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Method for Fabricating GaNAsSb Semiconductor Technical Field The
present invention relates to a method for growing a dilute nitride gallium
nitride arsenide antimonide (GaNAsSb) semiconductor on a substrate. 5
Background Previously, 1lI-V materials with a bandgap lower than 1.0
eleetronvolt (eV) could only be realised on indium phosphide (InP)
substrates However, gallium arsenide (GaAs) substrates are preferred to
InP substrates frersthether abRicat AROEEARNGREIEREHE NG 1 Ne
aluminium gallium arsenide/gallium arsenide (AlGaAs/GaAs) mirror 10
?é% em Qlaf' h]igher refractive index difference and better theimal

ISSIpation than the gallium indium arsenide phosphide/indium phosphide
GalnAsP/InP) mirror system. GaAs substrates are also known to be more

teapif inexpénsiveldsmparethesling Substrates in didditianitde salklim nitide

i in latti $ and germanium (Ge) (-0.04%)
%‘%ﬁg%ﬁg}%‘\%ﬁ%ﬁ@@gb E%eg-%{eﬁr%r{?ﬁﬁ%?eé(? %?%Sbghgfé}se 15 using graded
silicon germanium (SiGe) buffer layers have opened up the possibility of
Fe&ltngdi-v devices on silicon (Si) substrates. These advantages and
the potential of GaAs-based processes have fuelled a need for small

Bandgaiymialeviats:thasicanibeagbendpiaiticortnatehed1RNe-GABE (V) could onty

ubstrate, In 1992, it was found incorporation_of a small amount of
B o, a0y RS 90 A0 TR i QIR CFHIBIBhAGEe (GoA9
aufeslattice wonstafitind aASNP T biswasen sual alihattimeasRansgaconomic
reducti%)neby dditf'grrﬁof. otherﬁuoms, sucg tgai#\dium or antimony, to GaAs

A ERbectettto eraaLE EHIER ORBISHETHE GHRioR G beiSy o mior

a expected (0] mc’réase Itgq

aititiorhaf hirbgereirasiexpilaieeddbffthebandaptireogsing madel Wherehan the
intlroductiodn of nitrog%n atoms, results.in a nitrogen-related state above the
allf nai arsefide . # Péigf g‘

dnduction 2ebaRd AnimA PRISS }H’gﬁgﬂ- Wat&Yprtsiia?) mirror system.
Coddustioirigandhand sednoes the tondustiesbhenshminimpehiencigsiied to Inp

in.a reductign of the bandgap energy..The application of GaNAsSb
DA, o P T 2Oploaton 21 G o s

aterial for near infraré applica

Gah AsSin c(a}feb@amfammhed t@@aﬂsﬁmmﬁ@m@fthl%g@g%ﬁﬁw@ &i substrates
antimony, content to the nitrogen, content at approximately 2.6;1. In o
S5 e DA 45 B EANASSH b Erach RS 96 s ararep sl of

iegioniby ifiirFadingcthenititigen cONCanisation. ATHROMK YASAISHIOUNdnotential
to. Ia?a\fgsﬁjgs%r ac}gggsegfegt in %gﬂegﬂtride %r wth. This surfactant effect
Shebtraga Broces rSp i G O&Gr}??a small bandgap materials that can be
grown lattice-matched to the GaAs substrate. :

In 1992, it was found that incorporation of a small amount of nitrogen (0% to 4%) into
GaAs resulted in a reduction of the bandgap and lattice constant in GaAsN. This was
unusual at that time as bandgap reduction by addition of other atoms, such as indium or
antimony, fo GaAs was expected to increase its lattice constant. The reduction of
bandgap on addition of nitrogen was explained by the band anti-crossing model, where
infroduction of nitrogen atoms results in a nitrogen-related state above the conduction
band mimima. This nitrogen-related state splits ‘the conduction band and reduces the

conduction band minima, which results in a reduction of the bandgap energy.

The application of GaNAsSb material for near infrared applications was first proposed

in 1999. (GaNAsSb can be lattice-matched to GaAs by keeping the ratio of the
1
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5 into substitutional sites and thereby prevents formation of nitrogen
related defects. Furtheimore, the GaNAsSb material offers flexibility for
independent tuning of the conduction band offset and valence band offset.
In particular, the conduction band offset can be tuned by varying the
nitrogen content, while the valence band offset can be tuned by varying
the antimony content, This gives the ability to engineer the bandgap 1()for

U c SiFBp S etBE IR gBY R S B rEmEo X Thad ard SHowdvenddition, the
sheuteamMings.n GebAsShwhendRrPaes Ising qg@é%ﬁ@@%ilﬁgns%g}%%a?ng the

For instance, the nitrogen plasma ignition process damages ace o

PR SEh iCOMENER Priot T BIMNHTEF RN AR dedaveunstafietprasiiect in dilute-
srdiignsahthEnig nitien ctag %fﬁ@@ﬁ%ﬁ%@%ﬁ%@%@%ﬁﬁ%ﬁ“% ﬁg{}ogen atoms
aNAsSb's g

specie%ﬁjn the nitr%%?en plasma 15 onto the Sb surface durin
growtHosiy Earibtre ! doraebereaaumia deamerily, dusitodss related defects.
PreenseRf arsetisanisiiendalents andiiriegemsiaid iqﬁgﬁgﬁe%@rEiﬁﬁng of the
retﬁ:lﬁmbjnath%g(gen res are created inside the bandgap. This reduces the -

Iy CEUMARESAPESM BRI se ditBattiaIascisceonduction band

bEsthermeenhighsyniatentionr| depipen(bex@grealenitban 1 LRehHEUNC ot can be

centimetre) caused by the 20 presence of nitrogen-related defects, with an

By J YV BreaBs AT T RV 458U the Matetia oA bt e aipshebioandgap
ohrGaNASKD {at phridacaksetntian.PAYBRaBgerption requires a thick

depletion region, and a high unintentional doping leads to a counteractive

fect. Also, the presence of arsenic anti ]iteg fects and nitrogen-related ,
o e e s e Regged coime comvendona

