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I nvention This invention relates generally to optoelectronic 5 10 i 15 20
25 30 'devi ces. One aspect of the present invention relates to the use of

_ quaternary I11-V sem conductor alloys in the fabrication of optoelectronic
‘devices, and in particular - though not exclusively - to the use of
quaternary I11-V sem conductor alloys in opt oel ect roni ¢ conponents

integrated with resonant tunnelllng d|V|des (RTDs). Anot her aspect of the
present invention rel at ek D} | GRTORs : el n particular - though
not exclusively - to an optlcal nDduIator controlled or switched by a

resonant tunggkkiyReudidode. cRagane ildpe af orenenti oned one aspect, it is

anong the objects of one or nore enbodinents of the one aspect of the

present invention pr o] r C : a
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Of t he anot her aspect esent | nventl on to obviate or mti gate one

’ow nor e Z Another aspect of the present invention relates to
1.0 optical modulators, and in particular - though not
' - exclusively - to an optical modulator controlled or

switched by a resonant tunnelling diode. .
Regarding the aforementioned one aspecﬁf it is among

the objects of one or more embodiments of the one aspect of

15 the present invention to provide an optoelectronic device
which:

(a) uses a guaternary II1I-V semiconductor alloy (compound)
which does not include Phosphorous (P) and 1is,
therefore, particularly suitable for fabrication by

20 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 émplification.

25 Regarding the aforementioned another aspect,
modulatorS' guch as Electro Absorption modulators are
employed in optical communication systems where they switch
light from a laser source on and off accprding to an
applied electrical signal, i.e. they convert information

30 from electrical to optical form. Key performance factors
are the power used by the device and the gpeed of the
device.

It is an object of the another aspect of the present

invention to obviate or Tmitigate one or more



. probl ens/ di sadvant ages i n known nodul ators. It is a further object of at

| east one-enbodi nent of the another aspect of the present invention to
provi de an optical nodul ator which uses | ess electrical power and/or 5
operates at a higher speed than known nodul ators. It is a yet further

“ object of at |east one enbodi ment of the another aspect of the present
invention to provide an optical nodul ator, which operates at a very |ow

vol tage, e.g. which can be switched on and off with an applied 10 signal of
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| nventi on Accor to a first aspect of t he present |nvent| on t
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all oy layer nmay be provided on at | east one side, pre era y bot h'si des
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opt oel ectroni c Ice according to the first aspect. According t

~aspect of tH&PReseER PAVEREREN TN THOVPEeBREOESAMRAT e | SRt hedhor k

incl gdi ng atrilrdeasd . pneuHiPed Pt P8I SbelepELoncaoddiagote .t he first
aspect. According, to,a fourth asnecl, of the 2 e3eNhd,VeIIO of cne
| 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 guaternary III-V  semiconductor alloy may
advantageously be Indium Gallium Aluminium Arsenide
35 (InGalAsAs) . Alternatively, the quaternary III-V
gemiconductor alloy may be Indium Gallium Arsenide
Phosphide (InGaAsP) .



<~ there is provided use of a quaternary I11-V seniconductor alloy in the
fabrication of an optoel ectronic device, the 20 optoel ectronic device

i ncluding a resonant tunnelling diode (RTD). According to a fifth aspect of
the present invention there is provided an optical nodul ator for nodul ation
" of electro-magnetic radiation in a wavel ength regi on 1000 to 25 1600
nanonetres (nn), wherein the nodul ator includes a resonant tunnelling di ode
(RTD) for nodul ating the radiation. Advart ageously, the m)dul ator may

i ncl ude neans for_gui di the radiation, vvave i de.
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invention thexe rEPrAMyded-an el eghr Grbisernty oporRdd1ald el ckightaat
around 1550nm i nwavel ength in a u |§ol ar I nGaAl As opti cal
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(DB-RTD) . The RTDA@pesidimy viad Iaeyééltdsminsaskpmt oty tt}mrpﬂseehhelakrentlibn
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the |ight gmanwrgrlchmrattselmtswrcsumlmmv@guﬂmst Lenef ppgoehegtronic

