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O (57) Abstract: A bipolar transistor having base and collector regions of narrow bandgap semiconductor material and a minority-
carrier excluding base contact has a base doping level greater than 10'7 cm. The transistor has a greater dynamic range, greater AC
voltage and power gain-bandwidth products and a lower base access resistance than prior art narrow band-gap bipolar transistors.
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by high electron nobility, high electron saturation velocity and | ow
el ectron effective nass. These properties are of great interest for high

{Fansi STorS 1 b catea 17 dvé&m%%%%ﬁ pogny T

oper at ea
transistors because t hey nay be operated W th Iom/collector and base

vol t ages?!hyl enm(ma mhroon1tenperature %fecéfg ﬁg’ Z?@ﬁ?@gﬁ?g@lggjhas
a hi gh I ntbgf %@ piral oy%e I;IIL mzt]9r a%?yﬂ% %EI ﬁ each regu elilo t C&é;lazéf ?

provi ded pMmg refSibiGheli a;mpgw@@qagpppse 0 S|ng e carrier type produced
by i oni si pgenanedOnOr or acceptor). Consequently a bipolar transistor
fabricated from such sem conductors suffers from high |eakage current and
hi gh out put conductance. This results in |ow dynamic range and limted

vol tage gain. 20 Low dynam c range in a narrow band gap bi polar transistor
may be counteracted by use of excluding and extracting contacts at the
transi stor's base region, as disclosed in US Patent Nunmber 5 382 814. This
pat ent discloses an InSb bipolar transistor with a base region that is
intrinsic at roomtenperature, due to the fact that the background 25

dopi ng | evel (nunber of ionised dopant atons) is lower than the intrinsic
carrier concentration. Under operation, mnority carriers are extracted
fromthe transistor's base at the junctions with the emtter and coll ector
regions. Mnority carriers are excluded fromentry into the base fromthe
transistor's base contact by a wi de band gap | no.85Al 0.15Sb regi on between
t he base contact and the base. The carrier 30 concentration in the base is
therefore reduced well below the intrinsic carrier concentration, reducing
| eakage current and increasing dynam c range sonewhat. However, the
dynam ¢ range and high frequency performance of this bipolar transistor

are still relatively poor, and the devices are found not to work properly
at tenperatures




approachi ng anbi ent tenperature, which is necessary for any practical

devi ce. The 35 bipolar transistor disclosed in the above patent has a
further diwgagdwasyrage in that it WO 01/ 93337 PCT/ GB01/ 02284 crichafi2ss4hi gh
base access resistance because the base region is of |ow doping, which
results in poor power gain. It is an object of the invention to provide an
alternative formof bipolar transistor. 5 The present invention provides a
bi pol ar transistor having emtter and cbllector regions arranged to

extract m EPOLARCEEANSISTGRE OM the base region, a structure for
counteracting entry of mnority carriers into the base region via the base

contact, the base region and the collector region having a band gap | ess

than 0.5 eYnhangenhss filket A vipd ?gétﬁﬁétefé of tRe RAR mﬁgmm@n&%%m%ﬁ% r than

1017 cm 3. The invention provide e advantages that 'a transistor of the
i nvent i on [§¥&aciion cb aingrity epfrgnsiien thadase.gr eat er AC vol t age and power
gai n- bagdwi dt h products and a | ower base access resistance than prior art

narr ow banm[\%gp bi pol ar transistors. 15 Transistors of the invention

pref er abl y N#&ww kandaaptsesticandyplers suchiasdndiungatimeaide (H&p) arerdarackaiisedt t he
base regi opy hm SleBRSY Rbility) HigH EIBARISERLR1EH VIR BNEWW eréct%rpgff%v usef ul
current gain en the doping l'evel of the base iIs Iargg_corrpa_re' wth that
of the enimMasér These mepastiesuarewelfarealrinietmshfarhieh shepdedevige applinatingsi foy

carriers i gkambBSigRsFedd ﬁaﬁé&@or@?%‘?%ol&q@ré%ttorg%r#ﬁgtearfrd?ﬁ( ﬁéﬂé‘&% {Bﬁréd gap.

13
heterostructure, with a barrier to prevent carriers enterin
Al t er ndPi v &pfpiqondugigrsaay e ioppraiast @idhigh fpenensieshand corsunissiess pgwemthan
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carrier entry into the
voltages.

