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In this thesis, we discuss our efforts in developing porous silicon based devices
for terahertz signal processing. In the first stage of our research, we demonstrate
that porous silicon samples fabricated from highly doped p-type silicon can have
adjustable refractive indices ranging from 1.5-2.1 and can exhibit a resistivity that
is four orders of magnitude higher than that of the silicon wafer from which they
were made. We show that the porous silicon becomes stable and relatively lossless
after thermal oxidation. The partially oxidized porous silicon is shown to exhibit a
smooth absorption spectrum, with low absorption loss of < 10 cm™! over the entire
terahertz spectrum.

As a proof of concept, we fabricated, for the first time, a porous silicon based
multilayered Bragg filter with reflectance of 93% and full-width at half-maximum
bandwidth of 0.26 THz. Compared with other multilayered filtering techniques,
porous silicon has the advantage that it can be easily fabricated, and offers the

possibility of forming multilayer and graded index structures for more advanced



filters. The large surface area of nanoporous silicon makes it an especially attractive
platform for applications in biochemical detection and diagnostics

As part of our effort in developing terahertz waveguide for biosensing, we
reported the world’s first porous silicon based terahertz waveguide using the principle
of surface plasmon polaritons. The effect of porous silicon film thickness on the
propagation of surface plasmons is explained theoretically in this thesis and is found

to be in good agreement with experimental results.
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Chapter 1

Introduction

The terahertz region of the electromagnetic spectrum, kaisavn as the terahertz gap is
relatively unexplored. In Sec. 1.1, we discuss problemhb wsting conventional electron-
ics and optical techniques to generate, detect and matgprddiation in this uncharted
spectrum. Only in recent years with advances in femtosetaset pumped time domain
terahertz spectroscopy has research in this spectrum lesqoopular.

Porous silicon has proved to be an interesting optical nafer near and mid infrared
applications for its potential in filtering and biochemisa&nsing application. It is hence
interesting to see if porous silicon could be used as an a@ptaterial in the terahertz
spectrum. In Sec. 1.1, we give a brief literature review andtrrent trends and status of
terahertz technology with a focus on passive filtering. Late&Sec. 1.1, we introduce the
terahertz spectroscopy system that we constructed foheltdsearch conducted for this
thesis. In Sec. 1.2, we discuss the general properties otipailicon and our fabrication

setup for porous silicon used in this research work.



1.1 Terahertz spectroscopy

1.1.1 Current status

The terahertz spectrum conventionally refering to the \emgth range from 1@um to

1 mm has been gathering much interest recently for its pialeapplications in imag-
ing [1-3], spectroscopy [2] and communication [2, 4]. Wlsleurces such as GUNN
diodes, electronic frequency multipliers, IMPATT diodésck wave oscillators [2, 4—6]
are able to generate up to hundreds of mW in hundreds of gigategime, it is often hard
to scale the output frequency of these devices higher dimitation of RC time constants,
carrier transit times and other parasitic effects [5]. Gandther end of the spectrum, quan-
tum cascade lasers are able to generate down to a few terdluerare facing difficulty
operating at lower frequency and at room temperature dubdagn absorption [5,7]. In
the important range of 1-3 THz, pulsed terahertz systemsedny femtosecond lasers
remain the most practical method performing terahertztspsmopy [3, 7].

The pioneering work on pulsed terahertz systems began Wittoponductive switch-
ing [8-10]. It was found that the transient photoconductespondse in these devices can
be radiated out and be detected as picosecond electrontaguksies [11-13]. Therefore
by using a pair of photoconductive switches, one biased axtharnal electric DC voltage
as the source, the other unbiased as the detector, a teralgral can be generated and
detected. Nonlinear optical effects are also used for ggingrand detecting terahertz ra-
diation. One popular scheme is to utilize the optical remdiion effect in a second-order
nonlinear crystal such as ZnTe to generate electromagpetses with frequencies ex-
tending into the terahertz regime and then the electro@ffiect in a second ZnTe crystal
for detection [14, 15].For the experiments reported hem pwilt a hybrid system with a
semiconductor (InAs) as source for THz generation and E+{@ctien with a 1 mm thick
(110-oriented ZnTe crystal. In this scheme, the terahertz galgenerated by the photo-

Dember effect at the surface of InAs wafer [16], and deteatdg the electrooptic effect



in ZnTe.

In the field of spectroscopy, pulsed THz systems allow a feyaathges compared with
competing technologies such as FTIR. A signal to noise (&dR) as high as 0can be
achieved in these systems by using lock-in amplificationlsé@uTHz systems can gen-
erate broad THz bandwidth at once, hence allowing detectidarge amount of spectral
information in a single scan [17-20]. It has been suggesiadliHz spectroscopy could be
used to study biomolecular interactions because manydizaband chemical molecules
are known to exhibit macromolecular resonance behavidteiHz region [21]. Further-
more, materials that are dry, nonpolar and insulating degively transparent in the THz
domain. Combining transparency with the relatively hasslaonionizing characteristic
of these sources allows the possibility of replacing X-ragamaging sources in airport

security scanning or medical diagnostics [1, 22].

1.1.1.1 Passive filtering of terahertz spectrum

In order to control and manipulate terahertz waves, it iSmls/that manipulation devices
that either actively switch, redirect the terahertz freggyeor simple passive devices such
as filter or waveguides are needed. Due to the long waveletmthpower and broad
spectrum of commonly used terahertz sources, most coovethtiechnique that are used
in the optical and microwave technologies does not tra@mshadll to the terahertz spec-
trum. Acousto-optics, a commonly used technique that attewsteering or switching of
optical signal is inefficient in the terahertz spectrum duthe f2 dependent of the conver-
sion efficiency on the frequency of the targeted signal [Z3jtical filtering technologies,
conventionally based on the thin film vacuum deposition dotramslate well due to the
longer deposition time and the required thickness of therflayers [24]. Conventional
manufacturing techniques, used commonly for fabricatiomiorowave filters and cavities
is hard to miniaturize. Conventional microwave wavegumesalso difficult to realize due

to the modal dispersion in the broad terahertz spectruncesed with pulsed terahertz



spectroscopy system [25]. Hence it is obvious that therdhage research opportunities
to develop devices in the terahertz spectrum. In this sobese we will briefly review

the current terahertz passive filtering technologies thaebeen reported. Active filtering
technologies that modulating or switching terahertz dgjraften based on photonics cry-
tals [26—38], plasmonics [39-43] and metamaterials [44+t&&nologies are outside the

scope of this thesis and are not be discussed.

Powder scattering Scattering from finely ground powder had been used as a low pas
filter [49, 50]. At wavelengths far beyond the powder sizes thedium acted like an ef-
fective medium and the losses are due to Rayleigh, Mie stajter phonon absorption.
As a wavelength approaches or below the powder particle gizenput electromagnetic
wave would be diffracted by the powder, hence the mediumresmpaque to the elec-
tromagnetic wave of comparable wavelength or smaller themiean size of the powder.
This method had been used to filter out wavelength up to temsiafons, but for very
large wavelengths, such as in the subterahertz, the site difter becomes unacceptable.

Furthermore, this method only serves as a high-pass filter.

Reststrahlen zone of crystals The Reststrahlen zone of biatomic crystals could be used
for filtering terahertz signal [49, 51]. In the frequency ganin between transverse op-
tical frequency and longitudinal optical frequency of thrgstal, the dielectric function
becomes negative and hence the complex refractive indeldvib@eomes pure imaginary
which causes reflection coefficient to have the magnitude ¢teince with a small oscil-
lation damping in the crystal, the reflectivity of the crystathis frequency range is very
close to 100%. The obvious disadvantages of this methodidtie reflected spectrum of
the crystals depends on the material, and is not flexible.l&\the performance of these
crystals could be improved with multilayered coatings, é@mgral the ability to control the

reflection spectrum is limited by the composition of the fililnat are used.



Photonic crystals Photonic crystals have been utilized for terahertz filggapplication.
One dimensional photonic bandgap materials can be regasdgdultilayered structure in
general and be analyzed as such [52,53]. Two dimension&bpitdandgap materials for
terahertz frequency are usually realized by patterningesaopic rods in the arrangement
that mimic a conventional crystalline structure [54-5%wndthe photonics bandgap of the
artificial crystal could be adjusted to exhibit reflectiortargeted wavelength. Furthermore,
by introducing defects in an otherwise periodic structares can construct waveguides and
resonant cavities [57]. The fabrication of three dimenalghotonic crystals for terahertz
applications is considerably more complicated, but has bexgorted by locally laser heat-
ing and melting of plastic balls coated with metal or by etchlithographically patterned

silicon wafers [60-62].

Periodic corrugated surface for filtering Periodic planar structures are also developed
for terahertz or far-infrared filter. The key advantagedifi@se structures in comparison to
multilayered structures is the relatively small thicknessuch structures. Depending on

the principal of operation, these structures could be gedupto different categories:

1. Plasmonic devices that typically consist of semiconoluct metal with corrugated
grating structures patterned on transparent substrat&g3When a terahertz wave
impinges on a grating with subwavelength aperture(at nbime&dence), the aper-
ture diffracts the incident terahertz wave to broad anghe Jcattered terahertz wave
is then coupled to the surface plasmon mode of the conduatbisanterfered by the
grating. The resultant filtering behavior is determinedHtoy periodicity of the grat-
ing. Pulse shaping of terahertz wave by plasmonic devicdsban demonstrated

by adjusting grating spacing [63].

2. Frequency selection structure consisting of metalliewnesh [68—72] or periodic
hole structures on a substrate. Depending on the desireddpplication, different

hole cell shape are used. While these devices have similartgte as plasmonic
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devices that is described previously, these devices tipicave dimension similar
to the wavelength of the filtered terahertz signal, henceegpéained by waveguid-
ing and diffraction effects to the input terahertz beam. ¢iozular [73-75], cross
shape [75-81] and hexagonal holes [82] in a conductive fim hole acts as short
waveguide with cutoff frequency that limits the transmissat low frequency. At
high frequency, diffraction due to the periodic geometryg g@roduce transmission
loss and the higher frequency transmission(or zero-oriffeaction) would settle at
what is dictated by the fill factor. Better performance caati@eved by sequentially
cascading more than one filter [75, 82]. For the same tardetgdency, the circular
hole patterns have been shown to yield sharper low frequentyff while cross
shape patterns offer a narrower and more symmetric trasgmisvindow. Rect-
angular and | shaped slots [83, 84] are used as a notch filtdreseTfilters have
been used for rejecting undesired higher harmonics frontesalertz electronics

frequency multipliers.

3. Planar metamaterials are comprised of either completangular and circular rings
[85,86] on a metallic sheet [87—90]. These devices can berithesl by an electronic
RLC circuit with transmission peak at the resonance frequehthe corresponding
RLC circuit. A split ring resonator could be made as negafsctive index meta-
material. An ordinary split ring resonator, which is consed of a metallic ring with
gaps surrounded by dielectric is used to introduce a resenpeak while comple-
mentary split ring resonator which is comprised of dieiegapped rings surrounded

by metal is used to introduce an absorption peak [87].

Multilayered filtering  The principle of multilayered filtering is simple: by stangimul-
tiple layered of materials with different indices with appriate thickness, the transmitted
spectrum will be filtered by interference between electrgnedic waves that are partially

reflected and transmitted at each dielectric interface.t@&tlenique is attractive because of



the analytical solution it provides and the flexibility ottét design.

At terahertz frequencies, one important use of such tecigyak in developing good
antireflection coatings for optical elements. By attaclangaterial of optical thicknes%
that has the refractive index close to the geometric meaheofwwo materials, the incom-
ing electromagnetic wave would interfere in such a way thatreflection is minimized,
while transmission is maximized. Such coating is particulgportant for terahertz ap-
plications, because many THz materials have high refragtidex which leads to high
reflection losses. Different variety of plastics and fuséidashad been used for terahertz
antireflection coatings, with excellent results. In somsesq49, 91], a thin sheet of plas-
tic is put onto the optical component by vacuum suction toaesrair bubbles follows by
a heat treatment to attach the plastic sheet on the compolmeather cases, direct vac-
uum deposition had been attempted [92, 93], however thibodéds limited to plastics that
can be readily deposited. It is also possible to simply ghet machine the plastic mate-
rial or fused silica [94—96] to the optical component butlsatethods are cumbersome,
time-consuming, and ill-suited for large-scale manufaotu

More sophisticated terahertz filters require multipleeigdic layers, one common method
is to assemble polished float zone silicon wafers with airsgapated by inserting spac-
ers in between wafers [53,97-100]. This method works esw# in the low frequency
regime due to the high refractive index contrast betwe&rosil(n=3.4) and air (n=1), how-
ever such method is often time consuming and expensivegamettd for the slow polishing
process and the need for precise micron-level machiningss$pacer and the overall align-
ment precision. Furthermore, the method is difficult to etalhigher frequencies, because
the thin free-standing silicon layers become fragile affficdit to handle. Vacuum depo-
sition of fused silica and hydrogenated amorphous silicath &lso been reported [101],
and such technique have the advantage that the refractieg oan be adjusted by control-
ling the film deposition parameters, but the slow vacuum dijom rate limits the use of

such technique to relatively high frequency range. Ceramiwarious kind [52,102,103]



had been found to work well. The advantages of Ceramic iserptissibility of mixing
ceramic composites to achieve a variety of refractive ieslioptimized for low loss. How-
ever, the inaccuracy of tape casting and the high scattéssgyoften plague ceramics at
higher frequencies.

Kutz and Mittleman’s groups had performed extensive retean polymer multilayer
terahertz filters. Polymer stack [104] can be fabricatedflxable, bendable form, which
is important in certain consumer applications. Howeveldheindex contrastmeans that
many layers have to be stacked to achieve similar perforeasthat obtained with silicon
and air gaps. In another experiment [105, 106], silicon wefelaced in between poly-
mer layer to improve the index contrast but with disadvaesagf sacrificing the flexibility
of polymer films. Polymer layers incorporating high refraetindex ceramic nanoparti-
cles [107,108] have been successfully used to improve fh&cteve index contrast while
retaining the advantages of a flexible substrate. Shao [@i08l] deposited ZnS coating on
polymer sheet. As with other deposition methods, the vacdeipasition allows scalability
to high frequency but is impractical for low frequency apgtion.

In this work, we use porous silicon fabricated by electrastval etching of silicon
as a material for constructing multilayer terahertz filteféis approach has the intrinsic
advantages that the filter is fabricated from the same pies#iaon wafer, which dramat-
ically simplifies the construction by eliminating the need thick film deposition or layer
assembly. By changing the applied current, etchant coratént and substrate doping, it
is also possible to change the refractive index of the posdie®on layer. Such flexibility
in refractive indices allows complicated refractive indkstribution and even graded index
structures to be easily made. Table 1.1 shows summarizgsithreresearch on terahertz

multilayered filter.