‘charact eri sgjd on.of s@-469i 6§ basdhshewpspogdubation up to 28 dB at 1565nm
When DC bi asedcl ose to the negative differential resistance (NDR)
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communi cat i caepxtaior k, the station including at | east one opt| cal nodul at or
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present inventionthere is provid conmmuni cati on network inclu |ng
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resonant tunnelling diode” (RTD) optical podul ator accordi g f 10 15
there is provided ‘an optical modulator for mddulation of

electro-magnetic radiation in a wavelength region 1000 to

r?j 25 1600 nanometres (nm), wherein the modulator includes a
| regonant 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



- 2025 a 30 35 an enbodi rent of the present invention made fromthe wafer of

Figure 1 (A); Figure 2 an experinental |-V characteristic of a 2um active

area RTD optical wavegui de, showing a PVCR around 7 and a peak current

~density of 17.5kA/cnR; and Figure 3 nodul ati on depth enhancenent as a

" function of wavel ength, induced by the RTD peak-to-valley transition.
Detail ed Description of Draw ngs Referri:;g to Figures 1(A) and (B), there

i s shown an optoel ectronic device 5 conprising part of an opti cal

nodul at or, generally..desi g K j n L nen f esent
i nvention: %ﬁae‘?err%d}ﬁéaq gtfé#gﬁlldsquq}not g‘ﬁ@ﬂ’ogcrr%%u a‘%lgﬂ%o%ﬁt ?%ﬂ hrélgagvg engt h
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tunnel I'ing dipde (f70); P34 o&pRd-hd3the ARdErator 10. The nodul ator 10

i ncl udes a wavegwlde 15 operatively associated with the RTD 12. The
nodul at or 10 accdrFH 189t RPs2eREBARFERE dPTheh Mhenth it regsrentr efor e,

be terdred a diesonadsditnnel hyag thwdeciebest ros absespided npdul at8ktro-
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wavegui de 1§On%71aeﬂ{ejlne‘%t ri %Sfi ngG%g%égn%g‘sst ré%g Hyloed—eb[aﬂagllg"eeﬁﬁ ong%ﬁgﬁé}lgs
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operating point, a small high frequency AC signal (<1V) can ipduce

hi gh- speed YRS PHESCTHthddes SRR iBa T3 ght STRIF Aot aPPBA - of
‘the wavegui daigpt teallcabsar prhoal engthecivnt ehe a Fgiaven KedBiengéhfaear the
~material bandedge via the Franz-Kel.dysh ef.fect and, therefore uLates
Jight at ph&%ﬁeﬁé?ﬁ?&gﬂ 01\—7\12? tlﬁ'actlnh hgu\:}'\g\%relauiceafcaocrteerl%tqscglognfg E@eZS 30-
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across the dep eted orgicl iwadg ol |IRdinresidle. ard hel axhvent geopht FFR- EAM
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an optical \enEgifiige elcddiardiigbsopptieot imddalarokagat egent ednvignhianaide
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dept\#dghara ternl{és@ca}s of the RTD-EAM are a direct consequence, of the
carrier transpor tPGRIFEHSENEC aRr 83¥ThhE&sRPSt1 P iaddien RESHST ol YeRF bR of
the W?veggi dhekbs | iEeﬁroa;ri@aaho&el bgrsel abedttont h@fmerdc&hmﬁlyﬁgﬁgiaﬂd t he
speci fic device structuyre. Hi gh-spee rfor mance n be inprove

i ncreasi ng tHe i er € Gf‘aI“‘:""‘n%g:féf‘fi velr?(gg‘ilé%%%cea? N%E,‘Qh',o T d%%F%é%%Lng
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’ C--‘?'”' S transit ﬁdd@r@iﬁ{gost:% tah%e%?llt?l Sldpci-ube ahe PRLeLhRl 1apdnsipycture
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hi gh peak culreif denP¥9vided andcammBpi¢ariep dgtwwk including at

least 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



- J". The denonstration and devel opnent of this new nodul ator concept in the
I nGaAs-1 nAl As material systemlattice matched to I nP appear to be a

prom sing route towards high speed, |low radio frequency (rf) power
consunpti on, optoel ectronic converters (rf-optical and optical-rf), because
it can cover the waveguide range 1.0 to 1.6 um where optical fibres have
the | owest |oss and chromatic dispersion.g This disclosure teaches

