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SUMMARY

Silicon-germanium (SiGe) BICMOS technology has emerged ascompelling
technology platform for implementing mixed-signal electmac circuits intended for
extreme environment applications. The heterojunction biplar transistors (HBTS)
in SiGe technology o er transistor-level performance metr&comparable with those
of I1I-V devices, while maintaining much higher levels of irggration, yield, and re-
liability. SiGe HBTs have also additional desirable side-bené of possessing an
inherent hardness to ionizing radiation to multi-Mrad dose leels, and having immu-
nity to enhanced low dose rate sensitivity. These unique featus®f SiGe HBTs make
SiGe technology a strong candidate for extreme environmenpplications. However,
it remains to be shown that the remarkable device performanca SiGe transistors
translates into equally superior circuit performance undengreme environment con-
ditions. Robust operation of analog electronics in harsh enenments is a particularly
challenging design problem.

This work investigates the challenges associated with desiggisiGe analog and
mixed-signal circuits capable of operating reliably in exame environment condi-
tions. Three extreme environment operational conditions, maely, operation over an
extremely wide temperature range, operation at extremelyow temperatures, and
operation under radiation exposure, are considered. As a repeatative for critical
analog building blocks, bandgap voltage reference (BGR) cuit is chosen. Several ar-
chitectures of the BGRs are implemented in two SiGe BiCMOS ¢hnology platforms.
The e ects of wide-temperature operation, deep cryogenigeration, and proton and
x-ray irradiation on the performance of BGRs are investigate The impact of Ge pro-

le shape on BGR's wide-temperature performance is also addiged. Single-event

XVii



transient response of the BGR circuit is studied through microkesen experiments.
In addition, proton radiation response of high-voltage transtors, implemented in a
low-voltage SiGe platform, is investigated. A platform consting of a high-speed com-
parator, digital-to-analog (DAC) converter, and a high-sped ash analog-to-digital

(ADC) converter is designed to facilitate the evaluation of tk extreme environment
capabilities of SiGe data converters. Room temperature measment results are
presented and predictions on how temperature and radiationilvimpact their key

electrical properties are provided.
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CHAPTER |

INTRODUCTION

The term extreme environment is generally used to representdhconditions outside
the domain of commercial, or even military, speci cations. Sth environments would
mandate operational conditions, for instance, outside the stdard military temper-
ature range (-55 C to 125 C), in a radiation-rich environment, in a high vibration
or extremely high (or low) pressure environment, and even in déemically corrosive
environment [1]. This chapter provides an overview of the g@fications that mandate
such extreme environment conditions for electronics and adbses the problems that
conventional electronics will face when used in such harsh caimmhs. The advantages
and disadvantages of existing practical approaches used to igdte these problems

are discussed, and nally, an outline of the thesis is given.

1.1 Extreme Environment Applications

Extreme environmental conditions are enforced for elecin@s in a number of im-
portant niche applications. Oil well-logging is one good eraple. Projections of
the Department of Energy show that despite advances in altertige energy sources,
petroleum will remain the major source of energy for the next®years [2]. However,
supplies for easily recoverable oil and gas are diminishing,dathe need to access
the oil from wells with depths greater than 15,000 ft is rapily rising. Exploring for
oil requires probes that are sent into bore holes to monitor @nsteer the drill bit
and send signals to the surface instrument. At depths as extreme 45,000 ft, these
signals must be sent through long cables and therefore will be gett to degradation.
One solution to this problem is to have signal processing eleatios co-located within

the probes to multiplex signals [3]. Electronic sensors can albe used for gathering



geological information and identifying production zones. Hwever, these electronics
should survive the extreme environmental conditions that arestablished during the
drilling process. The well temperature can vary from 150C to 300 C, well above
the military temperature range, and pressure can reach 25,0@8i. In addition, the
drill is subject to high levels of shock and vibration [4].

Electronics capable of operating in extreme environmentabnditions can also be
used to enhance the applications for alternative energy soes such as geothermal
energy. Geothermal energy is generated by the heat stored leeth the Earth's surface
or by the collection of absorbed heat in the atmosphere and ocesa[5]. One of the
obstacles in using geothermal energy instead of natural gas tooduce electricity
is its associated cost, which is partly because of expensive geothal wells. High
drilling temperatures and drilling uncertainty are some of the problems that add cost
to the process. To reduce the drilling time, risk, and cost, elednic circuits can be
employed behind the drill bit to guide the drillers to steer tke drilling process. The
temperature inside these geothermal wells can rise up to 350, and conventional
electronics would be required to be placed inside protecti@wars. These Dewars are
sources of additional cost. Having electronics functioningligbly in such extreme high
temperatures would eliminate the need for protective Dewarand therefore reduce
the cost of geothermal energy dramatically [6].

The automotive industry can also greatly bene t from having etctronics that can
operate reliably at extreme environmental conditions. The @yernment regulations
with regard to mandating emission control and fuel economy hevncreased the need
for automotive electronics, since the complex fuel control geirements could not be
accomplished using traditional mechanical systems [7]. Furtiraore, electronic de-
vices are widely used in hybrid electric and future fuel cellehicles. The underhood
automotive environment, though, is a harsh environment, andutomotive electronics

will be exposed to extreme conditions, including high tempetares (up to 200 C



on the engine and 300C on the cylinder, for example), wide thermal cycles, shock,
vibration, uids, and corrosive gases [4]. Conventional elewnics, therefore, would
require cooling and protective systems to operate reliably ian automotive environ-
ment, leading to an increase in size, weight, and cost of the pnact.

