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TEMPERATURE COMPENSATION Field of the Invention 5 This invention reI ages to
apparatus and net hod of tenperature conpensating HFETs using a single power
suppl ywal@/8emkgr ound of the Inventi on Advanced communiREIVV/I1#2&ct r oni c
devi ces, such as power anplifiers and the |like, require high efficiency,
hi gh performance, and |ow current dra n power sem conductor devices.
Enhancenent mode 1onhghesfiaky kOl ehibRbias! cbidfisheiar s (HFETS) can
provide single power supply operation, i.e., operate froma voltage of
only one polarity- It is also desirabl e and a benefit in such device
technol ogy that a self-biasing capability can be provided for stabilizing
devi ce Qperation over tenperature. A p/n junction or 20 Schottky di ode
integrated with the HFET process can supply this need, The p/n junction

di ode, however, has a barri errigotesd ichb 1EMeqtidian | . eV, which is too high
for I ow voltage power anplifiers which have a drain supply vol tage of
abouts3 volts. A turn-on voltage of about 0.6 volts or lower is desirable.
25 In the prior art, HFETs are fabricated with titaniumtungsten nitride
deposi ted as trhés gatwenmidral redengficto Grpparstsc lengdf methmsowdd tempariatoneluct or
material to forma high turn-on (e.g. 1.7 volts) Schottky barrier. Sone

at t enpt s chenearsbeéng FEEES tging @ ginfledeowA 6WE4A630 3 .

10 Background of the Invention

Advanced communication electronic devices, such as power
amplifiers and the like, requiré high efficiency, high performance,
and low current drain power semiconductor devices. Enhancement mode

15 hetero-junction field effect transistors (HFETs) can provide single
power supply operation, i.e., operate from a voltage of only omne
polarity. It is also desirable and a benefit in such device
technology that a self-biasing capability can be provided for
stabilizing device operation over temperature. A p/n junction or

20 Schottky diode integrated with the HFET process can supply this need,
The p/n ‘juncticn dicde, however, has a barrier potential more than 1
&V, which is too high for low voltage power amplifiers which have a
drain supply voltage of about 3 volts. A turn-on voltage of about 0.6
volts or lower is desirable.

25 in the prior art, HFETs are fabricated with titanium tungsten
nitride deposited as the gate_ metal contact on a stack of compound

semiconductor material to form a high turn-on (e.g. 1.7 volts)

Schottky barrier. Some attempts have been made to use a diode



2 6 OCT 2004 PCT/US01/11921 connected HFET (i.e. the gate forns one
termnal and the commbn connected source and drain formthe second
terminal, as illustrated in FIG 1) for tenperature conpensdth dCT 2004
el ect r Wi 61/8163¢ ces. The maj or probl ?_ms in using the di ed&userine®et ed HFET
for tenperature 5 conpensation are: the turn-on voltagé i s Too high
(approximately 1.7 V) for |l ow voltage applications (sonme of which are

required dpnoRYIAtBremal ;a8 | Qweaﬁéwpkyragol&?egeté%ﬁaﬁ Yha 286k t B, ,
tenperature coefficient is too ow (approximtely -0.4 nWV/ degrees whi ch

does not JanQuidR sb@FceadRdhen CRARONRALLhO e niAe, e if f.ARaEAE 130
tenperature range 10 (usually -50 degrees Cto 100 degrees C) of the

el ectroniszcdemi @es. tépek 3R coiR@abadiont SARAAL Ko cCOSFildeE] eMhel Mafqui red
to conpensate the electronic devices over the entire operating range.
Accor di nghybidmsi S ihi ghkinglesineablagodsd produbdecdppatat USoANdamper@idied of
tenperature conpensating wth a high tenperature coefficient 15 and a | ow:
turn-®n woinpagetidr iafe: Debertiyphion wiltade L awongsgiRefapprotigatalyt he 7
drawings: 20 FIG 1 is a sinplified schematic view of a typical diode
connect e¥) HRET lo¥|@1t2g¢ sippl $¢atibnd | sdme et wohell areevequfirerh tilFedeute an
adj acent Schottky di ode fabricated during the sanme process in accordance
Wi th thetpredemt ai ARy oaltes F$ G- 83 V) sard siheptpfpaxd turh et Fivisadck

di agram of one connection of the HFET and Schottky diode of FIG 2; and
FIG 4 i3 at¥ i fireRFsematrlyi cOdt af/draeteor@ ehiel dosghpeh prawidee used

as the active bias circuit of FIG 3. X
for adequate compensation over the entire operating temperature range

10 (usually -50 degrees C to 100 degrees C) of the electronic devices. A
larger negative temperature coefficient is required to compensate the
electronic devices over the entire operating range.

Accordingly it is highly desirable to provide apparatus and a
method of temperature compensating with a high temperature coefficient

is and a low turn-on voltage.

Brief Description of the Drawings

Referring to the drawings:
20 FIG. 1 is a simplified schematic view of a typical diode
connected HFET;
FIG. 2 is a simplified sectional view of an HFET and an adjacent
Schottky diode fabricated during the same process in accordance with
the present invention;
25 FIG. 3 is a simplified'schematic/block diagram of one connection
of the HFET and Schottky diode of FIG. 2; and
FIG. 4 is a simplifiea schematic diagram of one c¢ircuit which

may be used as the active bias circuit of FIG. 2.



