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Abstract

Terahertz Electro-Optics of
Excitonic Intersubband Excitations

in Double Quantum Wells
by

Mark Y. Su

In experiments using the UCSB Free Electron Lasers (FEL), I studied how in-
tense terahertz (THz) electric fields modulate the interband refractive index in gated,
undoped, GaAs/AlGaAs double quantum wells (DQW) subject to an applied DC
voltage. The DQW structures were designed to have tunnel-split energy levels in the
THz frequency range. When the THz field resonantly couples to an intersubband
excitation of excitons confined to the wells, a weak near-infrared (NIR) probe beam
is modulated at THz frequencies. This results in the emission of optical sidebands
which appear at frequencies Wy;gebona = Wyrr + nwry, Where wyrg (wrg:) is the
frequency of the NIR (THz) beamandn = 1,2, .. ..

The excitonic intersubband excitations studied here are distinct from the well-
known intersubband transitions of electrons in a doped quantum well. The Coulomb
interaction between electron and hole drastically modifies the single-particle states
and their dipole moments. In particular, the excitonic states in an undoped DQW
are both direct (electron and hole on the same side of the tunnel barrier) and indirect
(electron and hole on opposite sides of the tunnel barrier). A DC voltage applied to
the gates tunes indirect excitons into tunnel resonance with direct excitons.

During THz modulation, the terahertz field couples between tunnel-split exciton

states. At low terahertz intensities, the sideband intensity as a function of gate bias,

viii



wyIR, and wry, was measured and modelled by a nonlinear susceptibility x(? for
three-wave mixing between THz and NIR fields.

At high terahertz intensities, the electric dipole energy is comparable to the pho-
ton energy. The sideband intensity displayed an unusual non-monotonic dependence
on the THz field strength. In this strong-field regime, the oscillating refractive index
may be understood by the formation of Floquet states, which oscillate with the same

periodicity as the driving terahertz field.
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Chapter 1

Introduction

1.1 A terahertz gap

The past few decades of advances in solid-state physics has resulted in a huge
array of compact and inexpensive electronic devices that work at very high frequen-
cies. Indeed, the astonishing validity of Moore’s Law continues to be a driving prin-
ciple in the semiconductor industry. As of this writing I can buy a laptop computer
with a microprocessor running 1.5 GHz, plugged into a wireless modem operating
at tens of GHz.

At the same time advances in photonics has resulted in optically networking
these fast electronic devices. The laptop I mentioned can be connected to an inter-
net backbone with hundreds of gigabits/s of cheap bandwidth, thanks to the advent
of semiconductor lasers, amplifiers, and modulators sending optical signals down
nearly dispersion-free optical fibers.

Laser physics has been progressing at a fabulous rate as well, especially non-
linear oscillators driven by that trusty workhorse of optical physics, the Ti:Sapphire

laser. It is possible to purchase turnkey, tabletop sources of coherent light tunable



from ultraviolet all the way down to mid-infrared. The basic physics made accessi-
ble by these technologies directly feeds back to generate new technologies.

Meanwhile, at of the turn of the century, the availability of useful devices that
operate in the region of the electromagnetic spectrum between 500 GHz and 10 THz
is abysmal.

The practical problem comes from two directions.

Firstly, electronic techniques rapidly roll off at these super-high frequencies, as
semiconductor electron relaxation rates are approached and parasitics dominate the
behavior of electronic devices.

Secondly, photonic techniques fail at these low frequencies, partly because rel-
ative linewidths which are narrow in the optical part of the spectrum become huge
down in the THz. Solid state systems also bear many resonances in this region which
render most materials opaque to THz radiation.

Stuck between the divide between high-frequency electronics and mm-wave

photonics, terahertz is the runt of the technology litter.

1.2 Optical switching and other wish-lists

The motivations for the current push to beef up terahertz technologies range
from pure science to pure commerce. Cosmologists wish to spatially and spectrally
resolve the THz radiation emanating from distant dust-enshrouded early galaxies.
Atmospheric chemists wish to spectroscopically monitor airborne pollutants whose
molecular vibrational modes lie in the THz range.

An application particularly addressed by this dissertation is in the field of opti-
cal networking. Network engineers want to be able to fully utilize the 50 THz of
low-loss bandwidth in optical fiber. To do so, traffic is wavelength-division multi-

plexed (WDM) with separate wavelengths for separate channels (Fig 1.1). A basic
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Figure 1.1: In a wavelength division multiplexed (WDM) optical communications
network, two channels may be separated by up to Af ~ 2Bn + 6B(n — 1) GHz
where B is the individual channel bit rate in bits/s (bps), and n is the total number
of channels[1]. The factor of 2 assumes a modulation efficiency of 2 Hz/bps. The
factor of 6 is the conventional spacing to minimize crosstalk. For B = 10Gbps
and n = 20,Af = 1.5 THz. TOP: Switching between channels currently requires
demodulation of the optical signal to an electrical one, and then a remodulation on
the new wavelength channel. BOTTOM: the widely sought-after goal of all-optical
wavelength shifting requires modulating a NIR carrier at THz frequencies.



WDM network function is to convert the data coming in on one channel to a dif-
ferent channel in order to forward it onto the next node[1]. A holy grail within the
optical networking community is to be able to perform the wavelength conversion
all-optically; that is, to not have to decode the optical signal into an electronic signal
and resend it on the new wavelength channel. All-optical switching in a WDM re-
quires shifting the frequency of a NIR carrier to another frequency separated by the
order of a few THz. This application requires the ability to modulate a NIR carrier
beam at THz frequencies, a process which generates an optical sideband at the new

frequency. The sideband can subsequently be amplified and sent on its way.

1.3 Terahertz electro-optics in double quantum wells

The advent of semiconductor heterostructures paved the way for practical ter-
ahertz photonic devices, since the electronic band structure can be tuned through
careful epitaxial crystal growth and the application of external electric and mag-
netic fields. Semiconductor quantum wells can be engineered to have narrow elec-
tronic intersubband resonances in the THz regime. Double quantum wells (DQW),
in which two quantum wells are separated by a thin tunnel barrier, are particularly
attractive in this regard for several reasons: the optical band-gap can be tuned by the
width of the individual wells while the THz resonance can be separately tuned by the
dimensions of the tunnel barrier (Fig. 1.2). Furthermore, large optical nonlinearities
can be engineered[3] into the DQW by making the two wells different widths, cre-
ating an asymmetric DQW (ADQW, see Fig. 1.3). The nonlinearities arise because
the electrons feel a non-centrosymmetric confinement potential.

This dissertation will describe THz electro-optic experiments in which a NIR
probe laser beam is modulated at THz frequencies in asymmetric double quantum
wells. The THz field couples to an intersubband excitation while the NIR field



en—-
wider barrier,
slightly wider wells
_— — — —

wider wells,
same barrier

D i JEp s b e e ccacccn = e -
cpreccccedechccccancpbancnnm=-=="
S

Figure 1.2: Double quantum well (DQW) structure allows one to tune the intersub-
band spacing and the interband spacing by varying the tunnel barrier and well width
independently. The intersubband spacing can be designed to lie in the THz regime,
while the interband spacing in GaAs systems is in the NIR.




Figure 1.3:

Figure 1.4: The THz field couples to an intersubband excitation, while the NIR field

||

couples to an interband excitation.

THz

|

LEFT: Symmetric DQW has no second-order nonlinearities.
RIGHT: Asymmetric DQW can have extremely large THz second-order optical
nonlinearities.

conduction subbands
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couples to an interband excitation (Fig. 1.4). When certain resonance conditions
are met the NIR probe is modulated resulting in the emission of optical sidebands

which appear at frequencies
Wsideband = WNIR + MWTH- (1.3.D

where wyrr (Wry:) is the frequency of the NIR (THz) beam and n = +1,2,...
(Fig. 1.5).

The optically active ADQW region was sandwiched between two gates. Apply-
ing a DC voltage to the gates tunes the active region into resonances with the THz
and NIR beams. I studied in detail the strength of the n = +1 sideband (here-
after referred to as “the sideband”) as a function of gate bias, NIR frequency, THz
frequency, and THz field strength.

1.4 Strong-field physics

A major basic physics perk for studying the THz field strength dependence of
sideband generation in quantum wells is the chance to experimentally probe the
effect of a very strong resonant laser field on a quantum system. By “very strong”
I mean that the electric dipole energy, or Rabi energy y - E is comparable to the

photon energy Aw:
pb >1 (1.4.1)
hw
Where 1 is the dipole moment, E is the electric field strength, and w is the radiation
frequency. This is the strong-field regime.
At optical frequencies fiw is very high so it is generally hard to satisfy (1.4.1).
Previous studies into this regime have looked at atoms in microwave cavities[4, 5].
The atoms are prepared in excited states where the level separation is in the mi-

crowave range. Since atomic excited states are near the continuum, strong-field ef-



Sideband emission spectrum, m_=1542 maV, m“°=1.9‘mz (8.2 meV)

200

180 x105 laser line

-
3
©

-
&
[+]

Py
»n
[-]

nzel

THe-induced emission change (nW)
@ )
o o

ONIR

»

(Y]
©

AVAVAN /\3 1540 1545 1550 1555 1560

mTHZ g& NIR energy (meV)

Sideband emission spectrum, Wy =1551 maV, oy, =1.9THZ (8.2 maV)

20

n=-1

15

ON[RTOTYH,

v

THz-induced smission change (nW)
©

-5 x105 laser fine
-10
15 \ PL quenching
4530 1535 1540 1545 1550 1555

NIR energy (meV)
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fects manifest themselves as unexpected ionization rates as a function of microwave
field strength. There exist beautiful and profound links between the ionization rates
in the atomic system and the stability of KAM tori in the analogous chaotic classical
system.

However, the atoms are ionized, meaning the bound states don’t exist anymore
after the microwave field is tumed onf This is an inescapable consequence of the
distribution of level spacings in an atom. The upper states get closer and closer to-
gether, so ionization is inevitable when resonantly driving upper states at microwave
frequencies (Fig. 1.6).

There is a rich body of theoretical predictions on the effect of strong fields on the
bound states of a quantum system([6, 7]. In quantum wells, upper states get farther
and farther apart. Thus (1.4.1) can be satisfied by resonantly driving the lowest
subbands of a quantum well at THz frequencies. Yet the well is still far deeper than
the Rabi energy, so the bound states still survive.

The strong field effects on the bound quantum well states manifest themselves as
unexpected sideband intensities as a function of THz field strength. There are tech-
nological consequences, as these effects place an upper-bound on the modulation

efficiency in electro-optical devices.

1.5 Quantum well optical properties

This section reviews some key concepts of quantum well optical properties nec-
essary to develop the rest of the dissertation. For more detail please refer to numer-

ous excellent reviews on the subject[8, 9].



..... nicrowave

Figure 1.6: In atoms, the strong-field condition (1.4.1) can only be satisfied for
excited states, which are near the continuum and easily ionized. In a QW, the excited
states get farther apart, so even in a strong-field limit the bottom states stay bound.

