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SEMICONDUCTOR STRUCTURES AND A METHOD OF
~ MANUFACTURING SEMICONDUCTOR STRUCTURES

The present invention relates to semiconductor
structures. It finds particular application in the field
of opto-electronic devices.Such'as semiconductor lasers,
and their manufacture, :

‘A known family of opto-electronic devices, buried
heterostructure (BH) semiconductor lasers, is based on the
following general structure : a substrate of semi-
conductor material having a mesa thereon, with confinement
layers on either side of the mesa. Such a device {s
described by 0 Mikami et al in *1.5 um GaInAsP/InP Buried
Heterostructure Lasers Fabricated by Hybrid Combination of
Liquid - and Yapour-Phase Epitaxy”, Electronics Letters,

18 (5) (4.3.82) pages 237-239. (The word "mesa" in this

context is used to describe an upstanding stripe having a
flat top.)

The devices of the'family include a planar p-n
junction across which current flows (the conventional
current from p to n) and a waveguide region adjacent to-
the junction to which light is confined. The waveguide
regioﬁ may comprise an “"active layer" in which electrons
and holes combine with the production of photons by
radiative recombination. Such an active 1ayer has to
relate suitably in band gap and refractive index to the
other semiconductor regions of the structure in order to
achieve a suitable degree of “confinement® of these
processes to the active layer. The layers of material to
either side of the waveguide region and in contact with
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and their manufacture. A known famly of opto-electronic

deévi ces, buried het er ost r uct ur e (BH) sem conductor |asers, is
based on the - follow ng geneagé structure : a substrate of semi+
10 3 conductor material having a a thereon, with confinenent

| ayers on either side of the nmesa. Such a device is descri bed by
0 Mkam et al / 3 terostructure
Lasers Fabri cat e Igy{)&r gh%nm ngﬁgt‘)')ﬁgg (e ?éjg on arﬁ_known l_a% and '
Vapour - Phase Epi ¢@ "emEIfed?.Vb‘Fﬁ 6s Letters, 15 18 (5) (4.3.82) pages

237-239. (The word m!ay&a ‘fieldd¥ appiication ofcgém%hda&ovss&@descr' be an

upst andi ng stripe havin op he devi ces
of the fanily idevices 315 p'l"aﬁEF"‘iﬂnﬁb“e Comunijceh’tﬁnﬁo&v%t@rnéss Ihi ch current

flows (4 he convggherg! the devices are constructed out of materials
whose elemental components are selected from Groups I
and V of the Periodic Table, Silica optical
fibres as produced in recent years have loss minima at 1.3
um and 1,55 ym approximately, the latter minimum being the
10 lower, Accordingly, there is an especial need for devices
 operating in the range from 1.1 to 1.65 um, especially
from 1.3 to 1.6 ym. (These wavelengths, 1ike all the
wavelengths herein except where the context indicates
otherwise, are in vacuo wavelengths). Semiconductor
15 lasers operating in this region of the infrared usually"
comprise regions of indium phosphide, InP, and of
quaternary materials indium gallium arsenide phosphides,
In Gal AsyP1 -y - By suitable choices of x and y
it is possible to lattice-match the various regions while
20 varying the band gaps of the materials. (Band gaps can be
determined experimentally by, for example,
photoluminescence). Additionally, both indium phosphide
and the quaternary materials can be doped to be p - or
n-type as desired. o
25 Describing a selected BH semiconductor laser, with its
mesa uppermost, it has an active layer within the mesa.
Electrical contacts are provided to the mesa and on the
furthermost face of the substrate from the mesa. The
“confinement" required is provided optically in a vertical
30 direction, by changes in refractive index of the
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20 . current fromp to n) and a wavegui de region adjacent to :
the junction to which light is confined. The wavegui de regi on may
conprise an "active layer" in which elegtrons and hol es conbi ne
wi th the production of photons by ¥ 7 radiative reconbination. Such
an active layer has to 25 relate suitably in band gap and refractive

order to o semicgpiyeioiha &R AR Ghekh BBYATy gnd 0T G Pese
processes to theleatric#llyajara hohtzdniabrdirecthon byi the iconfinement ei ther
side of the waveguide g onfitdmédt §2PEACact €d'cillse any current
flowing between the contacts to flow preferentially
5 through the mesa and therefore through the active layer.
In one form, the confinement Iayers‘may present
non-conducting semiconductor junctions to current flow
between the contacts in use of the device.
Good electrical confinement is provided if the
10 semiconductor layers between the contacts constitute a p-n
junction and the confinement layers in combination with
the substrate constitute an n-p-n junction when taken in
the same direction. In use the confinement liyers and
substrate then comprise a reverse biased semiconductor
15 . junction in both directions. Alternatively the
confinement layers and substrate could present multiple
reverse biased semiconductor jdnctions in one or both
directions. '
In another form, the confinement layers may comprise
20 "semi-insulating "materials such as Fe doped InP. These
materials have a relatively high resistivity compared to
for instance undoped InP. Confinement layers in this form
have advantages in that they substantially completely
oppose current flow and show low capacitance effects. Low

25 capacitance effects tend to increase device speed.

In the past devices of this type have been fabricated
by means of liquid phase epitaxy (LPE). However there are
problems associated with these techniques such as solutal
convection within the melts, inaccurate thickness control

30

of the confinement layers and meltback of the mesas during
fabrication. These have lead in particular to lack of
uniformity over large areas and the techniques do not lend
themselves easily to large scale production.
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the'opposite faces of the wavegui de region'are known as

"@opfiﬂenent | ayers". A major field of application of

sem conduct or optical devicei is in optical fibre conmunications
systens. In5 general, the devices are constructed out of materials
whose el enental conponents are selected from G oups |11 and V of

the Periodic Table.j;Shhif3eRi 'to%olve the problem of meltback of the

mesas during fabrication an LPE-VPE (vapour phase epitaxy)
hybrid technique has been used. However there are still
~ disadvantages. It retains an LPE growth step and
5 therefore does not lend itself to large scale production,
a significant leakage current has been observed in the
confinement layers, and narrow mesas are difficult or
impossible to achieve. ,
An alternative growth technique, metal organic vapour
10 phase epitaxy (MOVPE), has been found promising for large
scale device production. It offers a highly desirable
combination of features : atomic scale interface
abruptness, precise compositional control, and uniformity
of thickness and composition over a large area.
15 Additional alternative growth techniques which have
" also been found advantageous in epitaxial fabrication
processes are molecular beam epitaxy (MBE) and metal
organic molecular beam epitaxy (MOMBE).
A method of fabricating buried mesa structure lasers
20 using only low pressure "metalorganic chemical vapour
deposition" (LP-MOCVD) epitaxial growth steps is outlined
in the following paper : "Very Low Threshold Buried Ridge
Structure Lasers Emitting at 1.3 am Grown by Low Pressure
Metalorganic Chemical Yapour Deposition® by M Razeghi et
25 ‘al, Applied Physics Letters, 46 (2) (15.1.85)
 pages 131-133, (MOCVD is an alternative term for MOVPE.)
The method comprises the steps of growing onto an InP -
substrate, an n-doped InP buffer layef, an undoped GaInAsP
active layer, and a p-doped InP layer for avoiding the
30 formation of defects near the active layer during
etching. Etching using a mask, the active layer is
reduced to a mesa. After removing the mask, the mesa is

covered by a p-doped InP layer and a p-doped GalnAs cap
Tayer.
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fibres as produced in recent years have loss mnina at 1.3
[errJmand 1.55 [err] mapproximately, the latter m ninum being the 10

| ower. Accordingly, there is an especigt.need for devices -
operating in the range from1.1 to 1.65 [err]m especially n from
1.3 to 1.6 [err]m (These wavel engths, like all the wavel engt hs

herei n except wher t cbdadi 'aq" are in
vacuo wavel engt hs) ﬂ'lye"ﬁ]\eggﬂ& uct 8{5@%5&&%% abqvaesﬁghogpéeﬁé;?:éﬁg [ ndt his region
of the infraredbdiJ@u| pressure MOVPE andhgncestangegseale produsdiem phosphi de,

Rbsphdeg,  Should be EITILRa, IRyeYR) £y parRga e o1 oo
!Dsops)gslsi glsé to F%ﬂ"@?‘é%&r&t’ﬂ# toﬁiy \Pag; rewthctachpiqug must e varying
the band gaps oémplogednt Howeler, tHeBaewicaspprodatedarely on a det er m ned
experimental l'y g\Yﬂtf-?rrl p%‘%g?{ﬁ’ difference between the large area p-n
' | homo-junctions to each side of the active region and the
p-n heterojunction through the relatively small area
active region itself. Although a lowest measured
10 threshold current of 11 mA using continuous wave operation
has been quoted, the values given for measurements
relating to 269 devices were variable in the range from
17.9 mA to 50.0 mA inclusive. 44%/0 of these devices
had a threshold current of more than 45 mA. An optical
15 power emission of only up to 15 mW is quoted, and current
blocking on either side of the mesa had to be improved by
proton bombardment to the depth of the p-n junction and
beyond. Such bombardment is not easy to carry out with
satisfactory results.
20 ' It is an object of the present invention to provide an
improved semiconductor structure and a method of
‘manufacture therefor,
Hereinafter, structures and devices may be described
in terms, such as “uppermost", which imply a specific
25 orientation of the structure or device. The use of such
terms is for convenience of description only and should
not be taken to 1imit any structure or device to a
specific orientation.

According to a first aspect of the present invention
there is provided a semiconductor stucture, comprising a
substrate having epitaxial layers deposited thereon, there
being an interface which extends in a generally transverse
direction with respect to the face of the substrate,

it

30
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phet ol um nescence). Additi-onally, both indium phosphide and the

quaternary materials can be doped to be p_- or "n-type as
desired. 25 Describing a sel ecbed BH seni conductor | aser, Wth
its nesa uppernnst it has an active layer within the nesa.

Fur ther most face RACVERE TR 414 SeFand,PeRloRaceh thalavers, wheretn at
"confi nenment" remdsedalnfajprowomdncuﬁ 'tbalilny,eifaca samesparids3at
direction, by (:hafg% 2 sﬂbstsaifg¥ﬁ VEB' ndf?&qus cnysta]lographic plane
of the material or materials of the first region, the
5 layers of the first and second regions being at least
' substantially flat right up to the interface, |
It has been found that, surprisingly, it is possible
to grow layers in the second region, against such an
interface, which tend to show no significant change in
10 depth even immediately adjacent the interface. This means
that relatively good control may be exercised over the
positions of, for instance, transitions from one layer to
the next in the first and second regions, even at the
interface. Hence the relative positions of semiconductor
Junctions can be better controlled at the interface if
Tayers of each region are appropriately doped.
Particularly advantageously, it has been found that
such semiconductor structures can be fabricated using '
MOVPE growth techniques, having the advantages described
20 above.

It has been thought that the layers referred to grow
so flat against the interface because of the
phosphorous-rich nature of (111) B crystallographic planes
of InP. However it has further been found, surprisingly,

15

25 that the major portion of the interface may correspond to
modified (111) B crystallographic planes without
significantly affecting the flat characteristic of the
layers in the second region. This can be particularly
advantageous in the fabrication of some semiconductor

30

structures where for instance an improved device can be’
made by a technique incorporating a heating step which
causes material transport at the interface before the
layers of the second region are grown. An example of such
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direction by the confi nenent

material, and both optically_and electrically = in a
.layers. ~ The confi nenment

act to cause any current flow ng betweemny _ the contacts to flow
preferentially through the nesa and 5 therefore through the active |ayer.
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t he confinement | ayers may present non-conducting

| ayers

-

a HeVIded RER DelaChlirient hdtePds BiRicemed 1abeér cOpt acts in use of

‘technique incorporating a heating step, and a
semiconductor structure made by the use of the technique,
is described below. (The heating step acts to "clean up*

the sides of a mesa so that improved growth of confinement

layers against the mesa occurs, in spite of the treatment
history of the mesa before growth.) '

The term “modified {111) B crystallographic plane®
means that the major portion of the interface has been

fabricated by exposing a (111) B crystallographic plane in

the material of the first region, then subsequently
modifying the plane, for instance by heat treatment
causing material transport, so that it no longer
accurately represents a (111) B crystallographic plane.

However, the interface will retain general characteristics

of the (111) B crystallographic plane, for instance the
overall direction of slope and the characteristic
interaction with certain growth techniques, particularly
MOYPE, which allows the layers in the second region to
grow relatively evenly, right up to the interface.

Preferably the major portion of the interface
comprises of the order of 60°/o, or more preferably of
the order of 80°/o, of that interface. Also preferably,
said major portion should comprise parts of the interface
both adjacent to, and furthest from the substrate. Both
these preferred features tend to encourage a generally
flat characteristic of the layers grown against the
interface. .

According to a second aspect of the present invention
there is provided a semiconductor structure, cqmprising a
substrate having a mesa supported by a face thereof, the
mesa comprising a p-n junction which extends parallel to
the face of the substrate, the lateral surfaces of the
mesa being buried by one or more confinement layers,
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devi ce. Good el ectrical confinenent is provided if the 10

sem conduct or | ayer between the.contacts constitute a p-n. junction and

t he confinenment layers in conbination with the substrate constitute an
n-p-n junction when taken in the same - 8 direction. In use the confinenent

'layers and substrate then conprise a reverse biased sem conduct or
junction in both 15 dirggtio

and subst r at ¥M&IRGAY éééﬂtsa M?';Alrﬁrgsél&:?\ﬁg‘léyﬁpég@egﬁ flcgﬁgﬁgz orI WS |
J UnfCit ingprznit nl gnemﬁacbetifocthf_eméesj'aooar'r'r:sppnq :t 'lledqt alfhxﬂan'tcia"l_dylntot hﬁ i '
ContiTeTent | YRR SO Florantic FThaeLBY, B Mpap T L2 oueh oo Fe
to for i nst amatenialls pefd the Roor€esgondd ng rparttayeparts ofhthe mesa have
5 - Semiconductor structures according to the second
aspect of the present invention are particularly useful in
buried heterostructure lasers. .
Because semiconductor material such as InP can be used
to grow surprisingly flat confinement layers against the
10 lateral surfaces of such a mesa, for instance by means of
MOVPE, the depth and positional relationship of the'layers
to a mesa can be relatively closely controlled. This is
particularly important where the mesa contains a p-n
junction and the confinement layers present an n-p
15 junction to block current flow in usé of a device., It can
also be advantageous for subsequent steps in fabrication
of a device. ' .
As before, the (111) B crystallographic planes may be
_ modified, for instance by heat treatment causing material
20 transport.
It has been found that, as mentioned above, if the
mesa incorporates an active layer of a device, the device
may be improved by heating the structure, before growth of
confinement layers against the lateral surfaces, so as to
25 cause material transport onto the sides of the active
layer. This is preferable to growing the confinement
layers against the sides of the active layer directly
after etching those sides, producing for instance a device
with more reliable performance characteristics.

According to a third aspect of the present invention
there is provided a method of making a semiconductor
structure according to the first aspect of the present
invention which comprises the stages of:

30
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advantages in that they substantially conpletely oppose current flow
and show |ow capacitance effects. Low capacitance effects tend to
i ncrease device speed. 25 In the past devices of this type have been
fabricated by nmeans of |iquid phase” epftaxy (LPE), see for exanple DE-A-
3502326, - and "A Novel Technique To Fabricate Gal nAsP/ I nP Buri ed

Het erostructure ters 44(10) 15

May 1994. Hovveveaﬁt hg 1§8ea M‘SBT@RJBS%‘ Eg%‘fsﬁlo%ts%m%ﬁ Ohese techni ’ques
such as sol.utal correate @1step \hiavingr a rheingnsutface, icorcespomidéngt hi ckness
Fobri cation.  Theds AR JREREfce, YETRARES MR G BREy Yy, bF SlfERTC 1T L "Oves
| arge areas and t hesuréatenicqupsises Gitl)l Brery3sattognaphiceplanesi bf to Iarge
scal e produgtion. ¢pe material, and |
1i) growing semiconductor material by means of any
one of a MOYPE, a MBE or a MOMBE technique to create
the layer'or Tayers of the second region.
The method may further comprise a stage in which the
10 (111) B crystallographic planes are modified, for instance
by heating to cause material transport at the interface,
before the growth of the semiconductor material. To
“prevent growth on the layer or layers of the first region,
an epitaxial growth suppressing material may be deposited
15 on that layer or layers prior to stage i) above.
According to a fourth aspect of the present invention.
-there is provided a method of making a semiconductor
structure according to the second aspect of the present
invention which comprises the steps of:
20 i. forming a stripe of an epitaxial growth
suppressing material on a heterostructure wafer;
ii. using the stripe as a mask, etching a mesa with
an etchant or a selection of etchants such that at
Teast a major proportion of the lateral surfaces of

25 the mesa comprise (111) B crystallographic planes of
the material of the mesa; | _
iii. using epitaxial growth to grow the confinement
layers against the lateral surfaces of the mesa; and
iv. removing the stripe.