Ipolymers are typically constrained to have a refractiveinbetween 1.5 and 2



Low

High

Method n tunability | frequency | frequency Fabrlcatl_on Unique features
. . complexity
scalability | scalability
glue and polish fused silicg
on Ge (antireflection fixed v v easy —
coating) [95, 96]
PECVD of a-Si[H] and i Could be applied to curve
SiO, [93,101] 234 X v easy surface
Polymer (antireflection . . Could be applied to curve
coating) [49,91, 92, 94] fixed v v mixed surface
Ceramic fixed v X complicated —
Polymer + ZnS . .
coating [109] fixed X v complicated —
Polymer + : .
nanoparticle [107, 108] 3.0-3.5 v X complicated flexible
Polymer + Silicon 34 , ,
wafer [105, 106] 34 fixed v X complicated —
Polymer only [104] 18 fixed v v easy flexible
Silicon with air 34 , : o
gap [53,97-100] 34 fixed v X complicated
This work 21 1.5-2.1 v v easy graded index possible

Table 1.1: Comparison between different multilayer fihgrtechniques in terahertz frequency

|®N

|®N




1.1.2 Experimental setup

A schematic diagram of our terahertz time domain spectmssetup is shown in Fig. 1.1.
At the core of the THz setup is a Ti:Sapphire laser oscillttat generates pulses of 120 fs
width at 810 nm with average power of 2 W and repetition rat@&2fHz. This laser beam
is then split into pump and probe beams with a 99:1 beams®8). The higher intensity
pump beam is then focused by a lens assembly L1 to a spot sizenof onto the surface
of a lightly doped p-type InAs wafer. A half-wave plate, HWused to rotate the input
polarization of the pump laser to TM polarization. The chanf polarization was found
to improve the generated THz power by a factor of 2, due to ifierence in reflectivity
between TE and TM polarization. On typical unbiased sendactor, three effects can
contribute to the THz generation. 1)Optical rectificatidoge to the second-order nonlin-
ear susceptibility ¥»), which depends on the crystal orientation and polariregtate. 2)
Acceleration of the photogenerated carriers by the baifttirface electric field. 3) Photo-
Dember effects due to the discrepancy between the eleatbh@e mobilities. As shown
by Ref. [110] of these three mechanisms, photo-Dembertaffiéound to be the dominant
effects in InAs. The Terahertz pulse is generated and edifabm the wafer, then colli-
mated and focused by off-axis parabolic mirrors pair GM1 @M. The polarization of
the generated terahertz pulse, is found to be verticallgrprdd using a wire-grid polarized
that is patterned on a ZnSe substrate. A 1.25 cm thick Teflockls used to scatter and
absorb the optical pump beam while transmitting the tetahmulse. At the focal point
of parabolic mirror GM2, where the sample is placed, the THarb spot size is 1 mm.
The attenuated and delayed THz pulse is then collected anddd by another parabolic
mirrors pair (GM3 and GM4). A quarterwave plate QW is useddjoist the polarization of
the probe beam such that it is circularly polarized. Thisudarly-polarized beam is then
split into horizontal and vertically polarized beams by alM&ton prism, W and differen-
tially detected in a balanced photodiode pair. Since thensities of both beams are the

same, they generate the same photocurrent and hence tlu @fiitgs detector pair is zero
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Figure 1.1: Transmissive THz setup. BS is a 99:1 beamgplRB1 and RR2 are 1”
retroreflectors, CP is a chopper blade that is set at 800 Hz,igH8vhalfwave plate for
800nm, L1 is a lenses assembly to focus pump beam to 1 mm on GMA&, GM2, GM3
and GM4 are f=2" off axis parabolic mirrors, InAs is a lightlpped p-type <100> InAs
wafer, T is a 1.25cm thick Teflon block, S is the sample to besuesl, NDF is a OD=1.5
neutral density filter, L2 is a f=100 mm focusing lens, PM isuaicoated pellicle mirror
that has a splitting ratio of 92:8 at 632 nm, EO is the 1 mm <1Z6%e EO crystal, QW
is a quarterwave plate for 800 nm, L3 is a f=50 mm focusing,l&viss a wollaston prism
and BD is a balanced silicon photodetector detector

under no THz field. In the presence of the THz field, the bingfeince of the ZnTe crystal

(EO) will be modified such that the two separately detectgdads are no longer balanced
and the differential current is linearly proportional irstiorder approximation to the THz

field amplitude. Hence, with properly balanced photocurnee are able to detect the THz
field distribution in time domain by scanning the delay betwéhe probe beam and the
THz beam. Fig. 1.2 shown a typical THz signal in the time donaaid its corresponding

frequency domain counterpart, calculated using the Fastiértransform(FFT).

Fig. 1.4, plots the peak terahertz signal and noise level fan@ion of the optical
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Figure 1.2: Typical THz signal generated from our setuplfdz signal without sample
in Time domain. (b) The same THz signal in spectral domairlo¥earea illustrated the
frequency below noise level.
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Figure 1.3: Comparison between signal and noise of thegetabystem. (a). Varied probe
power with pump power held constant a8 W. (b).Varied pump power with probe power
fixed at 10 mW.

probe power and optical pump power. In each case, the noisengasured by observing
the output photocurrent from the balanced photodiode poitiie arrival of the THz pulse.
From the comparison between the varied pump power and vpr@ze power cases, the
signal to noise of the system is sorely dependent on the pampmp One of the challenges
faced by terahertz spectroscopy systems is the absor@ised by water vapor in the air.
Fig. 1.4 plots the measured absorption spectrum of watésjradal by comparing the
transmitted THz spectrum under normal conditions to whendhvironment is purged
with dry air. The whole setup is enclosed in an acrylic boxwilis mins dry air purging
generated by drying compressed air with-a#0°F dew point commercial air dryer, Twin

Tower HR3-12-058.

1.2 Porous silicon

Porous silicon is an interesting and versatile optical ntéhat is fabricated by electro-
chemical etching of silicon. The pore size can be adjustethlayging the doping concen-

tration of the starting silicon [112]. For highly/modergtdoped p and n type silicon, the
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Figure 1.4: Water absorption peaks measured with our tedmmbpectroscopy system.(a)
Comparison between Fourier transformed terahertz tra@suned in room environment
and in dry compressed air.(b)The ratio of the two curves )n Kaown water absorption

peaks from Ref. [111] are marked here.
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pore size is in the range 10100 nm. For lightly doped p-type silicon, the pore size range
3—10 nm and for lightly doped n-type silicon the pore size ccaddas large as microns.
The reason for the variation in pore size is complicated witltiple possible hypothesis,
but is believed to be related to the diffusion length of hateshe material [113]. The
presence of electric holes in the starting silicon wafersiseatial for the electrochemical
etching process. In p-type silicon, the electric holes ateinally supplied by the dopants
and are replenished by the applied current. In n-type silioptical illumination is often
used to provide the required electric holes, hence by bhgctie illuminating light with an
optical mask laid on the silicon wafer by photolithograpbrye could fabricate the highly
regular, high aspect ratio micron size pores [114, 115].dganous silicon has a very large
internal surface area, and the ratio of the surface areaetwdlume can be as large as
200— 500 n?/cm®. This makes porous silicon an attractive candidate for gashaimid-
ity sensor application [116-119]. It is suggested that psilicon is sensitive enough to
be considered as a trigger for explosive [120, 121]. Becatigs highly reactive nature,
porous layers can be easily removed in basic solution su&Oé&$ or NaOH [113, 122].
We take advantage of this feature to selectively etch theysliayers when characterizing
the porosity and etch rate. This interesting property is bé&sng explored for MEMS fabri-
cation that often required high aspect ratio [123-125]. Jiméace could also be chemical
activated by binding the surface molecules with biologimachemical reagent for bio-
chemical sensing application as depicted in Fig. 1.5 [13&}1

An interesting property of the pore formation process, axy@d in subsection 1.2.1 is
that the change in applied current affects only the poraditpe interface between porous
silicon and bulk silicon. Using this unique property, it isgsible to create complicated
layered structures in porous silicon [132,133]. As the iobturrent increased, not only
does the etch rate increase but the porosity at the inteafaocencreased. Hence according
to the effective medium approximation [134, 135], a reducf refractive index is seen.

As the applied current could be modified on the fly, the poyasiuld varied either abruptly
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or continuously [136—139] as depicted in Fig. 1.6. Typigadls we will see in Chap. 2
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Figure 1.5: Biosensing with porous silicon.

sub-Sec.2.1.1 , the porosity could be changed from 80% and the resultant refractive
index is adjustable from.5— 2.1.

The pore formation process also follows the crystallinectrres of the starting silicon
wafer [113]. In general, the pore formation usually follothe <100> axis of the silicon
wafer. Hence pores formation on a <100> silicon would be @edpular to the surface
while pore formation on <111> wafer would aligned to the <3@Xis and be at an angle
to the surface. Such property is utilized for the creatingicéfringent multilayered filters

[140-142].

1.2.1 Fabrication process

The etching process of porous silicon [113, 122] is showmédhemical formula in Fig.
1.7(a). The etchant used is usually concentrated hydratlaoid with ethanol for improv-
ing the etchant penetration into the pore. Without a suppsiexctric holes, the surface of
the silicon is terminated by the Si-H bond formed from therogen ions in the etchant.
The introduction of holes supplied by the electric curremtals the Si-H bond and allow
it to be replaced by Si-F bond, which is soluble in the etclsahition and combines with
additional fluoride ions to become %i%ions in the etchant. The mechanism by which

columnar pores are formed is complicated with multiple Higpses and hence will be ex-
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Figure 1.6: Variation in refractive index by changing thelagd etching current. (a) ap-
plied current. (b) resultant porous silicon. The gray leskethe sample illustrated the
effective refractive index of the particular layer, withabk being the refractive index of a
bulk silicon and white being the refractive index of air.

plained here without the details. In the diffusion moded, thrmation of pore is illustrated

in Fig. 1.7(b) [122]. At the tip of the pores, the incomingatté holes could either move
to the etchant directly and participate in the chemical tiear it could go through the

porous silicon layer and react with the etchant later. Duthéoincrease of energy band
gap by the formation of porous silicon, the holes has to avera potential barrier as it
enter the porous silicon layer, while no such barrier from bllk silicon to the etchant

directly. Hence the majority of the holes would enter thedtahant directly, ensuring the
propagation of pores.

The applied current and the concentration of the etchantisal obviously affect the
etching process. The IV curve [113] shown in Fig. 1.8(a) givéormation on the etch-
ing process. For low applied current, the etching is donelyaoward the inside of the
wafer with an increased of applied current increases thesagrof the porous silicon but
maintains the pore size until the turning point that marlksliaginning of transition region
B. At the transition region, the etching begins to spreadwisde resulting in a broadening

of the pore. As the current increases further, eventuallylti curve reaches a peak at
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Figure 1.7: Formation of pore in porous silicon [113, 122) Chemical formula for the
etching process. (b) Formation of pores in porous silicon.
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which point etching becomes isotropic, resulting in corteolemoval of the silicon with-
out the formation of porous layer. At this region the porpsit the etched region reaches
100%. The transition and electropolishing points are eeldty the concentration of the
solution [113] as shown in Fig. 1.8(b).

In Fig. 1.9, we show a schematic diagram of the porous siletching setup we con-
structed for porous silicon fabrication. As concentratgdrbfluoric acid is corrosive to
most metallic material and glass, the main body of the setupade from Teflon with
platinum meshs and wires serving as electrodes. The setligid®d into two identical
chambers, each of which can hold approximately 150 ml of tbleagt. The silicon wafer
to be etched is clamped in between the two compartments vifitin \D-ring to prevent
etchant leakage. The size of the etch area is determinedebgpiértures between which
the silicon wafer is clamped. In our design, these apertaresnterchangeable, allowing
us to easily change the size of the etched region. For therfdtexperiment, we typically
use an etching aperture of diameter 10 mm, while for the senidasmon experiment, we
used a larger aperture of diameter 25 mm. The electrochéetid@ng process produces
hydrogen gas at the silicon interface. To prevent thesedygdr bubbles from collecting at
the interface, the side of the opening that is away from theosi wafer is designed to have
a slope of 20to the side wall. To prevent unintentional leakage, the wiseltup is held on
a separate PVC tray. Transfer of etchant to/from storagelistdone by peristaltic pump
with Cole-Parmer C-Flex tubing at a transfer rate of 10 ml/se setup is connected to a
computer controlled galvanostat that is interfaced witloguter by a USB DAQ board.
A home made LabVIEW based program is used to convert thergtéhstruction from a
Matlab generated profile to applied currents at specific shats.

For all of the samples reported here, we used the etchantiraigf hydrofluoric acid:
water : ethanol in 1:1:2 volume ratio. All samples are fadec by using heavily doped
degenerate p-type silicon with resistivity pf= 5 mQ - cm which gives dopant concentra-

tion of around 18° cm~2. While the starting silicon wafer is highly conductive duits
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Figure 1.8: Etching parameters of porous silicon. [113]I{&)curve of the etching pro-
cess. At low applied voltage, the applied current increap@entially with the porosity
gradually increase as the current is increased. As thegeltantinue to increase to region
B, both pore formation and electropolishing exist. While #iching is still preferentially
deepen further into the silicon, the pore also broaden hontally. Beyond a certain ap-
plied voltage at the onset of region C, the etching becomeseferential, at this point
the porosity becomes 100% and the etching happened isdirolgb) Dependent of the
transition and electropolish points on the solution cotreion.
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Figure 1.9: Schematics diagram of the porous silicon etchatup
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high carrier concentration, the finished porous silicon A@sresistivity of a few tens or
hundreds of2 - cm and is transparent to THz radiation, as we will show in $e2.2. To
allow for the etchant to replenish inside the porous matusrdy the etching process, we
typically apply the current in pulses. The pulse lengths gags between pulses is var-
ied depending on the intended purpose of the porous siliaompke. For high quality thin
layer of less then 1im, we usually apply pulses of ®s with gaps of 10 s. On the other
hand, for sample that is intended to be several hundredsabns thick, a pulse length
of 0.1 s with gaps of B s is used in order to reduce the total fabrication time. Foype
sample such as what we used for this thesis, no optical iHation is needed, however if
the etching of n-type sample is required for their pore sizelectric properties, the setup
is designed to have a removable 1” diameter side hole thad d@ureplaced by a Calcium
Fluoride window that would allow optical illumination.

The porosity of fabricated samples is found by selectiveipaving of the porous sili-
con film in a solution of NaOH and comparing the reduced weurgttt its original weight
before pore etching [143, 144]. Assuming that the weighhefdilicon wafer before etch-
ing, after etching and after removal of porous layer aregieged\V; Wb W5 respectively,

the porosity of the porous silicop,is given by

p:W1—VV2
W —Ws

In Fig. 1.10, we shows the porosity and etch rate of this palar setup and etchant
concentration. For this particular combination of etchaoricentration and setup design,
we found that the lowest porosity possible is around 40% gwriipndue to the slow etch
rate at the low applied etching current. The setup is capafldéectropolishing the sample
at high current density . In practice, however, we find thapities higher that 80% result
in very fragile samples. Hence we typically limit the allavporosity to be in between
40— 80% After the porous sample is removed from the etching system,rinsed in a

sequence of deionized water, ethanol and isopropanol &rthéesample to air dry in the
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Figure 1.10: Porosity and etch rate dependent on appliedmudensity.

laboratory environment.

1.3 Research motivations and summary

The purpose of this research work can now be listed as fotlowe

1. Porous silicon is a relatively unexplored material in td@hertz region, with only

two prior studies reported [145, 146]. It is therefore regdito determine whether
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porous silicon is a viable material for fabricating muliat structures for THz de-
vices Some properties of interest are losses and stabilityeomaterial. For spec-
troscopy applications, it is also important to demonsttiadéé the transmission spec-
trum of porous silicon is relatively flat to avoid compligatiin analysis. In Chap.2,
we found that the terahertz transmission spectrum of pasitiasn is relatively fea-
tureless. Furthermore, we also found that by partially izxnd) the surface of porous

silicon, it is possible to achieve low loss and stability.