1.5.1 Electron-hole states

Molecular-beam epitaxial crystal growth of alternating layers of GaAs and Al-
GaAs layers forms a semiconductor heterostructure with spatially varying bandgap
profiles in the growth direction 2. The bandgap profiles form a one-dimensional po-
tential energy that an electron in the conduction band feels. Similarly, a hole in the
valence band also feels a one-dimensional potential energy profile. The confinement
potential in the z-direction leads to discrete energy levels. Within each energy level
electrons and holes are free to move about in the zy plane. Therefore each quan-
tum well energy level forms a subband of energies corresponding to the continuous
spectrum of xy-plane k-vectors (Fig. 1.7a).

In the III-V family of semiconductors the valence band Bloch states are formed
by hybridized atomic orbital states with p-symmetry (! = 1). Spin-orbit coupling
splits the valence band into separate bands ([J = 3/2,m; = £3/2],[J = 3/2,m; =
+1/2],[J = 1/2]) with different effective masses given by the curvature of the hole

10
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Figure 1.7: (a) zy-plane dispersion of electron (E,,) and hole (H,) subbands. (b)
kz, = 0 energies of free electron-hole continuum subband E,,H,,. [0) is the vacuum
ground state with no electrons or holes. A NIR photon couples the vacuum to an
electron-hole state. A THz photon couples between electron-hole subbands. (c)
Energies of the 1s exciton associated with each free electron hole subband. The
binding energy makes the exciton lower in energy than its associated free electron
hole continuum. Again, a NIR photon couples the vacuum to an exciton, while a
THz photon couples between excitons states.

11



carrier z mass | Ty mass
electron 0.067 0.067
heavy-hole | 0.340 | 0.115
light-hole | 0.094 0.206

Table 1.1: Carrier masses in GaAs in units of mg, the electron mass. The hole
masses are based on the Luttinger parameters ~, and 7, (see Sec. 3.2). From [2]

dispersion relation at £ = 0. The two J = 3/2 bands are called heavy-holes and
light holes.

Heavy-holes and light-holes confined in the same quantum-well potential wil}
have different subband energies due to their different masses. For Symmetry reasons
a curious effect called mass reversal occurs in which a heavy hole in the z- direction
will be a light hole in the zy plane, and vice-versa (see Table 1.1). Following stan-
dard usage, we always label the hole according to the hole’s mass in the z-direction.
In an undoped quantum-well the ground state of the crystal is the vacuwm state with
no electrons or holes. A NIR photon can create an electron in conduction subband
m and a hole in valence subband n (Fig. 1.7b). These are the free-particle electron-
hole (e-h) states since the carriers are unconfined in the zy plane. They are labeled
E..HH,, and E,,LH,, for heavy-holes and light-holes, respectively. The label E, . H,,

will be used when generically referring to both heavy and light holes.

1.5.2 Excitons

Since electrons are negatively charged while holes are positive, they experience
a Coulomb interaction. Thus the correct e-h states include the Coulomb bound
states, called excitons (Fig. 1.7c). They form a Ryderg series of bound states
1s,2s,2p, ... leading up to the free-particle e-h states. The exciton binding energy
Ry" in GaAs/AlGaAs quantum wells is on the order of 5-10 meV, with a Bohr radius

12



=~ 100A.

Since the overlap of electron and hole is greater in an exciton state than a free
state, the interband oscillator strength is much greater. In addition, as they are lower
in energy than the free states, excitons dominate the photcluminescence (PL) spec-
trum.

In the case of quantum wells less than the Bohr radius, there will be an exciton
series associated with each free-particle subband E,,H,. Thus, the ground state
exciton can be labelled E,,,H, X, with the “X” to distinguish it from the free-particle
subband.

A detailed calculation of the exciton states is in Chapter 3 in the analysis of PL

spectra.

1.5.3 Intersubband transitions

Light polarized in the z-direction can couple between electron or hole subbands.
In doped quantum wells the intersubband transition has been and continues to be
studied extensively, forming the basis for quantum-well infrared photodetectors,
quantum-cascade lasers, and harmonic generators.

In undoped systems z-polarized light can couple between exciton states. In-
tersubband work in undoped systems has been more limited. Ehrenfreund and
coworkers(10, 11, 12] have induced absorption of z-polarized light in undoped quan-
tum wells by photogenerating excitons with a second laser beam.

A detailed calculation of the excitonic intersubband resonance is in Chapter 4 in

the analysis of sideband excitation spectra.
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1.6 Terahertz electro-optics background

Even-numbered THz optical sidebands wigesanda = wWirr + nwrg, where n =
+2, 4, ... in quantum wells were first discovered by Cerne and Kono when studying
the change in GaAs/AlGaAs excitonic photoluminescence induced by a strong THz
field[13, 14]. Kono and Su exploited the process as a useful spectroscopic tool
for studying the internal energy levels of GaAs/AlGaAs quantum-well excitons in
high magnetic fields[15]. The generation of the n = 2 sideband was enhanced
when fiwry. was resonant with magnetically-tuned energy levels in the excitons,
specifically between 1s-2p+ and 2s-2p— states. Using traditional linear absorption
methods is impossible for spectroscopy of very dilute (n =~ 10! cm~2) exciton
systems.

In InGaAs/GaAs quantum wells, Nordstrom studied the relationship between
even-numbered sideband generation and a related THz electro-optic effect, the exci-
tonic dynamical Franz-Keldysh effect, in which the free-electron hole subband edge
is blue-shifted by the pondermotive energy of the THz field[16].

An effort was then made to generate the cdd-numbered sidebands wg;gepang =
wnir + nwre. Where n = 1,3, 5,. ... The magneto-exciton experiments used THz
electric fields which were polarized parallel to the quantum well plane, where the ex-
citon Hamiltonians have inversion-symmetry. For an inversion-symmetric potential,
only even-numbered sidebands can be generated.

Phillips and Su developed the basic experimental techniques for coupling both
z-polarized THz radiation into the device, while simultaneously exciting and collect-
ing zy-polarized NIR light[17, 18]. Both even and odd sidebands were generated by
breaking inversion symmetry in a coupled quantum well structure and polarizing the
THz electric field in the growth direction. Details of these techniques are described
in Chap. 2.

14



It is interesting to note that THz electro-optic effects can also be used to gener-
ate and detect terahertz fields using all-optical laser pulses. Zhang and coworkers
generate THz pulses in bulk ZnTe crystals, and detect them with a phase-sensitive
electro-optic sampling method in a second ZnTe crystal[19]. The mirror process was

recently performed by Heyman, generating THz optical sidebands in ZnTe[20].
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Chapter 2
Experimental Methods

The experiments in this dissertation involved the design and crystal growth of
samples, their processing into measurable devices, optical characterization, and THz
electro-optic modulation measurements. Detailed information for workers to repeat

the experiments are contained in Appendices.

2.1 Sample Design

The samples in this study were grown by molecular beam epitaxy (MBE) on
semi-insulating GaAs substrates by Jack Ko, Andrew Huntington, and Christoph
Kadow, all from the Electrical Engineering Department at UCSB.

Several generations of samples had to be grown, processed, and tested to fine-
tune the parameters and process for a workable sample which was used for most
of the measurements reported in this dissertation. The final generation of samples

consisted of four functionally distinct regions:

1. Active region containing the double-quantum wells.
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Figure 2.1: Sample band structure, containing frontgate, active region, backgate.
and distributed Bragg reflector. Not to scale.

2. Distributed Bragg reflector for the NIR probe.
3. Backgate consisting of a narrow n-doped quantum-well.
4. Frontgate consisting of a narrow n-doped quantum-well.

The band diagram of the sample is shown in Fig. 2.1.

2.1.1 Active Region

The active region consisted 5 periods of double quantum well, each consisting of
a 120 A GaAs quantum well and a 100 A GaAs quantum well separated by a 25 A
Aly 2Gag gAs tunnel barrier (120/25 x 0.2/100). Each period is separated by a thick
300 A Alg3Gag-As barrier so that neighboring DQWs are not interacting. I chose
the number of periods to balance the need for more signal with the desire to keep the
active region thin compared to the NIR wavelength. A thicker region would have

more signal but is more difficult to model due to reabsorption, phase-matching, and

screening effects.
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The dimensions of the DQW were designed so that the two lowest-lying electron
subbands were separated by =~ 10 meV (= 2.4 THz) at flat-band. This is around the
center of the range of high-quality operating frequencies of the THz source, the
UCSB Free Electron Laser (FEL).

Within the 10 meV energy splitting constraint, the degree of asymmetry was de-
signed to peak the strength of the sideband at flat-band conditions. If the asymmetry
is too small, then the sideband is weak, and the tunnel barrier will be too thin to
ensure consistent growth from well-to-well. If the asymmetry is a little too large,

then the tunnel barrier will be too thick to couple the two wells.

2.1.2 Distributed Bragg reflector

A distributed Bragg reflector (DBR) is an stack of alternating high and low re-
fractive index material with each period 1/4-wavelength thick. It is simply a dielec-
tric mirror. The passband, or region of high reflectivity, is determined by the index
contrast between the high- and low-index material.

Directly grown into the sample by MBE, the DBR consisted of 15 periods of 689
A AlAs and 606 A Alg 3Gag 7As. It had a low-temperature passband nearly centered
on the low-temperature bandgap of the DQW, making it about 95% reflective for the
NIR probe beam.

The DBR is necessary because the GaAs substrate is opaque to the NIR probe
beam. In previous studies of even-numbered sidebands, I removed the substrate
with a wet chemical etch. However in those cases the incident NIR and THz beams
were collinear and polarized in the zy plane. To generate odd sidebands in these
asymmetric quantum well systems it is necessary to polarize the THz field in the
z-direction. However it is nearly impossible to efficiently couple z-polarized THz

radiation into a sample consisting of only a free-standing epilayer. It is also difficult
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to process gates on substrate-free device.

2.1.3 Gates

To apply a DC electric field across the DQWs, the active region was sandwiched
between two gates, a frontgate and a backgate. By applying a voltage between the
frontgate and backgate I could tilt the DQW and voltage-tune the exciton states.

Each gate consisted of a 70 A quantum well delta-doped with Si to create a high-
mobility 2D electron gas with density ~ 1x 10*2 cm~2. The gates are separated from
the active region by 3000 A Aly 3Gag 7As barriers. Since the gate quantum wells are
narrow, their subband spacing is large and thus are both completely transparent to
both the NIR probe and the THz field.

An ordinary metal Schottky frontgate would, of course, not have been transpar-
ent to the NIR probe. On some preliminary devices I evaporated nichrome semi-
transparent Schottky gates. Their difficulty is twofold: they are lossy to both NIR
and THz, and introduce a parasitic nonlinearity into the system since the the Schot-
tky interface is a diode. However, for certain device geometries a semitransparent
Schottky diode may be much easier to process, making it an option worth pursuing
in the future.

Early generations of samples had the backgate behind the DBR. However, charge
became trapped in the DBR, possibly in the X-valley conduction-band minima in the
AlAs layers. Even with the backgate in front of the DBR it was necessary to separate
the backgate from the DBR by at least 1000 A, because the DBR acted as a great

sponge for charge.
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2.1.4 Other samples

I will also present some results from an earlier generation ungated DQW sample
where the wells are more weakly coupled. It consisted of 25 periods of a 85 A GaAs
quantum well and a 75 A GaAs quantum well separated by a 25 A Al 3Gag sAs
tunnel barrier. I will refer to this sample as [85/25x0.3/75].

