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FEMTOSECOND LASER PROBING OF NON-THERMAL
ELECTRONIC TRANSPORT

AFOSR AASERT Grant: F49620-94-1-0353
Final Technical Report, Sept. 30, 1997

Principal Investigator: Jeffrey Bokor, EECS Department, University of California,
Berkeley, CA 94720

Objectives

The goal of this research effort has been the application of high intensity THz pulses,
generated by a large aperture planar photoconducting transmitter, in studying nonlinear
phenomena in GaAs and Si. The ultimate interest in this is a better understanding of the
response of free carriers in semiconductors to high electric fields, a subject of great
importance in modern electronic devices. The THz generator offers the capability of
producing a peak electric field in the range of 100 kV/cm, well into the range of high-
field, hot carrier phenomena. In addition, due to the short duration of this pulse, the
dynamics of carriers in high fields may be studied directly in the time domain, using the
powerful techniques developed for femtosecond laser spectroscopy experiments. At high
tields, carrier velocities become nonlinear in applied field. This forms the basis for the
expectation of a nonlinear response of a doped semiconductor to a high intensity THz
pulse passing through it.

Accomplishments/New Findings

Much effort has been necessary on the development of the transmitter itself, as well as
improved detection and signal processing methods. During the first two years of this
project, a careful study of the output and repetition-rate scaling characteristics of single 3
cm gap THz transmitters was completed, as well as a preliminary study of the
propagation properties of the beam generated by these large aperture antennas. This work
was reported in the M.S. thesis of Jeffrey Margolies, which is included with this report.

We showed, for the first time, that such large planar THz transmitters could be operated
successfully at repetition rates above 10 Hz, up to 1 kHz. We also found that the
saturation of the THz output with input visible laser pulse fluence depends on the pulse
repetition rate. Previous studies of such transmitters had shown that the THz output
energy increases with input visible laser fluence, but for fluence above about 40
microJoules/cmz, the output saturates. We found that for high bias field (8-10 kV/cm),
this saturation behavior is strongly modified when the pulse repetition rate is 1 kHz.
Surprisingly, there is less saturation, and the energy per pulse is up to 60% higher at 1
kHz, compared to 10 Hz or 100 Hz repetition rate.



We also performed a study of the propagation properties of the THz beam. Beam profiles
freely propagating from the antenna were measured, and they clearly reflect the presence
of electric field enhancements near the bias electrodes. We attributed this enhancement
to geometric enhancement of the bias field near the electrodes, and independently
confirmed this by an electro-optic measurement of the bias field distribution. Profiles of
the THz beam focused by a 2.5" focal length parabolic mirror were also measured
revealing a focal spot size as small as 800 microns in diameter. The measured profile
agreed quite accurately with a calculation based on broadband Fresnel diffraction theory.
Propagation and focusing properties of the beam are important to understand
quantitatively for accurate calculation of the electric field strength in the focus.

In the past year, we have continued to perfect the high power THz system for better data
acquisition. An improvement has been achieved with the introduction of a new detection
system based on the electro-optic effect, which permits a full detection of the amplitude
and phase of the THz pulse. This new detector has enabled us to more completely
characterize the propagation behavior of the THz pulses from the high-power large
aperture antenna. In doing so, we also refined the simulation model for the THz beam
propagation. Excellent agreement between measured and simulated THz pulse shapes
were obtained, at various locations after the antenna, under different propagation
conditions. The success of the simulation benefited from earlier results on the mapping of
the applied bias field distribution inside the antenna gap. Two important new findings
improve our understanding of the nature of THz pulse generation and propagation from
the large gap antenna. The observed spatio-temporal profile of the THz pulse can only be
understood in terms of the near-field propagation of an electrical pulse which is a replica
of its generating current density at a distance very close to the antenna.

The focus of the effort has now shifted to the application of high intensity THz pulses, in
studying nonlinear phenomena in GaAs, Si, and high-Tc superconductors
Bi,S1,Ca,Cuz0x (BSCCO) and YBayCuzOx (YBCO). The electro-optic detector is more
broadband than our old Michelson interferometer, and as such, it allows a more sensitive
detection of the nonlinear absorption, which occurs primarily at high frequencies.
Experimental results of THz absorption by photogenerated carriers in semi-insulating
GaAs have shown a decrease in absorption at frequencies above 1 THz as the THz pulse
intensity is increased. It is consistent with our prediction based on a simulation model
which was developed under the parent JSEP contract.

THz pulses are suitable probes for studying the dynamics of the superconducting
electrons since their photon energies are less than the superconducting energy gap.
Moreover, high intensity THz pulses allow us to probe the superconducting gap itself
since there is enough energy in these pulses to break large numbers of Cooper pairs. The
transmission of THz pulses through a superconductor is determined by the conductivity
of the material, which in turn depends on the number of Cooper pairs. At temperatures
below T, the transmission is low since there is a high density of Cooper pairs. As the
THz pulses break these Cooper pairs, the transmission goes up. Hence, we expect to see
a nonlinear transmission through the superconductor as a function of THz intensity for
temperatures below T.. Above T, the response is linear since there are no Cooper pairs.

In high-T. superconductors such as BSCCO and YBCO, the energy gap is actually
anisotropic in the momentum (k) space, i.e., the gap size is different along different



directions in the material. It has a four-fold symmetry with a vanishing energy gap at four
points called nodes. The main motivation of this work is to map the gap anisotropy,
which is difficult to probe using conventional electrical measurement techniques. Since
the nonlinear response to the THz pulses is highly affected by the gap size, we can probe
the gap anisotropy by changing the polarization of the THz beam and measuring the
different nonlinear response. Our measurements thus far have yielded negative results,
1.e., the gap looks isotropic. A possible explanation is that the quasiparticles formed by
broken Cooper pairs scatter from one node to another in a time scale shorter than the THz
pulse, thereby randomizing the effect of the THz polarization. While there is no doubt
that the high intensity THz pulses cause the breaking of the Cooper pairs and induce a
nonlinear response, it is yet unclear what the exact mechanism might be. Examination of
the data has led us to believe that there might be two competing mechanisms at work:
carrier acceleration by the THz field across the energy gap and direct photon absorption
by the Cooper pairs.
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1. Introduction 1

I. Introduction

High power sub-single cycle electromagnetic pulses are useful tools for probing optical
properties in various materials">***. These pulses have frequencies and bandwidths
ranging into the terahertz (THz) regime, allowing studies of material response at these
frequencies where there are few good sources. Most of these studies utilize low power,
small gap antennas. However, the radiated powers of large gap antennas are now
reaching levels that allow the study of nonlinear effects. Specifically of interest, when
peak electric fields of the THz pulse reach levels near 100kV/cm, the study of high field
carrier dynamics in semiconductors is possible. In short channel MOSFETS, the velocity
saturation regime starts altering device behavior when the electric field in the channel
reaches these strengths. Therefore, it will be possible to use high field THz pulses to
mimic high field regimes in bulk semiconductors without actually fabricating a MOSFET,

and possibly effecting the physics involved.