Another major application for extreme environment electroits is space explo-
ration missions. Space electronics face environments with widemperature swings,
extremely low (high) temperatures, and high radiation levesl and are exposed to
both cosmic rays and solar ares. During lunar exploration missits, for example,
the ambient temperature on the Moon ranges from +120C (during lunar day) to
-180 C (during lunar night), with 28-day cycles. In the shadowed palr craters, the
temperature could even reach as low as -23CQ. More interesting places in space to
explore include Mercury, where the surface temperature vas from -180 C to +425
C, Venus with a surface temperature of about +460C, Titans with -180 C surface
temperature, Mars with a surface temperature of -120C at night, and Jupiter's
Moons with a surface temperature as low as -14%& [8]. The radiation environment
of space can also produce permanent and transient changes in #lectrical prop-
erties of active semiconductor devices and electronic cirtsu Electronics in space
may be bombarded by various particles, including electronsyqtons, photons, alpha
particles, and heavier ions [9]. It is projected that electrtcs used for lunar missions
can accumulate total ionization damage (TID) levels of lesshaan 600 krad(Si) over
10 years. For Europa exploration missions, 5 Mrad(Si) of TID oveé? weeks has been
reported [10]. The current approach for space missions, such asrMaovers, is to
use protective \warm boxes" and high weight shielding for radifon to provide an
Earth-like environment for the electronic circuits. This tehnique results in excessive
point-to-point wiring, increased system weight and complexjy lack of modularity,
and an overall reduction in system reliability [11]. Having el&ronic circuits capable

of functioning reliably in a space environment, without proective warm boxes, will



profoundly improve the overall space missions.

In some applications, electronics are intentionally placedhian extreme environ-
ment to improve the overall performance of a system. In radio astnomy, for example,
to reduce the thermal noise of the transistors, ampli ers in theaceiver are placed in
a cryogenic environment [12]. The James Webb Space Telescqi&/ST) project is
another example. This telescope is a follow-on mission to the Halb Space Telescope
and will allow scientists to observe younger objects in space t& currently possible
with the Hubble Telescope. This telescope is planned to orbit #he second Lagrange
Point (L2), which is located 940,000 miles from the Earth ana ers a thermally
stable environment. Temperature is an essential parameter ftre observation of the
farthest objects. The telescope needs to be cooled to tempenasi about 40 K, so it
can achieve the required sensitivity in the near- to mid-infne&d spectrum [13]. There-
fore, electronics capable of operating robustly at such extreely low temperature will
be needed.

From the above examples, one can see that, depending on the agaion, elec-
tronics can simultaneously be exposed to a variety of extremev@mnment scenarios.
While the market volume for each of these applications may be sih the end-users
are in fact very important, and together they form the basis foextreme environment
electronics research [1]. In this work, we mainly focus on sgaelectronics and con-
sider three types of extreme environment conditions: 1) opéian over extremely wide
temperature ranges, 2) operation at extremely low temperatas, and 3) operation in

radiation-intense surroundings.

1.2 Extreme Environment Issues for Electronics

There are two general approaches to obtain electronic pamsquired for a speci ¢ ex-
treme environment application. The rst approach is to use thexisting \commercial-

o -the-shelf" (COTS) products that are generally designed fo multiple end-users.



These products were originally developed and speci ed for aaéon over industrial
or military temperature ranges, and COTS manufacturers do richave any obliga-
tion to maintain the characteristics of their products outsi@ their catalog-speci ed
operating conditions. There are two ways to use COTS productsrf extreme envi-
ronment applications. One way is to maintain these products ian environment that
is within their speci ed operating conditions by using protetive boxes. For example,
for cryogenic applications, such as lunar missions, COTS prodgcheed to be kept
inside warm boxes, and for high-temperature applications, sues well-logging, these
products need to be placed in a Dewar to be protected from theitside extreme tem-
perature environment. In a radiation-rich environment, stong shielding boxes will
be required to protect COTS products from undesirable radian e ects. However,
this technique, which is the current approach used in many esxdme environment ap-
plications, increases system weight, volume, complexity, anthé¢ cost of the overall
mission. Moreover, in some applications this approach becomefeasible. For exam-
ple, in a distributed control system for actuators in a rover, tle electronic assemblies
need to be placed on or near the motors without the option of ey protected and
shielded properly. Another method of using COTS products for éneme environ-
ment applications is to qualify the available parts that camactually function reliably
with su cient margin outside their catalog-speci ed operating conditions. In this ap-
proach, parts from di erent manufacturers are tested for funtionality and reliability
over the operating conditions mandated by the speci ed apmation. For example,
the functionality of certain COTS products such as digital gee arrays and analog-
to-digital converters has been demonstrated at temperatuseas low as -160C [14].
The problem with this approach is that in some cases, no commaktproducts are
available that meet or come close to the application's req@ments. In addition, once
a suitable COTS has been found, if the commercial demand foratproduct changes

or dries up, the product will no longer be available [15]. M@over, the manufacturers



may change the fabrication process such that it still meets theommercial speci -
cations, but the characteristics outside the catalog-speci edperating conditions are
signi cantly altered [3].

The problems associated with using COTS products for extreme \@ronment
applications have opened the path to an alternative approlag¢ which is the devel-
opment of custom-made electronics that are robust enough to thétand extreme
environment conditions. The conventional hardening techques for developing ex-
treme environment electronics include 1) hardening-by-pcess (HBP), 2) hardening-
by-recon guration (HBR), and 3) hardening-by-design (HBD) [§. Depending on the
requirements of the application, one or a combination of tise three techniques is em-
ployed in implementing extreme environment circuits. Fabdating electronic devices
using special materials with higher tolerance to extreme emenment is one example
of applying the HBP technique. Because of problems with leakagnd latch-up at
reverse bias junctions, conventional silicon (Si) deviceslfén operate at temperatures
above 200 C. Thermionic vacuum microelectronics or wide bandgap matals such
as silicon carbide (SiC) support high-temperature operatiaup to 600 C [16]. For
operations with highest temperature below 300C, silicon-on-insulator (SOI) technol-
ogy can also be an option. On the low-temperature end, becaudecarrier freeze out,
Si-based bipolar transistors become unusable at temperaturesidaw -130 C. The per-
formance of Si-based CMOS transistors generally improves witboling; however, the
inferred device lifetime signi cantly degrades at cryogenitemperatures as a result
of hot carrier degradation [17]. As is discussed in the followinchapters, Silicon-
Germanium (SiGe) technology is a viable technology optioroff low-temperature ap-
plications. For operation in a radiation-rich environment, SiGe technology o ers
transistors that are naturally multi-Mrad TID robust. Gallium nitride (GaN) tran-
sistors and certain classes of SiC devices are also expected todberant to high doses

