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Scientific Progress

Accomplishments:

+ We have developed an analytical simulation method based on E-M theories, which can produce reasonably good result.
Combined with commercial software, it helps us in the initial design stages of any SSPP waveguide structures

*  We have designed and simulated a DC-SSPP based MZI structure and demonstrated its feasibility

* We have test-fabricated on an SOI wafer various DC-SSPP structures, and have demonstrated our ability to fabricate such
structures with robustness and accuracy

Further work:

*  Project |: THz device simulation: effect of the metal thickness and lossy materials

* In combination with fabrication process, we will determine the thickness of the metal deposition on our DC-SSPP devices.
The goal is to select the thickness which is enough to sustain the SSPP modes while at the same time easy and robust to
fabricate

+ The impact of lossy metal as well as dielectric materials on device performance will be carefully studied

» Theoretical model as well as FDTD simulations using commercial software are projected in this task

*  Project Il: improvement of fabrication procedure

» Fabricate flanges on separate wafer to give more room for test structures

* Increase backing layer thickness on wafers

* Improve cleaning process

» Calibrate oxide etch for vertical walls

* Modify assembly using wafer to wafer bonding instead of individual assembly

*  Project lll: testing of the 270GHz devices

+ Using standard 17mil*34mil port testing platforms, we can get the port parameters of the DC-SSPP devices, including its
transmission spectrum

« The result of such test will be used to improve our device design and to optimize our fabrication procedure

+  Project IV: fabrication and testing of THz domain structures

» It requires smaller feature size and better accuracy. Etch control, metal deposition and device bounding will be the main
focus in this task

» Testing of such devices would require THz testing platforms.

Technology Transfer

A US patent has been submitted under the title: MACH-ZEHNDER INTERFEROMETER HAVING A DOUBLY-CORRUGATED
SPOOFED SURFACE PLASMON POLARITON WAVEGUIDE

Attorney Docket No. 2115-005568/US/CPA

The disclosure relates generally to bio-sensing using an interferometer and, more particularly, a Mach-Zehnder Interferometer
having a doubly-corrugated spoofed surface plasmon polariton waveguide.



ARO & MURI (UCI) Combined Final Report

Contract Number: W911NF-10-1-0229 & 2010-2514 (W911NF-11-1-0024)

Title: Plamonics for Biomolecular Sensors and THz Metamaterial Waveguides

(Near and Far-Field Interfaces to DNA.Guided Nanostructures from RF to Lightwave:
Exploiting the Spectrum)

Program Manager: Dr. William Clark  Division Cheif Electronic Division

Principle Investigator: Prof. Pinaki Mazumder, University of Michigan
Motivation

Terahertz elements and devices designed to work in the frequency range of 0.1-10 THz have
attracted enormous research activities in the past decade due to its potential use in applications
such as astronomical remote sensing, tag-free bio-molecular detection, and monitoring of
harmful chemicals. A major hurdle encountered by designers of THz logic components is how to
realize low-loss and low-dispersion transmission of electromagnetic signals. One way to
overcome the problem is to introduce periodic surface features such as holes, grooves, and
dimples onto the material interface of the structure, which generates a special surface mode
known as the Spoofed Surface Plasmon Polariton (SSPP). Spoofed Surface Plasmon Polariton
(SSPP) is known as a pseudo-surface mode in THz frequencies that mimics the slow wave nature
and localized E-M field distribution of the plasmon mode typically observed in optical domain.

A common issue in the design of THz components is to achieve better spectral selectivity in the
form of sharper transmission peaks. Higher sensitivity to the structural change caused by external
stimuli is also preferred in the design of sensors and active components alike.

A great number of macro-sized biomolecules demonstrates distinct dielectric properties in THz
due to the multitude of collective vibrational modes of their complex molecular structure. Taking
advantage of this phenomenon, we can realize the non-invasive, agent-free differentiation of
these molecules using the doubly-corrugated SSPP architecture. This functionality of the SSPP
sensor can be further enhanced when modification and multiplexing of the architecture is
involved in the device design, resulting in the minimization of sample needed for successful
detection.