THz generation by biased photoconducting antennas has been studied in depth by many
groups®. The pulses are generated by placing a large bias across a semi-insulating (SI)
semiconductor, like ST GaAs. The semiconductor is illuminated by 100fs laser pulse,
generating a large number of free carriers in a short period of time, which are subsequently
accelerated by the bias field. This acceleration of the carriers emits radiation in the form
of a pulse, the shape of which is proportional to the time derivative of the current, as with
a dipole radiator. The main lobe of the pulse has a width on the order of the laser pulse,
so the transform, or spectrum, of the pulse will have frequency components ranging into
the THz regime. Current efforts’ to scale the THz energy to higher energy levels have
concentrated on increasing bias levels, antenna sizes, and laser fluences. Pulse energies as
high as 0.8u) have been reported® at repetition rates of 10Hz by biasing a 3.5¢m x 3.5c¢m
GaAs antenna at 10.7kV/cm and illuminating at fluence saturation of 40pJ/cm’®. We
report’ the generation of 0.4uJ THz pulses at 1kHz repetition rate by biasing a 3cm x 4cm

GaAs antenna at 10kV/cm at a fluence of 40pJ/cm®.
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Of primary importance in determining the electric field strengths obtained by focusing the
radiation from the antennas is a greater understanding of the propagation behavior of THz
beams. In Gaussian optics, there is a basic assumption of narrowband light. However, in
our situation, the bandwidths are of the same order as the center frequency, so it is not
immediately evident that the generally accepted values for diffraction and focusing of

single wavelength light will be applicable.

In order to determine how the THz propagates from the antenna, the electric field in the
antenna must first be known. The electric field profile of the antennas are studied using
three methods. An electrooptic measurement technique is used to directly map the field
across the antenna. A THz technique is used in which a small area of the antenna is
irradiated with the laser pulse, and the resulting THz energy is measured. Finally a

simulation is performed using the Laplace equation to compare with the measurements.

The propagation of THz beams is studied using the full broadband Huygen-Fresnel
solution. From this solution, the electric field at any point in time and space can be
determined from the electric field in the pupil. Using the electric field profiles above,
general “rules of thumb” were obtained for diffraction from an aperture and focusing. It
was found that the THz behaves much as a Gaussian beam, but with slightly different
proportionality constants. These “rules of thumb” allow one to determine peak field
strengths obtained at various places in an optical system to accurately specify experimental

conditions.

Another topic of interest is how to scale the THz energies to higher levels. Currently,
these antennas cannot be biased at any higher levels because of air breakdown across the
gap. As seen in Paschen’s curves'’, air breakdown is a function of the number of ionizing
collisions that occur in the gap. The number of collisions is simply proportional to the
number of molecules, so at a constant air pressure, as the gap size increases, the number

of molecules increases and the breakdown field decreases. Therefore, since THz energy is
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seen to go quadratically with bias field, this severely limits the amount of THz radiation
possible. Also limiting the amount of THz energy generated is limited laser energy. For
10Hz operation, saturation levels of 40uJ/cm® have been observed, so laser energies of
1mJ can illuminate an area of 25cm? without loss of efficiency. However, at 1kHz
repetition rates, saturation levels are approximately 150pJ/cm?, making operation at
40pJ/cm? inefficient, and limiting area to around 7cm®. An in depth study of the behavior
of THz radiation on fluence, bias, and gap size was performed to completely understand

the situation.

The results of the studies show that for limited laser energy, and therefore limited antenna
size, the best possible solution is to go to large areas and small gaps. Therefore the
possibility of using antenna arrays was investigated. The propagation of small and large
gap arrays was simulated and compared to experiment. Also, possible geometries for
small gap arrays were investigated. A large gap array was built and performed as
simulated, verifying the accuracy of the simulations. However, attempts at building small

gap antennas were unsuccessful. Possible reasons for this are discussed.

Finally, included in the Appendix are the basic core of the propagation simulations used in
section III, along with an in depth process flow of the small gap aluminum absorber

antenna array fabrication.
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II. Electric Field Measurements

To better understand how the Terahertz (THz) beam propagates, it is important to know
the pupil function. The pupil function is the electric field across the antenna gap, so
measurements were performed on electric field verses position in the gap. This was
measured in two manners. First, with an electrooptic (EO) technique which directly
measured the field across the gap, and secondly, by measuring the THz energy generated
as a function of location in the gap, and inferring the bias field profile. From previous
studies,'" it has been observed that the electric field is highly asymmetric across the gap,
with large enhancement near the anode caused by a trap enhanced electric field. It was
shown that this effect was gap dependent, with maximum enhancement at a gap size of

80um, so it was not evident what the electric field profile might be for centimeter sized

gaps.

The EO measurement technique used, outlined in Budiarto et. al."?, utilizes the GaAs
antenna as the EO medium. Following the discussion of Yariv and Yeh", GaAs is a 43m

cubic crystal, with a symmetric, equal valued EO tensor given by,

(0 0 O
0O 0 0
0 0 0
o= 1
’}k r41 O O ] ( )
O rn, O
0 0 rJ/

where r4=1.62x10"?m/V. For arbitrary bias field, this leads to an index ellipsoid given by

(xz +y* +zz)
l=————"7>——"++2r, (EJz +E2x + szy) . (2)
n
For a (100) GaAs wafer, there is no orientation of bias field that will lead to a transverse
EO effect™, which due to the geometry of our antennas is the desired effect. Therefore,
we used a nonstandard (110) SI GaAs wafer as the EO medium, which did not have any

effect on the THz output but allowed the measurement of a transverse EO effect. A (110)
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wafer has a major flat also along a (110) plane, specifically (110), but due to the
symmetry of GaAs, this plane is indistinguishable from a (110). Therefore, if we apply a

transverse electric field perpendicular to the major flat, or along a (110) direction of

E, =E, = E[J2, and E,=0, the index ellipsoid becomes,

2 402y 2 :
:——————————(x yz Z>+«/§Er41 yz+1x). (3)

n,

To solve this problem we need to solve the eigenvalue equation,

%3 0 Wyz
r4,b/ V= 4
2 n12 ( )
r41E/ r4l‘7
V2 V2 n§

Where the eigenvector, V', gives the new principle axes, and the eigenvalue n’ gives the

new principle index of refraction. The normalized solution of the problem is easily shown

to be,
x’' y y —/f x
yisl oo Vel (5)
Y e Vs o

3
n,=n,+ LA
nr.E
n, =n,— % (6)
n, =n,
Therefore, linearly polarized light will pick up a maximum polarization rotation of
I' = zV [V, when oriented 45° in between x’ and ', i.e. the (110) direction, where
v, =M )
2Lngr,,

is the voltage required to delay the phase by a half wave, V is the applied voltage across

the gap, d is the gap spacing, L is the thickness of the wafer, and ny is the ordinary
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Antenna
Polarizer A/2 A/4 lens & ¢ lens Polarizer  diode

ND:YLF ﬂ ﬂ f\ <

& e L oo

Figure 2.1. Experimental setup used to measure electric field dependent rotation of
polarization.

refractive index of GaAs. Putting in typical numbers for GaAs, V,/d=139kV/cm.
Typically, we operate at only 10kV/cm, so additional phase rotation is needed to operate

in the linear regime. This is achieved by utilizing a quarter waveplate prior to the GaAs

wafer.