4 26 OCT 2004 WO 01/84630 3 PCT/USO01/ 11921 Description of the Preferred
Enbodi nent Turning nowto FIG 2, a sinplified sectional vie 'BS CT %gz,
illustrated of a heterojunction field effect transistor ( HFE \% 8

adj aceno Busiosa ky di ode 11 fabricated duri ng the sane M’éﬁiﬂéﬂﬂ%laccor dance
with the present invention. In this specific”eitbodiment' and for purposes
of explanation only, HFET 10 is a very large RF device (e.g. a 40 mm

device that is capabl ep9of .GaLI% B9 AHPsrLerrSHEREMnedeSi gned for use in an
RF anplifier and Scho tr‘gy—%‘gﬁdm—TO‘a—rr_fr_aTrTon of the size of

HFET 10 and carries a small fraction of the current. In the fabrication of
HFET 10 and Schottky diode 11, a substrate 12 is provided with a stack 14

of conmpound sefi.&RRGUGIRY thbayerss epjtaxi ahiprigien skbeian. WuW eikt Wil |
be understood that various conpound sem conductor nmaterials can be used to
f or m HFETi 12dstddrelinot i hiespeSjunkei @imindiareifects tbsigiater 1@FES) aogahdi um
arsenide (GAs) wafer with a buffer 15, which may be one or nore | ayers

" dependi ngarlip@iacdrite ShOROSS dahde nal eabal::tug edyrihor tied wemet hecaggpeinsurf ace
thereof. A layer 16 of GaAs is grown on buffer 15 and a thin layer 17 of
silicon &Gogopingei vitdepdsi tredsent |iayentibg. ATBethmird Spayﬁﬂcwmbfﬁdl@aﬁs 20 is
grown on layer 17 and a channel layer 19 of indiumgallium arsenide

(1 nGaAs) a@nd drownuuppsegy@f ESplavdtager oy, ofiFRT ubf nifn yartdvurharae sBhi de

(Al GaAs) is grown on channel |ayer 19 and a cap_layer 21 of GaAs is grown
on | ayer ®¥ied (o1l et A&t HEkIU ceSehat afis dF?Hagﬁl%nPfty"ﬁ%@’lBF FlPEEI'sOEan be

i ncorporated and several 25 different processes can

f or mat | ofusFeR AREIETEEr £9is dSenin Bn REfEPLLRSH ARd ﬁﬁ’é’%‘f"@’sg‘ﬁ?‘!‘ei r’r\}e?ﬁi on.
HFET 10 is il I ustrated and

a small fraction of the size of HFET 10 and carries a small fraction
of the current. In the fabrication of HFET 10 and Schottky diode 11,
a substrate 12 is provided with a stack 14 of compound semiconductor
layers epitaxially grown thereon. While it will be understood that
various cowpound semiconductor materials can be used to form HFET 10,
15 in this specific embodiment, substrate'lz is a gallium arsenide (GahAs)
wafer with a buffer 15, which may be one or more layers depending upon
the process and materials used, formed on the upper surface thereof.
A layer 16 of GaAs is grown on buffer 15 and a thin layer 17 of
gilicon 8-doping is deposited on layer 16. A second layer 18 of GaAs
20 is grown on layer 17 and a chammel layer 19 of indium gallium arsenide
(InGaAs) is grown on layer 18. A layer 20 of aluminum gallium
arsenide (AlGaAs) is grown on channel layer 1% and a cap layer 21 of

@Gafhs is grown on layer 20 to complete stack 14.
Several different types of HFETs can be incorporated and several
25 different processes can be used in the formation of an HFET for'usé in
conjunction with the present invention. HFET 10 is illustrated and

described only for purposes of an example to better explain the

fabrication and use of the present temperature compensation circuitry.




described only for purposes of an exanple to better explain the

fabrication and use of the present tenperature conpensation fkgﬁﬂbtrﬁ 26
OCT 2004 WO 01/84630 PCT/ USO01/11921 Ingthe formation of HFET-ID, pg ﬁ])hgs
are etwiperd/suépoough cap layer 21 and | ayer 20 to exposepepasegi@part areas
on the surface of channel [|ayer 19. Source and drain ohm c contacts 24 and
25 are deposited in the spaced apart areas and dielectric material 27 is

d it i i i, b der 5t ood that
o o cotasts Fanobet b ob(! oidhlng 8iS Licall' pediglSs 15985 200
HFET 10 1040185504 dhedySddeCuUbilal aé?gétta&eggn&ﬁCéhears%@fa&g%%ggﬁMe rough

dielectric material 27 to expose cap layer 21 and a layer cont act

metal is deppsid edshi&OBh@ G2 tdhddiBecstRets S bag e Ok capHlikbayer, 21 to.
forma gate for HFET 10. Generally, the contact netal_ of Iayer 30 has

