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Abstract
When Erbium is introduced during the Molecular Beam Epitaxial growth of
GaSb, self-assembled ErSb nanostructures are formed. The orientation and
shape of the nanostructures is dependent on the concentration of Er added in
this process. At high Er concentrations wire-like ErSb nanostructures are
formed. These 5nm diameter semi-metallic ErSb wires which assemble in a
grid with a spacing of about 2-5nm can act as a polarizing filter to incident
Terahertz

radiation.

By

measuring

the

transmission

through

the

nanostructures in the THz region of the spectrum using an ultrafast method of
time-domain spectroscopy, we present a diagnostic method for quickly
determining the presence, orientation, and polarization efficiency of the ErSb
nanowires and thus other similar nanostructures, as well as a method of
calculating the complex dielectric function for the ErSb:GaSb material.
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Introduction
Nanowires have been the focus of many recent investigations looking to
utilize the structure’s interesting properties in optical and electronic
applications[1]. Many of the methods required to produce nanowires require a
catalyst, or lithography. Using Molecular Beam Epitaxy (MBE), however, it
has been discovered that low dimensional nanostructures, including wires,
can be assembled with the introduction of Erbium into the growth process of a
semiconductor[2]. Using MBE to grow different layers of a device allows for
abrupt interfaces and thus straightforward integration of other materials [3].
Through this technique one could grow embedded nanowires within a
material which would create contact between two layers grown above and
below the nanowire region, or the nanowires could be grown perpendicular to
the normal thus allowing for an integrated optical filter device. With these
motivations in mind, we present a material composed of self-assembled ErSb
nanostructures grown in GaSb and pursue characterization in order to better
understand this unstudied system and facilitate possible future applications.

A closely spaced array of semi-metallic ErSb nanowires embedded within an
insulating GaSb matrix could prove to be a useful polarizer of long
wavelengths such as THz frequencies. This material behaves similar to a
well-known optical tool, a wire-grid polarizer. A wire-grid polarizer is a dense
array of conducting wires with a precise spacing in an insulating medium.
1

Radiation polarized parallel to the orientation of the wires will experience
reflection due to the ability of the electrons to move in the axis of polarization,
while radiation polarized perpendicular to the wires will be transmitted as the
electrons are unable to move through the insulating regions between the
wires.
This thesis focuses on the interactions and characterization of this
nanostructured material within the Terahertz (THz) regime. Terahertz
frequencies are typically defined as spanning 300 GHz to 3 THz (1000 – 100
μm). This range is situated between the extensively exploited regimes of
microwave and infrared but THz has only recently (since the 1990’s) begun to
see success in commercial applications, development of spectroscopic
techniques and new THz sources[4]. Traditional qualitative methods of
materials characterization such as Transmission Electron Microscopy (TEM)
can often be very time-consuming, tedious, and destructive to the sample. For
these reasons there remains a need to understand and explore the abilities of
fast and efficient alternatives to determine qualitative properties of variable
nanostructures such as ErSb. We demonstrate the study of this material
using such an ultra-fast and efficient method of Terahertz time-domain
spectroscopy known as Asynchronous Optical Sampling (ASOPS)[5]. Using
this method, materials of a typical width around 500 microns can be
characterized without the need to etch the sample to a minute thickness and
without the need for significant preparation or measurement time. By
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measuring the transmittance of a linearly polarized THz pulse through the
sample we are able to obtain a qualitative understanding used to recognize
the orientation of the nanostructures and differentiate between concentrations
of Er used during the growth as well as calculate the material’s polarization
efficiency and complex dielectric function.

Sample Growth
Recently, there has been an investigation into the phenomenon of selfassembled semi-metallic ErSb nanostructures grown within a GaSb matrix[6,
7]. It has been discovered that when Erbium is introduced into the epitaxial
growth of GaSb, ErSb self-assembles into structures whose shapes and
orientations are dependent upon the concentration of Erbium introduced. A
TEM image of a sample with various concentrations of Erbium is shown in
Figure 1. Replacing only 1% of Ga with Er (region A) during the growth results
in small scattered islands of ErSb forming within the GaSb. Using a higher
concentration of Erbium (region B), the ErSb begins to coalesce into larger
clumps with a slight preferential direction for elongation. When the sample
contains 7% Er (region C), discontinuous ErSb nanowires preferentially form
along the growth direction of the sample (001). When the growth is presented
with 10% Er (region D), a denser and more continuous array of nanowires
develops along the same direction as the 7% region. Between 10% and 20%
Er, the preferential growth direction of the ErSb nanowires dramatically
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switches from along the sample’s growth direction (001), to along a
perpendicular axis

. This can be seen in a sample with 20% Er (region

E), where the nanowires are oriented perpendicular to those formed at lower
concentrations.

