- ;ope3e[. X| (6T.<B*1 | MPROVED OPTOELECTRONI C DEVI CE Background of the
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 : 2nklt 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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mat ching to substrate; (c) _which at.|east when used as an o%t cal detector
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i nformation hﬂ&mwelemhulcaptbeleptroathommmegﬁqﬂﬂfcnm@@m@ataétowst@re
. the power “SegsB%atht%g%bﬁﬁlﬁ diRe fpeeqd@fs)t he device. It is an object

of the anot hér ~aspect esent |nvent|on to obviate or njtigate one
“or nore  z problé@@ﬁ@ﬁgad#§#¥§ge§flﬁﬁkhoﬂﬁeﬁﬁﬁﬁlé@Wﬁ§tHQF|EP%P?%ﬁtﬁ§%

obj ect gof at oleashionaRRGHoFRNt aind hellanop@@tl@sp@ﬁt of theughesmn;

|nvent|on to provide an optical nodul atar ich.u | ess el ec al ower
~ and/or egcluggvéﬁ R to an  optica modul a oY contro& % J%

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



. 5 operates at a higher speed than known nodul ators. It is a yet further

obj ect 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
“less than 1 volt. A device according to another aspect of the present
invention may be used in tel ecommunicatigns. Wth the expansion of nobile
comuni cations, an optical fibre connection is required .to each base

station 15 . f@bfeﬁypaiga@%f@@a%esamg kRolH! Mb@uIgRELAL 1 Oons of mbil e
network there may be nmany nore Dase statiaons; the next generation is the
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aspect . Accor di ng to a fourth aspect, of the present invention there rs

" provi ded us€EM aeagat efn&Pesr SHAKEGRT JRIGCRRr SBFPESY o1 Hee f aBELEali on

of arpgopt oelﬁmfé&u%c@wmng f‘@lé@tﬁ@t@Bé@ﬁlbtﬂdﬂhcmﬁ&\ﬂﬁeo!r@(ﬂ uding a
resonant tunnell |£g¢f| ade 2} ccor o a fi fth aspect of t_he present
i nvention there i V\i'lctfedagﬁ Eﬁﬁlngal %t &m?&} TodiPEon gt the

el ect r o- magete sentadiEv¢nni dm laawaaében@eh usegi am ¥E00kan@th mﬂﬁlslon
nanomnetres d nl a I di ode
(RTD) for il atémﬁhe B e Rasans 3 The adil s or oo

|ncI ude nearfen ofaag diHRHe r adfatd o’HOd‘élﬁtO?é iy eefgéred for cath

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) .



~ 30 Advant ageously, the nodulator is fabricated at |east partially from

I ndium Gal I'i um Al um ni um Arseni de (I nGAl As). Advantageously, the RID is
fabricated at | east partially fromInGaAl As. 35 In one enbodi nent of the
fifth aspect of the present invention there is provided a unipolar

" electro-optical and/or el ectro-absorption nodulator for operationin, a 4
wavel engt h regi on 1000- 1600nm the nodul ator bei ng made atl east partly from
| nGaAl As, nodul ati on being based onelectrFic fields switched by an

RTD. According to a preferred formaof the fifth %%Pecg of 5t he present
invention there i® BrBYFEBE YN ilect r%@‘ﬁb%%‘?‘%}i? nBddPat or BT | Pt P&t
around 1550ngadnria® | angith lans wiiepaiate | pGAAbAS fepbldgl both sides of
wavegui decont.ai ni an | nGaAs/ Al AS doubl e-barrier resonanttunnel ling di ode
(DB- RTD) . Thie? eak to valleylOtransition may increase the electric
field across thewaveguedembobivknthithies Rle megr evatntasi ah absobpticedly
band-edge t 0.4 ondel1 8V elanals ubd;sthe RAnzakel dyshosl eridis chapgi ng
the |ight guiding characteristics of t hewavequl de.” Low frequency _,

