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ABSTRACT The reasons why state-of-the-art vertical bipolar circuits dissipate very high power are
explained. The recent advent of SOI symmetric lateral bipolar transistors invites us to rethink bipolar
as a high-speed but low-power technology. Integrated Injection Logic (I2L) and complementary bipolar
(analogous to CMOS) circuits in SOI lateral bipolar offer huge design windows for power versus perfor-
mance tradeoff, suggesting the possibility of ultra-low-power systems with embedded high-speed cores.
I2L SRAM cells could be more than twice as dense as CMOS SRAM cells. The SOI substrate offers
a fourth device terminal that can be used to induce narrow-gap-base HBT-like I–V characteristics, which
should further improve the power-performance of circuits in SOI lateral bipolar. Fin-structure devices
enable significant improvement in fmax for RF and high-frequency applications. The process technology
for SOI lateral bipolar is compatible with CMOS. The Si-OI version is definitely much less complex
than CMOS.

INDEX TERMS Bipolar transistors, high-performance bipolar, SOI lateral bipolar, ultra-low-power bipolar.

I. INTRODUCTION
Before switching to CMOS as the logic technology for build-
ing high-speed computers, IBM and its competitors used ver-
tical bipolar transistors to build high-end computers. Figure 1
illustrates the device structure used [1]. Its salient features
include polysilicon emitter which enables scaling the base
width to sub-100 nm, emitter-base self-alignment and deep
and shallow trench isolation for device size and capacitance
reduction, and self-aligned heavier-doped intrinsic-collector
region for further speed improvement [2]–[5].
After switching from bipolar to CMOS, IBM soon adopted

SOI CMOS for building all its computers. Bipolar became
a niche technology for RF and analog applications. The
device structure evolved to that illustrated in Fig. 2, with
epitaxially grown SiGe base layer. With a graded Ge profile
in its base layer, the transistor has larger current gain and
Early voltage, and reduced base transit time [6].
Digital bipolar circuits using vertical transistors are fast,

with circuit delays reaching sub-5 ps [7]. However, the
large power dissipation makes vertical bipolar circuits not
suitable for VLSI applications. That is the main reason
bipolar disappeared from the VLSI scene more than twenty
years ago.

Recently, there appeared an opportunity to completely
revitalize bipolar in the form of symmetric lateral device
structures on SOI [8], [9]. This novel device structure is
illustrated in Fig. 3. It is CMOS compatible and scales in lat-
eral dimensions like CMOS. In terms of circuits and systems,
this novel bipolar device shows promise of greatly improv-
ing the power-performance of traditional bipolar circuits as
well as enabling novel bipolar circuits [8]–[11].

FIGURE 1. Schematic illustrating cross section of typical vertical bipolar
device structure used to build high-speed computers.
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In this paper, we first examine why vertical bipolar circuits
dissipate such large power. Then we discuss how the novel
SOI lateral bipolar avoids the power problems associated
with vertical bipolar. The merits of SOI lateral bipolar for
ultra-low-power applications are also discussed.

FIGURE 2. Schematic illustrating cross section of typical state-of-the-art
SiGe HBT for RF and analog applications.

(a)

(b)

FIGURE 3. (a) Schematic illustrating the integration of symmetric lateral
NPN and PNP transistors on SOI. (b) Schematic of an NPN device’s top
view (top left) and cross sectional view (bottom left), and device parasitic
resistances and junction and terminal voltages (right) for modeling
purposes. (After [9]).

II. WHY VERTICAL BIPOLAR DISSIPATES SO MUCH
POWER
Figure 4 shows typical measured fT and CML (current-
mode logic) gate delay for state-of-the-art vertical SiGe HBT.
(See Fig. 5 for a typical CML gate schematic.) As the tran-
sistors are driven to higher currents, the transistor speed
(indicated by fT ) and circuit speed increase. However, once
the current exceeds some critical level, the transistor and cir-
cuit speeds decrease rapidly as current is increased further.
The decrease in speed is due to base push out (Kirk effect),
where the base widens into the lightly doped collector. The
speed of a vertical transistor is not limited by its base width
in standby, but by the minority charge stored in the collector
at high currents.

A. LIMITED CURRENT CAPABILITY AND LARGE DEVICE
AREA
The current-carrying capability, i.e., the maximum collector
current IC without performance degradation, of a vertical
transistor is determined by its collector doping profile. The
fT data in Fig. 4 suggest that the transistor should not be
operated with IC greater than 2 mA. A circuit requiring
larger IC should use a transistor with proportionately larger
emitter area AE. The CML data in Fig. 4 clearly show that the
maximum circuit speed can be increased by using transistors
with larger AE.

Here lies one fundamental issue with vertical transistors.
For a given device design, AE must be large enough to
deliver the current required to achieve the speed target.
Larger AE means larger device area and associated capaci-
tances, which in turn imply larger power dissipation for the
circuit.

