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Abstract: The vacuum ultraviolet (VUV) optical properties in the range 4 €V to 15 eV of GaSb
have been determined by rotating analyzer ellipsometry (RAE) using synchrotron light. The
localized surface plasmon resonances (LSPRs) and surface plasmon polaritons (SPPs) are studied
as a means to understand the plasmonic behavior of GaSb. The large imaginary part of the
dielectric function causes poor confinement of the SPP. Self-assembled GaSb nanopillars of 35
nm height are studied experimentally by RAE at different angles of incidence. The pillars are
simulated numerically using an effective medium approach and the finite element method (FEM),
where clear similarities between the simulations and experiment are observed. Additional dips
in the reflectivity accompanied by increased nanopillar absorption and local field enhancement
were observed near the surface of the pillars. These results demonstrate GaSb nanopillars to be
promising candidates for photocathodes.

© 2023 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

The optical properties of III-V semiconductors are well studied at infrared, visible and near-
ultraviolet frequencies. This has allowed for the investigation of phonons, the Drude-like effects
of doping and the main critical points in the NIR-VIS-UV range [1]. At infrared and visible
frequencies, GaSb has been relevant in the study of photodiodes, low threshold voltage lasers and
thermo-photo-voltaics [2].

Here, the focus is shifted to the vacuum ultraviolet (VUV), exploring synchrotron-based
spectroscopic-ellipsometry (SE) measurements to both extract the dielectric function of c-GaSb
and to study nanopatterned GaSb surfaces. Similar to other semiconductors [3,4], metallic
properties can be observed in the VUV due to strong electronic resonances at frequencies above
the bandgap. In this work, the metallic properties of GaSb are demonstrated and the plasmonic
phenomena are studied. These plasmonic properties, including surface plasmon polaritons (SPPs)
and localized surface plasmon resonances (LSPRs) are modeled using numerical techniques such
as the finite difference time domain (FDTD) and finite element method (FEM).

The VUV optical response of semiconductors and metals have also received a renewed interest
due to the appearance of deep and extreme ultraviolet lithography (DUV/EUV lithography). As
an example, UV-SPPs could in principle be explored in contact lithography for sub-diffraction
resolution lithography [5]. On the other hand, the lack of control of LSPRs and SPPs in contact
lithography can result in unwanted surface roughness, reducing the resolution [5].
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GaSb has also been demonstrated to self-assemble, forming nanopillar structures through
low-ion-energy bombardment [6,7]. The pillars congregate in an near-hexagonal pattern. A
uniaxial Bruggeman-effective-medium-approximation (BEMA) has been shown to approximate
the experimental data in the visible range [8—10]. It is important to investigate how these models
extend into the VUV range, both for metrology and device purposes. An alternative is to use the
FEM method to simulate the data which would better include the plasmonic properties found in
GaSb.

II-V semiconductors have long been considered suitable photocathode materials [11,12]. The
quality of photocathodes is directly related to the quantum efficiency (QE) of the material surface,
determined by the photon-absorption of the electrons, their escape depth and their ability to
overcome the escape potential [12,13]. With relation to photocathodes, previous studies have
focused on the QE and photoelectron transport of GaAs [14,15] in the visible as well as wide band
gap semiconductors such as GaN in the UV [12]. Here, focus is placed on nanostructured GaSb,
where dips in the reflectivity in the VUV-range with corresponding peaks in the heat loss, and field
enhancements are demonstrated, making it an interesting candidate as a photocathode-material
[15-19].

2. Experiment
2.1.  Synchrotron measurement procedure for bulk GaSb and nanostructured GaSb

The VUV-RAE was performed using the U125/2-NIM beamline at the research establishment
Berlin Electron Storage Ring for Synchrotron Radiation (BESSY). The exact angle of incidence
was calibrated for each loaded sample. Measurements in the range of 4.2 eV to 9.8 eV were
performed using a MgF, polarizer at the entrance of the chamber and a rotating MgF, analyzer,
with an angle of incidence to the sample at 67.85 ° for the bulk GaSb. The same setup was
used for the nanopillar samples, but for 3.1 eV to 10.0 eV. Measurements in the range of 10
eV to 23.6 eV for the bulk GaSb were performed using a triple gold rotating analyzer, with an
angle of incidence on the sample at 45.0 °. The nanopillars were measured in the range 9 eV to
25 eV with the same setup. In this range, no polarizer was used due to the linear polarization
of the synchrotron radiation (> 99 %). The VUV-RAE at BESSY was a standard rotating
analyzer ellipsometer [20], except that the sample and the analyzer were rotated with respect to
the polarizer and the light source. This was in order to obtain the rotation of the polarizer with
respect to the incidence plane.
The intensity recorded for a RAE detector is given by [21]

