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Bipolar Transisto Technology Pag and Future
Directions

T IS now more than 50 yeass since the invention of the

bipolar transiste. The emegene of the transisto from Bell
Laboratories in late 1947 and early 1948 was the first step in
the developmet of today’s semiconductoelectronis industsy.
Currenty transisto productio is on the orde of 10'7/yea.
Although CMOS has acquiral an ever-increasig role, the
bipolar transiste retairs its position as a premie technology
for high spee circuits power amplifiers mixed-sign& and
precision analg componentsard in othea applications In
the intervening years bipolar technoloy went through many
changes sone evolutionay and sone revolutionar. It was
the topic of agred ded of enegetic ard insightfu researchit
continues today to be atopic of grea excitement.

This Speci& IssiLe provides an unusuamix of paperslt con-

tains the foll owing.

1) Historical papesthat give insight into the personadand
organizationaside of pag developmentsThesareissues
that seldan areevidert in the standad technicapapes of
T-ED, but we believe provide a singula perspedve on
the excitemen associatd with bipolar research.

2) Current reseach articles that descrile issue important
to various aspecs of state-of-the-drbipolar transistor

where key contributions were made Subsequenyl innovations
in bipolar transistos with polysilicon emitter technoloy are
described both in historicd review, ard as descriptios of

currert research Later in the issue the histoly and recent
developmens in SiGe bipolar transiste technoloy are given.

Finally, Ill-V HBT work is describedIn this cakgory, there
are severd overview articles tha provide a valuabe summary
of exciting researh resuls tha may propé the technolog for

decads to come.

The wide diversity of papes makes clea tha many different
areaof physicsard technoloy areassociatdwith bipolar tran-
sistors It is also clea how researh contributions to bipolar
technolog conme from all acros the globe.

The editors would particularly like to draw attentio to a
series of interestirg ard insightfu invited papes in this issue.
Articles by Warne, Early, Ning, ard Harane are primarily
historical and descrite the evolution of the technoloy based
on Ge Si, and more recenty, SiGe along with fascinating
glimpses of the personalitis of the developes and the orga-
nizatiors they worked for. Articles by Rodwel and Ishibashi
provide overviews of new physics concepts implemented
principally in IlI-V semiconductors.

technology.

3) Overview articles on new conceps which summarie re-
cert researh in area tha may provide breakthroughin
performane in the yeais to come.

The retrospedve flavor of this isste is particulary timely
in light of the fad tha two contributors of many key ideas for
bipoler transisto technoloy developmem were recognized
with the Nobd prize in Physics in 200Q The concep of the
integrated circuit from Jadk Kilby was key to the widespread
application of transistorsAnd althoudh the Nobd citation for
Herbet Kroeme focuses on his contributions to the double
heterostructie lase, Dr. Kroeme also was the originata of
many ideas that propellel bipolar transisto developmens (as

The editors are grateful to all the authors for their contribu-
tions. The editors are also grateful to them for their patience
through the prolonged period of assembling this issue. The ed-
itors are additionally grateful to the reviewers that helped hone
the articles to their present state, and to the staff at our various
organizations and the IEEE that contributed to putting this issue
together.
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Submicron Scaling of HBTs

Mark J. W. Rodwell Senior Member, IEEEMiguel Urteaga, Thomas Mathew, Dennis Scott, Dino Mensa, Q. Lee,
James Guthrie, Y. Betser, Suzanne C. Martin, R. P. Smith, S. Jaganathan, Sundararajan Krishnan, Stephen I. Long,
R. Pullela, Bipul AgarwalMember, IEEEUddalak Bhattacharya, Lorene Samoska, and Mattias Dahlstrom

Abstract—The variation of heterojunction bipolar transistor I. INTRODUCTION
(HBT) bandwidth with scaling is reviewed. High bandwidths are . . . . . .
obtained by thinning the base and collector layers, increasing ESEARCH in wide bandwidth heterojunction bipolar
emitter current density, decreasing emitter contact resistivity, and transistors (HBTs) [1], [2] is driven by applications in

reducing the emitter and collector junction widths. In mesa HBTs, high-frequency communications and radar. In optical fiber
minimum dimensions required for the base contactimpose a min- communications, integrated circuits for 40 Gb/s transmission

imum width for the collector junction, frustrating device scaling. . )
Narrow collector junctions can be obtained by using substrate are now in development [3], [6]. Emergence of 160 Gb/s trans

transfer or collector-undercut processes or, if contact resistivity is  MISSION equipment in the near future must rely on a timely and
greatly reduced, by reducing the width of the base ohmic contacts Substantial improvement in the bandwidth of semiconductor
in a mesa structure. HBTs with submicron collector junctions electronics. 160 Gb/s fiber transmission will require amplifiers
exhibit extremely high fmax and high gains in mm-wave ICs. jith flat gain and linear phase over-aDC-110 GHz band-

Transferred-substrate HBTs have obtained 21 dB unilateral . . _ S
power gain at 100 GHz. If extrapolated at —20 dB/decade, the width and master—slave latches [3] (used in decision circuits,

pOWer gain CUtoff freqUeNcy fuax iS 1.1 THZ. fuax Will be less multiplexers, and phase-lock loops) operable at 80 GHz or
than 1 THz if unmodeled electron transport physics produce a 160 GHz clock frequency.

>20 dB/decade variation in power gain at frequencies above 110 A second set of driving applications are wideband, high-res-
GHz. Transferred-substrate HBTs have obtained 295 GHZ.. The  g|ytion analog—digital converters, digital-analog converters,

substrate transfer process provides microstrip interconnects on a . . . ;
low-¢,. polymer dielectric with a electroplated gold ground plane. and direct digital frequency synthesizers [8]. Increased band

Important wiring parasitics, including wiring capacitance, and widths of these mixed-signal ICs will increase the bandwidth
ground via inductance are substantially reduced. Demonstrated and frequency agility of military radar and communications
ICs include lumped and distributed amplifiers with bandwidths  systems [4]. In ADCs and DACs, very high resolution is
to 85 GHz and per-stage gain-bandwidth products over 400 GHz, gptained using oversampling techniques [7], [9], with clock
and master—slave latches operating at 75 GHz. frequencies~ 100 x the signal bandwidths. In high resolution
Index Terms—Heterojunction bipolar transistors, integrated ADCs, to avoid metastability errors in latched comparators
circuits (ICs). driven by small input signals, the circuit time constants must be
much smaller than the periods of the clock signals employed.
Similar design constraints apply to high-resolution DACs. High

Manuscript received August 23, 1999; revised March 22, 2001. This woFeSOlution ADCs and DACs consequently require transistor
was supported in part by the University of California, Santa Barbara, the ONRaNdwidths 18: 1 to 1C*: 1 larger than the signal frequencies

under Grants N0014-99-1-0041, N00014-01-1-0065, N00014-01-1-004fyolved. Transistors with several hundred Giizand f
N00014-01-1-0024, N0O0014-98-1-0750, and N00014-98-1-0830, the AFOSR max

under Grant F4962096-1-0019, the ARO under the Quasi-Optical muiyould _enab_le_h@h-re;olgﬂon m'crowav_e rr_1|xec_j-_5|gnal ICs.
PC249806 Grant, the JPL Center for Space Microelectronics Technology,A third driving application is in monolithic millimeter-wave

Pasadena, CA, and the NASA Office of Space Science. The review of tWﬂegrated circuits (MIMICs). In microwave and mil-
paper was arranged by Editors P. Asbeck and T. Nakamura.

M. J. W. Rodwell, M. Urteaga, T. Mathew, D. Scott, S. Krishnan, S. I. Lond,'rm:"ter'wave recelvers.,. th_e low-noise  RF preamp!n‘ler,
and M. Dahlstrom are with the Department of Electrical and Computer Enggeveral stages of amplification, and frequency conversion (a

neering, University of California, Santa Barbara, CA 93106 USA. mixer) are typically implemented as small-scale monolithic
D. Mensa, S. Jaganathan, and R. Pullela were with the University of Call- its. Simil MIMIC d in the t itt Th
fornia, Santa Barbara, CA 93106 USA. They are now with Gtran, Inc., Thofdrcuits.  similar S are used In the transmitter. e

sand Oaks, CA 91319 USA. operating frequency is set by the application, but progressive

He is now with Big Bear Networks, Milpitas, CA 95101 USA.

J. Guthrie was with the University of California, Santa Barbara, CA 93108 radar_ and Commgn'cat'o_ns ICs to progresswe_ly higher
USA. He is now with Nortel Networks, Ottawa, ON, Canada. frequencies. A transistor with a 1 THz power-gain cutoff

Y. Betser was with the University of California, Santa Barbara, CA 9310ﬁequency would provide useful gain over the full 30—-300 GHz
USA. He is now with Anadigics, Inc., Haifa, Israel.

S. C. Martin is with the Jet Propulsion Laboratory, Pasadena, CA 91109 ng_llllme_ter-w_a\_/e band. This W_OUId permlt_e.g., digital radio
R. P. Smith was with the Jet Propulsion Laboratory, Caltech, Pasadena, inRks with millimeter-wave carrier frequencies and 1-10 Gb/s

91101 USA. He is now with Cree Research, Durham, NC 27701 USA.  channel capacities. Until recently, 11—V high-electron-mobility
B. Agarwal was with the University of California, Santa Barbara. He is no

with Conexant Corporation, Newport Beach, CA 92658 USA. \ﬁeld'eﬁeCt'tranSiStors (HEMTS) have_ShOVmaX sup_erior to
U. Bhattacharya was with the University of California, Santa Barbara, C#hat of HBTs, and have dominated in MIMICs. With recent

93106 USA. He is now with Intel Corporation, Beaverton, OR 97005 USA. \vork on scaling of HBTs to submicron dimensions [45] HBT
L. Samoska was with the University of California, Santa Barbara, CA 93106 !

