7 March 2006 1 IMPROVED BUFFER FOR SEMICONDUCTOR STRUCTURES Field of the Invention
The invention relates to an improved buffer for a semiconductor structure and 5 method of fabricating
the buffer. More particularly the invention relates to an improved InAs buffer for releasing lattice strain
between a GaAs substrate and a high indium content epilayer for a semiconductdrgigetaR®6such as
structures used in high speed devices and Iong wave1ength dewces eg f|eId effect transistors
(FET's), high electron mahiliimg@wRed BENHT ORBIJ mhivd RIAGAERED detector and
laser, etc. 10 Background of the Invention In this specmcatlon Where a document act or item of
knowledge is referred to or discussed, this reference or discussion is not an admission that the
document, actlp Jerp Im\egvle e or any combination thereof was at the priority date: 15 (i) part of
common genera edge or (oﬁknown to be relevant to an attempt to solve any problem with which

this specification is Cﬁﬁ@%’/’kﬁqroWFH|§¥é§?onHQPHH?9\Ql§%%%F§'é‘é%%dﬁdﬂ}é/t&?éfr%&ﬁr@ra'ﬁ’@MT5 itis

to be understood that the invention is not so limited but may extend tg other semiconductor 20 and

transistor 3trudRFBed I\ﬂfd?@b’ﬁ?&@%@%%@%s%ﬁéﬁﬁwgﬁv JiaiRvBryancalains IRBLRNPYES such as
televisions, catsAsddliffer Fomeeapiigplaties ahdicdripuensa Gmmsaeeameéolalgm iredemments in

mioroprocesssERINMOES AR ARG U R d Wstlas e MndiaBgpars 25

and are turned on an trical signals. The on/off SWItC |n of transistors fac e work

performed by ﬁﬁdf%?@é@é@d%wﬂvﬁ&%@@ﬂ@ba&@sf@ﬁr@fﬁﬁ%ﬂr%ﬂﬁ@@f(g\ﬂaﬂd @@E%H%ltch or

gate for electronibisigmalssiSiaoSISENT aieHanmsreehbytsaoHgansltéag malaedals: e eerdusidvity of
which semiconductor materials can be given special properties by a chemical process called 30
doping. AGemiconductor is doped by adding certain types of impurities to change the

Background of the Invention

In this specification, where a document, act or item of knowledge is referred to or
discussed, this reference or discussion is not an admission that the document, act or
item or knowledge or any combination thereof was at the priority date:

15 (i) part of common general knowledge; or

(i) known to be relevant to an attempt to solve any problem with which this
specification is concerned.

Whilst the following discussion relates mainly to FET's or HEMT's, it is to be
understood that the invention is not so limited but may extend to other semiconductor
20 and transistor structures.

Microprocessors are essential to many of the products we use every day such
as televisions, cars, radios, home appliances and computers. Transistors are the basic

elements in microprocessors.

Transistors are miniature electronic switches. Transistors have no moving parts
25 and are turned on and off by electrical signals. The on/off switching of transistors
facilitates the work performed by microprocessors. A transistor regulates current or
voltage flow and acts as a switch or gate for electronic signals.

Transistors are formed by semiconductor materials, the conductivity of which
semiconductor materials can be given special properties by a chemical process called
30 doping. A semiconductor is doped by adding certain types of impurities to change the
crystalline structure of the semiconductor and enhance its ability to conduct electricity.
Doping either adds extra electrons to the material (which is then called N-type for the
extra negative charge carriers) or creates "holes" in the material's crystal structure



crystalline structure of the semiconductor and enhance its ability to conduct electricity. Doping either
adds extra electrons to the material (which is then called N-type for the extra negative charge carriers)
or creates "holes" in the material's crystal structure 7 March 2006 2 (which is then called P-type
because it results in more positive charge carriers). Transistors typically have a tirblerely8pP@eructure
containing an N-type semiconductor layer sandwiche@l between P-type layers (a PNP configuration) or

a P-type layer (BEDEAROgBleAabPaRerpReb RIRORPS PStie QAR S UBiBige is changed
in one of the olitensietmis dypicaity hkweashie @tigeisst latger aantgningraroNagpea s ¢hdcomirctayer

resulting in th ' losi electrani ten ; t Se circuitry made with
complementar TR e e D R e B e ary
transistors peg@tﬁ%@%ﬁ@wwwfmﬂ\‘iaﬂw&F@F)with P-type material). When one transistor 10

IS maintaining a logic state, it re%%nres ehlmos_t n?gow I Field-?f ect transistor (F(ET A field-effect
transistor 1 a type of'tra S EERMS %9%%8 P dﬂ-%?&n%lt Wbﬁ%aﬁ%c% rrJﬁM%r,sde’
amplifying wireltisstsig et TireestracupttagaimdhepliiyerlByanadsgliongligitad sigerilg or cirsiagofswitch

DC or functionas.aRps5HYQe, *Fo@b%/'g%Imﬁ'dfé‘?g'hge‘é‘!ﬁcﬁﬁﬂogrﬁégWiﬁ%‘&%@&ﬁ}ﬁﬁ“ﬁgl the

channel. At one end of the channel, there is an electrode called the source. At the other end of the
channel, there%‘%S@@E@%@Q‘EQTI&GWHFEW.”?WQ%%§I WFETIRCOMRAEBRAINE IRNHRENS but its
effective electiealgign@ienitnNbe panedtdiatitacappkeationrotype oltagadp. Y0harcond obeldsisode

galled thq@atqsaﬁn?&?%cg\@ I@%ﬁ}glﬁﬁg ﬂﬁBg% oé’ttr?d“k!o‘%%?” instant in timg, on the electrical
diameter of the channel. A'small change in %ate voltage can cause a large variation in the current
from the source to the drain. This is how the FET amplifies signals. Field-effect transistors exist in two
major classifications. These are known as the 25 junction FET (JFET) and the metal-oxide-

semiconductoiFidid-¢ieEeStransgisidri¢REANe characterized by whether the active region is n type (current

carried by electrons) or p type (carried by holes). In so-called complementary logic circuits, pairs of n-
and p-type A field-effect transistor is a type of transistor commonly used for weak-signal

amplification (for example, for amplifying wireless signals). The structure can amplify
15  analog or digital signals. It can also switch DC or function as an oscillator.

In the FET, current flows along a semiconductor path called the channel. At one
end of the channel, there is an electrode called the source. At the other end of the
channel, there is an electrode called the drain. The physical diameter of the channel is
fixed, but its effective electrical diameter can be varied by the application of a voltage to

20  acontrol electrode called the gate. The conductivity of the FET depends, at any given
instant in time, on the electrical diameter of the channel. A small change in gate voltage
can cause a large variation in the current from the source to the drain. This is how the
FET amplifies signals.

Field-effect transistors exist in two major classifications. These are known as the
25  junction FET (JFET) and the metal-oxide- semiconductor FET (MOSFET), which are
characterized by whether the active region is n type (current carried by electrons) or p
type (carried by holes). In so-called complementary logic circuits, pairs of n- and p-type
FETs work side by side, an arrangement whose advantages include low power

consumption, robustness and simple circuit designs.

30 The junction FET has a channel consisting of N-type semiconductor (N-channel)
or P-type semiconductor (P-channel) material. The gate is made of the opposite
semiconductor type. In P-type material, electric charges are carried mainly in the form of
electron deficiencies called holes. In N-type material, the charge carriers are primarily
electrons. In a JFET, the junction is the boundary between the channel and the gate.