I(t) = Ip (1 + cp cos (2A(?)) + 52 sin (2A(1))) , (1

where A(t) is the real orientation of the analyzer, while c, and s, are the derived Fourier
coefficients. The corresponding intensity calculated by the Jones or Mueller matrix formalism
has the form

I(t) = Ip (1 + @ cos 2x (1)) + Bsin (2x(1))), 2)

where [ is proportional to the total reflectance of the sample and the ideal angle y(t)=A(t)-Ao,
where Ay is the offset of the analyzer. The coefficients a and S relate to the measured Fourier
coefficients through the following equations

a =1 (cy cos (2Ag) + 57 sin (249)) ,

B = 1 (=casin (240) + 52 cos (24g)) ©)

with the additional electronics parameter 7. Calibration prior to the measurements involves
determining the offset angle A, the electronics parameter 1, in addition to the small mechanical
offset of the polarizer with respect to the incidence plane, Py. The calibration of these parameters
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is usually performed on each new sample entering the chamber. However, the calibration for the
nano-patterned sample proved to be more difficult. This was mostly due to the low reflectivity,
but possibly also due to a minor tilt of the pillars. The solutions consisted of either using the
non-patterned corners of the sample, or previous calibration parameters from a flat, isotropic
sample. All measurements were performed with almost the same polarizer orientation with
respect to the incidence plane. This angle was typically set to & = (20° — Py), where Py was
found near 0°. The ellipsometric quantities tan(¥') and cos(A) are defined for an isotropic sample
by [22]

rp/1s = tan(¥) exp(iA), ()

where 1, and 1y are the Fresnel reflection coeflicients. They were calculated from the measured
Fourier coefficients as

_1+a _ B
tan'¥ = ,/ s [tan ], cosA = msgn(f). 5)

Near-infra-red-visible-ultraviolet (NIR-VIS-UV) ellipsometric measurements of a clean (native
oxidized) sample and a nanopatterned sample were performed using standard commercial
spectroscopic ellipsometers (0.6 eV-6.5 eV with UVISEL Horiba Jobin Yvon, and 0.73 eV-5.9 eV
using RC2, J.A. Woollam Co.).

2.2. Clean c-GaSb preparation

The bulk GaSb sample was a single-side polished purposely Te-doped, c-GaSb wafer, with an
n-type doping level of 3-10!7cm™3, determined by Hall effect measurements. The sample was
cleaned in an ultrasonic bath, dipped in HCI for 1 minute, then loaded within 5 minutes into the
ultra-high-vacuum (UHV). The sample was then heated to 300° C, while monitoring the increase
of the peak in Im(e) at 5.2 eV. Lastly, the sample was cooled to room-temperature and measured
using the VUV-RAE. This procedure is expected to remove the surface oxide, but also created
some surface roughness.

2.3.  Nanopillar manufacturing

The GaSb nanopillars were fabricated through a self-assembly process involving low ion-energy
bombardment (Ar*) on a clean GaSb substrate, described in detail elsewhere [6,7,23]. The Ar*
ions were applied with an energy of 300 €V to 500 eV at a flux of 14 mA /cm? for a duration of
10 minutes.

Figure 1(a) and (b) show the AFM and SEM images of samples manufactured with similar
processing conditions, respectively. The pillars typically form a near hexagonal pattern of
pillars. The SEM and AFM images of the nanopatterned surface show a random distribution of
nanopillars, with an average number of 6 neighbors. The nanocone density was determined to
be 711 + 56 cones/um? from the SEM image. A hexagonal distribution results in an effective
lattice constant of |a;| = 40.4 nm. The Voronoi tessellation technique applied to the SEM image
resulted in an average cone separation of (d) = 42.2 nm with a standard deviation of 10 nm,
while a similar analysis of the AFM image resulted in {(d) = 45 nm. Other typical AFM and SEM
images of such cones are found in Refs. [6,8,9,23,24].

2.4. Numerical modeling

The scattering of small unsupported particles was modeled using the FDTD method (using the
Lumerical 2021 R1.1 software package from Ansys). Both scattering cross-sections and field
profiles were recorded. The parameters of the simulations included a mesh size of 0.4 nm around
the particle, a total-field scattered-field source and perfectly matched layer boundary conditions
along all directions.
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Fig. 1. (a) AFM image taken over a 500 x 500 nm range showing a 100 nm rule for scale.
The color map represents the height of the cones from 0 to 50 nm. (b) SEM image of the
cones with a 500 nm rule depicting the scale taken with 70k X magnification.

