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TERAHERTZ TRANSMISSION & SPECTROSCOPY OF VERTICALLY

GROWN MULTI-WALLED CARBON NANOTUBE FORESTS

1. INTRODUCTION TO TERAHERTZ SPECTROSCOPY

1.1. Terahertz Radiation

Terahertz (THz) radiation refers to electromagnetic waves propagating at frequencies in the

terahertz range. This range is defined as those frequencies which lie between the microwave and

infrared regions of the spectrum. Refer to figure 1.1 for a visual guide to the electromagnetic

spectrum. The following table shows typical values for quantities used in spectroscopy, centered

around the frequency of 1 THz [1]:

• Frequency: ν = 1 THz = 1000 GHz

• Angular Frequency: ω = 2πν = 6.28 THz

• Period: τ = 1/ν = 1 ps

• Wavelength: λ = c/ν = 0.3 mm = 300 µm

• Wavenumber: k = k/2π = 1/λ = 33.3 cm−1

• Photon Energy: hν = ~ω = 4.14 meV

• Temperature: T = hν/kB = 48 K

Up until recently, there existed what is known as the THz gap, which refers to the range

of frequencies in the THz band that were relatively unexplored in science. The reason for this
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was because of the difficulties involved in creating compact and efficient sources and detectors for

THz radiation. In the last few decades, however, many advancements have been made to make

exploring this THz gap possible.

FIGURE 1.1: The electromagnetic spectrum, including the THz gap that is now being explored.

THz radiation now has many research areas and applications thanks to advancements made

in the field. These include things such as medical imaging, since THz radiation has relatively low

photon energy so as to not damage tissue and DNA; security purposes, such as detecting hazardous

or illegal materials by their unique spectral response in the THz range; also for scientific use and

imaging, such as time-domain spectroscopy (THz-TDS) and submillimeter astronomy.

This thesis will focus briefly on common generation and detection methods for THz radia-

tion, then switch to the research I have done using these methods. I will present both theoretical

and experimental data on the material properties of vertically grown carbon nanotube forests and

their anisotropic response in the THz range.

1.2. THz Generation Methods

There are several common methods to generate terahertz radiation, all involving ultrashort

pulses from titanium sapphire lasers. By name, these are using surface emitters, photoconductive

emitters, and invoking a process called optical rectification. The latter is the one being focused on

in this description.
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1.2.1 Titanium Sapphire - Ti:Sapph

Titanium sapphire lasers are tunable lasers that emit red to near-infrared light. This corre-

sponds to a general wavelength range of 650 to 1100nm. Ti:sapph refers to the lasing medium,

which is a crystal of sapphire (Al2O3) doped with titanium ions. These lasers are usually pumped

by another laser with a wavelength of 514-532nm, either an argon-ion laser (514.5nm) or frequency-

doubled Nd:YAG laser (527-532nm). Pumping is the act of energy transfer from an external source

to the gain medium of a laser.

Ti:sapph lasers are commonly used because of their great tunability and ease in generating

ultrashort pulses of light. These ultrashort pulses can be generated with passive modelocking,

usually in the form of Kerr lens modelocking. This process relies on the optical Kerr effect,

which is a change in the refractive index of a material in response to an applied electric field.

The laser pulse resonates back and forth inside a laser cavity where the non-linear medium lies,

generating a train of output pulses. An adjustable slit on the cavity forces Kerr lens modelocking

by suppressing the continuous-wave modes of low power while short pulses of high power are

allowed to pass through the hard aperture.

FIGURE 1.2: Diagram of how Kerr lens modelocking is achieved [2].

1.2.2 Optical Rectification

Optical rectification is a second order non-linear optical process in which a laser pulse

creates a time-dependent polarization that radiates an electric field. The word “rectification” is
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used because the rapid oscillations of the electric field of the laser pulse are “rectified” and only

the envelope of the oscillations remains.

