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Doubling the bandwidth of phosphide heterojunction bipolar integrated circuits,

used for imaging, radio astronomy and spectroscopy, appears to be feasible.
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ABSTRACT | Indium phosphide heterojunction bipolar tran-

sistors (HBTs) find applications in very wide-band digital and

mixed-signal integrated circuits (ICs). Devices fabricated in

high-yield process flows at 500 nm feature size obtain

�450 GHz cutoff frequencies and �5 V breakdown and enable

high yield fabrication of integrated circuits having more than

3000 transistors. Laboratory devices at 250 nm feature size

obtain 755 GHz fmax. We describe device and circuit bandwidth

limits associated with HBTs, develop scaling roadmaps for

HBTs having lithographic minimum feature sizes between 512

and 64 nm, and identify key technological challenges in

realizing 480-GHz digital ICs and 1000-GHz amplifiers. Key

features of manufacturable self-aligned dielectric sidewall

processes are described in detail.

KEYWORDS | Heterojunction bipolar transistors; millimeter-

wave circuits; millimeter-wave devices; submillimeter-wave

circuits; submillimeter-wave devices

I . INTRODUCTION

Compared to SiGe bipolar transistors and Si metal–oxide–

semiconductor field-effect transistors, InP double hetero-

junction bipolar transistors (DHBTs) [1]–[6] attain higher
bandwidth at a given lithographic feature size and attain

higher device breakdown voltage at a given device

bandwidth. These advantages result from the high electron

mobility of the InGaAs base [7], [8], the high base doping

made feasible by strong emitter-base heterojunctions [9],

and the high peak electron velocity and high breakdown

field of the InP collector [10], [11]. InP HBTs find
application in medium-scale integrated circuits (ICs)

requiring wide bandwidth and high dynamic range,

specifically gigahertz mixed-signal ICs.

We review recent rapid progress [12]–[18] in

transistor bandwidth, circuit bandwidth, and large-scale

IC fabrication. InP DHBTs at �500 nm emitter feature

size have attained �450 GHz balanced ðf� ffi fmaxÞ cutoff
frequencies and have enabled both 178-GHz amplifiers
[14] and 150-GHz digital circuits [13], [14]. Three-

thousand-transistor ICs have been fabricated [19], a scale

sufficient for analog-to-digital converters (ADCs) and

digital-to-analog converters (DACs) having sampling

rates in the microwave frequency range. These results

have been obtained through scaling, through transistor

design for digital circuit bandwidth, and through

substantial innovations in the IC fabrication processes.
We will also here address the requirementsVand our

present plansVfor a further doubling of device and circuit

bandwidth, thus enabling terahertz transistor cutoff

frequencies, 600-GHz wireless transceivers, and small

digital ICs operating at 300 GHz. Finally, we will explore,

to our present understanding, the frequency limits of

bipolar integrated circuits.

Wide-band HBTs will enable increased resolution and
bandwidth in gigahertz mixed-signal ICs, including ADCs,

DACs, and microwave direct digital frequency synthesizers

(DDSs). They will enable 100-GHz gain-bandwidth product

operational amplifiers for low-distortion amplification at

�1–10 GHz, will enable 160-Gb/s [20] and 320-Gb/s optical-

fiber links, and will enable sub-mm-wave (300 GHz–1 THz)

ICs for imaging, radio astronomy, and spectroscopy.
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II . BIPOLAR TRANSISTOR DESIGN

Initial research [21], [22] regarding III–V HBTs identi-

fied semiconductors with the highest available carrier
mobilities and high-field velocities and quantified the

role of transient transport [1], [10]; further improve-

ments are now obtained by scaling [6]. After first iden-

tifying transistor performance metrics, we develop HBT

scaling laws, propose a roadmap extending through the

64 nm (1.5 THz) generation, and identify key difficulties

in reaching this performance.

A. Performance Metrics and Goals
Although widely reported, the short-circuit current gain

ðf� Þ and power gain ðfmaxÞ cutoff frequencies are of limited

value in predicting the bandwidth of mixed-signal ICs.

Transistors designed exclusively for high f� at the expense
of other parameters will perform poorly in circuits.

For reactively tuned amplifiers used in radio transcei-

vers, fmax defines the highest frequency at which power
gain can be obtained, and therefore defines the transistor’s

useful frequency range. f� is of secondary importance, as

f� : fmax ratios below �1 : 2 make impedance matching

difficult. Practical radio-frequency (RF) amplifiers are

tuned for minimum noise figure or for maximum

efficiency and maximum saturated output power. Expres-

sions for these parameters are complex, and we use instead

fmax as a performance metric, assuming that useful gain is
obtained at fsignal � fmax=2.

In HBT mixed-signal ICs, many analog and digital

blocks are constructed from differential pairs and Gilbert

cells. An emitter-coupled logic (ECL) master–slave (M–S)

latch [Fig. 1(a)] is a representative small circuit and a

digital performance benchmark. When configured as a

2 : 1 frequency divider, its maximum clock frequency

fclk;max ¼ 1=2Tgate is approximated by [6], [23], [24]

Tgate �ð�VL=ICÞðCje þ 6Ccbx þ 6CcbiÞ þ �f

þ Rexð0:5Ccbx þ 0:5Ccbi þ 0:5�f IC=�VLÞ
þ Rbbð0:5Cje þ Ccbi þ 0:5�f IC=�VLÞ: (1)

�VL ¼ ICRL is the logic voltage swing, RL the load
resistance, IC the collector current, Rex and Rbb the emitter

and base parasitic resistances, Cje the emitter depletion

capacitance, Ccbx and Ccbi the components of the collector-

base capacitance Ccb external to and internal to Rbb [6],

[25], and �f the sum of base �b and collector �c transit times

[Fig. 1(b)]. The large 6 : 1 multipliers of Ccb�VL=IC in (1)

result from Miller effect, fan-in, and fan-out.

