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Abstract: Quantum well laser diodes with low far-field divergence remain a requirement for many applications such as optical
interconnects and data networks, pump sources and next generation holographic red—green—blue displays requiring compact, high
power, visible light sources with high spatial and spectral coherence. Many designs exist, but the structure must be easy to grow
reproducibly, which has commercial advantages. The authors’ low far-field divergence design widens the vertical mode in such a
way as to decrease the far-field divergence without significantly reducing the confinement factor, thus keeping threshold current
lower. In this study, the authors calculate the sensitivity of their design, which has high refractive index mode expansion layers
inserted in the cladding, to unintentional variations in layer thickness and composition during growth. They obtain consistency in
measured far-fields for three wafers grown over an interval of a year, with a full-width-half-maximum vertical far-field divergence
of 17° for a narrow design (Design A) and just under 13° for a very narrow design (Design B). They have demonstrated a useful,

reproducible design, adding to the range of versatile semiconductor lasers available for every application.

1 Introduction

Quantum well laser diodes with low far-field divergence
remain a topic of concentrated research and development
effort with applications such as optical interconnects and
data networks, pump sources [1] and next generation
holographic red-green—blue displays requiring compact,
high power, visible light sources with high spatial and
spectral coherence [2]. Many types of designs for lasers
with narrow vertical far-fields have been investigated,
including large and super large optical cavity ([SJLOC) [3],
photonic bandgap crystal (PBC) structures [4] and designs
with extra layers in the optical waveguide [5-8]. Good
control of the far-field divergence is achieved in all these
designs, with vertical divergence reduced from a typical 35°
or more in earlier designs, to 8—18° in structures designed
for control of the vertical far-field. In this way the
astigmatism of the beam is reduced, enabling structures
such as these to be used without expensive beam shaping
optics when a round spot is required, but greater power is
required than can be provided by vertical cavity
surface-emitting lasers. One advantage of designs with extra
waveguide layers over LOC or PBC is that they are thinner
and not only generate less heat, but dissipate it more easily.
In addition, growth is simpler with a smaller number of
epitaxial layers. The sensitivity of the optical mode to
precise waveguide layer thicknesses and compositions
varies with design and may lead to more exacting growth
requirements in manufacture. A structure that is easy to
grow reproducibly has commercial advantages. In this
paper, we calculate the sensitivity of our design to
variations in layer thickness and composition during
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growth, selecting designs with lowest sensitivity and
obtaining repeated growths which show excellent
reproducibility. These are structures with extra high
refractive index layers (mode expansion (ME) layers)
inserted in the low index cladding layers. This widens the
vertical mode in such a way as to decrease the far-field
divergence without significantly reducing the confinement
factor, a problem in some designs as it leads to increased
threshold current density. We included ME layers in both p
and n cladding layers of our realised structures, as this
reduces the rate at which the mode changes with layer
thickness or composition compared with a layer inserted on
the n-side only. We have previously grown lasers with a
vertical far-field divergence of 18°. In this paper, we
designate this as Design A. Full details are given of the
structure in [6] and the waveguide is described below. We
now consider the sensitivity of our design to unintended
variations in cladding layer thickness and composition
during growth. We show the existence of regions in the
design space where a small change in design parameter has
relatively little effect on the mode width, and thus is less
sensitive to variations in growth conditions during
manufacture. We present far-field measurements on a series
of growths of Design A to confirm the manufacturing
reproducibility. We also report on a new structure with a
narrower measured vertical far-field divergence of <13°
(Design B).

2 Design of waveguide structure

In this paper, we consider 650 nm band emitting GalnP
quantum well structures in an AlGalnP waveguide lattice
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matched to and grown by metal oxide chemical vapour
deposition (MOCVD) on GaAs. The active region consists
of three 5 nm wide, compressively strained Gag4glngs,P
quantum wells separated by 5.5 nm (AlysGag.s)g.52In0.4sP
barriers, centrally placed in the (AlysGag.s)g 52Ing4gP core
of total width 0.226 um which supports a single transverse
optical mode. (The structure could easily be adapted for
630 nm emission with tensile strained quantum wells and a
slightly narrower core [9].) The waveguide consists of this
high refractive index core, placed in low refractive index
(Alp.7Gag 3)0.52In0.4gP cladding (Fig. 1).

