47008232 A1 | IO 0 Y0 O O

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property
Organization
International Bureau

(43) International Publication Date

AT O Y0 0O O O

(10) International Publication Number

22 January 2004 (22.01.2004) PCT WO 2004/008232 Al
(51) International Patent Classification’: GO2F 1/025 (74) Agents: CLAYTON-HATHWAY, Anthony, Nicholas et
al.; Fry Heath & Spence LLP, The Gables, Massetts Road,
(21) International Application Number: Horley, Surrey RH6 7DQ (GB).
PCT/GB2003/002949
(81) Designated States (national): AE, AG, AL, AM, AT, AU,

(22) International Filing Date: 8 July 2003 (08.07.2003)

(25) Filing Language: English
(26) Publication Language: English
(30) Priority Data:
0216143.8 12 July 2002 (12.07.2002) GB
(71) Applicant (for all designated States except US):
BOOKHAM TECHNOLOGY PLC [GB/GB]; 90

Milton Park, Abingdon, Oxon OX1 4RY (GB).

(72) Inventor; and

(75) Inventor/Applicant (for US only): DAY, Ian, Edward
[GB/GB]; 10 Chestnut Avenue, Headington, Oxon OX3
9JH (GB).

(84)

AZ, BA, BB, BG, BR, BY, BZ, CA, CH, CN, CO, CR, CU,
CZ, DE, DK, DM, DZ, EC, EE, ES, H, GB, GD, GE, GH,
GM, HR, HU, ID, IL, IN, IS, JP, KE, KG, KP, KR, KZ, L.C,
LK, LR, LS, LT, LU, LV, MA, MD, MG, MK, MN, MW,
MX, MZ, NI, NO, NZ, OM, PG, PH, PL, PT, RO, RU, SC,
SD, SE, SG, SK, SL, SY, TJ, TM, TN, TR, TT, TZ, UA,
UG, US, UZ, VC, VN, YU, ZA, ZM, ZW.

Designated States (regional): ARIPO patent (GH, GM,
KE, LS, MW, MZ, SD, SL, SZ, TZ, UG, ZM, ZW),
Eurasian patent (AM, AZ, BY, KG, KZ, MD, RU, TJ, TM),
European patent (AT, BE, BG, CH, CY, CZ, DE, DK, EE,
ES, FI, FR, GB, GR, HU, IE, IT, LU, MC, NL, PT, RO,
SE, SI, SK, TR), OAPI patent (BF, BJ, CF, CG, CI, CM,
GA, GN, GQ, GW, ML, MR, NE, SN, TD, TG).

Published:

with international search report

[Continued on next page]

(54) Title: SEMICONDUCTOR OPTICAL WAVEGUIDE DEVICE

15 /]
n\ )

25 29 19 17 7 19 29« 25 .5
\ / 3
\(\ S Ry
) N | A A | 4 L~

(23 <21 93 23 28)
)

<l1

& (57) Abstract: A semiconductor optical waveguide device (1) comprising a semiconductor layer (3) having an upper surface (5), and
alower surface (7) which is defined by a lower confinement layer (9), the semiconductor layer having formed therein: (a) a waveguide
(13); (b) at least one recess (19) adjacent to the waveguide (13) and extending from the upper surface (5) of the semiconductor layer
(3); (c) at least one doped region (21, 23), at least part of which is situated between a said recess (19) and the lower confinement
layer (9); and (d) at least one trench (25) adjacent to a said doped region (21, 23) and recess (19) and situated on an opposite side
thereof to the waveguide, wherein the (or each) trench (25) extends from the upper surface of the semiconductor layer (3).
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Semiconductor Optical Waveguide Device

The present invention relates to semiconductor optical waveguide

devices, and particularly to their use in electro-optic modulators.

Semiconductor optical waveguide devices in which the semiconductor
material is doped to produce p and/or n doped regions are very well known.
For example, semiconductor rib waveguide devices are known in which a p-i-n
diode is formed across the waveguide such that charge carriers are injected
into the region of the waveguide in which an optical wave propagates (during
use). The p-i-n diode therefore acts as an electro-optic modulator since the
injection of charge carriers into the semiconductor waveguide affects the
complex effective refractive index of the waveguide, and thereby affects the

phase and amplitude of the optical wave propagating therein.

