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Hybrid Multiphase Fresnel Lenses on Silicon
Watfers for Terahertz Frequencies

Surya Revanth Ayyagari*”, Simonas IndriSitinas

Abstract—The hybrid multiphase Fresnel lenses (H-MPFLs)
were developed on silicon wafer at the selected frequency of
585 GHz. For this reason, the design of a standard MPFL was
modified thoroughly in various outer zone areas in order to reduce
the complexity and manufacturing time of the diffractive optical el-
ements by employing the direct laser ablation processes. The phase
offset was found by precise control over the phase shift of incoming
radiation in steps of 7w/12, revealing its optimal value to be of /4
independently on the hybridization order of the lens, the focusing
gain of which was found to be up to 10 % higher than that achieved
with a standard design MPFL. The numerical modeling data were
confirmed by experiments demonstrating the effective THz beam
focusing with H-MPFL samples to the diffraction-limited spot size.
The proposed development procedure can be further modified by
scaling the hybrid lens design to other frequencies with different
zone numbers and/or by employing other materials suitable for
THz photonics integration on-chip with the semiconductor devices.

Index Terms—Direct laser ablation (DLA), hybrid multi-phase
fresnel lenses (H-MPFLs), integrated photonics, phase control,
terahertz (THz) frequencies.

1. INTRODUCTION

S THE terahertz (THz) science and technologies progress
A rapidly in recent years, there is arequest for optical compo-
nents of high performance and less fabrication difficulty, which
integration on-chip with the semiconductor devices would be
less demanding [1], [2], [3]. A beam shaping with the diffractive
optical elements (DOEs) grabs attention of the THz community
because of their miniature size (order of wavelength), light
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weight, and compatibility with on-chip technologies with re-
spect to reflective and refractive elements [4], [5], [6]. Depend-
ing on the dedicated function for example focusing, redirecting,
and splitting of incoming radiation, a typical DOE may possess
different structural forms based on the design rules of wave
optics [7]. The multi-phase Fresnel lens (MPFL) is a successful
example of DOE which defines the beam shape by describing the
phase and amplitude distribution of incident wave at the focal
plane. In general, MPFL may have different zone profiles like
binary or multilevel step patterns which make a phase shift of
incoming radiation resulting in constructive wave interference at
a predefined distance along an optical axis. In a particular case,
the thickness of material is adjusted to introduce the phase offsets
strictly related to the value of the effective refractive index.
Different tools such as mechanical polishing, hot pressing,
and 3D printing have been used for the development of the
MPFLs as the discrete components of different low refractive
index materials such as polymers, Teflon, polyamides, and
paraffins which possess small optical losses in the sub-THz
frequency range [8], [9], [10], [11]. All those materials and
fabrication processes make bottleneck for the developments
at higher THz frequencies and for the integration of MPFLs
on-chip with other THz devices [2], [3]. Researchers moved
to higher frequencies by making use of silicon (Si) with low
absorption losses typical for many semiconductor crystals [12],
[13]. Reactive ion etching [14] and photo-lithography [15] are
the two most common methods used to manufacture Si-based
MPFLs; however, they are tedious if several processing steps
need to be modified [16]. A mask-less direct laser ablation
(DLA) technology was proposed recently [17], [18] as a flexible
tool for the development of MPFLs with different number of
phase quantization levels (Q), which demonstrated good focus-
ing performance in a wide frequency range from 0.6 up to 5 THz
[19], [20]. Large Fresnel losses due to high refractive index of
Si were proposed to compensate by fabrication of anti-reflection
coatings within the same DLA process [21], [22], [23]. Notably
that the diffraction efficiency of Si-based MPFLs with large Q
value can reach almost 100% [19]. However, manufacturing of
the MPFL with a large number of phase quantization levels
is a challenging task because the complexity of step profile
increases going toward the outer zones [20]. On the other hand,
the design of lens with a high numerical aperture, defined as
the ratio between the diameter and the focal distance, needs
to be considered in the case of THz device manufacturing
on-chip. Indeed, DLA processing of Si for THz technologies
makes specific requirements for the surface smoothness and
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dimensions of the phase-delay-material used especially in the
area of most outer zones [13], [24]. It is worth noting that
only with the appearance of the DLA technology, many designs
of DOEs become possible to realize crystal materials in the
THz range [25], [26], [27]. Thus, new designs and optimization
procedures of phase step profiles require a detailed investigation.
The first attempts of simplification of the outermost zones of
MPFLs by phase correction technique were made theoretically
and experimentally by several groups [28], [29], [30]. However,
to the best of our knowledge, the development of hybrid MPELs
(H-MPFLs) with a similar or even better focusing performance
than the standard design MPFL has not been reported.