For adequate logic noise margin, �VL ¼ ICRL must be
at least �4ðkT=qþ RexICÞ, and is typically �10 � kT/q.
Comparing expressions for gate delay (1) and f�

1=2�f� ¼ ðkT=qIcÞðCje þ Ccbx þ CcbiÞ
þ �f þ ðRex þ RcÞðCcbx þ CcbiÞ (2)

it is seen that as a consequence of large-signal operation

ð�VL � kT=qÞ, fan-in, and fan-out, depletion capaci-

tance charging times (C�VL=IC, C � kT=qIC) have much

stronger impact upon Tgate than upon f� , and dominate

gate delay. Gate delay correlates well with neither f� nor

fmax; instead, Rex must be minimized to permit small

�VL, and low ðCje þ CcbÞ=IC is imperative.

B. Scaling Laws and Scaling Roadmaps
We develop HBT scaling laws [6], extending earlier

analyses of Si devices [26]–[28]. For clarity, the treatment

is approximate, modeling transport by the drift-diffusion

equation and neglecting contact pad parasitics and metal

resistances. Reference [6] provides more detail. We

assume the dimensions, cross-section, and layer structure
of Figs. 2 and 3.

In scaling, we seek to increase by � : 1 the bandwidth

of an arbitrary circuit using the transistor, requiring a � : 1
reduction of all capacitances and transit delays while

maintaining constant all parasitic resistances, all bias and

signal voltages, the transconductance gm, and the operating
current IC.

The collector transit time is �c � Tc=2veff and the base
transit time �b � T2

b=2Dn þ Tb=veff [6], [10], where veff is
the collector effective high-field velocity and Dn the

electron diffusivity in the base. Reducing Tc by � : 1 and Tb
by slightly more than �1=2 : 1 will reduce these transit

delays in the desired proportion.

Reducing Tc by � : 1 would increase Ccb if junction areas

were held constant. Reducing the emitter and junction areas

in proportion to �2 : 1 then results in the desired reduction
in Ccb. With constant IC but with the emitter junction area

reduced in proportion to �2 : 1, the emitter current density

necessarily increases: JE / �2. This is feasible within the

limits imposed by the Kirk effect, as JKirk / 1=T2C / �2. Note
that C/I ratios are reduced by reducing TC.

The base-emitter depletion layer must also be thinned

to avoid both series resistance effects and space-charge

storage effects [6].

Fig. 1. (a) ECL latch. Amaster–slave latch is formed from two cascaded

latches with opposite clock phases. C ¼ clock, D ¼ data, Q ¼ latch

output. (b) Simplified HBT small-signal equivalent circuit.
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Because the emitter parasitic resistance Rex must
remain constant in the presence of an emitter junction

area AE ¼ LEWE / ��2, the normalized emitter access

resistivity �ex ¼ RexAE must be reduced rapidly, with

�ex / ��2. Note that �ex includes both contact resistivity

and bulk resistivity of the Nþ emitter cap layer.

Emitter and collector junction areas can be reduced by

reducing either junction widths or lengths. The variation

of base resistance and thermal resistance with HBT
geometry will determine this choice.

Consider the base resistance Rbb of a typical HBT with

negligible base-collector undercut Wunder � Wb;cont. Here

Rbb is the sum of spreading resistance Rspread ¼ �sWe=12Le,
link resistance Rlink ¼ �sWeb=2Le, and contact access resis-
tance Rcontact ¼ ð�1=2s �

1=2
b;v =2LEÞ � cothðWb;cont=LcÞ. Here �s

is the base sheet resistance, �b;v the specific (vertical)

contact resistivity, and Lc ¼ ð�b;v=�sÞ1=2 the transfer
length. The hyperbolic function is well approximated as

cothðxÞ ffi 1=xþ x=3 for x G 2; hence

Rbb ffi
�b;v
2

1

LeWE

WE

Wb;cont
þ �s

2

WE

Le

1

3

Wb;cont

WE
þWeb

WE
þ 1

6

� �
:

(3)

Assume all width ratios in (3) remain fixed. From the first
(contact resistivity) term in (3), the scaling law for the

base contact resistivity is obtained: because WELE / ��2,

the contact resistivity must vary in proportion to �b;v / ��2

to obtain constant Rbb.
To maintain a constant Rbb, it is sufficient for the

second (sheet resistivity) term in (3) to remain constant.

This requires constantWE=LE, implying thatWE / ��1 and

LE / ��1. HBT bandwidth then varies as the inverse of the
process minimum feature size, a desirably rapid variation.

This scaling strategy is, unfortunately, not viable given

thermal constraints.

Approximating heat flow as half-cylindrical at radii

r G LE=2 and as hemispherical at greater distances [29],

[30], the junction temperature rise of an isolated HBT on a

thick substrate is

�T � P

�KInPLE
ln

LE
WE

� �
þ P

�KInPLE
: (4)

KInP is the substrate thermal conductivity and P the

dissipated power. A first strategy scales WE / ��1 and

LE / ��1. Given that Rbb must not increase with scaling,
this is the minimum rate at which WE must be reduced to

obtain increased bandwidth. Unfortunately, this strategy

Fig. 3. HBT semiconductor layer structure and band diagram.

The emitter cap is InGaAs, the emitter InP, the base and setback layer

are InGaAs, the grade an InAlAs/InGaAs superlattice, and the drift

collector and subcollector InP.

Fig. 2. HBT cross-section and critical dimensions. The emitter stripe extends a distance Le perpendicular to the figure.We is the

emitter junction width,Web the base-emitter sidewall spacer thickness, Wb;cont the width of the base ohmic contact, and Wunder the

undercut of the collector junction under the base contacts.
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results in �T / �, a rapid increase in temperature with
scaling.

A second scaling strategy scales WE / ��2 and

LE / �0. Minimum feature size then decreases in propor-

tion to the inverse square of IC bandwidth. This results in a

moderate logarithmic increase with scaling in the temper-

ature of an isolated HBT.
A third strategy scales WE and LE such that �T re-

mains constant while junction area scales as LEWE / ��2.
An exact solution is complex and uninformative; nearly

constant �T is obtained over the next several scaling

generations by taking WE / ��3 and LE / �1. This stra-

tegy maintains constant junction temperatures and

constant thermal stability factors [31] with scaling [32]

but requires that lithographic dimensions vary as the

inverse cube of IC bandwidth, placing severe demands on

IC fabrication.
We select the intermediate strategy (WE / ��2,

LE / �0), providing a balance between thermal and

lithographic constraints, and propose below (Table 1) a

roadmap extending through 480-GHz digital clock rate.