E)
D)
C)
B)
A)

20nm
Figure 1: A TEM image showing the facet of a GaSb sample grown with differing
concentrations of Er. The shape and orientation of the ErSb nanostructures are
dependent on the Er concentration present during growth. Layers with differing
concentrations of Er were grown stacked on top of one another. The formation of ErSb
nanowires along the (001) direction is prevalent when the Er concentration is less than
or equal to 10% (region D). However, when the Er concentration reaches 20% (region
E) the orientation of the wires changes to the
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direction.

We also observe that in samples grown with 10% Er the nanowires appear to
be very continuous, Fig. 2A, while in the 20% Er samples the nanowires show
discontinuities resulting in about 20nm long segments aligned together to
form a nanowire, Fig. 2B. In both samples there is a uniform width and
distribution of the nanowires. The samples were grown on a ~500 micron
GaAs substrate with the GaSb matrix and ErSb structures occupying
approximately 2 microns on top of the substrate.

B

20 nm

Growth direction

A

20 nm

Figure 2: Nanowire Continuity. Image (A) shows a TEM image of a 10% Er sample
demonstrating continuous nanowires assembled along the growth direction (001).
Image (B) is a HAADF-STEM image of a 20% Er sample demonstrating perpendicular
growth along the

axis and exhibiting 20nm long segments.

Spectroscopy Setup
The ASOPS setup is similar to the standard single laser time-domain
terahertz spectroscopy system; however, instead of using a single laser with
a beam splitter and a mechanical delay line, the ASOPS system uses two
fiber lasers with a slight offset between their mode-locked frequencies. In this
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setup, one laser is used to pump a photoconductive antenna (PCA) which
creates a THz pulse, and the other laser is used to probe the THz waveform.
A terahertz pulse with peak power at 1 THz and bandwidth from 0.5 – 2.5 THz
is generated when a pulse from the pump laser is incident upon the PCA. The
electric field of this pulse can then be measured by using an electro-optic
crystal (0.5mm thick <110> ZnTe) and a pair of balanced photo diodes. The
ZnTe crystal causes a nonlinear mixing between the probe pulse and the
incident electric field which results in an elliptically polarized pulse being
emitted from the crystal. This polarized pulse is then split into two
components with a polarization beam splitter. Two balanced photo diodes
then measure the amplitude of each of the polarized electric field components
and the relative amplitude of the incident electric field is found by taking the
difference in measured signal from the balanced diodes. This process is
depicted in Fig. 3. The power spectrum of the THz pulse can then be obtained
by performing a Fourier transform on the time domain electric field data.

Figure 3: Transmittance Detection. The relative electric field amplitude at the position
of the probe is detected by sending the probe and the field into an Electro-Optic
Crystal (ZnTe) and splitting the resulting elliptically polarized pulse into a pair of
balanced photo diodes. The measured signal difference between the polarizations is
directly related to the amplitude of the electric field.
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The repetition rate of the pump laser,
250 MHz repetition rate of the probe laser,

, is delayed by 2.5 kHz from the
. The time to complete a full

scan is given by the inverse of the offset frequency of the two lasers (0.4ms).
The maximum delay we can measure is 4 ns, which is equal to the inverse of
the repetition rate. The time between each data point is determined from the
following equation:

Here,

is the bandwidth of our detector. Data measured in

this experiment were taken with 100,000 averages (1,000 hardware, and 100
software) which took 40 seconds to complete. To gain greater temporal
resolution with step sizes smaller than 0.1 ps, which could allow for detection
of higher frequency signals, a slightly different method of sampling known as
Electronically-Controlled Optical Sampling (ECOPS) can be used. In this
method the lasers are fired at the same repetition rate but a waveform
generator is used to apply a slight phase offset between the pulses of the two
lasers to create a delay between the pump and probe. Using this technique, a
signal tens of picoseconds long can be measured with greater than 0.01 ps
temporal resolution [5].
We machined 5mm thick circular aluminum mounts with three 5mm diameter
holes to pass the terahertz pulse through. The center hole was used for
mounting the sample and taking a scan at various angles. The outer holes
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were used for an air reference and a GaAs substrate reference. The focus of
the THz pulse is about 1-2mm in diameter. For more on the operation of the
spectroscopy setup and software see Appendix A

Experimental Methods
Using a nitrogen purged chamber, measurements of the relative electric field
amplitude transmitted through a 20% Erbium sample and a 10% Erbium
sample were taken with the samples oriented at various angles with respect
to the THz polarization. Reference scans of the transmission through an
empty sample holder and a GaAs wafer in the purged chamber were also
taken. Due to reflections in the detection crystal and the sample’s substrate,
we see a series of peaks at various times after the initial THz pulse is
measured by our detection scheme, Fig. 4A. Because of these reflections, the
power spectrum from a Fourier transform shows Fabry-Perot oscillations as
seen in Fig. 4B.
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Figure 4: Terahertz Signal.
A) Reflections from the detection crystal can be seen after the initial Terahertz pulse
from the PCA emitter is detected.
B) Fourier transform of the field measured in Fig. 3A shows Fabry-Perot oscillations
caused by reflections in the substrate.

These oscillations can carry useful information, but can be difficult to interpret
in many situations. For our investigations, we wished to more directly
examine the transmittance data. To accomplish this we cropped out the extra
reflections and zero-padded both sides of the data in order to create a more
desirable Fourier transform as shown in Fig. 5.
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Figure 5: The electric field and Fourier Transform of a THz pulse from our source
excluding the reflections.

Results and Discussion
The transmittance through a 20% Erbium sample shows dramatic differences
based on polarization of the incident THz pulse. The 20% Er sample has
ErSb nanowires oriented perpendicular to the normal of the sample, and so
the normally incident THz pulse will have a polarization in the same plane as
the wires. The nanowires in the 10% Er sample, however, are oriented along
the growth direction (001) and so will always be perpendicular to the
polarization of normally incident radiation. Figure 6 shows the transmittance
through a 10% Er sample and two orientations of a 20% sample. The 20%
sample was oriented with the nanowires parallel to and then perpendicular to
the polarization of the incident pulse.
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Figure 6: Transmittance through samples grown with 10% and 20% Erbium as a
function of frequency. In the 20% sample the ErSb nanowires are oriented along the
axis, which is along the same plane that the incident THz polarization lies in.
Minimum transmittance in the 20% sample is seen when the wires are aligned parallel
to the THz polarization. The 10% Er sample sees no changes in transmittance as the
incident polarization is rotated but has a higher transmittance than the perpendicular
20% sample.

This data demonstrates that the ErSb nanowires are acting as a wire-grid
polarizer to the THz radiation. When the nanowires in the 20% sample are
oriented parallel to the incident THz polarization, electrons are able to move
in the wires along the axis of polarization, thus reflecting a majority of the
pulse. When the wires are oriented perpendicular to the THz polarization, the
electrons are unable to move from wire to wire across the insulating GaSb
matrix, thus minimizing the reflection. The 10% Er sample shows no change
in transmittance as the sample is rotated due to the orientation of the wires
always being perpendicular to the polarization of the incident THz pulse. It
should be noted we are discussing the power transmittance through the entire
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sample, including the GaAs substrate, referenced to a Nitrogen purged
chamber.
This polarizing behavior can be easily observed across a full 360° rotation by
selecting just one frequency of interest to examine. The transmittance through
the 10% and 20% Erbium samples at 1 THz was measured for a full 360°
rotation.

Measurements were made with 5° increments of the relative

orientation between the samples and the THz polarization. The transmittance
observed at 1 THz is plotted in Fig. 7 and demonstrates the distinct difference
between the polarizing behavior of the 10% and 20% Er samples. This
contrast presents a clear diagnostic measurement for determining the sample
under investigation and the orientation of the nanowires.

