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SUMMARY

The objective of this work is to investigate the suitability of applying silicon-germanium
(SiGe) heterojunction bipolar transistor (HBT) bipolar complementary metal oxide semi-
conductor (BiICMOS) technology to extreme environments and to design high-speed cir-
cuits in this technology to demonstrate their reliable operation under these conditions. This
research focuses on exploring techniques for hardening SiGe HBT digital logic for single
event upset (SEU) based on principles of radiation hardening by design (RHBD) as well
as on the cryogenic characterization of SiGe HBTs and designing broadband amplifiers for
operation at cryogenic temperatures. Representative circuits ranging from shift registers
featuring multiple architectures to broadband analog circuits have been implemented in
various generations of this technology to enable this effort.

For SEU hardening through RHBD in SiGe HBT technology, the dissertation covers:

1. An SEU hardening approach for high-speed SiGe HBT digital logic (Chapter II, also
published in [1]).

2. Application of RHBD techniques to SEU hardening of third-generation SiGe HBT

logic circuits (Chapter III, also published in [2]).

For investigation of suitability of SiGe HBT technology for cryogenic operation, the

dissertation covers:

3. On the feasibility of using 120 GHz SiGe HBT technology for cryogenic broadband

analog applications (Chapter IV, also published in [3]).

4. Design of a 24 GHz broadband SiGe HBT limiting amplifier (Chapter V, also pub-

lished in [4]).

5. Cryogenic characterization of a 24 GHz broadband SiGe HBT limiting amplifier
(Chapter VI).

XV



6. Design of a high-slew rate SiGe BiICMOS operational amplifier for operation down

to deep cryogenic temperatures (Chapter VII, also published in [5]).

7. Half-teraHertz operation of SiGe HBTs (Chapter VIII, also published in [6]).

Xvi



CHAPTER 1

INTRODUCTION

Silicon-germanium (SiGe) heterojunction bipolar transistor (HBT) technology has found
application in several terrestrial electronic systems ranging from high-speed digital systems
to analog and radio-frequency (RF) systems [7]. The superior device performance offered
by SiGe HBTs and their integrability with the best of breed Si CMOS devices make them
attractive for these applications. This BICMOS approach benefits from the maturity of Si
fabrication, enabling large-scale integration at high yields. Though SiGe technology has
been making serious inroads into several terrestrial applications, applying this technology
to "extreme environments" is not without challenges. "Extreme environments" are usually
characterized by the presence of high levels of radiation, extreme thermal conditions, or
a combination of these and other factors such as high pressure, high humidity, dust, etc.
However, as will be demonstrated in this proposal, SiGe HBT technology offers a unique
opportunity for operating electronic systems reliably in extreme environments, particularly
in high radiation and cryogenic environments [8].

SiGe HBT technology has generated considerable interest in the space community be-
cause of its robustness to total ionizing dose (TID) radiation without any additional hard-
ening [9]-[12]. Recent studies on the effects of proton irradiation on critical analog and RF
circuits, and passive elements implemented in various generations of SiGe HBT technol-
ogy concluded that the degradation associated with the exposure of these circuits to extreme
proton fluences (as high as 5 x 10! p/cm?) is minimal [13]-[15]. However, the tolerance of
SiGe devices and circuits to TID levels typically experienced by satellite systems does not
translate into improved single event response in SiGe HBT digital logic. Digital circuits

designed in this technology were, unfortunately, shown to be sensitive to single event upset



(SEU) [16], and circuit-level hardening based on the current-shared hardening (CSH) [17]
technique proved ineffective in mitigating SEU in these circuits.

SiGe HBTs also exhibit several interesting thermal properties, especially at cryogenic
temperatures [18], [19]. The key device parameters of SiGe HBTs are favorably impacted
by cooling. The results of investigating the cryogenic performance of a 200 GHz SiGe
HBT technology [20] that was not optimized for cryogenic operation indicates that SiGe
HBTs, apart from maintaining dc ideality down to 85 K, show considerable improvement in
their dc, ac, and noise performances [21]. This not only portends well for terrestrial cryo-
genic applications such as superconductor-semiconductor hybrid systems and low-noise
receivers for astronomy, but also for specific space applications such as NASA’s upcoming
lunar mission. The lunar surface is a classic case of an extreme environment where the
on-board electronics is subjected to huge temperature variations and high radiation levels
simultaneously, and SiGe HBT technology, with all the salient extreme environment prop-
erties, has the potential to become the preferred technology for such niche applications.

Silicon (Si) integrated circuit (IC) technology was developed exclusively for applica-
tion in terrestrial electronic systems. Such electronic systems rarely operate in an environ-
ment whose ambient temperature falls outside the mil-spec temperature range of -55 °C
to 125 °C. Also, the amount of radiation encountered by these systems seldom exceeds
the typical background radiation levels. Thus, to be able to apply Si technology primarily
meant for terrestrial applications to extreme environment electronics without further costly
process enhancements would prove highly profitable for the multi-billion dollar space in-
dustry. The search for such a Si technology has not been without impediments, given
that low-temperature operation has traditionally been forbidden for conventional Si bipo-
lar junction transistors (BJTs) and CMOS devices, and that radiation tolerance cannot be
achieved without special process changes. However, with the advent of SiGe HBT tech-
nology, the search might well be over. The superior cryogenic properties of SiGe HBT

combined with its unique TID-tolerant structural attributes make it attractive for extreme



environment applications.

1.1 SiGe: An Extreme Environment Technology

SiGe HBT technology was primarily developed as a low-cost alternative to III-V tech-
nologies. It is a very successful attempt at bandgap engineering Si. Bandgap engineering
is achieved by introducing small amounts of germanium (Ge) into the base of a Si BJT.
The introduction of Ge (and the resulting freedom to choose a high base doping profile)
not only enhances several device parameters such as current gain (f), output conductance
(function of early voltage, V), parasitic base resistance (ry;), peak cut-off frequency (fr),
and maximum oscillation frequency (f,..x), but also makes them strong functions of tem-
perature. The placement of the temperature variable in the device equations is such that the
device performance improves naturally with cooling. In addition, the physical construction
of SiGe HBT device renders it "hard" to several types of TID radiation. The effect is not
so much the result of the presence of Ge in base as it is due to the location of the emitter-
base (EB) spacer oxide and the shallow-trench isolation, and the confinement of radiation-
induced damage to these regions (Fig. 1) [22], [23]. Hence, a comparably constructed BJT
sans Ge in the base would show similar tolerance to TID radiation. The superior intrinsic
performance of SiGe HBTs aside, what makes SiGe technology even more attractive is the
ease of its integration with high-performance CMOS processes.

The robustness to various types of ionizing radiation and the superior cryogenic proper-
ties are the reasons SiGe technology has aroused lot of interest in the extreme environment
community. However, there still remain some issues that need to be addressed before this
technology can be certified for extreme environment applications. First is the single-event
sensitivity observed in SiGe HBT logic. What is of utmost interest to the space commu-
nity is the demonstration of reasonable tolerance in SiGe HBT digital logic to SEU while
preserving the cost effectiveness of using this technology. Second is demonstrating the

functionality of SiGe HBT-based broadband circuits at cryogenic temperatures. This in
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Figure 1: The schematic cross-section of the SiGe HBT, showing the two potential damage
regions during exposure to ionizing radiation (after [23]).

turn could aid in the investigation of whether the remarkable cryogenic properties observed

in SiGe HBTs translate into superior circuit performance at cryogenic temperatures.

1.2 Single Event Upset in SiGe HBT Logic

SEU occurs when radiation, like the alpha particles or cosmic rays, cause undesired
bit flips in a digital circuit, thus corrupting the latch states. When an energetic particle
of radiation traverses through semiconductor devices, it generates charges in its wake in
the form of electron-hole pairs. Though the electron-hole pairs last for very short periods
of time, there might just be enough time to collect these electrons and holes at various
terminals, thus causing transient current pulses to flow in or out of the device terminals.

These spurious current pulses, if large enough in magnitude, can cause the terminal voltages



to change, sometimes by as much as the full-scale of logic swing, resulting in a bit flip.
The number of ionizations caused by the impinging ion is a function of the energy
it dissipates in traversing through the target material. This energy that it imparts to the
semiconductor is given in terms of linear energy transfer or LET and is normalized by the
density of the target material. The units of LET is MeV-cm?/mg. As it takes a known
amount of energy to generate an electron-hole pair in a given material, LET can also be
expressed as charge "deposited" per unit path length. Thus, for Si with density of 2,328
mg/cm?®, an LET of 97 MeV-cm?/mg corresponds to charge deposition of 1 pC/um. The
probability of an ion strike causing an "upset" to occur in the digital logic increases with

an increase in LET and is expressed as the upset cross-section (o), given by [24]
c = —, ()

where N is the number of observed upsets (errors) and ¢ the particle fluence (number of
incident particles per unit area, p/cm?).

Notwithstanding the stellar TID response of SiGe HBTs, like other bipolar digital cir-
cuits, SiGe HBT digital circuits are quite sensitive to SEU. Unfortunately, this sensitivity
only degrades as the data rates increase. In the heavy ion experiment on the shift registers
designed in the first-generation SiGe HBT technology, which employed the CSH technique,
it was noted that even with circuit hardening, the SEU immunity displayed by this technol-
ogy falls below the expectations of the space community [16]. Therefore, the grand entry
and the eventual prevalence of SiGe HBT technology in space electronics would depend
on the demonstration of SEU immunity in this technology.

To achieve SEU immunity in any technology, a good theoretical understanding of the
underlying single-event mechanism, both at circuit and device levels, is requisite. To enable
such investigations in SiGe HBT technology, a combination of device and circuit simula-
tions and ion beam experiments is required. Simulations of ion strike at device level help
in estimating the amount the charge collected at various device terminals [25], [26]. How-

ever, the estimated charge needs to be calibrated with measured charge collection to gain



confidence in the device structure and the doping profiles of the device model used in these
simulations. This calibration is also essential for validating the charge collection mech-
anism as modeled in the simulator, thus increasing the confidence in the results of these
simulations. One would ideally want to use a full mixed-mode simulator with either 2D
or 3D device simulation capability to understand the circuit response to an ion strike. But
such simulators do not often support the advanced transistor models that circuit designers
use and are not very time efficient. Therefore, an alternate approach involving separate
device and circuit simulations is adopted. The upset currents obtained from the device sim-
ulation is ported into circuit simulation via an equivalent circuit model for the transistor
being subjected to an ion strike [27].

Traditionally, the mitigation of SEU at device level has required expensive process
changes to limit ion-induced local charge collection. At circuit level, mitigation has been
achieved by (1) building in redundancy into logic circuits, (2) connecting large capaci-
tances to ground at sensitive circuit nodes, or (3) using high-drive devices that present
large parasitic capacitances [28]. While redundancy helps mitigate SEU by allowing ma-
jority voting between replicas of basic circuit blocks, large capacitive loads at sensitive
nodes suppress ion-induced transient spikes by diverting the spurious current pulses to
ground. Often times a combination of these techniques is required for improving SEU im-
munity. While these techniques work well for low-frequency applications (typically in the
sub-GHz range), with the growing demands for high-speed operations at lower cost, the use
of redundancy, large capacitances, high-drive devices, or expensive process modifications
are not viable options for upset mitigation.

With growing trend in the field of space electronics to use commercial-off-the-shelf
(COTYS) parts as a cost-reducing measure along with the need for preserving the high per-
formance of the commercial IC technology when applied in space-borne systems, the idea
of radiation hardness by design (RHBD) has been gaining immense popularity in this field.

It 1s envisioned through RHBD that radiation hardening of space electronic systems be



achieved purely through circuit design and layout techniques and without having to resort
to process modifications or design rule violations [29]. In addition, these design techniques
aim to achieve hardening with minimal compromise of the high performance offered by the
commercial IC technologies. Thus, it is logical to develop techniques of RHBD for SiGe
HBT logic to improve its SEU immunity while not sacrificing the performance advantage
offered by this technology.

SiGe HBT logic falls under bipolar logic family. It is known that the SEU response
of bipolar logic circuits is influenced by the circuit implementation, meaning a given logic
function block implemented with different circuit architectures would show variable SEU
responses. This observation could be used in developing design techniques to achieve

immunity to SEU in SiGe HBT logic.

1.3 SiGe HBT Technology for Cryogenic Application

The low-temperature characteristics of SiGe HBTs are enhanced because of the bandgap
engineering practiced in these devices. This enables SiGe HBTs to operate in temperature
regimes traditionally forbidden to Si BJTs. Excellent cryogenic frequency response, low-
noise performance, and analog properties of SiGe HBTs could be exploited in designing
cryogenic systems. Further, circuits designed using a combination of scaled Si CMOS and
SiGe HBTs could be the low-power solution for cryogenic systems.

To fully appreciate the performance advantage gained from operating SiGe HBTs at
cryogenic temperatures, a comparison of cryogenic characteristics of SiGe HBTs and Si
BJTs is drawn [30]. Though the cryogenic properties of Si BJTs depend strongly on the
technology generation and profile design, certain common trends can be noted in their
cryogenic characteristics. These include strong decrease in current gain (f), degradation
in frequency response, strong increase in base resistance, increase in turn-on voltage, and
strong increase in transconductance, among other less important low-temperature charac-

teristics. SiGe HBTs also show a strong increase in transconductance and a modest increase



in turn-on voltage at low temperatures. However, the band-edge effects couple strongly into
the bipolar equations of SiGe HBTs. In fact, they couple into terminal currents as expo-
nential functions of bandgap changes divided by the thermal energy, kT, where k is the
Boltzmann’s constant and T the temperature. As a result there is a dramatic increase in the

current gain (f) at low temperatures. The ratio of fg;g. to fis;, given by

BsiGe - { J7ﬁAEg,Ge(grade)/kTeAEg,ce(O)/kT }

Psi

where 7 and 7 are the position-averaged effective density-of-state and minority electron dif-

2)

- —AEg go(grade) kT

Vie 1-e
fusivity ratio between SiGe and Si, respectively, A E, .(grade) is the Ge grading-induced
bandgap offset, and A E, .(0) Ge-induced bandgap offset at the emitter end of the neutral
base [30]. The Ge grading-induced drift field in the base of SiGe HBTs tends to offset
the inherent degradation in the base transit time (z,) with cooling. Thus, the frequency
response either improves or does not degrade at low temperatures [30]. The ratio of 7, g;c.

to 7, g; 1S given by

Tp,SiGe _ g kT 1 — kT [1 _ e_AEgYGe(grade)/kT:l (3)
Thsi N AEgg.(grade) AFE; g.(grade) '

The base resistance in SiGe HBTs can be controlled far more easily at cryogenic temper-
atures than in Si BJTs because of the minimal carrier freeze-out occurring in the base of
SiGe HBTs at low temperatures. The reason behind the immunity to carrier freeze-out is
the highly doped thin base region, which is made possible by the reduced thermal cycle
nature of the epitaxial growth process.