Two (AlgsGag.s)o.s2Ing4sP ME layers, of the same
refractive index as the core, are inserted symmetrically in
the (Alg,Gag3)o.s2Ing4sP  waveguide cladding. Grown
wafers Design A and Design B both have this schematic
structure: increasing the spacing and width of the ME layers
narrows the far-field, going from A to B. An asymmetric
design with an ME layer in the n-cladding only was also
modelled, but not grown. The active region consists of three
quantum wells centrally placed in the (Aly sGag s)g 521N 4sP
waveguide core.

The design feature that narrows the far-field is the insertion
of (Aly 5Gag 5)o.52Ing 4gP high refractive index ME layers in
the (Aly7Gag3)o.50In9 43P cladding. An ME layer pulls the
mode out into a small side lobe, producing a wider
near-field and correspondingly narrower far-field, whereas
the electric field amplitude and intensity at the centre of the
mode, where the overlap with the quantum wells is greatest,
remain high, with concomitantly lower threshold.

We modelled symmetric designs, with ME layers in both p-
and n-claddings, and asymmetric designs with an ME layer
placed in the n-cladding only. The symmetric design has
advantages such as a reduced sensitivity to manufacturing
variations, but in some cases there is a requirement for not
increasing the mode confinement in the p-doped cladding
with associated increase in free carrier absorption losses, in
which case an asymmetric design could be used. We
modelled the effect of changing the width and spacing
(Fig. 1) of the ME layers, keeping the core and active
region the same throughout the modelling process. We
selected a symmetric design for growth.
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Fig. 1 Schema of the narrow vertical far-field designs considered
in this paper
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We modelled the structures using the transfer matrix
method in a one-dimensional (1D) slab waveguide to
calculate the electric field amplitude and near-field intensity
of the optical mode as a function of distance across the
structure for a specific wavelength (650 nm in the first
instance), performing a Fourier transform to obtain far-field
as a function of angle. The input data consisted of layer
thicknesses (with the cladding layer considered effectively
infinitely wide), real refractive indices of these layers and
the lasing wavelength. The output data consisted of far-field
as a function of angle and the confinement factor for each
layer, defined as the fraction of the near-field intensity
spatially confined in that epitaxial layer.

The room temperature refractive indices of the AlGalnP
waveguide layers were calculated using the modified single
electron oscillator model. On the basis of the
semi-empirical single electron oscillator method of Wemple
and DiDomenico [10], this model was developed by
Afromowitz [11] for AlGaAs to obtain a better fit to
experimentally obtained refractive index values near the
band edge and extended to AlGalnP by Kaneko and
Kishino [12], giving the following relations used in this paper

2o Fa horE
E, £
4 2 2 2
(h w)"E4 1 ZEO_Eg_(hw) 1
(=) )
2Eg(Eg—E§) 2-(ho)

where 7 is the real refractive index, 7  is the photon energy,
E, is the band gap at the gamma point, Ey is the dispersion
energy and F, is the oscillator energy that is related to the
aluminium fraction, x, by the following equations from [12]

E, = 1.89+0.67x @)
E, =4.17 4 0.49x 3)
Ey=35.79 — 1.16x @)

Owing to the thinness of the quantum wells, the optical mode
was not very sensitive to the value of refractive index used for
GalnP. We used a value of 3.57 for the real refractive index,
corresponding to the highest real value we could calculate
below the band edge. This value agreed with measurements
by Moser et al. who measured the refractive indices of
AlGaInP for aluminium (Al) fractions of 0, 0.33 and 0.66
[13] and Ferrini et al. [14]. We neglected any imaginary
parts corresponding to gain or absorption at the lasing
energy. The resulting calculated far-field intensity as a
function of angle was directly compared with measured
far-fields of lasers fabricated from grown wafers,
recalculating  far-field profiles for different lasing
wavelengths if necessary.

