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Abstract

Both techniques and applications of nanofabrication have been explored in the field of
periodic dielectric nanostructures. These periodic dielectric structures are expected to
exhibit interesting properties in both fields of physics and engineering. These artificial
nanostructures are named ”photonic crystals” because photons demonstrate similar
behavior in these structures as electrons in natural semiconductor crystals. In order
to construct these crystals in the optical regime, suitable nanofabrication techniques
have to be developed and demonstrated, including high resolution electron beam
lithography and anisotropic chemically assisted ion beam etching. In this work, both
2D and 3D photonic crystals are fabricated and characterized in the near-infrared
range.

In the first part of this thesis, exploration of resolution limit of nanofabrication
will be demonstrated and discussed. 15nm structures with 30nm period dot arrays
and 20nm line width with 40nm period gratings are presented. Along with high
resolution lithography, anisotropic pattern transfer is also developed. These powerful
fabrication techniques enable us to miniaturize the dimension of both electronic and
optical devices into the nanometer regime.

In the second and third part of this thesis, detailed experiments and character-
ization of 2D and 3D photonic crystals are discussed. A brief introduction and a
theoretical simulation are also presented. In the second part, computer generated
form-birefringent nanostructures are first discussed and their performance demon-
strated to agree well with design using rigorous coupled wave analysis (RCWA).
In-plane 2D photonic crystals used as beam splitting micropolarizers are introduced
and fabricated. High extinction ratios (>820:1) between transmitted TE and TM
modes are measured. These in-plane photonic crystals are the first working devices
using the idea of 2D photonic crystals. Three-dimensional artificial photonic crystals

with a complete 3D bandgap represent a more attractive idea.
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In the third part of this thesis, we challenge the nanofabrication limits encoun-
tered when fabricating a 3D photonic crystal. The first three-dimensional photonic
crystals with a forbidden photonic bandgap lying in the near infrared region of the
electromagnetic spectrum, 1.1 gm < A < 1.5 pm, just bevond the electronic band-
edge of Gallium Arsenide (GaAs) are demonstrated in the world. These 3D photonic
crystals were originally proposed by E. Yablonovitch and can now be fabricated using
anisotropic angle etching at three directions through a hexagonal hole array mask.
The field distribution using filtered finite-difference time-domain (FFDTD) calcula-
tion is briefly discussed. Development of the fabrication techniques and the optical
transmission characterization are shown. Photonic crystals with up to six repeating
layers are obtained and presented 90% attenuation of transmission measurement in
the bandgap region. We also show the spectral shift in the transmission measure-
ment corresponding with 2D lithographic control of microfabrication. Those artificial
photonic crystals are expected to be useful in the study of inhibition of spontaneous

emission and single-mode light-emitting diodes.
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The exploration of resolution limit

of nanofabrication



Chapter 1 Introduction and motivation

1.1 Motivation

When observing the beauty of the microfabrication, which now integrates millions
of transistors on a square inches chip, I start to believe that there is a broad world
which is invisible to human eyes. I truly believe that I am not only an engineer but
also an architect building this tiny world. Lithography and etching are our powerful
tools. Recently, the research and development of these technologies from experts
have made the fastest progress. Combined with these powerful tools, knowledge and
a little imagination can lead us to explore this whole new world. Our goal is to
develop and to utilize advanced fabrication techniques in the field of next generation

semiconductor devices.

1.2 History of exploration of resolution

When the size of the transistors becomes smaller and the number of the transistors
exponentially increases on a square inch chip [8], the resolution of lithography always
plays a very important role in the development of microfabrication technologies [9].
During the last twenty years, photolithography has decreased the minimum feature
size from 2um down to 0.25pm through the continuous improvement of optics, masks,
and resists. With the diffraction limit of light, photolithography requires progressively
shorter wavelength light sources such as i-line, excimer, DUV, as well as modification
of phase shift masks. In the meantime, various alternative lithography techniques have
been developed to generate sub-100nm structures. FElectron beam lithography, X-
ray lithography and atomic beam lithography have demonstrated excellent resolution
for the next generation devices [1, 10, 11]. These techniques all share the common

advantage over photolithography in that the source has a much shorter wavelength
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which reduces the diffraction limit. But the complexity of these lithography systems
increases the cost and the difficulty.

The principle of X-ray proximity printing is similar to that of photolithography
[11]. The high cost of synchrotron X-ray sources, the reflective X-ray masks, and the
precise requirement of mask alignment are the key disadvantages. Electron micro-
scopes have been developed since the 1930s [12]. The sophisticated electron lenses
and electron sources enable electron beams to be focused to a very small spot size
(<Inm) without aberration. Electron beam direct writing has many advantages such
as resolution, flexibility, and alignment accuracy, but suffers from a low throughput.
Commercial electron beam writers usually sacrifice resolution to decrease exposure
time by using large beam currents. High acceleration voltages are also commonly
used in the commercial beam writer to avoid proximity cffect exposure of the re-
sist by electron back scattered from the substrate. Scanning electron microscopes
(SEM) usually have higher resolution in order to image nanostructures. Therefore,
converting a scanning electron microscope into an electron beam writer gives us a
significantly better resolution and an instrument which is ideally suited for research

of nanostructures.

1.3 High resolution lithography

The progress of new fabrication technologies has enabled us to miniaturize the dimen-
sion of the devices smaller than the wavelength of the light. Lithography is the most
critical procedure of defining dimensions of such structures. Smaller structures have
been obtained by various state-of-the-art technologies. Figure 1.1 shows the progress
of lithography resolution [1]. When the dimensions of the structures approach the
wavelength of the light, optical lithography suffers from the diffraction limit. There-
fore, new types of lithography systems with higher resolution are desired including
electron beam direct writing, EUV lithography, or X-ray proximity printing, since
X-ray and electron beam have smaller effective wavelength about 1nm and 0.3nm,

respectively.
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X-ray lithography usually requires precise mask fabrication and careful alignment
for 1:1 proximity printing. The practical resolution of proximity printing is expressed
by R x v/ Ad where \ is the wavelength of X-ray and d is the separation between
mask and wafer which is around 10-20pum. So the minimum resolution of 1:1 X-ray

proximity printing is approximately 50nm.
In contrast, electron beam direct writing is a maskless lithography which offers
the great flexibility in design and process. The De Broglie wavelength of the electron

is expressed by

h
A= —
v2mk

1.24
vV Ey

where Ej is the energy of the electron in electron volts and A is in nanometer. It is
typically a few tenths of angstroms, and the diffraction limitation in optical lithog-
raphy no longer applied. The resolution of electron beam lithography is limited by
the electron scattering in the resist layer and various aberrations of electron optics.
When electrons are incident on a resist layer, they lose energy by scattering and gen-
erate secondary electrons. The profile of the electron scattering depends on the resist
thickness, beam energy, and substrate composition [12]. The other important effect is
the proximity effect which results from back scattering of electrons from the substrate
[13].

Recently, commercial electron microscopes with excellent electron optics have
become available. Therefore, high resolution patterns can be generated by adjust-
ing the beam voltage and the thickness and the composition of the resist layer
(14, 15, 16, 17, 18]. Once the high resolution patterns are lithographically defined,
pattern transfer without distortion is required. Typically, electron beam resist is not
as strong as photoresist during etching processes. Multilayer resist or mask amplifi-
cation processes can be used to solve the problem. Anisotropic transferred structures
with high aspect ratios are obtained by chemically assisted ion beam etching. Details

of the work are described in the Appendix A.



10.0
3.0
E
2
(=]
2
=t 1.0
)
o
&
x
0.3
0.1
0.03

Figure 1.1: Trend of the lithography for nanofabrication, after S. Okazaki 1993 [1]

(1

r ULSI Development Trend
L'C/’]“ J1:1PJ
Future Lithographic Tools
- Optical Stepper
g-tine Cell Projection EB
M
L- ""'(\N\ Reduction Projection
“ X-ray
- gline —ipm e digh NA- line
L j, iline == 1O e, Modlim.
g,  KrF e Kk M 1 P Qunre SN, s
M Mad.,
- gy ACE 25O e M
1G \Mod./o
u \. 6Q
7
ArF
(Stepper or Scanner)
i 1
) ! ] ] 1 1
75 '80 '85 90 '95 2000
Year



6
1.4 Electron beam lithography system

In this chapter, we would like to demonstrate fabrication method for building high
density nanostructures using electron beam lithography. These small structures are
expected to be useful in the study of electronic and optical devices and nanomagnets
[19]. The lithography is conducted in a commercial scanning electron microscope
(Hitachi S-4500 TI) with a cold field-emission tip. Figure 1.2 shows a scheme of the
whole system setup.