i ncl uded t@kt Bedcdd LaRKHMREst b MIETLEAGS WaPeridaVeYeEs aldbsiblbe S¥&ferred
enbodi nent, layer 30 is fornmed of titaniumtungsten nitride (TiWN). A :
portion 3heoéntseedstBictlire SUBBraS TN We Thddtstobs tHa@! BRELORohey@s 30 of
contact netal and an overlay portion 32 of |low 15 resistance material, such
as gol d, 2asaddozBedx0imds ertb ABEAr loay esf Thet pappenpd edenEEE TFER. 16e1180al | Y,
the threshold voltage of HFET 10, has a negative tenperature coefficient.
Thus as theodiehpér ativceitnfy. HFER 1@até¢ ncoedsds, arbe tilsr eepaled veohiagh
required to bias HFET 10 to a desired 20 operating point decreases. Wen
sel f bi adiciactui¢e smareridbskgnsd tgproskel farerlayerorsdt and lbi dswyenol Bageft o t he
gate of HFET 10, this negative tenperature coefficient results in a large
vari at i ofentRet heekplerist FARCSIFeRnin ovBIark NPt atthireWPRdH Erfiremtdty alap
I mpacts RF performance to
i0 Jayer 21 to form a gate for HFET 10. Generally, the contact metal of
layer 30 has included either titanium or titanium-tungsten. However,
in this preferred embodiment, layer 30 is formed of titanium-tungsten
nitride (TiwN). A portion 31 of seed metal, such as TiWN or Ti/Au, is
formed on layer 30 of contact metal and an overlay portion 32 of low
15 resistance material, such as gold, is formed on seed metal layer 31 to
complete HFET 10. -
Generally, the threshold voltage of HFET 10, has a negative
temperature coefficient. Thus as the temperature of HFET 10
increases, the threshold voltage required to bias HFET 10 to a desired
20 operating point decreases. When self bias circuits are designed to
deliver a constant bias voltage to the gate of HFET 10, this negative
temperature coefficient results in a large variation in the operating
point over temperature, which negatively impacts RF performance to
specification. In single supply power HFETs using relatively low
25 supply voltages (e.g., 2.5 V or 1less) this temperature dependent
threshold voltage renders the entire circuit inoperative over the

required temperature range (usually -50 degrees C to 100 degrees ().

The problem is further compounded when the self bias circuit utilizes




specification. in single supply power HFETs using relatively | ow 25 supply
vol tages (e.g., 2.S V or .less) thi % t enper at ure dependent tmﬁeggplmm
voltage renders the entire circuit “i noperative over the require

t enper ¥MQ0B4H¥hge (usual |y -50 degrees C to 100_degr eesPHUSYARRIpr obl em i s
further conpounded when the self bias circuit utilizes r 5 2 6 OCT 2004 WO
01/ 84630 PCT/US01/ 11921 active conponents (HFETS and the |ike) that have

t hei r ownadtefpefcapottientsC eHErE cdreintBe TIdkebmhansiaive thrir ben negadtarare
tenperature coefficient problem Schottky diode 11 is fabricated adjacent
to HFET lfébeifnisiteatk- 14. 5 Further, Schottky diode 11 is fabricated in the
I nt erconnect process used to fabricate HFET 10 so that few or no additional
process steps Toacempagate eipr the ggrbive reuperdsodé neaet fofiepheptaiideincat i on
process for Schottky diode 11, a Schottky diode area is opened through

di el ect r iSshattker idode 711 oiax fald cahed setiegert ofo cBFET ayferim stagh Eért her,
the Schottky diode area opening is preferably forned at the deposition of
cont aét rfEhkey.afepotky éé??é’ré&l VS g"’l:FElS%tfﬁS]t iRyt JRE ST BECH ARG s
defined using a standard g}%gto resi st (.not shoméd_and a conbi nati on of wet

and dry &FeR 1 JeBEIwREe EFRdd £ Bth Iah Ypé&hi AT RPLFROFTELISEPBN

material 27 to the upper surface aof cap.l|ayer or S5 into layers 21 and
20 to redlh Fe¥dFgdio o} alé’.regﬁrrree%i teml\(’?i\ngcﬁmeﬁté %tzntlltehrestf(%%ﬁ;cﬁglﬁl Se skflled in

Lhe art ‘et cchofayscualiot s, 1l Alhuely, | GLgR, SL2s ol | RGN Wbl

Schottkyfalroée area opening stan hogr aphi c nmaski ng and etc

Lechni qugs.faR-PE WiBEr1a2POF) 1L dGhALd SelS LRréhddl SSPT kRS ekl ngy process
10 Further, the Schottky diode area opening is preferably formed at the
deposition of contact metal layer 31. Generally, the Schottky diode
area opening is defined using a standard photo resist (not shown) and
a combipnation of wet and dry etch processes is used to etch an‘opening
through insulation material 27 to the upper surface of cap layer 21 or
15 into layers 21 and 20 to reach layers 19 or 18.

Here it will be understood by those skilled in the art that
because of the relatively large size or length of the Schottky diode
area opening standard lithographic masking and etching techniques can
be wused. Specific details as to a preferréd, etching process of

