BIPOLAR TRANSISTORS

TRANSISTORS, BIPOLAR

The basic concept of the bipolar junction transistor (BJT)
was patented by Shockley in 1947 (1), but the BJT was not
experimentally realized until 1951 (2). Unlike the point
contact transistor demonstrated earlier in 1947, the BJT
can be completely formed inside the semiconductor crystal
and thus it proved to be more manufacturable and reli-
able, and better suited for use in integrated circuits. In a
real sense, the BJT was the device that launched the mi-
croelectronics revolution and, hence, spawned the Informa-
tion Age. Until the widespread emergence of complemen-
tary metal oxide semiconductor (CMOS) technology in the
1980s, the BJT was the dominant semiconductor technol-
ogy in microelectronics, and even today represents a sig-
nificant fraction of the global semiconductor market.

At its most basic level the BJT consists of two back-to-
back pn junctions (p-n-p or n-p-n depending on the doping
polarity), in which the intermediate n or p region is made
as thin as possible. In this configuration the resultant 3 ter-
minal (emitter-base-collector) device exhibits current am-
plification (current gain) and thus acts as a “transistor”
which can be used to build a wide variety of electronic cir-
cuits. Modern applications of the BJT are varied, and range
from high-speed digital integrated circuits in mainframe
computers, to precision analog circuits, to radio frequency
(RF) circuits found in radio communications systems.

Compared to CMOS, the BJT exhibits higher output cur-
rent per unit length, larger transconductance (g,,) per unit
length, faster switching speeds (particularly under capaci-
tive loading), and excellent properties for many analog and
RF applications (e.g., lower 1/f and broadband noise). To-
day, frequency response above 50 GHz and circuit switch-
ing speeds below 20 ps are readily attainable using con-
ventional fabrication techniques. The primary drawback of
BJT circuits compared to CMOS circuits lies in their larger
dc power dissipation and increased fabrication complex-
ity, although in applications requiring the fastest possible
switching speeds, the BJT remains the device of choice.
Figure 1 shows unloaded emitter-coupled-logic (ECL) gate
delay for today’s technology and indicates that state-of-the-
art BJT technology is rapidly approaching 10 ps switching
times.

In this article we review the essentials of modern bipolar
technology, the operational principles of the BJT, second-
order high-injection effects, issues associated with further
technology advancements, and some future directions. In-
terested readers are referred to Refs. 3-5 for review articles
on modern BJT technology, and to Ref. 6 for an interesting
historical perspective on the development of the BJT.

DOUBLE-POLYSILICON BIPOLAR TECHNOLOGY

In contrast to the depictions commonly found in many stan-
dard electronics textbooks, BJT technology has evolved
radically in the past 15 years, from double-diffused, large
geometry, non-self-aligned structures to very compact, self-
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Figure 1. Unloaded emitter-coupled logic (ECL) gate delay (as a
function of publication date) showing the rapid decrease in delay
with technology evolution.

aligned, “double-polysilicon” structures. Figure 2 shows a
schematic cross section of a modern double-polysilicon BJT.
This device has deep-trench and shallow trench isolation to
separate one transistor from the next, a p* polysilicon ex-
trinsic base contact, an n* polysilicon emitter contact, and
an ion-implanted intrinsic base region. The two polysilicon
layers (hence the name double-polysilicon) act as both dif-
fusion sources for the emitter and extrinsic base dopants
as well as low-resistance contact layers. In addition, to
form the active region of the transistor, a “hole” is etched
into the p* polysilicon layer, and afterwards a thin dielec-
tric “spacer” oxide is formed. In this manner, the emitter
and extrinsic base regions are fabricated without the need
of an additional lithography step (“self-aligned”), thereby
dramatically reducing the size of the transistor and hence
the associated parasitic resistances and capacitances of the
structure. The first double-polysilicon BJT structures ap-
peared in the early 1980s (7, 8) and today completely dom-
inate the high-performance BJT technology market. The
reader is referred to Refs. 9-15 for specific BJT technology
examples in the recent literature.