2. With the proof that porous silicon is a viable terahertzanal, we fabricated a
467 um thick 13 layer porous silicon based Bragg grating with parsilicon etched
within a single silicon wafer in Chap.3 as a proof of concepttérahertz filtering.
The targeted frequency is designed at 1.17 THz with peak pmflectivity of 93%
and full width half maximum of 0.26 THz. We describe the tregmal modeling,
measurement, and fabrication of this device. Experimbntditained transmission
and reflection spectrum of the fabricated THz Bragg gratsfpund to be an ex-
cellent match to the theory. The fabrication of this Bragggfialso shows that it is

possible to fabricate thick a porous silicon layer of huddref microns thick.

3. As part of the ongoing effort on using porous silicon as &egaide material for
spectroscopy , we conducted a preliminary experiment ogffeet of porous silicon
layer on surface plasmon propagation on the surface of yhidbped silicon wafer.
In Chap. 4, detailed explanation on the theoretical expianaf the phenomenon is
provided with comparison to experimental results condliotehighly doped silicon

with porous silicon of different thicknesses.

Hence, we show in this thesis that porous silicon is a vialdgéenmal for terahertz appli-
cation. This work demontrated the first ever porous silicasdul filter and guided-wave

devices for terahertz frequency.
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Chapter 2

Porous silicon as a terahertz material

In this chapter, we discuss our effort in developing poralisos as a optical material for
applications in terahertz frequency. As explained in Chhggec. 1.2, porous silicon is
an attractive optical material as it is easy to fabricatetaios a large active surface area,
and can be fabricated with a range of refractive indices. kost proposed applications,
porous silicon as a terahertz material is only attractiveisf proven to have low loss, high
stability and relatively featureless absorption spectimthe terahertz regime. In Sec. 2.1,
we discuss our effort to develop a theoretical understandfrthe dielectric function of
porous silicon in terahertz frequency and provide briefeevof prior measurements in
far-infrared regime. We begin with effective medium modéist can be used to estimate
the dielectric function of porous silicon based on the pityo&s we would find out later,
the dielectric function of porous silicon is more complagthan that predicted by a simple
effective media approximations. A few key contributions aummarized from literature
and we try to explain the connections between measuremendsicted by other groups in
Fourier transform infrared spectroscopy(FTIR), Ramartedag measurements, and our
results. In Sec. 2.2 we will report our finding on measureneénielectric function of the
porous silicon samples we fabricated and comparing thesst rgith similar experiments

by other groups [145, 146].
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2.1 Dielectric function of porous silicon

In subsection 2.1.1, we introduce several commonly used®fe medium approximation
models. The detailed explanation of the model is beyond ¢bees of this thesis, hence
only the model assumptions and their numeric expressiagigen here. A comparison
between different theoretical models and the actual tetaheeasurement is also shown.
While none of the theoretical models give perfect estimmtibthe refractive index, the
Bruggeman model of spherical inclusion is found to be thesedb to our measurement.
Nonetheless, these models provide good estimation asahimgtpoint for experiment. In
subsection 2.1.2, we will discuss the prior measuremeriesalfiertz absorption features of
bulk silicon. For undoped bulk silicon, literature suggettat the spectrum is dominated
by the phonon resonance peaks of Si-Si bond. For moderatbbavily doped silicon, itis
found that free carrier absorption dominates the dieleémction. Only at low tempera-
ture when the carriers are bound do the resonance peakgohsd impurities appear. In
porous silicon, not only do we expect to see the inherentratisa peaks of silicon, but we
also expect additional impurity peaks associated with tbleieg process. Prior measure-
ment with FTIR and Raman scattering are summarized here thétintention of providing
a reference for interpretation of the measurement we paddr which is discussed in Sec.

2.2.

2.1.1 Estimation of effective refractive index

The problem of estimating effective refractive index fromoempound mixture of different
dielectric materials is a problem of averaging dielectudtions of all materials. Assum-
ing that the embedded materials are spherical inside a hedium of &,, the effective

dielectric constant is given by Clausius-Mossotti equade [134, 135, 147]

Eeff = &n <%&C§>) ; (2.1)
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where the polarizability per unit volumer) is given by

= <8?+2£:h> - .z‘jTZZfi’ 22
with the index representing different materials with dielectric constarg; embedded
as minuscule spheres in the host ahdepresented the filling factor of the materiat,
represents the dielectric function of the host material wkich the spheres are embeded.
Depending on how the host material and the filling factor atneéd, we could derive a
variety of effective medium models for different situatsorn the case when one defigg

to be the same as the effective dielectric constgrt &.¢ 1, then we see from Eqg. 2.1 that

1+2(a)

(o) ~©

which could only be true ifa) = 0, hence

Z & —&Eeff .
ALY
— & + 2€etf

(2.3)
Which is the expression for Bruggeman effective medium rhod®r an air-filled
porous silicon sample, we could visualize this model as igzhef air and spheres of sil-
icon evenly distributed in a host @f¢¢. From a practical point of view, this assumption

works well in the case where all elements of the mixture hawdar filing factor. Hence

for a porous silicon film of porositp filled with nothing but air the effective permittivity

is found by solving the equation

Esi— Eeff 1-—€ett
l1-p) |\ ————)+p(—5-—| =0 2.4
(=P (58i+25eff) P (l+2€eff) (2.4)
Here we rewritefs; as (1 — p) and fr asp, the porosity that can be experimentally

measured by the gravimetric methbd

Nini’l
-1
YN

LAlternative definition such as in Lorentz-Lorenz model [L88&fine f; as the volume ratid; =
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In the case where one element in the mixture is much more alotitikden the others,
fg > fa, the effective dielectric constant is better estimatechigyMaxwell-Garnett model
[134]. This model replaces the host dielectric constamstaseg, the dielectric constant of
the material that is most abundant. Then for air-filled parsilicon of either very high or

very low porosity, we find

(a) = (M) fa, (2.5)

En+2¢ep

which could be substituted into Eq. 2.1 to fiagk+,

(ea+2e8)
1—fa [M}

ea+2¢ep

1+ 2fa [ (ea—¢B) ]

Eeff = €B

120 3]

sl pal
_ relEe (2.6)
£ai 1_2p[1+3|253i] p~0
HEE=E

Strictly speaking, Eqs. 2.4 and. 2.6 are only true for minlessphere embedded in
host material. For different geometry, one could arriveditierent form of Egs. 2.3 and

2.6. In the more general case of ellipsoid embedded in hosxample, we have [134]

Esi— Eeff 1— et
1-p)+ =0, Bruggeman 2.7
Seff+Li(8Si_seff)( P) 8eff+|—j(1—8eff)p (Brugg ) (2.7)

and

with N; as the numbers of atom/molecules in the mixture |a(n]dis the volume each atom/molecules would
occupied. However, the definition by weighting method hasativantages of easily applicable in practice.
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(1-p)(esi—1)(1-Lj)+[Ljesi+(1-L;)]
Ljesit(1-Lj)—(1-p)(esi—1Lj >

pesi(1—¢si) (1-Lj)+esi[Lj+(1-Lj)es]
Lj+(1-Lj)esi—p(1—&si)L ’

Maxwell-Garnettp ~ 1
Eeff = (2.8)

Maxwell-Garnettp ~ 0

wherel j is a dimensionless number that ranges from 1/3 to 1 depeditige eccen-
tricity of the ellipsoid. For the special case of sphericallisions, we také; = 1/3, in
which case Egs. 2.7 and 2.8 resolve to the same expressiarseasrlier.

Fig. 2.1 shows the measured refractive index of porousosiligs a function of the
measured porosity, in comparison to the different thecakthodels based on the effective
medium approximation. The experimental result are medswith our terahertz spec-
troscopy system with sample fabricated with different gtghcurrents in similar proce-
dure as will be described in Sec. 2.2, intrinsic dielectoastant of bulk silicon is used
for these models rather then the dielectric function pitediby Drude model and the rea-
son would be explained in subsection 2.1.2. Theoretic#tlg, porosity and hence the
refractive index can be adjusted continuously frprs 1, (completely porousy = 1) to
p =0, (bulk silicon,n = 3.4). In practice, it is found that porosity range of porougsih
is limited by two factors. 1) At the low porosity range, theletate of the sample reduced
as the etching current reduced. In order to obtain an adalepgach rate, we found that
~ 40% is the lowest practically achievable porosity. 2) Aspleosity becomes closer to
100%, the sample becomes too fragile to handle. Typicdilgpeosity higher than 90%,
we discovered that the silicon skeleton would collapsefifdden the solvent evaporates
from the porous skeleton. Hence the practical porosity gasgaround 40-80%, which
translated to a porosity range from 1.3-2.4 by using the geogan effective medium ap-
proximation. Given that porous silicon is highly anisoiimwith long, columnar pores, it
is surprising that the prediction from spherical inclusit = 1/3)show better agreement
than the ellipsoid geometry models bf = 0.9. One possible explanation is that while
the porous silicon pores are column like, the side wall aegirlarly shape, hence the end

result is that the geometry is more likely to resemble aetligsvith small long/short axis
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Figure 2.1: Porosity versus refractive index. Differerfeefive medium approximation
models are used to predict the resultant refractive indére Sphere geometry curves are
calculated by solving Egs. 2.4 and 2.6 while the ellipsoidrgetry curves are calculated
by Egs.2.7 and 2.8 using L=0.9. Circles indicated actuahertz measurement of porous
silicon sample with different porosities. The practicahi@vable porosity (40-80%) and
the corresponding refractive index (1.3-2.4) is shown leydash lines.

ratio (i.e. more like a string of spheres). On the other hdtnid, not surprising that the

Bruggeman method give better agreement then the Maxwelébamethod as the poros-

ity of our samples are generally outside of the range whexévtaxwell-Garnet theory is

expected to hold.

30



2.1.2 Phonons and free carrier absorption in silicon and pavus silicon

The refractive index and absorption coefficient of a sendoator are affected by multiple
phenomena, related to both the intrinsic properties of émisonducor, and the extrinsic
properties of any impurities that are introduced. In theagptand near infrared domain,
intrinsic properties such as direct/indirect bandgap giism, generation of excitons near
the bandgap dominated the dielectric function [148]. Intdrahertz domain, the dieletric
function is governed by the lattice phonon vibrations, tefedt states of impurities and free
carrier absorption. Depending of the doping level of theunitges, different effects can
dominate the dielectric function. For an intrinsic semidoctor, the principal contributions
to the dielectric function in the terahertz frequency regiane due to phonon absorptions.
The dielectric function can be described as a sum of Loranfzéaks due to each individual

phonon absorption mode:

2
Wi

E(w) = €(1— Z

- W — w2+

); (2.9)

where the index numbers each of the phonon absorption peaks centemagl atcwp |
andr; describe the center frequency, absorption strength, aaidviglth, respectively. For
[I-VI and 1lI-V semiconductors¢y represented the frequency where the incident EM wave
is coupled to the optical phonon in the transverse direaidpg. For a single resonance

peak, Eqg. 2.9 could be rewritten as

Wo— Wig ). (2.10)

E(W) = En(1— -
(@) ( W25 — WP+ jol

w_ o here indicates the frequency at which the EM wave can coujletle optical
phonon oscillating in longitudinal direction. In the ranglewro < w < w o, the dielec-
tric function €(w) becomes negative hence the semiconductor becomes hidlelgtire
in betweenwro andw, o, a phenomenon that is used in filtering as described in Séc. 1.

For group 1V semiconductors, individual phonon does notpteto the optical dielectric
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Measured peak Measure peak Identification
frequency [cnm!] frequency [THz]

371.8 11.15 TO-TA
566.2 16.99 LO+TA
609.8 18.29 TO+TA
739.7 22.19 LO+LA
818.7 24.56 TO+LA
896.1 26.88 TO+LO
963.9 28.92 2TO
1301.9 39.05 TO+2LO

Table 2.1: List of major multiphonon absorption peaks ateih (table adapted from Ref.
[149]).

constant directly. Instead, each vibrational peak contributes to the coupling between
multiple phonons. In most cases, one phonon mode do breaksytstal inversion symme-
try and induced changes to two atoms in the primitive cell duedother causes these two
atoms to oscillate and couple with the incident EM wave [14&ble. 2.1 listed phonon
absorption peaks of intrinsic silicon measured with fdrared monochromator as reported
in Ref. [149]. Among all of the major peaks in this spectruhe bne in 180 THz is the
most significant and is associated with 8ie- Sibond seen in FTIR and Raman scattering
measurements of porous silicon. In the terahertz regimiegtC [150] had performed the
measurement from.B THz to 45 THz and it was found that for a float zone silicon with re-
sistivity of 10 kQ cm , the real part of the refractive index is essentially ft&8.417 except
at a minor absorption peak ai63THz. The absorption coefficient increased monotonously
from ~ 0.01 cnm ! at 05 THz to~ 0.225 cm ! at 45 THz is believed to be caused by the
side tail of the two minor absorption peaks 8@ THz and 468 THz [151}.

For moderate and highly doped silicon, the contributionsfifree carrier absorption
become significant. At low temperature, the free carrieogiigon contribution is sup-
pressed and hence the dielectric function is dominated bgration peaks associated with

impurities in addition to the peaks of Si lattice vibratida$2]. In a highly-doped mate-

2Not listed in Table 2.1 as they are much weaker compared whittr peaks listed.
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rial at low temperture, the impurities pull the Fermi leveky close to the conduction or
valence band of silicon, it becomes possible for a EM wavaénfar-infrared spectrum to
be energetic enough to cause the jumping of electrons/fralesthe defect states of the
impurities to conduction/valence band of the base semisctod, hence the EM wave is
absorped [148]. On the other hand, the absorption due tacleeers is shown to be the
dominant effect [153-158] for moderately to heavily dopedieherated silicon at room
temperature. In both terahertz or far-infrared spectnpgeoeasurements [154-158], it is
shown that the simple dielectric function predicted by Rrudodel fit well with the ex-

perimental data. In its simplest form, Drude model manifes&tf similar to the phonon

absorption peak in Eqg. 2.9 that is centeredyat= 0 THz,

io(w) w5
(W) = & = —————,
(@) + WE w(w+ilh)
ir  ieowp

— = . 2.11

Ode G ir ol (2.11)
with T being the scattering rate by phonon and impurities in theedagilicon,dy. is

the conductivity of the sample measured in dc. For heavilyediosilicon, the mobility is

affected by the doping concentration and the temperatuteecample as Eq. 2.12 [159].

up = 54.3T1,0%
1.36x 10T 223

+ , 2.12
1+ [N/(2.35x 10t7T,24)]0.88T, *146 (212)
1
= 213
p N (2.13)
T, = T/300

Hence one can calculate the scattering time% by using the expression= %,

with mx = 0.37 me the effective mass of hole in p-doped silicoris the charge of a single
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Figure 2.2: Calculated dielectric function of heavily ppaal silicon with resistivity of
p =5mQ cm. Mobility of hole is calculated from Eq. 2.12. and the efiee hole
mass is taken from Ref. [158] as30 me, the calculated” andwy, are 799 x 103 s 1 and
1.25x 10%s71,

electron. Furthermore, the plasma frequengyis given by gw'\igrzn* with N the number
of carrier obtained by solving Eq. 2.13. Hence, using thertemperature of 300 kK&, =
3.42, the resistivity of 5 i@ cm, we estimat€é = 8 x 10'3s ! andw, = 1.3x 10! s 1. The
resultant dielectric function is plot in Fig. 2.2. Note thhé calculation does not include
the contribution of phonon and impurities, hence it shoulty de used as an estimation.
Nonetheless, it had been shown that the free carrier alisommiodel matches well with
experimental data [154—158].