FIGURE 1.3: The generated pulse is the envelope of the incident optical pulse due to optical

rectification.

This is a second-order non-linear process and therefore can only take place in materials that

lack inversion symmetry (such as ZnTe). The bandwidth of the pulses are limited by the laser

pulse duration, terahertz absorption in the crystal, the thickness of the crystal, and a mismatch

between the propagation speed of the laser pulse and its speed within the crystal.

1.2.3 Zinc Telluride - ZnTe

ZnTe is a popular material for generating radiation in the 0.5-3 THz range and it was used

for the duration of these experiments. THz pulses are generated when the crystal is irradiated

with 800nm (near-infrared) laser pulses with a duration of around 100 femtoseconds through the

aforementioned process of optical rectification.

1.3. Detection Methods

There are several ways to detect THz radiation, often grouped into two types: coherent and

incoherent. The former allows detection of the waves with the amplitude and phase information
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being provided, while the latter only gives intensity information. I will discuss two particular ways

that were involved in the experiments performed.

1.3.1 Electro-optic Sampling

Electro-optic (EO) sampling is a coherent detection method that relies on a phenomenon

known as the Pockels effect. This is a non-linear effect in which the the refractive index of a mate-

rial is modified in proportion to an applied electric field. In the case of THz radiation, the incident

pulse induces a birefringence in an electro-optic medium that is proportional to the electric field

of the pulse [3]. It can be used to measure THz waveforms in the time domain.

FIGURE 1.4: Generalized setup of THz detection by electro-optic sampling.

THz waveform measurements use a pump-probe setup. This means the initial laser pulse is

separated by a beam splitter into a strong pump pulse as well as a weak probe pulse. The pump

beam is used to generate the THz radiation (see sections 1.2.2/1.2.3) and the probe pulse has some

time delay introduced into it. They are then recombined at a detection crystal, which is where the

Pockels effect takes place. This effect rotates the polarization of the probe beam, which is then

sent through a quarter wave plate (λ4 ). This in turn makes the polarization almost circular, but with
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just enough ellipticity that one component is noticeably larger. A Wollaston prism is then able to

separate the beam into its components, which are then incident onto a balanced photodetector [see

figure 1.4]. This detector is then able to measure the difference in intensity of the two polarizations,

and by varying the time delay between the pump and probe pulses, time-resolved THz waveforms

are obtained. Figure 1.5 is a diagram of the polarization changes that occur.

FIGURE 1.5: The polarization changes that occur which allow the mapping of the THz pulse.

1.3.2 Bolometer

The bolometer is an incoherent detection device used for measuring the energy of elec-

tromagnetic radiation. This works by having an absorptive element, such as a semiconductor or

superconductor (silicon in our case), connected to a heat sink through a thermal link. When the

incident radiation hits the element, the energy of the radiation raises its temperature. The differ-

ence in temperature from this and the heatsink can be measured by an attached thermometer, and

from this the amount of power transmitted can be deduced. Most modern bolometers operate at

cryogenic temperatures, which are attained by the use of coolants such as liquid helium. The one

used in our experiments was cooled as such and operated at a temperature of 4K.
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FIGURE 1.6: Schematic of the inner workings of the bolometer.

A downside to this technique is that, since it is based upon thermal changes, its detection

speed is generally slow. It can detect very small THz intensities due to its sensitivity, but the

response time is generally between 0.1-1 ms. Therefore, if information such as frequency spectra,

time evolution or phase information is required, electro-optic sampling is the preferred method.

1.4. Carbon Nanotubes

Carbon nanotubes (CNTs) have become an extremely popular item in science within the

last 20 years [4–12]. This is due to their remarkable physical and mechanical properties, such as

having a thermal conductivity higher than diamond to having a strength, stiffness and resilience

that exceeds many current materials. A CNT can behave differently depending on its structure,

switching from a semiconductor to a semi-metal or metal. However, in the THz frequency range,

the optical responses from the material are largely from the metallic CNTs [13, 14].