The computer generates X/Y scanning signals from an AutoCAD file and sends
them to a scan coil of the SEM through a 16bit D/A card. The field of view is about
200pm at 500X magnification. Therefore, the distance between each individual pixel

can be expressed by

N 200pm x 500X
' Magnification x 216

The distance between each pixel is about 3nm at 500X. The exposure dose is main-
tained at a constant level by dynamically monitoring the beam current through a
floating objective aperture. Automatic stage control increases the flexibility of the
system. The whole system is located on an isolated foundation slab to reduce the
vibration noise from the building. The field-emission tip is free from thermionic
emission and has the smallest effective source size compared with the other types of
electron sources such as tungsten and LaBg. It offers a suitable probe size for high
resolution electron beam lithography. The lower acceleration voltage ranging from
500V to 30kV further reduces the proximity effect which is more serious due to the
backscattering electrons from high energy incident electrons. Some of the smallest
structures have been reported by using high voltage electron beam lithography (typ-
ically > 50kV) or using inorganic resists such as AlF; or CakF, [20, 21, 22]. The goal
of this work is to reach the resolution limit using PMMA as a positive resist with
conventional beam voltages (< 40kV) using a standard electron beam lithography

process.
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Chapter 2 Experimental approach

2.1 Calibration and alignment

Alignment is performed before electron beam lithography, since a small spot size is
necessary for high resolution electron beam writing. Typically, small beam current,
small objective aperture, and short working distance are adjusted to get the smallest
probe size. The beam current is measured through a Faraday cup and adjusted
by changing the focus of the condenser lens and the size of the objective aperture.
The beam spot size is measured by scanning over a sharp cdge on the wafer and then
determined by the contrast of the curve [12]. Figure 2.1 shows the spot size and beam
current as a function of acceleration voltage at the different condenser lens settings.
The higher the acceleration voltage, the higher the beam current and the smaller the
beam probe size. But the probe size saturates at around 4-7nm due to the noise from
vibration and alignment as well as the error from the scan signal measurement. In
addition to a small probe size, a large depth of focus is also required for performing

lithography over large areas. The definition of depth of focus is

2r R
D= - and o = WD
where r is spotsize, I? is diameter of objective aperture, and W D is working distance.
A low atomic weight substrate can be prepared to reduce the backscattering electron
exposure. Exposure dose and development condition are both very important in
the process of making nanostructures. PMMA electron beam resist usually requires
exposure dose about 100pC/cm?. Figure 2.2 shows that the best feature size versus
development time when optimize the exposure dose at 30kV accelerated voltage. We

have tried two different development procedures. One is a conventional 3:7 cellusive

: methanol mixture, the other is pure IPA (isopropyl alcohol). We found that the
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Figure 2.1: Measured beam probe size and beam current as a function of acceleration
voltage

best feature size can be obtained by developing the sample in IPA for 15 seconds. We
could control the developing time within +/- 1 second. {23]

The experimental approach for exploration of ultimate resolution using electron
beam lithography is shown schematically in Figure 2.3. First, a 15nm Gold Palladium
(AuPd) layer is sputtered on the top of a Silicon (Si) or GaAs wafer and a thin 40nm
high molecular weight PMMA (poly-methyl methacylate) layer is spun on. Then the
wafer is baked at 150°C in an oven for one day. Another 2 minute hot plate bake at
180°C is performed immediately before the exposure to promote adhesion. The 30KV
clectron beam with a spot size around 4nm exposes the desired pattern generated by
AutoCAD on the PMMA layer. Exposure doses ranging from 4.15 mC/cm? to 12.5
mC/cm? are used to find the best exposure range for dot arrays. And the exposure
dose for gratings is around 1 nC/cm?. This sample is then developed in pure IPA
at room temperature and dried in Nitrogen (N,). Next, the pattern is transferred

into the AuPd layer by argon ion milling using 10mA beam current and 1500V beam

voltage. This AuPd layer can then be used for further mask amplification and etching.
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Finally we determine the resolution of the pattern by using the same scanning electron

microscope.

2.2 Result of lithography resolution

To test the resolution of the SEM, 20nm wide lines with 40nm pitch gratings were
defined on the AuPd layer. Similarly, 15nm diameter dots with 30nm pitch arrays
were written by using the fabrication procedure described above. Figures 2.4 and
2.5 show the SEM images of these two high density nanostructures. A 15 second
development in pure IPA gives the best resolution of 15nm structures with a period
ranging from 30nm to 80nm. In order to confirm the clean development process, lift-
off experiments are conducted. Figure 2.6 shows a SEM image of 40nm pitch AuPd
short line on GaAs by sputter deposition. Some flags after lift-off process can be
seen because of conformal deposition. Figure 2.7 shows a SEM image of 20nm wide

and 60nm pitch Au bars on GaAs by vapor deposition. Uniform structures can be
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Figure 2.4: SEM image of 15nm diameter dots with 30nm pitch arrays on Si

obtained by directional deposition.

The hot plate baked before the exposure was found to enhance the adhesion of
PMMA during the development. Figure 2.8 shows the SEM images of the difference
between the developed pattern with and without the prebaked procedure. The flex-
ibility of EB lithography can be found in the SEM image of a Caltech logo made
by the same process (see Figurc 2.9). This complicated pattern can be designed in

different layers which can be exposed with different dosages.

2.3 Discussion

We have successfully converted a commercial SEM to a high resolution electron beam
lithography svstem. We have also demonstrated a fabrication process to generate
high density nanostructures using clectron beam lithography with conventional beam

voltage, PMMA resist, and IPA developer. To further improve the resolution of the
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Figure 2.5: SEM image of 20nm wide lines with 40nm period gratings on Si

Figure 2.6: SEM image of 40nm pitch Aul’d bars by lift-off on GaAs
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Figure 2.7: SEM image of 20nm wide Au bars with 40nm pitch by lift-off on GaAs

high density nanostructures, we can optimize the exposure dose and development
conditions. The uniformity of the array is expected to improve when a stable and low
noise electron beam is available. Alignment mark detection procedure is presently
being developed to increase the overlaid accuracy for continuous pattern generation

such as distribution feedback gratings and long waveguide structures.
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Figure 2.8: SEM image of nanogratings without prebaked procedure showing the
resist adhesion problem
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Figure 2.9: SEM image of a Caltech Logo with 3um diameter
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Part 11

Form-birefringent nanostructures

and micropolarizers
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Chapter 3 Introduction and motivation

Propagation of electromagnetic waves in periodic dielectric structures exhibits some
interesting and useful phenomena such as diffraction of light, forbidden bandgaps and
so on. These effects are employed in wide applications such as diffraction gratings,
holograms, distributed feedback (DFB) lasers, high reflectance Bragg mirrors, and
form-birefringent gratings [24]. Polarization selective elements are widely used in
diffraction optics, storage and image processing. It is now possible to produce arti-
ficial periodic nanostructures which show better polarization selectivity than natural
materials because of their high dielectric constant and flexibility in design and fab-
rication. With advanced fabrication technologies, these nanostructures are obtained
with precise dimensions.

Two substrate form-birefringent structures have been demonstrated in the past
[25]. These structures are made with larger dimensions and complicated fabrication
processes. Here we present the fabrication and design methods using a single sub-
strate high spatial frequency (HSF) gratings as form-birefringent structures. The
good agreements between fabricated sample measurements and simulation results are
also shown. One of the most important advantages of making the period of these
microstructures smaller than the wavelength of light is that these elements will have
only zero-order effects in the far field pattern.

In the beginning of this task, we fabricate form-birefringence nanostructures to
test the simulation program defined by effective medium theory (EMT) and rigorous
coupled wave analysis (RCWA) and optimize the fabrication capability. High reso-
lution electron beam lithography and anisotropic ion beam etching are used in the
fabrication process. We have found that thesc artificial gratings exhibit better form-
birefringence than the naturally birefringent materials and show good agreement with
theoretical results [26]. The 180 degree change in phase gives us a starting point in

the design of phase retardation plate. Next, we try to design a polarization selective
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diffractive element using similar techniques. We also observe high selection efficiency
(275:1) for transmitted TE and TM modes at first order [27]. The first micropo-
larizers based on 2D periodic structures are then modeled by rigorous coupled wave
analysis. High extinction ratios (as large as 820:1) between transmitted TM and TE
modes are demonstrated. The great advantage of this structure is its simple design
and manufacture capability. In this part of thesis, the fabrication techniques and

measurement results for in-plane form-birefringent microstructures are presented.
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Chapter 4 Form-birefringent

nanostructures

4.1 Form-birefringence effect

When orthogonal polarized light, in which one polarization is parallel to the groove
(TE mode) and the other is perpendicular to the groove (TM mode), propagates
through surface relief gratings, the two polarizations will experience different dielectric
constants. Therefore, these two orthogonal polarizations of light have different phase
shifts when passing through the grating. The phase difference between these two
polarized modes can be carefully designed to yield a large birefringence effect. The
advantage of using artificial-birefringence nanostructures is that the far field of the
transmitted radiation pattern will possess only zero-order diffraction when the period
of such microstructures is much less than the wavelength of the incident optical field.
A detailed analysis can be obtained by effective medium theory (EMT) and even more
precisely by the rigorous coupled wave analysis (RCWA). We use EMT to predict the
initial guess and use RCWA to calculate the results. Here, we briefly discuss these

two approaches.

4.2 Simulation and design

4.2.1 Effective medium theory

The effective medium theory treats the grating as a uniform layer with the same
thickness but different dielectric constants for the TE mode (i.e., the electric field is
parallel to the groove) and the TM mode (i.c., the electric field is normal to the groove)

(see Figure 4.1) [28]. The gratings can be divided into thin layers with different



21

TE @&—m=THh1 c
I

FA&
—=]

o

i
— A M T

L2001

TE @i T

. &1
o4

i3
E11,TE 11,11 d
T

£

(b)

Figure 4.1: Effective medium theory for grating

dielectric constants. The properties of the single or multiple layers replacing the
grating region are obtained by using methods of wave propagation in stratified media.
When a grating has a small period (i.e., A/A < 1) compared with the wavelength of
the incident light, the higher order terms of diffraction are evanescent and only the
zero-order can propagate. The EMT is not valid when A/A ~ 1/( /2] + /¢2). Here,
we use second order EMT to simulate the performance of the devices. The dielectric

constants for both TE and TM modes can be evaluated by the second order EMT,

1

A .
€9TE = EorE+ g(x)QWQFQ(I - F)Z(g:s - 51)2> (4-1)
- . ‘ lé22F2 _FQE__zls ‘
orm = form + () TF (- F)Y (2 = - e ruory (4.2)
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where g9 7p and €9 7 are zero-order EMT

E0TE — F53+(1—F)€1, (43)

€
corM = . - (4-4)

The EMT is only valid when analyzing structures with small period to wavelength
ratios. Under this assumption, the EMT can precisely calculate the reflectance of the
structure but can not calculate the phase information of the two TE and TM modes
[29]. In order to get more precise information about diffraction, the rigorous coupled

wave analysis is used.

4.2.2 Rigorous coupled wave analysis

The rigorous coupled wave theory has been developed to analyze the diffraction of a
dielectric surface-relief grating [2, 30, 31, 29, 32]. The analysis applies to more general
cases such as arbitrary gratings profiles, groove depths, angles of incidence, and the
wavelengths. In the beginning, an arbitrary shape of dielectric surface-relief grating
is divided into a large number of thin slices (see Figure 4.2). The case of lossless
dielectrics and TE mode is treated for simplicity. The total electric field in region I
is the sum of the incident and the backward-traveling waves. The total electric field

in region III is the sum of the transmitted waves. We have

E, = cap(—jk -7)+ ZRie:L'p(—jk; -7, (4.5)

By = 3 Tieap(—jky - (F— d2)) (4.6)

where j = (=i)'/2, k1 = 27(e;) Y2/ N, ks = 27 (e1) 2/,
R; is the normalized amplitude of the ¢th reflected wave and T; is the normalized
amplitude of the ith transmitted wave.