The experimental setup is shown in figure 2.1. A CW Nd:YLF laser is passed through a

series of a polarizer, half wave and quarter wave plate to produce circularly polarized

0.25

0.20

0.05 -

0.00 - NJ g -

Electric Ficld (AU)

0.05 ! " 1 s ! " 1 L !
0 10 20 30 40

Postion (mm)

Figure 2.2. Plot of Electric field vs. position in the gap as measured by the electrooptic
effect.
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light, which places the beam in the linear response regime. It is then focused to a 100um
spot with a lens onto the surface of the (110) GaAs wafer. The wafer has evaporated
aluminum electrodes 3cm wide and 3cm apart. It is biased using a homemade voltage
pulser capable of applying 45kV in a 2usec pulse at 1kHz. The wafer is mounted on a
translation stage so that the position of the focused beam can be scanned across the gap.
After passing through the wafer and picking up additional phase retardation, T, it is
recollimated and passed through a second polarizer, oriented along the (110) direction as
suggested above, which analyzes the phase shift. This is focused onto a large area
photodiode to minimize any beam shift caused by scanning the wafer. The detected signal
is sent through a boxcar averager which is triggered by the voltage pulser, and analyzed

with a computer.

The results of this experiment are shown in figure 2.2. This is a plot of signal on the
photodiode as a function of location in the gap. Since we are in the linear regime, this is

proportional to the electric field across the antenna. As can be seen, the electric field

1.0
X
0.9}
’5 0.8 | \/\
< 1
= o7y m/\/_///\/
b
0 -
=
m
< 06}
jasl
= I
05|
oy
-
0'4 1 i 1 2 1 L ! n j

0 10 20 30 40

Position (mm)

Figure 2.3. THz energy as a function of position in the gap measured by exciting only a
Imm area of 3cm antenna with laser, and scanning the laser spot across the gap.
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strength at the electrodes is more than twice that in the center. This enhancement can be
attributed solely to geometrical effects caused by the thin electrodes on top of the wafer.
This shape is similar to what occurs at the edge of a parallel plate capacitor, except that in
our case, all we have is the edge. No trap enhancement as observed by Grischkowsky in

reference 11 is seen for these large gaps.

An alternate experiment was performed in order to verify the results of the EO
measurements. In this situation, THz was generated across a 3cm gap antenna by
illuminating only a Imm diameter area of the wafer with the Ti:Sapphire laser beam and
scanning the illuminating spot across the front of the antenna. The radiated THz energy
was then measured as a function of position in the gap. As seen in figure 2.3, a plot of
THz energy as a function of position of the pinhole, the general crown shape is again
observed. In this situation, the peak to valley ratio is approximately the same, but the

sharpness of the peak is much less. This can be attributed to a convolution effect with the

0.7
0.6 |
05 |
0.4 -
0.3+
0.2 + /

0.1

Electric Field (AU)

Position (AU)

Figure 2.4. Theoretical result for electric field across dielectric with two thin electrodes
on top. Field and distance scale to arbitrary values.
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large laser spot.

A numerical simulation was performed to model the above measurements. This simulation
assumed that the GaAs wafer is a dielectric, dielectric constant e=13.3, with two thin
electrodes on top of the wafer. The Laplace equation was solved to determine the scalar
potential at all points in space, and from this, the electric field across the gap was obtained
by taking the negative gradient of the potential in the gap. The results of this calculation is
shown in figure 2.4. Here electric field as a function of location in the gap is shown. As
can be seen, the electric field at the edges of the gap are greatly enhanced do to the
geometry of the antenna. It should be noted that although it appears that there is much
more enhancement in the simulation than in the experimental results, the peaks in the
simulation are very narrow. Therefore, it is possible that the experimental results have
more enhancement than is evident in figures 2.2 and 2.3, but that the spatial averaging

caused by the finite spot sizes used washes out the larger peaks seen in the simulation.

Using this knowledge of the magnitude of the electric field across the gap, we are now
able to use this information as a pupil function in a study of how THz pulses propagate in
free space, and how they are focused by a lens. Armed with these two tools, one is able to

calculate the behavior of most optical systems necessary in experiment.
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II1. Terahertz Propagation

In order to study the propagation of the THz beam, the full Huygen-Fresnel broadband
solution was implemented™. This solution states that the electric field at any point after an
aperture can be determined by integrating the time derivative of the electric field,
evaluated at a time retarded by the propagation from the pupil to the observation point,
multiplied by an angular factor, divided by the distance traveled.

(R B
The geometry of this equation is shown in figure 3.1, where u(Po,t) is the electric field at
point Py, the angular term is the cosine of the angle between ro; and n, the unit normal, Z,
is the aperture, and ry, is the vector from Py to Po. This solution is valid after only a few

wavelengths, or within a few millimeters for THz frequencies.

The simulations performed using this full Huygen-Fresnel formalism were done on a
workstation using C code written specifically for this problem. The main body of the
simulation, shown in Appendix A, determines the intensity at some point a distance from

the aperture by applying eqn.(8) and performing a time average over a time duration long

Py

Beam I

H! P,
n

THz Pulse ==

Figure 3.1. Geometry of Equation 3.1. A THz beam incident on an aperture Z. Electric
field at P, is obtained from the field at P;.
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Figure 3.2. (a) THz pulse used in the full Huygen-Fresnel propagation simulations. The
vertical axis is electric field, and the horizontal is time in picoseconds. (b) Magnitude of
the electric field spectrum plotted vs. frequency. The majority of the spectrum is
contained between DC and 1THz, with a mean value of 337GHz.

compared to the THz pulse and the relative path lengths in the problem. Variations of this

main code were used to determine intensity profiles and propagation behavior.

The THz pulse, shown in cartoon fashion in figure 3.1, is shown along with the magnitude
of the frequency spectrum in figure 3.2. This pulse is an analytical solution to the
theoretical model for THz pulse generation'®"”. It is the time derivative of the convolution
of the laser pulse (assumed hyperbolic secant squared) and the exponential carrier decay.
For the pulse of figure 3.2a, a laser pulsewidth of 200fs and carrier lifetime of 2ps were
assumed. As can be seen, it is very similar to the observed THz pulses in reference 9, with
a pulsewidth around 500fs, and the typical sub-single cycle shape. The magnitude of the
spectrum, shown in figure 3.2b has frequency components ranging from DC up to one

THz, with a mean frequency of 337GHz, corresponding to a mean wavelength of 900pum.
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Figure 3.3. Divergence of THz beam. HWHM, or beam waist as a function of distance,
z, from the aperture. Shown for two different aperture widths, 5mm and lcm, and two
mean wavelengths of .9mm and 1.6mm for 1cm aperture.

Also incorporated in this simulation is the fact that the diffracting aperture of interest
during propagation is 'generally the antenna itself. Therefore, for simulations in the x
direction, or across the gap, the electric field profile in the diffracting pupil, Z, is actually
the profile obtained in section II. The results of figure 2.4 are incorporated into the first

group of simulations to most accurately represent the problem at hand.

The first problem investigated was propagation in free space away from the antenna.
Figure 3.3 is a plot of HWHM, or the distance from the axis where the intensity falls to
half the on-axis value, as a function of distance from the antenna for three different
situations. The solid squares show divergence from a 1cm width aperture for the THz
pulse shown in figure 3.2a. The open circles show divergence for a Smm aperture for the
same pulse. As can be seen, for half the aperture width, the divergence angle has doubled.
The solid triangles show divergence from a 1cm aperture for a different THz pulse

generated using a 400fs laser pulse, and having a mean wavelength of 1.6mm. As can be
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seen, this diverges at approximately twice the angle of the shorter wavelength pulse
through the same aperture. Therefore, we arrive at a wavelength and aperture width
dependent divergence angle of 6=0.19A/D, where A is the mean wavelength and D is the
aperture width. The functional form of this is similar to that obtained for Gaussian

beams™®, where 6=A/nD.