FIGURE 4. Typical measured fT as a function of collector current (top) and
CML circuit delay as a function of gate current (bottom) for vertical SiGe
HBTs. The emitter area for fT measurement was 0.14 × 2.6 μm2. (After [7]).

B. LARGE POWER SUPPLY VOLTAGE
A standard practice in designing vertical bipolar circuits
is to avoid the transistors going into saturation (collector-
base diode being forward biased) in operation. Most bipolar
circuits employ resistors as loads. Figure 5 shows a basic
resistor-load inverter and a commonly used CML gate. The
IR drop across a load resistor tends to drive the transistor
connected to the load towards saturation. The simplest way
to avoid saturation is to increase the power supply volt-
age Vcc. For the basic inverter, it can readily be shown that
for a given logic swing �V, the minimum Vcc is �V if
saturation is not an issue. Vcc is 2�V if saturation is to be
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avoided completely. Designers typically use Vcc larger than
“the minimum required for circuit functionality” to avoid
transistors going into saturation. This leads to larger power
dissipation for the circuits.

FIGURE 5. Circuit schematics of a bipolar inverter with resistor load (left)
and a CML gate (right).

C. NO HIGH-SPEED CIRCUITS WITH VCC = VBE
The minimum Vcc for a bipolar circuit is the VBE needed
to deliver the desired collector currents. However, a cir-
cuit operating with Vcc = VBE puts the transistors in full
saturation during operation. Many vertical bipolar circuits
can operate with Vcc = VBE if speed is not important. For
example, I2L (Integrated Injection Logic) or MTL (Merged
Transistor Logic) circuits [12], [13] are very simple and
dense, and operate with Vcc = VBE. They were actually the
most popular low-cost and low-power LSI technology for
several years, competing favorably with CMOS. However,
with transistors operating in full saturation, the speed of
vertical bipolar I2L was simply not competitive compared to
scaled CMOS.
When the base-collector diode is forward biased, minority

carriers are stored in the base-collector diode regions. For
a vertical transistor, most of the carriers are stored on the
collector side which is more lightly doped than the base.
(NB > 10x NC for a typical vertical transistor.) Referring
to the inverter in Fig. 5, to turn off the inverter, i.e., to
bring Vout from ground towards Vcc, Vout would not rise
appreciably until all the minority carries in the collector have
been drained off. The inverter speed is limited not by the
device base width, but by the amount of stored charge in
the collector region.
The idea of complementary bipolar (CBipolar) circuits,

analogous to CMOS, was proposed a long time ago [14].
CBipolar circuits also operate with Vcc = VBE. Vertical
CBipolar was never developed because they would be far
inferior to CMOS in speed and power dissipation.

III. WHAT MAKES SOI SYMMETRIC LATERAL BIPOLAR
A LOW-POWER TECHNOLOGY
It is evident from Figs. 1-3 that a lateral transistor has large
layout and density advantages over a vertical transistor. Such
advantages translate readily into reduction in device and
wiring capacitances, and hence reduction in power dissi-
pation at the circuit/chip level. In this section, we discuss

several less obvious reasons why SOI symmetric lateral
bipolar is an ideal low-power bipolar technology.

A. HIGH CURRENT-CARRYING CAPABILITY
Figure 6 shows the measured currents for a typical Si-OI
NPN transistor [15]. It shows a maximum current of about
5 mA/µm. Let us focus on the modeled currents assuming
re = rbx = 0 (dash lines). At VBE > 1.0 V, IB increases
more slowly than exp(qVBE/kT) due to intrinsic-base resis-
tance, which is inherent in a transistor. IC increases with
VBE even more slowly than IB due to high-injection effect
in the base [15].

FIGURE 6. Base and collector currents of a typical Si-OI symmetric lateral
NPN device. The device has Tsi = 60 nm, NB = 2.5E18/cm3, and NE = NC =
4E20/cm3 formed by As implantation. Extracted WB is about 10.3 nm. The
modeled currents were calculated using measured re = 267 �. WE is
48.5 nm extracted from fitting IB (see Fig. 3 for transistor equivalent circuit
and model parameters). Dash lines show calculated intrinsic device
currents with no parasitic resistance. (After [15]).

