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We have designed, fabricated, and characterized a micro-optical beam-shaping device that is intended to
optimize the coupling of an incoherent, linearly extended high-power diode laser into a multimode fiber.
The device uses two aligned diffractive optical elements �DOEs� in combination with conventional optics.
With a first prototype, we achieved an overall efficiency of 28%. Straightforward improvements, such as
antireflective coatings and the use of gray-tone elements, are expected to lead to an efficiency of approx-
imately 50%. The device is compact, and its fabrication is suited for mass production at low cost. This
micro-optical device, used in a range-finder measurement system, will extend the measurement range.
In addition to the direct laser writing technique, which was used for fabrication of the DOEs of the
prototype, we applied two other technologies for the fabrication of the micro-optical elements and
compared their performance. The technologies were multiple-projection photolithography in combina-
tion with reactive-ion etching in fused silica and high-energy beam-sensitive glass gray-tone lithography
in photoresist. We found that refractive-type elements �gray tone� yield better efficiency for large
deflection angles, whereas diffractive elements �multilevel or laser written� give intrinsically accurate
deflection angles. © 2001 Optical Society of America
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1. Introduction

High-power, pulsed diode lasers are used in range-
finder systems for distance measurements. For
these range finders the achievable measurement
range depends directly on the available laser output
power. In turn, the available laser output power per
unit length is limited by the damage threshold of the
material. Therefore, more output power results in a
larger active region, and the geometrical shape of the
emitting surface is typically a line. Efficient colli-
mation of such a partially coherent, linearly extended
light source with large divergence angles is a non-

trivial problem whose solution is difficult to achieve
with conventional optics.

We designed, fabricated, and characterized a
micro-optical device with two aligned diffractive or
refractive optical elements in combination with con-
ventional optics.1 Our goal was to achieve high cou-
pling efficiency of such a linear diode laser with a
multimode fiber by use of a compact and low-cost
optical system that is suited for mass fabrication.
The diode laser was coupled into a multimode fiber to
simplify quantification of its performance. In the
final range-finder application the transformed light
distribution was imaged onto the distant object.
Leger and Goltsos2 used a similar concept to convert
a mutually incoherent linear diode-laser array into a
two-dimensional source with maximum radiance and
symmetrized shape and divergence. Their system
was designed to optimize end pumping of solid-state
lasers.

2. Working Principle

Although the diode laser is fully coherent perpendic-
ular to the active region, its spatial coherence extends
to only a fraction of the total length in the parallel
direction. Therefore a coherent beam-shaping ele-
ment, a so-called random phase plate, for example,
one designed by an iterative Fourier algorithm3,4 or a
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coherent addition with a fan-in element,5 is not ap-
propriate for addressing the beam-shaping problem
that is described here. The special coherence prop-
erties of the source necessitate an incoherent beam-
shaping method.

The main characteristics of a linear diode laser are
the emitting wavelength �, the lateral extensions
of the active regions d� and d�, and the numerical
apertures �NAs� NA� � sin���� and NA� � sin����
that are perpendicular and parallel, respectively. ��

and �� are the corresponding divergence half-angles.
The parallel direction refers to the x axis and the
perpendicular direction to the y axis, as shown in
Figs. 1 and 2. The diode laser that we used had a
wavelength of � � 850 nm, lateral extensions of d� �
1 �m and d� � 350 �m, and measured NA� of 0.51
and NA� of 0.12. The one-dimensional space–
bandwidth product �SBP� of a light source is defined
as6

SBP � � d
2�� NA, (1)

where d is the lateral dimension. For a diffraction-
limited Gaussian beam the SBP is7

SBP � 1��. (2)

