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A new 3D microfabrication method has been developed, which uses only a single femtosecond
laser pulse and a hologram. For the microfabrication inside transparent materials, the optical axial
elongation of the fabricated structure is a major problem that has thus far limited design flexibility,
especially for the direction along the optical axis. By controlling the light intensity distribution
profile and using the adequate focal length of the hologram, this problem was solved and
homogeneous and elongation-free 3D microfabrication was achieved. © 2012 American Institute of

Physics. [http://dx.doi.org/10.1063/1.4705286]

. INTRODUCTION

Three dimensional microfabrication inside transparent
materials by laser irradiation has achieved drastic develop-
ment thus far. Various optical devices such as waveguides,l’2
couplers,™* gratings,”” 3D channels,* ' and optical data
storage'''? have been fabricated by this method.

To create a localized structural change, an ultrashort
pulsed laser with a longer wavelength than the absorption
edge should be focused inside the material. The high inten-
sity pulse induces nonlinear optical absorption processes,
namely the multiphoton absorption and the avalanche
jonization."*!” These processes yield free electrons which
transfer their excess energy to the lattice, causing permanent
localized structural change. Compared with their longer
pulse counterparts, femtosecond pulse lasers can produce
higher spatial resolution microstructures because of very
small heat diffusion effects.

For 3D microfabrication, the sequential laser direct writ-
ing method'>™"” has thus far been standard. This method is
very simple: it uses tightly focused laser pulses and only
relies on controlling a triaxial sample stage with high accu-
racy to fabricate dots one by one. This takes prolonged fabri-
cation time that is unrealistic for bulk production. Hence, we
developed a new 3D microfabrication technique that is
achieved by only a single laser pulse and a hologram.'®'? In
this technique, the phase distribution of the pulse is con-
trolled by a transmissive glass hologram pattern resulting in
regions where constructive interference yields a high light
intensity beyond the fabrication threshold. In other words, an
arbitrary 3D microstructure can be fabricated inside a trans-
parent material without any sample stage control. This 3D
microfabrication technique, therefore, has advantages such
as high flexibility in designing the 3D microstructure, high
accuracy in the relative position independent of that of the
triaxial scanning stage, high-speed fabrication, and flexible
aspect ratio of each fabricated dot independent of the numer-
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ical aperture (NA) value of the objective lens. The usability
of this technique is also demonstrated by several groups that
use a reflective spatial light modulators (SLMs)*° instead of
a transmissive glass hologram.>'** Each of them has differ-
ent advantages; SLMs can change hologram patterns sequen-
tially, but glass holograms are applicable for higher peak
power lasers, and have higher resolution than SLMs.

The biggest problem with this technique is an elongation
of the fabricated structure along the optical axis.'” This diffi-
culty is attributed to the fact that high light intensity regions
are formed by the diffraction of waves which arrive with a
narrow convergence angle. This is especially problematic in
the case of forming closely spaced multiple dots at different
depths, because the elongation length limits the minimum
interlayer distance. This is the main reason why this tech-
nique has been applied to only simple microstructures.”> >

In this paper, a method to achieve homogeneous and
elongation-free microfabrication is discussed. By using this
technique, we successfully fabricated a V-shaped line struc-
ture oriented vertically along the optical axis.

Il. EXPERIMENTAL DETAILS

A schematic diagram of the experimental setup used for
this holographic 3D microfabrication technique is shown in
Fig. 1. An amplified Ti:Sapphire femtosecond laser (Femto-
lasers/FEMTOPOWER compact PRO) with 800 nm wave-
length and 8 mm diameter was used as the light source. The
pulse duration and pulse energy were variable in the range of
26-735 fs and 10-700 pJ/pulse, respectively. The repetition
rate was variable in the range of 1-1000 Hz, which is too low
to cause thermal accumulation effects.

The femtosecond laser pulse penetrates through a phase
distribution pattern etched onto a 1-mm-thick optically pol-
ished silica glass plate (Shin-Etsu Chemical Co., VIOSIL). A
typical hologram pattern is also shown in Fig. 1. This holo-
gram pattern images a spirally arranged series of 24 dots
(left below in Fig. 1). The Fresnel-Kirchhoff diffractive inte-
gral method is used to calculate the hologram pattern. The
shape of the hologram is a circle with an 8§ mm diameter,

© 2012 American Institute of Physics
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FIG. 1. A schematic diagram of the holographic 3D microfabrication
system: a pulse emitted from the femtosecond pulse laser penetrates through
a hologram and an objective lens and fabricates a 3D microstructure inside a
sample material. The hologram pattern shown here is used for fabricating
the spiral dot array in Fig. 5.

which is same as that of the femtosecond laser pulse at 1/e?
intensity in order to use as much of the incident pulse energy
as possible. The holograms used in this report are binary
phase holograms calculated by the optimal-rotation-angle
method.’® This means that the phase distribution is con-
trolled by the difference in the thickness between etched and
non-etched regions on the glass plate. The etched depth is
equal to 870 nm, corresponding to a m phase shift. The white
pixels in the hologram pattern represent an area etched by
electron beam lithography and reactive ion etching. The
sidewall roughness of the step is less than 50 nm, which is
small enough to prevent the diffractive efficiency from
significantly degrading.”