The dielectric function of porous silicon is a lot more comated. Intuitively, one
might think that a simple application of the effective madimodel to the dielectric func-
tion of silicon would predict the dielectric function behawof porous silicon. This as-
sumption is however proven to be too simplistic [160—16%stfof all, the etching process
introduces a few more absorption peaks due to the bindingpiirities from the etchant

to the silicon [160,163,166—169]. During the etching pes;ailicon atoms on the surface

bind with hydrogen to form th&iHy bonds. Hence, not only would one see the absorp-
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tion peaks ofSi— Siat 615 cnt! (18 THz) and the bullsi— O — Sibond at 1108 cm*

(33 THz) that originally existed due to natural oxidationtle¢ surface, new peaks would
appeared in between 2092141 cmt (63— 64 THz), 915 cm? (27.5 THz) and in be-
tween 615- 666 cnT! (18.5-20 THz). If the porous silicon is then oxidized as wél wi
describe in Sec. 2.2, then theSé4 bonds will be shifted, reduced and eventually dis-
appear and new absorption peaks, associated with repldw®— H bond toSi— OH,
—0ySi—Hy andSi— O — Sibonds will appear. The location of these bonds and theirasso
ciated bonding is tabulated in Table. 2.2. Note that thesergtion peaks are far beyond
the measurable frequency range of our current terahertzregeopy system.

The second effect is that while a straightforward applaratf effective medium model
to Eq. 2.11 would predict a free carrier absorption of theesander, the etching of porous
silicon reduces the number of majority carriers and thetsgag timert [167]. Hence
while the starting silicon wafer is completely reflectiveedio its high conductivity, the
porous silicon would have about 2 orders of magnitude reoiméh conductivity and if
the surface of this porous silicon is partially oxidizedg tonductivity would reduced by
another 2 orders of magnitude as we will show in Sec. 2.2. Elattbough the dielectric
function of the starting wafer is very different from intsiic silicon, we found that the
dielectric properties of intrinsic silicoa(= &, = 11.7) gives better prediction and model
the additional absorption phenomenologically in orderttth# observed data.

Thirdly, when the silicon is etched away from the pore sitbg, remaining silicon
could have dimension of a few to tenths of nanometer. Thetarsillouin zone would
change for these nanocrystalline structures, and the pisomould be confined and hence
the original absorption peaks of silicon listed on Tablé&.\2ould be shifted and broadened
toward low frequencies. If the bulk phonon linewidth is kmgwene could use this effect
and the absorption peaks of the starting silicon wafer andimlan estimate of the silicon

skeleton size, [161,162,164, 165]
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9€

Fresh porous silicon
(Hydrogen terminated)

Oxidized porous silicon

(oxide and hydroxide terminated)

Bonding | kg (cm™1) foi(THz) Bonding kai (cm™) foi (THZ2)
Si—Si 615 18 SiOH 3745 112
Si—O-Si 1108 33 —Oy—Si—Hy | 2276, 877 68, 26

SiHz 2141 64 Si—O-Si 1168, 1050 35,315
SiH 2115 63.5 Si—Si 615 18
SiHp 2090, 915 63,27.5
SiHy 666, 622, 615 20, 18.5, 18.5

Table 2.2: Major absorption peaks for freshly made poroisosi, oxidized porous silicon (data from Ref. [166]).




[ exp(—g?L?/4a%)
©= [ o ot (22"

whereq = 211/a, a is the lattice constant of silicofip is the linewidth of LO phonon
of the bulk siliconL is the size of the silicon skeleton and(q) = A+ Bcogm/2) is the
dispersion of the LO phonon with= 1.714x 10° cm 2 andB = 1.000x 10° cm~2. While
we do not use this equation for fitting the experimental datdec. 2.2 and Sec. 3.2 due
to the complicated fitting process, the model we us@d) = A+iBw in Sec. 3.2 could be
either thought of as the expression for the side tail of a feayaphonon absorption peak

that is extended to terahertz range by phonon confinement .

2.2 Experimental results

In this section, we will discuss our effort in measuring thelettric function of porous
silicon. During the experiment, we discovered that freshigde porous silicon is both
lossy and unstable for practical optical application, hasvean oxidation process that par-
tially oxidizes the surface improves the resistivity andbdity considerably. While the
fitting model we used here only incorporates the simple Draddel, we found that it still
describes the dielectric function quite well for the thimgde we fabricated in this experi-
ment. Later on, in Chap. 3 Sec. 3.2, we found that the model doegive good prediction
for thicker sample, hence a different model was adopted.

For these measurements, we limited our observations taupaiticon samples made
by applying pulses of 89'{7—?2 with pulse width of 2 minutes and 1 minute interval between
each pulses but we expected similar behavior for porousosiletched with different cur-
rent density. Such pulses are applied for a total etch tim20ahinutes after which the
resulting film is separated from the wafer by applying a 7 sdquulse of 36%. The sam-
ple is then rinsed with ethanol and dried in room air The stgrivafer is a <100> highly

degenerately boron doped p-type silicon wafer with restgtof p = 1 — 5mQcm with
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corresponding dopand concentration of6m® and total thickness of around 50én.
The resulting porous silicon membrane has porosity of 67#atotal thickness of ap-

proximately 65um.

2.2.1 Characteristic of highly doped porous silicon in THz pectrum

Fig. 2.3(a) shows a comparison between time domain THzdna@asured with and with-
out the freshly made porous silicon sample inserted into 3§drem. The freshly made"
porous silicon transmits only 30% of the THz amplitude. Rarimore, by monitoring the
peak amplitude over a period of 1 hour, we found that the pegkiitude of the transmitted
THz pulse decreases further to only 19% for this particudeingle. Such behavior is not
due to shift in peak position in time domain or laser poweftdniit is due solely to an
increase in the sample attenuation over time. This was coedifby taking a time domain
scan of the terahertz signal before and after a one-howgatithe terahertz pulse peak on
Fig. 2.3(b) where the THz peak amplitude returns to its @mathted value after removal
of sample from the THz beam path.

The attenuation varied from sample to sample, but was ysoahsured to be about
10-50% when measured less then 24 hours after fabricatiomlagy, the time dependent
reduction varied from sample to sample but is usually atreaddiD-20% less from its initial
value 1 hour after the sample was illuminated. If the sangplaeasured daily, we found
that the transmission of the sample gradually increasedgodoecame more stable until
13 days after the sample is made where the transmissionag@aahaximum value of about
90% .

We had also observed that if the sample was moved such thaHhbeam illuminates
a previously unilluminated portion of the sample, the peaiplitude will return to its
initial value and then undergo a similar decay in transrais¢kig. 2.5(a)). Furthermore,
by purging the environment surrounding the sample with dryae see a slow drift in the

absorption associated with the change in ambient humiéhty. (2.5(b)). This behavior
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Figure 2.3: (a)Comparison between reference signal amasigansmitted from freshly
made porous silicon at the beginning of measurement (b)iQeamonitor of the terahertz
signal peak over a period of 120 minutes. A reduction trenthensample transmission

amplitude from 30% to 19% is clearly observed.
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Figure 2.4: Aging effect on THz transmission of porous sitic (2) Change in terahertz
transmission from the same sample 1 day and 6 days aftec#tion. The change in
reduction rate of the transmission coefficient and the ffein transparency are clearly
seem. 1 day sample trace is shifted for clarification. (b)\Diaicrease of transmission
of the same sample. The gap between initial and later measmteafter 60 minutes of

illumination is reduced as well.
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strongly suggests that the time dependent trend is phoiduced and is dependent on
chemical bonding at the porous silicon surface.

It is well known that the surface of a freshly made porousasilisample is terminated
by unstable Si-H bond and such bond will be gradually remldoyethe more stable O-Si-H
and Si-O-Si bond as the sample is slowly oxidized in air [168-172]. Thus, the optical
properties of porous silicon become more stable with agghesxposed surfaces slowly
oxidize in air. To prove that such behavior is indeed theardsr reduction of attenuation
as the sample aged, we thermally oxidized a sample in a farate450C for 1 hour. Such
temperature will oxidize the surface of porous silicon (iepth of a few nanometer), but
will not fully oxidize the sample. Fig. 2.6 compares the smanitted terahertz amplitude
before and after oxidation of the surface. As one can seeamlglzom this figure, highly
doped porous silicon sample will becomes highly transmwésand stable after oxidation

process is completed.

2.2.2 Effect of oxidation on porous silicon transmission sgctra

To gain additional knowledge on unoxidized and oxidizedoparsilicon sample, we con-
verted the time domain scan of both sample to spectral doamaimbtain their correspond-
ing complex transmission coefficient in spectral domain iydthg the measured spectral
domain signal with sample in THz beam path to the signal watleample in the beam
path (Fig. 2.7). As unoxidized porous silicon is unstable, left the sample under THz

illumination for 3 hours before measuring the correspogdime domain traces.

2.2.2.1 Unoxidized porous silicon

The refractive index and absorption coefficient could beimietd by weighted least square
fitting the theoretical tranmission coefficient Eq. 2.14l(Wwe derived in Sec. 3.1) calcu-
lated with the dielectric function for free carrier absaoptEq. 2.11 to the measured trans-

mission coefficient , obtained by taking the ratio betweegrattertz measurement with the
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Figure 2.7: THz Transmission and phase shift due to unoad@lend oxidized samples.
solid circles are measured data while lines are theoretalale generated with best fit
parameters. For unoxidized sample, the best fit parametefsund to bee, = 4.24+0.08
andp = 0.50+0.01Q - cm. For oxidized sample, the best fit parameterseare: 3.32+
0.07 andp =35+ 9Q-cm.
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sample and a terahertz measurement without the sample. & patamaters comprised
of high frequency dielectric constaat and the DC resistivityp = 1/0y4c are chosen as
the fitted parameters. We seek to minimized the error betiged transmission coef-
ficient Teac(w, p, €-) and the measured transmission coeffci&pdad w) over the entire
measurable spectrum with emphasized on the frequency thagkave the highest signal
to noise ratio (ie. weighted by terahertz spectrum withamygsle, W(w) = Eref(w)). In

mathematic forms, Eq. 2.15.

Esan{W)

= Tmead @, 0, )€l ¢ 2.14
Erer(@) mead W, P, &) ( )
4n<w, P, goo) e*j[n(w:p:&ﬁ)*l}%)l
- 2 2 w1
[N(w, p, &) +1] 1+[72§g£:§:§;ﬂ e (@)@l
Minimize{ZW(a)) [Teale(@, P, &) — Tmead )17} (2.15)
w

Using Eq. 2.15, we found that the unoxidized sample has &tnasy of around
500mQ - cm which is about 2 orders of magnitude larger than the aasigiulk silicon
value and is consistent with other measurements [146, THg.resultant refractive index
and absorption coefficient are shown in Fig. 2.8. For thisipaar sample, the thickness

is found to be 6@m.

2.2.2.2 Oxidized porous silicon

Unsurprisingly, the transmission of the oxidized samplsgactral domain is around 90%
for a sample thickness of §8n as shown in Fig. 2.9. The ripple in the amplitude transmis-
sion spectrum is due to Fabry-Perot effect, as evidenced damparison with theoretical
values generated with the best fitted parameters to Eq. Bdt4taking account of the

multiple reflection from the two surfaces. After oxidatidhe equivalent resistivity of the
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Figure 2.8: Experimentally derived refractive index andabption coefficient of unox-
idized porous silicon. Generated with best fitted parametefq. 2.11, wheree, =
4.24+0.08 andp = 0.50+0.01Q -cm. Grey area represented the standard deviation of
calculated refractive index and absorption coefficient
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sample is further increased to around386m which is about 2 orders of magnitude larger
than the unoxidized value and 4 orders larger than in the &ilidlon. Fig. 2.9 shows the
extracted real part of the refractive index and absorptaefficient of the oxidized porous
silicon. The vastly reduced absorption and improved stgbihplied that porous silicon
made from highly doped silicon could be good material foalwertz devices after surface
treatment with oxidation. The strong change in condugtigialso seen in dc conductivity

and optical absorption spectrum in visible range [167, 178].

2.3 Conclusion

We had conducted literature research on the behavior aatréd function of porous silicon
in far-infrared frequency and experimentally measured¢fi@ctive index and absorption
coefficient in terahertz spectroscopy system. Althougdrdiiure reviews suggested that
there should be multiple absorption peaks in the tenthsrah&tz range due to phonon
absorptions of silicon and impurities, none of these alismrpeaks are found within the
detectable range of our terahertz setup. In comparison &sunements conducted by other
groups, the relative higher loss reported in [146] seem i between our measurements
of unoxidized and oxidized porous silicon. Furthermore,also found that unoxidized
porous silicon is unstable in terahertz transmission. Byigdly oxidized the surface of
porous silicon, we found that the resistivity of the poroilis@n increased by 2 order of
magnitude and the overall absorption coefficient is redwieed10 cnt 1, which prove that
porous silicon could be made low loss in the terahertz regirhe reason for this dramatic
difference between the unoxidized and oxidized porousasilis unclear, but we specu-
lated that it is due to the replacement of the unstable SiHitlb@n the surface of porous
silicon by the more stable oxide bonds introduced in the tlesridation process [166].
The measurement reported in Ref. [145] on the other handnidumied on porous silicon

fabricated from silicon wafer with lower doping conceniwat hence it is difficult to make

47



&g =3.32% 0.07
Pp=35+9 Qcm

n
w
LI I U Y I Y Y N B N B

f (THz2)
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a direct comparison between their result and ours. Howéher; report also suggested
that microporous silicon is transmissive in terahertz dogea~tenths of cmt). Hence

we see that oxidized porous silicon made from highly dopkcbsi is stable, surprisingly
low loss and featureless in the terahertz spectrum whichrim g¢how that it could be an

excellent optical material for terahertz applications.
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Chapter 3

Multilayered Terahertz Filters

In this chapter, we report our research in utilizing pordlisan as a material for multilay-
ered filtering. We start in Sec. 3.1 by giving an overview @ transfer matrix method,
which is the standard method for analyzing multilayereéifdlt While we only discuss the
case of distinct layers, the method can also be applied twegrandex layers for which
there is no distinct boundary by dividing the graded indepeta into thin regions that are
each modeled as homogeneous layer. This is important asfdhe key advantages of
porous silicon as filtering material of choice versus othatarals described in Sec. 1.1 is
that the refractive indices of porous silicon can be comusly adjusted by changing the
applied current, as explained in Sec. 1.2. In Sec. 3.2, weritbesour effort in demonstrat-
ing the filtering capability of porous silicon material. Apiof of concept, we demontrate
a simple Bragg grating bandpass filter, however the metheapscted work with more

complicated filtering structures as well.

3.1 Transfer matrix method

When an electromagnetic(EM) wave is traveling in multil@gestructure, each interface
it encounters can reflect a certain amount of the field whilahg the other portion to

be transmitted through the interface. Depending on th&nieiss of the layer, the reflected

50



waves from successive interfaces can interfere constalgtor destructively, leading to a
frequency-selective reflection spectrum, the net effettigscertain frequencies of the inci-
dent field spectrum could be reflected completely while ateyuld be partially reflected
or transmitted completely. This effect could then be usediltering purpose or to create
nearly lossless dielectric mirror.

In this section, we give a summary on the transfer matrix owethat is used for the
analysis of multilayered structures. The complete deowatwhile outside the scope of
this thesis, could be found in Ref. [176], and alternativehuds could also be found in
Refs. [177,178]. For ease of discussion, we first restrietptopagation angle to normal
incidence, later in this section, we will extend the diseusg$o the more general case of
oblinque angles of incidence.

We first assume an overall transverse fie{dz) andHy (z) which are defined in terms
of a left propagating field&r_ (z) and a right propagating fielHy_(z). Here, the z-axis
marked the propagation direction. The plane x-z is the smighlane with y-axis perpen-

dicular to the incident plane and is pointing outward as shiowFig. 3.1.