The simulated Jones matrix elements of the GaSb nanopillar system (GaSb nanopillars on
GaSb substrate), as shown below in Fig. 5, and thus the corresponding Mueller-Jones elements
were obtained using the FEM. These were extracted from the S-parameters calculated using
COMSOL multiphysics 5.4, with the wave optics module, through two separate calculations
for p (TM) and s (TE) polarized incidence, and where the unit cell used periodic boundary
conditions and all diffracted modes were included in the calculations [25]. The minimum mesh
was proportional to the wavelength and the mesh was updated for every wavelength. To account
for the large variations in the refractive index of GaSb across the full spectral range, the mesh size
was also scaled down by the maximum refractive index in the simulation range. The simulations
across such a large spectral range was performed in three steps; 53 nm to 124 nm in steps of 1 nm
with a maximum refractive index 1.0, 125 nm to 250 nm in steps of 5 nm and 255 nm to 450 nm
in steps of 5 nm (the latter two with a maximum refractive index of 5.24 in mesh calculations).

3. Results and discussion

3.1. Dielectric function of c-GaSb

Figure 2 shows the complex dielectric function € of c-GaSb determined from the combination of
NIR-UV and VUV-RAE measurements in the range 0.7 eV to 23.0 eV. Data from Aspnes and
Studna is used in the range 1.5 €V to 6 eV [26]. The data from 0.7 eV to 1.5 eV was complemented
by standard PMSE measurements on the c-GaSb.

The surface roughness was modeled by a BEMA layer consisting of 50 % void and 50 %
c-GaSb. The overlayer was mathematically removed, resulting in the dielectric function of bulk
c-GaSb. The thickness of the surface layer was chosen such that the VUV-RAE dataset would
match the Aspnes dataset [26] in the overlapping range (>3.1 eV). The measured dielectric
function was extended from 6 €V to 9.8 eV and 10 eV to 23.6 eV. Due to poor signal at certain
energies, the gap in photon energy is from 9.8 eV to 12 eV. To compensate for the missing data,
the gap was interpolated before using the B-spline method to ensure the dielectric function
remained Kramers-Kronig consistent. This procedure slightly alters the entire dataset from the
measured one.

The optical properties of bulk GaSb have been previously described in literature up to 5 eV
[27]. Most notably, the region is dominated by the Ey (direct band gap), E1, E; + A; and E;
resonances, being described as critical points of band-to-band transitions, including excitonic
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Fig. 2. The real (green lined) and imaginary (green dashed) components of the dielectric
function € as a function of energy for crystalline GaSb, with data from Aspnes and Studna
included in the range 1.5 eV to 6 eV [26]. The top inset shows the dielectric functions of both
GaSb and Al, with a focus on the plasmonic region from 7 eV to 15.5 eV. The double-headed
arrow represents the interpolated region from 9.37 eV to 12.5 eV. The bottom inset is a
magnification of the DUV region for the pseudo-dielectric function (€) of bulk GaSb, where
the core level to the conduction band (CB) resonances A and B are visible.

effects [27]. At photon energies above these resonances, Re(e) becomes negative, exhibiting
metallic properties as seen in Fig. 2 from 4 eV to 14 eV. Additional possible critical point features
are observed in this plasmonic region occurring at approximately 5.5 eV and 8 eV (and potentially
around 15 eV). Beyond 8 eV, the response is Drude-like, as described for other semiconductors
(Si, Ge, GaAs, InSb and GaP). This was explained by the valence electrons behaving essentially
as unbound electrons [3]. However, new spectral features in the dielectric function are also
observed in the range between 20 eV and 23 eV. These features, denoted A and B in Fig. 2
(bottom inset) have been well described in the literature for materials similar to GaSb, such as
GaN and are due to transitions between non-dispersive Ga 3d core levels and the conduction
band [28]. In particular, the measured pseudo-dielectric function prior to the Kramers-Kronig
consistent B-spline processing, shows that the typical 0.4 eV spin orbit splitting of the Ga 3d core
level results in a double peak feature around 20.5 eV and similarly around 22.2 eV [29]. The two
latter features may be related to the two first peaks in the inverse photoemission spectra [30].
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3.2. Plasmonic phenomena

Plasmonics is the research of how metallic materials can enhance and confine light [31]. By
comparing GaSb to a standard material, the quality and scale of these plasmonic effects can be
understood. Aluminium (Al) provides a good material for comparison, having a similar dielectric
function to GaSb over their plasmonic regions, as seen in Fig. 2 (top inset). The optical properties
of Al were taken from Palik [32].