The reconstructed 3D micropatterns were focused by a
20x objective lens (NA = 0.46) inside an optically polished
fused silica glass sample (ES: Tosoh Quartz Corp.) in order
to reach sufficiently high photon density for multi-photon
absorption.

lll. RESULTS AND DISCUSSION
A. Intensity peak profile control

We prepared an intensity variation hologram that had
seven dots of different intensities to validate the relationship
between the intensity distribution profile and the fabrication
size. Figure 2(a) shows the schematic design of this holo-
gram. Dots A to F have different intensity peak profiles,
which are confirmed by the regenerated intensities calculated
from this hologram (Fig. 2(b)).

Figure 2(c) is a scanning electron microscope (SEM)
image of the microstructure produced by this hologram. It
was fabricated on the surface of the silica glass, since it is
difficult to quantify the diameter of the dots fabricated inside
a transparent material. Seven dots of different diameters
were fabricated simultaneously, demonstrating that the holo-
gram can control multiple intensity peak profiles individu-
ally. Because intensity profiles vary sensitively with
position, intensity control by the hologram is useful to
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achieve homogeneous microfabrication. This ablation test
was done with a single laser pulse in order to avoid the inte-
grated effect of the pulse train. Since the shape of each dot
deviated from the ideal circular shape, which is often the
case for the ablation of silica glass by a small number of
pulses, the average diameter of 10 samples was used for the
measured value.

The difference in diameter seen in Fig. 2(c) is directly
attributed to the difference in the light intensity peak width.
Figure 2(d) shows the relationship between the measured
diameter and the calculated light intensity peak width. The
width at the dashed line in Fig. 2(b) is assumed to be a fabri-
cation condition, because the pulse fluence was set just
above the threshold of a 50% intensity dot. This result shows
that the diameter becomes larger as the peak widens, and it
can be said that the fabrication diameter can be controlled by
the intensity distribution profile. However, significant varia-
tion is seen between these calculated and measured values.
This difference is equal to the distance between the plots and
the dashed line in Fig. 2(d). It is attributed to multiphoton
absorption occurring as the trigger of structural change at the
area where the photon density is higher than the threshold.
This threshold is that of multiphoton absorption and is differ-
ent from that of localized structural change or plasma forma-
tion. In fact, the volumes of the multiphoton absorption,
plasma formation, and structurally changed regions are dif-
ferent, which was confirmed by pump-probe measurement of
plasma inside silica glass.”” Multiphoton absorption is fol-
lowed by avalanche ionization, electron-phonon interaction,
heat diffusion,” and shock wave expansion.?’ The fabrica-
tion size is determined by all these processes, as well as ma-
terial properties such as melting temperature, glass-transition
point, composition, viscosity, and heat conduction coeffi-
cient. Therefore, the peak width indicates the area where
enough free electrons for localized structural change are
yielded, but other subsequent phenomena and factors decide
the difference between this area and the actual localized
structurally changed area. Heat diffusion and shock wave
expansion also depend on the pulse fluence (photon density),
which explains why the distance between the plot and the
dashed line becomes large as the intensity peak height
increases. It is arguable whether electron diffusion expands
the localized structurally changed area. Although it is
thought to be unable to contribute because the excess energy
of the plasma is transferred to the lattice before diffusion and
recombination occur,”‘27 the calculation of the electron
number density rate equation, which includes electron reduc-
tion via diffusion and recombination, shows good agreement
with earlier studies.*”

Because the factors influencing the difference between
the plots and the dashed line in Fig. 2(d) are difficult to con-
trol, varying the intensity peak width is an adequate
approach to control of the localized structurally changed
area.

B. Elongation control

Another two holograms were prepared that produce only
one dot at 100 mm or 500 mm. The calculated light intensity
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FIG. 2. (a) The design of the intensity variation hologram. The percentage indicates the maximum intensity of each dot. (b) The intensity distribution as a
function of the distance from the center of the dot. (c¢) An SEM image of the fabricated structure using this intensity variation hologram. (d) The relationship
between the average diameters of each dot and the intensity peak width. The dashed line indicates the condition in which the measured diameter and the calcu-

lated peak width are equal.