2.2 Device Fabrication

After MBE growth by collaborators, I processed the sample in the UCSB clean-
room facility. The purpose of processing is to isolate an active mesa, to make sepa-
rate ohmic contacts to the front and back gates, and to facilitate efficient coupling of
z-polarized THz radiation into the device.

The THz-coupling scheme largely determined the device geometry and process.
Two coupling schemes led to two types of device geometry: a dielectric waveguide
(Fig. 2.2) and an antenna-coupled device (Fig. 2.3).

The antenna-coupled devices suffered from signal-to-noise problems because of
the small optical area of the mesas (= 10 um?) and short integration times (see Sec
2.3). Thus the results presented in this disseration come from the waveguide-coupled
devices. Details on the the antenna-coupled device processing and THz coupling are
described in App. A.

All the metallization and etch patterns were defined using standard contact pho-
tolithography. First, I evaporated and annealed metal ohmic contacts to the frontgate.
Then I defined a mesa with a combination dry- and wet- chemical etch. This is fol-
lowed by evaporating and annealing a second set of ohmic contacts to the backgate.

To form the waveguide, the sample was then cleaved into a 1 mm wide strip, 8

mm long. I then cleaved a 400 m-thick wafer of crystal sapphire substrate material
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intoa 1 x 5 mm strip, oriented with the optically slow axis along the long dimension.
The sapphire was mechanically pressed against the surface of the sample with a
beryllium copper clip as shown in Fig. 2.2.

In the final process step the contacts are bonded by indium solder to Au wire.

At low temperature, sapphire is index-matched to GaAs and transparent at THz
wavelengths. At the same time, sapphire is transparent to the NIR. Pressing the
sapphire against the sample forms a rectangular dielectric waveguide with half of the
waveguide defined by the sample substrate and the other half defined by the sapphire.
The epilayer containing the active region lies in the middle of the waveguide.

Without the sapphire, the sample substrate itself forms the waveguide, with the
active region next to the air interface. Thus, the THz field component polarized in
the z-direction (that is, perpendicular to the interface) is very small. In fact, this is

not a problem for measurements requiring low THz field intensities.

2.3 Measurement

This section describes the experimental setup, which is illustrated in Fig 2.4.
Optical alignment procedure, detector electronics, and other sundry details are con-

tained in App. B.

2.3.1 Cryostat and voltage bias

The device is mounted on the cold-finger of a closed-cycle cryostat and regulated
at 21 K. The cleaved edge of the sample-sapphire waveguide devices stands free
from the edge of the copper sample-mount.

The gate voltage is applied by a external voltage source via shielded twisted-pair

cable.
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2.3.2 THz optics

The THz source is the FIR laser of the UCSB Free Electron Lasers (FEL) fa-
cility. It provides coherent THz laser radiation from 1-3.5 THz with peak power
of ~ 1 — 2 kW. The radiation comes in pulses of 1-10 us duration at a repetition
rate of 0.75-2.5 Hz. While nominally continuously tunable, certain frequencies can
operate at the higher powers, longer pulse durations, and higher repetition rates.
Additionally, absorption by atmospheric water vapor necessitates operation within a
water-vapor transmission window since I wanted to avoid the complications of doing
the experiment in a vacuum or nitrogen-purged drybox.

The THz beam is 10 cm in diameter. It passes through a variable attenuator
consisting of crossed wire-grid polarizers. About 5% is split off as a reference bya
mylar beamsplitter and focused by a 90° off-axis parabolic mirror onto a pyroelectric
detector. The remainder is focused by a 90° off-axis parabolic mirror (F/1) onto the

cleaved edge of the waveguide device. The spot diameter is about 500m.

2.3.3 NIR optics

The NIR source is a continuous-wave (cw) tunable Ti:sapphire (Ti:S) laser pumped
by all lines of an Ar-ion laser. About 20% is split-off by a glass slide and sent to a
spectrometer to measure the wavelength. Another 20% is split-off by a glass slide
to a photodiode, which feedbacks to a motorized variable neutral-density (ND) filter
to keep the intensity constant.

The NIR beam polarization is fixed vertical by a Glan-Taylor prism. The beam
goes through an acousto-optic modulator (AOM) where it is chopped into =~ 25 us
pulses which overlap the ~ 5 us FEL pulses. Chopping the NIR beam is necessary
to prevent cw photoluminescence from saturating the detector.

The chopped beam is then focused by a lens (F/10) onto the sample at the same
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focal point as the THz beam. The NIR beam propagates perpendicular to the THz
beam. After reflection losses by the lens, cryostat window, and sapphire, the in-
cident power is ~ 600 uW and the power density is &~ 50 W/cm?2. The reflected
beam, sidebands, and photoluminescence are collected by the same lens, and ana-
lyzed by a second polarizer. The reflected beam is dispersed by a 0.85 m Raman
double-monochromator and sidebands detected by a photomultiplier tube (PMT).
The double monochromator is vital in order to detect dim sidebands near the bright

laser line.

2.3.4 Detection noise limits

The PMT output is amplified and digitized on an oscilloscope. The recorded
sideband signal is the integrated PMT output during the FEL pulse minus the inte-
grated PMT output before the FEL pulse. Simultaneously, the integrated output of
the reference pyroelectric detector is recorded during power dependence scans.

Because of the FEL pulse timing, there is only a microsecond of actual integra-
tion time each second. This is a single-shot detection bandwidth of 1 MHz. The
optical detection noise floor was limited by photon shot-noise. These constraints
allowed for a single shot sideband sensitivity of about 1 nW.

Getting 100 ms of total integration time for a single data scan can involve gated
averaging for most of the day. Thus, in addition to photon shot-noise, 1/ f noise
from long-term FEL and laboratory environmental drift is a significant noise source.
Unfortunately, these are unavoidable short of a high repetition-rate FEL and major

structural laboratory renovations.

2.3.5 Sideband measurements

The independently controlled experimental parameters are:
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gate bias (V}),
¢ NIR laser frequency (wxrr),
e monochromator detection frequency (Wgeteet),

e THz laser frequency (wrg:)»

and THz power (Erg-)-

I made several types of sideband measurements. For clarity they have distinct

terms and I will describe them here:

e In a sideband spectrum scan, V,, wxir, WrH., and Ery, are kept constant.

Meanwhile wgeeq; is scanned.

e In a sideband excitation scan, V,, wry., and Egy, are kept constant. Mean-

while, wyrr and wgyeeor are simultaneously scanned so that wWyegec: = Wy +

WrHz-.

e In a sideband voltage scan, V is scanned while all other parameters are kept

constant so that Wyerec; = WyrR + WTH -

e Ina sideband power dependence scan, Ery ., is scanned while all other param-

eters are kept constant so that wWyesecr = Wyrg + Wrrs.

2.3.6 CW measurements

In addition to the sideband measurements, I made several cw optical measure-

ments to understand the excitonic states of the DQW.
For PL measurements, the collected light is dispersed by a 0.35 m grating monochro-

mator and detected by an intensified charge-coupled device camera.
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For absorption measurements, the setup is illustrated in Fig. 2.5. The NIR beam
is split into a signal arm and reference arm by a Glan-Taylor prism. The signal arm
is chopped at 1 kHz by an AOM, while the reference arm is chopped at around 300
Hz by a mechanical chopper.

The signal and reference are recombined in a beam-splitting cube and focused
onto the sample. The signal arm is focused onto the mesa containing the active
region. However, the reference arm is offset slightly so it is focused onto an etched
region containing only the DBR.

Both signal and reference are detected by a single photodiode. The photodiode
signal is sent to two lock-in amplifiers to separate signal from reference. To perform
a scan the NIR laser is tuned in the bandgap where there is no absorption, and the
signal and reference arms nulled. For a 300 ms integration time reflection changes
of about 10~* could be measured.

The reflection data collected cannot be strictly converted to strictly absorption.
The measured “absorption” based on the reflection data is

Ro+ (1 —a)Rpgr
Ry + Rpgr

where « is the actual absorption of the DQW region, Rpgp is the reflectivity of the

(2.3.1)

CQezp =1 —

DBR, and Ry is the front-surface reflection. As By — 0, Qezp — a. Clearly itis a
good thing to minimize front-surface reflection. Evaporating a A/4 layer of StF, as

an antireflection coating dropped R, from over 55% to =~ 25%.
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Chapter 3

Direct and indirect exciton tunnelling

in tilted double quantum wells

To understand the results of the THz-NIR modulation study it is important to
first understand the states of the DQW as a function of tilt using cw interband PL
and absorption spectroscopy. The exciton states involve a rich interplay between
Coulomb binding, tunnel-splitting, and quantum-confinement, as all of the energy
scales are on order of =~ 10 meV. These exciton states are both direct (electron
and hole on the same side of the tunnel barrier) and indirect (electron and hole
on opposite sides of the tunnel barrier). A DC voltage applied to the gates tilts
the bands and tunes indirect excitons into tunnel resonance with direct excitons,
resulting in a web of avoided crossings. The spectra are modelled in the effective-
mass approximation with no free parameters.

This information is useful beyond the scope of the THz modulation experi-
ments, as excitons in DQWs are of interest in a diverse array of experiments and
applications, from Bose-Einstein condensation of excitons to linearly-tunable opti-

cal filters. Surprisingly, even the cw interband spectroscopy of DQW exciton states
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have only been studied in detail in the past few years, and then only in symmetric
DQWs[21, 22, 23, 24, 25].

3.1 Experimental results

I measured the PL spectra and absorption spectra of the DQW at 21 K as a
function of gate bias. The excitation frequency for the PL was 13000 cmm !, well
below the AlGaAs barriers. Typical PL and reflection spectra are presented in Figs.
3.1 and 3.2. The peak assignments were derived from the theory described in the
next section.

While the reflection spectrum is sensitive to the excitons and their e-h continuum
states, at the experimental temperature the PL is sensitive only to the exciton states.
This is because the luminescence is Boltzman weighted to the low-energy states of
a subband, which are the bound exciton states.

Fig. 3.3 shows the PL spectra as a function of gate bias (a PL voltage scan, or
PLVS). Fig. 3.4 shows a waterfall plot of several reflection spectra at various gate
biases. The electric field is just given by V, /8000 A, the distance between front and
back gates.

The striking features of the PLVS are a set of peaks that change with gate bias
which anticross with a set of peaks that stay relatively constant with gate bias. The
result is a complicated maze of avoided crossings. Again, the excitonic peaks in
absorption line up with the PL peaks, albeit on top of a large e-h continuum back-

ground.
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Figure 3.1: Typical photoluminescence. Peak assignments are from theory.
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Figure 3.3: Photoluminescence spectra as a function of gate bias. The electric field
is V,/8000 A, the distance between front and back gates.
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3.2 Theory

3.2.1 Hamiltonian

The electron-hole Hamiltonian for an exciton in the DQW is !

H=H, +Hpm+ Ven + Egqp (3.2.1)
where H, is given by
—h? 92 K2 52
* = om. 922 + Ve(ze) + mgz-ﬁ + Vi(zn) (3.2.2)

where z. (z3) is the z-component of the position for the electron (hole), m, is the
effective mass of the electron, my, . is the effective mass of the hole in the z-direction,
and V, (V) is the quantum-well potential energy for the electron (hole), H, is the
center-of-mass energy in the zy plane, V., is the electron-hole interaction energy,
and E ., is the bandgap.