In each thin layer of region II, the optical fields are formulated in terms of spatial

harmonics by Fourier series expansions of the dielectric constant. The effective dielec-
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Figure 4.2: Rigorous coupled wave analysis for diclectric surface relief gratings. (a) the
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(b) the planar grating slab resulting from the decomposition of the grating into N
thin gratings, after M. G. Moharam etal. 1982 [2]
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tric constant of each layer is calculated as a volume-weight average of the dielectric

constants of the incident and the substrate regions.

€T, 2n) = €7+ (€111 —€5) Zs;mexp(jhf\"fl,'), (4.7)
h
E‘Z,n = Z Sc,n(z)e‘lp(_J(an - LA’) : f) (48)

where K = 27 /A is the magnitude of the grating vector and €, are the normalized
complex harmonic amplitude cocfficient. S;,,(z) are the space-harmonic field ampli-
tude. k'?; = 271'(607“)1/2/)\ , €0, is the average relative dielectric constant for the nth
slab grating. Each ith diffracted field in different regions must phase matched.
When we substitute the wave equation with the components of these spatial har-
monics, a sequence of coupled first-order linear differential equations are gencrated.
The equations can be solved in terms of their eigensolutions [30]. The field distri-
bution in each layer of the grating can be represented by the superposition of these
eigensolutions. Transmission and reflection diffraction ficlds can then be derived by
a match of the appropriate boundary conditions. Subsequently, diffraction efficien-
cies are calculated for the propagating transmitted and reflected diffraction orders.
Energy conservation is used as a criterion for the convergence of numeric solutions
[2]. We design and construct the period of the surface-relief grating smaller than the
wavelength of light; therefore, only the zero and the lowest orders are propagated and

calculated through the gratings.

4.3 Results

4.3.1 Fabrication

Fabrication of these artificial birefringence nanostructures in the near-infrared range
requires high resolution lithography and anisotropic etching [33]. Figure 4.3 shows
the fabrication procedure. High refractive index contrast ratios can be obtained by

choosing a high refractive index GaAs substrate. First, a GaAs wafer is coated with a
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laver of SiO,, then a layer of Au and finally a layer of high molecular weight PMMA.
Electron beam lithography with 30kV incident beam energy is used to define the
high resolution gratings over a square area of 100umx100um on 70nm thick resist
laver. The PMMA pattern is then developed for 14 sec in 3:7 cellusive : methanol
and transferred into Au layer by Ar ion milling. This Au layer serves as a mask
in reactive ion etching. During the etching, 60mtorr Cylg serves as a reactive gas,
and a 300V bias voltage is applied to obtain an etching rate of 20nm/min. Then
chemically assisted ion beam etching is used to etch the high resolution grating to
the desired depth in GaAs by Ar ion assisted with Cl, reactive gas. Finally we
remove the SiO, mask by a HF wet etch. The structure is then examined in a
scanning electron microscope to determine the period and the profile. Figure 4.4
and 4.5 show the SEM images of top view and cross sectional view of the artificial
birefringence nanostructures. The grating period is 200nm and the etching depth is
490nm, respectively. The SEM image of the cross section view shows the triangular
profile of the nanostructures. Mask erosion during the ion beam etching results in

the triangular profile instead of rectangular shape.

4.3.2 Measurement and comparison

The optical characterization measurement system is shown schematically in Figure
4.6. An ArT-pumped Ti:Sapphire laser is operated at a wavelength of 920nm, where
GaAs is transparent with minimum absorption. The polarization of the laser beam
is controlled by a polarization rotator so that the normally incident optical wave is
polarized linearly at 45° with respect to the grooves’ direction. The incident beam
is focused onto the pattern by a microscope objective. These high spatial frequency
gratings allow only zero-order in the far field pattern. At a distance of 100cm from
the sample, an aperture and a polarization analyzer are introduced followed by a pho-
todetector. Figure 4.7 shows a typical curve of measured and calculated intensity vs.
the orientation angle of the analyzer. The cross and diamond marks correspond to the

measurements of GaAs substrate with and without nanostructures, respectively. The
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Figure 4.4: SEM image of top view of form-birefring anostructure: the period A
1s 200nm and the fill factor F is 0.5
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Figure 4.5: SEM image of cross section view of form-birefringent nanostructure: the
triangular profile is due to the mask crosion
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Figure 4.6: Measurement setup for form-birefringent nanostructures
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Figure 4.7: Measured intensity vs. the orientation angle for form-birefringent nanos-
tructures

solid and dotted lines are calculated results by RCWA. We found that the measured
and calculated results agree very well and the related phase shift between TE and
TM modes is 162 degrees. The large phase shift between two orthogonal polarizations
when passing through these artificial form-birefringent nanostructures enables us to

design polarization selective elements and binary phase array for data storage [26].

4.4 Polarization selective computer generated holo-
grams

We have shown the techniques to design and to fabricate form-birefringent nanos-
tructures to gencrate 180 degrec phase shifts. Polarization selective eclements such
as holograms are more attractive. We use the similar design to generate high spa-
tial frequency gratings (HSFG) as polarization-selective computer-generated holo-
grams [25, 27]. Figure 4.8 and Figure 4.9 show the design and the SEM image of

the structures. The period of the binary phase diffractive grating, T, is 10pum. The
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Table 4.1: Polarization contrast ratio comparison table

Performance 0th Order 1st Order -1st Order

TE efficiency 0.86%(0.0%)  41.4%(40.5%) 44.2%(40.5%)

TM efficiency 75.5%(100%) 0.15%(0%) 0.44%(0%)
Polarization contrast ratio 88.2:1 275:1 99.2:1

period of HSFG, A is 0.3um, and the fill factor of the HSFG F is 0.35. The depth
of the fabricated element is 0.75um. The setup for optical measurement is shown in
Figurc 4.10. We use a He-Ne laser operating at 1.523um. A Ge detector is used to
measure the far-field diffraction patterns. The measured diffraction efficiency exclud-
ing reflection, and the polarization contrast ratios, are summarized in Table 4.1 127].
Those two form-birefringent nanostructures are designed by using EMT and verified
to be effective in the rigorous coupled wave analysis. The design and the fabricated
devices are found to be in good agreement. The device shows a large polarization
contrast ratio (as large as 275:1) and high diffraction efficiencies (>40% for the first
diffraction orders). Such form-birefringent computer generated holograms (FBCGH)
are expected to be useful in fabrication of compact and efficient free space transparent

photonic switching fabrics as well as for packaging optoelectronic devices.
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Figure 4.9: SEM image of a polarization selective CGH structure
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Figure 4.10: Measurement setup for polarization selective CGH
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4.5 Discussion

We have shown our design tools and fabrication techniques to construct high spatial
frequency gratings for polarization sclective elements. The single-substrate form-
birefringent nanostructures exhibit larger form-birefringence effect than natural crys-
tals and simplify the fabrication procedure. We have demonstrated that large polar-
ization contrast ratio (> 275:1) and high diffraction efficiencies (>40%) for the first
diffraction orders are achieved by using polarization selective computer generated

holograms.
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Chapter 5 Micropolarizer

5.1 Introduction and motivation

The idea of using two-dimensional photonic crystals in optical devices has been stud-
ied for years. Details of structure design and experimental approaches have been
presented by many groups [34, 35, 36, 37]. Typically, drilling a set of holes straight
into a semiconductor forms a 2D photonic crystal. For a good performance of the
photonic crystal, the 2D structures must have a high aspect ratio in the Z-direction
normal to the incident plane. The technology for building such geometries requires
highly anisotropic etching of very small structures. The depth of these etched features
can be decreased by placing a waveguide structure perpendicular to the 2D plane to
reduce light scattering. These 2D photonic crystals are useful in high reflectivity mir-
rors or small resonant cavities. Recently, passive elements like polarizers have also
become very attractive. Therefore, 2D photonic crystals with different purposes are
explored. These 2D dielectric crystals have a wider spectral range and larger angle
tolerance compared with 1D Fabry-Perot cavities.

Here we introduce a novel polarizing beam splitter based on 2D periodic structures
that uses the anisotropic spectral reflectivity (ASR) characteristic of a high spatial
frequency multilayer binary grating. Such ASR effects allow us to design an optical
clement that is transparent for TM polarization and reflecting for TE polarization.
These polarization selective mirrors are a novel application for 2D photonic crystals.
Compared with conventional two-dimensional photonic crystals, these structures have
several advantages. Figure 5.1 shows the difference in fabrication schemes between
these two 2D photonic crystals. One big advantage is that the geometry of the
multilayer binary grating structures allows easy fabrication of high aspect ratio 2D

photonic crystals which are quasi-infinite in length.
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Comparison of fabrication scheme
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Figure 5.1: Comparison of fabrication and geometry between two 2D photonic crystals
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5.2 Design

The design of these 2D photonic crvstals starts from form-birefringent nanostructures.
The calculated reflectivity for both TE and TM modes through Si/Si0, multilayer
structures are shown in Figure 5.2. The designed dimensions of these S1/Si05 multi-
layers are 130nm/260nm, respectively. A 42 degree incident angle is chosen to separate
the incident and reflected light. An angular incidence which increases optical path
and reflectivity when passing through these multilayers can be used to reduce the
number of layers. The high refractive index layers placed on the top and the bottom
of the structures also increases the reflectivity [38]. The wide band spectrum and the
large angular spectrum come from the nature of 2D periodic structures. Comparable

optical properties can not be obtained by natural crystals or simple gratings.

