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1 Introduction

The Gaussian mode of a laser beam is the lowest order
transverse electromagnetic, (i.e., TEMy;) mode of an opti-
cal oscillator producing the beam. The beam quality factor
(M?) is 1 for a perfect Gaussian mode, indicating that the
laser beam has the highest possible beam quality. The irra-
diance of Gaussian laser beams is given by the expression
I(r)=1I, exp[-2(r/ry)?], where I(r) is the laser irradiance at
any radial point r from the center of the laser beam on a
transverse plane, [ is the irradiance at the center of the
laser beam, and r, is the laser beam radius at 1/e-point.
The laser irradiance is maximum at the center of Gaussian
beams and decreases toward the edge of the beams. Differ-
ent irradiance profiles are, however, necessary in many ap-
plications. Laser beam shaping is the process of converting
the irradiance and phase of the laser into the desired
proﬁle.1 It is widely used in laser materials processing, such
as pulsed laser deposition, lithography, micromachining,2
laser fusion, laser radar, laser scanning, and optical data
processing.3 For different laser materials processing appli-
cations, different irradiance profiles, such as flat-top beam,
Bessel beam, and annular beam*™® have been utilized. The
easiest approach in shaping a beam is the use of apodiza-
tion and truncation. However, this approach is fundamen-
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tally energy inefficient. Reflective optics, refractive optics,
diffractive optics, acousto-optics,8 and liquid crystal” are
generally employed to shape laser beams.

Flat-top beams are currently used in laser microvia drill-
ing application. Zhang et al.'” designed a set of optics
based on ray tracing to transform a Gaussian beam into a
pitchfork beam to improve the microvia quality, i.e.,
smaller via diameter, less taper, and less corner residue than
what are obtained by flat-top beam drilling. The ray-tracing
technique utilizes refraction in geometric optics to redis-
tribute the laser irradiance without considering the wave
property of the lasers. As a result, although the ray-tracing
approach indicated no diffraction ring to be produced by
their' optics, the experimental data proved otherwise with
a diffraction ring of radius 30 um. Diffractive analysis is
necessary to redistribute the laser energy with better preci-
sion. When the laser wavelength is large or the diameter of
the focused laser beam is small, the diffraction effect be-
comes important for drilling microvias of small diameters.
CO, lasers of wavelength 9.3 um are usually employed in
laser microvia drilling industries because such lasers allow
drilling at high throughput rates. Because of the relatively
long (9.3-um) wavelength and small size of the microvias
(~60 wm), the Fresnel diffraction analysis is considered
for designing beam-shaping optics in this paper. The func-
tion of this new set of optics is to reduce the amount of
energy in the first diffraction ring and to increase the depth
of focus. Various algorithms, such as iterative Fourier
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Fig. 1 Optical system for pitchfork beam shaping.

transform,’ Gerchberg—Saxton (GS)'*"* method, direct bi-

nary search, ' and simulated annealing, 1316 are often used
for laser beam shaping in free space. Using a repeated Fou-
rier transform algorithm for the near- and far-field planes,
Dixit et al.'”'® obtained a super-Gaussian beam with more
than 95% of the incident energy contained in the central
portion of the beam. Lin et al.” employed the GS algorithm
and obtained a super-Gaussian beam with low (5-10%)
scattering loss. Liu and Taghlzadeh developed an im-
proved iterative algorithm based on the GS approach and
obtained higher-order super-Gaussian beams with 97.4% of
the incident energy | contained in the central portion of the
beam. Guang et al. ! used the stationary phase method to
design the diffractive optical flat-top beam shaper. The
beam shaper was fabricated by creating a dark silver ion
exchange layer on a high-energy beam-sensitive glass with
an electron beam and then etching the layer using a laser-
assisted chemical etching method. They experimentally ob-
served that the energy conversion efficiency of their beam
shaper can reach 82%. In the present work, an adaptive
additive algorithm is used in an iterative scheme for design-

introduces a phase shift to the expanded Gaussian beam
and thus alters the shape of the wavefront. This phase shift
is so designed using the diffraction theory that the ex-
panded Gaussian beam can be focused with a 50.8 mm
focal-length lens into a pitchfork beam on the focal plane.
The desired pitchfork amplitude profile, U, (r), is shown in
Fig. 2 and the pitchfork beam diameter is considered ap-
proximately twice the Airy disk diameter.

