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ABSTRACT

We fabricated several reverse conical holes on high-resistivity silicon substrate with different power and
pulse number of femtosecond laser, and investigated their patterns and features by using scanning
electron microscope (SEM). Then, we chose one of the experimental parameters prepared a reverse
conical anti-reflection structure sample with period of 90 pm. Terahertz Time-domain Spectroscopy
(THz-TDS) was used to test its properties. Compared with the nonstructural high-resistivity silicon, the
transmission of structural high-resistivity silicon increases by the maximum of 14% in the range 0.32-
1.30 THz. Furthermore, we simulated the sample by finite integral method (FIM). The simulated results
show good consistency with experimental results. The transmission effect of the reverse conical holes
were optimized via simulation. Results show that the related transmission effect can be improved by
increasing the pulse numbers and decreasing the spot size of the femtosecond laser. The different
transmission window can also be tuned by changing the reverse conical structure of different periods.

© 2015 Elsevier B.V. All rights reserved.

1. Instruction

In recent years, terahertz technology has attracted much more
attentions in many scientific fields [ 1]. Terahertz components, such
as resonant waveguides [2-4], filters [5,6], polarizers [7], sensors
[8] and diodes [9], are necessary in various terahertz systems. For
example, the high-resistivity silicon is usually utilized in Terahertz
Time-domain Spectroscopy (THz-TDS) as a device which enables
the transmission of terahertz wave while isolating the 800 nm
femtosecond laser due to its high refractive index and broad
transmission window (from microwave to mid-infrared wave).
However, the high-resistivity silicon still gives rise to 30% loss
because of Fresnel reflection, which will reduce dynamic range of
THz-TDS. Hence, it is necessary to reduce reflective loss of high-
resistivity silicon surface for further improving THz-TDS perfor-
mance. There are two common methods to reduce the reflective
loss. One is to coat thin film on high-resistivity silicon surface. This
film should be single layer with the material of n=(n,-ny)*1/
2 ~ 1.85 or multiple layers with materials of different refractive
indices according to the film design theory [10-12]. Another is to
fabricate micro-structure on silicon wafer. For instance, Huang
et al. fabricated a biomimetic silicon nanotip (SiNTs) structure by
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utilizing self-masking dry etching technique. While the transmis-
sion refinement of the device was confined above 1THz [13]. A
bandwidth adjustable pyramid-based structure was built by Zhang
et al. using a crystallographic wet etching method. Restricted by
the fabrication method, the aspect-ratio of the device is un-
adjustable [14]. Briickner et al. utilized DRIE technique and fabri-
cated two kinds of transmission enhancing structures (rectangle
and hexagon). Although the amplitude of the electric field was
enhanced by 15.2% and 21.76% independently, the fabrication
period requires 7.2 h due to the 500 pm depth of the structures
[15]. Other researchers fabricated sub-wavelength surface-relief
structure on the basis of the zeroth-diffraction-order theory [16-
19].

As is mentioned above, for realizing the later kind of trans-
mission enhancing way, the common fabrication method are dry/
wet etching. It is inconvenient for these methods to alter aspect
ratio because of limitation of crystal orientation of wet etching
[14] and limitation of etching speed and cost of dry etching [15].
Moreover, a lithography step is needed for realizing the periodic
structures, which increases the complexity of the fabrication. In
this paper, we abandoned the common dry/wet etching method
and utilized the laser ablation technique to fabricate the trans-
mission enhancing structure. This laser ablation method can rea-
lize controllable aspect-ratio as well as controllable bandwidth
transmission structures in terahertz spectrum. This method have
been proven to be useful in fabricating anti-reflection structures
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for visible light spectrum application [20,21].