The table assumes parameters feasible for NPN InGaAs/
InP HBTs. The temperature rise �T is calculated at

VCE ¼ 1:5 V and LE ¼ 2 �m and assumes the calculation of

(4). Web and Wunder are both set at 8% of WE. The cal-

culations are from [6], with veff � 3:5 � 107 cm/s and

Dn � 40 cm2=s selected to obtain the best fit of projected

f� with the experiment. This fit results in good correlation

with measured digital clock rate fclock;max but with

calculated fmax � 20% higher than the experiment.
Because base sheet resistance terms are reduced by scaling,
base contact width and contact resistivity scaling have

been slightly relaxed while still attaining the desired

bandwidth.

C. Scaling Limits: Contact and Thermal Resistivities
Contact and thermal resistivities are presently the most

serious barriers to scaling. Contact resistivities must
decrease in proportion to the square of circuit bandwidth;
5 �� �m2 base �v;b contact resistivity and 2 �� �m2

emitter �ex access resistivity are required for 480-GHz

digital clock rate. On our best HBT samples to date, we

Table 1 InP HBT Scaling Laws and Proposed Scaling Roadmap
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measure 5 �� �m2 for the emitter resistivity and less
than 5 �� �m2 for the base resistivity. The emitter thus

presents the more serious challenge.

In addition to the effects of doping and barrier

potential, resistivity of ex-situ deposited contacts is

strongly influenced by surface oxides and cleaning

procedures. For the base contacts, we observe the lowest

resistivity with Pd solid-phase-reaction contacts [33],

which penetrate oxides. We have recently investigated
methods to reduce the emitter contact resistivity. Details

will be reported elsewhere [34]; several processes have

been developed that provide between 0.5 and 1.0 �� �m2

contact resistivity to Nþ InGaAs or InAs layers.

When biased at 18 mA=�m2, the 125-nm scaling

generation HBT has a nearly degenerate electron con-

centration at the peak of the InP/InGaAs energy barrier

in the base-emitter junction. Approximating to first order
in Ic the resulting deviation in Vbe from the Vbe /
ðkT=qÞ ln½I=Io	 Boltzmann characteristics, the effect can

be modeled as an increase1 in Rex, proportional to 1=m

InP,

of �1 �� �m2.

IC and package thermal resistance appear the most

serious scaling challenges. On the IC, transistors are ar-

ranged in dense arrays. The transistor spacings D are small

and must scale as 1=� to scale wiring delays. Heat flow is
then approximately half-cylindrical at radii r G LE=2,
hemispherical at radii LE=2 G r G D=2, and planar at radii

D=2 G r G Tsub, where Tsub is the substrate thickness. The
substrate temperature rise is then

�TInP ��Tcylindrical þ�Themisperical þ�Tplanar

¼ P

�KInPLE

� �
ln

Le
We

� �

þ P

�KInP

� �
1

LE
� 1

D

� �

þ P

KInP

� �
Tsub � D=2

D2
: (5)

In addition to the logarithmic temperature increase arising

from narrow emitters, because D / 1=� at fixed Tsub,
scaling causes �Tplanar to scale as �Tplanar / �2. The

planar term can be reduced by extreme thinning of the

substrate, with Tsub / 1=�, using wafer lapping or thermal

vias [35].

Given a square IC of linear dimensions Wchip on a
large copper heat sink, the package thermal resistance is

approximated by planar and spherical regions, giving

�Tpackage ffi ð1=4þ 1=�ÞðPchip=KCuWchipÞ. BecauseD / 1=�,
Wchip / 1=�; hence �Tpackage / �.

Fig. 4 shows temperature rise versus clock rate

computed from (5). The calculation scales, according to

Table 1, the transistor, circuit, and layout parameters of a

�150 GHz current-mode-logic (CML) M–S latch [51].

This latch operates HBTs at IE ¼ 10 mA (when on),

VCE � 1 V, and RL ¼ 25 �. Dissipation of the 16-HBT

circuit is 210 mW and the die area is 300 � 300 �m2, of

which the HBTs lie in a central 120 � 120 �m2 region at an

average D ¼ 30 �m separation. Given the �180 �m/ps
propagation velocity, internal gate wiring delays are

�0.7 ps (20% of Tgate) while wiring delays between

adjacent gates are �1.7 ps (50% of Tgate); scaling

D / 1=� maintains wiring delays at a fixed fraction of

Tgate. We assume a 2048-HBT circuit (256 M–S

latches); IC dimensions and power are obtained by

multiplying those of the latch. The substrate is thinned

aggressively: Tsub ¼ 40 �m � ð150 GHz=fclockÞ.
Constraints are application specific; hence Fig. 4

only illustrates �T calculation. It appears, however, that

480-GHz fclock is thermally feasible in 2000-transistor ICs,

an integration scale typical of many ADCs and DACs.

Employing HBTs with 2 : 1 smaller LE and IE, and 2 : 1

increased RL, would reduce power.

As the collector is thinned, breakdown voltage Vbr;ceo is
reduced. Table 1 gives measured Vbr;ceo versus for InP/
InGaAs/InGaAlAs/InP DHBTs having 150-, 106-, and

75-nm TC; Vbr;ceo at 53 nm TC is extrapolated from 63-nm

measured data. If their thicknesses are an excessive

fraction of the total collector depletion layer thickness,

the narrow-bandgap InGaAs setback and InGaAs/InAlAs

grade layers (Fig. 3) may reduce Vbr through increased

Zener tunneling. When necessary, these layers can be

thinned. Vbr;ceo is not the sole limit to applied voltage;
device heating often imposes more stringent limits to the

applied VCE.
Because the bipolar transistor scaling laws presented

here assume the drift-diffusion equation, the high-

frequency limits of this approximation should be briefly

examined. Transient transport in the HBT base and

velocity overshoot in the collector depletion region are

1The authors are indebted to G. Liang and M. Lundstrom (Purdue
University, West Lafayette, IN) for their unpublished analyses.