The e-h center-of-mass energy is
Pz

Hpp= 2y
2(Tne + mh,xy)

(3.2.3)

where Py is the center-of-mass momentum in the zy-plane, and m ., is the effec-
tive mass of the hole in the zy plane. Only excitons with P., = 0 can couple to a
photon, so this part of the Hamiltonian can be ignored.

The e-h interaction Hamiltonian is

—h? 1 e?
Hep = —V? = 3.2.4
h 2u f * drege T ( )
where p is the zy-plane reduced mass
1 1 1
=4 (3.2.5)

H M mp 2Ty

The theory described in this section follows closely that of [26, 2]
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7 is the electron-hole separation

r= \/;o2 + (ze — 2zp)? (3.2.6)
and V2 is the cylindrical Laplacian operator:
10 g
V2=-— |p—
£ pop [pap]
In general, (3.2.1) is not separable because of the explicit dependence of r on

Ze — zp in (3.2.4) through (3.2.6). Therefore I solved for the 1s exciton states using

a variational method with the trial wavefunction

B (P Ze, 2n) = Nvuufu(ze)gv(zh)Q%U(P’ |ze — zpl) (3.2.7)

where f,(z.) and g, (z3)) are the single-particle electron and hole solutions to (3.2.2),

respectively. ¢, is the excitonic 1s wavefunction

O = €zp (— = ) (3.2.8)
Ly

where r is the electron-hole separation given by (3.2.6) and R,,, is the excitonic Bohr

radius. In general the Bohr radius (and thus the exciton binding energy) will vary
with the electron subband index 4 and hole subband index v, because the average
z-separation between electron and hole differs between subbands. This is especially
true when an external electric field is applied to the confinement potentials V,(z.)
and Vj(z3).

The normalization constant N, is given by

* o o, -1/2
Ny = [27r / dz, / dzp /0 Fv (P, Ze,zh)pdpJ (3.2.9)
-0 A —0Q
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3.2.2 Material parameters

The bandgap for Al:Ga,_.As is given in eV by
Egap = 1.52 + 1.367 + 0.2222 (3.2.10)

The conduction band offset is 0.65. The electron effective mass m, is 0.067myq

where my is the electron rest mass. Hole masses are given by Luttinger parameters:

I, =6.790,y = 1.924
Mpp,z = mg/(]f‘l - QFQ), My = mg/(Fu_ + 2F2) (3.2.11)

Mih,zy = Mo/ (1 +T'2), Mypzy = mo/(Ty ~Ty)

3.2.3 Noninteracting e-h states and energies

The single-particle electron and hole wavefunctions f,,(2.) and g,(z;) for each
value of the applied electric field were obtained by numerically integrating (3.2.2).

Fig. 3.5 illustrates the effect of a tilt applied to the DQW. Electrons in the left
well can tunnel-couple with electrons in the right well. Similarly, holes in opposite
wells can come into tunnel resonance at a particular tilt. It is helpful to visualize
the states as a continuous function of tilt as surface plots in Figs. 3.6, 3.7, and 3.8.
The states are labeled in the order of their energies at the particular tilt. For example
HHI is the ground heavy-hole state, LH1 is the ground light-hole state, and E1 is
the ground electron state.

At high electric fields the electron and light-hole states are localized in either
left or right well, while at intermediate fields they tunnel between both left and right
wells. Meanwhile heavy-holes, because of their greater mass, stay more localized
in either the left- or the right-side well. Note also the alternating symmetry of the

excited states.
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A) flat-band

B) electron tunnel resonance

C) hole tunne! resonance

Ve IR

Figure 3.5: Electrons and holes in wells on opposite sides of the barrier can come
into tunnel resonance at particular tilts.
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Figure 3.6: Free electron states f(z.) as a function of gate bias.
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Figure 3.7: Free heavy-hole states gn,(zx,) as a function of gate bias.
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LH1 vs tilt
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Figure 3.8: Free light-hole states g;,(z;,) as a function of gate bias.
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Figure 3.9: k = 0 energies of the free electron-heavy-hole states E,HH, overlaid
on the experimental PL. Blue circles are E1H H, while red squares are E2HH,,.
The agreement is poor.

The energies of the two-particle state at zy-plane wavevector k are given in a

parabolic effective-mass approximation as

K2k2 N K2k2
2me  2mp g,

hwlp(k) = ES + B} + + E,qp (3.2.12)

where E; (E%)is the k = 0 eigenenergy of electron subband S (hole subband g,).
The calculated & = 0 electron-heavy-hole pair energies are in Fig. 3.9. Note that the

avoided crossings do not match those of the experimental PL data.
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3.2.4 Exciton states and energies

The exciton states ¢, were solved by numerically minimizing the expectation
value of the e-h interaction energy H,; (3.2.4) with the Bohr radius R, as the varia-
tional parameter. A typical plot of (H,) vs. R is shown in Fig. 3.10. The minimum
gives the exciton binding energy E%nd.

A plot of binding energy vs. tilt of the various e-h pairs is given Figs. 3.11-3.13.
Note the strong dependence on applied electric field and subband indices.

The total exciton energy is given by
hwy, = Ej, + E} + EM + Ey,, (3.2.13)

A plot of the heavy-hole exciton energies is overlayed with the experimental PL
data in Fig. 3.14. A similar plot for light-hole excitons is in Fig. 3.15. The agree-
ment of peak positions is very good, especially considering that there are no fitting

parametlers.

3.2.5 Direct and indirect excitons

A intuitive qualitative understanding of the exciton states can be best obtained in
a delocalized basis. In such a basis we ignore tunnel-coupling and consider electrons
and holes localized to either the left- or the right-side well. Label these states EL,
HL, ER, HR. Then we can construct excitons from pairs corresponding to all the
pairs of electrons and holes. The direct excitons correspond to electrons and holes
in the same side (ELHL, ERHR), while indirect excitons correspond to electrons
and holes on opposite sides (ELHR, ERHL).

Now, by applying an electric field, we tilt the potential energy as in Fig 3.16b.
Thus, the ELHR exciton gets higher in energy while the HRHL gets lower in energy.

Meanwhile the direct exciton energies change only to second-order.



Expectation value of binding energy vs. Bohr radius
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Figure 3.10: Expectation value of the binding energy E., vs. Bohr radius R for
EIHI at -20 kV/cm.
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Heavy-hole exciton binding energy vs. tilt
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Heavy-hole exciton binding energy vs. tilt
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Figure 3.12: Heavy-hole exciton binding energy vs. tilt for E,H H, and E,, H H,.
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Light-hole exciton binding energy vs. tiit
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Figure 3.13: Light-hole exciton binding energy vs. tilt for E,, H H, and E,HH,.
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Figure 3.16: Direct and indirect excitons tune with tilt.
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Schematically plotting the exciton energies vs. tilt in Fig 3.16a, we see that
indirect excitons tune with tilt and cross with direct excitons. Now if we turn on
the tunnel-coupling, the indirect excitons will tunnel-couple with direct excitons,

resulting in anticrossings.

3.2.6 Linear susceptibility

For z-polarized light, the strength of an interband transition from the vacuum
state |0) to a particular exciton |¢,,) is proportional to the exciton interband dipole
moment

(Duvlez|0) = F, X 3.2.14)
where X, = (¥ |ez|¥,) is the dipole moment between the conduction band Bloch
function ¥ and the valence band Bloch function ¥,,. F,, is the electron-hole overlap

integral
F,, = /cﬁ,u,(p =0,2. = 2,2, = 2)dz
=N,, / fu(2)gu(2)dz (3.2.15)

The linear interband susceptibility for excitons in an undoped quantum well is given

by

Ny X2 F?
(U () = 2lew By 3.2.16
Xez (W) = —— ZZ; I ( )

where fw,, is the exciton energy, v,, is a phenomenological linewidth, and Nj is
the density of the filled valence band. The strength of absorption and emission from
excitons is proportional to |Imx{Y(w)[?, plotted vs. tilt in Fig. chilx. Again. the
agreement with PL data is very good, considering that the only free parameter is a
single linewidth v = 1.5 meV.

As I pointed out earlier, the PL samples the exciton states while absorption is

also sensitive to the e-h continuum states. Therefore, a direct comparison with the
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Figure 3.17: TOP: Photoluminescence data. BOTTOM: |Im x(!| for excitons.
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absorption spectra is not very good in an exciton-only model. To include the free

e-h continuum states, the additional term must be added:

1 N X
(n NoXe kdk 3.2.17
R = 5= z/ ww(k)_w_w (3.2.17)

Here I used the same linewidth - as for excitons. Also note that the interband os-
cillator strength is weaker by a factor of N, the normalization constant for the
exciton wavefunction. The total linear susceptibility is the sum of the contribution

from excitons and free electron-hole states.
XM = X+ x§ (3.2.18)

The calculated [Imy(")(w)|? is plotted vs. absorption data for various tilts V,, in Fig
3.18. The agreement is good. Exact quantitative agreement suffers because largely
because of front surface reflection, as described in Sec. 2.3.5. Additionally, many-

body Coulomb interactions between free electrons and holes are not included.

3.2.7 A comment on intersubband and valence-band mixing

In this model, for simplicity, I ignored Coulomb mixing between subbands. This
isactually only justified when the subband level separation is greater than the exciton
binding energy[24], which is not the case near level crossings. Therefore some
avoided crossings will be underestimated.

I also ignored valence-band mixing between heavy and light-holes. I actually did
perform a calculation incorporating a valence-band mixing effect. Its effect on the
energy levels was small (= 2 meV). Including it in the calculation of exciton states
would be complicated since the effective-mass approximation would be invalid.

This is not to say that that valence-band mixing is unimportant. Indeed, when

I excited PL with a circularly-polarized pump, the flat-band luminescence has no
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particular circular polarization dependence on detection wavelength. It is likely that
light and heavy-hole excitons in this DQW system are heavily mixed by tunneling,
in contrast to a weakly-coupled DQW and conventional square quantum wells.

In this experiment however, none of the laser fields couple to a spin degree of
freedom, so the fact that our exciton state labelling of heavy- and light-hole excitons

is not quite correct is acceptable.
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Chapter 4

THz-NIR modulation by excitonic

intersubband excitation

Driving the DQW exciton states described the in the previous chapter with a THz
electric field of frequency wrp. polarized in the z-direction causes the interband
index of refraction to be modulated at wr .. This manifests itself as terahertz optical
sidebands on a weak NIR probe. I studied in detail the resonance properties of the _
sideband generation as functions of wry., wWyrgr, and Viate In a regime where the
sideband is proportional to the THz intensity.

The resonance measurements are modelled by a second-order nonlinear suscep-
tibility with no fitting parameters based on the states calculated in Sec. 3.2. The
resonance conditions can be best understood as the THz field inducing a virtual ex-
citonic intersubband transition. This represents the first detailed spectroscopic study

of the excitonic intersubband transition in double quantum wells.
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Sideband emission spectrum, »__=1542 meV, “’mz=1 9THz (8.2 meV)
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Figure 4.1: n > 0 sideband spectrum.