The SBP of the high-power diode laser is therefore
practically diffraction limited in the direction perpen-
dicular to the active region and is typically a factor of
50 larger than for the diffraction-limited case in the
parallel direction. The main problem for the beam
shaping of the linear, edge-emitting diode laser lies in
the fact that with conventional optics the SBP in one
direction stays constant at best. Only the ratio be-
tween the NA and d can be changed. The basic prin-
ciple of our beam-shaping device is to symmetrize the
lateral dimensions and the NA of the emitting source
such that SBP� � SBP�, with SBP� � SBP� � con-
stant. For that purpose the line source is divided
into three equal parts and redistributed on the fiber
with the desired values for the NA and the lateral
extensions. Consequently, we increase the coupling
efficiency into the fiber and correspondingly enlarge
the measurement range for range finders because of
the increased intensity on the target.

Within the wave-propagation model, which was
used for the theoretical description of the system, we
modeled the linear diode laser as an incoherent su-
perposition of 75 independent Gaussian sources with
beam waists that corresponded to the measured di-
vergence angles. Division of the source is achieved
with the first micro-optical element. Ideally this di-
vision should be made directly in the source plane,
but, because the fast-axis collimation has to be done
first, the various mutually incoherent Gaussian
beams begin to overlap in the direction parallel to the
emitting edge. This overlap causes a small effi-
ciency loss, which is approximately proportional to
the region of overlap between neighboring incoherent
Gaussian beams and therefore is approximately pro-
portional to the distance between the active region of
the source and the first diffractive optical element
�DOE�.

3. Optical Setup

The complete optical setup is displayed schematically
in Fig. 1. The fast and the slow NAs of the diode
laser were measured to be NA� � 0.51 and NA� �
0.12, respectively. A cylindrical gradient-index lens
�Doric Lenses, Inc., Canada�, which had a specified
effective NA of 0.5 and a diameter of 60 �m, was
mounted directly after the active region to collimate
the fast axis. Inasmuch as the tolerances for mount-
ing the gradient-index lens are extremely tight, we
performed the alignment manually, using microme-
ter stages, by measuring the far-field intensity dis-
tribution and finally glued the lens onto the laser
chip. The theoretical NA after the Doric lens was
NA� � 0.0083.

The beam-shaping device was then added. It was
composed of two DOEs with a glass spacer between
them. The first DOE, with a size of 370 �m � 370
�m, divides the line source into three equal parts
along the parallel direction and directs them into
three different directions. The working principle is
shown schematically in Fig. 2. In parts 1 and 3 of
the first DOE, three optical functions are implement-
ed: a perpendicular �along the y axis� prism func-

Fig. 1. Schematic of the optical setup: laser-diode chip �active
region, 1 �m � 350 �m�, combined DOE, additional poly�methyl
methacrylate� �PMMA� imaging lens, and optical multimode fiber
�	 � 100 �m; NA � 0.2�.

Fig. 2. Schematic working principle of the beam-shaping device
�the Doric and the PMMA lenses are omitted for clarity�. The
parts of the source are denoted 1–3. The arrows mark the prism
functions in the planes of the two DOEs.
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tion, a parallel �along the x axis� prism function, and
a focusing function parallel to the emitting edge of the
diode laser. Central part 2 has only a focusing func-
tion, which collimates the beam parallel to the active
region.

A typical measured intensity distribution in the
plane of the second DOE is shown in Fig. 3. The
second DOE, with a size of 800 �m � 800 �m, redi-
rects parts 1 and 3 of the intensity distribution in the
direction parallel to the emitting edge. The final
conventional PMMA lens after the second DOE has
two optical functions: It creates a reduced image of
the transformed source at the fiber plane and at the
same time serves to superpose the three parts of the

source one upon the other. The multimode fiber has
a diameter of 100 �m and a NA of 0.2.