Fig. 4. Calculated package and substrate temperatures rise, as a

function of digital clock rate, for a 2048-HBT CML integrated circuit.
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addressed in [10]. There is no expectation that veff will
decrease in HBTs with very thin base or collector depletion

layers. In bulk (nonplanar) point-contact Schottky diodes,

the finite skin depth �s ¼ ð2=!�o�Þ1=2 in doped semi-

conductor layers, the dielectric relaxation frequency

!d ¼ �=", the scattering frequency (the inverse of the

momentum relaxation time) !s ¼ q=m
�, and the plasma

resonance frequency !p ¼ ð!s!dÞ1=2 all impair the

diode responsivity at frequencies near 20 THz [36]. Here

� ¼ 1=� ¼ q�n is the conductivity, �o the permeability,

" the permittivity of the semiconductor, and m
 the
carrier effective mass. For the HBT emitter and

collector layers, n-InGaAs at �3.5 � 1019=cm3 doping,

!s=2� ¼ 7 THz, !s=2� ¼ 7 THz, and !p=2� ¼ 74 THz.

For HBT base layers, p-InGaAs at �7 � 1019=cm3 doping,

!s=2� ¼, !s=2� ¼ 12 THz, and !p=2� ¼ 31 THz. Even at

5 THz, the skin depth in such layers well exceeds the base

and subcollector layer thicknesses; hence semiconductor skin

effect has negligible effect on HBT bandwidth. Because !d

and !p far exceed anticipated HBT bandwidths, the emitter,

base, and subcollector bulk resistivities all can be

approximated as �j! ¼ ð1þ j!=!sÞ [36]. Even this effect

is negligible. Because the HBT lateral dimensions must be

reduced in proportion to the inverse square of increases in

device bandwidth, even given bulk resistivities increasing

with frequency, base and collector contact resistivities will

dominate over bulk semiconductor resistivities. To reiter-
ate, achievable metal–semiconductor contact resistivities

and device thermal resistivity are the primary limits faced

in scaling HBTs for terahertz bandwidths.

D. Representative Mesa HBT Results
We show two representative results for HBTs fabricat-

ed in a simple mesa fabrication sequence. This process

flow (Fig. 5) employs mesa etches to define junctions and

metal depositions to define self-aligned contacts. Mesa

processes incur difficulties in yield of large ICs, but their

simplicity facilitates exploratory device fabrication.
Fig. 6 shows a device scanning electron microscope

(SEM) image and Fig. 7 results. Griffith et al. [37]

reported initial results with HBTs at 250-nm WeVhaving

Fig. 5. Mesa HBT process flow. (a) Emitter metal deposition.

(b) Emitter etch and self-aligned base contact metal deposition

by liftoff. (c) Base mesa etch, collector mesa etch, and

collector contact deposition.

Fig. 6. SEM images (top view and closeup of emitter-base junction)

of a simple mesa DHBT. The emitter and base contact widths

are 400 and �150 nm, respectively. The emitter-base junction

width is �300 nm.

Fig. 7. Measured microwave gains and common-emitter

characteristics of representative mesa DHBTs. (a) Gains of a DHBT

having Tc ¼ 150 nm, Tb ¼ 30 nm, andWe ¼ 250 nm, biased at

Je ¼ 12 mA=�m2. (b) Gains of a DHBT having Tc ¼ 60 nm, Tb ¼ 14 nm,

and We ¼ 400 nm, biased at Je ¼ 13 mA=�m2. DC common-emitter

characteristics of the HBT having (c) Tc ¼ 150 nm and (d) Tc ¼ 60 nm

are also shown.
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larger TC than devices of the same scaling generation in
Table 1Vexhibiting 755-GHz fmax and 416-GHz f� . These
devices exhibit Vbr;ceo ¼ 4 V at Ic=WELE ¼ 0:1 mA=�m2

leakage. To explore variation of breakdown with

collector thickness, devices with 60-nm Tc were fabri-

cated by Griffith et al. [38]. f� , at 660 GHz, is lower than

that expected of properly scaled devices (Table 1)

because of both excessive (5 �� �m2) �ex and excessive

emitter junction width that indirectly limits (4) the bias
current density. The measured breakdown Vbr;ceo ¼ 3 V at

10 kA/cm2 indicates that 2.5–3 V breakdown can be ob-

tained even at the 62-nm scaling generation (�1–1.5 THz

f� and fmax).

Examples of mesa HBT IC results include 172-GHz

medium-power amplifiers using 500-nm We devices with

300-GHz fmax and 150-GHz static frequency dividers [14].

III . MANUFACTURABLE HBT PROCESSES

To fabricate large ICs, high transistor yield is necessary.

For acceptable IC power dissipation, junction areas must

be small. Without these two key parameters, a wide-band

transistor technology has no relevance to ICs of significant

integration scale. To permit self-aligned base metal liftoff,

the mesa process (Fig. 5) requires an emitter semicon-
ductor significantly thicker than the base contact metal.

Excessive undercut during the emitter semiconductor etch

then becomes a serious yield difficulty for HBTs with

narrow emitters, as do base-emitter short-circuits associ-

ated with the base metal liftoff.

More reliable and higher yield process flows are

needed for fabrication of narrow base contacts self-aligned

to the emitter-base junction. One approach is to adapt to
III–V semiconductors [39]–[41] the emitter regrowth

processes used for SiGe HBTs [42]. Emitter dielectric

sidewall processes [13], [15], [43] have shown greater

success and will be described in detail.

A second challenge is junction passivation; reliably

controlling the effect of the junction surface both on

leakage currents and on breakdown. A third challenge

arises from the base contact pad capacitance, which be-
comes dominant in the short-emitter-length HBTs em-

ployed in lower power circuits.