30

An important application of the present invention is
in the production of lasers, particularly those which will
operate in a single transverse mode. These lasers are of
major importance in optical communication systems. Such
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In an attenpt to solve the problem of neltback of the . mesas during

frabri cati on an LPE-VPE (vapour phase.epitaxy) hybri d techni que has
been used. However there are still _ di sadvantages. It retains an LPE
growth step and : -1 '

lasers can be produced from semiconductor structures made
by the method of the present invention in which the
uppermost surface of the mesa {s restricted to being not
more than 5 ym wide.

5 - Step i1i. above may advantageously be preceded by a
step in which the lateral surfaces of the mesa are
modified by heat treatment which causes material transpdrt

~ at those surfaces.
MOVPE can be used as the epitaxial growth technique of

10 step iv. above. This has the particular advantages
already described. |

Single transverse mode semiconductor lasers, and a
waveguide, according to embodiments of the present
invention will now be described, by way of example only,

15 with reference to the accompanying Figures in which:

Figure 1 shows a vertical cross section of a laser

according to a first embodiment of the present

invention;

Figure 2 shows a cross section of part of a double

heterostructure wafer for use in making the taser of

Figure 1;

Figures 3a to 3f show stages in production of the

laser of Figure 1;

Figure 4 shows a scanning electron microscope image of

a cross section of a semiconductor structure according

to an embodiment of the present invention;

Figures 5 and 7 show cross sections of semiconductor

lasers according to second and third embodiments of

the present invention;

Figure 6 shows a stage in the production of a 1aser

according to an embodiment of the present invention,

'fol1ow1ng an optional additonal treatment step;

20

25

30
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5 therefore does not lend itself to large scal e pr oducti on, a

~ significant | eakage current has been observed in the ' conf i nement
| ayers, and narrow nesas are difficult or i npossi ble to achieve. -
An alternative growth technique, netal & ganic vapour 10 phase epitaxy
(MOVPE), has been found prom sing for |arge scal e devi ce production

nterface O AEAGHTRALShows dpIet GhrbiR AIRBREIOTE R AoPTURANAt I {or m 1y
gr t te:‘thP\e/ZS ?gsw ﬁcbt’fpﬁlésﬁ %bﬁ/ﬁteﬁ friomge common waTer accordimyldtot i onal
advant ageousgl n epﬂ'@?pg'l'e%té he FFasVe"t mveﬂ%%i:!:gege:pefﬁglngcul ar beam |
epi taxy (MBE) and refgure 9 showsoar Qang'btudﬂhebmiode dpectrupiof ax \1 aSHOVBE) .
5 structure -as shown in'Figure-S;
Figures 10a and 10b show the far field patterns
parallel and perpendicular respectively to the plane
of the p-n junction of the mesa; '
Figure 11 shows a histogram of active layer widths in
10 mesas produced using methods according to the present
invention, sampled from'five different wafers; and
Figure 12 shows a waveguide according to an embodiment
- of the present invention.
Figures 1 to 7, and 12, are not drawn to scale and
15 : cross hatching is omitted for the purposes of clarity. .
As is the usual practice, although only one laser is
shown in Figures 3a to 3f, several lasers will generally
in fact be fabricated from the same wafer.
Referring to Figure 1, a laser structure 1 according
20 to an embodiment of the present invention comprises a
layered mesa 2, 3, 4 buried by three confinement layers 5,
6, 7, a capping layer 8 and a contact layer 9. The
lateral surfaces 10 of the mesa 2, 3, 4, against which the
confinement layers 5, 6, 7 have been grown, are defined by
25 (111) planes of the materials of the mesa 2, 3, 4. The
resultant cross section of the mesa has a distinctive
concertinalike appearance as a result.
In more detail, the laser structure 1 comprises a
substrate 12 of (100) orientated S doped InP, doping
30 level n approximately equal to 8 x 1018 cm'3, about
250 um thick. Covering the upper surface of the substrate
12 is a quaternary layer 11 of S doped GaInAsP (quaternary
material), doping level n of the order of 1 to 2 x 1018
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A nethod of fabricating buried mesa structure |asers 20 using only | ow
pressufe "metal organic chenical vapour deposi tion" (LP—NDCW@
epitaxial gromh steps is outlined ' in the foll owi ng paper : "Very -
Low Threshol d Buried Ridge Strucl@re Lasers Enitting at 1.3 am G own
by Low Pressure - - Metal organic Chenical Vapour Deposition” by M
Razeghi et 25 I|ed Physics Letters, 46 (2) (15.1.85)

pages 131-133. GWDGYIBP &WHHQ& et ckeand ofra oopegap 1ying~ The net hod

conpri ses the sHgPghelira é)VP‘rBﬂ p@t o3 . The 1wbatuie%hez §-doped | nP
buffer |ayer, an undope

active and a p- doped | nP
| ayer for avoi di ﬁg‘“Q'Wé"e en tRefmF‘ﬁfﬂ BFt%FeiIaéc?gdeHéér r}\ehe active |ayer

dugl ngd %mvp@g ﬁyél?wgswltﬂﬁg &ziltESﬂle Gbrermestye | ayer is
reduced 4o a nesa {A) tan - r'lr]:%fﬁ’er? ’Ina‘}%r Zlgr}elrrt?s%opfng level n

approximate1y equal to 2 x 10 0.4 um thick;
11) an undoped active layer 3 of GaInAsP of band gap
1.5 ym and 0.1 um thick; and
{ii) a Cd-doped-layer 4 of InP, doping level p
10. approximately equal to 5 x 1017 -3, » 0.2 ym thick,

On each side of the mesa is a series of.three
confinement layers 5, 6, 7 as follows, again starting with
the Jower most:

iv) an S-doped layer 5 of InP, doping level n of the

15 ~ order of 1 to 2 x 10'® cm =3, of thickness

0.1 um;

v) a Cd—doped layer 6 of InP, doping level p

approximately equal to 5 x 1017 3, of '

approximate thickness 0.4 um; and

vi) an S-doped layer 7 of InP, doping level n

approximately equal to 1 x 1018 w3, of

approximate thickness 0.4 um.

Extending across the uppermost surfaces of both the
mesa and the confinement layers 5, 6, 7 is a capping
layer 8 of Cd-doped InP, doping level p approximately
equal to 2 x 1018 -, of thickness lying in the range
1 to 2 ym. The capping layer 8 in turn is covered by a
ternary contact layer 9 of Zn-doped GalnAs, doping level p
approximately equal to 4 x 1019 cm's,-of thickness
1ying in the range 0.05 to 0.3 ym. '

Contacts, for providing driving current to the laser
structure, are provided through a window 13 in a silica
layer 14 over the contact layer 9, and to the lowermost

20

25

30
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covered by a p-doped InP |ayer and a p-doped Gal nAs cap | ayer.
“5- Al the growh steps of the above nethod are perforned

- 13 -

surface of the substrate 12. The contacts 15, 16 and 17
cdmprise Ti Au tunnelling Schottky contacts applied by

* radio frequency sputtering and annealing. Pt may
advantageously be included as a diffusion barrier between

5 the Ti and the Au in the contact 15, 16 through the window
13. This contact configuration is known and further
details are not therefore provided herein.

Referring to Figures 2 and 3a to 3f, in a method of
fabricating a laser structure according to Figure 1,

10 firstly a double heterostructure wafer is produced. The
wafer {shown in Figure 2) comprises the substrate 12, the
quaternary layer 11, and the layers 2, 3, 4 which are
present in the mesa of the finished laser structure. '

The layers 11, 2, 3, 4 are all lattice-matched to the
- 15 respective layer below, being grown by MOYPE under normal
growth conditions.
A silox stripe 18, 1.8 ym wide and 0.2 um thlck (shown
in Figures 3a to 3e), is then produced extending in the
(110) direction with reSpéct to the crystalline structure

20 of the substrate 12, The stripe 18 is produced by the use
of the known combination of a positive photoresist mask
and buffered HF as an etchant.

Etching the wafer, which comprises layers of different
semi-conductor materials which must each be etched to

25 produce the layered mesa 2, 3, 4, must be carried out

using different selective etchants. The uppermost, InP

layer 4 is etched using hydrobromic acid. The active
layer 3 is etched using a mix of sulphuric acid, hydrogen
peroxide and water. The InP buffer layer 2 is etched by
. again using hydrobromic acid. The actions of these
etchants in this crystallographic orientation are well
documented. :
Alternatively the active layer 3 may be etched using a

30
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by | ow pressure MOVPE and hence | arge scale production should  be
facilitated. Further it is particularly convenient since only one
grow h techni que nust. be enpl oyed. Fbwever the 5 devices produced rely~
on a built-in potential difference .bqumeen the large area p-n

hono-j unctions to each side of the . active region and the p-n

het er oj uncti on t hrough the relatively small area active region itself.
Al t hough a | mirturerefispotadstum dioimanater (X6t moTar)] seipheriyg conti nuous

10 wave operatl t h .9 ve f _
measur enent s .r el® §§1’n§%§o“§@§gﬂk&'@ ng 1(%' gﬁ? \@kri% T ﬁ‘gnge from17.
9 mMA to 50. 0 macthan unefl this etdmmﬂstfm:ther dideussndsbefknd! a threshold
current of nore th

mVi s quot ed, and 1 ren'iro 1?1338%6#31 fﬁ&}“@é,ﬁ{@ ﬁ?ﬂ{?ﬂo?’z 19.3' Kagpt E)ObéS
- layer 4 at a rate of about 6 um per minute of InP at 20 c
or 2.5 ym per minute at 5°C, being stopped by the
quaternary active layer 3. When the active layer 3 is
reached, the etch rate drops significantly for instance hy
a factor of 3 or 4. Referring to Figure 3b, the
10 characteristic result at this stage is a shallow mesa
- profile with sides formed largely, or entirely, by (111) B
planes. 1f the silox stripe 18 is well adhered to the InP
layer 4, the planes exposed by the etchant are (111) A
immediately below the silox stripe 18, then (111) B down
15 to the active layer 3. The ratio of A to B planes (in
terms of the depth of the mesa showing each type of plane
at this stage) has been observed to be about 1 : 4. If
the silox stripe 18 is not well adhered, then the only
plane exposed is generally the (111) B plane. Figuré 3b
29 shows a mesa profile where the silox stripe 18 was not
well adhered. In the latter case, as shown, there is a
slight undercut, generally of up to 0.2 um, of the silox

stripe 18, :
It was noted that in some cases the hydrobromic acid
25 contained colloidal particles. These were removed by
filtration.

Using the acid/peroxide mixed etchant, the active
layer 3 is then etched. The mixed etchant etches at a
rate of 0.4 um per minute and is stopped by the InP buffer
30 layer 2. Referring to Figure 3c, the sidewalls of the
- active layer 3 are characteristica11y'etched to expose
(111) A planes by this process. Hence at this stage a
mesa has been formed which has an angular “buige" in its
sidewalls. '
[ —
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| nproved by proton bonbardnment to the depth of the p-n junction and
beyond. Such bonmbardnent is not easy to carry out with satisfactory

resul ts. It i's an object of the present invention to provide an 20
i nproved sem conductor structure and a Hethod of nmanufacture t her ef or.
Fbrelnafter structures and devices may be descri bed in ternms, such as

"uppernost”, which inply a specific orientation_of the structure or
device.  The use &8 @emonsdtaéaons. the ackiveolaveri & of description only

gpf‘;\?gg: gnnot al tebﬂawag be dtchibd g wsw:ﬁt@racdevemahe a specific

there | S pI’OVI d'é’éﬂsa%@ﬂ%hglﬁg tgg‘?ﬂ}ééﬁsﬁté c Yﬁipgrﬂahgﬁ)r%ﬁg nvention
of quaternary material between InGaAs and InP, and of :
5 etching the active layer 3 only re]ative]y slowly in a
‘lateral direction once the (111) A plane has been
exposed. Because of the latter feature, over etching of
"the active layer 3 does not cause deep undercutting of the
uppermost InP layer 4. It has been found that the
10 dichromate/acid etchant etches quaternary material of
emission wavelength 1.5 ym at a rate of about 0.8 um per
minute in a downwards dirégtion at 5°C. However the
etch time for the active layer 3 in the present case has
~ been found to tend to be variable where there is lattice
15 ‘mismatch in the double heterostructure wafer. An etch
' time of 60 secs is used to ensure complete clearance of
the active layer 3. (If the active layer 3 comprises a
quaternany'material having a band gap of 1.3 um, then an
etch time of 10 mins has been found suitable).
20 Reverting to hydrobromic acid as the etchant, the InP
buffer layer 2 is then etched until the quaternary layer
11 which covers the substrate 12 stops the action of the
etchant. Referring to Figure 3d, the resultant layered
mesa 2, 3, 4 has the characteristic concertinalike
25 éppearance referred to above. If the active layer 3 has
been overetched, this final etching step has been found to
cut the uppermost InP layer 4 back rapidly, but only as
far as the top corner of the (111) A plane in the active
layer 3. Hence the same mesa 2, 3, 4 profile is achieved,
30 though the degree of overetching will affect the mesa
width,
It has been noted that during the final etching step,
the active layer 3 appears to act as a strongly adherent
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30 substrate having a first region of epitaxial layers and a . second

regi on of epitaxial |ayers grown on a face thereof, t here being an
interface between said first and second regions, said interface .
extending in a generally transverse - Wrection with respect to the
substrate, and the first region 35 being constituted by a nesa supported by
the face of the substrate, wherein at |east a major portion of the
interface = comasispoddthe 1ok buffetdryer st ahtfiins wtcﬁe@ alopg11) B

(111) A planes before the (111) B plane reasserts itself.
This means that the angle produced in the mesa sidewall by
the transition from A back to B planes does not coincide
5 with the interface between the active and buffer
layers 3, 2. This can be seen for instance in figure 3d.
After etching of the layered mesa 2, 3, 4, the three
confinement layers 5, 6, 7 are grown in. The action of
. the silox stripe 18 during this stage is to suppréss '
10 growth of InP. Referring to Figure 3e, the result is that
the confinement layers 5, 6, 7 grow either side of the |
mesa leaving the silox stripe 18 exposed.

Growth conditions for the confinement layers are
generally as are normal for MOVPE growth but before growth
starts, the sample is heated to 700°C for 20 minutes in.
the presence of PHs. This treatment has been found to

- enhance the action of the silox as a MOVPE
growth-suppressing material even when the silox stripe is
reduced in width for instance to values as low as about
1 um., Further, the heating involved appears'to allow
surface reconstruction to occur which improves the
morphology of subsequently grown epitaxial layers. This
surface reconstruction can be significant, modifying the
lateral surfaces of the mesa by means of material
transport particularly at the base of the mesa, and onto
the exposed surfaces of the active layer. The
concentration of PH3 should be high enough to prevent
incongruous evaporation of the InP. The period for which
the sample must be heated in the presence of PH3 will
vary according to the conditions applied. For instance,
if the concentration of PH3 is increased, the period may
be reduced.
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- 6- crystal | ographic planes of the material or materials of the

first ‘region, characterised in that the common surfaces - between

adj acent layers of the second region are substantially parallel ‘to
(100) crystallographic planes of 5 theymaterial or materials of the first
‘region right up to the ~ interface between said first and second regions.
It has been found that, surprisingly, it is possible to grow layers

in the second regiRare maumtmswhnpamyer 4 MiaQr beare etoWedcBotawnd to show

no significant (:h%&%gréd¥ QEQ g}lox stripe 18, it was noted that high
device yields were achieved.  This was because_the silica
overhang forces the confinement layers to "wing", or flare

5 away, from the bottom surface of the silox stripe 18.

Consequently few overgrowth bridges occur, where the

confinement layers meet above the silox stripe 18. Such

winging occurs even in the absence of an overhang but it

is enhanced where an overhang is present. -

Referring to Figure 3f, when the confinement layers 5,
6, 7 are complete, the silox stripe is removed in a
40%/0 aqueous solution of HF and the capping. and contact
layers 8, 9 are grown, again by MOVPE,

Referring to Figure 4, it is possible to see, using a
scanning electron microséope, that significant mass
transport may take place onto the sides of the active
layer3in a mesa during the heating step prior to growing
the confinement layers.

To complete the laser as shown in Figure 1, the
contacts 15, 16, 17 are applied by conventional
techniques. It can then be conveniently mounted on a heat . |
sink (not shown) by soldering the heat sink to the Au
Tayer of the contact 15, 16.

