
;ope3e[.X|(6T.<B*1 IMPROVED OPTOELECTRONIC DEVICE Background of the
Invention This invention relates generally to optoelectronic 5 10 i 15 20
25 30 devices. One aspect of the present invention relates to the use of
quaternary III-V semiconductor alloys in the fabrication of optoelectronic
devices, and in particular - though not exclusively - to the use of
quaternary III-V semiconductor alloys in optoelectronic components
integrated with resonant tunnelling divides (RTDs). Another aspect of the
present invention relates to optical modulators, and in particular - though
not exclusively - to an optical modulator controlled or switched by a
resonant tunnelling diode. Regarding the aforementioned one aspect, it is
among the objects of one or more embodiments of the one aspect of the
present invention to provide an optoelectronic device which: (a) uses a
quaternary III-V semiconductor alloy (compound) which does not include
Phosphorous (P) and is, therefore, particularly suitable for fabrication by
Molecular Beam Epitaxy (MBE); (b) provides for band-gap tuning and lattice
matching to substrate; (c) which at least when used as an optical detector
provides for built-in amplification. Regarding the aforementioned another
aspect, modulators such as Electro Absorption modulators are employed in
optical communication systems where they switch light from a laser source
on and off according to an applied electrical signal, i.e. they convert
information from electrical to optical form. Key performance factors are
the power used by the device and the speed of the device. It is an object
of the another aspect of the present invention to obviate or mitigate one
or more   z problems/disadvantages in known modulators. It is a further
object of at least one embodiment of the another aspect of the present
invention to provide an optical modulator which uses less electrical power
and/or 



5 operates at a higher speed than known modulators. It is a yet further
object of at least one embodiment of the another aspect of the present
invention to provide an optical modulator which operates at a very low
voltage, e.g. which can be switched on and off with an applied 10 signal of
less than 1 volt. A device according to another aspect of the present
invention may be used in telecommunications. With the expansion of mobile
communications, an optical fibre connection is required .to each base
station 15 . in a mobile network, and in future generations of mobile
network there may be many more base stations; the next generation is the
picocell network with a base only covering a range of a few tens of meters.
The information from each of these stations may be encoded on to optical 20
fibres, e.g. using electro absorption modulators. A device according to the
another aspect of the present invention may also be used in Wavelength
Division Multiplexing (WDM), wherein separate wavelengths are used for each
channel, and a modulator is required for each 25 channel. Summary of
Invention According to a first aspect of the present invention there is
provided an optoelectronic device at least 30 partially made from a
quaternary III-V semiconductor alloy, the device including at least one
resonant tunnelling diode (RTD). The quaternary III-V semiconductor alloy
may advantageously be Indium Gallium Aluminium Arsenide 35 (InGaAsAs).
Alternatively, the quaternary III-V semiconductor alloy may be Indium
Gallium Arsenide Phosphide (InGaAsP).   3 A quaternary III-V semiconductor
alloy layer may be provided on at least one side, and preferably both sides
of the RTD. In one embodiment the RTD may act as an electrically 5
controlled optical device, eg. an optical modulator or alternatively as an
optical switch. In another embodiment the RTD may act as an optically
controlled electrical device, eg. an optical detector. According to a
second aspect of the present invention 10 there is provided a base station
of a communication network, the station including at least one
optoelectronic device according to the first aspect. According to a third
aspect of the present invention there is provided a communication network
including at 15 least one optoelectronic device according to the first
aspect. According to a fourth aspect of the present invention there is
provided use of a quaternary III-V semiconductor alloy in the fabrication
of an optoelectronic device, the 20 optoelectronic device including a
resonant tunnelling diode (RTD). According to a fifth aspect of the present
invention there is provided an optical modulator for modulation of
electro-magnetic radiation in a wavelength region 1000 to 25 1600
nanometres (nm), wherein the modulator includes a resonant tunnelling diode
(RTD) for modulating the radiation. Advantageously, the modulator may
include means for guiding the radiation, e.g. a waveguide. 



