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Abstract 

Nanoscale nonlinear optical spectroscopy with junctions defined at the LaAlO3/SrTiO3 

interface 

 

Erin Sheridan, PhD 

 

University of Pittsburgh, 2021 

 

Continued progress in nanometer-scale research and technologies relies on our ability to 

characterize and control the optical and electronic behaviors of nanometer-scale objects over a 

broad range of frequencies. This thesis focuses on the development of a one-of-a-kind molecular-

scale nonlinear optical platform that can electronically contact nanoscale analytes and probe their 

optical responses over an extremely large range of frequencies. These devices consist of 10-

nanometer scale nanojunctions situated within the interface of the LaAlO3/SrTiO3 (LAO/STO) 

heterostructure.   

This dissertation begins with an introduction to LAO/STO in Chapter 1.0. This is followed 

by a review of the experimental setup and methods used in this work in Chapter 2.0. Chapter 3.0 

lays out an overview of the optical response of LAO/STO nanojunctions, and includes the first 

original work of this thesis (Section 3.2), wherein I describe two-wave-mixing experiments 

utilizing a ultrafast pulse shaping setup. A difference frequency generation response ranging from 

1 to >100 THz is observed, demonstrating the ultra-broadband generation and detection 

capabilities of LAO/STO nanojunctions.  

Next, I describe results obtained when these devices are used to probe the nonlinear optical 

response of graphene (Chapter 4.0) and graphene nanoribbons (Chapter 5.0). Time-domain 

photovoltage measurements reveal >99.9% absorption of light in graphene in the visible-to-near 

infrared range of the electromagnetic spectrum, where undoped graphene is typically transparent. 

When these absorption features appear, the nonlinear optical response of the graphene is greatly 

enhanced, suggesting the existence of high-energy plasmons. Similar results are observed in 
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graphene nanoribbons that are deposited on LAO using an AFM tip then integrated into a 

nanojunction device, revealing the confined nature of the graphene response. Finally, in Chapter 

6.0. I briefly describe experiments probing the interaction of two graphene/LAO/STO 

nanojunctions. The work of this dissertation paves the way for new experiments, outlined in 

Chapter 7.0. 
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1.0 Introduction 

The aim of this large introduction chapter is to provide an overview of the properties of the 

LaAlO3/SrTiO3 heterostructure. 

1.1.1 SrTiO3 Crystal Structure 

 

Figure 1: STO crystal structure.   Adapted from Pai et al.1 

Strontium titanate, SrTiO3 (STO), is a complex oxide material that has a perovskite crystal 

structure. Each unit cell has strontium (Sr) atoms at its corners, a titanium (Ti) atom in the center, 

and oxygen (O) atoms located in the center of each face of the Sr cube which form an octahedral 

cage. At room temperature, SrTiO3 has an idealized cubic structure (space group 𝑃𝑚3̅𝑚) with 

lattice parameter a = 0.3905 nm, as shown in Figure 2. Under stress or change of temperature, the 

SrTiO3 lattice can deform from the ideal cubic structure. Bulk STO is a band insulator with an 
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indirect bandgap transition from R →  Γ of 3.25 eV and a direct bandgap from  Γ →  Γ  of 3.75 eV2 

in momentum space, making the pristine crystal transparent and colorless. Because of its cubic 

structure, almost identical refractive index and more than four-fold higher dispersion compared to 

diamond, STO was once a widely used substitute gemstone. 

At 105 K, STO undergoes a cubic-to-tetragonal antiferrodistortive (AFD) transition, where 

nearby oxygen octahedra rotate in opposite directions, leading to a reduced-symmetry tetragonal 

lattice structure3-6. Domains with tetragonal orientations along x-, y- or z-axis can form within the 

bulk STO, resulting in ferroelastic domain boundaries. These domains disappear as the sample is 

warmed above TAFD and typically form a different domain pattern upon temperature cycling. The 

cubic-to-tetragonal transition can also be triggered by stress and pressure and can be affected by 

both defects7 and doping8. Recent studies have suggested that these naturally formed domain 

boundaries could potentially play an important role in the inhomogeneous transport properties of 

STO9,10. 
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Figure 2: Ferroelstaic transition in STO.  (a) Cubic structure and (b) distortion whch causes the cubic-to-

tetragonal transition. Adapred from Pai et al.1 

1.1.2 SrTiO3 Electronic Structure 

STO is a band insultor, as described above. It can be n-type doped with Nb, La, or oxygen 

vacancies. Its valence band is mainly composed of the 2p orbitals of oxygen atoms, while the 

conduction band is mainly composed of the Ti 3d orbitals11. In the cubic structural phase, the 3d 

orbitals split into t2g and eg,. DFT calculations of the band structure reveal12 that the dxy, dyz, and dxz 

orbitals of the t2g bands are degenerate at the conduction band minimum, i.e. the Γ point. The t2g 

manifold is expected to split further, due to the AFD transition and atomic spin–orbit coupling, 

with an expected energy scale ranging from a few meV to tens of meV. The details of the band 

structure are still difficult to obtain experimentally, in part because important features have energy 

scales of about a few meV, which is too small for the usual techniques, such as ARPES, to resolve. 
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 STO optical properties 

In addition to many intriguing electronic properties, STO exhibits interesting and important 

optical properties as well. Bulk STO is centrosymmetric, and thus has a zero second-order 

nonlinear susceptibility unless the inversion symmetry is broken. Symmetry breaking can occur at 

the surface or interfaces, for example. The third-order nonlinear susceptibility in STO has been 

reported to be exceedingly large, likely the largest among many solid-state materials13, making 

STO a promising platform for realizing nonlinear optical applications. 

1.1.3 STO- based heterostructures and nanostructures 

STO has a lattice constant that is closely matched lattice to most perovskite oxides. This 

property enables STO to serve as a universal substrate for growing various complex oxide 

heterostructures. Emergent properties rising from the confinement at the oxide interfaces, as well 

as the inherited rich and exotic physics from the STO substrate, have attracted intense research 

interest in the past few decades. As such, STO-based heterostructures and nanostructures marry 

two major fields of study within condensed matter physics: those of complex oxides and of 

semiconductor interfaces and nanostructures1.  

The demonstration of LaTiO3/SrTiO3 (LAO/STO) heterostructures grown with unit-cell 

precision14 represented a big step forward in the field.  SrTiO3-based heterostructure growth was 

also advanced by the crucial development of surface termination engineering techniques. These 

enabled growth of a wide variety of oxide thin films derived from bulk precursors15. Additional 

examples of STO-based heterostructures include CaZrO3/SrTiO3
16,17, γ-Al2O3/SrTiO3

18, 

SrRuO3/SrTiO3
19 and GdTiO3/SrTiO3

20, among others.  
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1.1.4 LAO/STO Heterostructure 

 

Figure 3: LAO/STO heterostructure.  (a) Side view of heterostructure composition. (b) Measured conductivity 

of the interface as a function of the Lao layer thickness, showing a sharp jump at 4 unit cells. (c) Perspective of 

heterostructure with the 2DEG shown emerging ~10 nm into the STO layer.  

Lanthanum aluminate, LaAlO3 (LAO) is a perovskite oxide with a lattice constant of 3.789 

Å, which is closely matched to STO. When LAO is grown on (001) TiO2-terminated STO by 

pulsed laser deposition (PLD), a metallic interface can emerge21. As shown in Figure 3(b), there 

is a critical LAO thickness of about four unit cells, above which the interface becomes conducting. 

It is noteworthy that both strain and surface chemistry changes can shift the critical thickness. 
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(111) or (110) orientated LAO/STO can also exhibit a conducting interface, but with a different 

critical thickness of nine or seven unit cells, respectively1. 

Ohtomo and Hwang reported a high-mobility electron gas at the interface between SrTiO3 

and LaAlO3
21

 in 2004. This conducting region extends into the STO layer and has been 

experimentally shown to be confined within around 10 nm. Typical carrier densities reported in 

this system are around 5 × 1013 cm−2, and the carrier mobility is on the order of 10 cm
2

V ∙ s⁄  at 

room temperature. High mobilities exceeding 104  cm
2

V ∙ s⁄   have been reported at low 

temperatures for systems with reduced dimensionality22-24. 

When the LAO layer is slightly below the critical thickness, the interface is insulating but 

highly tunable. The interface can undergo a metal-insulator phase transition 

at room temperature, as shown in Figure 3(c), by applying ±100 V to the back of the STO substrate. 

The conducting or insulating behavior persists even after the back gate voltage is removed25. 

Conductive atomic force microscope (c-AFM) lithography can locally control the metal-insulator 

transition with nanometer-scale precision26, and will be discussed in Section 2.1.4. 
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2.0 Experimental Methods 

2.1 LaAlO3/SrTiO3 Sample Growth and Patterning 

2.1.1 Sample Growth 

LAO/STO samples are grown via pulsed laser deposition (PLD) by our collaborators, 

Sangwoo Ryu, Hyungwoo Lee, Jung-Woo Lee, Ki-Tae Eom, and Chang-Beom Eom at the 

University of Wisconsin-Madison.  

 STO Pre-growth treatment  

STO (001) substrates are purchased from a commercial crystal supplier. Before deposition, 

low miscut (<0.10°) SrTiO3 substrates are etched using buffered HF acid for 60 seconds to remove 

SrO and maintain Ti termination, and the substrates are annealed in oxygen at 1000°C for six hours 

to create atomically smooth surfaces with single unit cell height steps. The mis-cut angle is 

carefully controlled, so that the width atomic terraces on STO surface is about 500 nm.  

 LAO Deposition 

In pulsed laser deposition (PLD), pulses from a KrF excimer laser (λ = 248 nm) are focused 

on a LAO target, and plumes of target material are deposited on pre-heated STO substrates. 

Specific temperature and pressure conditions must be met for proper LAO/STO sample growth. A 

thin film (3.4 or 8 unit cells) of LAO is deposited epitaxially on a (001) TiO2-terminated STO 

substrate at 550 °C and an oxygen pressure of 10–3 mbar, with its thickness monitored in situ via 
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high-pressure reflection high-energy electron diffraction (RHEED). The substrate is then cooled 

to room temperature in 1 atm (103 mbar) oxygen. The sample temperature is monitored by a K-

type thermocouple, which is located inside of a heater attached the sample with silver paste. 

Representative RHEED patterns, in-situ RHEED oscillations and X-ray diffraction patterns for the 

samples are included in Figure 4. 

 

Figure 4: LAO/STO Sample Growth.  (a) (b) RHEED patterns obtained before and after LAO growth at 

thicknesses of (a) 3.4 unit cells and (b) 8 unit cells. (c) In-situ RHEED oscillation obtained during the growth of 

LAO film on STO substrate. (d) 𝜽 − 𝟐𝜽 Out-of-plane X-ray diffraction patterns around the STO (002) peak 

for both 3.4 and 8 unit cell LAO.  Measurements obtained by our collaborator Ki-Tae Eom. 

 

After the graphene integration process (described in the next section) the LAO/STO 

samples can become highly insulating, which makes it difficult to perform c-AFM lithography. To 
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address this issue, we have performed experiments on samples with a thicker LAO layer. 8 unit 

cell graphene/LAO/STO samples allow for effective c-AFM lithography through the graphene 

while maintaining an insulating LAO/STO interface. The phenomena observed in Chapter 4.0 have 

been observed in multiple samples with different LAO thicknesses, and show no dependence on 

this parameter.  

2.1.2 Sample Patterning 

When working with the LAO/STO interface, one of the challenges that arises is creating 

good electrical contact between the interface and bonding pads located at the LAO surface. Sample 

processing methods have to be carefully chosen so that the interfacial properties, in particular its 

insulating-to-conducting transition, will not be affected. Sample cleanness is another concern, as 

nano-particles introduced during processing might affect the quality of nanoscale devices created 

in the sample. To that end, our group’s custom sample patterning process has been developed. In 

summary, electrical contacts to the LAO/STO interface are fabricated via conventional 

photolithography, where lithographically predefined regions are etched via Ar+ ion milling to a 

depth of 30 nm. Etched regions are filled with a 4 nm-thick Ti layer, then a 25 nm-thick Au layer, 

to create electrical contacts to the interface. A second layer of Ti/Au is added on top of the LAO 

surface to allow for wire-bonding. See Jianan Li’s doctoral dissertation27 for complete details. 
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2.1.3 Graphene Growth and Patterning 

The graphene used in this work is grown via chemical vapor deposition (CVD) on copper 

substrates. CVD is a dynamic process of etching and growth, in which a substrate placed in a 

vacuum chamber is exposed to one or more volatile precursors, which react with the substrate 

surface to produce the desired material, such as graphene. 

 

Figure 5: Optical Microscope Image of Graphene/LAO/STO canvas.  (a) After graphene transfer and (b) after 

photolithography patterning. 

Wafer-scale graphene sheets can be grown on Cu, then easily transferred to other 

substrates. The transfer method used to create graphene/LAO/STO heterostructures is referred to 

as wet transfer. In this process, a spin-coated polymer layer is deposited to protect the graphene, 

while the metallic growth substrate is etched away. Polymethyl methacrylate (PMMA) is typically 

used as the graphene protection polymer. However, residue formed by PMMA during graphene 

transfer has limited graphene device performance. We replace PMMA with Hyflon to reduce the 
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presence of harmful residues. Hyflon is a perfluorinated polymer that is both highly hydrophobic 

and chemically inert.  

 

Figure 6: Cleaning graphene with AFM tip.  The center, cleaned region shows graphene (with some wrinkles) 

directly on top of the LAO surface. The region between the LAO and graphene is extremely clean, as evidenced 

by the visibility of clean terraces on the LAO surface. 

After etching, the graphene is rinsed and transferred onto a pre-patterned LAO/STO 

substrate, and soft-baked to remove any water stuck between graphene and LAO. The transferred 

graphene is patterned into Hall bars via photolithography. The patterned graphene/LAO/STO 

sample is rinsed with acetone to remove the photoresist, and then Hyflon is removed. Finally, 

residue particles left on the patterned graphene/LAO surface are cleaned away by an AFM tip in 

contact mode. Each graphene/LAO/STO canvas consists of a graphene Hall bar with eight 

connections, and eight connections to the LAO/STO interface, as shown in Figure 5. Atomic force 

microscope images of graphene patterned onto LAO in this manner reveal a clean interface 
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between the two materials, as shown in Figure 6. Full details can be found in Jianan Li’s 

dissertation27. 

2.1.4 Conductive AFM lithography 

 Lithography Process 

In 2008, Cen et al. reported the ability to create and erase nanoscale conducting regions at 

the interface of LAO/STO using the c-AFM lithography technique26. 

The device fabrication process typically begins with a heterostructure of 3.4 unit cells of 

LAO on STO, which is just below the critical thickness discussed in Section 1.1.4. The LAO/STO 

interface is therefore insulating, yet its conductivity is highly tunable via an applied electric field. 

The conductance between two interface electrodes is measured in situ during the writing process. 

As shown in Figure 7, when a positively biased AFM tip (made of doped silicon) is scanned in 

contact mode across the LAO surface, with a typical writing speed of 0.5 − 1 μm/s, it connects 

one interface electrode to another and creates a conducting nanowire at the LAO/STO interface.  

An alternating current (AC) voltage of ±100 mV is applied to the source electrode, while 

the drain electrode is connected to an ammeter to measure conductance. The associated change in 

conductivity is confirmed by a significant jump in the two-terminal conductance once the tip 

reaches the second electrode and completes the circuit. It is important to note that during writing, 

a protective resistor is connected in series between the tip and voltage source, to protect the sample 

from damage. The resistor value can be controllably switched to values ranging from 100 𝑘Ω to  

1 𝐺Ω. The resistance of a conducting nanowire is typically about 200 𝑘Ω/μm. 
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The lithography process is reversible; when a negatively biased AFM tip scanned across 

an existing conducting nanowire, it restores the interface back to an insulating state. A 

corresponding conductance drop is observed as the tip erases the nanowire. The width of the 

nanowire can be estimated by cutting a nanowire with a negative voltage and fitting the measured 

drop in conductance. It has been shown that the nanowire width at the LAO/STO interface depends 

sensitively on the writing voltage 28. At +3 V, a wire width of 2~3 nm can be reached; as the 

writing voltage increases, the nanowire width increases monotonically. With the most commonly 

used writing voltages (+10~15 V), the wire width is typically around 10 nm. Once a nanostructure 

is fabricated, it can persist indefinitely in vacuum. In ambient conditions, however, the structures 

decay on the order of hours. The decay process can be understood by considering the physical 

mechanism which enables c-AFM lithography, described next. Research is currently underway 

with the goal of extending the structures’ lifetimes in the ambient environment. 

 

Figure 7: C-AFM Lithography Process.  (a) Creating conducting nanostructures with a positively biased tip 

and (b) erasing them with a negatively biased tip. Adapted from Cen et al.28. 



   

 

14 

 

Figure 8: Water cycle mechanism for c-AM lithography.  (a-c) Diagram of “water cycle” adapted from Bi et 

al29. (d) Diagram of surface protonation during c-AFM lithography.  
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2.1.5 Creating LAO/STO Nanojunctions 

 

Figure 9: Top-Down view of a four-terminal nanojunction. 

A nanojunction device is defined as a conducting wire with a nanoscale (~10 nm) gap. 

These devices are typically designed in a four-terminal geometry, where the nanowire is connected 

to source and drain electrodes, in addition to two voltage sensing leads. To create an LAO/STO 

nanojunction, a nanowire is defined by scanning the c-AFM tip on the LAO surface with a positive 

voltage (10 − 20 V). The nanoscale insulating gap, or junction, is defined by applying a negative 

voltage (−10 V) to the AFM tip and drawing a “cut” wire across the conducting wire. 