Below are described two IC fabrication processes,

developed independently at Vitesse Semiconductor and at

Teledyne Scientific. Both processes separate the emitter

and base contacts using dielectric sidewall spacers,

thereby avoiding base contact liftoff. The two processes

diverge in the definition of the base contact; the Vitesse
process defines a base contact in the form of a metal

sidewall through isotropic metal deposition and aniso-

tropic etching, while the Teledyne process defines the

base contact by selective-area plating, in a process similar

to the self-aligned silicide processes of VLSI. In the

Vitesse process, the base contact pad area is eliminated

by defining above the emitter, while in the Teledyne

process the pad capacitance is reduced by a collector
pedestal implant.

A. Self-Aligned Metal Sidewall Technology
He et al. describe in [13] a DHBT fabrication process

that avoids the difficulties, discussed above, associated

with fabricating DHBTs using a series of semiconductor

mesa etches and self-aligned contact metal liftoff steps.

This process is referred to by its manufacturer, Vitesse
Semiconductor, as the VIP-2 process. In this process, at

no point in the process is metal liftoff employed for

contact metal definition. A dielectric spacer defines the

self-aligned emitter-base spacing, while a metal spacer

defines the self-aligned base width, allowing narrow base

contacts to be defined independent of lithographic con-

straints. The collector junction is self-aligned directly to

the base. During the process flow, junction surfaces are
passivated immediately after their formation, and ledge

passivation is incorporated into both the EB and the BC

junctions. The fabrication process is illustrated in Fig. 8

and is discussed below.

In Fig. 8(a), a tungsten-based emitter contact metal is

deposited on the epitaxial wafer, followed by a dielectric

hard mask that both insulates the base metal from the

emitter metal and suppresses galvanic reactions during wet
processes. The metal and hard mask layers are defined by

lithography and a subsequent etch. An anisotropic plasma

etch then removes most of the emitter epitaxial layer. A

short wet etch completes the emitter etch and removes

surfaces damaged by the plasma etch. Since there is no

Fig. 8. Fabrication procedure of metal-sidewall DHBT. Process

steps (a)–(h) are described in the text.
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need to accommodate a subsequent liftoff, the emitter

epitaxial layer can be thin, and no emitter etch undercut is

necessary. The emitter etch is therefore made significantly

more controllable.

To permit placement of a contact via between the

emitter metal and the IC interconnects, the emitter at one

end expands to a width nearly twice the minimum width.

It should be noted that the periphery/area ratio of a
circular emitter of diameter D is the same as that of a long

emitter stripe of width WE ¼ D=2. While the flared

emitter contact pad area must entail some increase in

the device RbbCcb time constant and in the device thermal

resistance, the devices exhibit RF performance consistent

with that expected of the 512-nm scaling generation. The

potential application of this process flow to fabrication of

HBTs with 250 and 125 nm WE will depend upon the
ability to proportionally reduce the diameter of the emitter

contact via and to proportionally improve its precision in

placement.

Immediately after the emitter etch, a conformal di-

electric layer is deposited to passivate the emitter junction.

It is then plasma etched anisotropically to create a spacer

separating the base and emitter contacts [Fig. 8(b)]. The

spacer width is easily scaled by adjusting the dielectric
deposition thickness.

After a short wet etch to remove the plasma damage

from the spacer dry etch, base contact metal using

platinum and tungsten is deposited. To define a pad

upon which the base interconnect via will land [Fig. 8(c)],

the metal is patterned by a base-metal mask. A dielectric

hard mask is used in this step. To reduce collector junction

capacitance, the base-metal pad may overlap the emitter
metal since they are isolated by the emitter hard mask. An

anisotropic plasma etch forms the base-metal pad and the

self-aligned base metal around all emitter structures

[Fig. 8(d)]. The width of the self-aligned base metal is

determined not by lithography but by the thickness of the

base metal and its hard mask.

The collector junction is defined by a plasma etch

using the base metal as a self-aligned mask. A wet etch
removes the plasma etch damage and completes the

formation of the collector [Fig. 8(e)]. A dielectric layer is

then deposited and patterned immediately to passivate the
collector junction. Subcollectors are then isolated by a

plasma etch [Fig. 8(f)]. Tungsten-based collector metal is

subsequently deposited, a mask defined by lithography,

and the metal is etched [Fig. 8(g)]. Resistor metal is then

deposited and patterned. After a final wet clean, a

dielectric passivation layer is deposited to fully encapsu-

late the substrate. An aluminum-based four-layer inter-

connect process completes IC fabrication [Fig. 8(h)].
Fig. 9 shows SEM images of metal-sidewall devices with

interconnect metal after all dielectric layers are removed

to reveal device structures.

The passivation of junction surfaces greatly affects

leakage currents, and hence device performance and relia-

bility. To minimize surface leakage currents, the device

incorporates passivation ledgesVthin depleted layers of

exposed wideband-gap materialVin both the emitter-base
and base-collector junctions. In the Vitesse sidewall pro-

cess, the emitter etch leaves a thin ledge on which the

dielectric spacer is deposited. The ledge layer is later re-

moved after the spacer etch to confine the ledge to the

space between the emitter semiconductor and the base

contacts. The ledge thickness must be sufficiently thin to

ensure full depletion.

To control the ledge thickness, and to facilitate in-
line manufacturing process monitoring and control, the

ledge fabrication process is monitored by spectroscopic

ellipsometry using ultraviolet and visible wavelengths.

Quantitative relationships between ledge thickness and

current gain were obtained using such ellipsometry mea-

surements (Fig. 10). At ultraviolet and visible wave-

lengths there is sufficient contrast between the refractive

indexes of InP and InGaAs to distinguish the ledge from the
base. The strong absorption in this spectral region also

improves the near-surface sensitivity of the measurement

by suppressing interfering signals from deeper layers.

Similar to the emitter-base junction, ledge passivation

of the base-collector junction reduces the base-collector

leakage current. An exposed junction ledge is formed from

Fig. 9. SEM images of metal-sidewall HBTs where base metal

(a) does and (b) does not overlap emitter metal.

Fig. 10. Common-emitter current gain versus ledge thickness.
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the base-collector quaternary grading layer by slightly

undercutting the InP collector from the base using a

selective InP wet etch during the collector junction etch.