of radiation [16]. In some cases, foundries are also willing to dify their process to



make it highly tolerant to certain extreme environment condions such as radiation
exposure. However, because of the small market for rad-hard camnents, the num-
ber of such foundries has decreased dramatically [18]. Ovérahe HBP technique
has the advantage of being an extremely reliable means of ashng hardened com-
ponents. However, its disadvantages, including high manufactng costs, low yield,
and process instability, have prompted designers to adopt othbardening strategies.

HBR is another technique used for developing electronics tosire their viability
in harsh environments. In this approach, damages on electrenievices and circuits
are mitigated by using re-con gurable devices or adaptive galecon guration of cir-
cuit topologies. For example, when device parameters are dggd because of extreme
environment conditions, a new circuit design, suitable for newarameter values, will
be mapped into the system to recover the initial circuit functonality [8]. These
new designs can be determined during or prior to the operatiorExperimental re-
sults using this technique in environments with extremely higtemperatures or under
radiation exposure have been demonstrated in [19],[20]. Orfetlee major risks of em-
ploying this approach is that the overhead of circuits, used tensure recon guration,
is also subjected to extreme environment-induced degradatioln addition, practical
recon guration systems use switches, which can add noise and imfgetions to the
system [8]. Employing the HBR technique will also lead to an incase in system size
and complexity.

Another promising approach to combat extreme environment-tluced degrada-
tion in electronics is to apply the HBD technique. HBD can be enipyed at either
the transistor level, by manipulating the structure of the stan@rd transistor in a
commercial foundry process, or at the circuit level, by using spial design and com-
pensation schemes. For example, using annular gate designs for@®Mtransistors
will help to mitigate the total ionizing radiation-induced drain-to-source leakage [21].

This leakage current leads to parametric shifts in the n-chamel device and introduces



parasitics and can become crucial in radio frequency (RF) alpations [22]. Sev-
eral transistor-level layout-based techniques for single-etee ect mitigation in SiGe
HBTSs, including the inclusion of an alternate reverse-biased prumnction (n-ring)
to shunt electron charge away from the sub-collector [23], hevalso been demon-
strated. On the circuit side, certain layout techniques can bemployed to mitigate
analog single-event transients in di erential ampli ers [24. As for wide temperature
operation, standard circuit design techniques are generaliyt applicable [25], and
new strategies need to be developed. Auto-zero correctiony Example, has been
used to alleviate the problem of temperature-dependent o sefltages in operational
transconductance ampli ers (OTA) functioning at low temperdures [26]. The con-
cept of HBD provides a less expensive alternative to designersmqmared to other
techniques. Obviously, more research on applying HBD technigudor developing
extreme environment circuits would be bene cial. In conjuation with HBP, HBR

techniques are applied in developing analog circuits reged for this work.

1.3 Thesis Outline and Contribution

The objective of this work is to investigate the feasibility oSiGe BiCMOS technology
for implementing analog circuits capable of operating relbly under three extreme
environment conditions: over an extremely wide temperatureat an extremely low
temperature, and in a radiation-rich environment. As a repreentative for analog
circuits, a bandgap voltage reference (BGR) circuit is conseded for this study.

In Chapter 2, we study the e ects of low temperature on the key elice properties
of CMOS transistors and SiGe HBTs. The impact of radiation on the gxrformance
of these devices is also discussed and both ionization damage as$ agesingle-event
e ects are studied.

In Chapter 3, design methodologies for BGRs are discussed. Expental results

are presented, and the e ects of Ge pro le shape on the wide tereature performance



of these circuits are analyzed (also published in [27] and [28])

Chapter 4 presents the measurement results for SiGe HBTs and a 8iBICMOS
BGR circuit operating in the sub-1 K regime. Robust transistor opration of a rst-
generation SiGe transistor is demonstrated at package tempéuees as low as 300
mK. A SiGe BICMOS bandgap voltage reference is also veri ed toe fully functional
at operating temperatures below 700 mK (also published in [29]A voltage reference
circuit delivaring robust performance at 37 K is designed andifly characterized.

In Chapter 5, the impact of proton irradiation on the performance of SiGe BGR
circuits is presented. The circuits are irradiated at both rom temperature and at
77 K. Measurement results from the experiments indicate thathe proton-induced
changes in the SiGe bandgap references are minor, even dowrrityogenic tempera-
tures (also published in [30]).

Chapter 6 presents a comprehensive study of the performance dagdencies of
irradiated SiGe precision voltage reference circuits on 1)ID, 2) circuit topology,
and 3) radiation source. Two di erent bandgap voltage referees designed in the
rst-generation SiGe BiCMOS technology platform are exposetb x-rays at doses of
1080 krad(SiO2) and 5400 krad(SiO2). It is shown that the degdation in circuit
performance following x-ray irradiation depends on both ta TID level and the chosen
circuit topology. Measurement results are presented and it i®ncluded that large TID
levels can signi cantly shift the magnitude of the output voliage. Explanations for the
observed shifts are provided by utilizing detailed analysis @e two circuit topologies
and considering device-to-circuit interactions. It is foundhat the primary factor
responsible for the di erence in the circuit response before aradter irradiation can
be attributed to the excess base leakage current in the SiGe HBTo investigate the
impact of radiation source, the circuit topology showing the arst-case degradation
from the x-ray experiment is independently exposed to 63-Meptotons at the same

e ective TID level. A clear source dependence in the circuitesponse is observed,



and possible origins of this behavior are identi ed (also puldhed in [31]).