In this work, the hybrid MPFLs were developed on high-
resistivity float zone (HRFZ) Si wafer for radiation focusing at
the selected frequency of 585 GHz. To realize the H-MPFL,
we modified the design of standard MPFL with the phase
quantization levels of eight (Q = 8), which has been previously
demonstrated to be a good tradeoff between fabrication time,
design complexity, and focusing performance [19], [20]. Simpli-
fication and successful optimization of outer zone parameters of
standard MPFL lead to less demanding DLA fabrication process
without deterioration of the focusing gain. The focal length,
F, of 13 mm and the F-number of 1 were selected as initial
parameters for the design. All MPFL samples were fabricated
by the DLA technology, demonstrating very good THz beam
focusing in agreement with numerical data. We believe that our
findings are useful for further developments of laser-processed
THz components and for THz photonics integration on-chip with
semiconductor devices.

II. NUMERICAL MODELING

A loss-free Si of 0.5 mm thickness (k) was selected for
the development of the MPFL samples of different shapes and
complexites. Namely, both-sides polished, (100) crystal orien-
tation HRFZ-Si wafers with a resistivity of 100 k€2 cm and
a refractive index of 3.45 were employed. The properties of
HRFZ-Si after laser ablation have been investigated in the THz
range elsewhere [24].

The standard MPFL was designed using the following equa-

tions [6]:
2in (F 4 ¢ 2).2
Irhn = \/ n( + 2) + I );
Q Q

here r,, is the outer radius of nth subzone (concentric ring), X is
the design wavelength, used value A = 0.512 mm. The depth of
single subzone, d, was described by equation

ae-n (%) @

here m is the integer number value which will be discussed later,
¢ is the refractive index of HRFZ-Si, the value of which was mea-
sured by THz time-domain spectroscopy to be approximately
3.45. To have a complete set of quantization levels, the total
number of Fresnel zones (FZ) and concentric rings (n) in the
design were fixed to integers of 3 and 3*(Q, respectively. Thus,
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Fig. 1. Step profile across centrum line (top row) and microscope picture
(bottom row) of the fabricated samples of (a) standard design MPFL with
Q = 8 for all fresnel subzones (b) Optimized H-MPFL1 with Q =4 and m = 43
at the most outer subzones area FZ3. (c) Optimized H-MPFL2 with Q = 4 and
m = +3 at both FZ2 and FZ3 areas. The step profile for each sample was taken
from the numerical design (Red dots) and measured by a “veeco dektak 150~
profilometer (blue line).

the total diameter of the lenses was estimated to be about D =
2*7‘24 = 13.02 mm.

In the case of standard MPFL, the parameter d was kept the
same for all FZ. However, for lenses of hybrid design, the depth
of subzones was varied with respect to the used value of Q.
Fig. 1(a) demonstrates a step profile of standard design MPFL
with Q = 8 from which the hybrid lens samples were developed
with a smaller amount of phase quantization levels in the area
of most outer zones [see Fig. 1(b) and (c)]. Each set of the FZ
is indicated by different color bar at the bottom of Fig. 1(a) and
(c). Two hybrid lens designs were obtained after modification
Q from 8 to 4 value in one set of FZ 3 (FZ 3) and in two sets
of zones 2, 3 (FZ 2, FZ 3) labeling these samples as H-MPFL 1
[see Fig. 1(b)] and H-MPFL 2 [see Fig. 1(c)], respectively. In
addition, the H-MPFL 3 samples (not shown in Fig. 1) with a
smaller amount of phase quantization levels, namely Q = 2 at
zone 3 (FZ 3), were also considered.

A finite difference time domain method using CST software
was used to analyze and optimize the focusing performance
of the samples. The focusing gain was defined as the squared
ratio between the field amplitude with (Eyiprr,) and without
(Ey) lens under research. The simulations were performed by
choosing perfectly matched layer boundary conditions in order
to absorb the transmitted and reflected waves from the struc-
ture. Symmetric conditions were enforced in X (perfect elec-
tric) and Y directions (perfect magnetic) to reduce simulation
time and working memory requirements. The calculations were
performed assuming the steady-state energy criterion using a
multifrequency plane wave with a field amplitude of 1 V/m
irradiation onto the sample. The intensity distribution along the
optical axis and at the focal plane was calculated and analyzed.
Fig. 2 shows simulated focusing gain characteristics obtained
for the selected samples. Calculated beam profiles normalized
to input radiation for the standard MPFL are shown in Fig. 2 by
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Fig.2. Simulated focusing gain characteristics at (a) focal plane and (b) along
optical axis for the standard MPFL sample and two optimized H-MPFL1 and
H-MPFL2 samples with the same parameters as in Fig. 1. The results are shown
in semi-log scale, where dB = 10 log (Gain). Inset shows the gain characteristics
of the same samples in linear scale in the zoomed area. Note, bottom axis is in
millimeters, whereas top is normalized to the design wavelength A.