Objective

(1) Design, fabricate and test of new class of THz waveguides and plasmonic sensors
(2) Enhance the sensitivity and differentiability of GHz-THz bio-sensors
(3) Develop ultrafast and low-power GHz-THz devices

Task: The overall research project was in general divided into four different tasks as
shown below:




Task 1: Analyiss of Doubly Corrugated Spoof Surface Plasmon-Polariton (DC-SSPP)
Structures and Bio-Sensing by Mach—Zehnder Interferometer Comprising

Task 2: SSPP DNA sensor with single-arm ‘gap’ structure or waveguide-cavity-
waveguide (WCW)

Task 3: MZI SSPP Architecture in DNA Bio-Sensing: Lossy Scenarios

Task 4: Fabrication of the SSPP architecture using CMOS compatible nanofabrication
technique and device testing

Task 1 : Analyiss of Doubly Corrugated Spoof Surface Plasmon-Polariton (DC-SSPP)
Structures and Bio-Sensing by Mach—Zehnder Interferometer Comprising

The Doubly Corrugated Spoofed Surface Plasmon Polariton (DC-SSPP) structures at THz in
studied. Frequency selectivity of the proposed structures is illustrated. In our work, we introduce
1-D periodic grooves onto opposing metal-dielectric interfaces of a waveguide, forming a
doubly-corrugated Spoof Surface Plasmon-Polariton (DC-SSPP) structure. Such structure is
illustrated in Fig. 1.
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Fig. 1. (a) Front views of the SSPP structure (b) Cross section of the structure.

The structure is divided into two regions in order to derive the mathematical form of the
dispersion relation. The 3-dimensional E-M fields are expressed in Region I and II. An
eigenvalue equation can be obtained by enforcing the boundary conditions between the two
regions, where the tangential fields must be continuous. In our previous study, we showed that
such structure can support SSPP resonance mode, of which the dispersion relation is given by:
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The dispersion relation of simple DC-SSPP structure, as calculated using the above formula, is
shown in Fig. 2. It is shown that our SSPP waveguide has a unique band structure, where some
modes demonstrate a near-zero group velocity. Those slow light modes are vital in achieving
high Q-factor passing bands, which in turn, is highly desired property in the design of all sensors
based on frequency finger-printing.
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Fig. 2 (a) Dispersion diagram of sample DC-SSPP. (b) Transmission properties of DC-SSPP. Dimensions are:

d =100um, a = 10um, h = 30um, t = 33.33umand W = 300um.

Fi.2 (b) shows the transmission properties of DC-SSPP in purpose of comparison with dispersion
diagram. As shown, the results in both diagrams are in agreements.

The wave-vector is a function of refractive index n of the dielectric material. Therefore when a
change of n is introduced, the phase accumulation of the THz wave travelling within the
structure will be altered. As an example, the dispersion relationship of one DC-SSPP structure
calculated from MATLAB is shown in Fig. 3 (d = 100um, a = 10um, h = 80um, t = 33.33umand
W =300um). The waveguide is made of dielectric materials having three different refractive
indices ny = 1, n; = 1.05 and n, = 1.15 . In the figure the dispersion curve is seen to be
significantly lowered when higher refractive index material is used.
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Fig. 3(a) Dispersion relation of the single-armed DC-SSPP structure when filled with dielectric material of different
refractive indices. (b) Difference in phase accumulation for THz signals as a function of frequency between three

refractive indices ny = 1, n; = 1.05 and n, = 1.15).

A natural result of this modified dispersion relations is the difference in phase accumulations
when the THz signals propagate through such DC-SSPP structures with different dielectric
constant. In Fig. 3(a) we show the phase difference of THz signals after it travels through seven
periods of the DC-SSPP waveguide with three refractive indices (n, = 1, n; = 1.05 and n, = 1.15 ).
The solid lines represent the result obtained from our mathematical model and the dashed lines
show the simulation results obtained using HFSS. In Fig. 3(b) it is observed that the two curves
are close to each other with frequencies far from the SSPP resonance. Near the band-gap region,
despite the observable disparities, both curves show a sharp increase of the phase difference, as
is predicted from Fig. 3 with flattened dispersion curves.