The doping profile from the intrinsic region of a state-
of-the-art double-polysilicon BJT is shown in Fig. 3. The
transistor from which this doping profile was measured
has a peak cutoff frequency of about 40 GHz (14), and is
typical of the state-of-the-art. The emitter polysilicon layer
is doped as heavily as possible with arsenic or phosphorus,
and given a sort rapid-thermal-annealing (RTA) step to
out-diffuse the dopants from the polysilicon layer. Typical
metallurgical emitter-base junction depths range from 25
to 45 nm in modern BJT technologies. The collector region
directly under the active region of the transistor is formed
by local ion-implantation of phosphorus. A collector dop-
ing of about 1 x 10'7 cm~2 at the base-collector junction is
adequate to obtain a peak cutoff frequency of 40 GHz at
a collector-to-emitter breakdown voltage (BVcgo) of about
3.5V, consistent with the needs of digital ECL circuits.
The intrinsic base region is also formed by low energy ion-
implantation of boron. Resultant base widths range from
about 60 nm to 150 nm at the state-of-the-art, with peak
base doping levels in the range of 3-5 x 10'® cm~3. A tra-
ditional (measurable) metric describing the base profile in
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a BJT is the intrinsic base sheet resistance (Ry;), which
can be written in terms of the integrated base doping (V)

according to

W, -1
Ry = qf Hpp () Ny (2) d

0

In Eq. (1), upp is the position-dependent hole mobility in the
base and Wy, is the neutral base width. Typical Ry; values
in modern BJT technologies range from 10-15 kW/f.

(1)

THEORY OF OPERATION

Basic Physics

The BJT is in essence a barrier-controlled device. A volt-
age bias is applied to the emitter-base junction such that
we modulate the size of the potential barrier seen by the
electrons moving from emitter to base, and thus can (expo-
nentially) modulate the current flowing through the tran-
sistor. To best illustrate this process, we have used a 1-
dimensional device simulator called SCORPIO (16). SCOR-
PIO is known as a “drift-diffusion” simulator because it
solves the electron and hole drift-diffusion transport equa-
tions self-consistently with Poisson’s equation and the elec-
tron and hole current-continuity equations (see, for exam-

ple, Ref. 6 for a formulation of these equations and the
inherent assumptions on their use). These five equations,
together with the appropriate boundary conditions com-
pletely describe the BJT.

Figure 4 depicts a “toy” doping profile of the ideal BJT
being simulated. Both the layer thicknesses and doping
levels are consistent with those found in modern BJTs, al-
though the constancy of the doping profile in each region is
idealized and hence unrealistic. Figure 5 shows the resul-
tant electron energy band diagram of this device at zero-
bias (equilibrium). The base potential barrier seen by the
electrons in the emitter is clearly evident. The equilibrium
carrier concentrations for each region are shown in Fig. 6.
The majority carrier densities are simply given by the dop-
inglevel in each region, while the minority carrier densities
are obtained by use of the “law of mass action” according
to the following:

Pep = 1’\‘, ‘ngy =N, emitter 2)
de
n?
Pyo =Ny nyg = N—"’ base (3)
ab
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Figure 4. Doping profile of a hypothetical bipolar transistor used
in the one-dimensional SCORPIO simulations.
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Figure 5. Simulated zero-bias energy band diagram of the hypo-
thetical bipolar transistor depicted in Fig. 4.

2
— Do, =N
pcO—N ‘g =Ny,

de

collector (4)

In these equations, n;, is the intrinsic carrier density, the
subscripts e, b, and ¢ represent the emitter, base, and col-
lector regions, respectively, N is the doping density, and,

K app - K app N
nﬁ =n;°;,eAEs= kT =NNye Eg/RT o SEGPP/RT (5)
AEPP AE®PP
n3 = n;"‘oe‘\Esb AT NCNVe‘EH’”e‘\Esb el (6)

where AE®P,, and AE®Py, represent the heavy-doping-
induced apparent bandgap narrowing (17). The resultant
collector current density (/) and base current density (Jg)
from this structure are shown in Fig. 7. Observe that the
BJT exhibits useful current gain (8=Jc/Jp) over a wide
operating range.

The basic operational principles of the BJT can
be described as follows. If we imagine forward-biasing
the emitter-base junction, and reverse-biasing the base-
collector junction (i.e., forward-active mode), electrons from
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the heavily doped emitter are injected into and diffuse
across the base region and are collected at the collector
contact, thereby giving rise to a useful collector current. At
the same time, if the base region is thin enough, the base
current consists primarily of the back-injected hole current
from base to emitter. Because the emitter is doped heav-
ily with respect to the base, the ratio of forward-injected
(emitter to base) electron current to back-injected (base to
emitter) hole current is large (roughly equal to the ratio of
emitter to base doping), and the BJT exhibits useful cur-
rent gain. It is critical that the intermediate base region be
kept as thin as possible because a) we do not want electrons
traversing the base to have sufficient time to recombine
with holes before they reach the collector contact, and b)
the transit time of the electrons through the base typically
limits the frequency response and, hence, the speed of the
transistor. In the forward-active mode, a schematic repre-
sentation of the magnitude of the various currents flowing
in an ideal BJT is illustrated in Fig. 8 (6).
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For simplicity, we will limit this discussion to the currents
flowing in the BJT under forward-active bias. Other bias
regimes (e.g., saturation) are not typically encountered in
high-speed circuits such as ECL. The reader is referred to
Ref. 17-19 for a discussion of other operating regimes. In
this case, for a BJT with a position-dependent base doping
profile, the collector current density can be expressed as
(20):