FETs work side by side, an arrangement whose advantages include low power consumption,
robustness and simple circuit designs. 30 The junction FET has a channel consisting of N-type
semiconductor (N-channel) or P-type semiconductor (P-channel) material. The gate is made of the
opposite semiconductor type. In P-type material, electric charges are carried maiflylaiadhedeem of
electron deficiencies called holes. In N-type material, the charge carriers are primarily electrons. In a
JFET, the junchigrmé! 'tY\é*lﬁ%BrHétf&}%'@f‘vdééﬁvﬁ{éec%ﬁﬁgl afiieligaRisARRIRCh2 88N Ridithally, this
P-N junction isctexersiobisabetivie Db/ oltageelaappieddteit) so that no current flows between the
channel and the gate. In the MOSFET, the channel can be either N-type or P-type semiconductor. The

gate electrode is a pisttheMRIERINbsChararlcH) hediteer. et B-apesenrreisi® indglates the
gate from the @'é@é"@@Ct%@i@%@ﬁ'@@@éﬁi%@y%a§é§s@ﬁ§cgi%'@%fﬁiﬁe&'ﬂﬂ% &%@S@péﬁﬂ}é@@%ﬁnyﬂny

current between the gate and t ech dun ar of the, signal cycle. Thjs gives the MOSFET
o oxtrom ly ARSI B B LA 19 SRR BHE PAHURE e S R o e IE SR AR, for
example in wimlmmﬂmﬁmaomsmmwemmegamwTm@yfmnalsiumgfeml;eplalrh oiitbeits 10
and systems reguiting highrirRRedanee: MBRFET 47 BRI Ns i iMsRd-igkdigigrower amplification,

such as is required in'large wireless communications and broadcast transmitters. Field-effect

transistors are able t¢ieeifahscaiadsmitpssdieqirdrieaaadeisruidiel) wekpforresingdieia can contain

many thousands of FETs. along with oth EO ents. 15 such as resy istors, .capacitors, and diodes.
High Electron K\;I'o%ﬁy rra?nsLljs 'g?év $ ragéfec r%aﬁvﬁ)l’obﬁ éen%s gégerrer sgelrrﬁ%adﬁﬁuctor

devices |h0wh@ﬁdt’q?dStﬁraﬁmuglﬂ@eh!%mméﬂgmam&ﬂdﬁ g@ts imgeaerahtusechion ahewerfacture
of FET's & HEMMphifcBtlofleyicpsagie FIFEGIERQR HifdtBst atendi AR SSaHEMNE Y material.

Most FETS are constructed with silicon. In order to achieve a higher gain-bandwidth
fransmitters.

Field-effect transistors are able to be fabricated onto silicon integrated circuit (IC)
chips. A single IC can contain many thousands of FETs, along with other components
15  such as resistors, capacitors, and diodes.

High Electron Mobility Transistory (HEMT)

High Electron Mobility Transistors are semiconductor devices in which the

channel is the two-dimensional electron gas in a quantum well.
20
Manufacture of FET’'s & HEMT’s

FET devices are constructed on a substrate of doped semiconductor material.
Most FETS are constructed with silicon. In order to achieve a higher gain-bandwidth
product, other materials have been used. Gallium arsenide (GaAs) has electron
25  mobility and drift velocities that are far higher than the standard doped silicon.
Amplifiers designed with GaAs FET devices have much higher frequency response and
lower noise factor at VHF and UHF than those made with standard FET’s.

The inclusion of other elements such as indium (In) has further improved the
characteristics of HEMT’s. Many HEMT’s and FET’s consist of high indium composition
30 InGaAs/InAlAs structures on InP substrates. Those having structures lattice-matched to
the InP substrate exhibit higher mobility and higher saturation velocity and high quality
Ing.53Gag.47As and Ing 50Alp 48AS epilayers can be grown on the InP substrate without



product, other materials have been used. Gallium arsenide (GaAs) has electron 25 mobility and drift
velocities that are far higher than the standard doped silicon. Amplifiers designed with GaAs FET
devices have much higher frequency response and lower noise factor at VHF and UHF than those
made with standard FET's. The inclusion of other elements such as indium (In) hasMarge2®@fproved
the characteristics of HEMT's. Many HEMT's and FE¥'s consist of high indium composition 30
|nGaAs/lnAlAéaéH‘i‘fcmk%Ea&?ﬁnH%ﬁ&i@@aﬁﬁﬁé%uﬁé%hﬁ’iﬂ%& CRNIRNMASRIGEPRARRML NP
substrate exhib@dighe beobitiyeatthbéghar satimBtaubsteddeity and high quality In0.53Ga0.47As and
In0.52A10.48As epilayers can be grown on the InP substrate without 7 March 2006 4
lattice-mismatch. Herideaindieuy enaientinGaAading mreeiestans! miysulsteies exbivh can be
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substrates, such as er cost, smaller size and greater raglllty Theretfore e Iast years,
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and FET's basg@éster&adistysubssraters, innial isprel 9an 3 30siaiess WEbrosonsrizaigh in@iwst in

composﬂ n semiconductors on GgAﬁ u rates lies in th Ewlatt' s atch bet een the GaAs
substrate%nd ?igﬁ?m (ilo 88%1 fr|1rt1 epﬂasl?/g?‘s? Eattlce mlgma in semf(?:%n or fg ma erls‘aﬁs causes

dislocation whﬁilb@l@@}l@des the performance of the devices. Efforts have been made to reduce the
strain between the GaAs substrate and high indium content epilayers by introducing a buffer. An

effective buffer shoul@ S RIGPIGIB ASARAIGHRY MiN-RosHng BIgkkBH Wt FRMRARIERismatch by
formation of mégfihidisidaatios snaBai2ls(Bstraepitesof the lnigéitiatitio caisomsg cnictpwewantion of their

propagation 'n@ag&]?substrate and high indium content epilayers. Lattice-mismatch in semiconductor
15  materials causes dislocation which degrades the performance of the devices.

Efforts have been made to reduce the strain between the GaAs substrate and
high indium content epilayers by introducing a buffer. An effective buffer should carry

out two functions:
(1) accommodation of the lattice mismatch by formation of misfit dislocations; and

20 (2 trapping of the misfit dislocations and prevention of their propagation into the
epilayer grown on the buffer.

These efforts to reduce the strain between GaAs substrate and high indium
content epilayers have included the use of a linearly graded InGaAs or InAlAs buffer
layer. The thickness of such a buffer layer is generally greater than 1 um. Several

25  publications have also reported the use of step-graded InGaAs or InAlAs buffer layers to
improve the quality of the channel layer. However, the thickness of such buffer layers is
generally greater than 500 nm. In such systems, the indium content is generally no
more than about 53%.

US Patent 5,770,868 describes the use of a GaAs substrate with AIGaAsSb
30  buffer layer having graded As and Sb compositions for the fabrication of high indium
content FET’s. While the graded buffer composition reduces strain, the disadvantages
are that very accurate control of the graded composition is required during its fabrication

and the buffer thickness is relatively large (i.e. greater than 1 um).



epilayer grown on the buffer. These efforts to reduce the strain between GaAs substrate and high
indium content epilayers have included the use of a linearly graded InGaAs or InAlAs buffer layer.
The thickness of such a buffer layer is generally greater than 1 m. Several 25 publications have also
reported the use of step-graded InGaAs or InAlAs buffer layers to improve the quaMgrehtieOéhannel
layer. However, the thickness of such buffer layers is generally greater than 500 nm. In such systems,

the indium content is%'@ﬁg}’aifﬂ‘?rﬁdslﬂﬁﬁf%f%i%ﬁY@EEﬁF@W@H‘%@W%@%@H19195the use of a
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there is a peedfiRicitrpsnathuiéey lyee@arsi rrpinplogedny, highoalestiayemebidithisemiconductors
in order to provide .%Tfective re uctg)n or reletﬁst[e of thg S'[I‘Fin between a GaAs substrate and the high
S| COS

indium contenp%syerse. h%d\?vroglaeeH%% olse 16'BE Mads of high indium content (up to almost 100%)

epilayers, resulting in 5 structures having very high electron mobility. Ideally, the buffer layer is as thin
as possible in order to reduce growth time and cost. Summary of the Invention According to a first
aspect of the igeniitty tbftRe$rivamviided a semiconductor 10 structure having high electron mobility,
for use in high speed devices and long wavelength devices, said structure comprising: a GaAs
substrate which includescadbgAs biiftdakpast it thvhstieonthene ipilptast a aglicrtluetocontent

material; and aiylRfsOmiERdaER KsalRm InsMpditedbs SubsEale aeviReeRiRksTy 15 wherein the

GaAs substrate has a first lattice constant, the epilayer has a second lattice constant different from

the first lattice WBHERIANLIRV RS 15RS SIHEMISRI R SH90ted to release strain caused by mismatch of

said different lattice co nStaepEéAs substrate which includes a GaAs buffer layer formed thereon;
- an epilayer of a high indium content material; and
- an InAs buffer layer located intermediate the substrate and the epilayer;

15 wherein the GaAs substrate has a first lattice constant, the epilayer has a
second lattice constant different from the first lattice constant, and the InAs buffer layer
is adapted to release strain caused by mismatch of said different lattice constants;

wherein the surface of the InAs buffer layer has a root mean square roughness
of less than about 1 nm,

20 and wherein the semiconductor structure is produced by a method comprising
the steps of:

(@) growing a GaAs buffer layer on the GaAs substrate;

(b) growing an InAs buffer layer on the GaAs buffer layer, wherein the InAs
buffer layer is deposited at a low V/III ratio of less than about 15; and

25 (c) growing an epilayer of a high indium content material on the InAs buffer
layer;
wherein the buffer layers and the epilayer are grown by molecular beam epitaxy

(MBE).

