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to bipolar transistors of th I npl ement excl usi on and

extracti g @foxsnority carri m’mmmmmmﬂ @ml base. 5 Narrow ba@d/(g@@/ozzm

sem conductors such as indi um anti noni I nSb) are characterised by high
el ectron nmobility, high electron "EAPur at | on veI ocity and |l ow el ectron
effective nmass. These properties are of great interest for high speed
devi ce applications, for exanple highl speed transistors. Bipolar

t ransi stor§|ﬁcﬁ_b(R¢RtA¢¢g|§Tgpgl narrow band gap 10 sem conductors nay be
operated at high frequencies, and consune | ess power than conventi onal

. transistors because they may be operated with | ow coll ector and base
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a high intrinsic 15 carrier concentration (i.e. electron e pairs
* provi ded b§xUaskemell mierBlyiealiesniTa® thepawesed to single carrier type produced
"by ionigsing a donor or acceptor). Consequently a bipolar transistor
fabricated from such sem conductors suffers from high | eakage current and
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may be counteracted by usé of excluding and extracting confacts at the
transi st ormashadbesegiopartieasareios erass inferept f%@'%ﬁ@ﬂd d@yieeapplica®ps8fon. Thi s

patent di sglpgsks high dpeel t@n@@la% pr%ﬂﬁ 'tl%hgi%to‘fé aneateg%ﬁ'bﬁﬁr&ivp Baﬁdqﬁép' S

intrinsic at room'tenperature, due that the round
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fromthe transistor's ase at e J'unctions emtter and coll ector
regi ons. Mal@ges.y carriers are excluded fromentry into the base fromthe
transistor's base contact by a wi de band gap |1n0.85Al 0. 15Sb regi on between

t he base contact and the base. The carrier”
However, at room temperature, a narrow band-gap semiconductor has a high intrinsic

15  carrier concentration (i.e. electron-hole pairs provided by thermal excitation as
opposed to single carrier type produced 'by ionising a donor or acceptor).
Consequently a bipolar transistor fabricated from such semiconductors suffers from
high leakage current and high output conductance. This results in low dynamic range

- and limited voltage gain.

20
Low dynamic range in a narrow band gap bipolar transistor may be counteracted by
use of excluding and extracting contacts at the transistor's base region, as disclosed in
US Patent Number 5 382 814. This patent discloses an InSb bipolar transistor with a
base region that is intrinsic at room temperature, due to the fact that the background

25 doping level (number of ionised dopant atoms) is lower than the intrinsic carrier
concentration. Under operation, minority carriers are extracted from the transistor's
base at the junctions with the emitter énd collector regions. Minority carriers are
excluded from entry into the base from the transistor's base contact by a wide band
gap InggsAlo15Sb region between the basé_ contact and the base. The carrier.

30 concentration in the base is therefore reduced well below the intrinsic carrier
concentration, reducing leakage current and increasing dynamic range somewhat.
However, the dynamic range and high frequency performance of this bipolar transistor
are still relatively poor, and the devices are found not to work properly at temperatures
approaching ambient temperature, which is necessary for any practical device. The

35 bipolar transistor disclosed in the above patent has a further disadvantage in that it -
-
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30 concentration in the base is therefore reduced well below the intrinsic
carrier concentration, reducing |eakage current and increasing dynamc
range sorRpylpbszz7 However, the dynami c range and hi gh freqpenayBi®sisqar mance
of this bipolar transistor are still relatively poor, and the devices are
found not to work properly at tenperatures approaching anbient
tenperature, which is necessary for any practical device. The 35 bipolar
transi stor disclosed in the above patent2 has a further disadvantage in that
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. gain. It i sresnltoibjpeot pofertdain.i nvention to provide an alternative form of
*bipolar transistor. 5 The present invention provides a bipolar transistor