In Chapter 7, we investigate the e ects of single-event tranans in the response
of SiGe voltage references, voltage regulators, and data certers through ion mi-
crobeam experiments and circuit simulations. Several mitigian techniques are also
discussed (also published in [32]).

Chapter 8 presents a comprehensive investigation of the impaot proton irra-
diation on the performance of high-voltage (HV) nMOS transist@ implemented in
a low-voltage (LV) SiGe BIiCMOS technology. The e ects of irrdiation gate bias,
irradiation substrate bias, and operating substrate bias on theadiation response of
these transistors are examined. Experimental results show thdte radiation-induced
subthreshold leakage current, under di erent irradiation basing conditions, remains
negligible after exposure to a total dose of 600 krad(Si). It iglso shown that there
are di erences in the radiation response of LV and HV MOSFETSs, suggting that
the mechanisms involved in causing degradation in LV and HV trasistors could be
of fundamentally di erent origins (also published in [33] and34]).

In Chapter 9, a platform for evaluating the performance of &e data converter
under extreme environment conditions is designed and implemted in 0.12 m SiGe
technology. The platform includes a high-speed comparataa, 3-bit current steering
digital-to-analog converter (DAC), and a 3-bit ash analogto-digital (ADC)-DAC
circuit. Measurement results at room temperature for both theeomparator and the
ADC are presented and predictions of how low temperature opéi@n and irradiation
damage will impact the performance of the comparator and thaDC are provided.

Finally, a summary of the thesis is given in Chapter 10.

10



CHAPTER Il

EXTREME ENVIRONMENT OPERATION OF SIGE
HBTS AND CMOS TRANSISTORS

SiGe BICMOS technology o ers HBTs with comparable performase to their 111-V
counterparts, and at the same time, maintains compatibility wth conventional low
cost Si CMOS foundries. As a result, SiGe BiCMOS technology hasdoene preva-
lent in the domain of \mixed-signal" integrated circuits (IC), where analog, radio-
frequency, and highly integrated digital circuits are all equired. It has also become
an appealing technology platform for building extreme enkdnment electronics. In
this chapter, we present an overview of the e ects of low tempature and radiation

on the key properties of SiGe HBTs and Si CMOS transistors.

2.1 Impact of Low Temperature Operation

There are many reasons that motivate the operation of electn circuits at temper-
atures below the ambient temperature. Some of these reasonslirde: lower thermal
noise and parasitic e ects, improved carrier mobility, and theossibility to investigate
guantum e ects and physical phenomena such as single electroeats and super-
conductivity that only occur at low temperatures [35]. Herewe will brie y review

the impacts that low temperature operation could have on thelectrical properties

of SiGe HBTs and MOS transistors that are important to circuit deigners.
2.1.1 SiGe HBTs

Due to the presence of small amount of Ge in the base of SiGe HBTs, tHevice
physics and operation of these transistors fundamentally di efrom that of the con-

ventional Si bipolar junction transistors. It is well known tha cooling has detrimental

11



AEgGe (x=0)
[ l_ AEgGe (x= Wh)

Ec

n+ Si

emitter

Ey

n-Si

collector

Figure 1: Energy band diagram for a Si BJT and a graded-base SiGe HBT (afte
[36]).

e ects on the performance of Si BJTs and this precludes thempplication in cryo-
genic environments. Cooling a Si BJT will typically increasets turn-on voltage,
low-injection transconductance and base resistance, will deasse its current gain and
will degrade its frequency response [1]. As a result, the perfaance of Si BJTs
strongly degrades as the temperature drops. The case is di etdor SiGe HBTS.
The energy band diagram for a Si BJT and graded-base SiGe HBT isaosim in
Figure 1 [36]. Due to bandgap engineering in SiGe HBTs, many dfdir key device
parameters become thermally activated functions of the Geduced band o sets, and
as a result, will improve with cooling. The presence of Ge in thease region results
in two DC e ects: 1) a decrease in the potential barrier to injetion of electrons
from emitter into the base and 2) an improvement in the output onductance of the
transistor [37]. The rst e ect will yield higher collector current (for the same applied
base-emitter voltage), and therefore higher current gain,, compared to a Si BJT.
The ratio of the current gain of a SiGe HBT, (sice), to the current gain of a Si

BJT,( si), can be approximated as [37]
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siGe ee Egge(grade)kTe Eoce QKT .
Si 1 e Egoce(grade)=KT ’ (1)

wherek is the Boltzmann's constant, T is the temperature, e and e are the minor-
ity electron di usivity ratio and the \e ective density-of-st ates ratio" between SiGe
and Si, respectively, Eg.ce(grade) is the Ge grading-induced bandgap o set, and
Eg.ce(0) is the Ge-induced bandgap o set at the emitter end of the néral base
[1]. Both Eg.ce(grade) and Eg.ce(0) have been denoted on Figure 9. Improvement
in the output conductance (secondlic e ect) results in transistors with higher Early
voltage. The Early voltage ratio of a SiGe HBT Vasice , and a Si BJT Vs is de ned

as

) Eg.ce (grade)=kT
VA;SlGe e Eg.ce (grade)=kT 1 e Foce

VA;Si Eg;Ge(grade)=kT

BE

From (1) and (2), one clearly sees that the band-edge e ects stigly couple into the

(2)

device equations. Moreover, the band-o set parameters arevitied by the thermal
energy KT). In fact, the thermal energy is arranged in these equations sl that the
corresponding performance metrics will improve with coolqn The dynamic response
of transistors is also a ected by temperature. The ratio of the &se transit time of a

SiGe HBT, usice and a Si BJT, .sj, is given by [37]

b:siGe _ 2 KT KT
e

= 1 1 e Eg:.ce (grade)=kT : 3
Eg.ce(grade) Eg;ee(grade)[ : 3)

b;Si
Base transit time couples to the overall unity-gain cuto fremency,f+, (ft / 1=y).
As seen from (3), the Ge grading-induced base drift eld aims to get the inherent
degradation in the , with cooling. Hence, the frequency response will improve as
the temperature drops [37]. If the base resistancR;, does not degrade with cooling,
then the maximum oscillation frequency,f nax, iS also expected to improve at low
temperatures. In fact, the base resistance in SiGe HBTSs, unlike in BJTs, has the

immunity to carrier freeze-out. This is due to the fact that hghly doped thin base

13



Figure 2. Forward Gummel characteristics at +120 C, -50 C, and -230 C for a
SiGe HBT(after [27]).

pro les are possible by the reduced thermal cycle associated tviepitaxial growth
process [1].