As compared to c-AFM defined LAO/STO quantum dots and barriers, nanojunction gaps 

are larger, in the sense that the barrier to current flow is larger. Current-voltage (I-V) curves 

determine a threshold voltage on the order of 0.1 − 1 V before significant current flows through 

the nanowire. These larger gaps allow for faithful operation under illumination; this is important 

because nanojunctions’ primary use is time-domain photovoltage spectroscopy. See example I-V 

curves for nanojunction devices both in the dark and illuminated in Figure 10. A DC bias voltage 

𝑉SD is applied to the LAO/STO nanojunction through the source electrode S via a 50-Ω-impedance 

analog output port, while the drain electrode D is grounded. The four-terminal voltage is defined 
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as the voltage difference 𝛥𝑉  =  𝑉+ − 𝑉− between the two voltage sensing electrodes, and is 

measured by a differential voltage amplifier (DVA) with 0.1 MΩ input impedance. Two-terminal 

current is measured between the source and drain electrodes versus source voltage in Figure 10 

(a), whereas the current is measured between the source and drain electrodes versus the differential 

voltage between the V+ and V- electrodes is measured in Figure 10 (b,c). 
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Figure 10: Nanojunction IV curves.  (a) Two-terminal IV curves measured between source and drain 

connections and (b) four-terminal IV curves with the four-terminal voltage measured between V+ and V- 

connections across a graphene/LAO/STO nanojunction at 𝑻 = 𝟖𝟎 𝐊 and 𝟏𝟐 𝛍𝐖 input power from broadband 

VIS-NIR pulses. (c) Four-terminal I-V curves for a separate device, both with and without laser illumination, 

at 𝑻 = 𝟓 K, 11.88 µW input power. 
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 Phenomena observed in LAO/STO nanostructures 

The reconfigurable and versatile c-AFM technique has made LAO/STO a fruitful platform 

for studying correlated electron interactions, as well has realizing nanoscale electronic and 

photonic devices with various functionalities. A large number of nanostructures, such as field-

effect transistors, electric rectifiers30, quantum dots, single-electron transistors31, ballistic electron 

waveguides, Hall crosses, photodetectors32, broadband THz sources and detectors33, etc. have been 

created and studied. In addition to observations of frictional drag34, quantum oscillations35, 

superconductivity36,37 and electron pairing without superconductivity38 in LAO/STO 

nanostructures, this system has been shown to host a new, exotic phase of fermionic matter. 

Quantized conductance steps were observed in electron waveguides, where the conductance 

follows a characteristic sequence within Pascal’s triangle: (1,3,6,10,15… ) ∙ 𝑒2/ℎ (where 𝑒 is the 

electron charge and ℎ is the Planck constant.) This behavior is consistent with the existence of a 

family of degenerate quantum liquids formed from bound states of , 𝑛 = 2,3,4… electrons39.  

Finally, LAO/STO nanostructures constitute a potential platform for quantum simulation. 

Artificial superlattice potentials can be imposed on waveguide devices, with a superlattice spacing 

that can be made comparable to the mean separation between electrons40. The imposed superlattice 

potential modifies the electronic band structure of the device, and the engineered spin–orbit 

interaction in the superlattice contributes to the enhanced electron pairing. These findings 

demonstrate the ability to design new families of quantum materials with emergent properties and 

solid-state one-dimensional quantum simulation platforms. 
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2.2 Creation of Graphene/LAO/STO Nanostructures 

2.2.1 C-AFM Lithography with Graphene 

Graphene/LAO/STO heterostructures are created and patterned as detailed in Section 2.1.3. 

Because single layer graphene is less than one nanometer thick, c-AFM lithography can be 

performed through the layer, as shown in Figure 11, without making many significant changes to 

the process. 

 

Figure 11: LAO/STO nanojunction defined underneath single layer graphene. 

When a conducting nanowire is defined as above, except through a graphene layer, piezo-force 

microscopy (PFM) imaging reveals a distinct nanowire feature (see Figure 12.)  A corresponding 

conductance jump is observed between the interface electrodes, confirming the presence of a 
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nanostructure directly beneath the graphene. See Huang et al.41 for more details on PFM imaging 

of LAO/STO nanostructures. 

 

Figure 12: PFM image of graphene/LAO/STO nanowire.  Inset: measured conductance jump between 

LAO/STO interface leads through the nanowire.  

2.2.2 Graphene/LAO/STO Nanojunctions 

To create a graphene/LAO/STO nanojunction, a nanowire is defined by scanning the c-

AFM tip in a region where the graphene covers the LAO surface with a positive voltage, and the 

nanoscale insulating gap, or junction, is defined by applying a negative voltage (-8 V) to the AFM 

tip and pressing down for three seconds at a point along the nanowire. This method, as opposed to 

sketching a negative “cut” nanowire, is more gentle, in order to avoid damaging the graphene with 

the AFM tip. 



   

 

21 

 

Figure 13: Overall Experimental setup. Main components include  a femtosecond Ti:Sapphire laser, a Fourier 

pulse shaper, a Michelson interferometer and an optical cryostation at ultra-high vacuum (UHV). Multiphoton 

intrapulse interference phase scan (MIIPS) compensation is obtained with nonlinear crystal and spectrometer 

placed where MIIPS is labeled. 

2.3 Optical experimental setup 

The main components of the experimental setup used in this work are a femtosecond 

Ti:Sapphire laser, a Fourier pulse shaper, a Michelson interferometer and an optical cryostation. 

A diagram of the overall setup is shown in Figure 13. Individual components are discussed in detail 

in the following sections. 
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2.3.1 Ultrafast laser 

The ultrafast laser used in this work is a Spectra Physics Rainbow 2 Ti:Sapphire laser. It is 

an ultra-broadband few-cycle pulse oscillator system, which uses dispersive mirrors for intracavity 

GVD dispersion. An additional cavity dispersion control unit provides precise dispersion control, 

so that the system can output nearly bandwidth-limited sub 7-fs pulses with a spectral bandwidth 

of over 300 nm and a 75 MHz repetition rate. The system also has low noise and can maintain 

mode-lock for days at a time, and can achieve maximum mode-locked power between 550-600 

mW. The output field is p-polarized (or horizontal). 

2.3.2 Compact Michelson Interferometer 

The primary component of our optical setup is a home-built compact Michelson 

interferometer, which allows us to measure the ultra-fast time-domain response of LAO/STO 

nanojunction devices. A three-dimensional CAD diagram of the interferometer design is shown in 

Figure 14. A plane mirror directs input laser pulses to a 50/50 ultrafast beam splitter. The 

transmitted beam is sent to the back arm, while the reflected beam is sent to the upper arm. The 

upper arm contains an optical delay line, which consists of a reflective chopper mounted to a piezo 

nano-positioning stage. The time delay zero location is calibrated by measuring the autocorrelation 

signal of an LAO/STO nanojunction while the mechanical stage is translated. The constituent 

components of the interferometer are discussed in detail below.  
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Figure 14: CAD Image of Michelson Interferometer. 
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Figure 15: Photo of Michelson interferometer. The input beam path to the sample is shown in solid red, 

whereas the output reflection beam path is shown in dashed red. 
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 Optical Delay Line 

Piezoelectricity is an electrical charge that is produced in certain materials when the 

material is subjected to an applied mechanical stress or pressure. This is known as the direct 

piezoelectric effect. The converse or inverse piezoelectric effect, or the application of an electric 

field to induce strain, enables piezoelectric materials to be used in positioning applications. Piezo 

actuators exhibit hysteresis and non-linearity when operated in open-loop mode. When operating 

our Aerotech piezo actuator in closed-loop mode, the non-repeatabilities due to hysteresis are 

eliminated.  

 

Figure 16: Aerotech piezo stage.  (a) Aerotech Q-series nanopositioning piezo stage. (b) Diagram showing 

voltage-posiiton realtionship for the stage in both open and closed-loop modes. 

 Reflective Chopper 

Boston Micromachines Corporation MEMS grating modulators are mounted at the end of 

each arm of the Michelson interferometer. These “reflective optical choppers” are used, both as 

mirrors and as choppers to modulate the optical signal at a specified frequency. The MEMS 

Grating Modulator is a reflective diffraction grating with controllable groove depth. It modulates 

intensity by switching between an unpowered flat mirror state and a powered diffractive state. By 
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simply adjust the maximum depth of deflection, one can modulate the central intensity of an input 

beam with high levels of extinction, achieving broadband intensity modulation. 

The device consists of a gold-coated membrane which enables wavelength modulation 

from the visible to the far infrared (FIR), with peak extinction in the visible and near infrared (NIR) 

and lower extinction in the FIR. To attain peak modulation of an incident beam up to 6mm in 

diameter, one can simply tune the deflection at a given wavelength by using a high voltage source. 

The MEMS grating modulator has a response time as small as 2.5 µs. It has a full-modulation a 

frequency range from DC to 200kHz, and can operate at even higher speeds when used for partial 

modulation. Compared to alternative acousto-optical modulators, it has the advantage of being 

dispersionless, in addition to delivering high spatial resolution. 

2.3.3 Scanning Reflection and Photovoltage Measurement 

The interferometer’s focusing microscope objective (100X, NA = 0.73) is fixed on a 

closed-loop 3-axis piezo stage (Piezosystem Jena Tritor T-401-1), which is digitally controlled to 

move the objective and focus the light onto each spot along the sample surface. At each point, the 

sample reflection and the photovoltage signal from a biased LAO/STO nanojunction are measured 

simultaneously. Overlaying these images allows a precise measurement of the location of a 

nanojunction device, so that the focused laser spot can be positioned directly over it. An example 

measurement on a graphene/LAO/STO nanojunction device is summarized in Figure 17. 
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Figure 17: Scanning reflection and photvoltage signals.  Superimposed (a) reflection and (b) photovoltage 

images for each of the two graphene/LAO/STO nanojunctions.  A black outline marks the approximate location 

of the graphene Hall bar. The superposition of the two images leads to a slight x-offset between them here.  

Data taken at 𝑻 = 𝟐𝟎 𝐊, graphene global gate 𝑽𝑮 = 𝟎 𝑽, 𝑽𝑺𝑫
𝒕𝒐𝒑

= 𝑽𝑺𝑫
𝒃𝒐𝒕𝒕𝒐𝒎 = −𝟏 𝑽 and input power  𝟏𝟎 𝛍𝐖. 

2.3.4 Time-Domain Photovoltage Measurement 

During a time-domain photovoltage measurement, the optical delay line is scanned 

continuously from negative to positive time delay values. A DC bias voltage 𝑉SD is applied to an 

LAO/STO nanojunction device through the source electrode S via a 50-Ω-impedance analog 

output port, while the drain electrode D is grounded. The photovoltage signal is defined as the 

voltage difference 𝛥𝑉  =  𝑉+ − 𝑉− between the two voltage sensing electrodes, and is measured by 

a differential voltage amplifier (DVA) with 0.1 MΩ input impedance and recorded as a function 

of 𝜏.  
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2.4 Ultrafast Pulse Shaping 

2.4.1 Pulse Shaping Overview 

Femtosecond pulses consist of a large number of phase-locked frequency components. 

The relative phases between each of the frequency components can be altered; modulating 

the amplitude and phase of each different frequency component is referred to as Fourier transform 

pulse shaping42.  By appropriately manipulating the spectral phase of an ultrashort excitation pulse, 

one can readily control ground state and excited state molecular dynamics, or cause 

chemically selective molecular excitation (ex. enhancing or suppressing multiphoton transitions). 

In particular, nonlinear optical processes, such as two photon absorption and second 

harmonic generation, are sensitive to the spectral phase of excitation laser pulses. 

 Fourier transform pulse shaping 

A pulse shaper acts as a linear filter for pulses. In the time domain, the filter is characterized 

by a linear response function, where the output of the filter is the convolution of its impulse 

response function ℎ(𝑡) and the input fields: 

 
𝑒𝑜𝑢𝑡(𝑡) = 𝑒𝑖𝑛(𝑡) ∗ ℎ(𝑡) = ∫𝑑𝑡′𝑒𝑖𝑛(𝑡

′)ℎ(𝑡 − 𝑡′). Equation 1 

For a sufficiently short input pulse, generating a specific output pulse shape is equivalent to 

engineering a linear filter with the desired impulse response function. In the frequency domain, 

the convolution becomes simple multiplication of the Fourier-transformed quantities. The output 

field 𝐸𝑜𝑢𝑡(𝜔) is now  
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 𝐸𝑜𝑢𝑡(𝜔) = 𝐸𝑖𝑛(𝜔)𝐻(𝜔), Equation 2 

so that the desired output pulse is accomplished by implementing a filter with the required 

frequency response. We will be reviewing pulse shaping in this more natural frequency domain. 

 

Figure 18: 4f Fourier pulse shaper in transmission mode. f represents the focal length of the lenses. 

 4f Configuration 

In a 4f pulse shaper, as shown in Figure 18, an incident femtosecond pulse is first 

decomposed into its constituent spectral components by a spectral disperser (usually a grating) 

then focused using a lens or a curved mirror with a focal length f. A basic pulse shaper consists of 

a pair of diffraction gratings and lenses and a pulse-shaping mask. The spectral components of the 

input pulse are spatially spread by the first grating and focused onto the mask via a lens (or curved 

mirror.) The lens effectively performs a Fourier transform to convert the angular dispersion from 

the grating to a spatial separation at the focal plane. A spatially patterned mask then modulates the 

phase and amplitude, and sometimes the polarization, of the spatially dispersed spectral 

components. A second lens directs the wavelength components to the second grating, which 
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recombines them into a collimated output beam. The output pulse shape is given by the Fourier 

transform of the pattern transferred by the mask onto the spectrum, is collimated, and ready to use 

in experiments. The 4f pulse shaping arrangement is ideally free of temporal dispersion; therefore, 

in the absence of a pulse shaping mask, the output pulse is nearly identical to the input. This 

technique has been successfully applied to pulses with widths ranging from femtoseconds to 

nanoseconds42.  

In this configuration, if the lens-mask separation is > f, the system provides a negative 

phase dispersion, i.e., it acts as a pulse compressor. If the separation is < f, on the other hand, a 

positive dispersion is added to the input pulse, so now the system is a pulse stretcher.  

2.4.2 Spatial Light Modulators 

While fixed spatial masks may be inserted into the Fourier plane, programmable pulse 

shaping is a much more powerful method, as it allows for computer control of the pulse shaper 

and enables algorithmic processes. A programmable pulse shaper can be realized by inserting an 

active phase mask in the Fourier plane, commonly referred to as a spatial light modulator (SLM). 

In principle, a single-mask SLM can achieve either phase or amplitude modulation of the pulse, 

while a dual mask SLM has full access to both phase and amplitude degrees of freedom. Arbitrary 

complex waveforms thus can be generated by programming a double-layer SLM. Liquid-crystal 

based SLMs take advantage of optical birefringence to achieve amplitude and phase control, as 

discussed next. 
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Figure 19: Dual-mask SLM liquid crystal display. Adapted from Kalkbrenner43. 
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Figure 20. The role of a grating witihn a pulse shaper.Adapted from Kalkbrenner43.Home-Built Pulse 

Shaper in Reflection Mode 

The system used in this work, shown in Figure 22, is a 4f pulse shaper in reflection mode. 

A dual-mask spatial light modulator is used to control the spectral amplitude and phase across 

broadband ultrafast pulses. In our home-built pulse shaper setup, the optical axis of the first mask 

in the SLM (Display A) is at +45° from the x-axis, while the second mask (Display B) is at -45° 

from the x-axis. See Figure 21 for a polarization diagram. 
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Figure 21: Dual-Mask SLM Polarization. The input beam is incident on Display A then Display B. After being 

reflected off of a mirror, the beam travels through Display B then Display A for a second time before being sent 

out of the pulse shaper. 

The SLM works in a reflection mode, which means light gets reflected back after Display 

B and re-enters Display B and Display A consecutively. The input light has a linear polarization 

parallel to the x-axis and a linear polarizer that passes the horizontal polarization is placed after 

the pulse shaper. In this configuration, the output light can be described as follows:  

 
𝐸𝑜𝑢𝑡 =

1

2
𝑒𝑖(2∆𝜙𝐴+2∆𝜙𝐵) ∙ (

1
0
) 

= cos(∆𝜙𝐴 − ∆𝜙𝐵) 𝑒
𝑖(∆𝜙𝐴+∆𝜙𝐵) ∙ (

1
0
) 

Equation 3 

where the amplitude and phase of the output light are, respectively, 

 𝐴 = cos(∆𝜙𝐴 − ∆𝜙𝐵) 

𝜙 = ∆𝜙𝐴 + ∆𝜙𝐵 
Equation 4 

By controlling the phase retardation in mask A and mask B via an applied voltage, both amplitude 

and phase of the output beam can be controlled. Note that what is actually being experimentally 
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measured at the output of the pulse shaper is the transmission, i.e., the intensity of the output light 

(𝐼 = 𝐴2). Pure amplitude modulation can be achieved by changing both ∆𝜙𝐴 and ∆𝜙𝐵 in a way 

that ∆𝜙𝐴 + ∆𝜙𝐵 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡, and purse phase modulation can be achieved by keeping (or 

∆𝜙𝐴 − ∆𝜙𝐵 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡). Writing out the phase retardation for each mask specifically yields 

 
𝜙𝐴 =

1

2
(𝜙 + arccos (𝐴)) 

𝜙𝐵 =
1

2
(𝜙 − arccos(𝐴)). 

Equation 5 

For a pulse shaper in transmission mode, where the light passes through each display only once, 

the amplitude and phase of the output light are defined as  

 
𝐴 = cos (

∆𝜙𝐴 − ∆𝜙𝐵
2

) 

𝜙 =
∆𝜙𝐴 + ∆𝜙𝐵

2
. 

Equation 6 

Instructions on how to calibrate the SLM are included in Appendix A. 
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Figure 22: Home-Built Pulse Shaper in Reflection Mode.Demonstrated amplitude and phase control 

Using the SLM calibration and control programs that I have built, the spectral amplitude 

of the ultrafast pulse can be shaped to fit an arbitrary function. A few examples of amplitude pulse 

shaping are shown in Figure 23, where the green line marks the input desired shape, and the blue 

line is the pulse amplitude measured by a spectrometer. Indeed, as discussed above, the dual-mask 

SLM allows for simultaneous phase and amplitude shaping. In Figure 23(d), the amplitude and 

phase (red curve) are set simultaneously. 



   

 

36 

 

Figure 23: Amplitude and phase pulse shaping. 
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2.4.4 Pulse compensation 

When a transform-limited ultrafast pulse leaves a laser cavity and travels through air and 

various optical components, such as lenses and windows, its spectral phase becomes distorted due 

to the frequency dependent refractive index of these media. Such distortions can have drastic 

effects on ultrafast pulse duration, peak intensity, and other pulse properties, which can be 

detrimental for many experiments or applications. To make matters worse, shorter pulses suffer 

more from the same amount of distortion than longer pulses, making pulse compensation 

absolutely essential when working with sub-10 fs pulses.  

