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SURFACE EMITTING OPTICAL DEVICES

The present invention relates to Vertical Cavity Surface Emitting Lasers (VCSELSs),
and in particular to such lasers that can be operated in a single transverse mode over a

wide range of operating conditions.

VCSELs differ from conventional edge emitting lasers in the respect that the resonant |
cavity is not formed by the natural deavage planes of the semiconductor material but
is formed by (usually) epitaxially produced Distributed Bragg Reflector (DBR)
mirrors. For reference, a schematic diagram of a VCSEL is shown in Figure 1. An
active region 1 is sandwiched between a p-type DBR 2 and a highly reflecting n-type
DBR 3. The device is- grown epitaxially on, for example, a GaAs substrate 4. N and
P-contacts 6 and 7 respectively conduct current through the device, the current being
confined to a small volume by an oxide aperture 5. The cavity of the VCSEL is much
smaller than that of an edge emitter — of the order of 1 wavelength (i.e. <1 micron) —

compared to several hundred microns for a conventional edge emitter.

This small cavity size normally supports only one longitudinal lasing mode of the
VCSEL. However, the lateral size of the device (sometimes in the order of 10
microns) means that the VCSEL supports many transverse modes. In many
applications, e.g. transmission over Plastic Optical Fibre (POF) and holographic
storage, it is essential that the VCSEL operates in a regime where it supports only a
single longitudinal and transverse mode, over as wide a range of operating

temperatures and drive currents as possible.

There have been several published papers detailiﬁg approaches to try to improve the
polarization and single mode properties of infra-red (IR) VCSELSs (with wavelengths
in the range 850 nm to 980 nm). The inventors are not a§vare of any published
attempts to improve the single mode behaviour of VCSELs operating in the visible
portion of the spectrum. Of principal concem is the portion of the spectrum having
wavelengths in the range 630 nm to 690 nm where the active region of the device is
made from quantum wells (QWs) and heterostructures made from the (Al, Ga) InP

semiconductor materials system.
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Usually the length of resonant cavity of a VCSEL is of the order of 1 wavelength (1
7). but extending this cavity by the addition of a suitable spacer layer (see references
[1], [2]) has been shown to reduce the far field angle of the light beam and extend
single mode behaviour over a wider operating current range. Increased single mode
output power and larger area single mode operation, due to increased diffraction
Josses for higher order transverse modes, are observed [1]. One disadvantage of this
technique is the increased possibility that more than one longitudinal mode can be
supported within the extended cavity. This increases the possibility that the
wavelength of the VCSEL will hop between one longitudinal mode and the other as

the junction temperature of the device increases [2].

Nishiyama e al [3] demonstrated enhanced single mode operation in a 960 nm
VCSEL using a Multi-Oxide (MOX) Layer structure. Here, the addition of three
mode suppression layers above the current confinement layer is used. These layers
have oxide apertures which are 1 to 2 microns larger in diameter than that of the
current confinement aperture. Optical mode profiles of the higher order modes are
wider than the fundamental transverse mode. The mode suppression apertures need
to be chosen in such a way that they are wider than the profile of the fundamental
mode and smaller than that of the higher order transverse modes. In this way they
only act to increase the scattering loss of the higher order modes and thus promote
single mode behaviour. Whilst the MOX approach 1s conceptually simple it 1s very
demanding upon the amount of control required to make the structures. It is well
known that the oxidation rate of Al(x)Ga(1-x)As increases exponentially as the Al-
mole fraction increases beyond x ~ 0.94 [4]. The need to accurately control the
aperture sizes means that it is essential to accurately control the Al-mole fraction
during epitaxial growth and to ensure that the oxidation uniformity across a wafer can
be maintained for both of the necessary Al-mole fractions. It would be most unlikely

that this technique be applied in a mass production environment.

In general, restricting the gain to a small central region is a useful technique to
enhance polarisation control and single mode behaviour in oxide confined VCSELs.