When phase modulation by changing refractive index is demonstrated as above, we can combine
two arms of DC-SSPP waveguides to form an MZI (mach-zehnder interferometer). The THz
signal from two arms of the MZI, when recombined after they propagate through different
dielectric materials will be either enhanced or reduced in magnitude as a result of coherent
interference. The combined effect of the selectivity of single-armed DC-SSPP waveguide and
that of the interferometer will result in a transmission curve with sharper features as well as
better sensitivity to structural variations caused by external modulations.
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Fig. 4 Cross section of the DC-SSPP MZI structure with different geometric dimensions labeled. is the width of the
waveguide along the x-direction. The lower arm of the MZI structure (shaded in purple) designates the volume with
dielectric loading.

In order to verify our idea, we have simulated the DC-SSPP MZI structure as depicted in Fig. 4.
Various dimensions are labeled in the figure, with denoting the distance between the two
waveguide arms. The first structure we simulate has the dimensions of d = 100um, a = 10um,
h =80um, t = 33.33um, W = 300um, and D = 250um each arm consists of a DC-SSPP
waveguide with 7 grooves. With three different dielectric materials filling up one of the arms and
air filling up the rest of the structure, the transmission curves of the MZI are shown in Fig. 5(a).
For comparison, the transmission curves of the single arm DC-SSPP structure of the same
dimensions are shown in Fig. 5(b).
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Fig. 5. Transmission spectrum of (a) the DC-SSPP MZI structure and (b) the single-armed DC-SSPP structure.
Three different refractive indices are selected for the dielectric loading, and for MZI structure such loading only
applies to one of the arms as depicted in Fig. 4.

By correlating the transmission with the phase difference, it is observed that significant
suppression of the THz signal tends to happen when the phase difference between two arms of
the interferometer is close to odd numbers of m. In Fig. 6, we have included the field
distributions on the cross section of the structure at the frequency of THz. The
constructive/destructive interference between the two arms in difference cases can be clearly



seen. It is noticed that for frequencies close to the SSPP resonance, the — field is greatly localized
in the groove region of the structure. It is consistent with the theoretical analysis we did before,
where a strongly confined energy distribution of the THz wave is predicted near resonance. This
property indicates the possibility of using less amount of dielectric loading to achieve the same
selectivity of the structure.

Fig. 6 Cross section of the DC-SSPP MZI structure with different geometric dimensions labeled. W is the width of
the waveguide along the y —direction. Localized DNA loading is depicted as purple-shaded area in the sketch. The
dark and light grey coloring of the metal part is merely to show the modular design of the sensor.

In Fig. 7 (a) shows example of field distribution in the DC-SSPP MZI structure at frequency of
f=1.084THz for two different refractive indices (magnitude of the overall field is plotted) ny = 1
and n, = 1.05. Fig. 7(b) illustrate the transmission spectrum of DC-SSPP MZI structure with
partial loading inside the grooves for different refractive indices.
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Fig. 7 (a) An example of field distribution in the DC-SSPP MZI structure at f=1.084THz for two different refractive
indices (magnitude of the overall field is plotted). The different dielectric loadings and frequencies are labeled on
the upper right corner of each plot (b) Transmission spectrum of DC-SSPP MZI structure with partial loading inside
the grooves.

Task 2: SSPP DNA sensor with single-arm ‘gap’ structure or waveguide-cavity-waveguide
WCW

Despite the phase modulation of the propagating THz waves, in a periodic SSPP structure such
modulation is induced by a refractive index change to the entire dielectric waveguide. This is
however very unlikely in real bio-sensing scenarios. The large amount of sample needed in this
case is contradictory to the goal of achieving better detection limit. Moreover, it is usually hard
to implement given the limited sample volume provided by the molecular immobilization

process. To overcome this problem, we introduce a gap structure into the SSPP waveguide, as
shown in Fig. 8.
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Fig. 8 Cross-section of the modified SSPP structure with gap blocks.

As shown, the structure consisting of two parts: cavity and waveguide. The structure can be
regarded as equally spaced resonator array. The resonators in the waveguide are coupled at w,,,
and the coupled frequency for the cavity’s resonators is w.. When the resonant frequencies of
both parts are the same, the EM wave can couple from the waveguide to cavity and vice versa.
Then to obtain the highest transmission in the switch it is essential that w,, and w, coincide.