In this technique, the orientation of the transistor can
directly affect its BC ledge passivation due to the wet-etch

facet characteristics. As illustrated in Fig. 11, a consistent

undercut can be achieved when device is oriented in the

h010i direction, but undercut may not be achieved for

devices oriented in the h011i direction because of pinning

of the etch facet by the InGaAs base layer. This orientation

dependence is observed electrically when pairs of nearby

base-collector junctions (2.5 � 2.5 �m base-collector
diode test structures) of different orientation are measured

(Fig. 12).

B. Metal Sidewall Technology: Device Results
The baseline metal-sidewall transistors have a 500-nm

minimum emitter width as defined by lithography and

deliver more than 300 GHz f� and fmax with Vbr;ceo over

5 V. Its epitaxial structure incorporates a compositionally

graded strained InGaAs base for drift-assisted carrier
transport. The base is 30 nm thick, p-type doped to

4.5 � 1019 cm�3 with a 7% grade in Ga composition. The

InP emitter is 30 nm thick, n-type doped to 7 � 1017 cm�3,
and capped with a 50-nm nþ contact layer that step-

grades from InP to InGaAs and finally toward InAs to

minimize emitter resistance. The InP collector is 150 nm

thick, n-type doped to �8 � 1016 cm�3, and incorporates

an InGaAsP grading with an associated delta doping layer

to neutralize the quasi-field associated with the grade.

To demonstrate the potential for increased transistor

bandwidth in the metal sidewall process, the epitaxial
layer structure was thinned in some process runs. The

base layer was thinned 20 nm and its doping increased to

8 � 1019 cm�3. The collector layer was thinned to 100 nm.

Further, a 10-nm emitter-base junction grading layer was

introduced, reducing the required base-emitter voltage at

a given current density (Fig. 13), providing a smaller and

more constant collector-current ideality factor, and in-

creasing transconductance at high current density. The
emitter-base grade also provides an etch stop on the ledge,

greatly improving the control of the emitter etch and

hence the ledge passivation. With this scaled epitaxial

structure, we have measured approximately 400 GHz f�
and 450 GHz fmax.

C. Metal Sidewall Technology: Reliability Results
High current density accelerated life tests were

performed on metal-sidewall DHBTs of 1 � 1 �m2

drawn emitter size. The tests were carried out at a bias

of 4 mA=�m2 Zemitter current density and at junction

temperatures of 222 and 272 �C for durations as long as

2770 h. Forty devices were stressed at each temperature.

Although the junction temperature employed for these

tests is similar to that reported for other InP device

reliability investigations, we have employed a higher
current density [44]–[48], reflecting the required increase

in current density in HBT processes of progressively

Fig. 11. Ledge passivation of the base-collector junction

(emitter-base junction not shown).

Fig. 12. Base-collector leakage current of different device

orientations across the same wafer (2.5� 2.5 �m base-collector

diode test structures).

Fig. 13. Forward-active collector current at Vcb ¼ 0 V for wafers

having abrupt and graded emitter-base junctions.
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increasing bandwidth. The failure criterion employed was
a 20-mV change in the base-emitter voltage Vbe required
to maintain 4 mA=�m2 emitter current density. The

median time to failure was 700 h for devices stressed at

272 �C junction temperature and 15 000 h for devices

stressed at 222 �C. Extrapolation of these data using the

Arrhenius method indicates a failure activation energy of

1.4 eV. The mean time to failure is then extrapolated as

8.8 � 108 h (10 000 years) at 100 �C junction temper-
ature and 4.4 � 106 h (502 y) at 150 �C junction

temperature.

In other reports of InP HBT reliability [44]–[46],

[48], degradation in dc current gain ð�Þ is the most

commonly cited, with reported activation energies be-

tween 1.0–1.5 eV. With the metal-sidewall transistors

here reported, � generally increased by about 30% during

accelerated testing and � degradation was not the primary
failure mechanism. Kiziloglu et al. [47] reported HBT

reliability data with Vbe variation as the primarily failure

mechanism, finding a failure activation energy of 1.5 eV

for HBTs employing an InAlAs emitter.

D. Metal Sidewall Technology: Circuit Results
Commercial and defense applications include high-

frequency mixed-signal integrated circuits. Highlighting
the integration level possible with this technology is a

30-GHz clocked DDS with more than 3000 transistors

and an average of 40-dB spurious-free dynamic range

fabricated with over 50% integrated circuit yield [19].

Higher levels of integration are possible, and circuits

with more than 10 000 transistors have been fabricated.

Circuits operating at 160 Gb/s have been designed in the

VIP-2 metal-sidewall process including a 4 : 1 multiplex-
er [20]. Track-and-hold circuits have been demonstrated

at 10-G/s sampling rate with 20-GHz bandwidth and

1-V peak-to-peak differential signal. Fig. 14 shows a

monolithic phase-locked loop (PLL) that includes a
differential 80-GHz Colpitts voltage-controlled oscillator

(VCO) with þ=�4% tuning range, a 2-MHz bandwidth

loop filter, and a 32 : 1 frequency divider. The measured

phase noise is �80 dBc (1 Hz) at 1-MHz offset from the

carrier. Devices with high breakdown voltages for micro-

wave and millimeter-wave power amplification have also

been investigated.

E. Self-Aligned Plated-Base-Contact Technology
In a mesa HBT process (Figs. 5 and 6), base metal

contacts are self-aligned to the emitter junction by using

metal liftoff. As noted above, such processes face yield

limitations associated with difficulties in reliably forming

breaks in the deposited metal film between the emitter

and base contacts. The metal-sidewall process avoids this

difficulty by covering the entire emitter contact metal
stripe by dielectric sidewalls and a dielectric top cap; the

base contact metal then covers the entire emitter contact.