5.3 Results

5.3.1 Fabrication procedure

The fabrication procedure is shown in Figure 5.3. Instead of single layer substrate high
spatial frequency (HSF) binary gratings, we fabricate multilayer HSF binary gratings.
First, five 5i/5i0, alternate layers with 130nm/260nm, respectively, are deposited by
reactive RE sputtering on the top of a glass slide. The two layers of PMMA resist
are used to improve lift-off quality. Next. 30kV electron beam lithography defines
a grating with 300nm lines and a 600nm period on the 200nm PMMA layer. This
PMMA layer then works as a template to lift-off 80nm chromium. The Cr layer in turn
1s the etch mask during reactive ion etching. The Si and SiO, layers are anisotropically
etched by using CyFy at etch rate of 20nm/min and mixture of CCl,Fy and NF; at
etch rate of 100nm/min in a reactive ion etcher (RIE), respectively. The layers are
over etched to make the bottom of each layer clean. Finally, the remaining Cr mask
is removed by a wet ctch. In this way, a high quality photonic crystal with 600nm
period and 0.9um depth is constructed [39]. Figure 5.4 shows the SEM image of this

5i/8i0, multilayer structure. The roughness is due to mask erosion during the long
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Figure 5.4: SEM image of Si/SiO, multilayer structures. The roughness is caused by
the mask erosion

sequential reactive ion etching procedure.

5.3.2 Measurement and comparison

The optical characterization is shown schematically in F igure 5.5. A He-Ne laser

at 1.523um passes through a polarization rotator to select the desired polarization.
This polarized light is then focused on the sample mounted on a rotation stage. A
visible He-Ne laser is used to help focus on the pattern. This polarizing beam splitter
1s characterized by mecasuring both the transmitted and reflected power of TE and
TM modes for different incident angles. Then the results were compared with the
numerical simulation results obtained by rigorous coupled-wave analysis (RCWA).
Figure 5.6 shows the comparison between measurement and simulation of the 2D
micropolarizer with the extinction ratio as high as 820:1 for transmission at 1.5um.
The roughness of the structure causes a significant drop of extinction ratio at the

designed angle. But the broadband nature of the 2D photonic crystal really exhibits
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the strong extinction ratio between transmitted TM and TE modes even with the

fabrication errors. The manufacturable process and the excellent performance show

the promising application of 2D photonic crystal in polarization selective elements.
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Chapter 6 Discussion

6.1 The next generation micropolarizers

To further simplify the fabrication process and to reduce fabrication errors, we can use
the GaAs/AlAs material system to construct a polarizing beam splitter. Figure 6.1
shows the fabrication procedure. First, two and a half pair of GaAs/AlAs layers
with thickness 130nm and 220nm respectively are grown by molecular beam epitaxy
(MBE). Then a 200nm SiO, layer followed by a 50nm Au layer is deposited on the
top of the wafer. 30kV electron beam lithography is conducted to define 300nm line
width and 600nm period on PMMA layer. The PMMA pattern is then transferred by
Ar ion milling into a Au layer. This Au mask layer is then amplified by etching into
510 layer using CyF¢ reactive ion etching. This SiO, layer serves as an etch mask in
Ar ion beam etching assisted by reactive Cl, gas. The grating pattern is transferred
into GaAs/AlAs layers with a depth of 1.6m. Then steam oxidation converts AlAs
layer into Al;Ojy layer. This process will increase the contrast of the refractive-index
between alternate layers. Finally, the SiO, mask is removed in HF [40]. Figure 6.2 and
6.3 show SEM images of this multilayer structure and a close-up view of the alternate
layers. The dark lines in the picture are Al,O; layers due to the low secondary
clectron emission and show a volume shrinkage of about 10% from AlAs to Al,Oj.
The optical characterization of this device doesn’t exhibit the high extinction ratio as
the S5i/SiO, micropolarizers because the high refractive index substrate is used as a
reflecting mirror. The extinction ratio can be improved by inserting a low refractive
index substrate underneath the 2D micropolarizer. The simple way to accomplish
this is by growing an AlAs layer underneath and converting it into Al,Os; as an

antireflection coating.
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Figure 6.2: SEM image of a 2D micropolarizer with GaAs/Al, O3 structures

Figure 6.3: SEM image of a close view of a 2D micropolarizer; the bright layer is
GaAs and the dark layer is Al,O3 which shows volume shrink
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6.2 Design of the next generation polarization se-

lective mirrors

We have demonstrated the micropolarizing beam splitter based on multilayer strue-
tures. One of the applications is to control the polarization of vertical cavity surface
emitting lasers (VCSEL) [41, 42]. In order to amplify only one polarization of a VC-
SEL, a polarization selective mirror is required. Typically, an external mirror is used
to control the polarization of VCSEL. Here, we propose a polarization selective mirror
which can be easily fabricated and integrated with top mirrors of VOSELs. These
mirrors are simply 2D photonic crystals with a square lattice. Figure 6.4 shows the
fabrication scheme and calculated spectra of these mirrors. A single substrate with
high refractive index is required. We define the line grating using electron beam
lithography and transfer into robust mask. Next, angle anisotropic etching is per-
formed at 45 degrees to the normal. Finally, the mask is removed by a wet chemical
etch. These mirrors are predicted to show a high reflectivity (>>99%) for TE mode
and low reflectivity (=30%) for TM mode. A thin antireflection layer of low refractive
index can be placed under the mirrors to further reduce the reflectivity of the TM

mode.

6.3 Summary

We have shown that these artificial periodic nanostructures exhibit excellent form-
birefringence properties. Micropolarizers based on 2D photonic crystals are demon-
strated with great polarization selectivity between transmitted TE and TM modes
and are the first useful and manufacturable photonic crystal structures. The simple
fabrication method makes these 2D micropolarizers useful in a wide range of applica-
tions for diffraction optics. The choice of dielectric materials is made to widely tune
the devices in different spectral ranges. Although looking for a complete bandgap
or suppressing all the optical modes in photonic crystals has been the first goal in

bhotonic band engineering, the physics resulting from passive photonic crvstals is also
g 3 \ g )
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very interesting. Engineering and characterization of these crystals in optical devices

are presently of greater immediate interests.
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Part I1I

3D photonic crystals
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Chapter 7 Introduction and motivation

7.1 Introduction

The properties of a photon can be modified in a periodic dielectric structure if the
period of the structure is comparable to the wavelength of light [43, 44, 24]. In
the simple one-dimensional case, dielectric Bragg mirrors exhibit a high reflectivity
region or a stopband at the normal incident direction. If the structure has periodicity
in all directions, a complete 3D photonic bandgap can open in all directions. To
understand that new idea, it was natural for researchers to devise artificial photonic
crystal structures which behave toward electromagnetic waves in the same manner
as natural semiconductor crystals behave toward Schrodinger waves. The possibility
of a complete 3-D photonic bandgap has stimulated the imagination and led to a
field [3, 45] of electromagnetic band structure engineering. Based on the similarities
between the Schrodinger equation and Maxwell’s equation, the terminology which
was used to describe photon waves [43, 44] has been largely borrowed from solid state
physics [46, 47]: reciprocal lattice, Brillouin zones (BZ), dispersion relations, Bloch
function, etc.

A frequency-forbidden band around the K vector is raised due to the periodicity
in space. Figure 7.1 shows the dispersion relation of both electron and photon in
crystal. The forbidden band is open in the photonic crystal due to the periodicity of
the structure, and the electron dispersion relation is scaled down 1000 times to fit in
the same plot. Electrons in the conduction band have a tendency to recombine with
holes in the valence band and emit a photon with a frequency characteristic of the
energy gap. But if the energy of this emitted photon lies into the forbidden gap of
the photonic crystal, this electron-hole recombination process is then inhibited. The
most interesting property is that if the photonic bandgap lies over the semiconductor

bandgap, we will be able to control the spontaneous recombination process. To find
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50

a structure with three-dimensional periodicity and a complete bandgap, we can learn
from solid state physics. In order to overlap the forbidden bands in different directions,
the face center cubic (FCC) structure in which the first Brillouin zone closely matches
a sphere is a good candidate. Yablonovitch etal. made several attempts in searching
for the complete bandgap using variations of FCC structures [48, 49, 5, 50]. In
addition to the geometry of the structure, he also found that the refractive index
contrast should be large enough to obtain a complete photonic bandgap. The detailed
description of such a 3D photonic crystal will be given in next chapter.

Donor and acceptor modes in solid state physics are the essential properties of
semiconductor devices and also applicable to photonic crystals [51, 3, 45]. Photonic
bandgap structures are expected to lead to devices with interesting and unusual prop-
erties such as inhibition of spontaneous emission, and localization of modes [43, 44, 3].
In 1946, E. Purcell suggested that the spontaneous emission can be enhanced in a
small cavity [52].

()@

spontaneous emission enhancement factor = o (7.1)
T Veaw

In a 3D photonic bandgap structure, electromagnetic modes, spontaneous emission
and zero-point fluctuations are all absent. The insertion of a local defect in a pho-
tonic crystal leads to a high-Q), single-mode nano-cavity [5]. These nano-cavities
will ultimately permit full 3D confinement in the tiniest optical mode volume =
(A/2n)3, where n is the refractive index. The spontaneous emission enhancement
factor is higher, and all spontancous emission will be useful. The ability to control
electromagnetic mode density has suggested the use of these artificial structures for
applications in quantum optics such as photon-number state-squeezing [53], single-
mode light-emitting diodes [3] and photon localization [44], the analog of Anderson
localization [54] for electrons in disordered media.

Originally, the application for photonic crystals was focused on lowering threshold
currents for lasers and increasing the efficiency of light emitting diodes. However,

more recently passive elements such as high reflectivity mirrors, low loss waveguides,
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and polarizing beam splitters have also become very attractive. In this part of work,
we would like to demonstrate the techniques for fabrication and characterization of

the first 3D photonic crystal in the infrared region.

7.2 Motivation

The beauty of the Maxwell’s equations is that the dimensions are scaleable. Re-
searchers have developed sophisticated techniques in the microwave field for years.
Usually, microwave models are used to study photonic crystals. Many groups have
successfully designed and fabricated 2D and 3D photonic structures in the microwave
region [49, 55, 56, 57, 58, 59]. They showed a good agreement between the theoretical
prediction and experimental results. In 1991, Yablonovitch built the first 3D pho-
tonic crystal which was modified from a face center cubic (FCC) structure showing
a complete bandgap in the microwave range [50]. This structure is later referred to
as " Yablonovite” [45]. Figure 7.2 is a schematic procedure for defining Yablonovite.
A group in Towa State University later proposed a layer-by-layer structure shown in
Figure 7.3 which is a modified version of diamond structure and obtained a complete
bandgap [4, 60].