The group velocity dispersion (GVD) introduced by optical elements is usually positive for 

visible to near-infrared wavelengths, which means longer wavelengths arrive earlier than shorter 

wavelengths in an ultrafast pulse (positive chirp). To compensate for this distortion, a negative 

chirp needs to be introduced. The negative GVD will cause the longer wavelengths to travel along 

an additional optical path, so eventually, they arrive at the same time as the shorter wavelengths. 

In this way, negatively chirped components, such as prisms and mirrors, compensate phase 

dispersion. In many cases, more than one compensation scheme is adopted. For example, 

negatively chirped mirrors often work with a pair of thin prisms to achieve a continuous tuning of 

the introduced negative dispersion.  

When pulse duration reduces below 30 fs, not only the second-order dispersion but also 

higher-order dispersion needs to be carefully compensated. More sophisticated compensation 

requires an accurate measure of the pulse phase using one of the aforementioned pulse 

characterization techniques. Then a proper compensation scheme (or a combination of schemes) 

can be engineered to provide the necessary negative dispersion. The multiphoton intrapulse 
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interference phase scan (MIIPS) system, on the other hand, has a built-in functionality to compress 

the pulse back to its transform-limited width while measuring the pulse characteristics, which can 

be convenient for experiments where consistent pulse duration is required. 

 

Figure 24: Summary of multiphoton intrapulse interference phase scan (MIIPS) setup. (a) Diagram of MIIPS 

setup. In this work, objectives are used instead of lenses. (b) Interference between different frequency modes 

of the SHG spectrum. 



   

 

39 

 MIIPS Compensation Algorithm 

MIIPS, or multiphoton intrapulse interference phase scan, is a recently developed and 

popular method for both characterizing and compensating ultrafast pulses44,45. As compared to 

other pulse compensation methods, such as FROG (frequency-resolved optical gating46) and 

SPIDER (spectral phase interferometry for direct electric field reconstruction47) MIIPS offers the 

advantage of being a single-beam method, i.e., that there is no interferometry required. It utilizes 

a pulse-shaper-based feedback loop, in which the second harmonic generated (SHG) signal from 

a BBO signal is fed into an optimization algorithm which sends commands to the pulse shaper’s 

active modulator array. Since its introduction, MIIPS has demonstrated prominent accuracy and 

versatility, being quite fruitful in fields like selective microscopic chemical probing, 

multiphoton microscopy, and functional imaging.  

A simplified diagram of the basic MIIPS setup is shown in Figure 24(a). The spectral phase 

of ultrafast pulses is controlled by a pulse shaper. The pulse shaper output is sent to a nonlinear 

beta barium borate (BBO) crystal. The resulting SHG spectrum is collected by a spectrometer and 

sent as a feedback signal to a computer algorithm designed to compress the distorted 

pulse.Nonlinear optical processes, such as SHG, are sensitive to the second derivative of the 

spectral phase of the excitation pulse. The generated nonlinear signal is proportional to the product 

of the amplitude of the input light with a complex phase term. MIIPS takes advantage of the 

dependence of SHG to this phase term, which denotes the spectral phase across the pulse, to find 

this unknown phase and compensate it. For transform-limited pulses (pulses with spectral phase 

𝜑 = 𝑐𝑜𝑛𝑠𝑡𝑎𝑛𝑡 across the bandwidth), the SHG signal from the BBO crystal is maximized, as the 

oscillatory phase term in Equation 7 is equal to 1: 
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𝑆(2)(2𝜔) ∝ |∫|𝐸(𝜔 + 𝛺)||𝐸(𝜔 − 𝛺)|𝑒𝑖(𝜑(𝜔+𝛺)+𝜑(𝜔−𝛺)) 𝑑𝛺|2 Equation 7 

We can Taylor expand the phase modulation term for frequencies around ω: 

 𝜑(𝜔 + 𝛺) +  𝜑(𝜔 − 𝛺)

= 2𝜑(𝜔) + 𝜑′′(𝜔)𝛺2 +⋯+  
2

(2𝑛)!

𝑑2𝑛𝜑(𝜔)

𝑑(𝜔)2𝑛
 (𝜔)𝛺2𝑛 

Equation 8 

 

To first order approximation, then, the SHG spectrum has a maximum when the spectral phase is 

constant and the second order phase distortion is zero, 𝜑′′(𝜔) = 0.  MIIPS measures the unknown 

spectral phase acquired by the pulse, 𝜙(𝜔), by successively imposing a parametrized reference 

function to the pulse. This additional phase leads to a total phase across the pulse of:   

 𝜙(𝜔) =  𝜑(𝜔) + [−𝑓(𝛿, 𝜔)]  Equation 9 

where 𝑓(𝜔, 𝑝) is the reference function. Therefore, when 

 𝜙′′(𝜔𝑖) =  𝜑′′(𝜔𝑖) + [−𝑓′′(𝜔𝑖,𝑝)] = 0,   or 𝜑′′(𝜔𝑖) = −𝑓′′(𝛿, 𝜔𝑖), Equation 10 

the SHG at a particular frequency is maximized. Typically, the reference function is sinusoidal: 

 𝑓(𝛿, 𝜔) =  𝛼sin (𝛾𝜔 − 𝛿) Equation 11 

where the variables 𝛼 and 𝛾 are fixed, with 𝛼 = 𝑛𝜋, n integer, 𝛾 is set to the estimated transform-

limited duration of the input pulses in femtoseconds, and the phase offset 𝛿 is scanned in a range 

of 𝛿 𝜖 [0,  4𝜋] during each iteration of the MIIPS algorithm. The second derivative takes the form  

 𝑓′′(𝛿,𝜔) =  − 𝛼𝛾2 sin(𝛾𝜔 − 𝛿). Equation 12 

A SHG spectrum is captured at each value of 𝛿. The spectra are plotted together in a two-

dimensional intensity plot vs. frequency 𝜔 (or wavelength) and 𝛿 to obtain a MIIPS trace, as shown 

in Figure 25.  
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An experimentally obtained trace for our setup is shown in Figure 26. The MIIPS 

compensation is obtained with the BBO crystal and spectrometer placed right before the input to 

the Michelson interferometer, as shown in Figure 13. The experimentally obtained MIIPS trace 

differs than the theoretically ideal trace, which is likely due to the non-Gaussian shape of the input 

pulses in the frequency domain. 

The laser pulse is not characterized at the point of the time-domain photovoltage 

measurement, which is at the sample surface. The location where the BBO crystal and spectrometer 

are placed within the experimental setup (in the beam path right before the entrance to the 

interferometer) is labeled in Figure 13. Though the obtained MIIPS compensation does not 

perfectly account for pulse dispersion that arises while the pulse travels through the Michelson 

interferometer, the interferometer has pre-compensation plates placed within each arm to 

compensate for additional dispersion, as shown in Figure 14.  

In the future, we aim to achieve pulse characterization and compensation at the point of 

measurement. Specifically, we believe that the nonlinear response of LAO/STO nanojunctions 

may serve as a feedback mechanism which can replace the second harmonic generation from a 

macroscopic nonlinear crystal within the algorithm. If this is the case, the second harmonic signal 

from the LAO/STO nanojunction will be maximized when the spectral phase is constant across 

the bandwidth of the broadband pulse. Software and hardware upgrades which will enable the 

proposed experiments are currently underway. 
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Figure 25: Theoretical MIIPS trace for transform-limited pulses. Adapted from Gamouras et al.48 

As discussed above, the SHG is maximized when 𝜙′′(𝜔) = 0, or 𝜑′′(𝜔𝑖) = −𝑓′′(𝛿, 𝜔𝑖). 

Since 𝑓′′(𝛿, 𝜔) is known, the unknown spectral phase  𝜑(𝜔) can be easily retrieved by taking a 

double integral of 𝑓′′(𝛿, 𝜔) along the maximal MIIPS trace with respect to frequency. This 

retrieved 𝜑(𝜔) value is then added to the input pulses, or compensated, by the pulse shaper, and 

the next MIIPS iteration begins to obtain the remaining phase distortions. When the pulse is fully 

compensated, its remaining second-order phase distortion should vanish, leading to 

 𝛾𝜔 − 𝛿 = 𝑛𝜋, Equation 13 

so that the ideal final MIIPS trace will follow parallel lines with a slope of 1/𝛾 and separated by 𝜋. 

After several iterations, the spectral phase of the distorted pulse is accurately obtained, and the 

compensating phase can be applied by the pulse shaper at any time to recover a transform-limited 

pulse. 
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Figure 26: Experimentally obtained MIIPS compensation.(a) Experimentally obtained MIIPS trace after 

multiple iterations, (b) phase compensation calculated from the trace, and (c) the spectral phase across the 

ultrfast pulse after compensation. 
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 Verifying MIIPS Compensation with SHG 

To verify the accuracy of the experimentally obtained MIIPS trace, we applied a step-

function phase modulation across the ultrafast pulses, as shown in Figure 27(b), both with and 

without the obtained MIIPS compensation phase added. The modeled SHG spectrum for the step-

function phase modulation is obtained from Equation 7 and is plotted against the experimentally 

obtained SHG spectra for the compensated (Figure 27(c)) and uncompensated (Figure 27(d)). The 

compensated SHG spectrum clearly matches the theoretical model, whereas the uncompensated 

spectrum differs greatly. These results confirm the accuracy of the MIIPS compensation obtained 

for our experimental setup. As with the obtained MIIPS trace, differences between the theoretical 

model and the experimentally obtained spectrum can likely be attributed to the non-Gaussian shape 

of the input pulses in the frequency domain. 

 

Figure 27: Testing MIIPS compensation with SHG feedback. (a) Experimentally obtained MIIPS compensation 

and (b) addiitonal phase modulation `to be applied across the input pulse. Theoretical and experimental output 

SHG spectrum both (c) with compenstion and (d) without compensation. 
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2.5 Optical Cryostat 

2.5.1 Working Principle 

Ultrafast optical responses are measured at cryogenic temperatures using a Montana 

Instruments optical cryostat. It is a closed-cycle operation system, with a temperature range from 

4 to 350 K. The temperature stability is within 10 mK and vibration stability is within 5 nm. It is 

also equipped with radiation-blocked optical windows and electronic connections, providing both 

optical and electronic access to the sample. The system has four main components: a compressor, 

a control unit, the cryostat with a sample chamber, and a computer user interface. A schematic 

block diagram of the system is shown in Figure 28. 

Cooling power is provided by a two-stage Gifford-McMahon cryo-cooler. The cryo-cooler 

is part of a closed-loop flow of helium which is pressurized by a separate variable-flow helium 

Compressor. The cryocooler has two principal stages, each equipped with thermometers and 

heaters to monitor and accurately control the temperature. The first of these stages is thermally 

coupled to a thermal radiation shield surrounding the sample and mount in the sample chamber. 

The second stage is thermally coupled to the platform and sample mount in the Sample Chamber. 

The sample chamber consists of the unit platform, the configurable sample holder, the surrounding 

radiation shield with its inner “cold” windows, and the outer window assembly with its “warm” 

windows. A vacuum pump in the control unit evacuates the air from the sample chamber to achieve 

a rough vacuum level. A secondary “cryo-pump” achieves a high vacuum level by trapping vapor 

remaining in the vacuum space. During cooldown, the sample platform temperature lags the 
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coldest temperature in the Cryostat so that the charcoal adsorbers achieve a hard vacuum before 

the sample platform is cold. This keeps the sample free from condensation. 

 

Figure 28: Cryostat Components. 

Mechanical vibrations from the cryo-cooler are isolated both from the table and the sample 

mount. The Sample Chamber and Cryostat frame are rigidly mounted to the table. The cooling 

tower portion of the frame “floats” within the enclosure, to keep vibrations from passing through 

to the Sample Chamber. Thermal fluctuations are damped using both active and passive 

techniques. The sample platform also eliminates the effects of gross thermal contraction during 

cool down by using a thermal contraction-cancelling design. The benefit of this design is that once 
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room temperature alignment with optics is done, no further alignment should be required for each 

temperature of operation. 

 

Figure 29: Cryostation Sample Chamber. (a) Chamber geometry and (b) electrical connections. 

2.5.2 Sample Chamber and Connections 

The sample is placed on a chip carrier that is attached to a PCB board (Figure 29 (a)). The 

materials used within the printed circuit board (PCB) which connects the LAO/STO sample to the 

cold space of the Montana Instruments cryostation are not reported by Montana Instruments. That 

being said, the LAO/STO sample is separated from the cold stage PCB by a chip carrier. The 

material comprising the chip carrier is a glass-reinforced epoxy laminate material, named FR-4. 

This is a composite material composed of woven fiberglass cloth with an epoxy resin, where “FR” 

stands for “flame-resistant.” The thickness of the chip carrier is 0.24 cm, and the material is 

reported to have a dielectric constant of 3.9 - 4.7. 
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The sample mount can be positioned facing upward or sideways. Light can enter the sample 

chamber through any one of the windows, and the reflection or transmission after sample can be 

collected from the same or a different window, depending on the experimental scheme and sample 

mount orientation. Electronic properties of the sample are measured through 28 electrical feed-

throughs, as shown Figure 29(b). In our setup the yellow spring wires are replaced by a ribbon 

cable and Fisher connector to enable electrical connection to external instruments.  

An optional thermal radiation shield can be placed around the sample, and is thermally 

coupled to the first cryocooler stage. The sample is mounted to a post that is thermally coupled to 

the second stage. A vacuum is created in the chamber to thermally isolate the sample, radiation 

shield, and outer shell. A PID feedback loop controls the helium flow and the heater power to 

maintain a set temperature. 
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3.0 Optical Response of LAO/STO Nanoscale Junctions 

3.1 Previous work and theoretical background 

The experiments discussed in this section are the foundational experiments establishing 

and characterizing the ultrafast response of LAO/STO nanojunctions. The experimental setup 

discussed here is no longer in use. Full details of the following section can be found in Yanjun 

Ma’s doctoral dissertation49 , Irvin et al.32 and Ma et al.33. 

3.1.1 Nanoscale photodetectorn 

 

Figure 30: Nanoscale photodetector. (a) I-V curves across nanojunction when not illuminated (grey curve) and 

when light is focused on it (red curve.) (b) Scanning photovoltage microscopy image showing a strong, localized 

photovoltage response at the site of the nanojunction. Adapted from Irvin et al.32  
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C-AFM defined LAO/STO nanojunctions were previously shown to constitute nanoscale 

photodetectors, as summarized in Figure 30. I-V curves across a nanojunction show that when 

focused laser light overlaps with the device, there is a sharp increase in the photocurrent. The 

response is also highly localized in spaced; by measuring the generated photovoltage as a function 

of the (x,y) coordinate of the focused light spot, a scanning photovoltage microscopy image 

(Figure 30(b)) is generated. The scanning image reveals a strong, localized photovoltage response 

at the site of the nanojunction. 

These nanoscale devices exhibit remarkably high gain for their size, in part because of the 

large electric fields produced in the gap region. The photoconductive response is electric field-

tunable and spans (at least) the visible to-near-infrared regime. The physical mechanism resulting 

in photocurrent is likely the existence of in-gap electron states in STO. When the in-gap states are 

excited by vis-NIR light, they are excited to the conduction band, then swept across the junction 

by the source-drain bias field, as shown in Figure 32(d). 

3.1.2 Ultrafast Nature of Nanojunction Response 

The photoresponse of LAO/STO nanojunctions is also ultrafast in time. Figure 31(a) 

illustrates the (obsolete) experimental setup used in this chapter. An LAO/STO nanojunction is 

fabricated via c-AFM lithography, as described in Section 2.1.4. Ultrafast (30 fs) optical pulses 

from a home-built Ti: Sapphire laser are divided into "pump" and "probe" beams by a Mach 

Zehnder interferometer. Photoconductive properties of the device, located in an optical cryostat, 

are measured using a four-terminal geometry in which a voltage is applied between source (S) and 

drain (D) electrodes, as described in Section 2.3.4. All experiments are performed at 80 K except 
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where noted. In Figure 31(b), the diffraction-limited scanning photovoltage signal peak shows 

where the nanojunction is located. By allowing both beams to illuminate the nanojunction and 

scanning the optical delay line (ODL), dynamical information can be resolved via a time-domain 

photovoltage measurement. In Figure 31(c), when the chopper is off, interference fringes are 

observed; these are signatures of a field autocorrelation measurement. The lower envelope shows 

larger amplitude than the upper one; by turning the chopper on, lock-in detection can filter away 

the fast oscillations, leaving only the asymmetric envelope to be detected by averaging over a large 

number of measurements (Figure 31(d)). The time-domain response exhibits a full width at half-

maximum (FWHM) of 31 fs. The spatial and temporal response of the device can be measured by 

repeating the time-resolved measurement at a regular two-dimensional array of locations.  
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Figure 31: Broadband THz Generation Setup.(a) Experimental setup. (b) Localized photovoltage response as 

discussed above. (c) Time domain measurement showing signatures of a field autocorrelation. (d) Time domain 

measurement with chopper modulation revealing a lower envelope. Adapted from Ma et al.33  
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Figure 32: Physical Origin of Ultrafast Response. (a) Simplified image of LAO/STO band gap showing in-gap 

states. (b) The bands are bent from the applied DC bias. (c) Virtual absorption process. (d) Real absorption via 

in-gap electron states, which leads to photocurrent. 

 Physical Origin of Ultrafast Response 

Several physical mechanisms must be considered to understand the origin of the LAO/STO 

nanojunction ultrafast response. To start, processes involving resonant optical absorption and 

carrier relaxation can be ruled out, because the reported lifetime for photo-excited carriers in 

SrTiO3 is on the order of a nanosecond. Nonlinear χ(2) or χ(3) processes, on the other hand, have 
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a much greater inherent bandwidth. SrTiO3 is a centrosymmetric crystal that should not exhibit a 

bulk second-order nonlinear response. Because inversion symmetry is broken at the interface of 

LAO/STO, χ(2) processes can exist. However, the ultrafast response measured here is highly 

localized at the junction and can be tuned by external electric field; hence, intrinsic processes are 

unlikely to play an important role. The electric field is strongly confined around the nanojunction 

and can be on the order of 106 V/cm. Therefore, it is believed that the observed ultrafast response 

results from a χ(3) process involving one quasi-static local field across the junction and two optical 

fields:  

 PNL
i = ε0χijkl

(3) (0,0,ω,−ω)Ebias
j

Ek(ω)El(−ω) Equation 14 

where PNL
i  is the nonlinear polarization, χijkl

(3)
 is the third-order susceptibility at the nanojunction, 

Ebias
i  is the electric field across the nanojunction, and Ei(ω) is the optical field (i, j, k, l = x, y, z). 