char act eri saaltorrwit velsride AFassHeih Fibdutat i obt upnebhes gpbadimsssnm

Wien DC bi asgge! ag® tQa-headregald vaendiddarential cheshehiaree eNBB:rical
region,the RID optical wavegui de gegaves as an el ectro-absorpti onnodul at or
i nt egrat ed R SE wi e bEAIRP LR8I 8EtFFESFanplifier, offering a potenti al

advant age over coawentdonal 20pn sechdtassedccaf dilng ppeacntxihvaapéeoh of
t he present inventionthere_ i rqvi a .statign of . ;
corrm.f{f?cati oriHEt Hor ¥E %reo%ﬁcg. (fo% i %%I idi %gagfla eagg o%e %B e’ %E&Egtor
accordi ng t meteork f ttrheaspertios Aceokud g tak al ersenohe agpeeeleftrhaic

-priesent i nvenly ond h&é@of&in%Ot‘!&dﬁﬁeafEQB’HUQbﬁéEi:Qn network i ncl udi ng
dtl east one optical nodul ator acc%édi n% to the first aspect. Brief |
 Description of tHHRCEPEMAGsEI0ATIEAFOGETE G HE PPESBREC i APERPFSR™ | |

now be descrikhefe Ry wayooidedanpl ecanlyicattbnr efetesce tidheling at
acconpanyi ng, draw ngs, which-are: Fi.gure 1( schematic,_di am
28 Ofgﬁ%eoP%O?% Chroni v1é@ QCC%fQE%ﬁdtg e fggg%

waf ert3t r uct _ rrcation of ‘a device accC 'ng to an
enbodi nent ofspdet present invention; Figure 1(B) a perspective view of a

resonant tunnel | ing.gdi (D ool aspsitl alore@ecordiaget 9nvedtdok0 15
,. 20 25 a 30 35 an enbodinent of the present invention _made fromthe wafer
of Figure 1 qhgre is provided use of a quaternary III-V semiconductor

alloy in the fabrication of an optoelectronié 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

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



-~ Figure 2 an experinmental |-V characteristic of a 2um active area RID

opti cal wavegui de, show ng a PVCR around 7 and a peak current density of
17.5kA cn?; and Figure 3 nodul ati on depth enhancenment as a function of
~wavel ength, induced by the RTD peak-to-valley transition. Detail ed

" Description of Drawings Referring to Figures 1(A) and (B), there is shown
an optoel ectronic device 5 conprising part of an optical nodul ator,
general |y designed 10, according to an effbodi nent of the present invention:
The nodul ator_ 10 i s .i.nt ed t )( i i el engt h_region
10001600nm e BT i DOTE TP Gy, e ML e AT Ok
tunnel | i ng diegkt (REDELY? fopmedin@athds poduwrdinbrt i@ TFednmdblesest 06
includes a wayveguigde AH pperati vehyaassoshake wWith the RTD 12. The

nodul ator 10 according_to this enbodi nent. of the invention nmay, therefore,
be terned a resof¥fO¥4HAG] FPng Br6dererdctrgmidoriha di fiduurapeet of

(RTD- E‘:"Alvf'f%mf ﬁe%e&ﬁhll anipgaotsorluec horé he;'L%I !’ﬂ(;jﬁdri]\vﬁm_rh d aﬁsr)@;né@t@?d ]
potential for electrica [ ver a w de, handw dt h. e oper on of the
v e o | s R LIPT et RaBLI80% { i (TSt | €h | REVUBE no SEOR oA

i ntroduces avapesileridtdr m shechr i onfipelldrdi Snddaiizson riassl a wavegaidehe
wavegui de 15, The el ectric fie str depend on [.as

vol t age due Cfoor,lt%lcrgl.unrﬂil at !g%n athgg‘%?g{i?‘gn of e]geicet ?%ns ?ér?ther%%lg{lglér% and
col lector sitdemeotline RIDrd2, (RBpRER] vel y. TDepelEP ngoowk t heo DCval dsy