Figure 7: The polarization-dependant transmittance at 1 THz of a sample grown with
10% Erbium compared to a sample grown with 20% Erbium. The 20% Er sample shows
behavior similar to a wire-grid polarizer. Maximum transmittance is observed when the
wires in the sample are perpendicular (90°) to the THz polarization. The 10% Er sample
shows no change in transmittance as it is rotated in accordance with the nanowire
orientation.
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Figure 8 is a plot of the 20% Er sample’s transmittance as a function of the
relative angle between the THz polarization and the nanowires for all
frequencies in our measureable range. We can see that the lowest
frequencies have the highest transmittance and the sample acts as a
polarizer at all frequencies in our range of 0.5 to 2.5 THz.

Figure 8: Transmittance of the 20% Erbium sample as a function of the relative angle
between the THz polarization and the nanowires for all frequencies in our measureable
range. The lowest frequencies show the highest transmission, and the sample clearly
acts similar to a wire-grid polarizer in the frequency range of 0.5 – 2.5 THz.

Attempting to fit this transmittance data to a typical Sin 2(θ) function we find
the transmittance follows the behavior of a wire-grid polarizer. Normalizing the
transmittance for several frequencies we can attempt to compare the
concatenated data by subtracting the minimum from each frequency’s
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transmittance

and

normalizing

the

maximum

of

each

frequency’s

transmittance to one. The results are shown in Fig. 9.

Figure 9: Normalizing the transmission data for several frequencies between 1.0 – 2.5
2
THz and plotting a Sin (θ) function, we see that the 20% sample is closely related to the
behavior of a wire-grid polarizer.

This data was compiled using frequencies between 1 THz and 2.5 THz in 0.5
THz increments. Frequencies lower than 1 THz were not included in this data
due to an asymmetry seen in the transmission values when the sample was
rotated 180°. The maximum intensity at 90 and 270 degrees differed by as
much as 10% at 0.5 THz. This is believed to be caused by the larger spot size
at lower frequencies which could lead to asymmetries being measured if there
is a slight misalignment of the beam from the center of the sample. Figure 9
presents the polarizing behavior of the sample as compared to the expected
squared sinusoidal curve of a perfect polarizer. Speculation on the slight
difference between the theory and experiment include a slight misalignment
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of the THz beam, or the effect of discontinuous and misaligned nanowires
within the material.
Knowing the transmission we can calculate the polarization efficiency, which
is typically defined as:

TMax  TMin
TMax  TMin
We find the efficiency is about 60% at 1 Terahertz and increases up to 75% at
2.5 Terahertz, as is shown in Fig. 10.

Figure 10: The polarization efficiency of the 20% Erbium sample’s power transmission.

Seeing this increase in the polarization efficiency suggests a more perfect
polarizing regime just beyond THz frequencies in the infrared region. Loss of
efficiency for the lowest frequencies is expected as the time scales of
excitation become long enough for gaps in the nanowires to play a role in
electron scattering, resulting in lowered conductivity as the frequency
15

approaches DC behavior. Future studies involving improving the continuity of
the nanowires could yield higher conductivities, and thus higher polarization
efficiencies in our measured range.

Dielectric Function
Utilizing both the amplitude and phase of the THz electric field which is
naturally available in time-domain measurements, we are able to calculate the
conductivity and the dielectric function of the ErSb/GaSb region. To derive
this information we first calculate the index of refraction for the GaAs
substrate. We use the approximation that:

This approximation is based upon the typical absorption within a material,
, coupled with the substrate’s front and back surface contribution to the

transmission,

, where

is the thickness, and
piece in the equation,

is the absorption coefficient of the material,

is the real part of the index of refraction. The final
, is associated with the phase delay of the

electric field within the material, e i .
The phase delay through the material is then approximately:
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Calculating the difference in phase between a reference pulse and the
sample’s transmitted pulse, we arrive at the phase delay,

, and can easily

calculate the real index of refraction of our GaAs substrate by inverting
Equation 1.
Figure 11 is a plot of the resulting index value found from using this method
for a bare GaAs substrate with a known thickness. This is in agreement to
less than 0.5% with other published values [8, 9].

Figure 11: Calculated index of refraction for GaAs.

