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ABSTRACT
It is the purpose of this dissertation to investigate the design and
implementation of a light-activated magneto-optical (MO) rotator, which is capable of
a response and a switching time both ≤ 1 ns and has an aperture larger than 3 mm in
diameter, for applications of free space optics in the visible. The recent advances of
ultrafast (< 100 fs) pulse laser systems generated new applications in many research
fields, including Physics, Chemistry, Biology, etc., where an intensity or polarization
modulator is usually needed. Also, the recent interests in the satellite-to-ground optical
link also call for a polarization modulator to implement a link that can be encrypted
with Quantum Key Distribution (QKD) in a stable way. Despite the mature
developments, acousto-optical modulators are simply too slow and electro-optical
modulators have large dispersion for ultra-short pulses. The MO modulator appears to
be an attractive candidate. This dissertation has two main parts that constitute the MO
modulator. The first part addresses the advancement of high DC field biased
Photoconductive Semiconductor Switch (PCSS) that is the key to the fast response and
switching times. The second part discusses the iron(III) borate (FeBO3) as the MO
material and investigates the microwave assisted synthesis of fine particles for use in an
optical composite to solve the detrimental birefringence problem. As a demonstration,
the MO modulator is set up as a light gate in a model experiment to simulate through
cloud ballistic imaging. Last, conclusions and future works are discussed.
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Chapter 1

Introduction
Light interacts with matters in various ways macroscopically. The most commonly known phenomenon include, acousto-optic (AO) effect, electro-optic (EO) effect, and magneto-optic (MO) effect. These effects are the fundamentals of various devices that are the key components in many optical instruments or communication systems [1], [2].
Acousto-optic effect finds applications in three categories. They are modulators,
filters, and deflectors. Properties of light that can be modulated by acousto-optical
modulators (AOM) include the amplitude, phase, frequency, and polarization. It is possible for an AOM to do both temporal and spatial modulation. Acousto-optic effect is
due to the change of refractive index by sound wave. The sound wave traveling inside a
medium will induce a microscopically structural change of the medium’s crystal structure, which in turn renders the change in refractive index. The wave nature of sound
creates a sinusoidal distribution of refractive index along the direction of propagation,
and makes the medium effectively a periodic diffracting structure. Standard diffraction
analysis can then be used to design various functional devices. The acousto-optic effect
is a result the interaction between phonon and photon. Since the modulation works by
the change of the medium’s refractive index caused by the sound wave, the speed (or
response time) of modulation highly depends on the transit time of a sound wave in a
medium across the incident beam spot and usually has a bandwidth from tens to few
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hundreds of MHz (for example, the 17000 series high speed AO modulator from NEOS
Technologies [3]).
When a higher modulation bandwidth is needed, electro-optic modulators
(EOM) are usually used. EOM can work as an amplitude modulator, a phase modulator,
or a beam deflector. EO effect is actually a result of nonlinear optical effect. Under a
high electric field bias, the refractive index of a medium is no longer constant; it becomes dependent on the magnitude of the electric field. Depending on the order of dependence of the refractive index on the electric field, EO effects are historically classified as Pockels effect and Kerr effect, which correspond to first and second order effect,
respectively. In a birefringent crystal, the refractive indices of the fast and slow axes
can be changed by applying a large electric field, thus the phase of the emerging light
can be modulated by modulating the electric field. If the input light is polarized at 45˚
to the fast (or slow) axis, then the output light becomes elliptically polarized, whose
ellipticity can be modulated by modulating the applied electric field. An analyzer (polarizer) placed after the EO crystal will turn it into an intensity modulator. An EO beam
deflector can be constructed by utilizing two pockels prisms. The change in refractive
index of an EO crystal is electrical, as compared to AO effect which is mechanical, thus
it is significantly faster. EOM can usually operate at 1-5 GHz modulation bandwidth
[1]. An EOM based on organic polymer has been demonstrated to operate on a modulation bandwidth of 110 GHz [3]. EOM, however, typically requires quite a high voltage
to operate, from few thousands of volts (e.g., 6,500 V for a Pockels cell) to few tens of
thousands of volts (e.g., 25,000 V for a Kerr cell), depending on the material size (the
aperture size of the modulator).
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Both EO and AO effects have long been studied in various aspects and already
been utilized in many applications, such as cavity dumping in a Q-switched laser or
mode-locked ultra-short pulse laser, and beam deflector in an optical instrument or free
space setups, etc. In a modern high-speed optical fiber communication system, EOM is
exclusively employed due to the advances in recent years. Miniaturized fiber-coupled
EOMs that operate at 10 Gbits/s are commonly deployed nowadays (for example, the
2600 series from Agere Systems, now merged with LSI [4]).
The MO effect (Faraday Effect), on the other hand, has not yet found as many
applications, despite the interesting and useful fact of Faraday Effect that the sense of
rotation relative to the magnetic field direction is, for a given material, independent of
the propagation direction of light. Thus, repeated forward and backward traversal of a
light beam in the material has a cumulative effect on the angle of rotation. This behavior contrasts with that exhibited in the closely related phenomenon of Optical Activity.
This unique property of MO effect is usually utilized in the design of an optical isolator,
a device that allows light to travel through only in one direction. This is probably the
only important application of MO effect so far, which is a simple passive device driven
by a large static magnetic field.
The MO effect can, of course, be used for light modulation, although it can be
difficult in practice to modulate a magnetic field at a very high frequency due to high
inductance of the coil to generate the required magnetic field. It is this reason that MO
devices have not been very well developed and commercialized, as compared to AO
and EO modulators, although some workers have been exploring the possibility in an
integrated optical system for some time (for example, [5-8]).
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The advances of ultrafast (< 100 fs) pulse laser systems have generated new
applications in many other research fields, including Physics, Chemistry, Biology, etc.,
and in an optical system incorporating such ultrafast laser sources, an intensity or polarization modulator is usually needed to study certain phenomenon or samples [9-13].
In such free-space applications, AOM is disappointing in modulating the ultrafast laser
pulse, since the modulated pulse can become seriously dispersed due to the inherent
broad bandwidth of an ultrashort pulse. Sophisticated setup is required to restore the
pulse width to utilize its uniquely intense peak power. EOM suffers from the same
problem, since the required length for EO crystals is usually also large, on the order of
centimeter. In addition, EOM also requires high voltages to operate, which increases
the requirement on the driver design.
As far as the modulation of ultrashort pulses is concerned, the thick film MO
modulator (MOM) is the most promising candidate that may be capable of high speed
switching and minimal dispersion. The advances in Liquid Phase Epitaxy (LPE) growth
of doped magneto-optical garnet films since 1970s, such as (BiGdLu)3(FeGaAl)5O12
[14], have provided researchers high quality MO thick-film samples to investigate the
design of such MO modulators.
MO thick films with a thickness of few microns and a large Faraday rotation
angle, such as Bi substituted iron garnet, have been synthesized [15], and iron garnets
are usually pretty transparent in the near IR range, in which the spectrum of a typical
femtosecond pulse resides (800 nm). The MO modulator also has the potential of high
speed modulation and 200 MHz modulation bandwidth has already been demonstrated
[15]. One additional advantage of MOM over EOM is its larger tolerance of incident
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angle of the light. EOM usually requires a normal incidence with a very small tolerance
on incident angle deviation (few degrees). Oblique incidence on a MOM means a
smaller effective magnetic field strength and thus a smaller rotation per unit length, but
is compensated by a longer traveling length. This is another unique feature of MO effect.
In addition to the lab applications of MO modulators mentioned above, the need
of a polarization modulator suitable for free-space optical communication has emerged
and gained much interest in recent years [16]. For a high-speed optical link between
two relatively fixed points, such as two distant satellites and remote sites on earth, EO
intensity modulators may be very suitable for nanoseconds (Q-switched) optical pulses.
However, the EO modulator does not work if ultra-short laser sources are used in the
optical link. Another application that inherently prefers the MO modulator is the secure
free-space optical link between a satellite and a ground site, using the Quantum Key
Distribution (QKD) [17]. QKD is a mature technology in fiber link systems, as provided by various venders such as Cerberis, Vectis, and Clavis from Id Quantique in Switzerland [18], MagiQ QPN Security Gateway 7505 from MagiQ Technologies in the
USA [19], and SQBox from SmartQuantum in France [20]. Moreover, an internet vote
with quantum cryptography was employed in the 2007 mayoral election in Geneva,
Switzerland [21]. QKD is, however, rather limited to a distance of 100 km in a fiber
communication link due to the transmission loss, nonlinearity, and background noise,
etc. Free-space optical link, on the other hand, could eventually unlock the full potential of QKD. Practically, the 7 km/s orbiting speed of a low orbit satellite is readily
causing Doppler shift, with which a more involved time-bin method is required for
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QKD to work. Polarization state is then the logical choice for QKD to cope with the
Doppler shift problem.
Theoretical analysis of polarization modulations has been studied by various authors. Betti [22] studied a polarization modulated direct detection optical transmission
system suitable for binary and multilevel transmission; Benedetto [23] showed that the
performance of a binary polarization modulated direct detection system is approximately 3 dB better in terms of peak optical power than an intensity modulated direct detection system; Hu [24] studied a 4-level direct detection polarization modulated system
realized with phase modulators; Carena [25] studied the use of polarization modulation
in long-haul fiber transmission systems; Lepley [26] studied the influence of polarization mode dispersion in polarization modulated fiber link transmission systems; Siddiqui [27] studied dispersion-tolerant transmission over a standard single mode fiber
using a duobinary polarization modulated transmission system; In 2005, Chi [28] reported a scheme for the generation of a 40 Gbit/s binary polarization modulated signal,
which was successfully transmitted over a 50 km standard single mode fiber with a
penalty of 0.6 dB; Benedetto [29] also investigated digital coherent optical polarization
modulation schemes.
Experimental studies of the comparison between the ground based and space
based measurements was made by Grosinger [30] with a modulation scheme based on
so called Polarization Shift Keying System (PolSK). As for the polarization stability
between a satellite and a ground site, it has been experimentally measured to within an
rms error of 1.6˚ [16]. These research results all call for a high-speed free-space polarization modulator that is suitable for next generation space applications, which so far
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has not been addressed.
An issue associated with free-space optical links using a pulse laser source is
the synchronization between the laser and the modulator. The actual problem is the jitter between the optical pulse output and the internal electronic trigger of the laser. Such
jitter can be on the order of microsecond so that the modulator has to turn on for at
least much time to make sure to catch the pulse it is modulating. This is not only an
energy-inefficient requirement on the pulse generator, but also limits the data transmission rate attainable on a single link.
Therefore, this dissertation investigates and tries to develop a free-space magneto-optical polarization modulator that 1) has both a fast response time (ns) and a
switching time (1 ns), 2) has a large aperture (> 3 mm diameter), 3) can work in the
near IR and visible spectrum. Details are discussed in the following chapters.
In Chapter 2, the feasibility of 1 ns switching on single crystal doped magnetic
garnet film is demonstrated, and the technical issues of designing a < 1 ns response
time MO modulator driving circuit is discussed along with other practical requirements,
mainly the synchronization.
In Chapter 3, the key component to achieve the fast response time and switching time of the MO modulator, e.g., the semiconductor photoconductive switch (PCSS)
is discussed. Problems of PCSS developed so far are briefly reviewed and possible solutions to achieve high DC bias field are presented and investigated.
In Chapter 4, a material candidate other than the doped garnet, iron(III) borate
(FeBO3), is investigated. The much lower switching field (< 1 Oe) makes it attractive
for reducing the driving power and increasing the aperture size of the MO modulator.
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The birefringent nature of FeBO3 is, however, a killer issue, to which the only solution
that has been conceived is the nano-composite but has not been achieved so far. Microwave assisted synthesis of single crystal FeBO3 powder is proposed to synthesize
fine particles. Characterization results are also discussed in this chapter.
In Chapter 5, the actual light-activated MO modulator is constructed and successfully tested. As an example of application, the developed MO modulator is used as
a light gate to simulate through-cloud ballistic imaging in a model experiment.
Finally, in Chapter 6, the conclusions are given and future works are discussed.

Chapter 2

Feasibility of High-Speed Free-Space
Magneto-Optical Rotator
The feasibility of a practical high-speed free-space magneto-optical rotator
having a “large aperture” working in the visible spectrum is investigated in this chapter.
The “large aperture” is defined in this dissertation to be 3 mm and above in diameter,
which would be realistic enough for average lab laser systems. It will also become clear
in later chapters that the rotator design is relatively easy to scale up to larger apertures.
To evaluate the feasibility of designing a magneto-optical rotator device which is
capable of 1 ns switching time and such a large aperture, a prototype with a reduced
aperture, 1 mm diameter, is built and tested. The required properties of the magnetooptical material and design issues of the magnetic pulse generation circuit are also
discussed in this chapter. The basics of Faraday Effect are first reviewed in this chapter,
and then followed by the actual switching performance measured using a 532 nm CW
laser.

2.1 Faraday Effect
When an optically transparent material is placed in a magnetic field and
linearly polarized light is passed through it along the direction of the magnetic field, the
emerging light is found to remain linearly polarized, but with a net rotation β, as shown
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Figure 2-1. The Faraday Effect.

in Figure 2-1, of the plane of polarization that is proportional to both the thickness d of
the sample and the strength of the magnetic field B along traveling direction, according
to the empirical relation [2],
β = VBd

(2.1)

where V is the Verdet constant (usually in degree/G-cm) for the material. The Verdet
constant is both temperature and wavelength dependent. The Faraday Effect is similar
to optical activity. The difference is that optical activity doesn’t require an externally
applied magnetic field to rotate the light polarization and it only depends on the
concentration and thickness of the material.
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Figure 2-2. Decomposition of a linearly polarized light into a left circularly polarized light
(LCP) and a right circularly polarized light (RCP).

The Faraday Effect can be explained by a simple phenomenological argument.
As shown in Figure 2-2 [2], any linearly polarized light can be assumed to consist of
equal amounts of left- (LCP) and right-circularly polarized (RCP) light, with the same
frequency and propagation speed, i.e., the same refractive index. The incident light is
assumed to be polarized along the x-direction and decomposed into LCP (denoted as
EL) and RCP (Denoted as ER), with refractive indices nL and nR, respectively. When
there is no external magnetic field, nL and nR are the same. When there is an externally
applied magnetic field, nL and nR become different and travel at different speeds, and
depending on material characteristic, it may be either nL > nR (Levorotary) or nL < nR
(Dextrorotary). Thus, after certain distance of propagation, LCP and RCP develop a
phase difference. Right after emerging from the material, LCP and RCP have the same
refractive index again and become linearly polarized again. The phase difference
developed during the traversal inside the material is rendered as a rotation of the
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polarization plane. Since the Faraday Effect is a result of the difference between the
indices of LCP and RCP under the influence of an applied magnetic field, it is also
called Magnetic Circular Birefringence (MCB) to distinguish from optical activity
(Circular Birefringence).