To ensure comparison of model and experiment under the
same conditions, at room temperature, the lasers were
operated close to threshold and pulsed to avoid self-heating.
The active region temperature of a laser operated CW will
inevitably rise to a certain extent, depending on cooling
arrangements. If CW or uncooled high-temperature
operation is required the calculations would need to take
into account the change in band gap and refractive index
with temperature.

The temperature dependence of the band gap can be
calculated using the formula of Varshni [15], for example,
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or, for a better fit over a wider temperature range an
expression by O’Donnell and Chen [16] with fits to
experimental data for (Al)GalnP by Smowton and Blood
[17]. Calculations of the temperature dependence of the
refractive index of semiconductors, mainly binaries, have
been made by various workers [18-22]. Specific attention
was paid to the (Al)GalnP system by Meney ef al. [23]
who extended the refractive index results of Moser ef al.
[13] over a range of temperatures. Our calculations
indicated the thermal expansion of layers in a slab
waveguide had a negligible effect.

From the resulting near-field and far-field profiles obtained,
we calculated the optical confinement factors and the
full-width-half-maximum (FWHM) and 1/e® far-field
widths. The confinement factor (I'), defined as the spatial
overlap of the gain producing quantum well with the optical
mode intensity, was calculated from the near-field intensity
profile, again treating the waveguide as a 1D slab with
uniform profiles along the length of the device. Since
threshold occurs when the modal gain (G=T'g, where g is
material gain) is equal to the sum of the optical losses a
higher confinement factor results in a lower threshold
current. Although the wells are placed close together at the
centre of the main part of the optical mode each has a
slightly different confinement factor. For ease of comparing
structures, the average confinement factor (mean of the
confinement factors over the three quantum wells) is used.

A portion of the mode is also confined in the ME layers.
This must not interfere with the useful central portion of the
beam and so is ideally small (and therefore not containing a
large fraction of the optical power) and well separated from
the central part.

We investigated the effect of varying the width and spacing
of the ME layer (The core remained unchanged.). We varied
the ME layer width from 210 to 460 nm and spacing from
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Fig. 2 Structure design
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200 to 900 nm over a wavelength range of 635-665 nm,
calculating the FWHM and 1/e? far-field divergence.

Throughout the modelling, we assumed the layer
thicknesses and compositions remained the same in the
core, and that changes in the cladding layers, including the
ME layers, took place uniformly throughout both p and n
claddings.

After modelling the designs, we selected two for growth by a
commercial vendor: a narrow far-field design with an ME layer
width of 250 nm and a spacing of 550 nm (Design A), and a
very narrow far-field design with an ME layer width of 320
nm at a spacing of 750 nm (Design B). The core and active
region remained the same throughout. Design A was grown
three times over a period of about a year to investigate the
stability of the far-field divergence with respect to
manufacturing tolerances, Design B was grown once. As an
illustration of the modelling process, the variation of
confinement and divergence about these width and spacing
values is shown in Fig. 2. Moreover, shown are the results
for an asymmetric structure with an ME layer in the
n-cladding only. The variation of the average confinement
factor over the three quantum wells is shown in the top two
sub-figures. In the left-hand figure, the spacing of the ME
layer is held constant at 750 nm, as in Design B, and the
thickness of the layer is varied from 250 to 370 nm. The
confinement factor remains relatively high until a thickness
of 320 nm and then starts to decrease rapidly: such a
combination of values should be avoided in a design where
reproducibility is required. For example, a design value of
15°, indicated by the grey horizontal dotted line in the
bottom left sub-figure requires an ME width of 310 nm for a
symmetric design, for which the confinement factor remains
high. For an asymmetric design, the ME width would have
to be 340 nm, moving the design into a region of rapidly
varying confinement factor and greater sensitivity to growth
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0.005 asymmetric structure
— symmetric structure
0
200 400 600 800
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1/e* : v/
40 M~ /
- — — «
20 ——
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200 400 600 800

spacing of 250nm ME layer (nm)

The variation of the average confinement factor (top figures) and the vertical far-field divergence (bottom figures) as the ME layer thickness (left) and spacing
(right) are varied. Bold lines denote a symmetric structure and thin lines an asymmetric structure. FWHM far-fields are given as solid lines and 1/e? far-fields
as dashed lines. The horizontal dotted line in the bottom left sub-figure illustrates some disadvantages of using an asymmetric design to achieve a far-field of