There are various growth methods for CNTs. Previously, nanotubes were grown along

the substrate surface. Through recent scientific advancements, however, carbon nanotubes are

now able to be grown vertically on, or orthogonal to, a substrate. This creates nanotube forests,

which exhibit unique properties. These forests are ideal black materials in the visible and IR

bands, absorbing light perfecty at all angles [15, 16]. In our experiments, we investigated optical

properties of these structures in the THz region. We performed power transmission measurements
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and time-domain spectroscopy on the samples to gain insight into these properties.

Multi-walled CNTs (MWCNT) are made in a similar fashion as single-walled CNTs (SWC-

NTs), which are an atomic monolayer of graphite (also referred to as graphene) curled over to

form a cylindrical structure, however there are multiple layers of graphene initially present, so

upon curling the layers, the structure consists of concentric cylinders. The interlayer distance in

MWCNTs is close to the distance between graphene layers in graphite, which is approximately

3.4Å [17]. These structures are easier to make than SWCNTs, however their behavior is less un-

derstood because of the complexity arising from interactions between the layers. The anisotropic

nature of multi-walled CNTs is shown to be markedly different from that of single-walled CNTs

because of electron transport between the shells [18].

1.5. Deposition Methods

Of the samples that were experimented upon, there were two different growth methods for

the nanotube forests: low-pressure chemical vapor deposition [LPCVD] and plasma-enhanced

chemical vapor deposition [PECVD]. Chemical vapor deposition is a chemical process used to

produce high-purity, high-performance solid materials (most often thin films). During CVD, the

substrate is prepared with a layer of metal catalyst particles (commonly nickel, cobalt or iron) so

that the diameters of the nanotubes grown are related to the size of the particles. To initiate the

growth of the nanotubes, two gases are bled into a reactor: a process gas (typically ammonia, nitro-

gen or hydrogen), and a carbon-containing gas (such as acetylene, ethylene, ethanol or methane).

The nanotubes will then grow at the sites of the metal catalyst: the carbon-containing gas is bro-

ken apart at the surface of the catalyst particle, and the remaining carbon is then transported to the

edges of the particle where it forms the nanotubes.
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1.5.1 LPCVD

LPCVD is performed at subatmospheric pressures, which tend to reduce the unwanted gas-

phase reactions in the deposition chamber and improve the uniformity of the film on the substrate.

Most modern CVD processes are either done in this method, or in the lower pressure UHVCVD,

which is ultra-high vacuum CVD. The substrates used to create the samples in this method were

composed of a combination of aluminum oxide and iron (Al2O3/Fe).

1.5.2 PECVD

PECVD is a process used to deposit thin films on a substrate from a gas (vapor) state to a

solid state. A plasma of the reacting gases is created by an AC RF frequency or DC discharge

between two electrodes, and then chemical reactions occur to deposit the new solid onto the sub-

strate. The nanotubes will grow in the direction of the electric field, which, by adjusting the

geometry of the reactor, can be directed to make the nanotubes grow perpendicular to the sub-

strate (also known as nanotube forests). The substrates used to create the samples in this method

were composed of a combination of silicon dioxide and nickel (SiO2/Ni).
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2. ELLIPSOMETRY

Ellipsometry is an optical technique for the investigation of the dielectric properties (com-

plex refractive index or dielectric function) of thin films. The key feature of ellipsometry is that it

measures the change in polarized light upon light reflection on or light transmission by a sample.

Typically, it measures two values: (ψ,∆). These are known as the amplitude ratio (ψ) and the

phase difference (∆) between light waves. The waves are classified as s- and p-polarized, which

means that the incoming light is oriented perpendicular or parallel to the plane of incidence, re-

spectively.