The complete bandgap obtained in microwave spectra raises a lot of interests in
scaling the dimension down to the optical range. However, because of the absence
of easy microfabrication processes, the interest in applying photonic crystals to the
optical region has focused mainly on 1D and 2D photonic crystals [61, 34, 62, 33].
Typically, 2D photonic crystals have been made by planar pattern definition of rods or
holes perpendicular to the wafer surface by transferring 2D periodic patterns straight
into the semiconductor (as we show in part 2). The microfabrication of 3D photonic
crystals, however, is more difficult than that of 2D crystals because angle etching
or regrowth are required to obtain a refraction index modulation in the Z direction.
For far infrared radiation, the structures proposed by the lowa group can be fabri-
cated simpler than Yablonovite in larger dimensions. But when the dimensions of

the structures shrinks down to the sub-micron range, the Iowa structure requires pre-
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Figure 7.2: Schematic process of 3D photonic crystals (Yablonovite)

A/

cise alignment of layer-by-layer patterns. Compared with complicated regrowth and
alignment procedure for Towa structures, Yablonovite seems more straightforward in
the fabrication issue. The details of this structure will be described in the following

section.

7.2.1 Structure of Yablonovite

In 1991 Yablonovitch proposed a modified FCC structure which exhibits a complete
photonic bandgap and later was referred to as ” Yablonovite” [5]. Before he proposed
this idea, he had been working on several versions of FCC structures but none of them

showed a complete bandgap [48, 49]. Yablonovite is based on an FCC-like structure



23

Figure 7.3: Picture of 3D photonic crystals proposed by Iowa group, after K.M. Ho
etal. 1994 [4]

which three straight rods etched into a hexagonal array of holes at 35.26° to the
normal and spread 120° on the azimuth (see Figure 7.2 in the previous session). It is
essentially a diamond-like structure. The idea originally came from an FCC crystal
because the first Brillouin zone (BZ) of an FCC crystal is very close to a sphere which
may increase the chance of an overlapping continuous bandgap in all directions. (see
Figure 7.4) Instead of putting air spheres in the lattice locations, three straight holes
arc etched into three facets in the Wigner-Seitz cell of an FCC crystal (3, 5] (sec
Figure 7.5). Looking straight onto the (1,1,1) plane of an FCC cubic, these three
holes are corresponding to (1,1,0), (1,0,1), and (0,1,1) directions.

Figures 7.6-7.9 show the four different views of the crystal. The air volume and
the refractive index contrast of the structures can also change the band structures.
The detail of the design will be discussed in the next section. Figure 7.10 shows a
complete forbidden gap along the BZ of Yablonovite. Theoretical calculations and

microwave experimental results are compared [5]. The width of the forbidden gap is
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indicates the air sphere or air column
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Figure 7.6: Top view of a 3D photonic crystal

determined by both the geometry and the refractive index contrast [7].



96

Figure 7.7: Cross section view of a 3D photonic crystal

Figure 7.8: Cross section view of a 3D photonic crystal
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Tilt view of a 3D photonic crystal

Figure 7.9
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Chapter 8 Design and fabrication of 3D

photonic crystals

8.1 Theoretical approach

8.1.1 Plane wave expansion

The behavior of the electromagnetic waves can be clearly described by Maxwell’s
equations [63, 64]. We consider the simplest case which the medium is linear, isotropic,

source-free and magnetic permeability is constant over the medium. We have

V-e(MEFL = 0 (8.1)
V-H({FL) = 0 (8.2)
Vx E(Ft) = —%QI%(:@ (8.3)
Vx HFt) = 6—?9’? (8.4)

and the wave equations for both magnetic field and electric field are

2

V x (6—(17;)v x H(f) = %H(ﬁ ) (8.5)
V x (V x E(7) = ~“c’—2€(f)E(f, t) (8.6)

We start with a lossless periodic dielectric structure. Since the dielectric constant

¢(7) is a periodic function, it is possible to expand it into a series of Bloch functions.

e(7) =D egerp(iG - 7) (8.7)
G
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where G is a reciprocal-lattice vector, and ¢ is Fourier coefficient. The electric and

magnetic fields can be expanded by the same Bloch functions.

H(Ft) = e ™ Hgexplilk +G) - 7 (8.8)

E(Ft) = e—thEGex-p[i(E+G)-ﬂ (8.9)

where Hg and Eg are Fourier coefficients. Therefore, we substitute the wave equations

with the Block function above and we have [24]

(k+G) x Y nwak +G) x Hol +w?He = 0 (8.10)
o

(k+G)x [(k+G) x Eq]+* Y eceEe = 0 (8.11)

Jeg

where

caer =e(G—=G") | €)= egexp(iG - 7) (8.12)

G
nee =n(G—-G") E(lr—") = ;ngexp(iG - ) (8.13)

By solving these eigenvalue problems, we quickly obtain the dispersion information
about the structures. The accuracy of the calculation is determined by the number of
expansion waves. The magnetic wave equation is easier to calculate because the oper-
ator of the eigenvalue problem is Hermitian [45, 65]. If the periodicity of the structure
is only in onc or two dimensions, we can easily solve the eigenvalue problem [24, 66].
But in three-dimensional case, the problemn becomes more complicated. Leung etal.
have solved the particular Yablonovite case using a full vector wave calculation [7].
The result is shown in the previous chapter. For three-dimensional structures or non-
perfect periodic structures, the plane wave expansion method is not a convenient way
to proceed. To overcome these problems, a finite-difference time-domain (FDTD)

method is used.



61

Hz Ey

KT
(iJ e+ 1) F—— t—-- — £

I J
| ,—J‘— _i _f'l_'-"'_ -

(-Tj+Tk+1)

I
[

1.k By (ij+1k

Figure 8.1: The position of the field components in Yee’s mesh for finite-difference
approximation, after K. S. Yee 1966 [6]

8.1.2 Finite-difference time-domain method

Finite-difference (FD) techniques have been developed to provide a very efficient way
of solving time domain electromagnetic field problems. In a FD method, a space-time
mesh is applied and Maxwell’s equations are replaced by a system of FD equations
on the mesh. The mesh can be applied on either homogencous or inhomogeneous
structures [6, 67, 68]. Typically, a mesh with Cartesian coordinates is used. We

denote mesh points as

(i, 5. k) = (i6, jo, ko) (8.14)

where 6 = dz = oy = dz is the space increment, and any function of space and time

as

F"(i, j, k) = F(i6, j6, k6, nét) (8.15)
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We position the field components of £ and H on the mesh following Yee’s notation and
evaluate 2 and H at alternate half-time steps (sce Figure 8.1). Using the differential

form of Maxwell’s equations

pOH = —V xE (8.16)
E = VxH (8.17)

we get the FD approximation. (Here, only the x-component is shown.)

4G k) = SR+ sk
_ (%).[EZ7L(Z',]'+1,/<+%)—Ez"(i,j,kJr%)
- Ey”(i,j+%,/{:+1)+Ey"(i,j+%:k+1)] (8.18)
B b = el g
_ Hyn+%(i+%,j,k+%)+Hy”*§(z'+%,j,/f—%)] (8.19)

One can now evolve in time the initial field values at cach point using the above
equations.

If the crystal is not perfectly periodic, the plane wave expansion method usu-
ally has difficulty in converging because of the high frequency terms caused by the
discontinuity. In this case, the finite-difference time-domain method has several ad-
vantages over the plane wave expansion method. The arbitrary dielectric function
can be solved to an arbitrary accuracy dependent on the size of the cells. The time
domain calculation with an additional filter can greatly reduce the calculation time.
In order to find a ficld distribution at a certain frequency, we multiply the frequency
spectrum with a notch filter [69]. We did all the calculations in the time domain,
which corresponds to a convolution between the real field distribution and a sinc
function. The length of convolution determines the width of the resultant filter in

frequency.
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The disadvantage of this method is the large demand on the computing memory.
With limited computer memory, we applied the filtered finite-difference time-domain
calculation to analyze the finite depth of a 3D photonic crystal. The calculation is
conducted on 3D photonic crystals with infinite periodicity in X-Y plane and only
three and a half layers in Z direction. The crystals are sandwiched by air and dielectric
substrate. The structure is shown in Figure 8.2. In order to calculate the electric field
distribution, an initial plane wave incident on the surface was used. The structure is
mirrored in the Z direction. Figure 8.2 shows the simulated electrical field distribution
in 3% periods of Yablonovite. The simulated results show that most of electric energy
is scattered outside of photonic crystals and only a small part of electric energy
passes through photonic crystals and leaks out from the substrate. We can calculate

the quality factor (Q-factor) by calculating the energy dissipation.

o Tw foT u(t)
@7 ) o) (820

where u(?) is the energy distribution at time ¢, and w is the specific frequency. Then

we can obtain the reflectivity of the structure by

. 27TL/\
- —InR

(8.21)

where L, is the cavity length in wavelength, and R is the modal reflectivity [69].

8.2 Experimental approach in 3D optical photonic

crystals

8.2.1 Design criterion

Here, we describe the methods used to fabricate a 3D photonic crystal in the near
infrared range. First, we have to choose a material which is transparent with low

absorption in the wavelength regime. The higher the refractive index contrast is, the
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Figure 8.2: Stimulated electric field distribution calculated by filtered finite-difference
time-domain method for a unit cell of 3% layers of Yablonovite, the dielectric constant
15 12.96 and the major hole diameter is 0.53 in unit of length of lattice constant



65
wider the resulting bandgap will open. Moreover, the most important issue is the
fabrication capability. Combined with all of the factors mentioned above, we have
chosen GaAs as a substrate with a high refractive index (n=3.6) and low absorption
in the near infrared region.

