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THERMO-OPTIC SEMICONDUCTOR DEVICE .

The invention relates to thermo-optic semiconductor devices
having optical characteristics which may be changed by resistive
heating.

Semiconductors have been used in optical transmission devices.
For example, silicon has been used in integrated silicon chip
devices. Such devices may include silicon waveguides formed as

an integrated circuit on a silicon dioxide layer supported by a

silicon substrate. It is known that silicon exhibits a
refractive index varying with temperature. It exhibits a
refractive thermal non-linearity dn/dT = 1.86x107*K! at a

wavelength of 1550nm. This non-linearity with application of
heat has been used to form phase modulators in silicon and silica
based waveguide devices by using a thin metal track over the

waveguide region to provide a resistive heater.

It is an object of the present invention to provide an improved
structure and method for effecting resistive heating in a thermo-
optic semiconductor device.

The invention provides a thermo-optic semiconductor device
comprising one semiconductor region providing an optical
transmission path and an adjacent semiconductor region providing
a resistive heater between two doped regions, said doped regions
being in electrical contact with external contact regions so that
current may be passed through the resistive heater within the
adjacent semiconductor region to heat said one semiconductor

region and thereby vary its optical characteristics.
Preferably said external contact regions comprise metal regions.

Preferably the device is covered with an electrically insulating

layer and said metal regions are exposed through said insulating
layer.
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The resistive heater may provide a phase shifter for light
transmitted through the transmission path.

In some embodiments the semiconductor device comprises a
semiconductor waveguide providing said optical transmission path
and sald adjacent semiconductor region extends across the

underside of the waveguide.
Preferably the semiconductor regions are formed of silicon.

The device may be integrated on a silicon or silicon-on-insulator

chip.

The doped regions may each comprise P-typed doped regions within

the semiconductor.

The doped regions may each comprise N—typéd doped regions within

the semiconductor.

The invention includes a light modulator comprising an optical
transmission device for splitting an optical beam and directing
part of the optical beam through a thermo-optic semiconductor
device as aforesaid to cause a phase variation and means for
recombining the beam to cause amplitude modulation by

interference.

The invention includes a method of varying the optical
transmission characteristics of a semiconductor device comprising
passing current through part of the semiconductor device between
two doped regions of the semiconductor device, thereby generating

resistive heat to vary the optical transmission characteristics.

Current may be passed between said doped regions to vary the
phase of light transmitted through the device.

The power supply may be modulated to modulate the phase

variation.
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Said semiconductor, device may include a semiconductor waveguide
adjacent the regibn'through which current is passed.

An embodiment of the invention will now be described by way of

example and with reference to the accompanying drawings in which:

Figure 1 is a section through a thermo-optic semiconductor device
in accordance with the present invention and shows a section

taken on the line A-A of Figure 2,

Figure 2 is a plan view of part of the semiconductor device of
Figure 1,

Figure 3 shows schematically the use of a device of the type

shown in Figures 1 and 2 in a light modulating system,

Figure 4 is a graph showing one aspect of performance of the

device of Figure 1 in comparison with a prior art device and

Figure 5 is a graph showing a different aspect of performance of
the device of Figure 1 in comparison with a prior art device.

The embodiment shown in Figure 1 is a device providing a silicon
rib waveguide which is integrated on a silicon-on-insulator chip.
The chip comprises a silicon substrate 11 on which is formed an
insulating layer 12 of silicon dioxide. Above the layer 12 is
a silicon epitaxial layer 13 having a main region 14 above which
projects an elongated region 15 providing a waveguide. The
silicon layer 13 is generally covered by an electrically
insulating silicon dioxide layer 16. In use as a silicon
waveguide device, the channel region 15 acts to confine laterally
an optical transmission mode which is guided by the elongate
region 15 and the main region 14. The main silicon layer extends
fully across the width of the region 15 and below it from one
side to the other. To make use of the change of refractive index
of silicon in the waveguide 15 with change of temperature, a
resistive heater is provided below the waveguide 15 within the
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main silicon layer 14. This resistive heater is formed by two
doped regions 20 and 21 formed of similar type of dopant on the
two opposite sides of a selected part of the waveguide 15. This
is shown in Figure 2. Each of the doped régiOns 20 may be formed
of a P-type dopant or they may each be formed of an N-type
dopant. In a preferred example phosphorous is used as the
dopant. The dopant may be introduced into the well—type'regions
20 by techniques well known in semiconductor manufacture such as
diffusion or implantation. Immediately above each of the dopant
regions 20 an aperture is formed in the electrically insulating
layer 16 and a metal. contact region 21 is inserted into the
aperture thereby providing an external contact region. The
dopant regions 20 are each doped to a concentration level which
provides an ohmic contact with the metal contacts 21. 1In this
way the region 23 which extends through the layer 14 between the
two dopant regions 20 forms a resistive heater which is adjacent
the waveguide 15 and positioned immediately below it so as to
provide effective heat transfer into the waveguide region. The
doped regions are placed at sufficient distance from the edges
of the waveguide region to avoid significant optical loss due to
interaction of the optical mode with the doped regions.

In use, the two metal contacts 21 are connected to opposite
polarity terminals one of which is a power supply 26. The power
supply 26 may be variable in pdwer output and also arranged to
provide a modulated power output-when required. The passage of
current from the power supply 26 through the resistive heater 23
will cause the temperature of the silicon in the waveguide 15 to
change and thereby alter the refractive index of the silicon and

cause a phase change in light transmitted along the waveguide 15.

