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A24733 The present invention relates to a sem conduct or
optical device, and to a nethod for fabricating a 5 sem conductor
optichl device, and in particular to a §é§idbnductor opti cal device
which is adapted to forma | ow | oss interconnection with an optical
fibre. gzg devel opment of sem conductor. devi ces and opti cal
fibres, for exaﬁ% for use in optical comunicatiions 10 systens, has
occurred very nmuch in isolation fromeach other. : *Sem conductor devices,

for exanple |asers, ,have hee . devel.oped _and__optim gsed W {h
their own parti cul ai;he %l’reetfuelxlrrl:erréﬁ’tq's n%r‘fa%l ntf,eq'fagresex%iﬁplé f%?mf’%é%‘rig?tor
| ow t hreshol d, optihegh bdednicdt,h, ardr ool i rewimgthedd Aogh dahxicgpowey a
are 15 all desi ; regquik nt ;1 conty. pat i, | ;

Fundanental 196 Gonddeess m%‘%‘%%ﬁ“ b?’la‘)l?;heé _nqa’% 3 Bditidfiar co
materials, in peemiconductasi pptéraiceevéce whigdx ishadanted toaformry low
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functionality of these 20 sem conductor optical devices. In contrast, the
requirenents The development of semiconductor devices and optical
fibres, for example for wuse in optical communications
10 systems, has occurred very much in isolation from each other.
Semiconductor devices, for example 1lasers, have been
developed: and optimised with their own ﬁarticular
requirements in mind, for example for lasers, low threshold,
high bandwidth, narrow linewidth and high output power are
15 all desirable. These requirements, in combination with the
fundamental limitations imposed by the available
semiconductor materials, in particular their refractive
index, has meant that very small waveguide modes have been
essential in order to optimise the functionality of these
20 semiconductor optical devices. In contrast, the requirements
for optical fibres have been the need for low loss, low
material and waveguide dispersion, a range of mechanical
properties (including being handleable), and the ability to
be spliced. Although the progression from multi-mode to
l} 25 single mode fibres has seen a reduction in the waveguide mode
size for optical fibres, the mode size for single mode fibres
which in practice can be spliced, is very ﬁuch larger than
the waveguide mode sizes found in semiconductor optical
devices. The spot size (1/e? diameter) of standard
30 telecommunications single mode optical fibre at a waveléngth
of 1.55 pm is approximately 10 pm, whereas the spot size at
the output facet of a typical double hetrostructure
semiconductor laser is 1.0 um by 1.5 pm.
This large mismatch between the mode spot sizes of
35 semiconductor optical devices and optical fibres means that
couﬁling efficiencies between the two are very low, for
example as low as 10% for a laser and a cleaved single mode
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major contribution to this cost is the need to use sub-micron
10 active fibre alignment techniques to align the fibre to the
semiconductor laser.

A technique for increasing the coupling efficiency
between semiconductor devices and optical fibre is described
in "Low Loss Coupling Between Semiconductor Laser And Single

15 Mode Fibre Using Tapered Lensed Fibres” I W Marshall, British
Telecom Technology Journal, Vol. 4, No. 2, April 1986. This
paper describes how lenses can be formed on the end of single
mode fibres by first drawing the fibre to a taper, by holding
it under tension in the arc of a fusion splicer, and then

20 forming a lens by melting the tip of the taper. While this
technique does indeed increase the coupling efficiency
between the fibre and the semiconductor laser, it
significantly increases the cost of packaging these devices.
In addition to the cost of actually forming the lens, higher

’ 25 alignment tolerances are required when such a lens is
utilised, relative to those required with a cleaved fibre
end. This arises because the sensitivity of the coupling

loss to misalignment of the lensed fibre increases as the
lens radius decreases, s0 that alignment tolerances must be

30 traded for increased coupling efficiency. '
An alternative approach to increasing the couﬁling
. efficiency between semiconductor optical devices and optical
fibres, which also reduces the alignment tolerances required
when packaging these devices, comprises the use of passive
35 mode converters. Such devices are described in, for example,
"Highly Efficient Fibre Waveguide Coupling Achieved By
InGaAsP/InP Integrated Optical Mode Shape Adapters" presented
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in order to nmaxi mse the coupling efficiency between a sem conduct or

| aser and an optical fibre, which dramati ca%l y i ncreases the cost of
packagi ng seni conductor devices. One 5 of the key economic requirenments
for the inplenentation of FTTH (fibre to the horre) is the availability
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t he Although these passive mode converters improve the
coupling efficiency between semiconductor devices and optical

15 fibres, and also increase the alignment tolerances, they
comprise a further component which must be aligned and

packaged between the semiconductor optical device and the

optical fibre, and thus increase the complexity, size and

cost of these packaged devices.

20 A laser having an integrated passive tapered waveguide

which increases its output spot size is described in "Tapered

Waveguide InGalAs/InGaAsP Multiple Quantum Well Lasers" T L

Koch et al, IEEE Photonics Technology Letters, Vol. 2, No. 2,

February 1990. This device employs a conventional multi-

’ 25 qua'ntum well active layer, and a number of passive waveguide
layers. which are successively etched at different points

along the length of the device in order to achieve a stepped,

tapered waveguide. The active layer is evanescently coupled

to the passive tapered waveguide, and a further passive

30 "outrigger" waveguide spaced a considerable distance from the

tapered waveguide, is also employed. The design allows

little flexibility for the optimisation of the laser, for

example the active layer is limited in thickness by the need

to achieve a high degree of evanescent coupling to the

35 passive tapered waveguide. This thickness 1limit on the

active layer limits the high temperature performance of the

laser. Furthermore the use of a stepped, tapered passive
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| ens radius decreases, so that ali gnnent tol erances nmust be 30 traded for

I ncreased coupling efficiency. An gl ternative approach to
i ncreasing the coupling ef ficiency between sem conductor optical devices
and opti cal fibres, which also reduces the alignnment tol erances required

when packagi ng t hese devices, .¢c ri e f SShyE. d
converters. Sudi s ﬁ?guﬁgggPi Zleagﬁé]é] Pg?isg%arﬁ?e%é‘dﬁflé—ﬁgﬁl ;E}tages of
Efficient Fibrehasttuelgititeypipyi ngaadhi dhes Byconsiaeably | nbnrmeagest eche
Optical Mde Sh Ibg?iq & dp&?g?néfd%%w{ice fabrication.

- 3 - at European nference on I cal runi cations 1993 by T
Brenner and H Mel chi oRkcanddiggttsiay figtaty crapest BEnghe prepgpatnAnxention
Mul ti quantu viegul : o] | : e akkBr 1sng"
El ectronic ?eﬁges%ﬁ,%%%ggé, ép%%hgéég%?%é%?pthw\g(gsﬁ:é#gtc% et If.ﬁg'ng
These devices & eqreesike optbprl cerveswpdachevingi Ehrstr aadt §egand Ands,

connect singlegne 1 K 652 ¢ gL COMMEL QI ngevi ces by utilising
t aper ed wavegui de sections to transformthe Small sem conductor npdes

into the much | arger Aodérst PEiFgld nHavegyddng Kegdop of semiconductor
material, which first region is optically passive and is

10 substantially planar, and

a second optically waveguiding region of semiconductor
material, which second region is optically active and is
tapered along a substantial part of the length of the second
region, from the first end to the second end of the composite

15 waveguide, in a direction substantially parallel to the plane
of the first region,

wherein the first and second regions are in optical
contact, and the size of the fundamental optical mode
supported by the composite wavegquide varies along the length

20 of the composite waveguide.