20 insulation material 27 c¢an be found jin United States Patent No.
5,484,740, entitled "Method of Manufacturing a III-V Semlconductor
Gate Structure®, issued Jan. 16, 1996 and United States Patent No.
5,619,064, entitled "III-V Semiconductor Gate Structure and Method of
Manufacture", issued 2April 8, 1997, both of which are included herein
25 by reference. During this etching process, an AlN layer in dielectric
material 27 can be used as an etch stop layer within the Schottky
diode area opening. Using insulation waterial 27 {(and/or the

photoresist layer) as an etch mask, at least some of compound




20 insulation material 27 can be found in United States Patent No. .
5,484,740, entitled "Method of Manufacturing a 111-V Seni cordBcBBT 2084t e
Structure", issued Jan. 16, 1996 and®“United States Patent No. 5,619, 064,
entit| 840 01/34638/ Semi conductor Gate Structure and Met hod PET/USImmLsRACT ur ",

i ssued April 8, 1997, both of which are included Her€ein"25"By reference..
During this etching process, an ALN |ayer in dielectric material 27 can be

used as afenfibbhaiicop Leyd 214 tthhncliRe eSebaildeky, &ipdayates: oReNiAfanlSi Ng
insulation material 27 (and/or the photoresist |layer) as an etch nmask, at

| east sonmyel conpeUREcREl @CTeXO04¢ MD (BHeB4636RETAHSAHA1L 92 semb conduct or
stack 14 (in this enbodi nent, cap layer 21 and Al GaAs |ayer 20) is etched

to expose=ven lgeer 18urface of InGaAs |ayer 19 or even layer 18. Wth the -
Schottky di ode area opening forned as descri bed above, 5 the photoresist
is renmoved andiipbr thorf@btofy d@ibdy eireaf omeddg nBialed 49| dMNcribddhiabops ef erred
embodi nent) is formed in the contact area of HPET 10 and, simltaneously, ¢
a por &i orfhg5phatdrgshell i tdmevet i kyrtidinodda afea dpeer nef s€edenatdly, a
bl anket |ayer of seed netal is deposited, masked, and etched to form
i ndi vi dudTifbrid Ghds nraefsgred exbodonent) yise rigradd PoriheonodBcyf arére dfayer of
seed netal is depgsited as Schottky nmetal (in this preferred enbodi ment
Ti W)t 0 %FBF nt% Bho LIRS taBpoRfd Yini & hPIGTERRAs 35 alferforgedr in siher SEBottNY | e t he
seed Iayﬁr, cils used in,this enbodinment to form Schottk%[ metal portion 35,
ei ther t A& oHISTctONTRERT- or CEPRFadLBd FrebPiliftgReyse ofi Freddiet@dpdidi ng
upon thede15s.ttg9e m%f ngt al .and t?etf%bri cation_process. Al so, one of the
plural ity ay’e_rs_ng 58Tt U S8 BT 2L Rer st Tk PR Stié=or
bar rider i"m.isé‘gt?ecd.fl Cr%lrt:}/cbn %%h%tft lége rgaa:[yae!r: of seed metal is deposited as
Schottky metal (in this preferred embodiment TiWN) to form a Schottky
diode with InGaAs layer 19 or layer 18. While the seed layer is used
in this embodiment to form Schottky metal portion 35, either the
contact metal oxr the seed metal might be utilized, depending upon the
is type of metal and the fabrication process.
Also, one of the plurality of Jlayers of stack 14 is used to form
the Schottky diode or barrier and, specifically, Schottky metal
portion 35 is positioned in contact with whichever layer of stack 14

has a desired low bandgap. In the specific stack described, InGaas
20 has the lowest bandgap (i.e. approximately 0.6) but other compound
semiceonductor materials could be included in stack 14 to provide an
even lower bandgap (e.g. InAs with a bandgap less than 0.4 eV).
Schottky diode 11 bhas a negative temperature coefficient that
decreases in temperature causing the turn-on voltage of thé dicde to

25 decrease.
With the seed metal layer deposited and etched to form portions
31 and 35, a low resistance overlay material is depésited and etched,

in a single common process, to complete the gate and 3chottky



portion 35 is positioned in contact with whichever |ayer of sz%c:é 4 has a
desired | ow bandgap. In the specific stack described, |nGaAs il

| owest bandgap (i.e. approximately 076) but other compound sem conduct or
mat er i WEOEBGIY be included in stack 14 to provide an R&EHSIIGME bandgap

(e.g. InAs with a bandgap | ess than 0.4 eV). Schottky diode 11 has a
negative tenperature coefficient that decreases in tenperature causing the

turn-on vgllages of thheidi geleikQ: caBodiieheASRe Wi hebhdt-508thatelall hayer
deposited and etched to formportions 31 and 35,.a | ow resi stance overl ay

material ¢sadep@sidrd canthc@t ebethon bR & FoRGLE GONRBA P5AEE6S3L @dgcanpl ete
the gate and Schottky r 2 .6 OCT 2004 WO 01/ 84630 PCT/US01/ 11921 contacts.
In this speekiie @mradt Meantis t hamkawon esdesit goeeismtam.i al Thus, gellcdttapd gate
contact portion 32 is forned on seed portion 31 and a Schottky contact 36
I s fornmediiedeSERdispFabrratdd. adjagent SohsfEkyio dnddeiniil taechabvittatbe

adj acent to HFET 10 and sinultaneous with the 5 fabrication of HFET 10. Few
or nosaddiabirdeetiiost epsHERTe Lpequievedri no adddtionnli caebonays geawiredndnt he
fabrication process of Schottky diode 11 is conpletely conmpatible with the
fabricatithe previcssiaf prPESEsIend D fighnimatidy RaPreif 6Ff SEhatERY #3@9€r ain
ohmi c contacts 24 and 25 of HFET 10, an opening is fornmed adjacent to the
Schot t ky i d8ecompbetlyacomesinte Fhth YR TRsierticrcPTRASEFi A ¥85F Lap | ayer
21 and Al GaAs | ayer 20, at the sanme tine thaéﬂ%he eni ngs for source and
drain ohnic CBREAE(R2EOHRFI98 A SHPETHER? BEFThS ™ GnERTEsH @& &R drain

ohmi ¢ contacts, 24, and 25 312, 8EPYST Lot FPBLENY ODH] CoBRRAFuid0e ' S

10 area opening through dielectric material 27, cap layer 21 and AlGaAs
layer 20, at the same time that the openings for source and drain
chmic contacts‘24 and 25 are formed. Further, when source and drain
ohmic contacts 24 and 25 are deposited, a Schottky chmic contact 40 is
deposited to provide an external contact for the cathode of Schottky

15 diode 11.