black solid lines. The gain value without taking into account a
reflection loss was found to be about 20 dB (about 100 times)
which is in agreement with data obtained from the analytical
performance description of the MPFL used [6], [20].

The optimization of phase profile in the selected outer FZ
areas of the H-MPFL samples was performed by using a discrete
step size of one-eighth (m/8) of the depth initial value at the
subzone area in (2) until the lens reached a maximum value of the
focusing gain. For this reason, an integer m value was varied in
the range from —4 to 44, which corresponds to a phase change
of /12 for the selected wavelength. The optimization results
in terms of the focusing gain, beam size, focal distance, and
#F-number of the MPFL samples with hybrid phase profile with
respect to the standard MPFL as a function of optimization factor
(m) are shown in Fig. 3.

The change of the depth in subzones area modifies the lens per-
formance independently on the hybridization order of H-MPFL
samples. Larger focusing gain was found by making the depth
of subzones deeper for both hybrid design lenses than the actual
subzone depth instead of making them shallower [see Fig. 3(a)].
The maximum gain was found when the optimization factor of
+3 was added to the actual subzone depth of H-MPFLI1 and
H-MPFL2 samples, which corresponds to the phase increment
of /4. Moreover, we see the reduction in full-width half max-
imum (FWHM) of focused beam size at the same m = + 3
[see Fig. 3(b)]. In addition, Fig. 3(c) and (d) demonstrate the
modification of focal length and #F-number with very similar
values as for the standard MPFL sample with d = 26 um,
when the optimization factor for H-MPFL samples is of about
three-eighths of the actual subzone depth, i.e., m = 4 3. It is
worth noting that the maximum gain for standard MPFL samples
is achieved when m = 0, i.e., the performance of standard design
diffractive lenses is optimal in terms of focusing gain, therefore,
analytical (1) and (2) accurately describe geometry parameters
of the MPFL.
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Fig. 3. (a) Simulated focusing gain, (b) FWHM, (c) focal distance, and

(d) #F-number of the standard MPFL, H-MPFL1, and H-MPFL2 samples with
different value of the optimization factor (m), bottom x-axis, and resulting depth
of subzones, d, top x-axis. Inset: Numbers in brackets, which are shown only
in (a), indicate actual d value in micrometers of subzones with respect to the
optimization factor for the standard MPFL samples.

TABLE 1
SUMMARY OF THE MODELING RESULTS

FWHM #F-

num.

Sample Depth d at

outer sub-

Focusing
Gain
dB

Standard MPFL with Q=8 at all Fresnel zones (FZ~=1,2,3.)
Standard MPFL

0.548
with m=0

Optimized H-MPFL with FZ=3; Q=8 at FZ~1, 2.
H-MPFL1  with 72 0.507 20.3
m=+3

Optimized H-MPFL with Q=4 at FZ=2,3; Q=8 at FZ~=1.
H-MPFL2  with
m=+3

(mm)

0.78

H-MPFL3
m=0

Numerical optimization results are summarized in Table I.
The H-MPFL1 and H-MPFL2 samples with factor m = +3
demonstrated maximum focusing gain and were treated as op-
timal design lenses, resulting in up to 10 % (4-0.4 dB) higher
gain in comparison to the standard MPFL [see also red and blue
curves in Fig. 2(a) and (b)]. On other hand, the optimization of
the H-MPFL3 samples was not carried out as their initial focus-
ing gain was found to be small. Namely, the H-MPFL3 sample
with m = 0 demonstrated the focusing gain to be up to 2 times
smaller with respect to the reference sample and even smaller as
compared to the MPFL4, which is a standard design MPFL with
O = 8 and m = 0 but with only two sets of FZ, namely FZ 1 and
FZ?2. The increase in focusing gain for the optimized H-MPFL
samples was due to constructive interference of the wavefront
thanks to precise control over a phase shift of incoming radiation.
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Further increase in the subzone depth, cases m > + 3, resulted
in the destructive interference and reduction of the focusing gain
and FWHM values.