30 Advantageously, the modulator is fabricated at least partially from
Indium Gallium Aluminium Arsenide (InGaAlAs). Advantageously, the RTD is
fabricated at least partially from InGaAlAs. 35 In one embodiment of the
fifth aspect of the present invention there is provided a unipolar
electro-optical and/or electro-absorption modulator for operation in, a   4
wavelength region 1000-1600nm, the modulator being made atleast partly from
InGaAlAs, modulation being based onelectric fields switched by an
RTD.According to a preferred form of the fifth aspect of5the present
invention there is provided an electro-absorption modulator of light at
around 1550nm inwavelength in a unipolar InGaAlAs optical
waveguidecontaining an InGaAs/AlAS double-barrier resonanttunnelling diode
(DB-RTD). The RTD peak to valley10transition may increase the electric
field across thewaveguide, which shifts the core material absorption
band-edge to longer wavelengths via the Franz-Keldysh effectthus changing
the light guiding characteristics of thewaveguide. Low-frequency
characterisation of a device has15shown modulation up to 28 dB at 1565nm.
When DC biasedclose to the negative differential resistance (NDR)
region,the RTD optical waveguide behaves as an electro-absorptionmodulator
integrated with a wide bandwidth electricalamplifier, offering a potential
advantage over conventional20pn modulators.According to a sixth aspect of
the present inventionthere is provided a base station of a
communicationnetwork, the station including at least one opticalmodulator
according to the fifth aspect.25According to a seventh aspect of the
present inventionthere is provided a communication network including
atleast one optical modulator according to the first aspect. Brief
Description of the Drawings 30 An embodiment of the present invention will
now be described, by way of example only, with reference to the
accompanying drawings, which are: Figure 1(A) a schematic diagram of a
wafer structure for use in fabrication of a device according to an 35
embodiment of the present invention; Figure 1(B) a perspective view of a
resonant tunnelling diode (RTD) optical modulator according to   5 5 10 15:
,. 20 25 a 30 35 an embodiment of the present invention made from the wafer
of Figure 1 (A); 



Figure 2 an experimental I-V characteristic of a 2um active area RTD
optical waveguide, showing a PVCR around 7 and a peak current density of
17.5kA/cm2; and Figure 3 modulation depth enhancement as a function of
wavelength, induced by the RTD peak-to-valley transition. Detailed
Description of Drawings Referring to Figures 1(A) and (B), there is shown
an optoelectronic device 5 comprising part of an optical modulator,
generally designed 10, according to an embodiment of the present invention:
The modulator 10 is intended to modulate light in the wavelength region
10001600nm, and preferably at around 1550nm, by use of a resonant
tunnelling diode (RTD) 12 formed in the modulator 10. The modulator 10
includes a waveguide 15 operatively associated with the RTD 12. The
modulator 10 according to this embodiment of the invention may, therefore,
be termed a resonant tunnelling diode electro-absorption modulator
(RTD-EAM). RTD's are advantageous due to their high speed response and
potential for electrical gain over a wide bandwidth. The operation of the
device 5 is based on the RTD 12 within the optical waveguide 15 which
introduces a nonuniform electric field distribution across a core of the
waveguide 15. The electric field becomes strongly dependent on the bias
voltage due to, accumulation and depletion of electrons in the emitter and
collector sides of the RTD 12, respectively. Depending on the DC bias
operating point, a small high frequency AC signal (<1V) can induce
high-speed switching. This produces substantial high-speed modulation of
the waveguide optical absorption coefficient at a given wavelength near the
material bandedge via the Franz-Keldysh effect and, therefore, modulates
light at photon energies lower than the waveguide core   6 5 10 15 20 25 30
35 band-gap energy. The modulation depth can be considered because, under