Next investigated was the question of how far from the aperture the beam must propagate
before it is in the farfield, or Fraunhofer, regime. The farfield pattern is obtained by
making two approximations to the full H-F solution. The first is that the distance from the
observation point to the aperture is sufficiently large so that first, the 1/ro; dependence can
be approximated as a 1/z dependence and taken out of the integral, and second, the cosine
term becomes unity. The second approximation is that the 1o in the phase is first

expanded with a binomial expansion, and then the terms quadratic in the pupil are

z(l + - 2x§j
Ii u é’t - 2 dé’ (9)

Zdt c

dropped.

u(x,r) = 2mcz

Where & is the pupil coordinate and x is the image coordinate, and the problem has been
reduced to one dimension. Once these approximations are made in eqn.(9), the results are
compared with eqn.(8). The distance at which they agree satisfactorily (within 5%) was

defined to be the minimum distance at which the farfield approximation is valid.

The results of the farfield calculations are shown in figure 3.4. Here, zgis plotted as a

function of the aperture width. For large aperture widths, greater than 7mm, zg is seen to
increase quadratically with D, z 7= 2-5D% . For values of D below this, zg saturates.

Qualitatively, as the aperture width approaches the size of a few wavelengths, the
diffraction pattern from the aperture approaches that of a simple dipole radiator, and the
diffraction angle is independent of aperture size. When this occurs, it is no longer the

phase approximation that is limiting the validity of the Fraunhofer approximation, but the
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Figure 3.4. Minimum distance for which Fraunhofer approximation is valid as a function
of aperture width. Quadratic dependence for apertures larger than 7mm, virtually constant
for smaller apertures.

approximation in the denominator. This approximation was basically a small angle
approximation, and will not be effected in this small aperture regime since the angles are

no longer changing. The large aperture result is similar to that of circular apertures, where

z5 >> D% is the typical “rule of thumb”.

Of major importance in understanding the propagation of THz beam is a greater
comprehension of how this broadband radiation focuses. In order to accomplish this, a
quadrétic phase was added across the aperture to mimic a lens. This is the same as placing
a lens, focal length f, immediately after the antenna. In eqn.(10), this quadratic phase
appears as an additional time delay in the electric field that is a function of the pupil
coordinate, &.

u(P1) = | ~———-°°S(ﬁf‘”)5{u(1%,r —f‘l+—§2—ﬂd§ (10)

Y 2mF,| dr c  2f
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Figure 3.5. HWHM, or beam waist, as a function of distance z from the lens, focal length
/, for various aperture widths, D. Seen here is the f/# dependent focal shift, spot size, and
depth of focus.

Scans of the focal region were performed to determine how typical geometries behave.
Figure 3.5 shows the results of a series of such scans. HWHM of the beam is plotted
verses distance from the aperture of a 10cm focal length lens. The various curves are for
different aperture widths, or various f/#’s, where a lens f/# is given by the ratio of the focal
length to the aperture width. A low f7# lens denotes a tightly focusing geometry, while a
weak lens has a large f/#. As can be seen, for the f/2 lens, or D=5cm, the beam focuses to
a tight spot for a short distance (small depth of focus), and leaves the focal region at the
same angle that it arrived. HoWever, as the f/# increases, the focal region becomes
asymmetric, and the focal point actually shifts to the left, or in towards the aperture. This
focal shift in turn alters the effective f7# of the lens, which effects the beam waist and

depth of focus.

Focal shift for Gaussian beams at optical frequencies is generally only on the order of tens

of microns, so the effect on f/# is only a fraction of a percent. However, for THz beams,
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Figure 3.6. Focal shift as a function of geometrical f/# for THz beams.

the focal shift for an f/5 optic is approximately a centimeter, which can have a significant

effect on the f/#. For Gaussian beams, the actual focal point is given by",

f;w=———4§£—7 (11)
(2]

where f.« is the shifted focal length, fis the geometrical focus given by the lens makers
formula, and w is the Gaussian beam waist at the lens. For the THz simulations, figure 3.6
shows the focal shift as a function of geometrical f/#. The focal shift, f~faew, is shown to
increase quadratically as a function of geometrical f/# for values below approximately f715,
and to saturate above this value. The saturation occurs for high f/# because at these small
lens powers, the lens is unable to counter the effect of diffraction, and the position of the

minimum spot size approaches the aperture. The form of the focal shift appears to be,

S = foow = A = 05441 /# | which leads to an f,e, of,

0544f
D* )

fue=1[1- 12
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Figure 3.7. Minimum spot size as a function of shifted f,.,. Linear dependence within

error bars.

It is simple to show that eqn. (12) will approach eqn. (11) for wavelengths short compared
tofand D.

Figure 3.7 shows the minimum spot size as a function of f.w. It is seen to increase linearly
with frew. The error bars in figure 3.7 are a result of the finite discretization used in the
simulation. The best linear fit to the data is Wiix=0.23Af/#1ew, Where Wi, is the minimum
spot size, located at frew, and ff#new= foew /D. Therefore, the full expression for Wi, is

given by,

0544
Woin = W(fre ) = 0.23/1%(1 -5 f) (13)

2

This linear dependence on f7# is similar to that obtained by circular apertures, as

determined by the Rayleigh criterion, where wp, =0.61Af/#.

The depth of focus, z,, define as the full width of the focal region for which the beam

waist is less than +/2w__, also behaves as expected once the shifted focus is taken into

min >
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Figure 3.8. Depth of focus as a function of f/#,.. Quadratic dependence similar to that of
narrowband circular apertures.

account. Again from circular apertures, we expect that z, will increase quadratically with
f#, as z=2.44)\f1# . Figure 3.8 shows this quadratic dependence when plotted against
ST#:ew, With the curvature given by a proportionality constant of 2.1. Therefore, the THz
value of z is given by zo=2.1Af/#nes’, OT

z, = 2.1,1(—292(1— O'Ssz/lf)z (14)

One last set of simulations was performed to determine the focusing and divergence
properties of the beam in the dimension parallel to the electrodes (y direction). Inthey

direction, there should be approximately no variation in electric field across the gap, so the
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Crown profile (x direction) Rect profile (y direction)

Divergence angle 6=0.19A/D 6=0.25A/D
Farfield validit ? - ?

€id valdity zﬂ=2.6DA zﬁ—2.6DA
Focal shift f=fo, = Af = 054Mf # f = fo = Af = 0S4Af 1#
Focal Length 0544 054Af
Spot Size Wanin=0.23 AT #new Winin=0.27Af #new
Depth of Focus 20=2. 1\ fftoed” 2p=2. SKf/#newi

Table 1. Summary of THz propagation behavior. X direction, parallel to the applied bias
includes the crown profile of figure 2.4. Y direction, parallel to the antenna electrodes,
has a rect function profile.

aperture was modeled as a simple rect function. The results looked qualitatively the same,
and the numbers were as follows.