With the collector more heavily doped than the base, base-
push-out effect is absent in a symmetric lateral transistor.
However, high-injection effect in the base, i.e., np > NB
where np is the electron density in the p-type base and
NB is the base doping concentration, will cause IC to
change from an exp(qV ′

BE/kT) dependence at small VBE to
an exp(qV ′

BE/2kT) dependence at large VBE. The collector
current valid for all injection levels is given by [15]
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When high-injection effect is appreciable, the space-
charge-region widths are reduced due to the high density of
mobile space charge, resulting in a larger WB and a device
speed lower than if high-injection effect were absent.
An indication of significant high-injection effect is

the rapid roll off of current gain due to IC moving
towards exp(qV ′

BE/2kT) dependence while IB staying with
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exp(qV ′
BE/kT) dependence. Figure 7 plots the measured cur-

rent gain as a function of IC for the transistor in Fig. 6.
The slow decrease in current gain at low currents is due
to modulation of WB by VBE, causing a slight increase in
WB as VBE is increased. It happens in bipolar transistors
in general, and the effect is more pronounced in thin-base
transistors [16]. The rapid decrease in current gain at large
IC is due to high-injection effect. For the device in Fig. 7,
significant high-injection effect sets in when IC exceeds
about 0.6 mA, corresponding to a collector current den-
sity JC of 50 mA/µm2. We may consider this to be the
maximum JC without significant speed degradation for the
transistor.
The current density marking the on-set of significant high-

injection effect increases with NB. By increasing NB from
2.5E18 cm−3 to 1E19 cm−3, and reducing WB simultane-
ously to maintain a proper device design, the maximum JC
without performance degradation could be increased from
50 mA/µm2 to about 200 mA/µm2.

FIGURE 7. Measured current gain as a function of collector current for the
NPN transistor in Fig. 6.

B. SMALL BASE-EMITTER JUNCTION AREA AND
CAPACITANCE
The vertical transistors in Fig. 4 indicate a peak speed at
JC of about 9 mA/µm2. The previous discussion suggests
a lateral transistor could have peak speed at JC of about
200 mA/µm2. This large difference between a vertical tran-
sistor and a lateral transistor is due to the fact that NC of
a typical vertical transistor could be much smaller than NB
of a typical lateral transistor. The implication is that, for
a desired value of IC for circuit application, AE and its asso-
ciated capacitance of a lateral transistor could be < 1/20 that
of a vertical transistor.

C. SMALL BASE-COLLECTOR JUNCTION AREA AND
CAPACITANCE
It is readily seen from Figs. 1 and 2 that the base-collector
junction area AC is much larger than AE in vertical bipo-
lar transistors. Depending on details of fabrication process
and device design, AC is typically 5-10x AE. There are two
capacitance components associated with the collector node

of a vertical transistor, the base-collector junction capaci-
tance and the collector-substrate junction capacitance. For
a typical vertical transistor, these components are compa-
rable to the base-emitter capacitance. For example, for the
transistor with AE of 0.14×0.26 µm2 shown in Fig. 4, the
base-emitter capacitance is 6.4 fF, the base-collector capac-
itance is 5.4 fF, and the collector-substrate capacitance is
3.7 fF [7]. The implication is that, just like the emitter
capacitance discussed above, the collector capacitance of
a lateral transistor could also be < 1/20 that of a vertical
transistor.

D. SMALLER-THAN-CMOS PARASITIC RESISTANCES
From the device schematics (see Fig. 3), SOI symmetric
lateral bipolar looks like CMOS. However, lateral bipolar
devices could have significantly smaller parasitic resistances
than CMOS devices. In the case of CMOS, source and drain
resistances are dominated by the source/drain “extensions”
which are very shallow. In lateral bipolar devices, there are
no “shallow extension” regions. The measured emitter resis-
tance for the NPN device in Fig. 6 is 55 �-µm, which
is about 1/4 the source/drain series resistance of a typical
CMOS device.
Figure 8 compares the layout of a CMOS device with

that of a lateral bipolar transistor. The two devices have the
same dimension in the “width” direction. The gate metal
contact is located off the channel region of a CMOS device,
while the base metal contact can be located directly on top
of the intrinsic base of a bipolar device. It suggests the gate
resistance of a CMOS device to be larger than the extrinsic-
base resistance of a lateral bipolar transistor. The resistance
difference increases with device “width”.

FIGURE 8. Schematics comparing the layout of a CMOS device (left) with
that of a lateral bipolar transistor (right). The CMOS device has metal
contact via located away from the device channel region. The metal
contact to the extrinsic base of the lateral bipolar device can be located
directly above the intrinsic-base region. (After [10]).

Small parasitic resistances may not be important for
ultra-low-power circuits where currents are small and
speeds are low. Small parasitic resistances are critically
important for high-speed digital, RF and high-frequency
applications.