-BGaNAdSbFGahstpwe 2Biqjuiiction, ldading iknhigh leakageaiawaest (he surface of the
greater than 10 am %e re?ofﬁﬂ 2
| ithless than 4% of

quare centimetre). In addjtion, dilute nitride
materials (with'less C}r?ﬁac% ‘ rg%nm@@&m&s&f’ofcondmom at the
rgamdalmla@ityﬁme&dtinlgammmesicef Qé&fﬁff@fﬂ(jﬁ%;ﬁ@i?ﬁ(ﬂ%e nitrogen plasma
According emplary aspect there is provided a method for .
Palb%ip%}%n&g?ﬁagésemic%%%%&oﬁ %‘f%%lIi§Fﬂ“rrﬁ]?rio%sgrs%9ﬂ8§’3ﬁﬁm@ni%fw creation.
(Shiitns8hy . ohia tsubstrateontrendin sheitabricaiate fsperiarmeh 8drelated defects,
fabrication temperature followed by annealing at an annealing. _
e RS SR A L R AR, Bt reoucos e cami
fafstioation t€rmperaiuire; armealingfempésatune antiasneakiag timeiSrmore, high

cont ollggnfﬁr ontroli%g_defe(;[t fognati?rglei@;he semiconductor so as to

58?%?/% predetermmed pertoimance tharacte MSicE HfthE BB McBrdtRtsRd by the

Prasdefecdf maybenatleast dofeof, argenimantisite g8facts about 0.1 eV above the

nitrogen-related. defects, 10surface defects, unintentional doping. The

r\ﬁae{ 198 ngl%‘:?fu?%ﬂ)é?sca%r%pra%%q lé:%%gogp{%ﬁ S%R/e%%r oPEiA S woRpdion. Photon
sbibstrafienandgstddjecting thepepitaxiabiaye s do.axppsuHiR @hNIFA0ERARMS s to a
from a nitro e@fgl?sn}a : - :

counteracuve efiect, so, the presence of arsenic antisite defects and nitrogen-related

defects promote trap-assisted tunnelling in a reverse-biased (GaNAsSb-GaAs p-n
junction, leading to high leakage current (i.e. greater than 10 amperes per square

centimetre).

In addition, dilute nitride materials (with less than 4% of nitrogen) are known to

exhibit poor material quality, resulting in poor device performance.

Summary
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source. The epitaxial layers may be isolated from the nitrogen plasma
source during 15 plasma ignition. The epitaxial layers may also be
isolated from the nitrogen plasma source during stabilization of the
nitrogen plasma source. The nitrogen plasma source may be a nitrogen
RY-plasma source. Isolation may be by vacuum isolation using at least
one vacuum valve. 90The annealing may be one of: in-situ annealing, and

GRS RR N a RGeS A8B5F Wil e -stnramirssling et Erinidiiingtion of a
mavbavethe an ngﬂlﬁﬂ%tqmﬂﬁéa%iﬁ&@%@%&1@&@?@%\@9%)5&?&5%‘1 substrate
(0]

annealing may.have the annealing temperature in the range: 70
YBReTHE BRHEATIAY s RE)Sednarebrisriion wrBomiatts fored-Bitanncaling
Aanneairgilheanrealing e MaxAedp therange 41940, migues. for

ex-situ 25annealing. The fabrication temperature may be in the range

150C tH5EHE 2P RETHEHBY A IGRHRE CoRHsE T Ry reakitgdiionic

Ritteges sRetie byeivieisidrB0at@-1asationDetveem the NIrege PRSI, chieve
rce and the substrate. Diversion may be by applying a field across a

SO )
PSRRI RAERERET Shfchrfchitoger prisamdsdtice. The field
may be selected from: an electrical field, and a magnetic field. A voltage

%aycfi a{)plled across the plasma tube using a pair of deflection plates.

fo S ALPHAT ﬁliai?zb% b AantEifriSerpER i dEEs a 1dgRidTAled defects,

axiaef dbe:plasmathebAeserding to another exemplary aspect there is

provided a method for fabrication of a semiconductor of gallium nitride

arsenide antimonide (GaNAsSb), the method comprising: growing

Ehitaxighdayersyofigalivmvarsenide ARIMAPHEEAASSD)PTR SUBSIEAE substrate

%Péj s&%ﬂectln{a the epitaxial layers to exposure of nitrogen atoms from a
IHSHRITBIAGHE TBEBLIRE Y™ e K BREKia ALY EFsSiAl TeDIAHS Hraiogen plasma

fowpgeriblaspiaspUres eyringyplasmaligaitiannT iR eRtdxial Iavers.Ma¥ce during

allso be.isolated from the nit{ogen plasma source_durin%
plasma 1gnition. Lhe epitaxial iyers may also be isolated from the nitrogen plasma

source during stabilization of the nifrogen plasma source. The nitrogen plasma source

may be a nitrogen RF-plasma source. Isolation may be by vacuum isolation using at

least one vacuum valve,

The annealing may be one oft in-situ annealing, and in-situ annealing in combination
with ex-situ annealing. In-situ annealing may have the annealing ternperature in the
range 600°C to 700°C. Ex-situ annealing may have the annealing temperature in the
range: 700°C to 900°C. The annealing time may be in the range 1 to 60 minutes for in-

situ annealing. The annealing time may be in the range 1 to 10 minutes for ex-situ

annealing.
The fabrication temperature may be in the range 150°C 1o 500°C.
The method may further comprise filtering reactive ionic nitrogen species by diversion

at a location between the nitrogen plasma source and the substrate. Diversion may be by

applying a field across a plasma tube adjacent an outlet of the nitrogen plasma source.
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Is stabilization of the nitrogen plasma source. The nitrogen plasma source
may be a nitrogen RE-plasma source. Isolation may be by vacuum
isolation using at least one vacuum valve. The nitrogen plasma epitaxy
process used may lead to an improvement in the material quality and
enhancement in device performance. 20Advantageously, the invention
rovides solutions to target specifically the hiah defect density in the

S NIRCSBa e SRIF Pl HRSY dRiRG COHA Rt Scmssastipfigld. A voltage may

WRegyiptionafthaDpwingsbxampiary Smbodinents MIbDeW bene clectrical ficld
described by W%of non-I mitative example only and with reference to the

Lo SRERTRAr ARG Ione tlinaR g8 the mgemy fabe.

schematic diagram of an exemplary apparatus for growing gallium nitride

zgrsenéde mitimonide (GaNQﬁng) on a substrate; FIG, 2 is a schematic,
FAGFAMSO Pt 8RsTh BREF RGP RS Eli SR e thaigiled @ g0 fergfabrication of a

seheolicregpresepiation ohiphelolninesceneendplid) SpEEta SiIGaNAS method
samples grown by applying a range of different bias voltages to the
ERBMPTER ion deflection mechanism of FIG. 2; FIG. 4 is a schematic

flow diggrainoésinexe nptasometnos for@roning@alikia: 38 ) on a subsirate
arsenjde antimonide (G NAS%%); FIG. 5A is a schematic ,
USSR P R B GBI ST EANAS LIS AT ifbawitrogen plasma
ssatating the plasma source from the epitaxial growth chamber;  FIG, 5B

is a scI{Lemat'ut: reg sentat'%on of a PL sge trum of GaNAs samples grown _
with vagiuPh ESTati oA ST thEBtas A 25U cE o th & iaRid gitatsource during
shambanitok!G. 6 is a schematic representation of a plot of dark current
density as a function of bias voltage for p-i-n photodetectors with i-layers

of undoped GaNAsSb material grown at three different substrate

empefiatuidsiayers may also be isolated from the nitrogen plasma source during
stabilization of the nifrogen plasma source. The nitrogen plasma source may be a

nitrogen RF-plasma source. Isolation may be by vacuum isolation using at least one

vacuum valve,

The nitrogen plasma epitaxy process used may lead to an improvement in the material

quality and enhancement in device performance.