USA. He is now with the Jet Propulsion Laboratory, Pasadena, CA 91100 UAOWer-gain cutoff frequencies now exceed those of HEMTS,
Publisher Item Identifier S 0018-9383(01)09072-4. and HBTs can compete for application in MIMICs.

0018-9383/01$10.00 © 2001 IEEE



RODWELL et al: SUBMICRON SCALING OF HBTs 2607

In high-speed digital and mixed-signal applications, IlI-\f require further epitaxial scaling, together with increased
HBTs must compete with their silicon counterparts. Theperating current density and greatly improved emitter parasitic
primary advantage of IlI-V HBTSs is superior bandwidth, andesistance.
the primary disadvantage is the relative immaturity of the
technology, with consequently higher cost and lower scales Il. HBT SCALING

of intggration. '_I'here are several factors contributing to theIn HBTSs, thinning the base and collector epitaxial layers re-
superior bandwidth of lII-V HBTs. For HBTs grown on GaASduces the carrier transit times but increases the base resistance

or InP substrates, available lattice-matched materials allow yse, .. - 1o i1 base capacitance. These can be subsequently

0; {ahn imitterlwq_c;]sfe ﬁ?ndg?ﬁ et:]ergydis !”””‘;h :;alrger than gr]%liuced by reducing the lithographically-defined widths of the
of the base [1]. This allows the base doping to be increase emitter—base and collector-base junctions. To simultaneously

o : C o
the limits of incorporation in growth-10?°/cm? and results obtain both highf, and high fu.x, device epitaxial and litho-

n (\j/eoryléow Base tshee_tt tr_essftancea_:inoitsheedt _res%an(;:e ? phic dimensions must be concurrently scaled. Below we ex-
and 0.15 ps base transit time is readily obtained in a Be-dopgd. - the limits to HBT scaling.

Ir|1IG aAzl blastﬁ of 4.00 At tr? '.Ckg.(/e?é Ianquntrlgs% tzonsltlralntsl N Fig. 1 shows a simplified cross-section of a mesa HBT. To
allowable fatlice mismatch in Sisi-e s Imitthe allowabl¢, ) the transistor, the emitter, base, and collector layers first

_Ge:Si alloy ratio. The emit_ter—base bandgap energy d?fferen ewn by molecular-beam epitaxy (MBE) or metal—organic
is then much smaller than in Ill-V HBTs, and_ b(_a\s_e o_Ioplngs afiemical vapor deposition (MOCVD) on a semi-insulating
consequently lower. 4—-8(K1 base sheet resistivity is typical ubstrate. The HBT junctions are formed by a series of

: ) ” S
O.f S.'fge ?BJS [t13]' Hf'?lrll \e/leHcérTc_)n Ivﬁlog'lt;‘e‘j’l a(;e : SHe;_?ngatterned etches, and contacts formed by depositing metal.
significant advantage ot {li— S. In INAIAS/INGAAS SThis results in a device structure where the collector—base

Y/veltlgg'.[ize_sog;(?;ggIIthcir(;hIgrlfqr;seSZpe;?)itithcecweZt'olr er:iegcr;[grj]unction must lie under the full area of the base ohmic contacts.

sy L . 2"~ There is also a parasitic collector-base junction lying under
than obser_ved in Si. This h'gh electron velocity results in hi e area of the base contact pad. In this device structure, the
current-gain cutoff frequencies. _ collector-base junction must be substantially larger than the
Best reported results of InP-based HBTSs include 300 Ghgitter dimensions. At the sides of the emitter stripe, the base
J= [49]. Si/SiGe HBTSs [10], [11] have obtained 156 GHz. ohmic contact must be at least one ohmic contract transfer
Thus, despite the advantages of IlI-V HBTSs provided by SUPRngth I.o..ace in order to obtain low contact resistance. In
rior materials properties, Si bipolar junction transistors (BJTg}, |nGaAs-base HBT with 400 A base thickness anc 5
and Si/SiGe HBTs remain highly competitive. The high band19/cy3 doping, Leontact = 0.4 pzm. Lithographic alignment
widths of Si/SiGe HBTSs arise in part from aggressive subMjsjerances between emitter and collector also constrain the
cron scaling. In devices with 0.14m emitter—base junction minimum collector-base junction dimensions. Dependent upon
widths, 92 GHzf; and 108 GHz/,,..x have been reported [12]. the process minimum feature size and the length of the emitter

Self-aligned polysilicon contacts reduce both the parasitic c%lfripe, the base contact pad area can contribute as much as 50%
lector—base capacitance and the base resistance. In marked gpfje total collector—base capacitance.

trast to the aggressive submicron scaling and aggressive par-
asitic reduction employed in Si/SiGe HBTSs, Ill-V HBTs areA. Factors Determining’,

typically fabricated with 1-2:m emitter junction widths and Before examining scaling for high cutoff frequencies, rele-

3-5pm collector—bas.e jur?ctlon widths. This is rgmarkaple Want HBT parameters must first be calculated. The current-gain
an era when commodity microprocessors are available with te0Roff frequency is

of millions of transistors at 0.13m gate lengths. Deep submi-
cron scaling will improve the bandwidth of I1I-V heterojunction 1
bipolar transistors and is critical to their continued success.  2xf,
To obtain improved HBT bandwidths by scaling, trans'\}vh
. : . ere
times are reduced by decreasing the thicknesses of the basE andR. parasitic emitter and collector resistances;
and collector epitaxial layers. Important RC charging times °* ¢ collector junction capacitance:; '
are reduced by laterally scaling the base and collector junction cb '
. L L L collector current.
widths. Most significant among several limits to HBT submi-

L S n ) . First examine the base transit timg If a linear grading of
cron scaling is the extrinsic (parasitic) collector-base Junctlcme base semiconductor bandgap energy with position is used to
lying under the base ohmic contacts. The required minimu

ducer,, then [15
size for the base ohmic contacts places a lower limit on the size b [15]

kT
=7+ 7.+ qT(CJF + ch) + (Rem + Rc)ch (l)

of the collector—base junction, preventing submicron junction T2 (kT 12 (kT 2 N
scaling. We have developed a substrate transfer process that > = D, \AE) D, \AE (1 - )
allows fabrication of HBTs with submicron emitter—base and T LT
. . . . . b _ _—AE/kT
collector—base junctions lying on opposing sides of the base + - <—AE> (1 e ) (2)
exit

epitaxial layer. With this devicef,..x increases rapidly with
scaling. With transferred-substrate HBTs, 1.1 Tettirapolated whereAF is the grading in the base bandgap energy, Bnid
power-gain cutoff frequencies and 295 GHz current-gain cutdffe base thickness. The base exit veloeity;; is of the order
frequencies have been obtained. Further improvements oin(k7/m*)!/? for an ungraded base and is somewhat larger
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layers,v.g = 3-5 x 107 cm/s. For scaling analysis, we will

y taker, o 1.

In InAlAs/InGaAs HBTs withT}, = 400 A and7, = 0.2 m,
fr ~ 250 GHz, and theRC charging terms in (1) comprise 35%
of the total forward delay. These terms must be considered in
detail.

First consider the charging tini¢7’/ql.]C.,. This term has
a major impact upon digital circuit delay (Section II-F) and is

base contact pad - ‘<_W;53

\
SN

N

NN

2/
7h v 5 é reduced by increasing the collector current density to limits set
é £ V= 4 f, ‘g / L. by collector space-charge screening (the Kirk effect [21]). If the
3 %= S 7 collector doping/V, is chosen so as to obtain a fully-depleted
L / @ £ 4 @ /
E é § "'E/w// % § / collector at zero bias current and the appliég, we must have
N 7
%/ »vé ( Vo + ¢ = qNgT? /2¢ (4)
2
Y %’v /. ’, while base pushout occurs at a current density,. satisfying
/. Yy
‘/cb + (/) = (']xnax/vsat - qu) Tc2/2€ (5)
> L >
We Hence, the maximum collector current before base pushout is
base contact o base contact % 2 2
collector CxI77777 ¢ Ic’ max — Ae(VGb - (/))46@8‘”/11‘: & AG/TC (6)
contact ase ) ) N
277 =5 _collector =g 7777 A wherev,,, is a (assumed) uniform electron velocity within the

sub collector

N -

collector. With undoped collector$, ,,.x is 2:1 smaller than
in (6). The collector capacitance ., = eA./T.. With the
HBT biased all. max o 1/T2, (kT/qlc)Cup o To(Ac/Ae).
Fig. 1. Plan and cross-section of a typical mesa HBT. The emitter—bak8iS delay term is thus minimized by scaling (reducifig, but
junction has widthiV,, lengthL., and areai. = L.W., while the collector— bias current densities must increase in proportion to the square
base junction has width.., lengthL,., and aread. = L.W. of the desired fractional improvement ji.