Moreover, from the results shown in Fig. 2(a), we clearly see
a change in sidelobe level from 0.23 dB for standard MPFL
to 4.05 dB for H-MPFL1 sample with an increase of absolute
focusing gain at the central beam by up to 10% (40.4 dB).
Further modification of the hybrid lens design from H-MPFL1
to H-MPFL2 resulted in two times smaller sidelobe magnitude
(2.48 dB) maintaining approximately the same focusing gain
values at the central beam (see Table I).

III. RESULTS EXPERIMENTAL VALIDATION

Three samples in total, two of optimized design (H-MPFLI
and H-MPFL?2) and one of standard MPFL design were fabri-
cated for operation at the frequency of 585 GHz. The zone plates
were patterned by an industrial-scale pulsed laser (Atlantic 60,
EKSPLA UAB) with a pulse duration of 10 ps, operation wave-
length of 1064 nm, scan speed of 856 mm/s (47 % spot overlap),
32 um laser spot size diameter, 11.8 J/cm? laser irradiation
fluence, hatch angle rotation of 45 deg after each scan, and etch
depth of 0.2 pum per layer which allowed to maintain precise
control over the profile shape of the MPFLs. Microscope pictures
of the fabricated samples are shown in the bottom row of Fig. 1.
The step profiles of each sample scanned with “Veeco Dektak
150” profilometer demonstrate a good fit to the design shape as
shown from the center towards edge side in the top row of Fig. 1.

The outer subzones become increasingly narrower with grow-
ing distance from the center in a standard design MPFL. There-
fore, a small spot size of the laser beam is needed to produce a
large diameter lens and ensure sufficient fabrication resolution
in the outer zone areas. Whereas the outer subzones in the hybrid
lenses are wider but a bit deeper. Although the removed material
volume in the standard design lens is smaller than that in the
hybrid lenses, the feasibility to use a large diameter laser beam
leads to a faster and less demanding fabrication process of those
lenses. For example, if we consider the narrowest ring of the
standard and hybrid design to be, respectively, 100 and 150 pm,
then we increase proportionally the laser spot and 1.5 times faster
fabricate hybrid lens of the optimized design.

Focusing performance of the samples was explored exper-
imentally by using a THz continuous wave system operating
at 585 GHz frequency. Setup is shown in Fig. 4. Briefly, it
is composed of RF generator, amplifier, collimator (HDPE
lens), reflecting off-axis parabolic mirror (Gold Mirror), micro-
bolometric THz detector placed on scanning multiaxis trans-
lation stage, and lock-in amplifier for the signals readout and
storage in the personal computer. The radiation generated
by Schottky diode-based AMC (Amplification Multiplication
Chain) was outcoupled via a horn antenna. The measurements
were done by scanning with the THz detector placed on an au-
tomated 3D axis stage. This allowed us to evaluate the intensity
distribution along the optical axis (Z-axis) and in the focal plane
(X- and Y- directions) with respect to the sample.

The measurements revealed a Gaussian beam shape at the
sample plane in experiments with FWHM = 14 mm (see inset

HDPE Lens
THz Source Gold
Mirror
E: z
L sample
s b -3 — - P
-6-4-20246
X- axis (mm)

(ISR

Lock in Amp

THz Detector
on 3 Axis stage

Fig. 4. Schematic representation of the experimental setup. Inset shows the
Gaussian shape of the THz beam emitted from the THz source and measured
at the position of MPFL sample. Noise of the THz signal recordings was
approximately 0.1 mV, resulting in the noise level of focusing gain to be at
about —10 dB.

Normalized Intensity

Y (mm)

2 1 0 1
X (mm)

) X (mm)
(a) (b) ()

Fig.5. THzbeam intensity distribution measured at the focal plane (XY plane)
and along the optical axis (XZ plane) with respective cross-section of focused
beam for the fabricated (a) standard MPFL, (b) optimized H-MPFL 1, and (c)
optimized H-MPFL 2 samples.

in Fig. 4). Notably, the plane wave excitation was used in the
numerical simulation resulting in overestimated gain values in
comparison to the experimental data. We would assume that the
aperture efficiency with the reflection losses in our experiment
was within the range of 38%.