Advantageously, the invention provides solutions to target specifically the high defect

density in the GaNAsSb material prepared using conventional processes.

Brief Description of the Drawings

Exemplary embodiments will now be described by way of non-limitative example only
and with reference to the accompanying illustrative drawings.
in the drawings:

FIG. 1 18 a schematic diagram of an exemplary apparatus for growing galiium

nitride arsenide antimonide (GaNAsSh) on a substrate;

FIG. 2 is a schematic diagram of an exemplary ion deflection mechanism:
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FIG. 7 is a schematic representation of the level of unintentional doping in
an iGaNAsSb material as a function of substrate temperature; 15FIG. 8 a
schematic representation of a plot of PL peak intensity as a function of
ex-situ thermal annealing temperature for an anneal period of 1, 2 and 5
minutes; and  FIG. 9 is a schematic representation of a comparison of
turn- %@/ogage betw een a GaAs/GaNAsSb heterojunction bipolar
trans Ad & SSAYERHESPISeS AR AL h B RS ERS ACBTpGIdr PL") spectra of
@Eﬂm&sﬁaﬁnﬁﬁi}@i&ﬂﬁd)@@spﬂm@ﬁ af ety EmMbodingasE e the exemplary
.detg d descrl tion setf ﬁ@ ow in connection with the appended
! rlav@m %ﬁm ;%r tfiption of the presently exemplary
embddineanits:of dhenimvernlion dandasndtintendediteyrepresentingreiie gallium
n%[melg \é\éﬁl h th [3%?56 é&nﬁentlg may be practiced. It is to be

ers oo e same or equiv Ient functions may be 25accomplished
by dlﬂbﬁerﬁ;emﬁoedntﬂMtthate@resHﬂemdedd@ be})@n@pmma@fmmeampies
scope of the invention Ref rring now to.FIG. 1, an exe plary ar
e S PR LA M PR A AR raoes
substrite 32 is cskrﬁwmaﬂ”hee@m:sanams)ﬂef Edﬂdg&at@iﬁﬁm&}%@mg%érﬂples grown

operativel ected t hamber 16 The plasma,source 14 |
puiii miﬁr%sr% He'e f“ afglf)soau {aive veofg {FOLH Eﬁf%ﬁé%\?&%

separate
is showm, @mwnmhﬁumtmfrsmﬁaabiﬁammeﬁf mpLobefuBeld ciﬁhentadvﬁsaﬁr\éalu%ncﬁon

of swtabl ategory such.as, for exa valve
?]?Bbl&ﬁé)’ a’a?vafens}/ are U e ((Sey%r%ta)gsoge%tb%ymﬁlt%gg % %r%jﬁ':l{\é% 2 Shateria
stagyeratmratiniereAt punspirlg tnepkharisas 20 5 is coupled to the plasma
sourgg 4.and an.jan deflectlon echanl 22 is provided at a lo
petwoi e SRS 0o h AL ts Boe Feteh AR AE R Rbeg
&}wé@ﬁiasmgeuﬁéelsm fandttbe charmbenit6eiperstubstrate 12 may be any
IS#FI)ta %’es%%lg ac%;%%%%? a%z@nat ial %Jtc Qfaﬁ; fgc[.a q]e%IseﬂyGas a function of
ex-situ thermal anncahng temperature for an anneal period of 1, 2 and 5 minutes; and

n an i-

FIG. 9 is a schematic representation of a comparison of turn-on voltage between
a GaAs/GaNAsSb heterojunction bipolar transistor and a conventional InGaP/GaAs

heterojunction bipolar transistor.

Detailed Description of Exemplary Embodiments

The detailed description set forth below in connection with the appended drawings is
intended as a description of the presently exemplary embodiments of the invention, and
1s not intended to represent the only form in which the present invention may be
practiced. It is to be understood that the same or equivalent functions may be
accomplished by different embodiments that are intended to be encompassed within the

scope of the mvention.

Referrimg now to FIG. 1, an exemplary apparatus 10 for growing galiium nitride
arsenide antimonide (GaNAsSb) on a substrate 12 is shown. The apparatus 10 includes

a plasma source 14 operatively connected to a chamber 16. The plasma source 14 is
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toThe plasma source 14 generates atomic nitrogen (N) for the growth of
GaNAsSDh. In an exemplary embodiment, the atomic nitrogen used in the
growth of GaNAsSDb is generated by a radio frequency (RE) plasma
source. Compared to other plasma sources, the RE plasma source gives
lower ion energy and smaller ion flux. For instance, reactive ion plasma
has ion epergy in a range from 35 to 90 electronvolts 15 (eV) and ion flux

CPBEREARE e £AURRSE L8 Pisipergubie ddtiphetroparasaconde 18 is shown,
4EMmSrarad thaisatistraiBids b AN IRE as B, SO KR, 9}1%9{}6@[*2;8% “be of any
(6)

sybstrate is lower at about 1.1x1012 cm-2s-1 compared to that of reactive

TBHANSSFRESRIESHRR s KRty lswaracubre v pdred idndearatoes are used

example pheleciomexsieiien resonanse JECR) mlasma. 7 B%P%g

E .
. P 1 ﬁx chanism 20
glasm ource is a preferred atomic nitrogen 20 source for dilute |tr|§e
: ?e .
r )

BhEthelasLacRiise! driter st drpisip fisssenmsdinrisskilinptiveided at a

md:thad teveveniensispetimitedia Ric fiasma seurces angd oferRIasma.q, e
slnfgurces ma ﬁe used. The valve 18 is used to achieve physical separation
B ARG R RED

tRE RRFS &IHE'EB6F 14 from the epitaxial growth chamber
16 before and after GaNAsSb growth. 25 In particular, the valve 18 is

tlosedbtorachl@ven phyisical separatiorsobstratplasrmaysautes d handith&uch as, for
er16, during ignition of the nitrogen plasma source 14, and
AT S s

ably, zation of the nitrogen plasma source 14. This may
be, for example, for 1 minute and 30 minutes respectively. However, the

TirseRrtanmy vawacthrammgrsahatepdcifictongmitionsfanthapparatusUSadAsSh. In

Mpop.pl gL ' 0 referably, after stabilizatio _
R Ay o e T s i

%‘?E@@i_ﬁﬁeﬂ) b_é(ké prebe. ﬁ@QH?ﬁé@e&ENP@@mwdmﬂmererﬁa& other plasma
SeaheedapitiR NG sk, of aaRs INRMYNGE! SERAURIN. ORISR, For

time during growth is undesirable as this wil eteriorate the interace 5
B iered p ponty ‘@eBuniiaation. sahyaical isolation fofithé plaspiaclectronvolts

aarree d 4iram.ing eniaxial grovgth gﬂ%r@% 16 rgﬁg be implemented

using yarious types of vacuum isolafion valves i MG For SRERTHIE, Rer second

gave valvig, thdeatbviaiie. of'amneedE velhven Theyumpling mefihanism@Qubsirate is

C r iIﬂgIe-pum or pumps and may be, for example, a
Ig)%rﬁbi%g%%%ﬁgf?fg%c Hanicgf and %%%éﬁmtﬁsm%\ﬂfiéﬁ? EEniogarsgrowhise, the

isffinistied, ithe vaived 8ivilbextgsed beforkatheplasmarmoutgeclditon cyclotron
slonped, @@ﬁ the valye 18 is closgd, the plasma source is stopped. =

Rgactl\(/%eei e 2 e%igens’faarém ﬁ%les ’r%%esﬁcekngrr‘ésg% SEREARS RIRIE AR nic nitrogen
Theircbbmbahdimentofdtheresrtiicontinmtdicdbrtade odlises dislecation of those of
Q}ﬁm&?@ﬁﬂ? in the art that the invention is not limited to RF plasma sources and

other plasma sources may be used.