Inter-diffusion [5], implantation disordering of the QWs [6, 7] and an additional
2
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implant of the top mirror [8] has achieved single mode output powers of 5 mW. Just
like the MOX technique, all of these approaches require crucial alignment of the two

aperture types which makes these techniques not really suitable for mass production.

Most recently, so called photonic bandgap (PBG) [9, 10] VCSELSs, operating at 850
nm, have been fabricated showing promising single-mode behaviour. These devices
seek to achieve single mode behaviour by creating an effective step in refractive
index across the surface of a conventionally etched and oxidised VCSEL. The step is
achieved through a second photolithographic and etching step which etches a series
of holes thru the top p-DBR. The holes are arranged on a periodic lattice with one
“defect”, i.e. no-hole being left at the centre of the mesa. As an example, single mode
behaviour is achieved in reference [9] using a hole pitch (A) of 5 microns and a hole

diameter (a) to pitch ratio of (a/A) = 0.3.

Self-aligned surface relief techniques [11, 12] have been used previously to
successfully demonstrate high power, single mode behaviour from large oxide
aperture, 850 nm VCSELs. Within this category of devices there are two ways to
achieve the desired single mode behaviour. One approach, which is the most pursued
method, is to etch a shallow structure in the shape of an annulus in an otherwise
conventional VCSEL structure, thereby increasing the losses of higher order modes
[13]. The second way is to add an extra layer.one quarter wavelength (W/4) thick on
the top of the conventional VCSEL during the epitaxial growth [10]. As Haglund et
al point out [12], the advantage of the latter approach is that it utilizes the high
thickness precision in the epitaxial growth to reach a narrow local maximum in the
mirror losses. This will then relax the required etch depth precision since the required

etch precision required since the minimum in the mirror reflectivity is much broader.

When designing and realising an oxide confined VCSEL with a mode selecting

surface relief structure it is likely that there exists an optimum combination of oxide -
aperture diameter, relief diameter and etch depth. This parameter space has been
explored theoretically by Vukusic et al [14] for shallow etched 850 nm VCSELs. No
such study has been carried out for the more production tolerant “deep” etched

surface relief variant although a smattering of results exist for a combination of oxide

3
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apertures and surface relief diameters. However, there is no systematic study for 850
nm devices. Based solely on the AlGaAs materials combinations it is not obvious,
even to one skilled in the art, how to choose the optimum combination of oxide
diameter, etch depth and relief diameter for the high power operation of single mode
device operating in the 630 nm to 690 nm visible region of the spectrum and based on

active regions incorporating the AlGalnP materials system.

It is an object of the present invention to provide a VCSEL device that operates in the
visible wavelength spectrum and which operates in a single transverse mode over a

wide range of operating conditions.

According to one aspect, the present invention provides a vertical cavity surface
emitting optical device comprising a cavity adapted for generating optical output
having a wavelength in the range 630 nm to 690 nm, the device including an oxide
aperture for concentrating electrical current within a central axial portion of the
device and a surface relief feature at an output surface of the device adapted to select

substantially a single lateral mode of operation.

Embodiments of the present invention will now be described by way of example and
with reference to the accompanying drawings in which:

Figure 1 is a schematic cross-sectional diagram of a conventional VCSEL
structure;

Figure 2 is a schematic cross-sectional diagram of an epitaxial layer structure
suitable for forming a VCSEL operable in the visible spectrum;

Figures 3 to 13 show cross-sectional schematic views of a VCSEL during
various stages of manufacture;

Figure 14 shows a cross-sectional schematic side view of a VCSEL fabricated
in accordance with the invention;

Figure 15 is a light intensity vs. drive current characteristic for a 680 nm
device fabricated according figure 14;

Figure 16 illustrates the relationship between laser power output and

wavelength for varying drive currents of the device fabricated according to figure 14;
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Figure 17 illustrates the relationship between light output and drive current at
varying temperatures of operation (i) for a device according to the present invention,
contrasted with (ii) a device according to the prior art;

Figure 18 illustrates the parameter space of surface relief diameter and oxide
aperture, defining those regions of this space in which single mode operation is
obtained; and

Figure 19 illustrates power available from a device as a function of surface

relief diameter for various oxide aperture diameters.