distributions of these two holograms are shown in 3D in
Fig. 3(a). In this calculation, a Gaussian continuous beam is
used for the input value and is assumed to penetrate through
the M20 (NA = 0.46) objective lens after the hologram. The
distance between the objective lens and the hologram is
adjusted so that the images of these two holograms are
focused on at the same distance from the objective lens.
Figure 3(b) shows the cross sectional view of Fig. 3(a) along
the optical axis. These two intensity distributions show quite
different profiles despite these dots being focused at the

same distance from the objective lens. The full width at half
maximum (FWHM) of the short f;; (focal length of the holo-
gram) is about seven times narrower than that of the long f
hologram. This means that the aspect ratio of the fabrication,
which is fixed by the NA value without the hologram, varies
with the hologram. Considering the fact that the objective
lens controls the aspect ratio by restricting the working
distance, this is one of the advantages of this 3D microfabri-
cation technique. Moreover, the slope of the narrow distribu-
tion is steep, which means that fluence variation does not

Downloaded 10 Sep 2012 to 130.54.110.73. Redistribution subject to AIP license or copyright; see http://jap.aip.org/about/rights_and_permissions



083107-4 Yamaiji et al.

Sz=500 mm

(calculated)

0.5

o
o
[0}
N
T
£
o
{ ==

(0] 10 20 30 40
distance from focal length of the objective lens [um]

(b)

(measured)

Elongation length [um]

g 6 7
Pulse fluence [J/cm?]

(©

FIG. 3. (a) The regenerated light intensity distributions of two different
holograms are shown as a 3D surface map. (b) The cross sectional view of
Fig. 3(a) along the optical axis. (c) The measured elongation length as a
function of the pulse fluence.

affect the elongation length very much. This allows easier
elongation control and reduces the prolonged calculation
time for adjusting peak profile exactly.

The elongation length of the dots fabricated by using
these two holograms is plotted in Fig. 3(d) as a function of
the pulse fluence. The difference is pronounced in the low-
fluence region: the result of the short f; hologram shows lit-

J. Appl. Phys. 111, 083107 (2012)

tle dependency on the fluence, whereas that of long f; holo-
gram shows a steep decrease. Such abrupt change near the
threshold means that precise elongation control by the pulse
fluence in this region is difficult. Actually, to fabricate a dot
of sub-10-um elongation with the long fy hologram, the
pulse fluence must have an accuracy of 0.1 J/cm?, compared
to 1] /cm2 with the short fy hologram. Fluence becomes
even more critical when multiple dots are fabricated by one
shot: a slight difference in intensity peak height yields a cer-
tain amount of variance in the elongation when the pulse flu-
ence is set just above the threshold. Besides this fact, the
intensity at each element has a complicated dependency
especially in the direction of optical axis, which is caused
mainly by the following three reasons. First is light attenua-
tion. Though the laser pulse is a plane wave and has an
extremely low beam spread angle, it turns into numerous
spherical waves after passing through the hologram, which
then attenuate in proportion to the distance from the holo-
gram. This means that the dots farther from the hologram
have a lower light intensity, and the curve shown in Fig. 3(c)
shifts to the left. This is a great disadvantage for homogene-
ous microfabrication when the long fy hologram is used
because of the abrupt decrease in elongation length near the
threshold. The second reason is the focusing property of the
objective lens. The light intensity at the fabrication point
depends on the numerical aperture value and the distance
from the focal point of the objective lens. The third reason is
chromatic and spherical aberrations. If the microstructure is
spread over a wide area along the optical axis, the elongation
length lengthens as the depth from the sample glass surface
increases. The inhomogeneity of the light intensity caused
by these factors and the abrupt decrease in elongation length
near the threshold make homogeneous and elongation-free
microfabrications difficult when the long fy hologram is
used.

The difference in behavior between the two series in
Fig. 3(c) comes from the difference in the intensity distribu-
tion profile. By rotating Fig. 3(c) 90° to the right, we can see
it is similar to Fig. 3(b). If the pulse fluence is set just above
the threshold, the peak width near the threshold is the area
where enough free electrons for localized structural change
are yielded, and as the pulse fluence increases, this area
grows as the threshold intersects a wider part of the intensity
peak. Considering that the factors that expand the modified
region from the intensity peak width affect it almost isotropi-
cally, the elongation length along the optical axis depends on
this light intensity width. This means that the hologram can
control the elongation length.

Unlike the case in Fig. 2, the elongation along the opti-
cal axis suffers from the effects of defocusing and self-
focusing. These effects depend on the pulse fluence, and are
also the reason for the difference in the measured elongation
length and the calculated intensity peak width.

C. Avoiding duplication

Generally, holograms project two different images, the
real and virtual images. Combining the hologram and the
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FIG. 4. The behavior of the virtual and real images is
shown. The focal length of the objective lens f; is
located at the center of the vertical axis. In the case of
fu<<d (green series), the virtual and real images are
located at the same side of the f;, whereas they are
located opposite side in the case of f;; < d (blue series).
If fy is comparable to d (red series), the real image
moves toward infinite, and only the virtual image con-
tributes to the fabrication.

