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Nonlinear optic devices have emerged as a practical answer to several applications. Ranging
from telecommunications, optical computing, metrology, biomedical applications, nonlinear effects
have been used to fabricate efficient harmonic generators, optical switches, tunable parametric
oscillators, mixers, wide spectrum light sources, etc.

In recent times, there has been a growing concern regarding power consumption and device
miniaturization. With the emerging of a multimedia-based society, with huge amounts of data
transmitted and processed every second, the great amount of power required for data transmission
has been a growing concern. One of the answers to this problem has been to fabricate photonic
integrated circuits (PIC), efficient and low power consuming devices that can be integrated in a
single chip. Semiconductors play a key role in this technology, and the current interest in nonlinear
properties in semiconductors is fueled by this need.

Wide bandgap semiconductors in particular are very attractive for applications in nonlinear
optical devices. In general, devices fabricated with wide bandgap materials can work at higher
temperatures and transmit higher powers without damage, and also allow the operation in a wider
spectrum of wavelengths with minimum loss.

For a material to be considered candidate for nonlinear devices, it has to fulfill certain
requirements. It has to have a high nonlinear index, to develop nonlinear effects with minimum
power. There has to be advanced thin-film technology, to be easily integrated into an optoelectronic
device. Highly nonlinear materials that have received attention and are traditionally employed
include LiNbOs, InGaAs, AlGaAs, GaN, chalcogenide glasses, etc. While the technology for these
materials is advanced and commercial products are available, they are based on rare earths, which

are a very scarce resource, and the technology is expensive and complicated. Therefore, simpler and
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cheaper alternatives are always needed.

We propose nonlinear optical devices based on ZnO waveguides. ZnO is also a material that
lands in the category of highly nonlinear materials, with several qualities that make it a very
interesting material. Very high quality bulk and thin films are available, it has a wide bandgap,
highly abundant, non toxic and the technology for its growth is relatively simpler and cheap. It has
received less attention in this field because high quality thin films are just recently available. The
main topic of this thesis is the fabrication and characterization of ZnO waveguides for nonlinear

applications.

The first chapter is the introduction. Here, the proposed structure for nonlinear waveguide
devices is presented. We propose a channel waveguide with sapphire substrate, ZnO core and air
cladding. The channel structure, together with the air cladding will help reducing the
cross-sectional area, improving the power density, which is essential for nonlinear optical effects.
The main properties of ZnO are also discussed in this chapter. ZnO is a direct band gap
semiconductor, with a wide band gap of ~3.3eV. For its qualities, it is regarded as a prospective
material for optoelectronic applications. It has a hexagonal wurzite crystal structure, with a
refractive index n ~ 2. The chapter also presents the outline of the dissertation.

Chapter 2 deals with the theoretical calculations. We perform theoretical analyses on the ZnO
channel waveguide platform that lead to the parameters of design for the waveguide fabrication.

The single mode condition is obtained for a variety of waveguide sizes. Considering working at
a wavelength of 830 nm, we show that the waveguides of height less than 0.7 pm and width of ~1
nm or less are single mode. High quality single crystal ZnO can be grown until a thickness of 1pm ,
therefore single crystal quality should not be a critical factor in the design of the waveguides.

The pulse propagation equation is obtained from the Maxwell's equations. The key factors that
define pulse propagation are propagation loss, group velocity dispersion énd nonlinear effects. The
strength of each is determined through 3 parameters, namely the loss constant a, the GVD
coefficient fzand the nonlinear parameter y.

We calculate f2 from the results of simulations based on the finite-element method. The
maximum value is for the waveguide 400 nm tall, with f2= 2.4 ps?/m. Considering 160 fs pulses, the
dispersion length Lp is about 1 cm. Since the raw thin-film samples are 1 cm long, even considering
the complete sample we conclude that the dispersion should not be a factor.

The nonlinear parameter v is calculated by obtaining the effective modal area Aeir. The effective
modal area showed a gradual decrease with decreasing waveguide size and a sudden increase after
reaching a minimum. This suggested optimization of the waveguides for maximum nonlinearity is
possible. The highest nonlinearity is for waveguides of height 0.5 ~ 0.7 um and 0.6 ~ 0.8 pm wide.
The maximum y value corresponds to the 0.6 X 0.6 pm?2 waveguide, with y =22.5 Wm ™.