Turning now to FIG. 3, a simplified schematic/block diagram of
one possible comnection of Schottky diode 11 with an RF powex HFET
(similar to HFET 10) is illustrated. In this circuit, the cathode of
Schottky diode 11 is connected through an active bias circuit 48 to

20 the gate of an RF power HFET 50. Here it should be understood that
HFET 10 of FIG. 1 is utilized as HFET 50 in this embodiment and that
generally other HFETs (e.g., those used in active bias circuit 48) may
be fabricated in the same process and generally in an adjacent
position on a common semiconductor chip and comnected during one of

25 the metallization processes.

Referring additionally to FIG. 4, one possible active bias
circuit is illustrated in simplified schematic form, enclosed in a

broken line and designated 48. The operaticn of active bias eircuit



deposited to provide an external contact for the cathode of Schottky 15 .
diode 11. Turning nowto FIG 3, a sinplified schematic/bl ock z:lBagminzm
one possi bl e connection of Schottky gﬂl ode 11 with an RF power HFET
(sim|weodwss4bFoET 10) is illustrated®in this circuit, ther/oseiqesn of
Schottky diode 11 is connected through an active bias circui't 48 to 20 the
gate of an RF power HFET 50. Here it should be understood that HFET 10 of

FLG 11 SgUbidd 268y a5 HERLiB0: IBnlil:3y, oMo DROL Atk Lty o0 8Rel 81y, ot her

HFETs (e.g., ose used 1 n active circult ) nay SBrics in

the same cBI:Q&%%%;é‘:E‘%nQe&?errﬁHc}ﬁ bB A 20 A089L acl%%'éé tdh%Q Qﬁc%ﬁEOéE}P%e

sem conductor chip and connected during one nmetal 'l zat1 on

processegpedifear ELag vaddidtonahby 4,96k 44, enﬂr@_eﬁoﬁﬁz'rmaﬁt M LLYE WAAS "
circuit is illustrated in sinplifi ed schematic form enclosed in a broken
line andedesicgnatiedudB. 23Theveneratioed ghaatt ivg. bhasei Ui &, 256 2967 2004
WO 01/84630 8 PCT/ US01/ 11921 48 wll only be descri bed general ly. .
Addi t3 onahtitikar maiglenias sias tdikcutonsir MetHcan aidieapss Aldyonssd, tHhka
specific active bias circuit can be obtained fromU. S. Patent No.

5, 264, 784f weiithtded in€anpbediiedVheradn by thtefebmadel.e”, 1 ssued 23 Novenber 1993
and/or U S. Patent No. 5,757,236, 5 entitled "Anplifier Bias Crcuit and
Met hod” i ssuethe Garviiy &8 98hobtitsh digflewhl cis arenencdr por at eermiangi aspy
reference. The anode of Schottky diode 11 is connected to a term nal 46,
whi ch i svhiddpieddapted toohmeemadetal gosanglralpawerrseygrly (e.q. 2a2255 Vol t
supply). Cenerally, the power suppli'ed to termnal 46 will be 10 highly
regul at e¥Pltto supelie a Ceerrsllavit WAs Payer Suprlied HoudesmindcHét Wil dpode 11

i's connect ed to the drain of a PET 52, the source of
highly regulated to ensure a constant voltage. The cathode of

Schottky diode 11 is connected to the drain of a FET 52, the source of
which is connected to a common such as ground. The drain of FET 52 is
also connected to the gate of a second FET 54 through a current
limiting resistor 55. The drain of FET 54 is connected to a power
15 .terminal 56 adapted to have a source of power (Vgq) comnected thereto
and the source is connected to the gate of FET 52. The source of FET
54 is also connected to the gate of RF power HFET S50. Briefly, FET 52
operates as a current mirror and FET 54 operates ag a source follower

or current buffer. Active bias circuit 48 supplies a fixed voltage,

20 designated Vgs (for the gate-to-source voltage), to supply as much
gate current (designated Igg) as HFET 50 needs fof proper operation.
In this specific embodiment, Schottky diode 11 is connected to active
bias circuit 48 to provide positive temperature compencation for HFET
50.