The nonlinear response of the nanojunction is analogous to that of GaAs crystals50,51 

excited by off-resonance irradiance. The incident light in the following experiments has a photon 

energy ~1.48 eV. STO has direct and indirect band gaps of 3.75 eV and 3.25 eV, respectively; 

hence, the interaction between non-resonant photons and valence electrons in STO can be 

described as a virtual absorption process. Physically, the picture indicates that when valence 

electrons interact with non-resonant photons, the electrons remain bound but are shifted from their 

equilibrium positions by the optical electric field. As a result, a transient dipole moment is 
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produced via a χ(3) process that reduces the static external field (Figure 32(c)). Because this 

process involves no real absorption, a FWHM comparable to that of the laser pulse is expected. 

  

3.1.3 Slow Response 

In addition to the ultrafast response, illumination of LAO/STO nanojunctions also produces 

a time-averaged, or slow, response, which manifests as an overall offset in the bias-dependent 

curves shown in Figure 32(a). This offset can be attributed to the absorption of photons by 

electrons occupying the in-gap states in STO. Previous experiments52-55 have shown that STO, 

especially when subjected to growth of LaAlO3, can form deep traps from either oxygen 

vacancies56-59 or unintentional doping of STO substrate60. These in-gap states, which are 

distributed from the top of the valence band to the bottom of the conduction band61, can trap 

electrons, resulting in the absorption of infrared light61,62.  Prior investigations of the wavelength 

dependence of the photoconductive response and the Stark shifting under electric fields63 is in 

agreement with the picture that incoming near-infrared photons can be absorbed by electrons 

residing in states within the STO band gap. A schematic of this energy-band diagram is shown in 

Figure 32(d). In the presence of an external electric field, electrons and holes excited in this way 

are separated and result in photoconductivity. Because of this separation, charge carriers cannot 

recombine quickly. The net effect is a constant background offset. 
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3.1.4 Temperature Dependence 

Motivated by the fact that STO undergoes several structural phase transitions64, the 

temperature-dependence of the ultrafast response is measured from 5 K to room temperature (290 

K). As the temperature is decreased from 290 K to 30 K, the amplitude of the signal generally 

increases. This observation is consistent with the Curie-Weiss scaling of both the dielectric 

constant and nonlinear susceptibility of SrTiO3 with temperature65,66. The mechanism responsible 

for the abrupt drop between 25 K and 30 K has not been determined. In Ref. 66 a minimum of 𝜒(3) 

is found around 30 K, however, this feature is only observed when the electric field across the 

sample is lower than 1.5 kV/cm66. The electric field values within our nanojunction devices are 

several orders of magnitude higher, so it is possible that the abrupt change might be related to a 

local electric-field-induced structural phase transition within the SrTiO3 from tetragonal to 

orthorhombic64.  

3.1.5 Polarization of Ultrafast Response  

Polarization dependence provides useful information regarding the symmetry of nonlinear 

optical coefficients.  The Y-axis is defined to be along the vertical direction of the input light 

polarization. and horizontal direction is along the X-axis, as shown in Figure 33. Measurements 

are performed with 𝑉𝑆𝐷 = -1 V and 𝐼𝑎𝑣𝑒 ≈ 50 kW/cm2. When the polarization of both pump and 

probe are parallel, a time-resolved signal is detected. When the pump and probe polarizations are 

mutually perpendicular, the time-resolved signal is suppressed. The observed polarization 

dependence can be explained by the symmetry that STO possesses: non-vanishing 𝜒(3) parameters 
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constrain which light polarizations generate nonzero 𝑃𝑁𝐿. Specifically, since STO belongs to m3m 

symmetry group, it has the following non-vanishing 𝜒(3) parameters: 

 

𝝌𝒙𝒙𝒙𝒙
(𝟑)

= 𝝌𝒚𝒚𝒚𝒚
(𝟑)

= 𝝌𝒛𝒛𝒛𝒛
(𝟑)

 

𝝌𝒙𝒙𝒚𝒚
(𝟑) = 𝝌𝒚𝒚𝒙𝒙

(𝟑) = 𝝌𝒙𝒙𝒛𝒛
(𝟑) = 𝝌𝒛𝒛𝒙𝒙

(𝟑) = 𝝌𝒚𝒚𝒛𝒛
(𝟑) = 𝝌𝒛𝒛𝒚𝒚

(𝟑)
 

𝝌𝒙𝒚𝒙𝒚
(𝟑) = 𝝌𝒚𝒙𝒚𝒙

(𝟑) = 𝝌𝒙𝒛𝒙𝒛
(𝟑) = 𝝌𝒛𝒙𝒛𝒙

(𝟑) = 𝝌𝒚𝒛𝒚𝒛
(𝟑) = 𝝌𝒛𝒚𝒛𝒚

(𝟑)
 

𝝌𝒙𝒚𝒚𝒙
(𝟑) = 𝝌𝒚𝒙𝒙𝒚

(𝟑) = 𝝌𝒙𝒛𝒛𝒙
(𝟑) = 𝝌𝒛𝒙𝒙𝒛

(𝟑) = 𝝌𝒚𝒛𝒛𝒚
(𝟑) = 𝝌𝒛𝒚𝒚𝒛

(𝟑)
 

Equation 15 

In our experiments, the light incident to the junction is normal to the sample, so the electric 

field of the light is in the transverse direction. Our samples are grown and processed in such a way 

that the in-plane principal axes of STO are along the X and Y direction as shown in Figure 33. The 

observed polarization dependence can therefore be explained as follows: The external bias field is 

applied in 𝑌 direction. The induced field, caused by the separation of virtual holes and virtual 

electrons, then must be in −𝑌 direction. This means that only the 𝝌𝒚𝒚𝒚𝒚
(𝟑)

 and 𝝌𝒚𝒚𝒙𝒙
(𝟑)

 terms are 

relevant. However, both terms require the optical field to be in parallel (either in X or Y direction), 

otherwise the 𝜒(3) coefficient will be zero and therefore no virtual absorption can occur:  

 𝑃𝑁𝐿
𝑦 (𝜔1 − 𝜔2) ∝ 𝜒𝑦𝑦𝑦𝑦

(3) 𝐸𝑏𝑖𝑎𝑠
𝑦

𝐸𝑜𝑝𝑡
𝑦 (𝜔1)𝐸𝑜𝑝𝑡

𝑦 (𝜔2) 

𝑃𝑁𝐿
𝑦 (𝜔1 − 𝜔2) ∝ 𝜒𝑦𝑦𝑥𝑥

(3) 𝐸𝑏𝑖𝑎𝑠
𝑦

𝐸𝑜𝑝𝑡
𝑥 (𝜔1)𝐸𝑜𝑝𝑡

𝑥 (𝜔2). 

Equation 16 
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Figure 33: Geometry of LAO/STO Nanojunction. 

3.2 100 THz Difference Frequency Generation 

Electromagnetic waves at terahertz (THz) frequencies allow resonant interactions with 

matter through various intrinsic low-energy excitations, revealing information related to lattice, 

charge and spin degrees of freedom. In the past few decades, extensive research efforts have 

focused on developing narrow-band THz radiation sources in both far-infrared (<10 THz) and 

midinfrared (10-100 THz) regimes, due to their potential to provide insight into the fundamental 

physics of matter by selective excitations of different resonances. For a large number of 

applications, including spectroscopy, inspection, communication, and coherent control, tunability 

of the narrow-band THz radiation is required. On the other hand, THz techniques are also often 

limited by spatial resolution. Owing to the relatively long wavelength of THz radiation, diffraction 

usually limits the spatial resolution to the order of 10- 100 um, making it difficult to resolve 

features much below this scale. Several techniques have been pursued to reach a nanometer-scale 
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spatial resolution, such as combining THz radiation with scattering-type near-field scanning 

optical microscopy or scanning tunneling microscopy. However, to date, a continuously tunable, 

quasi-monochromatic THz source that can cover both the far- and mid-infrared regime with sub-

10 nm spatial resolution is not available. 

Here, we report >100 THz bandwidth selective difference frequency generation at 

LaAlO3/SrTiO3 (LAO/STO) nanojunctions through femtosecond optical pulse shaping. Selected 

frequency components of a sub-7 fs ultrafast pulse are mixed at the nanojunction through the third 

order nonlinear effect in STO, and their frequency difference results in narrow-band THz 

emission. By controlling the selected frequency components, the frequency of narrow-band THz 

emission can be tuned from far-infrared to mid-infrared regime. The spatial resolution of this THz 

source is determined by the nanojunction size, typically around 10 nm, but can be as small as 2-3 

nm, thus realizing an ultra-broad bandwidth, continuously tunable, quasi-monochromatic 

THz source with a spatial resolution comparable to a single nanoparticle or even a single 

molecule.  
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Figure 34: Broadband Pulse Shaping Experimental Setup. .  (a) Michelson interferometer setup and (b) 

Spectrometer images showing the amplitude modulation achievable with our pulse shaper. 

3.2.1 Experimental Results 

As a review, Figure 34(a) shows the schematic drawing of the experimental setup. Ultrafast 

pulses from a sub-7 fs Ti: Sapphire oscillator (Spectra-Physics Rainbow 2 UHP) are directed into 

an optical pulse shaper based on a dual-mask spatial light modulator (SLM, Jenoptik SLM-S640d), 

where different wavelengths are spatially separated by a grating and focused onto different pixels 

of the SLM. Both the amplitude and the phase of the ultrafast pulse can be controlled 

independently. Here we focus on spectral amplitude control. After the pulse shaper, the 

manipulated pulses are redirected to our compact Michelson interferometer and then focused onto 

a nanojunction device located in an optical cryostat at 𝑇 = 80 K. Time domain photovoltage 

measurements are performed with the shaped the light focused on it, while a DC bias voltage (𝑉SD 

= -550 mV) is applied across the junction. 
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Figure 34(b) shows an example of the spectral amplitude control achievable by the pulse 

shaper. The red curve represents the full spectrum from the Ti:Sapphire oscillator without any 

spectral amplitude manipulation. A broad spectrum ranging from 650 nm to 920 nm is measured 

by a spectrometer. By applying an appropriate voltage to each pixel of the SLM, the output at all 

wavelengths can be efficiently suppressed (green curve). We can then specifically select one, two 

or a few wavelengths to pass through the SLM, while keeping all the other wavelengths 

suppressed. The blue curve shows a configuration in which light at 735 nm and 768 nm is allowed 

to pass through the SLM, while other wavelengths are suppressed. 

 

Figure 35: Tunable Broadband Difference Frequency Generation.  (a) Six example time domain signals for 

different input frequency pairs. (b) Linear response of the nanojunction showing both input frequencies. (c) 

Difference frequency generation ranging from 1 to >100 THz. 
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To demonstrate the ultra-broad bandwidth selective difference frequency generation 

capability of the LAO/STO nanojunction, we perform nonlinear wavelength mixing experiments. 

We select 35 different fundamental wavelength pairs with the frequency difference within each 

pair ranging from 2 THz to 106 THz. The average input power is on the order of 10 µW. For each 

fundamental wavelength pair, the amplified photovoltage Δ𝑉 is recorded as the optical delay line 

varies from 𝜏 =-500 fs to +500 fs. Each measurement is repeated 40 times for averaging purposes. 

Figure 35(a) shows six representative averaged time-domain signals. A beating envelope can be 

clearly seen in each time-domain signal. It is important to note that the lower half of the envelope 

has a larger amplitude than the upper half. A constant background has been subtracted for each 

curve, which originates from the DC bias voltage as well as from persistent photoconductance by 

mid-gap states in STO. 

 Power spectra are calculated from the time-domain signals to reveal the frequency 

components. The linear (LNR) region of the power spectrum is shown in Figure 35(b) and the 

difference frequency generated (DFG) region is shown in panel (c). Different curves are 

distinguished by color, and all plots in Figure 35 share the same color code. As an example, a 

fundamental wavelength pair of 757 nm (396 THz) and 797 nm (376 THz) is selected from the 

ultrafast pulse by the pulse shaper to generate a narrowband emission at 20 THz. The 

corresponding time-domain signal is measured and plotted in Figure 35(a) (yellow curve), and its 

power spectrum clearly shows both the fundamental wavelength pair and a 20 THz difference 

frequency. The measured linewidth of the narrow-band THz generation (~2 THz on average) in 
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this configuration is limited by the spectral resolution of the pulse shaper as well as the total travel 

range of the optical delay line (1 ps, which corresponds to a 1 THz resolution). 

 Sum-frequency mixing 

In addition to difference frequency generation, LAO/STO nanojunctions also produce sum 

frequencies of the two input frequencies 𝜔1 and 𝜔2. The sum frequency generation response in 

Figure 36 shows that frequencies are generated at 𝜔1 + 𝜔2, 𝜔1 + 𝜔2 − ∆𝜔, and 𝜔1 + 𝜔2 + ∆𝜔, 

where ∆𝜔 is the difference frequency. 

 

Figure 36: Sum Frequency generation in LAO/STO nanojunctions. 

3.2.2 Theoretical Model 

Due to the large bandgaps of both LAO and STO, the input photon energies in the 

experiments are not sufficient to excite valence electrons to the conduction band. Though mid-gap 
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states do exist in STO, the reported lifetime for STO photo-excited carriers is at least on the order 

of nanoseconds, which is not relevant for the time scales involved here. On the other hand, the   

nonlinear optical process of optical rectification is known to be able to generate a broadband THz 

field. The experiments reported here are performed at temperature 𝑇 = 80 K. Below 𝑇 =105 K, 

bulk STO undergoes a cubic-to-tetragonal transition; however, the STO remains centrosymmetric, 

with a vanishing second-order susceptibility 𝜒(2). Even though the breaking of inversion symmetry 

at the interface of LAO/STO can produce a 𝜒(2) response, the two-dimensional nature of the 

interface makes it unlikely for the second-order nonlinear effect to play a dominant role. In 

contrast, the third-order susceptibility 𝜒(3) is known to be exceedingly large for bulk STO. It has 

been experimentally demonstrated that the ultrafast photoconductive response at the LAO/STO 

nanojunction is DC electric field-tunable and spatially confined in the region of the nanojunction. 

These prior results suggest that the third-order nonlinear effect is the leading mechanism for wave 

mixing. The nanoscale dimension (~10 nm) of the nanojunction provides a strong confinement of 

the DC bias field, resulting in a strong electric field of 5.5×105 V/cm for VSD = -550 mV. In this 

sense, the third-order nonlinear process can also be viewed as a DC bias field-mediated second-

order nonlinear process. The electric field of the fundamental wavelength pair selected by the pulse 

shaper can be expressed as 

 𝐸𝑖𝑛𝑝𝑢𝑡 = 𝐸1 cos(𝜔1𝑡) + 𝐸2 cos(𝜔2𝑡) Equation 17 

where 𝐸1 and 𝐸2 are the amplitude, and 𝜔1 and 𝜔2 are the angular frequency of the plane wave for 

the two fundamental wavelengths, respectively. The intensity of this input field 𝐸𝑖𝑛𝑝𝑢𝑡  is then 

divided equally by a 50/50 ultrafast beam splitter. An additional time delay 𝜏 is added to the 
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reflected beam by scanning the piezoelectric stage, compared to the transmitted beam. The electric 

fields for the transmitted beam 𝐸𝑡𝑟𝑎𝑛  and the reflected beam 𝐸𝑟𝑒𝑓𝑙  are thus given by 

 
𝐸𝑡𝑟𝑎𝑛 = 

1

√2
[𝐸1 cos(𝜔1𝑡) + 𝐸2 cos(𝜔2𝑡)] Equation 18 

 

 
𝐸𝑟𝑒𝑓𝑙 =  

1

√2
[𝐸1 cos(𝜔1(𝑡 − 𝜏)) + 𝐸2 cos(𝜔2(𝑡 − 𝜏))]. Equation 19 

The two beams are re-combined by the same beam splitter, and focused onto the LAO/STO 

nanojunction, yielding an optical electric field 𝐸𝑜𝑝𝑡 in the following form: 

 
𝐸𝑜𝑝𝑡 =  

1

2
(𝐸1 cos(𝜔1𝑡) + 𝐸2 cos(𝜔2𝑡) + 𝐸1 cos(𝜔1(𝑡 − 𝜏))

+ 𝐸2 cos(𝜔2(𝑡 − 𝜏))) 

Equation 20 

A DC bias voltage is applied across the nanojunction, which can be described as a quasi-static 

local field 𝐸𝑏𝑖𝑎𝑠. The optical field and the bias field interact at the nanojunction, resulting in a 

change in the polarization P in STO: 

 𝑃 = 𝜀𝜊(𝜒
(1)𝐸𝑜𝑝𝑡 + 𝜒

(3)𝐸𝑏𝑖𝑎𝑠
2 𝐸𝑜𝑝𝑡 + 𝜒

(3)𝐸𝑜𝑝𝑡
2 𝐸𝑏𝑖𝑎𝑠 + 𝜒

(3)𝐸𝑜𝑝𝑡
3 ) Equation 21 

where 𝜀𝜊  is vacuum permittivity, 𝜒(1) and 𝜒(3) are the linear and third-order nonlinear susceptibility 

of STO, respectively. The second-order nonlinear response is neglected, for reasons that are 

described above. This time-varying polarization generates an induced electric field 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑, 

which offsets the photovoltage across the nanojunction. In addition, the induced field can also mix 

with the bias field, optical field and itself, further modulating the polarization in STO. The 

resulting photo-induced voltage change ∆𝑉𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑(𝜏) at the nanojunction for the selected 

wavelength pair thus takes the form 
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 Δ𝑉𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑(𝜏) ∼ 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒
(1)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒

(3)𝐸𝑏𝑖𝑎𝑠
2 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑

+ 𝜒(3)𝐸𝑏𝑖𝑎𝑠𝐸𝑜𝑝𝑡𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒
(3)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑

2 𝐸𝑏𝑖𝑎𝑠

+ 𝜒(3)𝐸𝑜𝑝𝑡
2 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒

(3)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑
2 𝐸𝑜𝑝𝑡 + 𝜒

(3)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑
3  

Equation 22 

where higher order terms (𝜒(3))3 are ignored. Additionally, considering the slow sample response 

time as compared to the optical frequencies used here, terms containing 𝜔1𝑡 or 𝜔2𝑡 vanish. 