certain conditions, the RTD operation point switches well into the two
positive differential resistance portions of the current-voltage I-V
characteristic, with a substantial part of the terminal voltage dropped
across the depleted region in the collector side. The advantage of RTD-EAM
compared to the conventional pn modulators is that, when DC biased close to
the negative differential resistance (NDR) region, the device 5 behaves as
an optical waveguide electro-absorption modulator integrated with a wide
bandwidth electrical amplifier. The high-frequency and large modulation
depth characteristics of the RTD-EAM are a direct consequence of the
carrier transport mechanisms across the RTD 12 and a depletion region of
the waveguide 15., They: are closely related to the material system and the
specific device structure. High-speed performance can be improved by
increasing the differential negative resistance (NDR), R", or decreasing
the series resistance, Rs. The velocity of the carriers, v, and hence the
carriers transit time across the whole structure are material and structure
dependent. To obtain a larger value of Rn, it is necessary to achieve a
high peak current density, JP, and a low valley current, J". The
demonstration and development of this new modulator concept in the
InGaAs-InAlAs material system lattice matched to InP appear to be a
promising route towards high speed, low radio frequency (rf) power
consumption, optoelectronic converters (rf-optical and optical-rf), because
it can cover the waveguide range 1.0 to 1.6 um where optical fibres have
the lowest loss and chromatic dispersion. This disclosure teaches
modulation of light at wavelengths around 1550nm in a unipolar InGaAIAs
optical waveguide containing a InGaAs/AIAs doublebarrier resonant
tunnelling diode (RTD). Furthermore, due to a smaller effective mass for
the electrons in InGaAs (0.045mo compared to 0.067mo for GaAs), and a
larger r InGaAs    -xalAS barrier height (0.65 eV compared to 0.20 eV
GaAs/AlAs) which will reduce the parasitic r-X mediated transport, the
InGaAs-InAlAs material system has improved tunnelling characteristics with
a superior peak-to-valley current 5 ratio evident in the dc current-voltage
characteristics. In addition, by changing the material to InGaAs/AlAs, a
specific contact resistivity less than 10-7 (err)cm2 and a saturation
velocity higher than 107 cm/s can be achieved. For GaAs/AlGaAs, typical
metal to n"- GaAs contacts have a 10 specific contact resistivity of about
10-6 (err)cm2, and the saturation velocity of electrons in GaAs layers is
less than 107 cm/s. In GaAs/AlAs RTDs can present higher peak current
density and smaller valley current density, higherspeed operation can be
expected. 



"15 The use of the InGaAs/AlAS system shifts -the wavelengths of operation
to optical communication wavelengths, and also gives a significant
improvement in the electrical characteristics of the devices compared to
the GaAs/AlAs system. 20 The InGaAlAs RTD optical waveguide structure may
be grown by Molecular Beam Epitaxy (MBE) in a Varian Gen II system, on a n'
InP substrate 20 (see Fig. 1(A)). It consists of two 2 nm thick AlAs
barriers separated by a 6nm wide InGaAs quantum well, sandwiched between
two 500nm 25 thick moderately doped (Si: 5x1016 cm-3) InGaAs spacer layers
2S,30 which form the waveguide core. The InP substrate and a top heavily
doped (Si: 2x1018 cm-3) InAlAs region 35 provide the waveguide cladding
layers, which confine the light in a direction parallel to the double
barrier plane, 30 thus increasing the interaction length between the
electric and the optical fields. A b-doped InGaAs cap layer 40 is provided
for formation of Au-Ge-Ni ohmic contacts. Ridge waveguides (2 to 6 um wide)
and large-area mesas in each side of the ridges may be fabricated by wet35
etching. Ohmic contacts (100 to 400 um long) may then be deposited on top
of the ridges and mesas. The waveguide width and the ohmic contact length
define the device 5   8 active area. A SiO2 layer may be deposited, and
access contact windows etched on the ridge and the mesa electrodes [Fig.