Consequently, in the metal-sidewall process, the emitter

terminal must be accessed using a narrow via aligned to

the emitter junction. An alternative to this process is to

selectively deposit, via electroplating, the base contact

metal only on the exposed surfaces of the base

semiconductor. Narrow emitters can then be contacted
using a planarization and etch-back process. We refer to

this process flow as a self-aligned plated-base-contact

technology. Such a process has been developed at

Teledyne Scientific and is described by Urteaga et al. in
[15]. As with the metal-sidewall process, the plated-base-

contact process separates the emitter and base contacts

using dielectric spacers.

The process flow is illustrated schematically in
Fig. 15. The process starts with emitter contact form-

ation. Because the emitter contact metal functions as a

via to connect to first-level metal, this contact must be

relatively tall, and a high height/width aspect ratio is

therefore required. This is achieved by electroplating

the emitter contact metal. Emitter junction areas are

defined by patterning openings into photoresist and

then electroplating to fill these with metal. Plating fully
fills the resist opening, and the metal sidewall slope

conforms to that of the photoresist. Emitter contacts

can thus be formed with high height/width aspect ratios

and nearly vertical sidewalls. This is in marked contrast

to metal liftoff, for which sidewall slopes are typically

�4 : 1 and for which attempts to form tall metal

contacts to narrow emitter junctions result in a tri-

angular metal cross-section with a metal height at most
4 : 1 larger than the emitter width. Because plating can

produce tall metal contacts to even narrow emitters, the

emitter contact metal can serve as the contact via/post

even at scaling generations below 250-nm emitter

width.

Subsequent to emitter metal definition, the emitter-

base junction is defined by an HCl-based selective wet etch

Fig. 14. PLL die photograph shows VCO tank circuit on the left and

loop filters and 32 : 1 divider on the right. This monolithic circuit

operates at 80 GHz and exhibits �80 dBc (1 Hz) phase noise at

1-MHz offset from carrier.
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[Fig. 15(a)]. Because contact liftoff is not employed, the

emitter semiconductor is thin, minimizing junction

undercut during etching. The etch stops on the InAlAs/

InGaAs superlattice grade in the base-emitter junction.

The base and emitter contacts are separated laterally
by a dielectric sidewall formed by conformal (chemical

vapor deposition) dielectric deposition and anisotropic

(reactive ion etching) etch removal [Fig. 15(b)]. The

dielectric sidewall contacts the InAlAs/InGaAs super-

lattice grade; because InAlAs exhibits a larger energy

separation between the conduction band edge and the

surface Fermi level, a potential barrier is formed that

drives electrons away from the surface, e.g., a passivation
ledge is formed.

Subsequent to sidewall formation, the base-emitter

grade layers are removed and the base contacts formed

[Fig. 15(c)] by electroplating of the base metal directly onto

the base semiconductor. The base metal plating proceeds in

windows in a plating mask with a size significantly larger

than the minimum lithographic limit, nominally centered

around the emitter. At this step in the process, the top of
the emitter contact metal and the base semiconductor layer

are exposed, whereas the sides of the emitter metal are

covered with the dielectric sidewall. The base-emitter

barrier potential prevents plating onto the top of the

emitter contact; the base contact metal selectively electro-

plates only onto the base semiconductor. A subsequent

process step places a base contact post onto the plated base

metal such that the post height is coincident with the top of
the emitter contact.

The base-collector junction, the collector contacts,

and the Nþ subcollector mesa are then defined wet-etch

and metal evaporation processes. A dielectric layer is

deposited after the subcollector mesa etch to reduce

variations in the topography of the wafer. Thin-film

resistors are deposited onto the dielectric layer, followed

by contact posts to the collector and resistors. The tops
of emitter, base, and collector contact posts lie in the

same horizontal plane. Device SEM images are shown in

Fig. 16.

The back-end interconnect process (Fig. 17) is initiated

by spin-casting BenzoCycloButene (BCB) to planarize the

wafer. The BCB is then etched back to expose the contact

posts. The remaining interconnect steps follow a repetitive

process of interconnect metal deposition, BCB dielectric
deposition, and via etching. The interconnect metals and

vias are all electroplated. Metal–insulator–metal capa-

citors with SixNy dielectric are provided between first and

second interconnect metal.

First-level interconnect metal uses 1-�m lines to con-

tact posts. The second and third metal use 2-�m lines and

2-�m square vias. The interlayer dielectric is BCB.

F. Plated-Base-Contact Technology: Device Results
Transistors and integrated circuits were fabricated in

the plated-base-contact process using 500-nm minimum

Fig. 15. Schematic cross-section of the base-emitter process flow

incorporating base-emitter dielectric spacers and selective-area

electroplating of the emitter and base contacts. (a) Emitter contact

metal plating and emitter semiconductor etch. (b) Dielectric sidewall

definition and base contact lithography. (c) Base contact formation

by selective-area electroplating.

Fig. 16. SEM top view and cross-section of the base-emitter junction

of a plated-base-contact transistor having 500-nm emitter

junction width.
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feature size [15]. The epitaxial layer structure has an InAs

emitter cap layer to provide low-resistance emitter ohmic

contacts. The emitter is InP. In some process runs, abrupt

InP/InGaAs emitter-base junctions are employed; in others
the junction is graded using an InAlAs/InGaAs short-

period superlattice. The base is InGaAs whose p-type

carbon doping is graded from 8 � 1019 to 4 � 1019 cm�3

across the base thickness. The base-collector grade consists

of a thin InGaAs setback followed by a short-period

InAlAs/InGaAs chirped superlattice. The grade is termi-

nated by a delta-doped layer, which generates a field

neutralizing the quasi-field associated with that of the
grade. The collector and subcollector are InP. For the

WE ¼ 500 nm scaling generation, the base and emitter

layers are approximately 40 nm thick while the collector is

150 nm thick.

At Vcb ¼ 0 V, this structure can support Je ¼
3 mA=�m2 current densities before onset of the Kirk

effect, increasing to �6 mA=�m2 at Vcb ¼ 0:5 V. Devices

fail thermally at �18 mW=�m2; this provides adequate

margin for analog circuits. The dc and RF characteristics of

the 500-nm generation plated-base-contact technology are

described as follows: the device shows a current gain

� ¼ 40 and Vbe;on ¼ 0:8 V at Je ¼ 3 mA=�m2, while the

emitter ideality factor is 1.5. The common-emitter
breakdown voltage is Vbr;ceo ¼ 5 V at Je ¼ 0:1 mA=�m2,

while the devices show a peak 330-GHz f� and 420-GHz

fmax at Je ¼ 6 mA=�m2 and Vcb ¼ 0:5 V.