having emtter and collector regions arranged to extract mnority carriers
from t he balé aredbject of thesbvantibnitepfovide aoualtearaticd famy of difolay trahsigtonori ty
carri ers into the base region via the base contact, the base region and
the col I'ector region having a band gap | ess than 0.5 eV and wherein the
base regi onThd presémtsneention proyides\eebipgartedrasistorraningEmittemand. colibetor regiens i on
provi des th dv s.that.a transistqr of the invention_has reater
dynami c rangr ?a"‘-?&agé?g‘fa%&“’\‘ﬁm garélegrf&orggw\ﬁepasgépwpg,a%aWc&tErﬁ f?)rrC@H[a}lr??%c "B9d a
| ower  baseertocefssinority catriarciatd thabape regioravia thestiasevohtaet) ¢apbdsepedion and
transistors, 15 Transistaqrs. of the invention preferably have gn emtter
Fegt on-w ¢ n8 PUFUEBERAAYE @ b, ook B 4peh s 68T bl et Tedittr e
t hat t rHnsi basoa dopifig lehiel greatenthiaari Opreaw?.de useful current gain when the
doping level of the base is large conpared with that of the emtter. 20
The structure for counteracting entry of mnority carriers into the base
via the basehe bwattoatprovyesthecandvaniages thag alteinslsas tof ted inventioniHal sagreater i er
to prevent 837%2\%(? Faxsng%,n El%raker}gAC voltage and power gain-bandwidth products and a lower

base access resistance than prior art narrow-bandgap bipolar transistors.

15
Transistors of the invention preferably have an emitter region with a larger band gap
than that of the base region. This ensures that transistors of the invention provide
useful current gain when the doping level of the base is large compared with that of
the emitter.

20

The structure for counteracting entry of minority carriers into the base via the base
contact may be an excluding heterostructure, with a barrier to prevent carriers entering
the base. Altematively it may be an implanted region within the base region, providing
a "high-low" doping junction which also inhibits minority carrier entry into the base.
25  This alternative provides for simpler fabrication and allows the use of the wide gap
emitter as a passivation layer between the base and emitter regions, if desired. The
inclusion of a passivation layer improves performance by reducing recombination in
the base. This is known to cause increased leakage and reduced current gain in prior
art bipolar transistors, so the reduction of this is beneficial.
30 ,
In order that the invention may be more fully understood, embodiments thereof. will
now be described,'by way of exémple only, with reference to the accompanying

drawings in which:

35  Figure 1 shows a vertical cross-section through a transistor of the invention;



the base. Alternatively it may be an inplanted region within the base
region, providing a "high-low' doping junction which also inhibits

m norityw@bhi/bgssentry into the base. 25 This alternative pefmaysdd®saghior
sinpler fabrication and allows the use of the wide gap emtter as a
passi vation | ayer between the base and emtter regions, if desired. The
i nclusion of a passivation |ayer inproves performance by reducing
reconbi nation in the base. This is knodn to cause increased | eakage and

reduced CuFigaR 2 Ba Pah Vil dfdke F@uFe PirBdigtbr; L ransi stors, so the reduction of
this is beneficial. 30 In order that the invention may be nore fully

. understood, enbodinents thereof -will now be described, by way of exanple
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shows a vertical cross-section thr ough a transistor nvent1on
* 01/93337 PCT/ GB01/02281 3 Figure 2 is a plan view of .the Figure 1

transi g or Fightedd §fowd é?B@H@/leﬂv Mﬁthé'Ff?%h §&&hsiOBrt hrough a prior art narrow
bandgap bi pol ar transistor; re 4 shows 'a plan view of the Figure 3

transistor; Figures 5, 6 and 7 show the current, voltage and power gain of

the Figur eFléur%@QS i3 'aﬂHWesﬁovti rtﬁé‘%hﬁél‘i’(r Yol ro:ﬁ}ﬁf\{bpp?ﬂf otb é{@%t £9kg and

10 Figures show vertical section er na ransi stors
of the |nv@ﬁt"’%t"ansﬁ‘@@s’iscﬁfUﬂP%tﬁf@las%M@itﬁgﬁgaWth| n Fi gures 1 to 9 indicate
regions of semconductor nmaterial wth a higher band gap than is the case
for unshaded regions. 15 Referring to Figure 1, .there is shown a device of
t he i niPent FigHres® anded shawyestical sagtrqné\througinaltegaaiwtmmtors otthe iireotion.