Thus, in contrast to the device disclosed by Koch et -
al which comprises an active region of uniform cross-section,
and a tapered passive region, a device according to the
present invention comprises a tapered active region in

‘ 25 optical contact with a passive planar waveguide. This
arrangement gives far greater flexibility in the design of
active semiconductor optical devices having large output spot
sizes. For example, because the active region is laterally
tapered i.e. tapered in a direction parallel to the plane of

30 the passive waveguide, there is greater flexibility in the
allowable thickness of the active layer. This active layer
can be chosen to be sufficiently thick that the device has
good high temperature performance, without degrading the
degree of optical éoupling between the active and passive
35 waveguides. It is believed that this extra degree of
flexibility in design arises because the active region

becomes less strongly guiding as it is tapered.
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higher coupling efficiencies to optical fibres, and thus

15 allow simple cleaved fibre ends, rather than expensive
tapered lensed fibre ends, to be employed. The use of

cleaved fibre ends, in combination with a large spot sized

laser, may improve the fibre alignment tolerances to such an

extent that low cost passive (i.e. without active monitoring

20 of the laser light launched into the fibre) fibre alignment
techniques could be employed during the packaging process.
Conventional semiconductor laser packages incorporate an

active cooling device (e.g. a Peltier element) for
maintaining the temperature of the laser chip at a low level,
’ 25 for example at, or below room temperature. A further

reduction in the cost of packaged lasers may be achieved if
the active cooling device for the laser chip is excluded.
This may be possible with lasers according to the present
invention because of their good high temperature performance.
30 Advantageously the tapered part of the optically
active region is truncated. Although truncation of the taper
does cause loss due to the discontinuity in refractive index
experienced by light travelling down the taper, it has
surprisingly been found that this truncation loss does not
35 greatly affect the performance of devices according to the
present invention. This truncation of the taper allows the
taper length to be reduced significantly. Furthermore, it is
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truncation of the taper.
Preferably the optically active region comprises a
15 multi-guantum well structure. Such structures have good high
temperature performance, and low thresholds particularly when
they comprise a large number of wells, for example at least
eight.
According to a second aspect of the present invention
20 there is provided
1) epitaxially growing a planar wafer comprising an
active region above a passive region;
2) defining a first mesa comprising the active
region;
25 3) forming a mask on the first mesa, the width of the
mask being less than the width of said first mesa,
the mask width varying along the length of the

')

mask; and
4) defining a second mesa, of substantially the same
30 width as the first mesa, which second mesa

comprises the passive region, and redefining the
first mesa to correspond to the
mask.
The method of the present invention thus provides a
35 simple, two stage, technique for defining a composite
waveguide structure having a tapered active region, and a -

planar passive region.
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Thus, in contrast to the device disclosed by Koch et al which conprises an
active region of uniformcross-section, ang a tapered passive region, a
devi ce according to the pr'e's nf invention conprises a tapered
mul ti-quantum wel |l active region in optical contact with a
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Figure 4 shows an epitaxially grown planar wafer;

Figure 5 a) to e) show various stages in the growth of
a double mesa struéture, of a large spot size laser according

15 to the invention;

Figure 6 a) to d) show further stages in the growth of
the double mesa structure from each end of the device;

Figure 7 shows the device after notching, and material
transport, with the confinement layers in place;

20 Figure 8 shows the device after second stage
overgrowth;

Figure 9 a) and b) show a schematic cross section of
the completed device from each end;

Figure 10 is a graph of the threshold current of large

’ 25 spot size lasers according to the invention having different
taper lengths, as a function of temperature;

Figure 11 is a graph showing the coupling efficiency
of large spot size lasers of different taper lengths to
standard cleaved fibre;

30 Figure 12 is a graph showing the coupling efficiency
of large spot size lasers having different taper lengths to
cleaved small core fibre;

Figure 13 is a contour plot showing the optical field
distribution calculated for a 7 pum wide, 0.07 pm thick, 1.1

35 . pgm quaternary passive waveguide with 5 pm InP overgrowth and
arsenic doped silica glass (ASG); )

Figure 14 is a graph showing the truncation loss
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length, compared to the critical taper length by Love’'s
15 method.

The exemplary embodiment of the present invention is
a large spot size laser, although it will be appreciated that
the present invention may be advantageously applied to any
semiconductor optical device, and that some such devices, for

20 example an optical amplifier, may require the optically
active region to be tapered at both of its ends.

When designing a large spot size laser, a number of,
sometimes conflicting, design considerations need to be taken
into account. The passive wavegquide should have a spot size

, 25 which is well matched to the spot size of the waveguide into
which the laser mode is to be launched, for example .an
optical fibre or an ASG (arsenic doped silica glass)
waveguide. The tapered active region needs to be tapered
sufficiently slowly so as not to cause excessive loss, and

30 yet sufficiently rapidly so as to give a device of reasonable
length. The theoretical basis of these design considerations
will now be discussed, before describing the fabrication of
a large spot size laser, and the performance of the resulting
device.

35 Referring to Figure 1, the composite waveguide
structure comprises an active waveguide 1 and a passive

planar waveguide 2. The active waveguide comprises a section
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surprisingly been found that this truncation | oss does not 35 greatly

af fect the performance of devices according 2o-the present invention.
Thi s truncation of the taper allows the "taper length to be reduced
significantly. Furthernore, it is - 6
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its spot size would be well matched to both cleaved small
10 core fibre and ASG waveguides (which have a spot size of
approximately 3. Sum). The choice available for the material
wavelength, and therefore refraction index, of the passive
guide 2 is fairly broad. The main consideration is that the
material wavelength of the passive guide 2 should be less
15 than that of the active region 1 to ensure it is low loss.
Reducing the wavelength and therefore refractive index of the
passive guide 2 will allow its thickness to be increased,
thus giving a degree of design latitude. The passive
waveguide should have a thickness and refractive index which
20 ensure that it remains single-moded at the wavelength of
operation, for efficient coupling to single mode optical
fibre. |
The length of the passive waveguide 2 should be
greater than the length of the active waveguide 1, so that
25 after the end of the tapered active waveguide the mode of the
’ composite wavequide is allowed to "settle down" before it
reaches the front facet of the device. This is desirable
because the spot size of the mode at the point where the
tapered region is truncated will in general be smaller than
30 the guided mode supported by the passive region. Therefore
once the mode passes from the tapered region into the passive
region, having incurred some loss at the interface of said
regions, it will slowly expand and evolve into the passive
waveguide mode. The length of the passive region required to
35 achieve this is dependant on the désign of both the active
and passive guides.
It should be understood that although the passive
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the |l ength of CPRROSite waveguiderpsk: and 4) defining a second

nmesa, of SBbStan“a"ll'dL‘Cﬁ:Lhﬁg SABW 28 the desxgnV\bﬂt Bheaactife wWdvsduidesa,
whi ch second ge rise & assi ve region nd
Fedef i ni ng tRAd 18 particulartethg Langt o E8BoRADEECRNESCEION 4, the
mask. metHb® empbogdeafl tbheapsessbé thyepeqairédusapepvidngtn 85 an
2 Pockire' W SRR A PRI e SRR o AR
Henry, W J Stewart, R Black S Lacr01x and F Gonthier,
10 *"Tapered Single Mode Fibres and Devices, Part 1: Adiabaticity
Criteria", IEE Proc J, 1991, Vol 138, No. 5, pp343-354) of
calculating critical taper lengths for optical fibres. The
method is derived from the physical argument that the local
taper length must be larger than the coupling length between
15 the fundamental mode and the dominant coupling mode if loss
is to be small. A local taper angle is defined by Q(z)=tan’
[ dp/dzl where z is the distance along the taper, and p=p(z)
is the local guide radius. In this approximation the local
radius p is replaced by the local active half width w. The
20 coupling length between the fundamental and second mode is
taken to be the beat length z,. Where

- 20
pl“ﬁz

(1)
and B, and B, are the respective propagation constants.
25 Therefore the local taper angle is given by

Q= w(nl -nz)
2

(2}
where n, and n, are the effective indices of the guided modes
and in this case n, is the substrate index if the guide is

30 designed to be single moded. Integrating Q over all active
widths gives a critical taper length z, For taper lengths
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- 7 - The invention will now be described, by way of exanple
only, with reference to the acconpanyi ng-dtaw-ngs, in which:

Figure 1 shows a schematic of the conposite wavegui de structure
enployed in a | arge spot size |laser according to 5 the invention;

Figure 2 is axpaptheofladve wiil i bal shabkr ahénghe tapea:ga:iamtbet hees suizdé® ©b

the active WeyeoldgyaGaloul Bhert USEBY rapdidVFadglRLNOYy thore wilfl GUTe

3is agraph™© 6-sIngle pass TosS Vs wavegur de W
truncation f@ignifioent M¥Y atntoethaysubstrate.a 3. O[err]m wide,