25 FET 52 has a temperature coefficient of approximately
-0.5 mV/°C while Schottky diode 11 has a temperature coefficient of
approximateiy -1 to -2 wv/°C. Also, because of the position of

Schottky diode 11 in the circuit, its temperature coefficient has an



which is connected to a conmmon such as ground. The drain of FET 52 is also
connected to the gate of a second FET 54 through a current Igrg to[frf; A
resistor 55. The drain of FET 54 is fonnected to a power 15 t&rm na Zgg
adapt ewQ @/44630e a source of power (Vdd) connected ther dFUERA12Me source
is connected to the gate of FET 52. The source of FET 54 is al so connected
to the gate of RF power HFET 50. Briefly, FET 52 operates as a current
mrror anghpbEltdldefHROE AbRStRS GveTQUI Ceifddlit0wer thit CaF rudat tembéerturdcti ve
bias circuit 48 supplies a fixed voltage, 20 designated Vgs (for the

gat e- t 0- s@dFeRciakt GO EFET (@ .SUPPisy @8 pusitigat emnperitene ¢(cESighaitedf] gs) as
HFET 50 needs for proper operation. in this specific enbodinent, Schottky
di ode 11 dsiconmecst edrtwitadsi vénclhidasg cieloitky 4@idde P ozt FEFOSRE | we
tenperature conpensation for HFET 50. 25 PET 52 has a tenperature

coef fi ci emvnneftedppe ogdtracentact(49 ¢iV/HEERh? ¢ d-oSchupaniptelifode cldndess of
tenperature coefficient of approximately -1 to -2 mV/C, Al so, because of

t he pési tdugrewf logdingt Lk \thgi eteullt ¢ HFRE 50 vitth changes i iseperaruse-
coefficient has an 26 OCT 2004 WO 01/84630 PCT/US01/ 11921 opposite effect
on the oVvér AL cPF cEAUESE oPR haRdegFERe HIBAPBREY (FHEeT c SRFTHEF e VU LREET 50.
Thus, the positive tenperature coefficient of_ active bias circuit 48,

 ncl udi ngSE N PRY SEPBHETYL 10dr T RERYS Be JRrioed FRoEYEEREY G ACE THRPERL 49 of
~ HFET 50 t.o conpensate for _changes of.5 currenf., |oadi.ng in_the circuit of
HEET 50 Vit FeERARGES PR (AR BF 1o Lot T | LTt SR £ RIBESFSRd 1 hat
many ot h(g)gf Ci H%H!'éi% i nvol ving HFET 10 and Schottky di ode 11 may be devi sed
to corrpensa‘:fxeD or cﬁ‘énges in tenperature and the present circuit is

di SC|16)SGd onl an Ofnur %§@§fi00f e%péﬁr@%y OBnd for purposes of this
explanation; the voltage Vgq applied to terminal 46 is 2.5 volts. The
required bias voltage for HFET 50 is approximately 0.7 Volt. Thus, a
maximum of 0.8 Volts remains for turning on any temperature
compensation circuitry and any drop across any parasitic resistance in

15 the gate circuit of HFET 50. Since the mnovel Schottky diode 11
disclosed herein is turned on at approximately 0.6 Volts or 1355 and
compensates for any changes in active bias circuit 48 (i.e. the turn-
on voltage reduces as temperature riseg), it can be seen that the
present circuit fits within the requiremean of apparatus for

20 providing low voltage temperature compensation in a single power
supply HFET.

Thus, a new and improved Schottky diode and HFET are disclosed
which are formed simultanecusly during the same process with few or no
additional steps and which can be conveniently comnected into a

25 temperature compensation circuit. The Schottky diode requires very
little additional wafer area and, therefore, adds very little or no

additional cost or labor. Also, because the Schottky dicde is formed

in conjunction with a low bandgap material, it has a very low turm-on



10 In this specific enbodi nent and for purposes of this explanation, the.
vol tage Vdd applied to termnal 46 is 2.5 volts. The requi reg Ef/m \éﬁ“ age
for HFET 50 is approximtely 0.7 Vol 40 Thus, a maxi num of O. S :
remai nSWO®1/84636ni ng on any tenperature conpensation ci rraEtsm/ded any drop
across any parasitic resistance-in |5 the gate crrcuit-of HFET 50. Since
the novel Schottky' diode 11 disclosed hereinis turned on at '
appr oxi ma ) ol I o] or..any changes in active
bi as ci rcﬁﬁéég% ?in.ge.éatﬁh%re- %&?ﬁ?ﬁgﬁlgo@%@%&g%%e‘?%s efpér at freFi ses),
it can begsggaR fMat the present circuit fits within the requirements of
apparatus for 20 providing | ow voltage tenperature conpensation in a single

power supply wERE wihugve AR aNd HEJUQ¥E4 %Eii‘yerﬂjogﬂﬁer&@d ofFEl.are
di sclosed which are fornmed sinultaneously during the sane process wth few

or no adsidskapaimehepsn,andirehe Rk Re i6AHVAN eRbky¥varArechad iRk, a 25
tenperature conpensation circuit. The Schottky diode requires very little,
~ addi t Bonato wabses skikPPedid, thdaref ofee destids i¥ iy bhifiide@sbod)Ornad@bl-é onal
cost or |abor. Al so, because the Schottky diode is formed in conjunction
with a | osrababbliapnveteidnalis hét MamiBed afdy theVpantibubdy WO /54630248 2 6
OCT 2004 PCT/US01/11921 voltage and can be conveniently incorporated with
a si ngl e wsowetends upp|the HEpPRnd¥i tlaive havecsdowilamddiddeatidyed thpecddi C
enbodi ments of the present invention, further nodifications and