IV. SOI LATERAL BIPOLAR FOR HIGH-SPEED CIRCUITS AT
LOW POWER
The delay of a logic gate is proportional to C�V/I, where
C is the capacitance load, �V is the logic swing, and I is
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the gate current. Consider the implementation of a bipolar
circuit, e.g., CML, in both lateral transistors and in verti-
cal transistors. The > 20x reduction in device capacitance
suggest that the lateral bipolar circuit could have the same
speed but at < 1/20 the power dissipation of the vertical
bipolar circuit.
As discussed in Section II-B, the emitter/collector sym-

metry enable a lateral bipolar circuit to use a smaller Vcc
than the same circuit in vertical bipolar. For a CML cir-
cuit, the supply voltage reduction could be larger than 30%.
This reduction is on top of the reduction due to smaller
capacitance.
The focus on vertical bipolar development has been

towards higher fT and fmax for RF and high-frequency
applications. To that end, one direction has been the opti-
mization of collector doping profile for higher fT and fmax
that peak at a higher JC. In other words, the goal has
been to increase the maximum JC without performance
degradation [17].
For a lateral bipolar transistor, the maximum JC without

performance degradation can be increased by increasing NB,
as discussed in Section III-A. For high-frequency applica-
tions, fmax can be enhanced by adopting a fin-structure, such
as the one illustrated in Fig. 9. The fT and fmax for a planar-
structure device and a fin-structure device are compared
in Fig. 10. The fin device has a longer boundary perime-
ter between its extrinsic base and its emitter/collector, and
hence a large fringing capacitance, than the planar device.
As a result, fT of the fin device is lower than that of the
planar device. The fin device has much smaller intrinsic-
base resistance than the planar device, by 4x for the device
in Fig. 10, resulting in significantly higher fmax. Figure 10
shows peak fmax > 1 THz. Adding a top contact to the
intrinsic base (by removing the top insulation between the
extrinsic base and the intrinsic base) could lead to fur-
ther reduction of intrinsic-base resistance and hence further
increase in fmax.

FIGURE 9. Side-view schematics of a planar-structure (bottom left) and
a fin-structure (bottom right) SOI symmetric lateral bipolar transistor. For
the fin-structure, the contact between the p+ extrinsic base and the p-type
base can be on two sides, as illustrated here, or on three sides. The top
view (top) is the same for both planar-structure and fin-structure
devices.

FIGURE 10. Simulated fT and fmax as a function of collector current
density for a planar-structure device (bottom left of Fig. 9) with extrinsic
base contacting the intrinsic base only on the top surface and for
a fin-structure device (bottom right of Fig. 9) with extrinsic base contacting
the intrinsic base on the two vertical surfaces of the intrinsic base. The
device parameters are as indicated. Low-injection approximation was
assumed, i.e., the calculation is for collector currents where np < NB.

As of this writing, there is no report of quantitative
evaluation of the power reduction in designing bipolar
circuits/systems using lateral transistors. Published device
simulation results [18], [19] suggest that lateral devices have
higher peak fT and fmax compared to vertical transistors at
about 100x lower current. What is needed are studies of
circuits/systems quantifying the reduction in power using
lateral transistors in place of vertical transistors.

V. RETHINK BIPOLAR CIRCUITS WITH VCC = VBE
Reducing Vcc leads directly to reducing power dissipation.
The smallest Vcc for a bipolar circuit is one base-emitter
diode voltage VBE. As explained in Section II-C, a circuit that
operates with Vcc = VBE requires the transistors to operate in
both forward-active mode (with base-emitter diode switch-
ing) and reverse-active mode (with base-collector diode
switching). Vertical bipolar transistors are very slow when
operated in reverse-active mode due to the large physical
volume of the lightly doped collector available for storing
minority carriers. SOI symmetric lateral bipolar transistors,
on the hand, are perfect for such circuits because they
switch equally fast in both forward-active and reverse-active
modes. In this section, we discuss two of the most inter-
esting circuits that operate with Vcc = VBE, namely I2L
and CBipolar.

A. I2L CIRCUITS IN SOI SYMMETRIC LATERAL BIPOLAR
Figure 11 shows the schematic of an I2L circuit with FO = 3.
I2L is by far the densest circuit. It uses minimum-size
devices, and requires one PNP per gate for current injec-
tion and one NPN per fan-out. Thus a FO = 3 circuit has
just four transistors. In a controlled experiment using the
same vertical transistors, a divider circuit designed in I2L is
5.6 denser than the same circuit designed in CML [20]. The
main drawback of I2L in vertical bipolar is its speed being
limited to > 200 ps [20], [21], which is slow by modern
CMOS standard.
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FIGURE 11. Schematic of an I2L gate with 3 fan-outs.