The nonlinear length Liw is calculated as a function of the input peak power. For an input peak
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power of over 100 W, the nonlinear length is less than 1 mm, reaching less than 0.1 mm for 300 W.
We find that nonlinear effects clearly dominate the propagation regime.
In order to obtain channel waveguides with maximum nonlinearity, the waveguide height is

kept lower than 0.7 pum and the width is varied around 1 pm.

Chapter 3 is about the fabrication process of the ZnO channel waveguides from thin-film
samples. The thin-film samples were grown at Kawasaki laboratory, using the laser-MBE method.

The fabrication process consisted in the following steps.

a. Putting a resist mask, using EB-lithography.

b. Etching of the samples, using Ar-ion milling.

c. Cleaning of the resist in an ultrasonic bath with acetone and ethanol.

d. Cutting the samples to the desired length, by cleaving the sapphire substrate.

The factors that affect the etching process are: bias power, chamber pressure, Ar flow rate and
process time. We find that each factor affects differently.

1. BiasPower. The minimum power at which etching is registered is 100 W. The etching rate rises
monotonically with the bias power, from around 35 nm/min for 100 W up to 80 nm/min for 300
W. The maximum allowed power is limited by the thermal damage of the resist.

2. Chamber pressure. The etching rate is maximum at the range of 1~2 Pa. A drastic drop in the
etching rate is measured for higher pressures.

3. Ar Flow rate. The maximum etching rate corresponds to a flow rate of 50 sccm. Higher flow
rates register lower etching rates.

4. Process time. Thermal damage and wrinkling of the resist limited the maximum process time.

The process time is split in 5-minute etching steps to prevent thermal damage.

The final etching conditions are:

Etching conditions
Inductive power 800W
Bias power 100W
Chamber pressure 1Pa
Ar flow rate 50sccm
Process time 5+ min

As result of this process, we successfully fabricate 500 and 380nm-high waveguides of several
widths. They are cut by cleaving the sapphire substrate to achieve a flat face. The chosen lengths

are 1, 2 and 4 mm to guarantee nonlinear effects and to allow the cut-back measurements.
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In chapter 4, the measurement of the propagation loss of the fabricated ZnO channel
waveguides is presented. We dpply the cutback method to the waveguides to calculate the
propagation loss. A strong dependence of the propagation loss to the waveguide width is verified.
The waveguides show a propagation loss of 1.5 — 3 dB/mm for the single—-mode waveguides and 1 —
1.5 dB/mm for the multimode case. Also from these measurements, the coupling loss is calculated
for the lensed fiber — channel waveguide setup.

Possible propagation loss causes are sidewall roughness, surface roughness and material
absorption. Sidewall roughness is the most probable cause of propagation loss. To confirm this, we
obtain a model of the propagation loss based on scattering loss caused by the coupling between the
fundamental guided mode and radiation modes. We characterized the propagation loss as a function
of the standard deviation of the roughness o and the autocorrelation length Lc.

The measured propagation loss values and the model predictions agree very well. We conclude

that the sidewall roughness is the main factor for propagation loss in ZnO channel waveguides.

Chapter 5 presents the observation of nonlinear effects and the calculation of the nonlinear
parameters. We propagate 160-fs pulses in the ZnO channel waveguides and measure the output
spectra. The pulses show a spectral broadening of up to 9 times the input spectral width. The
broadening is caused by nonlinear effects, specifically self-phase modulation. We verify that the
nonlinear effects are developed in the ZnO waveguides by moving the output fiber to increase the
coupling loss and measuring the same spectral shape at lower power.

We obtain the RMS spectral width of the measured spectra and used it to obtain the phase shift
and subsequently the nonlinear parameter gamma. A maximum phase shift of 2.97 was obtained.
We verify the validity of the obtained parameters by performing simulations of the pulse
propagation equation, using the split-step Fourier method. The results of the simulations closely
resemble the measured spectra, corroborating our results.

The analysis is repeated for all the measured waveguides. The nonlinearity of the waveguides
shows a strong dependence on the waveguide geometry. In general, the nonlinearity increase as the
cross-sectional area decrease. The 380 nm-waveguides show a sudden drop in the nonlinearity for
sub-micron widths due to the mode leaking to the substrate. The waveguide with the maximum
nonlinearity is the 0.5 < 0.7 pm? waveguide, but it is not the one that shows the wider spectrum due
to the high coupling losses involved. The corresponding value of gamma is y = 22.2 + 4 Wm™,
which represents more than 2000 times the value of a highly-nonlinear waveguide.

