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We report an innovative approach for beam shaping of edge-emitting semiconductor diode lasers using a single
double-axial hyperboloidal micro-lens fabricated with femtosecond laser direct writing technology. The two hyper-
boloids of different axial lengths focus the light from fast and slow axes to an identical focal spot. The divergence
angles were shaped from 60° and 9° to 6.9 and 32.3 mrad, respectively, and the single-end fiber coupling efficiency is
measured higher than 80%. The device is simple in fabrication, robust in structure, and easy for operation, by which
multiple reflections and absorptions at interfaces are reduced, and assembly errors are minimized. © 2013 Optical

Society of America
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Semiconductor diode lasers have been applied in broad
industrial fields from fiber-optical communication to
laser fabrication [1-3] due to their advantages of small
size, easy integration, high efficiency, long lifetime,
and relatively low cost [3,4]. Edge-emitting semiconduc-
tor diode lasers (EESDL) are particularly promising in
laser material processing and laser fabrication because
of their high output power and high reliability. While a
major drawback that is hindering their current applica-
tion is the poor output-beam quality [5-7], i.e., the large
and asymmetric output-beam divergence angles, gener-
ally 30°-60° for fast axis and 10°-15° for slow axis
directions. This is undesirable when high-quality laser
processing and laser micro-nanofabrication are pursued,
for which mode quality becomes an essential factor [8,9].
Over the past decades, many research efforts have been
devoted to beam shaping of diode lasers, and various
technologies have been proposed including a stepped re-
flecting mirror by Ehlers ef al. [10], gradient index lens by
Yamaguchi et al. [11], two reflective mirrors by Clarkson
and Hanna [5], internal reflection prism by Wang et al.
[12], diffractive optics by Skeren et al. [13], and refrac-
tive—diffractive hybrid lens by Pawlowski et al. [14].
Despite the fact that significant progress has been
achieved because of the pioneering works, most of these
technologies involve usage of a complicated set of
optical components, for example, the combination of
two orthogonal cylindrical lenses, each responsible for
beam shaping along an axis. Assembling error and sys-
tem instability is therefore inevitable, and the output en-
ergy is reduced due to multiple reflection, scattering and
absorption at components surfaces and interfaces, and
wavefront divisions degrades the beam quality. These re-
maining technical challenges call on simple, integrated,
stable, and efficient optical shaping components.
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We solve this problem in this Letter by a single double-
axial hyperboloidal micro-lens, whose surface profile is
defined by two hyperboloids. A hyperboloidal lens profile
was adopted here because of its intrinsic capability to
eliminate spherical aberration [15]. The axial length of
each hyperboloid is customized according to individual
diode lasers. Experimentally, the complicated lens struc-
ture was realized by femtosecond laser direct writing, a
technology known for its unique high-precision three-
dimensional (3D) prototyping capability [16-19].