_ qle®es/*T _ 1) .
Je = % N, (x)dx @
abd

0 D,‘b(x)nl?b(x)

We see then that the collector current density in a BJT de-
pends on the details of the base doping profile [more specif-
ically the integrated base charge, and, hence, R}; given in
Eq. (1)]. The base current density can be obtained in a simi-
lar manner, except that the physics of the polysilicon emit-
ter contact must be properly accounted for (21, 22). For
the “transparent emitter domain” in which the holes in-
jected from the base to emitter do not recombine before the
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Figure 8. Schematic current flow distributions in a
realistic bipolar transistor (6).

reaching the emitter contact, the base current density can
be written as

q[quBE/kT _ l]
We No(x)dx Ny, (W)
0 Dpe(-") n?e spen?e(“’e)

(8)

where S is the “surface recombination velocity” charac-
terizing the polysilicon emitter contact (21). More detailed
base current density expressions can be found in Refs. 21,
22. Observe that in this transparent domain, the base cur-
rent density depends on the specifics of the emitter doping
profile as well as the influence of the polysilicon emitter
contact.

For position-independent base and emitter doping pro-
files, with no polysilicon emitter contact, Eqgs. 8) simplify
to their familiar forms

~ ql)nbn'i2
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from which the ideal BJT current gain can be obtained

D, LN, (sg*pr_sgery a7 Ny
p = nbPE de (35, 8¢ o == (11)
DPeWbNab Nab

Thus, the current gain of the BJT depends on the ratio of
emitter to base doping level. Given this fact, it is not sur-
prising that the actual ratio of emitter to base doping level
is typically found to be 100 (refer to Fig. 4), a common value
for B in modern technologies. Note as well, however, from
Eq. (11) that the ideal current gain in a BJT is reduced by
the exponential dependence of the heavy-doping-induced
bandgap narrowing parameters (the exponent is negative
because the emitter is more heavily doped than the base).
This latter dependence is also responsible for determining
the temperature dependence of 8 in a BJT.

If one compares the measured I-V characteristics of a
BJT with those expected from Egs. (9) to (11), substan-
tial deviations are typically observed, as depicted schemat-
ically in Figs. 9 and 10 (the dashed lines represent the
ideal results). Referring to Fig. 9, at low current levels,
base current nonideality is the result of emitter-base space-
charge region recombination effects; at high current levels,
the deviations are the result of various “high-injection” ef-
fects (discussed in what follows). Only over an intermedi-
ate bias range are ideal characteristics usually observed.
Figure 11 shows typical measured I-V characteristics (a
so-called “Gummel plot”) from the same 40 GHz profile de-
picted in Fig. 3 (14). The inset of Fig. 3 shows the linear
“output characteristics” of the BJT. The shape and doping
level of the collector profile controls the breakdown charac-
teristics of the device. In this case, the collector-to-emitter
breakdown voltage (BVcgo) is approximately 3.3 V, typical
for a high-performance digital BJT technology.
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Frequency Response

The frequency response of a BJT is determined by both the
intrinsic speed of the carriers through the device (transit
time), as well as the parasitic resistances and capacitances
of the transistor. Two primary figures-of-merit are used to
characterize the frequency response of a BJT, the unity
gain cutoff frequency (f7) and the maximum oscillation fre-
quency (fmay). Using a small-signal hybrid-pi model both fr
and fimax can be derived (17), yielding

1 1 - -
fT= m = I:g—m(cbe+cbc)+fb+fe+fcj| (12)
;4
kT W}
fr= qT(Cbe +Cy) + 5
c s (13)

-1
W, W? W, ]
2 (2 D 4 C
+ﬁﬂc (Spe + 2Dpe) + 2v; el
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and

fr :
fmax = 87fc—bcRb (14)
In Eqgs. (12) to (14), gn, is the transconductance (3//0Vgg),
Cye and Cy, are the base-emitter and base-collector capac-
itances, 1}, Te, and 7. are the base, emitter, and collector
transit times, respectively, vs is the saturation velocity (1
x 107 cm/s), n accounts for any doping-gradient-induced
electric fields in the base, and R}, is the base resistance; fr
and, hence, fiax is typically limited by 3, in conventional
Si—-BJT technologies. A major advantage of ion-implanted
base, double-polysilicon BJT technology is that the base
width can be made very small (typically < 150 nm), and
thus the intrinsic frequency response quite large. Figure
12 shows measured fr data as a function of bias current
for a variety of devices sizes for the doping profile shown
in Fig. 3 (14).

