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Abstract: The formation of GaSb nanopillars by low energy ion sputtering
is studied in real-time by spectroscopic Mueller matrix ellipsometry, from
the initial formation in the smooth substrate until nanopillars with a height
of 200 − 300 nm are formed. As the nanopillar height increased above
100 nm, coupling between orthogonal polarization modes was observed.
Ex situ angle resolved Mueller polarimetry measurements revealed a 180◦
azimuth rotation symmetry in the off-diagonal Mueller elements, which
can be explained by a biaxial material with different dielectric functions εx

and εy in a plane parallel to the substrate. This polarization coupling can be
caused by a tendency for local direction dependent alignment of the pillars,
and such a tendency is confirmed by scanning electron microscopy. Such
observations have not been made for GaSb nanopillars shorter than 100 nm,
which have optical properties that can be modeled as a uniaxial effective
medium.
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1. Introduction

Spectroscopic ellipsometry (SE) has proved to be an efficient tool for real-time observation of
the formation of nanostructured surfaces, e.g. the height evolution of GaSb nanopillars has been
monitored during ion sputtering [1]. Real-time in situ measurements allow to follow the forma-
tion in time, and to find how the formation rate depends on experimental parameters, leading to
a deeper understanding of the formation mechanisms of such structures [2, 3]. Such studies are
not feasible with traditional ex situ microscopic characterization methods for nanoscale struc-
tures, such as atomic force microscopy (AFM) or scanning electron microscopy (SEM), due to
time-demand and uncertainty of process parameters.

Ellipsometry is based on measuring the relative change of phase and amplitude between two
orthogonal field components of reflected light. For reflections from an anisotropic material,
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there will in general be coupling between orthogonal field components. To fully characterize
this coupling it is necessary to do generalized ellipsometry or Mueller matrix ellipsometry [4].
GaSb nanopillars prepared by sputtering with normal ion incidence, with a height less than
100 nm, have earlier been reported not to result in coupling between orthogonal polarization
components, and to be modelled as a uniaxial effective material with the optic axis normal to
the substrate [1]. How polarized light is affected by a reflection from such a surface can be
completely characterized by standard ellipsometry. However, for larger nanopillars, the effec-
tive medium approximation is expected to fail as the size of the structure becomes comparable
to the wavelength of light, and the uniaxial model will no longer be able to represent the optical
properties of the pillars. In this study we report real-time in situ spectroscopic Mueller matrix
measurements of GaSb during ion sputtering: from the initial formation in the smooth substrate,
until pillars with heights of 200− 300 nm are formed. The Mueller matrix will contain infor-
mation about possible anisotropic properties of the structure, caused by an anisotropic shape or
organization of the pillars.

The anisotropic optical properties of a number of different nanostructures have previ-
ously been studied ex situ by generalized ellipsometry or Mueller matrix ellipsometry [5–10].
Reflectance-difference(anisotropy) spectroscopy (RDS/RAS) have been widely applied for
real-time studies of surface anisotropies of semiconductors [11] and nanostructured sur-
faces [12–14]. RAS is highly sensitive, but can only measure the anisotropic part of the op-
tical properties. In comparison Mueller matrix ellipsometry can measure the absolute dielectric
function of an anisotropic material, not only the relative difference. Real-time Mueller matrix
spectroscopy was demonstrated for the first time by Chen et al. [15], for characterization of
geometrical optics scale roughness on ZnO. The reported roughness had isotropic optical prop-
erties, but its depolarizing properties made Mueller matrix measurements necessary. To our
knowledge, generalized ellipsometry or Mueller matrix ellipsometry studies of an anisotropic
nanostructured surface have not been performed in real-time before.