G. Collector Pedestal Technology
From the device layout (Fig. 16) of either a plated base

contact or a mesa HBT, it is apparent that the base contact

post area contributes substantially to the collector-base
junction area and consequently limits digital logic speed.

The fractional contribution of the base pad to the collector

capacitance is particularly strong in low-power circuits

wherein LE is small and the base pad capacitance can

dominate Ccb. Adapting from similar process modules

employed in Si/SiGe HBT fabrication, we have developed a

collector pedestal implant process for reduced base pad

capacitance [49], [50]. In the implementation reported by
Urteaga et al. [51] [Fig. 18(a)], the pedestal is formed by

molecular beam epitaxy (MBE) growth of the Nþ InP

subcollector and pedestal precursor layers. Nþ silicon and

Fe isolation implants convert the pedestal precursor layer

into separate Nþ pedestal regions and Fe-doped semi-

insulating current-block regions. The remainder of the

semiconductor layer structure is then formed in a second

MBE growth and devices completed using the plated-base-
contact process flow described above.

The Fe isolation regions strongly reduce the collector-

base capacitance in the base contact pad region and

provide a moderate reduction in the component of Ccb

Fig. 17. Schematic cross-section of the interconnect process for the

plated-base-contact technology.

Fig. 18. Schematic cross-sections of implanted collector-pedestal devices. (a) Device with subcollector formed by MBE growth and pedestal

formed by implantation. (b) Device with both subcollector and pedestal formed by implantation.
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associated with the base contact area; the implanted region

is �100 nm wider than the emitter. As extracted from

microwave S-parameter measurements, the measured Ccb
is reduced �35%.

We extract the collector-base capacitance from small

signal measurements as a function of collector current

density, as shown in Fig. 19. The pedestal implant permits

reduced collector base capacitance in processes wherein

relatively wide base contacts are employed because of IC

yield considerations. A more aggressive version of implant

process reported by Parthasarathy et al. [52] uses multiple
implants to define both the pedestal and the subcollector

and requires only a single MBE growth [Fig. 18(b)].

Significant improvement in collector-base leakage Icbo and
breakdown Vbr;ceo was also observed, this being attributed

to the buried collector-base junction and the consequent

reduction in surface currents.

H. Plated-Base-Contact Technology: Circuit Results
As with the metal-sidewall process, a number of ICs

have been demonstrated in the plated-base-contact pro-

cess. Regarding IC yield, arrays of 1000 parallel HBTs
having 0.5 � 3 �m2 emitter junction exhibit 71.4% yield.

As of March 2007, efforts are still in progress both to

characterize and to improve the yield in fabrication of

large-scale circuits containing 1000–10 000 transistors.

Master–slave latches configured as static digital

frequency dividers provide a measurement of the feasible

clock speed of the technology in digital and mixed-signal

ICs. CML dividers using the pedestal implant consume
103 mW per latch and operate at 128 GHz [51], while ECL

dividers operate at 134 GHz and consume 143 mW per

latch. Low-power versions of the dividers operate up to

70-GHz clock but consume only 40 mW per latch.

Eight-bit DDS ICs have also been fabricated in the

plated-base-contact process. The DDS circuits employ ap-

proximately 5000 transistors. Operation has been verified

up to 16-GHz clock frequency with a spurious-free dy-
namic range exceeding 35 dB. The DDS uses a 12-bit

frequency control word, an 8-bit DAC, and a mapper block

that is the primary limitation in output resolution. The

total power consumed is 17 W. Other ICs demonstrated

in the plated-base-contact process include 44-GHz VCOs,

30-GHz track-and-hold circuits, and 8-bit DACs clocking

at 20 GHz.

I. Technology Comparison and Summary
The metal-sidewall and plated-base process technolo-

gies avoid the yield difficulties associated with emitter-

base liftoff processes. It is worthwhile to examine their

performance relative to that of a less-manufacturable mesa

device [14] of the same scaling generation (Table 2). The

three devices use extremely similar epitaxial layer

structure designs; this is largely stipulated by considera-
tions of minimum gate delay at a 500-nm feature size.

Breakdown voltage and maximum current density are

most strongly determined by the layer structure design

and are consequently similar in the three devices.

Measured circuit performance, as determined by digital

clock rate, is similar for the three devices. The slight

superiority in fmax of the mesa device [14] is primarily a

result of low base contact resistivity.

Fig. 19. Collector capacitance of plated-base-contact devices with

and without collector pedestal implants. The collector is 120 nm thick,

the emitter junction is 400 nm� 5 �m, and the pedestal mask

dimensions are 500 nm� 5 �m. The pedestal device exhibits 365-GHz

f� and 390-GHz fmax.

Table 2 Summary of Reported Devices
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IV. CONCLUSION

Electron device bandwidths are increased by use of

improved materials and by scaling. Unlike MOS transis-
tors, which now face serious scaling limits associated with

charge carrier tunneling through gate insulators, bipolar

device scaling is constrained by achievable contact

resistivities, by breakdown voltage, and by device and IC

thermal resistances. Of these limits, IC thermal resistance

appears the most serious limit. Digital clock rates of

400–500 GHz appear feasible, and innovations in

thermal design may further extend the feasible frequency
range. For millimeter-wave and submillimeter-wave

amplification, smaller ICs are required and thermal

limits are less severe; present experimental thermal,

contact resistance, and breakdown data suggest that

transistor amplifiers to at least 1-THz signal frequency are

feasible.

High-yield fabrication processes are crucial to enable

such applications. Although liftoff processes and surface
passivation considerations have historically limited IC

yield, recently emerged dielectric sidewall processes
enable high-yield metal contact deposition, self-alignment

of contacts and junctions, and well passivated, reliable, and

low-leakage devices. h
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