ECL Gate Delay

Due to its nonsaturating properties and high logical func-
tionality, the ECL is the highest speed bipolar logic family,
and is in widespread use in the high-speed digital bipo-
lar world. Figure 13 shows a simplified 2-phase ECL logic
gate. A common large-signal performance figure-of-merit
is the unloaded ECL gate delay, which can be measured
using a “ring oscillator.” A ring oscillator is essentially a
delay chain of ECL inverters with output tied back to its
input, thus rendering the resultant circuit unstable (Fig.
14). From the period of the oscillation (Fig. 15) the aver-
age gate delay can be determined for a given bias current.
Multiple ring oscillators can then be configured to oper-
ate at various bias currents, and hence the “power-delay”
characteristics of the BJT technology determined (aver-
age gate delay is plotted as a function of average power
dissipation—or current in this case, because the supply
voltage is constant). Figure 16 shows a typical measured
ECL power-delay curve (14). A minimum ECL gate delay

of 20.8 ps is achieved with this technology. Observe that
the speed of the ECL gate becomes faster as the average
switch current increases, until some minimum value of de-
lay is reached. To better understand the functional shape
of the power-delay curve, asymptotic expressions can be
developed using a weighted time constant approach (23).
Under low current (or power) conditions, the ECL gate de-
lay is given by

rECL(low-power)

=Rec Y a,Ch (15)
k=1
= I—[alC,M+a2Cbe +aCu+aly+---] (16)
cs

1

1 :
— X — 17
* Ies * Power a7

while under high current (or power) conditions the ECL
gate delay can be written as

rpcy (high-power)

n
= Cyr ) biRy (18)
k=1
Teel,
= ‘%[blRm+b2Rb,+b3R,+b4Rc+---] (19)
o« Ig x Power (20)

In Egs. (15) to (20), R¢c is the circuit pull-up resistor, V7, is
the logic swing, a), and by are delay “weighting factors,” I¢g
is the switch current, and Cgr is the transistor diffusion
capacitance. We see then that at low currents, the para-
sitic capacitances dominate the ECL delay with a delay
that is reciprocally proportional to the power dissipation,
whereas at high currents, the parasitic resistances domi-
nate the ECL delay, yielding a delay that is proportional to
power dissipation. It is thus physically significant to plot
the log of the ECL delay as a function of the log of the power
(or current), as shown in Fig. 16. Also shown in Fig. 16 are
large-signal circuit simulation results using the compact
model depicted in Fig. 17, which confirm the stated depen-
dence of delay on power.

HIGH-INJECTION EFFECTS

Substantial deviations from ideal behavior occur for BJTs
operating at high current densities (as a rule of thumb, for
Jc ~ 1.0 mA/um? in a modern high-performance technol-
ogy). This deviation from simple theory can be observed in
the premature roll-off of both the current gain and the cut-
off frequency at high current densities, as shown in Figs.
10 to 12. These so-called “high-injection” effects are par-
ticularly important because most high-performance BJT
circuits will be biased at high current densities in order to
achieve maximum transistor performance. High-injection
in a BJT can generally be defined as that current density
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Figure 13. Circuit schematic of a two-phase emitter-coupled-
logic (ECL) gate.

at which the injected minority carrier density (e.g., elec-
trons in the base) becomes comparable to the local doping
density. High-injection effects are generally the result of
a number of competing physical mechanisms in the col-
lector, base, and emitter regions, and are thus difficult to
analyze together theoretically. In this work we will simply
emphasize the physical origin of each high-injection phe-
nomenon region by region, discuss their impact on device
performance, and give some rule-of-thumb design guide-
lines. The interested reader is referred to Ref. 6 for a more
in-depth theoretical discussion.