4.1 Experimental results

The results presented in this section are for sideband spectrum scans, sideband
excitation scans, and sideband voltage scans as described in Sec. 2.3.5. The waveg-
uide device has no sapphire. As mentioned before in Sec. 2.3.5, in this geometry
the THz field at the active DQW region is weak because the epilayer is at the air-

semiconductor interface of the dielectric waveguide.
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Figure 4.2: n < 0 sideband spectrum.
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A typical n > 0 sideband spectrum is shown in Fig. 4.1. A n < 0 sideband
spectrum is shown in Fig 4.2. Note that the resonant conditions for negative and
positive sidebands are different. Although I could measure the n = —1 sideband, its
analysis was complicated by background PL which appears below the pump laser
line. The PL is quenched by an zy-polarized component of the THz field. Indeed,
the sideband tends to be maximized as the PL quenching is minimized. Nonetheless,
since background PL is negligible several THz above the laser line it made the most
sense to focus the experiments on the positive sideband.

Some sideband excitation scans for a weakly coupled, ungated DQW sample
(75/25%0.3/85) are shown in Fig. 4.3. The bandgap as measured by absorption is
indicated by the arrow.

The sideband always had the same linear and circular polarization state as the
incident NIR beam. They were detectable only when the THz radiation had a linear
polarization component normal to the QW and occured even when fiwy;z was less
than the bandgap as seen in the leftmost peak of Fig. 4.3b. These selection rules
show that the sidebands originate from virtual transitions which absorb neither en-
ergy nor momentum from the optical fields and do not depend on presence of real
carriers.

The sideband excitation scan for the strongly-coupled gated DQW (100/12x0.2/120)
at V, = 0 V and wry. = 2.5 THz is shown in Fig. 4.4. The sideband voltage scan
at with wyrr = 1546 meV and wyy, = 2.5 THz is shown in Fig. 4.5. The distinct
peaks are labelled with excitonic transition assignments derived from the theory de-
scribed in the next section. Clearly to understand the full resonant structure of the
sideband generation process at each THz frequency I must measure the sideband as
a continuous function of both wyg and V; to generate a 2-d sideband map. (Ideally
wr g, could be swept continuously but this is not feasible using the FEL.)

By taking a sideband voltage scan at each wyrg I measured the sideband maps
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Figure 4.3: Sideband excitation scan for sample [75/25x0.3/85] at Vo = 0Vand
Wry, = 3.1 TI'IZ
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Sideband excitation scan, Vg=0V, 2.5 THz
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Figure 4.4: Sideband excitation scan at Vo, =0 Vand wry, = 2.5 THz (8.2 meV).
Peak assignments are derived from theory.
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Sideband voltage scan at NIR=1546 meV, THz=2.5 meV
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Figure 4.5: Sideband voltage scan at wyrg = 1546 meV and wrgy. = 2.5 THz (8.2
meV). Peak assignments are derived from theory.
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shown in Figs. 4.6-4.8 at wry, =2.5 THz, 2.0 THz, and 1.9 THz (10.4 meV, 8.2
meV, 6.2 meV). The peaks in the sideband emission occur when the NIR field is
resonant with an exciton and the THz field resonantly couples two excitons. Again,
some of the distinct features are labelled with excitonic transition assignments de-

rived from the theory described in the next section.

4.2 Theory

4.2.1 Virtual transitions

Because of the measured selection rules and power dependence, the THz modu-
lation of the NIR probe which leads to sideband generation can be best understood
as a parametric three-wave mixing process in which the THz field mixes with the
NIR field via an optical nonlinearity to produce the sideband field. In a parametric
nonlinear optical process Fig. 4.9a. the initial and final states are the same[27]. The
intermediate photon transitions exist occur only for a short time within the Heisen-
berg uncertainty limit, At ~ i/AE where AE is the detuning of the photon energy
from the level spacings in the system[28]. These are called virtual transitions and
the dotted lines are virtual states .

The initial state need not be lower than the virtual states, as illustrated in Fig.
4.9b,c. The strength of the different processes are weighted by the populations of
the different initial states. However, since the DQW is undoped, there is only one
possible initial state, which is the vacuum with no electrons and holes. From the
vacuum, the NIR field creates a virtual exciton, which undergoes a THz intersubband
virtual transition, then emits a sideband upon its annihilation.

I emphasize the idea of virtual transitions here because it is important to note

that the THz modulation is not due to the actual motion of real carriers at THz fre-
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Sideband excitation voitage scan 3.1 THz (10.4 meV)
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Figure 4.6: Sideband excitation voltage scan at wrg, = 3.1 THz (10.4 meV).

65



Sideband excitation voltage scan 2.5 THz (8.2 meV)
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Figure 4.7: Sideband excitation voltage scan at wrg. = 2.5 THz (8.2 meV).

66



Sideband excitation voltage scan 1.8 THz (6.2 meV)
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Figure 4.8: Sideband excitation voltage scan at wrgy, = 1.9 THz (6.2 meV). The
question marks labei a resonance predicted by theory that did not appear in the data.
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Figure 4.9: Virtual transitions. The initial state need not be lower than the virtual
states (b,c). The strength of the individual contributions from (a-c) are determined by
the relative populations of the real states. In our undoped system only (a) contributes
to the sideband.

quencies. There have been numerous studies of THz nonlinear optical processes in
doped semiconductors where electrons actually slosh about, such as THz harmonic
generation and THz Bloch oscillation. In our undoped case, we start out with no
carriers. The deed is done instantaneously, leaving us back to the initial ground state
with no carriers.

Of course there are some real carriers present due to some absorption of the NIR
beam. But the population can be made arbitrarily small by using a low intensity.
Indeed, at the experimental excitation intensity =~ 50 W/cm?, the maximum carrier
density is 10° cm® (based on a exciton recombination time of 300 ps), and there was
a sideband even when the wy r was below the band gap. Clearly the only significant

population in the system is that of the filled valence band.
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4.2.2 Nonlinear susceptibility I: excitons only

The macroscopic polarization of the quantum well in response to the total applied

E-fields E = Ery, + Enir can given by the Taylor expansion
P =exVE + xPE? + eoxDE% + ... @.2.1)

near E = 0, that is, for weak optical fields. The linear susceptibility x(!) was cal-
culated in Sec. 3.2. The three-wave mixing component is described by the second-
order nonlinear optical susceptibility tensor x® (wry. + wyrr; Wwras, wyrr) Which
can be calculated by solving for the wr gy, +wy g frequency component of the dipole

expectation value e(r(¢)), where

F =T, — Ty
and 7 (73) is the vector position operator for the electron (hole). The time-dependent

Hamiltonian including optical fields is
H=Hy+efr- (ETHz CoS wri.t + ENIR cos warrt) 4.2.2)

where Hj is the exciton Hamiltonian (3.2.1). Since the THz field is z-polarized
while the NIR field is z-polarized, ETHZ = Eryg.Z and ENIR = FEyrrZ. Therefore

(4.2.2) becomes
H=H; + e(ze - Zh)ETH:: cos wry.t + 6($e - xh)ENIR COSWnIRE (4.2.3)

Note that the optical fields only couple to the relative motion of the electron and
hole, not the center-of-mass. Second-order time-dependent perturbation theory in
the rotating wave approximation (RWA) readily leads to the following expression
for the x@:

(2)

Xeo (WTHz + WNIR WTHz, WNTR) =
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o > FapFurblapuw 4.2.4)

eoh’ 45 & [(Wes — wnir — wra:) — Yap)[(Wpw — Wiir) — i7,0)
Where F,z (F,.) is the oscillator strength and fiweg (hw,,) is the energy for the
E.HzX (E,H,X) exciton state. The v term is the same phenomenological linewidth

used to calculate (V.

4.2.3 Excitonic intersubband dipole

The term pqpy, is the (2. — z) dipole moment between excitons E,HzX and

E,H, X and is given by
Hafpy = 2T / dz, / dz, / PApBas(p, Ze, 2n) (2e — 21) D (P, 2es 21) 4.2.5)

where ¢ is the exciton wavefunction (3.2.7) solved in Chapter 3.
It is important to realize that .4, is not the conventional intersubband dipole
moment (see Fig. 4.10). For example, in a n-doped quantum well, z-polarized light

couples to the electron intersubband dipole moment

i = [ falz)zefulze) dze (4.2.6)

where f is the single-particle electron wavefunction solution to (3.2.2). Rather,
Happw 18 an excitonic intersubband dipole, since it couples the excitons associated
with two electron-hole subbands.

The resonance conditions are illustrated in Fig 4.11. If either the Aw;gepana OF
the fiwyrr is equal to the interband exciton energy, then the mixing is resonantly
enhanced. A double-resonance condition occurs when fiw g is resonant with the
interband exciton energy and fiwry. is resonant with the excitonic intersubband

transition.
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T

Figure 4.10: LEFT: The free electron intersubband transition. RIGHT: The excitonic
intersubband transition.

- EyH, ?_T EyH,
- EaHB
EQHB
ONRTONTR
ONIR
dw o __¢_ 0 __i 0
(a) (b) ©)

Figure 4.11: The two single-resonance conditions (a,b) are equally strong poles. The
double-resonance (c) corresponds to a resonant excitonic intersubband condition.
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4.2.4 Exciton theory vs. experiment

I numerically calculated xffx) as a function of wy;g, wry., and V; at the same

2
values as the experimental scans. The values of [x{2)|" are shown in Figs. 4.12, 4.13,

and 4.14.

Although there are clear discrepancies, the simple exciton model captures most

of the features in the experiment and illuminates the physical processes involved in
the THz modulation of the NIR beam. In particular, the X(z) calculation allows us to
assign the features with specific excitonic intersubband transition labels. The peak
assignments were obtained by running the calculation with different states omitted,
until the peak disappeared. So if EIHH1X and E2HH1X are omitted, and the peak
in the x(?) disappears, then I labelled the peak EIHHIX-E2HH1X.

For closer comparison between theory and data, see Figs. 4.15,4.16.

4.2.5 Limitations of an excitonic theory

The disagreements between theory and data are probably due to states not ac-
counted for in the model. Recall that the only states that are included in this model
are the ground 1s exciton states for each subband E,H,. For each subband there is
a spectrum of optically-active excited exciton states which are ignored. While the
variational technique used in Chapter 3 was succesful in calculating the ground state
1s exciton wavefunctions, it is difficult to apply for excited states.

In addition, the form of the trial 1s wavefunction ¢ may not be adequate to ac-

curately calculate the excitonic intersubband dipole 4. Recall that Puy = €Xp [ 7. ’V]
which is spherically symmetric. Other workers[26] have used nonspherically-symmetric

trial wavefunctions such as

Y = exp [—\/pz + Kz, — zh)2/R] (4.2.7)
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Calculated Chi2 for excitons 10.5 meV
1560

1555

ETHH2X-E2HH2X
1550 TS

1545 THH2X-E1HH3X

NIR energy (meV)

1540
E2HH1X-E1HH3X

= ETHHIX-E2HH1X

1535

1530 - T .
3920 -15 -10 -5 0 5 10
DC Electric Field (kV/cm)

Figure 4.12: Excitonic theory wry. = 3.1 THz. There are no fit parameters.
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Calculated Chi2 for excitons, 8 meV

1560
1555
E1HH2X-E2HH2X
1550 A ?
s : .
(] : ETHH2X-E1HM3X
> 1545
(=]
3
(=4
1]
c
< 1540
HH1X-E1HH3X
E2 3 E1HHIX-E2HH1X
1535
530
! -20 -15 -10 -5 o 5 10
DC Electric Field (kV/cm)

Figure 4.13: Excitonic theory wrg, = 2.5 THz. There are no fit parameters.
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Calculated Chi2 for excitons, 6 meV

1560

1555

E1HH2X-E1HH3;

1550
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E2HH1X-E1HH2X

NIR energy (meV)

1540 -
E1HH1X-E2HH1X

1830, -15 0 5 0 5 10
DC Electric Field (kV/cm)

Figure 4.14: Excitonic theory wry. = 1.9 THz. There are no fit parameters.