The GaAs buffer layer typically has a thickness of between 100 and 300 nm. A
30 thickness of about 200 nm is generally preferred.



wherein the surface of the InAs buffer layer has a root mean square roughness of less than about 1
nm, 20 and wherein the semiconductor structure is produced by a method comprising the steps of: (a)
growing a GaAs buffer layer on the GaAs substrate; (b) growing an InAs buffer layer on the GaAs
buffer layer, wherein the InAs buffer layer is deposited at a low V/III ratio of less thA#petoe®0%: and 25
(c) growing an epilayer of a high indium content matefial on the InAs buffer layer; wherein the buffer
layers and the epilayé&refesaplgvihedyighaisiunacoran epleyey MBFed bion@ieNa mhfdseblyemtypically
has a thicknesggGRatyesm dnaNAR0hamALaRQ ihicksessaeliabsr 20 drcasneydiyengferred. 7

March 2006 6 Preferably, the high indium content epilayer is formed of material chosen from the
group comprising InASu¢hGataanc nAjA ol As mndrpasicailasty gpifgsrédvingtariahdimeh a structure
may allow for -conta [ j iqdj ent. %. Such high
evels of ncio g i g L i J0 Sy AR Cokee) Cetay MR e
epilayer iSInGRIAStisAl fRplsations BichadRAYE BaYEGRSof the epilayer is about 90% or more, no

dditional buff to be i ted. Thjs i he latt] ' tch | ' Il
ess than about 19 MBS I° AAURIR5|SARREIE IR BT P BFLB! 8 I EPABt e about

90%, t_he IatticebulisWghﬂrﬁdxe_tweeddh*eﬂa%ﬁaffeeédyeo aac_irﬂmrtepjlévés is Igeeama_eami _additional
buffer is ge”erﬁﬁ}éé%%%?chﬂh'éL?c%ddﬁeé‘é‘@#&?{rﬁgﬁééé (RQMLEEIOs 52l AsG LB aliss B atch

between the top epilayer and the InAs buffer aﬁée e additional buffer layer should possess the
Y

same, or subst4MIgIeBULMEQRSWRhIRSBRIRY 8195 lastiban Ahestit astisdpbichBpaiayer. For
instance,iwheméhecepithganissibéitAs|adfe dbdatditpnaldiusigrdaieramaydattitoranbdiiel iBAIAS or,

ﬁ'\té;”A""st;"e'y 1YEA10YRGLR LB TRISEERARRBLAL AR % Feciip Ry ALl A0S RRTARiRS that of

mismatch between the top epilayer and the InAs buffer layer. The additional buffer
layer should possess the same, or substantially the same (eg within about 1%), lattice
constant as that of the top epilayer. For instance, when the epilayer is InAlAs, the

15  additional buffer layer may be formed of InAlAs or, alternatively, InGaAs (where the
lattice constant of InAlAs is substantially the same as that of InGaAs).

Similarly, when the epilayer is InGaAs, the additional buffer layer may be formed
of InGaAs. However, in this case, the additional buffer layer may alternatively be
formed of InAlAs (where the lattice constants of the materials are substantially the

20 same).

The additional InGaAs or InAlAs buffer layer is a graded buffer accommodating
the lattice mismatch between the InAs buffer and the In-contained epilayer with In
content less than 90%.

It is further preferred that, in the above semiconductor structure, the InAs buffer
25 layer is relatively thin. For instance, the thickness of the InAs buffer layer may be less
than about 100 nm. It is further preferred that the thickness of the InAs buffer layer is
less than about 20 nm. In a preferred embodiment of the invention, the thickness of the
InAs buffer layer is less than about 10 nm (for instance, it can be about 7nm thick).

The surface of the InAs buffer layer is relatively smooth which is one of the
30 reasons why it is suitable for growing an epilayer on top of it. The surface of the InAs
buffer layer has a root mean square roughness of less than about 1 nm. Preferably, the
root mean square roughness is less than about 0.500 nm or, more preferably, less than
about 0.400 nm.



Similarly, when the epilayer is InGaAs, the additional buffer layer may be formed of InGaAs. However,
in this case, the additional buffer layer may alternatively be formed of InAlAs (where the lattice
constants of the materials are substantially the 20 same). The additional InGaAs or InAlAs buffer layer
is a graded buffer accommodating the lattice mismatch between the InAs buffer anar [A086ntained
epilayer with In content less than 90%. It is further préferred that, in the above semiconductor

structure, the InAs buftér PEHGE S PadimR, FhiRe ryeHiQante GadgrauRsiate & the InAs buffer layer
may be less thsemdadameut@d sinucttire feiftheredref@iedd Haojhe thickness of the InAs buffer layer is less
than about 20 nm. In a preferred embodiment of the invention, the thickness of the InAs buffer layer is
less than about 10 nrAqEerdingtim e aceathaseed tmimventan, Tesessigrraewdsdisemamedaffer layer is

relatively SmO%d\’J&iﬁb E@'ﬁﬂd@fn@lﬁ:t&%fﬁ%ﬁﬁ%@%ﬂ&ﬁf&t@ ﬁﬂiﬁéh’li@sf@s%éwm%%ﬂrﬂ@mﬂéﬂ[ exndop of it.
The surface of thg}alra:g buffer Ia)(fr has a root mean square roughness of less than about 1 nm.
Preferably’ the OOt QQPPEatTgr ?osdaﬂ?lgfss Is less than about 0.500 nm or, more preferably, less

than about 0.400 nm(aY Ma Bv%ﬂB%Eiem tffgpggg%qugémggagét;ggeinvention, the GaAs

substrate of the semiconductor structure is formed of GaAs (100). According to a second aspect of the
invention, there is prqgided gravatPanoh RS elieing R seMise CANS BUFELIGHEE RAsRSMRg:tm e first

t of this i ti id_5 meth ISing.the st f: [ GaAs buffer |
Gas subsiratih (5] EVBRGSHPTIRS BLAEMA) L) GHAE EALELRET oy Wherein the InAs. beffer
layer is deposited at golow VAL of kesis laasy 3bau 1% ARLARSRAMARGH AN ARIiBYRRGLAMRIN indium

content material on the InAs buffer 10 layer; whereinthe buffer layers and the epilayer are grown by
moleculatbeal@¥épitaxy (MBE).

wherein the buffer layers and the epilayer are grown by molecular beam epitaxy
(MBE).

Preferably, the GaAs buffer layer is grown at a temperature of about 600°C and
an As beam equivalent pressure of between about 1.0 x 10° Torr and 2.0 x 10®° Torr.
15  Preferably, the As beam equivalent pressure is about 1.5 x 10®° Torr. Preferably, the
InAs buffer layer is grown at a temperature of about 500°C.

In the above method, it is preferred that the InAs buffer layer and the epilayer
are grown at a temperature of between about 250°C and 550°C. Preferably, the
temperature is about 500°C. For the growth of the InAs buffer layer and the epilayer,

20 the As beam equivalent pressure is between about 1.0 x 10° Torr and 2.0 x 10 Torr.
Preferably, the As beam equivalent pressure is about 1.5 x 10° Torr.