The phase element P is optlmlzed by an iterative method
using adaptive additive algonthm2 Generally, diffractive
optical elements are designed based on Fourier optics by
introducing different spatial phase functions so that the op-
tical waves of identical beam profile (such as the Gaussian
profile) can produce different groﬁles on the image plane.
In beam-shaping applications,l the irradiance profile of the
laser source and the desired irradiance profile on the image
plane are known, and the unknown is the phase function.
An adaptive additive algorithm provides a convenient itera-
tive approach involving the Fourier transform to determine

ing diffractive optical elements to produce a central lobe A
containing more laser energy than in the case of usual cen- 1r
tral lobes produced by conventional optics. The designed 09k U
diffractive optical elements were fabricated using the dia-
mond turning method to investigate whether this method o 08T
can be applied to produce beam-shaping optics, which, in- E 07t
cidentally, reduces the cost of fabricating such diffractive TEL
optical elements. < .61
& 05f
2 Transformation of a Gaussian Beam into a E 04l
Pitchfork Beam 2
Figure 1 shows the optical elements investigated in this 03
study for an incident laser beam having a planar phase 0.21
function. A beam expander (lenses E| and E,) of expansion 01k
ratio 10 is placed before the phase element P to create a
laser spot of small Airy disk diameter (23 wm) on the focal i m— : : . 1 —
. . -60 -40 -20 0 20 40 60
plane of the focusing lens F (Fig. 1). The beam expander X direction (wm)
expands the laser beam while still maintaining the planar
phase function of the incident beam. The phase element Fig. 2 Desired amplitude of the pitchfork beam
Optical Engineering 078001-2 July 2009/Vol. 48(7)
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Fig. 3 Flowchart for the adaptive-additive algorithm

the phase function for beam shaping. Basically, this algo-
rithm enables solving the following integral equation by the
method of successive approximation

U(a,B,L)=fJ Up(x,y)exp[i®(x,y)]

XH(x - a,y — B,L)dxdy, (1)

where U(a, 3,L) is the desired amplitude distribution that
should be produced by the phase element P and the Fourier
transform element (focusing lens F in Fig. 1) at a distance
L. If L is constant, then the amplitude can be written as
U(a, B). L is measured in the longitudinal direction (i.e., in
the direction of the wave propagation), and (a, ) repre-
sents an arbitrary coordinate point in the transverse plane
a-B in the Cartesian coordinates as shown in Fig. 1.
Uy(x,y) is the amplitude of the incident light at the phase
element P in the transverse plane x-y, and ®(x,y) is the
desired phase function that needs to be introduced into the
incident light by the phase element. H(x-a,y-8,L) is the
Green’s function, i.e., the impulse response representing the
wave at a point («,B,L) due to an impulse source at
(x,y,0) denoted by the Dirac & function &(x,y,0), which is
also known as the propagation function in free space.22 In
the Fresnel diffraction approximation, it has the following
expression:

k ik
H(x,y,L) = p eXp[z—z(x2+y2)], (2)

where k=2/\ is the spatial frequency and A is the wave-
length of light in free space.

The adaptive additive algorithm, which is illustrated in
Fig. 3, starts with an initial value ®,(x,y) and an initial
input wavefront, Uy(x,y), which is a Gaussian profile in
this study, resulting in the following wavefront:

Ul (x’y) = Uo(xa)’)eXP[iq)o(xa)’)l (3)

The Fresnel transform of this wavefront is the first estimate
for the output electric field on the image plane
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U(a,ﬁ)=f f Uy(x,y)H(x — a,y — B,L)dxdy. (4)

Normally, this amplitude differs from the desired amplitude
profile U, (a, B). The convergence of the iterative process is
evaluated using the following error parameter

€= f f [|U(avﬂ)| - Up(asﬂ)]zdadﬁ' (5)