The emitter charging time(;.[kT/¢l.] in (1)] is a signifi-
with base bandgap grading.,, is the base minority carrier dif- cant determinant of - and also plays a major role in ECL logic
fusivity andm* the electron effective mass. Equation (2) is dedelay (Section II-F). If we were to assume tligt were simply
rived from the drift-diffusion relationship and is accurate onlg depletion capacitance, it would be reasonable to expect that
if the predictedr;, is large in comparison with the momentunthis charging time could be minimized simply by making the
relaxation timer,,, = D,,m*/kT [16]. Using the parameters of emitter—base depletion region very thick, by use of very low
an InGaAs base at & 10'°/cm® doping ©,, = 40 cm?/sec, emitter doping, combined with a thick bandgap grading region
Vewit ~ 3 X 107 cm/s,7,, = 35 fs), we note that 52 meV in the base—emitter heterojunction. Clearly, this approach must
bandgap grading is sufficient to redugeby ~2 : 1. For a thick fail somehow in the limit of very large depletion thicknesses.
base layer or a large..;;, 7 x 12, with InGaAs base layers We must examine design of the emitter—base junction in detail
below ~400 A thickness, the exit velocity term in (2) adds @ determine the limits to the emitter—base depletion thickness,

Sl substrate

significant correction. and to understand how the junction design must be modified as
The collector transit time.. is the mean delay of the collectorthe transistor is scaled for increased device bandwidth.
displacement current, and is given by [17], [18] In order to support a high emitter current density without
a substantial potential drop in the emitter—base depletion
B e (1 -2/T) dp = 1. 3 layer, a high electron density(z) must be present within
Te _/0 v(z) v= Qe ©) the emitter—base junction. In high-speed HBTSs, the thickness

T., of the emitter-base depletion layer must then be small
wherev(z) is the position-dependent electron velocity in thé significant charge storage effects are to be avoided. Fig. 2
collector drift region and.g an effective electron velocity. is shows a band diagram of the base—emitter depletion region.
most strongly dependent upon the electron velocity in the proxtz) = N, exp[—q(E.(z) — E; .(x))/kT], whereN, is the
imity of the base and becomes progressively less sensitivectnduction band effective density of statés(«x) is the con-
the electron velocity as the electron passes through the colleataction-band energy, anfi; ,,(x) is the electron quasi-Fermi
[18]. At low collector—base bias voltages, electrons must trievel. An arbitrary conduction-band profilB.(x) can be ob-
verse a significant fraction of the collector drift region beforéined through combined bandgap grading and doping. Under
acquiring sufficient kinetic energy (0.55 eV for InGaAs [19]modulation of Vi, dn(z)/0Vse = n(x)(¢/kT)(z/T. ).
0.6eV for InP [20]) to underg@'-L scattering [17], [18], and Here,z = 0 is defined at the emitter edge of the depletion
v(z) is fortuitously highest near the base. In thin InGaAs or Infegion, as shown in Fig. 2. The ideality factor N is defined by
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x=0 x=T b | I/V:a,comact
<
//EL(f)/\_____ emitter contact metal — ///////
| " 7R
"""""" Bl e w— i T
? LEﬁ, ) S emitter cap layer _¢_ eap
Ve N++ emitter —————| P ¢ 7,
I N+ emitter ——— |1 W, ' $ T
_____________ surface depletion region—je: < B
base base-emitter grade
(partially depleted) base
Fig. 3. Cross section of the emitter layers within a typical HBT, comprising
a heavily doped semiconductor contact (“cap”) layer, a low-resistance N++
emitter layer, and the N+ emitter. Lateral depletion of the N++ emitter can be
depletion significant in submicron devices.
emitter region

i ) ) o _charge within the depletion layer, and is minimized by reducing
Fig. 2. Band diagram of the HBT emitter—base junction. If the base—emit T
ebdp.

junction thicknessrl., is excessive, HBT performance will be degraded b . L .
either stored charge or by excessive potential drops in the depletion layer. ~ In (1), the delay ternk...C., is a major limit to HBT scaling

for high f.-. Further,R... contributes significantly to ECL logic
the relationshipl, o ¢?V</N¥T and gradients ik, in the delay. Because of the relative sizes of the emitter and collector
emitter—base depletion region result in N greater than unighmic contacts, in avell-designecsubmicron HBT,R. is 4:1
with to 10:1 smaller thaZ.,, and R.C, can be neglected in a first
1 0(AE ) analysis.R., must first be calculated. The emitter layer struc-
bl S ALV (7) ture of a typical HBT (Fig. 3) contains a heavily doped and
q IWpe narrow-bandgap contact (“cap”) layer, and a heavily-doped N++
In the base—emitter depletion regionJE, /dx — wide-bandgap emitter layer. A portion of the emitter layer may

—J/ i, wn(x), while in the baseJ, = qn(T.)D,/T,L. be more lightly (N+) doped for reduced junction capacitance,
Here, ,:Ln « is the electron mobility in the junction (dueand may be of several hundred A thickness to avoid dopant dif-

to the low doping in the grade, this mobility is signif-fusion from the N++ layer into the emitter—base junction. If het-
icantly larger than that of the base), atd = k7/AE erointerfaces are properly graded to avoid conduction-band bar-
— (KT/AE — D, /vesiTy)e 2E/FT s a factor involving riers between layers, the parasitic emitter resistance is

the base bandgap grading’ (~ 1 for an ungraded base).

N=1+

Combining these relationships, the ideality factor is Rew = pe,e/LeWe, contact + PeapTeap/LeWe, contact
T 1 (T ) + peQTeQ/LeWe, Junct + pelTel/LeWe (11)
eb Hn Nidep
N=1 1-0d 8 . . . . L
+ 1y Tpneo /0 n(CTe,b)( ¢ (®) wherep, . is the emitter specific ohmic contact resistivity, and

_ _ iy _ _ Peapr Pe2, andp; are the bulk resistivities of the cap, N++,
where¢ = z/Te, is a normalized position variable, apgl is  and N+ emitter layers. For submicron emitters, the junction
the electron mobility in the base. To obtain a low ideality factogyigth W, junct is significantly smaller than the contact width
Tev /Ty, must not be large, and the electron densify) inthe . . due to lateral undercutting of the emitter during
junction must be kept high. Unle®$, / 7} is kept smalll, the high etching of the emitter—base junction, and the electrically active
n(x) will result in significant charge storage. Using methodgmitter width W, can be significantly smaller thal, ..t
similar to those used to derive the collector transit time [17ﬂ)ecause Of the presence Of Surface (edge) dep|eti0n regions of
[18] (3) width (2¢¢/qN.1)'/?, whereN,; is the N+ layer doping, and

T, ¢ is the bandb_end_in_g QUe to pinning of _the Ferr_ni energy at the
/ (/o) qn(z) dx] . ) surface. For simplicity in scaling analysis, we will approximate
0

7]
Oje/Ae = G/Teb + Wbe

Rew ~ pe/Ae (12)
The term(kT’/¢I.)C}. in (1) can be then written as
wherep, is a fitted parameter, approximately 89,:m? for sub-
(KT /qL)Cye = <6Ae> </€T> micron InAlAs/InGaAs HBTSs fabricated to date at the Univer-
' Tep ql. sity of California, Santa Barbara. In the InAlAs/InGaAs HBTs
IT.T, [* n(CTw) .o we have fabricatedp. . = 20 ©2-pm” when InGaAs con-
+ D, /0 n(Teb)C d¢. (10)  tacts at 16°/cm? doping are employed, and. . = 4 Q-p
' m? for contacts to InAs layers at 8 10'?/cm?® doping. The
The first term in (10) results from the depletion-layer cap.; 7.1 = 5.5 Q-um? resistance of the N+ InAlAs layer (8
pacitance, and is minimized using high bias current densiti&6'“/cm?® doping, 700 A thickness) is significant in submicron
Je = I./A.; the second term reflects storage of mobile electratevices for whichiV, is 2:1 to 4:1 smaller thatVe. contact-
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To avoid such emitter size effects, deep submicron HBTs should emitter
use:>>10'%/cm? emitter doping. base contact base contact

The R.,C., charging time can now be examined. Since m%m
Cop = €A./T. ase

RO <€pe ) <Ac ) 98 fs <Ac ) (13) collttact?r l:zﬂ
exleh = e — = — contac
T. ) \ 4 A, >

if p. = 50 Q-pm? and7, = 0.2 ym. This a significant delay. In We=Wy=W

HBTs, we have fabricated with 275 GHz pefkand the Su_b_ Fig. 4. Cross section of an idealized HBT with the collector-base junction
strate transfer process allowis /A, to be kept small at 2.3: 1, lying only under the emitter. Such device structures can be formed using
yet R, C,, still constitutes 11% of the totdl/2x f. = 0.58 ps  substrate transfer processes.

forward delay. In mesa HBTSs (Fig. H)./A. is often larger than

2.3:1and hencei... C, will contribute a larger delay. Because . :
L . e.g., the product of the base resistance and the full capacitance
R..Cqy x 1/T., thinning the collector to reduce. also in- 9 P P

C., = €A, /T, of the collector—base junction
creaseR.,C.p. e = eAc/I J

Toincrease HBT current gain cutoff frequencies, the base and
collector layers must be thinned and the bias current density in- g, ¢, = {(\/@ + 0. W) (E) <E>} [WC}
creased. Thinning the collector increades.C.,, imposing a 2 L. 1.
limit to scaling. Limits to bias current density imposed by device (DSG) L. W W,
reliability and loss in breakdown voltage with reduced collector 12 L. T. |-
thickness are two further potential limits to scaling. Finally, un-

less the device structure of Fig. 1 is laterally scaled, verticgbnsider the influence of device scaling on the time constant
HBT scallng for mcreasegfL will resultin reducecpower-galn Ry, C.y. Decreaging the base thickness to redacecreases

(15)

cutoff frequencies max- the base sheet resistivipy, increasingk;,, C.;,. Decreasing the
. _ . _ collector thicknesd’, to reducer, directly increase®,,C.;, as
B. Lithographic Scaling for HighYomax is shown explicitly in (15).