The molecular beam epitaxy can be effected by a solid source RIBER™ 32 P

MBE system.

The InAs buffer layer is grown at a low V/III ratio of less than about 15. It is
25  preferred that, when growing the epilayer, the V/Ill ratio is up to about 50:1.

In the above method, the InAs buffer layer is typically grown for a period of
between about 80 and 100 seconds.



Preferably, the GaAs buffer layer is grown at a temperature of about 6002C and an As beam
equivalent pressure of between about 1.0 x 10-5 Torr and 2.0 x 10-5 Torr. 15 Preferably, the As beam
equivalent pressure is about 1.5 x 10-5 Torr. Preferably, the InAs buffer layer is grown at a
temperature of about 5002C. In the above method, it is preferred that the InAs buffédag/ePePfl the
epilayer are grown at a temperature of between abouf2502C and 5502C. Preferably, the
temperature is about GpRalyi-trethbayeinhsdiutier Inpe hiiffeotlapsr anvdtivecsipiiaiter, 20 the As beam

equivalent prea%saﬁohe%%?a@@&w faftidet énTa‘Péﬁ %ﬂg ?e@é‘sé%ﬁ%%fraﬁ@éﬁﬁ@@l}’emﬁﬁ? heam

equivalent pressure Is about 1.5 x 10-5 Torr. The molecular beam epitaxy can be effected by a solid
source RIBERF 8908 fis Ui RIRSHITaP RS FIRICERIRS 280 RYBPrOITRIAPORIGAVAN IFaltlef less than
about 15. It is efilgyefgrmadhtbathebefiggrowing the epilayer, the V/11I ratio is up to about 50:1. In the
above method, the InAs buffer layer is typically grown for a period of between about 80 and 100
seconds. # March 2006tTeut@iishinglip becoabod&yrireonufifcrnagaisiiidhibedmyravedaigtodate the

dislocations 9%@@%‘%@%@%&%@6%@69 6?%@??&%?“%@9%@%%@@1@@3 abg gﬁkg,strate
but also trap the dislocation revent their tion in to the e row on thell_o[ ffer.
Without wienir 30 BT ARy TS 1515 BERHE LA MRS Fo U e T T e Bment
technology of mm'etrmmmwehﬂmsmhpﬁe\mﬁsthmyrmslek}mmzd OG/EsthmmmhertgmmnsfdoPsare
grown on the syiace fthe GINSBR SHBSHALIHESHAS distRetian \‘}BF(‘fSnll%ﬁl fioas may be less

than 10%. Wlth further %rowth of INAs upon these giant InAs dots, the InAs dots start to dissolve and a
very smotith 1A A% RirfaEe WERIE RIIHEGE Y s A R S VIRARSS thal iR akaiRRREsHH between

the GaAs typecsiusiypiécsabstiite hightiediign indnieni@ndayepikgsiiesbiraskdsddiroughout this
specification, unless the context requires otherwise, the word “comprise' or variations such as

‘comprises' or ‘compfiBagghellt tussrisiicatidnolingsly theeonttxsieawies starswiste henvoitteger or
step, or group @hRISHEENES VEHEEEHS Slich as ‘comprises’ or ‘comprising’, will be understood to imply
the inclusion of a stated element, integer or step, or group of elements, integers or
15  steps, but not the exclusion of any other element, integer or step, or group of elements,
integers or steps.

Any discussion of documents, acts, materials, devices, articles or the like, which
has been included in the present specification, is solely for the purpose of providing a



15 steps, but not the exclusion of any other element, integer or step, or group of elements, integers or
steps. Any discussion of documents, acts, materials, devices, articles or the like, which has been
included in the present specification, is solely for the purpose of providing a 7 March 2006 8 context
for the present invention. It is not to be taken as an admission that any or all of thé&tarpagersform
part of the prior art base or were common general kno%vledge in the field relevant to the present
invention as it exitextifoetoeetbecptitngntiene tfieachtelbintaksias aippticussinn thekezeyiptioh of the

Figures The in#%@@@ﬂéﬂﬂwm%bisd‘#ﬂQhﬁ{eea%ﬁmga@&goﬂMé?@&%%%ﬁ%@@ﬂ&%%ﬁh@d@&ﬁpm&anying

figures in which: Filgures 1 Ato 1 F are six plan-view (5 x 5 micron) AFM micrographs of sample 10
structures A, B'%¢ 8'e¥a0h 1P R BIGSRAVRG MR TS Eptialne: PEImANGPHAEY AL 8b§ S5 e for 20,
30, 40, 50, 60 afiti8@m@icatids, respectively. Figure 2 is a graph illustrating the time dependence of

average lateral size of InAs dots formed from the InAs epilayer. Figure 3 is a schematic illustration of
the indiunPatom dynamic (migration) on a 15 GaAs substrate surface, Figure 4A is a 20 x 20 micron
perspective AEM scan of the sample shown in Figure 1 E. Figure 4B is a 20 x 20 micron plan AFM
scan of the sa%?ggﬂgm?ﬁéﬁﬁgqﬁ Figure 5 depicts the surface morphology of the InAs buffer

ayer, grown on a. 201GaAS (A0ON SHPAUAE! AR EEANNFIRNAS S BD Sho-Blaf Yigw AFM

micrographs of the samples following periods |, II, Il and IV an ow schematic cross-sectional
representationdc6PRRABARGIEYras tAd¥eidheriods. Figures 7A and 7B show reflective high energy

et Afraction (R R PP SRS R 2 S REn R Pl i mode
10  structures A, B, C, D, E and F, each having an InAs epilayer, grown on a GaAs (100)

substrate for 20, 30, 40, 50, 60 and 80 seconds, respectively.

Figure 2 is a graph illustrating the time dependence of average lateral size of
InAs dots formed from the InAs epilayer.

Figure 3 is a schematic illustration of the indium atom dynamic (migration) on a
15  GaAs substrate surface,

Figure 4A is a 20 x 20 micron perspective AFM scan of the sample shown in
Figure 1E.

Figure 4B is a 20 x 20 micron plan AFM scan of the sample shown in Figure 1E.

Figure 5 depicts the surface morphology of the InAs buffer layer, grown on a
20  GaAs (100) substrate for 80 seconds.

Figures 6A to 6D show plan view AFM micrographs of the samples following
periods |, II, Il and IV and show schematic cross-sectional representations of the
samples at these periods.

Figures 7A and 7B show reflective high energy electron diffraction (RHEED)
25  patterns during evolution of the InAs buffer layer, as the growth mode of the layer
transforms from 3D to 2D.

Figure 8 is a Micro-Raman spectra graph of the InAs strain released epilayer.

Figures 9A and 9B are CSTIM images showing mismatch dislocations in the
crystal structure, at different scan ranges.