2.2 Faraday Effect in Transparent Ferromagnetic Materials
Materials can be roughly divided into two classes: magnetic or non-magnetic.
Non-magnetic materials interacts with external magnetic field almost the same as
vacuum, since they almost don’t alter significantly the magnetic field distribution in the
region surrounding the materials. Magnetic materials, on the other hand, alter the
nearby magnetic field quite a lot. Magnetic materials can be further classified into
many types according to their macroscopic and microscopic changes after the external
magnetic field is removed. This is characterized by their so-called Hysteresis curves,
such as the one shown in Figure 2-3. Among them, ferromagnetic material is probably
the most important type throughout the modern history.
Ferromagnetic materials are most known by their use as permanent magnets.
By far the most important properties of ferromagnets are their high relative
permeability and high coercivity. This means that the magnetic field in the neighboring
region of a ferromagnetic material is greatly enhanced than the externally applied
magnetic field, with the extra field energy coming from the material itself, and the
material becomes spontaneously magnetized after the field is removed.
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Figure 2-3. A typical hysteresis loop of a ferromagnetic material.

Since ferromagnetic materials can be magnetized to be a source of magnetic
field, the self-generated magnetic field will induce Faraday Effect if the material is
transparent at the wavelength of the incident light. That means, the material exhibits
Faraday rotation along the direction of the magnetization without the need of externally
applied magnetic field, which is just like an optically active material. There is,
however, one important difference. The amount of rotation of the polarization plane
can be modulated by applying an external magnetic field. In fact, Faraday Effect in a
transparent material can be described by:

θ = K ( µ0 M ) d

(2.2)
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(a)

α

M

d

(b)

α

d

M

Figure 2-4. Two configurations of Faraday Effect in an optically transparent ferromagnetic
material.

where K is the Kundt’s constant (usually in degree/G-cm) and M is the magnetization
(A/m), depending only on temperature. Here M is assumed to be perpendicular to the
material’s plane, as shown in Figure 2-4(a).
Figure 2-4(b) shows the other configuration, where M is parallel to the surface
plane. When an externally applied magnetic field, H, is applied, M will to rotate to
another direction where it is an energy minimum. For a fixed incident angle of the
input light, the magnetic field component on the propagation direction is changed,
which results to a different amount of rotation. Thus, the rotation of polarization plane
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of an incident light can be modulated by changing the direction of M by an externally
applied magnetic field. This can be described by

θ = K ( µ0 M ) d cos α

(2.3)

where α is the angle between the incident light and the magnetization. This is the basic
working principle of magneto-optical polarization rotator, i.e., the polarization rotation
is achieved through realigning the magnetization direction in the material.

2.3 Magnetization Process
It is obvious from the last section that Faraday Effect in a transparent
ferromagnetic material is solely the effect of the rotation of the magnetization vector,
M, it is then of great importance to understand the actual process that M undergoes
under the influence of a magnetic field.
On the macroscopic scale the bulk magnetization M is clearly field induced,
but on the microscopic scale there are actually large local values of magnetic moments
which sum to zero manifesting the macroscopically demagnetized state. These local
values of magnetic moments are called domains. Domains are small regions inside a
ferromagnetic material in which all the magnetic dipoles are aligned parallel to each
other. When a ferromagnetic material is in its demagnetized state, the magnetization
vectors in different domains are in different orientations, and the total magnetization
averages to zero. The magnetization process is actually how these domains orient to the
same direction under an external magnetic field. The boundaries between adjacent
domains in a ferromagnetic material are called domain wall, one of such is shown in
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Figure 2-5. Alignment of magnetic moments in a 180˚ domain wall.

Figure 2-5 [31]. They are usually about 10 μm in thickness, and across this distance the
direction of magnetization changes usually by 90 or 180 degrees. The width of the
domain wall is determined by minimizing the sum of the competing anisotropy energy
and exchange energy among the magnetic moments.
Figure 2-6 shows the different stages of a ferromagnetic material during a
magnetization process [31]. Two main mechanisms accounting for the magnetization
process are: domain-wall motion and domain rotation. When a magnetic field is applied
to a demagnetized ferromagnetic material, the changes in magnetic induction B when
traced on the B, H plot generate the initial magnetization curve starting from the
demagnetized state, as shown in Figure 2-6(a).
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Figure 2-6. Domain processes occurring as a material is magnetized to saturation, from the
demagnetized state (a) to partial magnetization (b) by domain wall movement; from partial
magnetization to the knee of the magnetization curve (c) by irreversible rotation of domain
magnetization; from the knee of the magnetization curve to technical saturation (d) by reversible
reversible rotation.

At low fields, the first domain process occurs which is a growth of domains
which are aligned favorably with respect to the field according to the minimization of
the field energy E = − µ 0M s ⋅ H (Ms is the saturation magnetization of a ferromagnet
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and H is the applied field) and a consequent reduction in size of domains which are
aligned in directions opposing the field, as shown in Figure 2-6(b).
At moderate field strength, domain rotation becomes significant. The atomic
magnetic moments within an unfavorably aligned domain overcome the anisotropy
energy and suddenly rotate from their original direction of magnetization into one of
the crystallographic easy axes which is nearest to the field direction. This is shown in
Figure 2-6(c).
The final domain process which occurs at high fields is coherent and reversible
rotation. In this process, the magnetic moments, which are all aligned along the
preferred magnetic crystallographic easy axis lying close to the field direction, are
gradually rotated into the field direction as the magnitude of the field is increased. This
results in a single domain material, as shown in Figure 2-6(d).
At this point, it is said that the material has reached technical saturation. If the
magnetic field is increased further, it is noticed that the magnetization does continue to
increase very slowly. This is due to the increase in the spontaneous magnetization
within the domain, as the atomic magnetic moments within the single domain, which
were not perfectly aligned with the field because of thermal energy activation, are now
brought into complete alignment. The spontaneous magnetization is temperature
dependent. At 0K, it is equal to the saturation magnetization but decays to zero at the
Curie temperature. At temperatures above 0K, the individual magnetic moments have
thermal energy which causes them to precess about the field direction as shown in
Figure 2-7. The precession becomes greater as the temperature increases. It is this
precession which causes the spontaneous magnetization to be smaller than the
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Figure 2-7. Alignment of individual magnetic moments within a domain at various
temperatures: (a) above the Curie temperature showing random alignment; (b) below the Curie
temperature; (c) at low temperatures in which the magnetic moments precess about the field
direction in low-level excited states; and (d) perfect alignment at 0K where there is no thermal
energy for precession.

saturation magnetization. Eventually, when all of the magnetic moments within the
domain are completely aligned parallel due to a very high magnetic field, the
magnetization reaches Ms.
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2.4 Dynamics of Domain Processes
As discussed in the last section, the magnetization process involves two main
phenomenon, domain wall movement and domain rotation, and so far only the
equilibrium conditions, i.e., under DC magnetic bias, are discussed. To design a
polarization rotator that can be modulated, understanding the dynamics of how M
rotates in time under a time varying magnetic field is necessary.
In the early stages of a magnetization process, domain wall movement is the
dominant effect and decides the speed of magnetization. An empirical relation for
determining the speed of domain wall movement is

v = ξ ( H − Hc )

(2.4)

where H is the prevailing magnetic field, ξ is the mobility of the domain wall and Hc is
the local threshold field needed to activate the movement at its present location. In
general, the motion of magnetic domain walls is subjected to various damping
mechanisms, such as eddy current effect and spin relaxation. The movement of a
domain wall can then be modeled by a damped simple harmonic oscillator (SHO)
model, which is of the following form [31]

m

d2 x
dx
+β
+ α x = F (t )
2
dt
dt

(2.5)

where F(t) is force on the domain wall which is determined principally by the magnetic
field and the nature of the wall (e.g. 90˚ or 180˚), m is the inertia of the wall (typical
values are 10-9 kg-m-2), β is the damping coefficient which is determined by the
combined effect of all energy dissipation mechanisms, and α is the stiffness or the
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restoring force coefficient for the wall. F(t) is usually expressed as bµ0 M s H ( t ) , where
b = 2 for 180˚ walls and b = √2 for 90˚ walls.
When the motion of the domain wall is slightly damped so that β < 4mα, the
motion of domain walls can exhibit resonance. When damping is heavy so that β >
4mα, the domain wall movement simply shows relaxation. Under the special case so
that β = 4mα, which is the critically damped condition, domain wall reaches
equilibrium in a shortest time.
Now the empirical relation for the domain wall speed can be explained based
on the damped SHO model. Suppose the external magnetic field is sinusoidal
H = H 0 exp(−iω t )

(2.6)

and the domain wall is not accelerating d 2 x dt 2 = 0 , then
dx 1
= ( bM s µ0 H − α x )
dt β

(2.7)

bM s µ0 
αx 
=
H −

β 
bM s µ0 

where α x bM s µ 0 has the dimension of magnetic field (A/m). This is clearly in form of
Eq. (2.4) with the following substitutions
bM s µ0
β
αx
Hc =
bM s µ0
ξ=

(2.8)

As expected, the threshold field, Hc, is related to α. The origin of α can be
further visualized by considering an internal potential dependence of the form

E p ( x ) = α x2 2

,

then

the

force

per

unit

area

on

the

wall

is
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F = −dE p dx = −α x = bµ0 M s H and therefore the effective magnetic field experienced
by the domain wall as a result of the internal potential is H c =

αx
, which is just
bµ0 M s

Eq. (2.8). The local threshold field is thus clearly caused by the local internal potential
from defects or impurities.
The domain wall dynamics considered above is a combined result from many
of the magnetic moments in a material. Each individual magnetic moment within a
magnetic material is subject to reorientation under an applied magnetic field, since it
experiences a torque under this field, which tends to align it with field direction. Under
strongly damped motion the magnetic moment will simply rotate into the field
direction, thus within a period of time (μs ~ ms) it will settle in a new equilibrium
direction. If, on the other hand, the motion is completely undamped, then the magnetic
moment will precess with its direction oscillates about the magnetic field direction at
an angle that is dependent on its initial orientation. In the absence of damping, the rate
of magnetization is expected to be proportional to the torque, τ = µ 0 M × H ,

dM
= −γ τ = −γ ( µ0 M × H )
dt

(2.9)

where the coefficient γ is the gyromagnetic ratio. The solution of Eq. (2.9) yields a
constant component along the direction of the applied field, and sinusoidal components
with fixed frequency ω0 in the plane normal to the field, where ω0 = γµ 0 H . This shows
that under undamped conditions there is a spin resonance at a frequency which
increases linearly with the applied field strength. When there is damping, Eq. (2.9) can
be modified as
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4πλd
dM
= −γ τ −
M × M × H)
2 (
dt
M

(2.10)

which is called Landau-Lifshitz equation. The added second term on the right
hand side is the damping term. λd is the relaxation frequency. Gilbert showed that
Landau-Lifshitz equation doesn’t give logical result under certain conditions and
modified Eq. (2.10) as
4πλd 
dM
dM 
= −γ ( µ0 M × H ) −
M×

2 
dt
dt 
γµ0 M 

(2.11)

The damping is argued by Gilbert to be depending on dM dt . Eq. (2.11) is
more widely used in the description of spin dynamics, since the original LandauLifshitz equation can be derived from this equation by neglecting higher order terms in
the expansion of dM dt on the right hand side. Eq. (2.11) is now called LandauLifshitz-Gilbert (LLG) equation.

2.5 High-Speed MO Rotator with 1 mm Aperture
The goal of this dissertation is to demonstrate a polarization rotator capable of
1 ns response time, so the switching speed of magneto-optical material is of crucial
importance and needs to be investigated first. Instead of theoretical simulations
involving the complicated domain processes in magnetization dynamics and the
dynamics arguments such as the LLG equation, a more direct approach is chosen, i.e.,
to measure the response time of a magneto-optical sample in a fast rising magnetic
pulse.
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The testing device is in fact a RL circuit driven by a high speed pulse
generator, which is capable of a 0.7 ns rise time and a 5-100 ns long rectangular pulse
at a maximum voltage of 300 V (AVTech AVL-3A-C-P). The coil used to generate the
magnetic pulse has a diameter of 1 mm. The inductance of the coil is less than 100 nH,
and a resistance of 200 Ω is connected in series for the current in the coil to rise in
~ 1 ns. Since the magnetic field generated by the coil is directly proportional to the
magnitude of the current flowing through it, we can generate a magnetic pulse with a
fast rising time which is about 1 ns. This driving circuit is implemented on a printed
circuit board with a 50 Ω micro-strip line as the traces. Figure 2-8 shows the actual
circuit board with and without the magneto-optical sample mounted.
The testing setup is simply to pass a CW laser (532 nm in this case) in a normal
incidence through the sample on the circuit board which is sandwiched between a pair
of two crossed polarizers. The incident light becomes linearly polarized after passing
through the first polarizer. By applying rectangular voltage pulse on the driving circuit,
the polarization state of the light after passing through the magneto-optical sample is
either rotated (ON state) or staying the same (OFF state). For the OFF state, the light
will be completely blocked by the second polarizer, since it is in crossed configuration
with respect to the first polarizer. For the ON state, there will be some light passing
through the second polarizer, since the direction of the polarization has been rotated by
the applied magnetic field. Therefore, by measuring the intensity change of the light
coming out from the second polarizer with a high speed photodetector (0.7 ns risetime
used in this measurement), the rotation (switching) speed of the sample can be
measured.
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(a)

(b)

Figure 2-8. The Printed Circuit Board (PCB) for testing rotation speed (a) with and (b) without
the magneto-optical material mounted.

Figure 2-9 shows an example of the measured result. It is clearly seen that the
switching speed is around 1.3 ns with a 65 ns magnetic pulse. The measured rise time
which is longer than 1 ns may be because the driving circuit is not fast enough due to
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Figure 2-9. Measured speed of polarization rotation of the magneto-optical sample discussed in
text, which has a rise time of about 1.3 ns.

the parasitic inductance on the circuit board and/or the material itself cannot keep up
with this high speed switching. It is believed that in this case the switching speed is
limited by the driving circuit, since the circuit is designed to generate as much peak
current as possible to cope with as large range of materials’ saturation fields as possible
so that the rise time is exactly 1 ns in ideal circuit design and any parasitic inductance
cane easily result in a larger than 1 ns rise time.
This confirms that a magneto-optical thin film crystal is capable of high speed
switching. The sample used in this example is a single-domain rare earth substituted
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iron garnet thin film with an in-plane magnetization. It has a chemical formula of the
form (BiLuSm)3(FeGaAl)5O12.

2.6 The Jitter Issue
The firing jitter associated with the control circuits of a typical Q-switched
laser is usually on the order of a microsecond. This jitter is so long that, the use of an
electrical pulse generator such as the one mentioned in the previous section becomes
impractical if one were to scale up the aperture size. A pulse generator of such
specification can of course still be designed and is readily available from commercial
suppliers. This is, however, not a very practical approach as far as the energy efficiency
is concerned, not to mention the bulky size of the generator. Most part of the electrical
pulse energy is wasted in waiting for the optical pulse to arrive. The other approach is
to avoid the laser pulse jitter by sampling part of the incident laser pulse to trigger the
electrical pulse generator and then reduce the required bias pulse length, but it is still
impractical to delay an optical pulse for a period of time up to a microsecond to
compensate for the trigger delay of the pulse generator.
A high speed current pulse generation circuit with a short response time (up to
few nanoseconds) to the optical trigger and a MO material that has a low saturation
field is necessary to fundamentally solve the problem, to which the solution will be
addressed in Chapter 3 and Chapter 4.