4. Results and Discussion

The two DOEs were fabricated by direct laser writ-
ing8,9 in photoresist with the laser writer at the Cen-
tre Suisse d’Electronique et Microtechnique, Zurich,
Switzerland. Figures 4�a� and 4�b� show microscope
pictures of the first and the second elements, respec-
tively. Because the elements are quite small, a large
number of elements can be written on one wafer.
Subsequent replication and mounting procedures are
also wafer compatible, so parallel fabrication technol-
ogy can be used until the dicing of the combined
DOEs is complete. Therefore fabrication, align-
ment, and mounting can be parts of a low-cost mass-
fabrication process.

With focused light from a vertical-cavity surface-
emitting laser with a wavelength of 850 nm the dif-
fraction efficiencies of the two DOEs were
characterized before mounting. The measured effi-
ciencies for the various sections of the two elements
are summarized in Table 1. The first element had
an average efficiency of 74%; the second element, of
87%. We then aligned the two DOEs and a borofloat
600-�m-thick glass spacer and glued them together
with UV-curable lens-bonding optical cement by us-

Fig. 3. Typical measured two-dimensional intensity distributions
in the plane of the second DOE.

Fig. 4. Microscope pictures of the two DOEs: �a� the first element, close to the diode laser, �b� the second element. The elements were
fabricated by direct laser writing in a photoresist.

Table 1. Experimental Efficiencies of the Single Diffractive Elementsa

Part of Element Measured Efficiency �%�

First element, left 70
First element, center 84
First element, right 68
Second element, up 79
Second element, center 98
Second element, bottom 81

aEfficiencies are normalized with respect to transmitted inten-
sity through an unstructured substrate.
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ing a Karl Suess mask aligner, Model MA�BA6. The
alignment marks were written by the laser writer at
the same time as the DOEs. The alignment of the
two DOEs with respect to each other had a tolerance
of better than 5 �m. The total thickness of the com-
bined DOE after mounting was 3 mm.

For the theoretical optimization of the system de-
sign, we used the commercially available ray-tracing
program Code V. The performance of the final
structure was then analyzed quantitatively with a
wave-propagation model that used different propaga-
tion methods, as described in detail in Ref. 7. Dif-
fraction at apertures is fully taken into account in
this model, and Fresnel losses at the optical surfaces
can be considered approximately. For a comparison
of the theoretical and the experimental intensity dis-
tributions, we used a wave-propagation model with
which we modeled the linear diode laser by using an
incoherent superposition of 75 independent Gaussian
sources with beam waists that corresponded to the
measured divergence angles.

Calculated and measured intensity cross sections
in the plane of the second DOE and in the fiber plane
are shown in Figs. 5 and 6, respectively. The agree-

ment between the theoretical and the experimental
intensity distributions is very satisfying. A possible
cause of the observed small differences could be non-
uniformity of the emitted intensity at the active re-
gion of the diode laser, and the cause of the possibly
limited accuracy of the description of the source may
be the incoherent superposition of Gaussian beams.
The experimental nonuniformity of the source can
also be seen in Fig. 3.

We measured a value of approximately 80% for the
collimating efficiency of the gradient-index lens.
With the wave-propagation model and taking into
account Fresnel losses, we obtained a value of ap-
proximately 88%. For the theoretical value, a 4%
loss originates from diffraction effects at the aper-
ture, and another 8% is from Fresnel effects.

The overall efficiency of the beam-shaping device is
given by the ratio of the power of the light coupled
into the fiber to the power emitted by the laser. The
overall efficiency that we obtained experimentally
was 28%; the theoretical value was 80%, assuming
ideal DOEs and no Fresnel losses. The difference
between the theoretical and the experimental values
has two main reasons: First, there are Fresnel

Fig. 5. Calculated and measured intensity distributions in the
plane of the second DOE: �a� cross section parallel to the slow axis
of the diode laser, �b� cross section parallel to the fast axis of the
diode laser. Solid curves, theory; dashed curves, experiment.