Though the key device parameters of SiGe HBTs show remarkable improvement at
cryogenic temperatures, it remains to be demonstrated that this device-level performance
enhancement translates to superior circuit performance at low temperatures. This calls for
circuit-level cryogenic demonstrations of SiGe HBTs. To achieve this objective and to cater
to certain niche applications detailed below, it is proposed that a cryogenic broadband am-
plifier and a high-slew rate operational amplifier be designed. While a broadband amplifier

could be used for investigating the speed performance at low temperatures, a purely analog



circuit such as an operational amplifier could help test the feasibility of using SiGe HBTs
for cryogenic precision analog circuits.

NASA’s upcoming lunar mission presents a unique venue for practicing low-temperature
electronics. With temperatures on the lunar surface varying from -230 °C to +120 °C, elec-
tronics on-board are subjected to huge temperature changes, sometimes in short intervals
of time. Traditionally, the electronic systems on-board lunarcrafts are housed in a central-
ized location, inside what is called a "warm box" (Fig. 2), which shields the electronics
from dramatic changes in temperature, thus always maintaining the ambient temperature
within a narrow temperature range required for its reliable operation. These warm boxes,
apart from being power hungry, bulky, and heavy, limit the distributiveness of on-board
electronics. With SiGe HBTs exhibiting stellar cryogenic performance and built-in radia-
tion tolerance, electronic systems based on this technology could be deployed outside the
warm box in a remote electronics unit (REU) required for data acquisition and control.
The REUs have several mixed-signal systems to perform data acquisition. The realization
of key circuit blocks in these systems, such as voltage and current references, operational
amplifiers, and analog-to-digital converters (ADC) in SiGe HBT technology, could aid in
demonstrating the feasibility of using this technology for this application. This research
will focus on developing a high-slew rate, wideband operational amplifier, a key building

block in several mixed-mode systems, to operate in deep cryogenic temperature regimes.

1.4 Organization of Dissertation

Chapter II (also published in [1]) presents a new circuit-level SEU hardening approach
for high-speed SiGe HBT digital logic. The workhorse current mode logic (CML) D-
flipflop circuit architecture is modified to significantly improve its SEU immunity. Partial
elimination of the effect of cross-coupling at the transistor level in the storage cell of this
new circuit decreases its vulnerability to SEU. The SEU response of the new circuit is

qualitatively compared with three other D-flipflop architectures. The results suggest that



Figure 2: A typical warm box in a lunarcraft to protect on-board electronics from large
temperature fluctuations (courtesy J.D. Cressler).

this new circuit architecture exhibits sufficient SEU tolerance, low layout complexity, and
modest power consumption, and thus should prove suitable for many space applications
requiring very high-speed digital logic.

Chapter I1II (also published in [2]) presents the application of RHBD techniques to SEU
hardening of third-generation SiGe HBT logic circuits. Shift registers featuring RHBD
techniques are realized in IBM 8HP SiGe BiCMOS technology [39]. Both circuit and
device-level RHBD techniques are employed to improve the overall SEU immunity of
the shift registers. Circuit-level techniques include dual-interleaving and gated-feedback
that achieve SEU mitigation through local latch-level redundancy and correction. In ad-
dition, register-level RHBD based on triple module redundancy (TMR) versions of dual-
interleaved and gated-feedback cell shift registers is also realized to gauge the performance
improvement offered by TMR. The SEU performance of these shift registers was then
tested using heavy ions and standard bit error rate testing methods.

Chapter IV (also published in [3]) is on the feasibility of using 120 GHz SiGe HBT
technology for cryogenic broadband analog applications. Many salient features of SiGe

HBTs, such as its increase in transconductance, current gain, and peak cut-off frequency
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with cooling, can be exploited when designing high-gain (>55 dB), broadband (>20 GHz)
cryogenic amplifiers. To demonstrate this device-level performance enhancement, exten-
sive ac and dc characterization of representative transistors from a commercial 180 nm,
120 GHz peak fr SiGe HBT BiCMOS technology [41]. The cryogenic performance of
this second-generation SiGe technology is presented and its suitability for attaining high-
gain, broadband cryogenic amplifiers is assessed.

Chapter V (also published in [4]) presents the design of a 24 GHz broadband SiGe
HBT limiting amplifier. The amplifier achieves a saturated differential mid-band gain of
more than 42 dB and a 3-dB bandwidth in excess 24 GHz for a 10 mV, (-40 dBm) input.
A clear and wide-open eye diagram was measured under 10 Gbit/s operation. The limiting
amplifier has a simulated input sensitivity of less than 12 mV, at a bit error rate (BER)
of 107°. All of the stages of the amplifier employ the modified differential Cherry-Hooper
architecture to achieve a broadband gain response. The total power consumption of the
chip is 550 mW off of a -5 V power supply. The total chip area is 0.945x0.720 mm?. This
amplifier is compared with other published amplifiers based on a newly proposed figure-
of-merit.

Chapter VI presents the Cryogenic characterization of a 24 GHz broadband SiGe HBT
limiting amplifier. The S-parameters and the BER of the amplifier was measured across
various temperatures from 300 K down to 4.3 K. While the amplifier operated reliably at
deep cryogenic temperatures, the BER performance of the amplifier degraded, which is
possibly due to increased peaking in the gain response of the amplifier at low temperatures.

Chapter VII (also published in [S]) presents the design of a high-slew rate op-amp
in SiGe BiCMOS technology capable of operation across very wide temperature ranges,
and down to deep cryogenic temperatures. The first monolithic op-amp (for any material
system) capable of operating reliably down to 4.3 K is achieved. Two variants of the SiGe
BiCMOS op-amp were implemented, using alternative biasing schemes, and the effects of

temperature on these biasing schemes and their impact on the overall op-amp performance,
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are investigated.

Chapter VIII (also published in [6]) presents the first demonstration of a SiGe HBT
capable of operation above one-half TeraHertz (500 GHz) frequency. An extracted peak
unity-gain cutoff frequency (fr) of 510 GHz at 4.5 K was measured for a 0.12x1.0 ym?
SiGe HBT (352 GHz at 300 K), at a BVcgp of 1.36 V (1.47 V at 300 K), yielding an
JTxBVcEgo product of 693.6 GHz-V at 4.5 K (517.4 GHz-V at 300 K).

Chapter IX concludes the dissertation with a discussion on possible future work.
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CHAPTER 11

AN SEU HARDENING APPROACH FOR HIGH-SPEED

SIGE HBT DIGITAL LOGIC

2.1 Introduction

SiGe HBTs have proven to be robust to various types of total dose ionizing radiation,
as fabricated, in terms of both dc and ac electrical characteristics, making them potentially
attractive for space applications. Recently, however, high-speed SiGe HBT digital logic
circuits were found to be potentially vulnerable to single event upset (SEU), and have been
examined through both ion beam testing and charge collection modeling. SEU sensitivity in
SiGe HBT digital logic, as it is for any bipolar logic, depends on the circuit implementation,
and hence one can in principle alter the circuit configuration in order to minimize SEU
sensitivity. Previously, a comparison of SEU response in multiple SiGe HBT digital logic
circuits indicated that cross-coupling at the transistor level in the storage cell negates any
moderate SEU immunity achieved through circuit-level hardening using the current-shared
hardening (CSH [17]) technique [16], [31]. Based on this principle an implementation
of D-flipflop digital logic with a new circuit architecture featuring limited transistor-level
decoupling in the storage cell is proposed and its predicted SEU response is compared
with three other circuit architectures [1]. While maintaining the basic functionality of the
storage cell of the D-flipflop, the new circuit achieves considerable SEU immunity over
the CSH version and the unhardened version of the D-flipflop [31] with little power or real

estate overhead.
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2.2 Device Technology

The first-generation SiGe HBT employed in this study has a planar, self-aligned struc-
ture with a conventional polysilicon emitter contact, silicided extrinsic base, and deep- and
shallow-trench isolation. The p-type substrate and the n-p-n layers of the intrinsic transis-
tor form a n-p-n-p multi-layer structure, complicating the charge collection process during
ion strikes. This SiGe HBT technology features a peak fr of 50 GHz and a peak f,,x of
70 GHz [32]. The p-type substrate is biased at the lowest potential (-5.2 V and -3.3 V in

this case) for isolation.

2.3 Device Simulations and Circuit Modeling

MEDICI [33] was used for quasi-3D device simulations of the charge collection mech-
anisms, which involved using MEDICI in cylindrical symmetric mode [26]. The SiGe
HBT doping profile and Ge profile in the base were constructed using measured SIMS
data and calibrated to measured dc and ac electrical characteristics. The ion charge track
was generated over a period of 10 ps using a Gaussian waveform. The Gaussian has a 1/e
characteristic time scale of 2 ps, a 1/e characteristic radius of 0.2 ym, and the peak of the
Gaussian occurs at 4 ps. The depth of the charge track is assumed to be 10 ym, and as sub-
strate doping of 5 x 10'3/cm® was used. A uniform LET of 0.5 pC/um was used along the
charge track in this work. (An LET of 97 MeV-cm?/mg corresponds to a charge deposition
of 1 pC/pm in silicon.) To ensure that the simulated charge profiles were reasonable, the
simulations were compared to actual microbeam data for a 36 MeV oxygen ion. The SRIM
program was used to estimate the actual LET profile inside the device. As the spatial dis-
tribution of this LET profile was non-uniform, it is difficult to compare the net LET to the
uniform LET used in the device simulations. However, the total collector-collected charge
via device simulation was approximately 800 fC in this case, which is close to the value of

700 fC obtained for the peak charge collected in the collector for an actual 36 MeV oxygen
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ion in the microbeam experiment [34]. This agreement between the simulated collector-
collected charge and that from actual microbeam data establishes the predictive capability
of the model and hence lends credence to the circuit results presented.

The SEU response of the circuits was determined by integrating the ion-induced tran-
sient terminal currents obtained from device simulation into a circuit simulation tool via an
equivalent circuit model, as shown in Fig. 3 [27]. The current sources in the equivalent cir-
cuit model represent the transient terminal currents. The ion-induced transient currents at
the emitter and collector are denoted as i, and i.,,, where the subscript » indicates "electron
collection," while those at the base and substrate are denoted as i,,, and iy,, where p indi-
cates "hole collection." As the sum of all of the terminal currents is always zero, only three
of the four currents need to be included, and the other current is automatically accounted

for. Therefore, ion-induced collector current, i.,, is given by
en = _(ibp + isp + ien)~ (4)

Thus, this equivalent circuit model allows quasi-mixed-mode SEU simulation in to be per-

formed in a robust manner.

2.4 Circuit Descriptions

A new D-flipflop circuit (called dual-interleaved D-flipflop) was implemented by incor-
porating duplicate pass and storage cells to effectively produce decoupling of the differen-
tial inputs and outputs in the storage cell. The SEU response of dual-interleaved D-flipflop
was compared with that of three other D-flipflop circuits, including two unhardened cir-
cuits, the standard current mode logic (CML) master-slave (MS) D-flipflop and NAND-
based D-flipflop, and a CSH-hardened version of standard CML MS D-flipflop. All of the
four circuits have the identical logical functionality of a rising edge-triggered D-flipflop

under normal operating conditions (i.e., without SEU).
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Figure 3: An equivalent circuit model for including the ion-induced terminal currents in
the circuit simulations.

2.4.1 NAND-Based D-Flipflop

A straightforward gate-level implementation of the standard rising edge-triggered D flip-
flop logic diagram shown in Fig. 4. Each NAND gate in the D-flipflop is implemented using
standard differential ECL circuit as shown in inset in Fig. 4. The inputs to the multilevel
NAND gate are accordingly level shifted (using level shifters, not shown for brevity) to
ensure that all transistors operate in non-saturating region. IN1 and IN2 are the two inputs,
and IN1* and IN2* indicate their logic complement. V1 is the NAND gate output, while

V2 is the compliment of V1. VCS sets the switching current.
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Figure 4: Logic diagram of a conventional rising edge-triggered D-flipflop with the
schematic of a two-input NAND gate in the inset.

2.4.2 Standard CML MS D-Flipflop

The standard CML MS D-flipflop is the unhardened version of the D-flipflop used in the
shift registers tested in [26]. The transistor level circuit is shown in Fig. 5. Unlike NAND-
based D-flipflop, this circuit is not a gate-level implementation of the D-flipflop logic. In
addition, it uses a lot fewer transistors than the NAND-based D-flipflop. While NAND-
based D-flipflop has 56 transistors, the standard CML MS D-flipflop has 14 transistors, and
consumes much less power. The delay in the standard CML MS D-flipflop is only that
needed for switching currents in the differential ECL cells, as opposed to individual gate
delays in NAND-based D-flipflop and hence best suited for high-speed logic circuits [35].
The circuit consists of a master stage and a slave stage. The master stage consists of a pass

cell (Q1 and Q2), a storage cell (Q3 and Q4), a clocking stage (Q5 and Q6), and a biasing
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control (Q7). The transistors in the pass and storage cells are stacked over the CLK and
control transistors. Hence, the input levels at the clock stage and the control have to be
level shifted for the transistors to operate in forward active mode while conducting. The
slave stage has a similar circuit configuration. The storage cell of the master stage and the
pass cell of the slave stage are controlled by CLK, and the pass cell of the master stage and

the storage cell of the slave stage are controlled by CLK*.

Ground Ground

Pass Cell Storage Cell
DT Q
D* o*
Vi
V1*
CLK* L J CLK*
Q7 CLK '
Ves D } 7} Shared Substrate!
A J ? |\ )
\Y Vee
Master ce SlYVe

Figure 5: The standard CML MS D-flipflop.