i ndi cated generally by 10. The bipolar transistor 10 incorporates

successi vely disposed |ayers, the first |layer 14 being a subcollector |ayer
14 whi ch iA'eps Eelingenal shading waib Pigureni tio iSnivdigatearegionsnofdsenticorBinstoor  GaAs

Subst rat & mdriafai AURBCOIa AP (O ch: RPARAGRE o0 T T cont act

and forns junctions respective | ayers ad nt to it. Details
of the layers are as follows: sub-collector layer 14: 1 mthick |layer of n+

I nSb"wist " RedRRigY FIRIS ! theR isZhbwh SldviiE of $he invention in the form of a narrow
band gap bipolar transistor indicated generally by 10. The bipolar transistor 10
incorporates successively disposed layers, the first layer 14 being a subcollector layer
14 which is in contact with a 500 pm thick indium antimonide (InSb) or GaAs substrate
12. Each subsequent layer 16 to 22 and 26 to 30 is in contact and forms junctions

20  with two respective layers adjacent to it. Details of the layers are as follows:

sub-collector layer 14: 1 pm thick layer of n* InSb with a doping density of 2 x 10'® cm
3

collector layer 16: 0.5 um thick layer of n” InSb with a doping density of 2 x 10'® cm?,
25  base layer 18: a 0.12 um thick layer of p* InSb with a doping density of 2 x 10'® cm™,
emitter layer 26: a 30 nm thick layer of n” Ing gsAly 0sSb with a doping density of 4 x 10"
cm’?,
emitter cap layer 28: a 30 nm thick layer of n* Ing.gsAly0sSb with a doping density of 2 x
10" cm,
30  emitter contact layer 30: a 0.1 um thick layer of n* InSb with a doping density of 2 x
10"® em®,
excluding base layer 20: a 20 nm thick layer of p* Ing gsAlo.15Sb with a doping density of
5x 10" em?,
base cap layer 22: a 0.1 pm thick layer of p* InSb with a doping density of 5 x 10" cm
35 °
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collector layer 16: 0.5 mthick layer of n" InSb with a doping density of 2
x 1015 cnB, 25 base layer 18: a 0.12 mthick layer of p+ InSb with a

dopi ng devisbidssef 2 x 1018 cnB, emtter layer 26: a 30 npcrikigvobmyer of n
| no. s5Al 0. 05Sb with a doping density of 4 x 1017 cm 3, emtter cap |ayer
28: a 30 nmthick layer of n+ Ino.95AI0.05Sb with a doping density of 2 x
1018 cnB, 30 emtter contact layer 30: a 0.1 4mthick layer of n+ InSb with
a doping density of 2 x 1018 cm 3, exd@ udi ng base layer 20: a 20 nmthick
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cap | ayer thic er p+ InSh wth a do g density of 5 Xx
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i ncor por at ggknet al base, emtter and collector contacts 24, 32, 34 each
consisting of a chromum/layer 10 nmthick and a gold |layer 200 nm thi ck.

5 I n conbination, the layers 26, 28 and 30 and the emtter contact 32

const i tait elnagomisifatidne theesars386, Toana+3d aﬁd A ebhittérSontact )32 @mtituPant he p+
I nSb | ayer 2 and tgg tal, base gont act %(iéfI‘QJBAf constitute an excl uding

base cont a%'f‘ SEMESH Reringpeles8ls () lawer i gtHaxss 22@nd deg metal and

t he netal sasetécmac@wyteaszh caﬂstﬂ@t@fanf@&@dmfvuﬁ%ohta@f 25.1THe %Prﬁ'tta?\rrﬁes%prd
apart by | ter | 1) fbby di stances of 0 Ref errlngéto Fi gure there is

shown a pl %R ea(p goasR copiapltnRNg the magtakespittgipcontar; zﬁaP'ﬂu@aVQ %é"dﬂépé?f al
posi tions @Emté]ﬁi é@%?bcé@é@art Wﬂaﬁérélyt@%tﬁﬁﬂés?ﬁﬁ%scom acts 24, 32, 34. The

transistor 10 has a length I of 10 gm’ 15 The tr Istor 10 is fabricated
by stalfiard methods famliar to those skilled in the art of sem conductor

device f abRéﬁ%HngB Fldtﬁ‘¥ er ?neilévs slﬁ@wn %ﬁga@@ew%? }réég.pafaﬁ rggs %‘\Bﬁdbmotlda%é ! axy

grown over t he surface of strate eam e
(MBE).  Lafferaterat posiionmef the "éﬁté' lmsch@ameoand p@lletotm q@a@@tsl 2y 8e, I8 ﬂ'be

produce paginsiortfifhas a length | of 10 um.