Substituting in the forms of 𝐸𝑏𝑖𝑎𝑠 and 𝐸𝑜𝑝𝑡 gives 
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∆𝑉𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑(𝜏) ~ 

𝜒(3)𝐸𝑏𝑖𝑎𝑠
64

(4𝐸1
2 [4 + 6𝜒(3)𝐸1

2 + 12𝜒(3)𝐸2
2

+ 8𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 + (𝜒(1))

2
(4 + 9𝜒(3)𝐸1

2 + 18𝜒(3)𝐸2
2)

+ 4𝜒(1)(2 + 3𝜒(3)𝐸1
2 + 6𝜒(3)𝐸2

2

+ 2𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 )] cos(𝜔1𝜏)

+ 4𝐸2
2 [4 + 6𝜒(3)𝐸2

2 + 12𝜒(3)𝐸1
2 + 8𝜒(3)𝐸𝑏𝑖𝑎𝑠

2

+ (𝜒(1))
2
(4 + 9𝜒(3)𝐸2

2 + 18𝜒(3)𝐸1
2)

+ 4𝜒(1)(2 + 3𝜒(3)𝐸2
2 + 6𝜒(3)𝐸1

2

+ 2𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 )] cos(𝜔2𝜏)

+ 3 [2 + 4𝜒(1) + 3(𝜒(1))
2
] 𝜒(3)[𝐸1

4 cos(2𝜔1𝜏)

+ 𝐸2
4 cos(2𝜔2𝜏)]

+ 12𝐸1
2𝐸2

2 [2 + 4𝜒(1)

+ 3(𝜒(1))
2
] 𝜒(3)(cos[(𝜔1 − 𝜔2)𝜏]

+ cos[(𝜔1 + 𝜔2)𝜏])). 

Equation 23 

The small non-vanishing fundamental pulse background after the pulse shaper also contributes to 

the measured photo-induced voltage change. We approximate the input pulse shape as a Gaussian: 

 𝐸𝑖𝑛𝑝𝑢𝑡
𝑃𝑢𝑙𝑠𝑒(𝑡) = 𝐸0𝑒

−(𝑡 𝑡𝑝⁄ )
2

cos(𝜔𝑐𝑡) Equation 24 

where 𝑡𝑝 is the pulse width, 𝐸0 is the amplitude and 𝜔𝑐 is the central angular frequency of the 

pulse wave. Similarly, the focused pulse optical field at the nanojunction is given by 
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𝐸𝑜𝑝𝑡
𝑝𝑢𝑙𝑠𝑒 =

𝐸0

2
(𝑒

−(
𝑡

𝑡𝑝
)
2

cos(𝜔𝑐𝑡) + 𝑒
−(

𝑡−𝜏

𝑡𝑝
)
2

cos[𝜔𝑐(𝑡 − 𝜏)]). Equation 25 

Since the material response time is much longer than the pulse duration, an integral of t from −∞ 

to ∞ is needed to derive the pulse-induced photovoltage change ∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏) across the 

nanojunction: 

 
∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏)~∫ (𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒

(1)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒
(3)𝐸𝑏𝑖𝑎𝑠

2 𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑

∞

−∞

+ 𝜒(3)𝐸𝑏𝑖𝑎𝑠𝐸𝑜𝑝𝑡
𝑝𝑢𝑙𝑠𝑒𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒

(3)𝐸𝑏𝑖𝑎𝑠𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑
2

+ 𝜒(3)(𝐸𝑜𝑝𝑡
𝑝𝑢𝑙𝑠𝑒)

2
𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑 + 𝜒

(3)𝐸𝑜𝑝𝑡
𝑝𝑢𝑙𝑠𝑒𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑

2

+ 𝜒(3)𝐸𝑖𝑛𝑑𝑢𝑐𝑒𝑑
3 )𝑑𝑡 

Equation 26 

again ignoring (𝜒(3))
3
 and higher order terms. Terms containing 𝑒−(𝜔𝑐𝑡𝑝)

2

 can also be ignored 

owing to their extreme small values (−(𝜔𝑐𝑡𝑝)
2
≅ −590). The computed ∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏) then reads 

 

∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏)~
𝜒(3)𝐸0

2𝐸𝑏𝑖𝑎𝑠
128

𝑡𝑝√𝜋((12𝐸0
2[2 + 𝜒(1)(4 + 3𝜒(1))]𝜒(3)𝑒

−
3
4
(
𝜏
𝑡𝑝
)
2

+ 16√2(1 + 𝜒(1))(1 + 𝜒(1)

+ 2𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 )𝑒

−
1
2
(
𝜏
𝑡𝑝
)
2

) cos(𝜔𝑐𝜏)

+ 3𝐸0
2[2 + 𝜒(1)(4 + 3𝜒(1))]𝜒(3)𝑒

−(
𝜏
𝑡𝑝
)
2

[2 + cos(2𝜔𝑐𝜏)]). 

Equation 27 

The measured photo-induced voltage ∆𝑉(𝜏) across the LAO/STO nanojunction is the sum of both 

∆𝑉𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑(𝜏) and ∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏): 
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 ∆𝑉(𝜏) = ∆𝑉𝑠𝑒𝑙𝑒𝑐𝑡𝑒𝑑(𝜏) + ∆𝑉𝑝𝑢𝑙𝑠𝑒(𝜏) Equation 28 

For simplicity, we further assume 𝐸2 ≅ 𝐸1, and rewrite Equation 28 as 

 
∆𝑉(𝜏) ~ 𝑎 ([cos(𝜔1𝜏) + cos(𝜔2𝜏)]

+ 𝑏[cos(2𝜔1𝜏) + cos(2𝜔2𝜏)

+ 4(cos[(𝜔1 − 𝜔2)𝜏] + cos[(𝜔1 + 𝜔2)𝜏])] + [𝑐𝑒
−
1
2
(
𝜏
𝑡𝑝
)
2

+ 4 𝑑 𝑒
−
3
4
(
𝜏
𝑡𝑝
)
2

]cos(𝜔𝑐𝜏) + 𝑑𝑒
−(

𝜏
𝑡𝑝
)
2

[2 + cos(2𝜔𝑐𝜏)]) 

Equation 29 

using the following abbreviations: 

 

𝑎 =
1

16
[4 + 18𝜒(3)𝐸1

2 + 8𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 + (𝜒(1))

2
(4 + 27𝜒(3)𝐸1

2) + 4𝜒(1)(2

+ 9𝜒(3)𝐸1
2 + 2𝜒(3)𝐸𝑏𝑖𝑎𝑠

2 )]𝜒(3)𝐸1
2𝐸𝑏𝑖𝑎𝑠 

𝑏 =
3

64𝑎
[2 + 𝜒(1)(4 + 3𝜒(1))](𝜒(3))

2
𝐸1
4𝐸𝑏𝑖𝑎𝑠 

𝑐 =
1

8𝑎
𝑡𝑝√2𝜋(1 + 𝜒

(1))(1 + 𝜒(1) + 2𝜒(3)𝐸𝑏𝑖𝑎𝑠
2 )𝜒(3)𝐸0

2𝐸𝑏𝑖𝑎𝑠 

𝑑 =
3

128𝑎
𝑡𝑝√𝜋[2 + 𝜒

(1)(4 + 3𝜒(1))](𝜒(3))
2
𝐸0
4𝐸𝑏𝑖𝑎𝑠. 

Equation 30 

A nonlinear least-squares fit is performed to obtain the initial fitting parameters. The initial values 

for a-d and their corresponding standard errors are listed in the table below. A slight fine-tuning 

of a-d is then performed manually around the initial values to better reproduce the experimental 

data, and final values used for the simulation in the next section are: 
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Table 1: Fitting Parameters 

 Estimate Standard Error 

a -0.0000425596 3.46618×10-8 

b 0.0128076 0.000221672 

c 0.887046 0.0123936 

d 0.147767 0.00276426 

 

Table 2: Final Fitting Values Used 

 A b c d 

Coefficient 4.33×10-5 0.018 1.1 0.154 
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Figure 37: Comparison of Simulation and Experimental Results.  (a) Comparison of experimental snd 

simulated time domain signals for a 20 THz frequency and (b) a zoomed in overlapped plot, showing close 

agreement. 

3.2.3 Simulation and Experimental Results 

The time-varying optical field 𝐸𝑜𝑝𝑡 from ultrafast pulses and the quasi-static bias field 𝐸SD 

from the DC bias voltage interact at the LAO/STO nanojunction, resulting in a change in the 

polarization in STO. Frequency components 𝜔1 and 𝜔2 in the optical fields mix, and the resulting 

time-varying polarization produces an induced field, which offsets the applied DC electric field, 
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as well as further mix with the bias field, the optical field and even with itself to produce a photo-

induced voltage change at the difference frequency 𝜔1 - 𝜔2 at the LAO/STO nanojunction. To better 

understand the different contributing components for the THz generation, a numerical simulation 

of the measured time-domain signal has been performed using Equation 29 and the result is shown 

in Figure 37. 

The first term represents the linear response of the two selected frequencies at the 

LAO/STO nanojunction. The second term corresponds to the frequency mixing through the third 

order nonlinear effect. The third and fourth terms are the induced linear and third-order nonlinear 

photoconductive response by the pulse at the nanojunction, respectively. These two terms exist 

because of the small non-vanishing fundamental pulse background (baseline of the blue curve in 

Figure 34(b). In Figure 37, we compare the measured time-domain signal at a difference frequency 

of 20 THz with the numerical simulation. Both the beating envelope and the asymmetry in the 

upper and lower amplitude of the envelope are reproduced. The overall decay of the signal 

amplitude is due to the finite width of the two selected fundamental wavelengths. Figure 37(b) 

shows a close-up of the measured signal and simulated response near 𝜏 = 0, showing good 

agreement between the two. The unequal amplitudes of the lower and upper envelope are a result 

of the nonlinear process that produces the THz response. The fast oscillation with beating envelope 

mostly comes from the superposition of the two fundamental frequencies. Discrepancies between 

the measured signal and the simulation are most visible at the node (near 𝜏 = 20 fs), and are 

attributed to imperfect alignment of the two beams during the movement of the optical time delay 

line. In addition to the main non-resonant three wave mixing process, other responses could also 

take place. For example, the mid-gap states, which are known to form in STO, could introduce 

near-resonant structure to the response. Nonetheless, the good agreement between the simulation 
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and the experimental data indicates that these responses are unlikely to play a dominant role. The 

linear dependence of signal amplitude on the bias voltage (as indicated by the theoretical model) 

has also been confirmed experimentally. 

3.2.4 Discussion 

Compared to other existing ultra-broad bandwidth THz sources, such as free-electron 

lasers, or nonlinear crystals such as GaSe crystals, the LAO/STO nanojunctions are easy 

to fabricate and reconfigurable, and do not rely on phase matching due to the extremely small 

dimension of the device. Here, the bandwidth of the THz emission is not restricted by the material, 

but rather limited only by the spectral bandwidth of the ultrafast pulses. Moreover, a high spatial 

resolution comes naturally with the LAO/STO nanojunctions. By simply drop-casting the target 

nanoscale objects onto LAO/STO surface, and creating a nanojunction in the vicinity of a single 

particle or molecule, individual nanoscale objects can be addressed independently, offering 

insights that would otherwise be inaccessible from averaging over the ensemble. Spatial mapping 

of arbitrary substrates is also possible by scanning an LAO/STO nanojunction device in close 

proximity to the sample (or the other way around). Variations on the sample surface lead to 

modifications in the interaction among different fields at the nanojunction, which can be reflected 

by the measured photo-induced voltage change, with a spatial resolution determined by the 

nanojunction size. In this work, we only control the amplitude of the input ultrafast pulse. Full use 

of the dual-mask SLM, which can achieve both amplitude and phase modulation, can enable 

arbitrary shape of the THz waveform for future applications.  
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In this chapter, we have demonstrated over 100 THz bandwidth selective difference 

frequency generation at LAO/STO nanojunctions that spans the entire far-infrared to mid-infrared 

regime by femtosecond optical pulse shaping. The broadband nonlinearity also gives rise to a 

similar sum-frequency generated response. The ultra-broad tunability, combined with an 

exceptional spatial precision of 10 nm, shows great promise for exploring fundamental physics in 

single nanoscale objects such as quantum dots, nanoparticles or individual molecules. The low 

optical excitation power imposes minimal heating or other adverse effect on the analyte. The 

LAO/STO nanojunction serves both as generator and detector of THz emission; by writing two 

similar nanojunctions adjacent to each other, one can generate and detect tunable, ultra-broad 

bandwidth THz fields at the micron scale. On the other hand, numerous nanoelectronic devices 

have already been realized at the LAO/STO interface, such as photodetectors and field-effect 

transistors. Combining the versatility of the LAO/STO nanodevices with tunable THz functionality 

further enables a new pathway towards integrated on-chip optoelectronic devices. 
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4.0 VIS-NIR Extinction and Enhanced Optical Nonlinearities in Graphene/LAO/STO 

Nanostructures 

The content in this section is the subject of a publication in Nano Letters67. 

4.1 Introduction 

Graphene exhibits many unique properties that are desirable for quantum and optical 

device applications68-70. The optical attenuation from a single undoped graphene monolayer is 

𝜋𝛼 ≈ 2.3%, where 𝛼 is the fine structure constant, and is essentially constant throughout the visible 

to near-infrared (VIS-NIR) spectral range71. The graphene chemical potential 𝜇, which can be 

tuned via electrostatic gating or chemical doping, has only a modest effect on optical 

absorption72,73. While these optical properties of graphene may be beneficial for some applications 

(e.g, transparent ultrathin conductors74), they preclude others that require much stronger coupling, 

such as photodetectors75 or optical modulators.  For light in the mid-infrared to far-infrared region, 

graphene hosts a strong response attributed to plasmonic excitations76-79. However, it has proven 

difficult to extend this response to VIS-NIR frequencies80. The graphene/VIS-NIR interaction has 

been enhanced through a variety of strategies: by creating graphene-based metamaterials or 

surfaces in which the charge-neutrality point (CNP) is modulated at the nanoscale81,82, by creating 

arrays of graphene nanodisks or nanoribbons77-79,83, or by placing graphene near metallic 

plasmonic metasurfaces or nanoscale metal gratings84-87.  
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Figure 38: VIS-NIR Extinction in Graphene. . (a) Top-view of G/LAO/STO heterostructure. Purple electrodes 

indicate connections to the graphene. Pink electrodes contact the LAO/STO interface. A nanojunction device 

is sketched across the top half of the 5-µm-wide Hall bar. (b) Zoomed-in side view and (c) perspective of the 

biased LAO/STO nanojunction underneath the graphene. Images not to scale. The green wire represents the 
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conducting nanostructure at the LAO/STO interface. The black dashed rectangle symbolizes the graphene 

nanoribbon-like structure. A dipole is pictured above the graphene to illustrate the dipole field established in 

the nanodisk-like structure. (d,e) Representative time domain photovoltage measurements on Device A, where 

∆𝑽 = 𝑽+ − 𝑽−, at 𝑽𝐆 = 𝟎. 𝟎 𝐕 (d) and 𝑽𝐆 = −𝟎. 𝟑 𝐕 (e). 𝑽𝐍𝐖 = 𝟎. 𝟎 𝐕 and 𝑽𝐒𝐃 = −𝟏. 𝟎 𝐕 for both 

measurements. (f) Power spectra of the time domain signals in (d,e). 

 

 

Figure 39: AFM Image of graphene/LAO/STO canvas. .  The graphene Hall bar is outlined in black. 

Recently, as discussed in Section 2.1.5.1, graphene has been integrated with 

LaAlO3/SrTiO3 (LAO/STO) nanostructures21,88-90, which themselves have a variety of interesting 

optical and electronic properties1. To review, when the LAO thickness is close to the critical 

thickness for a metal-insulator transition, ∼3-4 unit cells25, the conductivity of the LAO/STO 

interface can be reversibly switched at nanoscale dimensions using conductive atomic force 

microscope (c-AFM) lithography28,29,81. A wide range of  LAO/STO-based optoelectronic devices 

have been “sketched” in this fashion, including 10 nm-scale photodetectors91 and nanoscale 

terahertz (THz) sources and detectors33,92 with >100 THz bandwidth.  
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We describe the ultrafast optical response of graphene subjected to large local electric 

fields from a nearby nanowire junction created in the LAO/STO layer (Figure 38 (a-c)). The 

nanojunction consists of a conducting LAO/STO nanowire with a nanoscale (~10 nm) insulating 

gap.  The optical response of the graphene is measured by the same junction, which behaves as a 

broadband near-field photodetector33,92,93.  Details of c-AFM lithography, sample growth, and 

graphene patterning can be found in Chapter 2.0. 

The optical response of G/LAO/STO nanostructures is measured as a function of local 

electrostatic LAO/STO nanowire-gates (𝑉NW, 𝑉SD) and a global gate (𝑉G) defined by the graphene, 

as illustrated in Figure 38(a). The nanostructure is illuminated by ultrafast pulses and the induced 

photovoltage across the LAO/STO nanojunction 𝛥𝑉(𝜏) = 𝑉+(𝜏) − 𝑉−(𝜏) is measured as a 

function of the time delay 𝜏 between two pulses33,92 (Figure 38 (d,e)). The power spectrum 𝑆(Ω) 

versus frequency Ω (Figure 38 (f)) is calculated by taking a Fourier transform of the photoresponse 

𝛥𝑉(𝜏) with respect to 𝜏. A detailed description of the experiment setup, is provided in Section 2.3. 

4.2 Experimental Results 

LAO/STO nanojunctions without graphene have been shown to locally generate and detect 

THz emission, with  greater than 100 THz bandwidth, via the third-order nonlinear optical process 

in STO13. 𝑉SD creates a quasi-static electric field 𝐸⃗ SD across the junction that is highly confined in 

space to ~10 nm, while input optical fields 𝐸⃗ 𝑜𝑝𝑡(𝜔1), 𝐸⃗ 𝑜𝑝𝑡(𝜔2) are sharply peaked in the time 

domain. The three electric fields mix to generate the nonlinear response of the nanojunction at the 

difference (𝜔1 − 𝜔2) and sum (𝜔1 + 𝜔2) frequencies. Equivalently, the third-order nonlinear 
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susceptibility of the STO is converted, via 𝐸𝑆𝐷, into a local second order nonlinear susceptibility 

at the site of the nanojunction92. The corresponding power spectrum has several distinct ranges: 

  

Figure 40: Gate-Dependence of Graphene/LAO/STO Optical Response. (a,c,e,g) 𝑽𝐆 dependence of the 

G/LAO/STO time domain signal. A gate-dependent splitting of the time domain signal appears at 𝑽𝐆 = −𝟎. 𝟑 𝐕. 