2.4.3 Current-Shared Hardened D-Flipflop

The current-shared hardened (CSH) version of the standard CML MS D-flipflop was
used as a basic building block of the 32 stage shift-register tested in [16]. Each transistor
element in Fig. 5 was implemented with a five path CSH scheme (Fig. 6). These five
current paths remain separate through the clocking stage and through the storage and pass
cells until the load. The transistors in the storage and pass cells, however, eventually share

the same load.
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Figure 6: Illustration of current-sharing hardening (CSH) concept using a basic CML gate.

2.4.4 Dual-Interleaved D-Flipflop

Dual-interleaved D-flipflop, the new circuit, implements limited decoupling of the stor-
age cell transistor inputs (base) and outputs (collector) in the master and the slave stages
of the flip-flop, as shown in Fig. 7. This circuit is very similar to the standard CML MS
D-flipflop, except for the presence of duplicate pass and storage cells. Although the dual-
interleaved circuit may appear simply to be two standard CML MS D-flipflops wired in
parallel, a careful examination of the connections in the storage cell shows that this is not
the case. While the collectors of Q5 and Q6 are connected to the collectors of Q3 and Q4,
the bases are connected to the collectors of Q1 and Q2, respectively. In the case of two D
flip-flops wired in parallel, however, one would expect the collectors and bases of Q5 and
Q6 to be connected to the collectors and bases of Q1 and Q2 in Fig. 5, and likewise for Q7
and Q8.

This new configuration maintains the basic functionality of the storage cell of storing
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Figure 7: The dual-interleaved D-flipflop with minimal cross-coupling in the storage cell.

data when the clock goes high. Effective decoupling is achieved by not connecting the base
and the collector of the transistors in the storage cell to the same differential pair in the pass
cell. For example, the base of Q5 is connected to the collector of Q1, whereas the collector
of Q5 is connected to the collector of Q3 (note that the base and collector of each transistor
in the storage cell are connected to complementary outputs from the pass cell, which is
essential for storage cell functionality). Thus, if SEU transient current flows through the
collector of the transistor QS5, the base is unaffected by this current flow. The voltage drop
due to this transient flow does affect the base Q7, however, which might indirectly affect

the base of QS, potentially leading to upset.

2.5 Circuit Simulations

Circuit transient response simulations were performed using the Spectre simulator in
Cadence, using calibrated VBIC compact models for the SiGe HBT in the SiGe BiCMOS
design kit from IBM. The transistor being subjected to an ion strike is replaced with the

equivalent circuit model (Fig. 3) and the ion-induced transient terminal currents are turned
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on during the course of the transient simulation.

Simulations were performed at three different data rates (2, 4, and 6 Gbit/s). The sim-
ulations for the various circuits were made at a constant switching current of 1.5 mA. To
study the effect of variable switching current on SEU response, simulations were also per-
formed at a 0.5 mA fixing the data rate at 2 Gbit/s. The input data was an alternating train
of ’1’ and 0’ bits, and the voltage swing was maintained at 300 mV (swinging between
-300 mV and 0 V) in all the circuits, irrespective of the switching current or the data rate.

The upset-sensitive transistors in each D-flipflop circuit were identified (as described in
[31]) and ion-induced transient currents were activated on these transistors. In each circuit,
the transient currents were triggered just before the rising clock edge, when the data is still
’(’, since this condition was determined to be worst case. Such conditions occur at 5.460 ns
after the start of the simulation for data rates of 2 and 6 Gbit/s for 1.5 mA switch current,

and at 5.535 ns for 4 Gbit/s at 1.5 mA switching current.

2.6 Results and Discussion

2.6.1 Performance Analysis

Table 4 shows the trade-off between power consumption and the number of transistors
required to implement the various circuits. The power consumption of all the circuits are
computed relative to the power consumption of the standard CML MS D-flipflop (Fig. 5)

at a switching current of 0.5 mA (designated as P).

Table 1: Power consumption and number of transistors in the circuits.

Topology Power Consumption Number of
Switching Switching transistors
Current=1.5mA | Current=0.5mA
Std. CML MS 3P P 14
CSH CML MS 3P P 70
Dual-interleaved 6P 2P 26
NAND MS 12P 4P 56

The SEU response of each circuit at three different data rates were compared for a fixed
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switching current of 1.5 mA. Figures 8-10 show the simulated SEU responses for standard
CML MS, its CSH version, dual-interleaved, and NAND-based D-flipflops at three data
rates simulated here. The SEU response is measured in terms of bit error rate (BER) (or

alternatively, recovery time).
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Figure 8: Data, output, and clock waveforms of standard CML MS, its CSH version, dual-
interleaved, and NAND-based D-flipflops at a data rate of 2 Gbit/s (LET=0.5 pC/um and
switch current is 1.5 mA).

The standard CML MS D-flipflop, as expected, shows the maximum number of upset
bits across all data rates. Although CSH CML MS D-flipflop shows slightly better SEU
response at 2 Gbit/s, at 4 Gbit/s and 6 Gbit/s, it has a performance similar to the standard
CML MS D-flipflop. NAND-based D-flipflop shows the best performance compared to all

the circuits, with no upsets at any data rate. It is clear from the SEU response at higher data
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Figure 9: Data, output, and clock waveforms of standard CML MS, its CSH version, dual-
interleaved, and NAND-based D-flipflops at a data rate of 4 Gbit/s (LET=0.5 pC/um and
switch current is 1.5 mA).

rates, however, that with just half the power consumption of NAND-based D-flipflop and
with many fewer transistors, a significant improvement in SEU response can be achieved
(BER or recovery time) using the new dual-interleaved architecture.

The circuits were also operated at a switching current of 0.5 mA with the data rate
maintained at 2 Gbit/s, as shown in Fig. 11. It can be seen that in general the SEU perfor-
mance has degraded significantly in all of the circuits, with NAND-based D-flipflop (which
showed no upsets for any data rate at 1.5 mA switching current) now showing upsets.

Figure 12 summarizes the SEU results of the four circuit architectures using as a metric

the number of upset bits/unit power consumption as a function of data rate.
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Figure 10: Data, output, and clock waveforms of standard CML MS, its CSH version,
dual-interleaved, and NAND-based D-flipflops at a data rate of 6 Gbit/s (LET=0.5 pC/um
and switch current is 1.5 mA).

2.6.2 Understanding the Results

In any current-steering logic, the input signal to one of the transistors of the differential
pair is compared with either a static reference voltage (single-ended input) or the comple-
mentary input signal (differential input) at the input of the other transistor. All the circuits
investigated in this work operate with a differential input signal. In the storage cell of stan-
dard CML MS D-flipflop (and its CSH version), the input (base) of the transistor Q3 is
connected to the output (collector) of the transistor Q4 (and Q1) (Fig. 5). Similarly, the
input to transistor Q4 is connected to the output of the transistor Q3 (and Q2). This cross-

coupling of the inputs and outputs of the differential pair in standard CML MS D-flipflop
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Figure 11: Data, output, and clock waveforms of standard CML MS, its CSH version,
dual-interleaved, and NAND-based D-flipflops at a data rate of 2 Gbit/s (LET=0.5 pC/um
and switch current is 0.5 mA).

and its CSH version, which is essential for latching, presents a strong positive feedback,

as previously pointed out [31]. As a result, an upset occurring at the output of any of the

transistors in the storage cell influences the other transistor to an equal and opposite extent,

reinforcing the upset in the differential output. This explains the poor SEU tolerance in the

standard CML MS D-flipflop and its CSH version at both switching currents and at all data

rates. In the CSH version, although the current paths are maintained as separate through

the clocking stage, and pass and storage cells, the loads are shared (as in standard CML

MS D-flipflop), effectively making this circuit equally vulnerable to SEU.

In NAND-based D-flipflop, however, where this transistor-level cross-coupling within
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a differential pair is entirely absent, there is no significant upset at the output due to SEU
transient currents. The differential outputs are independent of each other, and therefore
upset occurring in one of the outputs does not affect the complement output. As long as the
differential output is above the cell switching threshold, the output remains unaffected, and
no SEU upset occurs. However, it is worth pointing out that the storage cells in this type of
D-flipflop still incorporate cross-coupling between gates required for latching, but there is
no cross-coupling within a differential pair as such.

The analysis of the SEU response in standard CML MS, its CSH version, and NAND-
based D-flipflops indicate that if one of the inputs to the storage cell differential pair is

unaffected by SEU, no significant SEU is seen at the differential output. In NAND-based
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Figure 13: Single-ended and differential output voltages for the differential pair in the
storage cell struck by heavy ion in standard CML MS D-flipflop (switch current is 0.5
mA).

D-flipflop this condition is always satisfied, while in standard CML MS and its CSH ver-
sion, it is always violated. The very high power consumption of NAND-based D-flipflop
(Table 4), however, might preclude its use in space applications. In dual-interleaved D-
flipflop, the above-mentioned condition for SEU tolerance is partially satisfied due to the
use of duplicate pass and storage cells (Fig. 7). The use of duplicate pass cells present
independent loads to the input and output of transistors in the storage cell. To maintain
the basic functionality of the storage cell, however, a positive feedback is still needed, and
therefore, cross-coupling between transistors having same logic level but from different

storage cells (as explained above) is required. Hence, upsets, although significantly fewer
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Figure 14: Single-ended and differential output voltages for the differential pair in the
storage cell struck by heavy ion in dual-interleaved D-flipflop (switch current is 0.5 mA).

than in standard CML MS and its CSH version, can still be seen at the output.

Figures 13-15 show the differential output of the storage cell at 0.5 mA switching cur-
rent. It is clear from these figures that both the outputs are affected to an equal and opposite
extent in standard CML MS D-flipflop. In dual-interleaved and NAND-based D-flipflops,
however, only one of the outputs is affected. In dual-interleaved D-flipflop (Fig. 14), soon
after triggering the SEU transient currents, when the clock goes high and when there is
upset in one of the terminals, there is also upset in the opposite terminal (for example, the
change in V1 slightly after 6 ns). This upset occurs due to pass cell of the slave stage turn-
ing on as a result of the clock going high, and since V1* is high (due to upset), V1 goes

low.
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The degradation of the overall SEU response at low switching current is due to large
load resistance needed to maintain the voltage swing, and hence due to a lower switching
threshold. The same SEU transient current now flows through this larger load resistance,
leading to a more pronounced upset. In dual-interleaved (and NAND-based) D-flipflop,
however, the differential output of one of the storage cells, V1 and V1* (V2 and V1 in
NAND-based D-flipflop), are not affected to the extent to which they are affected in stan-
dard CML MS D-flipflop and its CSH version. Therefore, fewer upsets occur in dual-

interleaved and NAND-based D-flipflops at low switching current.

05 T T T T T T T T

: Wuuuuuymvuuuuu |

~_05} -15

4 10 12 14 16 18 20
. time (ns
2 05 l " neets r ' : ' " output
3 Lupsets , outpu
§ onprprr Ty Tmomompmomomong ATt
(&)
2_05} ion strike at 5.46 ns i
s | 10N SIrike e . clock data
C - Uy Uy
4 UL
®-1.5 L I ! I L L ! L
a 4 6 8 10 . 12 14 16 18 20

time (ns)

Figure 15: Single-ended and differential output voltages for the NAND gate struck by
heavy ion in NAND-based D-flipflop (switch current is 0.5 mA).
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2.7 Summary

A new circuit architecture for high-speed SiGe HBT digital logic having moderate SEU
tolerance is implemented by partial decoupling of the differential output. The SEU response
of this circuit architecture is compared with the response of three SiGe HBT D-flipflop ar-
chitectures, including two unhardened D-flipflops and the CSH version of the standard
CML MS D-flipflop. The performance of this new circuit is comparable to the NAND-
based D-flipflop that has no transistor level cross-coupling, but at much lower power con-
sumption and fewer transistor count. The significant improvement in SEU response seen
in the new circuit, which is obtained by guidelines laid out in [31], further validates these
earlier conclusions. Together, these results suggest a potential path for achieving sufficient
SEU tolerance in high-speed SiGe HBT digital logic for many space applications. The real-
ization of 16-bit shift registers based on these D-flipflops and the ion beam results obtained

for these shift registers will be discussed in the next chapter.
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CHAPTER III

APPLICATION OF RHBD TECHNIQUES TO SEU
HARDENING OF THIRD-GENERATION SIGE HBT

LOGIC CIRCUITS

3.1 Introduction

Silicon-germanium (SiGe) heterojunction bipolar transistor (HBT) technology has gen-
erated considerable interest in the space community due to its robustness to total ionizing
dose (TID) radiation, without any additional hardening [30]. This TID tolerance does
not, unfortunately, translate into improved single event upset (SEU) response for SiGe
HBT logic. Digital circuits designed in first-generation (50 GHz) and second-generation
(120 GHz) SiGe technology have been shown to be very sensitive to SEU [16], [36], [37],
[38], and circuit-level hardening using the current-shared hardening (CSH) [17] technique
proved ineffective in mitigating single event upsets in these circuits.

Radiation-hardening-by-design (RHBD) employs layout and circuit architecture changes
for the radiation hardening of space electronic systems using commercial foundry pro-
cesses, without requiring design rule violations or process modifications [29]. In this work,
the RHBD techniques have been applied to improve the SEU immunity of SiGe HBT high-

speed logic circuits [2].
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3.2 SiGe HBT BiCMOS Technology

Shift registers featuring these RHBD techniques were realized for the first time in the
commercially-available IBM SiGe S8HP BiCMOS technology platform. This process incor-
porates a 130 nm "raised extrinsic base" SiGe HBT structure with an in—situ doped polysil-
icon emitter, deep- and shallow-trench isolation. The SiGe HBT has a peak unity-gain cut-
off frequency (f7) of 200 GHz [39]. The technology also integrates 130 nm CMOS devices

as well as a wide array of passive elements and seven layers of metalization.