The laser described above with reference to Figures 1
to 3f has a number of advantageous features. Firstly, the
confinement layers 5, 6, 7 tend to grow in substantially
planar, particularly at a distance down the lateral
surfaces of the mesa 2, 3, 4 of more than 0.5 ym from the
silox stripe 18. Further, as mentioned above, the
uppermost confinement layer 7 tends to “wing" away from
the silox stripe 18, leaving a wide opening which gives
good access for subsequent removal of the stripe 18, The
capping and contact layers 8, 9 tend to grow with a planar
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10 even inmedi ately adjacent the interface. This neans that: rel atively

good control may be exercised over the positions of, for instance,
transitions fromone |ayer to the next & the first and second regi ons,
even at the interface. Hence the rélati"'ve positions of sem conductor

»junctions can be 15 better controlled at the interface if layers of each
[t "has been foungharagpa-foris MIRE, ractlatates, neRt pIBKMEL wban 430 207 oar b
usi ng MOVPE gab\htelastetmn'sqnmmmurn@undtdoasi\met goen btgscri bed above. 20
ntert ace becaus SoecUEtve BPouth Stepd An€h AR Eohtindlien: g&ﬁ* 3. gosinet the
crystal | 'ogr aphi c7pl 3hds minnmavﬁmmumns coing depttwidh hayer found,
surprisingly, thajtddtecdPiwhich HaveBeen chemically degraded for -
instance by the use of etchants.
-Particularly advantageous is the novel use of a first
quaternary layer 11, independent of the active layer 3, on
the substrate 12. This acts as a'Stopping layer to the
10 etchant used to etch the lowermost mesa layer 2. It also
acts to prevent breakdown, even at large gate currents, of
the p-n-p-n thyristor-1ike structure of the confinement
layers 5, 6, 7 in combination with the capping layer 8.
As a result leakage currents are blocked which would
15 otherwise bypass the active region of the laser in use.
' By using a first quaternary layer 11 which is independent
of the active layer 3, its characteristics such as band
gap are not tied to those of the active layer 3. By
reducing the bandgap, for instance to values in the range
20 1.0 to 1.3 um as described above, the effectiveness of the
first quaternary layer 11 in preventing 1eakage currents
may then be improved. _ _
The first quaternary layer 11 has even a third
function, as part of the waveguiding structure of the
25 laser. As long as the buffer layer 2 of the mesa is
sufficiently thin, the first quaternary layer 11 can
"dilute" the lateral refractive index step at the sides of
the mesa, allowing wider mesas with the same mode cut-off
properties. This is desirable for processing, device
30 resistance and radiation beam width reasons. In addition
the first quaternary layer 11 could have distributed
feedback (DFB) gratings etched into i1t, planar growth
- being resumed to deposit the layers 2, 3 and 4 of the
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of the interface may correspond to nodified (111) B 25 crystall ographic

pl anes wi t hout significantly affecting the flat characteristic of the

| ayers in the second region. This can be particularly advantageous in *
the fabrication of sone sem conductoggstructures where for instance an
'i mproved device can be made by a technique incorporating a heating 30

step which causes material transport at the interface before

the | ayers

of the second rgaspn eA 18 eN& buf fé&P 1ayer1d shodld besmhtdivé@/l ce can be a

Ctep, and o semtEUhar dFom Ok £8.0.5,48° HotRd-ofp AILOY o

i s described 35degtednof dpticaheintergetibap, acts to

"cl ean up"

heati ng
H@dtechnlque,
the sides of a

e 2 N T T B O R "
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laser structure, independent of the active layer, lying |
above the substrate and extending below the mesa, may be
found advantageous more generally than in structures of

the type described in the present specification.

Referring to Figure 5, variations may be made in the
layers of the laser structure. -For instance the first
quaternahy layer 11 may be left out and a deeper buffer
layer 2 used, the layered mesa 2, 3, 4 extending only
partially down into the buffer layer 2. The final etching
step, in which the buffer layer 2 is etched, will then
have to be controlled by timing rather than by relying on
the action of the first quaternary layer 11 as a stopping
layer. ' -

Referring to figuré 6, it has been found advantageous
to "notch” the active layer 3 immediately before heating
and growth of the confinement layers. An etchant which
attacks only the active'1ayer'3, and which selectively
exposes the (111) A planes, is used to narrow the active
Tayer 3 preferentially. A suitable etchant comprises
sulphuric acid, hydrogen peroxide, and water in the ratio
3:1:1. This "notching" of the active layer 3 is believed
to provide a clean, fresh surface on the side of the
active layer 3, which benefits the subsequent process
steps.

Other variations may be that the unetched thickness of
the buffer layer 2 may conveniently range up to 4 um, and
the height of the 1qyered mesa 2, 3, 4 may be as much as
1.4 ym. Different dopants and doping levels may be used,
such as Zn instead of Cd in the uppermost layer 4 of the
mesa, doped to a level of 2 x 1018 -3 instead of

5 x 1017 cm=3.
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-7- nmesa before growth.) | The term"nodified (111) B

cryst al | ographi c pl ane” nmeans that the major portion of the interface
has been : : _ ' - .

-20 -

The second of the confinement layers 6 may comprise a
“semi-insulating® material such as Fe doped InP instead of
the p-doped InP referred to above. Such a material tends

. to have a reiativeiy high resistivity.

5 - ~ The silox stripe 18 might be replaced by a stripe of
different material, such as a different form of silica, or
another dielectric material such as‘Si3N4 or alumina.

Referring to Figure 7, an additional p-doped layer 19

_ ~ of InP may-be'grown'onto the confinement layers 5, 6, 7.

10 = . This avoids coincidence between the uppermost p-n junction
provided by the confinement layers 5, 6, 7 and a
chemically treated interface such as the interface between
the confinement layers and the cepping layer 8, which may
be degraded during removal of the silox stripe 18,

15 The detailed growth of InP confinement layers by MOVPE

' against a layered mesa 2, 3, 4 of the type shown in

Figure 5 has been investigated by growing alternating
layers of p- and n-doped InP and using a scanning electron
microscope (SEM) to obtain images of the layers. It was
noted that there were no voids on the sides of the mesa,
or under the overhang of the silox stripe 18 at least for
an overhang of up to 0.2 ym. The most interesting feature
was the growth of the confinement layers parallel to the
(100) plane. Only when the confinement layers were
approaching within 0.2 uym of the silox stripe 18 did they
begin to thicken preferentially at the points of contact
with the mesa sidewalls.

Referring to Figure 8, the uniformity of a plurality
of mesas produced on a single wafer was investigated by
taking a cleave from one end of the wafer'and examining
mesa dimensions using an SEM. The approximate size of the
wafer was 10mm x 12mm. A1l of the mesa dimensions were
found to have been controllable to within 0.1 ym. The
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fabricated by exposing a (111) B crystall ographic plane in 5 the materi al
of the first region; then subsequently nodifying the plane, for instance’
by heat treatnment causing materi al transport, so that it no | onger .
accurately represents a (111) B cry<iakl ographi c pl ane. However, the
interface will retain general ‘characteristics of the (111) B
crystal | ographic 10 plane, for instance the overall direction of slope and

t he char act ewaferi was subsequendty wivengrownt with genfinemendcAayepses,

i cul.arl
Iroglr ;L f\‘jef‘; gvg’of{ﬁ’dz n‘i‘g {rﬁiﬁé{ %éi?&b rr-sof rbrwﬁ‘ess‘éfoﬂg sj1eEdi on Lo grow

e In erably t he
maj or portion $ 1Pe§h@u'||dnb%rvf'|§@§|USOb,Sﬁrn!ﬂﬂses of the order of 60% or

more preferably of gy faaffﬂ&rteefac%‘a%n@f tamoaMéh&Ea&ﬁthé\l so preferably,
said magor pg;és:e?\r% isnvoelrjltion %neélpsrgdugdt tslpoil.co 0 mlvlI % er %segt? th adjacent
current (dc) operation. The electrical characteristics
have shown no appreciable conduction of current through
the confinément layers due to mesa or overgrowth defects.
Referring to Figure 9, a longitudinal mode spectrum of
10 a laser of the type shown in Figure 5, using n-, p- and
n-doped confinement layers 5, 6, 7, has been found to show
a smooth envelope of modes and no evidence of higher order
transverse modes.
Referring to Figures 10a and 10b, far field spectra
15 from such a laser have been found to show a full width at
half maximum (fwhm) of 24° for the parallel direction
and 30° for the perpendicular direction, with reference
to the plane of the active layer. The far field spectra
were also relatively smooth. It is considered that the
smooth condition of the mesa sidewalls led to the
smoothness of the far field spectra.

Referring to figure 11, the width of the active layer

was measured in 80 different mesas, produced over five
different wafers. Using silox stripes of 2.0 um and

1.85 ym width, the active layer widths ranged from 1.4 um

to 1.9 ym, with one active layer width lying in the range

from 1.9 um to 2.0 ym. The active layer widths achieved
~_on each wafer are shown as a histogram on Figure 11,

differentiated as indicated by the markings within the

columns of the histogram.

.Although the embodiments of the present invention
described above are fabricated using MOVPE, this could be
replaced by MBE or MOMBE, although some changes in process
conditions might then be necessary.
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to, and furthest fromthe substrate. Both these preferred  features tend
t‘'o encourage a generally flat characteristic of 20 the | ayers grown agai nst
the interface. Advant ageously, in a sem conduct or .

structure, - according to the present gnyvention, the mesa conprises a p-n
‘junction which extends parallel to the face of the substrate, t he
| ateral surfaces of the nesa being buried by one of nore 25 confinenent

| ayers. fﬁetfbnsﬁfg‘ Q@N‘gﬁ?@flﬁt§éﬁﬁﬁ:5ﬁ@ﬁ:t@f‘esmétur@s| ather usef ul .
in buried het er E Hct u;se ca } & use $seg1 c}‘onduct or materi al
such as I nP can*B#" U488 Pobeg ahricatedias g %}'ﬁf“F'éﬁ Gbrtenenent | ayers
agai nst the 30 ppésant! inventdons A& showh fn rtheFigupe, iinstemicofby nmeans of
MOVPE, the dept Roglld PeRirne? M ght°b&'cr2REdY,PtRE 118s 'Y 6F nb®
5 - channel being provided by (111) B crystallographic
planes. If material 1s subsequently grown into the
channel in layers having a substantially flat
characteristic almost right up to the sides 20 of the
~ channel, then a particu’lar]y usefu‘l waveguiding structure
10 can be created. _ '
‘The material grown into the ch_anne1 may comprise a
quaternary, InGaAsP, and the material into which the
channel is created may comprise InP,
Other semiconductor structures which could
15 beneficially be made according to embodiments of the
present invention are optical detectors and
opto-electronic integrated circuits (QEICS).
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a mesa can be relatively closely controlled.
I'mpor tant where the nesa contains a p-n junction

Thi s
and the confinenent
| ayers present an n-p junction to block 35 current flow i

It can al so be advant ageous for subsgljuent steps in faulmmmnumu“m |

S particularly

‘devi ce. ~ As before, the (111) B crystallographic pl ahes ndy Be *
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CLAIMS

1. A semiconductor structure, comprising a sub§trate

having epitaxial layers g?posited on a face thereof, there
being an interface which extends in a generally transverse
direction with respect to the substrate, between first and
second regions of the layers, wherein at least a major
portion of the interface corresponds,at least
substantially to (111) B crystallographic planes of the
material or materials of the first region, the 1ayer or
1ayers of the first and second regions being at least

. _substant1a11y flat right up to the interface.

2. A semiconductor structure according to claim 1,
wherein the major portion of the interface corresponds to
modified (111) B crystallographic planes of the material
or materials of the first region.

3. A semiconductor structure according to either one of
claims 1 or 2, wherein the major portion of the interface -
is at least of the order of 60%/0 of the area of the

~interface.

4. A semiconductor structure accordihg to either one of
claims 1 or 2 wherein the major portion of the interface
is at least of the order of 80%/0 of the area of the
interface. .
5. A semiconductor structure according to any one of the
preceding claims, wherein the major portion of the
interface comprises parts of the interface adjacent to and
furthest from the substrate.

6. A semiconductor structure comprising a substrate
having a mesa supported by a face thereof, the mesa
comprising a p-n junction which extends parallel to the
face of the substrate, the lateral surfaces of the mesa
being buried by one or more confinement layers, wherein at
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- 8- nodi fied,for instance by heat treatnent causing materi al

t‘'ransport. It has been found that, I f the
nmesa i ncorporates an active | ayer of a deV| ce mm‘l 9“15 be .

i nproved by heating the structure, m coenf rknenent | ayers
against the lateral surfaces, so as to cause material transport onto the
sides of the active | ayer. This is preferable to growi ng the confi nenent

Itﬁyerslggai SSt leaéta ﬁlajiﬂ‘s pebpirtdoncef thel Taterallisurfates efthe et ching
0se st aes, mp rOd#sC'prr-] d%d I!)y S(tlilff crysgae‘}/‘iog?'aﬁ\ﬁfc pﬂ)t{e% of ﬂh%bl €
' material or materials of the corresponding part or parts
of the mesa. :
5 7. A semiconductor structure'according to claim 6,
wherein the crystallographic planes comprise a (111) B.
crystallographic plane.
8. A semiconductor structure according to claim 6,
wherein the major proportion of the lateral surfaces of _
10 ~ the mesa is provided by modified (111) B crystallographic
planes of the material or materials of the corresponding
part or parts of the mesa. :
9, A semiconductor structure according to any one of
claims 6 to 8, wherein the material of the corresponding
15 part or parts of the mesa is InP.
10. A semiconductor structure according to any one of
claims 6 to 9, wherein the material of the confinement
layer or layers comprises InP.
11. A semiconductor structure according to any one of
claims 6 to 10, wherein the confinement layer or layers
are grown by MOVPE.
12. A semiconductor structure according to any one of
claims 6 to 11,_wherein'the p-n junction lies in or
adjacent to an active layer in the mesa.
13. A semiconductor structure substantia11y as described
hereinbefore with reference to any one of Figures 1 to 7
of the accompanying drawings.
14. A semiconductor laser comprising a semiconductor
structure according to any one of the preceding claims. _
15. A semiconductor laser structure comprising a substrate
having a mesa supported by a face thereof, the mesa
incorporating an active layer of quaternary material, the
lateral surfaces of the mesa being buried by confinement
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per f or mance According to a second aspect of t he

presert invention t here |s provided a nmethod of making a sem conductor’
structure conﬁulﬂum Hﬂﬂ te having a first region of 15 epitaxial .
| ayers and a epltaX|a12 ayers crown on a face thereof,
t here being an interfale beteen - said first and second regions, said

i nterface extending in a generally transverse direction with respect to

the substrate, b ewmhhﬂ%ﬂﬂﬁpid %ia?lg ﬁ-ﬂ@ o°‘f e Sméda a€Geast oneibst cate and

rowi ng epltaXIg| ayers on t
gt ching away regfirsgat t'ﬂé”FEbﬂg SG""‘CO"d"CtOY‘ Junctionorvheaeén@secom naj or:

portion of the miyde 6f quaternary materiaF@x‘ieﬁd@BvéPrﬂﬁsPS’(EE"O'?Q i Leaﬁt
?rg:) Zﬁ ?2} Hally. tsubsi:r'ate beneath thg mesa !agndcri:xeSté’j}:lnlf?%n?e%t ‘faypelresmes of the
5 16. A semiconductor laser structure according to claim 15,
wherein the band gap of the second layer of quaternary
material is lower than the band gap of the active layer.
17. A semiconductor laser structure substantially as
described hereinbefore with reference to Figures 1 to 3 of
10 the accompanying drawings. '
' 18, A method of making a semiconductor structure which
comprises the. stages of: _
~ 1) etching a wafer of semiconductor material to
~ create a step having a rising surface, at least a
15 . major portion of which rising surface comprises a
| (111) B crystallographic plane of the material of
~ the wafer; and - _
ii) preferentially growing semiconductor material by
means of any one of a MOVPE, a MBE or a MOMBE
20 technique onto the etched surface of the wafer,
to meet the rising surface of the step.
19. A method according to claim 18, wherein stage i) is
carried out using a mask of an epitaxial growth
suppressing material to create the step, the mask being
25 subsequently used to achieve the preferential growth of
stage 1i).
. 20. A method according to either one of claims 18 or 19
which further comprises a stage in which the (111) B
crystallographic plane is modified prior to stage ii).
30 21, A method of making a semiconductor structure which
comprises the steps of: |
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25 °© or materials of said first regluu atre i

peferéntially growing epitaxial |ayers sen1conductor
mat eri al by nmeans of any one of a ”wl'(ﬁ Iau HUI

techni que onto the - expose urface and up
‘agai nst 30 t he side of sald' ep, so that said epltaX|a

| ayers  of sem conduct or “mat eri al are ' substantially

parallel to (100) cryst gl | ogy, i gséﬁf e material of
the first region right o g a str‘lpe Of an &P er nmaet t he side

of said 35 ' st ep. suppressinngn;emé@}uam ﬂa@eﬂﬁynstnnctutﬂnorlse a
stage in which the (111) WBfepystal | ographic planes are nodified, for
instance by ' i using the stripe as a mask, etching a mesa

5 | with an etchant or a selection of etchants
so as to expose (111) B crystallographic
planes over at least a major portion of the
lateral surfaces of the mesa;

111 using epitaxial growth to grow confinement
Tayers against the lateral surfaces of the
mesa; and

iv  removing the stripe. : :

22. A method according'to claim 21 which further comprises

the step of modifying the exposed (111) B crystallographic

15 planes by heat treatment sufficient to cause material

transport at the lateral surfaces of the mesa, prior to

step iii.

23. A method according to either one of claims 21 or 22,

wherein the stripe comprises a MOVPE growth suppressing

material and the confinement layers are grown by MOVPE.

24, A method according to claim 23, wherein the

semiconductor structure comprises a structure according to

any one of claims 1 to 13.