When implemented in SOI symmetric lateral bipolar, I2L
should have minimum delays similar to CML. The simulated
delay vs. power for an I2L gate with FO = 3 is shown in
Fig. 12. It shows minimum delays < 10 ps and a power-
delay product < 100 aJ. With further scaling, a power-delay
product of < 10 aJ should be possible. These results suggest
I2L in SOI lateral bipolar to be a dense and high-speed logic
technology.
An I2L SRAM cell requires only four

transistors [22], [23]. In comparison, a standard CMOS
SRAM cell requires six transistors. Thus one should expect
an I2L SRAM cell to be significantly denser than a CMOS
SRAM cell. A sample layout of an I2L SRAM cell in lateral
bipolar is shown in Fig. 13. SRAM cell areas are best
compared in terms of the half-pitch F of the wires employed
to form the cell in an array. The I2L cell in Fig. 13 has
an area of 4F×9F = 36 F2. For comparison, a 14-nm
FinFET CMOS SRAM cell has an area of 73.8 F2 [24], and
a 22-nm SOI CMOS SRAM cell has an area of 90 F2 [25].
Thus, compared to CMOS SRAM cells, I2L SRAM cells
could be more than twice as dense.

FIGURE 12. Simulated delay versus upper bound estimate of average
standby power dissipation for an I2L gate with FO = 3 (see Fig. 11). The
NPN device parameters are as indicated. (After [9]).

B. CBIPOLAR CIRCUITS IN SOI SYMMETRIC LATERAL
BIPOLAR
The basic building block of a CBipolar circuit is an inverter
shown in Fig. 14. In standby, either the NPN or the PNP
is in full saturation. Operation of CBipolar inverters in SOI

FIGURE 13. Top: Schematic of an I2L SRAM cell (After [22]). Bottom left:
Schematic of SRAM cell layout before any wiring. Bottom right: Schematic
of SRAM cell with wire connections, word lines and bit lines. The cell
occupies 2 wiring pitches along the word line direction and 4.5 wiring
pitches along the bit line direction.

FIGURE 14. Circuit schematic of a complementary bipolar inverter.

FIGURE 15. Measured 101-stage complementary bipolar inverter delay vs.
average IC . Lines are models. (After [11]).

symmetric lateral bipolar has been demonstrated [11], and
the reported data are shown in Fig. 15.
A model for estimating the delay and standby power dissi-

pation of CBipolar inverters in SOI symmetric lateral bipolar
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has been reported [10]. The average standby current for an
inverter is

Istandby = (FO+ 1)
(
IB0npn + IB0pnp

)
eqVcc/kT , (3)

where FO is the number of fan-outs, IB0npn and IB0pnp are
the saturated base currents of the NPN and PNP transistors,
respectively. In the case of Si-OI transistors, the base current
is determined by the injection of carriers from the base into
the emitter. Base current due to recombination in the base
region is negligible, and base current due to recombination in
the base-emitter space-charge region can be made negligibly
small by process optimization [26].
Figure 16 shows the simulated delay and standby power

vs. Vcc for a design using Si-OI. Also shown are two cases
of projections for narrow-gap-base HBTs, one for the case
of replacing the Si base region with a SiGe base region
(with a bandgap 200 meV smaller than Si) and one for the
case of replacing the Si base region with a Ge base region
(energy bandgap = 0.66 eV). In all cases, the emitter regions
remain Si. Such Si-emitter/collector and SiGe- or Ge-base
HBTs remain to be demonstrated. The projections are just to
see what to expect from such narrow-gap-base HBTs. One
key assumption in Fig. 16 is that the base currents of the
SiGe-base and Ge-base transistors are identical to that of the
Si-base transistor. This assumption is good only if the base
currents are determined by the injection of carrier from the
base into the emitter, and if the process for producing the
HBTs do not introduce additional base current components.
Any additional base current components would increase the
standby power of these HBT CBipolar circuits accordingly.

FIGURE 16. Comparison of calculated propagation delay and standby
power dissipation for Si homojunction CBipolar with projections for
narrow-base heterojunction CBipolar for the case of FO = 1. All devices are
assumed to have the same Si emitter region, Tsi = 60 nm, LE = 100 nm,
NB = 1E19 cm−3, and WB = 10 nm. The Ge-base delay is projected by
shifting the Si plot to the left by 0.46 V. The SiGe-base delay is projected by
shifting the Si plot to the left by 200 mV, equivalent to assuming the SiGe
bandgap to be 200 meV smaller than that of Si. (After [10]).

The results in Fig. 16 show that CBipolar inverters can be
fast. The only issue is standby power dissipation at the speed
of interest. Let us consider the Si-OI case. With Si-emitter,

Vcc needs to be < 0.75 V for standby power to be 1 nW per
inverter. But the inverter delays at Vcc < 0.75 V are larger
than 10 ns, much too slow for such standby power. However,
for applications where performance is not an issues, a Si-OI
CBipolar inverter can be operated at 0.5 V with only 0.1 pW
standby power, with a delay of about 100 µs.

For applications where both high speed and low standby
power are required, we need narrow-gap-base HBT CBipolar,
with Si-emitter/collector and SiGe- or Ge base. If such HBTs
were available, Fig. 16 suggests inverter delay could be 10 ps
at 1 nW for the case of SiGe base and 10 ps at < 0.1 pW
for the case of Ge base. These should be attractive power-
performance targets for ultra-low-power technologies.