30 Figures 10A and 10B are Depth-resolved CCM images of the top 50nm of the
InAs epilayer, at different scan ranges.



transforms from 3D to 2D. Figure 8 is a Micro-Raman spectra graph of the InAs strain released
epilayer. Figures 9A and 9B are CSTIM images showing mismatch dislocations in the crystal
structure, at different scan ranges. 30 Figures 1 OA and 1 OB are Depth-resolved CCM images of the
top 50nm of the InAs epilayer, at different scan range% 7 March 2006 9 Figures 1Marethd0PP B are
cross-sectional TEM images of different magnifications, showing trapping of threading dislocations by
the InAs buffer layer &igtirehdwingniedd Biste cxdsmatstisng! ihENeimegeeplidijterepigures 12A and 12B

are HR-XRD grapfiehioAs/ UHowmRtrdpiles G 8 aaind 8idD@REAS My iHow A ithes desrbed with

reference to the foII_owing non- Iim_|t|n§ examg]le. Ex&erlm_ental results Seven samples A, B, C, D, E, F

and G were prepe {55 SIABHPBERTF Y RIS T Sik'E S Ies were grown on semi-insulating GaAs

(100) substrates using; lid,s0 4 r ' m. A 200 nm
thick GaAs buffer Iay%?%vr%% Lgbrévéﬂ %ﬁl%g%i_ﬁ%ﬁggﬁ%%%tﬁ?@/%?é%mﬁﬁr@%% Torr As
beam equivalent pressien(BRidh Wi HoWw SR PP AEBSRBIPIRHRRIBRRIBYS NS IWIWG hendifferent
durations at 15 5002C with 2.0 x 10-5 Torr As beam equivalent pressure at V/III ratio of 10:1, namely

9
for 20, 30, 40, %6'}'@6 eofﬁach}?d)eseconds and the samples were labelled A, B, C, D, E and F respectively.
A seventh sample, Sample G, was prepared using the same growth conditions as for the above
epilayers. An InAs buffer layer was grown on the GaAs buffer layer 20 (which overlays the GaAs (100)
substrate) for gxgefifititallISURAS strain release layer (SRL) was formed having a thickness of less
than 10 nm. Upon this SRL (or InAs buffer layer), 180 nm thick a 2D InAs epilayer was grown at 500
C with V/III ratio of 5@&vanssniieR af B,50x RO A and Grveer @reppaatibasod¢keribampidswyas complete,

the samples were cooled to
10 Firstly, six samples were grown on semi-insulating GaAs (100) substrates using

a solid source RIBER 32P molecular beam epitaxy (MBE) system. A 200 nm thick
GaAs buffer layer was grown on the GaAs (100) substrate at 600 °C with 1.5 x 10 Torr
As beam equivalent pressure (BEP).

On this layer of each sample, an InAs layer was grown for different durations at
15 500°C with 2.0 x 10”° Torr As beam equivalent pressure at V/III ratio of 10:1, namely for
20, 30, 40, 50, 60 and 80 seconds and the samples were labelled A, B, C, D, E and F
respectively.

A seventh sample, Sample G, was prepared using the same growth conditions
as for the above epilayers. An InAs buffer layer was grown on the GaAs buffer layer
20  (which overlays the GaAs (100) substrate) for 80 seconds. This InAs strain release layer
(SRL) was formed having a thickness of less than 10 nm. Upon this SRL (or InAs buffer
layer), 180 nm thick a 2D InAs epilayer was grown at 500 °C with V/IIl ratio of 50:1 at As
BEP of 1.5x 10° Torr.

Once preparation of the samples was complete, the samples were cooled to
25  200°C under As atmosphere before being removed from the MBE chamber.

The surface morphology of the samples was characterised by ex-situ AFM
operating on a contact mode of a silicon nitride tip. Figures 1A to 1F show 5 x 5 um

plan-view AFM micrographs of samples A to F.

Figure 2 illustrates the dependence of lateral size of InAs dots on growth time,
30 the whole growth procedure being shown as divided into four regions.

After initial epitaxial growth of a 2D wetting layer (e.g. after about 20 seconds),
the strain is induced by about 7% lattice mismatch between the substrate and this
epilayer. This strain drives the InAs epilayer to form islands in the Stranski-Krastanov



25 200C under As atmosphere before being removed from the MBE chamber. The surface
morphology of the samples was characterised by ex-situ AFM operating on a contact mode of a
silicon nitride tip. Figures 1 Ato 1 F show 5 x5 m plan-view AFM micrographs of samples A to F.
Figure 2 illustrates the dependence of lateral size of InAs dots on growth time, 30 tMef@haR0§rowth

procedure being shown as divided into four regions. AkEer initial epitaxial growth of a 2D wetting layer
(e.g. after aboliP 70 SEWRAEPIRHE BEAAA I<iAuEda BY RIRSETNNARED sk atdhPssEsIHehe

substrate and Hoisleepdayed dlinsteimgewsas sepdrdsdepilayer to form islands in the
Stranski-Krastanov 7 March 2006 10 (S-K) growth mode in period | (from 0O to 20 s) as shown in

Figure 1 A. These isléngericddl¢iscedRarmtaid sotwisipleteigosigsartedhen gratisrpiréiemas20 s to 50 s)
the islands coalgsih fHERRFANISRPARAIGHRSe H3AVER EhEIBHIET APt RmldiSE [figWrgsishow the

growth of numerous InAs dots 5 being over 400 nm in lateral size. The size of InAs dots is controlled
by the surface RIAMES IR BHRYA' Fi&e substrate. At growth temperature of 500 C, with low As
BEP (2 x 10-7 Torr) low_ /I rati 1), the indium ato igration.length i ced. With
In-As bond energy c??ré .%%J%}@é%ﬁ?@q%%%n&é 6%%%%% gégg@}?fg% Flgﬁgsvw hpna%tgﬂg:or?i]cﬁé om. The

10 indium atorfUSsH JermAd GHe R iempesatwsiehBAD3kd witlsiRniig BEPtRalde TaiblendirRWposition as
illustrated in Figu 3 rdifte inciynnatpaniHass migiationéagaisketemes. |gecadparactiRiie case

of higher V/11I ratjg growth condition. On the other hand, the nucleation area is pro o?t'onal to the
indium atom nlaPR A ISP REHALAS ol S AR SIFRIS R Gt SIS el 1o¥mation of giant
(over 4000hm) inghgrisitomdsan $6rthisingtiersurfeanwdestiehand)easill inigrale tomatide dteie ieklateral
size, height angbajesisity ALUBIAR ENSIS TREAIATIRSH LG SRE R AN 31 Bygsipunstable and

becomes thicker during this procedure. It has been reported that the wetting layer thickness might
increase even '3RFTRRTRATRGIRHIBCREREUMEHYANTRIP ARV AARAHA fA0HRPRYE WA the further
increase in grahdmtioheafioayond Blwop&ioadl sedansjuthatmmiglatids EoglescEneefary] kg is

evident from thﬁ %ﬁt?‘rﬂgﬁaﬁ&?length results in the formation of giant (over 400 nm) InAs islands in
15  this region Il. During such a growth it is also noticed that the lateral size, height and
density of the InAs islands remain almost the same. The wetting layer is unstable and
becomes thicker during this procedure. It has been reported that the wetting layer
thickness might increase even after the nucleation of InAs/GaAs quantum dots.

It has been found that, with the further increase in growth time (beyond about 50
20  seconds), the InAs islands coalescence and this is evident from the existence of a
uniform contrast as shown in Figure 1F. In this growth period Il (from about 50 to 60
seconds), the strain between the InAs epilayer and the GaAs buffer layer becomes
larger with increase in the growth time and the InAs epilayer becomes metastable.

In this period I, uniform giant InAs dots in sample E (see Figure 1E) are formed
25  onthe surface at about 60 s. The lateral size along the [110] orientation and the height
of the dots are about 1.57 micron and 80 nm respectively. This is exemplified in Figure
4 which shows a 20 x 20 micron AFM scan of sample E. The plan-view micrograph
shows that the density of InAs dots is about 5 x 10" cm™ and the distribution of lateral
size and height is well within 10%. It is calculated that the volume of the InAs dots is
30 almost the same as the total amount of InAs deposited. This means that the strain
drives the adjacent dots along the wetting-layer to coalesce and the adatom detached
from wetting layer to form giant dots. Recent theoretical models for InAs/GaAs quantum
dots formation show that the strain leads to an increased number of adatoms detaching
from the wetting layer and attaching to the InAs/GaAs quantum dots to cause a total

35 increase in dot volume.