3.3 SiGe RHBD Techniques
3.3.1 Circuit-Level Techniques

Three different types of 16-bit shift registers in the current mode logic (CML) family
were investigated. The clock "tree" architecture in these shift registers was identical to
the one used in shift registers reported in [36], with a master clock buffer driving four
intermediate clock buffers, each in turn providing clock inputs to a set of 4 D-flipflops
(Fig. 16). Thus, as was noted in [36], an upset occurring in the clock tree has the potential
to cause multiple bit upsets. Therefore, to improve their SEU immunity, the clock buffers in
the present designs featured circuit-level hardening based on the gated-feedback cell (GFC)
RHBD technique [28]. Two RHBD local circuit-redundancy-based circuit-level hardening
techniques were employed in the design of the constituent D-flipflops in two of the three
shift registers, while the remaining shift register, referred to as "standard MS SR" ("std.
SR"), featured unhardened conventional CML master-slave (MS) D-flipflops (Fig. 5), and
was used as the baseline circuit (control) to enable meaningful comparisons. To study the
effects of reduced bias current on the SEU characteristics of the shift registers, low-power
(I;0; = 0.5 mA) and high-power (I,,; = 1.0 mA) versions were implemented. I,; is the
tail current of any differential pair in the D-flipflops. Upon complete switching the current

flowing through the load resistor connected to the transistor that is on is very close to I,,;.
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Figure 16: Block diagram of the 16-bit shift registers.

3.3.1.1 Dual-Interleaving-Based RHBD

One of the RHBD shift registers incorporated D-flipflops based on the newly proposed
circuit implementation [1], introduced in Chapter II, referred to here as "dual-interleaved
SR" or "DI SR" (Fig. 7). A previous study [31] on the dependence of SEU response on
circuit architecture in the CML logic family indicated that cross-coupling at the transistor-
level, required for the storage cell functionality in the standard master-slave D-flipflop
(Fig. 5), increases the vulnerability of this circuit to SEU. Thus, local redundancy was
built into the standard master-slave D-flipflop, which consumes the least power and occu-
pies the smallest area, to incorporate limited transistor-level decoupling in the storage cell,
thereby mitigating its SEU sensitivity with only a moderate increase in power consumption
and circuit complexity.

Unlike the standard MS SR, the base and the collector of the transistors in the storage
cell of the DI SR are not connected to the same differential pair in the pass cell, thus

achieving effective decoupling of the base and collector terminals of the transistors in the

33



storage cell. For instance, the base of Q5 in DI SR storage cell is connected to the collector
of QI in the pass cell, whereas the collector of QS5 is connected to the collector of Q3
of the alternate differential pair in the pass cell. However, to maintain the storage cell
functionality, the base and collector of each transistor in the storage cell are connected to
complementary outputs from the pass cell. Thus, an SEU transient current flowing through
the collector of the transistor Q5 does not affect the base directly. The voltage drop due to
this transient flow, however, does affect the base of Q7, which might indirectly affect the

base of Q5, potentially leading to upset [1].
3.3.1.2 Gated-Feedback Cell-Based RHBD

The other RHBD shift register featured a slightly modified gated-feedback cell (GFC)-
based master-slave D-flipflop [28], referred to here as "GFC SR" (Fig. 17). The OR-gates
available in the GFC architecture perform a logical OR operation on identical logic outputs
from the pass cell pair and feed the result back to the appropriate inputs of the duplicate
storage cell pair. The OR operation, enabled by a pair of emitter followers, helps transmis-
sion of the correct logic to the storage cell inputs even when one of the OR gate inputs is
in error via an ion strike.

The output of a two input OR gate changes state only when both the inputs change
state from high to low or low to high. An ion strike on an npn transistor, in general, causes
ion-induced current to flow into the collector, thereby pulling the collector potential low.
Therefore, an ion strike on a storage cell transistor such as QS5 causes its collector and in
turn the input to transistor Q9 to go low. This spurious transition, however, does not affect
the output of the OR as the other input to Q10 is unaffected. In addition, the inputs to Q11
and Q12 (transistors in the alternate OR gate) are also unaffected, thereby ensuring the
correct logic at the input (or base) of Q5. Thus, the OR-gate-based feedback to the storage
cell inputs, in addition to local redundancy, is in principle expected to offer SEU immunity

that is higher than that provided by dual-interleaving. In addition, there are diode voltage
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clamps positioned across the load resistors to increase the current onto an upset collector

node, thus reducing the upset duration [28], [43].
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Figure 17: Schematic of master stage of the GFC D-flipflop.

3.3.1.3 Register-Level RHBD

Additional register-level RHBD based on triple module redundancy (TMR) was applied
to the low-power versions of DI SR and GFC SRs (referred to as DI TMR and GFC TMR,
respectively), to gauge the performance improvement achieved from this additional level
of RHBD. The output was selected based on majority voting between three redundant shift
registers using GFC-hardened and unhardened voters working in parallel (Fig. 18). Sepa-
rate select lines (S1-S3) were provided for enabling or disabling individual shift registers

in the circuit to test their functionality.
3.3.2 Device-Level RHBD Techniques in SiGe HBTs

A previous microbeam study on second-generation SiGe HBTs concluded that the ac-
tive region defined by the deep-trench (DT) boundary is only a portion of the upset sensi-
tive volume and that the remaining sensitive volume encompasses the region of substrate

several micrometers away from the trench [37]. Despite this observation, reduction in
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area enclosed by DT is expected to significantly improve the net upset cross-section of
the transistor by reducing the effective sensitive area [44]. Thus, a transistor with min-
imum feature size, and with only a single collector, base, and emitter contacts (C-B-E),
as opposed to the standard device with double collector and base contacts (C-B-E-B-C),
was selected as the workhorse RHBD device to minimize local ion-induced upset cross-
section within the RHBD latches. While the C-B-E-B-C device with an emitter area (Ag)
of 0.12 x 2.50 um? was used in the baseline standard MS SR, the RHBD (C-B-E) device
with Ag of 0.12 x 0.52 um? was employed in all other shift registers. Only a slight ac de-
vice performance penalty resulted. The internal trench area for the C-B-E-B-C was 15.10
um? while that for the RHBD C-B-E devices was 4.08 ym?. Thus, the net reduction in
trench enclosed area for the RHBD SiGe HBT was about 73%. A bigger C-B-E-B-C de-
vice was intentionally used in the baseline circuit to demonstrate the degradation in upset
cross-section associated with larger trench volume (Fig. 19(a) and (b)).

The various hardening techniques investigated are summarized in Table 2. In addition,
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(a) (b)

Figure 19: (a) RHBD C-B-E transistor and (b) C-B-E-B-C transistor used in the baseline
Std. SR.

the total power consumption of the various shift registers, the contribution of individual D-
flipflop to the total power consumption, the D-flipflop area, and the maximum post-layout
simulated speed are tabulated in Table 3. Clearly, the operating speed of low-power DI
SR and the power consumption of its constituent D-flipflops are comparable with those
of the standard SR with only a slight area penalty overhead and with minimal increase
in layout complexity, suggesting that dual-interleaving can potentially be applied to other
technology nodes. RHBD shift registers with much higher operating speeds than those
presented here are clearly possible in this technology [45]. The primary reason for the more
modest operating speeds for the present shift registers lies in the (intentional) overdesign
of the latch output buffers, which caused significant internal capacitive loading. This can
easily be altered as needed for specific speed requirements without compromising SEU
performance. For instance, simulations using more standard buffers for the DI SR can be
clocked to well above 20 GHz speeds. The die photomicrographs of a 16-bit shift register
and its TMR implementation are shown in Figs. 20(a) and (b). The die area of 16-bit shift
registers is 2.356x1.586 mm? and the die area of the TMR version is 2.636x2.686 mm?,

and dictated by the high-speed packaging fixture used.
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Table 2: Comparison of hardening techniques.

| Topology | Circuit Technique
Std SR unhardened
DI SR latch-level redundancy + limited decoupling
DI SR Low-P latch-level redundancy + limited decoupling
DI TMR three DI SR + voting at end
GFC SR latch-level redundancy + OR-gate feedback + load diode clamps
GFC TMR three GFC SR + voting at end

Device Technique

Topology Type | Emitter Area (um?)
Std SR C-B-E-B-C 0.12x2.50
DI SR C-B-E 0.12x0.52
DI SR Low-P C-B-E 0.12x0.52
DI TMR C-B-E 0.12x0.52
GFC SR C-B-E 0.12x0.52
GFC TMR C-B-E 0.12x0.52

Table 3: Comparison of power consumption, area, and speed.

Topology D-flipflop | Power (mW) | D-flipflop Area Max. Sim.
Iy (mA) | Total | Flipflop | (x10° um*) | Speed (Gbit/s)

Std SR 0.5 257 11 10 6
DI SR 1.0 506 19 16 8
DI SR Low-Power 0.5 399 12 16 7
DI TMR 0.5 1136 19 16 5
GFC SR 1.0 729 40 25 8
GFC TMR 0.5 1945 33 25 5

3.4 Test Setup

The shift registers (devices under test — DUT) were designed at Georgia Tech, and
packaged at the Mayo Foundation. Two sets of heavy ion tests were performed at the Texas
A&M Cyclotron Institute. In the first iteration the DUTSs were subjected to Ne, Ar, and Xe
ions at 15 MeV/amu. This was followed up with a second iteration where the DUTs were
subjected to 15 MeV/amu Kr ion to obtain SEU response at the intermediate LET values.
The angle of incidence of ion beam was increased from normal incidence (0°) to 45° and

60° to vary the effective LET for a given ion. The DUTs, being serial shift registers, are
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Figure 20: Die micrograph of a 16-bit shift register (a) and its TMR implementation (b).

ideal for standard bit error rate test (BERT) methods. The test set consisted of, fundamen-
tally, a data source and an analyzer to examine the output of the DUT (Fig. 21). The data
source was a custom-built, pseudorandom number (PRN) generator, which generated 27 —1
long bit patterns. An Anritsu MP1764A, a 12.5-Gbit/s BERT analyzer, which can count
bit errors and save the transmitted data stream in the vicinity of errors, was used. The data
rates were continuously variable from 50 Mbit/s up to the maximum frequency of opera-
tion of a given DUT, and error information was acquired at several data rates of interest.
A computer running Labview under Windows XP controlled the equipment, gathered the
data, and provided some real-time data analysis. Further, the clock and data inputs were
driven differentially with voltage swings compatible to CML voltage levels. Additional
equipments such as a balun, 6 dB splitters, delaylines, and bias-Ts were used to derive

differential clock and data signals from a single RF source.

3.5 Heavy Ion Data & Analysis

Figures 22-24 show the heavy ion-induced event cross-section (o) as a function of ef-

fective LET for all circuits tested in this work, at various data rates. Event cross-section is
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Figure 21: Block diagram of the heavy-ion test-setup for SEU characterization of 16-bit
RHBD shift registers.

chosen for representation of upsets to decouple the effect of varying error durations and to
present only the physical ion-circuit interactions. As expected, the baseline standard MS
SR displays the highest saturated device cross-section (o) across all data rates (Fig. 22-
24). The downward pointing arrows at LETs of 2.8, 5.8, and 12 MeV-cm?/mg in Fig. 22
correspond to limiting cross-sections (i.e., no upset bits) associated with the RHBD DI
TMR, GFC SR, and DI SR, respectively. Interestingly, the low-power version of the DI
SR, despite having the same I,,; as the standard MS SR, but with twice as many sensitive
nodes, shows >2.5x lower o or equivalently 60% reduction in o (Fig. 22-24) at almost all
data rates. This improvement in o is, however, higher than the estimated 1.85x improve-
ment or equivalently 46% net reduction in 6. The 1.85x improvement in o was estimated
by combining the 73% "reduction" in transistor upset cross-section associated with using

RHBD CBE SiGe HBTs in DI SR and the expected 2x degradation in ¢ attributable to
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the 2x more sensitive nodes in the DI SR compared to standard MS SR. The potential
reason for higher achieved improvement could be due to the "immunity" provided by the
circuit hardening technique. This simplified analysis does not account for charge collection
from outside the deep-trench, which was concluded to be significant in second-generation
SiGe HBTs [37]. This simplification further disregards the "function-related" sensitivity of
individual transistors in the circuit observed in a previous work, which, however, also con-
cluded that larger transistors present larger sensitive area [44]. The high-power version of
the DI SR, as expected [46], showed significantly better performance over the low-power
DI SR version at lower data rates, to a lesser extent at higher data rates, across all ion LETs.
The high-power GFC SR showed the better oy, performance over DI SR at low data rates
and progressively degraded as the frequency increases, but always remained better than or
comparable to that of the DI SR.

The heavy ion test data showed limiting cross-sections in both "double RHBD" DI TMR
and GFC TMR at 1 Gbit/s (and at higher data rates) up to an LET of 75 MeV-cm?/mg
(Fig. 22). However, at data rates below 100 Mbps in GFC TMR and below 50 Mbps in
DI TMR the SEU response degraded considerably. Despite this anomalous low data rate
behavior, the fact that TMR offers significant improvement in the SEU response of the shift
registers is in itself an important and encouraging result. Interestingly, the TMR in GFC
SR did not provide as much improvement in ¢ at low speeds as the TMR in the DI SR
(Figs. 23 and 24). In addition, the ¢ of GFC TMR was worse than that of high-power GFC
SR at low data rates. Although this observation could possibly be explained based on the
reduced bias current in the constituent shift registers, it is still puzzling to note that register-
level redundancy and voting had little effect in improving the overall SEU immunity at low
data rates, given that the GFC SR in itself had the best performance among non-TMR shift
registers. That said, cross-section data for low-power GFC SR would be required for a
more meaningful comparison.

Figures 25 and 26 show that the event cross-section of all the shift registers except
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Figure 22: Device cross-section (o) as a function of effective LET for data rate = 1.0
Gbit/s.

the DI TMR and GFC TMR increases with frequency at LETs values of 8.5 and 53 MeV-
cm?/mg, respectively, which is in agreement with a previous study in first-generation SiGe
shift registers [16] and consistent with clock edge related SEU sensitivity. This result is
evidently in disagreement with results from a previous study using second-generation SiGe
technology [38], in which even though o increased with data rate at low frequencies, a
saturation of ¢ was noted at higher frequencies.