For a convergent iteration scheme, the amplitude profile in
the inverse Fresnel transform needs to be changed gradu-
ally toward the desired beam profile in each iteration step.
This is accomplished by adding a weighted amount, a, of
the desired amplitude to the field in the image plane

U(a.p) =[aUy(a.p) + (1 - a)|U(a. p)IU(a. B)|U(a. )|

(6)
where the weighted amount, a, is chosen as 1.5 in this
study. The inverse Fresnel transform of U(a, ) yields the
corresponding amplitude and phase function U,(x,y)

=U,(x,y)exp[i®,(x,y)] in the input plane. After this trans-
form, the amplitude of the input wavefront usually differs
from the actual incident laser profile. Thus, l_]o(x, y) is re-
placed with the Gaussian profile Uy(x,y) resulting in an
improved estimate for the input field: U,(x,y)
=Uy(x,y)exp[i®,(x,y)]. These operations complete one it-
eration step in the adaptive additive algorithm. This itera-
tion step is repeated until the error, &, converges to within
an acceptable tolerance in the nth iteration. Thus, the phase
function, ®(x,y)=®d,(x,y), can be determined to ensure
that the incident laser beam profile is transformed into the
desired amplitude profile U,(a, ) on the image plane.

3 Results and Discussions

Figure 4 shows that the error parameter decreases as the
iteration number increases, the iteration is convergent, and

July 2009/Vol. 48(7)
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Irradiance on the focal plane Az =0

2

Irradiance (W/m”)

X direction (pum)

Fig. 5 Laser irradiances at different z positions

the error parameter reduces to a small value very fast. After
50 iterations, the calculated irradiance distribution reached
the acceptable pitchfork profile, as shown in Fig. 5. The
diffraction side lobe contains only 4.7% of the incident
laser energy. In laser microvia drilling applications, the
peak in the periphery of the pitchfork beam can be used to
remove the residue from the corner at the bottom of the
vias.'” The irradiances at different z positions are included
in Fig. 5. The irradiance maintains a good pitchfork profile
within the depth of =15 um around the focal plane. An
annular irradiance profile is obtained when the z position is
*76 pum outside the focal plane of lens F.

3.1 Design of the Phase Element Surface

When the acceptable beam profile is obtained in the «-8
plane (Fig. 1) by the above-mentioned iterative calculation,
the design of the phase element is considered to be com-
plete. In this study, the phase element P is designed to ob-
tain a pitchfork profile at the a-B plane from a Gaussian
irradiance profile. The expression ¢(x,y)=knt(x,y) is used
to determine the shape of the phase element, where £ is the
wave vector, and n and #(x,y) are the refractive index and
the thickness of the phase element respectively. A plano-
convex phase element can be designed so that its curved
surface represents the calculated phase function. Curve A in
Fig. 6 represents the calculated shape of the phase element,
showing two discontinuities A,A; and AsA4 at the posi-
tions where the values of the phase functions are 0 and +r,
respectively. Such discontinuous profiles represent diffrac-
tive features, which are fabricated by chemical etching, in
traditional diffractive optical elements. Because the discon-
tinuous diffractive features are difficult to fabricate on
ZnSe, a phase shift of 7 is applied to the central region
(A3A4A5) of curve A to attain a smooth surface represented
by curve B. Shifting the phase of region A;A,A5 by 7 does
not affect the irradiance of the pitchfork profile because the
irradiance is the magnitude of the phasor (i.e., the complex
amplitude of the electromagnetic field of the laser beam).
The continuous phase function is represented by the con-
tinuous variation in the height of the phase element (curve
B in Fig. 6) so that it can be produced by the diamond

Optical Engineering
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Fig. 6 Phase function introduced by the phase element

turning method. A six-order polynomial is used to fit the
curvature, yielding the following equation for the surface of
the phase element P:

Z==127X 107" X R+1.18 X 107! Xx R*=3.42 X 1072
XR3+332X 1073 X R* =136 X 107*
X R +2 X 107° X RO, (7)

where Z is the height and R is the radius of the phase
element, and they are in units of micrometers and millime-
ters, respectively.