C. PERFORMANCE ON DEMAND
While the focus in advanced CMOS development, and in
the search for a “beyond CMOS” technology, has been on
ultra-low power dissipation, the need for high-speed systems,
or high-speed subsystem within an ultra-low-power system,
has not gone away. At the transistor level, it is challenging
to develop a CMOS that satisfies the requirements of both
high-speed and ultra-low-power systems. CMOS designers
typically offer devices with several threshold-voltage options
to enable chip designers some room for power-performance
tradeoff and optimization. As an example, the published
14-nm FinFET [24] offers a high-speed transistor with about
3x higher on current at about 7000x larger off current than an
ultra-low-power transistor. The implication is that a circuit
designed in the high-speed transistors is about 3x faster than
the same circuit designed in the ultra-low-power transistors
by dissipating about 7000x more standby power.
At the system level, when a subsystem or core with higher

speed is needed within a system, designers typically insert
an accelerator (faster functional core) by packaging method.
Another common practice is to enable the system to run
in “turbo mode”, with most of the cores powered down to
enable just one or two cores to run at higher speed. In one
four-core chip example [27], when three of the four cores
were powered down, the remaining core ran at about 50%
higher speed. The implication is that for a CMOS core to
increase speed by 1.5x, it take about 4x power dissipation.
I2L and CBipolar circuits do not employ resistors as loads.

The speed of an I2L or a CBipolar circuit can be dialed
up or down simply by adjusting Vcc. There is no need to
change the transistor size or device design as long as JC
stays below the “maximum without performance degrada-
tion” limit. Figures 12 and 16 suggest the possibility of
a very large window (more than six orders) for performance
vs. power tradeoff by adjusting Vcc for the chip or for the
various cores on a chip.
The performance-on-demand characteristics of I2L and

CBipolar represent an intriguingly interesting opportunity
to system designers. For example, one could imagine a pro-
cessor chip containing many cores, with most cores running
at base speed in ultra-low-power mode, some cores running
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at 100x base speed, and a couple of cores running at 1,000x
base speed as accelerators.
The performance-on-demand of an I2L 1024 divider circuit

was demonstrated in vertical bipolar [20]. The operating fre-
quency of the divider was changed from 10 MHz to 1.2 GHz
simply by changing the PNP injector current. The highest
operating frequency (1.2 GHz) was limited by the fact that
vertical bipolar was used.

VI. LOW-POWER I/O AND CLOCK DRIVER CIRCUITS
From a system perspective, it is not enough to consider just
the power dissipation needed for computation. The power
dissipation of the clock circuits for synchronizing the var-
ious operations and the I/O circuits for communication off
chip must be included. The transistors for these circuits
need to deliver large currents, and hence are large in area.
CMOS I/O transistors typically have drive-current capability
of about 1 mA/µm. As discussed in Section III-A, SOI lat-
eral bipolar transistors could have drive-current capability of
about 10 mA/µm. Therefore, compared to CMOS, SOI lat-
eral bipolar clock and I/O circuits have much smaller area
and associated capacitances, implying much lower power
dissipation.

VII. SUBSTRATE AS A FOURTH DEVICE TERMINAL
The SOI substrate can be used as a fourth device terminal to
further improve device characteristics [28]. Figure 17 shows
that a positive substrate bias greatly increases the collector
current of a NPN transistor but has little effect on its base
current. Similarly, a negative substrate bias greatly increases
the collector current of a PNP transistor but has little effect
on its base current. In other words, the SOI substrate can be
used to induce narrow-gap-base HBT-like characteristics, i.e.,
devices with very large current gains, in homojunction SOI
lateral bipolar transistors. Figure 17 suggest current gains of
greater than 10,000 should be achievable.

FIGURE 17. Typical effect of a positive substrate bias (from 0 to 15 V in 5-V
steps) on the collector current (left) and base current (right) of a Si-OI
symmetric lateral NPN transistor. The currents were measured at VBC = 0.
The transistor has NE = 2E20 cm−3 and NB = 2.5E18 cm−3. The BOX
thickness is about 140 nm. (After [27]).

As long as the BOX is not too thin, say thicker than 20 nm,
the application of a substrate bias does not change the device
capacitance. The increased IC should lead to higher circuit
speed. Alternatively, for ultra-low-power applications, the
increased IC could be traded off for lower Vcc and lower
standby power.

VIII. CONCLUSION
Circuits and systems designed using vertical bipolar tran-
sistors can be fast but dissipate very large power, making
vertical bipolar of little interest for digital applications. SOI
symmetric lateral bipolar greatly reduces the power dissi-
pation of commonly used bipolar circuits. It also enables
circuits that operate with Vcc = VBE to be high speed.