Er(2 = Er(29exp(—jB2) +Er—(2)exp(jBz)

Hr(2) = niT[ET+<z>exp<—sz>—ET_<z>exp<mz>1, (3.1)

whereEr ., Er_ are the electric field propagating in the forward and backwdzection
respectively and the transverse impedamngés given bynt = % with vacuum impedance
No = 3767 Q, andn is the refractive index of the material of interested.

We consider first the case of propagation of a normal incident as depicted in Fig.
3.1, we look at the case of a wave traveling from left to righile/trying to calculate the
electric field at a particular point z in reference with agteint z’.

Two additional parameters are introduced here for the guanee of calculation. The
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Figure 3.1: Propagation of a transverse electromagnelitifie@ medium with impedance
n
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Table 3.1: Equations for transverse field propagation imgleimedium of impedanagr

Er(2)
Hr(2)’

propagation in multilayered structures in terms of eq@iméklectric circuit and the over-

_E-(
T Eri (29

interface. Note that the tern¥(z) andl'7(z) define the contribution of all fields trans-

which allows us to visualize EM wave

overall transverse wave impedaneg(z) =

all transverse reflection coefficiehi (z) describes the overall reflection from an

mitted or reflected to the layer of interest and should notddused with the material’s
transverse impedanagr and the reflection coefficiegr. Table 3.1 shows the propa-
gation of the fieldsEr,Hy from point z' to point z and the corresponding forward and
backward field€r, andEt_, impedance and reflection coefficiefst andllt are trans-
formed from z to z’, as described in Ref. [176]. Here we aldooniuce the phase shift
0=B(Z-2) = 2/\—"n(z’ —z) with A as the wavelength of the incident light.

At the interface between two mediums of impedamngg and nt > as illustrated in

Fig. 3.2, we assumed again a left propagating incident EMeveand calculate the fields at
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medium 1 adjacent to the interface from adjacent fields aiume@. The overall transmit-
ted and reflected waves can be viewed as a combination of fignet ef the transmission
and reflection of a left incident wave (case 1 in Fig. 3.2) dredttansmission and reflection
of a right incident wave (case 2 in Fig. 3.2) by the interface & shown in case 1+2 in Fig.
3.2. A summary of the fields vector , the correspondihgE  , Z(z) andl (z) are listed
in Table 3.2 with the individual transverse transmissioaffioient t+ and the individual

transverse reflection coefficiept given as

2NT,2
Nrt2+Nt1
_ 2w (3.2)
Nr1+N72
Eror

)
Era+

IT12 =

and

Nr2+nN71

_ Mra—hre (3.3)
NTa1+NT2

ET71_

)
Erat

Pr12 =

found by satisfying the boundary conditions of electronegnwave. Also note the
following useful identitiesrt 1o = 14+ pr12, PT21=—Pr12 Tr21=1+pr21=1—
prizandtriatr2r=1—pF 5.

Strictly speaking, the results we shown so far is only vadidrformal incidence, how-
ever one can prove that the result is equally applicable lidsfinat are incident in oblique
angle by redefining the impedance and refractive index usqey 3.4 and 3.5 and redefin-

ing the phase shift ad = g1 = aiTnI cos6 with | being the thickness of a layer afds the
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nT,1,

P11,2:T11,2

N1,

P12,1:T12,1

~nY

Figure 3.2: Transmission and reflection from an interfadesben two mediums with trans-
verse impedancgr 1 andnr 2. Case 1: Transmission and reflection of a left incident wave
only. Case 2: Transmission and reflection of a right incideate only. Case 1+2: Trans-
mission and reflection of an electromagnetic wave with left aght incident components.

| Parameters Equations |
Era 1 0]] Erz
Hr 1 0 1| Hrp
= 1 |1 prae =
Eri- 2| pri2 1 Ero-
Zta Z12
r pr+lT2
1 TiprlTe

Table 3.2: Equations for fields matching in between interfafidwo mediums of impedance

nt1andnr
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propagating angle to the normal of the interface.

T cosf TM polarization
nr = (3.4)

r’o - .
~C0SD TE polarization

We can also define a transverse refractive index,

N TM polarization
nr = ¢ ¥ (3.5)

ncosd TE polazation

Hence, the behavior of a multilayered filter can be obtainedding the propagation and

. . Er Ert . . Ere | . :
matching matrix for or recursively. The solution fo is partic-

Ht Er_ Er_
ularly attractive as we could obtain the overall transnoisir reflection coefficients from

the resulting matrix easily. From table 3.1 and table 3.2,

Eri.(z eja 0 Er..(Z
Ti+(2) _ | Ti+(Z) ,  Propagation matrix (3.6)
ETJ—(Z) O e_ldi ET7|—(Z’>
Eriv | _ : 1 1 priitt S SR . Matching matrix (3.7)
Eri— T+ priig 1 Bt (i+)-

with &, the propagation phase shift in thiayer as

) 2m 2. |, n2sirf@ .
d:EnilicosG. :Tnilicose. :Thni 1—aTa, i=1,2,.M  (3.8)

Fig. 3.3 illustrates a wave incident on an M-layer multilageucture from the left, at
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< L

Figure 3.3: Oblique incidence on multilayer dielectriaisture.

an angle of incidencé,. On the left side, part of the input wa¥g 4, is being reflected

E
by the structure aBr,_. As there is no incident wave at the right side, the out ut+
E_

/
ET,b,Jr

0

vector could be written a , Which is exiting from the structure at an output

angle of6,.
At any interfacel — 1 the field amplitudes can be calculated from the field amgdisu

in thei layer using Eq. 3.6 and 3.7 ,

Eriiiy | 1 1 Pricai exp(jo) 0 Eri+ . 3.9)

TTi—1i Pri_1i 1 0 exp—jd&) Eri—

Eri—1-

with i =1,2,...,M denotes the different layera,represents the input medium ahd

represents the output medium. The reflection coeffigiprit each interface, is given by
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Eg. 3.3 as

NTi-1— N7, .
mi,lyi:% I:l,2,...,b.
NTi-1+07;

With i — 1,i represents the interface between layerl and layeri, nto = ny and

Nt M+1 = Np. The transverse index of refraction of thth layer is given by

L TM polarization

cos6;’
nri=
nycosg, TE polarization
. . . ET,a+
Hence the relationship between the forward and backwardsfigl atz=0
ET7a_

)

E
and the forward and backward fields atz= L is given by the matrix product

0
Eta+ _ 1 1  praz e 0
Eta Tra1lre2: - TTiji+1 - TT,M+1 Pral 1 0 ea
1 priz el%2 0 1 priai eld 0
X oo
priz 1 0 e% priisi 1 0 eld
y 1 PTM M1 Et b+
PTMM+1 1 0

_ Qu Q12 Erb+ (3.10)

Q21 Q22 0

The overall reflection coefficient of the multilayered sture can then be found by
Ethy _ 1
Eta+r = Qur°

A similar procedure can be applied for lossy materials withne slight modifications.

Eta . .
= é—; = Q—ﬁ and the overall transmission coefficient is givenTby
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For a lossy material, the dielectric constant and refraatidex are given by

&(w) = eri(w)—jai(w

ni(w) = \/8I \/SRI e )—an( w) — jnij (w). (3.11)

As the refractive index of the layer is complex, the derivegippagation angles inside
layers are also complex. This problem can be solved by singalyranging the term in Eq.

3.8 to be in term of the incident angllg, which by definition is real,

5 = kili= 27Tfi0)|\—'0\/ni2—n§sin26a

cosg = \/1—(#" c0s6,)2

We can the substitute the calculated complex phase shifirtbarporates loss and the

complex refractive index into Egs. 3.6 and 3.7 as with thel&ss case.

3.1.1 Transmission of EM wave from a single dielectric layer

As was discussed in Sec. 1.1, the refractive index of a saimpheasured by dividing the
measured fourier transformed E-field with the sample ieskrito the beam pathsan{ w)

by the measured fourier transformed E-field without the darfpef(w).Here we con-
sider the well-known problem of transmission of radiatibrough a single dielectric slab
of known thickness I, surrounded on both sides by air (h=Bcdise the terahertz time-
domain measurements provide the real and imaginary trasgmi coefficient, the exper-
imental measurements can be used to extract the complextie& index of the sample
of interest. The transfer matrix method introduced in tl@st®n can of course be used

to obtain an expression for the transmission through a eitagler dielectric, but a more
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insightful derivation is obtained by tracing the propagatof EM wave with multiple re-

flections and summing all of the emerging fields at outputriate as depicted in Fig.

3.4.
'ajd
E > TT'eloE R
< TTpp'edRE
< 1T (pp’)2e I3k
n . °
I TT’(pp’)me-j(2m+1)5E

T.p T.p

Figure 3.4: The propagation of an EM wave through a singliedigc layer. At the output
interface, part of the beam is transmitted and the otherrpflected. The reflected EM
wave is then partially reflected at the input interface anpgasially transmitted then at
the output interface again with the cycle continuous urititte EM wave exitted from
the sample either from input interface or output interfacendhe case of lossy material,

absorbed by the sample.

From Fig. 3.4, we can immediately see that the transmisgefficient of the sample

is given by

T(w) = T((U)T’(w)e*j(s(w){l_i_p(w)p/<w)efJ'26(w)+ [p<w)p/<w)ej26(w)]27

n ...[p(w)p'(w)e1'25(w)]m+...}

m=co m

= (W)@ |p(w)p(w)e 2], (3.12)
m=0
12
wheret(w)T'(w) = [nggﬂlz, p(w)p' (w)=— [ﬂgzgﬁ] andd(w) = n(w)<l. We also

see that the bracketed part of Eq. 3.12 is a geometric seiiesum identity for infinite
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seriesyp_qark = 2~ for [r| < 1, we get

; / o 16(0)
@ o p (@
4n(w) e N
_ , (3.13)
[N(w) +1)? 14 mgg;ﬂ o i2n(w) @l

We see that the comparison between measured E-field withs#@&a,{ w)) and mea-
sured E-field without sampldEge(w)) is basically the comparison between transmission
of a sample with thicknessand unknown refractive indem(w) and another sample of

same thickneslsand refractive inder(w) = 1, we have

Esar{w)  4n(w) e in(@)-1¢! 1
Eref(w) [n(w) + 1]2 14 mgg;ﬂ ze—j2n(w)%| ) .

which gives the complex transmission function of the samipiehe time-domain, the
effect of multiple reflections gives rise to multiple echnshe observed temporal response
(Fig. 3.5). In practice, itis impossible to measure all @& é&thos, especially for an optically
thick sample. When a limited number of echos are used, thetrdmsmission function
can be instead be modeled by replacing the infinite summatitima finite summation,

depending on how many echos can be observed:

Esar(®) _ 40(0) ey o1 & om[n(w) -~ 1 2 e
ERef(O)) [n(w)+1]2e J %( 1) |:n(0l)>+l:| e ! , (315)

wheremis the numbers of reflected pulses in the time domain tradeedi¢ldEsan(t).
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Figure 3.5: Simulated terahertz respondse from a singkddss dielectric sample. The
layer has a dielectric constant ©f= 11.7 and thickness of 300m. Green line illustrates
the terahertz measurement without the sample in the bedm @atange line illustrates
the terahertz signal with the sample inserted into the beati. pMultiple pulses in the
sample trace is clearly seen and are attributed to mul@bleations at both interfaces of the
sample. The time delayed;, for each reflected pulse numbemed= 1,2, 3 is given by the

expressiomy, = (m"/—%l)l , the reduces in amplitudg, is given byl = 1— 11/ (pp’)™ L.

3.1.2 Quaterwave and halfwave stacks

The case of dielectric layers with thicknessﬁﬁfand% is very important for the design of
multilayered filters. From Eq. 3.8, the resultant phase semEq. 3.9 are-1 for | = %
or1forl = % Hence we could immediately see that at the designated erayttl, all EM
fields propagating in the quaterwave statks(j—n) would interfered destructively as the
EM field propagated through the stack. If the number of lajgelarge, all of the incident
EM field is reflected by the stack and no transmission is ptessibthis wavelength. On
the other hand, for the halfwave stalck({ %), if the numbers of layers is large, all EM
fields are interfered constructively and all of the incidEM field is transmitted as if the
halfwave stack did not exist. Hence, one can use the quaterstack for creating near
perfect dielectric mirror while using the halfwave for diiea of a resonance cavity or
using combination of quaterwave and halfwave plates asdiftanatching element between

materials with different refractive index. The list of ajgaltions is outside the scope of
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Figure 3.6: Power transmission ratio of alternative quedse layers oy = 2.0,n. = 1.5
and fop = 1 THz of different numbers of layers.

this thesis, but Refs. [176, 177] give some examples of adr applications. Here in
this thesis, our interest lies solely on the proving thatopsrsilicon could be used as a
multilayered filtering material, hence we only consider fivaplest case of alternating
guaterwave stacks with refractive indicesngfandny.

In Fig. 3.6, we show the transmissivity of quaterwave stagkh the ny = 2.0 and
n. = 1.5 with different number of layers. For the design frequenty dHz, we could
calculate that the desired thicknesstigr= 2.0 andn_. = 1.5 arel = 302% =37.5umand

| = 32%%" =50um, respectively. As the numbers of layers increased, tinstnéssivity of

the quaterwave stack at the designated frequency decrizase.92 form= 2 to 00004

for m= 32 as more waves is being reflected due to the increased nwhibégrfaces.
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Figure 3.7: Power transmission ratio of alternative quwedee layers with the same number
of layersm= 16,n_ = 1.5 andfy = 1 THz and variabley from 1.75— 2.50.

On the other hand, by increasing the ra’ﬁlﬂa we increased the reflection at each in-
terface, hence the overall reflection is increased althdliginumber of layers remains the
same. The situation is shown in Fig. 3.7, with= 1.5, fo = 1 THz, ny is varied from
1.75to 2.5 in steps of 0.25, as the quaterwave lengths aeesiely proportional to the re-
fractive indicesdy changed from 486 um for ny = 1.75 to 30umfor ny = 2.50. At the
designated frequency, the transmissivity reduced fra28&b forny = 1.75 to Q0011 for
ny = 2.5 for the same number of layems= 16.

An analytical expression is derived in Ref. [177], for a quadave stacks, the maximum

reflectivity is given by
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m .2
1— ()
r2— <L) bkl (3.16)

3.2 Experimental results

As a proof of concept [24], we had constructed a porous silltased Bragg grating filter
for terahertz frequencies. We first start with two singlgelasamples etched with two dif-
ferent current densitiey = 18 mA/cm2 for the high index sample anlj = 90 mA/cm2

for the low index sample. The etching current was applieduilsgs of 01 s with delay of
0.3 s and the etchant solution is mixed with volume ratio of lofidioric acid:water:ethanol
=1:1:2. The thickness of both samples was 28%. The etch rate fady was found to be
around 03 um/s and forJ, is around 10 um/s. After completion of the etching process, a
high current of 226 mAcn? is applied to the sample for 7 s such that samples are segarate
from the bulk silicon substrate. The samples are then rimsBdl water, flushed clean with
DI water, ethanol and isopropanol and left air dried. Follaythe procedure developed in
Chap. 2, we oxidized the surface of these samples by RapidnEth@©xidation at 400C

for 5 mins before measuring their dielectric propertiesrahertz frequency.

Fig. 3.8 shown the terahertz transmission spectrum of tieestmples. A downward
trend is observed in the transmission amplitude and is\eiéo be due to the broadening
of phonon absorption peak by phonon confinement effect inymosilicon skeleton. Due
to its off peak nature, we can model such behavior by simglygus two parameter models
which could be obtained by Taylor expansion of the propempincabsorption model Eqg.

2.9.