The nonlinear refractive index nzis also calculated, back-tracking from the nonlinearity y and
the effective area A.tr. We obtain a value of nz= 9.94x107*° m*W, in close agreement with values

available in the literature.

Finally, chapter 6 presents the conclusions and suggestions for future work.
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EFRZWTONCREICA OB T, JEWERERICOZ > TEHEDOREXNBSND AN Mk
RACRD5NTNS, TOLI RN EEBRTHFIEELT, E—INT—OKERBENNNIIVAZIE
WIICFAENC AR S 8T, HOMME R R EDOEBBNENREEZRNTARY MLVEIETTNL
FHEPH SN TS, XXX ZOXIREMZEZHIEL T, Zn0 EWSUA RN RF v v 7K
HHL, TNZEZAHWTEEEREZERL, ZTOERBAZEEFEICOVWTERELZDBDOTHD, 26
6ENBILD,

BLIREIIFRTHY, AMAOEREHWZBRRTNS,

%2 ETIE, AR THWZREERBEORITFERICDNWTRRTWS, TOFEIZEINT, Zn0 %
A7 ET5F v FIVEDCE R K O 800 nm H TOH —F— R M-ORE 8 B DU T D W THRNT L
TWb, Tz, IERELHNREBTT 72D AEMABRRITOVNTHRR, ZhzEHWTIESR
EHFEREZFEL, 100WE EOE—2/)NTU—0OK, 1 mm BEOHEKE CIHEREEDEEET S
ZEZHENII LTz, FAHEICDODVWTHEIREL, 4.5em XD HEWEHE TCEREKREZENTRENWS
EEHENIILEE. ZNBEEHEARTH S,

B3ETIE, ZnO F v RV EDCEBEEOEMTRICOWVWTIRRTWS, 7 71 7HM EICREEL 7~
ZnO IR Z BB IR T T 5720 OFRM, FICRIA Ty F o VEBICDODNWTHLLIBRRTHD, T
WF T F v N NDHAENCHA TR, N T ABHEETZYF 7L —KEOBRIZDODNWTH
N, BRIy F o EHEERLTWS, £/, LPAMEOIYF OV BRICOVWTHRETL, ¥
SNRLyFUITMLETIODOL Yy F o 7&HEE2EHT 5L, FRARARZEZETVWS,

%4 BT, FRUKZ ZnO Fv RIVECEREEORRIELZHEIE - FHL TW5D., Iy BN 2k
K DEIRELZRIE U 72 #5 58, 5 800 nm 2B WNT 1.5~3dB/mm & WD B ENES N,
7o, ERBROBEBERICOWTHENT L, HHEMEEON TR ICX 2 HHMEBENZOERTHS
LEDELDTNDS, SLITH—FE—RET 7 AIN—LOWAEEZTEL/2E 25 8~14 dB/facet
Tholze ZOXIIZ, ZnO I XDEMNZNE B ZDTEBR L2 Eidm<iMETE 5,

%5 ETIL, ER L ZnO F v )V N8N K OIEMIE A FISE T DO WTHIE - SHMEZT>o TV
%o YERIL 72 HHPEKITHK 300 W OE—I N7 —DBEH/SINAZ AN BEZ A, AXRY MG
N2nm BETH = AFHITH LT, HEHXDAXRY MVIEZ 7150 13.7Tam ICE TIRITS Z &I
R LTz, Z3UIKI 37 rad DIEMIBAIAIS 7 bWELC /22 LTS TS5, ZOEBRBMAHS 7 FOk
ETING, ERBEAFER n, DEZRMH/ZET30.5~1.5 x 1018 m2/W THV, Z4METH S
ZEDVHEND LNz, SHINEEEO AT YA XEEHE/NT A—F EOBBRICOVTHIRAN, EH
EHFNRERKIZHEMT I ENTELDHGE RO A XDV THERELTNS, INSIED T
HERMATHS.

W6 EIIHwmTH 5.

PAEBET IR XIE, ZnO & AWz T v RIVEDCER B ORI DWW TR 5 &3k, ZoER
FEEHALL, ERICHEERZMET 5 2 LK D ERIBES X OERI AN EEEZH S ML
HDT, EREAFBICHISHSBORIBICEH G T2 E 2 A0 RN,
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