Using temporal coupled-wave analysis, the transmission and reflection of (waveguide-cavity-



waveguide ) WCW structure can be described as:

2
Tw)= (w —wy)? + T
(@ — ) 3)
R(w) = 0

And I'.can be described using:
)

=35 4)

At first we investigate the effect of change in real part of refractive index, then in (3) the cavity
decay rate (I}y) is assumed to be zero. Which means no loss is assumed in the cavity. Based on
(3) when the operating frequency is far from resonant frequency compared to I, (|Jw — wo| >
[.) all the power will be reflected back. When the operation frequency is close to the cavity’s
resonant frequency (|w — wy| < T,) the transmission in (3) is approximately.

Fig. 9 shows the transmittance of the structure with different block dimensions. In the context of
bio-sensing, refractive index n is the primary variable to be sensed. It is therefore chosen to be
the x-axis of the plot throughout this paper in order to better illustrate the functionality of our
structure. The probe signal frequency is chosen to be f=1.08 THz so that it is close to the band
gap. The dimensions of the structure are d = 100um,a/d = 0.1,h/d = 0.8,h/h2 = 1.05,t/
d = 0.3, and W = 300um so that the transmission peak is located at n=1, which mimics the
case of air filling.
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Fig. 9 Transmission of gapped SSPP structure as a function of sample refractive index at f=1.08THz, (a) with
different gap widths, and (b) with different gap lengths.

The increased quality factor of the transmission peaks indicates the possibility of reducing the
sample amount needed for successful detection. This is investigated by changing the sample
loading pattern as shown in Fig. 10. SSPP architecture is known to have highly concentrated E-
M field inside the groove region when it is close to resonance. As a result, sample deposition
patterns that are localized inside the groove are used to compare with the fully loaded case. The
four different patterns are denoted by: A) sample fully loaded; B) sample in groove volume only;
C) thin layers of 2pum thickness on the groove wall and D) thin layers of 1um thickness on the
groove wall.
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Fig. 10 Transmission of gapped SSPP structure as a function of sample refractive index with different sample
deposition patterns

DNA sensing is therefore realized with localized sample deposition in the gapped SSPP
architecture. This is illustrated in Fig. 10, where the transmission peak, in the case of the sample
load pattern D), is plotted as a function of probe THz frequency. High transmission can be
achieved for a wide range of refractive index from n = 1.15 to n = 0.97, corresponding to the
frequency change from f=1.073THz to f=1.095THz. It covers the n values for both denatured
(n = 1.05) and hybridized DNA molecules (n = 1.15).
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Fig. 11 Transmission of gapped SSPP structure as a function of sample refractive index at different probe
frequencies with sample load pattern D)

Task 3: MZI SSPP Architecture in DNA Bio-Sensing: Lossy Scenarios

The dielectric response of the bio-molecules in these frequencies can be in general described
using the following formula:
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In (5), the second term represents the contribution from harmonic oscillations. Such modes
can rise from translational, rotational or vibrational resonances of the molecular structure, and is
strongly affected by the chemical composition and conformational shape of molecules. The third
term, on the other hand, indicates the effect of inelastic relaxation. Water, for example, has a
wide Debye relaxation peak in the THz frequencies, therefore is a significant contributor to this
term should it exists in the sample of interest.

Due to the fact that the EM field is concentrated near the groove region when close to the SSPP
resonance, one can choose to deposit the DNA samples in different manners. In a lossy scenario,
the localized deposition of sample will not only reduce the amount of sample used, but it will
also alleviate the total signal attenuation along propagation. We use three types of sample
loading patterns, as illustrated in Fig. 12(b)-(d). They are: (b) sample filling up one arm; (c)
sample forming a thin layer on the opposing walls and (d) sample forming thin layers on the
groove walls only, respectively.
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Fig. 12 (a) Illustration of the MZI SSPP sensing architecture; (b) DNA sample fully loaded in one arm; (¢) DNA samples form a
thin layer on the opposing walls of one arm; (d) DNA sample form a thin layer only within the groove area

In case (b), the spectral output of the sensing architecture is shown in Fig. 5. When compared
with the ideal case where no imaginary part of the refractive index is considered, the
transmission peaks in this case is visibly lowered due to the material absorption. The
differentiation between the curves of denatured and hybridized DNA is not pronounced when
the frequency is far from the resonance. However, such differentiation is clearly observed
close to such resonance, where peaks are located at distinct frequencies with extinction ratio
reaching and even far exceeding 10dB.
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Fig. 13 Spectral response of the MZI SSPP sensing architecture with different samples filling up one arm