nodul ation of |ight at wavel engths around 1550nmin a uni polar | nGAI As
optical wavegui deag0o8khBbALMNENE bBGRAS NASLAUDIBRAUTI HL&SONBPALLm the

tunnel I i ng di ode D) . thernore, due to a smaller effective mass for
the electrons in ‘%’?%%soiggﬁhﬁ%% %oﬁ%gf ed to 0.067mp for GaAs), and a

larger r InGaAs FiguatAS bar ekperfeieghtal( T -85 chbcomarest i® OF 28 ng
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specific contact resistivity less t a uration

vel ocity hi gher t¥RYEi9PIeld s dadusechchbP¥ved:-heor RERAs/ pedarso -V pilesl
netal to n"- GAAscepmdaEeisn have a 10 specific contact resistivity of about
10-6 (err)cn2, and the saturation velocity of electrons in GaAs |layers is
| ess than 107 cnis. In GaAs/ Al As RTDs can present hi gher peak current

densizty and Daeddbed viadderiptisrendf ddnswingshi gher speed operation can be
expected. "15 The use of the InGaAs/ Al AS system shifts -the wavel engt hs of

‘operation to optiRafeEeHMINFCal IR RAYSI(BhgPRe Ed dihergilesskown an
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cl adding layers, which confine the.light.in a direction parallel to the
doubl e barrilgor' pl Fé,m%éu??i{ﬁ i %@r é&?ﬁﬁ&eﬁhé‘ i%veergé‘b’t#)eor%pgiae‘?%‘?lﬁaibjdﬁiign ‘the

el ectri ¢ ancsswigitad atith éhes RTR B-2dopethd mEhsl g | Jy eacedkrd sngriovi ded
for f,or mati . - Ce- N ohrA o%g%lsc- i i ( wi de)
and Izg): ge- a%&gm@%ﬁr@ggc%@sﬁgg g “the ﬁ%g‘g{ym %e %&f’l é{% gtdg]f)rygav\et 35
et chi ng. Oh/ cresfraits FLToelid g0 imEle o R POy -ERer pE igapdeediebiaemr t op
of the ridgexmmandampsas rRTHhe waeegidwatdgliduanthd hes AWe Or gordRcipleagt h
define the device 5 8 actitve a,reﬂ fA Si C? I%lg[er {rané be-de‘gom ted?,%ld
access cont FCRAHTOWE St FEF B Fhe TPFdde ana TH2T n8d el BXET 0BesV1EF .
1(B)], all owengiwisitltact to be made to hi gh frequency bondi ng pads (copl anar
“Wavegw de transm-ssi 0 i ne. 5:48) ; taer =Cl; j t Vi 5 y be
die %gnded on pac ageéb%#%vﬁ%#iaﬁté 88§%F?n5 i%%?\(?a'g edmﬁetg% e 51%3 a
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packaged devifi6%@n havecbees measur e S454indidi i 4dASsPagamRitl Ganghyser
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Q$§; t

estimate t h¥NSBHIT %1 d chiige §¢FE53*Che GRS orPiFORKEY
wavegui de calepatitierito BID feak Hieaakbayagw tdlk ngo Fagunru2ashows &he |-V
characteristjc of a 2um x_-100m Iy a_RID, 12. Typical, devices. 5 have
peakg?S , cgrepelrﬁtl enst ye%?%%]ﬁ%%OlﬁA% (E:18 ,emﬁlgttﬁraaﬁgaqualol-evca Cf%yS% 7T ent
rati o (PVCRpfoftide RI® di?f erespechévwdan t hBepahbépgamh peh& wel thies, 4V,
i s around 0.2\ Andd e idif f ar ghee 1bet weer LRG-REgKaaNd; yRLI ey £¥ r enh
densiti es, IICD%:er( 1- Ii/@ill) ) s about | gEA/ (]::ng .e( Tgp%cal l%aAs/ XTAS)V
©  induce high-speed switching. This produces substantial
high-speed modulation of the waveguiBle optical absorption
35 coefficient at a given wavelength near the material band-
edge via the Franz-Keldysh effect and, therefore, modulates

light at photon energies lower than the waveguide core



. 20 devices show a PVCR around 1.5, JP ~ 13 kA/cn2, (err)V ~ 0.4V, and
(err)J - 5 kAlcn2) . Two inportant figures of nmerit of the nodul ator 10 can
be estimated fromthe RTD, DC characteristics, and for a given material
systemthey can be tailored by structural 25 desi gn.. They are the nodul at or
" bandwi dth, which is related to the 100-900 switching tinme, tR of the RTD
12 between the peak and vall ey points, Fd t he nodul ati on depth, which is
related to the peak-to-valley current The svmtchl ng time of the RTD