0.16[err]m thick pasgjgye syiéecal tapes FiEH €n? WS- AhEP! X atl:llxé(s%e

grown pl anar wafer; gure a show various” stages In
growth of 5 calkpultiorsafarrad ﬁf'-‘éen’éfWadtéﬁg@fs;?Gttiéfezéfal"@&!*l%ﬁ:cbr@rﬁg

15 to the i NnyANM#©OId in Figure RlO9UTedh anild & éQﬁ%EUEEQ?J tHaA965% | ené he
growt h of t he doubl e nmeSa structure from each end of the device;

Figure 7 shoRStie quaveguhfiee wislfit hihgregHaemnt &N Parti euhapdyt asyiih
t he confi nengifptcdidids izend,aq8ie %Qper 1engEhgﬂéQu18eash@wsadii@atﬂevm&&e

giaggatfgcgpgﬁy & q%n1§¥gégég!ﬁranldly Theré%ggégig)lgnldggrtant to

10 assess the loss of the composite waveguide structure if the

active width is truncated before it has tapered down to zero

width. This truncation loss is calculated by carrying out an

overlap integration between the péssive waveguide mode and

the mode in the tapered wavequide at the specified active

15 width. The field profiles required for these integrals are

obtained using a finite difference method. The results of

this calculation are plotted in Figure 3 and it can be seen

that if the active waveguide width is reduced to 0. 3pum prior

to truncation the single pass loss is <1dB. It should be

20 noted that these loss values assume that the guide taper has
been adiabatic up to the point of truncation.

The length of the untapered section 3 of the active
waveguide required, depends on the design of the active
region, and the léngth of the taper 4. The length of the

' 25 untapered section 3 required is reduced as the available gain
from the active region is increased, or the length of the
-tapered section 4 is increased. The amount of gain available
from the active region can be increased, for example in a
multiquantum well laser, by increasing the number of wells.
30 This has the effect of reducing the device length required
for a specified threshold current. Clearly as the length of
the tapered section 4 of the active region is increased, the
length of untapered section 3 required will reduce, and it
should be noted that with very long taper lengths, for
35 example 800m #m, an untapered section 3 of the active region
may not be required at all.
The fabrication of a large spot size laser will now be
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t he conpl eted device from each end, Figure 10 is a graph of the
threshold current of |arge 25 spot size |asées-according to the invention
having different taper lengths, as a function of tenperature;

Figure 11 is a_graph show ng the coupling efficiency of large spot size
| asers of diffd8eRFiPaBer | ThAGYtR5EOEBSS sehgdubedferchbedippbpieation of the
Figure 12 is awf?@hsﬁbew'smget haseQupki B8 Fbiiowancy of large spot size
| asers having different taper lengths to cl eaved smal |l core fibre;
Figure 13 is a contour pl otCXOWIRPRFTBPEF cal " fi el d di stribution
calculated for a 7 [er]mwgRnd.£ilrk4,erwide tiéek, 1.1 35 pm quaternary
passi ve waveguide with 5 [err].m I nP overgrowth and arseni ¢ doped silica
gl ass (ASG)g el Fig GGQW isse%f’tb‘i gb?’?%’?ﬁ)‘ﬁ/i’ﬁ%‘)s?he truncation | oss

8 - agai nst active wWuoieguiabtiwedilaylear, heif wekbtatbi gauseymaterial
devi ce having the passive wavequi de sho Ln_Fiqure ; Figure 15
Is a graph show ng the critics R%ﬁiﬁg#%ﬂ%%ﬁry 8u£ f%§5t stage overgrowtﬁ

of confinement layers

5 Remove oxide
10 6 Carry out second stage overgrowth
7 Define ternary mesa
8 Define contact window
9 Thin to 90 pm
10 Deposit p side metal
15 11 Deposit n side metal

With reference to Figure 4, a planar wafer is grown by
conventional MOVPE techniques, comprising an n doped InP
substrate 5, an n doped InP buffer layer 6, a 1.1 um
quaternary passive waveguide layer 7 which may be either n

20 doped or undoped, an n doped InP spacer layer 8, an active
layer 9, and a p doped top InP layer. Further details of

these layers are given in Table 1.

TABLE 1
Layer Composition Thickness Doping
25 Cap InP 0.2 pm pS~7el7
) Top SCH 1. 3Q 100 & . nominally undoped
MQW active . See below 0.268 pm nominally undoped
Bottom SCH 1. 30 100 A nominally undoped
' Spacer layer InP 0.2 pm n 1-2e18
30 Passive guide 1,19Q 0.16 pm n 1-2e18
Buffer InP 3 gm n 1-2e18
Substrate InP 300 pum n 1-2el8

Where the term SCH refers to a separate confinement
35 heterostructure. The MQW active layer is composed of sixteen
80A thick InGaAs wells, separated by fifteen 80A 1.3 Q

barriers.



according to Love's nethod for a 16 well active |ayer device 5 having the
passi ve wavegui de shown in Figure 13; - 13 - Figure 16 is a graph
showi ng truncation | oss agai nst active wavegui de width for an 8 well
strained active |ayer devi ce having the passive wavegui de shown in
Figure 13; SiinBy ecleg paoybvé hﬁaeéghiaal a.tsarf%rlﬂlqangi&hibﬂy Ley£35nd0

met hod for we, strai active |ayer \V, havj n assj v
wavegui de shov‘\%“’r‘ ‘ﬁjg‘?ﬁ e°€3t fpostrate ani }@ﬁﬁe%e"iSl‘?}geﬁs g"i“'é@h’E ‘ggso
the taper profdd etdoprevent! ldjﬁa.rcatlamaffer@ndbmﬁ@r tauvaehbidoddtapeyusit Sdte
[err] mtaper Aength conpared to the critical taper length by Love' s 15
nmet hod. The exenpl ary enbodi nent of the present invention is a
| arge spot %ize | aseOncal t hbeglplianan | walferappasecibeiesd ghawvn by hMOVPESena

i nvention may v éagﬁ Ayt 0cBY( c r

device, and tha EeLfgt%rrg'% uc q_%(sa g@eggﬂaa bg Ceﬂ eﬁ%ﬁ%ﬁ%%&}? Dn%fgsff@"on)
may require th?e’idopw camlayk Het i (ﬂahcrvetgl ohnt ol‘bglt@perfeh alspodefdmeid s by

ends. AESd SbIY Fnd R0 8 i@%'é‘éﬁ%tlén”&mf%red HF.
soneti nes con I | ct| n . desi n consi derati ons need I N
account. The (B34S gﬂPBB dhodrdingse thesphinal suidthypifcFhes nggagive

{rat ghefl tq% h%lsa?ﬁr s @iidde, \/\/amfﬁ!“d@%éfﬂ%tgﬁbns dm'&%st é.«.&ﬁéarwamfben&e
(6] e aunched, ,Qr, a an (6] I cal, I,1pre or a senj c
(0, SR b HBNRGRI AN, DoARSEE St AR AP ey

::J:‘ :‘ ICgI gLfllsj) aitfey spotS e Uas 20 des cARED Iné&szﬁtheﬁllﬁsﬁWb@twavegulde
sufficiently ra% 4 Ya Scoor?sstér?t gm\_/gtﬁi gg\% C&m?f agl asoegglds along the whole
length of the device. The first, wide mesa is then etched

15 down to the bottom of the active region 9, as shown in Figure

5bh. The mesa is first dry etched using 15% methane/hydrogen

reactive ion etching (RIE), to a depth that is within 0.1 um

of the base of the active layer 9. The mesa is then wet

etched in 3:1:1 (Sulphuric Acid: Hydrogen Peroxide: Water) to

20 the bottom of the active layer 9. This etchant is selective

and stops at the top of the InP spacer layer 8. The plan

view of the planar wafer, shown in Figure 5¢, shows the

constant width of this first mesa. A second stage of silica
deposition, photolithography and etching is then carried out,

’ 25 to give a tapered mask 12, shown in Figure 54 and e. This
mask 12 defines the final width of the active layer 9. The

second, tapered, mesa is now etched by employing a dry etch

followed by a wet etch, as for the first mesa. The etch

details are the same as above. The thickness of the spacer

30 layer 8 and passive guide 7 are equal to or less than the
depth to which the mesa is dry etched. This ensures that the

passive guide is complétely etched through, since the etch

rate of 3:1:1 is strongly dependent on the composition of the

guide, and reduces as the material wavelength is shortened.