3.2.1. Localized surface plasmon resonance

The localized surface plasmon resonance (LSPR), also known as the Frohlich condition, is a
plasmonic phenomenon that occurs in this metallic region [33]. Assuming the surrounding
medium is vacuum/air, the generalized polarizability tensor (@) of an elliptical particle has
diagonal elements [31,33]

e—1

A AT 7 1\ i= s Vo< 6
3+3Le-1) 8Pt ©®

o = 4najaras
where aj, ap and a3 are the semi-axes of the ellipse, L; is the depolarization factor (in the ith
direction), and e is the relative permittivity of the particle. This depolarization factor L; describes
the geometry of the particle with values L; = 0, % and 1 describing horizontal planes, spheres
and vertical wires, respectively. For a spherical particle with no loss, this results in a divergence
at Re(e) = -2. For real materials however, a negative Re(€) is accompanied by a non-zero Im(e)
component and the resonance is accordingly broadened and red-shifted. This is seen in Fig. 3,
where the scattering cross-sections and electric field profiles for spherical particles of radius 15
nm have been simulated using FDTD for both GaSb and Al. Figure 3(a) shows that the resonance
peak for GaSb is weaker and at a slightly higher energy of 7.75 eV compared to that of Al, which
has a resonance at 7.2 eV. This weaker, broader resonance for GaSb is consistent with the larger
Im(e) component seen in Fig. 2 (top inset). Figures 3(b) and (c) show the absolute value of the y
component of the electric field over a cross-section of a particle of Al and GaSb, respectively.
Both sub-figures show a dipole-like resonance, which is expected as the incoming light was
linearly polarized along the y direction. However, the field strength is approximately 3 times
higher for the Al particle. Both the scattering cross-section and field profiles show the resonance
is more suppressed for GaSb.

3.2.2. Surface plasmon polariton

SPPs are coupled modes in which energy is partitioned between electrons in a medium with
Re(e) < 0 and the electric field in a medium with Re(e) > 0. For interfaces where the dielectric
medium is vacuum/air, the dispersion relation is given as [31]

k=20 =, (7)
cVe+1

where k, is the in-plane component of the wave vector, w is the angular frequency, c is the speed
of light in vacuum and e is the dielectric function of the metallic medium. For lossless materials,
a resonance in k, is seen when Re(e€) = -1. As in the case for LSPRs, real materials have loss and
the SPP resonance is broadened and weakened. This is seen in Fig. 4(a), in which the real and
imaginary components of the in-plane wave vectors are plotted against energy for both GaSb
and Al as metallic semi-infinite layers. For GaSb, the SPP resonance has a maximum at 10.23
eV, which is consistent with previously performed electron-energy-loss-spectroscopy (EELS)
experiments, which found the SPP frequency to be 10.3 eV [34]. EELS also showed the bulk
plasma frequency to be 14.7 eV. The data seen in Fig. 2 however, shows a plasma frequency at 14
eV. This discrepancy could be accounted for by the electron-electron interactions that contribute
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Fig. 3. (a) The scattering cross-section of a 15 nm radius particle of GaSb and Al. (b)
A cross-section of the Al particle with a color-map showing the absolute values of the y
component of the electric field as a function of x and y. The color-map units are dimensionless
as the field has been normalized by the incident light. (c) Same as with (b), but with the
GaSb particle. The energies in (b) and (c) coincide with peaks in the scattering cross-section,
with Energies = 7.2 (Al) and 7.75 eV (GaSb).

to Im(e) or the alterations made by the B-spline method. Other measurements place the SPP
and bulk plasmon energies at 9.6 eV and 14.8 eV, respectively [35]. Figure 4(a) shows Re(k,) is
smaller for GaSb than for Al, while Im(k,) is larger for GaSb than for Al. The smaller Re(k,)
values point towards a lower confinement factor for the SPPs with GaSb. The larger Im(k,)
indicates a shorter propagation length (the length at which the polariton has decayed by a factor
of e). Figure 4(b) shows both the confinement factor and propagation length as a function of
energy. The figure clearly demonstrates that Al has a higher/better confinement factor and a
longer/better propagation length than GaSb, indicating that GaSb is an inferior candidate for
utilizing SPPs to confine and enhance electric fields.