The complex dielectric function, ε, is the square of the complex index of
refraction. The following transfer matrix equation, Q, can be used to obtain
the complex transmittance, T [10]. Once we measure T we can invert the
transfer matrix equation and solve for the complex index of the ErSb:GaSb
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region, n f , and thus calculate the complex dielectric function and the
conductivity.

  n 2f  1 

i 0 c 2



1 n f 1 n f 1
Q (
)(
2 n f 1 n f 1
t

0
e

w
i n f d
c

e

w
i nf d
c

0

)(

nGaAs  n f

nGaAs  n f

nGaAs  n f

nGaAs  n f

)

1
2n f

1 2nGaAs
 Ae i
Q12 nGaAs  1

The first matrix in Q is the air to ErSb:GaSb film transfer matrix. The second
matrix accounts for the phase delay due to a film with index n f and thickness,
d. The final matrix is related to the film-substrate barrier. Because our
transmission data only considers the first transmitted pulse without the
reflections contributing to faby-perot oscillations we multiply our final
transmission, t, by a transmission coefficient to account for the substrate to air
transfer contribution at the backside of the sample. The phase delay through
the material is also removed from the data thus there is no matrix needed to
account for the 500 micron thick GaAs substrate phase delay. The measured
transmission amplitude, A, is equal to the sample’s transmitted amplitude of
the electric field referenced to nitrogen. The shifted relative phase delay, φ is
equal to:

  ( sample   substrate)  (n' sub 1)
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wd
c

This phase delay is calculated by removing the phase contribution of the bare
substrate, substrate, from the measured total phase delay, sample , and then
accounting for slight differences in our sample and reference substrate
thickness, d , by using the phase delay given in equation (1). This is done in
order to isolate the changes in phase through only the ErSb/GaSb region.
The relative transmittance and phase delay can then be used to solve for the
complex dielectric function and thus the conductivity. The Mathematica code
used to solve for these values is shown in Appendix B.

Figure 12 is a plot of the resulting calculations for the real part of the AC
conductance and the real part of the dielectric function. The 20% sample
oriented perpendicular to the polarization of the incident radiation shows only
a slightly higher conductance than the 10% Er sample. This behavior is
expected as the 20% sample has a larger surface area covered in semimetallic ErSb than the 10% sample.
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Figure 12: The real AC conductivity and dielectric function of the 20% and 10%
samples.

The real index of refraction for the 20% sample oriented parallel to the
polarization ranges from approximately 13 at 0.5 THz down to 8 at 2.5 THz.

Conclusion
The ErSb/GaSb samples have a very interesting property of being able to
have their nanostructure’s shape and orientation tuned during growth. This in
turn will modify the dielectric function and significantly alter the behavior of the
material. This material can act as an integrated polarizing filter in THz
devices. The nanowires readily self-assemble during MBE growth making this
material simple to integrate. Time-Domain Terahertz Spectroscopy utilizing a
method of Asynchronous Optical Sampling can be used to quickly understand
many materials without the need for time-consuming preparation or sample
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destruction. Using this technique we have demonstrated an effective method
of analysis used to realize the presence and orientation of specific
nanostructures, as well as a method of extracting quantitative properties to
characterize the sample.
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Appendix A. Operation and Software
Operational procedures for the ASOPS system can be found in a pdf file titled
‘ASOPS Manual’. The basics of running the system involve: mode-locking the
lasers, setting an offset in frequency between the pump and probe, providing
a pulsed voltage source with a proper trigger to the PCA THz source, and
providing power to the photo-conducting antennas.
Turning on the ASOPS system
First ensure the temperature controller is on and stable at 35C. Then turn on
each of the lasers and wait for the system to confirm operating temperature.
Push the RESET button to begin mode-locking if the laser did not begin this
routine automatically. Mode-Locking can take a variable amount of time
(typically around 15 minutes) and so the lasers should only be removed from
a mode-locked position and turned off if the system will not be running for
several weeks. Once the lasers are mode-locked check the stability of the
position by examining the waveform using the built-in spectrum analyzer. The
waveform should look clean as shown in Figure A1 and should not have sidewings visible or fringes riding up the edges near the base of the peak.
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Figure A1 – Spectrum Analyzer showing the laser has mode-locked