35 In addition to removing material from the top InP layer 10

and the active layer 9 at either side of the mask 12, this

etch also removes material from the spacer layer 8 and
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I eri'gt h. The theoretical basis of these design considerations will now be

di scussed, before describing the fabricat+ond ot a | arge spot size |aser,
and”the performnce of the resulting device. 35 Referring to
Figure 1, the conposite waveguide structure conprises an active

wavegui de 1 anghssipassiager 7phaneitharegmaéeot tHee fictstje wavEgth deidth,
and .a tapere sectlgn

t t th 3
comPr 565 3 SN 1n ks, ey Sad I BAnd I Feq A0 G RPEL S SeEL! B
2. The passi dss gmﬁﬁadst r lmlcp.rm Pbavehowsla |ssthematisiowpss fsectton of the

di ff dic 9]
t Ihi cﬁrggcg. 8{%%‘%3% eV vvo | 3 dgl veﬁeéail 81{8 a*‘*““’??%’?o‘?e%% dfr]‘f%%@é F{dite
2.6[err] m S$\heite ssppts s se:hmtmmm -seedtigreref the sxEme hiegice eln nolve

the passi ve gopdeC e S ﬁ*ﬁ% A a ol o S L R AR U 8

cl eaved smal | 120 has énefarbr‘@m m/e;gm s sedn g HFvanze st g ctlogs
approximately .3 Shedrdsd - 14 hng%@ﬂeC%e%\igaé astﬂoemi Ointi‘fgﬁﬁéeﬁba| all of the

wavel ength, and therefore refraction in pasS] ve
active layer 9 and top InP layer 10 have been etched away.

10 The active layer 9 is then "notched" (shown in Figure
6c) by applying an etchant which attacks only the active
layer 9. A suitable etchant comprises sulphuric acid,
hydrogen peroxide, and water in the ratio 3:1:1. This
"notching* of the active layer 9 is believed to provide a

15 clean, fresh surface on the side of the active layer 9, which
benefits the subsequent processing steps.

The whole device is then heated to approximately 700°C
for 20 minutes in an over pressure of phosphine in order to
cause material transport. This treatment converts the mesa

20 shape from that in Figure 6¢c to that in 7a, and also covers
the edge of the active region with InP.

Optical and electrical confinement layers 13 and 14,
shown in Figure 7, are grown to the top of the tapered active
mesa 1. The first confinement layer 13 comprises 0.5 pm p

25 type InP at 7-8el7, while the second confinement layer 14

’ comprises 0.4 pm n type InP at 1-2el18. These confinement
) layers' 13 and 14 sexrve to confine t]ie electrical carriers and
the photons generated from recombinations of these carriers,

to the active layer 9.

30 Finally, the device is overgrown with 1.0 pm p type
InP at 7-8el7 followed by 1.5 pm of p type InP at 1-2el8
which comprises layer 15 and 0.1 pm of p type InGaAs at >lel9
which comprises the contact layer 16.

The contact layer 16 is patterned, a silica mask 17 is

35 deposited, and a contact window is defined in this mask 17 in
a conventional manner. The device is completed by depositing
p and n side titanium-gold metal contacts. Figure 9 shows a
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guide 2 is fairly broad. The main consideration is that the mat eri al
wavel ength of the passive guide 2 should bei$ess 15 than that of the active
region 1 to ensure it is |low | oss. Reduci ng the wavel ength and therefore
refractive index of the passive guide 2 will allowits thickness to be

i ncreased, sdhemativi ngrassegeetioh de<i grithleat idaxd eted hadgabseye from

wavegui de shouw. e I refragli.ye sk LWhi nsure at
it remains si#%ﬁgg%%b%g %Qlﬁﬁgﬁ%§9%$gﬁb§%db?E°% 8%%?%?%§%,Sgogge +gEF8n%g'
coupling to single nide ropabaeral of fléarge spot sizBhe lasegtsh- dfatdie been
passi ve wavegug ; | d t Ilgg,g{ (o] 0 | V.
wavegui de 1, ;Eo t lzzﬁé%&l'af Fgrgnlghe@eﬁéeg {“Egﬂ?aggre ac{}?vg’l\tfg\%er%&?deé?%%r
nmode of thed lengfhsite wahegFaren dengthieenplogedt vergo®d” Hyef ok&0 | pm,
reaches the fr o of eydevi e S 41 | d a he
spot size of tﬁg rr%}ge%g’s tahdemp%ﬁht V\Glﬁ"eor em%%jé thifte g;e)irfe#ar%egsf oﬁg?g tb} Eéré:'at%d
will in gener #i0R2%n&ARSE.t haRd302t HMXRR dEGCHEGR sappEPrREAal onhetpasElee

region. Ther fx@1d cal GfSet e iPEE Pas6ESsh6WA 1AeFigieeed, region into the
passi ve regi on, haying,,jncurred soge goss at the interface of sai
regions, it will sl o&iy’}? L0RF <961 $B8 HF 9% S patiPhe taPeRsy SRR IRYeA

(rjmde. OIThe imn@tﬁh gji\?éle mgﬁéyperﬁgi a@ndr pggured 1305&5@%11@\/;&51:@98 déction
ependant on e desLgn 0) the activ n assive gul S.
S5 ERE o o« Bugrnar penefle Rovethel WA the coum

It should be
linear taper profile, and the critical taper length curve for
60 pm,
TABLE 2
15 Taper section lengths in pm’'s H
Active Width | 60 pm 180 um 400 pm 800 pm
in pm taper taper taper taper
1.0-0. 6 14 42 92 185
0.6-0.4 20 60 134 265
20 0. 4-0.3 26 78 174 350
=%%%

The performance of the large spot size lasers is good,
’ the shorter taper length lasers show only a small increase in
threshold éurrent when compared to conventional lasers. The
25 threshold currents for different taper length devices as a
function of temperature are shown in Figure 10, as are those
for a conventional un-tapered laser. All the devices
operated to a high temperature i.e. 70°C, as can be seen from
Figure 10,
30 Coupling measurements carried out between these large
' show a significant

spot size lasers and cleaved fibres

improvement c¢ompared to conventional lasers. Coupling
measurements to standard 8-9 pm core optical fibre, are shown
and to small core fibre in Figure 12. The

show coupling losses

in Figure 11,
35 results obtained for standard fibre,
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- 10 - wavegui de is a planar, or slab, wavegui de and therefore
guides light in essentially two di nensionrsl6its thickness, or wi dt h,
may neverthel ess vary along the length of the conposi te waveguide. 5
Turning now to the design of the active waveguide 1 and in particular
to the | engt hd@¥nt ke ﬁagéﬁe§°§e§bﬁoﬁoﬂpmtﬁéper deviked whplcdyeepresents a

cal cul ate thesrgguir gg &@%@m}eﬁﬁéﬁ 1ir ks coRPRiY £‘E:Féﬂ tﬁaaegrOQnL%e S

nmet hod (see J D Love, S Lacrol x and
F Gont hi er, 1Eap?5ﬁ@r€&VSFﬁglelﬁbéénFPBr%geﬁthEEVFEESPeP§PFm§HCe of both

Adi abati City 13ine&¥i hegi & s ddﬂid%W£apbr15¥¥hcégﬂaﬁéﬁhoﬁﬁFrébl9P3é§a3€ﬁ£tof
calculating critical h@gir engt hs for f fi bres net hod
derived frdm PReYphySi ar e timicoHBliBgals obtainad |anigbhe nbapepe

| ar ger than thenganpisngnbesekbdbetwmeaolﬁotbeofumdananéahoaeée aﬁdttsgze

dotinod by [&9F] EBFE A o] inpepRrad AR (T dndie 501§ Chat dTdRLeoT
al ong the tapemteamﬂtp#p(méant thathﬂolimpiogemdﬁtrﬂdlmslghmehblBolerance
P T A b Rkea, ShACkHBePl 6 FRRRF Tl 0S8 cShEnBBRL

10 devices. In order to increase the alignment tolerance to
cleaved fibre, the spot size of the device would need to be
enlarged much further. However the use of cleaved fibre as
opposed to lens ended fibre increases the 3 dB alignment
tolerance from 1.5 um to #3.5 pm.