15°: extra ME layer width is required and reduced confinement factor is obtained.
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Fig. 3 Thickness variation during growth

The variation of the average confinement factor (top figures) and the vertical far-field divergence (bottom figures) as a function of a uniform percentage change in
width and spacing of the ME layers for Design A (left-side sub-figures) and Design B (right-side sub-figures). Bold lines denote a symmetric structure and thin
lines an asymmetric structure. FWHM far-fields are given as solid lines and 1/e* far-fields as dashed lines.
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Fig. 4 Composition variation during growth

The variation of the average confinement factor (top figures) and the vertical far-field divergence (bottom figures) as the aluminium content is varied by up to 15%
of its specified value uniformly in all cladding layers for Design A (left-side sub-figures) and Design B (right-side sub-figures). Bold lines denote a symmetric
structure and thin lines an asymmetric structure. FWHM far-fields are given as solid lines and 1/e* far-fields as dashed lines.
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The variation of the average confinement factor (top figures) and the vertical far-field divergence (bottom figures) as the wavelength is varied (with refractive index
change as a function of wavelength taken into account) for Design A (left-side sub-figures) and Design B (right-side sub-figures). FWHM far-fields are given as

solid lines and 1/e® far-fields as dashed lines.

conditions. The predicted FWHM far-field for Design B with
two symmetrically placed 320 nm wide ME layers is 13.6°,
this could not be achieved at all with an asymmetric design
as multiple side lobes appear in the far-field beyond 340 nm.
The symmetric design also has the advantage of a slower rate
of variation of the confinement factor as the thickness of the
ME layer varies, which has implications for the stability of
the design in growth.

Of importance in the manufacturing process is the stability of
the design to unintentional variations in layer thickness or
composition. For the designs selected for growth, we
modelled the effect of the change in thicknesses (Fig. 3) or
composition of the AlGalnP cladding layers (Fig. 4). We also
modelled the effect of a wavelength change (Fig. 5), including
change in refractive index as a function of wavelength [12],
since a wavelength change could be induced by thickness or
composition induced well depth variation in the active region
or variation in material quality or losses, for example. The
core and active region thicknesses and compositions were
held constant. Manufacturers’ epitaxial growth tolerances for
MOCVD are typically +10% for layer thickness and £3% for
composition.

The values of the confinement factor calculated for Design
A (with an ME layer on both sides) subject to manufacturing
tolerance vary by +6.5% as the layer thickness varies by
+10%. Those for Design B show a smaller variation. The
far-field change is of the order of a degree, which is a small
fraction of that of Design A and about 5% for Design
B. The far-field divergences are more sensitive to growth
changes in the asymmetric structures than symmetric,
whereas the confinement factors are less sensitive. The
changes, in general, are non-monotonic and modelling
involves finding regions with slow rates of change.
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The changes induced by a fractional change in aluminium
content are of a similar magnitude to the changes because of
variations in layer thickness by the same percentage.
However, the far-field changes in the same sense for both
designs (a decrease in aluminium content produces a narrower
far-field), whereas a layer thickness increase produced a
far-field increase in Design A, but a decrease in Design B.

We used a smaller wavelength range as a fraction of the
design wavelength since large variations in wavelength
would not be tolerable in practical applications. The range
of lasing wavelengths observed for these devices lie well
within this range.

We now examine the application of these ideas in practice
and present the results of detailed measurements on three
different growths, using standard manufacturing practice, of
Design A, over a period of a year, and one growth of Design B.