If the lasers have found a stable position then proceed to turn on the
amplifiers and the synthesizer. The frequency of the synthesizer should be
set to the 250MHz repetition rate plus a 10 kHz offset signal. Due to the
harmonic generation of this signal, the actual repetition rate will only be ¼ of
the additional frequency (2.5 kHz). First, using the piezo motor controls, tune
the repetition rate of Laser A to match the synthesizer’s reference output. By
monitoring the beat signal produced in the scope above the synthesizer the
laser can be locked once the beat signal is close to half a wavelength long in
the monitor. Proceed to adjust the motor control for Laser B by connecting the
output to the oscilloscope above the synthesizer. Laser B will be referenced
to the offset frequency and thus will have a delayed repetition rate with
respect to Laser A. For operation in ECOPS mode, both lasers are tuned to
the 250 MHz repetition rate and no additional frequency component should be
added into the synthesizer. The lasers should be operating normally now, so
23

the last step is to turn on the voltage supply to the balanced photo-diodes and
the PCA emitter. The voltage supply to the balanced photo diodes should be
set at 6 volts for each of the voltage controls. The PCA emitter should be
given a square voltage signal with a high voltage set at 6V.
Best practices with the system should include only pulsed powering of the
PCA emitter to extend the device’s lifetime. Leaving the two lasers on and
mode-locked with the temperature controller on during frequent operation will
avoid time consuming mode-lock delays and will help to maintain the health of
the lasers as frequent shutdown and restart cycles have a small chance to
damage the fuses or electronics. If the system is to remain unused for more
than two weeks then a shutdown is recommended.
Typical Troubleshooting
The maximum peak signal seen from this setup (in arbitrary units as
measured by the balanced photo diodes) is around 0.11. However, over the
course of operation and after a repair was made to Laser A, the signal in a
purged chamber is typically around 0.7. If the signal falls below this value
then first attempt to tune the optics along the probe’s path. The reason for this
is the sensitivity of the pump’s path in interacting with the PCA due to the
lower quality mount currently being used for the PCA, and the general
sensitivity of the optics in the THz path. If no signal is being seen then ensure
that the PCA is emitting by providing a constant voltage source of 6V to the
emitter. Changes in the setup may require the timing and delays of the PCA’s
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voltage supply to be adjusted in order to match the trigger being used by the
computer. Operation in ECOPS mode will also require changes to the timing
of this source and are noted in the file ‘ECOPS Manual’. Ensure the CrossCorrelation signal is operating as expected by connecting the output fiber to
the oscilloscope, and using the trigger from the trigger generator output from
Laser A. Proper operation should see sharp peaks around 50mV at a
frequency of 2.5 kHz, or the offset frequency being used, as seen in Figure
A2.

Figure A2 – Cross-correlation signal showing a proper output to be used to trigger the
computer. The yellow channel, line 1, is the trigger generator used by the PCA emitter
from Laser A’s trigger output. The red channel, line 2, is the cross-correlation fiber
cable output.

Values for the power outputs of each of the ports is shown in Table A1.
Correcting these outputs can improve signal and can be performed by
running the Optifine software and adjusting the polarization stages of the
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laser. The ports will behave inversely - one port will gain power while the
other will loose power.
Table A1
Laser A

Laser B

Probe/Pump Port Power

(H) – 500 mW

(780) – 150 mW

Correlation Port Power

(G) – 25 mW

(G) – 30 mW

To connect a laser to the computer and adjust the polarization stages, open
the back panel of the control rack and connect the RS232 cable to the desired
laser.

Software
Detailed instructions for the actual operation for the system are detailed in a
pdf file titled ASOPS manual. To collect data from the scans we use a
modified version of the GaGe software. For use in ASOPS mode the LabView
file ‘GageAverage+SoftwareAverage+Delay7 Rotation.vi’ is used. This
program provides software averaging and jitter compensation capabilities as
well as a control for the Newport Motion Controller attached to a rotational
mount for the sample. For using the system in ECOPS mode operation
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instructions are provided in a pdf file titled ECOPS manual, and the LabView
file without jitter compensation must be used.
To process the data I created a LabView program titled ‘ASOPS Data
Manager.vi’. This program is intended to crop unwanted information from the
scans, perform Fast Fourier Transforms to create frequency domain power or
amplitude spectra, and use reference scans to create transmission
information. Refer to the program’s documentation for help on understanding
how the program processes the data and what output options are available.
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Appendix B. Mathematica Code
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