Figure 2 shows the Gummel characteristics of a 0.2.5 m? SiGe HBT at 120
C, -50 C, and -230 C. Due to the exponential decrease of the intrinsic carrier cen
centration with cooling, the base-emitter turn-on voltage ncreases as the tempera-
ture decreases. At -230C, this device has a maximum current derive in excess of

4mA/ m?2.
2.1.2 CMOS Transistors

The operation of CMOS transistors at low temperatures has reiwed considerable
attention [38]-[47]. It is well known that the performance bCMOS transistors gener-

ally improves with cooling. Figure 3 shows typical subthreshdlcharacteristics for an
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Figure 3: Subthreshold characteristics for CMOS transistors measured at erent
temperatures(after [38]).

NMOS and an PMOS transistor measured at 5 di erent temperaturesndicating that
for the same bias condition, the current drive capability oftie transistors increases as
the temperature is reduced. Other performance improvemeninclude a substantial
increase of carrier mobility and saturation velocity, latchp immunity, lower thermal
noise, lower power dissipation, better turn on voltage, and lav leakage current [40].
These enhanced transistor performances, however, come at thepense of shorter
device lifetime [38]. The lifetime can be improved if transists with longer channel

lengths are used.

2.2 Cryogenic Test Facilities

A closed-cycle helium cryogenic station made by Lakeshore Ciyanics (Figure
5) was used to characterize the circuits over a temperaturerrge of 300 K down
to 20 K. The system accepts 40-pin ceramic packages and its caasignal lines

are suitable for measurements up to 100 MHz.
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Holder

Figure 4. Photo of the heliox vertical load refrigerator, capable ofa@aching a base
temperature of 300 mK.

A Heliox Vertical Load (VL) refrigerator (Figure 4) at the NASA Goddard
Space Flight Center was used for measurements in the deep cmoig regime.
The system is capable of reaching the base temperature of lessnt200 mK
with 40 W heat load. The system reaches sub-1-K temperatures based on the
reduction of entropy. The vapor pressure of dHe pot, condensed at 3.3 K, is
decreased and as a result, the temperature of the system is rediite below 1

K.

2.3 Impact of Irradiation

Due to the presence of protons and electrons trapped in the Vadlen belts, heavy ions
trapped in the magnetosphere, and protons and heavy ions frosolar ares, space
environment is considered to be a radiation-harsh environmef8]. As a result,

microelectronic devices and circuits used in space missions Wdre immune from

16



Figure 5: Photo of the closed-cycle cryogenic station.

radiation e ects. Here, we will give an overview of radiation dmage mechanisms in

SiGe HBTs and Si CMOS transistors.
2.3.1 Radiation Damage Mechanisms

An energetic particle traversing through a solid-state materiacan lose its energy in
several ways. The amount of energy loss depends on the projectihass and energy,
and the atomic number and mass of the target material [48]. Thenergy deposited
per gram of material is called the dose, and is expressed in radsronym for radiation
absorbed dose). Since this energy loss is material dependehg type of the material
is appended onto the unit, for example rad(Sig) indicates energy loss in Si@Q Note
that 1 rad(Si)=0.58 rad(SiO,)=0.94 rad(GaAs). The unit \rad" can be converted to

other energy density units as follows [48]

1 rad = 100 erg/g = 6:24 10" eV/g: (4)
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Depending on the particle energy, device structure and maiaf, and the irra-
diation source, the interaction between an energetic partee and a semiconductor
transistor can damage the device in three distinct ways: 1dnization damageoccurs
when charged particles such as protons and electrons travexgithrough the material,
generate electron-hole pairs by disrupting the electronicamds; 2)displacement dam-
age (as the name implies) is associated with displacement of atom®rn their usual
lattice locations; and 3)single event e ectsoccurs when the generated electron-hole
pairs from the interaction between a high energy particle ahthe device, couple to

critical circuit nodes.
2.3.2 SiGe HBTs

SiGe HBTs have a desirable side bene t of possessing an inherent hagsis to ionizing
radiation, and have been shown to be TID tolerant to multi-Mral dose levels at
operating temperatures as low as 77 K without any additionahardening [49]. This
unique feature of SiGe HBTSs is not due the presence of Ge in thesearegion [50]
as the major source of degradation in Si transistors is the iomizon damage in the
emitter-base (EB) spacer oxide [48]. The radiation hardness & Ge HBTSs, is in

fact a result of their inherent structural properties. Heavily dped extrinsic base
region, very thin EB spacer, and very small active volume are éhmain technological
features of SiGe HBTs that favorably help the device to be TIDdlerant [1]. Yet,

minor radiation-induced degradation can still be observed ithe performance of SiGe
HBTs. In forward-mode operation, ionization damage in SiGe HB3 will cause a
slight increase in the base current at low injection (Figure 6)which will consequently
degrade the current gain [49]. Although SiGe HBTs are TID tolemt, with regard

to single-event e ects, these devices lack immunity and reqe@mitigation techniques
that can be accomplished at the circuit level [53], or at the dece level [23], or both.

Figure 7 shows the transient in the collector current of a SiGe HBthat has been
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Figure 6: Forward-mode Gummel characteristics of a third-generatio®iGe HBT
during radiation exposure (after [51]).