2. Theory and optical modeling

A Mueller matrix ellipsometer measures the 4× 4 real valued Mueller matrix, which can de-
scribe any linear interaction of polarized light with a sample by transforming Stokes vectors
representing the polarization state of light [16]. For non-depolarizing samples, the Mueller
matrix can be used to overdetermine the normalized Jones matrix, containing the complex re-
flection coefficients [15]. The reflection coefficients (ri j, with the subscripts i and j denoting
the p and s directions) can be defined as

[
Ep

Es

]out

=

[
rpp rps

rsp rss

][
Ep

Es

]inc

,

with Ep and Es denoting the complex field components parallel and orthogonal to the plane
of incidence, respectively. The connection between the Jones and Mueller matrices for a non-
depolarizing sample can be found in e.g. Ref. [17]. The Mueller matrix of a depolarizing sample
has no equivalent Jones matrix. The reflection coefficients for a stack of homogeneous layers
of optically anisotropic material can be calculated using Berreman’s 4× 4 differential matrix
method [18, 19].

3. Experimental

A GaSb wafer (100) was sputtered for 10 minutes with 500 eV Ar+ ions at normal incidence,
with an ion flux of 0.32 mA/cm2. In situ spectroscopic Mueller matrix measurements was per-
formed every 5 seconds during sputtering, in the photon energy range of 1.5−2.8 eV (MM16,
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Fig. 1. Real-time Mueller matrix measurement of GaSb nanopillars, presented at three dif-
ferent photon energies. The 2.6 eV photon energy measurement is not presented for a sput-
tering time higher than 400 s, as after this time the surface becomes highly anti-reflective,
and the optical signal becomes too low at high energies.
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Fig. 2. Absolute values of the off-diagonal Jones elements, normalized by rss, derived from
real-time Mueller matrix measurements of the formation of GaSb nanopillars, at photon
energies of 2.6 eV (blue), 2.0 eV (black) and 1.5 eV (red).

Horiba Jobin Yvon), at an angle of incidence of 45◦. The final nanostructured surface was stud-
ied ex situ by SEM. A sample prepared with identical sputtering conditions was also studied
ex situ with a single wavelength (633 nm) angle resolved Mueller matrix polarimeter. The in-
strument applied a high numerical aperture (NA=0.95) microscope objective in a double pass
configuration with its back focal plane imaged on a charge coupled device camera, allowing
simultaneous measurements of reflected light at all azimuth angles and all angles of incidence
below 62◦ [20–22].

4. Results and discussion

Figure 1 shows real-time in situ measurements of the Mueller matrix of the GaSb sample dur-
ing sputtering, for three different photon energies. During the first 2− 3 minutes there is no
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Fig. 3. Reflected intensity change from GaSb during sputtering, normalized by the reflected
intensity before sputtering. The values are equal to the change in intensity refletance for
unpolarized light (Mueller element M11).

significant polarization coupling in the Mueller matrix, as all the four elements in the upper-
right and lower-left corners are close to zero. After about 3 minutes of sputtering, polarization
coupling becomes visible in the Mueller matrix and increases steadily until the end of the sput-
tering. To illustrate this more clearly, the absolute value of the normalized off-diagonal Jones
elements, |rps/rss| and |rsp/rss|, have been derived from the Mueller matrix and are presented
in Fig. 2. This polarization coupling indicate that the effective dielectric function is anisotropic
in the plane parallel to the substrate, which is not consistent with a uniaxial material with the
optic axis normal to the substrate. The reflected intensity change from the GaSb surface during
sputtering is presented in Fig. 3. The nanopillars have a conical shape, which gives a gradient
in the effective index of refraction [23], making the pillars anti-reflective. This means that the
reflected light intensity decrease as the height of the pillars increase. After 400 s the curves for
the 2.6 eV measurement have been cut in Figs. 1 and 2, as the noise level is too high.

The lateral anisotropy of the nanopillars could have several different causes. It was earlier
reported that inclined GaSb pillars prepared by sputtering at oblique ion incidence has highly
anisotropic optical properties [9], and such structures can be modeled as an effective uniaxial
material with the optic axis parallel to the inclined pillar axis, resulting in polarization cou-
pling in the Mueller matrix. A slight tilt (less than 1− 2◦) of the incident ion beam from the
sample normal during the in situ measurements could cause the observed coupling. Another
explanation could be that the pillars have an average laterally anisotropic shape, e.g. the pil-
lars could have an elliptical instead of circular crossection. On the other hand, the pillars could
individually have a uniaxial shape, but have an average anisotropic organization, e.g. a direc-
tion dependent nearest neighbor distance. Such a lateral anisotropy should result in the pillars
having optical properties like a biaxial material.