Figures 27, 28, and 29 capture the average error per error event as it varies with the
data rate, at LETs of 8.5, 29, and 53 MeV—cmZ/mg, respectively. It is clear at LETs of 29
and 53 MeV-cm?/mg that average errors in all of the circuits except the TMRs increases

with data rate, linearly from a value of 1 at low data rates to as high as 8 at 4 Gbit/s in the
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Figure 23: Device cross-section (o) as a function of effective LET for data rate = 0.1
Gbit/s.

unhardened standard SR. All other circuits show relatively lower average errors per event
compared to the standard SR, which could possibly be due to lower upset durations in
these circuits, hence resulting in lower temporal multiple bit errors. At low LETs (Fig. 27),
however, average errors did not show a linear increase with data rate, except in the case
of the standard SR. In fact, the average errors remained close to 1 to data rates as high as
2 Gbit/s, indicating short upset durations. Interestingly, there were no errors observed at
data rates above 100 Mbps for LETs as high as 75 MeV-cm?/mg in the TMR shift registers
and at low data rates for lower LET values in GFC SR and DI SR (Figs. 27, 28, and 29).
Under such conditions average errors per event was assumed to be 0.

Table 4 gives a summary of the SiGe RHBD results, including threshold LETs of the
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Figure 24: Device cross-section (o) as a function of effective LET for data rate = 0.05
Gbit/s.

various circuits. These LET thresholds were estimated in two different ways; by fitting of
a standard Weibull curve to the data (L,,), and by using the LET value at 10% (L) of
the estimated saturated cross-section. For reference, at 1 Gbit/s comparison of the standard
MS SR to the Dual-interleaved TMR SR (worst to best case), yields an improvement in
threshold LET over of 7500x based on Weibull fit parameter, L,,. This is clearly a signifi-
cant improvement, and represents the first successful SEU hardening of SiGe logic circuits.
These results are encouraging, and they represent a step forward towards a potentially ef-

fective mitigation path for SEU hardening of SiGe logic using purely RHBD techniques.
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3.6 Summary

A combination of circuit- and device-level RHBD techniques was successfully applied

in the realization of high-speed shift registers for the first time in IBM SiGe 8HP BiCMOS
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Table 4: Estimated threshold LET for the shift registers.

Topology - Lu - : Lo :
0.1 Gbit/s | 1 Gbit/s | 0.1 Gbit/s | 1 Gbit/s
Std SR 0.01 0.01 4.0 1.8
DI SR 6.0 2.0 10.0 6.2
DI SR Low-Power 0.05 04 1.8 3.4
DI TMR >75 >75 - -
GFC SR 6.0 2.2 10.0 10.0
GFC TMR 4.0 >75 10.0 -

technology. The use of RHBD C-B-E SiGe HBTs with 73% smaller trench-enclosed (DT-
enclosed) area than conventional C-B-E-B-C devices, and circuit RHBD techniques such as
the dual-interleaving, gated-feedback, and TMR, proved effective in improving the overall
SEU immunity of the shift registers, to high LET values. Limiting cross-sections were
observed to a LET value of 75 MeV-cm?/mg at 1 Gbit/s data rate in DI TMR. In addition,
a significant improvement in threshold LET was observed in RHBD circuits compared to

the unhardened standard CML shift register.
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cm?/mg.
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CHAPTER IV

ON THE FEASIBILITY OF USING 120 GHZ SIGE HBT
TECHNOLOGY FOR CRYOGENIC BROADBAND

ANALOG APPLICATIONS

4.1 Introduction

SiGe HBT technology, which has III-V devices like performance at room temperature,
exhibits superior cryogenic properties [18], [19] and hence is a natural choice for designing
broadband amplifiers for operation at cryogenic temperature. Many salient features of SiGe
HBTs, such as their increase in transconductance, current gain, and peak cut-off frequency
with cooling, can be exploited when designing high-gain, broadband cryogenic amplifiers.
Such SiGe amplifiers are also expected to exhibit lower noise and hence lower bit error rates
when cooled to low temperatures. To assess the suitability of second-generation SiGe HBT
BiCMOS technology for designing high-gain, broadband cryogenic amplifiers, extensive
ac and dc characterization was performed on a representative transistor with an emitter

geometry of 0.12 x 2.56 um? from 120 GHz SiGe HBT technology [41], [3].

4.2 Device Technology

The second-generation SiGe HBT BiCMOS technology investigated here is a commer-
cial 180 nm, 120/100 GHz (f7/fmax) and 2 V BV technology, with five levels of met-
allization, aggressively scaled 0.11 ym L.;;, 1.8 V Si CMOS, and a full suite of passive
elements [41]. This SiGe HBT BiCMOS technology employs 100% Si processing com-
patibility with shallow- and deep-trench isolation, and a thermodynamically stable, graded

UHV/CVD epitaxial SiGe base. This technology was developed for room-temperature
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broadband applications with no intentional optimization for cryogenic operation.

4.3 Experiment

Transistors with an emitter of geometry of 0.2x2.56 yum? were chosen as the represen-
tative devices for the intended application. A Blanz Model 102 liquid-nitrogen-based cryo-
genic probe station with on-wafer probing capability was used to perform dc measurements
over a temperature range of 300 K to 82 K. The small-signal ac (S-parameters) measure-
ments were performed using custom-designed cryogenic on-wafer probing system, capable
of microwave measurements from room temperature down to 18 K [47]. S-parameters were
measured to 42 GHz using an Agilent 8510C VNA. Calibration and parasitic de-embedding
was performed at each temperature using standard techniques. The thermometry of both
of the cryogenic test systems was verified by comparing transistor I-V characteristics from

these systems at 77 K to that obtained for the same transistor immersed in liquid-nitrogen.

4.4 Results and Discussion
4.4.1 dc Characteristics

A liquid-nitrogen-based on-wafer probe station (Blanz Model 102) was used to per-
form dc measurements over a temperature range of 300 K to 82 K. The SiGe HBT from
this second-generation SiGe HBT BiCMOS technology maintained reasonable base cur-
rent ideality down to cryogenic temperatures (Fig. 30). As expected, the transconductance
(gn) of the device increased with cooling to a peak value of over 50 mA/V at 82 K, because
of its inverse relation to temperature, making the device attractive for high-gain analog ap-
plications at low temperatures (Fig. 31). The base-emitter turn-on voltage (Vpg), however,
increased at low temperatures because of the exponential decrease in the intrinsic carrier
concentration with cooling. The current gain (f) increased monotonically with cooling
(Fig. 32) while maintaining useful gain over nine orders of magnitude of collector bias

current. The peak current gain at 82 K was more than 1900, compared to a 300 K value of
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400 (Fig. 33). This dramatic increase in current gain with cooling is due to the exponential

dependence of the ratio of Ge-induced band offset to the thermal energy "kT."

1 0_2 I | I | I | I

Ag=0.2x2.5611m?
VCB=0V

1074

1076 [
300K

1 0—8 | 82K _

10—10 .

10—12 T
00 02 04 06 08 10 12 14

Base—Emitter Voltage (V)

Collector Current and Base Current (A)

Figure 30: The Gummel characteristics of 0.12x2.56 ym? SiGe HBT at 300 K and 82 K.

The forced base current output characteristics were measured in the high-injection
regime where the transistor will operate in circuit applications, at both 300 K and 85 K
(Figs. 34 and 35 respectively). The current gain for the chosen ranges of base currents at
85 K was higher than that at 300 K, which is consistent with current gain measurements
reported above. While the nominal value of BV go at room temperature is around 2 V, at
85 K, the BV decreased slightly to a value of about 1.8 V. This decrease in BVcgo is
further confirmed by a modest increase in avalanche multiplication factor (M — 1) with
cooling (Fig. 36). A forced-emitter current (1) method for M — 1 measurement was em-
ployed to limit the feedback mechanism for avalanche multiplication during the presence
of self-heating that could cause permanent damage to the device due to thermal runaway. A

low value of emitter current of 1 uA was chosen to minimize self-heating and the influence
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Figure 31: Transconductance as a function of collector current at 300K and 82K.

of Early effect on M-1 data. The output characteristics showed an improvement in Early
voltage (decrease in output conductance) at low temperatures, and thus the product of the
current gain and Early voltage (fV,), an important figure-of-merit for amplifier gain, was

significantly higher at 82 K than at 300 K.
4.4.2 ac Characteristics

S-parameters were measured to 42 GHz using an Agilent 8510C VNA. Calibration and
parasitic de-embedding were performed at each temperature using standard techniques.
The small-signal short-circuit current gain (h,;) was calculated from this de-embedded data
and cut-off frequency was obtained by extrapolating this data. The peak cut-off frequency
(fr) at 85 K increased by about at 20 GHz with cooling from 300 K (Fig. 37), indicating
that the intended broadband amplifier should be realizable at low temperatures. The peak
maximum oscillation frequency (f,..) also showed an increase from its 300 K value of
about 20 GHz when cooled to 82 K (Fig. 38), demonstrating that the heavily doped base

profiles are successful in mitigating base freeze-out. The temperature dependence of peak
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Figure 32: Current gain (f) as a function of collector current at various temperatures.

cut-off frequency was somewhat weaker than that reported for first-generation SiGe HBTs

[48].

4.5 Summary

A significant increase in current gain and transconductance, with cooling in SiGe HBTs,
indicates that high-gain amplifiers should be realizable at cryogenic temperatures. The en-
hancement in cut-off frequency with cooling will prove conducive for broadband circuit
design at low temperatures. However, the transistors in cryogenic circuits need to be care-
fully biased to operate well within the nominal BVgo limit to account for its slight de-
crease with cooling. Thus, the measured cryogenic dc and ac performance of a commercial
120 GHz SiGe HBT successfully demonstrates the feasibility of applying this technology

to high-gain, broadband cryogenic amplifiers.
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CHAPTER V

DESIGN OF A 24 GHZ BROADBAND SIGE HBT

LIMITING AMPLIFIER

5.1 Introduction

The inherently superior cryogenic properties of SiGe HBTs [18], [19] make them suit-
able for a niche application, such as cooled broadband interface circuits to link super-
conducting electronics (4 K) to room temperature electronics [40]. A broadband ampli-
fier, one of the key interface circuits, is required to operate at an intermediate temperature
(e.g., 77 K), and have high-gain (> 55 dB) and wide bandwidth (> 20 GHz). The second-
generation of SiGe HBT was chosen for realizing this circuit. The high gain ensures that
weak signals generated by the superconducting logic, which is typically 1-2 mV, are ampli-
fied to the ECL voltage levels required to operate the room-temperature logic. Wide band-
width helps the transmission of high-speed data with minimal distortion, thus preserving
the speed advantage of processing data using superconducting logic. Further a differential
design ensures adequate common-mode rejection. The input and output of the amplifier
need to be matched to 50 Q with reasonable input sensitivity.

The design methodology used in amplifier realization is based on broad guidelines pre-
scribed in [55], [56], and [57] for the design of Si-based high-speed ICs. As with most
limiting amplifier architectures, broadband response is achieved through the use of the
modified Cherry-Hooper architecture [58], and high gain and 50 € drive capability are
achieved by cascading three gain stages, followed by an output buffer. A comparison is
drawn between the limiting amplifier [4] realized in this work and other Si and non-Si [59],

[60] broadband amplifiers using a newly proposed figure-of-merit [4].
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5.2 Device Technology

This limiting amplifier was fabricated in a commercial SiGe HBT BiCMOS technology,
which is deep- and shallow-trench isolated, and integrates 0.20 ym, 1.8 V BV g0, 120 GHz
fr SiGe HBTs, 4.3V BVcgo, 35 GHz fr SiGe HBTs with lower RF performance, together
with 0.18 um, 1.8 V Si CMOS devices (Fig. 39) [41]. It supports a full suite of passive
elements including metal-insulator-metal (MIM) capacitors and thin film resistors. This is
a seven metal layer process with 5 copper metal layers and two top thick aluminum layers

that enable high-Q inductors and transmission lines.
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Figure 39: f; and f,,.. versus collector current density of a 0.2 x 2.5 ym? SiGe HBT.

5.3 Circuit Design and Layout

The block diagram in Fig. 40 depicts the various blocks in the limiting amplifier. The
gain is provided by the input buffer and the two gain stages that follow. The output buffer is
capable of driving a 50 Q load. The design was kept fully differential to adequately reject
any common-mode signals. The amplifier is designed to work with a single power supply

Vg of -5 V. However, the power supplies to the gain blocks (Vgg) and the output buffer
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(Vegsur) Were isolated to mainly gauge the power consumed by the output buffer. A pair

of emitter followers was used at both of the input channels of each block.

50Q

EF EF

EF
X2 Gain Stage 2 1 |Ouput Buffe!

Input Buffer 2 Gain Stage

Vi

W

50Q

Figure 40: Limiting amplifier block diagram showing gain stages and emitter followers.

5.3.1 Broadband Amplifier Techniques

One of the broadband techniques employed in this design was the principal of max-
imal impedance mismatch between gain stages [55]. This effect is realized by cascad-
ing the transadmittance stage (TAS) and the transimpedance stage (TIS) in an alternating
fashion and by interposing chain of emitter followers between each TAS-TIS combination
(Fig. 40). Apart from providing isolation and level shifting, emitter followers also help im-
prove the bandwidth of the gain response (Fig. 41). The output impedance (Zoyr) of the
emitter followers can be adjusted to look inductive, resulting in peaking in the frequency
response at the upper frequency limit [61]. However, adequate care needs to be exercised
in adjusting the bias currents I; and I, to avoid too much ringing at the output. One cor-
rective measure would be to reduce the bias current I, to diminish the inductive peaking
associated with the second emitter follower [55]. On the whole the emitter follower bias
was chosen such that the observed ringing at the output is minimal while still enough to
achieve wide bandwidth. Though the level-shifting requirements dictated the use of three
emitter followers, this was avoided by using simple diode (D1) level shifting. By this mea-
sure further degradation in stability was averted, while taking only a small hit on the gain.

Diode D2 is in place to prevent V¢ from exceeding the breakdown voltage.
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Figure 41: Schematic of an emitter follower pair.

5.3.2 Amplifier Architecture

All the blocks of the limiting amplifier incorporated the same architecture, namely the
differential Cherry-Hooper architecture [58] with emitter followers in the feedback path
[56] (Fig. 42). The Cherry-Hooper amplifier comprises of a transadmittance stage and a
transimpedance stage (TAS-TIS) combination as discussed above. This parallel feedback
architecture implements shunt-shunt feedback in the transimpedance stage. The presence
of an emitter follower in the feedback path of the transimpedance stage not only provides
better isolation between the feedback resistor and the load, but also offers inductive peaking
in the gain response.