Fig. 6. Calculated and measured intensity distributions in the
plane of the fiber: �a� cross section parallel to the slow axis of the
diode laser, �b� cross section parallel to the fast axis of the diode
laser. Solid curves, theory; dashed curves, experiment.
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losses, which acount for approximately 14% of the
total loss and can be eliminated by antireflection
coatings on all optical surfaces. Second, the non-
ideal DOEs are responsible for an overall efficiency
loss of approximately 27%. The DOEs, especially
the first element with smaller grating periods, can be
replaced with refractive-type elements that have in-
creased efficiency and are fabricated by high-energy
beam-sensitive �HEBS� glass gray-tone technology.
A comparison of technologies for the fabrication of the
two micro-optical elements is made in Section 5 be-
low. As shown below, an efficiency increase of ap-
proximately 10% for the first element is realistic and
would yield an approximately 50% overall efficiency
for an optimized device including antireflection coat-
ings. The reasons for the fundamental losses are
mainly of two kinds: coupling losses at the collima-
tion of the fast angle by the gradient-index lens,
which amount to approximately 4% of the efficiency,
and overlap losses of approximately 5% that originate
from the fact that certain coherent source points hit
two different parts of the first DOE. The second loss
is limited by the minimum distance between the di-
ode laser and the first micro-optical element, approx-
imately 100 �m, and is determined mainly by the
gradient-index lens with the smallest available diam-
eter of 60 �m. The remaining 11% loss is due to
diffraction effects at the apertures of the system.
Table 2 summarizes the experimentally determined
efficiencies and the estimated optimization potential.

Inasmuch as the NA of the impinging light at the
fiber plane is important for the coupling efficiency, we
measured the NA for the fast and the slow axes in the
fiber plane and calculated the corresponding values
by using the wave-propagation model. We obtained
for the slow axis an experimental NA of 0.12, com-
pared with a theoretical NA value of 0.16. For the
fast axis, we obtained an experimental NA of 0.09 and
a theoretical NA of 0.11. The experimental and the
theoretical values for the fast axis agree reasonably
well, whereas for the slow axis the experimental
value is significantly smaller. A possible reason for
the difference between the experimental and the
theoretical values for the slow axis could lie in the
simplified description of the diode laser as a super-
position of incoherent Gaussian souces within the
wave-propagation model.

5. Comparison of Fabrication Technologies

A. Fabrication Methods

Besides direct laser beam writing in photoresist, we
used two other techniques for fabrication of the two
micro-optical elements of the beam-shaping device:
binary mask photolithography in combination with
reactive-ion etching, yielding eight-level fused-silica
elements, and HEBS glass gray-tone lithography in
photoresist, yielding deep, continuous surface-relief
structures. We compare the performance of the fab-
rication technologies with respect to the two micro-
optical elements that were used for the beam-shaping
device and discuss the sources of loss.

Laser direct writing in photoresist8,9 is an ap-
proach to obtaining continuous surface-relief profiles
of diffractive or refractive optical elements with pro-
file depths of as much as 30 �m. We used the laser
writer at the Centre Suisse d’Electronique et Micro-
technique, Zurich, which utilizes a focused HeCd la-
ser beam �� � 442 nm� to expose a photoresist-coated
substrate in a raster scan. We used a pixel size of
400 nm for the raster scan. Afterward, the photore-
sist was developed, resulting in a surface-relief struc-
ture. The direct laser writing technique is a flexible
and fast method for obtaining prototypes without the
need to generate masks, as in photolithographic
methods.

Binary mask photolithography in combination
with reactive-ion etching produces multilevel pro-
files.10 The substrate, fused silica, which is coated
with a thin photoresist layer, is exposed through a
binary chromium mask by use of a UV lamp. The
chromium mask is normally fabricated by laser beam
or electron beam writing, depending on the required
resolution. After the development step a resist pat-
tern remains, which is then transferred into the
substrate in an etch step. A subsequent photolitho-
graphic step creates a refined resist pattern, which is
then again transferred into the substrate, yielding a
four-level surface profile. For eight- or sixteen-level
surface profiles, correspondingly more aligned lithog-
raphy and etch steps are necessary.