Collector Region

Collector region high-injection effects in BJTs can be di-
vided into two separate phenomena: (1) Kirk effect, some-
times referred to as “base push-out” (24); and (2) quasi-
saturation. The physical origin of the Kirk effect is as fol-
lows. As the collector current density continues to rise, the
electron density in the base-collector space-charge region
is no longer negligible, and modifies the electric field distri-
bution in the junction. At sufficiently high current density,
the (positive) background space charge due to the donor
doping in the collector (N+4.) is compensated by the in-
jected electrons, and the electric field in the junction col-
lapses, thereby “pushing” the original base region deeper
into the collector (Figs. 18 and 19). Because both 8 and fr
depend reciprocally on Wy, this injection-induced increase
in effective base width causes a strong degradation in both
parameters. Approximate theoretical analysis can be used

Transistors, Bipolar 7

} 358 K
‘ A1
\

JaWala WaWall,
/' \J N } \J

1
| Period = 1.91 ns

\
\
\
|
Time (I ns/division)

Voltage (10 mV/division)
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to determine the critical current density at which the Kirk
effect is triggered, resulting in a BJT design equation

Jo o = quiNy, (14 —25VeC_ (21
Kirk = qVsiVgc qW2 N, )
epi

From Eq. (21) it is apparent that increasing the collector
doping level is the most efficient method of delaying the on-
set of the Kirk effect, although this will have a detrimental
impact on the BV¢go and collector-base capacitance of the
transistor. As the Kirk effect is typically the limiting high-
injection phenomenon in modern high-performance BJTs,
a fundamental tradeoff thus exists between peak fr and
BVcgo.

The second major collector region high-injection phe-
nomenon is called “quasi-saturation.” At a basic level,
quasi-saturation is the result of the finite collector resis-
tance of the n-type epi-layer separating the base from the
heavily doped subcollector in a BJT. At sufficiently high
current levels, the IR drop associated with the collector epi
becomes large enough to internally forward bias the base-
collector junction, even though an external reverse bias on
the collector is applied. For instance, for a collector resis-
tance of 1 k2 and a collector current of 2 mA, an internal
voltage drop of 2V is obtained. If the BJT were biased at
a base-collector reverse voltage of 1 V, then the internal
base-collector junction would be forward-biased by 1V, ar-
tificially saturating the transistor. With both base-emitter
and base-collector junctions forward biased, the dc signa-
ture of quasi-satuation is a strong increase in base current
together with a “clipping” of the collector current. Dynami-
cally, quasi-saturation has a strong negative impact on the
fr and, hence, circuit speed because excess minority charge
is injected into the base region under saturation. Theoret-
ically, quasi-saturation is difficult to model because the re-
sistance of the epi layer is strongly bias-dependent and the
collector doping profile in real devices is highly position-
dependent. In a well-designed high-performance BJT, the
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Figure 14. Schematic representation of an ECL ring oscillator circuit configuration.
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Kirk effect is much more important than quasi-saturation.

Base Region

High-injection in the base region of a BJT leads to two
major degradation mechanisms: (1) the Webster—Rittner
effect (25, 26), sometimes known as “base conductivity
modulation;” and (2) emitter current crowding. In the
Webster—Rittner effect, the large electron density in the
base region under high injection is no longer small com-
pared to the doping in the base. To maintain charge neu-
trality in the neutral base, the hole density must therefore
rise (refer to Figs. 18 and 19), changing the (low-injection)
Shockley boundary condition at the emitter-base junction,

and effectively doubling the electron diffusivity in the base.
The result is a different voltage dependence of the collector
current, which changes to one-half the slope of the expo-
nential low-injection collector current according to

q2D,,n;,(0)

W, (22)

J o (Webster-Rittner) = [ ]quuﬂkT

This slope change of J¢ has a detrimental impact on the
current gain, although in practice for high-performance
BJTs, the Kirk effect typically onsets before the Webster-
Rittner effect because the base is much more heavily doped
than the collector.
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Emitter current crowding is the result of the finite lat-
eral resistance associated with the intrinsic base profile
(i.e., Rp;). Because the collector current depends on the
actual base-emitter voltage applied at the junction itself,
rather than that applied at the base and emitter terminals,
large base currents flowing at high-injection levels can pro-
duce a lateral voltage drop across the base. This yields a
lateral distribution in the actual base-emitter voltage at
the junction, resulting in higher bias at the emitter pe-
riphery than in the center of the device. In essence, then,
the collector current “crowds” to the emitter edge where
the static and dynamic properties of the device are gener-
ally worse, and can even produce “thermal runaway” and
catastrophic device burn-out. This is typically only a prob-
lem in large geometry power transistors, not high-speed
digital technologies. In addition, as the base current is a
factor of 8 smaller than the collector current, emitter cur-
rent crowding is not generally a problem unless there is
very large base resistance in the device.

Emitter Region

Because it is very heavily doped, the emitter region in mod-
ern BJTs always operate in low-injection. Thus, the only

1.1
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Figure 18. Simulated electron profile in a bipolar transistor at
both low injection (3.2 uA/um?2) and high injection (1.05 mA/um?).