However, at room temperature, a narrow band-gap semiconductor has a high intrinsic
156 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 exiracting 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 backgrourid
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 InogsAlo.1sSh region between the base 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 -



25 This alternative provides for sinpler fabrication and allows the use of
the wwde gap emtter as a passivation |ayer between the base and emtter
regi ons, wé odemssred. The inclusion of a passivation | ayePCT/GBODYRS4
performance by reducing reconbination in the base. This is known to cause
I ncreased | eakage and reduced current gain in prior art bipolar
transistors, so the reduction of this is beneficial. 30 In order that the
i nvention may be nore fully understood, 2enbodi nents thereof -will now be
descri bed, R &%h%as@%@é@ré%"ﬁté/nce%écauééafrﬁrt?d%ﬁereélen G187 RHCTHY, X

drawi ngs in which: 35 Figure 1 shows a vertical cross-section through a
transi stor EBUEHB PPARRIWET®RIN- WD 01/ 93337 PCT/ GBO1/ 02284 3 Figure 2 is a
plan view of the Figure 1 transistor; Figure 3 shows a vertical section
through a prior art narrow bandgap bi polar transistor; 5 Figure 4 shows a
pl an vi ew oft % ¥Heobiech gt Bednvanier %@rev'de B gliewmstive fogn ohBipglas nengistore current ,
vol t age sand power gain .of the Figure 1 and Figure 3 transistors as a

function of_base voltage and 10 Figures 8 and 9 show vertical sections
t hrough al t BABIESSE invieRfian Broyidgs éfb'ﬁ%%r tyangistor haying emittes ang collickny dregions

shadi ng W t frdhgel %éﬂﬁac@-nﬁrﬁbr@y béfﬁér%@rto?n fh%%a@@%gﬁén %eéﬁuﬁf%lﬂé'fb‘%&ﬁnter%&;rg i al

with a higher band gap than i's the case for unshaded regi ons ring
to Figure 1SNtEYREMINGIEY e3HRRS intodae bage regiontyéa thabane P@Ha‘i?tnth?fb@s¢ aianAndy

nar r ow banmne%nbd%rn@@aﬁ HaURB S B gdp1EsS BlaRD. %veérf?d' WiterBi¥ tﬁ@b?é@F‘e h']lno()l ar

t ransi st or i ncorporates successively disposed |ayers, |rst ayer
14 bei nf a %ﬁ?o%%‘i’ﬂ“@ﬂ:l%?' gregtarthan J0weth is in contact with a 500 pm thick

i ndi um antinoni de (I nSb) or GaAs substrate 12. Each subsequent layer 16 to
22 and 26 to 30 is in contact and forns junctions 20 with two respective

| ayers adj abhinvendionprovigassthe adyantages thala transister gkthednyeptien has a greater

dynamic range, greater AC 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
dréwings in which:

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



sub-col Il ector layer 14: 1 mthick |ayer of n+t InSb with a doping density of
2 x 1018 cmt 3 collector layer 16: 0.5 mthick layer of n" InSb with a

dopi ng dewsy dgiwssdr 2 x 1015 cm 3, 25 base layer 18: a 0. 13gwd¢hiiakadsayer of
p+ InSb with a doping density of 2 x 1018 cm3, emtter layer 26: a 30 nm
thick layer of n- 1no.95A10.05Sb with a doping density of 4 x 1017 cm3
emtter cap layer 28: a 30 nmthick layer of n+ |In0O.95Al 0.05Sb with a
doping density of 2 x 1018 cm 3, 30 endtter contact layer 30: a 0.1 m

thi ck | ayerriQire s & pRin W bf ReFRRird9d tdaGsioly of 2 x 1018 cm 3, excluding
base layer 20: a 20 nmthick layer of p Ind.85A0.15Sh with a doping

density of 5 x 1018 cm 3, base cap layer 22: a 0.1 mthick layer of p+
InSb wi th Figleesruofs asietitaPdeciion thkQkfh £Hhor 3t r%rr%@l %ggéé%é%a 61%1?’8&/' 02284

4 The bipolar transistor 10 al so incorporates neta rand
coll ector contacts 24, 32, 34 each consisting of a chromumlayer 10 nm

thick asd EFi%@édsh@W@b pRVEWof iHal Kifure 3 tidRsigRFDI nation, the |ayers 26, 28
and 30 and the emtter contact 32 constitute an emtter nesa 36. The p+

I n0. 85Al 0. 158b (**) layer 20, the p+ InSb layer 22 and the netal base
contact | a)F‘guré’é 5C8Nid 7%6Waﬂﬁeeéiﬁrleth\}6?%§@§ﬁd (b;a%ﬁf@tainZéf thEhﬁg&%‘ g?&%& mesa

36, the e udi nI% base contact 25 an e netal emtter contact each
have a wi dfPRYse girandisiorsara Binstiemaidaseapligae; Byd | ateral |y by di stances of 1
m 10 Referring to Figure 2, there is shown a plan view of the bipolar

transi %or F;LO, I ndicating - ) . ‘
igures 8 and 9 show vertical sections through alternative transistors of the invention.