In case (c) and (d), the lowering of the transmission curves are alleviated due to smaller
amount of sample used (Fig. 14 and 15). Similarly, when far from resonance, the spectral
output of different DNA samples is mostly identical to each other. However, close to the
band gap the distinct transmission peaks remain, even with a minimum amount of sample
forming only a thin layer on the groove walls. In case (d) such effect may not be as
pronounced as those in the other two cases, however further study can be done so that an
optimal point between the sample usage, the detectability and the overall loss can be
achieved.
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Fig.4 Spectral response of the MZI SSPP sensing architecture with different samples forming a thin layer on the opposing
walls of one arm
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Fig.15 Spectral response of the MZI SSPP sensing architecture with different samples forming a thin layer on the walls of

the groove area only

Similarly, we perform the simulation on DNA samples with hydration, using the assumption
we mentioned in the previous section. The results are shown in Fig. 8. The loss tangent of
water is orders of magnitude larger than that of dry DNA samples. It has resulted in great
absorption loss even with the minimal sample loading and poor differentiability between the
denatured and hybridized DNA samples. Our SSPP sensing architecture as is cannot be
utilized to sense hydrated samples or DNA in solutions. Further study in modified designs is
required if samples of such nature or in-vivo sensing is required in the long-term goal of this

project.
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Fig. 16 Spectral response of the MZI SSPP sensing architecture assuming water absorption: (a) with different samples filling
up one arm, and (b) with different samples forming a thin layer on the walls of the groove area only

Finally the simulations show that dry DNA samples with complex refractive index are
incorporated into our model to count for intrinsic absorption loss. With non-zero loss factor,
the transmission curves are lowered in general. The scale of such lowering is dependent on
the exact sample loading pattern. While the differentiation of transmission peaks away from
the SSPP resonance is mostly missing due to the absorption loss, there is still considerable
distinction of those peaks between the two types of DNAs close to the bandgap, even with
localized sample deposition. The loss of water is orders of magnitude higher than the
intrinsic loss of dry DNA molecules. In simulation this has resulted in little difference
between the transmission curves of the two samples.

Task 3: THZ Bio-Sensor Design II: De-/Multiplexer (De-/MUX)

We have shown that the DC-SSPP has stop and band passes range that can be tuned by
changing the refractive index inside the waveguide. Using this property of DC-SSPP we can
build Multiplexer/Demultiplexer. Fig. 17 shows the overall view of the structure. It is
consisting of multiple arms enables parallel sensing of multiple samples at the same time.
Enhanced selectivity enables localized sample usage. Using different biomaterial in each arm
set the passing band of each arm at a certain frequency. Then the input signal based on its
frequency passes through an arm that its passing frequency coincides with it. Finally, The
difference in passing bands of separate arms of the De-/MUX structure can enhance the

: . o . . A .
quality factor of the respective transmission peak. Our simulations show that 7" = 0.0125 is

detectable with sample deposition only on the groove walls.
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Fig. 17 Schematic view of Multiplexer/Demultiplexer consisting of multiple arms



Task 4: Fabrication of DC-SSPP structure

1.

Fabrication Process:

Different geometric dimensions of the SSPP architecture have been included in the simulation
and the later mask design, in order to test the structure performance as a function of dimension
variations. Fig. 18 shows schematic view of a sample component that is fabricated, with the input
and output ports designed using WR-3 standard (0.431mm by 0.863mm). As can be seen, it has
feature dimensions as small as 180um. The fabrication process is two masks process and
consists of four major steps:

1.

Spinning, exposing, developing, and patterning top and bottom of the wafers using mask
# 1 and 2

Etching silicon layer down to the buried oxide layer using deep reactive ion etch (DRIE)
Evaporating gold on device side and bonding of the two mirror-symmetric halves of the
components

Etching of the bottom of the wafers and releasing the final components

2000

\J

570 432
>

180

1000 i
'

1320 1000

883 525

180

Fig. 18 Schematic view of SSPP waveguide with five periods of resonators and its corresponding MZI structure.

Their dimensions are shown inside the figures.