According to the principle of interaction between femtosecond
beam and silicon surface, we obtained the reverse conical holes
with different diameters on the high-resistivity silicon surface by
adjusting the power and pulse number of femtosecond laser. Then,
we chose one of the experimental parameters, fabricated, experi-
mentally and theoretically discussed the performance of the re-
verse conical anti-refraction sub-wavelength structure. The results
show that the relative transmission of the structured sample in-
creases by 14% at maximum in the range from 0.32 to 1.30 THz
compared with the unstructured one. The different transmission
window can be tuned by changing the reverse conical structure of
different periods. Furthermore, the transmission effect of the
sample can be improved by increasing the pulse numbers and
decreasing the spot size of the femtosecond laser.

2. Experiments

Fig. 1 shows the setup of experiment. After the femtosecond
laser beam with wavelength of 800 nm and power of 650 mW
passes through beam splitter and shutter controller, it is focused
on the silicon surface by lens with focal length of 200 mm. The
silicon is fixed on a metal plate, which is controlled by step motor.
By adjusting angle of beam splitter and switching time of shutter
controller, the power and pulse number of femtosecond laser can
be controlled.

In order to seek for proper experimental parameters, we ob-
tained different patterns and features of holes fabricated on the
high-resistivity silicon surface with different laser parameters. In
the experiment, we chose the single side-polished silicon with
resistivity of 20,000-28,000 Q2 cm and crystal orientation of
<100 > and fixed such 3 x 3 cm? silicon wafer on the metal plate.
The position of metal plate was adjusted to ensure the silicon
wafer being on the focal point of lens. The power of femtosecond
laser and pulse number was arranged in 30-200 mW and 1000-
6000 pulses, respectively. The average of holes diameters fabri-
cated by different laser parameters is shown in Fig. 2. As we can
see, the diameters of holes alter from 64 pm to 232 pm when the
power of femtosecond laser increases and the trend accords with
the Gaussian curve fitting results. Meanwhile, with the increase of
femtosecond laser pulse number, the diameter decreases. The
phenomenon can be explained by analyzing the SEM top view of
sample. As shown in Fig. 3, we can see the center of the conical
hole became darker and darker as the number of laser pulse in-
creases. There are lots of residues around holes which generated
by the interaction between the femtosecond laser beam and sili-
con surface and its quantity depends on the volume of the holes.
When the pulse number of laser increases, the depths of holes and
the generated residues also increase. It is the residue surrounding
holes that gradually accumulates and extrudes, and finally causes
the decrease of holes diameters. As a result, the diameter and
depth of holes can be changed by altering the power and the pulse
number of femtosecond laser, respectively.

In Fig. 2, the diameter of constructed hole was 93 pm when the
power and pulse number was set to 50 mW and 3000 pulses, re-
spectively. In order to fabricate a compact sample, we set the step
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Fig. 1. The sketch of experiment set.
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Fig. 2. The fitting results of hole diameter versus different laser power and pulse
numbers.

of step motor to 90 pm, which is relative to the diameter. Then, the
sample with array holes on silicon was fabricated, which is shown
in Fig. 4. From Fig. 4(a), we can see the silicon surface has high
quality periodical structure. Here we focus on its anti-reflective
feature. From cross section as shown in Fig. 4(b), we can see the
surface is rough and the tip of cone is a bit crooked. The depth of
inverse cone is roughly 130 pm.

3. Measurements and simulation

The Fiber Coupled Terahertz Time Domain Spectrometer was
used in the experiment and the polarization of THz wave was kept
paralleled with the direction of period. The result (red line) is
shown in Fig. 5. As comparison, we also listed the experiment
results of unstructured silicon (blue line). There are three obvious
peaks in THz time domain spectrum, the first peak is signal, the
other peaks are reflection peaks, which caused by muti-reflection
of signal in silicon. The When we see the frequency spectrum in
Fig. 5(b), the signal of structured silicon is higher than un-
structured silicon in the range from 0.32 to 1.30 THz (the trans-
mission window width is 0.98 THz). The relative transmission
(T=Pstructured [Punstructureds Fig. 7) increases by 14% at the maximum
(about 0.81 THz).