Areas of diagonal shading within Figures 1 to 9 indicate regions of semiconductor
material with a higher band gap than is the case for unshaded regions.

15 Referring to Figure 1, there is shown a device of the 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 pym 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  Dbase layer 18: a 0.12 pm thick layer of p* InSb with a doping density of 2 x 10" cm,
emitter layer 26: a 30 nm thick layer of 0" Ing gsAl 0sSb with a doping density of 4 x 10
cm’®,
emitter cap layer 28: a 30 nm thick layer of n* Ing.gsAly.0sSb with a doping density of 2 x
10" cm’®,
30  emitter contact layer 30: a 0.1 pm 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 ssAlo.1sSb with a doping density of
5x 10" ecm™®,
base cap layer 22: a 0.1 pm thick layer of p* InSb with a doping density of 5 x 10'® cn
35 2



the lateral positions of the nmetal base, emtter and collector contacts 24,
32, 34. The transistor 10 has a length I of 10 pm 15 The transistor 10 is
fabri cat eghgunessmandard nethods famliar to those skilled ipetidgoianiss of

sem conductor device fabrication. Layers 14, 16, 18, 26,.28, 30 and 32 are
initially grown over the full surface of the substrate 12 by nol ecul ar

beam epitaxy (MBE). Layers 26, 28 and 30 are etched down to the base | ayer
18 to produce part of the emtter mesa?36. The | ayer 18 is etched down to

tl ge sub- coIThecmpcﬁlaH Wst%ﬂwngbh@cfolrédiﬁteg%&Q%sbaé!l(hﬁt_leg%%n@'&glléétdﬂr|c6§tb€lrs layer
are upst.an m t he sub-col | ect or e excl udi ng base

| ayer 20 a gh EABISHIRY &F aLhrorpium IRy ?H?Oe‘@?‘c}m‘ik B)d pegold ‘a’Yﬁ‘égQﬂaE“é‘l
base, em'tttBlbk.and coI | 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 gafs bllpaiomblrtamﬁxm,str@t @yci::r‘sruii Q@t@rﬁhl_gefw;ﬂaﬂther?Meﬁg%nté‘ctmzaaor\ﬁt@)fé af the

transi stor is s r st or conpri ses

successi vel YR IPFERP- Eb%?sln‘)ﬁﬁ‘g 15%{’ Q?a ?@ 8P Rgvel 2sndiheknetal | nsb

col | ector Itﬁyercombctclbyersm Corattegi emllhdmg;lﬂasélétfm&ﬁ@sl g%@ eﬁfﬁﬁé}(rhé‘éaﬁ?é ngt
-thick p" InS

h Th t t 50 f
Eag\éml ;yer g%(regns i r% ‘fcmf%ir& E grcq%nﬁgﬁgmgger P%W@?t %@achﬁaé%élwmﬁ’gdbase

cont act strmm@h@a%smrdpaﬁﬁglﬁer% PYHib2heds &t R0- 85A1 0. 15Sb (**) | ayer
60, a p+ InSb layer 62 and a netal base contact Iayer 64 surrounds the

emtter1056 as in the transistor 10. The emtter 56 and excl udi ng base

contact st rR&éMh@tcﬁﬁlghl%V@ tHBed sh&fé Bh vke'W &fthe B%o@é?‘i'raﬁéls{o??@%él&%ﬁby

Dopi ng | evel s e X cm3 in the collector | ayer
LU Pk i

emtter |ayeg! '@W'Oﬂéﬁtwgtai’ Haﬁ%émﬁ@”ﬁaﬁy&@Ct%C%mt%Q% 334 The-3 in

| ayers-60 apgsigidr 10 R8s 3B pgfn,toggr;, | ayer 72 and the emtter |ayer 56
t oget her from WO 01/93337 PCT/ G301/ 02284 5 an enitter nesa 76: The | ateral

distances t in Figures 3 and 4 are all equal to 1 m
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 so that the

20 base 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 pm thick n* InSb collector layer which is in contact with an
undoped InSb substrate (not shown.) The transistor 50 further comprises a 0.12 pm

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* InggsAlo.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