25. A method of making a semiconductor structure

substantially as described hereinbefore with reference to

any one of figures 1 to 7 of the accompanying drawings.
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-9- heating to cause material transport at the interface, before

t'he growt h of the sem conductor material. ~To prevent growth on the
| ayer or |ayers of the first region, an epitaxial. -
- 27 -

ABSTRACT

SEMICONDUCTOR STRUCTURES AND A METHOD OF
MANUFACTURING SEMICONDUCTOR STRUCTURES

In a semiconductor buried heterostructure laser, having a
5 mesa 2, 3, 4 and confinement layers 5, 6, 7 on a substrate
' 12, at least the Towermost of the confinement layers 5, 6,
7 is substantially planar up to the mesa. This is
~achieved by MOYPE growth of InP against lateral surfaces
of the mesa 2, 3, 4 which are defined by distinct
10 crystallographic planes of the material of the mesa. 1In
particular (111) B InP planes are used. The laser 1is
particularly for use in the field of optical
. communications.
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gr QW ho-suppr essi ng nateri al
prior to stage ii) above.

present invention, there is prov
structure according to the first as

may be

conprises the steps of: 10 1)

surface of a substra

of an epitaxial-growth-
resulting structure; i)
- mesa with 15 an et chant

expose (111) B crystall ographic planes over at

portion of the side surfaces of the

deposited on that layer or 5 layers

According to a third aspect of the

i ded a nethod of making a sem conduct or

pect of the present i nventi on which
growing epitaxial layers on the

i) formng a stripe
é’e35|ng mat erial on the
u3|n *'stripe as a mask, etching a
or.-. a selection of etchants so as to
| east a mmj or

16

te;

15
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9
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\
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thﬁs-tﬂrned nesa, : . iv) preferentially grow ng sem conduct or

material, by 20 nmeans of any one of a MOVPE, a MBE or a MOVBE
techni que, to grow confinenent |ayers onto the exposed
surface of the substrate and up agai nst the side surfaces of
t he mesa, said confinenent «| ay s bei ng substantially
parallel to (100) 25 cryst ﬂ c pl anes of the nesa; and
V) renovi ng the stripe. An i rtant appl i cation of the present

i nvention is in the production of lasers, paggicugarly those which wll

operate in a single transverse node. -These Iﬁsers aref of 30 maj or
I nportance in optical communicati of SYySTEens. — _Suc | asers can be

produced from sem condudt or structures made by

—1—2
=—11
T T
4o {
N )
12
Fig.3b
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31
4 N
!
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Fig.3c.
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the met hod of the present invention in which the uppernost surface of
the mesa is restricted to being not nmore than 5 [err]m w de. 35

Step iv. above may advant ageously be preceded by a step in which the
| ateral surfaces of the nesa are nodified by heat treatnment which causes
*'material transport at those Flg 3d

Fig.3e.
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- 10 - | surf aces. Singl e transverse node sem conduct or

| agers, and a wavegui'de, according to enbodi nents of the present

i nvention wi |l now be described, by way of exanple only, with reference
5 to the acconpanying figures in which: Figure 1 shows a verti cal
cross section of a |aser according to a first enbodi nent of the present
I nventi on; Figure 2 shows a cross section of part of a double
het erostructure wafer. for use in making the |aser of Figure

Fig.4.
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10i1;,. Figure 3a to 3f shows stages in production of the | aser

of ‘Figure 1; Figure 4 shows a scanning el ectron m croscope i nmage
of a cross section of a sem conductor |aser according to second 15 and
third enbodi nents of the present invention; Figure 6 shows a
stage in the production of a |aser according to an enbodi ment of the
present invention, follow ng an optional additional treatnent step;
13
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Fi gure 8 shows a plot of the dinensions of .a plurality - of mesas

fabri ated froma connon waf er according to enbodi nents of the
present invention; Figure 9 shows a | ongitudinal node spectrum
of a laser 5 structure as shown in Figure 5; Fi gures
10a and 10b show the far field patterns paral l el and

per pendi cul ar respectively to the plane of the p-n junction of
t he nmesa; Figure 11 shows a histogram of active layer widths in

Fig.7
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10 e mesas produced u5|ng met hods according to the present

M

III

invention, sanmpled fromfive different wafers; and Figure 12
shows a wavegui de accordi ng to an enbodi nent of the present
i nvention. Figures 1 to 7, and 12, are not drawn to scal e and
15 cross hatching is omtted for the purposes of clarijy.
As is the usual practice, although only one |aser is _shpwn in
. Figures 3a to 3f, severdd |lasers will generally "in fact]|be
fabricated fromthe sang wafer. Referring to Figureld, a |laser
structure 1 according 2 to an enbodi ment of ~he present i1 [p¥ention
conprises a | ayered nmesa 2, 3, 4 buried by three confingnent |ayers
5, 6, 7, a capping layer 8 and a co er 9. The
| ateral surfaces 10 of the nesa 2, 3, 4, ag ch the
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confingment layers 5, 6, 7 have been grown, are defined by 25 (111)

pl anes of the naterials of the nesa 2, 3, 4. The resultant cross
section of the nmesa has a distinctive concertinal i ke appearance as
a result. In nore detail, the laser structure 1 conprises a
substrate 12 of (100) orientated S doped InP, doping 30 | evel n
approxi mately equal to 19Q?Zzizcn[err], about 250 [err]mthick
Covering the upper surfla : ubstrate 12 is a quaternary

| ayer 11 of S doped Gal nAsP (quaternary material), doping |level n

of the order of 1 to 2 x 10[err]

i 1 ) Lo s S
-90-80-70-60-50-40-30-20 -10 0 10 20 30 40 50 60 70 80 90
DEGREES

Fig.10(b) T

-90-80-70-60 -50-40-30-20-10 0 10 20 30 40 S50 60 7b 80 90
DEGREES
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-12- cmerr], up to about 0.2 [err]mthick and of a band gap

| yi hg“'; in the range from1l.0 to 1.3 [err]m The | ayered nesa 2, 3,

4 is mounted on the quaternary material and has the

following |ayers, starting with the lowernost: 5 i) an S-doped
buffer layer 2 of InP, doping level n approxi mately equal to 2

| ayer 3 of Gal nAsP of band gap ]mand 0.1 [err]m

x 10[err] cnferr], 0.4 [err]mtthJ; 77 1) an undoped active
1.5 [err -
t hick; and g

i WAFER NO. AQ460; SILOX STRIPE WIDTH 2.0pm

.....

“oe| M m AQLSSG); # 0 4 185pm

_;22; " I AF108; # ] I 1.85pm
" 0 AQLB2; i # 1.85pm

KLY 4 uoaakgstil; e w4 185pm

N

20 °

/
0} T /
L é

1.0pm 1.5pm 2.0pm
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|||) a»Cd- doped | ayer 4 of I nP, doping | evel p 10 approxi matel y

equal to 5 x 1017 cnferr], 0.2 [err] mthick. On each side of
the mesa is a series of three confinenment |ayers 5, 6, 7 as
follows, again starting with ‘the | ower nost: ' iv) an
S-doped layer 5 of InP, doping |evel n of the 15 order of 1 to 2
X 10[err] cnferr], of thickness 0.1 [err]m V)
a Cd-doped | ayer 6 of InP, doping level p approxi mately equa
to 5 x 10[err] cnferr], of approxi mate thickness 0.4 [err]m
and 20 vi) an S-doped layer 7 of InP, doping level n

approxi-matety equal to 1 x 10[err] cnferr], of . approxi mate
thickness 0.4 [err]m :

Fig.12.

20 20

-
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. : . ) Stos
Extendi hg across the uppernost surfaces of both the - FEEEY A t he

confi nenent | ayers 5, 6, 7 is a capping 25 ' | ayer 8 of Cd-doped InP,
dopi-ng | evel p approximtely equal to 2 x 10[err] cnferr], of

t hi ¢knes$ Iying in the range 1to 2 [err]m The capping |layer 8
in turn is covered by a ternary contact |ayer 9 of Zn-doped

Gal nAs, doping level p approximately equal to 4 x 10[err]
cnjerr], of thickness 30 lying in the range 0.05 to 0.3 [err]m:

Contacts, for providing driving current to the |aser structure,
are provided tﬁrough a TOR STRUCTURES AND A METHOD BFer 14 over the
contact layer 9, and to MARUFACYURINS [SEMICONDUCTOR STRUCTURES

The present invention relates to semiconductor:
-structures. It finds particd]ar_appIication in the field

5 . of opto-electronic devices such as semiconductor.lasefs,
and their manufacture. ' ' o
' A known family of-opto-e]éctronic devices, buried

. heterostructure (BH) semiconductor lasers, is based on the
following general structure : a substrate of semi-

10 conductor material having a mesa thereon, with confinement
Tayers on either side of the mesa. Such a device is
described by O Mikami et al in “1.5 ym GalnAsP/InP Buried
‘Heterostructure Lasers Fabricated by Hybrid Combination of
Liquid - and Yapour-Phase Epitaxy", Electronics Letters,

15 18 (5) (4.3.82) pages 237-239, (The word "mesa” in this
context is used to describe an upstanding stripe having a
flat top.) '

The devices of the family include a planar p-n
_ Junction across which current flows (the conventional

20 current from p to n) and a waveguide region adjacent to
the junction to which 1ight is confined. The waveguide
region may comprise an "active layer" in which electrons
and holes combine with the production of photons by
radiative recombination. Such an active layer has to

25 relate suitably in band gap and refractive index to the
other semiconductor regions of the structure in order to
achieve a suitable degree of *confinement® of these
processes to the active layer. The layers of material to.

either side of the waveguide region and in contact with
30 '

. et s L
[ rmearin a s e
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- -3' surface of the substrate 12. The contacts 15, 16 and 17

conprise Ti Au tunnelling Schottky contacts applied by radi o
freguency sputtering and. annealing. Pt may advant.ageousl y be

i nchuded?as a diffusion barrier betweer 8 - the Ti and the Au in the
contact 15, 16 through the w ndow 13. This contact configuration is
known and further details are not therefore provided herein. '

the opposite faces of the waveguide region are known as
*confinement layers". ' |

A major field of application of semiconductor optical
devices 1s in optical fibre communications systems. In

5 ~ general, the devices are constructed out of materials
whose elemental components are selected from Groups III
and V of the Periodic Table. Silica optical |
fibres as proddced in recent years have loss minima at 1.3

~ um and 1.55 um approximately, the latter minimum being the

10 lower. Accordingly, there s an especial need for devices

" operating in the range from 1.1 to 1.65 um, especially
from 1.3 to 1.6 ym. (These wavelengths, 1ike all the
wavelengths herein except where the context indicates
otherwise, are in vacuo wavelengths). Semiconductor

15 ~ lasers operating in this region of the infrared usualTy
comprise regions of indium phosphide, InP, and of
quaternary materials indium gallium arsenide phosphides,
InxGal_xAsyPl_y. By suitable choices of x and y
it is possible to lattice-match the various regions while

20 varying the band gaps of the materials. (Band gaps can be
determined experimentally by, for'examp1e,
photoluminescence). Additionally, both indium phosphide
and the quaternary materials can be doped to be p - or
n-type as desired. :

25 Describing a selected BH semiconductor laser, with its
mesa uppermost, it has an active layer within the mesa.
Electrical contacts are provided to the mesa and on the
furthermost face of the substrate from the mesa. The
“confinement" required is provided optically in a vertical

30 direction, by changes in refractive index of the
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Ref@lring to Figures 2 and 3a to 3f, in a nethod of fabricating a

| asér structure according to Figure 1, 10 firstly a double

het erostructure wafer i s produced. The waf er (shown in Figure 2) :
conﬁrrses the substrate 12, the. - Juaternary layer 11, and the |ayers
2, 3, 4 which are : present in the nesa of the finished | aser
structure. The layers 11, 2, 3, 4 are all lattice-matched to

the 15 - resgeficomiuttoremabertial, dmﬁhqtiglopmmyl\/ﬁh@E under nor nal

oL Cane SRarericatty tn g RShORAI Bl B10f b ehe G RtC 2" O 2
extendi ng in thdayers. The (cbh6jnementdiayens \aicthto axauset anyo cuheendr ystal | i ne
LTS 20 piind BECHEE LA hridees, Bk bRRcHnfaRyoruer by the
5 through the mesa and therefore through the active layer, .
In one form, the confinement layers_may present
non-conducting semiconductor junctions to current flow
between the contacts in use of the device.
Good electrical confinement is provided if the ‘
10 semiconductor layers between the contacts constitute a p-n
junction and the confinement layers in .combination with
the substrate constitute an n-p-n junction when taken in
the same direction. In use the confinement léyers'and
substrate then comprise a reverse biased semiconductor
15 junction in both directions. Alternatively the
confinement layers and substrate could present multiple
reverse biased semiconductor junctions in one or both
directions.
_ In another form, the confinement layers may comprise
- 20 "semi-insulating "materials such as Fe doped InP. These
materials have a relatively high resistivity compared to
for instance undoped InP. Confinement layers in this form
have advantages in that they substantially completely .
oppose current flow and show low capacitance effects. Low
25 capacitance effects tend to increase device Spéed.
"In the past devices of this type have been fabricated.
by means of liquid phase epitaxy (LPE). However there are
problems associated with these techniques such as solutal
convection within the melts, inaccurate thickness control
30 of the confinement layers and meltback of the mesas during
- fabrication. These have lead in particular to lack of
uniformity over 1arge areas and the techniques do not lend
" themselves easily to large scale production,
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angZpuffered HF as an etchant. " Etching the wafer, which

conprlses | ayers of different sem -conductor material s whi ch nust
each be etched to 25 produce the | ayered nesa 2, 3, .4, nust be carried
out ¥ = using different selective-d ehants. The uppernost, InP

| ayer 4 is etched using hydrobrom c acid. The active | ayer 3 is
etched using a m x of sul phuric acid, hydrogen per oxi de and wat er.

The I nP buffer |ayekn 2ani sttemphetd Isq'l\ﬂothe probten nfumeldack fosheni c aci d.
a1 o1 ©1 RS dyrtop gpor RGN h LACBE NN, gty P L O
may be etched udybugid technique has been used. However there are still
disadvantages. It retains an LPE growth step and
5 therefore does not lend itself to large scale production,
a significant leakage current has been observed in the
confinement Jayers, and narrow mesas are difficult or
impossib1e to achieve.
. An alternative growth technique, metal organic vapour
. 10 phase epitaxy (MOVPE), has been found promising for large |
~ scale device production. It offers a highly desirable
combination of features : atomic scale interface
abruptness, precise compositional control, and uniformity
of thickness and composition over a large area.
15° Additional alternative growth techniques which have
also been found advantageous in epitaxial fabrication
processes are molecular beam epitaxy (MBE) and metal
organic molecular beam epitaxy (MOMBE).
A method of fabricating buried mesa structure lasers
20 using only low pressure "metalorganic chemical vapour
deposition" (LP-MOCVD) epitaxial growth steps is outlined
in the following paper : "Very Low Threshold Buried Ridge
Structure Lasers Emitting at 1.3 am Grown by Low Pressure
Metalorganic Chemical Yapour Deposition® by M Razeghi et
25 ‘al, Applied Physics Letters, 46 (2) (15.1.85)
pages 131-133, (MOCVD is an alternative term for MOVPE. )
The method comprises the steps of growing onto an InP
substrate, an n-doped InP buffer layer, an undoped GalnAsP
active leyer, and a p-doped InP layer for avoiding the
30 formation of defects near the active layer during
etching. Etching using a mask, the active layer is
- reduced to a mesa. After removing the mask, the mesa is
covered by a p-doped InP 1ayer and a p-doped GalnAs cap
Tayer. :

This is the replacement sh'ee.t-
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= 14 m xt ure of potassium-dichromate (1/6 nolar), sulphuric
acid, and hydrochloric acid in the ratio 3 : 1 : 1. The action of.
this etchant is further discussed bel ow. The hydrobrom c acid
et chies through the uppernost InP 5 ~ Blayer 4 at a rate of about 6 [err]m
per mnute of InP at 20[err]C,~ .or 2.5 [err]mper mnute at 5[err]C,
belng st opped by t he

A1l the growth steps of the above method are performed

by low pressure MOVPE and hence large scale: production
should be facilitated. Further it is particularly
~ convenient since only one growth technique must be

5 .employed. However, the devices produced rely on a
built-in potential difference between the 1arge area p-n
homo-junctions to each side of the active region and the
p-n heterojunction through the relatively small area
active region itSe1f._ Although a.lowest measured

10 threshold current of 11 mA using continuous wave operation'
has. been quoted, the values given for measurements
relating to 269 devices were variable in the range from
17.9 mA to 50.0 mA inclusive. 44%o0 of these devices
had a threshold current of more than 45 mA. An optical

15 power emission of only up to 15 mW is quoted, and current

.- blocking on either side of the mesa had to be improved by
proton bombardment to the depth of the p-n junction and
beyond. Such bombardment is not easy to carry out with
satisfactony results.