Figure 19. Simulated hole profile in a bipolar transistor at both
low injection (3.2 uA/um?) and high injection (1.05 mA/um?2). Ob-
serve that at high-injection levels the hole profile in the base ex-
ceeds the local doping level (as indicated by the low-injection re-
sult), and holes are present in the (n-type) collector region.

significant emitter region high-injection effect is the re-
sult of the finite emitter resistance of the transistor. Be-
cause polysilicon emitter contacts in fact exhibit reason-
ably high specific contact resistance (e.g., 20-60 Q um?),
however, emitter resistance (Rg) can be a serious design
constraint. Emitter resistance degrades the collector and
base currents exponentially as it decreases the applied
base-emitter voltage according to

I = Ige?Ves=TERE)/AT (23)

IB - Izmeq(VﬂE—IERE)/kT (24)

For instance, for a 1.0 um? emitter area transistor oper-
ating at a collector current of 1.0 mA, a specific emitter
contact resistance of 60 Q um? results in an emitter-base
voltage loss of 60 mV, yielding a 10x decrease in collec-
tor current. Proper process optimization associated with
the polysilicon emitter contact is key to obtaining a robust
high-speed BJT technology, particularly as the emitter ge-
ometry shrinks.
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SCALING ISSUES

Device miniaturization (“scaling”) has been a dominant
theme in bipolar technology over the past 15 years, and has
produced a monotonic decrease in circuit delay over that
period (refer to Fig. 1). In general, optimized BJT scaling
requires a coordinated reduction in both lateral and ver-
tical transistor dimensions, as well as a change in circuit
operating point (23). Unlike in CMOS technology, BJT cir-
cuit operating voltages (for conventional circuits such as
ECL) cannot be scaled because the junction built-in volt-
age is only weakly dependent on doping. The evolution of
BJT technology from nonself-aligned, double-diffused tran-
sistor structures to self-aligned, ion-implanted, double-
polysilicon transistor structures was the focus for BJT scal-
ing in the 1980s. During the 1990s more emphasis has
been placed on vertical profile scaling and a progression
towards both forms of advanced lithography (e.g., deep UV
or electron beam lithography), low-thermal budget process-
ing, and structural innovation to continue the advances in
circuit speed over time.

Figure 20 represents an idealized ECL power-delay
curve, and indicates the three principle regions that re-
quire attention during optimized scaling. In region (a),
which is dominated by parasitic transistor capacitances
[see Egs. (15) to (17)], a reduction in lithography, and hence
decrease in transistor size, is effective in reducing circuit
delay at low current levels. Region (b) is dominated by the
intrinsic speed of the transistor (i.e., 7e.). Thinning the ver-
tical profile, particularly the base width, is key to reducing
the ECL delay at intermediate current levels. The evolu-
tion of ion-implantation has proven key to realizing viable
sub-150 nm metallurgical base widths in modern BJT tech-
nologies. In region (c), the ECL delay is dominated by base
resistance and high-injection roll-off of the frequency re-
sponse of the device [Egs. (18) to (20)]. Doping the base
and collector regions more heavily is successful in improv-
ing the delay at very high current levels, although trade-
offs exist. For instance, doping the base more heavily de-
creases the peak fr of the transistor (due to a lower elec-
tron mobility), and, hence, degrades the speed in region (b)
at intemediate current levels. In addition, increasing the
collector doping level to improve the high-injection perfor-
mance in region (c) effectively increases the collector-base
capacitance, degrading the ECL delay in region (a) at low-
current levels. Optimized scaling is thus a complex tradeoff
between many different profile design issues.

Clever solutions to certain scaling tradeoffs have
emerged over the years, and include, for instance, the now
pervasive use of the so-called Sul;elf-aligned, Implanted
Collector (SIC) process. In an SIC process (see Ref. 10),
phosphorus is implanted through the emitter window in
the base polysilicon layer (either before or after sidewall
spacer formation) to increase the collector doping level
locally under the intrinsic device without increasing the
collector-base capacitance in the extrinsic transistor.

Figures 21 and 22 show the results of a recent BJT
lithographic scaling experiment (14). In this study a com-
parison was made between BJTs fabricated using three
different lithographies (0.09 ©m/0.20 pm-lithographic
linewidth/lithographic overlay, 0.45 4m/0.10 um, and 0.45

— |dealized scaling

log Average gate delay

log Average current per gate

Figure 20. The ECL power-delay characteristics showing the im-
pact of idealized scaling.
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Figure 25. Measured Gummel characteristics for SiGe and Si
transistors with comparable doping profiles. The expected en-
hancement in collector current (4.51x) can be observed.

um/0.06 pm). The latter two processes used advanced
electron-beam lithography. As can be seen, the impact
of scaling on device parameters is dramatic, resulting in
an expected improvement in ECL delay across the entire
power-delay characteristic, and a minimum ECL gate de-
lay of 20.8 ps (Fig. 16).