The valve 18 is used to achieve physical separation of the nifrogen RF plasma
source 14 from the epitaxial growth chamber 16 before and after GaNAsSh growth.
In particular, the valve 18 is closed to achieve physical separation of the plasma
source 14 and the chamber 16 during ignition of the nitrogen plasma source 14, and
preferably, during stabilization of the nitrogen plasma source 14. This may be, for
example, for 1 minute and 30 minutes respectively. However, the times may vary

according to the specific conditions and apparatus used. Upon plasma ignition being
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semiconductor surface and defects generation.Accordingly, an ion

deflection 15 mechanism 22 may be used to divert the reactive ionic

nitrogen species away from the substrate 12. The ion deflection

mechanism 22 may be implemented using an electric and/or magnetic

field. Electric or magnetic field applications are able to filter the reactive

ionic nitrogen species by diverting them away from the substrate 12. In _

I PHiAhandheioaeliecabea meohbingm filtersiawayentrgeaticsianse 14, the

thatdamage tbg. PQsubsiiate -sUMRce, Whilst allgwing nitrogen atoms to '

arrive at the.gubgtrate sprf(%e_. gn exam\%rllégo gaq?gﬁ'defﬁcehé%gﬁgews ¥, no growth

PHEERARKIIDCe A PR @rvélediric flstdadillalows biedebsrited eelawtion.  Long

WIS NGO Ttk 2 oRARITAGAONID FIG » 24 A IonyAeflection, . o+ e

mechanism 22 comprising a pair of electrical ion eflection plates 24 and

Peligne iRt b RsABHieE @8 dthiiscabiptwien of dsmassourceutdeis 4 from

shawn-Alihowghene, paisaf Aeflection plales 24,28 sahown, there may,.

he more tha%yqne pair of deflect%%%I plat%{s%;and mu?tip e pairs 18%1 %gl%% %%vacuum

RIS hdbditge erferenpairstsidsibstion plates raay bedatlic valve.

different voltages. The pair of electrical ion deflection plates 24 and 26

nelusdesanposisvelyicharges platendrarchanegatiely charged plale 26 may be,

fAr] e[ectrlf: field is  created bfetween the positively and negatively charged i
SILEBE PR Snd SET RS LHOHATIFRIBNICH R &1 BRGHEBS emitted from the
plasma source 14 are unaffected by the presence of the electric field and

Pomintle to thesulgstrate 12 fRositieticharged hitrdiger igpsca0nemitiad: plasma

ma souree 14.however are attracted to the 5 negatively

e D e AT 7 R Rlvaignes © Soppec
erpendicular to the flux of the nitrogen atoms 32. This reduces the

&?ﬂ@@ﬁ%el@ﬁ]rﬁtrwm@@d@rimwa@mh@sémietmduumrisuﬁﬁCQJmﬁhe Their

hutleatdhenirogandons,are sliverted towards the walls of the epitaxial

growth chamber 16. The electrical ion deé?%ptfc%‘% S%téésgﬁ%r% 2%?maa(f/%se on the

FREEOBI YA el srse| rdh i plswis rezk s dyoa D C Aottardsburca, vidnichieflection

FaRs ied a0 60 als-(A-HONGYETE YANG O OIATER At o e

vary accordiréglto the specific conditions and apparatus use e

HEwBEIG: 3 e senelpeevepraadination B photokiminéguence (Bl an electric

&@@%&@%&@M%ﬁﬁmgk%&ﬁ@w&icﬁMX ing 3 rw?c%&gfﬁeg%nggfg Yo filter the

voltages to the electrical ion deflection plates 24 and 26 of the ion
HEfEG oA HcBHERPRSH PGS RoviY a8 G bemberseehcromthelreseitsIGf In this

thenRd: analysis iR fiGich thechestsmaterial gualipyis &Q@é%ﬁ%%ys d%ggwg'&age the

a bias voltage of 20 V to the electrical ion deflection plates 24 an

AT RSB Ve V Ao TR EoHIREHENOBItHe aipivaratiise @ihsone surface. An
exahodimeni:pidheiprReeRkitYenHan he ORETETIgN.of éﬂeeﬁgc%%‘i@@’éegﬁ now be

will now be described in greater 20 detail below with reterence to
desgraped below with reference to FIG. 2.

Referring now to FIG. 2, an ion deflection mechanism 22 comprising a pair of
electrical ion deflection plates 24 and 26 installed in front of an orifice 28 of the
nitrogen plasma source 14 is shown. Although one pair of deflection plates 24, 26 is
shown, there may be more than one pair of deflection plates, and multiple pairs of
deflection plates may be used. The different pairs of deflection plates may be at
different voltages. The pair of electrical ion deflection plates 24 and 26 includes a

positively charged plate 24 and a negatively charged plate 26. An electric field is

7
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Referring now to FIG. 4, a schematic flow diagram of a method 50 for
growing gallium nitride arsenide antimonide (GaNAsSDb) is shown. As
nitrogen RF plasma is highly unstable at the ignition stage, the method 50
begins at step 52 by physically isolating the plasma source 14 from the
chamber 16 to prevent exposure of the growth surface to unstable plasma
conditions durin%the plasma ignition stage. More particularly, the plasma

TS BRIMERHHEWA Y ek A0 a6l TesBatend atieas 24106 Fasdal shown
itPaltaboulhdQaf fesmhand theivalyerl s closed ALER S4.high PUIY ored by

nitrogen gas is introduced into the plasma tube and the RE plasma is

ynRedeTHePIdsnracE andintd e atetds sebibraspbliodwiiavely charged
easia0 miRutesdminidafars imitiatingQrowsl- ChesPUMPING MEChANISTL) (o e

20 is used tg maintain high vacuum in the plasma tube during the plasma

nGEHiedtof Hiacd. BiEhirdyeRtPlastia SivRteaUrBHY théipatiha Bourcedirection
peAperidiered ab step S&withiihedarodefiestionsmechanism g divert.. incidence of

reactive jonic_nitrogen species away from the substrate 12. The ion

HEASERON HethdRSANE 2y FEBEVAISE W taTiemrfolentRiE sHadhsanitrogen

isaureeeldiicheingpraparegie10Atistepr 6thg, valve 18s.AReedn Rt  1he
eE{iftrid.e rowth is started when isolation between the plasma source 14 and