1(B)], allowing contact to be made to high frequency bonding pads (coplanar
waveguide transmission line, CPW 5 45): After cleaving, the device 5 may be
die bonded on packages allowing light coupling into the waveguide 15 by a
microscope objective end-fire arrangement. The DC I-V,characteristics of
packaged devices 5 have been measured using a HP 4145 parametric analyser
and show 10 typical RTD behaviour. From the I-V characteristics one can
estimate the electric field change across the depleted portion of the
waveguide core due to RTD peak-to-valley switching. Figure 2 shows the I-V
characteristic of a 2um x 100m active area RTD 12. Typical devices 5 have
peak 15 , current density around 20 kA/cm2, with a peak-to-valley current
ratio (PVCR) of 4. The difference between the valley and peak voltages, 4V,
is around 0.8V, and the difference between the peak and valley current
densities, DJ=Jp(1-PVCR-1), is about l5kA/cm2. (Typical GaAs/AlAs 20
devices show a PVCR around 1.5, JP ~ 13 kA/cm2, (err)V ~ 0.4V, and (err)J -
5 kA/cm2) . Two important figures of merit of the modulator 10 can be
estimated from the RTD, DC characteristics, and for a given material system
they can be tailored by structural 25 design. They are the modulator
bandwidth, which is related to the 100-90o switching time, tR, of the RTD
12 between the peak and valley points, and the modulation depth, which is
related to the peak-to-valley current ratio. The switching time of the RTD
12 can be estimated from tR = 4.4 (4V/4J) 30 C", where C" is the
capacitance at the valley point per unit area (C"=e/W, where (err) is the
dielectric constant, and W is the depletion region width). For the present
device 5 W=0.5 um and e=13(err)o, tR=5 ps. From this switching time, one
can expect devices 5 with a bandwidth larger than 60 GHz. 35 Experimental
optical characterisation of the modulator 10 employed light from a Tunics
diode laser, tuneable in the wavelength region around the absorption edge
of the   9 InGaAlAs waveguide (l480-1580nm). The laser light was coupled
into the waveguide 15 by a microscope objective end-fire arrangement. To
measure the change in the optical absorption spectrum induced by the
peak-to-valley 5 transition, a low frequency rf signal was injected to
switch the RTD 12 between the extremes of the NDR region, and a
photodetector was used to measure the transmitted light. The applied
electric field enhancement is given by: 



4V W 10 DE ~ - + _ DJ W 2evsat Taking e=l3eo and v=1x10' cm/s (electron
saturation velocity in the depletion region), and assuming the 15 depletion
region to be 500nm wide, we have 4E=47 kV/cm (for the GaAs based device we
obtained 4E=20kV/cm). The shift in the transmission spectrum due to
electric field enhancement in the InGaAlAs depletion region, as a result of
the Franz-Keldysh effect, is given approximately by: 20 ezhz ~A9 " ~Ez he
2mz 25 where mr is the electron-hole system reduced effective mass, h is
Planck's constant, c is the light velocity, a is the electron charge, and
A9 is the wavelength corresponding to the waveguide transmission edge at
zero bias, which is 30 around 1520nm. The observed band edge shift
associated with peak-to-valley switching is approximately (err)g = 30nm,
which agrees with the expression above and confirms that DE is
approximately 47kV/cm. Figure 3 shows modulation depth as a function of the
35 wavelength for peak-to-valley switching induced by a lowfrequency, i.e.
< lOkHz square wave signal with 1V amplitude for a 4um x 200m active area.
A maximum modulation depth of 28 dB was obtained at 1565nm. In conclusion,
optical modulation up to 28 dB has been 40 demonstrated in InGaAlAs optical
waveguides containing an   10 5 to 15 20 i 25 InGaAS/AlAs double-barrier
resonant tunnelling diode (RTD), due to peak-to-valley switching.
Integration of a RTD with an optical waveguide, which combines a wide
bandwidth electrical amplifier with an electro-absorption modulator, opens
up the possibility for a variety of operation modes (such as modulation due
to self-oscillation and relaxation oscillation). It will be appreciated
that the embodiment of the present invention hereinbefore described is
given by way of example only, and is not meant to limit the scope thereof
in any way. Particularly, it will be appreciated that the device disclosed
may have an operational speed limited by its packaging of around 8GHz
bandwidth. However, it will be understood that a device according to the
invention may have a much large bandwidth, e.g. it is envisaged that up to
60 Ghz is possible. It will further be appreciated that although the
optoelectronic device 5 has hereinbefore been described as an electrically
controlled optical device, eg. an optical modulator 10 or switch, wherein
an input signal in the form of an applied electrical signal modulates an
output signal in the form of an optical signal, the device 5 may also be
used in reverse, ie. as an optically controlled electrical device eg. as an
optical detector wherein the input signal is in the form of an applied
optical signal which controls an output signal in the form of an electrical
signal. It will be appreciated that such an optical detector will act, in
use, as if it were provided with a built-in amplifier. 