15 Better results were obtained for coupling to small
core fibre (1/e® = 2.0pm) (as shown in Figure 12) since the
laser spot size is better matched to the spot size of this
fibre. In this case it can be seen that mean coupling
efficiencies of up to -1.5 dB have been obtained. The 3 4B

20 alignment tolerance of the tapered devices to this small core
fibre was #2.0 gm '

In order to improve the coupling loss between largé
spot size lasers and optical fibre further, a device with a
spot size more closely matched to cleaved standard single

25 mode fibre is required. Design work has been carried out

’ which shows it is' feasible to fabricate such a device.

If the laser spot size were increased to * 8 pgm it
would closely match the mode size of standard single mode
fibre. This could allow losses of 1 dB or less to be

30 obtained when coupling to cleaved standard single mode fibre.
One of the first problems encountered is the result of the
large spot size. While it is relatively easy to design a
passive guide that will give a spot 8 pm by 8 um it is not so
easy to fabricate a device with it. Such a structure would

35 require = 8 pum of InP to be grown over the guide if the field
in the vertical axis was not to be distorted. Since the
maximum thickness that can be easily regrown is = 5 um, this



taken to be the beat length Z[err] Were

Lerr] | - 17 - (1)
and [err] and [err] are the respective propagati on constants. 25 Therefore
the local taper angle is given by [err]

(2) wher e mli.ﬁ&'i:]s and o[:.%rt&]caqr %e&'&?xtefttaeib's‘éethﬁﬁ' %ﬁasof tﬂla%reg)lé'rd%glere

nodes and 1n this case n2 is the Substrate index if uide is 30
desi gned to b8Y8i n§Pe FBARI. COPREEGLALENGOD oFBP aPPrbEPPFé SEodt h§igeves

a critical tapgerbedgehazliilde JPOr1.taRM e8P Sary 7 pym wide by 0.07 pm
thick is chosen as the passive guide, since this gives a spot
5 8 pm wide by 5 pm high whose index and profile are virtually
unaffected by the 1limited overgrowth thickness. The
calculations for this structure were carried out using a
variable grid finite element programme, and a contour plot of

the E-field for this structure is shown in Figure 13.

10 A 16 well MQW active region is chosen for the upper
guide structure. The taper length required was calculated
using Love’s method and the taper length was found to be
virtually identical to that shown in Figure 2. However the
single pass loss at the truncation point was found to be much

15 larger, (see Figure 14), than previously calculated due to
the greater mode expansion. These results indicated that the
active width would need to be reduced to 0.1 pm before
truncation if this loss was to be kept sufficiently low.
This greatly increases the taper length required, (see Figure

20 15), suggesting that a critical taper length of over 600 pm
would be required, greatly increasing device leangth, and
tightening the active width tolerance required. To improve
the active width tolerance, the effect of a reduced active
thickness was investigated. An eight well strained MQW

) 25 active region was. chosen, since this structure is known to
have good high temperature performance. The SCH thickness
was reduced to 100 A to minimise active thickness. These
changes reduced the active layer thickness from = 0.27 pm for
the 16 well to = 0.17 gm, These changes reduced the

30 truncation loss as a function of active width, (see Figure
16), allowing the truncation width to be increased to 0.2 um.
However the taper length as a function of active width was
also increased, (see Figure 17), due to the smaller index
difference between the guided and substrate modes. The net

35 effect of this was a small decrease in taper length to = 500

. pm for the device. These results show there is a balance

point between the size and cost of the laser and the benefits



- 11 - >>z[err] the loss will be small and the taper can be assuned
to be adiabatic. Wile for taper |englfs-<<z[err] there will be
significant loss into the substrate. The «critical taper length
according to these 5 calculations for different widths of active
wavegui de 1 & imprgvedt equphipdgdess2 andradhagnment tadaraneseen that as
the active waveguiftowKlt ke IHidBherNd oFar thelUl Ebyeft |invention
approaches zero, the taper | ength required for adi abatic node expansi on
i ncreases rarﬂ%‘f‘f/?lb?ﬂe?%‘i‘%?%sg? 3 Py FEEHVe Faresrddesend,a Me¥sastivRe
_comﬁosi te vvavca&gqéléglﬁﬁér ugteursel 1 X §Be§ppre_aﬁhit§6 \M}d_tbhbfet eu_mgate@fl ihf»‘f th
it has tapgred down to zero.., Wi is _tryncation lqgss is calcul ate

by carryin (ﬁﬁm%ﬁPn&UCEQEthﬁlpntg&?&tlgﬁ 8@@h¥§1%§ﬁ?%ﬂ%§%\RFﬁ%ﬁ%@HFH%e
node and Bulek nodetinet heemapenddctareguaterdiall harmyye f itttk aghayei 46
width. The field profil r i for ese int als.are oht al ned
using a fini t%a‘ﬁf‘f"éé%n’géy rrgeﬁg%sgeTﬁeM{%}saﬂ gy ?%&at?:ﬁlcg gglr&fll%é‘ﬁ%n are

plotted in Figure 3 and it can be seen that if the active wavegui de
width is reduced to O0.3[err]mprior to truncation the single pass |oss
i s <1dB. It should be 20 noted that these | oss values assune that the

gui de taper has been adi abatic up to the point of truncation.
The |l ength of the untapered section 3 of the active



wavegw de ds on the design of the active region, and the __~
Iength of“lﬁm m I“ ﬂme | ength of the-2pguntapered section 3 required

i s Teduced*asct he avaisl able gain fromthe active region is increased, or
the length of the tapered section 4 is increased. The anount of gain
avai l abl e fromthe. active region can IgLAIMs eased, for exanple in a

mul ti quantum wel | | aser, by increasing the nunber of wells. 30 This has the
ef fect of reducing the device length required for a specified threshold

current. Cearll.y as ﬂheehéwgiﬂdumftor dpitd dadp adeod cee ciamprids 1ofg tdhecantposte
reglonlsmcr e f e n equl L e {11,
reduce, and |t%aﬁ r H&?eﬁeu %gf?gl%gt lﬂ&?% \%gg'y %%%}é&t%%%%' %étﬁcﬁios&#%?t%S
exanpl e 800 [wawegnide eonppisinlgsecti on 3 of the active region may not

be required at all. . g;.st opEi&ahdly k&%g%’ld‘lfngaff%&% So@tscfgr;lsiécfoltt&g?dgor

wi |l now be
The process s&@d@fial,orwhhehf frstat reaion tife opticaldy¥ ASkVgeandseks

is as foll owsgubstantially Jpland¥0vmd anar wafer 2 Defi ne
first, wde nesa
a second optically waveguiding region of semiconductor

10 material, which second region is optically active and is
tapered along a substantial part of the length of the second
region, from the first end to the second end of the composite
waveguide, in a direction substantially parallel to the plane
of the first region,

15 wherein the first and second regions are in optical
contact, and the size of the fundamental optical mode
supported by the composite waveguide varies along the length
of the composite waveguide.

20 2. A semiconductor optical device as claimed in claim 1,
wherein the first, optically passive region extends beyond
the second, optically active region towards the second end of

the composite waveguide.

25 3. ‘A semiconductor optical device as claimed in claim 1
' or claim 2, wherein the length of the first region is greater
than the length of the part of the second region which is

tapered.

30 4. A semiconductor optical device as claimed in- any
preceding claim, wherein the optically active region is
tapered along at least 5% of its length.