When such a device is used in a light modulator, a single beam
from a light source may be split as shown schematically in Figure
3. In this case light from a source 29 passes through a
waveguide 30 which is split into two separate waveguides 31 and
32. Waveguide 32 leads directly to a junction 33 at an output

waveguide 34. However waveguide 31 passes through a phase
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shifter 35 before reaching junction 33. The phase shifter 35 may

be a device of théfﬁype as shown in Figureé 1 and 2. The output
beam in Waveguide 34 may be supplied to a destination requiring
a modulated light beam or may reach a detector 36 as shown in
Figure 3.

Figure 4 shows in the curve indicated by a solid line 40 the
amplitude modulation in dB whichlmay be achieved for wvarying
applied power from the power supply 26 as a result of using the
device of Figure 1 in a light modulator circuit of the type shown
in Figure 3. In orxder to achieve transition from a maximum light
output to a minimum light output it can be seen that the change
in power applied through the resistive heater 23 ig of the order
of 150mwW. For an equivalent prior art device having a metal
track heater placed over the waveguide 15, the power necessary
to achieve equivalent amplitude modulation is shown by the broken
line 41 in Figure 4. It can be seen from this that a power
change of approximately 300mW is reguired to vary the light
output between a maximum and a minimum value. It can therefore
be seen that the use of the resistive heater 23 within the
semiconductor layer 14 has much improved efficiency in achieving
amplitude modulation due to the heat being generated within the
waveguide structure rather than on top of the structure.

Figure 5 shows the modulation amplitude in 4B, normalised with
respect to the low frequency limit, with variation in frequency
in kHz for the device of Figure 1 in comparison with a prior art
device using a metal track heater over the waveguide. It will
be appreciated that as the power éupply 26 is modulated, the
optical response of the phase shifting will depend on the
frequency of modulation. The graph shown in solid lines and
marked 42 indicates the performance of a device as shown in
Figure 1. This indicates that up to a frequency of 100kHz there
is no decrease in the normalised modulation amplitude. The
frequency by which the modulated amplitude has fallen to -3dB is
approximately 450kHz thereby indicating a bandwidth of 450kHz.
The performance of the prior art device using a metal track of
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the waveguide is shown by the broken line 43. This indicates
that the modulation amplitudé has fallen to -3dB at approximately
55kHz thereby indicating a bandwidth of only 55kHz.

The results shown in Figures 4 and 5 represent those achieved
using a Mach-Zehnder interferometer.

It will be understood that the operation of the device is
dependent on the drive frequency of the power supply 26. In
addition to generating heat within the silicon, it is necessary
to provide thermal conduction away from the waveguide region and
the doped regions 20 in combination with the metal contacts 21
provide a region of higher thermal conductivity to give improved
conduction away from the waveguide and thereby improve high

frequency performance.

In any particular embodiment, a balance may be achieved between
achieving an efficient modulator which requites the minimum
applied power for za'given phase shift, e.g. 7 radians, and
maximising the modulation bandwidth by removing the applied heat

as quickly as possible from the waveguide region.

The invention is not limited_to the details of the foregoing
example. For instance the doped regions 20 may be located at
other positions within the silicon structure. Three or more
doped regions may be used to form a more complex structure. The
dopant type used, the concentration of dopant and the width and
depth of the doped regions can be varied and used to control the
balance between efficient modulation and a high modulation
bandwidth. | | |
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CLAIMS: N . .

1. A thermo-optic semiconductor device comprising one
semiconductor region providing an optical transmission path and
an adjacent semiconductor region providing a resistive heater
between two doped regions, said doped regions being in electrical
contact with external contact regions so that current may be
passed through the resistive heater within the adjacent
semiconductor region to heat said one semiconductor region and

thereby vary its optical characteristics.

2. A thermo-optic electric device according to claim 1 in which

said external contact regions comprise metal regions.

3. A device according to claim 2 which is covered with an
electrically insulating layer and said metal regions are exposed
through said insulating layer.

4. A device according to any one of the preceding claims in
which the resistive heater provides a phase shifter for light
transmitted through the transmission path.

5. A device according to any one of the preceding claims in
which the semiconductor device comprises a semiconductor
waveguide providing said optical transmission path and said
adjacent semiconductor region extends across the underside of the
waveguide.

6. A device according to any one of the preceding claims in
which the semiconductor regions are formed of silicon.

7. A device according to any one of the preceding claims in
which the device is integrated on a silicon or silicon-on-
insulator chip.

8. A device according to any one of the preceding claims in
which the doped regions each comprise P-typed doped regions
within the semiconductor.
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9. A device according to any one of claims 1 to 7 in which the
doped regions each comprise N-typed doped regions within the

semiconductor.

10. A light modulator comprising an optical transmission device
for splitting an optical beam and directing part of the optical
beam through a thermo-optic device as claimed in any one of the
preceding claims to cause a phase variation and means for
‘recombining ‘the beam to. cause amplitude modulation by

interference.

11. A method of varying the optical transmission characteristics
of a semiconductor device comprising passing current through part
of the semiconductor device between two doped regions of the
semiconductor device, thereby generating resistive heat to vary

the optical transmission characteristics.

12. A method according to claim 11 in which current is passed
between said doped regions to vary the phase of light transmitted

through the device.

13. A method according to claim 12 in which the power supply is

modulated to modulate the phase variation.

14. A method according to any one of the preceding claims in
which said semiconductor device includes a semiconductor
waveguide and said current is passed through a semiconductor

region adjacent said waveguide.