12 can be estjmt va%]l%%égo 44 (m%\é{u“l‘]a)tr?tg'l Q%eap Cbé Seddl$i dered
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- 'we have 4E=47 kVhtia (fhighhéréqﬁsnbasedamw derwe obmadubaltAEHZOIdémrﬁ The

- shift |nthetr spec ctri t in the
AR, $94QR S RE Ehgmﬁ% %ﬁ% l%r d“ilféﬁeq g:ys%lgéadflfec té‘ of

| nGaAl As dep Ihetl on Tégion, as a resu anz
.gi ven approthtc@tzgrig/r QnaréamrtAgechaEzsmé AGX IS \(Heg cRAP 118 tome a

el ectkon- hOLi%p‘a)é%tl%m reguced ekf @eld uRvB§Siad 18 Pl afkkySacandmlelf 1S
t he 1 ght veI00|ty is.the el ectron charge, ad A9|sthe wave en,gth
cor r espondi K§1iE& et%a\}:é’g‘ﬁu‘a%t??bﬂ Mo eBBe 4P eFBeBLEiC WREHSs 30

around 1520@mfn:u'ﬂtelmsermﬂghas@eedig@e;d'ﬁdﬂmmcm@tredbm t tmpeaketio-lwal | ey

switching is_a [ t‘?—%éﬁ’f&%ﬁt&%{lﬁ AJ;‘E?/ Ef.'é_té{‘ﬁég %ﬁﬁ]ﬁgzxpﬁessi on.

above and cOAf rms t I'S "appr oxi ma ure
modul at i on @éptdeca?aeﬁlfllmdftlil%ns@ﬂrl‘?ﬁergslﬁ/é@épéngﬂa f ofhge aelas sl |2y

sW t glai ng i peuced by a4l 0Wf r gHHECREN e | tBe SatikdEs %@E&Wﬁn@'aﬂﬂ?&sé{“ th
1V anplitude for a 4um x 200m active area, dul atj on dcﬁepth of 28

i mu
dB was obt afh&d WhC LS 6EHC t T ot u‘E‘?‘Bﬁrlﬁﬁt F‘E‘é Sr"rE&ﬁ‘j’l Colt HEE Y8 dB
has been 40 Tdemhtsiirated drgdmGeAlvss aptR,Galitwave gusiceassaognttad reaigi eare

a high peak current density, J,, and a low valley current,
Jy .

25 The demonstration and development of this new
modulator concept 1in 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

a0 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 1light at wavelengths around 1550nm in a unipolar
InGaAIAs optical waveguide containing a InGaAs/AIAs double-

35. barrier resonant tunnelling diode (RTD). Furthermore, due
to a smaller eifective mass for the electrons in InGaAs

(0.045m, compared to 0.067m, for GaAs), and a larger T iugass



.10 5to 15 20 i 25 InGaAS/ Al As doubl e-barrier resonant tunnelli ng di ode

- (RTD), due to peak-to-valley switching. Integration of a RTD with an

- optical wavegui de, which conbines a wide bandwi dth electrical anplifier

wi th an el ectro-absorption nodul ator, opens up the possibility for a

" variety of operation nodes (such as nodul ation due to self-oscillation and
rel axation oscillation). It will be appreciated that the enbodi ment of the
present invention hereinbefore described is given by way of exanple only,
and is not neant 4 m t t:he.sqape t i n Vo Pagtd it
will be app?g{‘gip‘étge%’%]h% htehltl.éqi &egﬁdgsd?gﬁgégégﬁgyyﬁggéz%néép%%%ﬁa%in%?) speed
limted by mhdcghaekddi mgdofearbangagerit bantvk diedideded Vierangpoy | | tiye
under st ood tHhat,a deW 166 aGeAiing t Gydiend NYRA i Qg%ﬂ%ﬁré@VG:L%ﬂ@@iﬁ?r ge
bandwi dth, e.g. It Is envisaged that up to, 60 Ghz is possible. It wl
further be &hF@Et@RE IR #Rough PHREHHPDeIRRAF O Vet Pe BURERNE
her ei rpef or gshaen dessenbednashan & eetrireathyotengeoldied-apidadt leyi ce,