FIGURE 2.1: Measurement principle of ellipsometry. [19]

Unlike reflectance or transmittance measurements, ellipsometry allows the direct measure-

ment of the refractive index n and extinction coefficient k, which are also referred to as opti-

cal constants [19]. From these, the complex refractive index can be found, which is defined as

N ≡ n− ik. In the THz region, it is possible to gain information regarding free-carrier properties,

such as conductivity. When a sample structure is simple, the amplitude ratio ψ is characterized by

the refractive index n, whereas the phase difference ∆ represents the light absorption described

by the extinction coefficient k.

Generally speaking, there are several restrictions on this method. For one, the roughness

of the samples being examined must be minimal. Secondly, the measurement must be performed

at an oblique incidence. Ellipsometry measurements determine a polarization state from its light
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FIGURE 2.2: Characterization of physical properties by spectroscopic ellipsometry. [19] The

highlighted arrows refer to properties investigated during the experiments run for this thesis.

intensity, so if the reflected light is too weak or scattered, the measurement cannot be made.

2.1. Index Ellipsoid

Anisotropic materials can broadly be classified into two types: biaxial and uniaxial. This

distinction is with respect to the complex refractive indices of the material. Biaxial is defined as all

complex refractive indices being different [Nx 6= Ny 6= Nz], whereas uniaxial is defined as only

a single index being different [Nx = Ny 6= Nz]. By definition, the optical response of anisotropic

materials changes with the orientation of the samples. Light reflection and transmission are de-

scribed by E [electric field] and Sp [pointing vector], while the propagation of light is expressed

by D [electric displacement] and K [propagation vector, |K| = 2πn/λ]. Due to this, the optical

constants of the materials must be described by a three-dimensional index ellipsoid. The energy

density of the propagating light can be defined as:

UE =
1

2
E ·D (2.1)
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From basic electromagnetic theory, we know that D = ε · E. Inserting this into the previous

equation shows the following:

UE =
1

2ε0

(
D2
x

εx
+
D2
y

εy
+
D2
z

εz

)
(2.2)

This result comes from the dot product of D ·D. By defining the following variables:

x = Dx/
√

2ε0UE , y = Dy/
√

2ε0UE , z = Dz/
√

2ε0UE (2.3)

we can come to the recognizable result for the equation of a three-dimensional ellipse:

x2

εx
+
y2

εy
+
z2

εz
= 1 (2.4)

Since ε = n2(k = 0), the semiaxes of this ellipsoid correspond to the refractive indices along the

x, y, and z axes [19].

FIGURE 2.3: Index ellipsoid for a uniaxial (nx = ny < nz) material.

Figure 2.3 represents the index ellipsoid of a positive uniaxial material. Since nx = ny <

nz , the semiaxis for z is longer, hence forming the ellipse. The cross-section of the x-y plane is a

circle, so when K is parallel to the z-axis, the index of refraction becomes a constant. Note that

one of the semiaxes of the cross-section is always n0 = nx = ny within a uniaxial material.
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FIGURE 2.4: A generalized view of the sample with the nanotubes grown vertically on the sub-

strate.

2.2. Fresnel Equations

In the case of an anisotropic film (in this case, the V-MWCNTs) on an isotropic substrate

(Si), the effect of optical interference within the film must be taken into account. For the power

measurements, the bolometer does not temporally resolve the initial pulse of the laser from the

reflections within the sample, so all transmitted power is measured at once. Since there is no

frequency data obtained, the calculations must sum over all reflections. Figure 2.5 is a visual

representation of this idea. The multiply reflected waves can be related to each other by use of

Snell’s law (N0 sin θ0 = N2 sin θ2), where N0 and N2 are the refractive indices of air and the

silicon substrate, respectively.