Referring to Figure 4, the overall length g of the transistor 50 is 10 pm
and the length h of the emtter nesa 76 is 6 gm 5 Referring to Figure 5

t here ar ewgr@waszgyr aphs 80, 81 of current gain in decibel s gcdiAyBo1weisgaus base
voltage in volts for the bipolar transistor 10 and for the transistor 50
respectively at roomtenperature. The graphs 80 and 81 show that the
transistor 10 of the invention has a nuch greater current gain for base
voltages in the range 0.15V to 0.35V G .e. while the device is on) than

the prior gplefifdNabsd ?ét e Ia]tg'al':dlgt'[éﬁgesqdﬁ rﬁ?%\%e?ﬁaa%]% 8e: alﬁe%‘,uggtgtpﬁm\./m tage

gain characteristics o he transi e transi st
respecti veRy:fentTﬂg toU:aglare\Aotrtea@/esalltheItgbbgloftBé thansistbr 3033/1Q panardythe Wngtheh t he

device is 0{1%' E a.&g %al n of the transistor 10 is many orders of
magni t ude § Steg}' ‘?rﬁﬁ?‘ﬁq BYH Mt he prior art transistor 50. 15 Figure 7

shows graphs 84 85 of pomer gain in decibels (dB) versus base vol tage for
t he tr SI respec

nd The t | st or has puch eat er

power gai qr.réﬂg {%n'g lr'rrea thede gre g’ﬁ?"‘frbélraﬁ govgiipgglérgeqt atnie ‘%&?Pl?l( ggnge
Eo 1 v to Gerétu& baee 'Dbﬁa@“ﬁrt velts V\Loa}tﬁé bRl tehrRBtdrt £ aﬁ@ﬁcg/ﬂ &téetfretlr%&tcﬂl 50 hteh t

ransi st or C oXi e 0. gr.eater an a
of the eni {e[sgpc B’g eﬁé g%nger?wép bﬂ?egralf’ éqa'lgg% Iﬂ‘é"’gﬁf rl%éfaﬁﬁ's fosy81°f 16 and
t he sub- CotHeemVe)ftloh e ri:é}ch Q'tfeéféﬁ b&ﬁr@ﬁ%aﬂf fo'f Base Vdﬂté@@é rPheBRJ20.85V to
satlsfacto ere % i.n a&g wr%gn the | ayers 26 an
28 and the K’é?e'l gliged%‘f"f%'ﬁlﬁ’ﬁg ?f‘"ﬂ%@'oﬁ AF§' Xt t er doping | evel's are
equal ,1025 this feature serves to maintain current gal n. Referring nowto
Figure 8, tLhere | shown .an at | v tran5| st or t he invention

i ngi cat ed E@Héer gl OWH\IraRis 82?’5’% 'é‘ﬁM? Peagin PBar?ﬁtS%t'CéfOftt%tr?'P%ﬂ%r ®or 10
are sim | aahd thertednelstorcaacreypddively. PF6f hase MRagddwatve @819t hd OLOP (Rfely?
structure aﬁﬂ%ql mensi ons 3Q identical to tho se of the fransi stor 10, except

that the tV g Vieg yS Y, e ¥gl g@dgrﬂ@ of the tranSIstor 10 is many orders of
magnitude greater than that of the prior art transistor 50.

15
Figure 7 shows graphs 84, 85 of power gain in decibels (dB) versus base 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 -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?.



P++ inplant 121 within the base |layer 118 instead of an excl uding
heterostructure. The transistor 100 is sinpler to fabricate than the
transi st oywolfl/je3s37t here is no requirenment to regrow an ex@ciddEg /02284
heterostructure after the emtter nesa has been defined by etching. The
p++ i‘rrpl ant 121 is produced by inplanting with magnesiumat an energy 35 of
approximately 25 keV with a suitable dose of 5x1013 cm 2, to provide a
doping I evel near the surface of over 6019 cm 3. WD 01/93337

PCT/ GB01/ 0Zis#érring tdrelgerd inﬁer*eQS Eh@\h&h% i%rthéuht‘?érﬁkldt@r SFvvantion ihighted by
tranmstorg{g)]:9 the invention ind 200. Parts equivalent to those of
r

the transi Y5 qvalenite é’?‘?sg? ‘Pfe §r istpryf00narg S"ﬁ}'?@fb’ iefergredwith a

transi stor peéfx bes uihéwaﬁm@tas 200 thastdivehdiors hSteBlrid@de itientichrlo ®ht bihte
transi stor 100, 226 is not etched away when formng the

pt that
emitter 5 &@é‘a'st%@g W?%a}gﬁr@ﬁoﬁe“%{c@tgheé’sa‘é(""béi‘@@l‘\fﬂ'i"i“ﬁ@l theypatittgrdue to
its wider basdgame, laye"rmecthérgforeeé&gbe RAddseVafién lahéer @88 & wwfdepsaﬁdg@p)

i mproves transistor rmance i ncreasi ng current gai n and reduci ng
| eakage. THKE q%;ecgrgagln@ on 95@19&%6&%@86@6 dgmpeaype t'ES?S'?‘Hé PRTRIAANCE Py
dopi ng i nt rmy@@@ 8Wfrént @aaiRl detidind loakaél ﬂ'ﬁella%/e'r @QS"‘@@K alBhvertdd @ g-he
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10 contact. It therefore serves a multiple function of benefit to the performance of the
transistor.