HEBS glass gray-tone technology uses a mask that
has a continuous variation of transmission �gray lev-
els�. This variation is achieved because HEBS
glass,11 which is fabricated by a silver-ion exchange
process,12,13 when it is exposed to a high-energy elec-
tron beam suffers a reduction in silver ions, and the
optical density of the material changes. The optical
density increases with the electron dosage; typical
values are 0–2.6 for a wavelength of � � 365 nm. A
major difficulty is that one has to work in the non-
linear regime of the photoresist response, unlike for
binary mask photolithography. For the gray-tone
technology, one needs to establish a calibration curve
of resist height as a function of electron dosage by
using a set of calibration structures. This calibra-
tion curve is afterward used to encode the profile of
the designed surface-relief structure into an electron
dose per pixel for the electron beam writing proce-
dure. After the HEBS glass mask is written, the

Table 2. Experimental Efficiencies of the Laser-Written Elements and
Estimated Optimization Potential Considering Antireflection Coatings

and Micro-Optical Elements Fabricated by Gray-Tone Technology

Position

Overall Efficiency �%�

Experimental
Efficiency

Optimization Potential
between Subsequent

Positions

Laser output 100
After gradient-index lens 80 5
After first DOE 48 8
After second DOE 38 2
Fiber 28 7

5856 APPLIED OPTICS � Vol. 40, No. 32 � 10 November 2001



continuous surface-relief profiles are fabricated in a
single lithography step. This technology is well
adapted for the fabrication of deep micro-optical ele-
ments.

B. Efficiency and Deflection-Angle Measurements

Both types of micro-optical elements were fabri-
cated by use of the three technologies. The laser-
written elements are in photoresist and were
realized as continuous diffractive surface-relief pro-
files with a depth of 2.8 �m, designed for the second
order �Fig. 4�. Because the HEBS glass gray-tone
technology �as well as the laser writing technique�
offers the possibility of fabricating continuous
surface-relief elements with a large profile depth
�15–20 �m�, the elements can also be realized with
many fewer zone transitions. In the example de-
scribed here, the elements were realized as a con-
tinuous refractive surface profile with a depth of 18
�m.

The elements fabricated by use of gray-tone lithog-

raphy in photoresist are shown in Figs. 7 and 8. The
eight-level fused-silica elements have a diffractive
surface profile with a depth of 1.65 �m. As a conse-
quence of the relatively small grating periods of the
first element compared with the minimum feature
size of 1.25 �m, the effective number of phase levels
per grating period was, on some parts of the element,
less than 8. The first element fabricated by binary
mask technology as an eight-level element in fused
silica is shown in Fig. 9. One can clearly see the
three parts of each of the elements with the different
optical functions implemented.

Two main characteristics are of importance for the
performance of the two DOEs in the beam-shaping
device: the accuracy of the deflection angles at
which the light deviates and the efficiency of the de-
flection into this direction. Therefore we analyzed
the efficiency and the deflection angles of the ele-
ments fabricated by the three technologies. Table 3
shows a comparison of the measured diffraction effi-
ciencies that were achieved with the different tech-
nologies. The efficiencies were measured with the

Fig. 7. Scanning-electron microscope image of the first element
fabricated by HEBS glass gray-tone lithography in photoresist:
�a� overview, �b� enlarged detail.