FIGURE 2.5: Transmission through the air-CNT-Si system.
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Assume that the sample is divided into the following number scheme: 0 - air, 1 - CNT, 2 -

Si, and 3 - air [see figure 2.4]. Figure 2.5 only shows the transmission through to the back of the

Si substrate, but not through to air where it would be seen by our detector. Therefore, we need to

include an extra term to account for that final part of transmission. The angle-dependent Fresnel

equations for isotropic media are:

rjk,p =
nk cos θj − nj cos θk
nk cos θj + nj cos θk

rjk,s=
nj cos θj − nk cos θk
nj cos θj + nk cos θk

(2.5a)

tjk,p =
2nj cos θj

nk cos θj + nj cos θk
tjk,s=

2nj cos θj
nj cos θj + nk cos θk

(2.5b)

The variables θj and θk refer to the incident angles into each part of the system. For

an anistropic thin film [CNTs], the equations become modified. If the incoming pulses are p-

polarized, the reflection and transmission coefficients for the air-CNT-Si system can be defined as

follows:

r01p =
N1xN1z cos θ0 −N0(N

2
1z −N2

0 sin2 θ0)
1/2

N1xN1z cos θ0 +N0(N2
1z −N2

0 sin2 θ0)1/2
(2.6)

t01p =
2N0 cos θ0[N

2
0 sin2 θ0(N

2
x −N2

z ) +N4
z ]1/2

Nz[NzNx cos θ0 +N0(N2
z −N2

0 sin2 θ0)1/2]
(2.7)

r12p =
N2(N

2
1z −N2

2 sin2 θ2)
1/2 −N1xN1z cos θ2

N2(N2
1z −N2

2 sin2 θ2)1/2 +N1xN1z cos θ2
(2.8)

t12p =
2N2

zNx(N2
z −N2

0 sin2 θ0)
1/2

[N2
0 sin2 θ0(N2

x −N2
z ) +N4

z ]1/2[NzNx cos θ2 +N2(N2
z −N2

0 sin2 θ0)1/2]
(2.9)

For an s-polarized pulse:

r01s =
N0 cos θ0 − (N2

1y −N2
0 sin2 θ0)

1/2

N0 cos θ0 + (N2
1y −N2

0 sin2 θ0)1/2
(2.10)

t01s =
2N0 cos θ0

N0 cos θ0 + (N2
1y −N2

0 sin2 θ0)1/2
(2.11)

r12s =
(N2

1y −N2
2 sin2 θ2)

1/2 −N2 cos θ2

(N2
1y −N2

2 sin2 θ2)1/2 +N2 cos θ2
(2.12)

t12s =
2(N2

1y −N2
2 sin2 θ2)

1/2

(N2
1y −N2

2 sin2 θ2)1/2 +N2 cos θ2
(2.13)
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These take into account the fact that the CNTs are a uniaxial thin film. Generally speaking, the

formulae for p-polarizations are more complicated due to the fact that D and E are not parallel

to each other, as they are with s-polarization. For the power transmission measurements, we were

concerned with the total transmission of the pulses through the entire sample. Taking into account

each transmission and reflection yields the following sum:

t012 = t01t12e
−iβ + t01t12r10r12e

−i3β + t01t12r
2
10r

2
12e
−i5β + · · · (2.14)

r012 = r01 + t01t10r12e
−i2β + t01t10r10r

2
12e
−i4β + t01t10r

2
10r

3
12e
−i6β + · · · (2.15)

Both of these equations have the form of a geometric series. This can be used to simplify

both of them by observing the following identity:

∞∑
n=0

arn = a+ ar + ar2 + ar3 + · · · = a

1− r
(2.16)

Applying this series summation to the previous transmission/reflection equations then yields

the following formulae:

tp = t012p =
t01pt12p exp(−iβp)

1 + r01pr12p exp(−i2βp)
(2.17)

ts = t012s =
t01st12s exp(−iβs)

1 + r01sr12s exp(−i2βs)
(2.18)

The variables βp and βs are phase variations for each type of wave, and can be defined as

such:

βp =
2πd

λ

(
N1x

N1z

)
(N2

1z −N2
0 sin2 θ0)

1/2 (2.19)

βs =
2πd

λ
(N2

1y −N2
0 sin2 θ0)

1/2 (2.20)

where d is the thickness of the film and λ is the wavelength of the incident radiation [around

300µm in our case].