5. A semiconductor optical device as claimed in claim 2,
35 wherein the optically active region is tapered along at least
10% of its length.
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out “first stdge®overdrowth* of confinenent |ayers

5 Renmove oxi de 10 6 Carry out second stage overgrowh

7 Define ternary KES@em:Lconductor8 optiledl n@éiﬂf&eachsw Bﬂiﬁﬂ&ned :.n any 9
Thin to 90 [ergr?é:t 1 $0$|t S|d§ g

Deposit n si d@TRRAEDY © aim, VV}Pﬁr er lﬁiaéj Fe 3°tévﬁl aﬁ%\?l%f s
is grown by tapemedntalensy IMAPEHacB0ues,itonpengting an n doped I nP
substrate 5, an n doped InP buffer layer 6, a 1.1 [err]m guat er nary
passi ve wavegui de | ayer 7 which may be either n 20 doped or undoped, an n
doped I nP spader | aydrs@pigondsicites optimpdr diviarel as pclispmedt dp lamy one

| ayer . Further deighd s ioftoCOttt h%@rleﬂ‘zer%]@r éﬁ‘gic\fgfl&n a%x?eer&glon is

TABLE 1 Layer nposi t1on

| NP aperefemdiong substamiadidy thergthadeH of lts leaggt@

100 A nom nal | y undoped MW acti ve See bel ow 0. 268 pm
nom nal | y undoped Bott om SCH 1.3Q 100 A nom nal |y

undoped = Spicer |ajersemigopductor optical pdeyicpm as clainmedefg 3@ny
Passi ve glllodeprec%dllx@ claim, wRe2éid €ERéNMtapered’ phrtelSf thBULbRAically

' nP act[ierr]reglon is truncate]d

9. A semiconductor optical device as claimed in claim 8,
wherein the width of the truncated end of the tapered
15 optically active region is at least 0. lpm.

10. A semiconductor optical device as claimed in c¢claim 9,
wherein the width of the truncated end of the tapered
optically active region is at least 0. 3pm.

20
11. A semiconductor optical device as claimed in any
preceding claim, wherein the optically active region is

linearly tapered.

25 12, A semiconductor optical device as claimed in any
’ preceding claim, wherein the optically active region is
tapered in a direction substantially perpendicular to the

plane of the passive region.

30 13. A semiconductor optical device as claimed in any
preceding claim, wherein the material wavelength of the
semiconductor material of the optically active region is
greater than the material wavelength of the semiconductor
material of the optically passive region.

35
14. A semiconductor optical device as claimed in any
preceding claim, wherein the thickness of the passive region



Substrate umunﬁ"mnuummuwo pm n 1-2e18 Wiere the
term SCH refer " 1$t g onfi nement 33 Weterostructure. The MW
0

active |ayer is*co%pdSe Sl xt een 80A thick InGaAs wells, separated by

fifteen 80A 1, 3, barriers, Since the passive
wavegui de is fﬁiﬁs;tﬁéaHQF%ﬁMQﬁqﬁfm to et dthing of the substrate and
buffer | ayers are matched so as to prevent optical energy being

| aunched into,substrate . nodes. _5 . ce.the planay_wafer has been
grown by MVPES a B agriedSrer ontteal By Br (LA BES iosry
Deposition) preseding mdsikinm,ll wisheim ithe Fiophicald)y iactileéi nedgilon
phot ol i t hogr a tgh L _ % S0l utiiz0 red HF. Thi s
silica nas% 1§Qég??%g§ %hggekﬁaﬁnéﬁﬁ%ﬁl%%lgh%t%éggﬁé%glo pl anar wavegui de
2. The di nensions of the passive wavegui de 2 wll depend on the

wavegui ding pygpertigs desi Lot cfOF 48} cal device as claimed in claim 15,
wherein the multi-quantum well structure comprises at least
eight guantum wells.

10
17. A method for making a semiconductor optical device,
the method comprising the steps of: -

1) epitaxially growing a planar wafer on a substrate,

15 the wafer comprising an optically acfive region
above an optically passive region;

2) defining a first mesa comprising the active

region;
3) <forming a mask on the first mesa, the width of the
20 mask being less than the width of said first mesa,

the mask width varying along the length of the
mask; and
4) defining a second mesa, of substantially the same
width as the first mesa, which second mesa
’ 25 comprises the passive region, and redefining the
first mesa to correspond to the

mask.
18. A method for making a semiconductor optical device as
30 claimed in claim 17, further comprising the further steps
of: -
5) reducing the width of the active region by etching
with a selective etchant; and
35 6) performing a heat treatment sufficient to cause

material transport.



Iarge spot s[m m ﬂ l m n ed herein the passive wavegui de 2 has a
constant wd ' lﬁ ﬁuﬂﬁ " nd extends ‘albﬁg'the whol e | ength of the
device. The firSt, " wi'le®neda is then etched 15 down to the bottom of the
active region 9, as_shown in Figure 5b. The nesa is first dry etched -
using 15% net Yane/ hfdmedaed for apding & SRrdCORdNF T OPtirk dept et Aat
is within 0. chdigkdd Pn c1a@fm threckaseadh 1bg ﬂ@itﬂér'@dﬂﬁrQ51n§rh§hQE§@e §

t hen wet etched in 3: 1:1 (Sul phuric Acid: Hydrogen Peroxide: Water) to
20 the bottorﬂ 3f" the active layer 9. This etchant is selective and
stops at the top of the InP spacer |ayer 8. The pl an vi ew of the planar
waf er, sh in Figgre 5¢,_sShows the sta width of this first fresa

A second s age of si’l |c§ er °(fé'B'c}'§t|%n f’ﬁﬁ %ra"p‘fﬁf%ﬁl chf® g

then carried out, 25 toogitdesl tapdr edlen&s-lichz mmﬁ\tmemeﬁtgmlaQe&d aadorg
Thi s mask 12 defl nes e f f Y

second, tapered, nesa |§:th%ow #}agn 0\(,1§€ %yaqe‘%p 0yl hg %adg?/&g%( xmgsa?bl RS \%ed by
a wet etch, as for 8Bhe Pexflormigey a Brcendhstageet avesgaowthheovane tize
above. The thickness of and passive guide 7 are equal
to or less than the (flpth to \/\hléi%!lﬁé‘gr?e%a is dry etched. This ensures
that thelO passive guide is conpletely etched through, since the etch
rate of 3: 1p0l is gtpaegh QSEGMQ% og &eﬁlsem%ttfdz%ﬁlme devidid des

and reduces as t he matena? wavel eng t I's shortened 'n addition to
renovi ng mat 6-Badmed Gt t #RY t 8pe| Icé113l%1r”“51017 tanégtvhé"lh%%'?’v% payern® R

ei ther lSl de efteyae 18sk13r Bhi 85 catelaabs® LSIREmeTICIfardii®dpwur
spacer | ayer

pgas e epitaxy.
15
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- 14 - passive layer 7 at either side of the first, uniformw dth,
nmesa. In this way the terraced structure shown in Figure 6a is formed.
Fi gure 6a shows a schemmtic cross-section tthe device fromthe
direction 18 shown in Figure 1, while Figure 5 6b shows a schematic
cross-section of the same device i 19 shown in Figure 1.
The tapered end of the nmask 2£§%£§693 (g#éﬁggt S as can be seen in
Figure 5e, and thus at the end 19 of the device shown in Figure 6b, al
of the active | ayer ave b

The active layer 9 |§ h%rli g’gth%hé:&n oﬁ%‘l .]‘%e |%§’r EESQ 8 g éiﬁehﬁ
an etchant whhels agt mmwetmmam/ewaveghaﬂer Qcmpr,ﬁssugt adal eapetmddnt
conpri ses u [AeC a ! o] a Aty

3: 1. 1. sisl'hlggttl"'JL © walEl;éﬂlllngq Y c%?%ie F%gg?c {}thza% ttagietpr%'w)ge
a 15 cl ean, fpé§ﬁla§urfmﬁﬁ§ldfﬁt‘h@‘7§g%d©f 2t he T® i fundagental mrtenal mode
benefits the g QE@S TP osli RS de vatiedVildhdRMq driyth
then heated to g%prOX|na ely 700?%rr] wareguioenrﬁhteg in aﬁpover ™y
pressure of pﬁésﬁ?ﬂ%ec‘P%P%%fé‘F Véveguéé@sé%%#al ipr anskrexr, Thhe laser

treatment conyggksikhenMBeaed0anfaps 4 rventdRindtbH 1B RE d hiddwdloptl A

and al so covers
10 fibre. A method for making such semiconductor optical

devices is also disclosed.
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the edge of the active region with InH. Optical and electrical —

confinenent |layers 13 and 14, sho in Figure 7, are grown to the top of
the taperedpaghkiel mesa 1. The first confinenment |ayer 13 conprises 0. 5
[err]mp 25 type InP at 7-8el7, while the second confinenent |ayer 14
conprises 0.4 [errE?]n type InP at 1-2el8. These confi nenent | ayers 13
and 14 serve to c6 iQe the electrical carriers and  the photons
generated from reconbi Laons, of the carriers, to the active |ayer 9.
30 Finally, the [ ! mm‘fith 1. O [err]mp type I nP
at 7-8el7 fol |l owe : e P-at 1-2el8 whi ch conpri ses
| ayer 15 and 0. 1 1e19 ° which conprises the
contact |ayer 16. / 16 is patterned, a silica
mask 17 is 35 dowRs defined in this nmask 17 in
a conventi onalf manner. G#positing p and n
side titaniumgold netal > 3 To by schemati c
cross-section of the conpl et's » IR tion 18 in Figure 9a