The dimension of the crystal depends on the hexagonal array of (1,1,1) planes.
Figure 8.3 is a contour plot of gap widths and the midgap frequency as a function of
refractive index n and d/a [7]. From this figure, we choose the midgap frequency and
the gap width (15% of the midgap frequency) for GaAs and then find out the lattice
constant @ and the major diameter d. In order to characterize 3D photonic crystals
in the infrared range, the dimension of photonic crystals must locate within a window
of the GaAs band edge and the absorption limitation of the InGaAs photodetector.
Figure 8.4 shows the conduction band edge as a function of center to center spacing

in the (1,1,1) plane and major hole diameter within the window for GaAs substrate.

8.2.2 Calibration of process

The fabrication of these 3D photonic crystals depends on both lithography and
anisotropic etching processes. Nonuniformity in lithographically defined hexagonal
patterns results from an unstable electron beam during resist exposure and devel-
opment. A better way to reach uniformity is to adjust the exposure dose and the
development. The mask amplification process also requires high anisotropic etching.
Careful calibration is required during the angle etching. Figure 8.5 shows that exces-
sive reactive gas causes undercuts and hollow structures under the mask. Figure 8.6
shows that less reactive gas causes significant surface roughness of structure during the
etching. The roughness results in the undesirable optical properties. The anisotropic
etching can be accomplished by adjusting the reactive gas pressure and the ion beam
voltage.

Figure 8.7 shows the unbalanced etching depth between three different angle direc-
tions resulting in the gradient refractive index contrast [33]. The unbalanced etching

in three directions can be improved by rotating the sample frequently during the
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Figure 8.3: Contour relationship of gap width to the midgap frequency ratio (solid
lines) and the midgap frequency in reduced unit (i.e., ¢/a) (dashed lines) as a function
of both the refractive index contrast n and the major diameter of the oval holes (i.e.,
d/a) for Yablonovite. The dashdotted linc gives the optimum diameter as a function
of the refractive index, after G.X. Qian etal. 1991 [7]
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Figure 8.5: SEM image of undercut structures due to excess reactive gas

Figure 8.6: SEM image of rough surfaced structures due to less reactive gas
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Figure 8.7: SEM image of structure with unbalance etching in three directions

etching. The first direction requires longer etching time to remove more material.
The second direction etching time should be half as long and the third direction,
one-third as long as the first direction’s time. After two or three rotations, the etch-
ing depths are similar in all three directions. The other solution for the unbalanced
etching depth is simultancously using three ion guns which tilt at 35 degrees and 120
degrees apart instead of just using one ion gun. The problem of using threc guns is
the different etching rates among one another. More careful calibration is required to
achieve similar etching rates. Mask erosion is also more serious when operating two
or three ion guns at the same time. A robust mask is necessary when using multiple

10N sources.



70
8.3 Fabrication using SiO; and Ni masks

As part of this research, we have reported the successful microfabrication of 3D pho-
tonic crystals with four repeating (1,1,1) layers in depth, fabricated for reflection in
the infrared range [70]. These previous results were obtained by using a robust planar
SiO, and Ni mask. Figure 8.8 shows the scheme of fabrication procedure. Here, we
demonstrate the details of the fabrication procedure. First, a SiO, layer of thickness
400nmm is deposited by reactive sputtering on the top of GaAs wafer and followed by
a 100nm evaporated Au layer. The thickness of the SiOy mask is critical because a
thinner layer would limit the total etch depth and a thicker layer would cause shadow
effects during the final angle etching. A 30kV electron beam defines the hexagonal
array of holes in a 70nm PMMA layer. The PMMA pattern is then developed at 3:7
cellusive:methanol for 15 seconds and works as a mask to transfer the pattern into
the Au layer using argon ion milling accelerated at 1.5kV. Figure 8.9 shows the SEM
image of the pattern after ion milling. Next, a SiOs layer is patterned by reactive ion
etching using CyFy as reactive gas at an etch rate of 20nm/min. Figure 8.10 shows
the SEM image of the pattern after reactive ion etching. The selectivity in reactive
ion etching between Au and SiO, is about 4:1, which is lower than Cr vs. SiO,. The
advantage of using an Au layer instead of a Cr layer is that we can transfer the pat-
tern from PMMA into SiO, without wet chemical etching. Finally, three-directional
angle etchings are performed using chemically assisted ion beam etching (CAIBE)
with an argon ion beam assisted by Cly reactive gas. One ion gun with careful ro-
tation sequences is used. Figure 8.11 shows the first and the smallest 3D photonic
crystal fabricated on GaAsP substrate with 350nm spacing and 300nm hole diame-
ters [33]. The Ni mask is then developed to improve the selectivity between mask
and material. We have demonstrated the first 3D photonic crystals with up to four
repeating layers in the near infrared range. Figure 8.12 shows the top view of 3D
photonic crystals. Figure 8.13 and 8.14 show the two different cross section views of
3D photonic crystals. The nondestructive way to determine the number of periods

in normal direction can be obtained by tilting the sample at a high angle in SEM.
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Fabrication Procedure of 3D Photonic Crystals
using Ni/Si0, etch mask

1. Mask deposition PMMA
Au/Cr
IBEERANEREENESNAE NSNS .
VA S A AR A S A " Si0z [
Ni £33

GaAs substrate

[AV]

Electron beam lithography

T T T I T[T T LTI T T[T T ITY

.....................................

GaAs substrate

3. Au etch by Ar ion milling
— PMMA

P HHAHHHBHHH
O I O B R Au/Cr

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

GaAs substrate

4. Si0, etch by reactive ion etching

Au/C
?ﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁﬁ%isro/zr

B 506 00 S SR M s s s o 0 S S8 s e s 0 0 D S S i 0 20 T

GaAs substrate

5. Ni/Si0, etch by Ar ion milling

N BEEERE B BT

GaAs substrate

6. Transfer pattern into semiconductor
by CAIBE at three directions

" GaAs substrate

Figure 8.8: Fabrication procedure of 3D photonic crystals using Ni/SiO, etch mask
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Figure 8.10: SEM image of hexagonal pattern after reactive ion etching
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Figure 8.11: SEM image of the first and the smallest 3D photonic crystal on GaAsP
substrate with 350nm spacing and 300nm hole diameter
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Figure 8.12: SEM image of top view of 3D photonic crystal

Figure 8.15 is the SEM image of four repeating layers of 3D photonic crystals tilting
at 25 degrees. These can be compared with the computer generated figures from the
previous chapter (see Figure 7.6-7.9), and it can be seen that they are exactly the
same. The complicated sandwich Ni mask produces the deeper structure but also
introduces fabrication errors. Figure 8.16 shows the fabrication error due to the Ni
ion milling procedure. The main difficulties of constructing these crystals with dra-
matically improved optical performance lie in the limited depth of the crystals, as
well as the fidelity of mask replication. Usually, the finite selectivity of a planar mask

severely limits the total depth of the crystal.
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Figure 8.13: SEM image of cross section view of 3D photonic crystal

8.4 Results and measurements

8.4.1 Optical transmission measurements

The 3D photonic crystals are characterized using transmission measurements. The
transmission spectrum is measured instead of the reflection spectrum because of the
scattering loss in the latter measurement. The optical transmission characteristics of
the nanofabricated photonic crystals are measured through a 40 x 40 pum? aperture
in a Nickel mask, at room temperature, with the light incident along the photonic
(111) axis parallel to the L? point in the photonic reciprocal space (surface normal to
the GaAs wafer) [3]. The Ni aperture masks are thick enough to insure total opacity
outside the area of the photonic crystal. The optical characterization setup is shown
on Figure 8.17. A quartz tungsten halogen lamp along with an f/4 monochromator
delivers wavelengths between 0.9 pm and 1.7 pm, within the transparent region of

GaAs. This light is then focused onto the sample using an off-axis paraboloid mirror.
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Figure 8.14: SEM image of cross section view of 3D photonic crystal

Reflective optical elements are needed in order to eliminate chromatic aberration, a
severe problem in refractive optics while being used over the wide spectral range.
The transmitted light is then collected in an InGaAs photodetector. For the absolute
transmission calibration, the optical spectrum is normalized to the spectrum of an
adjacent unpatterned 40 x 40 pum? aperture.

A measured optical transmission spectrum of a GaAs photonic crystal is shown
by the solid line in Figure 8.18. The photonic bandgap lies in the near infrared with a
width of about 19% of its mid-gap frequency. We notice that while the transmission
at the photonic valence band edge approaches unity, the photonic conduction band
exhibits only ~40% transmission. This is quite common in the photonic crystals,
and is due to the electromagnetic mode mismatch between external plane waves and
internal Bloch conduction band modes [71]. The attenuation in the bandgap region
of our microfabricated 3D photonic crystals only shows 80% reflectivity, which is

lower than we expected from previous microwave measurements, described in the
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Figure 8.15: SEM image of tilted view of 3D photonic crystal

next section.

8.4.2 Comparison with microwave crystal

Microwave measurements for three repeating periods of a photonic crystal have been
taken and scaled down to optical wavelength range to compare to our optical results.
The scaling number is carefully chosen by the ratio of spacing, difference of dielectric
constant, porosity change, and so on. The nondestructive inspection of microfabri-
cated crystals is performed by scanning electron microscopy (SEM). We are able to
determine the structure depth, variation of hole sizes as well as porosity by obser-
vation along the direction of one of the etched holes. Figure 8.18 shows that the
conduction band of microwave models matches that of optical crystals, but the atten-
uation in the microwave models is much stronger than that in our photonic crystals.
As the depth increases, the amount of attenuation should increase as predicted from

microwave measurements. Three periods of a perfect 3D photonic crystal should yield
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Figure 8.16: SEM image of top view of a 3D photonic crystal showing the fabrication
error by Ni mask
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a reflectivity in excess of 95%. We believe that the reason for the lower attenuation is
the variation of hole sizes and tapered etching which results from mask erosion during

the angle etching process.
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Chapter 9 Spectra tuning by

microfabrication

9.1 Lithographic tuning method

We have successfully fabricated 3D photonic crystals with up to four repeating layers
in the optical wavelength range. The performance of these 3D photonic crystals is
not as high as we expected because of microfabrication errors and limited depth.
In order to verify the performance of these 3D crystals, we can deliberately change
the structure spacing by microfabrication. With anisotropic angle etching, the 2D
hexagonal mask pattern can be adjusted through changes in lithography to tune the
spectral properties of the resulting crystals.