(𝑻 = 𝟏𝟎 𝐊, 𝑽𝐒𝐃 = −𝟏 𝐕, 𝑽𝐍𝐖 = 𝟎 𝐕.) (b,d,f,h) Power spectra of the time domain signals. All plots share the same 

color correspondences. (i,j) Integrals of the DFG and SFG components of the power spectra vs. 𝑽𝐆, respectively. 

(k) Plot of the integrated DFG and SFG integral values (squares) with a linear fit. 

the difference-frequency generated response (“DFG”) ΔΩDFG: 0 to 125 THz, the sum-frequency 

generated response (“SFG”) ΔΩSFG: 650 to 900 THz, and the response at the fundamental 

excitation, which exists primarily in the near-infrared but extends into the visible range 325 to 450 
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THz (1.4-1.9 eV). This constitutes the linear response (“LNR”) of the junction to the input laser 

excitation (ΔΩLNR). 

The strong electric field across the nanojunction induces a local dipole moment in the 

graphene, locally breaking symmetry and causing a second-order nonlinear optical response, as 

depicted in Figure 38 (b,c). This symmetry breaking greatly enhances the difference and sum 

frequency responses of the Graphene/LAO/STO nanostructure as compared to a bare LAO/STO 

nanojunction, and will be discussed in more detail later on. 

 Gate-dependence of optical response 

Time-domain photovoltage measurements of Graphene/LAO/STO nanojunctions are taken 

under a variety of experimental conditions at temperatures ranging from 𝑇 = 5 − 50 K. There are 

three electrical gates that are tuned: 𝑉G, the “global” bias with respect to the STO back gate, the 

nanowire gate 𝑉𝑁𝑊, the common mode bias applied to the nanowire, and 𝑉SD, the differential bias 

across the junction. For all experiments, the back gate 𝑉BG is grounded. Other degrees of freedom 

explored include the average optical power and linear polarization. Here we focus mainly on the 

gate-dependent measurements, and show some examples of the dependence of the 

Graphene/LAO/STO nanostructure response on optical parameters. The photovoltage 𝛥𝑉(𝜏) is 

measured at different gate values, while the four-terminal resistance of the graphene 𝑅G,4T is 

measured at the same conditions. Extinction features have been observed in 12 devices on three 

different samples. We focus here on results from four devices, Devices A, B, C, D. 

The graphene chemical potential is first tuned by applying a DC offset to the global 

graphene gate 𝑉G with respect to ground. The results of a 𝑉G-dependent experiment on Device A 

are summarized in  
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Figure 40. Figure 38(d) shows the time domain measurement at 𝑉G = 0.0 V, which 

resembles the response from a LAO/STO nanojunction without graphene. When 𝑉G = −0.3 V, 

shown in Figure 43(e), the time-domain signal changes significantly. In the corresponding power 

spectrum (Figure 43(f)), a sharp, ~99.96% extinction feature is revealed within the LNR spectral 

region at Ω =378 THz (1.56 eV), compared to the response at to the 𝑉G = 0.0 V. Experiments 

performed on control nanojunctions in the absence of graphene do not exhibit these extinction 

features (see below.) 

When the graphene chemical potential is tuned via 𝑉G, the response of the G/LAO/STO 

nanojunction changes considerably (Figure 40). This method of changing the chemical potential 

does not reveal a clear resistance maximum that can be ascribed to the graphene CNP.  By contrast, 

gating with 𝑉𝑁𝑊 reveals a well-defined CNP, as will be described below. 𝑉𝑁𝑊 can tune the 

graphene chemical potential more effectively than 𝑉G, perhaps because 𝑉G is comprised of a DC 

offset applied to metal top-electrodes at either end of the graphene main channel, whereas the local 

nanowire gate 𝑉𝑁𝑊  is comprised of a DC offset applied directly to the conducting nanowire within 

the LAO/STO interface. To summarize, we have access to multiple controls to tune the carrier 

density in the graphene: the strong zero-dimensional variations at the site of the junction, the one-

dimensional variations of 𝑉𝑁𝑊, and the two-dimensional variations of 𝑉G.  

Four representative time-domain photovoltage traces from Device A for different 𝑉G 

values, and their corresponding power spectra, are shown in Figure 40. Here 𝑉NW = 𝑉BG = 0  and 

𝑉SD = −1 V at 𝑇 = 10 K. A sharp extinction feature occurs over a narrow gate range, 𝑉G = −0.5 V 

to −0.2 V, and can be observed in the time-domain signals in Figure 40(a,c). Additionally, the 

nonlinear (DFG, SFG) regions of the power spectra for these time domain signals is quite large. 
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In comparison, the nonlinear regions of the power spectra in Figure 40(f,h), where no extinction 

is observed, have lower amplitudes.  

To further examine the enhancement of the nonlinear response, the integrated power 

spectrum vs. 𝑉G is plotted for the DFG and SFG regions in Figure 40 (i,k), and compared in Figure 

40(l). The nonlinear response of the G/LAO/STO nanostructure is maximal at 𝑉G = −0.2 V, close 

to 𝑉G = −0.3 V, where the sharp extinction line in the LNR range appears. It is important to note 

that the values of both the DFG and SFG integrals are an order of magnitude larger in the vicinity 

of the extinction feature than elsewhere. The corresponding LNR power spectra integral vs. 𝑉G is 

anticorrelated with these features (Figure 41 (c)). 

 

Figure 41: Graphene conductance and LNR integral vs. 𝑽𝑮. 
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Figure 42: Complete data set from Figure 40. 
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 Dependence on nanowire gate 

 

Figure 43: Nanowire Gate Dependence of Optical Response.  (a,c,e,g,i) Time domain signals at different 

𝑽𝐍𝐖 values. (b,d,f,h,j) Power spectra of the time domain signals. (k,l) Integrals of the DFG and SFG responses 

as a function of 𝑽𝐍𝐖, respectively. (m) Four-terminal graphene resistance 𝑹𝐆,𝟒𝐓 measured as a function of 𝑽𝐍𝐖. 

The nonlinear response and extinction features depend sensitively on the common-mode 

nanowire gate bias 𝑉NW.  Five representative time domain signals and power spectra for different 

𝑉NW values from Device B are shown in Figure 43, with  𝑉SD = −2 V and 𝑉G = 𝑉𝐵𝐺 = 0 V at 𝑇 =

 45 K. A sharp extinction line appears in the LNR region at Ω = 375 THz when 𝑉NW = -1.5 V. 

Remarkably, an extinction line also appears in the SFG response at Ω = 760 THz when 𝑉NW = 

1 V. The graphene four-terminal resistance 𝑅G,4T is plotted as a function of 𝑉NW in Figure 43 (n), 

where the CNP is clearly visible at 𝑉NW = 1.7 V with a second local maximum in 𝑅G,4T at 𝑉NW = 
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-2 V. The second local maximum may be a signature of inhomogeneous doping in the graphene 

by the nanojunction, as discussed in more detail below. It is instructive to compare the 

integrated power spectra over the DFG, LNR and SFG ranges with the 

measured four-terminal graphene resistance 𝑅G,4T. Extinction features that appear in the LNR 

response are correlated with local maxima in the DFG and SFG integrals which peak near 𝑉NW = 

-1.5 V. Additionally, both nonlinear signals have local maxima near the CNP of 

graphene (𝑉NW = 1.7 V). 
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Figure 44: Source-Drain Bias and Power Dependence.  Waterfall plots of the Vis–NIR region of (a) bias-

dependent and (b) power dependent power spectra, zoomed in to the vicinity of an extinction feature. Each tick 

mark denotes two orders of magnitude, and plots are vertically offset for clarity. (c,d) Integrals of Vis-NIR 

power spectra region reveal trends in the extinction feature evolution. 
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 Source-drain bias and power dependence 

The extinction features also show a sensitive dependence on the magnitude of the gate bias 

across the junction 𝑉SD (Figure 44(a)). As 𝑉SD increases in magnitude from -0.5 V to -0.95 V, with 

𝑉G = 25 mV and 𝑉NW = 𝑉𝐵𝐺 = 0 V at 𝑇 =  10 K, a spectrally sharp extinction feature in the LNR 

response emerges, shifts in frequency, and disappears. Therefore, unlike 𝑉G or 𝑉NW, 𝑉SD can more 

easily be used as a fine-tuning parameter to precisely control the amplitude and frequency of 

extinction features. A power dependence experiment (with 𝑉SD = −1.25 V, 𝑉G = 625 mV and 

𝑉NW = 𝑉𝐵𝐺 = 0 V at 𝑇 =  10 K) reveals a tuning of spectral extinction that qualitatively 

resembles the dependence on 𝑉SD (Figure 44(b)).  

The interplay between the 𝑉SD and optical power dependence of the extinction feature is 

investigated by constructing a “matrix” of data by repeating the same optical power sweep at 

different 𝑉SD values for Device E, with 𝑉NW = 𝑉𝐵𝐺 = 0 V. The input optical power to the 

G/LAO/STO nanostructure is decreased from 9.42 → 7.88 μW at 𝑉SD = −0.2 V,  then 𝑉SD is 

increased and the power sweep is repeated. 

As the 𝑉SD value increases, the observed extinction features shift downwards, or to a lower 

power. Black arrows in Figure 45 mark the first power spectrum for which two extinction features 

are visible in the LNR response. The downward shift in the black arrows shows how the power 

dependence shifts with increasing 𝑉SD. Although the 𝑉SD and optical power dependences of the 

extinction feature appear to be similar and interrelated, the complex interplay of various optical 

and electronic effects on the G/LAO/STO nanostructure prohibit the formulation of a specific 

scaling law. Though the interplay between optical power and 𝑉SD is complex, and we cannot obtain 

an exact scaling law depicting their relationships, the two parameters appear to act together as 
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powerful fine-tuning parameters for extinction feature frequencies and extinction ratios, as well as 

the nonlinear response of the G/LAO/STO nanostructure. 

 

Figure 45: Interplay of power and source-drain bias.  

 Linear polarization dependence  

To study the polarization dependence of the VIS-NIR sharp absorption line, we place a 

thermally-stabilized liquid crystal variable retarder optic (LCVR) in the beam path directly before 

the Michelson interferometer. The LCVR can act as a broadband half waveplate. This allows us to 

switch the linear polarization of the input pulses from 0 degrees (parallel to the device) to 90 

degrees (perpendicular to the device) by changing the voltage applied to the liquid crystal. We can 

therefore instantaneously switch between two linear polarizations without disturbing the beam 

path, as we would if we manually rotated a half wave plate. 
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For each experiment, a measurement is taken at 0 degrees polarization, or parallel to the 

nanojunction device. The LCVR is then switched to 90 degrees polarization and another 

measurement is taken. In the two experiments shown on Device D in Figure 46, the linear 

polarization is switched from 0 degrees to 90 degrees, then immediately back to 0 degrees, then 

90 degrees again.  For both of the experiments shown, the nanostructure appears to have two 

different resonances; one when the light is polarized along the nanowire, and another when the 

light is polarized perpendicular to it. For Figure 46 (a), the extinction appears at about 400 THz 

for parallel polarization and at 428 THz for perpendicular polarization. For Figure 46(b), the 

extinction appears at 359 THz for parallel polarization and at 368 THz for perpendicular 

polarization. 

 

Figure 46: Linear polarization dependence of extinction feature.  Pink: light polarized parallel to nanojunction 

device (parallel to nanowire containing the nanojunction.) Purple: light polarized perpendicular to device. 

Power spectrum at each polarization for (a) 𝑻 = 𝟓 𝐊, 𝑽𝑺𝑫 = −𝟏 𝐕, 𝑽𝑮 = 𝟏 𝐕 and (b) 𝑻 = 𝟏𝟎 𝐊, 𝑽𝑺𝑫 =

−𝟐. 𝟑 𝐕, 𝑽𝑮 = 𝟐. 𝟓 𝐕. 
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4.2.2 Control Nanojunction data 

To verify that the observed sharp extinction features originate from the graphene in the 

G/LAO/STO nanostructure and not from the LAO/STO, a nanojunction device (Device N) was 

written on a LAO/STO sample without graphene. A nanowire gating experiment is performed. 

Time domain measurements (Figure 47) are taken at a constant 𝑉SD = −1 V while changing 𝑉NW. 

The corresponding power spectra are shown in Figure 48. The device shows no observable 

nanowire gate dependence. No sharp extinction feature is observed, and there is no noticeable 

change in the nonlinear DFG or SFG response with 𝑉NW.  

LAO/STO without graphene clearly has a characteristic nonlinear response that is not gate-

dependent. On the other hand, nanowire gating of the G/LAO/STO nanostructure reveals dramatic 

changes in both the DFG and SFG responses. We therefore assume that the observed nonlinearities 

in the G/LAO/STO nanostructures are comprised of a combination of both the graphene and 

LAO/STO nonlinear responses, and the gate dependence originates in the graphene response. 

Figure 49 shows the integrals of the relevant regions of the power spectra. Note that, unlike the 

G/LAO/STO nanostructure, the linear and nonlinear responses of LAO/STO nanojunction without 

graphene do not show any dependence on the nanowire gate value. 
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Figure 47: Control nanojunction time-domain signals.  The signal at each gate value is nearly identical to the 

rest; no splitting features appear, and there are no noticeable changes in amplitude. 
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Figure 48: Control nanojunction power spectra.   Different power spectra are offset vertically for clarity. Scale 

bar denotes five orders of magnitude. No nanowire gate dependence or extinction features are observed. 
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Figure 49: Control nanojunction power spectrum integrals.  Integrals versus nanowire gate for (a) DFG (b) 

LNR, and (c) SFG regions. Notice that the linear and nonlinear responses of the LAO/STO nanojunction 

without graphene do not show any observable gate dependence. 
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 Graphene Dirac feature splitting 

To learn more about the inhomogeneous gating of the graphene by 𝑉NW and 𝑉𝑆𝐷, we 

measured 𝑅G,4T as a function of 𝑉NW at different 𝑉SD values. If the biased LAO/STO nanojunction 

is a source of inhomogeneous doping in the graphene sheet, we should expect to see a separation 

of two Dirac point features as the LAO/STO nanojunction source-drain bias 𝑉SD increases in 

magnitude. As 𝑉NW is tuned, different regions of the graphene sheet will be gated to the CNP at 

different gate values, and the difference in these two gate values should increase as the 

inhomogeneity of the gating increases.  
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Figure 50: Dirac feature separation.  (a) Graphene four-terminal resistance as a function of the nanowire gate 

for different 𝑽𝑺𝑫 values. Resistance curves are offset by 5 kOhm for clarity and labeled with their 

corresponding 𝑽𝑺𝑫 value. (b) Location of the two observed resistance peaks for each 𝑽𝑺𝑫 value. (c) Peak 

separation of two Dirac point maxima vs. 𝑽𝑺𝑫.  

As shown in Figure 50, preliminary experiments on Device F match our predictions. A plot 

of the Dirac point separation vs. 𝑉SD shows a clear increase in peak separation as the magnitude of 

𝑉SD increases. However, the CNP appears quite broad, which obscures the clarity of the results to 
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some extent. Follow-up experiments are required to further clarify the nature of inhomogeneous 

doping of the graphene by the nanojunction. 

4.3 Discussion 

The strong, spectrally sharp, gate-tunable extinction features observed in the VIS-NIR 

range in G/LAO/STO are highly unusual given graphene’s typical optical behavior. When the 

energy of the input radiation ℏ𝜔 is greater than or equal to the Fermi energy 2𝜇 of the graphene, 

ℏ𝜔 ≳ 2𝜇, the conductivity of bulk Dirac fermions is predicted to be independent of frequency, 

and therefore the optical absorption of graphene should exhibit no resonant features84.  Resonant 

absorption of light in graphene-based structures has been reported in the near-infrared or visible 

range78,84,85,87,94,95 and has been ascribed to a variety of mechanisms, including magnetic 

polaritons, surface plasmon polaritons, and plasmonic resonances of nanostructures or underlying 

metallic or dielectric cavities. These plasmon resonances exist independently of the graphene, and 

the graphene merely intensifies or tunes an absorption resonance that is already there. In contrast 

to these methods, we believe that we have achieved near-total extinction of VIS-NIR light in 

graphene by utilizing its own plasmonic response. 

To help identify the source of the resonant and nonlinear optical response, we focus on the 

inhomogeneous doping of graphene that exists within the ~10 nm gap of the LAO/STO nanowire 

junction. Additional evidence of inhomogeneous doping is shown in Figure 43(m), where there 

are two peaks in the four-terminal graphene resistance. The larger peak at 𝑉𝑁𝑊 = 1.75 V looks 

like a clear CNP, while the other at 𝑉𝑁𝑊 = −2 V is less clear.  Since the graphene is being 
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subjected to quite large (~V/10 nm) electric fields from the nanojunction, one can expect there to 

be different CNPs at different spatial locations. The existence of two graphene CNP features 

supports this idea. 

 The gap dimensions are comparable to graphene nanoribbons, nanodisks and other 

quantum-confined structures83,96,97, which may have quantized energy levels or other resonant 

modes.  Quantum confinement is difficult to achieve in graphene due to its unique electronic 

structure, though it has been observed in the presence of combined electric and magnetic fields97.  

However, in such cases the energy level spacings are much smaller than the ~eV transitions 

reported here.  It is difficult to imagine how a single quantum dot can by itself absorb or scatter 

light with >99.9% efficiency. If the incident energy were being re-radiated or scattered as 

electromagnetic waves by a quantum dot, it would have been detected by the LAO/STO nano-

junction, and no such signal is observed here.  