A schematic of an epitaxial layer structure suitable for forming a VCSEL device
operable for visible wavelength radiation is shown in Figure 2. In exemplary
embodiments, epitaxial structures and devices are produced by the growth technique
of metal-organic chemical vapour deposition (MOCVD) which is also referred to as
metal-organic vapour phase epitaxy (MOVPE) [15]. However, other growth methods
may be used in alternative embodiments. Similar device results could be obtained
using molecular beam epitaxy (MBE) or one of its variants, e.g. gas source MBE
which is used successfully in the commercial manufacture of, for example, edge

emitting 650-nm band, DVD laser diodes.

The epitaxial layers of figure 2 are deposited on an n-type GaAs substrate 4 which is
misoriented from the conventional (001) plane by 10 degrees towards the <111A>
direction. The use of a misoriented substrate is preferred to obtain the highest quality
epitaxial layers and the 10 degree angle is preferred. However, excellent results
could still be expected using orientations between 6 degrees and 15 degrees [16, 17].

In other embodiments, successful results can be obtained using substrates oriented in

the (311)A plane [18].

In the preferred embodiment, an n-type distributed Bragg reflector (DBR) mirror 20
(hereinafter also referred to as the n;DBR) has 55 pairs of alternating 2/4n layers 9,
8A of AlAs / Al(0.5)Ga(0.5)As, where ) is the wavelength of interest and n is the
refractive index of the constituent layer at the wavelength. of interest. In this
example, the layer thicknesses are chosen to maximise the reflectivity of the stack at a

centre stop-band wavelength of 680 nm. A linear grading of the Al-mole fraction at

5
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the interfaces between the two lavers is also preferred. The alternating lavers 9, §A
are doped with Si using a gas flow appropriate to produce a doping of ~ 1 x 10" em™.
The DBR stack 20 is close to lattice matching the GaAs substrate 4. On the upper
Jayer of the DBR stack is a layer 10 of Al(0.95)GaAs and a diffusion barrier layer 11
of AlInP which is n-doped (Si~1-5x 10"" ¢cm™). The doping level in this layer 11
is reduced in comparison to the DBR layers 9, 8A as an attempt to minimise any
diffusion of Si toward the active region of the device in the subsequent growth of the

following layers as this could have a deleterious affect on device performance.

On top of layer 11 is grown a 1 W/n cavity 21 which is similar in design to that of a
separate confinement heterostructure (SCH) of an edge emitting laser diode. In the
preferred embodiment, three compressively strained InGaP quantum wells 14 each of
~ 9 nm thickness are used. The wells 14 are separated by lattice matched barriers 13
of Al(0.5)GalnP and the cavity 21 is completed by further barriers 12A, 12B of
Al(0.7)GalnP, doped n and p respectively. The thickness of the Al(0.5)GalnP layers
13 is chosen such that the wells are quantum mechanically isolated and the outer
Al(0.7)GalnP layers 13 chosen to fulfil the criteria of forming a 1 M/n cavity. The
next layer is a further AlInP spacer layer 22 that helps prevent electron leakage as the
temperature increases. Ideally this layer 22 should be as heavily doped as possible to
maximise the barrier for electron leakage but in practice the designer is limited due to
the requirements that (a) Zn has to be used as the p-type dopant in the p-containing
materials and (b) dopant should not diffuse into the active region. In a preferred
design, a p-type doping level of ~1 -5 x 10" cm? is used. Secondary Ion Mass
Spectrometry (SIMS) on samples grown using these n- and p-type doping levels in

the AlInP confirms that no dopant has diffused into the active region.