3 Measurements on manufactured wafers

The four manufactured wafers were processed at the time of
receipt into 50 um oxide isolated stripe lasers and
segmented contact test structures for spectral absorption
measurements. A summary of measured values is given in
Table 1. The lasers were cleaved into lengths between 1
and 0.32 mm. A repeat processing of the first wafer was
also undertaken. All devices were mounted using
conductive epoxy n-side down onto copper heat-sinks with
a gold wire contact to the stripe, with facets as-cleaved. The
lasers were operated pulsed throughout (600 ns pulses at
1 kHz) to ensure no self-heating. Far-field divergences
(Fig. 6) were measured with the laser placed on a rotating
table and the intensity measured directly (in arbitrary units)
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Table 1 Laser parameters measured values of room
temperature threshold current and predicted and measured
values of far-field widths for 50 um broad area oxide-isolated
stripe lasers fabricated from three growths of Design A and one
growth of Design B

Design A (growth 1) A (growth 2) A (growth 3) B
ME layers

Width, um 0.25 - - 0.32
Spacing, um 0.55 - - 0.75
Far-fields, °

predicted 18.7 - - 13.6
FWHM

measured 17.5+0.4 17.5+0.2 17.2+0.2 12.7
FWHM +0.1
predicted 1/e? 33.7 23.3
measured 1/e° 28.9 20.2
Lasing wavelengths, nm

0.32 mm laser 651 654 654 652
1 mm laser 657 659 656 656
Room temperature threshold current, mA

0.32 mm laser 243 171 235 221
1 mm laser 442 405 578 459

as a function of angle, rather than using a translating slit with
a stationary sample. This was necessary to obtain good data
for the low intensity side lobes. Far-fields were measured
for 1 and 0.45 mm lasers at 1.2x threshold current. We
found no significant difference between the two lengths and
therefore gave the FWHM far-field width (Table 1) as a
mean over eight lasers (four of each length) with the
average deviation from the mean as the error. The slight
increase in intensity at large angles on the left-hand side of
the far-field for Design B was because of light from the rear
facet reflected from the transistor header on which the
heat-sink was mounted. This was prevented with matt black
paint for the far-field measurements on multiple lasers. We
also fabricated Design A into ridge lasers producing a
round spot. Threshold current densities were determined as
a function of temperature (Fig. 7). Also shown are
absorption edges and lasing wavelengths (Fig. 8).

All structures had modal scattering loss of about 8 cm™",
measured using the segmented contact method [24].

(arb)

normalised intensity

-100 -50 0 50 100
angle (°)

Fig. 6 Laser far-field for the first growth of Design A showing a
broader far-field and little evidence of side lobes (thick curve) and
Design B with a narrower far-field, but evidence of side lobes
(thin curve). The data have been normalised. The dashed line
indicates 1/&° of the peak value
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Fig. 7 Laser threshold current density for 1 mm lasers fabricated
from Design A (50 um oxide isolate stripe, p-up with as-cleaved
facets): first growth (circles), second growth (squares) and third
growth (triangles)

4]
o

absorption (em™)

650 660 670 680 690 700
wavelength (nm)

Fig. 8 Absorption curves for the repeated growths of Design A,
showing lasing wavelengths for 1 mm lasers: first growth (circles),
second growth (squares) and third growth (triangles)

We measured the power density at the facet for the narrow
far-field design which achieved 14 (+2) MWem™ at
catastrophic optical damage [25]. The calculated spot size
for this structure is 0.37 um.

4 Discussion

The measured FWHM far-field widths are about 6% lower
and the 1/e? about 13% lower than the predicted values in
both Design A and Design B. The consistency of the
measured far-fields for all three growths of Design A (to
within 0.3° FWHM) suggests good consistency in the
growth. A change in Al fraction is the only variation that
would cause the far-fields of both of the designs to change
in the same sense. A reduction in the Al fractions of all
cladding layers of about 13% would account for the
changes in far-field; however, the good consistency means
the growth could be adjusted to achieve the required
far-field every time.

This design focuses on applications where a narrow
far-field is highly desirable with a medium power output.
This design could be extended to the 630 nm by a suitable
choice of quantum well composition and strain.

5 Conclusions

In our wafers we found good consistent values of the FWHM
far-field between growths of Design A over a period of a year,
with a narrow FWHM vertical far-field divergence of 17°, and
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just under 13° for Design B. The modelling suggested good
stability in the designs with respect to unintentional
variations in layer thickness and composition during growth
and this was bome out in the measured far-fields.
Modelling predicted a slightly wider far-field than those
measured and suggested the growth achieved a slightly
lower aluminium fraction than specified, but a high degree
of control. We have demonstrated a useful, reproducible
design, adding to the range of versatile semiconductor
lasers available for every application.
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