STESitAKIA GrowtH BhaMRBE T e &mBsubsy opknH tHe paneers i powered

tone Bnbadimeniothecgrowith daealAssbdsraiarted 8 saropds (@g_aﬁﬁrwever, the
openin t&? valve 18. Referring now to FIGS. 5A and 5B, schematic

YepreSERBRERS BHBhUtoIARRESRENER 18 pPESIESctrs Sraa ks aamiplas used.
grown without and with vacuum isolation of the RE plasma source 14 from
Rivéeapitaxiak grofith. chamblemifiane sfewa s e phe:SRem HeB FISSL ) specira

B. the PL peak caused by defects isc§ign', icantly suppressed
G s R o e eahy G Fonr s o 1 the
geowitntranbéeditodyring pldsma Lhitidhelivattief weokds ntbedefasts? is shown.

evel is_significantly reduced 2 en the isolation mechanism is used,

R R O Sl o dhecce i pioh vl aualy s
{Cans8h)arenpivaly grewolatsubsitatd/ temperatecescal RBOMW BOSGHlates 24
m&ﬂ%\jze defect density. However, at such substrate temperatures, the

addition of nitrogen seriously compromises the quality of the GaNAsSb

material. At substrate temperatures of about 600C, nitrogen atoms arriving
Hetheskiriobad detorasintacogannemergltisrenpirdivat framsier efthesement of the
SResaelic BHRgeMRIgMs MK g su g@xﬁ%éﬂg’pﬂ@%lﬁ:gggﬁ guenly, ney., greater

migrate along the semiconductor surface and combine with other nitrogen
sl ogeh it derédsSareaotmed when two nitrogen atoms

combine and these defects increase the incidence of unintentional doping,

BbOHEAO SRITEFITEUNE RACHAGEASH GHHRRHIAKAIR IARCHT AN 8ns sallium
redléce nitro&?n related defects. GaNAsSb Is grown at step 62 at [ower

e AT TS FEARAREIDE YRkt ABoOTED to about 500 degrees

Celsius (C). At this lower range of substrate temperatures, the nitrogen

AtonsapquRé Ipksenergli fidm the:hieiat drahsfanprosessed B AIUEES 50 begins
j into fewer nitrogel elated defects.
i

uracemigraton, whieh lapslates ~

The Ritrdgen Concantration maybe SoRtraiied B ubting e Bowdtagiber 16 to
REvplasmaosure of the growth swrface to unstable plasma conditions during the
plasma ignition stage. More particularly, the plasma tube is pumped down to a
vacuum level of less than about 1x107 Pascal (Pa) (about 1x107 torr} and the valve

18 is closed.
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and gas flow rate of nitrogen gas. The antimony concentration is
controlled by changing the antimony flux, via adjusting the valve opening
at the valved antimony 10source. Upon achieving the desired GaNAsSb
layer thickness, the growth process is terminated by closing the valve 18
to physically isolate the nitrogen RE plasma source 14 from the epitaxial

rowth chamber 16. Termination of the growth of the GaNAsSb layer by
gffrﬁw clbsiHgRHEAE UUHOZEN €28 I5rvitlsl pré dise cbntrhohthehs and the RF
pieriace i Jhig @lso eliminates the residual nitrogen in the layers and
ensures that high vacuum conditions are always maintained in the growth

ers, which is critical for minimizing contamination of the

f subsequent Jay IS _ .
ﬁaﬁﬁ@%ﬁ%@ﬁémétﬁé@? 62 & KereReatid reprédesmtaliomaniates (min)
gl -ef ﬂﬂﬂ@ﬁﬂ@%ﬁo@@ﬂsitym plunpliap eliRs.valiage for Esf@'@ to maintain high

hotodetectors with i-layers of undoped 20 GaNAsSb material grown at
RFA BN P S B B AR SO 151 Breel 4 BoRérmage plesma

sepresertatiorhel feslevelafrypintentional-daping inthe & GaNASSPion deflection
erial as a function of substrate temperature is shown in FIG. 7. The

ma

§6p ﬁlé%boedi?ﬁﬁbﬁ%aﬁﬁlﬁé9l?1%%9ﬁ8%§aFét?bﬁ‘ﬁébaf&ﬂ@n@@-%h%@e 12. The

&V} AsakysisnAsheanhersesn fromdckaaia W}QIZ&E}%&KQQ@%EH rEnh8Rtha source
u

i e level of unintentional 75 doping are reduced at lower substrate
n%speg?é%r@ée%ﬁfg o fewer nitrogen related defects at such substrate
temperatures. Referring again to FIGS. 1 and 4, as substrate
tempardtirésededraadé, tvovpever, the idlensity-afasenithantisie dbfests isolation
' e in post-growth thermal an_n%ﬁrlqis erform ?at step
B e o TRy de et o
oreyibe peefouhed A sitinandformbsidiment, the growth of GaNAsSb is started 3

seconds (s) after opening the valve 18,

Referring now to FIGS. 5A and 5B, schematic representations of photoluminescence
(PL) spectra of GaNAs samples grown without and with vacuum isolation of the RF
plasma source 14 from the epitaxial growth chamber 16 are shown. As can be seen
from FIGS. 5A and 5B, the PL peak caused by defects is significantly suppressed
when the nitrogen RF plasma is physically isolated from the epitaxial growth chamber
16 during plasma ignition. In other words, the defects level is significantly reduced

when the isolatior mechanism i1s used.

Although gallium arsenide (GGaAs) and gallium arsenide antimonide {GaAsSh) are
typically grown at substrate temperatures of about 600°C to minimize defect density.
However, at such subsirate temperatures, the addition of nitrogen seriously
compromises the quality of the GaNAsSb material. At substrate temperatures of
about 600°C, nitrogen atoms arriving at the semiconductor surface gain energy
through heat transfer. These energetic nitrogen atoms have high surface mobility.
Consequently, they migrate along the semiconductor surface and combine with other
nitrogen atoms. Nitrogen related defects are formed when two nitrogen atoms

combine and these defects increase the incidence of unintentional doping, sherten

9
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In-situ thermal anneal is carried out inside the epitaxial growth chamber
16 immediately after the growth of the GaNAsSb material under constant
overpressure arsenic flux at beam equivalent pressure of greater than
about 0.001 Pa (about 6x10-6 ton). However, the value of beam
equivalent pressure of arsenic flux may vary according to the specific

conditions and apparatus used. For in-situ thermal annealing, the
Ut W LB SETHE Ao HBBEB506 S Mo wktphs itroen

rtﬂmaéraﬁﬂdfe’iior@apmiiﬂisofsagﬁmrr@(hm%ﬂe&b@fof@v&é}oﬂﬁgsﬂ%%r?é%gf@]%tures of
SL{Ch, the 1gBaNAgib,m%erial rlf's ‘ﬁannealed at a temperature of about 650C
BSPECER AR U 1030880 HhinUie S oSkesiu SRl Srnealls Baifidereut ange of

oiitside:therppitaxialgrowtiiebgmbabit uogera REIRVAMRIGNHONRat transfer
$eriod of between about 1 to 10 minutes (min) after the sample is