P.D. Hewitt and G.T. Reed of the Department of Electrical and
Electronic Engineering, University of Surrey, UK, have reported (in the Journal
of Lightwave Technology, Vol. 19, No. 3, March 2001) a mathematical
simulation study of a silicon rib waveguide p-i-n modulator envisaged to
comprise “lateral” n+ and p+ doped regions on opposite sides of the rib, and a
p+ “top” doped region on the rib. A vertical trench comprising silica is
provided in the silicon (of the simulated modulator) adjacent to each lateral
doped region, on the opposite side of the adjacent region to the rib
waveguide. The authors of the paper reported that the closer each vertical
trench is to its respective lateral doped region, the greater is the refractive
index change (for a particular current density) of the waveguide between the
lateral doped regions. This dependence of the refractive index change on the
position of the vertical trenches is ascribed by the authors to the presence of
free carriers on opposite sides of the lateral doped regions to that of the rib

waveguide.
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International Patent Application No. PCT/GB99/02537 published as
WO 00/10039 (Bookham Technology), which pre-dates the reporting of the
above simulation study, discloses a lateral doped silicon rib waveguide
modulator of similar construction to that envisaged in the simulation study (but
without the “top” doping on the rib of the waveguide) with the vertical trenches

immediately adjacent to the lateral doped regions.

The inventors of the present invention have now devised a type of
novel and inventive semiconductor optical waveguide device which enables p-
i-n modulators with significantly improved operating performance to be

fabricated.

According to a first aspect, the present invention provides a
semiconductor optical waveguide device comprising a semiconductor layer
having an upper surface, and a lower surface which is defined by a lower
confinement layer, the semiconductor layer having formed therein:

(@) awaveguide;

(b) at least one recess adjacent to the waveguide and extending
from the upper surface of the semiconductor layer;

(c) at least one doped region, at least part of which is situated
between a said recess and the lower confinement layer; and

(d) at least one trench adjacent to a said doped region and recess
and situated on an opposite side thereof to the waveguide,
wherein the (or each) trench extends from the upper surface of

the semiconductor layer.

Preferably the (or each) trench of the device is deeper than its adjacent

recess.

In some embodiments of the invention, the (or each) recess is spaced

apart from its adjacent trench. In alternative embodiments of the invention,
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the (or each) recess is not spaced apart from its adjacent trench, so that the

recess and trench comprise a single larger feature.

Advantageously, the (or each) doped region may extend substantially

to the lower confinement layer.

According to a second aspect, the invention provides a semiconductor
optical waveguide device comprising a semiconductor layer having an upper
surface, and a lower surface which is defined by a lower confinement layer,

the semiconductor layer having formed therein:

(a) awaveguide;

(b)  at least one doped region extending substantially to the lower
confinement layer; and

(c) at least one trench adjacent to, and spaced apart from, a said
doped region and situated on an opposite side thereof to the
waveguide, wherein the (or each) trench extends from the upper

surface of the semiconductor layer.

In preferred embodiments of both aspects of the invention, the (or

each) trench extends substantially to the lower confinement layer.

The combination of (on one hand) the trench(es) and (on the other
hand) the recess(es) and/or the extension of the doped region(s) to the
confinement layer has been found by the inventors to result in vastly improved
confinement of the free electrical charge carriers. Such improved confinement
of the charge carriers leads to a significant improvement in the efficiency of
devices in accordance with the invention in comparison to known devices.
While not wishing to be limited by any particular theory, the inventors believe
that a combination of lateral and vertical charge carrier confinement (which

the preseht invention can provide) is synergistic and results in greater
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improvements in device efficiency than might have been expected in
hindsight.

The confinement layer preferably is a confinement layer for electrical
charge carriers (i.e. it confines the electrical charge carriers).
Advantageously, the confinement layer may also be an optical confinement

layer (i.e. it may confine the optical mode propagated by the waveguide).

Preferably the semiconductor layer comprises silicon (especially
crystalline silicon). The lower confinement layer preferably is an electrically
insulating layer. Advantageously, therefore, the device may be a silicon-on-
insulator (SOI) device. The lower confinement layer therefore preferably
comprises silica.  Preferably there is a substrate layer below the lower
confinement layer. The substrate layer preferably comprises silicon.

The terms “upper’, ‘lower”, “above”, “below”, etc. used in this
specification are not intended to denote any absolute orientation, but relative
positions with respect to the waveguide and the confinement layer. By
“lateral” is generally meant substantially perpendicular to the length of the

waveguide and substantially parallel to the lower confinement layer.