We have fabricated and characterized an array of photonic crystals with varying
spacings and hole sizes on a double-polished GaAs wafer (Figure 9.1). The litho-
graphic dimensions of these crystals are chosen from model predictions to yield pho-
tonic band gaps in the near-infrared wavelength range. The spacing between the
holes in the lithographic pattern which defines the (111) plane of the FCC crystal
is proportional to the lattice parameter and center wavelength of the band gap in a
photonic crystal. Thus, it is possible to tune the center wavelength of a structure dur-
ing the electron beam writing step by systematically changing the distances between
holes. Similarly, the sizes of the holes with a given spacing also influence the spectral
response since the hole size changes the porosity of the crystal, and thereby alters
the average refractive index of the resulting photonic structure. The hole diameter
can also be changed lithographically, and can be conveniently adjusted by altering

the exposure dose during the beam writing process.
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Figure 9.1: Array of 3D photonic crystals with varying center to center spacings and
hole diameters by lithographically tuning
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Transmission spectra with period tuning
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Figure 9.2: A series of transmission spectra show the shift of the conduction band
edge by tuning the lattice constant of the structures. The period, which means the
center to center spacings on (1,1,1) plane, is ‘/7§>< lattice constant

9.1.1 Conduction band tuning

Optical measurements are undertaken on the series of microfabricated photonic band
gap crystals shown in Figure 9.1. In Figure 9.2 we show transmission as a function
of wavelength for the spectra of three of the crystals characterized by Figure 9.1(a),
(b), and (c). For comparison, we also include another spectrum from a 850nm lattice
spacing crystal which is measured on a separately fabricated GaAs chip. As would
be expected when the lattice parameter becomes larger, we observe a shift of the
spectral features to higher wavelengths.

When only the sizes of the holes are changed in a series of microfabricated crystals
with fixed lattice parameters, we again observe a shift in the spectra. This is shown
in Figure 9.3, where we note that crystals with higher porosity shift their spectral

features to lower wavelength. This shift can be qualitatively explained by the lower
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Figure 9.3: A series of transmission spectra show the shift of the conduction band
edge by tuning the porosity of the structures which have the same lattice constant.
The porosity is proportional to the major hole diameter and the lattice constant
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average refractive index of the more porous crystals. The similar spectral shifts
shown in Figure 9.2 and 9.3 are also found all over the whole array. We have so far
reproduced these measurements on other microfabricated samples, and believe that
it is possible to predict the spectral features of photonic crystals by careful control

over the microfabrication mask.

9.2 Microwave measurement comparison

A measured optical transmission spectrum of a GaAs photonic crystal was shown by
the solid line in Figure 8.18. In this sample, the photonic bandgap lies in the near
infrared with a width of about 19% of its mid-gap frequency. The dotted and dashed
lines on Figure 9.4 labeled " Constant Diameter” and " Tapered Diameter” correspond
to microwave transmission spectra for 17300x scale models made of Stycast with a
dielectric constant = 12, i.e., matching the dielectric constant of GaAs. These scale
models were fabricated using precision tools in a conventional machine shop, and
consisted of 2.5 lattice layers, (2.5 x a/+/3), bonded to a thick slab of Stycast material
meant to simulate the GaAs substrate.

In order to represent the optical and microwave spectra on the same graph, the
microwave-lengths are divided by the same scaling factor, 17300, for the photonic
crystal of Figure 8.18. The evaluation of this factor deserves special clarification.
At first glance, the GaAs photonic crystal is a compressed version of the ”"Constant
Diameter” microwave model with the dielectric constant scaling relation £,_yae(7)
= Eoptical(T/s), Where 7s” is the ratio of center-to-center spacing between the two
structures. However, the microwave model is fabricated using conventional drill bits
with a round cross scction, while the GaAs photonic crystal is angle etched through
a circular hole pattern, producing elliptical cross section cylinders. The eccentricity
of the cylinders is given by cos 35.26° = 0.82. This results in a larger remaining
volume fraction of dielectric material in the GaAs photonic crystal, and consequently
a red-shift in the forbidden gap relative to the round hole case. The actual shift is

determined using the oval hole calculations by Qian etal., with infrared refractive
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index taken from the literature [7].

"Tapered Diameter” and ”Constant Diameter” are meant to distinguish microwave
models with and without a taper in the drilled hole diameter, dashed and dotted lines,
respectively, shown in Figure 8.18. The ”Constant Diameter” microwave scale model
attenuates electromagnetic radiation by 95% at mid-gap. The dashed line shown as
"Tapered Diameter” represents a similar microwave model, identical at the top sur-
face, but with tapered holes meant to simulate the expected decreased hole diameter
in the GaAs photonic crystal as we ion etch into the material. The overall taper
was approximately 4.8% per layer or 12% from top to bottom. By weakening the
interference effects on which the photonic bandgap depends, the taper considerably
degrades the mid-gap attenuation to 80%. Further, since less dielectric material is
removed due to the decreasing hole diameter, the band-edges also happen to shift to-
wards longer wavelengths. The mediocre spectral match between the GaAs photonic
crystal and the tapered microwave scale model indicates that the structural precision
of our current nanofabrication process is no better than 12%. Small variations in hole
diameter, as scen in Figure 9.1, are most likely responsible for some inhomogeneous
broadening. (Parenthetically, computational modeling of the tapered geometry is
sufficiently challenging that it leaves a role for scale model experimentation as done
here.)

Further evidence for the accurate scaling between microwave and optical wave-
lengths is illustrated in Figure 9.4 by the systematic wavelength shift in the conduction
band peak as a function of hole diameters and spacings (recorded from SEM micro-
graphs). The dotted lines are the corresponding transmission spectra of the tapered

microwave model.
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Chapter 10 Discussion

10.1 Fabrication using Al,O3; etch masks

We have developed alternative methods for easier pattern transfer and for a higher
selectivity between the etch rate of the mask and the semiconductor. Figure 10.1
shows the most recent fabrication procedure used for defining thicker 3D photonic
crystals. First, a 200nm AlAs layer and a thin GaAs cap layer are grown by MBE
on the top of the GaAs substrate. The sample is then coated with SiO, and Au.
Next, electron beam lithography defines a triangular array of circular holes which
corresponds to the (1,1,1) plane on PMMA. Then this pattern is transferred onto
a 50nm thick SiO, layer by CoFg reactive-ion etching. The SiO, layer serves as an
etching mask under Ar/Cly ion beam assisted etching at a 35 degree angle.[12] The
three-hole symmetric pattern is transferred into an AlAs layer which is subsequently
converted into AlyO3 by steam oxidation.[13] We have found that the Al,O3 layer has
an etch rate selectivity over GaAs larger than 30. This robust AlyO3 mask combined
with directional-angle ion beam etching can be used to define substantially deeper
3D photonic crystal. Care must be taken when etching in three directions since the
holes are at a 35 degree angle to the surface normal. The first angle etch has to thin
down the Al,O3 mask sufficiently to reduce any shadowing of the holes which must be
projected in the other two directions. We have so far made photonic crystals with six
repeating layers in depth by using such an Al,O3 angle-etch mask. Figure 10.2 shows
the SEM image of a cross section of a six layer 3D photonic crystal. This method
gives us more freedom in designing the structure compared with our previous work
using a Ni or SiO; mask.

Figure 10.3 shows a transmission spectrum of a crystal with a conduction band
at 1000nm. The attenuation in the bandgap region in this sample reaches 90% in the

normal incident direction. We attribute this improvement over our previous work to



90

Fabrication Procedure of 3D Photonic Crystals
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Figure 10.1: Fabrication procedure of 3D photonic crystal using Al;O3 etch mask
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Figure 10.2: SEM image of cross section of a 3D photonic crystal showing six repeating
layers
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Transmission spectrum of a 3D photonic crystal
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Figure 10.3: A transmission spectrum shows 90% attenuation in the bandgap region
resulting from the deeper structure of 3D photonic crystals

the use of Al;O3 as an etching mask which increases the number of the periods in

depth.

10.1.1 3D mask fabrication

The shadow effect which limits the thickness of a planar mask is a major limitation
when fabricating a 3D photonic crystal. Building a threc-dimensional mask is one of
the obvious solutions to this problem. A good candidate must have several properties.
The mold has to be fabricated in a simple and easy way and the mold becomes
the most robust mask after an additional process. In the previous session, we have
demonstrated the new techniques using steam oxidation of an Al,O3 etch mask. We
could transfer 3D photonic structures into a thick AlAs laver instead of a GaAs
substrate. This patterned AlAs layer serves as a mold. Stcam oxidation of this

mold can then form a robust 3D mask which no longer has any shadow effect during
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Fabrication Process for 3D Mask
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Figure 10.4: Scheme of 3D mask fabrication by steam oxidation of patterned AlAs
layer

the angle ion beam etching process. Figure 10.4 shows the fabrication scheme of a

three-dimensional mask.

10.2 Summary

We have developed the fabrication method to build high quality 3D photonic crystals.
A robust mask along with anisotropic etching condition are the two main requirements
in fabricating these 3D photonic crystals. During this rescarch effort, the mask could
be significantly improved in both the durability and the simplicity. AlAs with steam
oxidation offers the most promising candidate in the GaAs/AlAs material system.

Anisotropic etching is also improved when the selectivity of the mask is increased.
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Optical characterization is needed to be improved to further examine the reflection
properties of these microstructures. Finite-difference time domain calculations were
found to be the powerful tools to design and to examine the new 3D photonic crystals
geometry. Together with the optimization of nanofabrication techniques, simple and
high performance 3D photonic crystals can now be manufactured in the future.

Thus far our best mid-gap attenuation for GaAs nanofabricated photonic crystal
has been 90%. This modest performance can be understood by the observation that
we are testing the photonic crystal in its most vulnerable k-space direction Ls where
the vertical periodicity is indirectly produced by the intersection of holes below the
surface. On the other hand, the periodicity in the lateral directions is lithographically
written coherently over the 40x40 pm? aperture. Therefore, the optical attenuation
in the lateral directions is probably close to ideal. There are six lateral hexagonal
facets to the Brillouin Zone, and two vertical hexagonal facets in our geometry. A
weighted average indicates that spontaneous emission in all directions would probably
be inhibited by ~97%, even though the inhibition in the vertical direction is only 90%.