Increased read and write speeds of DVD R/W drives have been achieved by
increasing significantly the power available from an edge emitting'laser. In part,
reliable high power and high temperature operation has been realised by the usé of
Mg in place of Zn. Mg has a significantly lower probability of diffusion and could

therefore be used in larger concentrations in spacer layer 22.
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A p-type DBR-mirror 16 has 33 pairs of A1(0.95)GaAs / Al(0.5)GaAs layers 10 and
8B with the exception of the second pair 15, 8C which is made from Al(0.98)GaAs /
Al(0.5)GaAs to facilitate the formation of an oxide aperture of appropriate dimension,
to be described later. Two further layers are added: (i) an InGaP etch stop layer
(ESL) 17 and (ii) a W4n GaAs antiphase layer 18. In alternative embodiments, the
etch stop layer 17 is AlGalnP and the antiphase cap layer 18 is InGaAs.

With reference to figures 3 to 13, a particularly preferred method of fabrication of the
VCSEL devices comprises the following steps. It will be understood that this process

is exemplary only.

Figure 3 illustrates, in somewhat simplified form, the layered structure of the starting
material prior to lithographic processes. This figure corresponds to that described in

connection with the more detailed figure 2, using corresponding reference numerals.

With reference to figure 4, a thin layer 40 (e.g. 50 nm thickness) of SiO- is deposited
using PECVD. This oxide layer 40 is coated with adhesion promoting material such
as HMDS 41 using known coating and bake processes: The HMDS layer 41 is then
coated, using conventional spin coating techniques, with a photoresist layer 42. The
result of the first photolithographic step is shown in figure 5. A photo mask (not
shown) is used to expose regions 50 of the photoresist layer 42 which are then
developed and removed as shown to leave photoresist 42 in the unexposed regions
51. This photoresist mask is then used during an etch of the oxide layer 40 using, for
example, a buffered oxide etch (BOE). The GaAs antiphase layer 18 is also etched

through photoresist mask 51, using an appropriate wet or dry etch.

This first photolithographic step simultaneously defines the surface relief feature 52
and the diameter of the mesa structure 53 in the protective SiO; layer 40 and GaAs

cap layer 18.

With reference to figure 6, a further layer of photoresist 60 is deposited to fill the
exposed regions 50 and cover existing resist regions 51. This is exposed using a

mask 61 that protects the surface relief feature 52. The photoresist area 60B (shown

7
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shaded) is developed away leaving protective region 60A, together with the

remaining underlying photoresist layer 42.

In the next step, the exposed surfaces of the InGaP etch stop layer 17 are dry etched,
together with the top part of the p-type DBR mirror 16 to define the mesa structure.
A separate wet etch is used to etch the oxidation layer 15 (A1(0.98)GaAs) and the
remaining (underlying) p-type DBR mirror 16 layers, leaving the structure as shown
in figure 7. The wet etch stops at the AlInP spacer layer 22 that defines the resonant

cavity.

The photoresist layers 42 and 60 are then removed using an appropriate wet etch.
The next step is a timed steam oxidation to define the oxide aperture 80 as shown in
figure 8. The oxide aperture is formed by lateral oxidation of the Al(0.98)GaAs
oxidation layer 15 thereby forming an oxide (AlO,) layer 81 but leaving a central

region 82 of the unoxidised Al(0.98)GaAs layer 15.

With reference to figure 9, there follows deposition of a PECVD SiO; layer 90 which
acts as a sidewall passivation layer for the exposed oxidised layers. In a preferred
process, the SiO, layer is about 200 nm thick. A third photoresist layer 91 is
deposited and exposed using mask 92 to leave photoresist regions 91A and develop

away photoresist regions 91B (shown shaded). The mask 92 is aligned to the centre

‘of the surface relief feature 52.

Using the photoresist regions 91A as a protective mask, the exposed PECVD SiO;
layer 90 is etched together with the underlying oxide layer 40, e.g. in a buffered oxide
etch. After removal of the photoresist 91A, this leaves the structure shown in figure
10, ready for photolithography to define the p-contact.