The waveguide of the device according to the invention preferably is a
rib waveguide. The rib waveguide preferably comprises an elongate rib
portion and slab regions on immediately adjacent opposite lateral sides of the
rib portion, the rib portion projecting above the slab regions. The slab regions
of the waveguide generally do not have a definite lateral boundary; the extent
to which the optical mode spreads laterally into the slab regions is normally
determined primarily by its confinement by the rib portion and the lower
confinement layer. The (or each) doped region, trench and (where present)
recess preferably is situated in a slab region of the device which comprises a
continuous lateral extension of the slab region of the waveguide. In fact, the

(or each) doped region (and recess, where present) may form part of the slab
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region of the waveguide itself because there may be some overlap between
the optical mode and the (or each) doped region. Such overlapping is,
however, generally undesirable since it causes optical attenuation, and hence

it is preferably minimal.

The, or each, trench of the device may be left open (with or without one
or more protective layers, e.g. of silica). Alternatively, the trench (es) may be
partially or completely filled with a material different to that of the

semiconductor layer, e.g. silica, amorphous silicon, or some other deposit (s).

Devices according to the invention may be formed by known
semiconductor device fabrication techniques, including photolithography and
etching of the semiconductor layer to fabricate the various features formed

therein.

Embodiments of the invention will now be described, by way of

example, with reference to the accompanying drawings, of which:

Figure 1 is a schematic cross-sectional view of a first embodiment of a

semiconductor optical waveguide device according to the invention;

Figure 2 is a schematic cross-sectional view of second embodiment of

a semiconductor optical waveguide device according to the invention; and

Figure 3 is a schematic cross-sectional view of a third embodiment of a

semiconductor optical waveguide device according to the invention.

Figure 1 shows, in schematic cross-section, an embodiment of a
semiconductor optical waveguide device 1 according to the invention. The
device comprises a semiconductor layer 3 (comprising crystalline silicon)
having an upper surface 5 and a lower surface 7 which is defined by a lower
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confinement layer 9. The lower confinement layer is a layer of silica, and

below this is a substrate layer 11 of silicon.

The semiconductor layer 3 has formed therein a rib waveguide 13
comprising a rib portion 15 and slab regions 17 on opposite lateral sides of the
rib portion; the rib portion 15 projects above the slab regions 17. The
semiconductor layer 3 also includes a pair of recesses 19 on opposite lateral
sides of the waveguide 13 (i.e. each recess being situated adjacent to a
respective lateral side of the waveguide). The recesses 19 each extend from
the upper surface 5 of the semiconductor layer downwardly towards the lower
confinement layer 9, but spaced apart from the confinement layer. Also
provided in the semiconductor layer 3 are doped regions 21 and 23 of the
semiconductor material. Each doped region is situated between a respective
recess 19 and the lower confinement layer 9, and extends from the recess to
the confinement layer. The doped regions (which are termed “lateral” doped
regions) are formed by doping in a direction from the bases of the recesses
towards the lower confinement layer, e.g. by ion implantation and/or diffusion.
Doped region 21 is an n-doped (e.g. n +- doped) region, and region 23 is a p-
doped (e.g. p+-doped) region. Consequently the device comprises a lateral
doped p-i-n diode, which preferably functions as a modulator (the waveguide
region being an intrinsic semiconductor region between laterally situated n-

and p-doped regions).

Although this is not illustrated in the figures, devices according to the
invention may additionally include one or more “top” doped regions, e.g. a
doped region of the rib portion 15 of the waveguide. Alternatively, devices
according to the invention may comprise a single lateral doped region 21 or
23 and at least one top doped region, e.g. a doped region of the rib portion of

the waveguide.

The semiconductor layer 3 of the device illustrated in Figure 1 also includes a
pair of trenches 25. Each trench 25 is adjacent to, and laterally spaced apart
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from, a respective doped region and associated recess, and is situated on an
opposite lateral side of the doped region and recess to that of the waveguide.
Each trench 25, extends from the upper surface 5 of the semiconductor layer
to the lower confinement layer 9, and is defined by two sidewalls (i.e. an outer
sidewall 28 and an inner sidewall 29). The trenches consequently provide
lateral confinement of the free electrical charge carriers present in the
semiconductor layer by virtue of the doped regions. The lower confinement
layer also provides vertical confinement of the charge carriers, and these two
types of confinement in combination have been found to result in a particularly

efficient p-i-n diode arrangement.