3.3. VUV optical response of self-assembled nanopillar array of GaSb on bulk GaSb

Returning to the GaSb nanopillar sample shown in Fig. 1, the experimental ellipsometric
parameters ¥ and A recorded in the range 3.1 eV to 9.8 eV are shown in Fig. 5(a) and (b) at 67.85
°, respectively. The parameters are also measured in the range 9 eV to 25 eV and shown for 45.0
° incidence in Fig. 6. The datasets show a strong peak in ¥ around 7 eV and a dip at 10 eV.
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Fig. 4. (a) The dispersion relation between photon energy and in-plane wave vector (in units
of eV) for both GaSb and Al, showing the real part of the in-plane wave vector (dashed line),
imaginary component (dashed-dotted line) and the vacuum light line (black, dashed line).
(b) The confinement factor (green) given by 11 = Re(k,)c/w and the propagation length given
by L = 1/Im(2k,) (blue) as a function of photon energy. GaSb and Al are shown by the
dashed and dashed-dotted lines, respectively.

3.3.1. Modeling using simplified uniaxial BEMA

In the visible range, the dielectric tensor of the effective uniaxial layer representing short pillars
(height h < 100 nm) and tilted cones [10] is modeled well using a uniaxial BEMA [8] given by [9]

€GaSb — €ii (1-1) €void — €ii -0

= i=xy,z (®
€i + Li(€Gasp — €ii) €i + Li(€void — &)

where f is the volume fill factor and €g,sp, €,0i¢ and €; are the complex dielectric functions of
GaSb, vacuum and the effective medium layer representing the pillars, respectively. Meanwhile,
L, =Ly = L and L, are the in-plane and out-of-plane depolarization factors, respectively. The
tensor €; was oriented such that the components ¢, and €, were perpendicular to the cylinder
axis, while the component €, was parallel. On average the GaSb pillars have 6 nearest neighbors,
hence the filling factor is calculated for a hexagonal lattice as [8]

g
f=—= D ©)
Vi2
Notably, the above discussed metallic character of GaSb in the VUV is expected to have an
impact on the resonant behavior of the nanopillars near the LSPR and may also lead to sharp
minima in reflection, such as topological darkness points [36].
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Fig. 5. Experimental and simulated ellipsometric spectra of (a) ¥ and (b) A of cylindrical
nanopillars of GaSb on bulk GaSb. Experimental RAE data (black), the simulated BEMA
model (red), the simulated BEMA model with graded pillar fill factor (red dashed-dotted),
the FEM simulated data without averaging (blue), with averaging over Mueller matrices
(blue dashed) and with averaging over Jones matrices (blue dashed-dotted). The onset of
diffraction is labeled in (a), indicating the (-1,0) Rayleigh line (directed parallel to the plane
of incidence). (c) The degree of polarization Pgp as a function of photon energy. (d) The
fitted probability density of the distribution of pillar heights p(#). (e) The geometry of the
hexagonal lattice of the cylindrical nanopillars, with a7 and a5 being the lattice parameters
such that |a}| = |a>| = d = 45 nm, D being the cylinder diameter and k;II representing the
plane of incidence.

In this work, two different BEMA models were used. The simpler model consisted of one
layer representing pillars with constant width and height. The more complex model consisted of
10 distinct uniaxial BEMA layers, dividing the pillar into sections of equal height. To represent
the realistic features of the pillars, the fill factor of each layer was varied, such that the pillar
width decreased for increasing cone height [8].

The starting point of the current analysis involved fitting the uniaxial BEMA (using Comple-
teEase software, J.A. Woollam Co.) to the experimental VUV-RAE data in the range 3.1 eV to
10 eV. This model is greatly simplified, as it ignores potential contributions from a-GaSb, an
oxide coating and the small tilt of the pillars [8,9]. Two BEMA models were made for each
measurement, where the fill factor was modeled as either constant or linearly graded. The former
model (denoted uniaxial BEMA) had fitting parameters 42 = 35 nm, L; = 0.09, L;; = 0.455 and f
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Fig. 6. Experimental and simulated ellipsometric spectra of (a) ¥ and (b) A of cylindrical
nanopillars of GaSb on bulk GaSb. RAE data was recorded at 45.0 ° incidence in the range
9 eV to 24 eV (black), the simulated BEMA model (red), the simulated BEMA model with
graded pillar fill factor (red dashed-dotted), the FEM simulated data without averaging
(blue), with averaging over Mueller matrices (blue dashed) and with averaging over Jones
matrices (blue dashed-dotted).