To get a better understanding of the anisotropic optical properties of the sample, the final
structure was studied by ex situ angle resolved Mueller matrix polarimetry. Fig. 4 presents a
polar plot of the normalized Mueller elements m13 and m14, where the radial coordinate rep-
resents the sine of the angle of incidence and the polar angle represents the azimuth sample
orientation. These figures reveal important information about the symmetries of the structure.
One can observe four lines in the polar plots where the Mueller elements are zero, correspond-
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Fig. 4. Angle resolved Mueller matrix elements m13 (a) and m14 (b), and simulations of
m13 (c) and m14 (d) for reflection from a biaxial effective medium. All at a wavelength of
633 nm. (m13 = Re[rppr∗ps + rspr∗ss]/M11 and m14 = Im[rppr∗ps + rspr∗ss]/M11).

ing to azimuth sample orientations separated by rotations of 90◦, where there is no polarization
coupling for all angles of incidence. The elements are also approximately symmetric for a ro-
tation of 180◦. These symmetries can be explained by the nanopillars behaving as a biaxially
anisotropic material, with one of the intrinsic axes (referred to as the c-axis) normal to the sub-
strate. The azimuth orientations resulting in no polarization coupling then correspond to the
cases when one of the two other intrinsic axes lie in the plane of incidence. This symmetry im-
plies that the polarization coupling observed in the real-time Mueller matrix measurements are
mainly caused by a laterally anisotropic shape or organization. A small pillar inclination caused
by slightly oblique ion incidence, would instead give only two azimuth orientations with no po-
larization coupling (with the pillars inclined in the plane of incidence), and a change of sign of
element m13 and m14 for an azimuth rotation of 180◦. A small tilt however, could still cause the
slight difference between the left and right lobe of Fig. 4(a).

To study the shape and size of the final structure, SEM images of the samples were taken ex
situ after sputtering. A crossection image of the surface is presented in Fig. 5(b), where pillars
with a height of 250−300 nm can be seen. Figure 5(c) shows an overview of the surface, where
apparently randomly distributed pillars can be seen. The power spectral density (PSD) of the
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Fig. 5. (a) Power spectral density of the normal view SEM image (magnified), (b) GaSb pil-
lars made by normal incidence sputtering, crosssection SEM image, and (c) normal view
SEM image. The direction corresponding to the line in the power spectral density is de-
noted by the white arrow, together with the plane of incidence of the in situ Mueller matrix
measurements.

SEM image (Fig. 5(a)) shows signs of an anisotropic organization, breaking the symmetry in
the lateral plane. Randomly distributed circular structures corresponds to a donut shape in the
PSD. The observed oppositely placed holes in the donut indicate a longer nearest neighbor
distance in this direction (the opposite of alignment). From the SEM image one can see some
tendency of local alignment of neighboring pillars along apparently random directions (lines of
4−10 pillars are observed). The PSD indicate that local alignment is less likely in the direction
corresponding to the holes in the donut shape. This direction is marked in the normal view SEM
image in Fig. 5(c), and was found to be rotated by an angle of 13◦ from the plane of incidence
of the in situ ellipsometry measurements.

In the first 3 minutes of sputtering, the measured Mueller matrix is approximately block-
diagonal, and the height evolution of the pillars can be found by fitting the previously reported
graded uniaxial effective medium model [1] to the non-zero Muller elements. In this model the
pillars are treated as a stack of cylinders with decreasing diameter. Each cylinder define a layer,
with an effective dielectric function found by a generalized anisotropic Bruggeman effective
medium equation (see the Appendix). The heights of the GaSb nanopillars derived from this
model are presented in Fig. 6, together with the χ2 error function (calculated for an assumed
experimental uncertainty of σ = 0.01 in the measured Mueller elements). After a short initial
period of 30 s, the pillars start to form with a steady height increase of about 1nm a second.
After 3 minutes of sputtering, the pillars have reached a height of about 120 nm, and the error
function χ2 starts to increase rapidly. This is about the same time as the polarization coupling
becomes visible in the measured Mueller matrix, and the uniaxial effective medium model can
no longer be applied. In addition, the reduced reflectivity of the pillars leads to a higher noise
level at high energies, which also contributes to the increase in χ2.