oper atd Ng PQi iy« A SR ImaY 9hnti-eauencyndC signal;  <EYkb16anaLReuse the

hi gh- speed svmtchljgi%. Thi $ produces substantial hi gh-speed nodul ati on of
‘the wavegui deEsHcn, YSTpIot et G BRT 2 Gt HPIRRRT 2Bt R2Rear t he
‘materi al bangeflgecyi ddiedranszeKehdyhb efifecthandrahizexeflehesh nedakates
~I'ight at phat,on energies | ower than.the wavequide core .6 5 10 25 30
357band: gap T oy P-PHE S atiat 100 Rie pPh EA Ao R e i Betacte, ElRder .
- certain condigveagwsidet.he IRFD foperarican Poiracwigiveomelf adevinte has

posi tjye di fél%u?:{‘%ﬁ:huiséaéha%?? ROr35088 Qe tes oM I enfmiol tReepiaVeq
~characteristic, with a substantial_ ,part of the term nal vg}lﬂta e dropped :
across the d@s &@ &G SRk 1VRe ddditrEensiadi yesishanaay APRYer 891 RFD- EAM
conpar ed t o dihe r@\tiiceialvapreomidld delisves ddain othert £ dbasedtebase to
t he negative djfferenti.al_resistance (NDR) region, _the.deyvice 5 behaves as
an opti cal \Xféqfia q:c‘ljer et H-H esés)lr fﬁllt%ln r?od‘dﬁa?o?b?rrll "élgrt:{ledee%\ne?ﬁr C‘\?‘\/lide
bandwi dt h eleegtliifdar . amfificfriign. aTpetknghaflr equentpgandvenr genvedbianadn
dept h, ghar ag}rprdﬁdl%&_ts_the RTD- EAM are a direct consequence of the
carrier trarfsport mechani sns across the RTD 12 and a depletion regi on of
the wavegui de 15ACChidAndrkC cosakyl 8EREEF F (e RISt t9%eRRIaRd t he
specific de\,{-jh}g@aes]E :;j_lg)t tyxe;vlgjde@'u speedsper bepranae 64n e c'tdmﬁm‘gedabj(on
increasing the differential negative.resistance (N R', or decyeasing
the seri oo (UG Ctvee g THRUUER ol Te 6 Bhe Rbr 1L 10RO RERERL  ne
carriers tramsitlator aweostinhetahohe Sifubtaspeare naterial and structure
dependent . To oblgldh il 08 & iRt Blped: bE BRECHEELULEOLAEELEYEN?

hi gh "peak current density, JP, and a |low valley current, J". The

denonst rat | Shesrl d6vaPBpvitAtdoR t APETHBWCABAGPatBRL HUHEepRClRtiAg at

[ nGaAs- | nAl As 4B frdloptisdamulcaiill e el cheei 19y | 1P appepiré® R6pdct .

prom sing route towards hi gh speed, |Iow radio frequency (rf) power .
consunpti on, optoel ectronic converters (rf-optical and optical-rf), because
i't can coverBdiwf immenrtipieismng® Ghé Dpadifigam where optical fibres have
the I owest | oss and chromatic dispersion. This djsclosure teaches
modul®® i on of |idgHt ANPREFBrBRgtHs BREuRTeBSStnnt YRR 1Rf pYitad IHEAAPAS
optical wavegit e st abi Raya I Gabstdl Asofdyhl @bahr refffresranto the
tunnel | i ng di ode (RTD). F(g{therrmre, dug to a snaller effective mass for
the el ect r orfECTHH I (BT BUERD° colParBd*t8 0. 067mo for GaAs), and a

| arger r InGaAs Figuxed AS(Barai echeeaghic .a8irzaV abmpareiet 0s0r206taye
GaAs/ Al As) which wi || duce itiCer- iate t, .t

" 1 nGAs- | nAl As maltﬁgf]iL angygl err]:é agp?érrg?%%eg’ft ugn(ne ?;L% gﬁ%&%@?@% s%?cgﬁwi th

‘a supEgior peak-tonyedirgnturf ehhesprasestednentiprnit he dc current-vol t age
characteristics. ithomy b cqﬁgg' ma {,al lnGa a
speci fic contact %2%?%%iy?33)1e§2 t anéq%?%??%rrygﬁg aﬁgoaigatﬁ§§§#§ﬁt

vel ocity hi gher thHiEabrirgrdicdm HerlihPrbberl FardahakyAl TaBerdiygi EQl
metal to n"- GaAs contacts 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
density and snmaller valley current density, higherspeed operation can be
expected.