Regardless of the value of., transistors cannot provide LOW RiCe, and consequently highi.., is obtained by
power gain at frequencies aboyg... Independent of,, fma.  Sc@ling the emitter and collector junction widthg and W,
defines the maximum usable frequency of a transistor in eitHgrsubmicron dimensions. Reducing the emitter widthalone
narrowband reactively-tuned or broadband distributed circuli@duces toward zero the componentif C;, associated with
[22]. In more general analog and digital circuits (Section I1-Ffhe base-spreading resistance [the second term in (15)]. In the
all transistor parasitics play a significant role. Theandf,... normal triple-mesa HBT (Fig. 1), the base ohmic contacts must
of a transistor are then cited to give a first-order summary B at least one contact transfer lengfhcace = (pc/ps)"?),
the device transit delays and of the magnitude of its domina#ftting @ minimum collector junction widt#.. The compo-
parasitics. nent of B, C.;, associated with the base contact resistance [the

In an HBT with base resistandg,;, and collector capacitance first term in (15)] has a minimum value, independent of litho-
C..,, the power-gain cutoff frequency is approximatgly., ~ draphic limits. Consequently...x does not increase rapidly
(fr/87 Ry, Cui)2/2. The base—collector junction is a distributedVith scaling. Given this minimun,, C.;, attempts to obtain
network, andR,,C.,; represents an effective, weighted timéigh f- by thinning the collector have resulted in decreased
constant. fmax, frustrating efforts to improve HBT bandwidths.

The base resistance (Fig. &), is composed of the sum of If the parasitic collector-base junction is eliminateid,.
contact resistance,, base—emitter gap resistanfg,,,, and yv|ll |r_1$tead increase rapidly with scaling. The collector-base
spreading resistance under the emiftey,...a. With base sheet junction need only be present where current flows, e.g., under

resistancep,, and specific (vertical) contact access resistan&ae emitter. We have fabricated such a device (Fig. 4) using sub-
pe, We have strate transfer processes. The emitter and collector junctions can

be of equal width, henc®,. = W,. The base—collector time

constant becomes
Rbb = Rb, cont T Rgap + Rspread

Rb, cont =/ pspc/2Le € L. W,
Ryap = poWe /2L R Cor = {(V e+ 0 W) (3) <L_>} [Tc }
Rsprﬁad :psW€/12L€- (14) Ps€ LC W€2
* ( 12 ) L)) T. | (16)

To computef,,.x, we must findC.;;. Because the base—col-
lector junction parasitics are distributed, calculatiodfC.;,; With submicron scaling of the emitter and collector junction
is complex and will be deferred until Section II-C. As a firstidths, the first term in (16) dominates, arfg., increases as
(and very rough) approximation, we will first compulig, C.;,, the inverse square root of the process minimum feature size.
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Fig. 5. Distributed model of the HBT base-collector junction for accuratgld: 6- Comparison Offu.. computed from a finite-element model with

calculation of RysCls;. With mesh spacingAz, AG = L.Az/p Vaidyanathan and Pulfrey’s model (17) and a model using the total collector
AR = p.Ax/L., andAC = eL.Ax/T.. ' ‘ " junction capacitance (15). Except for., the modeled HBT is that of Fig. 14
? < © ¢ and had¥. = 0.4 pm.
C. Secondary Effects i
y ﬁnax i i . L Rb,cont,o = (pspc)1/2 COth((Wb - Wbc)/Lcontact): where
The formulas developed previously are highly simplified ang_ ... = (p./p,)*/? is the base ohmic contact transfer
significantly underestimate the HBfT,.x. Two significant cor- |ength.
rections must be applied. First, the simple lumged model  |n the limit of zero collector series resistance, Vaidyanathan

of the base—collector junction must be re-examined. Secondiyid Pulfrey’s model [24], [25] reduces to

differential space-charge effects substantially reduce the col-

lector—base capacitance under high-current conditions. oo = | 15 (17)
The HBT base-collector network is distributed, and is rep- ATV 877

resented by the model of Fig. 5. Using a small grid spacing,

we have entered the resulting network into a microwave cif!here

cuit simulator (HP-EESOF [23]) to calculate, without approx- 1 LT

imation, the HBTf,,.... Alternatively, analytic expressions for o f! =7+ Tt E(Cje + Cat) (18)

fmax can be developed from hand analysis of the distributed nekig §

work of Fig. 5. Among these is the model of Vaidyanathan and

Pulfrey [24], which provides good physical insight. The model Tep = Cop, e (By, cont + Ryap + Ropread)

of reference [24] is derived for a triple-mesa HBT. The au- + Coeb, gap (B, cont + Byap/2)

thors of [25] have recently generalized the model to the case of + (Ry, cont, ol| B, cont, 1) Cep, et (19)

transferred-substrate and lateral-etched-undercut collector [30]

HBTs. We describe the Vaidyanathan/Pulfrey model below, andExamining Fig. 5, the external collector capacitaig c..

examine its predicted performance for HBTs with submicras not charged through the resistandggs,, and R;,cqq. It is

emitter and collector junction widths. pessimistic to calculate,,., as(f,/87RyC.)'/?, in which
Referring to Fig. 5, define three capacitancé€s, . = the collector-base time constant includes the full collector—base

eL.W. /T, is the capacitance of the collector junction lyingcapacitance. As indicated by Vaidyanathan and Pulfrey’s model

under the emitte’,;, ;q, = 2eL.W,, /T is the capacitance of (17), the external collector capacitancg ... is in fact charged

the collector junction lying under the gap between the emittérrough a smaller associated resista@Bg cont. ol| Ro, cont,1)-

and the base contadti,, ¢+ = 2¢L.W,.,/T, is the capac- This model shows extremely good agreement with finite-ele-

itance of the collector lying under the base ohmic contactnient analysis (Fig. 6).

Components of the base resistance are as defined in (14). Fig. 7 compares thé,,,. of mesa and transferred-substrate
The collector-base capacitance under the emitter stiipe  HBTs, computed using the finite-element model. For the trans-

is charged through a resistan(@®,, cont +Rgap +Rspreaa). The  ferred-substrate devicg,,.. increases rapidly with deep sub-

collector-base capacitance under the gap between the emittaron scaling. Experimentally, we observe a more rapid varia-

and the base ohmic contacts is charged through a resistatice of f,,,.,. with collector width than is shown in Figs. 6 and 7

(Ry, cont + Ryap/2). predicts a highef,... than is experimentally observed for mesa
The charging time constant associated with the collectoHBTSs. Series resistance in the base metallization and collector

base junction capacitancg., ... lying under the base ohmicsseries resistance [24] (not modeled previously, and not present

requires more detailed scruting.,; ., can be charged by in Schottky-collector transferred-substrate HBTs) are possible

currents passing vertically through the base ohmic contaotplanations for the discrepancy.

above it. This path has a resistanBg cont,1 = po/2L.Wes. At high collector current densities, differential space-charge

Alternatively, C.; .. can be charged by currents passingffects in the collector space-charge region resultgnsmaller

laterally from the base contact region lying outside thihaneA./T. and increase the HBT..x. The effect was pre-

perimeter of the collector contact. This path has a resistartieted by Camnitz and Moll [27] and first experimentally ob-
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2000 -———— Transferred- e Cox
1 Substrate HBT [ I \L
1500 2 * L B Rbb chi RC c
] IL
(::: : Mesa HBT M J_ _L A AV~
A ] R, T v, R
4 0.5 ym base Ohmics | ’F ¢
5004 L
1 i C}e Cbe,a'iﬁ“ 8 Ve ? R,
o+ I E
0 0.5 1 15 . . . . -
emitter width, microns Fig. 8. Hybrid« small-signal HBT equivalent circuis., aicr = g (76 +

r.). The elementC;; does not represent capacitance of that fraction of the
Fig.7. Lithographic scaling of transferred-substrate and mesa HBTs. is collector junction lying under the emitter but is instead a parameter adjusted to

calculated using Fig. 5's finite-element model of the collector—base junctio%l.)taln the COrmeck max.
Except forWW. and W., the HBT parameters are taken from the device of

Fig. 14. Current density and epitaxial layer thicknesses are held constant, . . .
resulting in constant. . corresponds to no particular physical area in the collector-base

junction. SpecificallyC'; is not equal ta’,;_., the capacitance

served by Betser and Ritter [26]. Similar effects have been og)fr—ntirt],[aetr fﬁg‘gg doﬁr:flﬁigorlrlligt;; Ju:lcu%r;r\:vglcrgllzs& gnde_ir_ the
served in MESFETSs [28]. In llI-V materials at high fields, elec- ' ’ o 1S 9 y b

tron velocityv(€) decreases with increasing electric field. To aCCbi) = ¢4./T., and the intrinsic collector—base capacitance is

X 4 / ~ . Set toCuy; = 74/ Ry, Wherer,, is given by (19). ThusC.;
first approximation,1 /u(&) = ro + #1&. Modulating the Col- "y 6oy <6 that the simplified model predicts the correct de-
lector voltageV,, modulates the collector transit time (3)

. . V}{:e Sfmax. TO correctly model common-base and emitter—fol-
and partially modulates the space-charge in the collector dri ; .