Figure 2 shows, schematically a device 31 according to the invention
which is identical to that shown in Figure 1 (with like features having the same
reference numerals) except that in this case each trench 25 is not spaced
apart from its adjacent recess 19 so that there is no laterally outer wall of the
recess (or, put differently, the laterally outer wall of the trench has become the
laterally outer wall of its adjacent recess). Consequently each recess and
adjacent trench comprise a single larger feature, designated by reference
numeral 27. In the Figure 2 embodiment, the doped regions 21 and 23 are
bounded not only by the base of their respective recess 19 and the lower
confinement layer 9, but also by the inner sidewall 29 of their respective
trench 25. This embodiment consequently provides the greatest degree of
confinement to the electrical charge carriers supplied by the doped regions,

and hence the greatest increase in efficiency.

The closer a trench is positioned to its respective doped region, the
greater is the confinement of the charge carriers supplied by that doped
region. The extreme of this is illustrated (as described above) in the example
of Figure 2 in which there is no separation between the (or each) trench and

its respective doped region.
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Figure 3 discloses a third embodiment of the invention, which is in
accordancé with the second aspect of the invention. This embodiment is
similar to that shown in Figure 1, except that in this case the device 41 does
not include any recesses 19. Instead, the doped regions 33 and 35 extend
from the upper surface 5 of the slab regions 17 on opposite sides of the rib
portion 15. The doped regions 33 and 35 extend to the lower confinement

layer 9.
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Claims
1. A semiconductor optical waveguide device comprising a semiconductor

layer having an upper surface, and a lower surface which is defined by

a lower confinement layer, the semiconductor layer having formed

therein:

(a) awaveguide;

(b) at least one recess adjacent to the waveguide and extending
from the upper surface of the semiconductor layer;

(c) at least one doped region, at least part of which is situated
between a said recess and the lower confinement layer; and

(d) at least one trench adjacent to a said doped region and recess
and situated on an opposite side thereof to the waveguide,
wherein the (or each) trench extends from the upper surface of

the semiconductor layer.

2. A device according to Claim 1, wherein the (or each) trench is deeper

than its adjacent recess.

3. A device according to Claim 1 or Claim 2, in which the (or each) recess

is spaced apart from its adjacent trench.

4. A device according to Claim 1 or Claim 2, in which the (or each) recess
is not spaced apart from its adjacent trench, so that the recess and

trench comprise a single larger feature.

5. A device according to any preceding claim, in which the (or each)

doped region extends substantially to the lower confinement layer.
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6. A semiconductor optical waveguide device comprising a semiconductor

layer having an upper surface, and a lower surface which is defined by

a lower confinement layer, the semiconductor layer having formed

therein:

(@) awaveguide;

(b) at least one doped region extending substantially to the lower
confinement layer; and

(c) at least one trench adjacent to, and spaced apart from, a said
doped region and situated on an opposite side thereof to the
waveguide, wherein the (or each) trench extends from the upper

surface of the semiconductor layer.

1. A device according to any preceding claim, in which the (or each)

trench extends substantially to the lower confinement layer.

8. A device according to any preceding claim, in which the waveguide is a

rib waveguide, comprising a rib portion.

9. A device according to any preceding claim, in which the semiconductor

comprises silicon.

10. A device according to any preceding claim, in which the lower

confinement layer is a confinement layer for electrical charge carriers.

11. A device according to any preceding claim, in which the lower.
confinement layer is a confinement layer for an optical mode

propagated by the waveguide.
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12. A device according to any preceding claim, in which the lower

confinement layer is an electrically insulating layer.

13. A device according to any preceding claim, in which the lower

confinement layer comprises silica.

14. A device according to any preceding claim, in which there is a

substrate layer below the lower confinement layer.

15. A device according to Claim 14, in which the substrate layer comprises

silicon.

16. A device according to any preceding claim, in which there are two said
doped regions, the doped regions being situated on opposite sides of

the waveguide.

17. A device according to Claim 1 or any claim dependent thereon, in
which there are two said recesses, the recesses being situated on

opposite sides of the waveguide.

18. A device according to any preceding claim, further comprising an

additional doped region.

19. A device according to Claim 18 when dependent upon Claim 8, in
which the additional doped region is situated in the rib portion of the rib

waveguide.
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20. A device according to any preceding claim, in which there are two said
trenches, the trenches being situated on opposite sides of the

waveguide.

21. A device according to Claim 16 or any claim dependent thereon, in

which the doped regions comprise n-doped and p-doped regions.

22. A device according to any preceding claim, which comprises a p-i-n

diode.

23. A device according to Claim 22, which comprises a lateral p-i-n diode.

24. A device according to any preceding claim, which comprises an optical

modulator.

25. An apparatus comprising a plurality of devices according to any

preceding claim.

26. A device substantially as hereinbefore described and/or as illustrated in

the accompanying drawings.
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