15  The transistor 10 is fabricated by standard methods familiar to those skilled in the art
of semiconductor device fabrication. Layers 14, 16, 18, 26,.28, 30 and 32 are initially
grown over the full surface of the substrate 12 by molecular beam epitaxy (MBE).
Layers 26, 28 and 30 are etched down to the base layer 18 to produce part of the
emitter mesa 36. The layer 18 is etched down to the sub-collector layer 14 sé that the

20 Dbase layer 18 and collector layer 16 are upstanding from the sub-collector layer 14.
The excluding base layer 20 and the base cap layer 22 are then regrown by MBE.
The metal_ base, emitter and collector contacts 24, 32 and 34 are subsequently

deposited by electron beam evaporation or sputtering.

25 Referring now to Figure 3, there is shown a vertical cross section of a prior art narrow
band gap bipolar transistor indicated generally by 50. A plan view of the transistor 50
is shown in Figure 4. The transistor 50 comprises successively disposed layers, the
first layer 54 being a 1 um thick n* InSb collector layer which is in contact with an
undoped InSb substrate (not shown.) The transistor 50 further comprises a 0.12 um

30 thick p” InSb base layer 58 and a 0.1 thick n* InSb emitter layer 56. An excluding base
contact structure 65 comprising a 20 nm thick p* InggsAly.15Sb (**) layer 60, a p* InSb
layer 62 and a metal base contact layer 64 surrounds the emitter 56, as in the
transistor 10. The emitter 56 and excluding base contact structure 65 have metal

, contact layers 72 and 64 respectively. Doping levels are 2 x 10*® cm™ in the collector

35 layer 54 and the emitter layer 56, 5 x 10" cm™ in the base layer 58 and 3 x 10" cm™
in layers 60 and 62. The metal contact layer 72 and the emitter layer 56 together from



emtter nesa 36- The layer 18 is etched down to the sub-collector |ayer 14
so that the 20 base |l ayer 18 and collector |ayer 16 are upstanding fromthe
sub- col | &b @f0dzayer 14. The excluding base |ayer 20 and g /dmse2sap | ayer
22 are then regrowmn by MBE. The netal base, emtter and coll ector. contacts
24, 32 and 34 are subsequently deposited by el ectron beam evaporation or
sputtering. 25 Referring nowto Figure 3, there is shown a vertical cross
section of a prior art narrow band gap bipolar transi stor i ndi cat ed

general ly . A pl G e f the tra tor 5 n Figure 4.
Ohect ranyieitenmeBn B, it eRlalsiat el 1 9 Fleblescn and 3578 bl 1 P, 2y er
. 54 Dbei ng Refering lto Figurer4,| thebverall lepgthad of thy etanyibiof B0 isS10 pmcmiattas fendiht i an
undoped I nSh. supstrate gnot shown.) The transistor 50 further conprises a
0.12 m30°tthﬁ%'13'“ﬁrmeﬁ35 BRS &M ayer 58 and a 0.1 thick n+ InSh enmitter

= layer 56. An excl udi ng base contact structure 65 conprising a 20 nmthick

p+ 1 no_35Al g. 15Sh ﬁ: | ayer 60,.a p+ InSb__layer 62 and a netal base
cont acP | &REeTIAY 1 figdse Sdbeteareshonnaranis 88T of suieent gaiansidecidels (9B) The
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| ayers 72 and 64 respectivel ping levels are 2 x In t

col | ect or "&spPachyrly ats@oah@nm@t% tThegraniy 80 agwl 815show thatthenransision 10196 base
| ayer 58 andlindentickas SMhuch g[réélerl AIRInE g&R 8NBafAolthlss FEhelra t ayer
72 and the emtter |ayer 56 together fromV\DOl/933 7 PCT/GBA702284 5 an

ermitter mésIpVrée. whie fhetdavice '%P@ttb%ﬁ@ prior arttiagsip®s 58 and 4 are all equal
to 1l l4gm Referring to Figure 4, the overall length g of the transistor 50
is 10 mand the length h of the emitter nmesa 76 is 6m 5 Referring to