In addition, the paths for the bias currents through the transadmittance and transimpedance

59



stages are isolated. This helps realize a dc-coupled output, making this architecture attrac-
tive for output buffer design as well [59]. It has also been recently reported that the large-
signal performance improves when the conventional resistive load output buffer is replaced
with the modified Cherry-Hooper architecture based output buffer [60].

All stages except the output buffer used a transistor of emitter size 0.2x1.0 ym?. The
TIS transistors in the output buffer had an emitter geometry of 0.2x10.0 gm?, while the TAS
transistors were of 0.2x5.0 um? in size. The current source transistors were proportionately
bigger than the core cell transistors. Since all the transistors in the signal path were biased at
near peak fr current density of 7 mA/um?, the desired gain and bandwidth were obtained

mostly by adjusting the feedback and load resistors.

TGND

VEE

Figure 42: Schematic of the amplifier core used in all the stages of the limiting amplifier.
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5.3.3 Amplifier Layout

The chip photomicrograph is shown in Fig. 61. The layout of the limiting amplifier
was kept as compact as possible to minimize parasitics. The metal interconnects in the
signal path were kept short to minimize RC delays. The layout of the complementary
signal paths were kept symmetrical to obtain matching delays in these signal paths. Special
attention was paid to minimizing metal overlap on critical signal paths. On-chip decoupling
capacitors were added to prevent spurious power supply oscillations from coupling into the

circuit. The pad-limited chip area is 0.945 x 0.720 mm?.

Figure 43: Micrograph of the SiGe limiting amplifier chip.

5.4 Measurement Results

The measured operating point voltages and currents were very close to the simulated
values, which is in large part due to the accurate device models available in the design kit.
The gain blocks drew a current of 54 mA, while the bias current measured for the output

buffer was 55 mA.
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5.4.1 RF Measurements

Single-ended two-port S-parameters were measured using the Agilent 8510C VNA with
the unused input and output terminals terminated with broadband 50 Q terminations. On-
wafer probing was performed using 40 GHz probes and cables. The saturated S-parameters
obtained for the limiting amplifier are shown in Fig. 44. Since the measured .S, is single-
ended, 6 dB is added to obtain the mid-band single-ended to differential gain of 42 dB.
The measured 3-dB bandwidth is in excess of 24 GHz. The gain peaking of less than 3 dB
above the mid-band gain is observed in .S5;.

While the S;; almost always remained less than -15 dB, S5, was around a value of
-10 dB across the frequency, indicating reasonable matching at both input and output ports.
The linear range of the amplifier was simulated using an input dc sweep to be within
+200 ¢V, indicating that the amplifier saturates below the simulated input equivalent noise
of about 950 uV,,s. Thus, an input power of -40 dBm is not sufficiently low to prevent
saturating the amplifier. Obtaining calibration below this input power to be able to make
reliable measurements proved challenging. Assuming a Gaussian distribution for input
noise, the signal-to-noise ratio (SNR) for a bit error rate (BER) of 10~ is 12 [62]. There-
fore, with the simulated equivalent input referred noise of 950 ;V s, the worst-case input

sensitivity of the limiting amplifier can be calculated to be less than 12 mV,,,,.
5.4.2 Time-Domain Measurements

Time-domain (large-signal) measurements were taken using an Agilent 70843A 12.5-
Gbit/s pattern generator. The output of the amplifier was then viewed and measured using
an Agilent 86100 20-GHz sampling oscilloscope. Figure 45 shows a wide-open 10 Gbit/s
data eye measured for a 2%*-1 pseudorandom input pattern. The eye was accumulated over
a period of 60 minutes. The single-ended output amplitude is around 185 mV,, for an
input of ~15 mV,,. Thus, the differential output is about 370 mV,, which is sufficient to

drive the succeeding CML-based digital logic blocks. Open eye diagrams were observed

62



5 O
o O
I
o
N
I

N
o
I
5.
©
c
et
1
—
o
3
<<
©
©
I

- e——— e e— - -

0 4 8 12 16 20 24 28 32
Frequency (GHz)

Single ended S, S,5, S12, S,1 (dB)
S
|
w
|

Figure 44: Measured single-ended S-parameters for the limiting amplifier. The 3-dB band-
width (of S5;) is greater than 24 GHz.

for inputs down to as low as 4 mV,,. However, at these very low power settings, the
input exhibited poor SNR, thereby causing the output SNR to be marginal. Because of the
bandwidth restrictions of the available pattern generator and the sampling oscilloscope, the
eye could not be measured at higher speeds; however, the amplifier is expected to work at

least to a speed of 24 Gbit/s, if not higher [57].
5.4.3 Performance Comparison

The characteristics for the limiting amplifier are listed in Table 5. The amplifier was
then compared with other published amplifiers for similar operating frequencies and gain

ranges in Table 6. Gain-bandwidth product has been the traditional figure-of-merit for
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Figure 45: Single-ended 10 Gbit/s limiting amplifier eye diagram. The accumulation time
was 60 min.

comparing high-gain amplifiers. However, this figure-of-merit does not include the large-
signal performance of an amplifier or the power dissipation associated with achieving the
targeted large-signal performance. When comparing amplifier performance across different
technologies and/or across different technology generations, the major part played by the
device performance in obtaining broadband response is often ignored. Therefore, to be
able to compare the performance of various amplifiers across technology, the following
figure-of-merit (FoM) is proposed:

_gain X BW (GH z) x output swing(mV,,)

FoM
oM Fr(GHZ) x Py (mW)

&)

where gain is the small-signal gain, BW is the bandwidth in GHz, fr is peak cut-off fre-
quency in GHz, and Py is power dissipation in mW. Clearly this FoM described above
should not be interpreted as an absolute parameter for comparing amplifiers across all re-

quired specifications, since it does not include, for instance, the noise performance, and
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all components in the FoM are assigned equal weight, ignoring the application-specific
constraints on individual system and circuit specifications. Nevertheless, this FoM offers
a convenient tool for comparing amplifiers based on output swing, small-signal gain and
bandwidth, fr, and power consumption. The units of the proposed FoM are [A~'], and the
larger the value of the FoM the better its overall performance. Comparing across published
amplifiers based on the gain-bandwidth product and this proposed FoM, this new SiGe
limiting amplifier is quite competitive, achieving a value of 16.93. This FoM can also be
easily modified to include input sensitivity (clearly relevant in this context) by factoring in

the dynamic range of the amplifier. The modified FoM would then be expressed as

BW
FoM,(dB) = gain(dB) + 201log ( 7
T

) — Pyis(dBm) + DynamicRange(dB). (6)

The SiGe amplifier presented in this work achieves 30.4 dB for FoM,, although unfortu-
nately the other published amplifiers do not include sufficient data for meaningful compar-

ison.

Table 5: Summary of the SiGe limiting amplifier characteristics.

5,1 Bandwidth (3dB) > 24 GHz

Differential Gain (.S,;) >42 dB

S'11, 82 0-30 GHz <-10dB

Differential Output Voltage | ~370 mV, at 50  Load
Simulated Sensitivity <12 mV,, at BER = 10~
Power supply S5V

Total Power Consumption? | ~550 mW

Die Area 0.945 x 0.720 mm?

“including output buffer

5.5 Summary

A high-gain, broadband, limiting amplifier designed using 120 GHz SiGe BiCMOS
process is presented. The amplifier achieves a saturated differential gain of 42 dB and has
a 3-dB bandwidth of 24 GHz. The amplifier offers a competitive gain-bandwidth product

of 3021 GHz and a value of 16.93 A~! for a newly proposed figure-of-merit.
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CHAPTER VI

CRYOGENIC CHARACTERIZATION OF A 24 GHZ

BROADBAND SIGE HBT LIMITING AMPLIFIER

6.1 Introduction

A cryogenic broadband amplifier designed using SiGe HBT technology could serve as a
high-speed, low-noise conduit for the weak signals generated by ultra-fast superconducting
logic (Fig. 46) [40]. Until recently the speed advantage offered by superconducting logic
could not be tapped for use in commercial applications because of the inability of room-
temperature amplifiers to provide both high-speed and low-noise performance simultane-
ously. The amount of noise added by a room temperature amplifier is usually higher than
the typical strength of signals from the superconducting logic, thus prohibiting their usage
in such systems. Since cooling usually improves the noise response of electronic systems,
an amplifier operating at an intermediate cold temperature is expected to improve the over-
all system noise performance. Such an amplifier designed in SiGe HBT technology, apart
from having better noise performance, is also expected to benefit from the performance
enhancement observed in SiGe HBTs at cryogenic temperatures.

The unique constraint for the broadband link for the superconductor-semiconductor hy-
brid system is that the broadband amplifier operate at an intermediate temperature in the
vicinity of 77 K. Unavailability of deep cryogenic transistor models precludes any kind of
circuit simulation to tweak the amplifier design to ensure reliable operation at such low tem-
peratures. However, the design kits do permit circuit simulation over a narrow temperature

range around room temperature. While the simulated small-signal gain-bandwidth product

67



_ HTS Filter ; i Signal Source (e.g. Antenna
bors | b +LNA o for Digital Receiver) i
| RsFQ 5 2 i
5 SQUID | i | SiGeHBT | : |SiGeHBT| | SiCMOS |
i Amp [1i[| Amplifier []:"| Demux DSP ;
T=45K | T=50-80K  [iT=300K | i
~ 200 pV ~2mV ~1V ~1V
0.2 - 20 Gbps 0.2 - 20 Gbps 0.2-20 Gbps 0.2 -0.5 Gbps

Figure 46: Superconductor-semiconductor hybrid system showing the placement of the
cooled SiGe HBT broadband amplifier in the high-speed, low-power data path (after [40]).

for the broadband amplifier showed an increase with cooling (Fig. 47(a)), the input sen-
sitivity decreased (Fig. 47(b)), indicating a favorable trend for both the key parameters.
These simulations however only indicate the possible trend at low temperature provided
the extrapolations hold down to such low temperatures. Thus, as a first step towards hav-
ing functional amplifiers operating reliably at low temperatures, a broadband amplifier de-
signed for room-temperature operation can be characterized at low temperatures to gauge
the performance change at these temperatures. This in turn would provide guidelines for

circuit design at room temperature for low-temperature applications.
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Figure 47: Simulated gain-bandwidth product (a) and input sensitivity (b) behavior across
the limited temperature range over which transistor model from the design kit are valid.
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6.2 Experiment

The broadband amplifier was measured on a customized, on-wafer, open-cycle, lig-
uid helium cryogenic probe system. The system thermometry was verified by comparing
base-emitter diode of a transistor measured within the system with those measured directly
immersed in both liquid nitrogen (77.3 K), and liquid helium (4.2 K). The temperature
accuracy is believed to be better than 1 K [6].

On-wafer calibrated single-ended S-parameters were measured to 35 GHz using an
Agilent 8510C Vector Network Analyzer (the practical upper frequency limit of the test
system). The through-reflect-reflect-match (LRRM) technique was used to calibrate out
the cable and probe-induced losses at each temperature. The unused input and output ports
of the amplifier were terminated with broadband 50 Q terminations. Further, on-wafer
time-domain characterization of the broadband amplifier was performed using an Agilent
70843 A 12.5-Gbit/s error performance analyzer. The input data was a 2°*-1 pseudorandom
bit pattern at a data rate of 10 Gbit/s. The output of the amplifier was simultaneously
viewed using an Agilent 86100 20-GHz sampling oscilloscope and the bit error rate (BER)

was measured using the tester in the Agilent 70843A.
6.2.1 Cryogenic RF Response

As evidenced by S, measured across various temperatures (Fig. 48), the amplifier
input matching degraded with cooling. Despite the degradation in S;; at low tempera-
tures, the amplifier still maintained reasonable matching across all temperatures. The input
matching for the amplifier was achieved by a simple resistor divider network with the net
resistance exhibiting a positive temperature coefficient. Hence, with cooling, the input
resistance dropped, causing the input matching to deteriorate at low temperatures.

The output buffer of the amplifier was a Cherry-Hooper stage (as described in Chapter
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Figure 48: Measured S1; across temperature showing slight degradation in input matching
with cooling.

V). Thus the single-ended small-signal output resistance, R,,, of this stage is given by

1 R,

—_— 2
L4
Ry I%+RL

Rout (7)

where R; is the load resistance of the Cherry-Hooper output buffer and g, the transconduc-
tance of the transistor in the transimpedance stage of the output buffer. The transconduc-
tance g, is large even at room temperature and hence the output resistance tends towards
Ry /2. Further, with cooling, g, increases thereby rendering R,,; an even weaker function
of g,. Thus the output resistance temperature behavior largely depends on the temperature
coefficient of the load resistance, which is positive for the load resistor in the output buffer.
Therefore, a degradation in the output matching with cooling (Fig. 49) similar to the one
seen for input matching is observed.

The input to output isolation measured by S;, does not show any appreciable change
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Figure 49: Measured .S,, across temperature showing slight degradation in output match-
ing with cooling.

with cooling (Fig. 50). On the other hand, the forward gain, measured here through single-
ended 5,;, shows changes both in magnitude and bandwidth with cooling (Fig. 51). The
bandwidth increased by about 3 GHz when cooled to 77 K and did not show appreciable
increase when further cooled down to 4.35 K. This increase in bandwidth, however, was
accompanied by increase in gain peaking at low temperatures. The increased gain peak-
ing at low temperatures might be originating from the enhancement of inductive peaking
behavior associated with the emitter follower. With cooling, the g,, of the SiGe HBTs in-
creases, and in emitter followers this causes the output impedance to appear more inductive
than at room temperature, thereby rendering the amplifier less stable at low temperatures
than at room temperature.