28

Chapter 3

High DC Biased GaAs Photoconductive Switches
As discussed in Section 2.6, the overall jitter of the controller circuit on the
pulsed laser system can be around microsecond (µs) in typical setups, therefore
constitutes a challenging design requirement (high average power) on the electrical
pulse generator. A pulse generator of such specification can of course still be designed
and is readily available from commercial suppliers such as FID Technology, GmbH
[32]. This is, however, not a very practical approach as far as the energy efficiency is
concerned, not to mention the bulky size of the generator and the cooling requirement.
Most part of the electrical pulse energy is wasted in waiting for the optical pulse to
arrive. The other approach is to avoid the laser pulse jitter by sampling part of the
incident laser pulse to trigger the electrical pulse generator and then reduce the required
bias pulse length, but it is still impractical to delay an optical pulse for a period of time
up to a microsecond to compensate for the trigger delay of the pulse generator. A high
speed current pulse generation circuit with a short response time (up to few
nanoseconds) to the optical trigger is necessary to fundamentally solve the problem.
The key component in such circuit is the DC biased Photoconductive Semiconductor
Switches (PCSS). In this chapter, the basic device physics and characteristics are first
reviewed, and the PCSS issues and bias-field capabilities developed so far are next
discussed, followed by the design and characterization of the newly developed GaAs
PCSS that is capable of high DC bias field.
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3.1 The Photoconductive Semiconductor Switches
The versatility of GaAs Photoconductive Semiconductor Switch (PCSS) has found
wide applications, such as in pulsed power systems [33], [34] and terahertz (THz)
emitters [35]. A high hold-off bias field is practically preferred to reduce the switch
size and utilize the high gain (lock-on) mode operation that offers smaller optical
trigger energy, shorter trigger delay and faster current rise time as the bias field is
increased [33], [36]. Although a relatively high bias field of >100kV/cm has been
achieved with pulse biased PCSS [37], there has been a continuous effort to develop
GaAs PCSS capable of high DC bias field due to the increasingly challenging
complexity and cost of the sophisticated synchronization required for modern high
power needs [34]. The highest DC bias field achieved so far with a semi-insulating
GaAs (SI-GaAs) substrate is still ~25kV/cm [38], which is considerably lower than the
bulk breakdown field, 400kV/cm [39]. Despite the fact that the physical mechanism of
such a low hold-off field is not clear [40], a failed GaAs PCSS usually shows a surface
breakdown resulting in a conductive streak path between contacts. It is then inferred
that the surface conduction plays an important role in lowering DC hold-off field.
Neutron irradiated GaAs has been reported to increase the DC bias field up to
60kV/cm [41], however, the much shorter carrier recombination time due to introduced
defects also reduces the lock-on current by two orders of magnitude [37]. In this letter,
we report a way to substantially increase the DC bias field of a GaAs PCSS up to
50kV/cm without sacrificing the lock-on gain by utilizing the field-effect passivation
[42] to reduce the dark current under high DC bias field.
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3.2 Device Properties of a PCSS
The conductivity of a semiconductor material can be altered by illuminating
the material’s surface with an optical power whose photon energy is greater than the
semiconductor’s band-gap energy. Such effect, termed as photoconductivity, is
observed due to the electron-hole pairs (conducting carriers) generated by absorbed
photons at near unity efficiency. The photoconductivity is only dependent on the power
of the incident light and is independent of the semiconductor size. Such fact means the
photoconductive effect can be scaled up to any desired dimension as long as the entire
surface is covered by the optical power. The resistivity of a semiconductor can
therefore change over several orders of magnitudes by photoconductivity.
The device structure of a Photoconductive Semiconductor Switch (PCSS) is
relatively simple and is shown in Figure 3-1. A PCSS is composed of two metal
contacts deposited on top of a semiconductor substrate. A high dark resistivity is
required for the semiconductor material to ensure a high dark resistivity of the PCSS.
As photons are incident on the semiconductor surface, electron hole pairs are generated
from the absorbed photons. The conductivity of the switch changes several orders of
magnitude in a very short time depending on the triggering laser pulse rise-time, since
the photon absorption happens over a time period on the order of femtoseconds (fs).
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Metal contact

Metal contact
gap length (hs)

Semiconductor substrate

Figure 3-1. The device structure of a Photoconductive Semiconductor Switch (PCSS).

Since the first demonstration on Silicon, photoconductive switching in semiconductors
showed great potentials toward an ideal switch [43]. The PCSS is capable of no
triggering delay in the linear mode or low triggering jitter in the high gain (lock-on)
mode, short turn-on rise time, and large peak current capacity. GaAs based PCSS is by
far the most widely used, due to its preferred dark resistivity as high as > 108 Ω-cm and
will be discussed in detail in this chapter.

3.2.1 Linear Mode Switching
Here, the linear mode means that the number of electron hole pairs generated is
the same as the number of photons absorbed. The generated electrons or holes can then
drift toward the metal contacts or recombine through mid-gap states or direct band-toband recombination. In the linear mode, the PCSS output current waveform basically
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follows the triggering laser pulse shape, since the current is directly proportional to the
ON state conductivity of PCSS, which is proportional to the number of photons
absorbed. Also, the trigger delay and trigger jitter of the output current are considered
to be zero based on the fact of ultra-short photon absorption time (electron-hole pair
generation time). The resistance as a function of time during the optical trigger can be
described as follows:
dne dnh dnc PL
1 − Sr
n
=
=
= ×
− c ,
dt
dt
dt ε λ hs ⋅ ws ⋅ d 0 τ r

(3.1)

where hs is the switch (gap) length (distance between the metal contacts), ws is switch
width, d 0 is the absorption depth of the incident optical power, ne and nh are the excess
concentration of generated electrons and holes and both equal to nc since electron and
hole are generated in pairs, PL is the incident optical power, S r is the semiconductor
surface optical reflection coefficient, ε λ is the photon energy, τ r is the carrier
recombination time for both electrons and holes. The carrier concentration as a function
of time can be obtained from Eq. (3.1) as

t
nc ( t ) = e−t /τ r ∫ e− t ′ /τ r
0


 PL
1 − S r  
 ⋅
  dt ′ .
 ε λ hs ⋅ ws ⋅ d0  

(3.2)

Assuming a rectangular optical pulse shape with a duration of T0 and constant intensity
P0 , Eq. (3.2) can then be simplified as

nc ( t ) =

P0 (1 − Sr ) ⋅ τ r ⋅ (1 − e− t /τ r )
ε λ ⋅ hs ⋅ ws ⋅ d0

.

(3.3)
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In the case that recombination time ( τ r ) is much larger than the optical pulse duration (
T0 ), then the exponential term in Eq. (3.3) can be approximated as 1 − (T0 τ r )  and the

excess carrier concentration is

nc ( t ) = N0 =

P0 (1 − Sr ) T0
ε λ ⋅ hs ⋅ ws ⋅ d 0

=

E0 (1 − Sr )
ε λ ⋅ hs ⋅ ws ⋅ d0

,

(3.4)

where E0 = P0T0 is the total incident optical energy. The conductivity of the
semiconductor material can be expressed as
σ = qne µe + qnh µh = qnc ( µe + µ h ) ,

(3.5)

where µ e and µ h are the mobilities of electrons and holes, and q is the elementary
charge. The resistance at the ON state of the semiconductor is

RON =

hs
ε λ ⋅ hs2
=
,
σ ⋅ ws ⋅ d 0 q ⋅ E0 ⋅ ( µe + µh ) ⋅ (1 − Sr )

(3.6)

which is independent of the switch width and is proportional to the square of the switch
(gap) length. Physically, this means that, for a given total pulse energy, the excess
carrier concentration is inversely proportional to the switch length and the resistance is
proportional to the switch length, thus the square dependence of the resistance on the
switch length. As for the switch width, excess carrier concentration and the resistance
are both inversely proportional to the switch width, thus disappears in Eq. (3.6). After
the optical pulse diminishes at t = T0, the excess carrier concentration decays with a
recombination time constant
nc ( t ) = N 0 ⋅ e −t /τ r ,

(3.7)
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such that the switch effectively returns to the OFF state (closed) for a period equal to a
fraction of the semiconductor’s recombination time.
The approximation of T0 << τ r is a typical case in indirect band-gap
semiconductors such as Silicon. The recombination time constant in Si is on the order
of microseconds (µs) and can be up to milliseconds (ms) in higher purity substrates.
Figure 3-2 shows the output current waveform from a Si PCSS measuring
20 µm × 1 mm. The current waveform appears as a step function when observed at the
nanosecond scale, since the carrier lifetime is several orders of magnitudes larger. The
photoconductive current actually follows an exponential decay with a time constant of
few microseconds. The current waveform was recorded at a 5 V DC bias in a standard
50 Ω transmission line test setup (see, for example, [44]). The triggering optical pulse
is 150 µJ/cm2, 3 ns FWHM, 532nm Q-switched from a frequency doubled Nd:YAG
laser, at 1 KHz pulse rate, The vertical axis shows the voltage measured across the
50 Ω load resistor. The on resistance is about 11.6 Ω as the output voltage is close to
2.24 V. Also, the voltage rise time, which is about 2.5 ns, reflects the pulse width of the
optical trigger accordingly.
For a continuous optical illumination (cw laser), the carrier generation and
recombination reaches equilibrium (steady state), thus the rate of change of the excess
carriers is zero, i.e., dnc (t ) dt = 0 . The steady state resistance can be derived as

Rss =

ε λ ⋅ hλ2
.
q ⋅ τ r ⋅ PL ⋅ ( µe + µh ) ⋅ (1 − S r )

(3.8)

In this case, the PCSS operates very similarly to a typical photodiode, except that there
is no p-i-n structure.
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Figure 3-2. The linear mode output current waveform of a Si PCSS measuring 20 µm × 1 mm.
The current was recorded under 5 V bias in a standard 50 Ω test setup.

In the other extreme case where the recombination time ( τ r ) is much less than
the optical pulse duration (T0), the excess carrier concentration can be approximated as
nc ( t ) =

τr
1 − Sr
⋅
⋅ PL ( t ) ,
ε λ hs ⋅ ws ⋅ d0

(3.9)

and it is clear that the carrier concentration variation follows the optical pulse shape.
Since the instantaneous PCSS output current is proportional to the conductivity, the
PCSS current waveform basically follows the triggering laser pulse shape.
Such kind of approximation is typically seen in the case of a GaAs PCSS
triggered by a Q-switched laser pulse. The carrier lifetime in GaAs is about
1 nanosecond or less while the pulse width of a usual Q-switched laser is about 5 ns to
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Figure 3-3. The linear mode output current waveform of a GaAs PCSS measuring
1.5 mm × 1.5 mm. The current waveform was recorded by measuring the voltage across a 1 Ω
current viewing resistor in series with a 50 Ω load resistor at 750 V DC bias.

15 ns. Figure 3-3 shows a typical PCSS current waveform working in the linear mode.
The GaAs PCSS measured 1.5 mm × 1.5 mm and was biased under 750 V DC
operating into a 50 Ω load. The current waveform was recorded by measuring the
voltage across a 1 Ω current viewing resistor (CVR) in series. The triggering optical
pulse is a 35 µJ/cm2, 3 ns FWHM, 532 nm, Q-switched pulse from a frequency doubled
Nd:YAG laser. The current waveform follows a typical Q-switched pulse shape, and
also has a 3 ns FWHM pulse shape. The result also suggests that the carrier lifetime in
the GaAs substrate used for the fabrication of the GaAs PCSS sample must be no more
0.5 ns to show a 3 ns FHWM photoconductive current response.
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3.2.2 High Gain Mode Switching
On the other hand, in the high gain mode, the number of electron hole pairs
generated is far more than the photons absorbed, thus the gain. What really makes the
PCSS unique and attractive is the ability to operate in high gain mode [33] (or lock-on
mode) using III-V compound semiconductors (such as GaAs and InP) [36], [45-58] as
the substrate. It is well known that with such materials the resistivity of the PCSS does
not return high but rather remain low even after the triggering laser pulse has ended.
The sustained conductivity can last much longer than microseconds and means
spontaneous generation of electron-hole pairs and generally can only be stopped by the
external circuit. Although the physics behind such a gain is so far still not clear [33],
the phenomenological characteristics have been relatively well studied on GaAs based
PCSS.
It was found [33], [36], [37] that high gain mode operation is only possible if
the bias field and the optical trigger intensity are both high enough, and the required
optical trigger energy, trigger delay, and rise time of the GaAs PCSS output current are
critically dependent on the bias field across the two metal contacts. Below certain
threshold bias field, the PCSS simply operates in the linear mode as discussed in the
previous section. When such threshold (4k V/cm - 8k V/cm) is reached and the
intensity of the triggering laser pulse is high enough, the PCSS first shows linear mode
response and then after some delay a persistent conduction of current rises until turned
off by the external circuit.
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(a)

(b)

Figure 3-4. (a) The minimum trigger energy and (b) switch current rise time as a function of the
voltage across a 1.5 cm long GaAs PCSS. The PCSS width is 2 cm. Measurements were taken
near the optical thresholds to lock-on. Faster rise times are obtained with larger triggering
optical energies. After Zutavern, 1991.