Etnoved oM The apRHkiAf GBI ERAMEYF A & Belsige I Hrrbges, wilhegen related
d@iffses, such as hydrogen, helium, neon, argon, krypton, xenon or mixture

of them, can also be 15 applied as the ambient gas in the annealing
PRAGESS APRIESHVe layer of SI02 or Si ay he deposited on the,

wafer. Tﬁ%nproteccglvea#ay%ﬁgytjsggocﬁ%%%%ﬁo@p))%) FRYRATSARIPISS RiRE plasma
sharaterbirapit thdimategmeating ot Butiingithecencsittrihermal aoRgalled by
PLAGESS: REOXImitycaPRINg ith_a. s wafer may be used to ensure ,
thgfr%a uniformityoagd to mﬁ%ﬁ?g%%ﬁ%ﬁé%gﬁq‘é%g R YrdBfjkal ved antimony
wydporation. 20Referring now to FIG. 8, a schematic representation of a

plot of photoluminescence (PL) peak intensity as a function of ex-situ

thermalanrgalinenierperature; i ansanneal peried of 1, 23 g%%gmu%er%cess is

is shown. As can be seen from FIG. 8, the optimum thermal a

oG EncAnrea) tBampalutuid capblitizsde ferialsotites mimgtes RF plasma
fseesianifisantipppovementinaheiglipinessenss is obssrved,on
25samples annealed at a tetrénperature of greater than f’:lbg()()%?%( 7%%%% g‘rg\lzgﬁh of the

Eohien e iSpEURIEC e TEBY Yor growinly Ghlmesislonmassidostateo! of the
baseson anitrogen RERIaSTA BRI %E%%éﬁ-iﬁ%@%ggﬁ%é%y Mfes that high

method enables a redyction in the formation of defects s , fgr
GBI SORHSRRsAS At e an et dicariidite ufbetauantheyers, which is

GaAsShhmatariahdeadiagie.ths iealization.af high device quality
epitaxy layers for electronics and optoelectronics applications. The

thod may be to.produce high device quality GaNAsSb material on
o B A T o R T S SR8 B, SRS MK currr

ow cost GaAssib
drtegnation fuethadsoCommbinéd with Othes Pemp GaRRAYAGH, i-layers of undoped
é%@&%}g%{:g%sla he resuzlitlaglt Wagie 5car%]1%e applied in the following
applications: Ea%rﬂlvé%r infrare d WAVBI NI RSP TesB IS 't sbomm)n F1G. 6
meitr phbtodetectorelnmarioutdr HEaANAS S eantbeuser Mam effeativalysaN Assh
as ttet}cla figdrgt g%%rcbén% Ia%/eqr (lgn t%g photodetector. (b) Near Infrared ,
Wavelength from 1000nm 16 TeD0AMT REFH AR ieRE't ophbttetectdbardoping
partioulat; BalASED. carvbe:usedsvary effectpeitasdielight (C-v) analysis. As
can be seen from FIGS. 6 and 7, leakage current and the level of unintentional
doping are reduced at lower substrate temperatures due to fewer nitrogen related

defects at such substrate temperatures.

Referring again to FIGS. 1 and 4, as substrate temperatures decrease, however, the
density of arsenic antisite defects increases. Accordingly, a post-growth thermal

anneal 1s performed at step 64 to reduce arsenic antisite defects. The post-growth
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absorbing layer in the photodetector. (c) High efficiency multi-junction
solar cell. In particular, GaNAsSb can be used as the light absorbing layer
for a solar spectrum below 1.1 eV. This would improve the efficiency of
the multi-junction solar cell by about 5 - 10 %. 15(d)Near infrared
(wavelength from 1000nm to 1600nm) laser. In particular, GaNAsSb can
e used as an active layer in the laser structure.  (9) Low turn-on
@8&%?@‘ PO IRL BSPETpATEICE dRsiétB ATy igarticular, GaNAsSb
can be used as a base layer in the transistor, lowering the turn-on voltage
bissshowireimEl Gariieahd ¢hesetvydowetingoweh cossumpiion ofhe chamber 16

20transistor. By adjusting the proce rameters such as, for example,
e AR RS oA B il T R prese
folioidingnprapbetiesefiGaNAsShamay ke senitalled famspedlin ra (about 6x107

iag‘glic ons: ithftl%e barldgapfof GaNAsSh ma{ be varied from between

Qbdut 0:8E S o ABol e Vit SHHRRITHEr BESRERIGH. FotiHsARtanay vary
ansolingelicapplicatiess; the atamiogonsentsians of Nidnitrogen) and:Sbiermal
Egantizrl'pony)tma%/ Ee a%lusted to {)r_od.uce GaNAsSb with a bandgap of | eV;
WhiTa 10Fa Righ“SpEat PRORSIBIEE IS S atoRTideSheshhalohstaNva#e ained at
Bb: meayp3heradjustegttooprotiuse.a GaMAsbsativeclayeliMith handgapas such,
t%ge@mslggs th?n.aﬁout 0.95 eV or 0.8 eV The valye depends on the _
reguireants T8 81 the’ apPIreATbAT Baliayat dHer gy SPRESONA-ofgky Reriod of
abquirgdfondisd ftm of wavelength applications. Bandgap energy of less

than 0.95eV is required for 1.3 ftm of wavelength applications.

Ex-situ thermal anneal is carried out outside the epitaxial growth chamber 16 under a
nitrogen ambient for a period of between about 1 to 10 minutes (min) after the sample
1s removed from the epitaxial growth chamber 16, Besides nitrogen, other gases, such
as hydrogen, helium, neon, argon, krypton, xenor or mixture of them, can also be
applied as the ambient gas in the annealing process. A protective layer of Si0; or
SisNs may be deposited on the wafer. The protective layer is deposited before
placing the samples into chamber of rapid thermal annealing tool. During the ex-situ
thermal anpeal process, proximity capping with a GaAs wafer may be used to ensure

thermal uniformity and to minimise surface damage due to arsenic evaporation.

Referring now to FIG. 8, a schematic representation of a plot of photoluminescence
(PL) peak intensity as a function of ex-sifw thermal annealing temperature for an
anneal period of 1, 2 and 5 minutes is shown. As can be seen from FIG. 8, the
optimum thermal anneal condition is an anneal temperature of about 750°C for about
5 minutes. Also, significant improvement in photoluminescence is observed on

samples annealed at a temperature of greater than about 700 °C.