3.2 Effect of the Airy Disk Diameter on the
Optimized Phase Element Surface

In the above-mentioned optimization of the phase element

to transform a Gaussian beam into a Pitchfork beam, the

pitchfork beam diameter (d,) is approximately twice the

Airy disk diameter, d,,, for a 50.8 mm focal length lens

Desired amplitude

Ir s ]
i ) l/ Calculated amplitude

Q

el

2

B

z

- 057

(5]

N

S

£

5

Z L
0 W\NI\A L

-300 -200 -100 0 100 200 300
X direction (um)

Fig. 7 Optimized amplitude of the pitchfork beam when d,=4d, and
the focal length of lens F is 25.4 mm.
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Fig. 8 Optimized amplitude of the pitchfork beam when d,=8d, and
the focal length of lens F is 12.7 mm.

(i.e., dy=2d,,). The calculated pitchfork beam resembles
the desired pitchfork beam (i.e., the irradiance profile and
diameter of both beams are close to each other), if the
desired pitchfork beam diameter is more than twice the
Airy disk diameter on the focal plane. It should be noted
that the Airy disk diameter produced by a lens refers to the
diameter on the focal plane due to the diffraction of a plane
wave. The Airy disk diameter for this 25.4 mm focal length
lens (d,;) is one-half of the Airy disk diameter (d,,) ob-
tained above with a 50.8 mm focal length lens (i.e., d,
=d,,/2). The calculated and desired amplitude profiles ob-
tained with a 25.4 mm focal length lens is presented in Fig.
7 for the case of the pitchfork beam diameter being ap-
proximately four times the Airy disk diameter (dy=4d,,;).
For a 12.7 mm focal length lens, the Airy disk diameter
d,1p=d»/4. As a result, when the pitchfork beam diameter

Beam expander

Input Lens

is approximately eight times the Airy disk diameter (d,
~8d,»), Fig. 8 shows that the optimum amplitude profile
matches with the desired pitchfork profile better than in
Fig. 7. However, short focal-length lenses are prone to ab-
erration and the cost of fabricating such lenses is relatively
high. For these reasons, a 50.8 mm focal length lens is used
and the pitchfork beam diameter is set twice the Airy disk
diameter (dy=2d,,) in this study to ease the optics fabrica-
tion process.

3.3 Optimization for the Depth of Focus

The depth of focus is only 30 wm for the optics designed
above, but a longer depth of focus such as 150 um is de-
sirable to allow tolerance for placing the substrate at the
focal plane (a-B plane in Fig. 1) in microvia production
facilities. Therefore, a second phase element D (Fig. 9) is
designed and inserted before the focusing lens to increase
the depth of focus. This depth of focus phase element D is
designed using the Fresnel diffraction theory for the pur-
pose of producing a beam that maintains the same irradi-
ance on the optical axis (z-axis) over a certain distance Az.

The amplitude on the optical axis (p=0 in Fig. 9) can be
calculated as

k(% , ko,
U(0,2)=— | Uy(r)expli®(r)lexp|i—r" |rdr, (8)
ZJo 2z

where k is the wave number, R is the radius of diffractive
optical element, r and p are the radial variables in the dif-
fractive optical element (x-y) plane and the observation
(a-pB) plane. Letting é=k/z and x=r>/2, Eq. (8) can be
written as

Phase Phase Transform element
element P element D

A}: /\Outpul Lens \ ,_ \

Focusing Lens

/— (aspheric lens)

--..-.//.—

Lens E;

\ Output Pitchfork

\/

Input Gaussian beam

Expended Gaussian Beam

Beam

Fig. 9 Output pitchfork beam with improved depth of focus produced by the optical system.
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Fig. 10 Laser irradiances at different z positions (f=50.8 mm).