With reference to figure 11, first and second layers of photoresist 110 are deposited
and exposed using photo mask 111 for definition of a p-metal contact. The
photoresist regions 110A remain after exposure and developing while the photoresist

regions 110B (shown shaded) are removed after developing.
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Deposition of the p-contact metals then takes place. In a preferred process, the p-
metal contact is formed from evaporation of Ti, Pt and Au metals, by a layered
metallization 120 of 30 nm Ti, 40 nm Pt, and 300 nm Au, in that order. The
photoresist 110A is then removed also lifting off any metallization deposited

thereover, leaving the structure as shown in figure 12.

This structure is then coated in black wax 130 (figure 13) and attached, top side
down, to a glass substrate 131 so that the underside of the structure can be processed.
During the underside processing, the GaAs substrate 4 is thinned to approximately
120 microns using bromine methanol. An n-metal contact 132 is evaporated onto the
underside of the substrate 4. Preferably, the n-metal contact deposition comprises a

layered metallization of 170 nm Ge, 50 nm Au, 10 nm Ni, 150 nm Au, in that order.

The glass substrate 131 and protective black wax layer 130 are then removed and the

contacts annealed, e.g. at 380 degrees C.

A finished VCSEL device is illustrated schematically in figure 14, identifying critical
dimensions of the device. The oxide aperture diameter 140 represents the diameter of
the unoxidised A1(0.98)GaAs layer 82 (see also figure 8). The surface relief feature
diameter 141 represents the diameter of the feature etched into the GaAs cap layer 18
(see figure 5). The surface relief feature step height 142 represents the thickness of
the GaAs layer 18, preferably a quarter wavelength (3/4n), or odd multiples thereof
such as 3M4n, 5W/4n, 70W/4n etc. Both the surface relief feature and the oxide aperture
are preferably circular, coaxial and centred on the central optical axis 143 of the
device. However, departure from a circular, coaxial formation of both oxide aperture
and surface relief feature is possible while still obtaining single transverse mode
operation. Thus, non-circular and/or non-axially aligned surface relief features and

oxide apertures may be used.

The electrical and optical characteristics of the fabricated devices are shown in

figures 15 to 17.
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Figure 15 shows an illustrative example of the L-I (light intensity versus drive
current) characteristic from a device prepared using the process described above.
Emission is at approximately 680 nm wavelength and the device is capable of single
mode behaviour up to 60 degrees C. Figure 16 illustrates the relationship between
laser power output and wavelength for varying drive currents and demonstrates the
nature of the single mode spectrum, at 20 degrees C, for that variety of drive currents.
It will be noted that the operation of the device remains substantially single moded at

drive currents in the range 4 to 10 mA.

Figure 17 contrasts devices made using the preferred method described above with a
device manufactured using only a small oxide aperture. The curves shown in
unbroken lines are reproduced from Figure 15 where the oxide aperture diameter 140
is approximately 8 microns and the surface relief feature diameter 141 is
approximately 3.5 microns. The dotted lines illustrate corresponding L-I curves from
device where the oxide aperture is only 4 microns in diameter. In general the single
mode power available from using the surface relief feature 52 and oxide aperture 80
is higher than that of just a small, oxide aperture. The variation of optical power with
temperature is marginally worse for a surface relief VCSEL, but only marginally.
Any change in this property is far outweighed by the ability to fabricate these devices
in a much more controlled manner compared to trying to oxidise reproducibly a 3 to 4

micron aperture.

The inventors have determined, for VCSELs operable in the visible optical spectrum
of 630 to 690 nm wavelength, optimum dimensions of the surface relief feature 52
and oxide aperture 80 parameter space in which devices will provide good single

mode performance.