The divergence was found to be greater, at 0.25A/D. The minimum farfield distance was
the same, as was the shifted focal length, therefore there is no built in astigmatism. The
minimum spot size is larger at, Wpi=0.27Af#,.w. And finally, the depth of focus was also
larger, at 2.5Af/#,.". Therefore, since the antennas are square, the propagation of these
antennas is an

inherently separable problem, and these results, along with the previous results in the x
direction, specify the appearance of the beam at any point in the farfield or in the focal
region. It should be noted that since the beam generated in the y behaves effectively as a
smaller beam (greater divergence, spot size, and depth of focus), then it is beneficial to
make this dimension larger to decrease the diffraction from this direction and match the
propagation in the two dimensions. This is in fact done, as the large aperture antennas are

3cm gaps, but 4cm wide. The results of these simulations are summarized in Table 1.

To determine how valid the results of the simulations were, they were compared to

experimental results. A 3cm gap antenna was placed immediately in front of an off-axis
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Figure 3.9. Focal scans of 3cm THz beam for a 2.5” focal length parabola. Open circles
are experimental results, line is simulation result.

2.5” focal length parabola. A 600um pinhole was scanned across the THz focus at
various z positions. The results of the scan which achieved the minimum spot size is
shown as open circles in figure 3.9. As can be seen, the fwhm of the experimental data is
approximately Imm. Also shown in the figure is the result of the above simulations. The
simulation was convolved with a 600um rect function to mimic the experimental setup.
The fwhm of the experimental and simulated results agree very well at a value of 1mm.
The width before convolution of the simulation was 875um. There is slight deviation
from experimental in the wings, but it should be noted that the experimental setup is

actually a 2D problem, while the simulation was only in 1D.

With this simulation tool, and the above formulas for THz beam propagation and focusing,
we are now able to look at methods for increasing the THz energy. One method that
immediately presents itself is reducing the f/#’s to achieve smaller focal spots, and

therefore higher peak intensities and fields. This is limited by manufacturing since f/#’s
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much below 2 are highly impractical. Therefore, methods for increasing the THz energy

need to be investigated. This is the subject of the next section.
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IV. Increasing THz Energy.

The current experimental setup used to generate high power THz beams consists of a 3cm
gap antenna, 4cm wide, on SI GaAs. The bias is provided by a homemade high voltage
pulse generator which provides 2us pulses with peak voltages as high as 45kV at 1kHz
repetition rate. The laser is a Clark-MXR regenerative amplifier system, capable of
generating 1mJ energy pulses at 1kHz repetition rate, with pulsewidths of 100fs. The
laser is typically operated at 600u) energies with pulsewidths of 200fs.

At a 3cm gap size, air breaks down at approximately 15kV/cm, and with the laser on,
aiding in the ionization of air, the air breaks down at 10kV/cm. This data is shown in
figure 4.1 for various sized gaps. This plot shows the breakdown voltage of air while
generating THz pulses as a function of gap sizes. The data for large gaps, from 0.5mm to

9 mm, is shown on the right half of the plot. The antennas are two Smm x 2mm
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Figure 4.1. Breakdown electric field across two Ti-Au lines for various gap separations.

For gaps Imm and larger, air breakdown is the limiting breakdown mechanism, while for
smaller that 1mm, the mechanism is GaAs breakdown.
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evaporated Ti-Au contacts (3000A of gold on top of a 300A layer of titanium used for
adhesion) separated by the gap size. As can be seen, as the gap size increases, the
breakdown field decreases, leading to less efficient THz antennas. For 9mm gaps, the

breakdown occurred at 14kV/cm, while the 1mm gap antenna broke down at 24kV/cm.

Also shown in figure 4.1 are the results of measurements for small gap antennas. These
antennas are 4mm x 10um Ti-Au lines. For gap sizes below 1mm, air breakdown is no
longer the mechanism for device failure, but rather avalanche breakdown in the SI GaAs
itself dominates. For the small gaps, the breakdown was measured on an IV curve tracer,
and was defined as the voltage at which the current was SOpA. As can be seen, for a
40um gap, the breakdown field occurred at 42kV/cm and ranged all the way up to

80kV/cm for a 4um gap.

THz energy is seen to increase quadratically with bias field, therefore increasing the bias

has a large effect on the amount of THz energy generated. It is also seen to increase

10

0.14

THz Energy(nl)

0.001 r T T r —Tr—rT
1 10

Bias Field(kV/cm)

Figure 4.2. THz energy as a function of bias electric field across various gap sizes. THz
increases quadratically (slope 2) with bias field and linearly with gap size.
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linearly with antenna area. Figure 4.2 shows results for studies on the amount of THz
generated as function of bias electric field for various gap sizes. The measurements were
performed on the same 0.5mm to 9mm antennas as the large gaps above. As the bias field
was increased, the THz energy was measured as emitted by the back side of the wafer by a
bolometer. The bolometer was placed approximately 1cm behind the antenna to minimize
the effects of different coupling efficiencies for different gap sizes. The absolute energy
was calibrated by comparing the bolometer output to the output of a pyroelectric detector
which was calibrated to the laser energy. As expected, the emitted THz energy increases
quadratically with bias field (slope of 2 on the log-log plot). Also seen is the fact that the
smaller gaps are able to be biased to higher electric fields. However, the higher biases are
not enough to overcome the loss of antenna area, and at no point does a smaller antenna

emit more energy than a larger one.

Figure 4.3 is a plot taken from figure 4.2, showing the THz energy as a function of gap

THz Energy(nlJ)
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Figure 4.3. THz energy as a function of gap size for bias of 2kV/cm. Linear dependence
for gaps larger than 4 5Smm.
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size for one particular bias field of 2kV/cm. As can be seen, the emitted THz energy
increases approximately linearly for gap sizes above 4.5mm. This means that for these
gaps, the increase in THz is changing linearly with area. For the smaller gaps, the amount
of THz generated becomes sublinear. This is attributed to the fact that the divergence of
the THz beam for these small gaps is very large, leading to a reduced amount of THz

energy coupling out of the wafer and into the bolometer.

This suggests that the best way to increase the THz energy is to continue to increase the
gap sizes above 3cm. However, this does not take into account the influence of limited
laser energy. As stated above, the laser is generally operated at approximately 600(LJ
energy. Therefore, for our 3cm x 4cm antenna, the maximum laser fluence achievable is
50uJ/cm®. For 10HZ repetition rate, it is generally accepted that THz output energy
saturates with a laser fluence of 40uJ/cm®® However, as reported by Budiarto et. al.”', at
1kHz, this saturation level is much higher. Figure 4.4 shows data for THz energy as a

function of laser fluence for several different gap sizes between 0.5mm and 2.5mm. The
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Figure 4.4. THz energy as a function of laser fluence for various gap sizes. Clear
saturation is observed at fluences of 150pJ/cm”.
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fluence was varied by placing a waveplate-polarizer combination in the beam, and rotating
the waveplate to vary the transmission through the polarizer. As can be seen, there is a
clear region for all gaps where the THz energy increases approximately linearly with laser
fluence, until 150uJ/cm?, at which point the THz energy saturates. This saturation level
was seen to be the same for all gaps up to 9mm. Therefore, at fluences of 50uJ/cm?, we
are not in the saturation regime, and any increase in area causes a similar decrease in
fluence, resulting in no net increase in THz energy generated. There is, however, an
increase in numerical aperture (decrease in f/#), which causes tighter focusing of the beam,
and therefore higher peak fields at the focus even though there is no more THz generated.
There is a price to pay with larger and larger gaps, however, as the air breakdown
continues to decrease, and the voltages, already in the 30kV range, get larger and larger,

requiring extreme safety precautions.