SOI lateral bipolar I2L SRAM cells could be more than
twice as dense as standard CMOS SRAM cells. An I2L gate
could achieve a power-delay product of about 10 aJ, with
minimum delay < 10 ps. CBipolar inverters could operate
with a standby power of only 1 pW, but inverter speed would
depend on the device technology. If Si-emitter/collector and
SiGe-base HBTs were available, the inverter speed could be
about 10 ns. If Si-emitter/collector and Ge-base HBTs were
available, the inverter speed could be < 10 ps. The substrate
of a SOI lateral bipolar transistor can be used as a fourth
device terminal to induce large increase in current gain for
additional speed improvement.
From a system perspective, the huge range of power vs.

performance tradeoff available to I2L and CBipolar circuits
offers an intriguing opportunity to designers of ultra-low-
power systems. One could imagine a processor chip with
most cores running in ultra-low-power mode, but a few cores
running at much higher speed and power to enable overall
high system throughput at low power.
The novel SOI lateral bipolar is CMOS compatible.

Narrow-gap-base HBTs have not been reported yet, so it
is hard to gauge their process complexity. However, pro-
cesses for homojunction Si-OI and SiGe-OI lateral bipolar
are definitely less complex than CMOS process.
SOI lateral bipolar appears to be a technology that is

suitable for high-speed computing systems, high-frequency
electronic systems, and ultra-low-power systems with embed-
ded high-speed cores. What is needed is increased R&D
effort to evaluate and demonstrate the advantage of this
technology for real system applications.

ACKNOWLEDGMENT
The author would like to thank J. Cai, J.-B. Yau, K.K. Chan,
C. D’Emic, Joonah Yoon, D.-G. Park, W. E. Haensch, and
G. Shahidi for their contributions to the research project on
SOI lateral bipolar.

REFERENCES
[1] K. H. Brown, D. A. Grose, R. C. Lange, T. H. Ning, and P. A. Totta,

“Advancing the state of the art in high-performance logic and array
technology,” IBM J. Res. Develop., vol. 36, no. 5, pp. 821–827, 1992.

[2] T. H. Ning, R. D. Isaac, P. M. Solomon, D. D. Tang, and H. N. Yu,
“Self-aligned npn bipolar transistors,” in IEDM Tech. Dig., vol. 26.
Washington, DC, USA, 1980, pp. 823–824.

[3] T. H. Ning and R. D. Isaac, “Effect of emitter contact on current gain
of silicon bipolar devices,” IEEE Trans. Electron Devices, vol. ED-27,
no. 11, pp. 2051–2055, Nov. 1980.

[4] D. D. Tang, P. M. Solomon, T. H. Ning, R. D. Isaac, and R. E. Burger,
“1.25 µm deep groove-isolated self-aligned ECL circuits,” in ISSCC
Tech. Dig., San Francisco, CA, USA, 1982, pp. 242–243.

[5] H. N. Yu, “Transistor with limited-area base-collector junction,”
U.S. Patent RE27 045, 1971.

234 VOLUME 4, NO. 5, SEPTEMBER 2016



NING: PERSPECTIVE ON SOI SYMMETRIC LATERAL BIPOLAR TRANSISTORS FOR ULTRA-LOW-POWER SYSTEMS

[6] D. L. Harame et al., “Si/SiGe epitaxial-base transistors—Part I:
Materials physics, and circuits,” IEEE Trans. Electron Device, vol. 42,
no. 3, pp. 455–468, Mar. 1995.

[7] J. Böck et al., “3.3 ps SiGe bipolar technology,” in IEDM Tech. Dig.,
San Francisco, CA, USA, 2004, pp. 255–258.

[8] J. Cai et al., “Complementary thin-base symmetric lateral bipolar
transistors on SOI,” in IEDM Tech. Dig., Washington, DC, USA,
2011, pp. 16.3.1–16.3.4.

[9] T. H. Ning and J. Cai, “On the performance and scaling of symmetric
lateral bipolar transistors on SOI,” IEEE J. Electron Devices Soc.,
vol. 1, no. 1, pp. 21–27, Jan. 2013.

[10] T. H. Ning and J. Cai, “A perspective on symmetric lateral bipolar
transistors on SOI as a complementary bipolar logic technology,” IEEE
J. Electron Devices Soc., vol. 3, no. 1, pp. 24–36, Jan. 2015.

[11] J. Cai et al., “SOI lateral bipolar transistor with drive current
>3mA/µm,” in Proc. IEEE SOI-3D-Subthreshold Microelectron.
Technol. Unified Conf., Monterey, CA, USA, 2013, pp. 1–2.

[12] K. Hart and A. Slob, “Integrated injection logic: A new approach
to LSI,” IEEE J. Solid-State Circuits, vol. 7, no. 5, pp. 346–351,
Oct. 1972.