uniform contrast as shown in Figure 1 F. In this growth period Il (from about 50 to 60 seconds), the
strain between the InAs epilayer and the GaAs buffer layer becomes larger with increase in the
growth time and the InAs epilayer becomes metastable. In this period Ill, uniform giant InAs dots in
sample E (see Figure 1 E) are formed 25 on the surface at about 60 s. The lateral Maechldd@pthe [110]

orientation and the height of the dots are about 1.57 nditron and 80 nm respectively. This is
exemplified in Figure MIOMRERSSNGFRSE 2IMPSRIhREiDR AR Mediag I8y asRplesced parginaiyD

micrograph shemsdbgtttheressitiieéttamsdaiedh aouiAs éda%@rrar% aﬁeldae@h@tﬁeutayerof lateral
size and height.is WeII within 00/ tl%e?lculéﬁedt at th voltt % InAs dfts |§ e}lmost the
ite e stram -di (T a

same as the to af:amgun% o In,&s depos 0. Tms means ﬁ\?etg gencdots along

the wetting-lay@arote ftesebsiaiofeArlistandsitaaneed eamnbtting I@Wﬂt@'?@rﬁﬁy@tmrd@fts Recent
theoretical mogrisd o ABASIS BARA WaHMoslots formation show that the strain leads to an increased
number of adatoms detaching from the wetting layer and attaching to the InAs/GaAs quantum dots to
cause a total 35 incrdaskdamegyidrvdlyatzr B0/kgeov2bOBGd giaim thapdetsedisappearimszsh ol 6f dhd 2D

weting ayer cRISSRERSRIRIM AT 30dnas A9 101EIRER AR ENREI DS s plver and

the GaAs buffer ayer. Such a process leads to the ormation o e InA dots four

times larger tHARQTB P&tré@ﬁPéTE@rBWQHA@‘@féfﬂﬂ’éifdﬂﬁé@ﬁWéﬁlﬁﬁ fotptie qﬁ?é‘?ﬁ?%fgé%\ﬂﬁ%ﬂyof 5

these InAs dotgrig welbmathlbema/enlmsfmewptawr aft@rtrt’é)csagr@wheth@/lra@tém%sétptsrﬁieappear in
sample F Smd the i\urf ce beFome flat .as evi I .H] 7 T

|cr se u F). Longer
In atom surface mlgraf on rl1err(1e Jhleads rtc')saC(':’fjea"’lcent INAS d8 %S )%:o 2[% %pé]o %nz&a&ff/{ %a%fd the strain
between the Inﬂsoémfawladﬁdﬁﬁ@ Crishibefeg Eipdy Brailedudtg WmMe aiPwin&Esea i Gelease layer

is created. Th'%r@@l‘ﬁfé f@f@@@nﬁ'%@%@&@&t?%rd&h&i\z hamishRamaERappiRRAERg firstly
spotty during t ﬁ?d then these spots gradually diminish,

e InAs growth } %?ﬁz?g growth temperature
and finally the '?-@I—f%rﬁ 5%{38? peg ©EH R0 LBV EDitaxial growth. From Figures 1 F and
5, it can be seen thatﬁ%f%&%%%?i@%@e seen that the root mean square (RMS)

15 roughness of the InAs surface is only 0.369 nm, which can be compared with that of
epi-ready wafers. It also means that the InAs surface turned out to be completely flat
and is enough for further regrowth of a high indium composition layer. Figures 6A to 6D
are AFM micrographs which schematically illustrate the growth and subsequent
coalescing of giant InAs dots during the periods I-IV.

20 Figure 6A shows a sample structure after period | (i.e. 20 seconds). As can be
seen, giant (over 450 nm) self-organised dots form due to long In atom surface
migration length. Bright spots a and b represent two giant InAs dots forming on the

surface.

Figure 6B shows a sample structure after period Il (i.e. about 50 seconds). Dark
25  spots a and d represent adatoms detaching from previous positions. Such adatoms
coalesce to form InAs dusters (see bright spots b and c). Meanwhile, the wetting layer
becomes thicker and the strain between the InAs epilayer and the GaAs buffer layer

increases.

Figure 6C shows a sample structure after period Ill (i.e. about 60 seconds).
30  Giant (over 1 nm) InAs dots have formed on the buffer layer.

Figure 6D shows a sample structure after period IV (i.e. about 80 seconds). As
can be seen, the giant dots have dissipated having a relatively flat epilayer and the
strain between the epilayer and the buffer layer appears to have been released.



15 roughness of the InAs surface is only 0.369 nm, which can be compared with that of epi-ready
wafers. It also means that the InAs surface turned out to be completely flat and is enough for further
regrowth of a high indium composition layer. Figures 6A to 6D are AFM micrographs which
schematically illustrate the growth and subsequent coalescing of giant InAs dots diMrightZ@Yeriods
I-IV. 20 Figure 6A shows a sample structure after peribd | (i.e. 20 seconc%. As can be seen, giant
(over 450 nm) self-orGHAREH8HEsPRLRIEWNIR Frvatan QurrsiE RhGF eatleRyBXhBHE R spots a

and b represeghimMgDiih KR PRI SteHRNmON (Hie BYURCERFigidr thBRIsbwvm @ gamplensducture after
period Il (i.e. about 50 sqcon%ﬁ.tg)?g 25 spots a and d represent adatoms detaching from previous
esce

positions. Sucﬁoa?dg{gn 5'C0a o form InAs dusters (see bright spots b and c). Meanwhile, the

wetting layer becomeag {higkesRAhHR SENRASINREILHE ROHEPHAYEIANS HiRdradss buffer layer

increases. Figure 6C shows a sample structure after period Il (i.e. about 60 seconds). 30 Giant (over
1 nm) InAs dotg haveTio ereshonodedmdearidayeitidng yen &tsh oW cample st chesdterepagod 1V

(i.e. about 80 second an be seen, the giant have dissipated having a relatively flat epilayer
and the strain betweigr;atI }ét&%a%e?%ng ?ﬁ%%%%&sl%%egr appears to have been released. 7 March

2006 12 Duringjthe ndgspREciRMhRPSHYMIONCAT iRaHtuSHAERBNAtS tREXpialey hanes from
spotty to streaky Imeségz)gﬁl@gure 7B) and this shows the growth mode converting from 3D to 2D. As

mentioned above, ant "buffer should possess two functions: 5 (1) To accommodate the

dislooations generated By, MR and sipase s, SR epGE SRRy ARLSHBRYRe

To trap the dislocation an their propagation in to the €pilayer grown on this butfer.

Accordindfy, tapretediiegndn seReYSRPIRYE bR AblIgH RFRMIBIAHeRIgKaKMASITY¥EVERPYE high In
content epilayefieim ALty fobBY MM diid\sfeiaxe Y BESOWX aD6VELIT (sample G). During the

growth, observation of in-situ RHEED streaky pattern confirmed the 2D growth mode.
The top InAs surface is substantially flat, as revealed by the AFM result, having a RMS
roughness of 0.456 nm.

15 Figure 8 shows the micro-Raman spectra of sample G. The sample has been
characterised by the spatially resolved Raman scattering using 514.5 nm line of an
argon ion laser. The scattered light was dispersed through the JY-T64000 triple
monochromator system attached to a liquid nitrogen cooled CCD detector. The
accuracy during the Raman measurements was 0.2 cm™ with a lateral spatial resolution

20 of 1.2 um. The scattered light was detected in several back scattering geometries,

which correspond to either z(xy)z or the z(xx)z configurations. Raman spectra show

InAs TO and LO phonons from the top strain free layer near 216.2 cm™ and 235.2 cm’™
respectively. These values are very close to the values obtained from a LEC grown
bulk InAs wafer (250 micron): LO: 215.6 cm™ and 234.2 cm™. In the Raman spectra

25  from this epilayer, we have observed a linewidth of 10.6 and 12.0 cm™ for the TO and
LO phonons, respectively. Such a narrow Raman linewidth of the epilayer suggests
good crystalline quality. In addition, the spectra show consistency with the Raman
selection rules and represent the (100) orientation. From these observations, it is
apparent that the strain between the InAs epilayer and GaAs substrate has been

30 released by InAs SRL buffer.