Figure 3-4 shows dependence of the minimum optical trigger energy and the
rise time of the high gain current on the bias field [36]. It is clear that when the bias
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voltage is above 60 kV, corresponding to a bias field of 40 kV/cm, both the minimum
optical trigger energy and current rise time drop significantly. Further increase of the
bias field does not seem to help reduce the minimum optical trigger energy much, and
it appears to settle at 20 µJ to 50 µJ above 65 kV (45 kV/cm bias field). Note that the
high gain current rise time shown in Figure 3-4 is not the fastest that is possible under
each bias field. The current rise time shown Figure 3-4 is obtained with the minimum
optical trigger pulse energy at corresponding bias field. Faster rise time at the same bias
field can be obtained with higher optical trigger energy, since the rise time is a function
of both bias field and optical trigger energy.
As a demonstration of high gain mode operation, the output current waveform
of a 1mm × 1mm GaAs PCSS working in the high gain mode is shown in Figure 3-5.
The output current was recorded by measuring the voltage across a 1 Ω current viewing
resistor (CVR) in series with a 50 Ω load. The bias was 2 kV and the optical trigger
pulse fluence was 230µJ/cm2 from a 532 nm, 5 ns FWHM Q-switched, frequency
doubled Nd:YAG laser. It is clear from Figure 3-5(a) that the PCSS conducted for
about 300 ns after triggered by a laser pulse that is only 5 ns long. Note that the 300 ns
conduction time is independent of the PCSS properties and is controlled by the
measurement circuit that can be designed to conduct other desired period of time.
300 ns is a rather arbitrary value determined mainly by the equipment and materials
available in the lab at the time the measurement was taken. Figure 3-5(b) shows the
details around the initiation of high gain mode operation for 2 kV bias (20 kV/cm bias
field). It is clearly seen that the PCSS was operating under the linear mode (around
t = 0) during the optical triggering. After a delay of about 3 ns, the point the triggering
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Figure 3-5. The high gain mode current waveforms of a GaAs PCSS measuring 1mm × 1mm.
The current waveform was recorded at 2 kV bias by measuring the voltage across the 1 Ω
current viewing resistor (CVR) in series with a 50 Ω load.

pulse is about to diminish, the PCSS current starts to rise, instead of decay away as in
the linear mode operation. And then, the PCSS current takes about 3 ns to rise up to
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12.5 A and eventually enters high gain mode after another 5 ns of current rise up to
17 A. It is obvious that the high gain current is much larger than the peak current
achieved in the linear mode. This feature is practically very attractive since much less
optical trigger energy is required to achieve the same amount of PCSS output current.
To show the effect of the bias field on the high gain mode performance, GaAs
PCSS output current waveform using the same setup as in Figure 3-5 but a smaller bias
field (15 kV/cm) is measured and shown in Figure 3-6.
Again, the high gain current conducted for a period of time of 300 ns as shown
in Figure 3-6(a). Figure 3-6(b) shows the details around the initiation of high gain
mode operation at 1.5 kV bias (15 kV/cm bias field). In this case, the high gain trigger
delay is obviously longer than in the case of 2 kV bias. The high gain current does not
rise until 5 ns after the initial optical trigger, as compared with 3ns trigger delay at
2 kV (20 kV/cm bias field) bias. The other obvious difference is the high gain current
rise time, which is more than 5 ns and is almost twice that of 2 kV bias. The PCSS also
takes around 40 ns to reach the steady high gain current, as compared with 20 ns in the
case of 2 kV bias. A consequence of the lower bias is the reduced high gain current of
about 10 A at 1.5 kV bias, as compared with 18 A at 2 kV bias.
The above two examples unambiguously point out the importance of bias field
on the performance of a GaAs PCSS. They simply conclude that, the higher the bias
field the better. It is clear that a high bias field can, 1) increase the high gain current, 2)
reduce the high gain mode trigger delay, 3) reduce the high gain current rise time, and
4) reduce optical trigger pulse energy. As one can see from Figure 3-4, sub-nanosecond
trigger delay and 10 µJ/cm2 optical trigger fluence are possible at a bias field above
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Figure 3-6. The high gain mode current waveform of a GaAs PCSS measuring 1 mm × 1 mm.
The current waveform was recorded at 1.5 kV bias by measuring the voltage across the 1 Ω
current viewing resistor (CVR) in series with a 50 Ω load.

40 kV/cm. A high bias field capability of a GaAs PCSS is the key toward the operation
of an ideal switch.
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3.3 DC Bias Issue of PCSS
The importance of high bias fields has been addressed in the previous section;
however, such a high bias field is difficult to apply in practice. The high dark current in
undoped Silicon prevents it from being operated under a DC bias field higher than few
kV/cm, since the highest (theoretical) resistivity of Silicon is only on the order of
104 Ω-cm mostly due to its small (1.12 eV) and indirect band-gap. Semi-insulating
Gallium Arsenide (SI-GaAs) is therefore a better candidate for achieving high DC bias
fields due to its inherent much higher resistivity (> 107 Ω-cm) and its active
commercial development and availability. The actual DC bias field that can be
achieved (hold-off field) on a typical SI-GaAs is, quite to one’s surprise, only 4 kV/cm
– 20 kV/cm [33], considering a bulk breakdown field of 400 kV/cm [39]. A recent
report measured a DC hold-off field of about 26 kV/cm [38] on a 1.2 cm long gap
GaAs PCSS, which is not too much different from the data reported two decades ago
[33], despite the fact that crystal growth technology of GaAs has been constantly
improving.
A PCSS subjected to a DC bias higher than the maximum hold-off field will
undergo thermal runaway and/or become physically damaged. In silicon PCSS, thermal
runaway is the usual problem. The Si PCSS becomes conducting large current before
optically triggered at a bias field of more than a few kV/cm. The resistive heating of Si
itself then generates more thermal carriers, which in turn results in higher dark current.
However, due to the large thermal conductivity, Si PCSS usually remains intact if let
cool down to room temperature before metal contacts are melted. In GaAs PCSS,
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Figure 3-7. The top view of a damaged GaAs PCSS after surface breakdown, showing the
melted groove on one contact that reduces the dark resistance by several orders of magnitudes.

thermal runaway is also observed but with a much larger dark current than expected
from the bulk resistivity. However, following the thermal runaway is a physically
damaged surface of the PCSS, the so called surface flashover or surface breakdown.
Surface breakdown between the electrodes then happens at a much lower bias field
than bulk breakdown field and leaves a conductive streak path, reducing the dark
resistance by several orders of magnitude. An example of such surface breakdown on a
GaAs PCSS is shown in Figure 3-7. The physical mechanisms giving rise to a high
dark (leakage) current and the formation of streak grooves on the surface after
breakdown are still not very well understood [38] [40].
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Conventionally, the high bias field (> 25kV/cm) can only be applied onto a
PCSS under pulsed conditions. The PCSS is then not subject to bias stress most of the
time and free of thermal runaway and/or surface breakdown. Using pulsed bias, a Si
PCSS can withstand fields up to 40-60 kV/cm [33], while a GaAs PCSS can withstand
>60 kV/cm and even >100 kV/cm with proper surface coating and immersed in high
breakdown-field dielectric medium (such as SF6) [37]. Pulse biased configuration of
PCSS requires synchronization between the electrical bias pulse and the optical trigger
pulse. To overcome the firing jitter of the laser system, the electrical bias pulse
typically has to be a few microseconds long. A high voltage pulse with duration this
long poses a challenging task for the generator design. The synchronization also
complicates the system design when the output power has to be scaled up by cascading
various stages of PCSS based pulse generator [34].
Although > 100 kV/cm bias field has been reported on GaAs PCSS under
pulsed bias [37], it should be noted that the maximum pulsed bias field that can be
achieved on a GaAs PCSS is dependent on the bias pulse duration. Stoudt et al. studied
the temporal evolution of dark current of the GaAs PCSS under various bias fields [59].
An example of such dark current development is shown in Figure 3-8 (After Ref. [59]),
where the GaAs substrate resistivity was 6×106 Ω-cm, and the distance between two
metal contacts was 0.65mm. The bias pulse is 200 V and 3.6 ms long. The dark current
peak right after the bias was applied was due to the capacitance between the two metal
contacts. The dark current of the PCSS remained negligible and was in the OFF state
until about 900 µs after the bias pulse was turned on. Such period of time may be
defined as the “onset time,” which is the longest bias pulse duration that can be applied
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Figure 3-8. Temporal development of the dark current of a GaAs PCSS under a 200 V and
3.6 ms long bias pulse. The GaAs resistivity was 6×106 Ω-cm. After Stoudt et al., 1990.

on the GaAs PCSS at the given bias voltage. For bias pulses longer than the onset time,
the dark current rises up and settles at a steady value that is much larger than that
before the onset time. The switch is said to enter the ON state without any optical
trigger. Although the ON current (10 mA) is still much smaller than the optically
triggered current, the small dark resistance (20 kΩ in this example) practically makes
the switch useless due to the thermal runaway that immediately follows. The onset time
is bias voltage dependent and is reduced to < 5 µs at 1050 V bias voltage for the same
switch in the above discussion. The onset time sets an upper limit on the bias pulse
duration and complicates the design of already stringent synchronization between
optical trigger and electrical bias pulses.
It is rather obvious and clear at this point about the technological importance of
a GaAs PCSS that is capable of withstanding high DC bias field. Besides the
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application requirement of the high-speed light-activated magneto-optical rotator being
built in this dissertation, the need for such a device is of considerable interest in recent
years [34], [41], [60-62]. The pulsed power and switching requirement of the nextgeneration fusion research facility recently described [63] is one example. The
sophistication of synchronization required in using pulse biased PCSS to meet the
specification is very challenging (if not impractical or impossible). DC biased PCSS
that eliminates the need of synchronization is probably the best and simplest solution to
future pulsed power requirements.

3.4 Dark Current Reduction of DC Biased PCSS
Previous investigations of PCSS found in the literature are almost all conducted under pulsed bias setup. This was reasonable and sufficient for applications where
synchronization can be achieved. The dark current is also not of concern under pulsed
bias, since the PCSS is conducting very high current (in the ON state) during most of
the electrical bias period. The only requirements for pulse biased PCSS are probably
just that, the PCSS does not surface breakdown during the operation and the bias pulse
is shorter than the onset time described in the previous section.
In systems where the synchronization is difficult or impossible, DC biased
PCSS is required and the magnitude of dark current becomes a critical issue. To maximize the power efficiency of the power supply, the DC leakage (dark) current of the
PCSS must be small enough such that the leakage power is negligible compared with
the rated power of the high voltage DC supply. For example, a 50 kV DC supply rated
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at 1 mA output current means an average power output of 50 W. If the PCSS also has
1 mA leakage current, then all the power from the DC supply is lost on the PCSS (if
not burnt) as heat, no other power is available for repeated electrical output pulses. If
the PCSS dark current is kept below 100 µA, there will be 45 W average power available for pulsed output. The peak output current and the pulse repetition rate depend on
each other.
Another serious effect of the PCSS dark (leakage) current is the actual voltage
available for charging the pulse generation circuit. Large dark current means low dark
resistance. Because of the small output current available from the high voltage DC
power supply, a large internal resistor or external charging resistor (RC) is needed in
series to keep the charging current within the limit of the power supply. The resistance
is usually on the order 1 MΩ or above, thus the dark resistance of the PCSS must be at
least an order of magnitude larger (10×RC) than the charging resistor, such as 10 MΩ,
to make sure more than 90% of the voltage from the DC power supply is charging the
PCSS and is available for actual output pulses.
Therefore, both the high DC bias field and low dark (leakage) current
capabilities of the PCSS are critical in DC charged high voltage pulse generation
systems. The highest DC bias fields cited in the literature are typically the highest bias
voltage that can be applied just before the switch shows surface breakdown or thermal
runaway. These numbers are obviously not practical at all, as discussed in the previous
paragraphs, and do not mean much in DC charged pulser systems. A switch showing a
low dark resistance should be considered as thermal runaway even though the threshold
of surface breakdown is not yet reached.
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It is important to understand that the maximum DC bias field of a GaAs PCSS
is the field at which the switch does not exhibit physical damages or thermal runaway
and also maintains a low (high) enough dark current (dark resistance) as required in the
pulse generation system.

3.5 Low-Temperature Grown Molecular Beam Epitaxial (LT-MBE) GaAs PCSS
The mechanism of such a premature surface breakdown in undoped SI GaAs
PCSS is so far not clear [40]. However, thermal runaway is generally observed on surface breakdown, and this suggests that reducing the dark leakage current plays an important role in increasing the DC hold-off field. It has been known that GaAs substrate
with short carrier lifetimes can reduce dark current and therefore is a possible way to
increase DC hold-off field. Heavily Chromium doped GaAs has a carrier lifetime less
than 200 ps due the introduced recombination centers [64]. Neutron irradiated GaAs
with a carrier lifetime less than 100 ps has been observed and has been pulse biased
above 100 kV/cm [37] [65].
Low-Temperature Grown GaAs thin film has recently been demonstrated to
show an ultrafast (< 1 ps) photoconductive response time and a high DC bias field
(> 100 kV/cm) on a 10 µm gap by 20 µm wide sample [66]. Therefore, in this study,
we investigate the GaAs PCSS structure incorporating Low-Temperature Grown GaAs
by Molecular Beam Epitaxy (LT-MBE GaAs) [67] on a semi-insulating GaAs (SI
GaAs) substrate, which we found to increase the DC hold-off field up to 35kV/cm. LTMBE GaAs has attractive characteristics of high trap density (>1021 cm-3), short carrier
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Figure 3-9. The device structure of LT-MBE GaAs PCSS.

lifetime (<1ps), and good lattice matching of LT-GaAs and is a candidate worth studying for high DC bias applications [68]. The PCSS structure is depicted in Figure 3-9. A
layer of LT-MBE GaAs is grown on top SI-GaAs substrate and then two metal contacts
were deposited on top of this LT-MBE GaAs layer. The fact that neutron irradiated
GaAs PCSS and our LT-MBE GaAs PCSS can reduce the dark (leakage) current shows
that the leakage conduction is primarily through the GaAs surface. Mid-gap recombination centers introduced by these methods effectively reduce the carrier lifetimes close
to the surface and thus reduce the surface conduction effects.

3.5.1 Fabrication of LT-MBE GaAs PCSS
A layer of 1.4 μm thick LT-GaAs was grown at 250ºC by Molecular Beam
Epitaxy (MBE) method [67] on a SI-GaAs substrate, and the SI-GaAs substrate had a
resistivity of ~1×107 Ω·cm and (100) orientation. The thickness of the SI-GaAs wafer
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Figure 3-10. The top view optical image of the fabricated GaAs PCSS.

was about 650µm. LOR and 1813 resists (Microchem Corp.) were then spin-coated on
to the LT-MBE GaAs surface to implement the bi-layer lift-off process. The
rectangular contact area was defined by lithography using a contact aligner.
Ni/AuGe/Ni/Au metal stacks were then sputtered in sequence within the same vacuum
session. Unwanted metal layers were finally lifted-off in RemoverPG (Microchem
Corp.). The GaAs surface was also cleaned in NH4OH:H2O = 1:15 to remove the native
oxide. Figure 3-10 shows a top view image of a fabricated 5 mm × 5 mm GaAs PCSS
taken with an optical microscope.
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3.5.2 The Measurement Setup
Figure 3-11 shows the experiment setup of our measurement. The nonlinear
increase of the dark current reduces the dark resistance of the PCSS as VDC increases.
The actual voltage across the charging cable and the PCSS is
VPCSS = VDC ×

ROFF
ROFF + RC

(3.10)

where ROFF is the dark resistance of the PCSS. Since our PCSS is going to be used in a
DC biased Pulse Forming Network (PFN) such as the one shown in Figure 3-11, we

Figure 3-11. The circuit setup for characterizing the fabricated GaAs PCSS.

require that ROFF ≥ 9 × RC to make sure more than 90% of VDC is available for charging.
The DC hold-off field is then determined by gradually increasing VDC from zero until
the PCSS undergoes thermal runaway or ROFF drops to about 9 RC, which is easily
detected when I D : VDC 10 RC . The PCSS may actually withstand a higher bias field than
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as determined here before physically damaged, but only comes with an even smaller
ROFF. Although ROFF may not be important under a pulsed bias or can be small in
configurations with a small RC, it can result in a large leakage power under DC bias, as
discussed previously. For all tests, the PCSS was left at the hold-off bias for at least 30
minutes to make sure a stable and correct measurement. All the LT-MBE GaAs PCSS
we tested have a dark resistance on the order of 1 GΩ at low bias, and no less than
9 MΩ at hold-off bias.