eg. an optical ul ator 10 or, swiitch, erei_n_an . nput _si.gnal,.i.n the_form
of an appl | 68 FORTHEOR Botn AR AF BE IR Saem S AR YRR Ml o of
an optical sipgralfid hecdewicte Peshytavibybeasedthanr eVei’seQcn®e. aad am
optically caontrall I i 1 as 5an i rein
t he i nput sisélrtl:éjiq'la}t?%lnﬁ \f%e&#%%n %?éfgﬁﬁagg Pegoqp(t:thggl %glilng%%t ea%l?j(::%‘y%&(;ht rols
~an out put siFgmalGais A& H et miafpigpklerkd ) ce® Bigf@As |qongagtpdrave a

appr §¢j at ed Jthat; sUch-gne QBE1 Galsidatieatqr ¥ | hpaek, 106 UsRw?as alrg inaere
provided with a built-in anplifier. 30 11 CLAI M5 1. Ai}ao%toel.ect onic
device at | €& 4FdrtItl Y51agdeY  Pom S A Fhary GHRS YALRP cdiduct o7 _
~al'l oy, the demirceld’nen/di.ng Bi ¢ass/Ahks r RTDaantnt pireaehitndidilode. p&aR. An

opt oel ectroni ¢_deyi as.cl ai [ ' ot erna -V
- sem conduct SPréfleln\é‘y%feeél Sllrt{%i %ﬁwgech“F‘?&%wlri}’ %?‘11%% %ﬁ?ﬁ%\l‘g% Jfkfa%a&lg %’%{%10 3.
' An opt oel eceperit aimriate s wimihreeipeetedm 1, wherein the quaternary 11|
.- V.gem conduct orpal | oygd s brdi wRGal Hidua LY Beas desPhosphi daildnGaAsid . 4.
An optoel ectronic diode as clained in any of claing |. 15 to 3, wherein a
quat ernary MEvelepdtdii corduct BPeEREdpn ~ 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 InGalAlaAs 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 sepérated by a 6nm

_ wide InGalAs dquantum well, sandwiched between two 500nm

Y 25 thick moderately doped (Si: 5x10*° cm™®) InGaAs spacer layers

| 25,30 which form the waveguide core. The InP substrate and

a top heavily doped (Si: 2x10"¥ cm™) 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 O-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 wet-

35 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



. layer is provided on at |east one side of the at |east one resonant

tunnel ling, diode. 5. An optoelectronic device as clained in claim4, 20
wherein quaternary Ill - V sem conductor |ayers are provided on both sides
of the at |east one resonant tunnelling diode. 6: An optoel ectronic device
“as claimed any of clains 1 to 25 5, wherein the resonant tunnelling diode
acts as an optical nodulator or switch. 4. An optoel ectronic device as
.claimed in any of clains 1 to 5, wherein the resonant tunnelling diode acts

as 30 an optjgal,deieghor. B. sfobasgystatagn ¥ deso8THAHCALHRN NeLBEK,
the station i1ncluding at | east one optoel ecaéonl c .devi ce accoidl n 0 any
of claims 1aagtrctayigdonseghiharc et SRenstABeK3RA g RgSat et eakiodne

opt oel ect r onjrg gdevi (&9 13ceandiwigig @camadf te dddddd ad . higH 2 ddqudicy
optical noduyl atar for godue ation of elect ronmegnet iﬁ:snrlflgi at | ori.i n a

wavel engt h B 08B0 U0 HeHondey V(R , TR TP IR modrat 5T
i ncl udes a &g)esonafiterunrriagdving .di tie fSevigeddl atawngbehdiradicatdesh.onl. An