&(w) =A+iBw. (3.17)

The simpler model of Eq. 3.17 is prefered then the more carag@d Eq. 2.9 due to the

restriction of the measurable frequency range of the systexthe phonon peak is far from
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Figure 3.8: Measured and theoretical terahertz transamsgiectrum for free-standing sin-
gle layer porous silicon samples with (a) low porosity(~4@#id (b) high porosity(~62%).
The theoretical curves were obtained by fitting to the expenital observations, using the
index model givenin Eg. 3.17. (c), (d) The correspondingaeive indices and attenuation
coefficients determined from the theoretical fits shown jraad (b), respectively.
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the measured frequency range, it is much difficult to achreliable fitting with Eq. 2.9.
We determined the coefficients A and B with the transmissaefficient Eq. 3.15, using
the dielectric function give in Eq. 3.17 and in similar prdaee as in Sec. 2.2.2 except for
the dielectric model.

As shown in Fig. 3.8(a),(b), the theoretical fits are foundjitee excellent agreement
with the experiemental data, both in amplitude and phasegibkese two sets of A and
B parameters, we can then calculate the estimated refedatiices and absorption coeffi-
cients of the two samples as shown in Fig. 3.8(c),(d). Hemezfound that the refractive
index for sample etched withy is ny = 1.9 and for sample etched with is n. = 1.56.
The absorption coefficient, increases with frequency, eotains below 10 cm' for the
entire detectable range of our terahertz setup.

Using these two sets of parameters, we then designed aridafar a 13 layer sam-
ple by alternating betweedy andJ.. The thickness of each layer is designed such that

duL = 4r/1\|3L whereA is the targeted center wavelength, which.i&7LTHz in this case and

hence the thickness faly = 34 um and ford, = 41 um. Fig. 3.9 shown an SEM cross
section view of the sample fabricated under this designthisiparticular sample, we ob-
served that the layer thicknesses decrease slightly ascéidarof depth into the sample.
This reduction is atributed to the reduced etchant flow ratiaé etchant into the deeper
layers. A method to remedy such unwanted trend is by slightisease the delay between
applied pulses when etching the deeper layers. Rather gpyiag a strong current pulse
to separate the multilayer from the substrate, we instedukdtall the way through the sub-
strate until the electrochemical cell showed a strong cotioin between the two chambers,
indicating that the etching had completed. Because théngtciopped immediately when
any of the pores reach the other side of the wafer, we fourtd than layer of bulk silicon
is often left-behind at the back side of the wafer. This bilik@n layer can be removed by
reactive ion etching with &F; /O, plasma until all the bulk silicon is visibly removed.

Fig. 3.10 shown the two THz configurations for measuring taagmission and re-
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i (top down)
T

7 d

Figure 3.9: Cross-sectional scanning electron microgodif3-layer porous silicon Bragg
grating filter, comprised of alternating high and low refraeindex layers. Inset: top-down
scanning electron micrograph showing nanoscale struofyserous material.
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flection spectrum of our porous silicon Bragg grating. Fertfansmission setup, the con-
figuration is the same as described in Fig. 1.1. For the redlespectrum, we rearrange
the THz optics such that the incoming THz beam is at an angle 2@ to the normal of
the sample in TE polarization. The reflected signal is thélected by a second parabolic
mirror that is pointing to the sample at the same angle bubsipgto the incoming mirror.

In Fig. 3.11, we show the spectrum of the reflective spectrithereflective setup,
measured by putting a gold mirror in place of the sample. Gorepn between Fig. 3.11
and Fig. 1.2(b) verified that the reflected THz signal is utrofoted.

Fig. 3.12 shown the transmission and reflection coefficiéth® 13 layer Bragg grat-
ing shown in Fig. 3.9. The theoretical lines are calculatsithg transfer matrix method
descripted in Sec. 3.1 and the dielectric constant modebjofE&17 with the two sets of
A and B from our single layer measurements. Slightly be#sult could be obtained by
using the two sets of A and B from single layer measuremenhastarting value and
least-square fit the calculated transmission to the exgatiahone to determined the best
set of A and B for each individual layer. In mathematics fome, seek to minimize the

error between the measured transmission and the calcatatesinission from Eq. 3.10,

Esan{w) _ jeL
Erol@) Tmead w)elc -, (3.18)
1
Teaic(w, A, Bj) = On(@ A8’ (3.19)
Minimizedy W(w) - (Teatc(c, Ai, Bi) - Tmead W))?, (3.20)

with L the total thickness of the multilayered filt€};, obtained from Eq. 3.10V(w)
the weighted function, usually the THz spectrum of the Edfeithout sample is used,
Aj,B; are A and B for each layerwith starting value found by single layer measurement

previously mention.
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Figure 3.10: Simplified Terahertz setup diagram for measarg of transmission and re-
flection spectrum of porous silicon multilayer Bragg Grgtia. Transmission setup similar
as Fig. 1.1. b. Reflective setup with two parabolic mirror8@tto the sample.
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Figure 3.11: Reflection spectrum of a gold mirror measuret waflective setup shown in
3.10(b)

For the reflection curves, we calculated the case for nornwadlént and 20for TE-
polarization. The peak reflection occurred at 1.17 THz WA = 1 — (0.21)2 = 93% THz

signal reflected. The full wave half maximun of this reflentfmeak is~ 0.26 THz.

3.3 Conclusion

We demonstrated the capability of porous silicon as a naykited filter at terahertz fre-
guencies. As the loss in low frequency is low as suggestedgin3:8, it is believed that
such filter could work well at lower frequency of subterah@s long as a filter can be fab-
ricated. For very low targeted frequency, the thicknessefdtarting silicon wafer could
becomes an issue. The problem could be remedied, howevéadkirgy and assembling
several multilayered stacks. The possibility of using jparsilicon as filter for higher fre-
guency could be limitted by the stronger absorption in higlq@iency. It is unclear whether
the increase in absorption is due to the fundamental silibmmon peak at 18 THz or other

absorption peaks of silicon or impurities as our measure¢iséounded by the detectable
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Figure 3.12: Terahertz transmission and reflection spedtporous silicon Bragg filter.
The solid curves indicate a theoretical calculation basethe measured film thicknesses
and separately measured layer properties.
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frequency range of our terahertz spectroscopy system. tNeless, the sample exhibits
low loss of < 10 cnT! in the detectable range of-02.5 THz, hence there should be no
foreseeable problem in filtering terahertz spectrum up%drHz. The behavior of the off-
peak dielectric model seem to match with Ramani et. al. [B4®ligh frequency regime,
although the corresponding conductivity is about onekmf what they reported. The
vast different in conductivity is believed to be due to therthal oxidation process.
Hence, we shown in this chapter that porous silicon is a gialmterial for fabrication
of terahertz multilayered filter. As the porosity and thediathickness can be easily con-
trolled by switching etching currents, porous silicon lwtherultilayered filter could serve

an important part in manipulation of electromagnetic wawvterahertz regime.
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Chapter 4

Terahertz Surface Plasmon Propagation

In Nanoporous Layers

In this chapter, we report our demonstration of surfacenptas propagation on highly
doped silicon wafers with and without porous silicon layafge begin in Sec. 4.1 by ex-
plaining the familiar expression for surface plasmon pgai@n between a semi-infinite
conductor and a semi-infinite dielectric medium. Havingbkshed the theoretical back-
ground, we repeated the earlier published works of Saxlat.¢179, 180] on the propa-
gation of surface plasmon on gold and highly doped silicohimately our motivation is
on utilizing the pore nature of porous silicon as a biosendvice, hence the main focus
here is on creating a terahertz waveguide in which the riadi& confined in a nanoporous
layer. In Sec. 4.2, we analyze the propagation of surfaceypdas on a conductor that is
covered with an additional dielectric layer. We will seettimthis case, the dielectric layer
causes dispersion of the surface plasmon wave. We comppegimental measurements
of propagating surface plasmons to theoretical simulatiand show good agreement be-

tween the two.
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Figure 4.1: Surface plasmon field at the interface betweemduwctor and dielectric. The
red line illustrates that the component of surface plasneld that is evanescantly decays
in the direction perpendicular to the surface. The blueetblihe shows that the propagat-
ing field propagates sinusoidally with an exponentiallyajex envelope.

4.1 Surface Plasmons-Background

To begin, we consider the boundary between a conductor ahekcttic, as shown in Fig.
4.1. We define the x axis as the direction perpendicular torttegface between the two
media and the z axis as the direction of a propagating supiasenon wave. We will first
consider the case where EM wave is polarized in the x dire€ligl) when the real part
of the dielectric constant in medium 2 is negative (i.e. advmtor). Later on, we will

mathematically prove a similar solution for TE (y-poladevave does not exist.

We begin with the classical Maxwell equations,
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OxE = —=B, (4.1)

0.D = p, (4.2)
.9

OxH = j+4D, (4.3)

0.B = 0, (4.4)

Where the field® andH are related to the electric fieEland magnetic fiel@ by D =
egE andH = ll—ho B respectively. In free space, the charge dengignd current density
j can be accounted for by making the dielectric constant cexaplVith this assumption
of time varying component of the dielectric constant is msictaller then the time varying
fields, Eqgs. 4.1-4.4 can be reduced to two decoupled secded @quations by substituting
into one another and using the identity< (0 x A) = 0(0.A) — 0?A,

2 pe 92
2 pe 92

As we are only interested in a propagating wave solution Withpolarization, we assume

a general solution of the form

H(x zt) = €PNV H (x)g,

which described a propagatirtd-field that is polarized in x direction with complex
propagation constant ¢, a mode envelope function &f,(x) and an angular frequency of
w = 2mrtf. We can then substitute this trial solution into Eq. 4.6 ahthim the following

equation for the envelope functidiy(x),
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2
00+ (e P00 =12 (4.7)

The solution of Eg. 4.7 is either an exponential function @irausoidal function. In
order for the solution to be bounded and confined at the axterfthe solution must be

comprised of two exponentially decaying functions,

A —K1X), 0
H () = 1exp(—KiX), X> | 4.8)

Azexp(kox), x<0
Here we introduce the surface plasmon decay constant inithetidns perpendicular

to the interfacek|, with j = 1,2 which are related to the propagation consjfaity

Ki=1\/B°—¢— 1=12 4.9

At the interface, the magnetic fieldy is continuous for nonmagnetic medium. Simi-
larly the electric field parallel to the interfa&g is also continuous. Using these boundary

conditions, we havely(0~) = Hy(0"), ands—lzd'jjy)gx) x50~ = s—lld*éyx(” x—ot,- @ relationship

for kj andA; of both sides can be found as

Ko&1+ K1& = 0, (4.10)

A=A

Finally, substituting Eg. 4.9 into 4.10, and rearrangingni® we obtain the familiar

dispersion relation for the surface plasmon mode [181],

w [ €&
=—,/ 4.11
B c\ e+’ ( )

Substituting Eq. 4.11 back into 4.9, we can also dexiveas
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w —&
Ki, = —
c\V &a+é&
2
w —E&
Ky = — 2 (4.12)
c\V &a+é&

A few implication can be immediately observed from Eqs. 4ahf 4.11:

1. Because the real part of bokh and Kk, must be positive in order for the mode to
remain bounded, the dielectric constants of the two media ba be of opposite
sign and satisfy-&, > €1 such that a propagating solution exist. As we see from the
dielectric function of free carrier Eq. 2.11, this conditits satisfied if region 2 is
a material with high conductivity. In terahertz domain, batetallic materials and

highly doped semiconductor could satisfy this constraint.

2. As most metal and highly doped semiconductor have avelgtiarge negative di-
electric constang, > €1, the real part of the propagation constghin Eq. 4.11 is
typically very close to the refractive index of the dieléctmedium 1,8 ~ £, /1.
A trivial example of air/metal interface would give an effige refractive index very

closeto 1.

3. As the absolute magnitude of the dielectric constant afioma 2 (metallic or highly
conductive) is much larger than that of medium 1 (dielectsipically air), the field
is suppressed in medium 2 due to lafgg?), with a typical decay length in medium
2 (Lx2 = 1/20(k>)) of the order of nanometers to microns while the decay length
(Lx1 = 1/20(k1)) in the dielectric is typically of order of millimeters or hdreds of

microns at terahertz frequencies.
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4.1.1 Solution for TE wave

To derive the expression for TE wave, we use similar procedwt with electric field
instead of magnetic field. First we substitute the trial egpron for electric fieldE =
exp(1Bz— 1wt)Ey(x)é, into Eq. 4.5 and derive a equation for envelope functg(x) .
Then the magnetic field can be calculated with Maxwell Eq&-444 and by substituting
the expression for the electric field together and applyireglioundary conditions on the

electric fieldE and magnetic fieldH | at the interface,we arrive at

AL = Ay

—K1 = Ko, (4.13)

From Eqg. 4.13, it is clear that a realistic solution for TEdié impossible, as one
of the field component above or below the interface would Hawxponentially increase
away from the interface, as indicated by the second equatiBas. 4.13. In Sec. 4.2, we
will find that if a dielectric layer is added to the interfa@ds possible to support multiple
guiding TE modes as well as multiple guiding TM modes, howegewe will show, the
TE modes modes would behave quite different from the sugféesmon mode and cutoff

frequencies exist for all modes besides M

4.1.2 Experimental results

An experiment on the coupling of surface plasmon on top dilyigoped silicon and gold
mirror is conducted. The coupling from a free space teraheave to a surface plasmon
is not possible without a coupling mechanism to slow the $fsce wave. Varies coupling
methods had been reported with different characteristiati®y [182] and attenuated total
reflection in prism [183] are narrow band but high efficienoyjgling methods. Diffraction

from edges, either from the corner of prism [184] or from tipeof razor blades [180] are
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Figure 4.2: Coupling of terahertz wave to surface plasmdh vaizor blades. The terahertz
wave is scattered by the input razor blade located at a disthaway from the surface in
order to couple the incident terahertz pulse to surfacenmaspropagating on the sample
surface. The coupled surface plasmon then travels a destaicand is then coupled out
by another razor blade. In the one interface case showntherepupled surface plasmon
would have similar spectrum and phase shift as the origarahertz wave ag ~ kg over
the whole terahertz spectrum.

used for broadband coupling with low efficient. For this istigation, we adopted the razor
blade method described in Refs. [179, 180, 185-187] as thpliog mechanism to slow
the free space EM wave. In this scheme, the terahertz waveuséd in free space onto a
slit aperture formed by a razor blade (or other scatterirjgatpplaced in close proximity
to the surface. When the terahertz wave passes through énuiag it is diffracted into
a broad range of angles, allowing a wave with component ipggation direction that
matches the speed of the surface plasmon to coupled to #faesas shown in Fig. 4.2.

