the samples prepared with the etching current densities of
20 and 80 mA/cm? are shown. Figure 5(e) demonstrates that
the angle between pores is different between the two samples
prepared with different etching current densities.

The tilt angle o dependence of the angle between pores
is expressed from a simple geometrical consideration by

0 = 2 arctan ciz , 3)

where 0 is the angle between pores, o is the tilt angle, 0 is
the minimum of 0, « is the tilt angle when 0 = 0. The defi-
nition of these angles is shown in Fig. 1(b). In Fig. 5(e), the
data are well-fitted by this simple equation. When the etch-
ing current density is 20 mA/cm?, 6, and o obtained by the
fitting are 61° and —2°, respectively, while when it is
80 mA/cm?, they are 53° and 1.7°, respectively. The small o
implies that pores are in the (001) plane as schematically
shown in Fig. 1(b) within the accuracy of the present work.
Furthermore, different values of 0, confirm that the direction
of pores depends on the etching current density.

Figure 6(a) shows a cross-sectional TEM image with the
[110] zone axis as indicated by the SAED in the inset. The
observation direction is shown by arrow “C” in Fig. 1(a).
Bright contrasts corresponding to pores grow along the direc-
tion almost parallel to the current flow. Figure 6(c) shows
the histogram of the inclination angles of pores to the [110]
direction obtained from Fig. 6(a). A single peak appears in
the histogram and the peak angle obtained by the normal
distribution function fitting is —2°. The TEM image and the
histogram obtained when the sample is tilted to the off-angle
of 50° from the [110] zone axis on the [001] axis [f in
Fig. 1(b)] are shown in Figs. 6(b) and 6(d), respectively.
Similar to Fig. 6(a), pores grow almost parallel to the [110]
direction. The same procedure is repeated at 10° intervals
within the off-angles of +50° from the [110] zone axis. The
peak angles of the histograms are plotted as a function of
the tilt angle f in Fig. 6(e) for the samples prepared with the
etching current densities of 20 and 80 mA/cm?. Regardless
of the etching current density and the tilt angle, the inclina-
tion angles of pores to the [110] direction are almost 0°. This
also confirms that the pores exist in the (001) plane irrespec-
tive of the etching current density.

In order to determine the direction of pore growth more
precisely, we repeat similar procedure by tilting the samples
on the [110] axis. Figure 7(a) shows a cross-sectional TEM
image with the [001] zone axis. In Fig. 7(b), the same sample
is tilted to the off-angle of 60° from the [001] zone axis on
the [110] axis [y in Fig. 1(b)]. The corresponding histograms
of pore directions are shown in Figs. 7(c) and 7(d), respec-
tively. By fitting the histograms by two normal distribution
functions, the angles between the peaks in the histograms are
obtained to be 52° and 39°, respectively. Figure 7(e) shows a
cross-sectional TEM image with the [110] zone axis. The
TEM image when the sample is tilted to the off-angle of 50°
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from the [110] zone axis on the [110] axis is shown in
Fig. 7(f). The corresponding histograms are shown in
Figs. 7(g) and 7(h) and the angles between pores obtained by
fitting the histograms are 0° and 29°, respectively.

The analyses are repeated within the off-angles of +60°
from the [001] zone axis and =50° from the [110] zone axis
on the [110] axis. The results are plotted in Fig. 7(i). Note
that the tile angle y represents the angle measured from the
[001] axis. The square and triangle symbols correspond to
the samples prepared with the etching current densities of 20
and 80 mA/cm?, respectively. Closed squares and triangles
represent the data obtained by tilting the samples from the
[001] zone axis and open ones those obtained by tilting the
samples from the [110] zone axis. In Fig. 7(i), we can see
that the angle between pores is different between the samples
prepared with different etching current densities. From the
simple geometrical consideration, y dependence of the angles
between pores is expressed as

0 = 2 arctan <tan(z)cos(y - y0)> . 4)

The data in Fig. 7(i) can be well-fitted by the formula and
from the fitting, 0y and 7y, are obtained. When the etching
current density is 20 mA/cmz, 0p=060° and o= —2°, and
when it is 80 mA/cm?, 0,=50° and 7o = —0.5°. From these
analyses, it is now clear that the direction of pore growth
does not coincide with the <100> directions and the degree
of the deviation from the <100> directions depends on the
etching current density.

It is well-known that in alkaline etching of Si crystal,
the ratio of the etching rates for the (100), (110), and (111)
planes are 100:16:1."° As a result, the alkaline etching of
(110) Si proceeds preferentially to <100> directions. In
metal-assisted chemical etching of (110) Si wafer without
current flow, Si is preferentially etched to the [100] and
[010] directions.?**" This results in the growth of pores to
the [100] and [010] directions and the angles between pores
become 90°. The deviation of the angles 6, from 90°
observed in this work indicates that in the electrochemical
etching process, the direction of pore growth is determined
by crystallographic directions and the direction of current
flow.

When pores grow along the [100] and [010] directions
and the angles between pores are 90°, the index ellipsoid
becomes uniaxial. On the other hand, when the directions devi-
ates from the [100] and [010] directions, it becomes biaxial.
Therefore, the TEM results that 0 is 60° and 50° are consist-
ent with the optical data in Fig. 3, which suggest biaxial index
ellipsoid. Furthermore, the result that the shape of the ellipsoid
depends on the etching current density can also be explained
by the etching current dependence of the pore directions.

IV. CONCLUSIONS

We study the three-dimensional structures and the index
ellipsoids of (110) PSi by angle-resolved TEM observations

J. Appl. Phys. 111, 084303 (2012)

and optical transmittance measurements. It is found that the
direction of pore growth does not coincide with the <100>
directions and it approaches to the direction of current flow
when the etching current density increases. This result is dif-
ferent from the model structure of (110) PSi used for theoret-
ical calculations. The present results indicate that the
structure of (110) PSi is more complex than expected and to
perform more realistic calculation, the information obtained
in this work should be included. We also show by angle-
resolved optical transmittance measurements that the index
ellipsoids are biaxial and the shape of the ellipsoids depends
on the etching current density. This result is consistent with
the pore structures obtained from TEM observations. The
present work suggests that the shape of index ellipsoid of
(110) PSi can be controlled by the etching current density,
and thus optical elements with different angular characteris-
tics can be produced by properly choosing the etching cur-
rent density range.
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