Experimental data of the THz beam focusing with different
samples are shown in Fig. 5. The focal distance was found to be
around 12 mm (z-direction) similar for all samples. It is clear
that the beam is perfectly focused as an Airy disc seen in the
focal plane as the side lobes around the central focal spot. The
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Fig. 6. Focusing gain in semi-log scale obtained experimentally (solid red

lines) and numerically (dot-dashed black lines) at the focal plane for the
(a) standard MPFL, (b) optimized H-MPFL 1, and (c) optimized H-MPFL 2
samples.

TABLE II
SUMMARY OF EXPERIMENTAL AND SIMULATION VALUES OF THE FWHM AND
FOCUSING GAIN FOR THE FABRICATED MPFL SAMPLES

Focusing Focusing

(mm) Gain/dB | (mm) Gain /dB

Standard MPFL | 0.548 99.0/20.0 | 0.498 61.7/17.9
Optimized 0.507 108/20.3 0.527 73.5/18.7
H-MPFL 1 (B=0.92) (A=0.91) | (B=1.06) | (A=0.84)
Optimized 0.505 109/20.4 | 0.498 68.2/18.3
H-MPFL 2 (B=0.92%) | (A=0.90) | (B=1.00) | (A=0.90)

increment in intensity was found in the experiment up to ~10%
(+0.4 dB) for the H-MPFL samples compared to the standard
MPFL. It is worth noting that the magnitude of the intensity
change was found the same as predicted by numerical modeling.

Fig. 6 demonstrates the focusing gain characteristics obtained
experimentally and numerically for different lens samples. Both
hybrid design lenses demonstrated the same #F-number and the
focusing gain approx. Ten percent (0.4 dB) higher than values are
achieved with the reference MPFL samples. Detailed compari-
son of experimental and modeling results for fabricated samples
is done in Table II. The first columns of the simulation and ex-
perimental data show the focused beam FWHM measured along
the Y-axis direction. From the beam width percentage ratio, B, of
the beam size of hybrid, FWHMyp, to the beam size of standard,
FWHMyg, design samples, i.e., B = FWHMpy / FWHMg, we
conclude that the focused beamwidth of optimized H-MPFL
samples is narrowed by up to 8% compared to the standard
MPFL in simulation, whereas from the experimental data, a
similar change of FWHM values was found. The comparison of
focusing gain was evaluated as the attenuated gain, A, indicating
the ratio between the focusing gain of standard, G g, and hybrid,
Gy, design MPFL samples, i.e., A = Gg, / Gy. Here A < 1
indicates the focusing gain of the hybrid design lens to be higher
in comparison to standard design MPFL. By comparing the
A values, we clearly see that the optimized H-MPFL samples
demonstrated slightly better focusing performance both in the-
ory and in experiment. It is worth to mention that by measuring
the ratio between intensities at the focused beam center and the
side of first-order lobe, the diffraction efficiency was estimated
to be about 93 % (98 %) in the experiment (in modeling), the

value of which was in agreement with the analytical description
of the MPFL [6], [20].

We can also see from Table II a noticeable change in the
focusing gain of about 7 % and beam size of about 6 % in
the experiment values for optimized H-MPFL 2 compared to
optimized H-MPFL 1 samples. Such differences were in the
range of experimental errors as the simulation data demonstrated
aconsiderably smaller difference between respective parameters
of the optimized hybrid samples being only about 0.9% and
0.3%, respectively (see also Figs. 2 and 3).

Thus, obtained results validate a successful optimization pro-
cess of the hybrid lenses with reduced complexity of phase
profile. The H-MPFL samples demonstrated in the experiment
slightly better focusing performance as those of standard design
MPFL samples. The increment in the focusing gain of hybrid
lenses was attributed to smaller shadowing effects and more
efficient constructive interference of the spherical wavefront
because of precise control over the phase shift of incoming
radiation at the outer FZ by making them deeper [31], [32],
[33]. Achieved overall focusing gain, which was not a concern
of this research work, from the optimized H-MPFL samples was
up to 18.7 dB (20.4 dB) in the experiment (numerical modeling),
can be further increased with a larger amount of the FZ [6], [20].

IV. CONCLUSION

To conclude, we have developed for selected frequency the
H-MPFLs with two times smaller number of steps in the phase
profile at most outer FZ areas. Optimal phase offset was found
to be of 4+7/4 independently on the hybridization order of the
H-MPFL samples, the focusing gain of which was found to be
up to 10% higher in comparison to a standard design MPFL.
Thus, we proposed a new approach for the development of much
simpler and less complex DOEs which can be scaled to other
frequencies and integrated on semiconductor chips with THz
detectors and emitters.
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