. X . lower inputimpedance gt~ f., the transconductance element
region. This modulated space-charge partially screens the brar‘]suest have an associated delay-af, + (), where the factor
from modulations in the collector applied field, a6g, . is re- : )

¢ ~ 0.1-0.2 is dependent upon the degree of base bandgap

duced to .
grading.
dr,
ch,e :GAE/TC - Icm E ngh fmax HBT DeSignS
Ao midoAe 1 K1J T, 20 To obtain simultaneous high values @f and f,,.x, the
T 2 e | (20)  amitter and collector stripe widths must both be scaled. The

substrate transfer process is an extremely aggressive method

The quadratic dependence updn results from internal col- Of reducing the parasitic extrinsic collector-base junctions and
lector field redistribution in the presence of the collector spackgquires a substantial departure from typical fabrication pro-
charge [27]. Current spreads laterally during transport througBsses. There are alternatives requiring less radical processing.
the collector, flowing through a region of width (W, 4+ 7..). With GaAs/AlGaAs HBTs [29] deep proton implantation
The differential space charge effect strongly reduces the c6&n reduce the extrinsic collector capacitance. The extrinsic
lector junction capacitance in regions below and adjacent to t¢@llector junction can be undercut using selective wet chem-
emitter stripe. It thus has the strongest impact ufig. in de- ical etches [30], [31]. Collector capacitance under the base
vices with minimal excess collector capacitance. Experimeng@ntact pad can be reduced using dielectric spacer layers [32].
data confirming’,;, cancellation will be shown in Section I1I-B. Alternatively, Ky, can be reduced by regrowing, prior to base
Capacitance cancellation is not instantaneous, but instead arggact deposition, thick extrinsic p+ contact regions on the
after a delay proportional ta.. HBT power gain must therefore €xposed base surface [33], [34]. Finally, Id¥,C.;; can be
decrease at-40 dB/decade for frequencies abowe /277, Obtained in mesa HBTs by reducing the size of the base ohmic
This effect can produce &2:1 increase inf...x and hence, contacts. Using a CBrdoping source, we have grown by

a large increase in the attainable gain of tuned millimeter-walBE InGaAs base layers with-10*°/cn?® carbon (p-type)
amplifiers. In contrast, in digital circuits, many delay terms ar@oping. At such doping levelg,. and hence the transfer length

significant, and a 2 : 1 reduction ifi,,; would produce only a Lcontact = (pc/ps)'/* are greatly reduced. The width of the
~12% decrease in gate delay. base ohmic contacts can be accordingly reduced.

D. HBT Equivalent Circuit Model F. General HBT Scaling Laws for High Speed Circuits

The HBT base—collector network is distributed, and accu- As examined in Sections 1I-B and II-C, lithographic scaling
rate expressions fof...x are complex. Computer simulationof the emitter and collector junction widths progressively in-
of complex circuits requires a compact device model. Undereasesf... if the parasitic collector-base junction is elimi-
small-signal operation, the Gummel-Poon model used in SPI@&ted. If the lithographic dimensions are scaled while holding
reduces to the simple hybridimodel of Fig. 8. For this model, the base and collector epitaxial layer thicknesses congtant,
fnax = (fr/87 Ry Cop;)'/2. It should be emphasized th@t,; increases rapidly, whilg, remains relatively constant. While
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TABLE | (medium-voltage) ICs, loss of breakdown voltage may not
APPROXIMATE DELAY COEFFICIENTS;;, FOR AN ECL MASTER-SLAVE pose a serious limit to the scaling of InP-collector DHBTS for
LATCH, FOUND BY HAND ANLAYSIS. GATE DELAY IS OF THEFORM . .
Tyate = 1/2fcioer = Sa;7;¢;. THE MINIMUM ALLOWABLE LOGIC low-voltage, high-speed logic.
VOLTAGE SWING IS AV, o 6kT/q 4+ Jp., WHERE J IS THE The capacitanc€’;. is given by

EMITTER CURRENT DENSITY

Cje = Cjel + CjeQ = H4L€W€/T€b + ’iSTebﬂIc- (22)

. Cje | Cobz | Cobi | TrJ[AVL
AVL/J 1] 6] 6 1 To obtainCj.o o v, we must seff,;, o« y~'/2. This results
kT/qJ 002'? oé 0; gg in Cj.1 oc v~%/2, improving more rapidly than required for a
pe | -0. X K X . Rk . . .
e | 05 01 1 05 ~ : 1 scaling in transistor bandwidth.

Analysis of the partitioning of’., betweerC,,;_, andC.y; is
_ ] ) ) _ . complex (Section II-E), and in this section, we therefore restrict
such a device will produce gain at very high frequencies in rgse analysis to HBTs in whicl; ., is zero €, ~ L. andW, ~
actively-tuned MIMICs, broadband analog circuits require S;WG) andC.,; = C.;. Such HBTé include transferred-substrate
multaneous high values ¢i- and finax. (Fig. 4) and undercut-mesa devices and mesa devices having
Digital circuits demand that all relevant HBT parasitics b@ery high base doping and hence requiring only a very small

small. Approximate expressions for logic gate delay can Bgse ohmic contact widtifZ,, then scales as
found through hand analysis by the charge control method. By

this method, the maximum clock frequency of a typical bench- Cop = W, Lo [T, = eW L JT... (23)
mark emitter-coupled-logic (ECL) circuit, a master—slave latqhacquser. o ~
(Fig. 25) is found to be approximately, .. = 1/2fcioer = N

Zayjric;, where the delay coefficients; are givenin Table I 1he pase resistanc®,, is the sum of the terms (14)
Itis found that~10 equivalentiC delay terms are significant. - "' anqRr . Correct scaling of’,, requires
In order to improve logic speed, all significant HBT capacifhéfoﬁ/e’Legag(' 42, Sf; T; desired thatRy, varycnegligibly

tances and transit delays must be reduced. We now examine,{ig, scaling. We show here that this is obtained by setting
scaling of HBT parameters required to increase bandwidth by 17~ ~v=2 andL, ~ L. o ~°. The base contact

factor ofv: 1, using simplified expressions for HBT parameter%;istance i ﬁspin/LeTe is proportional to
in order to more clearly show the dominant trends. To ensurethyau’ while R, Tea’d = W/ LeTo - '7—3/2_ If we scale
bandwidth increases by: 1 for all circuits, digital and analog, W o 7L, thpehR = ﬁsWeb/LeTb x y~1/2. While the
using the scaled HBT, all transit times and all capacitanceséghtact resistance ie?nﬁlb ot the dominant term iR, for
Fig. 8 must be reduced by: 1, while maintaining constant all submicron devices increases ¢/4) slowly with scaling, and
resistances, the transconductance, and the collector bias Cur{l’?@trapid decrease iRyqp and R, preqq results in a totalRy,

L. Explicitly, I. o v andg,, o« °. _ showing only a very slow increase with scaling.
The base-emitter diffusion capacitance is The collector series resistané is zero in transferred-sub-
Che,ditt = G (o + 7o) = (qLe/ET) (52 T2 + 13Ty).  (21) strate HBTs using_Sc_hottky collet_:torcontacts. In undercut-mesa
devices R, has a similar geometric dependencéas and also
Here the terms:; represent parameters that do not change witlaries only minimally with scaling.
scaling. To obtairCy. aix o< v~ with fixed 1., we must set  Scaling thus requires that the emitter and collector stripe
7 x v~! andr, x v~ L. This requiresl;, « v~1/2 and7, x widths W, andW, be proportional to,~2, and that the emitter
71 and collector stripe length.,. and L. be independent of
An immediately apparent limit to collector scaling is loss ocaling. Because the collector current is constantq v°), the
collector breakdown voltage. An AllnAs/GalnAs HBT with aemitter current density increases quadratically with the desired
0.2 um InGaAs collector thickness exhibilg,. .., = 1.5V improvement in transistor bandwidth/,( o ~?%), as does the
at 10 Alcm? bias. Semiconductors with higher productéransistor's operating power densitf4A. = J. V.. x 72).
(Emaxvsar) Of breakdown field and electron velocity mitigateLimits to bias current density imposed by reliability concerns
this limit. HBTs with InP collectors [35] exhibit, comparable and dissipated power density are thus major impediments to
to devices with InGaAs collectors, but haweb: 1 increased scaling for high bandwidth.
breakdown. Regardless of the collector thickness, War The emitter resistanc®&., = p./W.L. presents a major
less than the bandgap of the collector semiconductor, maspediment to scaling. WithV,. L. « 2, in order to main-
electrons transiting the layer will not obtain sufficient energtain the desired constai.,. the aggregate emitter resistivity
for electron-hole pair generation. Therefore, for thin collectorg, o~ ~~2 must improve in proportion to the square of the in-
the impact ionization breakdown voltage tends to reduce taended improvement in HBT bandwidth. This will require sub-
value close to the collector bandgap energy. Further, unlesantial increases in emitter doping over those now typically
the collector bandgap is small or the collector much thinnesed in HBTs, and use of low-resistivity (e.g., InAs) semicon-
than 1000 A, Zener tunneling currents will also be smatluctor contact layers.
for bias voltages below the collector bandgap energy. EvenThe collector—emitter resistancefs. = V4 /I., where the
with 1000-A collector layers, an InP/GalnAs/InP DHBT willEarly voltage isVy = gN, T, T./e and N, is the base doping.
exhibit Vi, ..o > 1.2V, sufficient for current-mode logic. From these relationshigs,. +—3/2 and does not scale as de-
While important in power amplifiers and in mixed-signakired. Fortunately, for an HBT witli;, = 300 A, 7, = 0.2 um,