FIGURE 2
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A nunber of |arge spot size |asers é%éelé%én fabricated, using tapered
masks 12 having different taper 5 lengths 4. The taper |engths enpl oyed

were 60 [err]m 180 [err]m. 400 [err]mand 800 [err]m Two nask taper
profil es wereFUSBHE 3a |l i near taper, and a three section approxinmation
to the critical taper length curve shown in Figure 2. The
di mensi ons of the three section tapers enployed 10 are given in Table 2,
and Figure 18 shofs[TIE TNYEE SECXTOM 1 taper 1of (He o0 e r]mtaper
| ength, together wigh the 60[err]m | i near taper file, 4and t he
critical taper lengfh curve for 60 [err]m g4
TABLE 2 15 EE 4r Taper section Lefigths in [err]nflerr]s
Active Wdth @ [efr]m 180 [err] 400 [err]m 4 800 [err]m ~
inf[err]m A L aper t aper t aper t aper 1.0-0.6
14 42 ¢ 3r 92 185 0. 6-0. 4 207 60
134 265 »20} 0.4-0.3 78 174 350
The performancesof fhe |arge spot sfze lasers is good, t hg shorter taper
length lasers sfro@pnly a small ipfrease in y

e0 p 1

£

» lF -

OF ) t 5 4 " { n
0.0 0.2 0.4 0.6 0.8 1.0 1.2
Active width (um)



t hreshol d cu%égﬁ?%qhen conpared to coné%!tion | |asers. The 25 threshol d
currents for ~di rrent taper length devices as a function of tenperature
are shown in Figure 10, as are those for a conventional un-tapered

| aser. Al 1o Lh5—ﬂmanﬂﬂas————uperared-tu-a hlgh tenperature i. e.
70[err]C, as §q Coupl i ng neasurenents
carried out b 2 —————= Iasers and cl eaved fibres show

a significant AT SRS ToRSACE-Ta=Ya conventional |asers.

Coupl i ng MEas H-AERE-6—6 ghak-a B—ferr]mcore optical fibre, are
shown in Figuf fe 11, and to snall core fijbore in Figure 12. ~ The 35

resul ts obtained for standardéflbre ShOW/?OUp|Ing | osses

- 16 - dom@ to 4. 5dB for the 800[eri] mtaper device, which
represents a !5 to 6 dB inprovenent in gean coupling strength over an
un- tapered device |t can be seep that the performance of both

| inear and 3 section taper de:g ces are conparable, and that 5 only a snall
increase in coupling is obtai ed as the ther |l ength is increased from
60 to 800 [err]m The nodest spot size of this device, increased from

[err] 1 [errlmto [err] S Terr[m(1l/eferr] of
FIGURE 5

b}
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intensity), neant that no inprovenent in alignnment tol erance was
observed for tapered devices when conpared to un-tapered 10 devi ces. I n
order to increase the alignnent tg léleaved fibre, the spot
size of theggevice woul d ne h /urther. However the
use of cleaved fibre as ?br I ncreases the 3 dB
al i gnnment " tolerance froE= %érr]nl 15
Better results were obtalned for coupllng to snall core flﬁie.slle[err]
[err] 2. O[err]r : g 2

o ot t b s o e St e Ti can be

better natched.

seen that nean; coupllng eff|C|enC|es of up to -1.5 dB have ﬁe
obt ai ned. The dB 20 alignnent tol erance of the tapered devi ce$ Po this
smal | core fibre was 2.0 [err]m In order to inproye the
coupling | oss ' e further,
a device with a spot size nore closely matched to cl eaved standard
single 25 node fibre is required. Desi gn work has .been carried out

which shows it is feasible to fabricate such a devi ce. If the

| aser spok)size wéée i nd€kased to [err] 8 [err]mit woul d cl osely match
t he node si ze_af t andarH_si ngl e _nnde fibre Ihis could allowlasses
of 1 dB or ljess tg be 30fobtai ned when coupling to cl eaved standard single
node fi bre. Ong of the first problens encountered is the result of {the
| arge spot <L arlv €asy 10 0esign a passive| gui de
that wll g8 o o) easy to
fabricate a

FIGURE -5
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35 require [err] 8 [err]mof InP to be grown over the guide if the field
in the vertical axis was not to be dlstorted Slnce t he maxi num

t hi ckness that can be easily regrown i s/ g &his

- 17 - limts tdle vertical heightito tﬁbs. However there
are no such constraints on the horizont & Therefore a guide
of 1.1 [err]mquaternary 7 [err]mpaa thick is chosen

as the passive guide, since this ¢ wt Ge by 5 pm hi gh
whose index and profile are virtudl ke YAV AT A limted
overgrowt h thickness The A U AT M OTTS— Ot s—st-rthet-tH-e—w

carried out using a variable grid finite el enent progranme, and &6
contour plot of the E-field for this structure is shown in Figure|13.
10 A 16 wel | active region is chosen for the upper gui e
structure. The taper length required was calcurated USTITg—tove-s

nmet hod and the taper |ength was found to be virtually identical to that
shown in Figure 2. However the single pass |loss at the truncation point

was found to be nmuch 15 | arger, (see Figure 14), than previously calcul ated
due to

d)
1-&
FIGURE 7

aj \Lf I3
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-6
- 5

) |
b) = —_ }L* 1
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wi dth woul d need to be reduced to 0. 1 efore truncation if this

| oss was to be kept sufficiently |ow his greatly increases the taper

| ength required, (see Figure 20 15), suggesting that a critical taper

| ength of over 600 [err]m woul d be required, greatly increasing device

| engt h, and tightening the active wdth tolerance required. To inprove
the active width tolerance, the effect of a reduced active t hi ckness was
investigated.  An ei ghtFI@ERE 8strai ned MQW 25 active region was chosen,
since this structure is known to have good hi gh tenperature perfornmance.
The SCH t hi cknesg 0_ 10l i i ess.
These changeﬁereduced the ac € Tayer thickness ftromjJerr] 0. 27 [err]m

the greater node expansion. These resulkg 'ﬂﬁtﬁated that the active
r

for the 216 Il to 0. 17 [err]m These changes reduged the
30 truncation I dss as a #unction of active width, (see Figure 16),
allowing the tryncation width to be increased to 0. 2 [err]m wever
the taper length as a function of activelw dth was al so increasg¢d, (see
Figure 17), duef{to the smaller index di fkgerence between the gui ¢led and
substrate nodes.f The net 35 effeft}of, } | | decrease inttaper

|l ength to [err] (500 [err]m f t ese results sho Hére is

a bal ance poifn et Ween € Si ald4cosiio he Taser an €_J psfits
|3

7 & g | T 6

55
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- 18 - of inproved coupling |oss andEg! E ment tol erance.
Al t hough the enbodi nent of the present descri bed conprises a
v

bubk passive p@ggﬁgld and a MQW active egU|de it will be appreciated
by those skilled 1n the 5 sem conductor field, that the active wavegui de

may conprise bul k active sem conduct or naterlal and/ or the passive
wavegui de may conprise a MQNor superlattice structure.