In addition to peaking introduced by emitter followers, series inductance of the positive

supply lines to a gain stage could also cause inductive peaking behavior. A simple common
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Figure 50: Measured .S}, across temperature showing no evidence of degradation in isola-
tion with cooling.

emitter amplifier with series inductance and its simplified small-signal equivalent circuit is

shown in Fig. 52. The transfer function of this circuit is given by [63]

VOUT _ LLS + RL (8)
Vin gmLLCL52+RLCLs+ 1
s+ 28w, w,
= —guR; - 2 )
t s2 4+ 28w, + w2 2¢

where damping factor { = (R;/2)4/Cy /L and natural frequency w, = 1/4/L;Cr. With
cooling, R; drops and effective L, increases thereby causing ¢ to drop. Decrease in {

could cause small-signal gain peaking to aggravate at low temperatures.
6.2.2 Cryogenic Time Domain Response

Figure 53 shows the eye for a 10 Gbit/s input data measured at 77 K and for a power

supply voltage of Vgg= —5 V. The eye was accumulated over a period of 30 minutes.
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Figure 51: Measured .S;; across temperature showing increased gain peaking and band-
width extension at low temperatures.

Clearly, the eye at 77 K shows significant closure compared to the eye measured at room
temperature (Fig. 45). The smaller eye opening at lower temperatures is because of the
increased ringing in the time-domain response and longer settling time compared to that
at room temperature. This increase in ringing in the time-domain response is a sign of ag-
gravated instabilities at low temperature, which is consistent with increase in gain peaking
behavior observed in .S,; at low temperature.

The closure of eye diagram directly corresponds to a degradation in BER performance.
BER behavior is represented using what are called bathtub plots where BER is plotted in
log scale as a function of sampling point in the unit interval. The bathtub plot for the
limiting amplifier for a 10 Gbps 2%3-1 pseudorandom bit pattern at 300 K and 77 K is

shown in Fig. 54. It is clear that the bathtub plot at 77 K is significantly shallower than
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Figure 52: A common emitter gain stage with load inductance and its simplified small-
signal equivalent circuit.

that at 300 K. The BER at mid sampling point at 77 K is four orders magnitude higher than
that at 300 K. A qualitative comparison of the eye diagram at 77 K and the corresponding
bathtub plot further indicates that the degradation in the BER response is associated with

increased output ringing.

6.3 Design Guidelines

Based on the observations made from the cryogenic RF and time-domain response of
the limiting amplifier, some broad guidelines are proposed for designing a room-temperature

limiting amplifier intended for low-temperature application.

1. Minimize or eliminate gain peaking in small-signal gain response at room tempera-

ture introduced intentionally to improve the bandwidth.
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Figure 53: Single-ended 10 Gbit/s limiting amplifier eye diagram measured at 77 K show-
ing significant closure compared to the eye at 300 K (Fig. 45). The accumulation time was
30 min

2. Minimize the inductance of the supply lines by using thick metal lines to reduce
series inductive peaking in small-signal gain response.
3. Use lowest temperature coefficient resistances for load and feedback resistors.

4. Bias the emitter followers with current sources that are proportional to absolute tem-

perature (PTAT) to maintain constant g, across temperature.

5. Bias the gain stages with PTAT current sources if sufficient gain-bandwidth is avail-
able at room temperature and its enhancement at low temperature is not required or

undesirable.
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Figure 54: Bathtub plot for the limiting amplifier at 77 K and 300 K.
6.4 Summary

The low-temperature measurement results of a high-gain, broadband, limiting amplifier
designed using 120 GHz SiGe BiCMOS process is presented. This limiting amplifier was
designed for operation in a narrow temperature range around 300 K. The amplifier shows
aggravated gain peaking behavior at low temperature and therefore shows increased ringing
in its time domain response at these temperatures. Based on the observed measurement
results broad guidelines for room-temperature limiting amplifier design intended for low

temperature application is proposed.
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CHAPTER VII

DESIGN OF A HIGH-SLEW RATE SIGE BICMOS
OPERATIONAL AMPLIFIER FOR OPERATION

DOWN TO DEEP CRYOGENIC TEMPERATURES

7.1 Introduction

Operational amplifiers (op-amps) represent a ubiquitous and essential analog building
block that finds application in a wide variety of high-performance precision analog circuits
such as switched-capacitor filters, analog-to-digital converters, and precision sensors. Re-
cently, there has been a growing interest in using such high-performance analog circuits for
niche applications such as "extreme environment" electronics, and in particular for elec-
tronics capable of operating down to deep cryogenic temperatures, as might, for instance,
be encountered on the Moon (+120 °C to -180 °C, and even down to -230 °C) [8].

The key device parameters of bandgap-engineered silicon-germanium (SiGe) hetero-
junction bipolar transistors (HBTs), such the transconductance (g,,), current gain (f), and
Early voltage (V,), that are critical to op-amp performance are favorably impacted by cool-
ing [30]. Thus, analog building blocks such as op-amps, designed using a combination of
scaled Si CMOS and SiGe HBTs, could potentially offer an optimal solution for such cryo-
genic applications. Although the key device parameters of well-designed SiGe HBTs show
remarkable improvement down to cryogenic temperatures, it remains to be demonstrated
that this device-level performance in fact translates to superior circuit performance at low
temperatures. NASA’s upcoming lunar missions present a unique venue for practicing low
temperature electronics in the SiGe material system. The envisioned lunar robotic electron-

ics systems will be subjected to very large temperature variations (> 300 °C), and are cyclic
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in nature. As mentioned in Chapter I, the on-board electronics are housed in a centralized
warm box (Fig. 2), which shields them from temperature changes, thus maintaining a nar-
row temperature range required for their reliable operation. Such warm boxes, apart from
being power hungry, bulky, and heavy, compromise the ability to realize distributed system
architectures [8].

Because of its attractive cryogenic performance and inherent robustness to ionizing ra-
diation, SiGe-based mixed-signal electronic systems could potentially be deployed outside
the spacecraft warm box in so-called remote electronics units (REUs), for needed sensing
and data acquisition functions. Realization of key circuit blocks such as voltage and current
references, op-amps, and ADCs in SiGe technology are a critical first step.

In this chapter the design of a SiGe BiCMOS op-amp for such extreme temperature
range lunar electronic systems is presented [5]. This is the first monolithic op-amp ( for
any material system) capable of operating reliably down to 4.3 K. The design methodology
used in the present work is based on a circuit architecture described in [64]. The high-slew
rate capability is achieved by using an auxiliary slew-buffer that enhances the output drive
capability during slewing. Two variants of the SiGe BiCMOS op-amp were implemented
using alternative biasing schemes, and the effects of temperature on these schemes and the

overall performance of the op-amp, is carefully examined.

7.2 Device Technology and Cryogenic Operation

This SiGe BiCMOS op-amp was fabricated in a commercial, deep- and shallow-trench
isolated SiGe HBT BiCMOS technology, which integrates 0.5 ym, 3.3 V BVcgo, 50 GHz
fr> 3.3V BVcgo, and 55 V V4 SiGe HBTs (at 300 K), together with 0.5 ym, 3.3 V Si
CMOS devices [32]. It supports a full suite of passive elements including metal-insulator-
metal (MIM) capacitors and low T¢ poly resistors. This is a five metal layer process (all
aluminum) with a top thick aluminum layer that enables high-Q spiral inductors.

The SiGe HBTs from this technology generation show a strong monotonic increase in
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Figure 55: Peak g, and peak f versus temperature of the SiGe HBT with emitter area of
0.5%2.5 um?.

peak g,, with cooling (Fig. 55). In addition, with the Ge-induced base bandgap changes
coupling strongly to the device equations in SiGe HBTs, f either increases or stays close to
its room-temperature value down to deep cryogenic temperatures (Fig. 55). Although the
increase in peak g, should favorably translate into improved gain-bandwidth and slew rate
performance in op-amps at low temperatures, this is highly dependent on the behavior of

the bias current over temperature, as addressed below.

7.3 Circuit Design

The block diagram of the SiGe BiCMOS slew-enhanced op-amp is shown in Fig. 56.
The overall amplifier consists of an amplifier core, which provides all of the small-signal
amplifier gain, and the auxiliary slew-buffer, which comes into action when the input is
slewing, thus enabling the fast slewing of the output under very large capacitive loads. The

amplifier is designed to work off of a single power supply V.. of 3.3 V. The unity-gain
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buffer configuration of the amplifier is obtained by connecting the output of the op-amp to

T~
v

Slew Buffer

\
A —
/(:=80sz $R=1MO

-

Figure 56: The op-amp block diagram showing the core amplifier (A), the slew-buffer, and
a typical load condition.

the negative input.

|
[

|

7.3.1 Amplifier Core Design

The amplifier core was implemented using a conventional folded cascode topology
(Fig. 57) [65]. The folded cascode architecture achieves a wider input common mode range
(ICMR), higher gain, more stable control over gain-bandwidth (due to self-compensation),
higher output impedance, and higher power supply rejection, than a two stage op-amp with
active loads. SiGe HBTs were used in the input differential pair to exploit their large g,
and inherent enhancement with cooling, as well as their superior matching properties. Due
to the large output resistance of the SiGe HBT, the dominant pole of the op-amp is at the
output, and hence the small-signal gain-bandwidth product (GB) of the self-compensated

op-amp (including the slew-buffer) is given by,

= &m

GB =
&)

(10)
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where g, 1s the transconductance of a SiGe HBT in the input differential pair, and C; is the

load capacitance.
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Figure 57: Folded cascode amplifier core with bias block and SiGe HBT input stage.

7.3.2 Slew-Enhancement Technique

There are several techniques available for slew-enhancement of conventional op-amps,
each with differing trade-offs. The technique described in [66] achieves slew-enhancement
by internally switching the output buffer to high-drive mode when the inputs are slewing.
This technique, however, can not be easily extended to the amplifier cores in a folded
cascode architecture, and has been reported to have large variations in quiescent current
with varying temperature [64], and is thus not suitable for the wide temperature range
operation needed here. Another slew-enhancement technique employs an adaptive biasing
scheme [67] where the bias current to the amplifier core is increased by a factor of the

difference in the branch currents of the input differential pair. When the input slews, there
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is a large mismatch in the branch current, resulting in large core bias current, thus providing
a higher drive at the output. This technique suffers from high power dissipation in the
amplifier core during transients.

The slew-enhancement used in the present design is achieved by using a slew-buffer
(Fig. 58) whose load transistors ML1 and ML2 are biased in the triode region. This condi-
tion is achieved by sizing MLL1 and ML2 such that I, < I,, where I, is half the tail current
and I, is the saturation current in ML1 and ML2. Thus, under small-signal conditions
when the input terminals VP and VN are nearly equal, the gates of MO1 and MO?2 (the
output transistors) are pulled close to V.., turning them off. However, when the input is
slewing, there is a large difference in the potentials of VP and VN, causing one of the load
transistors to saturate, thereby pulling the gate terminal of the corresponding output tran-
sistor closer to ground potential. This turns-on the output transistor very hard, causing it
to deliver large currents to the output. Hence, during slewing the bias to the amplifier core
is unaffected, which is clearly desirable. The threshold input differential voltage (V;, )

required for triggering the slew-buffer is given by [64],

1
Vinan = [ = (11)
K

where « is defined such that I, = (1 + a)/;, and « is the MOS conductance parameter of

the input transistors of the slew-buffer.
7.3.3 Biasing Schemes

The SiGe op-amp was implemented using two different bias schemes, each with a vary-
ing temperature response, for the output bias current. The first bias scheme utilizes a con-
ventional wide-swing cascode bias circuit [68]. This bias scheme features a wide-swing
bias current loop and a start-up circuit to avert the zero current bias condition. The efficacy
of the start-up circuit was checked via simulations down to -55 °C, and worked well down
to 4.3 K.

The second bias scheme, called "weak-T bias" here, is based on a resistor-free current
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reference that is designed to reduce overall analog performance variation over a wide tem-
perature ranges (Fig. 59) [69]. The output bias current of this current source is given by,
ZmMC,,xU% where m is a temperature independent scaling factor, y is the mobility (cc 771
for PMOS), C,, is the oxide capacitance, and Uy is the thermal voltage. It is therefore
expected that the resultant g, of the SiGe HBT biased using this current source will be
proportional to uC,,Ur (« T~%7) and the corresponding slew rate will be proportional to
/JCOXU% (< T*99). Thus, the residual temperature dependence of these key parameters
are rendered weak by this biasing scheme, ensuring reduced small-signal and large-signal
performance variations over temperature. The simulated SiGe HBT g, behavior over tem-
perature for weak-T bias is in qualitative agreement with the above analysis (Fig. 60). In
addition, observe the opposite trends in g,, response for the two different bias schemes. The

chip micrograph of the op-amp is shown in Fig. 61.
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7.4 Measurement Results and Discussion

The dc and ac characterization was performed on the unity-gain buffer configuration of
the op-amp using a custom-designed cryogenic probe station capable of operating down to

43 K.
7.4.1 dc Characteristics

The op-amps with either of the current sources drew a total bias current of 4.3 mA
nominally at room temperature. The total bias current dropped monotonically with cooling
in the conventional bias case and to 143 K in the weak-T-based circuit (Fig. 62). There
was, however, an anomalous increase in bias current below 143 K in the weak-T op-amp.
The input-referred offset voltage tracked the temperature behavior of the bias current. The

input-referred offset power for the op-amp can be approximated as [70],

Ve = Vet Ve

os,core os,slew’

(12)
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Figure 60: Simulated input SiGe HBT g,, of the two circuits versus temperature for the
corresponding bias tail current.

where,
v e AVZ, +A(W/L)§, AT 1%
os,core — T 2 2 2
(V_> (W/L); I
2
and
I/ov,N 2
I/o%v,slew = AI/ZgN-'-<T> X
AVZ, +A(W/L)’; AW/L) (14
W/L);,  (W/L)y

Vov,N 2
2
Therefore, the offset contribution from the core amplifier is expected to drop naturally

with cooling (o U7 o T?) and with the decrease in bias current (x V2 « I,

bias

), and for
the same reason the contribution from the slew-buffer is expected to also drop with bias
current. Thus, the overall offset decreases with temperature for both bias schemes; clearly
good news. The higher offset voltage in the op-amp with weak-T bias is possibly due to

the additional current mismatches introduced by PTAT chain and the transconductor.
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Figure 61: Chip micrograph of the slew-enhanced operational amplifier.