= 18.9 %. The latter model (denoted graded BEMA) had fitting parameters & = 40 nm, L, = 0.15,
L) =0.425 and f = 26.6 % at the bottom and /' = 11.0 % at the top of the pillars. The sensitivity
to the conical shape does not appear to increase in the VUV range, see the Supplement 1.

3.3.2. Finite element method model

The simplified system of uncoated, upright pillars imposing a hexagonal pattern was used to
obtain a FEM model, having d = 45 nm in accordance with the analysis of AFM patterns from
Fig. 5 (d). The Jones matrix was calculated from this model, using COMSOL [25]. The spectra
were calculated in the range 3.1 eV to 24 eV with the parameters extending over & = (20, 25, 30
-+ 45,50) nm, D; = (0.4, 0.41,..0.49, 0.5) d and corresponding volume fill factors f = (14.5,
15.2,..,22,22.7) %. The minimum MSE = (\¥,,, — ¥(D1, h, d))? in the spectral range of 3.1 €V to
5.0 eV corresponded to 2 = 35 nm and D; = 0.46 d=20.7 nm. These parameters were also used for
simulating the full spectra at 67.85 © and 45.0 ° angles of incidence. Although this is not a unique
fit due to the large uncertainties around the peak and that only ¥ was fitted, it gives a consistent
dataset between the BEMA and FEM simulations, shown in Figs. 5 and 6 [25]. The FEM model
enables calculation of the reflectivity, heat losses (given by f J(r,z) - E(r,z)dV, where V is the
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volume, E(r, 7) is the electric field, and J(r) is the current density) and corresponding field plots
in and around the pillars, as seen in Fig. 7.
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Fig. 7. The simulated reflectance and heat loss as a function of photon energy, with
s-polarization (red curves) and p-polarization (blue curves). The reflectance of the GaSb
nanopillars system (full lines) and the bulk GaSb (dashed-dotted lines), in addition to the
heat loss (the dashed lines) are shown for polar angle of (a) §; = 67.85° and (b) §; = 45.0°.
The inset in (a) shows cross section plots of the absolute values of the electric field (with the
color bar in units of 10° V/m) at the energies labelled As and A, for s- and p-polarizations
respectively.

Both the experimental and particularly the simulated data at 67.85 © in Fig. 5 show a strong
peak in ¥ around 7 eV, accompanied with a phase jump in A. The FEM model indicates that these
peaks arise from a minimum in the s-reflectivity Ry, as seen in Fig. 7. The loss in reflectivity
coincide with the maximum in the heat-loss of the nanopillars [25], indicated by the vertical
dashed line A in Figs. 7. The RAE data in Figs. 5 and 6 further show a dip in ¥ around 10 eV.
This is better demonstrated in the FEM simulations as a dip in Ry, at 9.6 eV for 67.85 ° and a
broader peak around 10 eV for 45.0 °, indicated by A, in Fig. 7 accompanied by another broad
peak in the heat-loss in the GaSb pillars, respectively.

The peak in W is the result of the optical properties of the effective layer. Together with its
strong dependence on the thickness, it is suggested that the minimum in Ry is likely a type of
topological darkness [36]. The FEM model further shows sharp, well defined peaks and dips
appearing at 7 eV and 10 eV, and these are much more defined than for the measured data. On the
other hand, the FEM model allows to identify these weaker points in the experimental data, see
Fig. 5. The attenuation of the latter peaks in the experimental data, can be a result of the disorder
in the morphological parameters describing the sample surface. These VUV-RAE measurements
can therefore be highly useful for optical metrology.



Research Article Vol. 13, No. 5/1 May 2023/ Optical Materials Express 1451

= B
{ g

For s-polarization, the maximum field strength is found at Ay, as seen in the field maps in
Fig. 7. This field is 3 times the field strength at point A;,. There is a strong asymmetry due to the
angle of incidence being 67.85 ° for the p-polarized light. However, the maximum field strength
is comparable to the maximum field strength of A; for s-polarized light. At normal incidence,
both FEM and BEMA based simulations show a broad reflectance minimum in the range 8 eV to
13 eV.