As is evident, there is provided a method for growing GaNAsSb on a substrate based
on a nitrogen RY plasma epitaxy process. Advantageously, the method enables a
reduction in the formation of defects such as, for example, nitrogen related defects and

arsenic antisite defects, in the GaNAsSb material, leading to the realization of‘ high
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(if) The carrier lifetime of GaNAsSb: a shorter carrier lifetime is needed for
5high-speed switching applications, while a longer carrier lifetime is

required, for example, for solar cell applications. (iii) The level of

unintentional doping in GaNAsSb. For instance, high-speed plaotodetector
applications are very sensitive to high levels of unintentional doping in the
GaNAsSD layer due to the effect of parasitic 10 R-C
qruistaHe st Apatatante)sh the HERHRRIGS SrtheplerletsroMeterpplinetions. The

ThinRlar Mansistasapricatians. entheiother Hﬁ@ﬁtﬁa@a&%ét?%ﬁlfeﬁémﬂ%w cost

since in such applications, the GaNAsSb layer will be intentionally

PrécpRsTatERardBVrmIGERs Spetific DS whRBWHiErbitegration methods.
GaNASSD growdiRarameters may dahe tailoredior differsnt %ﬂ@"ﬁf&ﬂ%ﬁ% wafers

(a) P-I-N nhaotodetector A low level of unintentional doping and low

JUAREGERUFFEH htHe s aNKsSB eaie Mver are required for a high speed

and high resp@mvitﬁlmp@@de@aﬁw; é:r%rtﬁucﬂ&garqg@@ﬁips,{ym1600nm) p-i-n
GaNAsSb layer may be grown at 400C, followed by in-situ 20 annealing

PO Btur P UBGHE S 5 ENGrsE Peiit Bt asetit smnwilneiévahd as the light

dheraafien Syesity @rngaling-ad@ademperature of about 750C for a period of
about 5 minutes. (b) Solar cell A longer carrier lifetime is very important

for sORr cell M{C&fwgémyeé‘;p&%ﬁ{pm 1000nm to 1600nm) p-i-n avalanche
photodetector. In particular, GaNAsSb can be used very effectively as the light

absorbing layer in the photodetector.

{c) High efficiency multi-junction solar cell. In particular, GaNAsSb can
be used as the light absorbing layer for a solar spectrum below 1.1 eV. This would
improve the efficiency of the multi-junction solar cell by about 5 — 10 %.

(d) Near infrared (wavelength from 1000nm to 1600nm) laser. In
particular, GaNAsSb can be used as an active layer in the laser structure.

(e) Low turn-on voltage heterojunction bipolar transistor (HBT). In
particular, GaNAsSb can be used as a base layer in the transistor, lowering the turn-

on voltage as shown in FIG. 9, and thereby lowering power consumption of the

fransistor.

By adjusting the process parameters such as, for example, fabrication temperature,
anncaling temperature and annealing time, the following properties of GaNAsSb may
be controlled for specific applications:

(i) The bandgap of GaNAsSb may be varied from between about §.65 eV to
about 1 eV tfo suit a particular application. For instance, in solar cell
applications, the atomic concentrations of N (nitrogen) and Sb (antimony)
may be adjusted to produce GaNAsSh with a bandgap of 1 eV, while for
a high-speed photodetector, the atomic concentrations of N and Sb may
be adjusted to produce a GaNAsSb active-layer with bandgap energy of

less than about 0.95 eV or 0.8 eV The value depends on the requirements

12



10

i5

20

2
o

25annealing step at a temperature of about 750 C may be used to

increase the carrier lifetime. (c) Ultrafast sub-picosecond nhotodetector An
ultrafast carrier recombination process may be needed for such an

application. Thus, the GaNAsSb layer may be crown at a relatively low
temperature of less than about 350 C, followed by in-situ annealing at a
temperature of about 650C for a period of about 30 minutes to achieve

fast carrier redoibimmlioatand Raole levelotynifitestitnal @oping. rdd@ired for 1.55

ex-situ annealing js required for such an application. ( d) Avalanche ,
photodetectggl c?f S@%gﬁ%%ﬁ%gﬁ%%%“g%ﬁﬁég% a%ﬁ}%rﬁﬁtg?ﬁ%é}}@'&%w 18
antisite defeatcisunedded a3 triggehazsantkes @valancheopkocess at low

voltage. Thus,.the grow mperatyre of 5 GalNAsSD for this application

o abbit 3500 IoTOEh By TPE FSAIND ot & 1SHRAErAio PR gBod fo
C for a periodhighahyeat 3ewiitiites aNpl extaitis aRNGAING isdeqUERS IO liferime s
such an applir%a'giicl)rréd(%Heteroi#n tion ?%12-0'1[ ;rallgsistor The minority

carrier lifetime 15 a critical parameter 15 thiSSagBIR AR 2Fhe level of 10
uninténtional Tiopingelsoasictiticaior dotransistonapTatiophesayss theh-speed
GaNAsSD layer is intentionally highly p-doped. Therefore, the growth
temperatureﬁ’ﬂ%%gﬁﬁssﬁa?fegpéxget Senvgﬁbuﬁﬂﬁ(‘)“t@aﬁ%u% devels of
followed by inssituearinealitignataiterhpetature of abaut GROCHRr AB&NOtharasitic

of about 30 'r_wate rand thereafter.gx-siLﬁJ annealing at atemperature of

about 750 C fora period ot about 5 mindtes 15 AGvahtagedtilly dhethe  detector.

method may betesgditaimabifattuneshighospeedirmmphotadetegiar swith are not

Glgahertz (GLi) Dion S gHaN L ESRONRS Siipp ications, the GaNAsSb layer will be
intentionally p-doped.

The following are specific examples of how different GaNAsSb growth parameters may

be tailored for different applications:

(a)  P-I-N photodetector

A low level of unintentional doping and low leakage current in the GaNAsSh active
layer are required for a high speed and high responsivity photodetector. For such
characteristics, the GaNAsSb layer may be grown at 400°C, followed by in-situ
annealing at a temperature of about 650 °C for a period of about 30 minutes and

thereafter ex-sifu annealing at a temperature of about 750°C for a period of about 5

minutes.
(by Solar cell
A longer carrier lifetime is very important for solar cell applications. Thus, an ex-situ

annealing step at a temperature of about 750 °C may be used to increase the carier

Lifetime.

(¢}  Ultrafast sub-picosecond photodetector

An ultrafast carrier recombination process may be needed for such an application. Thus,
the GaNAsSb layer may be grown at a relatively low temperature of less than about 350
°C, followed by in-situ annealing at a temperature of about 650°C for a penod of about

30 minutes to achieve fast carrier recombination and a low level of unintentional doping.
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While the preferred embodiments of the invention have been illustrated
and described, it will be clear that the invention is not limited to these
embodiments only. Numerous modifications, changes, variations,
substitutions and equivalents will be apparent to 20those skilled in the art
without departing from the scope of the invention as described in the
claims, Further, unless the context dearly requires otherwise, throughout
NRe sk e Red hertiERh dotECRGriareliraBEe”, "comprising” and the
like amg to RecansteuadibaRbagiusive as opposed to an exclusive or
exhaustive sense; that is to say, in the sense of 25"including, but not

fiFhAREP(EP. 2PR IRAE SR S A TR R PR TaiGe atBRtsT defoct is needed fo
tseEycangdusiar of Jallue nitide arsemifloltage. Thus, the growth temperature of

GaNAsSb for this application is about 350°C, followed by in-situ annealing at a

temperature of about 650 °C for a period of about 30 minutes. No ex-sifu annealing is

required for such an application.