16

For the total transmission exiting the sample with the nanotubes, we must include the trans-

mission and reflection of the Si(2)-air(3) boundary. We can define the following sets of equations:

tCNT,1st = t · t23eiϕs (2.21a)

tCNT,2nd = t · r23 · r · t23e3iϕs (2.21b)

tCNT,3rd = t · r223 · r2 · t23e5iϕs (2.21c)

These are the first three transmission equations through the entire system. Note that t in

this case refers to tp/s. Any term that is labeled (23) can use the standard angle-dependent Fresnel

equations (2.5), as the substrate is isotropic and does not require separate indices of refraction. To

get total transmitted power, we sum these up as we did for equations (2.17) and (2.18).

TCNT = t2t223 + t2t223(r · r23)2 + t2t223(r · r23)4 + · · · (2.22)

⇒ TCNT =
t2t223

1− r2 · r223
(2.23)

It is also necessary to determine the transmission through just the substrate without the

nanotubes (d→ 0). For the blank substrate:

tSi,1st = t02 · t23eiϕs (2.24a)

tSi,2nd = t02 · r23 · r20 · t23e3iϕs (2.24b)

tSi,3rd = t02 · r223 · r220 · t23e5iϕs (2.24c)

These terms can also be defined using equation (2.5), as everything in the system is isotropic.

Summing these up as before:

TSi = t202t
2
23 + t202t

2
23(r02 · r23)2 + t202t

2
23(r02 · r23)4 + · · · (2.25)

⇒ TSi =
t202t

2
23

1− r220 · r223
(2.26)

The relative power transmission is then found by evaluating TCNT/TSi.
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3. TIME-DOMAIN SPECTROSCOPY

THz time-domain spectroscopy [THz-TDS], this technique involves measuring changes in

both the amplitude and phase of THz pulses induced by a sample, which provides enough informa-

tion to simultaneously determine the absorption and dispersion of the sample. One can switch back

and forth from the time domain to the frequency domain by taking the Fourier transform of the

pulses. This technique is used to characterize the electromagnetic response of the material, such

as permittivity and permeability. Another reason it is useful is that it provides a non-destructive

probe for local carrier dynamics of metallic thin films [20, 21].

The method behind THz-TDS is similar to the pump-probe technique. As shown in figure

1.4, a beam splitter is used to separate the incoming optical beam into two parts. One part goes

through the translational stage to provide a time delay relative to the other beam. The remain-

ing pump beam goes through the terahertz emitter and generates terahertz radiation, which then

gets focused onto the detector after passing through the sample. The time-delayed probe pulse

measures the terahertz-induced transients in the detector.

As with a typical pump-probe setup, scans were set up for various amounts of time intervals.

The transmitted THz waveforms can later be Fourier transformed to provide transmission data in

the frequency domain.

The analysis done in this thesis was all based upon the spectrally integrated material re-

sponses. The frequency dependent responses obtained from the TDs data were analyzed by a

more sophisticated theoretical model elsewhere [18].

There are 5 samples that have been experimented on, and they are named as such: silicon,

blank, L5a/b, and G5a. Silicon is a standard silicon substrate, and blank is the silicon substrate

with the growth catalyst for the CNTs applied to it.

Table 3.1 shows the different samples and their thicknesses. Refer to figure 3.1 for SEM

images of the LPCVD samples. Upon visual inspection, the samples show near perfect black-
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Sample Thickness

G5 132 µm

L5a 62.5 µm

L5b 21.5 µm

TABLE 3.1: A breakdown of the different sample names and their thicknesses.

ness. This perfect blackness, however, disappears in the THz region because the spacing between

adjacent CNTs (around 100 nm) is negligible compared with the wavelengths of THz radiation.

FIGURE 3.1: SEM images of each of the LPCVD samples (L5b, L5a, and G5 respectively).