3.5.3 Results and Discussion
Measured result of dark current at various DC biases (I-V) for the 5mm×5mm
LT-MBE GaAs PCSS samples is shown in Figure 3-12. In addition, the PCSS fabricated directly on a SI-GaAs substrate without the LT-MBE GaAs layer was also measured
and shown in Figure 3-12 for comparison. The SI-GaAs PCSS was fabricated on a substrate with a resistivity of ~ 2×108 Ω·cm and (100) orientation. This resistivity is close
to the ideal intrinsic resistivity of GaAs, which is about 3.3×108 Ω·cm.
The DC hold-off field of SI-GaAs was close to 27.5 kV/cm, corresponding to
the hold-off voltage of 13.75 kV for the 5 mm gap PCSS. The dark current followed an
ohmic behavior in the low bias region until the rapid increase close to 14 kV. The dark
resistance was about 500 MΩ at 5 kV DC bias and reduced to about 210 MΩ just
before hold-off voltage. The result is in good agreement of recently reported result [38]
that the highest attained hold-off field was about 26.5 kV/cm on a 5×107 Ω·cm
resistivity substrate. The result indicates that the highest hold-off field that can be
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Figure 3-12. The measured dark current versus bias voltage (I-V) of the fabricated GaAs PCSS
with and without the LT-MBE layer. (refer to text for discussion)

achieved on a SI-GaAs substrate is unlikely to surpass 28 kV/cm, since the hold-off
field did not increase much even a close-to-ideal resistivity substrate was already used
for the PCSS fabrication.
The hold-off voltage of a 5 mm gap LT-MBE GaAs PCSS attained 17.3 kV,
corresponding to a hold-off field of 34.6 kV/cm. Unlike the SI-GaAs PCSS, the dark
current of the LT-MBE GaAs PCSS followed ohmic increase until 10 kV DC bias and
showed more a quadratic I-V relation above ~ 10 kV DC bias, due to the high trap
density in the LT-MBE GaAs layer. The dark resistance was about 1GΩ at low bias
and reduced to about 250 MΩ just before hold-off voltage. Although the increase in

55
hold-off field does not seem to increase much with the use of LT-MBE GaAs layer
from the measured data, it is important to note that the substrate the LT-MBE GaAs
layer was grown on has a much lower resistivity (1×107 Ω-cm), more than one order of
magnitude smaller than the SI-GaAs substrate resistivity (~ 2×108 Ω·cm). LT-MBE
GaAs PCSS grown on a higher resistivity (> 108 Ω·cm) substrate is expected to have a
much higher DC bias field.
Although the physical explanation of such low hold-off field is still not clear,
based on current observations of LT-MBE GaAs PCSS and SI-GaAs PCSS and also the
reported results in the literature [37], [41], [60-62], one can conclude that the unusually
high dark current leading to the sudden turn on of the switches is primarily through the
surface instead of the bulk.
Figure 3-13 shows the recorded transient current responses of 5 mm × 5 mm
LT-MBE GaAs PCSS, by measuring the 1 Ω current viewing resistor (CVR). The
roundtrip time of the 50 Ω charging cable used here was ~ 300 ns. The PCSS was
triggered by a 4 ns FWHM, 532 nm, Q-switched, freuquency doubled Nd:YAG laser
pulse. The DC bias voltage was 5 kV and the optical triggering laser fluence was about
1 mJ/cm2. The PCSS output current was < 5A at peak and the current waveform
follows that of the trigger laser pulse. It is clear that the LT-MBE GaAs PCSS was
operating in the linear mode, while a SI GaAs PCSS of the same size subjected to the
same test configuration entered high gain mode operation. Much higher pulse energy is
expected to trigger the LT-MBE GaAs PCSS into the high gain mode operation. Such a
difference is apparently due to the high trap density of LT-MBE GaAs that accelerates
carrier recombination in the PCSS active region and greatly reduces the on current by

56

6
5mm x 5mm
LT-MBE GaAs PCSS
5kV DC
2
1mJ/cm

PCSS Current (A)

5
4
3
2
1
0
-1
-10

-5

0

5

10

15

20

Time (ns)
Figure 3-13. The measured PCSS current waveform the fabricated 5 mm × 5 mm LT-MBE
GaAs PCSS at 5 kV under a 1 mJ/cm2 fluence optical trigger.

about two orders of magnitudes, as compared with SI GaAs PCSS. The on resistance
was about 1 kΩ and the dark resistance at this DC bias was above 1 GΩ, which is a
difference of about 6 orders of magnitude. No trigger delay was observed between the
triggering laser pulse and the PCSS output current waveform. The PCSS current is seen
to rise as fast as the triggering laser pulse, as expected from the fast absorption
(femtoseconds) of photons.
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3.6 SI-GaAs PCSS Passivated with Atomic Layer Deposited Al2O3
Despite the lack of physical understanding of the unusually large dark (leakage)
current for a GaAs PCSS under DC bias, it is concluded in the previous section that the
surface conduction plays an important role. Although the surface conduction of GaAs
PCSS can be effectively reduced by methods such as neutron irradiation [37], [41], [6062] or by depositing a LT-MBE layer on top of the SI GaAs surface as proposed and
investigated in the previous section of this dissertation, the detrimental side effect of
these approaches is the introduced efficient and active recombination centers that
quench carriers generated from the optical trigger pulse, which results in a much
reduced PCSS output current and difficulty to operate in high gain mode (if there is still
a gain [37]). In this section, a new method of increasing the DC hold-off capability of a
SI GaAs PCSS without sacrificing the ON state performance is proposed and
investigated.

3.6.1 Field-Effect Passivation
As discussed above, the large dark (leakage) current conducts through the
surface due to the large amount of defects existing on the GaAs surface. A direct
approach would be to reduce or passivate these surface states. This is, however, a task
that has been proven very difficult despite the efforts in the past few decades [69] and
is still a very active area of research due to the need of future III-V metal-oxidesemiconductor field-effect transistor (MOSFET) process generations [70], [71].
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Another possible way around this difficulty is to keep the current carriers away from
the surface states.
Since a planar PCSS such as shown in Figure 3-1 can be modeled as an n-i-n
structure and the main carrier for conduction is electron under moderate bias fields
[72], the dark current may be decreased by keeping electrons away from the surface to
reduce the possibility of surface conduction. This can be realized by leveraging the
field-effect passivation [42], i.e., the alternation of electron or hole concentration by the
electric field from the fixed charges at the dielectric/semiconductor interface, as
employed in solar cells or light emitting diodes [73]. The negative fixed charge (Qf)
generally observed in a Al2O3 layer at the interface with Si [73] or GaAs [74] substrates
makes Al2O3 a suitable candidate to generate the required electric field to reduce the
electron concentration near the GaAs surface and hence the surface current.

3.6.2 Device Fabrication
To ensure the uniformity and conformity around the contact edges, atomic
layer deposition (ALD) method is employed to deposit the Al2O3 layer. A 625 μm thick
SI GaAs wafer grown by Vertical Bridgman method and orientated parallel to the (100)
plane was used. The bulk resistivity and mobility were ~ 1.8×108 Ω·cm and
~ 5000 cm2/(V·s), respectively. The wafer was cleaned and degreased with Acetone
and Isopropyl alcohol (IPA). The native oxide was removed in NH4OH:H2O = 1:15.
Standard contact lithography was used to define the rectangular contact areas and stack
of Ni/AuGe/Ni/Au with thickness of 5/90/25/80 nm were sputtered to form the metal
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300µm
Figure 3-14. The top view of a fabricated GaAs PCSS passivated with Atomic Layer Deposited
Al2O3.

contacts with a bi-layer lift-off process. The wafer was then loaded into an ALD
chamber (SAVANNAH 200 from Cambridge NanoTech) and the Al2O3 layer was
deposited at 300 °C with cycles of alternating Trimethyl Aluminum (TMA or
Al(CH3)3) and H2O precursor pulses in a N2 carrier gas flow. The Al2O3 layer was
~ 82 nm thick (the anti-reflection thickness around 532 nm). Finally, the outer ends of
the two contacts were etched in diluted Hydrofluoric acid (HF) to expose the metal
surface. Figure 3-14 shows the top view of a fabricated PCSS and the cross section of a
region near the contact. The gap length (l) and width (w) were both 500μm in this
study.
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3.6.3 Results and Discussion
The experiment setup used to test the Al2O3 passivated PCSS samples, which is
basically a pulse forming network (PFN), is the same as the one shown in Figure 3-11.
The PFN is DC biased at +VDC and the charging resistor (RC) used was 1 MΩ. The
length (LC) of the open ended 50 Ω charging cable had a round trip time of around
300 ns. The PCSS output current was measured by the voltage across a 1 Ω current
viewing resistor (CVR). The dark (leakage) current, ID, was measured when the PCSS
was not triggered. To determine the maximum DC bias field, the PCSS was left at that
bias for at least 30 minutes to ensure a stable and correct measurement. The actual
PCSS bias voltage is VPCSS = VDC – ID×RC, and it is considered as thermal runaway in
this study when the PCSS dark resistance becomes less than 9 MΩ, below which less
than 90% of VDC is available for charging the PCSS.
The OFF state (dark) currents measured as a function of the DC bias for 500 μm
gap PCSS samples with and without the Al2O3 layer are shown in Figure 3-15. It is
seen that, at VPCSS = 185 V, the dark current has been significantly reduced from
> 21 μA without the Al2O3 layer to < 0.2 μA with the Al2O3 layer. The dark current and
resistance remained < 30 μA and > 80 MΩ, respectively, at 2500 V DC bias
(corresponding to 50 kV/cm) with the Al2O3 layer. On the other hand, the PCSS
without the Al2O3 layer could not be DC biased above 200 V (corresponding to
4 kV/cm) without experiencing thermal runaway.
The measured dark I-V curve without the Al2O3 layer is similar to the previously
reported results [59], [75]. Although the detail mechanism of surface leakage is not
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Figure 3-15. The measured dark currents of the PCSS samples with and without the Al2O3
layers.

clear [40], [76] at this time, the dark current through the bulk substrate can be estimated
by Lampert’s trap filling law [59], [77]. A sudden increase of dark current is predicted
when carrier lifetimes become longer than the transit times after traps are filled above
the trap-filled-limit bias voltage
VTFL =

qNT l 2
,
2εε 0

(3.11)

where q is the elementary charge, NT is the empty trap density, l is the PCSS gap length
(500 μm), ε is GaAs dielectric constant (= 12.9), and ε0 is vacuum permittivity. The
intrinsic electron density and Fermi level (EF) in GaAs substrate are 6.94×106 /cm3 and
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~ 0.65 eV below the conduction band minimum (EC), respectively, as calculated from
the wafer specs. Holes can be neglected due to its one order of magnitude smaller
concentration and mobility. The donor like Energy Level 2 (EL2) is assumed to locate
at 0.8 eV [78] below EC with a density (NEL2) of 1×1016 /cm3 (from the wafer supplier).
The density of empty or unfilled EL2 (NT) is then 1.3×1013 /cm3 as calculated from [39]
NT =

N EL 2
.
1 + 2 × exp ( EF − EEL 2 ) / KT 

(3.12)

Therefore, in the bulk substrate VTFL is found to be ~2280 V. This estimated voltage
agrees well with the measured result in Figure 3-15 for the PCSS with the Al2O3 layer,
whose dark current starts to increase rapidly around 2300 V. This suggests that the dark
current is now mainly though the bulk substrate and the surface leakage current has
been effectively suppressed by the field-effect passivation of the Al2O3 layer.
To evaluate the ON state performance, a Q-switched frequency doubled YAG
laser with an output wavelength of 532 nm, a FWHM pulse width of ~ 4 ns, and a
fluence of 150 μJ/cm2 per pulse, was used to trigger our PCSSs at various DC bias
fields.
For the 500 μm gap PCSS without the Al2O3 layer, the maximum DC bias is
< 200 V and only linear mode operation can be observed, as shown in Figure 3-16. The
current waveform basically follows the triggering laser pulse shape. On the other hand,
with the Al2O3 layer, one can see the PCSS enter the high gain mode as shown in
Figure 3-17, since the bias field can now be applied high enough.
The peak current is seen to have greatly increased from 6.5 A at 1000 V to 45 A
at 2500 V, as compared with ~ 1.5 A at 200 V for PCSS without the Al2O3 layer.
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Figure 3-16. The measured output current waveform of the GaAs PCSS without the Al2O3
layer at 200 V DC bias (~ 4 kV/cm bias field).

Besides the larger output current at higher bias fields, the trigger delay also becomes
shorter. At 20 kV/cm (VDC = 1 kV), it takes about ~ 4 ns from the initial linear response
to enter the high gain mode with a lock-on current ~ 6.5 A. However, at 50 kV/cm (VDC
= 2.5kV), the trigger delay is only ~ 1 ns and the peak output current is ~ 45 A with a
stable lock-on current ~ 32.5 A.
An additional important advantage of increasing bias field is the shortening of
high gain current rise time. The rise time decreases significantly from ~ 2.5 ns at
20 kV/cm to < 800 ps at 50 kV/cm. Here we note a difference between current
waveforms of the two bias fields. At intermediate bias fields, such as 20 kV/cm, the
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Figure 3-17. The measured output current waveforms of the GaAs PCSS with the Al2O3 layer at
20 kV/cm (1 kV) and 50 kV/cm (2.5 kV) DC bias fields.

PCSS enters linear mode before stabilizes at a high-gain current. At high enough bias
fields, such as 50 kV/cm, carrier multiplication is possible during the triggering and
PCSS current rises faster than the laser pulse. This effect has been distinguished as avalanche mode and our result agrees well with the reported threshold field of 25 kV/cm
[37]. Right after the avalanche mode is entered, the low “ON” resistance greatly
reduces the bias field across the PCSS and carrier multiplication, resulting in a peak of
the current waveform similar as previously reported results [33], [37].
Table 1 summarizes and compares the performance of our PCSS with
previously reported results. Note that the linear mode current rise time follows the
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trigger pulse, thus can be as fast as 40ps with a mode locked laser [79]. The high gain
mode trigger delay and current rise time are, however, mainly determined by the bias
field [36], [37]. The major improvement of this work is that, the advantage of high bias
fields in high gain mode operation, which before was only achievable under pulsed
bias, is now possible under DC bias, and any synchronization is eliminated. Table 1
shows that our DC biased PCSS performs as well as conventional pulse biased PCSS
and can be biased much higher than previous DC biased PCSS. We do not compare the
output current, as it is directly related on the total bias and the gap width while we are
focused on the effect of bias field here.

Table 1. High gain mode properties of SI GaAs PCSS reported previously and in this work.