More detail steps in the fabrication process are shown in Fig. 19. The thickness of device side is
431um and the handle side is 250um thick, the silicon oxide layer in the middle is 0.5um thick
and both sides are polished with 1um silicon oxide. First, the device sides of two bare polished



SOI wafers are coated with thin layer (3um) of photoresist. Fig. 19(b) shows the process. After
coating the device sides with photoresist they are patterned with mask #1 and are developed. Fig.
19(d) shows the schematic view of mask #1, which includes different kinds of SSPP waveguides
and different MZI structures. The photoresist that is used for patterning is SPR220. The SPR220
is a positive, general-purpose, multi-wavelength resist designed to cover wide range of film
thickness from 1um to 30um with single coat process. For exposing the structure the MA/BA6
in LNF (Lurie nanofabrication facility) has been used. This device is a contact mask aligner and
it is capable to pattern the structures as small as 2um. It uses a UV power supply that is
calibrated to 20 mW/cm” at 405 nm. To have sharp pattern on the photoresist the exposure time
should be defined accurately. After doing several attempts the optimized exposure time find to
be 17sec.
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Fig. 19. (a) Bare SOI wafer, thickness of the device side is 431um and the handle side is 250um thick, the silicon
oxide layer in the middle is 0.5um thick. (b) Coating with 3um of SPR220 photoresist and patterning. (c) Etching
silicon oxide. (d) Schematic view of mask #1.

The next step is to etch the 1um silicon oxide on top of the wafers until the buried silicon layer is
exposed. Fig. 19(c) shows the schematic of process. To etch the silicon oxide layer reactive-ion
etching (RIE) technique is used. The recipe’s name for this process is “mnf-nitride1”. This recipe
etches the silicon oxide at a rate of 1200 Angstrom per minute. We have 1um of oxide then the
total time should be around 8 minutes. To make sure that the oxide is etched all the way the
etching time set to 10 minutes. This results in etch a little bit of the silicon layer, but does not
matter, as we will etch the silicon layer later.



(a) (b)

Fig. 20 (a-c) Photo of the handle side of wafers after RIE etching. (a) The alignment mark on the front side is shown.
This sign is used to pattern the backside in alignment with the front side

After that, the two wafers are stripped from remaining photoresist using solvent or RF plasma
stripper. To have cleaner surface, at first we used acetone to strip the photoresist and then RF
plasma is used to remove all remaining dirt on the surface. At the next step, the handle side of
these two wafers are patterned using the mask #2, after developing; the 1um silicon oxide on
bottom of the wafers is etched down to the buried silicon layer. Fig. 21(a)-(b) shows these steps.
As the thickness of the oxide and photoresist on backside of the wafers are the same as front side
all the timings and processes are the same as the front side. The next step is etching the silicon on
the device side. Fig. 21(c) shows the schematic of this process.

(a) (b) (c)

Fig. 21. (a) Coating the back side with 3um of SPR220 photoresist and patterning the back side. (b) Etching silicon
oxide at back side using RIE technique. (c) Etching the silicon layer using DRIE technique.

To etch the silicon, the deep reactive-ion etching (DRIE) technique is used to get highly accurate
dimensions. This device helps us to etch deep inside the silicon with low undercut and high
aspect ratio. The device name in the LNF is Pegasus. It is a powerful etch tool that has 6kW
radio frequency power inductively coupled plasma. The reacting gases (SF6) are pumped by a
huge turbo pump at several Liter flow rate. The recipe number 2 in the Pegasus device is used for
DRIE. This recipe has high selectivity between silicon oxide and silicon with respectively high
etch rate. The etch rate is a function of the open area of the structure, then for each specific
pattern on the mask we need to find the etching rate. To this purpose, at first the wafer is etched
for 5 minutes then the depth of etch is measured. Finally we found that, this recipe for this
specific design etches the silicon at rate of 10um per minutes. And the total time to etch the
silicon down to the buried silicon oxide in the middle is 43 minutes. To make sure there is no
silicon underneath of the grooves, the etching time is set to 46 minutes. Fig. 22(a-c) shows the
sample at different time slots during DRIE process. Fig. 22(d) shows the wafer after the DRIE is
done on the front side.



(@) B\ ' (b) . )
t by t3

TR rA

(d)

Fig. 22 (a-c) photograph of sample during DRIE at different time slots. (3 > t, > t;) (d) photo of wafer after
DRIE is done on the front side.