Initially, air references were made to see the spectrum of the THz source. Note that the

spectra in fig. 3.2 show peaks around 1THz. The next step was to run the same experiments on

each of the samples. Figure 3.3 shows the results for the s-polarization frequency runs on each

sample. As with fig. 3.3, fig. 3.4 shows the results for the p-polarization frequency runs on each

sample. Most of the results gathered from the TDS data shows a peak response near 1THz as well.

This was therefore the frequency used to do the theoretical modeling described in section 4.
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FIGURE 3.2: Air reference THz spectra.

(a) (b)

(c) (d)

FIGURE 3.3: TDS frequency results for each sample using s-polarized THz radiation.
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(a) (b)

(c) (d)

FIGURE 3.4: TDS frequency results for each sample using p-polarized THz radiation.
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4. SAMPLE ANISOTROPY

As previously stated, when experimenting on the CNT samples, the incoming THz radiation

was set up to be linearly polarized either perpendicular to the CNTs [s-polarization] or set up with

a component parallel to the CNTs [p-polarization]. To do this, a rotational stage was inserted into

the experimental setup to allow angle-dependent measurements for both polarizations.

In order to test the angle-dependent power transmission, each sample was set in the rotating

stage and the bolometer was used to record the data. See figure 4.1 for a diagram of the setup.

FIGURE 4.1: Diagram of the rotational stage setup for the power transmission measurements.

4.1. Power Transmission

Initially, tests were ran to observe the differences between the silicon and blank samples.

As seen in figure 4.2, the data retreived for these samples in both polarizations showed very similar

trends, which indicates that the growth catalyst applied to the substrates has no significant effect

on the THz transmission, therefore only the blank sample was used for further analysis. All data

was taken for ±60◦, with 0◦ being the normal incidence and the step size as 1◦. This is because

finding the 0◦ mark so that it is normal to the incident beam can be tricky, so rotating in both

directions allows us to find the best spot to mark as 0◦. For a silicon sample, as the angle increases
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[with p-polarization], the field amplitude [transmission] should increase and shift slightly in time,

which figure 4.2 verifies. The s-polarization follows the opposite trend due to the E-field only

being in the xy-plane [along the substrate].

FIGURE 4.2: Bolometer power measurements of the silicon and blank substrates for both polar-

izations. Note the letter in the parentheses after each legend item refers to the polarization.

4.1.1 S-polarization Transmission

As stated, s-polarization implies that the CNTs were always perpendicular to the THz field.

The silicon and blank samples showed a decrease in transmission as the angle increased.

To start, theoretical modeling was applied to the blank sample in order to test the viability

of the theory. This sample was chosen due to its less complicated nature [ie. having no CNTs

grown on it], as silicon is an isotropic medium and should follow the basic theory. After applying

the theoretical modeling described in section 2.2., I was able to show that the experimental data

retrieved for the blank sample matched closely with our theory.

This was relatively easy due to the fact that it did not involve any variables regarding the

CNTs. Note that figure 4.3 is a relative measurement with respect to air. The main unknown in

this system was the index of refraction of the CNTs. In order to test the theory, I chose a value

for the index of refraction to work with (initially nxy = 1.14 − 0.28i) at 1 THz [18]. Figure 4.4
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FIGURE 4.3: Theoretical versus experimental data regarding the transmission for the blank sam-

ple [s-polarization].

shows the results of the theoretical modeling compared to the experimental data retrieved.

FIGURE 4.4: Bolometer power measurements and theoretical data for s-polarization across all

samples.

Upon comparison, one can see that the theory and experiment match for two of the three

samples. Although the third theoretical transmission [21.5µm] matches in shape, it is shifted about

5% in magnitude. The discrepancy mainly comes from the simplified theory being independent
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of frequency.

4.1.2 P-polarization Transmission

For p-polarization, a THz field is composed of two components, one parallel and one per-

pendicular to the CNTs. The silicon and blank samples showed an increase in transmission as

the angle increases, which is consistent with the optical properties of isotropic media. The CNT

samples show a similar trend for small growth lengths, but it is in fact opposite as they get thicker.