U(e) = j " Ugexplid () Jexplix)ds. ©)
0

Equation (9) is solved by the adaptive additive algorithm to
obtain the phase function that produces the desired ampli-
tude along the z-axis in Fig. 9. After optimizing the depth
of focus, the irradiances are calculated for different values
of Az, (i.e., for different values of z relative to the focal
plane of the focusing lens F) as shown in Fig. 10. The
focused beam diameter is 100 wm, corresponding to an op-
timum depth of focus 457 wm. Smaller beam of diameter
50 wm can be achieved as shown in Fig. 11 with a focusing
lens of shorter (25.4 mm) focal length. However, the diffi-
culties to fabricate such short focal-length lenses need to be
considered for implementation of such optics in manufac-
turing plants. Therefore, the phase function of the depth of
focus phase element D was optimized for a 50.8 mm focal
length lens and the corresponding shape of this phase ele-
ment is shown in Fig. 12. A seven-order polynomial is used
to represent the surface of this phase element

2.5x10° 7
2.0x10° 4

1.5x10°

Irradiance (W/m”)

1.0x10° 4

T T T T T T T T 1
-150 -100 -50 0 50 100 150
X direction (um)

Fig. 11 Laser irradiances at different z positions (f=25.4 mm).
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Z=784—4T25R+1.72R —3.10x 10" %R’ +3.00x10°x R’ —1.59x10°xR® +4.25x10°x K +4.53x107xK’
Z (pm)

E (mm)

Fig. 12 Surface profile of the phase element D to improve depth of
focus.

Z=784—-472 X R+ 172X R*=3.10 X 107
X R3+3.00X 102X R*-1.59 X 1073
X RI+4.25X 107 X R®+4.53 X 1077 X R’, (10)

where Z and R are the height and radius of the phase ele-
ment in units of micrometers and millimeters respectively.

The entire optical system is presented in Fig. 9, showing
two phase elements P and D for beam shaping. The phase
element P introduces a phase function to the Gaussian beam
to produce an optimum pitchfork beam. The phase element
D introduces a phase function to the beam produced by the
phase element P in order to increase the depth of focus of
the focusing lens F.

4 Pitchfork Beam Irradiance Profile
Measurement at the Focal Plane

To validate the performance of the phase elements in trans-
forming a Gaussian laser beam into a pitchfork beam, the
optical components in Fig. 1 were custom built by the
method of diamond turning. A pinhole scanning method
was developed to measure the irradiance profile of the
pitchfork beam using an experimental setup shown in Fig.
13. This method is capable of measuring the profile of high
irradiance beams even at the focal plane. A GEM-Q600
Q-switched CO, laser of wavelength 9.3 wm manufactured
by the Coherent/DEOS company was used in this experi-
ment. The Gaussian beam of this laser system was ex-
panded using lenses E; and E,. The phase element P intro-
duces the desired phase function calculated by the above-
mentioned adaptive additive algorithm and transforms the
Gaussian irradiance profile into a pitchfork irradiance pro-
file on the focal plane of lens F.

To build the pinhole scanning device, a 10-um-diam
pinhole was drilled in a copper sheet of thickness 520 um
with a frequency-doubled Nd:YAG laser and the sheet was
placed on top of a highly sensitive power sensor capable of
measuring power as low as 10 uW. The pinhole and sensor
assembly was placed on an XY stage to achieve the scan-
ning capability. This scanning device was placed at the
plane where the pitchfork beam is formed. On the basis of
the power P measured by the power sensor and the area of
the pinhole A,, the irradiance profile is calculated as /
=P/A,, which represents the average irradiance of a small
segment of the beam that passes through the pinhole. The
irradiance profile can also be measured at different z posi-
tions using an XYZ stage instead of an XY stage. The de-
signed laser beam diameter is 50 um on the focal plane of

July 2009/Vol. 48(7)
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L, 4
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> - l ______

Pinhole [~
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XYZ stage

Fig. 13 Experimental setup for pitchfork beam profile measurement
using diffractive optics (lenses E and E, and phase element P) and
a 50.8 mm focal length aspheric lens F.