75



1560
1550 L 9
1540 v -+ Yol
,.W“ Cn
1530 — —
10 20 -10 0 16
—_ 7.0 meVv 8.0 meV 9.0 meV
E 1560 1560 1560
t .
2 1550 1550 g 1550
g - *. A
& 1540 gy 1540 - 1540 P
E 1530 — 1530 1530~
Z 20 -0 ] 10 20 10 0 10 20 -10 ] 10
10.0 meV 11.0 meV 12.0 meV
1560 1560 . 1560 .
-~ s i -,
1550 ’. 1550 : ’ 1550 - ol _——
* . “4-. - s I .
1540 - 1540 - 0 T e 1540 i I g
1530~ 1530 s < - 1530 -—is® .
20 -10 0 10 20 -10 0 10 =20 -10 0 10

DC Electric field (kV/cm)

Figure 4.15: Excitonic theory, various wrg .. There are no fit parameters
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NIR frequency (meV)

SBEVS data 1.5 THz (6.2 meV)
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Figure 4.16: Sideband voltage excitation data.
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with multiple variational parameters « and R. Of course the variational calculation
becomes more computationally difficult with additional parameters.

It will be very interesting to see how further refinements to the excitonic theory
affect the quantitative agreement with experiment. At this point such an involved
calculation is outside the scope of this experimental dissertation.

The most glaring omission in the pure exciton theory are the free electron-hole

states. Their effect is examined in the next section.

4.2.6 Nonlinear susceptibility IT: continuum

The discrete terms in summation expression (4.2.4) are not valid for the con-
tinuum of free electron-hole states. Including them in the nonlinear susceptibility
requires an additional term integrating over the Ty-plane k-space of electrons and
holes[28]:

X2 (wri: +warri wrgs warr) =
FupFoply,, kdk
N2 fohz gﬁz ; / wli(k) — wyrr — wras) — el (Wi (K) — wir) —(Z/;VS])

where uggw is the (z. — z;) dipole moment between subbands E,Hg and E,H, and

is given by
e(EaHp|(ze — 21)| ELH,)
= e(Eq|z.|E,) (HplH,) — e(Hg|zn|H,)(Eo|E,)
o0 o .
= [ fe@2fu2)dz [ as(2a()z = [ gs()z0(2)dz [ fale)ful)e:
4.2.9)
since z, acts only on electrons and z, acts only on holes. The free electron-hole

intersuband dipole is just the sum of the electron and hole intersubband dipoles

weighted by the hole and electron overlaps, respectively.
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4.2.7 Continuum theory vs. experiment

I numerically calculated x(? as a function of WNIR» WTHz, and V, at the same

? are shown in Figs. 4.17, 4.18,

values as the experimental scans. The values of IX(IQT)
and 4.19.

The purely excitonic theory is in far better agreement than the continuum theory.
The peaks positions in the continuum theory as a function of wry, do not even
qualitatively compare to the data. The linewidths predicted in the continuum theory
are very broad, which is not surprising. The peaks in the data are quite narrow, which
is the feature that motivated the excitonic analysis in the first place!

Clearly, excitonic effects dominate the THz-NIR mixing. It is possible that the
free electron-hole states do not contribute to the mixing at all! However, it will
be very interesting to see how including Coulomb correlations between free elec-
trons and holes affect the quantitative agreement with experiment. Again, such an

involved calculation is outside the scope of this experimental dissertation.
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NIR energy (meV)

Calculated Chi2 for free carriers, 10.5 meV
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Figure 4.17: Continuum theory wrg. = 3.1 THz.
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Figure 4.18: Continuum theory wrg. = 2.5 THz.
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NIR energy (meV)
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Figure 4.19: Continuum theory wrg, = 1.9 THz.
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Chapter 5

Nonperturbative THz nonlinear

optics of DQW excitons

Driving an DQW excitonic intersubband resonance with a THz electric field of
frequency wry, generates terahertz optical sidebands w = wry. + wxyrr OR a weak
NIR probe. The previous chapter described resonance measurements in a regime
where THz field was a weak perturbation on the exciton states.

At high terahertz intensities, the electric dipole energy which couples two ex-
citons is comparable to the photon energy. In this strong-field regime the sideband
intensity displayed an unusual non-monotonic dependence on the THz field strength.
The oscillating refractive index which gives rise to the sidebands may be understood
by the formation of Floquet states, which oscillate with the same periodicity as the

driving terahertz field.
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5.1 Experimental results

As [ explained in the introduction, a major basic physics perk for studying
the THz field strength dependence of sideband generation in quantum wells is the
chance to experimentally probe the effect of a very strong resonant laser field on
a quantum system. There is a rich body of theoretical predictions on the effect of
strong THz fields on the bound states of a quantum well. These predictions include
shifts and splittings in absorption lines as well as non-monotonic power dependences
of nonlinear mixing.

Monitoring changes in absorption features turns out to be a sub-optimal method
for probing strong-field physics in intersubband excitations. Absorption shifts which
are less than the linewidth are difficult to resolve within a 1 MHz measurement
bandwidth. Components of the THz field lying in the zy-plane can cause shifts
which complicate analysis. Indeed, the strongest sidebands were observed when
THz-induced changes in PL were minimized.

On the other hand, the n = 1 sideband is an ideal probe. It is a zero-background
measurement in two respects: there is no sideband when the THz pulse is not
present, and there is no contribution to the sideband from any THz polarization
component which is not in the z-direction.

The experiments described in the previous chapter were performed on a waveg-
uide device with no sapphire. As described in Sec 2.3.5, in this configuration the
sidebands are generated a weak evanescent THz field near the air-semiconductor in-
terface. In addition the THz intensity was attenuated by about 1/2 of full available
power.

The THz power can be continuously varied by a pair of wire-grid polarizers. A
typical THz power dependence of the n = 1 and n = 2 sidebands is shown in Fig.
5.1. The n = 1 sideband is linearly dependent on THz power while the n = 2 has a
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Figure 5.1: Low field strength THz power dependence of n = 1 and n = 2
sidebands.

quadratic dependence. This agrees with previous studies and is consistent with the
nonlinear susceptibility model described in the previous chapter.

The THz electric field strength at the active region can be increased using the
waveguide device with sapphire pressed on the front surface. This places the active
region in the center of the square dielectric waveguide, as described in Sec. 2.3.5.

Fig. 5.2 shows a series of sideband voltage scans at a several NIR frequencies
at full THz power (1 kW). Note that the sideband voltage scans are not sensitive
to wy g near the peak NIR frequency. This is because at this particular resonance
(E2HH2-E2HH3 at -1.25 kV/cm), the effect of the DC voltage is to tune the lower

exciton state |1) while the upper state |1)remains relatively unchanged. (see Fig.
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5.3). Thus the sideband is always resonant with an exciton at a particular w v and
WrH 2, the resonance condition illustrated in Fig. 4.11b. Changing the electric field
at this point tunes the excitonic intersubband transition into resonance with the THz
field.

By sitting at the peak NIR frequency for E2ZHH2-E2HH3 and varying the DC
gate voltage we can take THz power dependence scans at various THz detunings
E; — E) — hwrpy. where E, (E)) is the energy of the upper (lower) exciton state.
The results are shown in Fig. 5.4. The most striking feature is the nonmonotonic
dependence of the sideband on THz power near the resonant voltage. As the detun-
ing is varied, so does the curvature of the power dependence. A corollary is that the

sideband intensity always saturates.

5.2 Theory

The power dependence cannot be explained by a nonlinear susceptibility, which
is inherently a low-field theory because it relies on a Taylor expansion about the
field strength ([27]). Saturation effects[29] in a nonlinear susceptibility can only
come about when contributions from the virtual transitions illustrated in Fig. 4.9b,c
are comparable to that of Fig. 4.9a. However the populations of excited states |1)
or |2) are never significant compared with |0) in our undoped sample and weak NIR
beam. Therefore a nonlinear susceptibility can only predict a strictly linear power

dependence.
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Sideband voltage scans, ®p,=6-2 meV
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Figure 5.2: Sideband voltage scans at a series of NIR frequencies at full THz power
for wrg.=1.9 THz (6.2 meV). Near the labeled resonance E2HH2-E2HH3 the side-
band becomes relatively insensitive to the exact wyg.
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Figure 5.3: Figure 3.14 annotated to illustrate the effect of the electric field near
the E2HH2-E2HH3 resonance around -1.25 kV/cm. The DC field linearly tunes
E2HH2 while E2HH3 remains constant. Thus the sideband is always resonant with
an exciton at a particular wy g and wry.. Changing the electric field at this point
tunes the excitonic intersubband transition into resonance with the THz field.
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Figure 5.4: THz power dependence of n = 1 sideband at various DC electric field
detunings from the double-resonance condition illustrated in Fig. 5.3. wy;p=1545
meV. The estimate of the THz electric field strength is only accurate to within a
factor of 2.
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5.2.1 Floquet formalism

Consider a stationary Hamiltonian H,, with eigenstates ¢, (z)e"*E=t/%, driven by

a time-periodic interaction so that the total Hamiltonian is
H=Hy+ pu-coswt (5.2.1)

where 1 is the interaction operator. The solutions to the Schrodinger equation for

the time-periodic Hamiltonian have the form{[30]

@i(z,t) = e7t Py (2, t) (5.2.2)
u(z, t) = u(z, t + Qw—ﬂ) (5.2.3)

where u;(z,t) has the same periodicity as the driving frequency and and ¢; is called
the quasienergy. The states ;(z,t) are called Floquet states and are mathemati-
cally analogous to Bloch states for a spatially-periodic Hamiltonian. Meanwhile the
quasienergies are analogous to the crystal momenta of Bloch theory.

The spatial-dependence of the wavefunction (;(z,¢) can be expanded in terms

of the original eigenstates ¢, (z), and the time-dependence can be Fourier-expanded
vi(z,t) = e~iat/h > cg'ne_i"“""qﬁa(z) (5.2.4)

The coefficients' ¢, , are what will determine the part of the index of refraction
which will oscillate at particular multiples of w. Solving for these coefficients is
the key to understanding the power dependence of the sideband. It is interesting
to note that Floquet coefficients are closely related to the photon-assisted tunneling
sidebands which appear in the irradiated current-voltage curves in superconducting

weak-link junctions and double quantum wells.