The observed lateral anisotropy (polarization coupling) was ascribed to the effective optical
properties of the nanopillars being biaxially anisotropic, with one of the intrinsic axes normal
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to the substrate. From SEM images this was concluded to be caused an average anisotropic
organization. This can not be treated by the anisotropic Bruggeman equation (Eq. (1) in the
Appendix), which is independent of the spatial organization. Extended effective medium mod-
els including neighbor interactions have been discussed in the literature by e.g. Yamaguchi et.
al [24], and an extended Maxwell-Garnett equation has been applied to include anisotropic
neighbor interactions in metallic nanostrucures [25, 26]. Such a model needs detailed informa-
tion about the local ordering of the structures, taken from e.g. SEM-images. This information
is not available for the in situ measurements of the formation of the GaSb nanopillars. A pos-
sible anisotropic ordering is instead crudely approximated by letting the depolarization factors
La and Lb represent an “effective” shape, i.e. an anisotropic ordering is modeled by letting the
pillars have an effective elliptical crossection. The use of effective depolarization factors to
model neighbor interactions was introduced by Granqvist and Hunderi [27]. Figure 4(c) and
4(d) shows simulations of angle resolved Mueller elements m13 and m14 for such a biaxial
model, which fits qualitatively well with the experimental measurements. The effective depo-
larization factors La = 0.47, Lb = 0.53 and Lc = 0 were used along the three principal axes, with
the c-axis pointing normal to the substrate. A pillar height of 290 nm and top and bottom rela-
tive diameter of D2 = 0.1 and D1 = 1 (filling factor calculated for dense hexagonal ordering)
was used in the simulation (see Appendix).

Fits of a biaxial model to the real-time measurements of the pillar formation after 3 minutes
of sputtering are presented in Fig. 7, with the resulting pillar height and χ2 values shown in
Fig. 6. From the the measurement of the final structure, an effective depolarization factor of
La = 0.54 was found for one of the principal axes in the lateral plane, rotated by an angle of
12◦ from the plane of incidence. The other principal axis in the lateral plane was set to have
Lb = 1−La, and the the depolarization factor for the last axis along the surface normal was set
to Lc = 0. The orientation of the a-axis corresponds well with the direction corresponding to
the holes in the donut shaped PSD in Fig. 5(a). As one would expect, the effective depolariz-
ation factor is highest along the direction with less local alignment. For the remaining real-time
measurements, the orientation of the principal axes of the effective medium was fixed to be the
same as the one found for the final measurement. This is reasonable as the angle was confirmed
by SEM, and as the azimuth rotation of the principal axes are expected to be coupled to the
depolarization factors for fits at ellipsometry measurements at a single azimuth sample orienta-
tion. The fit was limited to the photon energy range of 1.5−2.0 eV due to the increased noise
level caused by the reduced reflectivity from high pillars. In Fig. 6, a great improvement of χ2