i npr oveneRtsdsHarE Exarukhe Bpiglt rodesednd bédeliis fineengdon. W desire it to be
under st ood, therefore,



that this invention is not limted to the particular fornms shown and we
intend in the appended clains to cover all nodifications that 2dp Q0ODPt200%
depart fromthe spirit and scope of this invention. f 26 OCT 2004 || What
is clainmed is: 1. Apparatus for providing | ow voltage tenperature
conpensation in a single power supplly hetero-junction field effect

transi stor conprising: a substrate including a stack of epitaxially grown
conmpound semn conductor |layers forned thereon, the stack including a first
epitaxially grown conmpound sem conductor |ayer; a hetero-junction field
effect transistor forned in at least a first portion of the stack, the
first _portion including the first epitaxially grown conpound sem conductor
| ayer WheHECIREEE - j unction field effect transistor having a channel with
source and drain ohm c contacts and a gate contact operatively associated
wi th the channel, the gate contact including a plurality of |ayers of
nmetal, the hetero-junction field effect transistor having a first turn-on
vol t alje; afRpParpiuse fbtRRAIng e VelgeemiamReratye GoBweRsalionséband portion of the
stack, t hesingepaed suplytHeio-juncioh délt gifdchearkistos tongpisihgxi al | y grown conpound
sem conductor |ayer, the Schottky di ode being adjacent the hetero- junction
field effect transistor and with two term nals, the Schottky diode

i ncl udi ng dneHkskate hclyping api tS{pchf of PP gimsralcoppdindi oned in cont act

W th a | aysiiconliudidre lagéracClorrhay itigech, |toyv daord@aiding e fiaghot t Ky di ode havi ng

a negative. rat ur oefficient. and a second turn-on voltage |ess than
the first %p&%ﬁ% m\%lctoglaégn%ffamf&grﬂ)@?tg 45"t or provi di ng | ow vol t age

t enperature conpensation in a
a hetero-junction field effect transistor formed in at least a first portion of

the stack, the first portion including the first epitaxially grown compound
semiconductor layer, the hetero-junction field effect transistor having a
channel with source and drain chmic contacis and a gate contact
operatively associated with the channel, the gate contact including a
plurality of layers of metal, the hetero-junction field effect transistor
having a first turn-on voltage; and

a Schottky diode formed in at least a second portion of the stack, the
second portion including the first epitaxially grown compeound
semiconductor layer, the Schottky diode being adjacent the heterc-
junction field effect transistor and with two terminals, the Schottky diode
including one of the plurality of layers of metal positioned in contact with
a layer of the stack having a low bandgap, the Schottky diode having a
negative temperature coefficient and a second turmn-on voltage less than

the first turn-on voltage.

2. Apparatus for providing low voltage temperature compensation in a
single power supply hetero-junction field effect transistor as claimed in
claim 1 wherein the layer of the stack having the low bandgap has a
bandgap below approximately 1.6 eV,




singl e power supply hetero-junction field effect transistor as clained in
claim1 wherein the layer of the stack having the | ow bandgad h&£Ta2004
bandgap bel ow approximately 1.6 eV. 2 6 OCT 2004 WO 01/84630 PCT/ US01/ 11921
12 3. wepawrsasies for providing | ow voltage tenperature ceopwssgiioon in a
singl e power supply betero-junction field effect transistor as clainmed in
claim?2 wherein the | ayer of the stackibaving the | ow bandgap includes one
of gallium arsenide and indiumgallium arsenide. 4. Apparatus for providing
| ow vol t age tenperature conpensation in a single power. supply
netero-juncti o hel:deSl 96 pldABMS 08 Afeall VeBEddat! Alilugrer n the

hetero-junction field effect”transi'stor has a e power “supp of

. aifigPe r n Rk e J§at | f .
appr oxi mgiel . %gg \V;%lt%g&@gﬂ}eq;e@d JheretQn 206 & EH&{EOQQ&Y Sage P

approxi mately 1. Appar atus for providing w vol tage tenperature

conpensatchQited fn &1ShAH GnBAVE +E8PRKYE: NGt @HO-dtuRkt h.0R kT 8ld 18§ ect
transistor as clained in claim1l wherein the hetero-junction field effect:

transi st @anddapClitciemea diRgat iR 1i@NReEa 1deCatdahnkili6h @1 AR abb&niehot t ky
diode is connected to the gate contact of the hetero-junction field effect
transistor by a gate circuit to conpensate for changes of current | oading
inthe gate circuit with changes in tenperature. 6. Apparatus for providing
| ow vol t age t enperpatraine Conpensidiognlow vodtsid geeppaivbre Siopphiysation
hetero-junction field effect transistor as clained in claim1l wherein the
pl uralityncf singler poedr gePmly batérmdduactioaydieldf eEbnttactanmtbdy aa | ayer of
seed netal, and a layer. of low resistance netal. 7. Apparatus for

provi di ngtdiged vigt cagen teWpricanrubie dohprmdnndtoion field effect transistor

has a single power supply of approximately 2.5 volts connected thereto

and a turn-on voltage of approximately 1.7 Volts.

5. Apparatus for providing low voltage temperature compensation
in a single power supply hetero-junction field effect transistor as
claimed in claim 1 wherein the hetero-junction field efféct transistor
includes a negative temperature coeifigient and the Schottky diode is
connected to the gate contact of the heterco-junction field effect
transistor by a gate circuit to compensate for changes of current

loading in the gate circuit with changes in temperature.