Fig. 8. Scanning-electron microscope image of the second element
fabricated by HEBS glass gray-tone lithography in photoresist:
�a� overview, �b� enlarged detail.
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focused light from a vertical-cavity surface-emitting
laser diode at the design wavelength of � � 850 nm.
The spot size �full width at 1�e2-intensity level� in the
plane of the element was measured with a knife-edge
to be 50 �m. For the gray-tone elements the lesser
of the two efficiencies includes the losses at the non-
ideal profile steps, whereas the higher efficiency
�purely refractive� is measured when the beam does
not hit such a step. We found that the efficiencies of
the second element achieved with the three different
technologies were nearly equal, slightly greater than
80%. For the first element, which has steeper slopes

and correspondingly smaller grating periods, the
gray-tone element had a higher efficiency, whereas
the laser-written elements and the multilevel ele-
ments performed nearly equally well. The sources
of loss for the different elements are quite different.
For the multilevel elements the losses are due mainly
to the approximation of the ideal profile by the mul-
tilevel structure and to the alignment errors of the
different lithographic steps. For the laser-written
elements the main losses are caused by the finite
width of the writing beam and surface roughness.
The main losses of the gray-tone elements are due to
surface roughness and to the nonideal profile steps.

Table 4 shows a comparison of the measured and
the designed deflection angles of the two elements
that were fabricated by the different technologies.
The multilevel elements reproduced nearly exactly
the designed deflection angles, the laser-written ele-
ments showed slight deviations from the design val-
ues, and the differences were largest for the gray-tone
elements. For the multilevel elements the direc-
tions are determined by the grating periods, which
are intrinsically well defined. For the refractive
gray-tone elements the directions are determined by
the surface profile, which is more difficult to control
for the deep elements studied here.

For the diffractive elements, as fabricated by la-
ser writing and multiple-projection lithography, we
translated the difference between the measured
and the designed deflection angles into the corre-
sponding grating-period deviation. For the multi-
level elements the corresponding grating-period
deviation was approximately 60 and 90 nm for ele-
ments A and B, respectively, which constitutes
5%–7% of the minimum feature size and a reason-
able value for the accuracy of the e-beam writing of
the chromium mask. For the laser-written ele-

Fig. 9. Scanning-electron microscope image of the first element
fabricated as a multilevel structure �eight levels� in fused silica:
�a� overview, �b� enlarged detail.

Table 3. Measured Diffraction Efficiencies Normalized with Respect to Transmitted Intensity through an Unstructured Substrate

Type of
Efficiency

First Element �%�

Second Element �%�Left Part Right Part

Multilevel 70 70 82
Laser writer 70 68 81
Gray tone 78 �including steps� 81 �including steps� 78 �including steps�

84 �purely refractive� 84 �purely refractive� 88 �purely refractive�

Table 4. Comparison of Measured and Designed Deflection Angles for
the Two DOEs

Property

First Element
Deflection Angle,

Vertical
Second Element
Deflection Angle

Design value
�deg�

4.01 3.38

Multilevel �deg� 3.97 3.36
Laser written

�deg�
4.11 3.47

Gray tone �deg� 4.45 3.67
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ments, we found corresponding grating-period de-
viations of approximately 220 and 280 nm for
elements A and B, respectively. The pixel size
used for the raster scan during exposure was 400
nm, and the grating-period deviations therefore cor-
respond to approximately half of the pixel size,
which is also a reasonable value.

6. Conclusions

We have designed, fabricated, and characterized a
micro-optical incoherent beam-shaping device that is
intended to optimize the coupling of a linear high-
power diode laser into a multimode fiber. We
achieved an overall efficiency of 28% with a first pro-
totype, which corresponds well to the theoretical val-
ues obtained with a wave-propagation model.
Straightforward improvements, such as antireflec-
tive coatings and the use of gray-tone elements,
should lead to an efficiency of approximately 50%.
The beam-shaping device is compact, and the method
of fabrication is well suited for mass production at low
cost. Used in a range-finder measurement system,
this micro-optical device will extend the measure-
ment range because of the symmetrized intensity dis-
tribution obtained on a distant target.

We compared three technologies for the fabrication
of the two micro-optical elements of the beam-
shaping device. Refractive-type elements �gray
tone� yield better efficiency for large deflection an-
gles, whereas diffractive elements �multilevel or laser
written� give intrinsically accurate deflection angles.
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