3.3.3. Effective medium model — resonances

The LSPR for s-polarized light with an in-plane depolarization factor L|} = 0.5 is expected to
occur at 10.3 eV. Comparably, the LSPR for a lossless GaSb sphere occurs at 8 eV using Eq. (6).
It is expected that the real resonance is red-shifted by the presence of the GaSb-substrate and
by the non-zero Im(€) and the finite size of the particles, as seen in Fig. 3 (a). Figure 8 shows
the dielectric tensor functions for the effective layer obtained using the uniaxial BEMA and a
uniaxial implementation of the Maxwell-Garnett-EMA (MGEMA) model to extract the uniaxial
dielectric functions of the simulated FEM data from 67.85 °. Here, we have chosen ellipsoidal
inclusions that fill uniformly a large ellipsoid of a similar shape [37]. The parameters of the
MGEMA were fitted by reducing the Mean Square Error between the FEM simulated ¥, A data
and the MGEMA based simulated data. The nanopillar height # = 35 nm was fixed, while the
remaining parameters were fitted giving f = 15.7 %, L, = 0.017 and L, = L, = 0.34. Even though
the interpretation of the morphological parameters is partially lost [38], this trick allows to extract
a reasonable dielectric function from the FEM data.

As seen in Fig. 8, the BEMA results in broader and weaker resonances in the dielectric
function than the MGEMA. The broader resonance of the BEMA smooths out the ellipsometric
parameters for frequencies at which the dielectric function of GaSb has plasmonic features. The
in-plane LSPR of the effective dielectric function extracted from the MGEMA shows a sharp
resonance corresponding to the dip near 8.5 eV. This must correspond to the heat loss maxima
around A, in Fig. 7. Note that the peak is red-shifted from the original LSPR for a cylinder at
10.3 eV. This resonance is thus a clear signature of the plasmonic behavior of GaSb nanoparticles
(and other metallic like semiconductors in this spectral range).

The simulated ellipsometric parameters based on the BEMA model were found to match the
experimental VUV-RAE data reasonably well. Moreover, the morphological parameters in the
BEMA model were in reasonable correspondence to microscopic imaging techniques. These
findings indicate that the simple BEMA model can be used as a quick method of analysis for these
types of self-assembled nanopatterned samples even at VUV energies. Previous observations
[8,24] at UV-VIS wavelengths suggested a breakdown of the BEMA for shorter wavelengths
(valid for & - n/A<1). The validity of the BEMA is proposed to extend to smaller wavelengths
due to the lower refractive index at these VUV photon energies.

3.3.4. Dipin reflectance and photocathode emission

Previous works have demonstrated how textured Al-based surfaces can yield excellent photoe-
mission efficiencies at both NIR and UV wavelengths [16,39,40]. Despite having greater losses,
the plasmonic features of GaSb nanostructures may also be favorable for high photoemission
efficiency [15,19]. However, comparisons to both GaAs [12,15,19] and GaN [12] could be more
insightful, as both semiconductors have been demonstrated to exhibit photoemission properties in
the visible and UV, respectively. The photoemission, as outlined by Spicer’s Three Step Model,
is determined by the probability of absorption, the likelihood of electrons reaching the surface
without collision and the ability of the electrons to surpass the work function [13]. Since the
nanopillars experience a distinct reduction in the reflectivity, the absorption is highly increased,
and the calculated loss is found to be predominantly inside and near the surface of the pillars.
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Fig. 8. The real (a) and imaginary (b) components of the uniaxial effective dielectric
function of the nanopillar layer. The in-plane component €, (red full lines) and out-of-
plane component €;; (red dashed-dotted lines) are from the uniaxial BEMA fitted to the
experimental data. Similarly, the in-plane component €y, (blue full lines) and out-of-plane
component €;; (blue dashed-dotted line) represent the generalized uniaxial MGEMA model
when fitted to the simulated FEM model data.

It has been proposed that a high near-surface absorption will reduce the electron escape path
and therefore also increase the probability for the electrons to escape without recombination [16].
In addition, the field enhancement on the surface of the pillars can further improve the QE [41].
Moreover, coating the nanopatterned surface with a negative electron affinity material would
allow for easy extraction [42]. Finally, the low reflectivity of the sample at these wavelengths, can
help limit unwanted electron generation at the edge of the sample. Such electrons can contribute
to damage inside the vacuum chamber and the cathode material itself [15].

The photoelectron transport properties [14,43] of nanostructured GaSb have not, to our
knowledge, been investigated. However, n- and p- doped GaSb is reported to exhibit a strong
surface space charge layer (SSCL) [44]. Combined with the large surface area of the GaSb pillars,
the SSCL may extend through most of the pillars [45]. For p-type doped GaSb, the reported two
SSCLs [44] appear to be a more favorable configuration for a future photo-cathode-emission
experiment, as opposed to n-type doped GaSb. An advantage of self-assembled nanopatterned
pillars is the limited exposure to air during manufacturing, as both low energy ion-bombardment
and activation by e.g. Cs-O can be conducted in-situ. On the other hand, semiconductor cathodes
suffer from reliability issues over many emission cycles [12,46]. In particular for GaSb, the heat
deposited in the pillars during the transport process may be sufficient to cause Ga-segregation at
the surface [6].