The transmission actually decreases with the thickest CNT sample at larger angles, much like the

s-polarization transmission. This means that CNTs show anisotropy in the THz responses.

FIGURE 4.5: Theoretical versus experimental data regarding the transmission for the blank sam-

ple [p-polarization].

Figure 4.5 is the analysis for the blank sample. The theory matched experimental values,

so I continued with further analysis for the CNT samples. Since the incoming radiation is p-

polarized, D and E are not parallel to each other as they are with s-polarization. This also gives

rise to separate indices of refraction, nxy and nz . Again, referring to [18], I set an initial value

of nz = 1.26 − 0.7i. Note that nxy is the same as the s-polarization case, so the same value of

nxy = 1.14 − 0.28i was used. Figure 4.6 shows the comparison of experimental and theoretical

values of the transmission.
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FIGURE 4.6: Bolometer power measurements and theoretical data for p-polarization across all

samples.

As with the s-polarization analysis, the theory only partially matched the experimental data.

The 132µm sample matched perfectly yet again, however the 62.5µm sample begins to deviate

shortly after the angle begins to increase and the 21.5µm sample is yet again shifted by around

5% but not consistent with the data this time.

4.1.3 Discussion

A possible reason for disagreement in the results is that the assumptions used [the material

has a frequency indepedent response] is too simplified, therefore yielding incorrect results. An

approach using a more sophisticated frequency dependent model was performed in [18]. This in-

volved modeling the vertical CNT film as a planar uniaxial dielectric material with a polarization

that is governed by independent damped-driven oscillator dynamics. The parameters of this oscil-

lator were extracted by using a Nelder-Mead nonlinear least squares algorithm. These numerical

fitting methods allowed more accurate plots of the behavior of these CNTs, showing that they are

in fact frequency dependent.
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5. CONCLUSION

Although up until recently there existed what is known as the “terahertz gap”, or the range

of frequencies in the THz band that were previously unexplored in science, this gap has been

rapidly decreasing in size as more and more research is being done within it. This includes the

research I performed on the anisotropic response of vertically grown carbon nanotubes.

The first result shown was that the nanotubes’ response to THz radiation was different

depending on the polarization of incoming light. Experimentally, the power transmission through

the nanotubes decreased with increasing angle for each sample when using s-polarized light. The

considerably strong THz response along the xy-plane indicates that charge carrier transport occurs

between neighboring shells in MWCNTs. For the p-polarized light, however, the transmission

increased for the thinner two of the three samples with larger angles but decreased with the thickest

of the samples.

Vertical SWCNTs are completely anisotropic, with responses only along the growth axis.

The complex indices of refraction for the MWCNT samples were found to be nxy = 1.14 −

0.28i and nz = 1.26 − 0.7i for the s- and p-polarization, respectively. This relatively weak

anisotropy indicates that THz fields can readily induce electron transport between neighboring

shells. When applying theoretical modeling to these samples, three of the six trendlines matched

the transmission patterns shown in the experiment. This leads me to believe that the assumptions

being made in the theory are too simplified to get an exact match on the experimental data. If

the analysis done was frequency-dependent, ie. the material’s response is different at different

frequencies, then the results might have been more accurate. However, this still gives a good head

start into the understanding of the behavior of vertically grown multi-walled carbon nanotube

forests and their response to terahertz radiation.
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1. APPENDIX A

FIGURE A.1: TDS of vertical CNT for both the PECVD and LPCVD samples. Note the multiple

waveforms mapped out over time, which indicate the multiple reflections through the sample.
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FIGURE A.2: Fourier transform of the TDS data of vertical CNT on both samples.
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(a) (b)

(c)

FIGURE A.3: SEM images of each of the PECVD samples [(a) L5b, (b) L5a, (c) G5].
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