opti cal nodul_at.or 'pggi : i 12 Whet el r‘;%g,tg Qf - | Neluygdes
means: for gﬁa%’fkr?gqeﬁeﬁl%éra_ ajttlll(girllf’51 %&B%ﬁﬂ%pglﬁggl tt%%du at ogﬁhgise cﬁi din
ei ther of claimisriEanre Rhifriern ¢ Fodul W ERNISIEABri cat ed at | east
partially from | RgjimpcCal ki WHAWEIYIWRNS T R AGddD@N ASds F3hate

optical nodulator as clained in either of clainms 10 orréﬁl‘}l, wherein the

resonant tumeEM MFGSHTEde USSaly iFfardd "aPAERG 4 131 P 5T AR ndioth

Gal | ijwm 20 AlywpiidilunrApseehdeioherGaAlFsgm fde ARvopthsnalctmdidaiar one
conprising a unipgl.ar el ectrogpti.cal d/-0 ClI Q- i on or
for operati ¢itH ﬁ%%& 3%‘& k?cireecé:lrolr? %ﬁ}%é%k%r#% atcgé%pénﬂﬁ%uﬁl%ér%%ei ng
‘rede at | eagtoxpairdrd yofr Ginel nm‘mgl@ﬂqtl grrAl w}nmitrm Rif®e ek { T ocadl bey, _
modul ati on %%}'%%{@%@Qd RO ighdweldi s gt &rfospnadE 4uppel | ing
di ode (RTD). 3 . A o ator as C|aIrTEdln,C|flgll4, V\herel_lgpthe

mbdul at or | & aFPWeceebi¥BsarERi ETOotRA at BYPLF2+ aHPYLFER at BEGuNPE850 nm

in wavel engtdy ke todehat ex iedwetd ngoa kaY g, arwitsa Al Asediptt cavalbwegui de
conteining, a0 Lglum SeLl b5 A el AL oy 4 50 IS ARBRSLALAS)
: valley and peak voltages, AV, is around 0.8V, and the
- . difference between the peak and valley current densities,
AJ=J,{1-PVCR™), is about 15ka/cm’. (Typical GaAs/AlAs
20 . devices show a PVCR around 1.5, J, ~ 13 kA/cm®, AV ~ 0.4V,
and AJ ~ 5 kA/cm?) .
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
ffJ 25 design. They are the modulator bandwidth, which is related
to the 10%-90% switching time, ti, 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 tyz = 4.4 (AV/AJ)
30 C,, where C, is the capacitance at the valley point per unit
area (C,=t£/W, where ¢ is the dielectric constant, and W is
the depletion region width). For the present device 5
W=0.5 pm and £=13g,, tg=5 ps. From this switching time, one
can expect devices 5 with a bandwidth larger than 60 GHz.
a5 Experimental optical characterisation of the modulator
10 employed light from a Tunics diode laser, tuneable in

the wavelength region around the absorxrption edge of the



» 13 16. A nodulator as clained in claim15, wherein in use, the resonant
tunnel | i ng .di ode peak to valley transition increases an electric field
across the wavegui de thereby shifting a core material absorption 5
band-edge to | onger wavel engths via the Franz-Kel dysh effect thus changing
“radi ation guiding characteristics of the wavegui de. 17. A nodul ator as
clained in either of claims 15 or 16, 10gwherein, in use, when DC bi assed
close to a negative differential resistance (NDR) regi on the wavegui de and

resonant tunpethiDgs diReeR td@S(Ms@L@gebﬁmabsor RO N ABh| qt:@hﬂ ni,ggrat ed
wth a wide band_ el ectrica ifier A base station of

communi cat i oFCHREARr RntPhé:hset a ?Eﬁg]lﬁ@?u&sngbf’ét 3 é*&sqr%?@%t?le&?':ﬁaaa at or
accordi ng t oedytDfe ClidtdiRyebito. 1Mo %a&r%t@@mﬂtﬁmgat ianthet wptkcal