After etching the silicon, we need to deposit gold on the device side. To this purpose the physical
vapor deposition (PVD) technique is used. After the DRIE, there is a thin layer of Teflon on the
surface of the structure especially on the waveguide’s and groove’s walls. Then before doing any
further process we need to get rid of this layer. To remove Teflon the plasma stripper is used.

To avoid silicon diffusion into gold which results in a lossy alloy in microwave to THz
frequencies, we can deposit a thin layer (0.5um) of silicon oxide before the gold layer deposition
takes place. Another substitution to silicon oxide could be chrome. Chrome increases the
adhesion of gold to the surface of our structure as the gold adhesion to the silicon and silicon
oxide is too weak and during the process can be came off the surface. In the first attempt the
most portion of the gold was deposited on the bottom of the waveguide and a very thin layer of it
was on the walls, this happened as a result of long distance between silicon wafers and gold
evaporator source and small dimension of gold evaporator source. To fix this problem, the new
PVD equipment is used in which the distance between wafers and gold evaporator sources is
much closer and the gold source is also extended. This results in more uniform deposition of
gold on both bottom and walls. Fig. 23(a) shows the process.
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Fig. 23. (a) Gold deposition. (a) Bonding. (a) Etching the silicon at the top of wafer. (d) Mounting to carrier wafer
(e) etching the remaining silicon.

As shown in Fig. 23(b), the two wafers are aligned and bonded together. For the initial bonding
process, the force set to 2500 N and temperature to 390 °C. The bonding only takes place at the
outer edge of wafers and the components easy to split up when we separate all the parts. Fig. 24
shows the last fabricated components after gold evaporating and before bonding. In these photos
the grooves are etched perfectly and the structure has clean and sharp edges.

0mm 2 0KV 8.0mm L-x80

(d)

Fig. 24(a) SSPP waveguide with five corrugations. (b) SSPP waveguide with 3 corrugations. (¢) SSPP waveguide
and the WR3 feed point. (d) Mach-zehnder interferometer.



To overcome the bonding problem, the thickness of gold is increased from 0.5um to 1um so that
we have more gold to melt and bond the wafers, while the temperature is increased to 430 °C and
the force to 16000 N. With these parameters the output was better and we have reached a yield of
60% satisfactory parts out of the total number in the batch. The excessive force results in cracks
in certain components. Also, increasing the thickness of gold can increases the output yield, but
it can cause the extra melted gold move into the structure and cause some problem. Then there is
an optimum thickness for the gold deposition. We plan to increase the temperature and decrease
the force in our next batches of fabrication to find the optimized parameters for bonding recipe.
The final step is to etch the top and bottom of bonded wafers. Fig. 23(c)-(d) show the schematic
of the process. At first one side is etched until buried silicon oxide layer. The recipe number is
again number 2. The etch rate is calculated and is approximately the same as the front side. The
time set to 25 minutes to completely etch all the silicon between the devices. Plasma etch creates
heat, the chamber in Pegasus is 120°C, and the etch reaction is exothermic. As a result, the wafer
gets heated to 50-55°C during processing, if well mounted. As the structure is made out of two
bonded wafers the heat can cause uneven expansion in the structure and results in some crack.
Then it is better not to etch the entire wafer at the same time. We did this process at 4 steps and
each step set to 6 minutes. At the next step, it is flipped and mounted to carrier wafer and the
other side is etched to the silicon oxide layer. To mount the wafer to the carrier, crystal bond is
used and the process is done under the vacuum condition. If there is any air trapped inside the
samples and carrier wafer, when we put it in the Pegasus to do DRIE it can result in cracking the
samples. At the end, we need to release the samples from carrier wafer. To separate the parts we
put them in hot water (80°C) then the crystal bonds dissolved in water and final components
release. As the remaining silicon oxide in the middle is just 1um, it can easily break and all the
parts release in the water. Fig. 24 shows samples after releasing from the carrier wafer.

Fig. 24 fabricated sample after releasing from the carrier wafer.



Fig. 25 (b, c) shows the final samples after being released from the carrier wafer and attached to
the flanges. As mentioned earlier to release the final samples we put them in the hot water at
80°C to dissolve crystal bond into the water. After rinsing and drying all the samples there could
be some remaining of crystal bond inside the waveguides especially inside the grooves. In order
to clean the inside of the samples from any remaining crystal bond the plasma stripper is used
again. The samples are heated up to a80c for 6 minutes in vacuum. Fig. 25(a) shows some
sample waveguides in which their top and bottom parts of them are separated.