Figure 7: Collector current transients for a 5AM SiGe HBT irradiated with laser
pulse (after [52]). 19



irradiated inside its deep trench area with laser pulse [52]. Aadge transient with
magnitude of 1 mA and duration of 5 nS is observed. These transiespikes are able
to propagate from the device through the circuit to the systenesulting in transient

excursions, data corruption, and eventually system failure.
2.3.3 CMOS Transistors

In CMOS transistors, TID primarily a ects the gate, spacer and dd oxide layer,
SiO,. The radiation damage in the SiQ layer is dominated by the creation of free
electron-hole pairs and their transport through the oxide [&]. A fraction of electron-
hole pairs escaping the direct recombination process, will bepseated by the electric
led across the eld oxide. Electrons, having a much higher mality than holes,
are rapidly swept out of the dielectric, and low-mobility hoés will undergo polaron
hopping transport via shallow traps in the SiQ [54]. A fraction of these transporting
holes may fall into deep traps in the oxide bulk or near the S8iO, interface forming
trapped positive charge, known as oxide trapped charges. Sofma&ction of the holes
may react with hydrogen-containing defects or dopant comgxkes thereby, forming
the interface traps [54].

Oxide trapped charges can impact the DC response of CMOS transist. The
threshold voltage is one of the DC parameters that gets a ecate If the positive oxide
charge density is denoted adN, radiation-induced voltage shift in the threshold

voltage can be expressed as [54]

t
Vi= g—— N (5)

Kox ox
where ty is the oxide thickness,k,y is the dielectric constant of SiQ, and .4 IS
the permitivity of free space. Equation (5) shows that an incr@se in the number of
oxide-trapped charges will result in a decrease of the threstololtage in a NMOS
transistor and an increase (negatively) in the threshold voltagy of a PMOS tran-

sistor. Interface traps can also impact the threshold voltage. nladdition, due to
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bias-dependency of trapping or detrapping of charges at thaterface, the interface
trap buildup increases the subthreshold swing as the device su#ais swept from
accumulation to inversion by the gate voltage [54]. Both intdace and oxide traps
will degrade the carrier mobility in the inversion layer [48] Since defect buildup
in gate oxides scales with,,, MOSFETSs susceptibility to radiation-induced damage
in gate oxides reduces with technology scaling [54]. Advanc&MOS technologies
with smaller t,y, however, require thick shallow-trench-isolation (STI) oxde (typically
greater than 300 nm). As a result, spatially-distributed radiaion-induced charges in
the STI oxide may create parasitic inversion channels in patal with the gate at the
STI oxide edge and at the STI/body interface, resulting in anricrease in the o -state
leakage current [55], [56],[57]. Gate-induced leakage mnt (GIDL) is also increased
after irradiation. Figure 8 shows the subthreshold charactesiics for two nFETs from
0.42 m (5HP) and 0.18 m (7HP) SiGe BIiCMOS technologies, prior to, and sub-
sequent to irradiation to 100 krad. Since both technologiestwloy very thin gate
oxide, radiation-induced shifts in the threshold voltage ar@egligible. Figure 8 also
shows that the increase in the post-radiation o -state leakageucrent is signi cantly
larger for the 5HP nFET than for the 7HP nFET. This has been attrbuted to STI
thickness di erence in the two technologies [58]. The PFETsra considered to be

radiation tolerant to 1 Mrad(Si) [37].

2.4 Radiation Test Facilities

The 76 Cyclotron of the Crocker Nuclear Laboratory at the Univisity of Cali-
fornia at Davis was used for proton exposure experiments. Theqgton energy
range at this facility spans from 1.2 Mev to 68 Mev and the avege particle
beam ux provided, ranges from tens of particles/(crés) up to a very large ux

of approximately 10! particles/(cm?s) [59]. Dosimetry system uses a ve-foil
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Figure 8: Subthreshold characteristics for nFETs from two SiGe BiCMOSechnolo-
gies (after [37]).

secondary emission monitor calibrated against a Faraday cup, éia scatter-
ing foils located several meters upstream of the target estadhi a beam spatial
uniformity of 15% over a 2.0 cm radius circular area. The dosigtry system is

described in [60] and is accurate to about 10%.

ARACOR x-ray test system at the Vanderbilt University was used for x-ay
irradiation. The system produces x-rays with energies ranginfrom 1.00 10*
eV to 6.00 10* eV and dose rates ranging from 3.33 10 ? rad(SiO,)/s to
3.33 10 rad(SiOy)/s.
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Time-resolved ion-beam induced charge collection (TRIBICQesting was per-
formed at Sandia National Laboratory using EN Tandem Van de Gia acceler-

ator [61], where 36 Me\A®0 ions were used for the heavy ion beam experiment.

2.5 SiGe Technology in This Work

For this study, two commercially available SiGe BiCMOS techologies from IBM have
been utilized; rst-generation 5AM and third-generation 8HP echnologies. The rst-
generation SiGe technology (Figure 9) is a four-level metpltocess and features SiGe
HBTs with an emitter width of 0.5 m and a unity gain cut-o frequency (f) and
maximum frequency of oscillation {,ax) of 47 GHz and 65 GHz, respectively, and
NMOS and pMOS transistors with a nominal . of 0.35 m. The response of rst-

generation SiGe HBTs to proton irradiation has been reportegreviously [49],[50].

Figure 9: Cross sectional diagram of IBM 5AM technology (after [62]).

IBM's third-generation SiGe technology (Figure 10) emplay a reduced thermal
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Table 1: Performance metrics of IBM's rst- and third-generation SiG BICMOS
technologies.

| Generation | First | Third |
We.e (M) 0.42 | 0.12
peak 100 400
Va (V) 65 | > 150
peakfr (GHz) a7 207
peakf nax (GHz) 65 285
BVceo (V) 33 | 17
BVceo (V) 10.5 55
Le ( m) (NMOS,PMOS) | 0.35 | 0.092

cycle, \raised extrinsic base" structure utilizing conventioal deep and shallow trench
isolation, an in-situ doped polysilicon emitter, and an uncontonally stable, 25%
peak Ge, C-doped, graded UHV/CVD epitaxial SiGe base [63]. The dee structure
has been scaled laterally to 0.12m emitter stripe width in order to minimize base
resistance and improve the frequency response and broadbandseocharacteristics.
Cryogenic performance and proton response of the SiGe HBTs inghechnology have

been previously reported in [64] and [51], respectively.