To sum up the preceding section, the data suggests that to increase the THz energy at the
focus of a parabola, the antenna area should be large, the fluence high, the repetition rate
high, and yet the gap small. Therefore, the natural solution to this problem is to go to

arrays of antennas. This is the subject of the next section.
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V. THz Antenna Arrays.

As stated in the above section, the clear direction leading to increased THz energy without
further scaling of the antenna areas is the use of antenna arrays. There are many possible
array schemes to choose from, as well as many possible gap sizes. For medium gap sizes
(hundreds of microns), schemes of cascading voltages have been fabricated®, whereby
several adjacent gaps add up in phase to produce one large beam. However, as the
number of gaps increase, the complexity of the biasing scheme increases, and the voltage
requirements increase rapidly. The simplest imaginable scheme, in which only one bias
voltage is required, is an interdigitated finger structure, as shown in figure 5.1. The
problem with this structure is that each adjacent gap is radiating a THz beam which is
precisely 180° out of phase with the next. Every other field is pointing in the opposite
direction. Therefore, in the farfield, they will all cancel with each other, barring any edge
effects, and the device will not radiate. Therefore a scheme must be obtained to somehow

block the radiation emitted from every other gap, or block every other gap from radiating.

First, using the simulation tool described in section III, the various antenna arrays were
modeled to verify that, indeed, an array of small gaps with alternating sign would not
radiate into the farfield, and also to see if an array with every other gap blocked would
radiate. Figure 5.2 shows the results of these calculations for Smm arrays of 25um gaps.

The pupil function used was a periodic rect function, with a period of 25um, multiplied by

Figure 5.1. Possible THz antenna array with interdigitated finger structure.
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a large rect function with a width of Smm. The periodic function had a value of one or
zero for the array with every other gap blocked, and a value of plus or minus one for the
array without every other one blocked. The influence of electric field within the gap, as

given in section II was neglected for these simulations.

Figure 5.2a shows the results of a simple Smm aperture focused by an f/3 lens (i.e. in the
farfield). The maximum intensity on axis (x=0) is normalized to one, and the full width of
the focal region was found to be 0.8mm. Figure 5.2b shows the results of the antenna
with every other gap blocked. As can be seen, the width of the focal region is the same,
since the numerical aperture is unchanged, however the peak height is one quarter that of
the large aperture antenna. This means that the antenna array, biased to the same field,
would only emit a quarter of the radiation. However, recall figure 4.1. A gap of Smm will
break down at a field of 18kV/cm, while a 25um gap will withstand a field over 50kV/cm.
Therefore, after the biased is doubled to counteract the loss in area, every gain in bias is a

gain in energy. As the areas are scaled to larger values, and the gap sizes are reduced, the
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Figure 5.2. Plots of intensity vs. position from center of beam out (symmetric about axis)
at the focus of /73 lens for 3 different antenna types. a. Smm gap antenna. b. Smm array
of 25um gaps with every other gap blocked. ¢. Smm array of 25um gaps with every other

gap apposite sign.
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Figure 5.3. Large gap antenna array used to experimentally verify interdigitated finger
concept. Numbers denote direction of bias field. Each gap is Smm.

relative gains are enhanced.

Finally, figure 5.2c shows that, indeed, an antenna with alternating fields will not radiate.
This is similar to the discussion by Goodman,” where a source with a coherence area
much smaller than a wavelength will not propagate. All of the random phases will add up
to zero in the farfield. In our situation, instead of having random phases adding up to zero
on average, we have carefully designed phases which add up to zero. Thus we are left

with a simple, non radiating, evanescent wave.

To further check that these simulation results were valid experimentally, simulations were
done for large gap arrays. The three array structures investigated were first, a Smm gap,
second, three adjacent 5Smm gaps, with the one on the inside having a bias direction in the
negative direction, and the two on the outside having positive biases, and third, the second
antenna with the middle section blocked. The three situations are denoted as 010, 1-11,
and 101 respectively. Experimentally, this situation was achieved with a simple 3 element
interdigitated finger array shown in figure 5.3. By blocking the two outside gaps, an 010
antenna was generated. By blocking the middle gap, a 101 was achieved, and by not
blocking any, a 1-11 was generated. Blocking of various gaps was done by placing an
adhesive dielectric absorber in the gap to block the laser radiation from exciting this

section of the antenna. The end regions were also masked off to reduce edge effects.
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Figure 5.4. THz intensity at the focus of 2.5” focal length parabola as a function of position, x, in
the focus. a. Simulations of 3 different Smm element antenna array schemes. b. Experimental
results for the same three antennas.

The simulation results for the focusing of these three antennas by a 2.5” focal length
parabola are shown in figure 5.4a. The solid line is for the 1-11 antenna. It shows 3
distinct peaks. The middle peak comes from the two outside elements adding in phase,
and the inside element subtracting in phase, resulting in an on axis height of 1. The two
outer peaks correspond to the positive peak from the outside elements adding in phase
with the second, negative (but switched due to the sign of the field), peak of the inner
element. Near the axis, at the focus of a lens, the electric field is very close to bipolar, so

the combination leads to a height of 2.

Figure 5.4b shows the same basic shape for the experimentally measured 1-11 in the solid
line. These measurements were done on the above mentioned 1-11 array, with the end
regions masked off. The antenna was placed directly in front of a 2.5” focal length
parabola, and the energy was scanned at the focus. The scanning aperture was a 700um

slit. A slit was used as opposed to a pinhole to increase signal to noise, and should not
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cause any loss of information due to the 1 dimensional nature of the problem. As can be

seen, it has the same 3 peaks, slightly washed out due to convolution with the slit.

Also shown in figure 5.4a are the results of the 010 and 101 simulations. The 010, shown
in dotted line form, has a half width of approximately 3mm, and a height of 1. The 101
has a height 4 times higher, and half the width, from the two adding coherently on axis.
The 101 also shows a fairly extensive wing structure, from the individual pulses
propagating essentially without interference (due to the finite pulsewidths). This is exactly
what is shown in the experimental scans of figure 5.4b. The 101 has 4 times the peak
energy on axis, and half the width. Therefore, if we were to use this antenna to increase
the THz output, we should compare it to a 1cm gap antenna. The effective area of
generation is the same, so for the same bias field (twice the voltage), the two emit the
same energy. The array, having a Iargef extent, will focus tighter, but there is a loss of
laser fluence, which will reduce the generated THz energy. Also, the array, having a

smaller gap, will be able to withstand a larger bias field.