Pulse biased
(Reported)

DC biased
(Reported)

DC biased
(This study)

100 kV/cm
(5 mm gap) [37]

~ 25 kV/cm
(14 mm gap) [38]

50 kV/cm
(500 μm gap)

Trigger
sensitivity

165 μJ/cm2 [36]

< 500 μJ/cm2 [79]

< 150 μJ/cm2

Rise time

4-5 ns [36]

> 1.5 ns [79]

~ 2.5 ns

Trigger
sensitivity

16.5 μJ/cm2 [36]

No data

< 20 μJ/cm2

Rise time

~ 800 ps [36]

No data

< 800 ps

Max. bias field
At 20 kV/cm:

At 50 kV/cm:

66
In summary, we have demonstrated up to 50 kV/cm DC bias field on a 500 μm
gap GaAs PCSS with a conformal ALD Al2O3 layer. The physical effect of the Al2O3
layer was qualitatively and quantitatively discussed. It is believed that the field-effect
passivation due to the negative fixed charge density inside the Al2O3 layer at the GaAs
interface plays a key role in reducing the surface current. In this way, high DC bias
field is achieved without reducing lock-on gain as in the case of neutron irradiated
GaAs PCSS. We have also obtained high gain performances (trigger sensitivity, trigger
delay, and current rise time) comparable with pulse biased PCSS. Such kind of high
DC field biased PCSS can be very useful in applications where synchronization is
difficult or impossible.
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Chapter 4

Microwave Assisted Synthesis of Iron(III) Borate (FeBO3)
Iron(III) borate (FeBO3) is one of the very rare magneto-optical crystals best
known for its transparency well into the visible region and a Curie (or Néel)
temperature (348 K [80]) well above room temperature, making it a room-temperature
ferromagnet transparent in the visible. This is in contrast with the dark brown color of
typical room-temperature magneto-optical materials, such as Y3Fe5O12 (YIG), which
are only useful in the IR region. The transmission band edge at 450 nm and the
absorption minimum at 525 nm account for the characteristic yellowish green color of
FeBO3 [81].
The relatively high transparency of FeBO3 in the green gives an exceptional
figure of merit, as defined by Faraday rotation (degrees) per transmittance loss (dB),
even though the Faraday rotation is only 0.23˚ per micrometer at 525 nm [80]. In
contrast, typical doped garnets have a fairly large Faraday rotation such as few degrees
per micrometer, but the figure of merit is greatly reduced by the large absorption in the
visible. Practically, a figure of merit as large as 14˚/dB has been observed for FeBO3 at
525 nm [80], as compared with just a few ˚/dB for doped garnets at the same
wavelength. The impressive figure of merit in the visible and the low anisotropy field
(< 1 Oe [80]) in the easy plane make FeBO3 very attractive in applications such as
high-speed free-space magneto-optical modulation in the visible spectrum.
During the recent decade, iron borate powder has also been investigated as an
anode candidate for lithium ion battery [82], due to its low cost, environmental
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friendliness, and comparable capacity with graphite anodes [83]. Iron borate undergoes
amorphization from the original crystalline phase after the initial cycle and remained
high reversibility of lithium insertion, and smaller particles has been observed to
increase the reversible capacity [84].

4.1 Crystal Properties of FeBO3
FeBO3 crystallizes in the calcite (CaCO3) structure with two formula units per
unit cell and all Fe3+ on the octahedral sites. Such crystal structure can be described in
the hexagonal or rhombohedral coordinate systems. The hexagonal lattice constants has
been determined as a = 4.626(1) Å, c = 14.493(6) Å, and V = 268.57 Å3 [85], which
convert to a = 5.520 Å and αr = 49.54˚ rhombohedral constants. The density was
measured as 4.28(3) g/cm3 [85], and the Mohs hardness is between 5 and 6 [86].
FeBO3 is a weak canted anti-ferromagnetic material. The exchange interaction
between neighboring Fe3+ is dominantly anti-ferromagnetic, and zero net magnetic
moment would normally be expected from the even number of total spins in each unit
cell. However, crystal symmetry [87] allows anti-symmetric exchange interaction,
which results in a slight spin canting of 0.92˚ [88] away from their collinear alignment.
Symmetry argument also requires that all the anti-parallel Fe3+ spins and the canting are
both confined in the hexagonal (0001) or rhombohedral (111) plane. The amount of
canting is the result of competition between the symmetric exchange coupling
J ( S1 ⋅ S 2 ) favoring anti-parallel spin alignment and the much weaker anti-symmetric
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exchange coupling D ⋅ ( S1 × S 2 ) favoring a spin alignment perpendicular to the former
(anti-parallel alignment) direction. This canting then gives rise to a small spontaneous
magnetic moment lying on the (0001) plane, whose magnitude has been measured as
2.15 emu/g or 9 G at 300 K [88]. The (0001) plane is called the easy plane since the inplane anisotropy filed is practically zero (< 1 Oe [80]). The anisotropy field needed to
move the magnetization from the (0001) easy plane to [0001] axis was measured to be
63 kOe [80] and [0001] axis (c-axis) is thus called the hard axis.
The first FeBO3 single crystal was prepared by Bernal et al. [89] with a flux
system consisting of Bi2O3, B2O3 and Fe2O3. Crystals obtained this way are usually
green hexagonal (0001) platelets of some tenths of a millimeter thick and millimeters
across, with some brown crystals sometimes found among green samples. Brown
FeBO3 platelets had the same magnetic properties and were indistinguishable from
green FeBO3 platelets in X-ray diffraction patterns, but had much higher absorption
below 600 nm [81]. The brown color has been thought to be caused by impurities or
nonstoichiometry. It is interesting to note that CaCO3 calcite crystals are seldom found
in (0001) platelet habit, as flux prepared FeBO3 crystals are, therefore equidimensional
bulk FeBO3 single crystals may be expected by using a different growth method. Diehl
et al. [90] reported the synthesis of FeBO3 with vapor phase growth method and single
crystals of FeBO3 as large as 8×6×4 mm3 were obtained.
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4.2 Birefringence of FeBO3
Practical magneto-optical applications of FeBO3 are, however, severely
hindered by the inherent birefringence that effectively cancels the polarization rotation.
Being crystallized in the calcite structure, FeBO3 is also uniaxially birefringent with the
optical axis lying along the [0001] axis (c-axis). To avoid the interference from the
birefringence, light propagation has to be along the c-axis. This would, however,
require impractically large magnetic fields on the order of 10 kOe to achieve magnetooptical modulation, since the c-axis happens to be the hard axis for the magnetic
moment. Therefore, to make magneto-optical modulation feasible by keeping the
required magnetic field small, light must propagate in the easy (0001) plane. The c-axis
is now perpendicular to the propagation direction and the birefringence interferes with
Faraday rotation [91] [92]. As the light initially polarized along the c-axis propagates in
the easy plane, components parallel to and perpendicular to c-axis are developed due to
Faraday rotation. Phase retardation between the two components is also developed due
to the birefringence. After λ/4 phase retardation, the incident light reaches maximum
rotation but also becomes elliptically polarized with its major axis making an angle
(equal to the ratio of Faraday rotation to birefringence) to the c-axis. At λ/2 phase
retardation, the ellipticity is maximum and the major axis is rotated back to the c-axis.
At 3λ/4 phase retardation, the light is again elliptically polarized with its major axis
rotated the most but on the opposite side of c-axis. Finally, after one full wave of
retardation, the light is back to linearly polarized along the c-axis. Therefore, the
birefringence causes the Faraday rotation to swing back and forth about the c-axis,
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which effectively restricts the achievable Faraday rotation and introduces extra
ellipticity.

4.2.1 Possible Solutions of The Birefringence Problem
One way to overcome the problem is to stack multiple single crystal FeBO3
layers with alternating c-axes perpendicular to the propagation direction to cancel
birefringence [80]. This is however difficult due to (0001) platelet habit of flux grown
FeBO3 single crystals whose c-axis is normal to the crystal plane instead of lying in it
as mentioned above. Required crystal orientation may be obtained by cutting and
polishing the sample grown by the vapor phase method after crystal axes are
determined. This is again difficult due to the ideal λ/4 phase retardation thickness being
just ~ 2.25 µm at 525 nm. Multiples of the ideal thickness can be used to ease material
processing but only at the expense of additional transmittance loss (reduced figure of
merit). Another way to eliminate birefringence is to embed randomly oriented fine
(< 2.25 µm) particles of FeBO3 in a transparent matrix material with a matched
refractive index [80]. The random orientations of c-axes would statistically average out
the birefringence. The averaging also decreases Faraday rotation since not every FeBO3
particle has its magnetic moment aligned with the light propagation direction due to the
random packing. In return, any desired Faraday rotation can be achieved with
corresponding composite thickness. Similarly, bulk polycrystalline FeBO3 may be
prepared to remove the birefringence and the grain size should be less than 50nm to
suppress scattering due to the non-cubic calcite crystal structure.

72
4.2.2 Importance of FeBO3 Powder
It is obvious that crystalline powders can be equally as or even more important
than bulk single crystals for iron borate to be more practically useful in magnetooptical applications and as the anode material of lithium ion batteries. Crystalline iron
borate powders were typically synthesized with solid state reaction at high
temperatures using powder precursors. The synthesized particles had an average size of
50 µm and mostly showed a platy habit [93]. High energy ball milling would be a
straightforward method to prepare submicron powders, but would also suffer from
problems such as contamination, low yield, long processing time, and energy
inefficiency. Other methods for synthesizing fine (submicron) FeBO3 particles are
therefore worth investigating.

4.3 Microwave Assisted Synthesis of Materials
Microwave assisted processing of materials has long been known for its
characteristic properties such as selective heating, lower reaction temperature, and
shorter reaction time (rapid heating), as compared with conventional furnace heating,
and has been applied on many ceramic materials [94], [95]. These unique properties are
collectively called “microwave effects” and have been attributed to “enhanced
diffusion” [95], [96]. Conventional heating works by thermal diffusion and the material
heating takes place from the outer peripheral. There is always a thermal gradient in the
early stage of material synthesis due to different thermal conductivities of the reactants
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in the precursor. Microwave heating, on the other hand, is volumetrically uniform and
takes place from the internal through the direct coupling of electric and magnetic fields
to the loss tangents of the reactants. Typical loss (absorption) mechanisms of insulators
and dielectrics under microwave fields are dipole reorientation and ionic or space
charge conduction. The microwave heating rate can be as rapid as 5-10 °C/s and up to
50 °C/s as observed in alumina gel [97], which can greatly shorten the synthesis time. It
has been demonstrated that yttrium iron garnet (YIG) can be microwave synthesized in
10 minutes as compared with 3-72 hours using conventional heating [98]. In addition to
the rapid heating, much lower reaction temperature is often observed in microwave
synthesis. For example, yttrium aluminium garnet (YAG) powder has been microwave
synthesized at 600 °C as compared with > 1000 °C typically required using
conventional heating [99]. The microwave synthesized YAG particles had an average
size of 40 nm, as compared with conventional furnace synthesized YAG particles
having an average size of 150 nm. The reduced particle size is the result of the
advantageous side effect due to shortened synthesis time of microwave processing and
uniform volumetric heating that helps more nucleation.
As mentioned above, the FeBO3 particle size must be kept small enough to
avoid scattering for a magneto-optical composite to be useful. As an anode material of
lithium ion battery, small particle size is also beneficial to facilitate amorphization
during the cycling. It is expected that smaller and more equidimentional crystalline
FeBO3 particles may be obtained by microwave assisted synthesis. In this Chapter,
microwave synthesis of crystalline FeBO3 powder is investigated and discussed.
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4.4 Experimental
The first FeBO3 crystalline powder was prepared by Joubert et al. [100]. αFe2O3 and H3BO3 powders were mixed and ground to prepare precursor powder which
was fired in air at 670°C for 2 days and 860°C for 1 day. The actual compounds
reacting at synthesizing temperatures are α-Fe2O3 and B2O3, since H3BO3 eventually
decomposes to B2O3 at high temperatures. FeBO3 crystalline powder obtained this way
was always brown, as pointed out by Muller et al. [93] and confirmed by our own
synthesis runs. Although brown and green FeBO3 are indistinguishable in X-ray
diffraction analysis, brown FeBO3 obviously has less transparency in the visible region
than green ones and is of less interest to us. In addition, significant amount of Fe3BO6
and Fe2O3 are almost always present with the synthesized FeBO3.
The unwanted residue or reaction product may be attributed to the high melting
point of α-Fe2O3 (1565°C) and high viscosity of B2O3. At the reaction temperatures,
B2O3 is in liquid phase while α-Fe2O3 is still in solid phase. Solid α-Fe2O3 particles are
immersed in viscous B2O3 liquid. The formation of FeBO3 phase takes place at the
solid-liquid interface of α-Fe2O3 and B2O3. During the synthesis, un-reacted part of αFe2O3 particles may sometimes lose contact with liquid B2O3 being surrounded by the
newly formed Fe3BO6. Therefore, it can be difficult for α-Fe2O3 to be efficiently
consumed, and the reaction is highly diffusion limited as suggested by the long
synthesis time.
Green FeBO3 powder with no trace of Fe2O3 and negligible amount of Fe3BO6
has been prepared by Muller et al. The reacting compounds in the precursor at high
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temperatures are basically the same as Joubert et al.’s, which are Fe2O3 and B2O3,
except the precursor was prepared differently. Instead of mixing α-Fe2O3 and H3BO3
(or B2O3) powders by grinding, iron nitrate was dissolved in DI water together with
boric acid and then the aqueous solution was dried to obtain the precursor powder.
Crystalline H3BO3 is recovered after the water is evaporated, while iron nitrate
undergoes hydrolysis and becomes Fe(OH)(NO3)2 or Fe(OH)2NO3 [101]. Further
thermal treatment of iron nitrate gives the hydrous iron oxide FeO(OH) and eventually
results in the final product: anhydrous α-Fe2O3. The time span required for iron nitrate
to decompose to α-Fe2O3 depends on the temperature, and it took 4 days at 105°C for
the α-Fe2O3 peaks to emerge from the amorphous hydrous iron oxide in X-ray
diffraction analysis [101]. Therefore, with Muller et al.’s precursor, α-Fe2O3 or
amorphous iron oxide is formed not long before reaction with B2O3 into FeBO3 and
smaller iron oxide particles may be assumed to increase surface area facilitating
reaction. The fact that iron nitrate and boric acid are both soluble in water gives a much
more homogenized precursor powder than Joubert et al.’s α-Fe2O3 precursor.
In this study, precursor similar to Muller et al.’s was prepared. Reagent grade
iron nitrate nonahydrate (Fe(NO3)3∙9H2O), boric acid (H3BO3), and lithium nitrate
(LiNO3) were obtained from Sigma-Aldrich to prepare the precursor powder. Required
amount of Fe(NO3)3∙9H2O : H3BO3 : LiNO3 = 1:5:x (x = 0-0.1) were added into DI
water, which was stirred with a Teflon coated magnetic bar and heated on a lab hot
plate until all boric acid was dissolved. The hot solution was then further heated until
most water evaporated. The resulted slurry was dried in a convection oven at 115°C
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overnight and ground to obtain the precursor powder, which was loaded into a Boron
Nitride (BN) crucible and placed in the microwave cavity.
The unreacted excess B2O3 in the as synthesized powder could be easily
removed by repeated washing in hot water.
The microwave system used in this study consisted of a multimode cavity
measuring 34×34×34 cm3 and a 2.45 GHz microwave source. Thermal insulators made
of ceramic fiber were attached to the inside walls of the cavity to retain the
temperature. A mode stirrer was also used to help homogenizing the microwave field in
the cavity. The temperature of the sample was monitored by an optical IR pyrometer
whose lower detection limit was 250°C. The 2.45 GHz microwave source had a
maximum power of 1.4 kW and could be computer varied between no output and
maximum output, from the feedback of the pyrometer to maintain the prescribed
heating rate and temperature profile.
To investigate the microwave effect on the synthesis of FeBO3, an electric
muffle furnace with MoSi2 heating element was also used to prepare FeBO3 powders
with the same precursor and heating profile for comparison. Both microwave and
conventional furnace synthesis were carried out in air.
After the initial trial run, the precursor was found to be a poor microwave
absorber at 2.45 GHz in our multimode cavity, since the temperature of the precursor
was still below 250°C even after 7 hours of 600 W irradiation. Therefore, an AluminaSiC composite enclosure surrounding the sample crucible was placed inside the
microwave chamber as the susceptor to bring the precursor temperature up from room
temperature.
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For the synthesis runs, the microwave power was first held constant at 600 W
until the temperature reached 250°C, the lowest temperature the pyrometer could
detect. The power was then dynamically varied by the computer to raise the
temperature up to 810°C at a heating rate of about 15°C/min and hold at 810°C for
5 hours to obtain the final green crystalline FeBO3 powder. This heating scheme was so
chosen because of the incongruent melting of FeBO3 at some temperature above 800°C
[102]. Therefore, the microwave power could not be held constant at all time. The
temperature would otherwise increase uncontrollably to well above 800°C. The part of
the precursor that has reacted into FeBO3 before the temperature was too high would
eventually decompose. The actual decomposition point was suggested somewhere
between 860°C [102] and 910°C [103] and so far unsure due to the very slow rate to
reach equilibrium.
Joubert et al. observed that FeBO3 decomposed rapidly into Fe2O3 and B2O3 at
900°C. However, the decomposed products, Fe2O3 and B2O3, reacted again at a much
slower rate to form Fe3BO6 for continued heating at 900°C. This is in agreement with
Makram et al.’s proposed phase diagram of Fe2O3-B2O3 system, where each of their
synthesis runs was continued for 100 hours and only mixtures of Fe3BO6 and Fe2O3
could be obtained at above 860°C.
Muller et al. also studied the decomposition of green crystalline FeBO3
powders. It was found that FeBO3 started to turn partially brown after heating at 860°C
for 16 days, but the crystal structure remained unchanged under X-ray diffraction
analysis. When the green FeBO3 was heated at 880°C, 1 day was found enough for the
decomposition into Fe3BO6 and B2O3 to complete. This observation is of course quite
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different from Zvereva et al.’s 910°C. More interestingly, Muller et al. found that the
excess B2O3 present could also affect the decomposition behavior. With large enough
amount of B2O3, it is possible to slow down or even prevent the decomposition process
near 880°C. However, the precursor heated at 860°C for 16 days gave only Fe3BO6 and
B2O3, even though the atomic ratio of boron to iron in the precursor was already 5:1.
This observation again agrees with Makram et al.’s phase diagram that only Fe3BO6
could be obtained at 860°C and the presence of Fe2O3 may be the un-reacted part of
precursor powder they used (powders of Fe2O3 and B2O3) as discussed above. It is
obvious that the thermal stability of pre-synthesized green FeBO3 is quite different than
that of the precursor powder at temperatures well above 800°C.
Despite these inconclusive observations, it is generally true that Fe3BO6 and
Fe2O3 are the only stable phases at temperatures much higher than 800°C and 900°C,
respectively. The actual phases present also depend on the length of heat treatment as
mentioned above.