Nonetheless, practical limits do exist for conventional
ion-implanted, double-polysilicon BJT technology. Obtain-
ing metallurgical basewidths below 80-100 nm with rea-
sonable base resistance using low-energy ion-implantation
is very difficult and places a practical limit of about 40-50
GHz on the resultant fr of such transistors (see Fig. 12,
which corresponds to the doping profile shown in Fig. 2). In
addition, circuit operating voltages limit the useful BV¢go
of the transistor to about 3.0 V, and thus place a practical
limit on collector doping levels of about 1 x 10'7 cm~2 and
a consequent maximum operating current density of about
1-2 mA/um?. The emitter junction depth (and, hence, the
thermal process associated with the polysilicon emitter) is
limited to about 25—-30 nm, because the emitter-base space
charge region must lie inside the single-crystal emitter re-
gion to avoid the generation/recombination centers asso-
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Min image OL um) | 0.9/0.2 | 0.5/0.D 0.5/0.06
Ap (um?) 0.7X 42 | 0.25X 20 | 0.25X 2.4
B 80 87 90
Ry (KOO 152 152 152
Pospory © /) 176 176 176
BV o (V) 34 34 3.4
BV o (V) 112 113 11.4
Ry Q) 143 101 93
Cesi (F /um?) 1.8 1.8 1.8
Cegx (F jum?) 0.7 0.7 0.7
Ces (F /jum?) 4.4 4.a 4.a

Lump ed ASTAP parmmetes,Ly = 05 mA

Ce (fF 102 35 27 (.2X)

Figure 21. Comparison of measured device parameters as
a function of scaling for: (1) 0.90/0.20 pum (lithographic im-
Ces (£F 117 70 56 (.4%) ageloverlay); (2) 0.45/0.10 um; and (3) 0.45/0.06 um transistors
(14). Lumped ASTAP parameters are extracted from calibrated
simulations of ECL ring oscillator data.

Ce (£F 138 27 27 (.2%)

Ry Q) 203 73 66 (.3%)

(a) 0.9/0.2

(b) 0.45/0.06

Figure 22. Scaled comparison of (a) a 0.90/0.20 um (lithographic image/overlay) transistor with
(b) a 0.90/0.06 wm transistor.

ciated with the heavily defective polysilicon region. More FUTURE DIRECTIONS

advanced profiles can be obtained using epitaxial growth

techniques, as will be discussed in the next section. Despite the continual improvements in speed that BJT
technology has enjoyed over the past 15 years, and the
inherent superiority of the analog and digital properties
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Figure 26. Measured cutoff frequency as a function of collector
current for SiGe and Si transistors with comparable doping pro-
files. The expected enhancement in collector current (1.71x) can
be observed.

of BJTs compared to field effect transistors (FETs), the
world market for BJT ICs has steadily eroded. This is due
to both the improved performance of FET technology as
gate lengths are scaled into the submicron domain, the
widespread emergence of CMOS with its low power-delay
product, and the decreased cost associated with CMOS ICs
compared to competing bipolar technologies. To confront

Figure 23. Measured power-delay characteristics from an ad-
vanced complementary bipolar technology (27). Three circuit fam-
ilies are compared: 1) conventional (npn-only) ECL; 2) comple-
mentary ac-coupled push-pull ECL (ACPP-ECL); and 3) com-
plementary nonthreshold logic with complementary emitter-
follower (NTL-CEF). The NTL-CEF circuit achieved a minimum
power-delay product of 12 fJ.

Figure 24. Measured secondary ion mass spectroscopy (SIMS)
doping profile comparing a 60 GHz cutoff frequency epitaxial
SiGe base bipolar technology with an aggressive (40 GHz cutoff
frequency) ion-implanted (/1) base bipolar technology.

this situation, many bipolar + CMOS (BiCMOS) technolo-
gies have been developed that seek to combine low-power
CMOS with high-performance BJTs. The reader is referred
to Ref. 4 for an examination of the process integration is-
sues associated with modern BiCMOS technologies.

In addition, there are several areas of current re-
search with the potential to extend BJT technology well
into the 21st century; they include: (1) complementary
bipolar technology; (2) SOI bipolar technology; and (3)
silicon-germanium (SiGe) bipolar technology. Each of these
three research areas seeks to improve either the power-
dissipation associated with conventional BJT circuit fam-
ilies such as ECL, or improve the transistor performance
to levels not possible in Si BJTs and thus to capture new
and emerging IC markets.