To understand the anti-reflection mechanism of reverse conical
structure, we adopt the graded index method to analyze it. As
shown in Fig. 6(a) and (b), we consider the reverse conical struc-
ture with period of 90 pm and depth of 130 pm as combination of
infinite layers with different refractive indices n;, The n; of each
layer can be determined by the effective refractive index formula
as following:

Neg = /(1 — a)n? + a n3 a)

where n; and n, are the refractive indices of air and silicon, «a is the
filling factor (area fraction) of silicon in each layer [22]. As shown
in Fig. 6(b), if we use the vertical distance of each layer to silicon
surface x, the filling factor a can be expressed as:

2
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where L is the height of entire reverse conical structure. By sub-
stituting Eq. (2) into Eq. (1), the filling factors « of different vertical

distances x can be obtained as red dash in Fig. 6. It can be clearly
seen that the effective refractive index curve increases
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Fig. 3. The top view of unit reverse conical hole by SEM: (a) laser power=30 mW and pulse number=2000 pulses, (b) laser power=30 mW and pulse number=3000
pulses, (c) laser power=30 mW and pulse number=4000 pulses.
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Fig. 4. The (a) top view and (b) cross section of sub-wavelength structure of period being 90 um on high-resistivity silicon wafer by SEM.

continuously with vertical distances x increases. According to Hence, it is feasible that reverse conical structure can enhance the
Fresnel formula: t=2n,/(n;+n;), when the refractive indices of transmission of high-resistivity silicon although a part of energy

adjacent layers n; and n, are extremely close to each other [23], will lose because of suddenly change of the refractive index n from
the transmission of incident electromagnetic wave is nearly 100%. 1 to 1.85 on the silicon wafer surface.
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Fig. 5. The (a) time domain signal and (b) frequency domain spectrum of reverse conical structure sample.



Y. Zhang et al. / Optics Communications 361 (2016) 148-152 151

34 F ! T T T —T--To T
32 T ]
3.0 e ]
28 | o ]
[ ’ n. =1
26 | .7 00 R air ]
6 - 7 L\ /," n,
24 i \ / 1
et . s25 |\ / M
© 22p F / — % A
2 s 65.0 \", /‘n i
g 20 [/ < 90 ym —» o \ / . n ]
L L / : d
= 18 [ a \ o ]
w I g o7s|| \ | ]
16 | \ \ J/ ]
14 [ | 1300 b Veeolloo T ]
" / 4 n, = 3.42]
12} S i
J a b ]
1.0 ~ 1 L 1 L 1 " 1 " | . 1
0 20 40 60 80 100 120
X (um)

Fig. 6. The sketch of unit reverse conical structure and the effective index of dif-
ferent vertical distance x.
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Fig. 7. The experimental and simulated results of same reverse conical structure.

We consider the reverse conical structure shown in Fig. 4 to be
the ideal reverse conical structure shown in Fig. 6(a) and (b), and
use CST Microwave Studio with time domain solver based on finite
integral method (FIM) to simulate the structure. The simulated
transmission of reverse conical structure (solid line) is show in
Fig. 7. It can be clearly seen that the relative transmission in-
creases, flattens and then decreases with the varying of frequency,
which accorded with the experimental data (red dotted line) ex-
cept it is a bit higher than the experimental results before 0.7 THz.
This mismatch might be caused by the structural difference be-
tween the experiment and the simulation.