Figure 18 shows a graphical ‘map’ of the parameter space or area in which
particularly good single mode performing devices can be found, as a function of
surface relief diameter 141 and oxide aperture 140. Devices that operate in a single
mode at > 40 degrees C can be found using surface relief diameters in the range 3 to 5
microns and oxide apertures in the range 6 to 15 microns. Figure 19 illustrates this

point in a different manner. Figure 19 uses the oxide aperture diameter 140 as a

10
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parameter and plots the power available from the device at a drive current of 7 mA, at
20 degrees C, as a function of the surface relief diameter 141. Appropriate data
points are labelled to indicate when the spatial modal property of the tested device
changes from single to multi-mode. Although there is scatter in the data, there is a
clear trend of increasing power output as the surface relief diameter becomes a larger
proportion of the oxide aperture area. However, this trend cannot continue
indefinitely and at some point the device changes to multimode output. This plot
makes it clear that manufacturable devices with good output powers and excellent
spatial properties can be obtained with a surface relief to oxide aperture ratio of about
two. Specifically, excellent device performance can be obtained when the surface

relief diameter is in the range 4.8 to 5 microns and the oxide aperture is in the range 8

to 9 microns.

More generally, it has been determined, as shown graphically in figure 18, that single
mode operation is optimised in 630 to 690 nm wavelength devices in the region 180
below the curve 182 whereas multimode operation occurs in the region 181 above the

curve 182. Thus, single mode operation is optimised when:

a) y<x/8+4.25, and
b) y <—4x/3 +25.67,

where x is the oxide aperture in microns and y is the surface relief diameter in
microns. More preferably, the surface relief diameter is greater than 3 microns and

the oxide aperture is greater than 6 microns.

Alternatively, single mode operation is optimised in 630 to 690 nm wavelength
devices in the (x,y) space bounded by (6,3), (6,5), (14,6) and (17,3), where x is the

oxide aperture in microns and y is the surface relief diameter in microns.
As detailed above, the preferred process used to form the surface relief feature 52

does not use a shallow etch process within an upper layer 17, 18 but rather uses the

more tolerant method of completely removing the A/4n GaAs antiphase layer 18

11
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etched stopped against the InGaP layer 17, in the centre of the mesa. However, either

technique may be used.

The thin InGaP etch stop layer is usually tensile strained and the InGaP composition
is chosen to enhance the selectivity of chemical etching between AlGalnP and InGaP.
As the wavelength of the device approaches 630 nm, the InGaP advantageously can
be replaced with AlGalnP which has a higher bandgap than InGaP. The GaAs
quarter-wave antiphase layer is the most straightforward example of a layer with an
appropriately larger refractive index that allows the “deep etching” surface relief
devices. However, it has been noted that the GaAs is absorptive at the proposed
wavelengths of operation and increases the differential resistance of devices. In the
example device results presented here, GaAs is used as the contact and anti-phase
layer but the use of almost lattice matched InGaAs could be used advantageously
since the absorption coefficient of InGaAs is close to that of GaAs for small In mole
fractions and the reduction in band gap by adding small amounts of In will result in a

better Ohmic contact and give some reduction in the overall resistance of the device.

Although the preferred embodiments described above use a surface relief feature 52
comprising a surface recess 144 at the central optical axis 143 of the VCSEL (i.e. a
central low relief portion), it will be understood that in other embodiments, the
surface relief feature 52 may comprise an upstanding relief feature (i.e. a central high
relief portion). For example, the surface relief feature may comprise a raised portion

of diameter 141 surrounded by an annular lower surface.

More generally, the surface relief feature 52 is any relief feature that provides on-axis
selectivity to the single lateral mode central maximum in preference to the off-axis
maxima of higher order lateral modes. Preferably, the surface relief feature provides
a quarter wavelength difference in optical path length (parallel to the optical axis 143)

between the central portion of diameter 141 and an annular outer portion 146.

In preferred embodiments, the surface relief feature has a height in the range 40 nm to
46 nm. More generally, the surface relief feature has a height of approximately M4n

where X lies in the range 630 nm to 690 nm and n is the refractive index of the

12
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material in which the surface relief feature is formed (e.g. GaAs or InGaAs) at the
wavelength A.  Still more generally, the surface relief feature has a height of
approximately m)/4n where X lies in the range 630 nm to 690 nm, m is an odd
integer, and » is the refractive index of the material in which the surface relief feature

is formed (e.g. GaAs or InGaAs) at the wavelength 2

In another embodiment, the optical device as described in connection with figures 1
to 14 could be inverted. In other words, the substrate 4 would be a p-type substrate,
DBR stack 20 would be a p-type mirror, and DBR stack 16 would be an n-type
mirror. In some circumstances, this arrangement may assist with heat dissipation and

could be advantageous.