Complementary Bipolar Technology

Complementary bipolar (C-bipolar) technology, which com-
bines n-p-n and p-n-p transistors on the same chip, has
been used for decades. In conventional usage, the n-p-n
BJT is a standard, vertical high-performance transistor,
while the p-n-p BJT is typically a slow-speed lateral device
used only in analog circuits such as current sources where
high-speed is unnecessary. Modern implementations of C-
bipolar technology, on the other hand, combine a high-
performance vertical n-p-n BJT and a high-performance



vertical p-n-p BJT (see, for instance, Refs. 27, 28). The
resulting IC technology, though inherently more com-
plex than a traditional n-p-n only BJT technology, opens
many new possibilities for novel high-speed, low-power cir-
cuit families. New C-bipolar circuit families such as ac-
coupled push-pull emitter-coupled logic (ACPP-ECL) and
nonthreshold logic with complementary emitter-follower
(NTL-CEF) offer dramatic improvements in power-delay
product compared to conventional ECL (Fig. 23).

Silicon-On-Insulator Bipolar Technology

Silicon-on-insulator (SOI) IC technologies have existed
since the 1960s, but have emerged recently as a poten-
tial scaling path for advanced CMOS technologies. In SOI
technology, a buried oxide dielectric layer is placed below
the active Si region, either by ion-implantation (SIMOX)
or by wafer bonding (BESOI). For the CMOS implemen-
tation, the active Si region is made thin, so that it is fully
depleted during normal device operation, resulting in im-
proved subthreshold slope, better leakage properties at el-
evated temperatures, and improved dynamic performance
due primarily to the reduction in parasitic source/drain ca-
pacitance. Given this development, it is natural to imple-
ment a lateral BJT together with the SOI-CMOS to form
an SOI-BiCMOS technology. While lateral BJTs are not
generally considered high-speed transistors, the reduction
in parasitic capacitance in the lateral BJT, together with
clever structural schemes which allow very aggressive base
widths to be realized, have resulted in impressive perfor-
mance (29).

SiGe Bipolar Technology

Attempts to reduce the base widths of modern BJT tech-
nologies below 100 nm typically rely on epitaxial growth
techniques. A recent high-visibility avenue of research has
been the incorporation of small amounts of germanium
(Ge) into these epitaxial films to tailor the properties of the
BJT selectively while maintaining compatibility with con-
ventional Si fabrication techniques. The resultant device,
called an SiGe heterojunction bipolar transistor (HBT), in-
volves introducing strained epitaxial SiGe alloys into the
base region of the transistor, and represents the first prac-
tical bandgap-engineered device in Si technology (refer to
Ref. 30-32, and references contained within, for reviews of
SiGe HBTs).

Compared to an Si BJT with an identical doping pro-
file, the SiGe HBT has significantly enhanced current gain,
cutoff frequency, Early voltage (output conductance), and
current gain Early voltage product, according to Refs. 31
and 32,

Jesice _ Bsice _y"AE colgrade)/kTe s cc VAT

& -
JCs.‘ - Bsi ]_—e"'"\Eg.Ge(gmd’]/" (25)
Tp.SiGe ~ frsi =g kT
Tpsi frsice 1 \AEgc(grade)
1— e—'-\Egﬁ(gtade)/kT
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Transistors, Bipolar 13

—AE *
V—A'SG? — 3B c(@ade)/kT 1-¢* gp,(sr:fdel/ i (27)
V,4,Si AE, ;. (grade)/kT
BV4lsice = yyle"\Egﬁew””e‘\Esﬂeg“‘d”” (28)
BValsi
where AE; .(0) is the Ge-induced band
offset at the emitter-base junction,

AE, ge(grade) = AEg e(Wy,) — AE, e(0) is the base bandgap
grading factor, and y, n are the strain-induced density-
of-states reduction and mobility enhancement factors,
respectively. With its improved transistor performance
compared to Si BJTs and compatibility with standard Si
fabrication processes, SiGe HBT technology is expected
to pose a threat to more costly compound semiconductor
technologies such as GaAs for emerging high-speed
communications applications. Figure 24 shows a rep-
resentative SiGe doping profile. Observe that the Ge
is introduced only in the base region of the transistor.
Experimental results comparing a SiGe HBT and a Si
BJT having identical layout and doping profile are shown
in Figs. 25 and 26 and indicate that significant enhance-
ments compared to a comparably designed Si devices are
possible. It is now clear that cutoff frequencies well above
300 GHz are possible using SiGe HBT technology, and
thus SiGe represents the next evolutionary step in Si BJT
technology.
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