"15 The use of the InGaAs/ Al AS system shifts -the wavel engt hs of operation
to optical , communi cati on wavel engths, and al so gives a significant

i nprovenent in the electrical characteristics of the devices conpared to
the GaAs/ Al As system 20 The I nGAl As RTD optical wavegui de structure nmay

" be grown by Ml ecul ar Beam Epitaxy (MBE) in a Varian Gen Il system on a n'
| NP substrate 20 (see Fig. 1(A)). It congsts of two 2 nmthick Al As
barriers separated by a 6nm w de I nGAs quantum wel |, sandw ched between
two 500nm 25 thi cgnn@ﬂsbaméﬂtd@ae@h(esl ML 61 1R o Gl SPASRI thayers
2S, 30 which formthe wayv | de core. e InP substrate and a top heavily
doped (Si: 2x1018W%ﬁ?§) f%ﬁ}%ﬂ?ebl 6‘?1 85 provide the wavegui de cl addi ng

| ayers, which conﬁgmré he hnghkpemla}edltraactﬂ—on cﬂﬁr&dd’&érisﬁ:i&l%ﬂoubbﬁm

. barrier plane, h r as t interaction.l.ength betwe

el ectric and the B ??%%I dMlg (??q:aloped PRESESIESs | % %‘Vlﬂ% |as E§86I ded
for formation of amm@dl\ﬂ @Tﬂn&:pﬁﬁka‘m:srerm dipmnassdpefl dés 5kA A’ andwi de)
and | arge-area i :@ﬂﬁ e .f.abr y t35
etching. Ohmc gg%?%l:itn% %%Oggﬁg(%%%; um-| onge)qgﬁ% s be gekgg%?gagoﬁ%?

of the ridges and"&¥E3h8udtine widbeisiede wlHt h % tﬁé’Dohr@%a}éoﬁ@a‘é@lﬂeHgth
define the devi cecansBrasti ve area. A Si2 | ayer may be -deposited, and
access contact wi ndows etched on the ridge and the mesa el ectrodes [Fig.
1(B)], allowi ng contact to be nmade to high frequency bondi ng pads (coplanar
wavedud de t roaxisad kedl dbeddanip t {5V &f Brawdhgyyer cl eavi ng, the device 5 may be
di e bonded on packages allow ng, light coupli |nto t he wavegui de 15 by a
_mi croscope obj ectlf%ge%%lnﬁfﬂ?% g%?’éﬁ@@nér@) ?ﬁ% D& 1-- \EheHes aled e7h@WR c8nof
‘packaged de\d;ﬂ%eﬁe&wav@aheememwr ed @csmpglalhﬁ A4 pFRAMBRLI Spapakyser

- and show 10 tcyc? ﬁa(r RTD behavi ;E From the I_X char act er stics _one can
estimte th&SI LT fi SFHERAAGe T 5L The d&pl et%cc'ic% 179n & t ndn
.wavegui de ceEmbaiiionen: RTD peakpreseak| epvenittiomi.ng. THa gnnchlmtsdmmmthe |-V
char eristi o area e have
i e TR T T U e LT
rati o (PVCR-&0nm. TR&| P?%?%ﬁ%}élbet%eﬁrtoﬁ’éld\/aPF('é?nH}md }?kéal%lﬂﬁ)l Piges, 4V,

i s around 0.%Vorantt tthaudilflfiecedeodet ey the neakednth vahd aﬁlo&wléea{:

densities, =Jp( PVCR— IS cn2. (Typi.cal As/ Al As

devi ces shO\%] al's ‘ﬁ%ja'i‘?’é, %g Plnclltélléé/ﬁ/ @hﬁ"a(v(gg%% &+ Qﬁfr%ffmﬁv?%}’r)\] -
5 kA/ cnR) .aﬁmqmmtﬂd aritthf itguer &S Tofl 2Aver iTheofmadiel aipsio| 20 aredfrdangbeo
esti ed fr araet el f ystem
they@g)tan be t?gﬂl% ore y’meslatl(;r&rgt J’?%I fl et;ll%gin %%ey%%@%%@m ul %ﬁlﬂea
bandwi dt h, i ERSPBaRE| &t@@etd e dbed906 LenitrenrRgorPidon Riodtlater RTD
12 between tdxerrpeadsnand real: |seﬁr@0|am\&nt%§bdd'@ dsl atd o daptdh dpe&ed i
related to the peak-to- vaII urr gv:ratljg% The %%\Atchl ng tinme of tge RTD
12 can be eSEHARTEE | B (R EEH AL 40P P ICTheFa e Yt ha wi

capaci t ance katndwigittal | ey p0| nt per unit area (C'=e/W where (err) is the

dielggiric constale GdeVisn!de fABIBLL9RN 800N Blidldlon Rl iy P ESEN!
devi €& 5 W0.5 um and e=13 err)o, Eromthis sw tching tine, one
can expect deikigs Bhe; tolﬁ’téccl?&nd'\'/ﬁ“ﬁl%%u%(g@géﬁ thBOlMOdQSEExﬁerﬁl%nt al

optical charagtmsigasien:eict heemaddaiar A @l Qyedst i ahtoikoma Tyai cs
di ode l.aser, tuneable in the vel en thB%Sr)%I o] aroungjret he absorption edge

of the 9 MAEEAMCSwavEyui de TI2805158 Hehhsdedamusn VRIS RRABY ed
into the vva‘d@gw'rdﬁrﬂﬁ by at e cutdsxsopeombjaget|&@eemﬂ}faeeuﬁnnaﬂgeﬁenéndTo
meas rethe h in t orpLian fr th
peakL‘!’to val Idg lroaphs? |%%Pét]? oW ?rﬁe£§en%ylr %(':f a WS e|cnjoec ]dg?%
switch the RED tReb&Theek? t heegrecsiws lof- thQENBRdFLegl om &hd ®C bias
phot odet ect o Yod enhlg]?e%otﬁtﬁeasgrﬂsltlhﬁlgha@%hh%eyl h8hLiglhe 8PPy €dan

electric fiel is given b
induce high-speed switching. This produces substantial

hlgh 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



-4V W10 DE ~ - + _ DJ WZ2evsat Taking e=l 3eo and v=1x10'" cm's (el ectron
saturation velocity in the depletion region), and assum ng the 15 depletion
region to be 500nm wi de, we have 4E=47 kV/cm (for the GaAs based device we
obt ai ned 4E=20kV/cnm). The shift in the transm ssion spectrum due to
“electric field enhancement in the InGAl As depletion region, as a result of
the Franz-Kel dysh effect, is given approxi mtely by: 20 ezhz ~A9 " ~Ez he
2nz 25 where nr is the el ectron-hole systemreduced effective nass, h is

Pl anck's co t i i JRAYS ! e eetr and
A9 is the \/\g\%ﬁ_@g&tgﬁ %%?%ggbong?}%g@ﬁ%%gﬂ%geag%ﬂp%% £ ?gng% gés]?rggr}ﬁ% geéd at
zero bias, VWeiceRses Mo GRd LRER0RANATHYE CotFs e Ol Ridh PRt 911 fpoint

associ at ed whiift PRAKWA1VahkeY tBW £ §Hi PI=iBiARPEOKFEBLEL Val OFdd O Car R0 M
whi ch agrees wth the expression abow:eL and confirnms that DE s ,
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- given by way,of e .onl E$phehegat ot ¢l iJd §ﬁgg§ eof
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a hlgﬂaﬂgé%”é&¥¥éﬁérhéié%&&}-iﬁ ARy 1f ek, 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