20 It is an object of the present invention to provide an
improved semiconductor structure and a method of
manufacture therefor, -

Hereinafter, structures and devices may be described
in terms, such as “"uppermost”, which imply a specific

25 orientation of the structure or device. The use of such
terms is for convenience of description only and should
not be taken to 1imit any structure or device to a
specific orientation. '

According to a first aspect'of the present invention

30 there is provided a semiconductor stucture, comprising a
substrate baving epitaxial Iayefs deposited thereon, there
being an_interfacé which extends in a generally transverse
direction with respect to the face of the substrate, |
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guaternary active layer 3. Wien the active layer 3 is reached, the
etch rate drops-significantly for instance by . . a factor of 3 or 4.
Referrlng Jto Figure 3b, the 10 characteristic result at this stage is a
shal £ow mesa profile with sides formed |argely, or entirely, by
(111) B . pl anes. |f the silox stripe 18 is well adhered to the InP

| ayer 4, the planes exposed by the etchant. are (111) A . i mredi atel y
bel ow-the silox stripe 18, then (111) B down 15 to the active |ayer 3.
The ratio of Ato B planes (in " terms of the depth of the nesa

Shouk "9 ea5 & YoeoBbethffrst, ang sechh sTo Yo TA/RRELABRENVER 0 D
only pl andeastpaswalars poetionaof >thehﬂlte(rf4qg qgrp‘aapmds & gure 3b 20
shows a mesa prof jbgstagbSedmitatiy ¥ &1 (10F) Bckfstalbgraphic plane
of the material or materials of the first region, the
S ‘layers of the first and second regions being at Jeast
substantially flat right up to the interface.
_ It has been found that, surprisingly, 1t is possible
to grow layers in the second tegfon, against such an
.interface, which tend to show no significant change in
10 depth even immediately adjacent the interface. This means
that relatively good control may be exercised ‘over the
positions of, for instance, transitions from one layer to
the next in the first and second regions, even at the
interface. Hence the relative positions of semiconductor
15 junctions can be better controlled at the interface if
layers of each region are appropriately doped.

Pafticularly_advantageous]y, it has been found that

~ such semiconductor structures can be fabricated using .
MOYPE growth techniques having the advantages described
20 above.

It has been thought that the layers referred to grow
so flat against the interface because of the
phosphorous-rich nature of (111) B crystallographic planes
of InP. However it has further been found, surprisingly,

25 that the major portion of the interface may correspond to
modified (111) B crystallographic planes without
significantly affecting_the-%lat characteristic of the
layers in the second region. This can be partich]arﬂy
advantageous in the fabrication of some semiconductor
structures where for instance an improved device can be
made by a technique incorporating a heating step which

“causes material transport at the interface before the
layers of the second region are grown. An example of such

30
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meMF\adhered In the latter case, as shown, there is a - slight

undér cut , generally of up to 0.2 [err]m of the silox stripe 18.
It was noted that in some cases the hydrobronlc acid 25 . cont ai ned

col Foi dat particles. These were renoved/by filtration.

Usi ng the acid/ peroxide m xed etchant, the active | ayer 3 is then

etched. The m xed etchant etches at a. 4 Jerr]mper mnute

and is stopped b demice ganphg Acpuried heteqog;gqctgre WF& r |ﬁ"|g to Figure 3c,
the sidewalls ofg¢dchgy que 1ncorp%%t1’n§ haué%{tiﬁ ait% ¢haridat eri St l cally etched

hese bas been BPAS N e Sy i gae oF hecbechntale,” 005 1 <.
1s described below. (The heating step acts to "clean up*
5 - the sides of a mesa so that improved growth of confinement
1ayers against the mesa occurs, in spite of the treatment
histony of the mesa before growth ) '
The term "modified (111) B cnysta1lographic plane"
means that the major portion of the interface has been
10 fabricated by exposing a (111) B crystallographic plane in
the material of the first region, then subsequently
modi fying the plane, for instance by heat treatment
causing material transport, so that it no longer
accurately represents a (111) B crystallographic plane.
15 However, the interface will retain general characteristics
of the (111) B crystallographic plane, for instance the
overall direction of slope and the characteristic |
interaction with certain growth techniques,'particularly
_ MOVPE, which allows the layers in the second fegion to
20 grow relatively evenly, right up to the interface.
Preferably the major portion of the interface
comprises of the order of 60°/o,_or more preferably of
the order of 80°/o, of that interface. Also preferably,
said major portion should comprise parts of the interface
25 both adjacent to, and furthest from the substrate. Both
these preferred features tend to encourage a generélly
flat characteristic of the 1ayers grown against the

interface. _ _ :
According to a second aspect of the present invention
.30 there is provided a semiconductor structure, comprising a

substrate having a mesa supported by a face thereof, the
~mesa comprising a p-n junction which extends parallel to
the face of the substrate, the lateral surfaces of the
mesa being buried by one or more confinement layers,
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As (agntioned -above, the active layer 3 can alternatively be etched

using a dichromate acid etchant. Thi s etchant has the advantages of
etching all wavel engths of quaternary naterial between |InGAs and
| nP¢ and- of : _ : -8 -

wherein at least a major proportion of the lateral
surfaces of the mesa correspond at least substantially to
(111) B crystallographic planes of the material or
materials of the corresponding part or parts of the mesa.

5 ' Semiconductor structures according to the second
aspect of the present invention are particularly usefu1 in
buried heterostructure lasers. '-

Because semiconductor material such as InP can be used
to grow surprisingly flat confinement layers against the

10 lateral surfaces of such a mesa, for instance by means of

| MOYPE, the depth and positional relationship of the layers

to a mesa can be relatively closely controlled. This is
particularly important where the mesa contains a p-n
Junction and the confinement layers present an n-p

15 junction to block current flow in use of a device. It can
also be advantageous for subsequent steps in fabrication
of a device. |

As before, the (111) B crystallographic planes may be

_ modified, for instance by heat treatment causing material
20 transport. .

It has been found that, as mentioned above, if the
mesa incorporates an active layer of a device, the device
may be improved by heating the structure, before growth of :
confinement layers against the lateral surfaces, so as to

25 cause material transport onto the sides of the active
layer. This is preferable to growing the confinement
layers against the sides of the active layer directly

after etching those sfdes, producing for instance a device
with more reliable performance characteristics,

According to a third aspect of the present invention
there is provided a method of making a semiconductor
structure according to the first aspect of the present
invention which comprises the stages of: '

30

This Sheet Has Been Rerlaced

This is the replacement shegt

Date: = 7 OCT 9%



5 ﬁ:% etching the active layer 3 only relatively slowy in a

| ateral direction once the (111) A plane has been exposed. Because
of the-latter feature, over etching of - the active l.ayer 3 does not
cause deep undercutting of the spernost InP layer 4. It has been
found that the 10 di chromat e/ aci d etchant etches quaternary material of
em ssion wavelength 1.5 [err]mat a rate of about 0.8 [err]m per

mnute in a dovvnvvarﬂs dtching arwafiersyfe sepizonduckorematerial to etch tine

o Lhe et ve 12y Singieky WiEpPRATRGla Hfnd Tirtace,, cortBEflfgY L 1end 10
het er ost ruct ure wafta thesinterface, at leastre mejopostien iof M to ensure
conpl ete cl earance ﬂfrface com H‘fes‘"‘?ii eﬁ ﬁ:aﬁq@(»hghqug'lﬁ?éé'\bg layer 3
conprises a ua ernary material havi'n gap of 1.3 [err]m
t hen an 5 - the material, and :
i) growing semiconductor material by means of any
one of a MOVPE, a MBE or a MOMBE technique to create
the layer or layers of the second region.
The method may further éomprise a stage in which the
10 - (111) B crystallographic planes are modified, for instance
by heating to cause material transport at the interfhée,

" before the growth of the semiconductor material. To
prevent growth on the layer or layers of the first regfon,
an epitaxial growth suppressing material may be deposited

15  on that layer or layers prior to stage 1{) above.
~ According to a fourth aspect of the present invention.
there is provided a method of making a semiconductor
structure according to the second aspect of the present
invention which comprises the steps of:
20 i. forming a stripe of an epitaxial growth
suppressing material on a heterostructure wafer;
ii. using the stripe as a mask, etching a mesa with .
an etchant or a selection of etchants such that at
least a major proportion of the lateral surfaces of
25 the mesa comprise (111) B crystallograph1c planes of
the material of the mesa; '
fii. using epitaxial growth to grow the confinement
layers against the lateral surfaces of the mesa; and

iv. removing the stripe. :

An important app1ication'of the present invention is
in the production of lasers, particularly those which will
operate in a single transverse mode. These lasers are of
major importance in optical communication systems. Such

30
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etqﬁ\tlne of 10 nins has been found suitable). 20 ' Reverting to
hydr'obronic acid as the etchant, the. InP buffer layer 2 is then
“etched until the quaternary Iayer : ' 11 which covers the substrate 12
stops the action of the etchant.jgreferring to Figure 3d, the

resul tant | ayered mesa 2, 3, 4 has the characteristic concertinalike
25  appearance referred to above. |If the active |ayer 3 has

been ove{ efCE,eF“““szCﬁ"“f pﬁédd&éﬂ@fmmeﬂem%m&morfmﬁtﬁﬂes mad?h tcut t he

upper nos n er C o) n r as e top

corner of the (331/15" °?é fzﬁlve}/nt?on in which gﬁ Hence the same

melsla 2ff3 4 ﬁruﬁpémoss an'lfaee/mg EB@mesa tﬁoagtrihlnecrl]cmggeh\g)hobvgreLCm ng

W a ect the t |t as een note t hat
pore thap 5 g pide. "

during the fina
5 Step iii above may advantageously be preceded by a

step in which the lateral surfaces of the mesa are
modified by heat treatment which causes material transport
at those surfaces. :
MOVPE can be used as the epitaxial growth technique of
10, -~ step iv. above. This has the particular advantages
already described. .
Single transverse mode semiconductor lasers, and a
waveguide, according to embodiments of the present '
invention will now be described, by way of example only,
15 with reference to the accompanying Figures in which:
Figure 1 shows a vertical cross section of a laser
according to a first embodiment of the present

invention; .

Figure 2 shows a cross section of part of a double
20 heterostructure wafer for use in making the laser of

Figure 1;

Figures 3a to 3f show stages in production of the
laser of Figure 1;

Figure 4 shows a scanning electron microscope. image of

25 a cross section of a semiconductor structure according
to an embodiment of the present invention;
Figures 5 and 7 show cross sections of semiconductor
lasers according to second and third embodiments of
the present invention; |

30 Figure 6 shows a stage in the production of a laser
according to an embodiment of the present invention,

following an optional additonal treatment stép;
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wective layer 3 appears to act as a strongly adher ent

- mask and the InP buffer layer 2 is at first et ched al ong
(111) A planes before the (111) B plane reasserts itself. Thi s
neahs that the angle produced in the negq sidewal |- by

Figure 8 shows a plot of the dimensions of a plurality
of mesas fabricated from a common wafer according to
embodiments of the present invention;
Figure 9 shows a longitudinal mode spectrum of a laser
5 - structure as shown in Figure 5;
Figures 10a and 10b show the far field patterns
parallel and perpendicular respectiver to the plane
of the p-n junction of the mesa;
'Figure 11 shows a histogram of active layer widths in
10 mesas produced using methods according to the present
invention, sampled from five different wafers; and
Figure 12 shows a waveguide according to an embodiment
of the present invention. '
Figures 1 to 7, and 12, are not drawn to scale and
15 - cross hatching is omitted for the purposes of clarity.
As is the usual practice, although only one laser is
shown in Figures 3a to 3f, several lasers will generally
in fact be fabricated from the same wafer,
Referring to Figure 1, a laser structure 1 according
20 to an embodiment of the present invention comprises a
layered mesa 2, 3, 4 buried by three confinement layers 5,
6, 7, a capping layer 8 and a contact layer 9. The
lateral surfaces 10 of the mesa 2, 3, 4, against which the
confinement layers 5, 6, 7 have been grown, are defined by
25 (111) planes of the materials of the mesa 2, 3, 4. The
" resultant cross section of the mesa has a distinctive |
concertinalike appearance as a result. |
In more detail, the laser structure 1 comprises a
substrate 12 of (100) orientated S doped InP, doping
30 - level n approximately equal to 8 x 1018 cm's, about
250 ym thick. Covering the upper surface of the substrate
12 is a quaternary layer 11 of S doped GaInAsP (quaternary
material), doping level n of the order of 1 to 2 x 1018
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théﬁiransition from A back to B planes does not coincide wth the

interface between the active and buffer | ayers 3, 2. This can be
seen for instance in figure 3d. After etching of the | ayered
mesa 2, 3, 4, the three confi-pepgent |ayers 5, 6, 7 are grown in.
The action of the silox stripe 18 during this stage is to suppress

10 growth of InP. Referring to Figure 3e, the result is that
the confi nenentcd.‘z%‘eup to about’ 092 im ¢hiticrandi o aobandigap lying nesa | eavi ng

the silox strip exposed. €} [ 3] t
confi nement | aygrf it%Sr'ég“ge Fron L &I’?’y“ma’soﬁ’g lﬁgﬂéﬁ h?gf %Plg]gr owt h but
before growt h 1$s mounted dnt the tquatermapyematerhahtand bas thé[err] C for 20

T 1" cnnafeokifs SaFRER, GeStrmd i ek ovgpfghrom Moo Deen found

5 i) an S-doped buffer layer 2 of InP, doping level n
approximately equal to 2 x 1018 cm'3, 0.4 ym thick;
ii) an undoped active layer 3 of GalnAsP of band gap
1.5 ym and 0.1 ym thick; and
iii) a Cd-doped layer 4 of InP, doping level p
10 approximately equal to 5 x 107 cm'3, 0.2 um thick.

. On each side of the mesa fs a series of three
confinement layers 5§, 6, 7 as follows, again starting with
the Tower most: '

iv) an S-doped layer 5 of InP, doping level n of the
15 order of 1 to 2 x 1088 e - , of thickness
0.1 um;
v) a Cd-doped layer 6 of InP, doping level p
approximdte1y equal to 5 x 10t cm"3, of
approximate thickness 0.4 um; and
20 | vi) an S-doped layer 7 of InP, doping level n
approximately equal to 1 x 1018 cm'3,'of
approximate thickness 0.4 um.
Extending across the uppermost surfaces of both the
mesa and the confinement layers 5, 6, 7 is a capping

25 layer 8 of Cd-doped InP, doping level p approximately
equal to 2 x 1018 cm ~, of thickness lying in the range
1 to 2 ym. The capping layer 8 in turn is covered by a
ternary contact layer 9 of Zn-doped GalnAs, doping level p
approximately equal to 4 x 1019 cm'3, of thickness

30

lying in the range 0.05 to 0.3 pm. -

Contacts, for providing driving current to the laser
structure, are provided through a window 13 in a silica
layer 14 over the contact layer 9, and to the lowermost
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gr@h-suppressi ng material even when the silox stripe is reduced
in wWwdth for instance to values as | ow as about 20 1 um Further,

t he_heating invol ved appears to-allow ' surface reconstruction to
occlr whtch I mproves the rmrphﬂ ogy of subsequently grown

epi taxial layers. This surface reconstruction can be significant,
nodi fyi ng the | ateral surfaces of the nesa by neans of material 25

transport parti gw’%%%y F‘tthteh?utgacﬁgté)fmt herHEEE@nta%QQ PN 26 and 17 t he

exposed surface activ concentration of PH3

shoul d be high eomprjketT Met’d‘ﬂe1¥iﬂ9 SChOtﬁkﬁcé‘?ﬁaﬁﬁﬁsa dedb¥t i on of the
| nP.The per Odrgtill‘l'o er@ﬂaé\ y Sputterfﬂbeaﬁ@%hﬁa beet figgt ed in the

presence of PH err acco di ti ons appli ed.

Ln
For instance, advantageuslynhbe c‘d‘ﬁ&@ﬁlﬁ&/&ﬁ 1gfu%l‘[“ep?‘]'r%|e§ Fﬁwased t he
period gy the Ti and the Au in the contact 15, 16 through the window

13. This contact configuration is known and further
details are not therefore provided herein.

Referring to Figures 2 and 3a to 3f, in a method of
fabricating a laser structure according to Figure 1,

10 firstly a double heterostructure wafer is produced. The
wafer (shown in Figure 2) comprises the substrate 12, the
quaternary layer 11, and the layers 2, 3, 4 which are '
present in the mesa of the finished laser structure.

The layers 11, 2, 3, 4 are all lattice-matched to the

15 respective layer below, being grown by MOVPE under normal

| " growth conditions.

A silox stripe 18, 1.8 um wide and 0.2 pm thick (shown
in Figures 3a to 3e), is then produced extending in the
(110) direction with respect to the crystalline structure

- 20 of the substrate 12, The stripe 18 is produced by the use

of the known combination of a positive photoresist mask .
and buffered HF as an etchant.