Fi gure 5 tiBHre Gashovineiarhy 8aph3 oBthe witage gailr eharactgrsties jof throtansister {QIB)

versus bas@dumé iraegstbnsa%ép%cwy LY Hak@9bidig etsrtfémént@ﬁv%s Ay gr%gqég Shéw

transi stor 50 resp ecti vel }/ roomterrperat ure %:jrap
that the tHRsthst @?queo ipEn).the Yokaartgash ohdbe dransistorgf@ds enanyupiderst ofjai n

for base \RAJrIES gidhtdBar HAOS! tHe Eaﬁéf'érptra%sfiér\éd' e. while the device is
on) than the prior art transistor . Figure 6 shows graphs 82, 83 of

the vdPtage gain characteristics of the transistor 10 and the transistor

50 respectrigigby. sHoWs §rapRs 80 26850 GaRER deRibéIaiB) YedYs HA8ETbNage for

the transistors 10 and 50 respectively. The transistor 10 has much greater power gain
than the transistor 50 for base voltages in the useful range -0.1V to 0.4V.

20  The emitter layer 26 and emitter cap layer 28 of the transistor 10 have a bandgap
which is approximately 50% greater than that of the emitter cap layer 32, the base
layer 18, the collector layer 16 and the sub-collector layer 14. Transistors of the
invention operate satisfactorily without a difference in bandgap between the layers 26
and 28 and the other layers, although if the base and emitter doping levels are equal,

25  this feature serves to maintain current gain.

Referring now to Figure 8, there is shown an alternative transistor of. the invention,
indicated generally by 100. Parts equivalent to those of the transistor 10 are similarly
referenced with a prefix 100. The transistor 100 has a structure and dimensions

30 ~ identical to those of the transistor 10, except that the transistor 100 has an excluding
p** implant 121 within the base layer 118 instead of an excluding heterostructure. The
transistor 100 is simpler to fabricate than the transistor 10 as there is no requirement -
to regrow an excluding heterostructure after the emitter mesa has been defined by
etching. The p™ implant 121 is produced by implanting with magnesium at an energy

35 of approximately 25 keV with a suitable dose of 5x10™ cm, to provide a doping level
near the surface of over 10" cm™.



while the device is on), the voltage gain of the transistor 10 is many
orders of nmagnitude greater than that of the prior art transistor 50. 15
Fi gure 7 vwboywssmasaphs 84, 85 of power gain in decibels (dBcrvesaws2daase
voltage for the transistors 10 and 50 respectively. The transistor 10 has
much greater power gain than the transistor 50 for base voltages in the
useful range -O.1 Vto 0.4V. 20 The emtter | ayer 26 and emtter cap |ayer
28 of the transistor 10 have a bandgap ®which is approximately 50% great er

than that Refdrigy ®Filero, aRdteli¥BowWS A fulther tRasBtorl YIRS ml@nhohhﬁdn%%b Gyt or
| ayer '16 and the sub-collector |ayer 14. Transistors of the 1nventiodn

. operate satVlf da@tgrgauralgnt kR hoss Qflth? é@ﬁ@@rﬂr‘i’ob%[ﬁcﬁgaﬂﬁrlyequdh‘élth ayers
26 and 28payifl d0oe méﬁﬁ‘énélsﬁtbheﬁm has taiRerHiorsl addsiritase iddticsiMot thef ol NY

| evel s are equal , his feature serves to mmintain current galn.
- Referring Heusistar F’fp%u?’@GBt theh dayer 2265 0¥t aleheq) away, whe dormiag dhe eorittest | t he