Fig. 25(a) Halves of SSPP waveguide with five corrugations after evaporating gold on the silicon . (b) Final SSPP
waveguide after bonding and releasing from the carrier wafer (b, ¢c) SSPP waveguide and the WR3 feed point.
Connected to the flanges.

The flanges are used to connect the fabricated samples to the network analyzer for the purpose of
measurement. They are designed to connect to the WR-3 standard port. The flanges are
fabricated using bare silicon wafer. The thickness is not important. To fabricate these flanges we
used a silicon wafer covered by thin layer of silicon oxide. First a layer of SPR220 photoresist
with the thickness of 3um is spanned on the silicon oxide layer. Then the photoresist is patterned
with the mask. Fig. 26 shows the schematic design of the mask for making flanges. The exposure
time set to 17 sec. As the dimensions are big and the accuracy for making the flange is not
critical, we do not do any process to find the exposure time. After that, the RIE etch is used to
etch the silicon oxide. Again the same timing as previous is used. Then the photoresist is stripped
using acetone. The next step is to mount the wafer to the carrier wafer using crystal bond. Then
the DRIE method is used to etch the silicon layer all the way. Finally by putting the samples in
the hot water they all separated from carrier wafer.



Fig. 26 The schematic design of the mask for making flanges.

2. Future work for fabrication:

As we mentioned earlier, in the first batch, gold evaporating technique was used for deposition.
This result in unevenness of gold deposition on the groove’s wall then the lack of metal on the
surface of the silicon waveguide will introduce serious loss to the device. It will also break the
boundary conditions under which the SSPP resonance would occur. To have better deposition on
the walls gold sputtering should be used. We used the sputtering technique for the last batch but
more fabrications need to be done to get the best result. This will make approximately even gold
deposition on the groove’s wall. Also the bonding process is another critical step in our
fabrication recipe. Right now the yield 60% of the total number of samples. To have the better
bonding we need to increase the gold thickness inside the waveguide but increasing the gold
thickness results in some unevenness in the bonded edges. We need to decrease the gold
thickness a little bit and increase the temperature and pressure during bonding. This requires
several runs on different batches to find the proper gold thickness, bonding temperature and
pressure. The other problem is the DRIE etch. During the silicon etch some small holes appear
on the silicon surface. Fig. 27 shows the photo of some samples during DRIE.
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Fig. 27 Photo of the samples during the DRIE etch.

As can be seen, during the silicon etching process, some small holes appear on the silicon
surface. These holes result in uneven surface, and ultimately will generate loss in the THz



transmission. Some of these defects can appear as a result of dirt on the surface of the wafer. To
overcome this dirt we need to do more cleaning process before the DRIE process and doing
plasma etch to completely cleaning the silicon surface from any photoresist or organic compound
that can prevent from silicon etch.

Fig. 28 shows SEM image of some components right after the DRIE. If there is any unwanted
silicon on the wafer like Fig. 28 (b) we can do DRIE for a longer time to etch them all the way.
But increasing the time can result in undercut and even damage to the oxide layer. To get rid of
these problems we need to work on DRIE recipe and oxygen plasma etch.
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Fig. 28 SEM image of damaged fabricated samples.

The other problem is the uneven etch of the silicon. The recipe that is used for the DRIE, etches
the silicon at high rate and etches the silicon oxide at very slower rate. But the etch rate is not
equal all over the wafer and also it changes by the temperature. Our observation shows the etch
rate at the center of the wafer is higher than the corners. And at some places the oxide layer
etches completely that results in some damaged samples. To decrease the etch rate of the silicon
oxide we should work on the DRIE recipe to increase its selectivity between silicon and silicon
oxide. Also to reduce the heat effect on the wafer we can use the same solution that we did for
the DRIE of backside. We can divide the etch time and doing silicon etch in several steps to let
the wafer cools down.
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Fig. 29 photo of sample during DRIE, as shown the grooves edges are not sharp and in some cases the silicon oxide
is etched.

Note: This research was made possible through  the funding of two grants. "Plamonics for  Biomolecular

Sensors and THz Metamaterial Waveguides", and "Near and Far -Field Interfaces to DNAGuided Nanostructures
from RF to Lightwave: Exploiting the Spectrum”