i ncluding at_J| east, one optical_nodul.atpr acco |ng o an f clai 10 to

17, 14" ARSI T NBROVER T E e Thbfe ek <Er 2kdn 15w

opt oel ®ct r oni cadeviten (5 aloweaSteqazndnl Inf nadgnfallorwas quauelcrww kbl - V
sem conduct o y eyiLc nghudi o}

tunnel |'i ng odeJ: erjb% l?qig & %e(éﬁ%re?f ce\trh%ec‘i:ﬂ&rﬁ)m ment t e%ﬁ%ug? rnar
alloy is | noﬁﬂuﬁ% @alﬂhmdﬁﬁﬁﬁqﬂmn’f’%ﬁsé‘ﬁe@e %P nmeAFBI R th?er*éraasa%zsed

di scl osed amﬂ%ﬁﬁ calTHO At @cthale mmdulatndRnebrehect E0gieaneh,t
radiation in t vvavel ength region 1000 to 1600 nm wherein the nodul at or

(10) incl udes an R (12) f®r nodylating the radiation.
.AB. AN A AAE AVU. ﬁEA(T A AQY. A E. AcO. A\ 85&! 9%&=f hp}
+, {vqgl gb] XS] ca] ca] ca] ca] ca E]aca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal ca]

uc%]ca]ca]ca LucAaTaﬂfnf'EL33%0uHﬁéivulxlo cm/s (electron saturation

_ velocity 1in the depletion region), and assuming the
Y 15 depletion region ta‘be 500nm wide, we have AE=47 kV/cm (for
| the GaAs based device we obtained AE=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

hc 2m,
25 ' .
where m, is the electron-hole system reduced effective mass,

h ig Planck's constant, ¢ i1s the light wvelocity, e is the

-;q ' electron charge, and Ay 1s the wavelength corresponding to
the waveguide transmission edge at zero bias, which is
30 arcund 1520nm. The observed band edge shift associated
with peak-to-valley switching is approximately AA; = 30nm,
which agrees with the expression above and confirms that AE
is approximately 47kV/cm.
Figure 3 shows modulation depth as a function of the
35 wavelength for peak-to-valley switching induced by a low-
frequency, i.e. < 10kHz square wave signal with 1V
amplitude for a 4pm X 200um 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
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cSJ) LG G & fdmp s YWiv! Fad®9i 8 not meant to limit the scope thereof

- in any way.

o Particularly, it will be appreciated that the device
disclosed may have an operational speed limited by its
Ipackaging of around 8GHz bandwidth. However, it will be

15 - 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

20 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

uged in reverse, le. as an optically controlled electrical

N

Vﬁ? 25 device eg. as an optical detector wherein the input signal
ig 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
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1. An optoelectronic device at least partially made from

a quaternary III - V semiconductor alloy, the device

including at last one rescnant tunnelling diode.

2. An optoelectronic device as claimed in c¢laim 1,
wherein the quaternary III - V semiconductor alloy is

Indium Gallium Aluminium Arsenide (InGaAlAs).

10 3. An optoelectronic device as c¢laimed in claim 1,
wherein the quaternary III - V semiconductor alloy is
1"f Indium Gallium Arsenide Phosphide (InGaAsP).

4. An optoelectronic diede as claimed in any of c¢laims.1
15 I 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 c¢laimed in c¢laim 4,
20 - wherein quaternary III - V semiconductor layers are
provided on both sides of the at least one resonant

tunnelling diode.

iﬁn | 6. An optoelectronic device as claimed any of claims 1 to
25 5, wherein the resonant tunnelling diede 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 1 to
7.
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10. An optical modulator for meodulation of electromagnetic
radiation 1imn 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.

Y - 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 wodulator 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 electro-
optical and/or electro-absorption modulator for

jf} operation in a wavelength region 1000-1600 nm, the
125 modulator being made at least partly from Indium
Gallium Aluminium Arsenide (InGallAs), 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) double-

barrier resonant tunnelling dicde (DB-RTD).
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16. A modulator ag claimed in claim 15, wherein in use,
the resocnant 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 oxr 16,
10 wherein, in use, when DC biassed close to a negative
, differential resistance (NDR) region the waveguide and
-7}} ' resonant tunnelling diode act as an electro-absorption -
‘ modulator integrated with a wide band electrical

! . amplifier.
15
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.

e L2
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