[13] H. H. Berger and S. K. Wiedmann, “Merged-transistor
logic (MTL)—A low-cost bipolar logic concept,” IEEE J. Solid-State
Circuits, vol. 7, no. 5, pp. 340–346, Oct. 1972.

[14] H. H. Berger and S. K. Wiedmann, “Complementary transistor circuit
for carrying out Boolean functions,” U.S. Patent 3 956 641, May 11,
1976.

[15] J. Cai et al., “On the device design and drive-current capability of
SOI lateral bipolar transistors,” IEEE J. Electron Devices Soc., vol. 2,
no. 5, pp. 105–113, Sep. 2014.

[16] Y. Taur and T. H. Ning, Fundamentals of Modern VLSI Devices,
2nd ed. Cambridge, U.K.: Cambridge Univ. Press, 2009.

[17] M. Schroter, T. Rosenbaum, S. P. Voinigescu, and P. Chevalier,
“A TCAD-based roadmap for high-speed SiGe HBTs,” in Proc. IEEE
SiRF, Newport Beach, CA, USA, 2004, pp. 80–82.

[18] S. Raman et al., “On the performance of lateral SiGe heterojunction
bipolar transistors with partially depleted base,” IEEE Trans. Electron
Devices, vol. 62, no. 8, pp. 2377–2383, Aug. 2015.

[19] M. R. LeRoy et al., “High-speed reconfigurable circuits for multirate
systems in SiGe HBT technology,” Proc. IEEE, vol. 103, no. 7,
pp. 1181–1196, Jul. 2015.

[20] K. Aufinger, H. Knapp, S. Boguth, O. Gerasika, and R. Lachner,
“Integrated injection logic in a high-speed SiGe bipolar technology,”
in Proc. BCTM, Atlanta, GA, USA, 2011, pp. 87–90.

[21] D. D. Tang et al., “Sub-nanosecond self-aligned I2L/MTL circuits,”
in IEDM Tech. Dig., Washington, DC, USA, 1979, pp. 201–204.

[22] S. K. Wiedmann and D. D. Tang, “High-speed split-emitter I2L/MTL
memory cell,” in ISSCC Tech. Dig., New York, NY, USA, 1981,
pp. 158–159.

[23] S. K. Wiedmann, D. D. Tang, and R. Beresford, “High-speed
split-emitter I2L/MTL memory cell,” IEEE J. Solid-State Circuits,
vol. SC-16, no. 5, pp. 429–434, Oct. 1981.

[24] C.-H. Jan et al., “A 14 nm SoC platform technology featuring 2nd

generation tri-gate transistors, 70 nm gate pitch, 52 nm metal pitch, and
0.0499 µm2 SRAM cells, optimized for low power, high performance
and high density SoC products,” in Proc. Symp. VLSI Technol. Dig.,
Kyoto, Japan, 2015, pp. T12–T13.

[25] G. Freeman et al., “Performance-optimized gate-first 22-nm SOI tech-
nology with embedded DRAM,” IBM J. Res. Develop., vol. 59, no. 1,
pp. 5:1–5:14, Jan./Feb. 2015.

[26] J.-B. Yau et al., “SiGe-on-insulator symmetric lateral bipolar tran-
sistors,” in Proc. IEEE SOI-3D-Subthreshold Microelectron. Technol.
Unified Conf., Rohnert Park, CA, USA, 2015, pp. 1–2.

[27] (Nov. 1, 2015). Intel Turbo Boost. [Online]. Available:
https://en.wikipedia.org/wiki/Intel_Turbo_Boost

[28] J.-B. Yau, J. Cai, and T. H. Ning, “Substrate-voltage modulation of
currents in symmetric SOI lateral bipolar transistors,” IEEE Trans.
Electron Devices, to be published.

TAK H. NING (M’75–SM’81–F’87) received the
Ph.D. degree in physics from the University of
Illinois, Urbana–Champaign, in 1971. He joined
the IBM T. J. Watson Research Center, Yorktown
Heights, NY, USA, in 1973. Since 1991, he
has been an IBM Fellow. He has made contri-
butions to various areas of silicon devices and
technology, including bipolar, CMOS, DRAM,
silicon-on-insulator, EEPROM, and hot-electron
effects.

Dr. Ning was a recipient of several awards,
including the Electrochemical Society 2007 Gordon E. Moore Medal, the
1991 IEEE Jack A. Morton Award, and the 1989 IEEE Electron Devices
Society J. J. Ebers Award. He is a member of the National Academy of
Engineering and a fellow of the American Physical Society.

VOLUME 4, NO. 5, SEPTEMBER 2016 235

https://en.wikipedia.org/wiki/Intel_Turbo_Boost


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