Etching the wafer, which comprises layers of different
semi-conductor materials which must each be etched to

25 produce the layered mesa 2, 3, 4, must be carried out
using different selective etchants. The uppermost, InP
layer 4 is etched using hydrobromic acid. The active
layer 3 is etched using a mix of sulphuric acid, hydrogen
peroxide and water. The InP buffer layer 2 is etched by

30 again using hydrobromic acid. The actions of these
etchants in this crystallographic orientation are well
documented. |

Alternatively the active layer 3 may be etched using a
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b-eﬁ'f‘éduced. | : -17-

Where the uppernost InP layer 4 had been etched so as . to
under.cut the silox stripe 18, it was noted that high - devi ce
yi efds were achieved. This was becausg §ge silica over hang

forces the confinenent layers to "wing", or flare

mixture of potassium dichromate (1/6 molar), sulphuric
acid, and hydrochloric acid in the ratio 3 : 1 : 1. The
action of this etchant is further discussed below.
The hydrobromic acid etches through the uppermost InP
5 layer 4 at a rate of about 6 um per minute of InP at 20°C,
or 2.5 um per minute at 5°C, befng stopped by the
quaternary active layer 3. When the active layer 3 is
reached,'the etch rate drops significantly for instance by
a factor of 3 or 4, Referring to Figure 3b, the
10 . characteristic result at this stage is a shallow mesa
profile with sides formed largely, or entirely, by (111) B
planes. If the silox stripe 18 is well adhered to the InP
layer 4, the planes exposed by the etchant are (111) A
jmmediately below the silox stripe 18, then (111) B down
15 to the active layer 3. The ratio of A to B planes (in
terms of the depth of the mesa showing each type of plane
at this stage) has been observed to be about 1 : 4. If
the silox stripe 18 is not well adhered, then the only
plane exposed is generally the (111) B plane. Figuré 3b
20 shows a mesa profile where the silox stripe 18 was not
well adhered. In the latter case, as shown, there is a
slight undercut, generally of up to 0.2 um, of the silox

stripe 18. |
It was noted that in some cases the hydrobromic acid
25 contained colloidal particles. These were removed by
filtration.

Using the acid/peroxide mixed etchant, the active

layer 3 is then etched. The mixed etchant etches at a
rate of 0.4 ym per minute and is stopped by the InP buffer

30 layer 2. Referring to Figure 3c, the sidewalls of the
active layer 3 are characteristically etched to expose
(111) A planes by this process. Hence at this stage a
mesa has been formed which has an angular "buige" in its
sidewalls.
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5 Gﬁ" away, fromthe bottbn1surface of the silox stripe 18.

Consequently few overgrow h bridges occur, where the confi nenment -
| ayers nmeet above the silox stripe 18. Such Wi-ngi ng occurs even
in the absence of an overhang but it - 15 - - i s enhanced where an
overhang is present. 10 Referring to Figure 3f, when the
confinenent |ayers 5, 6, 7 are conplete, the silox stripe is
regnved in a As mentlnedr 3%ayeaotheoactivel layesn3 famHE and t he cappi ng

and cont act i r |

Referring to Fi Stljir:eer%,tw?%?s?apgts%‘l%gla%atng &;\ggfhﬁguﬁﬁg ?‘lf%’@@ﬁnt. scanni ng

el ectron ni cr osdbpe, etchant hlagnthe advantages of etching all wayeledsgthsmy t ake
pl ace onto the %ifdﬁfaﬁé?nﬁﬂenﬁ%ﬂ'%q between InGaA$ B’ [, hhdd gF Mesa during
the heating step pling the sbtive Tayer 3 only relabively Sloniy in a V&S
lateral direction once the {111) A plane has been
exposed. Because of the latter feature, over etching of
the active layer 3 does not cause deep undercutting of the
uppermost InP layer 4. It has been found that the

10 dichromate/acid etchant etches quaternary material of
emission wavelength 1.5 yum at a rate of about 0.8 pum per
minute in a downwards direction at 5°C. However the
etch time for the active layer 3 in the present case has
been found to tend to be variable where there is lattice

15 mismatch in the double heterostructure wafer. An etch
time of 60 secs is used to ensure complete clearance of
the active layer 3. (If the active layer 3 comprises a
quaternary material having a band gap of 1.3 um, then an
etch time of 10 mins has been found suitable).

20 Reverting to hydrobromic acid as the etchant, the InP
buffer layer 2 is then etched until the quaternary layer
11 which covers the substrate 12 stops the action of the
etchant. Referring to Figure 3d, the resultant layered
mesa 2, 3, 4 has the characteristic concertinalike '

25 appearance referred to above. If the active layer 3 has
been overetched, this final etching step has been found to .
cut the uppermost InP layer 4 back rapidly, but only as
far as the top corner of the (111) A plane in the active
layer 3. Hence the same mesa 2, 3, 4 profile is achieved,

30 though the degree of overetching will affect the mesa
width.

It has been noted that during the final etching step,
the active layer 3 appears to act as a'strongly adherent
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P

To&bbnplete the | aser as shown in Figure 1, the 20 contacts 15, 16,
17 are applied by conventi onal techniques. It can then be
conveni ently nounted on a heat sink (not shown) by soldering the
heat sink to the Au - layer ofl6he contact 15, 16.

The | aser described above with reference to Figures 1 25 to 3f has
a nunber of advantageous features. Firstly, the confi nenent
layers 5, 6, 7 maski ard ghednPrbufifesttavera? iis at first etchedaalang

particularly at ({i%gjn-ioagéﬁ;dB rIeh‘Ehé "’ltlﬂ?'B plane reasseﬁwi%@ﬁ of the mesa

2, 3, 4 of nore | ox strlpe 18.
Further, as nentTihds aeeanp hgaasme Pmduce%ﬂﬂeﬂfﬁ)@f’s%cﬁ"\dﬁ‘r’é‘ﬂeﬁy layer 7

E)Sgﬂ?nt 0 :""Cﬂg It?tWrJn"s‘?ﬁon from A bacl@ 9 §'¢I%e§t%dd§en&’é3ycohﬁ@iﬂé”'g a w de
stri pegl Theg with the interface g%etweéanc Ct?\e at:toir\lesgndS %ﬂ# removal of the
layers 3, 2. This can be seen for instance in figure 3d.
After etching of the layered mesa 2, 3, 4, the three
confinement layers 5, 6, 7 are grown in. The action of
the silox stripe 18 during this stage is to suppress _
10 growth of InP. Referring to Figure 3e, the result is that °
the confinement layers 5, 6, 7 grow either side of the
mesa leaving the silox stripe 18 exposed.
Growth conditions for the confinement layers are
generally as are normal for MOVPE growth but before growth
15 starts, the sample is heated to 700°C for 20 minutes in
the presence of PHs. This treatment has been found to
enhance the action of the silox as a MOVPE
growth-suppressing material even when the silox stripe is
reduced in width for instance to values as low as about
1 um. Further, the heating involved appears to allow
surface reconstruction to occur which improves the
morphology of subsequently grown epitaxial layers. This
surface reconstruction can be significant, modifying the
lateral surfaces of the mesa by means of material
transport particularly at the base of the mesa, and onto
the exposed surfaces of the active layer. The
concentration of PH3 should be high enough to preVent
incongruous evaporation of the InP. The period for which
the sample must be heated in:the presence of PH3 will
vary according to the conditions applied. For instance,
if the concentration of PH3 is increased, the period may
be reduced.

20
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caﬁ%ﬁhg and contact |ayers 8, 9 tend to.grOM/wAth a pl anar

- 18 - characteristic which faci'litates heat sinking and, also,
at | east two sem conductor junctions are grown by . consecutive
grow h steps into the confinenent Iay§r§7QJ 6, 7. This avoids

havi ng junctions coincident with |ayer

Where the uppérmost InP layer 4 had been etched so as
to undercut the silox stripe 18, it was noted that high
device yields were achieved. This was because the silica
overhang forces the confinement layers to "wing*, or flare

5 away, from the bottom surface of the silox stripe 18.
Consequently few overgrowth bridges occur, where the
confinement layers meet above the silox stripe 18. Such
winging occurs even fn the absence of an overhang but it
is enhanced where an overhang is present. :

10 ' Referring to Figure 3f, when the confinement layers 5,

6, 7 are complete, the silox stripe is removed in a
40%0 aqueous solution of HF and the capping and contact
layers 8, 9 are grown, again by MOVPE,

Referring to Figure 4, it is possible to seé, using a
scanning electron microscope, that significant mass
transport may take place onto the sides of the active
layer3in a mesa during the heating step prior to growing
the confinement layers.

To complete the laser as shown in Figure 1, the
contacts 15, 16, 17 are applied by conventional
techniques. It can then be conveniently mounted on a heat

. sink (not shown) by soldering the heat sink to the Au

Tayer of the contact 15, 16. ,

The laser described above with reference to Figures 1
to 3f has a number of advantageous features. Firstly, the
confinement layers 5, 6, 7 tend to grow in substantially
planar, particularly at a distance down the lateral
surfaces of the mesa 2, 3, 4 of more than 0.5 ym from the
silox stripe 18. Further, as mentioned above, the
uppermost confinement layer 7 tends to "wing" away from
the silox stripe 18, leaving a wide opening which gives
good access for subsequent removal of the stripe 18. The
capping and contact layers 8, 9 tend to grow with a planar

15

20

25

30
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S5 o ‘interfaces which have been chem cally degraded for

i nst'ance by the use of etchants. Particul arly advant ageous is

t he novel use of a first .quaternary layer 11, independent of the

- acti ve l-ayer 3, on " the substrat¥ 2. This acts as a stopping | ayer

to the 10

etchant used to etch the |owernost nesa layer 2. It also

acts to prevent breakdown, .even at Iarg% ate currents, of t he
¢

p-n-p-n thyri st ofbanactesistic: whichofagii

heatnsinking and, alsayers 5, 6, 7

i n conbination vy hdade aaPBeRfcdndiorSjunctions areA§rawn Bgul t | eakage
currents are bl ocked wh

Lch woul d 15 ot.herw gse ags the_acfive region
of the laser in gg:g_ecut%ve growgl, SGSP%dnyfmesFWﬁ&F@g'Eﬁa}Y?%ép 21 which is

i ndependent
band
5

10 -

15

20
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30

7. Thag i\hﬂ_dQCha'Mﬁglmlti&is ch tncildentadiehi Byeps such as
gagngére#aggé v}hlig , t%aove geoesnecgémitcg?lf P elg\t(gdel‘fa1 ¥'grr' 3. By
instance by the use of etchants.

Particularly advantageous is the novel use of a first
'quaternany layer 11, independent of the active layer 3, on
the substrate 12. This acts as a stopping layer to the
etchant used to etch the lowermost mesa layer 2, It also
acts to prevent breakdown, even at large gate currents, of

" the p-n-p-n thyristor-like structure of the confinement
layers 5, 6, 7 in combination with the capping layer 8.
As a result leakage currents are blocked which would
otherwise bypass the active region of the laser in use.
By using a first quaternary layer 11 which is independent
of the active layer 3, its characteristics such as band
gap are not tied to those of the active layer 3. By
reducing the bandgap, for instance to values in the range
1.0 to 1.3 um as described above, the effectiveness of the
first quaternary layer 11 in preventing leakage currents
may then be improved. '

The first quaternary layer 11 has even a third
function, as part of the waveguiding structure of the
laser. As long as the buffer layer 2 of the mesa is
sufficiently thin, the first quaternary layer 11 can
“dilute® the lateral refractive index step at the sides of
the mesa, allowing wider mesas with the same mode cut-off
properties. This is desirable for processing, device
resistance and radiation beam width reasons. In addition
the first quaternary layer 11 could have distributed
feedback (DFB) gratings etched into it, planar growth
being resumed to deposit the layers 2, 3 and 4 of the
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r eddici ng the bandgap, for instance to values in the range 20 1.0to

1.3 Terr] mas described above, the effectiveness of the first
guaternary layer 11 in preventing | eakage currents : may t hen be

i nproved? ' The first quater&gry | ayer 11 has even a third
function, as part of the waveguiding sttdcture of the 25 - laser. As
|l ong as the buffer layer 2 of the nmesa is sufficiently thin, the

fi | 11 “di ] ut e | |, refracti
ndex St ep at 1t HESE) aRAgtin the butter YayeRA Enould 85 hEIHARI mosas wi th the

sane node cut - ofthin, say fromp0opeyo 065 umTbhick,s toladil ombthe ﬁ@simﬂocgzjsi ng,
deviee 30 et ol BROGAT eBMEholsor, v oLl feasons. T addit or
(DFB) gratings etchee use of @, firtstnquaternary layer in a semiconductor
5 laser structure, independent of the active layer, lying
above the substrate and extending below the mesa, may be
found advantageous more generally than in structures of
the type described in the present specification.
Referring to Figure 5, variations may be made in the
10 layers of the laser structure. For instance the first
quatérnany-layer 11 may be left out and a deeper buffer
layer 2 used, the layered mesa 2, 3, 4 extending only
partially down into the buffer layer 2. The final etching
step, in which the buffer layer 2 is etched, will then
15 have to be controlled by timing rather than by relying on
‘the action of the first quaternary layer 11 as a stopping
layer.

Referring to figure 6, it has been found advantageous
to "notch" the active layer 3 immediately before heating
and growth of the confinement layers. An etchant which
attacks only the active layer 3, and which selectively
exposes the (111) A planes, is used.to narrow the active
layer 3 preferentially., A suitable etchant comprises
sulphuric acid, hydrogen peroxide, and water in the ratio
2 3:1:1. This "notching" of the active layer 3 is believed

~ to provide a clean, fresh surface on the side of the
active layer 3, which benefits the subsequent process
steps. )

Other variations may be that the unetched thickness of
the buffer layer 2 may conveniently range up to 4 um, and
the height of the layered mesa 2, 3, 4 may be as much as
1.4 ym. Different dopants and doping levels may be used,
such as Zn instead of Cd in the uppermost layer 4 of the

mesa, doped to a level of 2 x 1013 cm‘3 instead of
5x10°" cm™~.

20

30
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beifmg resuned to deposit the layers 2, 3 and 4 of the
- 19°- mesa. (Again the buffer layer 2 should be relatively
thin, say from0.1 to 0.5 [err]mthick, to allow the desired
degree of optical interaction). '
- 20 -

The second of the confinement layers 6 may comprise a
“semi-insulating" material such as Fe doped InP instead of
the p-doped InP referred to above. Such a material tends
to have a relatively high resistivity.

5 The silox stripe 18 might be replaced by a stripe of
different material, such as a different form of silica, or
dnother dielectric mater1a1 such as Si3N4 or alumina.

Referring to Figure 7, an additional p-doped layer 19
of InP may be grown onto the confinement layers §, 6, 7.

10 This avoids coincidence between the uppermost p-n 5unction
provided by the confinement layers 5, 6, 7 and a .
chemically treated interface such as the interface between
the confinement layers and the capping layer 8, which may

be degraded during removal of the silox stripe 18,

15 " The detailed growth of InP confinement layers by MOVPE
égainst'a léyered mesa 2, 3, 4 of the type shown in
Figure 5 has been investigated by growing alternating
layers of p- and n-doped InP and using a scanning electron
microscope (SEM) to obtain images of the layers. It was

20 noted that there were no voids on the sides of the mesa,
or under the overhang of the silox stripe 18 at least for
an overhang of up to 0.2 ym. The most interesting feature
was the growth of the confinement layers parallel to the
(100) plane. 0n1y when the confinement layérs were

25 ' approaching within 0.2 ym of the silox stripe 18 did they

begin to thicken preferentially at the points of contact

with the mesa sidewalls.

Referring to Figure 8, the uniformity of a plurality
of mesas produced on a single wafer was investigated by
taking a cleave from one end of the wafer and examining
mesa dimensions using an SEM. The approximate size of the
wafer was 10mm x 12mm. A1l of the mesa dimensions were
found to have been controllable to within 0.1 ym. The

30
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Thefirse of a first quaternary layer in a seniconductor 5 | aser

structure, independent of the active |ayer, |ying above the
substrate and extendi ng bel ow the nesa, may be f-ound advant ageous
nore generally than in structures of 21 - the type described in the
present specification. Reférring to Figure 5, variations may
be made in the 10 | ayers of the laser structure. For instance the
first bl buf f er

| ver 2 used,  Hfdeias ggm' @Yfidntiy wgP&d ﬁnh %hffmeﬁt dgeps ot ey

ere
down into the bGN ¥ya%rinzismfécemhanmmrcnfrﬁg%ses of thesdoxin which the
buffer layer 2 lsgrﬂ;etghggmd/vbélv{;lngmylgbservedhave to be controlled by timng

e oY oo Laleé Faprgeated alctralig 1o esbodthents of il 2! ernarY laver
5 present invention have produced up to 50 mW under direct
current (dc) operatien. The electrical characteristics
have shown no appreciable conduction of current through
the confinement layers due to mesa or overgrowth defects.
Referring to Figure 9, a longitudinal mode Spectrum of .
10 a laser of the type shown in Figure 5, using n-, p- and
n-doped confinement layers 5, 6, 7, has been found to show
a smooth envelope of modes and no evidence of higher order
transverse modes.
Referring to Figures 10a and 10b, far field spectra
15 ‘from such a laser have been found to show a full width at
hal f maximum (fwhm) of 24° for the parallel direction
and 30° for the perpendicular direction, with reference
to the plane of the active layer. The far field spectra
- were also relatively smooth. It is considered that the
20 smooth condition of the mesa sidewalls led to the
smoothness of the far field spectra.
Referring to figure 11, the width of the active 1ayer-
was measured in 80 different mesas, produced over five
different wafers. Using silox stripes of 2.0 ym and

25 1.85 ym width, the active layer widths ranged from 1.4 um
to 1.9 um, with one active layer width 1ying in the range
from 1.9 ym to 2.0 ym. The active layer widths achieved
on each wafer are shown as a histogram on Figure 11,

- differentiated as indicated by the markings within the

30

columns of the histogram.