an aspheric lens of 50.8 mm focal length in the experimen-
tal setup shown in Fig. 13. The measured irradiance profiles
have the pitchfork shape at different positions as shown in
Fig. 14. It shows that the measured beam profiles are
slightly asymmetric and the diameters are larger than the
designed beam diameters. The asymmetric profile could be
due to the imprecision in manufacturing the optics surfaces
by diamond turning and the poor beam quality (M?*=1.3) of
the laser system. To improve the symmetry of the pitchfork
beam, better optics fabrication techniques, such as photoli-
thography and electron-beam lithography, can be used and
laser systems with better beam quality can be investigated.
Because the purpose of this paper is to provide a cost-
effective method for pitchfork beam shaping, these im-
provements were not pursued. The larger beam diameter
could be due to aberration by the focusing lens, error in
manufacturing the optics surfaces, beam quality of the laser
system, and the effect of polarization on focusing the beam.
The polarization effect requires a rigorous diffraction
analysis based on the electric-field vector (complete Max-
well equations) instead of the scalar diffraction analysis
used in the present case. The beam quality involves a de-
tailed analysis of the electromagnetic field of the laser pro-
duced by the laser system, which is not investigated in this
study.

The irradiance profile produced by the diffractive optical
elements is compared to the one produced by refractive
optics10 in Fig. 15. Because the effect of diffraction is con-
trolled by the diffractive optical elements, the amounts of
laser energy in the diffraction side lobes are reduced sig-
nificantly, as shown in Fig. 15. This reduction of energy in
the side lobes is extremely important in laser microvia drill-
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Fig. 14 Comparison between the optical model results and experi-
mental data for the beam profiles with the beam shaping system.
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Fig. 15 Optimized optics reduced the laser energy contained in the
diffraction ring
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Fig. 16 Scanning electron microscopic top view of a microvia drilled
with the following parameters: pulse energy=0.276 mJ, repetition
rate=100 kHz, five pulse trains, nine pulses in each pulse train,
pulse length=430 ns, and time delay for each train is 1 ms.

ing because it enables drilling high-quality microvias with a
less heat-affected zone and high throughput rate.

5 Microvia Drilling Experiment

Small-diameter microvias were drilled in a polymeric sub-
strate with a pitchfork beam of the above-mentioned CO,
laser. The substrate was made of two silica-filled polymer
composite sheets of thickness 40 um each containing a
copper film between them. The top view of a microvia
based on scanning electron microscopy is presented in Fig.
16, where the copper film can be seen at the bottom. The
granular microstructures in the copper film do not indicate
any damage to the film by the laser beam during the drilling
process. Such microstructures are inherent in the embedded
copper film because the electroless process, which is used
to deposit the film, produces granular grains instead of
rolled copperlike smooth microstructures.

The microvia drilling parameters are pulse energy
=0.276 mJ, repetition rate=100 kHz, five pulse trains, nine
pulses in each pulse train, pulse length=430 ns, time delay
for each train is 1 ms. The corresponding outputs are drill-
ing time=5.45 ms, throughput rate=183 holes/s with top
and bottom diameters of 53 and 47 pm, respectively and
tapering angle=4.3 deg. Here, the tapering angle is defined
as tan 0=[(D,—D,)/2]/D*, where D, and D), are the diam-
eters at the top and bottom of the via respectively, and D* is
the depth of the via. The tapering angle is reduced com-
pared to the previous'® experimental data (5—10 deg). Low
tapering angle indicates that the residue in the corner at the
bottom of the microvias can be removed efficiently using
pitchfork beam profiles.
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6 Conclusions

Diffractive optical elements are designed by an iterative
method using adaptive additive algorithm to obtain a pre-
determined pitchfork beam from a given Gaussian profile.
The entire optical system consists of a beam expander, a
phase element, and a focusing lens to effect this transfor-
mation. The pitchfork irradiance profile is formed on the
focal plane of the focusing lens. The beam-shaping optics
enables reducing the amount of energy in the diffraction
side lobes and increasing the amount of energy in the cen-
tral lobe of the beam. The irradiance profile and diameter of
the calculated and desired pitchfork beams match better if
the focused beam diameter is much larger than the Airy
disk diameter on the focal plane of the focusing lens. The
depth of focus can also be tailored by designing appropriate
beam-shaping optics. The energy in the diffraction rings
and the depth of focus are two important properties of laser
beams in microvia drilling for high-density microelectron-
ics applications.
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