Next, the relation is discussed between period and transmis-
sion window width. Based on the zeroth-diffraction-order theory,
the period of grating and passable frequency are subject to [15]:

F<S Js

A njsin 6; cos ¢ + (nZ + n? sin® 6; sin® p)!/2 3)

When the period of grating changes, the cut-off frequency also
changes. Thus, we can alter the period of reverse conical structure
to alter the location of cut-off frequency as well as the transmis-
sion window width. As shown in Fig. 8, we simulate the ideal
reverse conical structures with different periods (60-180 pm) but
same depth-to-width ratio (13:9) by CST Microwave Studio. The
results point out the transmission window widths with different
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Fig. 8. The simulation results of reverse conical structure on different periods (60-
180 pm) but same depth-to-width ratio (13:9).

periods of 60, 90, 120 and 180 pm are 2.07, 1.38, 1.04 and 0.69 THz
respectively. Their maxima transmission remains constant at the
value of 1.13. Moreover, it can be seen from Fig. 8 that the cut-off
frequency of the device decreases as the periodic number in-
creases. The reason will be explained in the following part.

To improve the transmission effect of the sample, we did re-
search on relation between the transmission spectrum and the
aspect ratio, simulation is performed on periodic number and
depth of the ideal reverse conic structures independently. As
shown in Fig. 9(a), the transmission window of 130 pm in depth
reverse conical structures (with periodic number of 60, 90, 120 and
180 pm) are 2.34, 1.38, 0.94 and 0.56 THz, independently. Results
show that the transmission window becomes wider as the peri-
odic number decreases. Moreover, the curves in Fig. 9(a) have the
same low cut-off frequency and ascending tendency. As a result, it
can be inferred that the variation of low cut-off frequency in Fig. 8
is due to the change of the conic depth. As shown in Fig. 9(b), the
deeper the height is, the smaller the low cut-off frequency be-
come. The transmission window of 45, 90, 180 and 450 pm in
height reverse conical structures (with aspect-ratio of 0.5, 1, 2, and
5) are 1.05, 1.22, 1.54 and 1.49 THz, independently. The maximum
transmission bandwidth is achieved when the depth and periodic
number of the inverse conical structures reach 180 pm and 2, in-
dependently. Results show that the by increasing the conic depth
(aspect-ratio) adequately, the transmission bandwidth can be wi-
dened effectively. Based on the results of Fig. 8 and Fig. 9(b), in-
creasing the aspect-ratio of the structures is benefit for improving
its terahertz transmission ability. As the aspect-ratio reaches 5, the
transmission peak reaches ~1.18. It can be concluded that for
achieving a wide bandwidth terahertz transmission structure, the
periodic number should be small and the aspect-ratio should be
high. In our experiments, the reverse conical structure samples of
different periods mentioned above can be realized by changing the
power and pulse number of femtosecond laser. Besides, we also
can consciously increase the depth of reverse conical structure to
raise the depth-to-width ratio by enhancing the pulse numbers of
femtosecond laser. The period of sample is limited by the size of
focused laser spot.

4. Conclusion
The reverse conical structures of different diameters (64-

232 pm) were obtained on high-resistivity silicon by employing
the femtosecond laser of different power (30-200 mW) and
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Fig. 9. Simulated results of reverse conical structures with different depth and period: (a) depth: 130 um, period: 60, 90, 120 and 180 pm, independently. (b) period: 90 pm,

depth: 45, 90, 180 and 450 pm, independently.

different pulse numbers (1000-6000 pulses). Then we chose the
power and pulse number as 50 mW and 3000 pulses, respectively,
to prepared a reverse conical anti-reflection structure sample with
period of 90 pm. The relative transmission of this sample increases
by 14% at maximum in the range from 0.32 to 1.30 THz compared
with the unstructured one. The simulated results on same struc-
ture accord with the experimental data. We also did further si-
mulations on different periods (60-180 pm) but same depth-to-
width ratio (13:9) on the basis of this fact. The simulations show
that it is feasible to adjust the transmission window width by
change the power and pulse number of femtosecond laser. Fur-
thermore, the transmission effect of the reverse conical holes were
optimized via simulation. Results show that the related trans-
mission effect can be improved by increasing the pulse numbers
and decreasing the spot size of the femtosecond laser. In con-
sideration of influence of error of fabrication and diameter of laser
spot, the optimization of transmission of structure still has
amounts of work to do, which will be further discussed in our
future work.
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