In Fig. 4.3, we plot the dielectric function of gold from10- 1000 THz is calculated
from Eq. 2.11 withe, = 1, wp = 1.37x 100 s~ andl" = 4.05x 10'3s~1 from Ref. [188].
Fig. 4.4 shown the associated propagation lemgth 1/200(3) and decay lengths above
and below the air/gold surfads; = 1/20(k;) calculated for a surface plasmon mode on
gold, using Egs. 4.11 and 4.12. Similarly, using the dieledtinction of highly doped
silicon, calculated in Sec. 2.1.2 and shown in Fig. 2.2 , weutatedL, andLy; for the

surface plasmon mode on highly doped silicon in Fig14.5

Due to the fact that the carrier density depends on the dagingentration, this particular set lof and
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Figure 4.3: Dielectric function of gold calculated with @ieimodel in Eq. 2.11. From
Ref. [188],cwp, = 1.37x 1016571, I = 4.05x 108 st ande,, = 1.
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Figure 4.4: Propagation length andelpenetration depth of surface plasmon mode prop-
agating with frequency of 1 THz on a gold surface using théedteac function shown in
Fig. 4.4. (a) The penetration depth in the direction perprdar to the sample surface,
Lx1 = 26.7 mm is the penetration depth in air abgh = 36.8 nm is the penetration depth

inside gold (b)The propagation decay length= 351 m
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Figure 4.5: Propagation length andelpenetration depth of surface plasmon propagating
with frequency of 1 THz on a silicon surface calculated usligdectric function shown in
Fig. 2.11. (a) Penetration depth in direction perpendictdahe sample surfacd.x; =
0.62 mm penetration depth in air ahg, = 1.74 um penetration depth inside silicon.(b)
The decay length in propagation directionp= 17.0 mm

We can immediately see from Fig. 4.4 and Fig. 4.5 that whiléase plasmon modes
on the highly doped siliconLg = 17.0 mm) are much lossy then those on gold £
35.1 m), the surface plasmon field is more confined on the silicofase (x 1 = 0.62 mm)
than on gold I(x 1 = 26.7 mm). Such high confinement is useful for applications swch a
spectroscopy and film characterizing as the high confineinereases the sensitivity of
the measurement. The real and imaginary paft @r both gold and silicon are plotted in
Figs. 4.6 and 4.7. As the plasma frequencies of both samptefmmmabove the terahertz
regime, we see that the real partf®is essentially flat throughtout the terahertz band for
both sample. As a result, the dispersion of the terahertzwan typically be neglected for
these modes.

We first seek to find out the optimun coupling gap for our swafalasmon setup. As
the field distribution in perpendicular to the sample swefisexponential decayed, the two

input and output blades is required to be as close to thecauds possible to increase the

Ly, is only valid for p-type doping with witlp =5 mQ cm.
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Figure 4.6: Effective refractive index of surface plasmood& on gold, calculated using
Eq. 4.11 and dielectric function curve shown in Fig. 4.3. Iear frequencies, the real part
of B/ko is very close to 1. Propagation of surface plasmon wave infleguency regime
is essentially dispersionless and lossless.
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Figure 4.7: Effective refractive index of surface plasmawda on silicon, calculated using
Eq. 4.11 and dielectric function curve shown in Fig. 2.2. dwlfrequencies, the real part
of B/ko is very close to 1. As a result, the propagation of silicoriaaze plasmon wave in

low frequency regime is essentially dispersionless in¢nattertz spectrum.
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coupling between the diffracted terahertz wave to surféagnpon. On the other hand, the
presence of the two blade would block the input terahertznpeansequencely reducing the
amplitude of the terahertz field and hence the optimum coggloint would be determined
by these two contradictory effects. In Fig. 4.8, we plot tenparison of time domain
measurement traces and the corresponding frequency whsesface plasmon coupling
with different input gap on gold surface. The output gap fos tmeasurement was set
to 500um and the distance between the two blades was set to .B& gtm. The input
aperture is varied from 3Q9m to a maximum 155 mm. On Fig. 4.9 we plot the integrated

spectral power from.Q THz to 25 THz of spectra in Fig. 4.8, which is define as

fi(d):/oz'5|A(f,d)|2df,

1
where|A(f,d)|? is the spectral power for a particular frequerfcgnd input gap spac-
ing d. From this data, it is evident that optimal coupling occwsdn input gap of ap-
proximately 0.7 mm-0.9 mm. When the input gap is open beyaddrin (Fig. 4.8),
the transmitted THz waveform includes some leakage of thected wave, in addition to
the surface plasmon mode. Such leakage can be removed by igithease the separa-
tion between gaps or by using curved conductive surface lvéttm block as described in
Ref. [189]. As the input gap is further increased, the s@rfalasmon peak decreases, and
shifts slightly forward in delay while the leakage peak gases and stay at the same delay.
A similar experiment on highly doped silicon was also cortddc In this case the
separation between the two blades was set to le024m. The output aperture was set to
500 um while the input aperture varied from 3@0n to 1283 mm. Fig. 4.10 shows the
time domain and spectral domain of these traces while FiglL ghows the corresponding
integrated spectral power fromI0THz to 25 THz. As with the gold case, the optimum
coupling gap is found to be in betweer70- 0.9 mm. As with the gold sample, we see
evidence that the reflected terahertz wave is leaking thredgen the input gap opened up

above 11 mm.
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Figure 4.8: Surface plasmon propagation on gold surfacee Blades spacing and the
output blade gap are set to be 2bmm and 50@um respectively, while the input is varied
from 300umto 1265 mm. (a) measured time domain signals for 11 differenttigayps.
(b) The corresponding frequency domain signals. In botlessasach plot is vertically
offset for clarification
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Figure 4.9: The integrated terahertz power of the spectnadain signals from 0.1 THz to
2.5 THz for the frequency domain traces shown in Fig. 4.8fb3oupling peak is clearly
visible in this plot for input coupling apertures betweer-9 0.9 mm.

To ensure that we measured surface plasmon propagationrasaole rather than
mere reflection, leakage, or scattering, we compare simiéasurements with TE and TM
incident polarizations. From the analysis presentederarie know that the surface plas-
mon mode only exists for the case of TM polarization, wherga£xpect that diffraction
and other leakage effects would presist for both polaoratitates. For these measure-
ments, we set the blade separation to be 12.3 mm and variatapprture from~ 0 mm
to 1.3 mm while keeping output blade at 0.5 mm from the surfacé&igs. 4.12 and 4.13,
we show both the time domain and the corresponding frequemeain traces comparison.
To compare both magnitude and behavior from the TE case fbNhease, we normalized
the time domain traces of both TE and TM cases by the peak wéline trace that corre-
sponding to input gap of 1.1 mm for TM polarization and thejfrency domain traces by
the peak for the frequency trace of 0.7 mm gap for TM polaioratin the TM case, even
if the input gap is closed te- 0 mm, a signal is still visible, while in the TE case, we see
nothing unless the input gap is opened to 1.1 mm, at whicht péenscattered radiation

leaks through the system. We see a similar trend when weh@atumulative transmitted

85



T T T T T T T T
-/‘\/\/\~ 12.83 mm
N\/\“ 5.00 mm \/\/\/\ 12.83 mm
;\/\/\/‘ 2.50 mm /\/\/\\ 5.00 mm
| 1.80 mm /\/\/\ 250mm | _
5
I 1.50 mm | 1.80 mm | <
S ©
& 2
g 1.30 mm L 1.50 mm |3
= S
ol 1.10mm 1.30 mm g
el | 5
0.90 mm 1.10mm| &
| 0.70 mm | 0.90 mm
I \/\/\ 0.50 mm 0.70 mm
| 0.30 mm \/k 0.50 mm
0.30 mm
0 5 10 s 20 0 05 i 15 > 2.5
time(ps) frequency(THz)

Figure 4.10: Surface plasmon propagation on highly dodewsi The separation between
blades and the output blade gap were kept at 24.50 mm and 0. gpactively while the
input gap varied from 0.3 mm to 12.83 mm.
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Figure 4.11: Transmitted terahertz power, obtained bygnéing the spectral power from
0.1to 2.5 THz, for the traces shown in Fig. 4.10.

terahertz power, obtained by integrating the spectra, @asrsin Fig. 4.14 .

While the decay lengthy ; andLy, are hard to measure in this configuration. The
propagation loss of surface plasmon on highly doped silamrnd be measured by chang-
ing the separation between the two blades while keepingnihg and output gap constant.
In this experiment, we fixed the input and output gaps at 0.5amdwvaried separation from
21.5to0 41 mm. In Fig. 4.15 we show the time and frequency dormaces for this mea-
surement. The measured propagation length of 19 mm is ofatime ®rder of magnitude

as the theoretical value in the terahertz spectrum.

4.2 Surface plasmon propagation on conductive surface
with dielectric layer

We consider now the propagation of an electromagnetic wawveahe surface of a conduc-
tive surface with thin dielectric film as shown in Fig. 4.17itN\the addition of a dielectric

film, it is now possible for both TE modes and higher order TMde®to propagate on
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Figure 4.12: Time domain traces comparing the TE and TM edigholarization states. In
all cases, the coupling apertures were separated by 12.3ommadne another, the output
aperture was held constant at 0.5 mm, and the input apertasevaried. The TE case
shows no appreciable signal until the input gap is openedrxey.1 mm while the TM

case shows a signal even at input gap of 0 mm, which is expldineoupling to a surface

plasmon mode.

88



Spectral Amplitude(a.u.)

Frequency (THz)

Figure 4.13: Fourier transform of time domain traces in Big2.
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Figure 4.14: Cumulative transmitted THz power, obtainethlbggrating the spectra shown
in Fig. 4.13. The closed circles illustrated the change iectija power of TM coupled
surface plasmon while the opened squares correspond toolBEzed input. The TM
signals continue to increase until it reach the couplingkpEed.7 mm at which point it
begin to saturated and further change above 1.1 mm is duakade signals.

the surface as the guiding mode supported by the dieledegfmending on the thickness of
the dielectric layer. However, of the many possible modgwopagation, the fundamental
TMy surface plasmon mode is the only one that does not have adiunteff frequency.
As a consequence, by appropriately choosing the thickrfets® aniddle dielectric layer,
it is possible to construct a single-mode plasmon waveguttmsider first the case of a

TE wave, the general solution to Eq. 4.5 for a propagatingerindnediume, is given

by [190],
’
Ae KX x>0
Ey(X) = { Bcoskox+Csinkox, —d<x<0 (4.14)
DeksX, x< —d

\

with a multiplication factor ofe(“~82) to take into account of the propagating phase
shift and loss. Using boundary conditions for nonmagnetitemals at both interfaces, we

have
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Figure 4.15: Change in surface plasmon transmitted pow#reaseparation between the
two razor blades changes from 21.5 to 41 mm. As the surfacsmola propagates for
longer distances, the transmitted power falls expondytilale to propagation loss.
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Figure 4.16: Transmitted terahertz power, obtained bygnatteng the spectral power of the
traces plotted in Fig. 4.15 from 0.1 THz-2.5 THz. The bladksane shows an exponential
fit. Based on the fitting, the propagation length is estimagefi9 mm
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Figure 4.17: Propagation of a surface plasmon wave on tlacguof a conductor that is
covered with a thin layer of dielectric. The red line illieg®s the field distribution of an
TMo wave (surface plasmon wave) in the direction perpendidaldhe interfaces. The
blue dotted line shows how the same wave varies along thetidineof propagation.
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50050 |
E,(d*) = By(d") |

H(0") = Hy(0") | "
H(d*) = H(d") | ’
Hz(o+) = Hz(o_) H ||

H(d") =Hz(d™)

Applying these boundary conditions and the relationshtbenEy,Hy andH,,

Hx =— (j/wo)(dEy/02),
H, = (j/wHo)(9Ey/9x),
we have
A = B, (4.15)
De %39 — Bcog—kod) 4 Csin(—kzd), (4.16)
c = Mp 4.17)
K2
ksDe M9 —  _k,Bsin(—kod) 4 koCcog —Kod). (4.18)

Hence the solutions of Eq. 4.14 , from Egs. 4.15-4.17 are

/

Ae KX, x>0

Ey(X) = { A(coskox— 12 sinkyx), —d<x<0 (4.19)

A(coskod + sink,od)ee( @) x < —d

\
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The three attenuation constarts k2 andks are related to the propagation const@nt

by Eq. 4.5 by

o = -0 g
o = 2o ciEpR
@ — B2 _poeg (4.20)

with kg = £. The relationship betweeky, k2, k3 can be found by substituting Egs.

4.15-4.17 into Eq. 4.18,

&39(Bcoskod —Csinkod) = € Bk sink2d 4 Ck, coskzd

K3
K K .
:>(B——2C)COSK2d = (—ZB+C)smK2d
K3 K3
L KK
= tankod = 32
K3 Kz
K3+ K
= tankod = Kz#. (4.21)
K5 — K1K3

Lastly the normalization factok is given by /+/P, the power flow in the propagating

direction with P given by

P = %D/ (E x H) - Adxdy

- 1 [ o \Ey\zdx} (4.22)

WHo

N

In similar fashion, the magnetic field in the TM case is founte
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(
Ae KX, x>0

Hy = A(coskox— 2 2 sinkox), —d<x<0 (4.23)

A(coskad + 12 2 sinkpd)es( ). x < —d

With the samex1, K» andks relationship with3 as Eq. 4.20. The relationship between

K1,K2 andks is given by

& &
(ZK1+ 2K3)
K5 — (2K1)(2Ka)

The normalized factoA = 1/+/P for TM wave is given by

1B (1
P30 [ 5 WP

tank,d = Ko (4.24)

wE

with j = 1,2,3 the medium associated with the region. The field equatiass E.19
and 4.23 together with the relationship between the cotstan Egs. 4.21 and 4.24 can

be collected in unified forms:

)
Ae KX x>0

Ey,Hy = { A(coscox — f% SiNKoX), —d<x<0 (4.25)

A(coskad + 2 sinkad)ef(@) - x < —d
\

(fK1+0K3)

tank>d = K ,
2T k2~ (k) (gKa)

(4.26)

andf,gare define as

1, TEcase

2, TMcase
1

95



1 TE case
g p—

% TM case
3

Eq. 4.26 can also be written as a functiork@hnd% by Eq. 4.20,

(fK1+0Ka)
K3 — (fK1)(0gK3)

1 1
2 2 2 2
(&) e (&) -
1 &3
1f koi _|_tan*1 koi

Kod = tan tko +vm

B 2
= 52—(%) kod = tan 4+ v

= kod = _ (4.27)

withv=20,1,2,--- as the index of different modes.

The implication of Egs. 4.25 and 4.27 on the propagation dase plasmon is hard
to appreciate without a discussion of the propagation ofieadiimodes in two interfaces
dielectric waveguide. Consider the case of a symmetriediet waveguide consisting of
three layers of dielectric with real and positiggande; > £, = 3. If we replace d by

d=2d'in Eq. 4.26, then we find

2tankod’

tanxo,d = —————
2 1—tar? kod’
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2tan@

After using trigonometric identity of tan@= T tar20

and solve for the expression of

Kld/,

kod'tankod = kqd’

—kod'cotkod = k1d'.

Which are the familiar expressions for symmetric wavegundeef. [191]
Consider now the case of the asymmetric real dielectric guade withey, £, 3 € [
ande, > €3> £;1. Inthis case the trend % for all modes would be bounded lsy > % > &3

with the minimum cutoff value a% = &3,

(kod)cutoff =

1 1 & —&3
— <t . 4.28
\/82—81{ an-g 82_£1+vn} ( )

In Fig. 4.18, we plot the calculated relationbetwgiand w, for a real asymmetric
waveguide ofe; = 1, & = 22 and&z = 1.5%. These curves were obtained by numerically
solving Eqg. 4.20. A%kod — oo, the effective refractive inde /ko — /€2. On the other
end, as the normalized frequerieyd decreases, the trend ko — /€3 and eventually
becomes cut off when the condition in Eq. 4.28 is reachedv&en the TM modes and the
TE modes with same, the trends are very similar with TE mode slightly smaller thee
samekod asf = i—i > 1 andg = % > 1. Fig. 4.19 shows the normalized field distribution
for TEg, TE1, TMg and TM; for kod = 10. In the case of real asymmetric waveguides,
all modes are concentrated in the middle of medium 2. In aesamode overlap with
medium 1 and 3 increases whefgs — /&2 and, /€1 — /€2 or whenkod — 0.