(e} Heterojunction bipolar transistor

The minority carrier lifetime is a critical parameter for this application. The level of
unintentional doping is less critical for a transistor application because the GaNAsSb
layer is intentionally highly p-doped. Therefore, the growth temperature of the
GaNAsSD layer is between about 400 to about 440 °C, followed by in-sity annealing at
a temperature of about 6350 °C for a period of about 30 minutes and thereafier ex-sifu

annealing at a temperature of about 750 °C for a period of about 5 minutes.

Advantageously, the method may be used to manufacture high speed p-i-n

photodetectors with Gigahertz (GHz) high frequency responses. .

While the preferred embodiments of the invention have been illustrated and described, it
will be clear that the invention is not limited to these embodiments only. Numerous
modifications, changes, variations, substitutions and equivalents will be apparent to

those skilied in the art without departing from the scope of the invention as described in

the claims.

Further, unless the context dearly requires otherwise, throughout the description and the
claims, the words "comprise", "comprising" and the like are to be construed in an

inclusive as opposed to an exclusive or exhaustive sense; that is to say, in the sense of

“including, but not limited to".
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antimonide (GaNAsSb) on a substrate wherein the fabrication is

performed at a fabrication temperature in the range 150C to 500C

followed by annealing at an annealing temperature for an annealing time; MCSLLE
wherein the fabrication temperature is controlled in combination with

the annealing temperature or annealingtime to control defect formation of
nitrogen-related defects and arsenic antisite defects respectively in the
sdalgewaductor so as to achieve predetermined performance

CqaraCteNSm]@dthl%ls%ﬁ%%Cth a 3&1“88%9&&5 S%a' ﬁﬁjnlﬁ' ?Jﬁéme arsenide

wherein dens%?/ of nitrogen-related defects is reduced with decrease in
faBHERoHeHBRYAIOR Ad HeHERYAH arbermt atitsitebHenses is rerifiiapd at a

wihhingtraseinRrMIeRIING tﬁmp@@ursmaé@n@@mg newst Aymathashas at an
claimed in claim 1 or claim 2, Weﬁgrem the defect further includes at least

o SRl SIS RS GF S ESHIENG B Al Be defects and
unintentibnafadepingn 4cApnethedias clainied |mawmaeat)mlawm$ théoBnealing
further. comprising, ?W'”Q oAl layelsof Ganse Qn%‘fanﬁ“b%ﬁﬁare‘?a?eaddefects
su%J cting the epltaX|aI ayers to exposure of nitrogen atoms from
nmmﬂganSQWa@matmrcbrfwtﬁerf@ﬁmh@\f@mtamaiﬂmy@ﬂsla@eds@l@ne@bfrmttheichleve

”'Hx%g@@zHlﬂ{%"&‘ﬁe%%‘}&gé‘Eﬁlﬂaﬂl@ﬁEﬂ'@s‘gﬂﬂ%enﬁc(ﬁlmﬁﬁpd as claimed in

claim 4, wherein the epitaxial layers are also isolated from the nitrogen
plasma source during stabilization of the nitrogen plasma source. 6. A

method asslanedsinielaiBa 4orgiaim @Hé’fé%ﬁien% f&iﬁfﬁ’&%‘géﬁf}@m@d defects is
source is a nitrogen RF-plasma, source. 7. A method as claimed in an

onfEBF A 4B e AR AL swwgtawa%ﬂ?ﬁggyaﬂbﬁf%fgmgagw%&séﬁfws
onervaatidn Valve re MES lahReal B ¢ 8eApaietinedasnelailmgdiineany one of

claims 1 to 7, wherein the annealing is selected from the group consisting

of: in-situ annealing, ex-situ annealing, and in-situ annealing in
combinationatiithl ex-slitimadneallngy DeAchethbdds elainted ifectaimrt!8;r includes

WRETEIR I-sity. Aonaakng, has SL% p&AING lemperae AR raNdG inentional

600C to 700C; and ex-situ annealihg has th€ annealing temperature in the
rafigfanZ00C to 900C. 10. A method as claimed in claim 8 or claim 9,
wherein the annealing time is in the range 1 to 60 minutes for in-situ

annealing, and is in the range 1 to 10 minutes for ex-situ annealing.,
4 method as claimed in any one of claims 1 to 3, further comprising growing

epitaxial layers of GaAsSb on a substrate and subjecting the epitaxial layers to exposure
of nitrogen atoms from a nitrogen plasma source; wherein the epitaxial layers are

isolated from the nitrogen plasma source during plasma ignition.

3. A method as claimed in claim 4, wherein the epitaxial lavers are also isolated

from the nitrogen plasma source during stabilization of the nitrogen plasma source.

6. A method as claimed in claim 4 or claim 5, wherein the nitrogen plasma source

is a nitrogen RF-plasma source.

7. A method as claimed in any one of claims 4 to 6, wherein isolation is by vacuum

isolation using at least one vacuum valve.



11. A method as claimed in any one of claims | to 10 further comprising

filtering reactive ionic nitrogen species by diversion at a location between
the nitrogen plasma source and the substrate. 12. A method as claimed
in claim 11, wherein diversion is by applying a field across a plasma tube
adjacent an outlet of the nitrogen plasmé& source, the field being selected
from the group consisting of: an electrical field, and a magnetic field. 13.
Afethod aecthaibedakiisliafmmn 2rivieareit aloditadetis pphettaciossinealing is
Plasma ke SiRg.ARFIEASefiection platean e Blectical figid bBING and in-situ

substantially perpendicular to a longitudinal axis of the plasma tube.
annealing in combination with ex-situ annealing.

MCSLLP

9. A method as claimed in claim 8, wherein in-situ annealing has the annealing
temperature in the range 600°C to 700°C; and ex-situ annealing has the annealing

temperature in the range: 700°C to 900°C.

10. A method as claimed in claim 8 or claim 9, wherein the annealing time is in the
range 1 to 60 minutes for in-situ annealing, and is in the range 1 to 10 minutes for ex-

situ annealing.

11, A method as claimed in any one of claims 1 to 10 further comprising filtering
reactive ionic nitrogen species by diversion at a focation between the nitrogen plasma

source and the substrate,

2. A method as claimed in claim 11, wherein diversion is by applying a field across
a plasma tube adjacent an outlet of the nitrogen plasma source, the field being selected

from the group consisting of: an electrical field, and a magnetic field.
13. A method as claimed in claim 12, wherein a voltage is applied across the plasma

tube using a pair of deflection plates, the electrical field being substantially

perpendicular to a longitudinal axis of the plasma tube.