The ICMR of both variants of the SiGe op-amp remained fairly constant across temper-
ature. Closer examination of the ICMR,,;, does indicate a moderate increase attributable
to the (expected) increase in the base-emitter turn-on voltage of the input differential pair

with cooling.
7.4.2 Slew-Rate and Gain-Bandwidth

The op-amp with conventional bias displayed robust start-up down to 4.3 K, and had
useful gain-bandwidth and appreciable slew rate at this temperature. To the author’s knowl-
edge, this is the first monolithic op-amp capable of operating at this low a temperature. The
op-amp with weak-T bias showed a moderate increase in both positive and negative slew
rates down to 143 K and further down in temperature a dramatic increase was observed in
slew rate, which can be ascribed to the bias current behavior at these temperatures (Fig. 63).

The op-amp with conventional bias, on the other hand, showed only a moderate decrease
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Figure 62: Measured total bias current and normalized input-referred offset voltage versus
temperature for the two circuits.

in both the slew rates not readily explained using the bias current decrease. This slew rate
behavior suggests that the slew-buffer effectively decouples the output slewing from the tail
bias currents, and thus making it a weak function of temperature, a desirable attribute for
the op-amp.

The small-signal gain-bandwidth is still tied intimately to the input transconductance of
the op-amp. This observation was confirmed qualitatively by the comparing the simulated
gm of the input SiGe HBTs (Fig. 60) with the measured gain-bandwidth of the two circuits
(Fig. 64). While the gain-bandwidth of the op-amp with weak-T bias increases with cooling
down to 143 K, the gain-bandwidth of the conventional bias op-amp degrades steadily with
cooling. The dc gain, however, did not track the input transconductance of the op-amp for
both bias schemes, suggesting the possible influence of the slew-buffer at low temperatures
in small-signal gain enhancement (Fig. 65). The op-amp maintained excellent stability

across temperature, as evidenced by the overshoot and the inferred phase margin (Fig. 65).
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7.5 Summary

A SiGe BiCMOS op-amp capable of operating across a very wide temperature range,
and down to temperatures as low as 4.3 K was designed and implemented. Thus it can
be concluded that SiGe technology offers an ideal approach for developing a wide variety
of analog and mixed-signal building blocks for emerging extreme environment electronics

applications.
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CHAPTER VIII

HALF-TERAHERTZ OPERATION OF SIGE HBTS

8.1 Introduction

Electronic systems operating at near-optical, TeraHertz frequencies (10'> Hz = 1.0 THz
= 1,000 GHz), have recently generated significant interest in the remote sensing commu-
nity, and can potentially enable a host of intriguing applications. At present such prototype
THz systems utilize either passive elements or 2-terminal electronic devices (e.g., Schot-
tky diodes). Clearly, however, it would prove extremely beneficial to have a 3-terminal
semiconducting device (i.e., something exhibiting gain — a transistor) for such ultra-high-
frequency systems. For instance, a transistor with usable gain could in principle be used
for active sensing systems, as opposed to purely passive sensing systems. Not surprisingly,
achieving a 1,000 GHz transistor for such purposes has proven to be an exceptionally chal-
lenging and elusive goal.

Nevertheless, there has been steady progress over the past few years in improving the
frequency response in III-V HBTs, work primarily centering on the InP/InGaAs material
system [71]-[77], and culminating in the present record for bipolar transistor performance
of 710 GHz peak fr at 300 K (with f,,, = 340 GHz, f = 115, and BVcgo = 1.75 V).
Clearly, however, there are compelling reasons for attempting to achieve these extreme
levels of performance in a low-cost, highly-integrated, integrated circuit manufacturing
platform: i.e., in a silicon-based material system.

Scaling of SiGe technology has also rapidly progressed, with multiple commercial SiGe
BiCMOS technology platforms presently achieving 200 GHz peak f7 (e.g., [39]), while fa-
cilitating the merger of these SiGe HBTs, 130 nm CMOS, 5-7 layers of metal interconnect,

and a full suite of passive elements, all on 200 mm Si wafers, enabling robust silicon-based
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monolithic RF through mm-wave circuit design. Recent research demonstrations of npn
SiGe HBTs with peak fr of 350-375 GHz [42] and 380 GHz [78] represent the present
performance records for SiGe technology.

It has been recently suggested, albeit via simulation, that TeraHertz-level (intrinsic)
device frequency response should in fact be possible in suitably scaled SiGe HBTs [79],
[80]. Recently SiGe HBT peak fr of as high as 430 GHz at 50 K has been reported in the
literature [81]. The work presented in this chapter, takes one more step in that direction,
by demonstrating for the first time that SiGe HBT performance above 500 GHz is indeed

possible in a fully silicon-manufacturing-compatible SiGe platform [6].

8.2 SiGe HBT Technology

The device structure utilized here for this prototype fourth-generation SiGe HBT is
very similar topologically to that of a commercially-available, third-generation device, and
utilizes a reduced thermal cycle, "raised extrinsic base" structure [42]. The device is deep-
and shallow-trench isolated, has an in — situ phosphorus-doped polysilicon emitter, and
a compositionally-graded, carbon-doped, unconditionally stable, 25% peak Ge content,
UHV/CVD SiGe base. Aggressive vertical profile scaling and careful collector implant
tailoring were used to maximize fr. This device is 100% silicon (CMOS) fabrication
compatible, and was fabricated on a 200-mm wafer.

Given that the emphasis in this study is on vertical profile optimization, these devices
were fabricated using a pre-existing third-generation (130 nm) SiGe HBT maskset, and
thus should be considered unoptimized with respect to lateral device parasitics (both resis-
tance and capacitance), negatively impacting the maximum oscillation frequency (fax)-

Thus it is believed that the f,,,, values presented here can be significantly improved.

91



8.3 Measurement Setup

The transistors were measured on a customized, on-wafer, open-cycle, liquid helium
cryogenic probe system. The system thermometry was verified by comparing devices mea-
sured within the system with those measured directly immersed in both liquid nitrogen
(77.3 K), and liquid helium (4.2 K). The temperature accuracy is believed to be better than
1 K.

On-wafer calibrated S-parameters were measured to 35 GHz using an Agilent 8510C
Vector Network Analyzer (the practical upper frequency limit of the test system). The
through-reflect-reflect-match (LRRM) technique was used to calibrate out the cable and
probe-induced losses at each temperature. Conventional on-chip "open" and "short" cali-
bration structures located adjacent to the device under test were used at each temperature to
de-embed the pad capacitance and inductance from the measured S-parameters. The results

presented are repeatable.

8.4 Electrical Results

Due to its bandgap-engineered base, cooling is well-known to favorably affect the per-
formance of SiGe HBTs [18]-[21], [3], [81]-[83]. The present SiGe HBTs exhibit near-
ideal current-voltage characteristics down to 4.5 K (Fig. 66). As expected, the decrease
in intrinsic carrier concentration with cooling causes the base-emitter turn-on voltage to
increase as the temperature decreases [30], but the device output current drive is not de-
graded with cooling, and the transistor is able to source greater than 75 mA/um? current
density at 4.5 K. The peak transconductance (g,,) rises with cooling, as expected, from
65 mS at 300 K to 102 mS at 4.5 K, demonstrating that SiGe HBTs can achieve extremely
high g,, per unit area (in this case, 850 mS/um? at 4.5 K) compared to FETs (Si CMOS
or III-V). Because the base, emitter, and significant portions of the collector are heavily

3

doped (well-above the Mott transition of 3 — 4 x 10'"® cm™ in silicon), carrier freeze-out

92



is minimized down to 4.5 K. The base current ideality in advanced SiGe HBTs at low tem-
peratures is limited by field-assisted generation/recombination and trap-assisted tunneling
processes [30], but is held in check in these devices via careful emitter-base spacer design
to reduce the local field. The current gain (f) increases monotonically with cooling, as
expected, down to 4.5 K (Fig. 67). The BVgo degrades only slightly with cooling (from
1.47 Vat300 K to 1.36 V at 4.5 K).
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Figure 66: The current-voltage characteristics of a 0.12x1.0 ym? SiGe HBT at 300 K, 77
K, and 4.5 K.

Figure 68 shows the small-signal current gain (A, ), extracted from the de-embedded S-
parameters at 300 K and 4.5 K, for the 0.12x 1.0 gm? device biased at peak fr (a0.12x2.5
um? device has also been measured, with similar results). The fr value was then inferred
using a -20 dB/dec extrapolation from the measured h,; value at a given frequency. The
inset in Fig. 68 shows the inferred f7 as a function of extrapolation frequency at 300 K and
4.5 K, indicating that the inferred peak fr is independent of frequency, as expected for a

robust extraction process. This SiGe HBT achieves a record peak fr of 510 GHz at 4.5 K,
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Figure 67: Peak current gain (f) at Vcp = 0.0 V and peak fr at Vep = 0.5V for a
0.12x1.0 um* SiGe HBT, as a function of temperature.

at a collector current density of 21 mA/um? (352 GHz at 300 K at 27 mA/um?), as shown
in Fig. 69. The extrapolated emitter-to-collector delay is 0.27 ps at 4.5 K (0.36 ps at 300
K). The slight decrease in J¢ at peak fr with cooling is due to the interplay between the
temperature dependence of the onset of Kirk effect (which increases slightly with cooling)
and the onset of heterojunction barrier effects, (which decreases with cooling) [30]. The
transistor f,, was inferred using the unilateral power gain (U), in a manner similar to that
for fr. Transistor performance at 300 K, 77 K, and 4.5 K is summarized in Table 7. It
is worth noting that the transistor peak f7 is increased significantly with cooling without
sacrificing its breakdown voltage. The slight degradation in observed f,,,x from 77 K to
4.5 K is believed to be due to r4, and driven by the temperature dependence of the majority

carrier mobility.

94



60 I L I I IIIIIII‘ I I I‘IIIII

40
Ag = 0.12x1.0 um?

200 : ‘ : ‘ :
5 15 25 35 ]
Extrapolation Frequency (GHz)

hy4 (dB)

VCB = 05 V

20 Ag = 0.12x1.0 um?

- 0—0 45K A—A 300 K
peak fr =510 GHz  peak f; = 352 GHz
0 | L1 1.1 IIII | L1 1.1 IIII

1 10 100 1000

Frequency (GHz)

Figure 68: The small-signal current gain at 300 K and 4.5 K for a 0.12x1.0 um? SiGe
HBT, at peak f7. Inset shows the inferred f7 as a function of extrapolation frequency.

8.5 Summary

A record peak f7 is achieved in SiGe HBT technology at 4.5 K. These SiGe HBTs
maintain excellent dc ideality down to 4.5 K, with a peak f of 12,554 at 4.5 K. The peak f7
increases monotonically with cooling, attaining a value of 510 GHz at 4.5 K, up from 352
GHz at 300 K. These results suggest that half-TeraHertz performance should be possible in

highly-manufacturable, silicon-based integrated circuit platforms.
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Figure 69: Measured peak f7 as a function of bias current for a 0.12x1.0 ym? SiGe HBT

at 300 K, 77 K, and 4.5 K (Vg = 0.5 V).

Table 7: Transistor performance summary at 300 K, 77 K, and 4.5 K, for an emitter geom-

etry of 0.12 x1.0 ym?.

Parameter | 300K | 77K | 45K |
Peak 1,449 | 9,297 | 12,554

Peak fr (GHz) 352 456 510
Peak f,.x (GHz) 241 295 276
rpp at peak fr (Q) 304 206 305
Transit time (7, ps) 0.36 | 0.33 0.27
Je @ peak fr (mA/um?) | 27 24 21
BVceo (V) 147 | 143 1.36
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CHAPTER IX

CONCLUSION AND FUTURE WORK

The contributions of this research in SEU hardening in SiGe HBT technology are:

1. Investigated the relative SEU tolerance in D-flipflops with multiple circuit archi-
tectures. Based on this study guidelines for hardening CML D-flipflops to achieve

improved SEU immunity were proposed (Chapter II, also published in [31]).

2. Proposed architectural changes to the standard CML D-flipflop to improve its SEU
immunity with minimal increase in power consumption and layout complexity (Chap-

ter 11, also published in [1]).

3. Developed circuit-level and device-level RHBD techniques for SiGe HBT logic cir-
cuits to improve its SEU sensitivity. Further, 16-bit shift registers featuring D-
flipflops hardened using RHBD techniques were realized and tested with ion beam

(Chapter III, also published in [2]).
The contributions of this research in cryogenic operation of SiGe HBT technology are:

4. Tested the feasibility of second-generation SiGe HBTs for cryogenic broadband data
link by demonstrating the enhancement in dc and ac performance of these devices at

cryogenic temperatures (Chapter IV, also published in [3]).

5. Realized a 24 GHz broadband limiting amplifier in second-generation SiGe HBT
technology (Chapter V, also published in [4]). The amplifier achieved a saturated
differential gain of 42 dB, a gain-bandwidth product of 3021 GHz, and a value of

16.93 A~! for a newly proposed figure-of-merit.
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. Characterized the 24 GHz broadband amplifier at low temperature (Chapter VI).

. Realized and characterized a slew-enhanced op-amp in first-generation SiGe BiC-

MOS technology capable of operating over a very wide temperature range and down

to 4.3 K (Chapter VII, also published in [5]).

. Demonstrated a record peak f7 in excess of one half-THz in fourth-generation SiGe

HBTs at 4.5 K (Chapter VIII, also published in [6]).

In the future, the RHBD work can be extended by:

. Investigating the device-level modifications to the SiGe HBT, such as adding shunt

collector contacts for upset charge collection, without violating design rule check

(DRC) rules to improve SEU immunity.

. Investigating alternative circuit-level hardening techniques to improve SEU immu-

nity with minimal increase in circuit complexity or power consumption.

. Realizing larger shift-registers (>16-bit) for robust SEU immunity qualification.

. Realizing shift-registers with faster switching speeds (>40 Gbit/s).

The cryogenic work can be extended by:

5.

Developing reliable low-temperature models for all SiGe HBTs, FETs, and passives

across all generations of this technology.

. Realizing cryogenic limiting amplifier in third-generation SiGe HBT for data rates

in excess of 40 Gbit/s.

. Realizing improved slew-enhanced operational amplifiers with temperature indepen-

dent bias schemes.

. Investigating cryogenic ac and dc performance of fourth-generation for new device

physics phenomena.
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