.Although the embodiments of the present invention
described above are fabricated using MOVPE, this could be
replaced by MBE or MOMBE, although some changes in process
conditions might then be necessary.
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Reﬁgfring to figure 6, it has been found advant ageous to "notch"
the active layer 3 immedi ately before heating 20 and growt h of the
confi.nement | ayers. An etchant which attacks only the active _
| ayer 3, "and which sel ectively - éxposes the (111) A planes, is used
to narrow the active | ayer 3 p? ferentially. A suitable etchant
conpri ses sul phuric acid, hydrogen peroxide, and water in the

B rowre a ol can TETTHEES FGRL N0, Slatcifadil Euhtites’ohfgd LYo,
3, which benefithan fasenmsan ke fabrisased as embodimentsof. the Qt her
vari-ations may  BRedendt inveRtIoE! CRFCEHOF\GH‘%B@ Figu?l, insteac#&? uffer layer
2 may conveni en Ig range up’t% 4 lerr|m an 2the el ght of the
| ayered nesa 2, Mesa, a ghanpel might he sreated, the sides 20 of the
"5 channel being provided by (111) B crystallographic
planes. If material {is subsequently grown into the
channel in layers having a substantially flat
characteristic almost right up to the sides 20 of the
| channel, then a particularly useful waveguiding structure -
10 can be created. = -
' The material grown into the channel may comprise a
quaternary, InGaAsP, and the material into which the
channel is created may comprise InP.
Other semiconductor structures which could
15 beneficially be made according to embodiments of the
present invention are optical detectors and

opto-electronic integrated circuits (OEICS).

20
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1.1 Terr]m

Di fferenf dopanté and'doping | evel s may be used, such

as Zn instead of Cd in the upper nost | ayer 4 of the resa,—doped-to

a |l evel
- 20 -

10

20

25
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of 2 x 10[er]r cnferr] instead of

i

CLAIMS

1. A semiconductor structure, comprising a substrate
having epitaxial layers deposited on a face thereof, there
being an interface which extends in a generally transverse
direction with respect to the substrate, between first and
second regions of the layers, wherein at'least'a major
portion of the interface cofresponds at least
substantially to (111) B crystallographic planes of the
material or materials of the first region, the layer or
layers of the first and second regions being at least
substantially flat right up to the interface.

2. A semiconductor structure actording to claim 1,
wherein the major portion of the interface corresponds to
modified (111) B crystallographic planes of the material
or materials of the first region.

3. A semiconductor structure according to either one of
claims 1 or 2, wherein the major portion of the interface
is at least of the order of 60°/0 of the area of the
interface.

4, A semiconductor structure according to either one of
claims 1 or 2 wherein the major portion of the interface
is at least of the order of 80%0 of the area of the
interface.

5. A semiconductor structure according to any one of the
preceding claims, wherein the'major portion of the
interface comprises parts of the interface adjacent to and
furthest from the substrate.

6. A semiconductor structure comprising a substrate
having a mesa supported by a face thereof, the mesa
comprising a p-n junction which extends parallel to the
face of the substrate, the Tateral surfaces of the mesa
being buried by one or more confinement layers, wherein at

This Sheet Has Been Rep! Iaced

This is the reptacement sheet

Date: :‘" —f_ 0CT 5%




. and a

Thé $econd of the confinenent | ayers 6 nmay cOMprise a

"sem -insulating" material such as Fe doped I t he
p-dq_ped InP referred to above. Such a rraterl al ILIMEM ““ I!“ |to have a
relatively high resistivity. 5 m ght be

replaced by a stripe of dlfferent materlal such as a different
for m of S|I|ca anot her dielectric: rraterlal such as
Siferr]Nerr] ’nﬁjgr proportion of di%f ?&fér‘&g §tﬂ‘f§k9§”o? ¥he aN

addi tional p- dope Iay own onto the

confinenent | aydmesasis groyidedyby (111) W%a&mréﬁht%%ﬂéﬂ%ﬁaﬁéet’lfet ween t he

upper most p-n Jqﬁf&'r‘?&‘l or material®'g¥VtRE Lobredpbndeny iparegrnpateyers 5 6, 7
chemcally treated interface sﬂl??h f'gpltahe i nterface between

the confinement 9t Ps“'%ﬁ?d the capping |ayer 8, which may be
degradeds duri ng 7emAV§ém1QBn&|itQ:o$" $¥Puctiiré Recdfding to claim 6,

wherein the crystallographic planes comprise a (111) B
crystallographic plane.
8. A semiconductor structure according to claim 6,
wherein the major proportion of the lateral surfaces of
10 the mesa is provided by modified (111) B crystallographic
planes of the material or materials of the corresponding
part or parts of the mesa.
9. A semiconductor structure according to any one of
_ claims 6 to 8, wherein the material of the corresponding
15 part or parts of the mesa is InP.
10. A semiconductor structure according to any one of
c1a1ms 6 to 9, wherein the material of the confinement
layer or layers comprises InP.
11. A semiconductor structure according to any one of
claims 6 to 10, wherein the confinement layer or layers
are grown by MOVPE.
12. A semiconductor structure according to any one of
claims 6 to 11, wherein the p-n junction 1ies in or
adjacent to an active layer in the mesa.
13. A semiconductor structure substantially as described
hereinbefore with reference to any one of Figures 1 to 7
of the accompanying drawings. |
14, A semiconductor laser comprising a semiconductor
structure according to any one of the preceding claims.
15, A semiconductor laser structure comprising a substrate
having a mesa supported by a face thereof, the mesa
incorporating an active layer of quaternary material, the
lateral surfaces of the mesa being buried by confinement

20
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15(%F  ___The detaited—growth of InP confinenent |ayers by MOVPE
agai nst a Iayered nmesa 2, 3, 4 of the type shown in Figure 5 has

been |nvest Islﬂllmm mmLal ternating | ayers of p- and n-doped
| nP “and USI tron m croscope (SEM to obtain

i mges of the | dyets." 1 t° was 20 N ﬁ%ted that there were no voids on
the sides of the nesa, or under the overhang of the silox stripe

Lo o exerny | ondapars whten oPBvRUELI BB APAF R RelE ] Mok ied T e«
parallel to thecurrent blockiogomipbmmt)jupcutmn wheredand i secondt 1|8aé;3(rjs
iere S SRMORR UMY Safadtad SRR oVl b e S W 12 0L
with the nesa ssm,‘mamg beneath the mesa andcther canfgnemerﬁ: gayerss t he
uniformgty of aipl W 3bmidonductor Taser structure according to claim 15,
wherein the band gap of the second layer of quaternary
- material is Tower than the band gap of the active layer.
17. A semiconductor laser structure substantially as
described hereinbefore with reference to Figures 1 to 3 of
10 the accompanying drawings. o
18. A method of making a semiconductor structure which -
comprises the stages of: .
i) etching a wafer of semiconductor material to
create a step having a rising surface, at least a
15 ‘major portion of which rising surface comprises a
(111) B crystallographic plane of the material of
the wafer; and _
ii) preferentially growing semiconductor material by
means of any one of a MOVPE, a MBE or a MOMBE
20 technique onto the etched surface of the wafer,
to meet the rising surface of the step.
19. A method according to claim 18, wherein stage i) is
carried out using a mask of an epitaxial growth
suppressing material to create the step, the mask being
25 subsequently used to achieve the preferential growth of
stage i1). '
20. A method according to either one of claims 18 or 19
which further comprises a stage in which the (111) B
crystallographic plane is modified prior to stage ii).
30 21, A method of making a semiconductor structure which
comprises the steps of: |
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of@ﬁésas pro fer was investigated by 30 taking a
cl eave fromone end of the wafer and exam ni ng nmesa di nensi ons
using an SEM Mlﬁmmn“mﬁlnl ze of the waf er was 10mm x 12nmm
Al *of the nes - 26 - found to have been controllable
towthin 0.1 [errim" The ® | | | -21-

i  forming a stripe of an epitaxial growth
suppressing material on a heterostructure

wafer;
it using the stripe as a mask etching a mesa
5 - with an etchant or a selection of etchants

so as to expose {111) B crystallographic
planes over at least a major portion of the
- lateral surfaces of the mesa;
111 using epitaxial growth to grow confinement
1m0 ~ layers against the lateral surfaces of the
mesa; and
iv  removing the stripe.
22. A method according to claim 21 which further comprises
the step of modifying the exposed (111) B crystallographic
15 planes by heat treatment sufficient to cause material
| transport at the lateral surfaces of the mesa, prior to
step iii.
23. A method according to either one of claims 21 or 22,
wherein the stripe comprises a MOVPE growth suppressing
20 material and the confinement layers are grown by MOVPE.
24. A method according to claim 23, wherein the
semiconductor structure comprises a structure according to
any one of claims 1 to 13.
25. A method of making a semiconductor structure
substantially as described hereinbefore with reference to
any one of figures 1 to 7 of the accompanying drawings.

25
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wafer was subsequently overgrown with confinenent |ayers ' and only
an insignificant nunber of bridges of the silox stripes could be
visual |y observed. Lasers fabricated :accordi'ng to enbodi nents
of the 5~ present invention have produced up to 50 mW under direct
current (dc) operation. The el ectrical =cHaracteri stics have shown
no appreci abl e conduction of current through ' t he confi nenent

| ayers due to nmesa or overgrowth defex§§* Referring to Figure
9, a longitudinal node spectrum of 10ABSTRACT 5 | aser of the type shown in
Figure 5, using n-, p- and - n- doped confinenment |ayers 5, 6, 7,

Q?Shibgﬁgrfglrjggrto show SEchgipygzﬁaSﬁﬂéﬂgﬁgvﬂnoiienﬁuogogfs and no evi dence
MANUFACTURING SEMICONDUCTOR STRUCTURES '

- In a semiconductor buried;heterostructure laser, having a
5 ~ mesa 2, 3, 4 and confinement layers 5, 6, 7 on a substrate
12, at least the lowermost of the confinement layers 5, 6,
7 is substantially planar up to the mesa. This is |
achieved by MOVPE growth of InP against lateral surfaces
_ of the mesa 2, 3, 4 which are defined by diStinct |
10 . crystallographic planes of the material of the mesa. In
particular (111) B InP planes are used. The laser is
- particularly for use in the field of optical |

communications.
15 FIGURE 1
20
25
30
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Référ_r'i ng to Figures 10a and 10b, far field spec‘tra'15 ‘from such a

| aser have been found to show a full wdth at : hal f maxi mum (fwhm)
of 24[err] for the parallel direction o and 30[err] for the :
-perpendi cul ar direction, with reference . to the plane of the
‘active layer. The far f_|eId spectra "~ were also relatively snooth.
It is considered that the 20 . snoot h condition of the mesa sidewalls
led to the snoot hness of1{ ke f ?d-spectra. '
Referring to figure 11, the width of th g e layer . was
measured in 80 different nesas, produced over five di fferent

wafers. Using silox stripes of 2.0 [err]m and 2513 .. 1.85 [err]mwdth,
the active layer widths ranged from 1.4 [err]m to 1.9 [err]m :
with one active layer width lying in the range from 1[5err]mto
2.0 [err]m The active | ayep _ '
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on - each waf er are shown as a hi stogram on Figure 11, : . _
dlfferentlated as |nd| cated by the markings within the 30 . col ums of
t he histogram - ' Al t hough t he enbodi nents of t he pr esent ‘

I nv.ention descri bed above are fabricated using MOVPE, this could
be repl aced by 'MBE or NGVBE al t hough sone changes in process
conditions mght then be necessa? Flg
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- 22 - - Referri ng to Figure 12, seniconductor: structures

ot her’ ' _ than | asers can be fabricated as enbodi ments of the.

present .invention. As shown in the Figure, instead of a nmesa, a
channel might be created, the sides 20 of the 5 ~ 'channel being
provi ded by (111) B crystall ograplgllcio planes. If material is
subsequently grown into the z'a-? a13 | ayers having a .
substantially flat . characteri g right up to the sides 20.
of the channel, then a parth\uI arly usef;;ﬂBwavegw di ng structure
10 can be created. '

34 <
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The. ‘materi-al grown into the channel may conpri se.a - quat ernary,

| nGaAsP, and the nmaterial into which the . _ channel is-created may
_ conpriseg I nP. o - Ot her sem conductor structures which could 15
‘beneficially be made according to enbodinents of the = . . present '
I nvention are optical detectors and- opto-el ectronic integrated
cireuits (CEICS). 20 o _
o 4/10
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- 23 - _ ' ' .~ CLAI M5 1 A 'sem' conduct or
structure conprising a substrate having a first region of epitaxial
| ayers and a second region o ' I -

6/10
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of epltaX|aI | ayer

'-betmeen said firs

a generally transv
the- first region

" the substrate,

corresponds 10 at

substantially par
material or nateri
bet ween said first

s grown on a face thereof, there being an 5 interface

t and second reglons sai d interface extending in

erse direction with ~respect to .the substrate, and
bei ng constltuted by a nesa supported by the face of

wherein .at |least a majof/pertion of the interface

| east substantially to (111) B crystallographig planes of

the material or materialssof the first region, characterised - |[n that the
- common surfaces between éﬂjacent | ayers of the second regfPon| are
allel eto (100) crystal | ographi c pl angs _.D%_t he
als of the 15 first region right{up to the intertace
and second regions.
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2. - A semconductor structure according to claim ‘1, ‘wherein the
maj or portion of the interface corresponds to (111) B -crystallographic
pl anes of ‘the material or materials 20 of the first regi on which have been
nmodi fir&d by a previous heat treatment step. - 3. - A seniconduct or
structure according to cIa|m1 or : C|algry12), wherein the major portion of

the interface irs at as % of, the area of the |nterface 25: 4.
A sem conduct or struct ﬁo gto clalml or :

~90 -80 -70 -60 =50 -40 -30 -20 -10 0 10 20 30 LO 50 60 70 80 90
DEGREES

Fig.10(b)
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cI‘a|m2 .Wherein the major portion of t he |nterface I s at | east 80% of

the area of the interface. 5. A seni‘conduct or structure according
.to.any .one of the preceding clains, wherein-the major-portion of the

i nt&rface 30 conpri ses parts of t he |nterface adj acent to, and furthest
from the substrate. 9/10

Fig.11
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-.24 - ¢ which extends parallel to the face of the substrate, the

| ateral surfaces of the hesa being buried by one or nore confi nenment

| ayers eonstituting the second region.. 7. A sem conduct or structure

accordlngto any one of SCIalms 1t06 wherelnthe material of the first
region i's  InP.. - : '

- 10/10 -
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K .
ES

This Is the replacement shest

Date: - 7 DCT\Qgﬁ



- 81 A sem conductor structure according to an§3/ sore -qf .

wherein the material of the second region is - [#iP..

sem conductor structure according to any one of!

the p-n junction lies in, or adjacent to, an active, :'_"a‘ye;r n, the mesa. -

10. A sem conduct or structure accerding ta claini g, wher ei n"the -

width of the active layer-is |less than t he vmdt,h 15 of the mesa. dfopt
semlconductor material, and both ont:.cally ‘and electr:.call1/'—""";"-"".'""""“"'*3
in a horizontal direction by the confinement layers. The

confinement layers act to cause any current flowing between

the contacts to flo_w pref_erentially through the mesa and

5 therefore through the active layer. In one form, the

confinement layers may present non-conducting semiconductor

junctions to current flow between the contacts in use of the
device. |

Good electrical confinement is provided if the

10 semiconductor layer between the contacts constitute a p-n
junction and the confinement layers in combination with the
substrate constitute an n-p-n junction when taken in the same
direction. In use the confinement layers and substrate then
comprise a reverse biase_d semiconductor junction in both

15 directions. Alternatively the confinement layers and
'substrate could present multiple reverse biased semiconductor
junctions in one or both directions.

In another form, the confinement layers may comprise
"semi-insulating" material such as Fe doped InP. These

20 materials have a rélatively”high resistivity compared to for
instance undoped InP. Confinement layers in this form have
advantages in that they substantially completely opf:ose
current flow and show low capacitance effects. Low
capacitance effects tend to increase device speed.

25 . In the past devices of this type have been fabricated
by means of liquid phase epitaxy (LPE), see for example DE-A-
3502326,. and "A Novel Technique To Fabricate GaInAsP/InP
Buried Heterostructure Laser Diodes", Applied Physics
Letters, 44(10), 15 May 1994. However there are problems

30 associated with these techniques such as solutal convection
within the melts, inaccurate thickness control of the
confinement layers and meltback of the mesas during
fabr_’:"._z_':at:io_n. These have lead in particular to lack of
uniformity ‘over large areas and the techniques do not lend

35 themselves easily to large scale production.
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31, A sem conductor structure according to claim9 or claim 10,
wherein the active layer is a |ayer of -quaternary material, the
confinenent |ayers providing each side of the nesa with at |east one
current bl ocking sem conductor 20 jusct+ on, and wherein a second | ayer of
guaternary nateri al extends over the face of the substrate beneath the
nmesa and the confinenent |ayers. 12. A sem conductor structure
according to cl aim tHs growdtesﬁzlemst bé bhedagepeometheusa:e)rp:btﬁqmecbf

quat ernary, 2% Maheld Alrd SudvBP L' 38nt% 8204 980187 pE0SuBELLY S AEYEE
be facilitated. Further it is particularly convenient since
only one growth technique must be employed. However, the
5 devices produced rely on a built-in potential difference
between the large area p-n homo-junctions to each side of the
active region and the p-n heterojunction through the
relatively small area active region itself. Although a
lowest measured threshold current of 11 mA using continuous
10 wave operation has been auoted the values glven for
measurements relatlng to 269 dev;ces were variable in the
range_from 17.9 mA to 50.0 mA inclusive. 44% of these
devices had a threshold current of more than 45 mA. = An
optical power emission of only up to 15 mW is quoted, and
15 current blocking on either side of the mesa had to be
improved by proton bombardment to the depth of the p-n
junction and beyond. Such bombardment is not easy to carry
out with satisfactory results.