IThe expansion is not unique. Note that the substitution €; — €; + {fiu, cg_n — '—"i,n 4+ results
in the same Floquet state. A particular expansion is called the {th-photon representation, where the
{ = 0 representation is defined such that as 4 — 0, ¢; = E;, and ¢io — 1. We always use the

0-photon representation.
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The time-dependent Schrodinger equation can be cast in the form
Fwi(z,t) = qwi(z, t) (5.2.5)

where F' is the Floquet operator

0
= H — ih— 2
F=H-ih R (5.2.6)

The Floquet operator can be written as a matrix of the form[7]

(. (1] 0 0 0 0 0
B [Hol—2hw  [4] 0 0 0 0
0 (1 [Ho] — hw  [u] 0 0 0
F=10 0 (] [Ho]  [4] 0 0
0 0 0 (1] [Ho] + fiw (] 0
0 0 0 0 (] [Ho]+2hw [u]

\ 0 0 0 0 0 [14] J

(5.2.7)
where [Hy| and [u] are matrix representations of the operators Hy and  in the |@q)
basis. In practice the Floquet matrix must be truncated up to +/N photons. NV can
be made arbitrarily large for an arbitrarily precise result at high field strengths. The
complete solution to the Schrodinger equation for a time-periodic Hamiltonian just
reduces to finding the eigenvalues and eigenvectors of the Floquet matrix (5.2.7).
Other than the £/ truncation the solution involves no perturbation or rotating-wave

approximations. For the calculations in this chapter we use N = 16 photons.

5.2.2 Three-state toy model

I try to capture the qualitative features of the sideband power dependence with

a toy three-state system. The Hamiltonian Hj has eigenstates ¢q(z, z), ¢1(z, z),
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and ¢,(z, z) with eigenenergies Ey = 0, E|, and E», respectively. The two upper
states ¢,(z, z) and ¢»(z, z) are coupled by the z-dipole operator. The two upper
states ¢, (z, z) and ¢2(z, z) are coupled to the ground state by the z-dipole operator.
Finally, a DC electric field applied in the z-direction linearly tunes only the highest

state. Therefore, the x and z matrices are

0 z1 2zp

0 =zo zg2
T = Ti0 0 0

90 0 0

All the nonzero terms Tog = (@o|T|dg) and 2.5 = (Pa|z|Ps) are set equal to unity.

The Hamiltonian is
H = Hy + zF,, coswt + zAFEq cos Qt (5.2.8)

where E,, represents the strong THz electric field strength and Eq represents the
weak NIR electric field. The strategy for solving the two-frequency system goes
like this: The Hamiltonian will be solved nonperturbatively with Floquet states for
A = 0, while the weak probe is added later using time-dependent perturbation theory.

The Floquet solutions are labeled ¢;(z, z,¢) withz = 0,1, 2, and expanded as in

(5.2.4). Their expansions are explicitly expressed for clarity:

wo(z,2,t) = ¢olz,2)

pilz,zt) = Y e 6(z,2) + cha(s, 2)]
n

wa(z,2,8) = MY e 8 (z,2) + 3 ba(z, 2)]



The ground state ¢o(z, z) is not coupled by the the strong field to the 2-d subspace
spanned by |¢,) and [¢,). Therefore the coefficients for the Floquet state o (z, z, t)
vanish except cJ ; = 1. In otherwords, the ground vacuum state remains untouched
by the intense THz field.

5.2.3 Weak perturbative probe

I used Ist-order time-dependent perturbation theory to calculate the dipole re-
sponse to the Floquet states to the weak NIR probe. The state of the system with both
driving fields ¥(z, z, t) can be expanded in terms of the Floquet states ¢;(z, z, ¢) to

first order:
¥(z,z,t) = @ + A (5.2.9)
where
/(0}(:1: z,t) = @o(z, 2, t) (5.2.10)
i <‘r’z|x|‘P0) ,
M (z, z.t) = Eqe Q‘Z —0 0T, 2, t) (5.2.11)

The polarization is proportional to the expectation value of the dipole

(Wlzly) = (w“”lzlw‘”)+<¢“’le¢"°’)

e (<P0|$I<Pz)(99zl$|990) +iQu (VQOIxI‘Pz)(@lel%oq%
Z e—hq Tt lee § Py s M

Here we discard second-order terms. The second term is an anti-resonant contribu-

tion which we can also safely discard.

The form of the last expression is exactly the same as that for the linear suscep-
tibility of an undriven system, except that the states ¢; are oscillating Floquet states
instead of stationary states. Explicitly expanding the Floquet states in the dipole

expectation values,

(polz|ps) = e /RSl ety (5.2.13)

n,a
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Substituting (5.2.13) into (5.2.12), remembering to take complex conjugates, gives
us the final expression for the polarization:

—i(n—m)wt

o 2 ct _ct qe TogT,
I(t) — Ene—zﬂtz Z n,a“m,8 08+a0 (5.2.14)
i=l ma € — hQ
m,f

The +1w sideband is given by the Fourier component of z(t) oscillating at the
frequency Q+1w. Also, for the resonant condition illustrated in Fig. 5.3, iw = €y, so
we keep only the ¢ = 1 term in the sum. This condition is satisfied when n —m = 1.
Thus we obtain an expression for the sideband polarization

Ene—i(ﬂ+w)£

L 1 - =
xsideband(t) = — - Cn+1,acn,3$0ﬂ$00 (3213)
€L — rQ

n,a,8

The intensity of the sideband is proportional to £2;, ,,.,. This is plotted vs. field
strength for various detunings in Figs. 5.5 and 5.6. The detuning parameter d is just
the level spacing normalized by the strong-field photon energy.

_E2-EI1

d hw

(5.2.16)

5.3 Final discussion

It is remarkable that such a mindlessly simple toy model can capture the shapes
of resonant power dependence of this complicated experiment up to field strengths
of around d ~ 1. However I never was able to reach a field intensity to cause the
sideband to disappear, which is a striking prediction of the theory.

I devoted a large amount of time pushing the experimental upper bound on the
THz field strength. The dotted line is an estimate of what was reachable using the
waveguide device. The goal of the antenna-coupled device was to push the field

strengths well past a free-space diffraction limit by coupling the THz field into a
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n=1 sideband power dependence for toy floquet model
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Figure 5.5: Sidebands calculated by evaluating (5.2.15) at various detuning param-

eters d = £2=EL = 0.8,1.0,1.2 . Compare the results of this simplistic toy 3-level
model with the experimental results of Fig. 5.4a.
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n=1 sideband power dependence for toy floquet model
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Figure 5.6: Sidebands calculated by evaluating (5.2.15) at various detuning param-
eters d = £2=EL — 0.2,0.4,0.6. Compare the results of this simplistic toy 3-level

model with the experimental results of Fig. 5.4b.
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small mesa via an antenna. Unfortunately there is a tradeoff between THz field
strength and NIR signal, as the smaller the device, the greater the THz field, and
weaker the NIR signal. For the size mesas that would improve field strength, the
sideband signa! was to weak to provide useful results.

It is dubious that a 3-state simplification is entirely valid because there is a
spaghetti of other exciton states as well as a continuum that may provide significant
off-resonant contributions. But I hope that the point has been made: to understand
nonlinear optical behavior in a strong-field regime requires some formalism, such as

Floquet theory, to address the role of heavily dressed states.
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Chapter 6

Conclusion

6.1 Summary

In this dissertation I described experiments and theory of the exciton states
of a tilted asymmetric double-quantum well. The states involve a rich interplay
of quantum-confinement, tunnelling, and Coulomb-binding all occuring at energy
scales of around 10 meV. I then drove these exciton states by terahertz laser fields to
excite excitonic intersubband transitions. This process modulated a weak NIR probe
beam via optical nonlinearities at terahertz frequencies, generating terahertz optical
sidebands on the NIR probe. The result was a unique nonlinear spectroscopic study
of excitons and their subband states and coupling strengths. Finally, I studied the
effects of a very strong THz field on the NIR modulation efficiency, and related it to
the dressing of excitons by the oscillating THz field.

98



6.2 Technological impact, future directions

6.2.1 Wavelength division multiplexing

As I mentioned earlier in the introduction, all-optical wavelength switching tech-
nologies may potentially benefit from studying techniques of generating terahertz
optical sidebands on a NIR carrier. While maximal modulation efficiency was not
the main goal of my devices, they were a useful testbed for examining the potential
benefits and limitations of exploiting the large optical nonlinearities in asymmetric
double-quantum wells for photonic applications.

However, the modulation depth is small (=~ 10~*) because the active region is
very thin. This could be dealt with by copropagating the THz and NIR beams in
a ridge waveguide structure. For switching applications a weak sideband is not

inherently bad because the signal contained in the sideband could easily be amplified

in a later stage.

6.2.2 Terahertz optical parametric oscillator

A tantalizing potential application comes from the n = —1 sideband. This is a
difference-frequency mixing process, which means that a NIR photon is converted
to a THz photon. In otherwords, during a resonance condition for the n = —1
sideband the THz field experiences gain . Within a high-Q THz cavity, an = —1
sideband could be used as a THz optical parametric oscillator with a NIR pump.
The sideband would merely be the discarded idler beam. Currently there are efforts
underway to fabricate THz photonic band-gap cavities, which if integrated with THz

electro-optic effects could prove very interesting indeed.
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6.2.3 Strong-field limits to THz lasers

Strong-field effects, while fascinating from a physics perspective, are basically
a hinderance from a technological standpoint. Of course, experimentally to achieve
a such intense fields I focused down a kilowatts of THz power from a free-electron
laser, an unlikely prospect in any practical device. But such field strengths could still
easily be reached inside the cavity of a laser. At optical wavelengths these effects
are not a problem but down in the THz the dressing of carefully bandgap-engineered

states could place limits on the efficiency of a THz laser.

6.2.4 Quantum chaos

The work I have describe has been in undoped structures. An obvious question
arises: what do the sidebands do in doped structures? During some of the experi-
ments I did the sideband measurements while simultaneously irradiating the sample
with third color laser (632 nm) to optically dope’ the device. The result was rather
startling, as the sideband was completely quenched at very low intensity of the dop-
ing laser. Properly pursuing this avenue of measurement required a second tunable
laser, and probably would lead to not much. It is likely that this effect is due merely
to carrier absorption in the DBR layer, rendering it nonreflective. Such is the usual
reality of doing exploratory device physics: trudging through the 80% which is mun-
dane.

Far from being mundane is the exciting possibility of detecting an intersubband
polarization in a doped quantum well via the emission of an optical sideband. There
have been some predictions[31, 32] of a period-doubling bifurcating route to chaos
in the intersubband emission of a THz-driven doped double quantum well similar to
the ones studied in this dissertation. This would manifest itself as the emission of

sidebands at frequencies wyir + swrp.
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Appendix A

Processing

The following is a recipe I developed for processing the antenna-coupled device
depicted in Fig 2.3. The waveguide-coupled device process is nearly identical except
it has no top leaf metallization and involves an additional cleave procedure, which I

will describe.

A.1 Photolithography

The bilayer photoresist recipe is: spin OCG825 at 4000 rpm 45 s. softbake 95C
60s. flood expose 3s. spin AZ4110 at 4000 rpm. softbake 95C 60s. expose 8s.
develop 1:4 AZ400K:H20 60s.

The regular photoresist recipe is to skip the OCGB82S step.