These results are promising in that they show that, in fact, the simulation results for large
gaps are valid, and therefore, we assume that the small gap simulations are also valid.
Therefore, in the future, small gap antenna arrays can be fabricated in which the gains
from increased bias fields more than offset the losses in antenna area. Furthermore, the
use of LT GaAs materials, in which the breakdown electric fields are enhanced by factors
of 5 to 10 over SI GaAs, could lead to even more gains in output THz. One possible
isolation scheme is shown in figure 5.5. This device uses an aluminum mask deposited on
top of a dielectric isolation layer to selectively block the laser from exciting every other
gap. The interdigitated fingers are a 3000A layer of gold on top of a 300A layer of
titanium used for adhesion. The pattern is formed by patterning photoresist (PR),
evaporating the metal, and liftoff. The silicon nitride layer is deposited using a plasma
chemical vapor deposition, and is as thick as can be allowed without cracking from stress.
The aluminum mask is formed with a second PR and liftoff step. Finally, a third mask step

is used to open up contacts through the nitride.
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Figure 5.5. Possible antenna array device that uses an aluminum absorber mask to prevent
the laser from exciting every other gap. Smm array of 20mm gaps, shown without Al
absorber at top left, with Al absorber in top right blow-up, and in cross section at the
bottom. :

An in depth process flow is shown in Appendix 2. This antenna array was actually
fabricated, but due possibly to fabrication errors, did not work. Two different antennas
were fabricated that were able to withstand a voltage (i.e. were not shorted due to
fabrication errors). The first emitted THz, but the energies were 100 times smaller than
expected. The second device had an

alignment error in the second mask stage, such that 5% of the gap that was supposed to be
blocked was exposed. If the field across the gap were constant, this would not be a
problem. However, as seen in section 11, the fields at the edges are greatly enhanced, and
in fact, the majority of the THz generation comes from these regions. Therefore, the
effect of the misalignment was to block one of the good peaks, and to expose one of the
bad ones, resulting in exactly the situation we are trying to avoid by using the mask in the

first place, alternating plus and minus fields. Furthermore, for the first device, it is now
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Etched
trenches

l SI GaAs

Figure 5.6. Mesa isolation scheme in which the field is isolated in every other gap by
etching trenches deep enough to reduce the electric field at the bottom of the trench
significantly.

evident that any light that manages to get into the blocked gap, mostly from diffraction,
will tend to cancel out the radiated field, and this is exacerbated by the edge enhancement
effects which are even worse in the presence of the isolation mask. Therefore, wider
aluminum absorbers to reduce the amount of light diffracting into the blocked gap,

combined with possibly thicker mask layers might aid in reducing this effect.

Another promising isolation scheme is a mesa isolation scheme, or field isolation
technique. This scheme, depicted in figure 5.6, isolates every other gap by etching
trenches into the GaAs. If the trenches are deep enough to reduce the electric fields at the
bottom of the gap sufficiently, then only every other gap will radiate THz. Simulations
similar to those that generated figure 2.4 suggest that in order to reduce the field in the
middle of the trench to 10% of the field in the middle of the gap at the surface, the depth
of the trench must be 1.25 times deeper than the active gap if the two gaps are the same
width. Therefore, if the gap is 10um wide, the trench must be 12.5um wide. If an
asymmetric geor;letry is used, as suggested by figure 5.6, then the trench depth must be

increased. For instance, if the trench width is reduced to 5mm, then the depth must be
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25um, leading to an aspect ratio of 5 to 1, which may be difficult to achieve etching GaAs
using a reactive ion etcher. This requirement of 10% reduction in field at the middle of
the trench compared to the middle of the gap might be too stringent, however. Since the
fields are so peaked at the edges, the majority of the THz is emitted in this region, and

shallower trenches may be sufficient.




6. Conclusions 35

VI. Conclusions

In order to better understand the propagation of THz beams from large gap antennas,
several studies were carried out. First, the electric field in the antenna was mapped as a
function of position across the gap using three methods. The first was a direct
measurement of the electric field using the electrooptic effect in (110) GaAs. The second
was an indirect method whereby the THz emitted as a function of location in the gap was
measured, giving us a map of the electric field squared in the gap. Third, the electric field
was obtained through simulation by solving the Laplace equation for a similar geometry.
It was found that all three results showed heightened fields at the electrodes, and this was

attributed to the geometry of the electrodes. The electrodes exhibit edge effects similar to

- those seen at the edge of a parallel plate capacitor.

This electric field mapping was subsequently used to generate THz propagation “rules of
thumb” by solving the full broadband Huygen-Fresnel integral. It was found that the
beams diverge proportional to A/D. The farfield approximation was valid for distances
proportional to D?/A. There is an f/# dependent focal shift that effects the beam waist and
depth of focus. Consequently, the values of the beam waist and depth of focus vary as

expected when the focal shift is taken into account.

Next, an in depth study was performed on how the THz antennas vary with gap size.
Measurements on electric field breakdown show that for millimeter sized antennas, the
breakdown mechanism is avalanche breakdown in the air, while for gaps smaller than a
millimeter, there is breakdown in the GaAs. The breakdown fields are significantly higher
for gaps in the ten micron range than for gaps in the centimeter range. It was also found
that the saturation fluence was independent of gap size, and occurred at a value of
150pJ/cm’, leading to the conclusion that the most efficient antenna areas for this laser is

6.7cm’ for typical laser energies of 1mJ.
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Finally, using the information of section 4, it was shown that the most promising way to
increase the THz energy without upgrading lasers is to go to a small gap antenna array
scheme. The simulation of array propagation was verified for large gaps, and a large gap,
three element, antenna array was successfully patterned and tested. To conclude, possible
isolation methods for fabricating small gap antenna arrays were discussed, with particular

attention on how to eliminate the THz generated from opposing gaps.
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Appendix A

/***********************************************************************

* Program Huygen Fresnel.c determines the intensity at some point x and z froman ~ *

* aperture. X is the distance from the optical axis, z is the distance from the aperture.
* The formula used is the full Huygen Fresnel broadband solution, as given by Goodman. *
* The main body is a simple time loop which calculates the electric field over a long *
* period of time, and averages the magnitude squared to obtain the intensity. The THz *
* pulse comes from the analytical time derivative of the convolution of the laser pulse, *
* width t1, and the carrier lifetime, t2, The time derivative of this is used in the program. *
* The pupil function can in general be anything. For an array (shown) it is alternating ~ *
* ones and zeros, or ones and minus ones. For a single gap, the electric field profile

* should come from a data file to mimic the edge enhancement effects
ook o e e e ok sk ok ok ok 3k K 3K ok K ok o ok ok ok sk ok ok ok ok ok o ok ok ok ok sk ok ok ok ok ok ok ok ok ok ok ok ok ok % ok 3k ok ok ok ok 3k ok ok ok ok ok sk ok ok sk ok Kk koK

*

*
*

/***********************************************************************

X* *
* Written by Jeff Margolies 3/6/96 *
* *

R FAAA AR ARk KRR KRR KRR KKK KKK K KKK R K KKK KK KKK K KR KRR KKK
AR A o ok ok ok ok s ko ok oo ok ok kKo o K Kk o ok ok ok o o ok ok ok o ok K K KoK ok o ok o o kK Kk
* *

*  Units are all in picoseconds for time, and 100’s of microns for distance. Note, for *

*  these units the speed of light is 3.0 *
* *

**********************************************************************/

#include<stdio.h>

#include<math.h>

#define t1 0.2 /*Laser Pulsewidth 200fs */
#define t2 2.0 /* Decay time 2ps */
#define Num 500 /* Number of time points to average over */

#define Dt 0.04 /*Time step 40fs, total averaging time + 20ps */
#define Pi 3.1416

#define Mult Dt*1.3281E-15 /*multiply by .5 €, ¢ to make Joules/m’ */
#define C 3.0 /*speed of light in units of 100um/ps */
#define Width 300.0 /*Total aperture width 3cm */
#define L 25 /*single element of array width 25um */