Finally, as GaAs has comparable plasmonic properties to GaSb [3], it is envisaged that
nanopatterning GaAs surfaces can also enhance QE in the VUV through a similar argument.
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3.3.5. Averaging Mueller or Jones matrices from the FEM model

The sample has a broad distribution of heights which is quantified by estimating the distribution
from the AFM data, as seen in Fig. 5(d). The fill factor depends on the distance between the
pillars and also the height of them. It is suspected that the attenuation of ¥ is a result of the
distribution of the morphology parameters such as height, lattice constant and diameter used to
describe the effective layer. To test the effective distribution in fill factor and height, averaged
Mueller matrix elements and Jones matrix elements are generated as [47]

)y = [ My pOpNAY, i1, =14,
(10)

(Mﬁ/%@WWWW% p=1.2 q=12

where it is assumed an uncorrelated height and fill factor p()p(f), and p(f) to be a simple top hat
function from 14.5 % to 22.7 %. The Mueller-Jones matrix corresponding to the averaged Jones
matrix (J), is given by M = A(J ® J*)A~! [48], where ® is the Kronecker product and the square
matrix A is given in the literature [48].

The results shown in Figs. 5 and 6 indicate that averaging the Jones matrices have little effect
on the final result. However, averaging the Mueller matrices attenuate the ¥ peak as desired.
Although the Mueller matrix averaging approach is promising, it introduces depolarization. The
simple, but powerful RAE system used in the current paper without an additional retarder, cannot
measure the depolarization of isotropic samples. However, measurements on a similar sample
with a commercial phase modulated spectroscopic ellipsometer (PMSE) showed only a minor
depolarization of 0.98 at 6.5 eV. Furthermore, the synchrotron beam is expected to have both
high spatial and temporal coherence, such that there may be no measurable real depolarization at
all. More complex modeling is needed for the disordered system presented here. On the other
hand, the BEMA approach clearly attenuates the peak (even if we fit parameters to simulated
data) without causing depolarization of the light. Indeed, the statistical foundation of the BEMA
[49] may make it quite good at modeling a system with a considerable randomness in the
morphological parameters.

3.3.6. Shift of Ga3d core level to CB transitions

An interesting observation in Fig. 6, is the considerable shift in the features seen in the experimental
data from the nanopillars, in the range 18 eV to 24 eV, compared to the simulated data obtained
using the measured bulk dielectric function. The Ga3d core level to the conduction band (CB)
density of state (DOS) transition appears shifted approximately 1 €V to lower energies. This
indicates that the effective nanopillar dielectric function at high energies is different from the
clean bulk c-GaSb. A change in the crystallinity of c-GaSb can lead to a modification of the CB
DOS states, while a lower oxidation state results in raising of the Ga3d core level, resulting in less
surface oxide. More experimental work comparing the VUV-RAE with core level spectroscopy
and inverse photoemission spectroscopy is needed to verify this property.

4. Conclusion

This work presents novel spectroscopic ellipsometry data on the semiconductor GaSb, showing
a plasmonic region in the VUV spectral range. With comparison to Al, the LSPR and SPP
resonances are shown to be broader and weaker for GaSb. The plasmonic properties are
demonstrated to affect the optical response of nanopatterned GaSb. The uniaxial BEMA and
the gradient uniaxial BEMA are good representations for the effective nanopillar layer, both
for the low energy part of the spectrum (<6.5 eV) and the high energy part of the spectrum
(>12 eV). The VUV-RAE of nanostructured GaSb demonstrates an enhanced sensitivity to
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the structured surface layer due to a dip in the reflectivity of s-polarized light followed by
a dip in p-polarized light. These features are associated with strong relative phase changes
between s- and p-polarized light and can be classified as topological darkness points. The
FEM model better demonstrates the character of these points for ordered materials, while the
RAE measurements of such self-assembled GaSb nanopillars show much weaker features, thus
indicating a high sensitivity to the disorder. The low reflectivity, enhanced absorption and surface
enhancement of the electric field, potentially make the GaSb pillars interesting candidates for
photocathode-emission. Future RAE measurements including a fixed retarder and possibility of
using the same angle of incidence for the high and low energy part of the spectrum, will allow
for the measurement of depolarization and simplify data-analysis.
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