Beside the function of releasing the strain between the top InAs epilayer and
GaAs substrate, InAs SRL buffer should also trap these mismatch dislocations and
prevent their propagation into the epilayer grown on top of the buffer layer.



the InAs SRL under V/III ratio of 50:1 at As BEP 1.0 x 10-5 Torr (sample G). During the growth,
observation of in-situ RHEED streaky pattern confirmed the 2D growth mode. The top InAs surface is
substantially flat, as revealed by the AFM result, having a RMS roughness of 0.456 nm. 15 Figure 8
shows the micro-Raman spectra of sample G. The sargsle has been characterisedMaiehe2epftially
resolved Raman scattering using 514.5 nm line of an on ion laser. The scattered light was
dispersed through thd GWG‘&U@(Dthﬁ)mism@i@bcﬂiMIoﬂ%ystewﬁatdeaﬂ@ﬁéfuﬁdnﬂ&éiiﬂn cooled

CCD detector clKigr ARe gk i 6 BaMARSARIEREIMANES ATk vdtog serph spatil

resolution 20 of 1.2 m. The scattered light was detected. in several back scatterm)g geometrles which

correspond to BHEPIHE NG PR DI0S RS RRIPAIBRLT R QRTIRS Rt VI RENP ReRE 789 &Pt
phonons from #iectopastitzeru fekttayepnesiafdts 2roquditgrat 235 .2 aystillirespatimehnditoese values

are very close e VRS OBIARAIGI A OB LA WAISHAZTR RO k- 2156 o1

and 234.2 cm-1. In the Raman spectra 25 from this epilayer, we have observed a linewidth of 10.6 and

12.0 cm-1 for W%Véﬁdcrﬂ@aﬁ%ﬁﬁﬂ?y@%ﬁmg‘/e@m NP RRRREURSI NIRRT BB8he epilayer
suggests goodumrryﬁtalymawmligymkﬁsadfdlﬁ@@u&eapestra@mmaan@stewmmﬁ@aaman selection

rules and repre ﬁ%”t t?}eﬁlgps) g)%%ngaggn rom% \(I)Vgseé tlogaolg1 n§ gﬁa} aéﬁ%th&%fg&ggam

between the InAs epilay AAS subsﬁ’a{e een eleased by eside the

function of relédBiitpeashihIetvcrnatianss: Iﬂ')ll@ @Qﬂta;ié@l&ﬁd p@@@%@ﬂﬁ@&%@,ﬂ?ﬂ@@ﬂm%uffer

should algg trapribasg miﬁm%ééa@m%m%m&v&mtmr@t@pﬁgmb@dﬂmg&mai@w grown on
top of the buffer layer. 7 March 2006 13 T rm@ﬁgt e mismatch dlslo ons ﬁ]n als% e trapped
es

by the InAs SPTHIe T MELL H@H{Sﬁt & At ﬁgo w2RMILTLEESNR (cem)
and channell|nlg@eanﬂaygrtrmwsmﬂmmw@@@msmmavgdo@ed Eiguied! 6Btshawsacan be

used to mep vagaomiRueliv aptResThenssiRling ShBlple b s ImAGes pbipduddual

crystal dislocations. Top 50 nm InAs epilayer cry quality was characterised by depth resolved

CCM. The san{pl¥ SRR FiHRIARHY © the epilayer.

15 From the CSTIM images of Figures 9A and 9B, it can be seen that there is a
layer, which is highly defective, as manifested by regions of alternate bright and dark
contrast, indicating marked variations in adjacent crystal quality. From the CCM images
shown in Figures 10A and 10B the distributions in signal, measured from a depth of up
to 50 nm at the epilayer surface, show no change in contrast similar to that in the

20 CSTIM results. Therefore, it is deduced that the contrast in the CSTIM images is
located at a depth greater than 50 nm.

Cross-section transmission electron microscopy (TEM) images shown in Figures
11A and 11B confirm the efficient confinement of mismatch dislocations inside the InAs
SRL buffer. The images show that the threading dislocations are trapped by InAs SRL
25 and there is less dislocation density in the InAs epilayer. InAs SRL effectively
accommodates the threading dislocations and prevents them from extending into the
top InAs epilayer. The images confirm that the top InAs epilayer crystal quality is good.
This is further confirmed from the narrow HR-XRD InAs peaks shown in Figure 12. On

the other hand, the lattice constants calculated from (004) and from (022) and (05 2)

30 orientation fit well with the theoretical value 0.606 nm adopted from loffe Institute
Semiconductor materials properties sheet, which also imply that the strain has been
fully released by the InAs SRL buffer.

It is concluded that the InAs SRL buffer described above is superior for the
growth of strain-free epilayers for electronic and optical structures.



micron by removing most of the substrate for CSTIM analysis. CSTIM images are shown in Figurs 9A
and 9B. Figure 9A shows a 500 x 500 nm scan range and Figure 9B shows a 50 x 50 nm scan range.
The light coloured patterns indicate dechannelling 10 ions and represent areas with mismatch
dislocations in crystal. Depth-resolved CCM images are shown in Figures 10A andMa@Bh £AeGe
images are of the top 50 nm of the InAs epilayer. Figlife 10A shows a 200 x 200 nm scan range, and
Figure 10B shows a '1@@')@3@@“@?@&%91%%@0%@%@%5‘9@@ﬁﬁb\ﬁﬁé%ﬂ?ﬁﬂ%ﬁﬁ@&ﬁﬁaﬂ which
indicates verysganst aiysiaiiioattha e madayethdinveombings @eddnbsmagesroiigures 9A and 9B, it
can be seen thoaé[ tgr?re is a layer i\f\llpcl)(r:h is h'%@%g?ﬂ;%m{e a§r@an|fest?gnq¥ r@g@g of alternate

bright and dark on{Pzgstr,olrr? |cats|Rg marnked variationsin a jacen (E%‘?’Setrél quaﬂ fom the CCM

images showrheréfiyeresbeomrgidetabindl crspfnigiond iskrjival antbagiuesirietya.a depth of up to 50
nm at the epilayer surface, show no change in contrast similar to that in the 20 CSTIM results.
Therefore, it is deduced that the contrast in the CSTIM images is located at a depth greater than 50
nm. Cross-section transmission electron microscopy (TEM) images shown in Figures 11 Aand 11 B
confirm the efficient confinement of mismatch dislocations inside the InAs SRL buffer. The images
show that the threading dislocations are trapped by InAs SRL 25 and there is less dislocation density
in the InAs epilayer. INAs SRL effectively accommodates the threading dislocations and prevents them
from extending into the top InAs epilayer. The images confirm that the top InAs epilayer crystal quality
is good. This is further confirmed from the narrow HR-XRD InAs peaks shown in Figure 12. On the
other hand, the lattice constants calculated from (004) and from (022) and (022) 30 orientation fit well
with the theoretical value 0.606 nm adopted from loffe Institute Semiconductor materials properties
sheet, which also imply that the strain has been fully released by the InAs SRL buffer. It is concluded
that the InAs SRL buffer described above is superior for the growth of strain-free epilayers for
electronic and optical structures. 7 March 2006 14 It will be appreciated by persons skilled in the art
that numerous variations



and/or modifications may be made to the invention as described herein without departing from the
spirit or scope of the invention. The present embodiments are therefore to be considered in all
respects as illustrative and not restrictive. 15 5 Claims 7 March 2006 1. A semiconductor structure
having high electron mobility, for use in high electron mobility transistors (HEMT'$) afiglddfect
transistors (FET's), said structure comprising: a GaAd 8ubstrate which includes a GaAs buffer layer
formed thereo@laimenpilayer of a high indium content material; and an InAs buffer layer located
intermediate the substrate and the epilayer; wherein the GaAs substrate has a first lattice constant, the
epilayer has a secon $aMEOHIAHIYRIEFR hENH b RIeETR CeobBinstiditush i thieh sestenbuffer

layer is adapted to reipaisetpiratiseasisgH BV TS Biel efreaidrdiféariont (Rtits canstanistumerein the
surface of the InAs buffer Ir@zﬁr,has a root mean square roughness of less than 1 nm; and wherein the

semiconductor structire’ f%rp'ro%luced by a method comprising 15 the steps of: (a) growing a GaAs

buffer layay on a GaAs subskales (RbeHAMNMRN MNTIRYEESNEE Afeig G0 RAMREIgYRT, Wherein

the InAs buffer layer is deposited at a low V/IlI ratio of less than 15; and’(c) growing an epilayer of a

high indium content materigh epithgtoha higffienddiMayertenthesesndhetyffer layers and the epilayer are
grown by molecular beam epitaxy (MBE). 2. A semiconductor structure according to claim 1, wherein

the GaAs buffer layer hasanthikiededbpetieseied daimesiale3he auvsRBig andtheieoiiayeactor

structure according to claim 2, wherein the GaAs buffer has a .
wherein the GaAs substrate has a first lattice constant, the epilayer has a

second lattice constant different from the first lattice constant, and the InAs
10 buffer layer is adapted to release strain caused by mismatch of said different
lattice constants;

wherein the surface of the InAs buffer layer has a root mean square roughness
of less than 1 nm;

and wherein the semiconductor structure is produced by a method comprising
15 the steps of:

(@) growing a GaAs buffer layer on a GaAs substrate;

(b) growing an InAs buffer layer on the GaAs buffer layer, wherein the InAs
buffer layer is deposited at a low V/III ratio of less than 15; and

(c) growing an epilayer of a high indium content material on the InAs buffer
20 layer;

wherein the buffer layers and the epilayer are grown by molecular beam epitaxy
(MBE).
2. A semiconductor structure according to claim 1, wherein the GaAs buffer layer

has a thickness of between 100 nm and 300 nm.