30   11 CLAIMS 1. An optoelectronic device at least partially made from a
quaternary III - V semiconductor alloy, the device including at last one
resonant tunnelling diode. 5 2. An optoelectronic device as claimed in
claim 1, wherein the quaternary III - V semiconductor alloy is Indium
Gallium Aluminium Arsenide (InGaAlAs). 10 3. An optoelectronic device as
claimed in claim 1, wherein the quaternary III - V semiconductor alloy is
Indium Gallium Arsenide Phosphide (InGaAsP). 4. An optoelectronic diode as
claimed in any of claims l 15 to 3, wherein a quaternary III - V
semiconductor alloy layer is provided on at least one side of the at least
one resonant tunnelling diode. 5. An optoelectronic device as claimed in
claim 4, 20 wherein quaternary III - V semiconductor layers are provided on
both sides of the at least one resonant tunnelling diode. 6: An
optoelectronic device as claimed any of claims 1 to 25 5, wherein the
resonant tunnelling diode acts as an optical modulator or switch. 7. An
optoelectronic device as claimed in any of claims 1 to 5, wherein the
resonant tunnelling diode acts as 30 an optical detector. 8. A base station
of a communication network, the station including at least one
optoelectronic device according to any of claims 1 to 7. 35 9. A
communication network including at least one optoelectronic device
according to any of claims l to 7.   12 10. An optical modulator for
modulation of electromagnetic radiation in a wavelength region 1000 to 1600
nanometres (nm), wherein the modulator includes a 5 resonant tunnelling
diode for modulating the radiation. 11. An optical modulator as claimed in
claim 10, wherein the modulator includes means for guiding the 10
radiation. 



12. An optical modulator as claimed in either of claims 10 or 11, wherein
the modulator is fabricated at least partially from Indium Gallium
Aluminium Arsenide 15 (InGaAlAs): 13. An optical modulator as claimed in
either of claims 10 or 11, wherein the resonant tunnelling diode is
fabricated at least partially from Indium Gallium 20 Aluminium Arsenide
(InGaAlAs). 14. An optical modulator comprising a unipolar electrooptical
and/or electro-absorption modulator for operation in a wavelength region
1000-1600 nm, the 25 modulator being made at least partly from Indium
Gallium Aluminium Arsenide (InGaAlAs), modulation being based on electric
fields switched by a resonant tunnelling diode (RTD). 30 15. A modulator as
claimed in claim 14, wherein the modulator is an electro-absorption
modulator of radiation at around 1550 nm in wavelength the modulator
including a unipolar InGaAlAs optical waveguide containing an Indium
Gallium 35 Arsenide/Aluminium Arsenide (InGaAs/AlAs) doublebarrier resonant
tunnelling diode (DB-RTD).   13 16. A modulator as claimed in claim 15,
wherein in use, the resonant tunnelling diode peak to valley transition
increases an electric field across the waveguide thereby shifting a core
material absorption 5 band-edge to longer wavelengths via the Franz-Keldysh
effect thus changing radiation guiding characteristics of the waveguide.
17. A modulator as claimed in either of claims 15 or 16, 10 wherein, in
use, when DC biassed close to a negative differential resistance (NDR)
region the waveguide and resonant tunnelling diode act as an
electro-absorption modulator integrated with a wide band electrical
amplifier. , 18. A base station of a communication network, the station
including at least one optical modulator according to any of claims 10 to
17. 20 19. A communication network including at least one optical modulator
according to any of claims 10 to 17.   14 ABSTRACT IMPROVED OPTOELECTRONIC
DEVICE There is disclosed an optoelectronic device (5) at least partially
made from a quaternary III - V semiconductor alloy, the device (5)
including at least one resonant tunnelling diode (RTD) (12). In a preferred
embodiment the 5 quaternary alloy is Indium Gallium Aluminium Arsenide
(InGaAlAs). There is also disclosed an optical modulator (10) for
modulation of electro-magnetic radiation in the j wavelength region 1000 to
1600 nm, wherein the modulator (10) includes an RTD (12) for modulating the
radiation. 
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