—1 to obtainC,; o v~! we must seW L, x
~~2 and hencé¥V L. x v~ 2.
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andN 4 = 5-10'%/cm? (a device with 275 GHZ,.), V.4 ~ 500 TABLE I

_ . H : SCALING LAWS FORHBTS. REQUIRED PROPORTIONAL CHANGE IN KEY
V. A T = 101 scaling for .a ta.'rget 2750 GHg- would still RELEVANT HBT PHYSICAL PARAMETERS IN ORDER TOOBTAIN A ~: 1
result inV, = 16 Volts, which is acceptably large. In HBTS, |ycrease INBANDWIDTH IN AN ARBITRARY CIRCUIT. ADDITIONALLY , FOR
degradation ofR.. through base-width modulation is not a sig- MESA HBTS, BUT NOT TRANSFERREDSUBSTRATE ORUNDERCUT-MESA
nificant impediment to scaling DEVICES, THE BASE CONTACT RESISTIVITY p,, MUST SCALE AS 7 ~2

In scaling the device, we have 98t « +? andL. x +°.

h ' i parameter symbol | scaling law
If all other widths and lengths in the device layout are scaled : = =
_ _ collector depletion thickness T, ¥
in the same proportions, then the HBT area, and the area of A% 550 thickness T 172
. . . > .

given CII’CUIt., are proportlon.al t9~". The average wire length  =m—mee Tunction width T .
within the circuit is proportional to1 the square root of the IC  Gollector-base junction width W. e
area, a.nd.hen.ce is proportionakHto-. Wiring dglayg whether  ‘erjitter depletion thickness Ton ~—172
transmission-line delays @¥,,;,.. AV/AI charging times, thus emitter parasitic resistivity e 72
also scale correctly. Because of the fixed bulk metal resistivity, emitter junction area , A, v ?
interconnect parasitic series resistance does not scale correctlyemitter current I, +°
increasing as/?. emitter current density Je 72

In scaled HBTSs, base current is dominated by surface re- bias and signal voltages VeE; Vee 7’
combination and by currents conducted on the surface betweengverage interconnect length Loyire 7!
the base—emitter junction and the base ohmic contact. Conse-Sircult area ‘ - ’7—22
quently, I, o« n(Z.;)L., wheren(Z.;) is the minority carrier d_e‘”c_e power dens{ty - ’72
density in the base at the emitter—base depletion region edge.SifCuit power density - gl

Becausd. «x L -W.n(T.;)/Ts, B x W, /T,. With the scaling
laws mentioned earlier « ~~3/2. Current gain decreasesh

rapidly with scaling, and reduction of surface recombination aNdsistance. and the collapse ff... due to the extrinsic col-

surface conduction is critical in deep submicron devices.  oc1or_pase junction. Using the substrate transfer processes, this
Finally, we reconsider scaling of the mesa HBT. For mesgrinsic junction can be reduced in size or eliminated. This
HBTs, base and collector thickness, emitter and Co”eCtBérmits either aggressive lithographic scalisighoutepitaxial
junction widths, emitter contact resistivity, and current densig/ca”ng for greatly increasefh... at constantf,. Alternatively,
must all scale as discussed previously for undercut-mesa apqigh values of bothf, and f.... are sought, simultaneous
transferred-substrate HBTs. In particular, the base—collectrographic and epitaxial scaling is required. With the extrinsic
junction width must still scale ag~*. For a normal triple-mesa ¢, eliminated, operation at high current density and reduction
device, this then requires that the width, of the base of the emitter resistance are the key requirements for further
ohmic contacts (Fig. 1) scale as? while maintaining a fixed scaling.

Ry cont = (pspe)t/?(1/2L.) coth(Wy,/ Leontact)- This can
be accomplished by a combined reduction of bethandp. A. Growth and Fabrication

e_m(_j_hence, a _gener_al analysis is exceedingly complex. As e first describe the epitaxial layer structure. The InGaAs
limiting case Wlth_a highly scaled HBW,. must be very small, psse is typically 300-400 A thick, haZ bandgap grading,
and hence}¥’, will be much less thai.contace. In this case gnq is Be-doped at -50'/cm?. The InGaAs collector is
Ry cont = pe/2LWs, and hence constarit, ... requires »000-3000 A thickness. A collector Npulse-doped layer

igh current density, demands for very low emitter parasitic

that the base ohmic contact resistivity scalepasoc 7™, placed 400 A from the base delays the onset of base push-out
Transferred-substrate and undercut-mesa HBTs do not reqyfigh collector current densities. Although such pulse-doped
this improvement of base contact resistivity with scaling.  |ayers have been used as electron launchers [41] in GaAs-based

To simultaneously increase HBT bandwidth in general CiiBTs, our experimental data shows no significant effect of the
cuits by~ : 1, emitter and collector junction widths must vary agauncher upon., for InGaAs-collector HBTS.
~~2, while maintaining constant junction lengths. Base thick- Devices typically use Schottky collector contacts [42],
ness must vary ag~'/2 and collector thickness as™*. Emitter although HBTs with N+ subcollector layers (ohmic-collector
current density and transistor and IC power density all increagevices) have also been fabricated. While ohmic-collector de-
in proportion toy?. The emitter contact structure must improveices have nonzero collector series resistance and hence, lower
in proportion toy%. Power dissipation, reliability under high- f,..... [24], the 0.2 V barrier present in the Schottky-collector
current operation, required improvements in surface recombievice increases th¥.. required to suppress base push-out
nation velocity, and the required quality of the emitter ohmiat high current densities. Ohmic-collector devices thus show
contact are the most significant impediments to scaling. Thdsigher f,,.x under the lowV,. conditions associated with
relationships are summarized in Table II. current-mode-logic (CML). Schottky-collector devices are
used for emitter-coupled-logic (ECL), where the operalfifig
is higher.

Fig. 9 shows the process flow. Standard fabrication processes

Wide HBT bandwidths are obtained by scaling. In scaling#4] define the emitter—base junction, the base mesa, polyimide
for high f,, significant limits include high power density andplanarization, and the emitter contacts. The substrate transfer

Ill. TRANSFERREBSUBSTRATE HBTS
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”B‘gggg't ermitter, bass processes.  2) Coat with BCB polymer. we are able to reproducibly eteh100 A_into the base without
use of surface contact resistance probing as a process monitor.
In defining submicron collector—base junctions, use of the
Schottky-collector contact eliminates the need for an etch
of similar precision through an N collector ohmic contact
layer. The collector junction is defined by the stripe width
s of the deposited metal. Subsequent to collector deposition, a
\ self-aligned wet etch 0f1000 A depth removes the collector
junction sidewalls (eliminating fringing fields) and reduces the

insulator

INNgEREN
A K772,

EESENNER
%%%%Il%%
N

\ inP subs\trate \

3) Electroplate with gold. 4) Invert wafer. . . . R
)Die attach to carrier substrate. Remove InP substrate. collector junction width by~2000 A. The step, intended to
Deposit collector. reduceC.;, generally provides a greater increage., than

carrier substrate

would be expected from the observed reduction in collector
junction width.
Given the unusual features of the substrate transfer process,

goold IC yield is a significant concern. The transistors and ICs re-
via ported here have all been developed by a team whose average
size, over time, is approximately 12 Ph.D. students working
carrier substrate in a university cleanroom, who are responsible for all aspects
of technology, including crystal growth, processing, IC design,
Fig. 9. Transferred-substrate HBT process flow. and testing. It is therefore difficult to separate yield difficul-

ties inherent to the substrate transfer process with yield diffi-
culties associated with limited manpower available to address
process control and the limited quality of university cleanroom
N equipment. Process failures do result from failure of the sub-

N L“‘\\\“
\\&(«&&”«(&(«&« A
A\ )