An alternate explanation is that VIS-NIR light is being absorbed by the graphene 

nanostructure and then efficiently converted into plasmons that propagate through the graphene 

medium.  The generation of confined and guided graphene plasmons at VIS-NIR energies is 

already known to lead to absorption of light at the plasmon energy83,96,98,99. Indeed, a theoretical 

calculation of the plasmon energy for a 5 nm-wide doped graphene nanoribbon predicts dipole-

mode plasmon energies ranging from 0.6 to 1.8 eV for Fermi energies of 0.5-2.5 eV with 

corresponding plasmon absorption at these energies83. We expect that a graphene nanoribbon-like 

nanostructure with a width of approximately 10 nm, under a strong electric field, can similarly 

host plasmons within the 1.4-1.9 eV energy range observed here. This behavior has been predicted 

elsewhere for graphene nano-islands100. Additionally, it has been shown that graphene nanoribbons 

host especially sharp and narrow plasmon resonances in the frequency domain101, which could 
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account for the observed extinction features. Accompanying the striking VIS-NIR extinction 

features are the enhanced DFG and SFG responses. Graphene exhibits large, broadband and gate-

tunable third-order optical nonlinearities102-106. We could therefore potentially attribute the 

observed strong nonlinear optical response in G/LAO/STO nanostructures to strong four-wave-

mixing (FWM) processes in the planar graphene sheet. The observed DFG and SFG enhancement 

arises from a second-order optical nonlinearity in the graphene, however, and not a third-order 

nonlinearity, as with FWM. The second-order nonlinearity can plausibly be explained by the large 

symmetry-breaking electric dipole induced by the LAO/STO nanojunction.  Breaking of inversion 

symmetry in graphene via applied current or voltage has previously been reported107,108 and 

analyzed as a third-order nonlinear response where one of the frequencies is zero33,109.  

Additionally, nanostructured graphene is known to exhibit strong, plasmon-enhanced nonlinear 

optical behavior100,110-112, which can help account for the correlation between the enhanced DFG 

and SFG response and extinction features. 

We are unable to account for our observations by considering quantum confinement, four 

wave mixing processes, and intrinsic absorption in the graphene.  Plasmon absorption/re-emission 

by nanostructured graphene remains a candidate mechanism to be explored in future experiments. 

A detailed explanation for the observed optical response of these G/LAO/STO nanostructures will 

certainly need to incorporate many other experimental details. For example, the G/LAO/STO 

nanostructure is excited with nearly transform-limited ultrafast femtosecond pulses, which are 

known to create non-equilibrium hot electrons and transient plasmons in graphene113-116. Patterned 

graphene under ultrafast optical excitation has also been shown to have an intense photocurrent 

response when at the CNP117. For a given frequency, the graphene plasmon momentum is greater 

than the momentum of the free-space light. In order to overcome the momentum mismatch 
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between the graphene plasmon and incident free-space light, the mismatch can be overcome by a 

sufficiently sharp object, such as a scanning probe microscope (SPM) tip118,119, a lattice defect, or 

a periodic surface pattern80. These sharp objects serve to enhance the electric fields, so that the 

low-efficiency coupling rate is compensated. In our experiments, the biased LAO/STO 

nanojunction may play the role of a sharp object, enhancing the local electromagnetic fields. As 

discussed within the dissertation, the nanojunction confines a DC source-drain bias to 10 

nanometer-scale regions, producing strong localized electric fields on the order of 1 MV/cm. This 

would obviate the need for an additional mechanism to overcome the momentum mismatch, such 

as an SPM tip, and allow for efficient coupling between the incident light and graphene plasmon. 

In summary, in this chapter, we have created G/LAO/STO nanostructures that exhibit 

narrow-band, near-total extinction of light across a broad range of VIS-NIR frequencies, as well 

as strong second-order optical nonlinearities resulting in strong difference- and sum-frequency 

generation.  The behavior is highly unusual, considering the low intrinsic absorption of graphene. 

In addition to their fundamental interest, these properties may potentially be utilized in a variety 

of nanophotonics and quantum optics applications. These nanostructures are useful in generating 

localized sources of THz emission which could be used for chemical identification with molecular 

sensitivity.  The near-total, electrically tunable absorption could be replicated in a 2D array and 

used to create programmable amplitude or phase masks. The feasibility of these applications will 

depend, however, on a detailed understanding of the observed phenomena. 
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5.0 Nonlinear Optical Spectroscopy Graphene Nanoribbon/LAO/STO Nanojunctions 

The work discussed in this section is the subject of a publication in APL Materials120. 

5.1 Introduction 

Graphene nanoribbons (GNRs), quasi-one-dimensional honeycomb arrangements of 

carbon with precisely defined chemical makeup defined by synthetic chemistry, have emerged as 

a system of interest in low-dimensional condensed matter physics. On account of their high 

electronic mobility121, high thermal conductivity122, and low noise123, they are also candidates for 

use in next-generation integrated circuits and other systems124-126. This is in part due to their unique 

electronic structure. Unlike pristine two-dimensional graphene sheets, GNRs often have energy 

band gaps127,128; furthermore, their electronic structure depends sensitively on their width, edge 

geometry, and dopants129-132. This allows for atomic-scale engineering of diverse physical 

properties133,134.  

GNRs are known to exhibit unusual optical properties, such as edge-dependent optical 

selection rules135, and have been integrated into optoelectronic devices123,136. GNRs also host gate-

tunable surface plasmon polaritons (or plasmons)101,137,138, which can give rise to a plasmon-

enhanced nonlinear optical response139-142. The integration of GNRs with other nanostructures 

opens up the possibility for many new device concepts, such as programmable nanoplasmonic 

arrays for use in integrated photonic circuits and GNR electron waveguides. These and other  
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Figure 51: Graphene Nanoribbon Deposition. (a) Diagram of the chevron a-GNRs used in this work. (b) GNR 

“inkwell” consisting of a GNR powder on an LAO/STO substrate. An AFM tip is brought into contact with the 

inkwell and comes away with a small number of GNRs. (c) The tip with a small number of GNRs is brought to 

a clean LAO/STO sample. (d) The tip is scanned along the LAO surface in contact mode and sheds GNR 

nanoclusters. (e) A clean AFM tip is used to create a GNR/LAO/STO nanojunction via c-AFM lithography. (f) 

Time-domain optical measurements are performed on the gated GNR nanojunction device. +, - charges 

represent the dipole field established across the junction. (g)  Top-view diagram of four-terminal nanojunction 

and nearby side gate nanowire.  
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devices further advance GNRs as a candidate material in nanophotonic and quantum information 

applications.  Characterizing and integrating a small number of GNRs is necessary, as aggregation 

effects obscure their intrinsic properties143, and precise control is required for quantum 

applications144.  

Integration of single or few GNRs into devices remains a challenge, however, as does 

characterization of GNRs optical response beyond ensemble measurements145. LaAlO3/SrTiO3 

(LAO/STO) nanostructures are able to characterize the nonlinear optical response of materials like 

graphene67, and have a variety of interesting optical and electronic properties themselves1. A wide 

range of LAO/STO-based optoelectronic devices have been created using conductive atomic force 

microscope lithography28, including 10 nm-scale photodetectors32 and nanoscale terahertz (THz) 

sources and detectors with >100 THz bandwidth33,92.  Previously, the THz response of LAO/STO 

nanojunctions has been coupled to the plasmonic degrees of freedom in single gold plasmonic 

nanorods93. Graphene has recently been integrated with LAO/STO nanostructures as well88,89,146, 

and graphene/LAO/STO nanojunctions exhibit gate-tunable, >99.9% extinction of visible-to-near-

infrared (VIS-NIR) light and an enhanced nonlinear optical response67.  

In this work, we perform nonlinear optical spectroscopy of GNR nanoclusters using 

nanoscale junctions defined at the LAO/STO interface. First, we briefly detail a GNR deposition 

method with which one can controllably deposit a very small number of GNRs on a desired 

substrate with nanoscale resolution. We then discuss results obtained by using this method to 

integrate GNR nanoclusters into LAO/STO nanojunction devices. Specifically, time-domain 

photovoltage measurements reveal strong, spectrally sharp, gate-tunable extinction features at 

VIS-NIR frequencies in addition to an enhanced second harmonic generation (SHG) and third 

harmonic generation (THG) response. In the discussion section we will compare the observed 
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features in the GNR/LAO/STO nanojunctions to those in graphene/LAO/STO nanojunctions and 

offer an interpretation of our experimental results. 

5.2 Inkwell Graphene Nanoribbon Deposition 

The GNRs studied in this work are solution-synthesized semiconducting chevron-type 

GNRs. These have a bandgap of about 2 eV, which is notably smaller than other chevron GNRs. 

A powder of synthesized GNRs is created by annealing the synthesized solution in ultra-high 

vacuum. See Liu et al. (2020)147 for growth and characterization details.  

Small clusters of GNRs are placed on the surface of a 3.4 unit cell LAO/STO 

heterostructure using a process that is summarized in Figure 51 (b-e) and described in detail 

below148-153. First, some GNR powder is directly placed onto an LAO/STO substrate. A clean AFM 

tip is lowered into the GNR powder and raster scanned to pick up a small number of GNRs. The 

GNR-covered AFM tip is subsequently brought into contact with the LAO surface in the desired 

“canvas” region. To deposit few-GNR clusters, the tip is raster scanned in contact mode, shedding 

GNRs as it moves back and forth.  Contact-mode AFM scanning can also be used to clean away 

unwanted GNR clusters.  The GNR-coated AFM tip is then removed and replaced with a clean 

AFM tip, which is used to image the LAO surface in AC mode.  In order to identify GNRs, the 

AFM image is compared with a reference image taken before depositing the GNRs. An AFM 

image of deposited GNR clusters is shown in Figure 53(a). Analysis of the AFM image, detailed 

in Figure 52, reveals a distribution of GNR clusters as small as 1-2 GNRs.  The GNR cluster used 

for this investigation is estimated to contain roughly 10 GNRs.  
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A LAO/STO nanojunction device is created by first locating a GNR cluster using an AFM. 

A nanojunction device that surrounds the single GNR nanocluster is then written using c-AFM 

lithography93. The nanojunction consists of a conducting LAO/STO nanowire with a nanoscale 

Figure 52: AFM Analysis of GNR Nanoclusters. (a,b) Measured LAO step width versus modeled tip radius. (c) 

Example line profile of LAO step with tanh fit. (d) Line profile of GNR cluster 1 after the 13 nm radius tip is 

deconvolved from the AFM image. (e) Reconstructed AFM image of GNR clusters deposited on LAO. 

 (~10 nm) insulating gap enables tunable electric fields on the order of 1 MV/cm to be applied 

directly to the GNRs. The GNR nanocluster is located on the LAO surface directly above the 

nanojunction gap, as shown in Figure 51 (f,g) and Figure 53 (b). A nearby looped nanowire serves 

as a “side gate” to adjust the chemical potential in the device31,38. Additional details of c-AFM 

lithography and LAO/STO sample growth can be found in Section 2.1.  

After the device is written, the sample is transferred to an optical cryostat, where it is 

pumped to high vacuum and cooled to a temperature between 5-50 K. The optical response of the 

GNRs is measured by the same LAO/STO nanowire junction, which behaves as a broadband near-

field photodetector32.  As shown in Figure 53 (c), a source-drain bias (𝑉𝑆𝐷) is applied across the 

nanostructure, which is illuminated by ultrafast pulses. The induced photovoltage across the 
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LAO/STO nanojunction, ∆𝑉(𝜏) = 𝑉+(𝜏) − 𝑉−(𝜏), is measured as a function of the time delay τ 

between two pulses. 

5.2.1 AFM Image Analysis  

GNR clusters are deposited via the Inkwell deposition method using an Aspire-CMFR 

AFM probe. These probes have conical tips with a 30 degree tip cone angle and an estimated 10 

nm tip radius. To obtain a highly accurate AFM measurement of GNR cluster sizes, it is necessary 

to account for the tip’s influence on the AFM image. To this end, we model and deconvolve the 

tip from the AFM image as described below. 

First, we perform a step height calibration to obtain an accurate value for the tip radius at 

the time of measurement. Using Gwyddion SPM analysis software154, we model AFM probes 

matching the Aspire-CMFR AFM probe specifications, with modeled tip radii ranging from 8 nm 

to 20 nm. The LAO surface has a smooth terrace structure with 4 angstrom steps. A deconvolution 

is performed on an AFM image of GNR clusters deposited on LAO/STO for each modeled tip, 

and a step height measurement is taken of the deconvolved LAO surface. 

A vertical line profile is taken of an LAO step at the same location of the same AFM image 

for each modeled tip deconvolution, then is fit with a “Boltzmann bent step” function: 

 𝑓(𝑥) = 𝑦0 + 
ℎ

2
tanh (

𝜉

𝑤
) +  𝛼𝜉 , 𝜉 = 𝑥 − 𝑥0 Equation 31 

where 𝑤 is the step width, and it is understood that the most accurate tip deconvolution will provide 

the smallest step width. A plot of the step width versus modeled tip radius is shown in Figure 52. 
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A local minimum is located at the rip radius value of 13 nm, which we take to be the actual radius 

of the tip.  

 

Figure 53: GNR/LAO/STO Nanojunction. (a) AFM image of GNR clusters deposited on LAO surface. The 

rightmost labeled cluster is used for the device in panel (b). (b) AFM image of GNR/LAO/STO nanojunction. 

A GNR nanocluster is located in the center of the nanojunction gap on the LAO surface. The red line represents 

a negative-voltage wire which ensures that there is no leakage between side gate and nanojunction. (c) Diagram 

of optical measurement setup. BS: beam splitter, PM: plane mirror, MS: mechanical stage, PS: piezoelectric 

stage, OB: objective, and DVA: differential voltage amplifier. The dimensions are not to scale.   

Next a surface reconstruction is performed to remove the influence of the modeled 13 nm 

radius tip, as shown in Figure 52(e). After that, the size of the deposited GNR clusters is measured  

by taking line profiles in the vertical (slow scanning) direction. Ten of the smallest visible GNR 

clusters are measured in this manner, and the width and height of each cluster is obtained using 

Gwyddion’s built-in peak finder function and summarized in Table 3 below. A volume estimate is 

calculated by calculating ℎ𝑒𝑖𝑔ℎ𝑡 × (𝑤𝑖𝑑𝑡ℎ)2. The obtained volume estimate is also converted to 

a “standard volume” unit. This unit is defined using dimensions provided in Liu et al.147 for the 

GNRs used in this study. Specifically, a single GNR is taken to have dimensions 

1.7 nm × 5.08 nm × 0.3 nm = 2.591 nm3. Using this method, the GNR cluster used in the 
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device pictured in Figure 53(b) is found to have a volume of 12.733 standard volumes, as 

summarized in Table 4. 

Table 3: GNR Nanocluster Measurements. 

Cluster # Height (nm) Width (nm) 

Volume 

Estimate 

H*W2 (nm3) 

Standard 

volumes 

1 0.668 2.469 4.072 1.571 

2 0.369 2.978 3.272 1.263 

3 0.306 2.564 2.013 0.777 

4 0.417 3.960 6.539 2.523 

5 0.400 2.270 2.061 0.795 

6 0.374 2.968 3.294 1.271 

7 0.487 3.081 4.622 1.783 

8 0.358 1.252 0.561 0.216 

9 0.351 2.720 2.596 1.001 

10 0.460 3.992 7.330 2.829 

Average 0.419 2.825 3.636 1.402 

 

Table 4: Measurement of the GNR cluster studied in this work. 

Cluster # Height (nm) Width (nm) Volume 
Estimate H*W2 

Standard  
volumes 

Device 0.475 8.334 32.991 12.733 

 

5.3 Experimental Results 

After the device is written, the sample is transferred to an optical cryostat, where it is 

pumped to high vacuum and cooled to a temperature between 5-50 K. The optical response of the 
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GNRs is measured by the same LAO/STO nanowire junction, which behaves as a broadband near-

field photodetector32.  As shown in Figure 53(c), a source-drain bias (𝑉𝑆𝐷) is applied across the 

nanostructure, which is illuminated by ultrafast pulses. The induced photovoltage across the 

LAO/STO nanojunction, ∆𝑉(𝜏) = 𝑉+(𝜏) − 𝑉−(𝜏), is measured as a function of the time delay τ 

between two pulses.  

As discussed in Section 3.0, LAO/STO nanojunctions have been shown to locally generate 

and detect THz emission13, with  greater than 100 THz bandwidth, via the third-order nonlinear 

optical process in STO. 𝑉SD creates a quasi-static electric field 𝐸⃗ SD across the junction that is highly 

confined in space to ~10 nm, while input optical fields 𝐸⃗ 𝑜𝑝𝑡(𝜔1), 𝐸⃗ 𝑜𝑝𝑡(𝜔2) are sharply peaked in 

the time domain. The three electric fields mix to generate the nonlinear response of the 

nanojunction92
. The power spectrum 𝑆(𝛺) versus frequency 𝛺 is calculated by taking a Fourier 

transform of the photoresponse 𝛥𝑉(𝜏) with respect to τ.  
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Figure 54: Side-gate Dependence of Optical Response. (a-e) Time-domain signals and (f-j) corresponding power 

spectra at 5 different side gate values. Power spectra regions are labeled in panel (f). Integrals of the (k) DFG, 

(l) LNR, (m) SHG and (n) THG responses reveal correspondence between the DFG and LNR response, and 

between the SHG and THG response. 𝑻 = 𝟓 𝐊, 𝑽𝑺𝑫 = −𝟎. 𝟕𝟓 𝐕, input power 𝟖 𝛍𝐖. 
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Figure 55: Source-Drain Bias-Dependent Time-Domain Signals. 

The optical response of GNR/LAO/STO nanostructures is measured as a function of the 

side gate bias 𝑉𝑠𝑔, illustrated in Figure 54(c). Five representative time-domain signals 𝛥𝑉(𝜏), 

acquired at different 𝑉𝑠𝑔 values, are plotted in Figure 54(a-e), along with their corresponding power 

spectra Figure 54 (f-j). Two sharp VIS-NIR extinction features are observed in the LNR response 

at 395 THz when 𝑉𝑠𝑔 = −0.1 V. An additional extinction feature is observed in the SHG response 

at 𝑉𝑠𝑔 = 0.4 V. These spectrally sharp extinction features are similar to those observed in 

graphene/LAO/STO nanojunctions67. Additionally, the integrated spectral response over four 

regions of interest (Figure 54 (k-n)) reveal correlations between the linear and nonlinear responses 

of the device. The integrated amplitude of the DFG (0-100 THz) response is correlated with the 
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LNR (300-450 THz) response, while the SHG (675-850 THz) response is correlated with the THG 

(1050-1250 THz) response. In particular, the SHG and THG are maximal near the 𝑉𝑠𝑔 value where 

the VIS-NIR extinction feature appears. Finally, the sign of the envelope of the time-domain 

photovoltage signal at 𝑉𝑠𝑔 = −1.2 V is opposite to what is measured for 𝑉𝑠𝑔 = 1.0 V. A similar 

sign reversal is also observed as a function of the source-drain bias 𝑉𝑆𝐷 . 