For small features use the right-side Suss mask aligner, and bring your own high-
power microscope objective. Use the alignment marks on the mask and progres-

sively zoom in. The final alignment steps align with the features.
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A.2 Cleaning

The full cleaning recipe is: 60s hot acetone, 60s hot methanol, 60s hot iso-
propanol, 60s hot DI, 10s DI rinse under faucet.
The quick cleaning recipe is: 60s hot acetone, 60s hot isopropanol, 10s DI rinse

under faucet.

A.3 Cleavage

Cleave 5x5 mm chips. (5x8 for waveguide). One will be sacrificial. Full clean if

necessary.

A.4 Frontgate metallization

Bilayer resist, photolith. E-beam#3, evaporate 50/350/850/200/2000 ANi/Ge/AwPt/Au.
Liftoff in acetone. Full clean. Anneal in RTA 410C 30s with 1 atm forming gas. Test

for ohmicity.

A.5 Mesa etch

Regular resist, photolith. Make sure mesa overlaps with frontgate.

Clean RIE#5 chamber, 10min 30 mT 30 sccm Cl, 300 W.

02 descum 15, 300mT 100W. Load sacrificial etch calibration chip RIE#5. Dry
etch 0.7/10.0 sccm CI2/SiCl4 3:15. unload directly into DI. Dektak, determine etch
rate to be between 300 and 1000 Aof the backgate quantum well.

Clean RIE#5 chamber. Load remaining chips. While pumping down, prepare
wet etch: 100/2/10 DIVH2PO3/H202 stir 240 rpm. Dry etch. Unload into DI. Blow
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dry. Wet etch dip 3s to remove passivation layer. Quick clean. Dektak to make sure

you didn’t punch through backgate.

A.6 Backgate metallization

Bilayer resist, photolith. Make sure backgate butts up against mesa (unecessary
for waveguide device.) prepare 1:5 HCVDI solution. 5 s dip to remove oxide, im-
mediately load E-beam#3 and pump down. angle evaporate using angle jig I made
to shadow mask a gap between the mesa and the backgate. (angle unnecessary for
waveguide device.) evaporate 50/350/850/200/2000 ANi/Ge/Au/Pt/Au. liftoff in
acetone. full clean. anneal in RTA 410C 30s with 1 atm forming gas. Test for
ohmicity.

(After this step for the waveguide device you may skip to the AR coating depo-

sition.)

A.7 Isolation etch

Regular resist, photolith. O2 descum 15”. clean RIE#5 chamber, 10min 30 mT
10 sccm C12. RIE#S, 0.7/10 Cl,/SiCly for 1 min to punch through backgate. Unload
into DI, Blow dry. Quick clean.

A.8 Antenna metallization

Bilayer resist, photolith. Ebeam#3, Ti/Au 50/10000. liftoff in acetone. full

clean.
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A9 AR coating

Bilayer resist, photolith. crush SrF2 into a closed thermal evaporator boat. evap-

orate /4 coating. liftoff in acetone. full clean.

A.10 Cleaving waveguide

Cleaving 1mm x 8mm strips on 500-um thick wafers is somewhat tricky. Here is
my technique: Under a stereo microscope, place the chip on graph paper. carefully
carve out a nice nick on the front side | mm from edge. Flip over the chip. Using a
glass stirring rod, place the rod along the desired cleave. The glass rod will magnify
the graph paper to make precise alignment easy. press evenly on the glass rod, and

the cleave should be clean. Yield is about 80% with practice.

A.11 Cleaving sapphire

Under the stereo microscope scribe a deep scratch the full length of the cleave
with a burly fiber-optic scribe. Flip over and press hard. Yield is about 25% but
sapphire is aplenty. The sapphire should be Immx4mm. Be sure to cleave the right

direction, so the slow-axis is along the direction of the THz propagation.

A.12 Forming sapphire-semiconductor waveguide

This must be done in the class 100 cleanroom. Do a full clean of both the chips
and the sapphire. Blow dry. GE vamish the chip to the sample mount. With tweezers

mount the sapphire onto the chip with the berrylium copper clip, and screw it down
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hard. A head-mounted jeweler’s magnifier is helpful. You will need many iterations

to get it lined up right.

A.13 Bonding

Scrape indium clean with a scalpel. Under a stereo microscope, using sharp
tweezers and a scalpel, cut a tiny blob if indium and grab with tweezers. Using the
tweezers and a dental tool, press the indium onto the gold pad. Using a dull pair of
tweezers and a very sharp wire cutter, cut a long length of 10 zm gold wire. While
holding the far end with tweezers press the wire into the indium pad. Trim. Repeat

for other side.
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Appendix B

Experimental

This appendix contains some experimental details to help workers who wish to

repeat the experiments.

B.1 Alignment procedure

In order to properly align the large THz focus using off-axis parabolics to the
focus of a second and third laser spot and then align it to a device, you have to
be able to independently move the THz focus, NIR focus, and device. Also you
need to be able to move the cryostat completely out of the focus region in order to
properly focus and align the two laser beams using Foucault’s razor-blade technique

of evaluating focus and aberration.

B.1.1 Aligning the alignment laser

The FEL cavity has a visible alignment laser beam expanded and aligned with
the cavity. There are several alignment marks inside the beamline in the accelerator

room to align the visible laser with the 60 um hole which couples out the THz
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(a) (b) ()

Figure B.1: (a) Good spot at focus. (b) Best acheivable spot if beam is clipped. (¢)
If the spot looks like a Kandinsky then you need to adjust for astigmatism.

radiation. This process requires two people because the mirrors are far from the
alignment marks. After entering the user lab’s optical transport the optical table is
more than 15 m away. By the time the visible reaches the table it has travelled a lever
arm of over 30 m. I have found that the visible alignment laser will easily focus to

within ten microns of the actual THz focus.

B.1.2 Off-axis parabolic astigmatism

Avoiding clipping the large 10 cm beam by whatever flat mirrors are used to
steer the THz beam. This requires flat mirrors at least 15 cm wide.

Move the cryostat out of the way of the focus.

The first step is to do the gross adjustment for the astigmatism of the off-axis
parabola. This is done by tweaking the angles of both the parabolic mirror mount
and the flat mirror just before the parabolic until near the focus the spot is circular as
seen through a magnifying glass (Fig. B.1). This is a difficult and time-consuming
process. For smaller parabolics it is inevitable to clip the beam. Then the focus will
not be Gaussian, rather it will have a radial profile like a sinh function, with a central

spot and a ring around it. Make sure that both are symmetric.
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(a) (b)

Figure B.2: Foucault’s method for finding the focus. Razor blade in front (rear) of
focus clips left (right) side of far-field projection.

B.1.3 Finding the THz focus

The focus is found using a variant on Foucault’s razor-blade technique of finding
the focus and evaluating aberations by positioning on an xy-stage a razor-blade diag-
onal to both the THz and NIR beams. Position a screen to view the far field pattern
well past the focus. Repeatedly push the razor-blade in and out of the way of the
beam. If the razor blade is closer to (farther from) the parabolic than the focus, then
the left (right) side of the far-field projection will dissappear (see Fig. B.2). Within
the waist the entire far-field pattern will morph away all at once. Find the center of

the waist with the razor blade. Take note of the micrometer postions.



B.1.4 Align the NIR focus

Of course, it is assumed that the laser and AO modulator have all been aligned
at this point.

Adjust the NIR beam to a more visible wavelength, say 13000 cm~!, and at-
tenuate to 1 mW. The focusing lens should be an achromatic doublet to minimize
caromatic and spherical aberrations. It should be large as it is used for both focus-
ing and collection. It should be mounted on a xyz stage, which is mounted on a
removable kinematic mount.

Remove the lens, and move the razor-blade away. The elevation of the NIR needs
to be brought level to the same rough elevation as the focus of the THz. After vertical
levelling, position the razor blade back to the focus position. Steer the unfocused,
collimated NIR beam to clip the edge of the razor-blade. Two steering mirrors and
ruler or marked cardboard works well.

Put the lens back into place. Rough align it so that the beam passes through the
middle of the lens vertically, and off center by around a cm horizontally. Rotate the
Xyz stage so that one axis is parallel to the NIR beam. Now do the Foucault test with
the NIR beam, except don’t move the razor blade, move the lens so that the NIR
focus moves in and out of the way of the razor. This will align the focus of the NIR
with the focus of the THz on all the horizontal axes.

Finally, using a strip of index card, place it along the NIR beam as it focuses, so
that you see a stripe of light on the card. Looking through a magnifying glass, align
the vertical position of the NIR stripe with the THz focus.

B.1.S Aligning the waveguide

If the waveguide has sapphire, it is easy to align, since the sapphire will glow

with the color of the alignment laser. Also, the sample will just be parallel to the
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THz beam.
If the waveguide does not have sapphire, then the device needs to be positioned
at an angle so that part of the field is incident on the front surface of the sample.
The final alignment must be done by rastering the crysotat translation and rota-
tion stage axes to find the sideband. Since even at the peak sideband intensity when
well-aligned and on resonance the single-shot signal-to-noise ratio is only 1060 or so,
the initial stages of signal hunting and peaking involve averaging many FEL pulses

for each micrometer position.

B.2 Dispersion, and detection, electronics

The workhorse detector is a side-on multialkali PMT (Hamamatsu R6356) run
at room temperature. The dynode chain is biased at 1000V by a SRS 325 through a
balun. The signal is a voltage on a 1 kOhm shunt resistor, which is sent through a
balun to an Stanford SR560 voltage preamplifier where it is inverted and multiplied
by 10 in low-noise mode. Then the signal goes to an HP digitizing scope for capture.

The PMT is mounted on a 0.85m SPEX double monochrometer with two 11 cm
1800g/mm gratings. Rejection of the laser line at the sideband wavelength is over
10'0. High resolution is more of a nuisance than help, so for sideband scans all four
slits are opened to 1 mm.

The PL spectra are taken with a TE-cooled intensified CCD camera (Princeton
Instruments ST135). It is mounted on a 0.35m Acton monochrometer with a Scm
1200g/mm grating.

The reflection data are taken with a large-area 10-mm square Si photodiode at
room temperature in photoconductive mode with a 10 kOhm shunt resistor. An
identical photodiode is used to for the error signal in a PID feedback loop used

to control the Ti:S intensity with a gradient neutral density filter on a motorized
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translation stage.

The collected light is sent to dispersive instruments by SMA connectorized 0.22
NA optical fiber with 365 m thick cores (ThorLabs FG-365-LER).

The THz reference detector is a Smm diameter LiTaO; pyroelectric detector with
charge-sensitive preamp (Molectron P1-35) with 3 MHz of unity-gain bandwidth.

B.2.1 Grounding

The experiment is necessarily spread out over two optical tables, with dispersive
instruments, detectors, and scope on one table, and lasers, cryostat and biasing elec-
tronics on another. This with FEL trigger signals and computer controls from across
the lab, grounding and noise pickup up to a few MHz are always issues. All in-
struments on individual tables have their third prongs disconnected, and their cases
connected by grounding straps to a single ground point in a star topology. Trigger
lines and GPIB cables that run between tables are opto-isolated. The only signal line
that runs from the main optical table to the dispersion table is the pyro-electric detec-
tor, which is isolated from the laser table and derives its ground from the dispersive

table.

115