Schottky collecto\r contact

iy

strate transfer steps (failure of solder adhesion, failure, for un-
known causes, of the substrate removal selective wet etch), but
equally, process failures arise in HBT fabrication steps unre-
lated to that of substrate transfer. Significant among these are
gold ground plane excessive undercut in the emitter—base junction etch, failure of
GZi:iuiZ?;te the emitter—base RIE or selective wet etches, emitter—base short
_— — — circuits forming during base contact liftoff, liftoff failures in in-
emitter base polyimice Il terconnect metals, poor adhesion of resistor metal, and varia-
metal N SigNs 2~ collector K3 tion of resistor sheet resistivity. Given the resources available to
a larger industrial group, various process difficulties, whether
associated with or independent of substrate transfer, could be
addressed. We believe the most serious fundamental difficulties
process commences with deposition of the PECVINgiinsu-  are with the solder bonding and with the small wafer expansion
lator layer and the benzocyclobutene (BCB) transmission-liadter bonding (below), which most probably results from me-
dielectric (5 pm thickness). Thermal and electrical vias arehanical creep of the solder under exposure to stress and tem-
etched in the BCB. The wafer is electroplated to metallizeerature cycles. Solder bonding also is presently limited to small
the vias and to form the ground plane. The wafer is thamafer sizes (quarters of 50 mm wafers). More dimensionally
solder-bonded to a GaAs carrier substrate. The InP substrst&ble alternatives, possibly spin-on glasses, should be found for
is removed in HCI and Schottky collectors are depositeHoth the solder and the BCB dielectric.
completing the process. Fig. 10 shows a detailed device cros®resently, the largest working ICs fabricated in the process are
section. 150-HBT ADCs and 250-HBT binary adders. The most signifi-
For the emitter-base junction, deep submicron scalimgnt process difficulty is dimensional change of the wafer during
requires tight control of lateral undercutting during the basibstrate transfer. Presently, wafers showlG* fractional
contact recess etch. To form the emitter, reactive-ion etchiegpansion after transfer, resulting 40.5 zm misregistration
in CH4/H2/Ar, monitored with a HeNe laser, first removes th¢during collector lithography) at the edges of the stepper expo-
NT GalnAs emitter contact layer. A HCI/HBr/Acetic selectivesure field if a 3 mm reticle is employed. We presently adjust the
wet etch then removes the AllnAs emitter, stopping on thdimensions of the collector mask as a correction. At the expense
AllnAs/GalnAs emitter—base grade. By etching at 1@, the of increased effort during collector lithography, a smaller expo-
etch rate is slowed, and a controlled emitter undercut is formesire reticle size can be used for the collector lithography than for
The undercut both narrows the emitter and serves (as nornthf steps preceding substrate transfer. The relative sizes of the
to define the liftoff edge in the self-aligned base contact depemitter and collector junctions are determined by lithographic
sition. A timed nonselective wet Citric4PQO,/H, O, etch then alignment tolerances, and the collector stripe width must ex-
removes the base—emitter grade. Etch selectivity in both tbeed the emitter stripe width by twice the lithographic align-
RIE and HCI/HBr/Acetic etches aids in etch-depth control, amdent tolerance. Our electron-beam lithography system can align

St eSSy

thermal
via

Fig. 10. Schematic cross section of a transferred-substrate HBT.
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Fig. 15. \Variation of transistor gains with frequency, computed from a
hybrid-= HBT model. Shown are the maximum available/maximum stable
gains (MAG/MSG) in common-emitter, common-base, and common collector
mode, and Mason'’s invariant (U), the unilateral gain.

al. [45]. The base and collector layers are 400 A and 3000 A

thick, while the emitter and collector junction dimensions are

0.4um x 6 um and 0.7um x 10 zm. Biased al/,. = 1.2V

andl, = 6 mA (J. = 2.5 x 10° Alcm?), the device exhibits

ia) B 204 GHz f.. If extrapolated at-20 dB/decade, a 1080 GHz

Sfmax 1S determined. We note however, that such a 10: 1 extrap-

Fig. 13. E-beam HBT: (a) completed devices, viewed from the collect@lation must be treated with considerable caution.

surface, showing 0.4m and (b) 0.§:m width Schottky collector contacts. We have extrapolated Mason’s invariant (unilateral) gain at
—20 dB/decade to determine the extrapolafed.. Mason’s

to 0.1 u«m registration, and our projection lithography systemjain [48] is invariant with respect to embedding the device in a

aligns to 0.1-0.3:m registration, depending on the time sincgssless reciprocal network, and consequently, is independent

maintenance. Modern projection lithography systemswaueh of pad inductive or capacitive parasitics and independent

better 0.35um-resolution steppers have300 A registration of the transistor configuration (common—emitter versus

tolerance. common-base). For HBTs well-modeled by a hybridguiva-
) lent circuit, Mason’s gain conforms closely te-20 dB/decade
B. Device Results variation with frequency (Fig. 15). In marked contrast, the

Transferred-substrate HBTs have been fabricated using camximum available/maximum stable gain is a function of the
tact lithography at 1-2:m resolution using a 0.am stepper transistor configuration and shows no fixed variation with
and using electron-beam lithography. Fig. 11 shows a devitequency.f,..x is unique. Atf = fu.x, the MAG/MSG and
defined by optical projection lithography. Figs. 12 and 13 show are both 0 dB.

HBT emitter—base and collector—base junctions defined by elecDevice gains were measured over 45 MHz-50 GHz and
tron-beam lithography. 75-110 GHz using a microwave network analyzer and mi-

Fig. 14 shows microwave gains for a deep submicron deviceowave wafer probes. To avoid uncorrectable measurement

fabricated using electron-beam lithography, reported bydteeerrors (in S12, hencel’) arising from variable probe—probe
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Fig. 16. Variation off, and f.,.x with collector-emitter voltage.
Fig. 17.

electromagnetic coupling, the HBTs are separated from their
probe pads by long on-wafer 30 microstrip lines. On-wafer
line-reflect-line calibration standards are used to de-embed the
transistor S-parameters [46]. Before extracting HBT power
gains to extrapolat¢,. and f.,.x, it iS essential to verify the
on-wafer calibration through measurement of known standards ©
to verify that the probe—probe parasitic coupling (as measured &
from the S1» of an on-wafer open-circuit standard) is at least «*
15-20 dB smaller than the measured transisipr and to
ensure that the transistor's measured S-parameters have ¢
variation with frequency, which conforms closely to that of

a hybrid« model. In the 75-110 GHz band, with high:

(hence, very lows;;) HBTs, we have found that these require-
ments cannot be met using commercially-provided calibration
substrates or with probe pads immediately adjacent to tFig. 18.
transistor under test. The on-wafer LRM method is required,
and the probe—probe separation must be at least:50r all
calibration test structures and for the device under test. In addi-

N
I

tion to the 10: 1 extrapolation to 1.08 THZ%,., the very high Y
power gain at 110 GHz also results in significant measurement 20 - TS
variability, with repeated calibrations at the same bias point @ 15“,\ || mssl 1
giving extrapolated,. varying from 1.0 to 1.3 THz. § \“2
We have recently acquired a 140—-220 GHz network analyzer & ~ 3

with on-wafer probes, and are now developing methods to
obtain precision HBT measurements in this band. Preliminary
HBT measurements on a recently-processed submicron HBT
wafer indicate (Fig. 19) 10 dB maximum stable gain at 200 GHz
(the device is potentially unstable even at this high frequency)
[36]. Our calibration accuracy in this band is not yet sufficient

Collector-base capacitance extracted frgerversus emitter current.

0 0.5 1 15 2
Jo x 10° Alem®

Variation off. and f.,.x With emitter current density.

30
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25.

[-3 — RN ST N )
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Frequency, Hz

for measurement of/. We have also recently demonstratedig. 19. Gainsinthe 10-45 GHz and 140-220 GHz bands of a1@.% 6 .m

. ] . . -uemitter, 0.7¢m x 6 pm collector HBT with a 300 nm collector thickness, biased
smgle transistor tuned HBT ampl'f'ers at 178 GHz [38] Wlﬂit 3.6 mAI. and 1.2 VoltsV.... The device is potentially unstable at all tested

as high as 6.0 dB circuit gain [37]. This indicates substantifiéquencies.

transistor available power gain at 200 GHz. Given current

measurement data, the 1.1 THz extrapolafgg. is presently

best viewed simply as an extremely high measured power gdiecrease between 1 mA and 6 niA The measured variation

at 100 GHz. in the totalC,;, primarily reflects variation in the capacitance
C cancellation contributes substantially to thfig.. ob- C.s .. The reduction’,, . with bias current results in a rapid

tained. Atzero currenC,,, . = eA. /T, =0.9 fF. The measured increase infm.x With bias (Fig. 18).

variation of f.- versusV,, (Fig. 16) indicate®r./dV,, ~ 0.18 Fig. 20 shows the small-signal hybridmodel. The mea-

ps/V, predicting~0.9 fF reduction inC,_. from I. = 1 mA sured S-parameters (Fig. 21y, andU show good correla-

to I. = 6 mA. The total collector-base capacitance,, is tion with the hybride= model, and the model parameters are

determined from the measured variation with frequency of tleensistent with measured bulk and sheet resistivities and junc-

imaginary part of the admittance paramdterY;>] = jwC,. tioncapacitances. The HBT output conductance is dominated by

The totalC\, determined fromyy, (Fig. 17) shows a 0.64 fF R, which represents variation of collector-base leakage with
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Fig. 23. Equivalent circuit model and extracted components.offor the

HBT of Fig. 22.
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Fig. 21. Measured 45 MHz-50 GHz and 75-110 GHz device S-parameters at
Vee = 1.2VandI. = 6 mA. The solid line represents S-parameters of thejy 54 peasured 10-40 GHz and 80110 GHz gains of a submicron HBT
equivalent circuit model (Fig. 20). fabricated by optical projection lithography, showing the current g&in, the
unilateral power gai’, and the maximum stable gain MSG (note that 1 at
all tested frequencies for common-emitter and common-basepxrapolated

50 ol AWy | N 800 GHzf,..x has significant experimental uncertainty.
] h - - 2 |
40- 21 VCE =1V, JC = 1.5 mA/um g
] . Neither contact lithography nor electron-beam lithography is
@ 30 o suitable for fabrication of large ICs. We have used optical pro-
;’ : R f =205GHz | jection lithography to form devices with 04m emitters and
£ 20 == T - have obtained high measured power gains (Fig. 24), leading to
O ] , 1 an extrapolated 800 GHf,... As with the electron-beam de-
104 ’*.. - vices, fimax Of the device of Fig. 24 will be less than 800 GHz if
] fuax = 295 GHz oo\ unmodeled electron transport physics produs€8 dB/decade
04 — ——r L variation in power gain at frequencies above 110 GHz.