4.5 Results and Discussion
Figure 4-1 compares the X-Ray diffraction (XRD) patterns of microwave and
conventional furnace synthesized FeBO3 powders. The XRD was collected using Cu
Kα radiation (λ = 1.5405600 Å) on a SCINTAG PAD V powder diffractometer from
Scintag, Inc. The lithium molar concentration in the precursor was x = 0.05, and the
synthesis time was 5 hours for both the microwave and furnace runs to investigate the
microwave effects. It is clear that the conversion of precursor powder into FeBO3
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Figure 4-1. XRD pattern of (a) microwave, and (b) conventional furnace synthesized FeBO3 at
810ºC for 5 hours. The lithium concentration in the precursor was x = 0.05.

(PDF# 00-021-0423) was almost complete in the microwave assisted synthesis. Only a
small amount of the intermediate phase Fe3BO6 (PDF# 00-018-0636) was present as
indicated by the much weaker peaks in the XRD pattern. The as synthesized powder
was generally green and had a few small brown spots evenly distributed across. This
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observation is consistent with the XRD result since Fe3BO6 is brown due to the much
larger absorption in the visible. On the other hand, the as synthesized powder using a
conventional furnace was basically brown and had many small green spots in between.
This is again in agreement with the XRD pattern of conventional furnace synthesized
powder, where much stronger peaks of Fe3BO6 were present. It was found that more
than 20 hours was required to achieve the same amount of FeBO3 conversion if using a
conventional furnace. The microwave assisted heating is seen to have reduced the
synthesis time by a factor of 4. The results suggest enhanced diffusion due to the
microwave effects. However, it is interesting to note that, if the molar concentration of
lithium in the precursor was too low (x < 0.04) or too high (x > 0.06), no significant
difference between the microwave and furnace synthesized samples was observed for
the same reaction time. This observation may be explained as the following.
The formation of FeBO3 is a two-step process, where the iron oxide first
reacted with liquid B2O3 to give Fe3BO6, which then reacts with remaining B2O3 to
form the final product FeBO3 [93] [104]. The second step is a much slower process
due to the high viscosity of B2O3 and it was demonstrated that a small addition of
LiNO3 (or NaNO3) to the nitrate precursor could lower the viscosity of B2O3 and
greatly reduce the synthesis time of FeBO3 from 3 weeks to less than 2 days in a
conventional furnace.
The viscosity of B2O3 was found to more affect the microwave synthesis time
than the conventional furnace synthesis time for lithium concentration within the range
of 0.04 < x < 0.06. The atomic diffusion in the B2O3 flux was driven and accelerated by
the microwave field which can in turn facilitate the formation of FeBO3 at the solid-
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liquid interface of Fe3BO6 and B2O3. For precursors without LiNO3, the B2O3 viscosity
was high and counteracted any diffusion enhancement the microwave field could have.
Both of the furnace and microwave synthesis took much longer than 2 days to
complete. As the lithium concentration increased in the precursor to lower the B2O3
viscosity, microwave driven diffusion becomes more effective and the microwave
synthesis time became increasingly less than the furnace synthesis time. At certain
lithium concentration (x = 0.05), the microwave effect was most significant and
resulted in the most reduction of synthesis time. Above this concentration, the B2O3
viscosity gradually became lower for the typical thermal diffusion to be more effective
and make the microwave enhanced diffusion less obvious. Finally, above some lithium
concentration (x > 0.08) at which the B2O3 viscosity was low enough, thermal diffusion
was as effective as microwave enhanced diffusion so that the required times of
microwave and furnace heated samples were basically the same.
Figure 4-2 shows the Scanning Electron Microscopy (SEM) images of

both microwave and furnace synthesized FeBO3 powders taken on a Hitachi S3000H. The microwave synthesized FeBO3 particles had an average size of
about 15 µm and mostly had a clearly defined rhombohedral calcite shape as
shown in Figure 4-2(a). In contrast, the conventional furnace synthesized FeBO3
particles had an average size of about 50 µm and showed more plate-like habit
as shown in Figure 4-2(b). The thickness of these FeBO3 platelets ranged
between 2.5 µm and 5 µm. The conventionally synthesized FeBO3 was carried
out in the furnace for 24 hours. Such an extended heating time was necessary to
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Figure 4-2. SEM images of (a) microwave, and (b) conventional furnace synthesized FeBO3 at
810ºC. The lithium concentration in the precursor was x = 0.05.

make sure the reaction of the precursor was complete and free of Fe3BO6. The
conventional synthesis apparently had more tendency to grow FeBO3 platelets
than the microwave synthesis. The plate-like habit is similar to that of flux
grown single crystal FeBO3, whose mechanism is so far not very clear. The
main difference here is that the particle morphology is not as well formed
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hexagonal platelet but has a rather irregular peripheral as seen in Figure 4-2(b).
Since these platy FeBO3 particles also appear green under an optical
microscope, it is possible that they are in the polycrystalline form, instead of
rhombohedral single crystals.
Figure 4-3 shows the measured magnetization (M-H) curves of

microwave synthesized FeBO3 at 300 K in fields up to 3 kOe using the DC
mode of the ACMS module installed in a Physical Property Measurement
System (PPMS) manufactured by Quantum Design, Inc. Since the gradual linear
increase of magnetization is due to the increasing canting angle at high fields,
the spontaneous (zero-field) magnetization (Ms) can then be determined by
extrapolating this linear edge to zero field (H = 0) in Figure 4-3(b). The Ms of
171.3 mg sample is found to be 0.356 emu, corresponding to a spontaneous
magnetization of 2.08 emu/g at room temperature, as compared with 2.15 emu/g
(4πMs = 115G) for single crystal FeBO3 [80]. It is known [80] that the measured
Ms of a polycrystalline or randomly packed powder sample is a factor of π/4
smaller than that of a single crystal sample. The fact that the measured Ms is
significantly larger than expected (2.15 emu/g × π/4 = 1.69 emu/g) can be
explained by noting that it was obtained with loose FeBO3 powder in a tubular
sample holder, instead of a pressed pallet. During the application of high fields
along the longitudinal axis, a FeBO3 particle tends to align itself to reduce the
angle between the magnetic field and the magnetization in the easy plane due to
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Figure 4-3. The measured magnetization curve of 0.1713g microwave synthesized FeBO3
powder under (a) low fields and (b) high fields.

the large anisotropy field on the hard axis. This results in a larger measured Ms
than ideal powder sample since the hard axes are now less randomly oriented.
Such particle rotation (alignment) during the measurement would be difficult if
the powder sample is hard pressed or has a plate-like habit, which would give a
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spontaneous magnetization close to (π/4)×Ms, instead of Ms. This observation
suggests that most microwave synthesized FeBO3 particles have an
equidimensional habit and are single crystal particles, which is in agreement
with SEM results.
To measure the transmission spectrums in the visible to near-IR and
mid-IR regions, the microwave synthesized FeBO3 powder was ground together
with KBr powder and then pressed into a pallet. The pallet was subsequently
placed in the Bruker IFS 66/s FT-IR spectrometer using the standard
transmission setup to measure the mid-IR spectrum. The visible to near-IR
(VIS-NIR) spectrum was measured under the same setup using a Perkin-Elmer
Lambda 950 spectrometer equipped with a 150 mm integrating sphere. The
transmission spectrums of a single crystal FeBO3 platelet (67 µm thick, ~ 4 mm
across) prepared by the flux method is also shown for comparison.
Figure 4-4 shows the mid-IR transmission spectrums from 500 cm

-1

to

2300 cm-1. It is clear that the microwave synthesized FeBO3 powder basically
has the same transmission curve as single crystal FeBO3 platelet, in spite of the
much higher transmission base line, which will be discussed later along with the
VIS-NIR spectrums. The characteristic absorptions of the triangular BO3 group
are clearly observed in the region between 1100 cm-1 and 1300 cm-1 and the
around 700 cm-1. The spectrum is in agreement with previously reported result
of samples prepared with conventional furnace [100]. Note that no significant
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Figure 4-4. FT-IR spectrums of microwave synthesized FeBO3 powder and flux grown FeBO3
single crystal platelet.

tetrahedral BO4 group absorptions (540 cm-1 to 610 cm-1, 725 cm-1, 750 cm-1 to
1050 cm-1 [100]) can be observed, indicating negligible amount of intermediate
Fe3BO6 phase in the sample powder.
Figure 4-5 shows the measured VIS-NIR transmission spectrums in the

region between 400 nm and 800 nm. The transmission band edge of microwave
synthesized FeBO3 powder is around 450 nm, below which the transmittance is
less than 0.01%, in accordance with that of bulk single crystal FeBO3. Also, the
two characteristic transmission peaks (absorption minimums) around 525 nm
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Figure 4-5. UV-VIS spectrums of microwave synthesized FeBO3 powder and flux grown FeBO3
single crystal platelet.

and 730 nm [81] that give rise to the characteristic green color can be clearly
observed for both the FeBO3 powder and platelet samples. The general trend of
transmission spectrum for the microwave synthesized powder FeBO3 basically
follows that for the single crystal platelet FeBO3, except for the reduced contrast
of transmission maximum to minimum and nonzero transmittance below band
edge. Both can be explained by the way the sample pallet was prepared.
Because of the powder form of the sample and the particle size much larger than
the wavelengths, the concentration of microwave synthesized FeBO3 particles in
the KBr pallet could not be too large. The scattering would otherwise be too
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large to observe useful transmission spectrums. With a much less concentrated
FeBO3/KBr pallet, part of the incident light can travel through the whole pallet
with little interaction with FeBO3 particles and therefore result in the nonzero
transmittance below 450 nm and higher transmittance at the transmission
minimum around 620 nm, hence the reduced contrast.

4.6 Summary
The microwave assisted synthesis of green crystalline FeBO3 powder have
been investigated in this Chapter. The enhanced diffusion due to the microwave effects
was observed, as indicated by the much shorter time required for microwave synthesis
(5 hours) than conventional furnace synthesis (> 20 hours) at a lithium molar
concentration of x = 0.05 in the precursor. The viscosity of B2O3, as controlled by the
lithium concentration, was also found to affect the microwave effects. Enhanced
diffusion was only significant when the B2O3 viscosity was neither too high nor too
low. The high viscosity of B2O3 can impede the diffusion enhancement from the
microwave field, while the typical thermal diffusion can become as efficient with a low
enough viscosity of B2O3 and screen the microwave effects. The magnetic and optical
properties of microwave synthesized FeBO3 powder were characterized and no
difference from those of flux grown FeBO3 single crystal platelets was observed. The
microwave synthesized FeBO3 powder, however, had smaller particle sizes (~ 15 µm)
than conventional furnace synthesized FeBO3 powder (~ 50 µm). In addition to smaller
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sizes, the particles mostly had an equidimensional habit, as compared with the platelet
habit found in conventional furnace prepared powder or flux grown platelets. These
observations can be regarded as the direct result of microwave assisted heating,
including enhanced diffusion that reduces synthesis time and volumetric heating that
helps more nucleation, and suggest that microwave assisted synthesis of iron(III) borate
powder is advantageous in applications such as magneto-optical composites and the
anode material for lithium ion battery.
Nanoparticles of FeBO3 are still expected to be possible with microwave
assisted heating using a different precursor.