CLAI M5 1. A sem conduct or optical device conprising a conposite
opti cal vegui de having first and second ends, the conposite 5 wavegui de
conpri si ng: - a first optically wavegui ding region of
sem conduct or material, which first region is optically passive and is
T /b 4 is
—r”'{qh
4+ (<




ststantiaIIy pl anar, and gs F ptically wavegui ding region
of sem conductor 10 material, which sec Zgion Is optically active and

I S tapered along a substantial part of the length of the second
region,.fronlkgg %%{ih end to the second end of the conposite wavegui de,
in a directio 4 anitially parallel to the plane of the first region,
15 wherein the first and second regions are in optical cont act
and the size of the fundanental optical node supported by the conp05|te
wavegui de varie§ along the |l ength of the coogp e 20 2.
A seni conduct or g wrtar'ﬁ"v|ce as dlained in claim 4, | WZE0qimA the first,
optically pa55|¥ﬁ 'r egi on ext ends beyond ecomd, optically agtive
regi on towar g second end of - t he conp e VégUIde 25 A
sem conduct or oEgipal device as clainmed in fm 1 or cM&pdﬂE erein
the length ofssthejfirst region is greatg han tfe |l ength of th part of
the second regiqo which is t apere ) se&n qepqist o] optica
device as clRinmed in any prec wher eyn Jthe optically active
region is 5 0L

z | ¢ 60pm

2 0}

élo'. 9 Notaper
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tébered along at least 5%of its |ength. i =5, A sem conduct or opti cal
device as clained in cfaim2, 35 whereinit é-zkuically active region is
h

t apered al ong at | east 10% of its | engt 6. A

sem conductor o tlcal ggrlce as clained in any precedi ng cl aim
wherein the opt ive region is tapered along | ess than 80% of
Its | ength. 5 7 A sem conductor optical device as clained in any
one of clainms 1 to 4, wherein the optically actlve region is

8. A

t apered al ong sup§tant| ,
eceding claim wherein

sem conductor optial device as cl ai
the tapered part the optically

© Minmum |

4 Mean !
® Maxmum |

L ea A 04‘

N W
L

Coupling loss (dB)

[y
L

l[(ll‘lll'lll[.l

1

1

100 100 300 500 700 900
Taper length (um)
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active region is truncated. onduct or optical device as
clainmed in claimS8, wherein the w d Ze e truncated end of the
tapered 15 optically active region is a st 0. 1[err]m 10. A
sem conductor optical device as clained in claim?9, wherein the wi dth of
the truncated end of t he tapered optically active region is at |east
0.3[err]m 20 . A sem conductor optical device as clainmed in any
precedi ng clafﬁﬁd§ﬁe}éln the optically active region is l'inearly

t aper ed. 25 ~12. ;A sem conductor optical device as clainmed in any

tapered in a

preceding claim whel§ pthe apt
the passive

1 ‘Cullullrl )

direction substantially perpéndlcular to t
regi on. 30 13. ~ A_s€nm conductor optg devi ce as LIalned in any
precedi ng claim ﬁﬁer i p the materi al vel engt h of t hel sem conduct or
material of the op#ically active region is greater tfhan the materi al
wavel ength of the genEF)nductor -
r . !
2 q
L
g2 <
v 0 [ 1 A 1
0.0 02 04 05 03 10 12
Active width (m)
FIGURE 15
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optical device as clained in any cIa|n1 wherei n the thickness

materi al of the optically passive regloq hz A sem conduct or
|
of; t he passive region is in el;g;ge 0. Olferr]mto 0. 4

[err]m 15. A sem conduct.or optical device as clainmed in any
preceding clai gﬂfrein the optically active region 5 conprises a
nultl-quantuﬁﬂﬁ& £ ucture. 16. A sem conductor optical device as
claimed in claiml1l5, ~ wherein the nmulti-quantum wel|l structure conprises
at | east ei ght qua8t - oo or making a
sem conduct or optiggl devi ce, t he met hod conprising Jhe steps of: -
c p
z 6t
A
3 3
- 4t
2]
<
e p
Q
= 2}
£
m p
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0.0 02 04 06 08 1.0 1.2
Actve width (jm)
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1f epitaxially growi ng a planar wafer on{g%s bst4ate, 15 t he

waf er conprising an optically active regf above an
optically passive region; 2) deffning a first nmesa conprising
the active regi on; 3) formng a mask on the first
mesa, the wdth of the 20 mask being | ess than the width of said
first nesa, the mask wi dth varying along the length of the
mask; and 4) defining a second nesa, of substantially the sane
width as the first nmesa, which second nesa 25 conprises the
passi ve region, and redefining the : first nesa to correspond
to the mask. hod for maki ng a sem conduct or
optical device as 30 clai in cIa|n117 rther conprising the further
st eps of : - \ dth of the active region by
et chi ng with a Eg I ve etchant and 35 6)
performng a heat treatnent sufficient to cause materi a
transport.
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- 22 - 19, A nmet hod for nmaking a sem conductor optical devi ce as
clainmed in claim17 or claim 18, further conprising the steps - of: -

7) performng a first stage overgrowh to form : opti cal
and el ectrical. confinement |ayers al ong ' t he sides of said

first and second nesas; and 8) perform ng a second stage

wt h ; fi : ;
overgro OVRlavbfifide requires a large dJn%ergr??dadogn\?tfmg s'f'?g%@sofl agotogtr%%r?r?f and

met hod for naking a sem conductor optic

ce as Clal ne

5

of claims 17 thwsi®nsideeably incrangestiee oémplexiy epd cbyt of7device Bbricatiomr ri ed out
using metal organi CA\éggr%Wg to apﬁ%%eassgétt 8¢ ¥ne lp?esent invention there is provided a

5

10

15

20

25

semiconductor optical device comprising 2 composite optical waveguide having
first and second ends, the composite waveguide comprising:-

a first optically waveguiding region of éemiconductor material, which first
region is optically passive and is substantially planar, and

a second optically waveguiding region of semiconductor material, which
second region is opticaily active, comprises a multi-quantum well structure, and is
tapered along a substantial part qf the length of the second region, from the first
end to the second end of the composite waveguide, in a direction substantiaily
parallel to the plane of the first region,

wherein the first and second regions are in optical contact, and the size of

_ the fundamental optical mode supported by the composite waveguide varies along

the length of the composite waveguide and wherein the first region is of
substantially constant width along the length of the composite waveguide.

Thus, in contrast to the device disclosed by Koch et al wh;'ch comprises an
active. region of uniform cross-section, and a tapered passive region, a device
according to the present invention comprises a tapered muiti-quantum well active
region in optical contact with a passive planér waveguide. This arrangement gives
far greater flexibility in the design of active semiconductor opﬁcal devices having
large output spot sizes. For example, because the multi-quantum well active
region is lateraily tapered i.e. tapered in a direction paraliel to the plane of the
passive waveguide, there is greater flexibility in the allowable thickness of the
active layer. This multi-quantum well active layer can be chosen to be sufficiently
thick that the device has good high temperature performance, without degrading
the degree of éptical coupling between the active and passive waveguides. This

extra degree of flexibility in

ARGEHIDED SHEET
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CLAIMS

1. A semiconductor optical device comprising a composite optical waveguide
having first and second ends, the composite waveguide comprising:-

a first optically waveguiding region of semiconductor material, which first
region is optically passive and is substantially planar, and

a second optically waveguiding region, of semiconductor material, which
second region is optically active, comprises a multi-quantum well structurs, and is
tapered along a substantial part of the iength of the second region, from the first
end to the second end of the composite waveguide, in a direction substantially
parallel to the piane of the first region, '

wherein the first and second regions are in optical contact and the size of
the fundamental optical mode supported by the composite waveguide varies along
the length of the composite waveguide and wherein the first region is of

substantially constant width along the length of the composite waveguide.

2, A semiconductor optical device as claimed in claim 1, wherein the first
optically passive region is of substantially constant cross section along the length

of the composite waveguide.

3. A semiconductor optical device as claimed in claim 1 or 2, wherein the
first optically passive region is of substantially rectangular éross section along the

length of the composite waveguide.

4. A semiconductor optical device as claimed in claim 1, 2 and 3, wherein

the multi-quantum well structure comprises at least eight quantum wells.

5. A semiconductor optical device as claimed in claim 1, 2 and 3, wherein

the multi-quantum well structure comprises at least sixteen quantum wells.
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