"i nvent imn, mesAdTRatR@r QQ@ﬂ{e?éfbbé s 499 dafaﬁ/ét%rﬂayérv(ab@m itd wudhhséﬁdg(éfp the
transistor 10 are S|mlarl ref erence refix . etranS|stor
100 has a @%@BJF@@WBaWWﬁ&P&%e@G@%ﬁM erapron/es ﬁrﬁaglétor)perffcprmatnparbyu st or
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t he base | ayer 8 instead of an excluding heterostruct nsi st or
100 is si r‘rfypérbyttﬁe yh ihigheedenigintradugadhysthe bgse naplary, anbseisiircaneorated

requi r emeninto e FRST @tRE vinerd %@IMS&%@E&%&H\% fl'\'éee@fuh Jgg‘ﬁerﬁgg Eit@n nmesa
has been defined by - etching ++ 1nplant 121 is ced by |np anting
wi t h nlyneseriastat!t g’??r%fﬁ@ Wv%adf‘mg@sﬁéwtmt@l Benght toe evwetri@rraam ofatbee dose
of 5x1013 §Hhagdstot O provide a doping |level near the surface of over 1019 cm
3. WD 01/93337 PCT/BO /02284 6 Referring to Figure 9, there is shown a
further transistor of the invention indicated by 200. Parts equivalent to
those of the transistor 100 are simlarly referenced with a prefix 200.
The transi stor 200 has di mensions and structure identical to that of the
transi stor 100, except that |ayer 226 is not etched away when formng the
emtter 5 nesa. The |l ayer 226 therefore acts as a passivation |ayer (due to
its wider bandgap), reducing reconbination at the base surface and

i nproves transi stor performance by



i ncreasing current gain and reducing | eakage. The | ayer 226 is type
converted to p- type by the nmuch higher doping introduced by the base

i mpl ant, v9d16835s incorporated into the base contact, WpfegBd1/@bs0
serves to inprove the excluding properties of the 10 contact. It therefore
serves a multiple function of benefit to the performance of the

transi stor. WD 01/93337 PCT/ GO /02284 7 CLAIMS 1. A bipolar transistor
having emtter and coll ector regions arranged to extract mnority carriers
fromthe baeﬁApﬁgion, a structure for counteracting entry of mnority
carriers 5°Into the base region via the base contact, the base region
havi ng a band gap less than 0.5 eV and wherein the base region has a

G a1 anetolRE eeBr ol Seltedonglssmh Bhight 33BhdnElo SRER Dk

* the em tt er caragisoimm dhel babe regidihea simudtrerfor egunderabiirgy entryi deminoti§y Earielgap

than th of .t region. 3. A bipolar transistor.according to ainms 1
or 2 wher ef 14 1 £285 Sed P uBtns Basdvalieife vare Tpich Mt Pott 88k bRe el
t he base vi@5té\eaizhwhereimthabhsé segion kascd dabimglevéiefreatesthand0ifren®.15 4. A
bi pol ar transistor according to Cainms 1 or 2 wherein the structure for
counteracting entry of mnority carriers into the base via the base contact

i's an i npl antA dipokyiteamsistdriaccotdirg toaShaim elgivhereimtiel et fegiotiomasng dopingl  of

t he base copt hi gher,, t.h t hat,, of t.he base itself..20 5. bi pol.ar
rans, stor Beeqraris s tertatind s seHoT b are TR BPER iRt bR A Wi egr a
passi vatd onbaradgap thest tvatof thdbadmegicnd emtter regions, using the w de gap
emtter region externally to the emtter, and having its doping type
converted to that of the base using the base contact inplant. 25

3. A bipolar transistor according to Claims 1 or 2 wherein the structure for preventing

entry of minority carriers into the base via the base contact is an excluding

heterostructure.

15
4. A bipolar transistor according to Claims 1 or 2 wherein the structure for
counteracting entry of minority carriers into the base via the base contact is an
implanted region within the base region, making the doping level of the base contact
higher than that of the base itself. | |

20

5. A bipolar transistor according to Claim 4 wherein the transistor includes an integral
passivation layer between the base and emitter regions, using the wide gap emitier
region externally to the emitter, and having its doping type converted to that of the
base using the base contact implant.

25