Chapter 5

Applications of High-Speed Light-Activated MO Rotator
Based on the newly developed GaAs photoconductive switch, GaAs PCSS,
that is capable of high DC hold-off field (40 kV/cm to 50 kV/cm), the light-activated
high-speed magneto-optical rotator with a large aperture can then be realized and built.
Although the low switching field magneto-optical iron(III) borate (FeBO3) nanoparticle
is yet to be developed to the required specification, a MO switch that is capable of
almost zero turn on delay can be evaluated with doped garnet as the MO switching
medium.
In this chapter, a PCSS driven MO rotator having a 3 mm aperture is built and
evaluated. An application as a high-speed MO light gate for ballistic imaging through
the clouds is also demonstrated.

5.1 High-Speed Light-Activated MO Rotator
As discussed in Chapter 2, the key to realize a high-speed MO rotator that has
zero trigger delay is the DC biased photoconductive switch. It is not until the high DC
hold-off field capable GaAs PCSS was developed in this dissertation that such as
device becomes a reality. Even a 5 ns trigger delay requires an optical delay that equals
to 1.5 m distance in air, not to mention hundreds of nanoseconds typically found in a
electrical pulse generator.
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Figure 5-1. The high-speed light-activated magneto-optical rotator, that is capable of almost
zero trigger delay.

Figure 5-1 shows the finished magneto-optical rotator having a 3 mm aperture
size. Shown in the figure is a doped magneto-optical garnet thin film mounted directed
on top of a 3 mm diameter single turn copper coil. The saturation field of this garnet
sample was around 100 Oe, meaning a driving current of at least 30 A is required to
saturate the Faraday rotation. The FR-4 printed circuit board (PCB) is mechanically
rigid and rugged and is nonmagnetic, it is therefore a good material for assembling the
MO rotator. The microstrip line shown in the figure has a characteristic impedance of
50 Ω which is matched to that of the charging cable seen on the left of the figure.
Insulating epoxy was also applied to the solder junction of cable and PCB to prevent air
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Figure 5-2. The test setup for the high-speed light-activated magneto-optical rotator.

breakdown during the high voltage charging. The PCSS used in this assembly is a
1.5 mm × 1.5 mm GaAs PCSS passivated with atomic layer deposited Al2O3 coating,
and is subject to a 5 kV DC bias. The corresponding bias field is 33 kV/cm. The
leakage current was one order of magnitude smaller than that of unpassivated SI-GaAs
PCSS. The same epoxy was also applied on to the surface of PCSS to prevent air
breakdown between contacts through air.
Figure 5-2 shows the setup to test the new free-space magneto-optical rotator.
A Q-switched 532nm laser pulse first went through the neutral density filter mounted
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on the turret as seen on the left most of the figure. The laser pulse was next sampled by
a small piece of cover glass and reflected by a small mirror. The sampled part was used
to trigger the PCSS and was directed toward the PCSS on the circuit board by the small
mirror. The other part of the laser pulse (the part that passed through the cover glass)
first went through a polazrizer and then through the MO crystal thin film and finally the
second polarizer (analyzer). A high bandwidth (DC-600MHz) photodetector was
placed behind the analyzer to measure the pulse waveform both when the MO switch
was turned on and off. By comparing the recorded waveforms of both cases, one can
evaluate the performance of the high-speed light-activated MO rotator.
Figure 5-3 shows the measured laser pulse waveform when the MO switch was
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Figure 5-3. The laser pulse waveform after passing through the MO switch. OFF state.
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Figure 5-4. The laser pulse waveform after passing through the MO switch. ON state.

in the OFF state, i.e., the DC bias was not applied. The FWHM of the laser pulse is
about 3ns and the pulse rise time is more than 2ns. Therefore, it can be expected that if
the rise time plus the trigger delay of the driving current pulse (which gives the
magnetic pulse) is around 1 nanosecond or less, the polarization of most of the incident
laser pulse would be rotated and subsequently blocked by the analyzer. A truly highspeed light-activated switch can therefore be realized.
Figure 5-4 shows the measured laser pulse waveform when the MO switch was
in the ON state, i.e., the 5 kV DC bias was applied. The peak amplitude of the switched
laser pulse became much smaller compared to that of Figure 5-3. Since the output
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voltage from the photodetector is proportional to the laser pulse intensity, it is clear that
the response time of the MO switch is fast enough to switch a 3 ns FWHM laser pulse.
Last, but not least, (actually might be the most important) the extinction ratio
of the switch OFF state to the switch ON state is 30 to 1 (30:1), which is more than
enough in some intensity modulation applications or polarization modulation
applications where a 10:1 extinction ratio is already good enough.
To conclude this section, a free-space light-activated magneto-optical rotator
having a large aperture (≥ 3 mm) and nanosecond response time working in the visible
spectrum is in real world possible! Such a MO switch does not require any
synchronization or tedious delay setup to work with. Neither does it require a bulky and
expensive pulse generator.

5.2 Magneto-Optical Switch as a Light Gate
In this section, the separation of transmitted and diffused part of a light beam
after passing through a scattering medium by a high-speed magneto-optical switch is
investigated. Such a magneto-optical switch has been described in [105], which is
capable of 1 ns switching speed and has a 1 mm clear aperture. The diffused light
beams and ballistic beams in the cloud (the scattering medium) are simulated in the lab
by two beam paths. One beam is delayed by an amount similar to the mean free path in
clouds from the other to simulate the diffused light beam and the ballistic beam,
respectively. The magneto-optical switch is synchronized with the required delay to the

96
laser pulse to keep only the ballistic beam, acting as an ultrafast light gate. The concept
is demonstrated with a 532nm Q-switched frequency doubled pulse laser.

5.2.1 High-Speed Magneto-Optical Switch as a Light Gate
A light gate is device or an optical setup that allows light to pass through for
certain window in time and blocks any other transmission at all other time. The active
mode-locking mechanism in a mode-locked laser is one such kind of light gate. Only
laser pulses shorter than the time window (open time) of the light gate can pass
through, meaning low cavity loss. All other longer pulses will experience very high
cavity loss, thus no lasing can occur.
Another important application of a light gate is ballistic imaging through a
highly scattering medium, such as milky water-alcohol mixture [106]. The high speed
light gate was implemented using nonlinear optical Kerr effect with a CS2 cell, thus the
opening shutter time of the light gate is about the same as the laser pulse width (~10ps
as reported in [106]). The unknown object was placed in the scattering medium for imaging. Without the light gate setup, only a very blurred image was seen. With the help
of the light gate, the image of the unknown object can be recovered.
In this section, we investigate, instead of imaging objects inside a scattering
medium, the possibility to transmit an image through a highly scattering medium, such
as the clouds, using an high-speed magneto-optical light gate, which is simply the
magneto-optical rotator configured as an intensity modulator.
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5.2.2 Image Transmission Through A Highly Scattering Medium
Figure 5-5 shows the general pulse shape in time domain after a short laser
pulse passes through a scattering medium. The front ballistic part has the same pulse
shape as the input pulse [107]. This part consists of photons coming from forward scattering inside the scatterers of the medium. The latter and much intensive/broader part
(diffusive part), consists of photons undergo multiple scattering inside the medium.

Diffusive Light
Ballistic Light

t

Output pulse

t=0

Input Pulse
Scattering Medium

Figure 5-5. Ballistic and diffused light after propagating through a scattering medium.

This latter part, due to statistical nature of multiple scattering at all scattering
sites, is about the same for every point in space. Since the number of forward scattered
photons is only a small part of the total number of photons going through the medium,
the average light intensity as detected by an ordinary CCD camera will be about the
same at every spatial point. This gives the generally observed blurry result through
scattering medium such as ground glass. A more detailed look at the diffusive part reveals that the broader and more intensive pulse in time domain actually constitutes pho-
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tons from various scattering sites in the medium, reaching the same point on the CCD.
Another way of interpreting the observation is that, light from each point of the image
to be transmitted eventually reach the CCD at multiple points, in addition to the ballistic point. An interesting feature of light propagation through scattering is that, despite
each image point becomes multiple points all over the CCD, the diffusive points arrive
at the CCD at different times from the ballistic point. In summary, a single light beam
having propagated through a scattering medium becomes multiple beams separated in
space and in time. Hence, by eliminating the diffused part of the scattered light, one
can retrieve ballistic light beams, whose intensities are proportional to the original image intensity. In this way, an image is possible to be transmitted through a highly scattering medium.

5.2.3 Ballistic image transmission through clouds with a MO light gate
As discussed above, for ballistic image transmission to be possible, the diffused part of the transmitted light must be blocked. One way to achieve the goal is to
use an optical light gate that only opens for a short period enough for the ballistic part
of the ballistic part of the transmitted light to pass, and closes at all other times to block
the unwanted diffused part. For the light gate to work in an imaging application, the
gate switching time must be much shorter than the total shutter opening time. Our
magneto-optical modulator switches at 1ns, thus more than 10ns shutter opening time is
the expected for the MO light gate to work well.
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The distance between the ballistic and diffused light in time can be estimated
as the time it takes for the first scattering to occur in the medium, which is called the
mean collision time and translates into mean free path in space. A suitable application
for our MO light gate is ballistic image transmission through clouds. At visible
wavelengths, the scattering mean free path is of the order 10 m [108], which
corresponds to about 33ns of mean collision time. The 1 ns switching time of the MO
rotator is clearly much shorter than 33 ns shutter opening time.

5.2.4 Experiment Setup
Figure 5-6 shows the experimental setup for investigating the ballistic image
transmission through clouds. A 532 nm Q-switched pulse laser is used as the light
source. The scattering property of the clouds is simulated in the lab by two beams. The
laser beam enters the setup at the non-polarizing beam splitter (NPBS). The transmitted
beam is used to simulate the ballistic light beam after propagating through the clouds,
and the reflected beam is used to simulate the diffused light beam after being scattered
by water molecules in the clouds. The reflected beam is delayed by about 10 ns in free
space by the four mirrors as shown in the Figure 5-6, and finally recombined with the
ballistic beam through the same NPBS. The reflected (diffused) beam is slight tilted off
the ballistic beam to simulate scattering effect, note that only single scattering is
simulated in this experiment. Before being measured by the CCD or the photo-detector,
the MO light gate is synchronized with the laser trigger to block the unwanted diffused
beam.
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Figure 5-6. The experiment setup used to investigate the MO rotator as a light gate to separate
the ballistic part of through clouds transmission.

5.2.5 Results and Discussion
Figure 5-7 shows the measured results. Before the MO light gate is turned on,
the CCD records how the beam is separated in space and the photo-detector records the
delayed nature of the diffused beam in the time domain. Note that the diffused beam is
separated both in time and in space. When the MO light gate is turned on, the diffused
beam is clearly reduced, as can be seen in space with the CCD and in time with the
photo-detector. The diffused beam is not completely removed in this experiment. This
is mainly due to the incomplete blocking of the diffused beam. The driving electric
pulse generator used in the experiment only generates up to 100 ns long pulse, so the
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MO gate is OFF

MO gate is ON

Figure 5-7. (a) The left two figures show the CCD image and photodetector waveform when the
MO light gate is OFF. (b) The left two figures show the CCD image and photodetector
waveform when the MO light gate is ON.

tail of the diffused beam cannot be completely removed. This caused the residual
diffused beam spot on the CCD. Of course, the MO light gate can be configured in the
opposite way that it opens only 10 ns to allow just the ballistic beam to pass and then
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blocks everything else. However, such a short gate opening window is demanding on
the ability of the pulse generator, for the fall time of the driving pulse has to be far less
than the pulse width (10 ns in this case) and average pulse generator focuses on the
pulse rise time.
For a practical application, it can be necessary to incorporate a DC biased
PCSS and a delay line to trigger the MO gate, since the actual arrival of the ballistic
pulse is subject to vary according the atmospheric conditions during the transmission.
The use of a digital delay line in the above setup to synchronize the laser and the MO
gate, however, does not mean any loss of generality. Tens of nanoseconds of delay to
trigger the MO gate is a relatively easy requirement for designing the driving circuit.
To summarize, the ballistic image transmission through clouds using a laser
pulse has been investigated in this section. The scattering condition in typical clouds is
simulated in the lab by two beam paths, one for the ballistic beam and the other for the
diffused beam. The two beams are separated in space, simulating the image blurring
effect due to the scattering. The two beams are also separated in time, simulating the
delayed diffused light. An ultrafast magneto-optical intensity modulator, previously
developed by the author, working as a light gate is used to keep only the ballistic beam
and block the diffused beam. We have clearly demonstrated the feasibility of ballistic
image transmission through clouds using an ultrafast magneto-optical light gate.

Chapter 6

Conclusions and Future Works
In this dissertation, a high-speed light-activated magneto-optical rotator,
suitable for free-space applications, was developed and evaluated. This rotator has a
large aperture, 3 mm in diameter, and works in the visible spectrum. By incorporating a
DC biased PCSS in the driving circuit, the MO rotator also has short trigger delay
(response) time and switching time, which can be both less than 1 nanosecond
depending on the applied bias field. Being able to operate under a DC power supply
means the practical elimination of tedious or sometimes difficult synchronization setup.
In Chapter 2, as a feasibility check, the magneto-optical crystal, doped garnet
film, was subject to switching speed evaluation and was found to be capable of
1 nanosecond rotation speed, by sending a CW 532 nm beam through the MO crystal
film to measure the speed of polarization rotation under a magnetic field pulse.
In Chapter 3, one of the two key components, the high DC bias field capable
photoconductive switch (PCSS), to fundamentally solve the design problem of a lightactivated high-speed free-space MO rotator is discussed. A new type of GaAs PCSS
was proposed to the advance the current state-of-the-art GaAs PCSS, and its
performance was also evaluated.
In Chapter 4, the other key component of the MO rotator, the material
requiring a low saturation magnetic field and a good transparency in the visible at room
temperature, was discussed. Iron(III) borate (FeBO3) is one of the very few materials
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satisfying the specification, but its inherent birefringence also eliminates its usefulness.
One possible work around would be to fabricate optical composite of nano-particles of
FeBO3. FeBO3 has so far only been synthesized with high temperature solid state
reaction. The microwave assisted heating was employed to synthesize iron(III) borate,
FeBO3, for the first time to reduce the crystalline particle size. The preliminary results
are promising. Smaller crystalline powders were indeed obtained. Although the particle
size was still around the order of 10 µm, instead of the submicron or nanometer range,
further improvements are expected to be possible with a better designed precursor.
In Chapter 5, the actual MO rotator driven by a DC biased GaAs PCSS was
built and characterized. The optical trigger delay was also shown to be no more than
2 nanoseconds at 33.3 kV/cm and can be much less if using higher bias fields. Such
results suggest scaling up the aperture size can be done without much difficulty. An
interesting application of such novel high-speed free-space MO rotator as a light gate
was also demonstrated.
This dissertation has showed the real world possibility of designing and
building a light-activated high-speed free-space MO rotator. However, methods to
increase the device longevity of GaAs PCSS will be the next important task in
developing the driving circuit of high-speed free-space MO rotator. As for the MO
material development, further study on the precursor suitable for microwave assisted
synthesis is required to truly implement a magneto-optical composite, and eventually
realize a large-aperture free-pace MO rotator transparent in the visible.
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