Indeed, the optical response of the GNR/LAO/STO nanojunction can also be tuned as a 

function of the source-drain bias V𝑆𝐷. For this experiment, V𝑠𝑔 = 0 V, 𝑇 = 5 K. Figure 55 shows 

time-domain photovoltage signals as a function of V𝑆𝐷, and corresponding power spectra and 

integrals of the regions of interest are plotted in Figure 56. A compelling similarity in the power 

spectra integrals appears: the SHG and THG signals have local maxima when VIS-NIR extinction 

features appear. Furthermore, once the time-domain signal “flips,” there is a sudden jump in the 

power spectra integrals, denoting a sharp change in the behavior of the GNRs. Notice that the sign 

of the envelope of the time domain signal flips near V𝑆𝐷 = −1 V, in a similar manner as the V𝑠𝑔 

dependence experiment. 
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Figure 56: Source-Drain Bias-Dependent Power Spectra and Integrals. 

To study the power dependence of the extinction feature, an ultrafast pulse shaper was used 

to vary the input power to the device between 3 μW and 6 μW, while otherwise preserving the 

temporal profile of the optical pulse. This experiment, summarized in Figure 57, shows that the 

extinction depth and local minimum location exhibits a sensitivity to the power that is similar to 

what was reported for a graphene/LAO/STO nanojunction, in that the input power can be used to 

finely tune the extinction ratio and frequency.  
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Figure 57: Power Dependence of GNR/LAO/STO Extinction. Top: Waterfall plot of VIS-NIR region 

of power spectra zoomed in to the vicinity of an extinction feature. Each tick mark denotes two orders 

of magnitude and plots are vertically offset for clarity. 𝑻 = 𝟓𝟎 𝐊, 𝑽𝑺𝑫 = −𝟓𝟎𝟎 𝐦𝐕, 𝑽𝒔𝒈 = 𝟎 𝐕. 

Bottom: integral of power spectrum from 350-390 THz, revealing the gate-dependent depth of the 

extinction feature. 
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A particularly striking example of a VIS-NIR extinction feature in a GNR/LAO/STO 

device is shown in Figure 58(a). We can estimate the extinction percentage by taking the amplitude 

of the power spectrum at the extinction frequency (366 THz) and comparing it to the amplitude of 

the same spectrum at 355 THz, just to the left of the extinction feature. A simple division of the 

two amplitudes results in a 99.93% estimated extinction of light. Figure 58(b) shows a qualitatively 

similar extinction feature in a graphene/LAO/STO nanojunction device under similar experimental 

conditions. 

5.4 Discussion 

Graphene integrated with LAO/STO nanojunctions exhibits gate-tunable, >99.9% 

extinction of VIS-NIR light and an associated enhanced nonlinear optical response67.  Similar VIS-

NIR extinction features appear in GNR/LAO/STO nanojunctions and graphene/LAO/STO 

nanojunctions under similar experimental conditions, and exhibit similar gate-dependent and 

power-dependent behavior. What’s more, the SHG and THG responses are both maximized when 

the VIS-NIR extinction feature appears. It is important to note that both the SHG and THG 

responses are enhanced, despite the fact that SHG is an even-ordered harmonic and THG is an 

odd-ordered harmonic. This is in contrast to previous work, in which only THG is enhanced142. 

The exact physical mechanism underlying the remarkable optical extinction in both 

graphene and GNR/LAO/STO nanojunctions is still unresolved.  However, the fact that such 
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Figure 58: Extinction Features in Graphene and GNRs.VIS-NIR extinction features in (a) GNR/LAO/STO 

nanojunction (𝑻 = 𝟓 𝐊, 𝑽𝑺𝑫 = −𝟐𝟓 𝐦𝐕, 𝑽𝒔𝒈 = −𝟑𝟓𝟎 𝐦𝐕) and (b) graphene/LAO/STO nanojunction (𝑻 =

𝟏𝟎 𝐊, 𝑽𝑺𝑫 = −𝟏. 𝟐𝟓 𝐕). 

similar behavior is observed in both systems indicates that the mechanism in graphene is localized 

at the junction and very likely involves the generation of gate-tunable plasmons. LAO/STO 

nanojunctions confine a ~1 V source-drain bias to a ~ 10 nm region, creating extremely large 

dipole electric fields directly beneath the GNR nanocluster. Such strong electric fields, on the order 

of 1 MV/cm, should strongly couple to the plasmonic modes of the GNRs and push them to the 

highly gated regime. It has been shown that in this regime, nanostructured graphene can host VIS-

NIR plasmons83, and in that case, plasmon absorption should lead to extinction of VIS-NIR light 

at the plasmon energy. The clear resemblance between the graphene and GNR LAO/STO 

nanojunction responses implies that the extinction features in graphene are likely the result of a 

confined GNR-like structure induced by the large electric field.   
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 Graphene plasmons concentrate light into nanometer-scale volumes, significantly 

intensifying the electric fields upon which nonlinear optical phenomena depend140,141,155,156. 

Previous theoretical results have shown that doped graphene nanostructures exhibit plasmon-

assisted high harmonic generation at odd and even harmonics139.  Therefore, the observed robust 

SHG and THG in GNRs could be attributed to a plasmon-enhanced nonlinear optical response. It 

is important to note that in graphene/LAO/STO nanojunctions, the DFG response is maximized 

when VIS-NIR extinctions appear67, while in GNR/LAO/STO nanojunctions, the DFG 

enhancement occurs elsewhere. Planar graphene has been shown to exhibit plasmon-enhanced 

optical rectification when inversion symmetry is broken 157. This effect is not necessarily present 

in GNRs, which could explain why the behavior of the DFG response varied between graphene 

and GNR nanocluster junctions. 

Finally, as shown in Figure 54, the sign of the envelope of the time domain signal changes 

at a particular 𝑉𝑠𝑔 value. Switching behavior is also observed as a function of the source-drain bias 

𝑉𝑆𝐷.  One possible explanation could be that the sign change is associated with a doping change 

within the GNRs from n-type to p-type158-161.  

Although GNRs may play an important role in next-generation electronics, photonics, and 

possibly quantum information applications144,162, integrating single- or few-GNRs into nanoscale 

devices remains difficult131,163, as is achieving desired electrical performance159. The deposition 

technique utilized in this work allows for the placement and integration of GNR clusters as small 

as 1-2 GNRs in size with nanoscale control. Furthermore, c-AFM-defined LAO/STO 

nanostructures can effectively contact and gate the deposited clusters without requiring complex 

nanofabrication methods, and gate-dependent optical studies reveal VIS-NIR extinction features 
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and strong optical nonlinearities. Indeed, >99.9% extinction of light is achieved in a GNR 

nanocluster in a frequency range where graphene typically absorbs only ≈ 2% of light71.  

We have performed nonlinear optical spectroscopy on GNR nanoclusters deposited on 

LAO/STO. GNR/LAO/STO nanojunctions are shown to exhibit gate-tunable, narrow-band, near-

total (> 99.9 %) extinction of light across a broad range of VIS-NIR frequencies as well as strong 

second-order and third-order optical nonlinearities. The observed extinction features and nonlinear 

response bear a strong resemblance to those observed in graphene/LAO/STO junctions. The 

integration of GNRs with LAO/STO nanostructures opens up the possibility for many new device 

concepts, such as programmable nanoplasmonic arrays and GNR/LAO/STO electron waveguides. 

These and other devices further advance GNRs as a candidate material in nanophotonic and 

quantum information applications. 
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6.0 Measurements of Two-Junction Graphene/LAO/STO Devices 

6.1.1 Two-Junction Correlation Measurement 

A deeper understanding of the interaction between the two LAO/STO junctions separated 

by 7 µm can be obtained by measuring their responses in a cross-correlation configuration, as 

shown in Figure 59 (a). Pump and probe beams are separated, with one beam focused on each 

junction. The two nanojunction devices are both located on a single sheet of graphene.  

In this experiment, the bottom nanowire gate 𝑉𝑁𝑊
1  is swept from 0 V to 3 V at 𝑇 = 5 𝐾, 

𝑉𝐺 = 0 𝑉, 𝑉𝑆𝐷
2 = −2.5 V, 𝑉𝑆𝐷

1 = −1.5 V and input power 109 μW. The main result of this 

experiment is shown in Figure 59(b,c). Interference fringes are observed in the LNR response of 

both devices. These fringes are separated by 9-10 THz, which corresponds to a 100-111 fs travel 

time. When we divide the distance between the two junctions, by this travel time, we get: 

 7 𝜇𝑚

100 𝑓𝑠
=
7 × 107𝑚

𝑠
= ~0.21𝑐 Equation 32 

which is a plausible velocity for propagating graphene plasmons. In gated structures, the velocity 

of graphene plasmons can be tuned by the voltage applied. At low bias voltages the plasmons are 

strongly damped due to interband transitions of electrons. At high bias voltages, however, these 

transitions are forbidden by Pauli blocking, and the voltage and propagation length of plasmons is 

limited only by Drude absorption164. 
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Figure 59: Two graphene nanojunction correlation measurement.  (a) Experimental configuration. (b,c) 

Simultaneously measured spectra from devices 1 and 2 as a function of 𝑽𝑮. 
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6.1.2 Possible Observation of Extreme Nonlinear Optical Effects 

 

Figure 60: Two-junction generator and detector geometry. 

Preliminary results on two-junction graphene/LAO/STO nanojunction devices, where the 

input light is focused on one junction (called the “generator”) and a second junction is unbiased 

and unilluminated (called “the detector”) may reveal signatures of high-order harmonic generation 

in graphene. The configuration is summarized in Figure 60. This phenomenon remains under 

study, and these results will be the subject of future work. 
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7.0 Future Directions 

7.1 Pulse compensation with LAO/STO Nanoscale Junctions 

As the LAO/STO nanojunction has a nonlinear optical response, it should act as a nonlinear 

detector for the MIIPS pulse compensation algorithm. Specifically, the nonlinear BBO crystal can 

in principle be replaced by the second harmonic response of the junction. Using the junction or 

pulse compensation carries the advantage of compensating a pulse directly at the sample surface- 

providing a means for the most accurate possible compensation. Experiments to realize this 

application of LAO/STO junctions are currently in preparation. 

7.2 Graphene Nanoribbon Qubit Platform 

The work put forth in this thesis, especially in Chapter 5.0, lays the foundation for a unique 

and promising platform for solid-state quantum bits and quantum memory. The Levy Lab is 

currently working to use graphene nanoribbons (GNRs), to build new families of spin qubits. The 

ultimate goal of this project is to lay the groundwork for a scalable solid-state quantum information 

processing platform.  

The unique structural characteristics of GNRs, combined with unique electrical gating and 

sensing provided by these partnering materials, can give rise to new families of topologically 

stabilized spin qubits, and create new modalities for controllable entanglement and efficient 

transfer of spin quantum information. These new capabilities do not exist in competing platforms, 
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and would represent a breakthrough in the development of solid-state quantum information 

technology. The work contained in this thesis has established that individual GNRs can be 

integrated with LAO/STO nanostructures. Future versions of these structures will be equipped 

with multiple lateral gates that will enable strong local modification of electronic properties, which 

will in turn be used to create and manipulate quantum information within the GNRs. 

7.2.1 Optical Spectroscopy of Conducting GNRs 

One milestone experiment will be to measure the predicted dimerization gap within a 

metallic spin chain GNR as a function of the applied transverse electric field. The gap energy 

(Figure 7(c)) provides a direct measurement of an important engineerable energy scale that will 

provide direct control over the electron spin degrees of freedom and therefore any type of logical 

spin qubit. With two transverse gates it will be possible to perform time-domain THz spectroscopy 

to reveal the induced semiconducting gap. 

Furthermore, fast addressing and readout of spin qubits can be achieved by indirectly 

addressing the spin states via optically active electronic excitations. Ultrafast drive pulses can be 

used to implement single-qubit and multi-qubit quantum gates using approaches based on optical 

control. This optical addressing can ultimately be integrated with silicon photonic devices, which 

are likely going to form the backbone of quantum communication channels, and thus allow for 

interfacing of the GNR-based qubits with quantum networks. 
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7.2.2 GNR/LAO/STO Waveguides  

In addition to the described optical experiments, the group will perform milli-Kelvin 

magneto-transport experiments designed to initialize, read out and gate GNR based spin qubits. 

The measurement and control of the qubits will be enabled through the detection and control of 

the charged/uncharged state of the GNR in an LAO/STO waveguide device. 

7.3 Signatures of harmonic generation in graphene 

Preliminary results hint at the possibility that high-order harmonics can be generated by 

graphene/LAO/STO nanojunctions under intense illumination. Continued studies of the 

interactions of two-nanojunction graphene/LAO/STO devices will explore this possibility further. 

7.3.1 Carrier Envelope Phase Stabilization 

Device functionality and could also expanded by introducing carrier envelope phase 

stabilization to the ultrafast pulses165,166. In perturbative nonlinear optical phenomena, the 

nonlinear polarization can be understood in terms of envelope functions and an input intensity 

averaged over a few optical cycles. In contrast, nonperturbative phenomena in the strong-field 

regime arise from the sub-cycle dynamics of bound electrons, meaning the extreme nonlinear 

responds directly to the instantaneous (carrier) field within a single cycle. 
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7.3.2 EBL nanolithography 

Additionally, given recent advances in LAO/STO nanolithography techniques, it will be 

straightforward to increase the nanojunction number from two to many167, enabling the creation 

of an electronically controllable array of extreme ultraviolet high harmonic generators and 

detectors.  

7.3.3 Second harmonic emission measurement 

It is desirable to have a non-interferometric, direct observation of the light generated via 

the nonlinear response of an LAO/STO nanojunction. To that end, work is currently underway to 

build an experiment where the second harmonic generated light from a nanojunction is output from 

the Michelson interferometer and measured with an avalanche photodetector. The second 

harmonic light from VIS-NIR input pulses should be at an energy of ~3 eV, which should be 

visible as blue-violet light.  

To direct the blue light from the device to a photodetector, the VIS-NIR 50/50 beamsplitter 

used to measure reflection is replaced with a dichroic mirror. This mirror separates the VIS-NIR 

light from the blue light as shown in Figure 61. Dichroic mirrors (or beamsplitters) spectrally 

separate light by transmitting and reflecting light as a function of wavelength. Longpass dichroic 

mirrors, like the one used here, have transmission and reflection bands that are divided by what is 

called the cut-on wavelength. The mirror is highly reflective below the cut-on wavelength and 

highly transmissive above it.   

This experiment is currently underway. 
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Figure 61: Dichroic mirror.   (a)   Diagram of  dichroic mirror  used within interferometer to output blue light. 

(b) Measured reflectance and transmittance of mirror as a function of wavelength. 
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Appendix A Pulse Shaper Calibration 

 

Appendix Figure 1: Voltage-Transmission Calibration.  Example experimentally measured voltage-

transmission calibration plot across an SLM mask. 

In order to accurately use the liquid crystal arrays of the SLM to shape pulses, the SLM 

must be accurately calibrated. First, one must perform a calibration to obtain a defined relationship 

between applied voltage and transmission for each pixel of the array. Second, one must perform 

an additional calibration to assign each pixel to a specific wavelength of the input light. 

We first describe voltage-transmission calibrations. Each mask of the dual-mask SLM must 

be calibrated separately. To do this, the mask not in use is set to its maximum voltage, or “open.” 

The mask to be calibrated starts with all pixels set to the minimum voltage. With the same voltage 

applied to every pixel, the voltage is swept while the pulse shaper output is measured with a 

spectrometer. The result is shown in Appendix Figure 1. 

Wavelength-pixel calibrations are obtained after an initial voltage-transmission calibration. 

Voltage values are chosen which roughly maximize and minimize the transmission; 𝑉𝑚𝑎𝑥 and 
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𝑉𝑚𝑖𝑛, respectively. 𝑉𝑚𝑖𝑛 is applied across all pixels, then 𝑉𝑚𝑎𝑥 is applied to five predetermined 

pixels. The pulse shaper output is measured with a spectrometer, and the five pixel values are 

matched to their corresponding wavelength values. A linear fit is performed using these five (pixel, 

wavelength) pairs, as shown in Appendix Figure 2; the output of this fit constitutes the wavelength 

calibration. 

 

Appendix Figure 2: Wavelength-Pixel Calibration.   Example experimentally obtained wavelength calibration. 

 

Appendix Figure 3:Ideal voltage-transmission curve. 
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The SLM voltage/transmission calibration allows us to extract the phase modulation 

applied by each pixel in each of the two liquid crystal masks. We must find convert the voltage-

transmission curve for each pixel (and each mask) to a voltage-phase curve, as shown in Appendix 

Figure 3. For an ideal voltage-transmission curve, the transmission can be written as 

 
𝑇(𝑉) = 𝑇0sin

2 (
Δ𝜙(𝑉)

2
± 𝑘𝜋) 

Appendix Equation 1 

 

where 𝑘 = 0,1,2… This expression can be solved for the phase retardation: 

 

Δ𝜙(𝑉) = 2𝑘𝜋 ± 2arcsin (√
𝑇

𝑇0
) 

Appendix Equation 2 

 

In the ideal case, the transmission graph reaches the value 0 at all of its minima and the same value 

T at its maxima. For calculation of Δ𝜙(𝑉), the transmission plot must be considered from the right 

to the left. This means that the calculation has to begin with maximum voltage counts; in our case, 

the maximum voltage (4095 Counts) is assumed to be close to zero phase retardation. The 

calculation in practice involves a piecewise function. For example,  

 

Δ𝜙(𝑉) =

{
 
 
 
 

 
 
 
 

0 + 2arcsin√
𝑇(𝑉) − 0

𝑇(𝑉1) − 0
𝑉1 < 𝑉

2𝜋 − 2arcsin√
𝑇(𝑉) − 𝑇(𝑉2)

𝑇(𝑉1) − 𝑇(𝑉2)
𝑉2 ≤ 𝑉 ≤ 𝑉1

2𝜋 + 2arcsin√
𝑇(𝑉) − 𝑇(𝑉3)

𝑇(𝑉2) − 𝑇(𝑉3)
𝑉3 ≤ 𝑉 ≤ 𝑉2

 
Appendix Equation 3 

 

etc. See an ideal transmission curve (Appendix Figure 3) and experimentally measured curve 

(Appendix Figure 4(a)). 
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Appendix Figure 4: Transmission-phase conversion.  (a) Example voltage-transmission calibration curve for 

an SLM pixel. (b) Corresponding voltage-phase curve after conversion. 
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