The divergence angles of the output beam from an
EESDL were different in the directions of vertical and
parallel to junction plane [Fig. 1(a)], around 60° and
10°, and the associated directions are termed as fast axis
and slow axis, respectively. This is easily manifested
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Fig. 1. Double-axial hyperboloidal micro-lens for beam shap-
ing. (a) Schematic of EESDL and the single beam-shaping
micro-lens. (b) Output beam spot from an 808 nm diode laser
(scalebar 1 cm). (c¢) Schematic of divergence angles and beam
waist in the fast axis and slow axis, respectively. (d) Schematic
double-axial hyperboloidal micro-lens.
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from the photograph of the light spot obtained 5 cm from
the emitting surface of an 808 nm diode laser [Fig. 1(b)].
The divergence results from the rectangular side light
emission window, which is defined by tens of nano-
meters of quantum well active layer (vertical direction)
and several micrometers of light confined region width
(lateral axis). This leads to different beam waist posi-
tions of fast axis and slow axis inside the laser cavity
[Fig. 1(c)], i.e., intrinsic astigmatism exists in the output
beam. In the fast axis direction, the output beam exits in
single mode and the beam waist is positioned near the
emitting surface. While in the slow axis direction, the out-
put beam takes the form of multiple mode and the beam
waist is far from the surface [Fig. 1(c)]. Since the differ-
ence of the focal lengths from the two axes is basically
equal to the distance between the two beam-waist posi-
tions, we calculate the latter for proper lens design.
Considering the relationship of the divergence angle and
the beam waist, and following the propagation law of
Gaussian beam, we have
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The inter-beam waist distance is calculated to be
Az = 120 pm with experimentally measured values of
6y = 60.2° and w, = 1.5 pm for fast axis, 6, = 9.3° and
@, = 10 pm for slow axis, and A = 808 nm. The focal
lengths of the two hyperboloids are therefore set to
Jor (fast axis) and f,, = [, + 120 pm. In order to deter-
mine the absolute value of f,,, two factors have to be
considered, the lens divergence capability and the spot
size. Larger focal length benefits reduction of the beam
divergence, while it demands larger distance from the
emitting surface to the shaping lens and therefore a
larger light spot size. For separated diode laser beam
shaping, the light spot area is not limited, while for a di-
ode laser array, the inter-diode laser distance restricts
lenslets distance and spot size. Since the ultimate goal
of our research is a micro-lens array for beam shaping
of a diode laser array, the beam spot size has to be
chosen smaller than the lenslet space, at a level of
hundreds of micrometers. Experimentally it is chosen
as f,; = 200 pm and f,,, = 320 pm.

We fabricated the special 3D shaped lens using femto-
second laser-induced two-photon polymerization of
photoresists, a technology that has been successfully
employed in producing micromechanical and optical
microstructures [20]. Femtosecond laser pulses of a
wavelength of 800 nm with a pulse width of 120 fs, mode
locked at 82 MHz (from Tsunami, Spectra-Physics), were
focused by a high numerical aperture objective lens of
NA = 1.4. The laser beam was scanned with a two-
galvano-mirror set along the horizontal plane, and along
the optical axis by a piezo stage, both with motion accu-
racy of 1 nm [21,22]. The photoresist samples were
prepared by spin coating SU-8 films on a glass slide that
was cleaned with acetone and absolute ethanol. The
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Fig. 2. Surface morphology and profile of double-axial hyper-
boloidal micro-lens. (a) and (b) SEM images of a lens, taken
from top and side directions, respectively. (¢) and (d) Surface
profiles along the long and short axes taken by LSCM. Note the
difference of the scale in the lateral axes.

photoresist embedding the laser written structures was
to be rinsed by the developer for 10 min so that the
unpolymerized photoresist would be removed, leaving
a solid skeleton.

The appearance of an experimentally produced
double-axial hyperboloidal micro-lens was shown in
Fig. 2. An elliptical cross section in the lateral direction
is recognized from the top-view scanning electron micro-
scopic (SEM, JSM-7500F, JEOL) image [Fig. 2(a)], show-
ing the axial lengths of two hyperboloidal microlenes,
400 and 340 pm. The lens height that is commonly shared
by the two hyperboloids is 139 pm [SEM side view,
Fig. 2(b)]. In order to quantitatively examine the surface
profile, a laser scanning confocal microscope (LSCM,
OLS3000, EVC electronic) was utilized. The vertical cross
section along the fast axis direction is shown as Fig. 2(c),
while Fig. 2(d) is the cross-sectional profile along the
slow axis direction. Judging from the above data ex-
tracted from the synthesized 3D digital images, the
maximal deviation of the experimental structure from
the theoretical design is less than 1%, if the deviation
is defined as (H ox, — H ges) /H ges, Where H oy, and H . de-
note experimentally attained and theoretically designed
heights of an identical surface pixel of the lens. These
results demonstrate that the digital lens model has been
faithfully converted to matter structure by femtosecond
laser direct writing.