- 30 11 CLAIMS 1. An optoelectronic device at |least partially nmade froma
~quaternary IIl - V sem conductor alloy, the device including at |ast one
“resonant tunnelling diode. 5 2. An optoelectronic device as clained in
claiml1, wherein the quaternary Ill - V sem conductor alloy is Indium
@Gl lium Al um nium Arsenide (I nGaAl As). 10 3. An optoel ectronic device as
claimed in claim1, wherein the quat er napy 1l - V sem conductor alloy is
I ndi um Gal I i um Arseni de Phosphide (I nGaAsSP). 4. An optoel ectronic diode as

claimed in any of,_cl. ai 15 .t Q a3, ' r | vz
semn conduct or&‘i"a‘t‘FI]C(}:%{Il a%/%rﬂelléﬁ%r 8\9i'éégﬁéglgg@pﬁgggﬁégnggés?d%‘yo azt\%/eA%%s% east
one resonantwhtiginalililngediusgeths. panaspt bel ecX roeittaided | teargperiai nedei n

claim4, 20 ywherel i guater Roedildl - =@ condictiofplANRL S Al PI P¥hged on
both sides of the at | east one resonant tupnellin &)lode. 6: An
opt oel ect r ot RS s 4 aiied aRty BFPRTEPTs PEF0 25 B LI T PRt
reson[@nt tu&@@lil]cli Nk Od ke [Qﬁt &1%8 A& emrirféatl—vadubgtaorcmraewéﬁ‘stj?%sAn

opt oel ectronic | ce as ai in any.of claims .1l to erei.n the
" resonant tuﬁﬁ’el?‘&%ﬁtﬂ?%de%é’ct W%aﬁhgpﬂactaeﬁrl&g‘t e%?oi?lc'g. Smg‘?é station
of a conmunispaididii metwartkett heesiativatyndast nghan | oSt @’ and a

opt oel ect ronlg dewice, areptding hosa0y Phafl doMcd k0ckn 82 hetieved.
conmuni cat | On net WOI’Ci( I ncl ual rmg _at east one Op+t oel ectroni c devl ce
~accordi ng t Foan@ads/Aldahs | tpical metad tomoplGadd dfthadidrhaee a

modul gt i on %%e%i%:itd’ 0pBAPSLEC eadittivany Nof wawakengsh 6eePon aHO0 ke 1600

nanonet r es m, wherein the nodulatoy includes a 5 respnant tunne]ling

di ode for mS@HBATIER heetadibYi 6. A4 W PHpt FEalHSut AYBF Sas Sl aF®ed in

~clai m 10, wherei nd’henyedul atrrécans/aliks RERSSchar pgeiseintg Hikghehd peak
radiation. current density and smaller valley current density, higher-
speed operation can be expected. _

15 The wuse 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 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



. 12. An optical nodulator as clainmed in either of clainms 10 or 11, wherein
the nodul ator is fabricated at least partially fromlIndiumGllium

Al um ni um Arsenide 15 (InGAl As): 13. An optical nodulator as clainmed in
either of clainms 10 or 11, wherein the resonant tunnelling diode is

" fabricated at least partially fromlIndiumGallium 20 Al um ni um Arseni de
(InGAl As). 14. An optical nodulator congrising a unipolar electrooptical
-and/ or el ectro-absorption nodul ator for operation in a wavel ength regi on