On the other hand, #; is negative and; < & < |&3|, then all modes other then T\are
bounded by < % < &. The TMy mode, however behaves differently. At low frequency,
asg is negative, there is a chance for the two thterms in Eq. 4.27 to cancel one another

such that wheikod — 0, a nonzero solution exists f@%. From a physical point of view,

97



200

1.9[

B/k,

Figure 4.18: Effective refractive indeg,/ko versus normalized frequengyd for & = 1,
& = 22 andegz = 1.52. The effective refractive indices for all mode are consiedi by

£3<%<82

askod — 0, the field should behaves just as a single interface suplasenon propagation
in between the mediur, and mediumes. Hence at very lovkod, Eq. 4.27 should have
the same form as Eq. 4.11. Similarly at very higd — oo, the TM, field should behaves
similar to a single interface surface plasmon propagatidreiween mediure, andez and

again Eq. 4.27 should approach Eqg. 4.11. In mathematioa, for

g8 jod 0
% ) Vate . (4.29)
tiias kod— oo

A plot of effective dielectric function is plot for the casba = 1, & = 22 andes = —42
is shown in Fig. 4.20.

Fig. 4.21 plots the corresponding field distributions fa tinst few modes of the three-
layer plasmon waveguide. While all other modes are conatadrin the middle of the
medium 2, the TM mode is concentrated in the interface between medium 3 adtime
and falls exponentially away from this interface. Again we ghat the T\ mode behaves

more similarly to the single interface surface plasmon chseussed in Sec. 4.1.
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Figure 4.19: Normalized fields amplitudes for asymmetrigegaidekod = 0 with &1 = 1,
& =22 ande; = 1.52. (a) E fields of T and TR.(b) H fields of TMy and TVy
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Figure 4.20: Effective refractive inde&/ko versus normalized frequensyd. (a) Real
part. The TMy mode is bounded b)(/fllfgs < % < ,/#42and is not cut off over the
entirekod. For all other modes, the propagation constant is boundegdy< % <&

and have a cutoff point wher% = /€1. (b) Imaginary part. The loss for T¢Mmode is
constant whetod — c while all other modes followed ékod) 3 trend.

4.2.1 Experimental results

Three samples of porous silicon film on silicon wafer are itied for this experiment
with applied current density of 90 mA/chusing the same procedure described in in Sec.
3.2. The thickness of each samples were measured by SEM t0.®@rh, 283 um and
56.4 um and are shown in Fig. 4.22. The experimental setup is ic&rtt that shown in
Fig. 4.1 except for the change in sample. As we will see latelike the single interface
case of silicon or gold sample, the surface plasmon modenhtthree-layer waveguide
exhibits significantly more dispersion and frequency deean loss than in the single-
interface case. This leads to significant pulse broadeamdgepicted in Fig. 4.23

Using a separately-fabricated free standing porous silgample with similar applied
etching current, we independently determined the refradtidex of the porous silicon
layer to ben = 1.67. Using this value, we numerically calculated the disparsf the

surface plasmon mode, which is plotted in Fig. 4.24, we piethehavior of the TM
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Figure 4.21: Calculated field distribution for the first fele ind TM modes witle; =
1,6, = 22 andez = —42 andkod = 10. (a) TE modes 0,1,2. (b)TM modes 0,1,2
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Figure 4.22: SEM pictures of three porous silicon samplesi uis surface plasmon prop-
agation measurements. (a).@@m sample (b) 28 um sample (c)58} um sample.(d)
Zoom in view of the 28 um sample. (e) top down view of a typical porous silicon sam-
ple. All samples are fabricated with current densities off®cn? and were determined
to have an effective refractive index of 1.67.

Figure 4.23: Experimental system used to couple teraheitep into and out of a porous
silicon surface plasmon waveguide.
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Figure 4.24: Effective refractive index and absorption ufface plasmon in porous sili-
con samples of thicknessm,(blue solid line),106 um (green solid line),28 um(red
solid line) and 564 um (black solid line). The effective refractive indices amuhded by
effective reflective indices of surface plasmon propagaitioporous silicon/silicon (gray
dashed line) and air/silicon (blue solid line) interface.

mode for these three samples. The cutoff frequenkidsfor TEg and Ty modes is
calculated to bépd = 1.05 and 2.09 for our samples. Therefore, in thed56m sample,

it is possible to excite the TEEMode at frequency above 0.89 THz and theTilode at
frequencies above 1.76 THz. Similarly, it is possible toiexa Tk mode for frequencies
higher then 1.76 THz for the 2Bum. In our measurement, however, we see no clear
evidence of these modes. This is likely caused by the to te#ywdifferent mode profile
for these guided modes that prevent coupling to occuredcélanour simulation, we did
not include higher order modes when simulating the propagat

In Fig. 4.25-4.28, we plot the calculated transvere magrfegid of the surface plas-
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Figure 4.25: Normalized field distribution for sample witbrpus silicon thickness of
Opum, 106 um, 283 um and 564 um at Q5 THz.

mon mode for porous layer thicknesses of 0, 10.6, 28.3 antls. These modes were
calculated at a frequencies of 0.5, 1.0, 2.0, and 4.0 THza#dradle normalized to have the
same optical power. In all cases, the surface plasmon magées its maximum value at
the interface between the substrate and the porous sikgen. I The propagation loss of the
mode is strongly related to the mode intensity at the lodgyosi surface, which depends
on the film thickness.

For all samples measured, we set both the input and outputiuage to be (b mm
from the porous silicon surface. The separation betweertdheling apertures was set
to bel = 125 mm, which defines the propagation distance. Using the \@lye shown
in Fig. 4.24, we calculated the group delay= <%> _1I and the normalized spectral
transmissiorA = ‘e—iﬁ' ’ for the three samples, as shown in Fig. 4.29. We see from Fig.
4.29 that in all cases, the 12.5 mm surface plasmon waveguoides a low-pass filter that
attenuates higher frequencies. The calculated bandweltredses as the porous layer is
made thicker. For our samples, we calculate theHdandwidth to be 56 THz for silicon
without porous silicon layer,.@7 THz for the 106 um sample, (25 THz for 283 um

sample and 385 THz for the 564 um sample. Over the frequency span from 0.5 THz,
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Figure 4.26: Normalized field distribution for sample witbrpus silicon thickness of
Opum, 106 um, 283 um and 564 um at 1 THz.
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Figure 4.27: Normalized field distribution for sample witbrpus silicon thickness of
Opum, 106 um, 283 um and 564 um at 2 THz.
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Figure 4.28: Normalized field distribution for sample witbrpus silicon thickness of
Opum, 106 um, 283 um and 564 um at 4 THz.

the silicon without porous silicon layer= 0) does not show any significant variation in
group delay while the group delay for the.&@m, 283 um and 564 um samples are 0.53
ps, 3.18 ps and 13.88 ps respectively.

In Fig. 4.30, we show the comparison between the measuredaodated pulses in
the time domain. The experimental traces were measured esiperimental setup de-
picted in Fig. 4.23. When calculating the theoretical resg) we obtained a reference
time-domain trace by realigning the optics to bypass theegaide entirely, giving an
unobstructed transmitted waveform. We then fed this measimput signal into the cal-
culated dispersion relation shown in Fig. 4.24 and numiyicmputed the expected
time-domain traces after a propagation distance of 12.5 on.comparison, the calcu-
lated signals were normalized such that their peak am@#wade the same as the peak
amplitude of the corresponding measurements. Althoughhiberetical calculation does
not take into account any spatial effects such as frequdepgndent coupling, the predic-
tion of the theoretical calculation is surprisingly googhesially for the thicker samples.
The propagation of surface plasmon in the sample withoupdineus silicon is essentially

dispersionless as predicted from our calculation in Fi@94.0n the other hand, we see
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Figure 4.29: Calculated dispersed time and signal amg@iattenuation for samples with

porous silicon film of thickness 0m, 106 um, 283 um and 564 um over a propagation
length of 12.5 mm(a) delayed time. (b) signal amplituderatétion.
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that as the porous silicon thickness increased for sampthgarous silicon film, the high
frequency component is attenuated with high dispersioheritne domain traces and also
in the corresponding frequency domain plot of the signatsvshin Fig. 4.31.

As obvious from the matching of the terahertz spectrum from measured pulses
in Fig. 4.31 and the prediction from Fig. 4.29(b), the spmegdnd attenuation of the
measured signals is most likely due to the quick increasttenaation that is explained by

field confinement in Figs. 4.25-4.28.

4.3 Conclusion

In conclusion, we describe the fabrication and measuremieatnew type of terahertz
surface plasmon waveguide in which the terahertz mode teguin a nanoporous silicon
layer. We present calculations and measurements of thedom&in response that show
the role of modal dispersion and frequency-dependent fogei propagation. At terahertz
frequencies, nanoporous layer behaves like an effecteeatric material, with the im-
portant difference that its entire volume could potenyiakk permeated by liquids or gases
from the surrounding environment. Because of the largenatesurface area inherent to
porous materials, this structure holds promise for semstspectroscopy applications that

rely on selective surface binding.
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Figure 4.30: Time domain comparison between measured dodlai®d terahertz signal.
The calculation is done by using an transmitted terahegizagiobtained without the sam-
ple, and calculating the response of the surface plasmdnpritpagation length of 12.5
mm. Each trace was normalizated such that the peak amplitfutiee calculation is the
same as the peak amplitude of the measurement.
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Figure 4.31: Frequency domain comparison between measmedalculated terahertz
signal shown in Fig. 4.30. The calculated frequency domiginads were normalized by
the peak amplitude of the measurement peak in frequencyiddméake into account of
the effect of coupling and alignment error. The dips in theasueed signals for 28 um
and 564 um samples are most likely due to small leakage signal sedreitihe domain
signals (small high frequency spikes in front of the mairesprout pulse) in Fig. 4.30 .
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Chapter 5

Conclusions and Future work

5.1 Conclusions

The key contributions of this work are summarized below:

1. We conducted an experimental measurement of the dielpctiperties of p+ porous
silicon in the terahertz (far infrared) spectral regime.alihcases, the free-standing
porous silicon membranes exhibited less absorption tharh#avily-doped crys-
talline silicon from which they were fabricated. However wbserved distinctly
different behavior between the freshly-fabricated, hgarmterminated porous mem-
branes and oxidized porous samples. While freshly-fatattaamples have optical
properties that are unstable and change with time, pariiidized porous silicon
samples exhibit excellent stability and almost negliglbks across a broad range of
THz frequencies. This result suggests that oxidized posdit®n could serve as a

useful and versatile material for fabricating multilayerahertz devices.

2. We demonstrate that porous silicon could be a convenightreexpensive platform
for building multilayer terahertz devices. As a proof of cept, we fabricated a 13
layer porous silicon Bragg grating targeting center frempyeof 1.17 THz. The peak
power reflectivity is measured to be 93% with FWHM of 0.26 THResidual ab-
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sorption of porous silicon is most likely attributed to theopon confinement effect
or scattering, therefore it is possible that lower loss ddag achieved by changing
the pore size with starting wafer of different doping cortcation or by ensuring
uniform field distribution in the etching cells. While thedgyy filter presented here
used only two different porosities, in principle one coutdhstruct arbitrary refrac-
tive index profiles by simply adjusting the anodization eatrdensity as a function
of time. This could enable more complex filters, cavitiesirafiection coatings, and
even graded-index dielectric waveguides. In comparisah ether multilayered fil-
tering techniques for terahertz application, our methalitha advantages of simple

fabrication procedure and capability of fabricating masplssticated graded filter.

. We describe the fabrication and measurement of a new fytpeatertz surface plas-
mon waveguide in which the terahertz mode is guided in a namoos silicon layer.

We present calculations and measurements of the time-domsponse that show
the role of modal dispersion and frequency-dependent fodsel propagation. Be-
cause of the large internal surface area inherent to pora@ierials, this structure
holds promise for sensor and spectroscopy applicationsdlyaon selective surface

binding.

5.2 Future work

Throughout this thesis, we had shown that porous silicon imt@resting optical material

for applications in terahertz regime. Our exploration ofqus silicon is by no means

exhausive and we are only at the beginning phase of expltrisgersatile material. Future

work is obviously required to fullfill the potential of this@mising material. Below we list

some of the potential future areas that could prove promisin

1. Improvement on signal to noise of our terahertz systene. cthrent signal to noise

of 10* — 1P, while high enough for experiments described in this thésisot suf-
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ficient for future work in plasmonic and spectroscopy. Intjgatar, for plasmonic
devices, the razor blade coupling method only has an eftigieh < 10%. Hence
higher signal to noise of the terahertz system is obviouskded for broadband,
high sensitivity application in plasmonic devices. Onegndial solution is to swith
to photoconductive switch based system [192]. The high radidu frequency al-
lowed by photoconductive switch would dramatically redli¢é noise in the system.
Photoconductive based system had been known to have signaise ratio as high
as 10 —10°. Furthermore, the use of photoconductive based systenatidsolower
optical pump power which would allow diverging large portiaf the pump beam for
other uses such as optical pump terahertz probe measurefrertier dynamic in

semiconductor.

. For biological application, the porous silicon surfaceld be functionalized with
biomolecules and be used for label free biomolecular deteft27,129,131]. Asthe
reactivity of the functionalized surface is dependent @mtiolecule size and the pore
size [193], porous silicon of different pore sizes fabmchtvith silicon of different
doping concentrations and types need to be investigatetiédaerahertz frequency.
So far, microporous silicon fabricated from lightly dopedype silicon had been
investigated by Labbe-Lavigne et al [145]. We [194] and Rained al. [146] had
investigated mesoporous silicon fabricated from highlgetbsilicon. Macroporous
silicon, fabricated with lightly doped n-type silicon wittptical illumination is a

promising material that has remained uninvestigated.

. In the application of terahertz filtering, so far we onlyestigated the passive filter-
ing aspect of porous silicon. As our group demonstrated ifa |R85], the carrier
lifetime in porous silicon is around 200 ps. Hence, it may besgible to develop a
fast optical switching terahertz filter by illumination afrhtosecond laser pulse on a

porous silicon filter or resonance cavity.
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air

Figure 5.1: Porous silicon based surface plasmon waveguitehin silicon or metal film.

4. Only porous silicon made from <100> silicon wafer is irtigated in this work. By
using other crystal orientations such as <110> silicos, jidssible to take advantage
of the anisotropic nature of the porous silicon as biremgfilter [140-142]. It is
also possible that this birefringence could be enhanceaatirg the pores with thin

metallic film [196].

5. In Chap. 4, we discussed a surface plasmon waveguide s@admf porous silicon
layer on highly doped silicon. We had found that due to thesgmee of the thin
porous silicon layer, the surface plasmon field is confinethéolossy bulk silicon
interface. While this increases the confinement of the fielar the surface, which
is important for spectroscopy purpose, the waveguide adsibies higher dispersion
and absorption in the high frequency regime. In Fig. 5.1, m@san alternative ap-
proach with thin silicon or metal in between air and porolis@n. As have been in-
vestigated in similar experiment setup in optical domdiis tonfiguration is believe
to be low loss due to the thin thickness of the conductinggser{197]. Furthermore,
by coupling the surface plasmon wave from the air side, ttie with porous silicon
becomes less mechanically restricted and could be filleldl Mgtiid without disturb-
ing the experiment setup, which in turn allows for consistaupling conditions for

comparison between biomolecules filled and unfilled pordicoa.

6. Manipulation of terahertz coupled surface plasmon ige&ginterest. By patterning
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the surface of a surface plasmon supporting device, thasigmlasmon could be
redirected, filtered and split in compact device [198, 19%¢rous silicon could be
easily patterned [200-206] by laser-assisted oxidatiter &tching or lithographic
pattern before etching. Hence porous silicon could patéintibe versatile platform

for exploring surface plasmon based devices.
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