25 3. A semiconductor structure according to claim 2, wherein the GaAs buffer has a
thickness of 200 nm.

4, A semiconductor structure according to any one of the claims 1 to 3, wherein the
high indium content epilayer is chosen from the group comprising InAs, InGaAs
and InAlAs.

30 5. A semiconductor structure according to any one of the claims 1 to 4, wherein the
epilayer has an indium content of more than 90%.



thickness of 200 nm. 4. A semiconductor structure according to any one of the claims 1 to 3, wherein
the high indium content epilayer is chosen from the group comprising InAs, InGaAs and InAlAs. 30 5.
A semiconductor structure according to any one of the claims 1 to 4, wherein the epilayer has an
indium content of more than 90%. 7 March 2006 16 6. A semiconductor structure/dasrdidePfo any
one of the claims 1 to 4, wherein the epilayer has an ihBlium content of less than 90% and said
structure furth® inclAuRTHFPRAHRAIBNHS YRiHE: JagRidedRaWRReN IR RIRS Blfds yRelhinene
epilayer. 5 7. A semicpidystonstanaharaceprdinditeetainn s goneirinsde wtticeredortant of the

additional buffer layer is substantially the sagpe as the lattice constant of the epilayer. 8. A
semiconductor struct't?r%uz;ggoaraiﬁgéfﬁoagllr%u%\r/v% %%%#gag%ﬁcvéeggr?éﬁaﬁgso?Jfﬁleer){géﬁft%nndam?uffer
layer and the epilayefPpil#ehy 1 % or less. 10 9. A semiconductor structure according to claim 8,

wherein the epilayer is formed of InAlAs and the additional buffer layer is formed of InAIAs or InGaAs.

10. A sermiconfuctor SFGEIRYIHEFEHY T A BIRNA L SRS epNatRlP iDsdAties COPRRSLAL and the

additional buffer layeths foiiiedafouftea iy @risrsiildssadiiallp therniroadisdter Istticetaoastanbodlihg to any

one of the claims 1 tg E,ﬁ)ag)gperein 15 the thickness of the InAs buffer layer is less than 100 nm. 12. A
e ac

_ e S ; ) . :
semiconductor structu cording to claim 11, wherein the thickness of the InAs buffer layer is less

Lh?:;][‘ 2? nm-_lflé.A Sﬁm%%ﬁ%ﬁf%&u&%%}ﬁ@&@ﬁ%&&@mlﬂ,ngiﬂﬁé%fq&@@??dhﬁé@_ |r;f]\3
uffer layer is less thgn 10 nm. semiconductor, structyre accqrding to claim 13, wherein the
thi(;kness of the InA&%%‘?'Eygf Péj Hﬁﬁ%‘f"ﬁ&?ﬂ?@%ﬁégﬁe&%cﬁ&g rzfgé%rding to any one of
claims 1 1 14 gwhereingtiei SHace e RS BUIR A RS2 RRHAREAR SBHAS: Fowghngss of less

than
of InAlAs and the additional buffer layer is formed of InAlAs or InGaAs.

10. A semiconductor structure according to claim 8, wherein the epilayer is formed
of InGaAs and the additional buffer layer is formed of InGaAs or InAlAs.

11. A semiconductor structure according to any one of the claims 1 to 10, wherein
15 the thickness of the InAs buffer layer is less than 100 nm.

12. A semiconductor structure according to claim 11, wherein the thickness of the
InAs buffer layer is less than 20 nm.

13. A semiconductor structure according to claim 12, wherein the thickness of the
InAs buffer layer is less than 10 nm.

20 14. A semiconductor structure according to claim 13, wherein the thickness of the
InAs buffer layer is 7 nm.

15. A semiconductor structure according to any one of claims 1 to 14, wherein the
surface of the InAs buffer layer has a root mean square roughness of less than
0.500 nm.

25 16. A semiconductor structure according to claim 15, wherein the surface of the InAs
buffer layer has a root mean square roughness of less than 0.400 nm.

17. A semiconductor structure according to any one of claims 1 to 16, wherein the
GaAs substrate is formed of GaAs (100).

18. A method of producing the semiconductor structure of any one of claims 1 to 17,
30 said method comprising the steps of:

(@) growing a GaAs buffer layer on a GaAs substrate;



0.500 nm. 25 16. A semiconductor structure according to claim 15, wherein the surface of the InAs
buffer layer has a root mean square roughness of less than 0.400 nm. 17. A semiconductor structure
according to any one of claims 1 to 16, wherein the GaAs substrate is formed of GaAs (100). 18. A
method of producing the semiconductor structure of a;,rg one of claims 1 to 17, 30" $é4aich8b8sd

comprising the steps of: (a) growing a GaAs buffer layer on a GaAs substrate; 7 March 2006 17 (b)
growing an InAs bufféPlayeS6RHRE BHIRSDRHER BN hbRtAede HRY YRer1ApEIstaR HoRfted at a

low V/lII ratio of less than 154 5@ i Wi e e atlayewal/al higl srdssntaantentanaterial on the InAs
buffer layer; 5 wherein the buffer layers and the epilayer are grown by molecular beam epitaxy

(MBE). 19. A method(ekccordirmviogctireplisyevieé ceimgihéntliie torffentayaiedalcd thive pitks buf@re grown
at a temperature of between23p2C and 5502C. 20. A method according to claim 19, wherein the InAs
buffer layer and the epilayer 10 are grown at an As beam equivalent pressure of between 1.0 x 10-5

and 2.0 x 40- 5 Torr. wheimeldodirecaydiomina dyapiayer tre glainmsbldriolesulaviveindpieasaAs
buffer layer is grown(g%fsaEfmperature of 6002C and at an As beam equivalent pressure of 1.5 x 10-5
Torr. 15 22. A method according to claim 18, wherein the molecular beam epitaxy is effected by a

solid source RIBERTM 3Ry REHHE® danfyBSRerACERIAY IR eiRim dBaMherekpiagesepilayer is
deposited by molecular beam epltaxl)é at a V/Ill ratio up to 50:1. 24. A method according to any one of

the claims 18 to 23, R FERhENRAK Hr8 PIRRY e ANt G Betaén 70 and 100 seconds.

20. A method according to claim 19, wherein the InAs buffer layer and the epilayer
10 are grown at an As beam equivalent pressure of between 1.0 x 10° and 2.0 x 10’
> Torr.

21. A method according to any one of the claims 18 to 20, wherein the GaAs buffer
layer is grown at a temperature of 600°C and at an As beam equivalent pressure
of 1.5 x 10° Torr.

15 22 A method according to claim 18, wherein the molecular beam epitaxy is effected
by a solid source RIBER™ 32 P MBE system.

23. A method according to claim 18, wherein the epilayer is deposited by molecular
beam epitaxy at a V/III ratio up to 50:1.

24. A method according to any one of the claims 18 to 23, wherein the InAs buffer
20 layer is grown for between 70 and 100 seconds.