6. Apparatus for providing low voltage temperature compensation
in a single power supply hetero-junction field effect transistor as
claimed in claim 1} wherein the plurality of layers of metal include a
layer of contact metal, a layer of seed metal, and a layer of low

resistance metal.

7. Apparatus for providing low voltage temperature compensation

in a single power supply hetero-junction field effect transistor as



in a single power supply hetero-junction field effect transistor as 2 6 OCT
2004 claimed in claim6 wherein the | ow resistance netal overlay is gold
and a second portion of the |ow resistance nmetal overlay is p@siQjTo?gth on
the second portion of the layer of seed netal. 8 A nethod of fabricating
apparatus for providing Iom1vo|tagd3tenperature conpensation in a single
power supply hetero-junction field effect transistor conprising the steps
of : providing a substrate including a stack of epitaxially grown conpound
sem conductor |ayers fornmed thereon, the stack including a first
epitaxially grown conpound seniconductor | ayer; formng a hetero-junction
field effect tran |stor | east a first ort| of the stack, the

first portPamed i Sr’fﬁ’efel‘fbt ?iof’@?s%ﬁ“?é’iﬁm&m ”abis adApound sem conduct or
| ayer, thesdvetkpatiprusiche bw resighribe efidta cvertay anposiboed dethag forned with a

channel wi th sP&h AL IHEAIRQNWLG contacts and a gate contact

operatively associated w'th the channel, the gate contact being forned to
include a plurality of Iayers of netal, the hetero-junction field effect
t ranss.st or Alnatticd@f &abfitatisd apparatsoar pmhdi@gglew vage ftanperangea Schott ky di ode in

at |east a,zef ﬁ{b‘ﬁor‘?% t4 %mng pdWie &gﬁ%khetérg' nctRRCRUM Q&L ! on including the

first epltaX|a rown c ound cond ctor Ia er, the Schottky diode
bei ng adj a@ﬁlﬁtof%“mﬁﬁﬁé'kecﬁ%’ﬁé‘fl on field effect tran5| stor and with two
termnals, the Schottky diode including one of the plurality of |ayers of

met al posi [ [ n - WLt el having a | ow
bandgap, t rg\?%@%(a)tstﬂﬁs)}%%d#@g%n ave'lpadfil °#%ﬁ'§é‘§w 9/%‘”55%@@59 ure coefficient and
a second tgaMicapductasolayergeformesss therﬁ%m tthee stacksincluding-ariirsiol t age. 9. A net hod

of fabri Caémtﬂﬂal@@ﬂﬁfnaiohl@oﬁr@rseﬂl’c@ﬂdudﬂoﬂﬁ drow vol tage tenperature
conpensation in a single power supply %et ero-junction field effect

forming a hetero-junction field effect fransistor in at least a first portion of

the stack, the first portion including the first epitaxially grown compound

semiconductor layer, the hetero-junction field effect transistor being

formed with a channel with source and drain chmic contacts and a gate

contact operatively associated with the channel, the gate contact being

formed to include a plurality of layers of metal, the hetero-junction field

effect transistor having a first turn-on voltage; and

forming a Schottky dicde in at least a second portion of the stack, the
second portion including the first epitaxially grown compound
semiconductor layer, the Schottky diode being adjacent the
heterojunction field effect transistor and with two terminals, the Schottky
diode including one of the plurality of layers of metal positioned in
contact with a layer of the stack having a low bandgap, the Schottky
diode having a negative temperature coefficient and a second turn-on

voltage less than the first turn-on voltage.

9. A method of fabricating apparatus for providing fow voltage temperature
compensation in a single power supply hetero-junction field effect
transistor as claimed in claim 8 wherein the step of forming the Schottky
diode is performed by depositing the one of the plurality of layers of
metal simultaneously in the gate contact of the hetero-junction field

effect transistor and the Schottky diode.




transistor as clainmed in claim8 wherein the step of formng the Schottky

diode is perforned by depositing the one of the plurality gfa my[e?ﬁqlpf
nmetal simultaneously in the gate contact of the hetero-juneti fireld

ef f ectwoOroasg63et or and the Schottky diode. 2 6 OCT 2004 pd"uSiu/id4a30
PCT/US01/ 11921 14 10. A nethod of fabricating apparatus for providing |ow
vol tage tenperature conpensation in alsgingle power supply hetero-junction

field effect tpangim@baas @gﬂi@@iﬂgﬂag%ﬁaaé ﬂé}e;}@m&ﬂs N8} §hPeadauncti on

field effect transistor includes a negative tenperature ~coefficl nt and

t he net hedmpdiehudeScdmpersitiibhom, a §$1%@.e0%ov%‘%n%]: HetdAe REqbL Ky diode to

the gate contact of the hetero-junction field ‘effect transistor by a gate
Circuit EQeTdREEESARahOIstoRoN)RIaDicd CHIFRAL & GALLBE itRethi g8l e Circuit |

with changes in tenperature. t
junction field effect transistor includes a negative temperature
coefficient and the method includes in addition a step of comnecting
the Schottky diode to the gate contact of the hetero-junction field

effect transistor by a gate circuit to compensate for changes of

current loading in the gate circuit with changes in temperature.