#define Dx 1.0 /*Integration step size in pupil */
#define £500.0 /*focal length of lens = 5¢cm */

double dwdt() ; /* Analytical time derivative of THz waveform */
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double difR), /* Huygen-Fresnel Integral */
double pupil(), /* Pupil function. Magnitude of electric field in pupil */
int sgn(); /* sgn function, returns sign of the argument */
main()

{

double fi, fj, time, efield;
double x, z, intensity,

int j, k;

FILE *fint;
x=0.0; /*set x and z values*/
z=f, /*unit 100um*/
fint=fopen("intensity.out","w"); /* output data file */
intensity=0.0;, /* Intensity initialized to zero */

for(j = -Num ; j <= Num ; j++ ){ /*loop for time*/

time = ((double);j)*Dt+sqrt(z*z+x*x)/C ; /* Time, centered so that t=0 is

time it *

| *takes radiation from center of *

| * aperture to travel to the observation*

| * point */
efield=diff{x,z,time); /* call HF function */

intensity=intensity-+efield*efield;; /*add up electric field at each time*/
} /*end time loop*/

intensity=intensity*Mult; /* Convert to SI units of Fluence (J/m?)
*/
fprintf{fint,"%E %E %E \n" x,z intensity), /* output intensity in data file */
_ fclose (fint);
} /*end of main body of program */

/*********************************************************************
*

* dwdt returns the analytical time derivative of the THz pulse. The input arguments
* arex, z, t, where x is the distance from the axis, z is the distance from the antenna,

* and t is the time.
*****************************************************#*****************/

* % x »
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double dwdt(t)
double t;

{
double tmp1,tmp2;

tmpl=1+exp(t/tl);

tmp2=-8*exp(t/t1)*((1/t1-1/t2)*exp(t/t1-t/t2)-exp(2*t/t1-t/t2)/12),

tmp2=tmp2/tmp1+4*t1*((1/t1-t/t2)*(1/t1-1/t2)*exp(t/t1-t/t2)-(2/t1-
1/t2)*exp(2*t/t1-t/12)/12);

tmp2=tmp2/tmp1/tmpl,

return tmp2;
}
JHERFAKF AR Kok ok ok ook ook RO R KRRk Rk Kk Kok Aok Kk ok ok kK
* *
* diff{x, z, t) returns the value of the Huygen-Fresnel Integral at position x,z, time t *
* *

***********************************************************************/

double diff{x,z,t)
double x,z;t;
{
double amp, xi,r01;
inti, W;

tmp=0.0;

W=(Width/Dx), /* Width of aperture in units of Dx */

for(i=-W/2; i<=W/2 ; i++) { /* loop across the pupil */
xi=((double)i)*Dx; /*variable of lateral dimension in the slit */
r0l=sqrt(z*z+(x-xi)*(x-xi)); /*distance from obs to source */

amp=amp+pupil(xi)*(z/2/PI/C/r01/r01)*dwdt(t-r01/C+xi*xi/2/C/£)*Dx;

/* This particular version includes quadratic time delay for *
* simulating a lens. To remove this, send f to infinity */

}

return(amp);
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/***********************************************************************
*

* Pupil(x) returns the magnitude of the electric field in the aperture. The arggment, X,
* is the location in the pupil. Shown are 3 cases. The first is a constant puplll, the
second can be to generate alternating 1’s and zero’s, with period L, and the third

generates alternating 1’s and -1’s.
%*

* K g R e

AR Kok kR kR KRR KOR R R KRR KR R KR kKRR kKRR KRR K KRR Kk KKk K

double pupil(x)
double x;

{

double amp;
amp=1.0;

/* amp=.5-.5*sgn(cos(Pi*x/L)); */ /*Alternating 1 and 0*/

* amp=sgn(cos(Pi*x/L)); */ [*this will be alternating +-1*/
return(amp);

}

[k ok s sk sk o ook ook ok sk s s s sk ok sk ook ook ok ok ok stk ok ok sk ok Rk ok ok sk ok ok ok ok ok K R Kk K KK K ok ok sk ok ok ok ok

* *
. . . . *

* sgn(x) is the sign function, returns the sign of the argument (+1)

* *

***********************************************************************/

int sgn(x)
double x;

{

if (x>=0) return 1; else return -1;

}
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Appendix B

Process flow for fabricating absorber isolation array (figure 5.5).

II.

IIL

Iv.

Clean Wafer

A Acetone rinse
B. Isopropyl rinse
C. DI rinse

D. Dry nitrogen

Pattern Photoresist, mask 1

A Pre-bake wafer for 20 min. at 120C (evaporates any water)

B. HMDS bubbler 5 min. (prepare surface so resist sticks)

C. Spin 1.5um layer of positive resist

1. Microposit 1400-31 positive resist

2. 6000rpm for 30 sec.

Bake 8 min. in 90C oven. (pre-bake)

Let cool on heat sink

Chlorobenzene dip 5 min. (hardens surface for good liftoff overhang)

Bake 15 min in 90C oven

Expose pattern with Quintel 1:1 contact printer

1. Align wafer to mask

2. Expose 5 seconds in vacuum contact mode

Develop in Microposit developer 1:1 DI 45 sec. (do not over-develop too

much or walls will collapse)

I DI rinse 30 sec. in beaker. (Careful of overhangs, be gentle)

K. Dry nitrogen (At this point you should see good overhangs with optical
microscope)

Evaporate Ti-Au in Veeco

HCLDI 1:4 20 sec. (Removes native oxide from rinse step)

Use titanium granules and 12” of gold wire

Use 2 separate .005 tungsten boats (must use the thin boats to keep from

burning resist)

Pump down to 5x107

Evaporate 300A Ti at 160amps at 20A/sec (adhesion layer)

Let chamber pump back down to 5x10”

Evaporate 3000A Au at 140amps at 40A/sec

ift-off

Soak in Acetone for several hours.

Repeat cleaning, Step I.

itride deposition in Technics A.

Etch chamber with CF, plasma, (if organics present, run O plasma)

1. 10 minutes at 300mT CF,, RF power of 150W

DCPOSit 4000A Si3N4

LZommy

bt

OMmY Oowp

oy

W »ZzW»
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1.
2.
3.
4.
S.
6.

\
VIIL

VIII.
IX.

Put wafer at 5 o’clock, middle of hot plate, along with Si test wafer
Set hot plate to 300C
SiH, flow at 10sccm
NH; flow at 90scem, pressure should be 580mT
N; balance to 800mT
RF power 30W
7. Rate will be 100A/min
Repeat Photoresist procedure (II) with mask 2
A Align mask using alignment marks and array
B. Make sure mask centered well
Evaporate aluminum in Veeco
A HCIL:DI 1:4 20 sec.
B. Use aluminum pellets in thin tungsten boat (1 pellet = 1000A)
C. Evaporate at least 1000A at 140amps at 20A/sec
Repeat Liftoff procedure (IV).
Repeat Photoresist procedure (II) with mask 3
A. Align with alignment masks and contact pads

B. Make sure mask away from array

C. Hard bake resist for 60 min in 120C oven
Etch nitride

A BHF 10:1 at greater than 500A/min

B DI Rinse
C. Soak in acetone
D Cleaning procedure 1.
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