Other embodiments are intentionally within the scope of the accompanying claims.

13
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CLAIMS

1. A vertical cavity surface emitting optical device comprising a cavity adapted
for generating optical output having a wavelength in the range 630 nm to 690 nm, the
device including an oxide aperture for concentrating electrical current within a central
axial portion of the device and a surface relief feature at an output surface of the

device adapted to select substantially a single lateral mode of operation.

2. The optical device of claim 1 in which the surface relief feature has a height in
the range m)/4n where X lies in the range 630 nm to 690 nm, m is an odd integer and
n is the refractive index of the material in which the surface relief feature is formed at

the wavelength h.

3. The optical device of claim 1 or claim 2 in which the surface relief feature is
provided as a step between a GaAs cap layer and an underlying InGaP etch stop layer

or between an InGaAs cap layer and an AlGalnP etch stop layer.

4, The optical device of claim 1, claim 2 or claim 3 in which the surface relief

feature comprises a low relief portion centred on the optical axis.

5. The optical device of claim 1, claim 2 or claim 3 in which the surface relief

feature comprises a high relief portion centred on the optical axis.

6. The optical device of claim 1 in which the surface relief feature comprises a
circular relief area centred on the central optical axis of the device and coaxial with

the oxide aperture.

7. The optical device of claim 1 in which the diameter of the surface relief
feature and the diameter of the oxide aperture are related by the expressions:

y <x/8 +4.25 and y <-4x/3 +25.67,
where x is the oxide aperture in microns and y is the surface relief diameter in

microns.
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8. The optical device of claim 7 in which the surface relief diameter is greater

than 3 microns and the oxide aperture is greater than 6 microns.

9. The optical device of claim 1 in which the surface relief diameter is in the

range 3 to 5 microns and the oxide aperture is in the range 6 to 15 microns.

10.  The optical device of claim 1 in which the surface relief diameter is in the

range 4.8 to 5 microns and the oxide aperture is in the range 8 to 9 microns.

11.  The optical device of claim 1 comprising:

a substrate;

a lower reflector structure formed on the substrate;

a quantum well structure over the lower reflector structure defining a cavity of
the optical device;

an upper reflector structure formed over the quantum well structure; and

an upper layer or layers defining said surface relief feature.

12.  The optical device of claim 11 in which the lower reflector structure
comprises a distributed Bragg reflector mirror comprising 55 pairs of alternating
layers of AlAs / Al(0.5)Ga(0.5)As, and wherein the upper reflector structure
comprises a distributed Bragg reflector mirror comprising 35 pairs of alternating

layers of Al1(0.98 — 0.95)GaAs / Al(0.5)GaAs.

13.  The optical device of claim 12 in which one pair of the upper reflector
structure layers utilises Al(0.98)GaAs and the remaining 34 pairs of layers utilise

Al(0.95)GaAs as one of the constituents of each pair.

14.  The optical device of claim 11 further including a diffusion barrier layer

between the lower reflector structure and the quantum well structure.

15.  The optical device of claim 11 further including a spacer layer between the

quantum well structure and the upper reflector structure.
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16.  The optical device of claim 15 in which the spacer layer is doped with Mg.

17.  The optical device of claim 11 in which the upper layer or layers defining said
surface relief feature comprise a lower InGaP etch stop layer and a quarter

wavelength antiphase layer.

18.  The optical device of claim 1 in which the surface relief feature has a height in

the range 40 nm to 46 nm.
19.  The optical device of any preceding claim comprising a VCSEL.

20.  An optical device substantially as described herein with reference to the

accompanying drawings.
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