For stimulated emission, the lasing mode with the highest reflectivity would natu-
rally be sought out, depending on which cavity modes are designed to be supported.
The lateral reflectivity is probably more than sufficient to allow lasing in our photonic
crystals. We believe that thesc photonic crystals are already of sufficient quality to
allow commencement of experiments on modification of both spontaneous and stim-

ulated emission.



Part IV

Conclusion
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Chapter 11 Summary and future

direction

This thesis describes all my work during my studies in Caltech. Some of my research
was focused on the design and the improvement of fabrication processes which are
essential and necessary for my project. We have developed and optimized both high
resolution electron beam lithography and anisotropic ion beam etching for nanofab-
rication process. In the first part of this thesis, the resolution limitation of electron
beam lithography was explored. We have successfully modified a scanning electron
microscope (Hitachi S-450011) to a high resolution electron beam writer controlled
by a computer pattern generator. With optimized exposure dose and development
condition, we have demonstrated 15nm wide nanostructures with 30nm periods both
in dot arrays and line gratings using 30kV acceleration voltage and PMMA resist.
The ultimate resolution and the flexibility of electron beam lithography opens our
view on studying nanostructures. When combined with anisotropic angle ion beam
etching, lithographic defined planar patterns are transferred into three-dimensional
structures.

We are most interested in the periodic diclectric structures which exhibit very
interesting and unique optical properties. These structures arc named ”photonic
crystals.” The third part of this thesis is the original work on 3D optical photonic
crystals. To microfabricate structures with three-dimensional periodicity requires
careful optimization of lithography and etching conditions. The first 3D photonic
crystals, Yablonovite, with forbidden bandgap designed in the infrared range, was
demonstrated in a GaAs substrate and characterized by transmission measurements.
SEM images confirm the geometry of these photonic crystals with up to six repeating
layers. Transmission spectrum of photonic crystals shows that the attenuation in the

bandgap region reaches 90%. To further confirm the properties of photonic crystals,



97

an array of photonic crystals exhibiting geometric tuning by lithography were con-
structed. A series of transmission spectra confirmed the geometric tuning, a good
agreement with a microwave model. Although the vertical transmission shows 90%
only, the total spontaneous emission inhibition can reach 97% because of the near-
perfection in the lateral direction. These optical photonic crystals are expected to
be useful in studying single optical mode in a tiny cavity. We believe that these 3D
photonic crystals can be manufactured using a simple way in the near future.

Compared with the complicated process procedure of 3D photonic crystals, mi-
crofabrication of these 2D periodic structures seems more straightforward. In the
second part of this thesis, periodic structures with different functions were researched.
Passive optical components such as form-birefringent nanostructures and micropolar-
izers were introduced by rigorous coupled wave analysis. Good agreement between
simulated results and fabricated nanostructures was shown. These artificial single-
substrate nanostructures exhibit larger form-birefringence effects (-7 to 7) than natu-
ral crystals. With similar design, polarization selective computer generated holograms
were introduced and characterized. These holograms show the high polarization con-
trast ratios (up to 275:1) between first order diffracted TE modes and TM modes.
A new approach was presented to design a micropolarizer based on a 2D photonic
crystal. The manufacturable micropolarizers exhibit very high extinction ratios (as
high as 820:1) between transmitted TM modes and TE modes. These micropolarizers
also raise the interest in the application of photonic crystals.

We have shown our capability in design and fabrication of many optical devices
such as photonic crystals. We also have shown good agrecment between theoretical
prediction and experimental results. The presently-developed technology in lithog-
raphy and etching may have limitations now, but further improvements should be
possible. As photonic band engineering attracts more and more attention, and im-
provement in nanofabrication techniques develops, many applications of photonic
crystals such as single-mode light-emitting diodes and polarization sclective mirrors

could be achieved.
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Appendix A Chemically assisted ion

beam etching

After definition by lithography, it is necessary to transfer patterns anisotropically
without distortion. The condition of wet chemical etching with anisotropy has been
demonstrated [9]. But undercutting and crystal facet orientation usually limit the use
of wet etching in today’s microfabrication. Within the sub-micron range, high aspect
ratio structures require highly anisotropic etching. Therefore, energized ions together
with reactive gas are the candidates for the anisotropic etching [72, 73, 21, 74, 75, 76].

We have designed an ion beam etching system assisted by reactive gas. Figure A.1
shows the system schematically. A tungsten filament is used as electron source to
generate Ar (or inert gas) ions. High electric fields and magnets are added to extract,
and focus the ion beam. Energized ions bombard the sample covered by mask with
the help of reactive gases. Different reactive gases, depending on the materials, can be
used to improve the etching selectivity. GaAs, AlAs, InGaAs, or GaN can be etched
by Ar ions assisted by Cly gas {21, 74]. There are several advantages using these
chemically assisted ion beam etching (CAIBE) system compared with conventional
reactive ion ctcher (RIE). First, the high energy ions can increase the etching rate and
improve the anisotropy of the pattern transfer. Second, the longer distance between
ion beam source and the sample gives the freedom of tilting the sample at an arbitrary
angle. And high concentration of reactive gases can be added to change the surface
chemistry independent of ion source. Table A.1 shows the etching rate for different
materials in the CAIBE system. The sample holder can be modified by adding a
heater or a cooler to change the temperature of the substrate during the etching

process. In situ measurement can be made to control the process.



99

Inert gas Ar (or Xe) |
= L lon Beam Source
L Controller
v R‘_ _______ —_ p——-
Vape —a| TS /
LT e L In-situ Probe Current
J -y /| < Measurement
o /"' S ! v,
cenctveaer/ Adustaple /N
weaclive gas ! MNozzle Load Lock
—_
e |' m S h '|lI ':'l
\ Cla ™, ,_,f'iSample V1
i
Heater HR - f
Power Y Heating Stage / 11
S %
S e A
\-\"\K (f/_
_\_‘q—"‘—\—\___c,_ﬁ—’""—#-’—
_F-’_'_'—-—_'_ Te—
P ol ST
I'( 1'l ‘ ]I'I ""ll
I\. /1 N J
e o
Mechanic Diffusion Foughing
Fump Furmp Fump

Figure A.1: Chemically assisted ion beam etching system

Table A.1: Etching rate

table using our CAIBE system

Material | Etch rate(nm/min)
S10, 60
Cr 22
Ni 20
Au 100
Photoresist 150
GaAs 800
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Appendix B Steam oxidation of AlAs

mask

A robust etch mask is required for high resolution directional ion etching. Typically,
it is defined by lift-off or mask amplification procedure. The techniques have been
successfully used for high resolution fabrication, but are limited by the total thickness
of the mask and the 2D geometry. In order to fabricate high aspect ratio structures or
3D photonic structures, an alternative mask fabrication is introduced [40]. By learning
from the experience of fabricating low threshold vertical cavity surface emitting lasers
(VCSELs), we have found that an AlAs layer can be easily patterned by chemically
assisted ion beam etching and an Al,O3 layer has the highest selectivity (> 40:1) over
a GaAs layer. We also learned that an Al,O3 layer can be converted from an AlAs
layer by steam oxidation process [77, 78, 79, 80, 81]. The chemical reactions of the
oxidation process are discussed. The arsenic leaves the structure as arsine (AsHs),

and thus requires hydrogen. The chemical equations are provided below:

2AlAs -+ 6H2()(g) - AlgOg + AAASQOg + 6H2 (Bl)
1%82()3 +3H, — QAAS(S) +3 HzO (BQ)
9As + 6H —> 2AsH; (B.3)

Hydrogen might help in accomplishing a more complete removal of arsenic. Porosity
of the aluminum oxide seems to allow the arsine to exit the structure and also probably
accounts for the discrepency in calculated vs. measured shrinkage in the oxide films.

We use steam oxidation of an epitaxially grown AlAs layer to define high resolution
ion etch masks. These masks are extremely robust and form highly selective etch
masks for the ion etching of GaAs/Al,Ga; ,As devices after oxidation, and they can

be easily defined into intricate 3D structures while still in AlAs form. Figure B.1 shows
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the simple sequence of the process. First, an AlAs layer with desired thickness and a
GaAs cap layer are grown by MBE on the top of regular GaAs/Al,Ga; ,As devices.
The mask is designed as a part of the structures. Then, high resolution features are
defined by electron beam lithography on a thin PMMA layver. The PMMA layer is
developed in 3:7 cellusive:methanol. The PMMA pattern is then transferred through
an AlAs layer by a short ion beam etch with Cly reactive gas. This AlAs layer
is oxidized by steam oxidation conducted in a field oxide furnace with N, bubbled
through hot HyO at temperature between 300-400°C. During the oxidation procedure,
the AlAs layer is laterally oxidized underneath the GaAs cap layer. The precise
oxidation rate depends strongly on the furnace temperature and Al concentration of
Al,Gay_,As layer [78]. Finally, the pattern is transferred onto underlying structures
by chemically assisted ion beam etching using Al,O3 layer as a mask.

We have obtained high selectivity (> 40:1) between GaAs/Al,Ga; ,As etch rate
and Al,Oj erosion rate and high aspect ratio (> 10:1) structures. Figure B.2 shows
a SEM image of high aspect ratio structures using Al,O3 as an etch mask. The top
layer is an Al,Oj mask layer. The volume shrinkage from AlAs to Al;O3 is about
10%. The thermal expansion causes the lift off of the mask. The image shows the
clean interface between mask and structure. This problem can be solved by using
high Al concentration Al,Ga;_,As layers. Room temperature oxidation also exhibits
interesting phenomena. Figure B.3 shows tube structures fabricated due to the room

temperature oxidation of small holes followed by ion beam etching.
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Figure B.2: SEM image of high aspect ratio structure using Al,O3 etch mask

Figure B.3: SEM image of tube structures due to room temperature oxidation
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