It is an object of the present invention to provide an

20 improved semiconductor structure and a method of manufacture
therefor.

Hereinafter, structures and devices may be described
in terms, such as “"uppermost", which imply a specific
orientation of the structure or device. The use of such

25 terms is for convenience of description only and should not
be taken to limit any structure or device to a specific
orientation.

According to a first aspect of the present invention
there is provided a semiconductor structure comprising a

30 substrate having a first region of epitaxial layers and a
second region of epitaxial layers grown on a face thereof,
there being an. interface between said first and second
regions, said interface extending in a generally transverse
direction with respect to the substrate, and the first region

35 being constituted by a mesa supported by the face of the
substrate, wherein at least a major portion of the interface
cofresponds at least substantially to (111) B
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13. A sem conduct or structure according to any one of the precedi ng

clains, wherein said structure forns part of a sem conduct or | aser.
14. A method of nmaking a sem conductor structure
-6 -

crystallographic planes of the-matgriai or materials of the
first region, characterised ‘in that the common surfaces
between - adjacent layers of the second region are
._substantlally parallel to (100) crystallographic planes. of.
5 the material or materials of the first region right up to the
interface between said first and second regions.

It has been found that, surprisingly, it is possible
tdmﬁérow 'layers‘.ih the second region, against. such an
interface, which tend to show no significant change in depth

10 even immediately adjacent the interface. This means that
relatively good control may be exercised over the positions
of, for instance, transitions from one layer to the next in
the first and second regions, even at the interface. Hence
the relative positions of semiconductor junctions can be

15 .better controlled at the interface if layers of each region
&aﬁe appropriately doped.

Particularly advantageously, it has been found that
such semiconductor structures can be fabricated using MOVPE
growth techniques, having the advantages described above.

20 It has been thought that the layers referred to grow
so flat against the interface because of the phosphorous-rich
nature of (111) B crystallographic planes of InP. However it
has further been found, surprisingly, that the major portion
of the interface may correspond to modified (111) B

25 crystéllograpﬁic planes without significantly affecting the
flat characteristic of the layers in the second region. This
can be particularly advantageous in the fabrication of some
semiconductor structures where for instance an improved
device can be made by a technique incorporating a heating

30 step which causes material transport at the interface before
the layers of the second region are grown. An example of
such a device can be a buried heterostructure laser. A
technique incorporating a heating step, and a semiconductor

“strudturé made by the use of the techiigue, is described

35 below. (The heating step acts to "clean up' the sides of a
mesa so that improved growth of conflnement layers against
the mesa occurs, 1v spite of the treatment hlstory of . the
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-*25 - conprising a substrate having a first region of epitaxial |ayers
and a second region of epitaxial |layers grown on a face thereof, there
being an interface between said first and second regions, said interface
extending in a geneally transverse diregtion with respect to the

substrate, the nethod conprising the stages of: 1) gr owi ng

epitaxial layers on the surface of a substrate and etching

amay regumgggfggfgge rowth. ) forma step, the major portion of t he
i de of ald step corresponding at |east substanti al

The term "modified (111) B crystallographic p ane"
means that the major portion of the interface has been
fabricated by exposing a (111) B crys»allogranhlc plane in

5 the material of the first region, then subsequenely modlfylng
the plane, for instance by heat treatment causing material
transport, so that it no longer accurately represents a (111)
B crystallographic plane. However, the interface will retain
general <characteristics of " the (111) B crystallographic

10 plane, for instance the overall direction of slope and the
characteristic interaction with certain growth techniques,
particuiafly MOVPE, which allows the layers in the second
region to grow relatively evenly, right up to the interface.

Preferably the major portion of the interface

15 .comprises of the order. of 60%, or more preferably of the
brder of 80%, of that interface. Also preferably, said major
portion should comprise parts of the interface both adjacent
to, and furthest from the substrate. Both these preferred
features tend to encburage a generally flat characteristic of

20 the layers grown against the interface.

, ‘Advantageously, in a semiconductor structure,
according to the present invention, the mesa compriées-a‘p-n
junction which extends parallel to the face of the substraLe,

" the lateral surfaces of the mesa belng buried by one of more

25 confinement layers.

Such semiconductor structures are particularly useful
in buried heterostructure lasers.

Because semiconductor material such as InP can be used
to grow surprisingly flat confinement layers against the

30 lateral surfaces of such a mesa, for instance by means of
MOVPE, the depth and positional relationship of the layers to
a mesa can be relatively closely controlled. This is

 particularly imgortant where the mesa contains a p-n junction
and the confinement layers present an n-p junction to block

35 current.flow in use of a device. It can also be advantageous
for subsequent steps in fabrication of a device.

As before, the (111) B crystallographic planes may be
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(111) 3 crystall ographic planes of the materi al or materials of

said first region; and (ii) preferentially grow ng epitaxial

| ayers of sem conductor material by neans of any one of a .
MOVPE, a MBE or a MOVMBE technique onto the exposed surface
of the substrate and up agai nst - 8 - the side of said step, so that
sai d epitaxial | ayers of sem conduct or mat eri al are
substantlally‘parallel to (100) crystall ographic pl anes of the
mat eri al digd e, rEnr r égBSanceghky heat treatypezd \mwse-rm aatayérd neet
the side anggg%rb_ st ep.

It has been found that, as mentioned above, if the
mesa incorporates an active layer of a device, the device may

be improved by heating. the structure, before growth of

Ut

confinement lavers against the lateral surfaces, so as to

cause material transport onto the sides of the active layer

This is preferable to growing the confinement layers against

the sides of the active layer éirectly afiter etching those

10 sidés;'nroduciﬂg for .instance a device with more reliakle
performance characteristics. '

According to a second aspect of the present invention

there is provided a method of making a semiconductor

structure comprising a substrate having a first region of

[y
e

epltaXLal layers and a second region of epitaxial layers

qQ .

rown on a face thereof, there being an interface between

aid first and second regions, said interface extending in a

[To R /]
(U]
o}

erally transverse direction with respect to the substrat

ek

he method comprising the stages of:

20 i) growing' epitaxial layvers on the suriface of =a
substrate and etching away regions thereof to
form a step. the major portion of the side of
sa_d.step cér:esnona_ng at least substantially to

(111) B crys»allographzc planes of the material

™
(V)]

or materxials of said first region; and
(ii) preferentially growing epitaxial layvers of
semiconductor material by means of any one of a
MOVPE, a MBE or a MOMBE technigue onto the
exposed surface of the substrate and up against
30 the side of said step, so that said epitaxizl
layers of semiconductox material axe
substantially parallel to (100) crystallographic
planes of the material of the first region right
up to where said layers meet the side of said

(93]
w

step. .
The method may further comprise a stage in which the

(111) B crystallographic nlanes are modified, for instance by
This is the replacement sheet
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15.

using a mask of an epitaxial growh suppressing naterial to create the
step, the mask being left in place during stage ii) thereby to achieve the
preferential growh of stage ii). 16. A nmet hod according to claim 14
or claim 15, which further conprises9 -a stage in which the (111)

A nmet hod according to claim 14, wherein stage i) is carried out

B crystall ographic plane is nodified by heat treatnent prior to stage ii).
A net hod of making a semi conductor structure according

17.

10

15

20

25

30

heating to cause material transpoxrt at the interxface, before
the growth of the semiconductor material. To prevent growth
on the layer or layers of the first region, an epitaxial
growth sunpressxng material may be deposited on that laver or
'layers prior to stage ii) above.

According to a third aspect of the present invention,
there is provided a method of making a semiconductor
structure accor ding to the first aspect of the present
invention which comprises the steps of:

i) growing epitaxial 'layers on the surface of a

substrate;

ii) forming a stripe of an epitaxial-growth-
suppressing material on the resulting structure;

iii) using the stripe as a mask, etching a mesa with
an etchant or a selectioh of etchants so as to
expose (11l1) B crystallographic planes over at
least a major portion of the side surfaces of the
thus-formed mesa;

iv) preferentizlly growing semiconductor material, by
means of any one of a MOVPE, a MBE or a MOMBE
technigque, to grow confinement layers onto the
exposed surface of the substrate and up against
the side surfaces of the mesa, said confinement
layers being substantially parallel to (100)
crystallographic planes of the mesa; and

v) removing the stripe.

An important application of the present invention is
in the production of lasers, particularly those which will
operate in a single transverse mode. These lasers are of
major importance in optical communication systems. Such
lasers can be produced from semiconductor structures made by
the method of the present invention in which the uppermost

" ~surface of the mesa is restricted to being not more than 5 pm

35

wide.

' Step iv. above may advantageously be preceded by a
step in which the lateral surfaces of the mesa are modified
by heat treatment whi ch causes material transport at those
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to any of clainms 1 to 13, the nethod conprising the steps of: 1)
growi ng epitaxial layers on the surface of a
- 26 - '

-10 -

: surfaces. _

Single transverse mode semiconductor lasers, and a
waveguide,_according to embodiments of the nresent invention
w111 now be described by way of examnle"only, with reference

5 to the accomnanying figures in which:

Figure 1 shows a vertical cross section of a laser
according to a first embodiment of the present invention;

Figure 2 shows a Ccross section of part of a double
heterostructure wafer. for use in making the laser of Figure

10 1; _

Figure 3a to 3f shows stages in production of the
laser of Figure 1;

Figure 4 shows a scanning electron microscope image of
a2 cross section of a semiconductor laser according to second

15 apd third embodiments of the present invention;

Figure 6 shows a stage in the production of a laser
according to an embodiment of the ©present invention,
following an optional additional treatment step;

This is the replacement sheet

Date: * 1 DEC 1997



substrat e; ii) forming a stripe of an epitaxial-growh-

suppressing material on the resulting structure; ii11) using the
stripe as a mask, etching a nesa wWith 5 an etchant or a
sel ection of etchants so as to expose (111) B
crystal |l ographi c pl anes over at . | east a mmj or portion of the
side surfaces of the t his2Pormed nesa; V)
preferentially growi ng sem conductor material, by 10 - means of
any one of a MOVPE, a MBE or a MOMBE . ' " technique, to grow
confinement |ayers onto the QI'A-I‘Mg)(posed surface of the substrate
and up agai nst _ _ :

' 1. A semiconductor structure comprising a substrate

having'a first region of epitaxial layers and a second region
ot ep1tax1al layers grown on a face thereof_ there being an

5 1nterface between said first and second regions, said
interface extending in a generelly transverse direction with
'respect to the substrate, and the First region being
constituted by a mesa sunported by the face of the substrate,
wherein at least a major portion of the interface corresponds

10 at least substantially to (111) B crystallographic planes of
the material or materials of the first regioh, charecterised

in that the common surfaces between adjacent layers of the
second region are substantially ©parallel to (100)
..crystallographic planes of the material or materials of the
15 "first region right up to the interface between said first and

second regions.

2. A semiconductor structure according to claim i,
wherein the major portion of the interface corresponds to
(111) B crystallographic planes of the material or materlals

20 of the first reclou which have been modified by a previous
heat treatment step.

3. - A semiconductor structure according to claim 1 or
claim 2, wherein the major portion of the intexrface is at
least 60% of the area of the interface.

25 4, A semiconductor structure according to claim 1 or
clalm-z, whereln the major portlon of the lnterrace 1s at
least 80% of the area of the 1nterface.

5{.”r.”A:semiconductorustructure.according.to any.one of the
 preceding claims, wherein the major portion of the interface
30 comprises parts of the lnterface adjacent to, and furthest
from, “the substrate. | | |
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the side surfaces of the nmesa, said confinenent | ayer s being

.substantially parallel to (100) 15 crystal |l ographi c planes of
t he nesa; and V) renoving the stripe. 18., A nethod
according to claim 17, which further. conprises the step of -

sel ectively etching an active |ayer -of24 -~ the mesa, prior to step iv), so
that the width of said active 20 |ayer is |less t-han the w dth of .the nesa.
19. A method according to claim17 or claim 18§, i ch further

conpri se¥NEg® R¥peBASRATRLLR) the &kgostace 19f) e substrate, the

lateral surfaces of the mesa being buried by one or more

confinement layers constituting the second region.

7. A semiconductor structure according to any one of
S claims 1 to 6, wherein the material of the first region is

InP.
8. A semiconductor structure according to any one of
claims 1 to 7, wherein the material of the second region is
InpP,

10 &. A semiconductor structure according to any one of

claims 5 to 8, wherein the p-n junction lies in, or adjacent
to, an active layer in the mesa. ' '

10. A s_emiéonductor structure according to claim 9,
wherein the width of the active layer is less than the width
15 of the mesa.

11. A semiconductor strudture according to claim 9 or
claim 10, wherein the active layer is a layer of quaternary
material, the confinement layers providing each side of thé
mesa . with at 1least one current blocking semiconductor
20 junction, and wherein a second layer of quaternary material
extends over the face of the substrate beneath the mesa and

the confinement layers.

' 12‘. ‘A semiconductor structure according to claim 11,
wherein--the band gap of the se'c'ond_ layer of quaternary
25 material is lower than the band gap of the active layer.

13.

A semicdﬁdﬁcto:.strhctuie. according.to any one of the
preceding claims, wherein said structure forms part of a

semiconductor laser.

14, A method of making a semiconductor structure

This is the replacement sheet

AR OO O - 7 0EC 97

Date: .



erystall ographic planes by heat treatnent sufficient to cause mat eri al
transport at the lateral surfaces of the nesa, prior 25 to step iv).

20. A nmethod according to claim16 ﬁé claim 17, wherein the stripe
conpri ses a MOVPE growt h- suppressi ng” ?eFia[,.and t he confi nenent

| ayers are gromn by MOVPE. :

comn ising a substrate hav1nc a first region of epitaxial
'layers'and a second region of epi i taxial layers" grown on &
ace Lne*eo- there being an interface between said first and

v

socona reglons, said interface ex;endwng in a2 generall

:ansverse ~direction with. resnec» .Lbe subst trate, the
method comn*lsﬁnc the. ages of
i) growing epitaxizl laye:s on the surface of a

substrate and etching away regions thereof to
form a step; <the major portion of the side of
said Stepco:resnond*ng at least substantially ¢

ct
o

(111) 3 c*vs;alloc“anhlc planes of the materizl
or materza‘s of said first region; and

Fh

(ii) preferentially growing epitaxial layers o

- semiconductor material by means of any one of a

MOVPE, a MBE or a MOMBE technique onto the

exposed surface of the substrate and up against

the side of said step, so that said epitaxial

layers of semiéonductor material ars
substantially parallel to (100) crystallographi

planes of the matexial of the first region raght

[o!
(o
Fh
n
1]
|.a
[+

vp to where said layers meet the si
step.

5. . A method accoxzéing to claim 14, wherein stage i) is

carried out using a mask of an epitaxial growth suppressing
aterial to create the stép.. the mask being left in place
: _

ii) thereby to achieve .the preferential growth

o]
N
n
ct
- o
(o]
o

16. A method according to claim 14 or claim 15, which
further comprises a stage in which the (111) 3B
ﬂrysual1og aphic plane is modified by heat treatment prior to
staga ii). - e

17, A method of making a semiconductor structure according
to any of claims 1 to 13, the method comprising the steps of:

i) growing epitaxial layers on the surface of a
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15

20
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substrate; o

ii) forming a stripe of an epitaxial-growth-
suppressing material on the resulting structure;

iii) using the stripe as a mask, etching a mesa with
an' etchant or a selection of etchants 'so as to
expose (111) B crystallographic planes over at
least a major portion of the side surfaces of the
thus-formed mesa;

iv) preferentially growing semiconductor material, by -
means of any one of a MOVPE, a MBE or a MOMBE
technique, to grow confinement layers onto the
exposed surface of the substrate and ué against
the side surfaces of the mesa, said confinement
layers being substantially parallel to (100)
crystallographic planes of the mesa; and

v) removing the stripe.

18. ‘A method according to <c¢laim 17, which <further
comprises the step of selectively etching an active layer of
the mesa, prior to step iv), so that the width of said active
layer is less thgn the width of the mesa. Lo

19. A method according to claim 17 or claim 18, which
furtherlcomprises the step of modifying the exposed (111) B
crystallographic planes by heat treatment sufficient to cause
material transport at the lateral surfaces of the mesa, prior
to step iv). '

20. A method according to claim 16 or claim 17, wherein
the stripe comprises a MOVPE growth-suppressing material, and
the coqfinement layers are grown by MOVEE.
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