Sfayd

v r—ay

objective lens focuses on the real and virtual images at the
distances,

o, fo+d

I W
_ fu—d

R e @)

from the objective lens, respectively.31 Here, d means the
distance between the hologram and the objective lens, and f;,
means the focal length of the objective lens. If the hologram
is placed before the objective lens, z, (solid line) and z,
(dashed line) behave as shown in Fig. 4 as a function of the
focal length of the hologram fy. In this figure, the value far
from the objective lens is plotted at the bottom side. The
origin of the vertical axis z = 0 is set to the focal length of
the objective lens f;. Parameters d and fz; are 100 mm and
100-215 mm, respectively, which are used for the fabrica-
tion in Fig. 5. Three cases are shown in the figure: (i)
Jfu, < d, (i) fyp>d, and (iii) f; ~ d. The bottom of Fig. 4
shows the schematic diagram of these three cases. In the first
case, the real and virtual images are located closely, and it is
difficult to avoid the “duplication™ of the fabricated struc-
ture. Although these images can be separated by increasing
fw, this also requires large d value, which reduces the diffrac-
tion efficiency of the hologram. In the second case, two
images are focused at opposite sides of the focal point of the
objective lens. This condition allows only the virtual image

to be fabricated if the glass sample positioned such that the
virtual image is focused inside the sample and the real image
focuses outside the sample. In the third case, the real image
moves towards infinity as d and fy; become closer. It means
that only the virtual image is focused inside the fabrication
area without the alignment restriction of case (ii). Therefore,
this case is the most appropriate for this fabrication tech-
nique. All these cases are based on the assumption that the
hologram is located before the objective lens. With this
arrangement, the real image is more sensitive than the virtual
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FIG. 5. The model image (left) and optical micrograph (right) of an
elongation-free spiral dot array fabricated inside the silica glass is shown
and compared with our previous work; (upper images) top view; (lower
images) side view.
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FIG. 6. The model 3D image (left) and optical micrograph (right) of an
elongation-free V-shaped line microstructure fabricated inside silica glass.

image, and easier to remove from the fabrication area. On
the contrary, the virtual image is easier to remove from the
fabrication area than the real image when the hologram is set
after the objective lens. In this condition, however, the posi-
tion of the hologram is restricted by the working distance of
the objective lens, and the diffraction efficiency also limits
the position of the hologram because the diameter of the
pulse becomes small rapidly as the distance increases
between the objective lens and the hologram. In view of
these facts, we used the virtual image for fabrication.

By considering the results in Figs. 3 and 4, the focal
length of the hologram should be short, and so should be the
distance between the hologram and the objective lens.
Although the diffractive efficiency of the hologram
decreases if the focal length of the hologram becomes
shorter, the short distance between the hologram and the
objective lens compensates for the loss.

D. 3D microfabrication

By controlling the light intensity profile and the focal
length of the hologram as discussed above, we successfully
fabricated 24 dots arrayed as a spiral inside silica glass (see
Fig. 5). The left side shows the model images and the right
side shows optical micrographs of the top and side views of
the fabrication (upper and lower images, respectively). The
results of our previous paper'® are also shown for compari-
son. The dots in our latest work have consistent spherical
shape and have no elongation along the optical axis. In this
paper, we used only phase holograms. However, it is well
known that not only the phase image but also the amplitude
image should be used for better reconstruction image.** It
means that our result has growth potential by using phase-
amplitude hologram.

This 3D microfabrication technique can fabricate not
only dots but also continuous structures. Our group has
recently fabricated 1 cm long waveguides by this technique
(only by one shot and without any stage control) and verified
the propagation loss as < 1.0 dB/cm at a 1550 nm wave-
length.** Although the line structure is fabricated in the plane
perpendicular to the optical axis, this technique allows for
the line structure fabrication inside this plane if the
elongation-free fabrication is achieved. Figure 6 shows a
micrograph of a V-shaped line microstructure fabricated
inside silica glass as well as a model 3D image. This

J. Appl. Phys. 111, 083107 (2012)

V-shaped line spreads out in the plane parallel to the optical
axis, which is the first result of its kind as far as we know.

IV. SUMMARY

We developed a holographic 3D microfabrication tech-
nique that uses only a single femtosecond laser pulse and a
hologram. By using this technique together with light inten-
sity distribution control, multiple dots of homogeneous size
can be fabricated simultaneously. Moreover, choosing an
adequate hologram focal length makes it possible to fabricate
elongation-free dots and lines without the duplication caused
by the real and virtual image of the hologram. By combining
these techniques, we succeeded in fabricating a homogene-
ous and elongation-free spiral dot array and V-shaped line
microstructures inside silica glass.
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