1000- 1600 nm.etihes 22-8Rdul & ogibei NgyaRdaat deagbphaithdl, f mom 1dbagy

Gal i um Al um ni um Arsenj de (I nGaAl As nmoduyl ati on IBef_lng based. on el(ﬁct ric
fields switeedasy ¥ipgowsart beAner itHS gidde FrFDyle3wedd. e kerbifefor as
clainmed in cimign 14p)wherailowing matidaiortd Heamaledd hpdls of Pidwency
nodul at or of radi ation_.at around 1550 nm i n . wavel ength the dul at o

i ncl udi ng a A 9%1rpf‘?3l%A(i(%j ﬁ%awa%%l%éﬁ?det%ao’h a%%‘?’%%ngﬁlpr?di U

Gal | i wm 35 Arsgeni defAkbwmialiaawirsentioe (emGadsSAs) deubliebdraridead resonant

tunnel 1ing di ode (OB-RM) ;i q 1]'_31%1@]:' éb{{BgI&!hgt Qht S t?ﬂeaim;ag\ﬂ;lgg}ﬁ&é ﬁisélqllg‘%n

wherein in @s?ec, e resonant~tunnell ing di ode peak to v ey tra
i ncreases am @lisuadaore abl eribss ene- hbve i rngeeeeby shifting a core

materi al absorptigp %Cbai.ndfl %g&éﬁ@ﬁrcmlﬁm@d/i@e¢f@egrgnga{gl dysh
ef fect thus changing radiati,on guiding characteristics of the wayegui de.

17. A nodul ¥E60 FSEgeredSindeit Al %ot T BATRSEF 5 AP LRP RS RO n
use, jwhen DGyhjiassledRthopehbhoiautegatisen dthé erewt icklaaesiestiacia- Ny

regi on the wavegui de and. .resonanf._.t.u | 1-i I.ode A

el ect r o- abs Gt i%ﬁrlflﬁ’ﬁ%lﬁ &5 eirlr?tcetdfrlac{]er}g'ev%ﬁ]%h%n deaq%%%%éet?}g%t??%%?ted
anplifier. pcidioh bafe técatwarewiide conmrenidet i o REDW@dakthe-cahievn

i ncl uding akm)i%%tin%rle MGG MR UhACCE, AHME 4O &Ws©fc Chai 45204 to

17. 20 19. conmmuni~cat i orn network includi ng at egst ,one aoptical nodul at or
atcording ta akROH 2FRIWE PoePoREP 1294 ABRTRAETOPVRROVED CPNSLREFRONI C
DEVI GE Ther eirs-ditsschessdtgn 0phaed eQor am fonfeviveiet i 5h atedleass-pallenl |y

made froma quaternary LII - em conduct g_al Lo evi o
i ncl udi ng attYeSEtt oﬁéth?so zy/rﬁlﬁt uﬁ%eﬁd'i ngc')[r |eod%l%%ﬁ%%8f%2¥j.6%ﬁ'ﬁ(e? p?%?erred

-enbodi nent - thed Teyquatdr neeak alvicdyaged ,ndhim dal | Ruaradurt n80m Andentde
(InGaAl As). gﬁ%&é&@'é&ﬂééﬁ' £5£0580K0BMAC #a 1TRAU Al el Weh@ities,

nodul ati on ectro- netic radiation in,t ] vel engft h regi on. 1000 to
1600 nm wheéddeids (EhEVRBdUlat 67 (2BPUFnct BR4CRR RT\E\)?FXE}Cfg‘ir %%%?%%%ﬁg t he
radi afg on.  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.
35 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
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]ﬁ Taking e=13g, and v=1x10" 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

" ' 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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electrical amplifier with an electro-absorption modulator,

5 opens up the possibility for a variety of operation modes
(such as modulation due to self-oscillation and relaxation
ogscillation) .

It will be appreciated that the embodiment of the
present invention hereinbefore described 1s given by way of

10 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
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

S

Vf? 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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CLATIMS

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 claimed in claim 4,
20 - wherein quaternary III - V semiconductor layers are
provided on both sides of the at least one resonant

tunnelling diode.

5}: | 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 regonant 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
S operation in a wavelength region 1000-1600 nm, the
1 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) double-

barrier resonant tunnelling dicde (DB-RTD).
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