is observed for the biaxial model compared to the uniaxial model. Still, an increase in χ2 with
time is observed also for the more complex biaxial model, which is as expected since effective
medium should not be valid for structures with a size comparable to the wavelength of light.
The pillar height need not be the critical parameter for failure of the effective medium model,
as interference effects normal to the substrate are included in the transfer matrix calculations
for the reflection coefficients. More important is the lateral size, which must be sufficiently
small for the model to be valid. The evolution of this size can however not be observed from
the Mueller matrix measurements. Earlier reports from ex situ AFM studies on GaSb sputtered
with different ion energies found that the lateral size of the pillars increase with energy [3]. For
pillars sputtered with an ion energy of 300 and 400 eV, the lateral size was found to saturate
to a constant value early in the formation. For samples sputtered with an ion energy of 500 eV,
the lateral size of the pillars was found to increase for the first 5 minutes of sputtering. This
means that the lateral size is increasing in the range where the χ2 value is increasing. The fit-
ted height seems, however, to give a reasonable approximation to the pillar height, with a final
value of 250 nm which correspond well to the pillar height of 250-300 nm as observed in the
SEM image. The resulting height evolution during sputtering is also equal to the observation
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of sputtering at lower energy [1], with a transition to a slower formation rate, but no saturation.
This indicates that the formation mechanism reported in Ref. [2] is also valid for the formation
of large pillars formed by sputtering at the higher ion energy of 500 eV.

The origin of the anisotropic ordering in the lateral dimension is not fully understood. As
the formation does not depend on the crystal orientation of the substrate [28], there should
not be any preferential direction for sputtering at normal ion incident. However, this symmetry
could be broken by a small deviation of the ion incidence from the surface normal. Another
explanation could be an initial anisotropic substrate roughness from the wafer polishing.

5. Conclusion

The formation of GaSb nanopillars by sputtering with 500 eV Ar+ ions has been monitored in
real-time by Mueller matrix ellipsometry. For the first 3 minutes the optical properties of the
nanopillars were modeled by a graded uniaxial effective medium model. After 3 minutes, as the
pillar height surpassed 100 nm, coupling between orthogonal polarization modes was observed
from the measurements. From ex situ angle resolved Mueller matrix polarimetry of the final
structure, this coupling was attributed to the pillars having effective biaxial optical properties,
with one intrinsic axis normal to the substrate. Fourier analysis of a scanning electron micro-
scope image of the final nanopillars, shows that the lateral anisotropy can be attributed to a
direction dependent nearest neighbor distance. Each individual pillar has a uniaxial symmetry,
the biaxial symmetry comes from the anisotropic organization of the pillars.

6. Appendix

It was earlier reported [1] that GaSb nanopillars with a height less than 100 nm could be mod-
eled as a graded uniaxial effective medium, by treating the pillars as a stack of cylinders with
decreasing diameter. Each cylinder in the stack constitute an effective layer with an effective
dielectric tensor found by using a generalized Bruggeman effective medium equation for ellip-
soidal inclusions [29]

fGaSb
εGaSb − εii

εii +Li(εGaSb − εii)
+ fv

εv − εii

εii +Li(εv − εii)
= 0, (1)

where f and ε denote the filling factors and complex dielectric functions, respectively, with
the subscript GaSb referring to the crystalline core, and v to the surrounding void. Li denotes
the depolarization factor in direction i (along a principal axis of the structure) and εii is the
effective dielectric function in direction i. For cylindrical inclusions L|| = 0.5 (parallel to the
mean surface) and L⊥ = 0 (perpendicular to the mean surface). This gives a uniaxial anisotropic
material with the optic axis normal to the mean surface, resulting in no coupling between or-
thogonal field components for reflected light (rps = rsp = 0). If the cylinder cross-sections are
elliptical instead of circular, and all have the same orientation, the depolarization factors will
be different along the minor and major axis (Lx �= Ly), giving a biaxial anisotropic material,
which in general lead to rps �= 0 and rsp �= 0. The uniaxial symmetry can also be broken by an
anisotropic ordering, e.g. by a different pillar separation along different directions. This can not
be treated by Eq. (1), which is independent on spatial organization.

On average the GaSb pillars have 6 nearest neighbors [23], hence the filling factors have been
calculated for a hexagonal lattice,

fGaSb(n) =
π√
12

d2(n),

where d(n) is the diameter of the cylinder of layer n, which varies linearly from the bottom
diameter D1 to the top diameter D2. The bottom and top diameters D1 and D2 are normalized
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to the nearest neighbor distance, since only the volume filling factors influence the effective
medium. This means that the lateral size of the pillars can not be found from ellipsometry
measurements when the effective medium approximation is valid.
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