Figure 10: Cross sectional diagram of IBM 5AM technology (after [63]).
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Both technologies are fully equipped with passive elementscinding polysilicon
and di used resistors, and various capacitors. Typical device gfermance metrics for

these two technologies are summarized in Table 1 [37].

2.6 Summary

In this chapter, the low-temperature operations of SiGe HBTand CMOS transistors
were brie y studied. It was shown that the performances of botl5iGe HBTs and
CMOS transistors improve with cooling. The radiation responsas these transistors
were also discussed. SiGe HBTs were shown to be TID tolerant to mulirad dose
levels at operating temperatures as low as 77 K. However, thasevices lack immunity
to single-event e ects and therefore, mitigation technique are required. For CMOS

transistors, it was shown that TID increases the level of the o -sti& leakage current.
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CHAPTER Il

CRYOGENIC OPERATION OF SIGE BANDGAP
VOLTAGE REFERENCES

Most, if not all, electrical circuits use a reference, be it vtdge, current, or time. A
reference in a circuit establishes a stable point used by other saiocuits to generate
predictable and repeatable results, and must be insensitive tonations that might
occur in its operating conditions. Voltage references are tersively used in a wide
variety of circuits required for extreme environment apptations, including voltage
regulators and high-resolution DACs and ADCs. An ideal voltageeference must be
inherently well-de ned and its output voltage should be indpendent of temperature,
process, power supply, and load variations. In a data converteigr example, any
change in the reference level will directly impact the convier's performance and
resolution. Operation over extremely wide temperature rargyis a requirement for
many extreme environment applications, including NASA's missianto the Moon.
However, the maximum temperature range over which the perfmance of most of
the existing electronics has been examined is the militaryngerature range (-55 C
to +125 C).

As it was discussed in chapter 2, SiGe HBT BICMOS technology appe&an be an
excellent technology platform for implementing electrows for cryogenic applications.
This chapter attempts to provide answers to the questions of \iV the reference
circuits built in this technology show acceptable performare when operated down to
deep cryogenic temperatures (e.g., -23CQ)?", and \what circuit topology will give the
most reliable voltage reference operation across such an ertedy wide temperature

range?". Several topologies of BGR circuits are implememnten two di erent SiGe

26



technology platforms. Experimental results for the wide temgrature operation of
the circuits are provided. The impact that the Ge pro le shapecould have on BGRs'

wide temperature performance is also discussed.

3.1 Design of Bandgap Voltage References in SiGe Tech-
nology

A bandgap voltage references is the most commonly used topolo@r the imple-
mentation of a reference circuit, since its output voltage iparticularly stable over
temperature and process variations [65]-[81]. By de nitigna bandgap reference gen-
erates an output voltage that is referred to the bandgap engy of the background
semiconductor material. This bandgap energy is strongly tenapature independent
and its variations with temperature is negligible. For the ealization of a BGR cir-
cuit at least one component with a port voltage related to the &ndgap energy must
be available. Since the base-emitter voltage of a bipolar maistor is related to the
bandgap energy, BJTs form the core component of most bandgagference circuits.
The base-emitter voltage of a BJT can be expressed as
T kT

F(

Vee (T)= Veo NVeo Ve (Tollr- )In(Tlo): 6)

In (6), q is the electron charge,Vgo is the extrapolated bandgap voltage at 0 K,
Vie (Top) is the base-emitter voltage at the reference temperaturg,, is the order
of the temperature dependency of the collector current (foremperature indepen-
dent collector current = 0 and for a proportional to absolute temperature (PTAT)
collector current = 1), and is a constant. As can be seen from (6), a com-
plete compensation of the temperature dependency ke with the addition of a
complementary voltage, results in a voltage that is equal t&go. This is the basic
idea behind the implementation of BGR circuits. Careful examation of equation
(6) shows that the base-emitter voltage is actually a nonlin@gunction of temper-

ature (due to the existence of the term In(=Ty) in (6)), and full compensation of
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Figure 11: Schematic of the rst-order voltage-mode SiGe bandgap refance.

the temperature dependency of the base-emitter voltage beces actually a challeng-
ing problem. To address this issue, several circuit topologiesave been developed;
some achieve temperature compensation of the base-emittertagke to the rst degree

( rst-order compensation) [76], [78], [82], and some advanceuichitectures are able
to compensate the higher-order temperature dependent ternns (6) [72], [79], [83],

[74], [80]. All these reference circuits are implemented in teichnology platforms and

are characterized only over either industrial or military tenperature ranges.

To investigate the feasibility of SiGe BGR circuits for extrere environment appli-
cations, several di erent BGR circuit topologies were implemnted using IBMs SiGe
5AM and 8HP BiCMOS technology platforms (Table 1). In IBM's 5AM technology,
two types of rst-order BGR circuits, namely, voltage-mode ad current-mode, were
implemented. Figure 11 shows the schematic of a rst-order valge-mode BGR in
which two voltages, one proportional to the base-emitter vadige and one proportional

to the thermal voltage, are summed properly to obtain a tempeture-independent
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reference voltage [84]. In this circuit, transistordvl;-M3; form the start-up circuit
and transistors M4-M- and Q;-Q-, along with the resistor R;, generate the PTAT
bias current for the following stage. Each SiGe HBT used in thisircuit, except for
Q,, consists of four parallel copies of 0.2.5 m? SiGe HBTs. The emitter area of
transistor Q, is eight times larger than that of the other transistors, and as aesult,

the PTAT bias current is obtained as

VBE: VBE: Vi
lprar = BE,lR BE;2 _ RBE : 7)
1 1

where Vge is the di erence between the base-emitter voltages of transats Q; and

Q., and is a voltage that is proportional to the absolute tempetare. Transistors

M4-Ms and Mg-M+; are identically-sized pairs. The PTAT bias current is then am-
pli ed through transistor Mg, with the ampli cation factor k = (W=L)y,=(W=L)u.,

generatingl e given as

lret = Klprar: (8)