The lens works by simultaneously reducing the beam
divergence angles in both the fast and slow axial direc-
tions. Since the beam waists in these two directions are
not spatially overlapped, but spaced on the optical axis
normal to the emitting surface of an EESDL by a certain
distance, two lenses are generally needed. Each is res-
ponsible for compensating the divergence in a direction.
Here, the double-axial hyperboloidal micro-lens pos-
sesses two focal spots, which are able to be adjusted
to overlap the two beam waists simultaneously. There-
fore, beam shaping in two directions was fulfilled by a
single lens. By fixing the lens to the EEDSL and aligning
it, we reduced the 12 parameters (the conventional
double cylindrical lens system) for fixing the relative
positions of three 3D objects, here the EEDSL and two
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Fig. 3. Optical properties of a double-axial hyperboloidal
micro-lens. (a)-(c) Optical photographs of light spots at differ-
ent locations when the detector was drawn far from the
emitting surface, (a) 200 um, (b) 260 pm, and (c) 320 pm, respec-
tively. (d)—(f) Ray tracing calculation of the focal spot shape by
assuming an ideal plane wave incidence, indicating the capabil-
ity of the shaping lens for correcting the divergences along the
two individual directions. (g) Light output spots without the
shaping lens, taken 5 cm away from the light emitting surface.
(h) and (i), with the shaping lens, the beam was focused into
near-round shape at the two focal spots. The photos were taken
15 cm and 25 cm away from the emitting surface.

lenses, by 50% since a single lens is adopted here. In
detail, the lens was fixed on a turn table (accuracy
0.873 mrad) that was rotatable about the optical axis.
Then, the turn table was fixed on a displacement plat-
form (accuracy 2 pm). Finally, the lens gradually
approached the emitting surface of the EESDL to deter-
mine the optimal position by monitoring the variation of
light power behind the lens. Shown in Figs. 3(a)-3(c) are
three light spot images that were taken at different posi-
tions along the optical axis as shown in Fig. 3. The dis-
tance for each adjacent spot is 60 pm. The detector was
first placed near the lens surface and then drawn away
along the optical axis. The light was first focused at the
fast-axis direction [Fig. 3(a)], and then the slow-axis focal
spot was met [Fig. 3(c)]. Figure 3(b) was taken between
these two positions. The shaping affect has been con-
firmed by ray-tracing calculation [Figs. 3(d)-3(f)]. The
dashed lines denote the shaping lens orientations. From
Figs. 3(a)-3(c), the focal lengths of the two axes are
calculated to be identical to the designed values, 200
and 320 pm, with a measurement error range of +5%.
Since the output performance is device-dependent, the
laser nanofabrication technology allows for personalized
design and fabrication for individual shaping devices, for
which its working parameter should be known before-
hand [23,24]. The shape and energy distribution of light
intensity were measured and then analyzed by an optical
software, BeamGage. Figure 3(g) shows the original laser
spot emitted from the EESDL, 5 cm from the emitting
surface. The significant beam divergence as indicated
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by the oval light-spot shape is visible. The light-spot
shape becomes almost a circle at positions of 15
[Fig. 3(h)] and 25 cm [Fig. 3(i)] away from the emitting
surface because of the divergence compensation by the
lens. The energy distribution is more concentrated than
the original light spot. Using the far-field divergence
angle formula

w1(R1) — w2 (R2) —9
21— 29 Az

w; — Wy

Oy ~ 2 ; 3

we obtained the divergence angles of the fast and slow
axis of 6.9 and 32.3 mrad, respectively. These values
are close to a theoretical prediction for transformation-
limited beams. As a theoretical proof, we calculate
the far-field distance (measured from the emitting
surface)-dependent beam spot diameters and beam
divergence angles in two directions [Fig. 4(a)]. At a posi-
tion of 200 pm, spot sizes are 16.1 and 104.7 pm in slow
and fast axis directions. Both are 2/3 smaller than the lens
axis lengths, which ensures that almost all of the incident
light passes through the shaping micro-lens. This implies
that the length-focal-length design is appropriate for
reducing energy waste and improvement of the shaping
efficiency.
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Fig. 4. Beam shaping performance for a customized micro-
lens. (a) The predicted spot sizes from the EESDL (spot)
and divergence angles of the shaped beam (angle) versus the
distance from the emitting surface. Letters S and L denote
the slow and fast axis, respectively. (b) Fiber coupling effi-
ciency with (upper branch) and without (the lower branch)
the shaping lens employed. The inset is the coupling optical
configuration. The letters P; — P, are the laser power at differ-
ent positions.
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