2

-

With the exception of reactively-tuned circuits, for which
Jfmax IS the sole determinant of circuit bandwidth, circuit design
Fig. 22. Measured RF gains for an HBT with a 300 A base with 52 me@€nerally requires high values for bofh and fi..x. Fig. 22
grading aznd a 2000 A collector, measurediat = 1 VandJ. = 1.5- shows RF gains for an HBT with 0,6m x 8 zm emitter and
é()sﬂ:\r;cm . The emitter and collector junctions arg:in x 8 pm and 2um x 2 um x 12 ym collector junctions, a 300 A thick base with

T 52 meV bandgap grading, and a 2000 A thick collector [49].

The device exhibits simultaneous 295 GIAzand f,... [49].

bias. This is likely due to impact ionization. Base-width modu=xamining components af.. = 1/2x f. Fig. 23, the emitter

lation in HBTSs is negligible, hence;.. is very largeCy. i, @nd base transit times comprise 73% of the total forward delay.

is a metal-polyimide—metal overlap capacitance between fhiee emitter parasitic resistance is nevertheless a significant

emitter and base contacts (Fig. 10), which contributes an addiypediment to further scaling for higfi-, as a 2:1 thinning

tional Ce, pory(Rez+kT'/ql.) = 60 fs to the transistor forward of the collector to reduce. by 150 fs would increas&.,.C.,

delay. by 39 fs. To obtain further increases ji, the collector must

10
Frequency (GHz)
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be thinned, current density further increased, and the emitterough ground bounce must be much smaller than 10% of
parasitic resistance improved. Note that the transistor wiéhe digital I/O interface levels. Consequently, common-lead
characterized using the on-wafer LRL calibration methadductance between the IC and package ground systems must
with extended reference planes. By this method, ambiguity i@ made vanishingly small.
stripping the~20 fF pad capacitance is eliminated. This is of In addition to wide bandwidth transistors, the substrate
significance in characterizing a transistor witt800 GHz f., transfer process provides thermal bias for HBT heatsinking,
hence~500 fs7... A 10 fF error in stripping pad capacitanceand microstrip transmission-line interconnects on a low dielec-
would result in a (10 fF)R., =43 fs error in determination of tric constant substrate,( = 2.7) with bias, ground plane, and
Tee; @lmost a 10% error irf,. three levels of interconnects. Agsn length, the grounding vias
Device scaling also reduces DC current gain. Base curreme 20:1 shorter than in typical 1Q0n-substrate microstrip
in narrow-emitter INAIAs/InGaAs HBTSs is predominantly dueMIMICs, reducing ground via inductance by over an order of
to conduction on the exposed InGaAs base surface betweesagnitude. The process also incorporates NiCr resistors and
the emitter mesa and the base ohmic contadecreases with SisN, MIM capacitors.
emitter width but increases as the base is thinned, as basPresently, thermal resistance is dominated by temperature
bandgap grading is increased, and (at the expengg.g) as gradients internal to the transistor itself, arising from the low
the emitter—base spacing is increagec:50 has been obtainedthermal conductivity of the InAlAs emitter and InGaAs base
with 0.2 pm emitters. High current gain can be obtained witand collector layers. Thus, allowable power per unit HBT
submicron devices through suppression of surface conductemitter area remains comparable to mesa HBTs. There is also

by a self-aligned emitter—base heterojunction ledge. a small temperature gradient{5 C for an HBT operating a
1V and 16 A/cm?) across the SiN insulator. For power trans-

) . o ) InP emitter and collector epitaxial layers will greatly increase

In developing an integrated circuit technology for microwavgiowable power per unit HBT junction area. This is being
mixed-signal ICs~100 GHz digital logic, and 100-300 GHzprsyed. To tolerate high power densities, the NiCr resistors
monolithic transmitters and receivers, significant issues {jyst have thermal vias, which results in significant parasitic

interconnects, packaging, and thermal management must alggacitance. Pull-up resistors in ECL do not require the thermal
be addressed. Wiring parasitics, including line capacitance pgg

unit length, line delay per unit length, ground via inductance,
and parasitic ground return inductance must all be minimized.
Ground via inductance~12 pH, or j7.5Q at 100 GHz) in
standard 10Qsm-substrate microstrip MIMICs makes low- A number of ICs have been fabricated in the transferred-sub-
impedance source/emitter grounding difficult #1100 GHz strate process. Here we show significant results. Master—slave
ICs. The interconnects must have low capacitance and I¢atches [51] configured as 2:1 static frequency dividers were
delay per unit length and the wire lengths, hence, transisfabricated using optical projection lithography. These designs
spacings must be small. Given that fast HBTs operate erhployed HBTs with 0.xm emitter and 1.4:m collector junc-
~10> Alcm? current density, efficient heat sinking is thertions widths, with the devices operating at 810> A/cm?
essential. To provide predictable performance, interconnectscafrent density. Critical interconnects between stages are im-
more than a few ps length must have a controlled characterigilemented as short doubly-terminated Ib@ansmission lines
impedance. To prevent circuit—circuit interaction throught the center of the IC. The terminations usenaall amount
ground-circuit common-lead inductance (“ground loops”pf series inductive peaking (Fig. 25). Emitter—follower buffers
the IC technology must provide an integral low inductandecrease logic speed but can induce strong ringing, Bai
(unbroken) ground plane for ground-return connections. networks provide shunt loading of emitter—follower outputs and
Ground-return inductance between the IC and package damp the emitter—follower pulse response. The overall chip area
sults in “ground bounce” and interaction between the ICs inpigt 1.0 x 0.4 mm (Fig. 26). The latch dissipates 880 mW from
and output lines. For ICs with top-surface (coplanar-wave-—3.9 V supply. Circuit simulations, which included all sig-
guide) ground connections and multiple input/output comificant device and interconnect parasitics, predicted a 95 GHz
nections, ground bounce between IC and package witlaximum clock frequency when the latchis configuredasa?2:1
prevent 100 GHz operation. For an IC witN;g.1 Signal static frequency divider. In testing, the IC functions correctly at
lines of impedanceZ,, risetime AT, and voltage swing all frequencies in the 5—-75 GHz range [52] (Fig. 27).
Viignal @nd Ng.ouna grounding bond wires of inductance A number of high speed analog ICs have been fabricated in
Lypona == 0.6 pH/um - 300 :m, the package-IC ground bouncehe transferred-substrate HBT process. Among these are 80 GHz
iS Viounce = ViignalVsignalLbond /Neground ZoAT'. For ground distributed amplifiers [39] (Fig. 28), 50 GHz broadband dif-
bounce equal to 10% of the signal amplitudes, a 100-GHz clofdeential amplifiers for optical fiber receivers [54], and broad-
rate IC must havéVyouna/Nsignal = 5—10, and 80%—-90% of band Darlington and’,-doubler resistive feedback amplifiers
the IC bond-pads must be devoted to IC grounding. Report@eg. 29). Fig. 30 shows the measured gain versus frequency
10 GHz clock rate ICs devote50% of IC pads for grounding. of a Darlington resistive feedback amplifier [55], [40]. Greater
For mixed-signal and communications ICs, signal couplintpan 400 GHz gain-bandwidth product is obtain from a single

IV. INTEGRATED CIRCUIT RESULTS
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Fig. 28. Distributed amplifier in the transferred-substrate process. The
amplifier exhibits 11.5 dB gain and approximately 80 GHz bandwidth.
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Time(ps) Fig. 29. f.-doubler resistive feedback amplifier with 8.2 dB low-frequency

gain and a DC-80 GHz 3-dB-bandwidth.
Fig. 27. The 37.5 GHz output waveform for the static frequency divider for a

75 GHz input. . .
A-Y. modulators in the technology (Fig. 32) [57]. These ICs
have operated at an 18 GHz clock rate.
Darlington stage. Tuned mm-wave amplifiers have also been_arger digital circuits in development include sum and carry
demonstrated in the transferred-substrate process, includingederation circuits for pipelined adder-accumulators. These
75 GHz amplifier [56] (Fig. 31) and recently, a 180-GHz tunedircuits use four-level series-gated current-steering logic and
amplifier [38]. merged logic-latch circuits to obtain the equivalent of two
Larger digital and mixed-signal ICs have also been fabricatédD, two OR, and two latching operations in a 50 ps clock
in the transferred-substrate process. We have recently fabricgtedod [58].
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et O Bl Fig. 32. A-X ADC fabricated in the transferred-substrate process. The IC
= ; | contains approximately 150 HBTs and operates at 18 GHz clock rate.
i
- tacts. While Ill-V HBTs benefit from strong heterojunctions,

_ high mobilities, and high electron velocities, Si/SiGe bipolar
| transistors have been much more aggressively scaled, both in
lithographic dimensions and emitter current density. Essential
gkthe future success of IlI-V HBTs is submicron junction

Fig. 30. Measured S-parameters of a single-stage Darlington feedbé . . .
amplifier. The amplifier exhibits 18 dB baseband gain, a 3-dB bandwidCaling and greatly increased current densities.

greater than 50 GHz, and greater than 400 GHz gain-bandwidth product. While bipolar ICs are much smaller than CMOS VLSI
ICs, clock frequencies are much higher. In both technologies,
thermal management and signal integrity are major limits to
performance. As bipolar technologies evolve toward complex
ICs operating at a 100 GHz clock, an increasing fraction of the
total circuit connections will be terminated transmission lines
of controlled characteristic impedance and minimal dielectric
loading.
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