The output voltage of the rst-order voltage-mode BGR,V,¢s , can then be expressed

as

V,
Viet = VBe;3+ Rolyet = Ve 3t k RBE R,: (9)
1

The rst-order negative temperature coe cient of Vge.3 is canceled by the PTAT
voltage generated across resistét, and as a result, the voltageV,es becomes almost
equal to the bandgap voltage of SiGe extrapolated to 0 K. Notéhat both resistors
R; and R, are implemented using the same material (here, heavily dopgstype
polysilicon), and therefore, the ratioR,=R; in (9) is independent of temperature and
process variations. The schematic of the rst-order current-mate BGR implemented
in IBM's 5AM SiGe technology is shown in Figure 12. In this topagy, two currents,
one proportional to the base-emitter voltage and one propadnal to the thermal
voltage , are properly scaled and summed. The resulting currentvhich is going

to be independent of the temperature, will then go through aesistor, generating a
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Figure 12: Schematic of the rst-order current-mode SiGe bandgap refence.
temperature-independent voltage [85]. In this circuit, tansistorsM; through M ;3 form

the start-up circuit. The voltage across resistoR; is equal to the base-emitter voltage

of transistor Q;, and therefore,l; has a negative temperature coe cient de ned as

VBE' 1
1= ! 10
1= (10

The operational ampli er drives the voltage nodes 1 and 2 todequal to the base-
emitter voltage of transistor Q;. As a result, I, will be a PTAT current expressed
as

_ VBe:1  VBE:2 Vee

I, = = ; 11
2 R, R, (11)

The summation ofl, and I, is then owed into resistor R4, generating a rst-order

compensated output voltage de ned as

R R
Viet = Ra(l1+ 1) = R_4VBE;1+ R_4 VBEe ! (12)
1 2

All the resistors in this circuit are of the same type (heavily dopd p-type polysilicon).
Thus, the output voltage in (12) becomes insensitive to the resmts' temperature and

process variations.
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Figure 13: Schematic of the exponential curvature-compensated SiGeragap ref-
erence.

Since the base-emitter voltage of a SiGe HBT is a complex funati of temperature,
the output voltage of the rst-order BGR circuit will have someinherent temperature
drift. To improve the stability of the output voltage of the r st-order BGR, an
exponential curvature-compensation technique has been eloyed in another BGR
circuit [83]. We refer to this circuit as the compensated BGRral its schematic is
shown in Figure 13. In this circuit, the temperature charactestics of the current gain
of transistor Q3 are exploited for the curvature compensation of the output Jtage.
In this circuit, similar to the rst-order BGR, a PTAT current i s generated through
transistors M4-Mg and Q:-Q,, along with resistor Ry, which follows equation (7).
This PTAT current is then mirrored and ampli ed through the current mirrors M 1o-
M 1; and transistor Qs into the following last two stages. The resulting output voltage

is then estimated as [83]

Vi Vi
BE R, + kZR BE

1 1 Q3

Viet Vee:3+ Ralrer = V.3 + K Ry; (13)

where k; and k, are the ampli cation factors of the PTAT current in the last two

31



stages, and g3 is the current gain of transistor Q;. This current is almost an
exponential function of temperature and therefore, the thd term in (13) helps to
compensate the nonlinear terms od¥ge. 3. Note that because we use cascode current
mirrors, the line regulation and the power supply rejection rdo of this circuit are

signi cantly improved compared to rst-order BGR circuits.

The BGR circuits implemented in IBM's 5AM SiGe technology wes designed to
operate with a power supply of 3.3 V. A rst-order voltage-mode BR (Figure 11)
and an exponentially-compensated BGR (Figure 13) were alsophemented in IBM's
8HP SiGe technology to investigate the impact of scaling on theepformance of BGR
circuits. These circuits operate with a power supply of 2.5 V. Inladesigns, careful
layout techniques were employed to reduce the e ects of traistor mismatch. In
the following sections, we present the experimental results ftre wide-temperature

operation of these BGR circuits.

3.2 Operation Over Extremely Wide Temperature Range

In the context of SiGe-based BGRs, very limited studies exist [}5[77]. The work
in [75] shows experimental results of a simple SiGe BGR circuihly over military
temperature range. In [77], the impact of Ge grading on a simpISiGe BGR circuit
over the temperature range of -55C to 85 C is investigated using SPICE simulations.
To examine the capability of SiGe BGR circuits for extremelywide temperature
range operations, and to nd which circuit topology will delver the most reliable per-
formance in such condition, SiGe BGR circuit topologies, intrduced in the previous
section, were fabricated and characterized across a wide tesngture range of 27C
to -230 C. For the experiments, the BGR circuits were mounted onto 2B ceramic
DIP packages and wire-bonded. A closed-cycle helium cryost@dtigure 5) was used
for DC characterization. All electrical measurements were permed using an Agi-

lent 4155 Semiconductor Parameter Analyzer. Figures 14 an8 $how the measured
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Figure 14: Measured output voltage of the rst-order Voltage-Mode BGR asa
function of temperature.

Figure 15: Measured output voltage of the rst-order Current Mode BGR as a
function of temperature. 33



Figure 16: Measured output voltage of the exponential curvature-compsated BGR
circuit as a function of temperature.
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Figure 17: Measured output voltage of the exponential curvature-compsated BGR
circuit as a function of power supply. 34
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Figure 18: Measured output voltage of rst-order and exponential curvaire-
compensated BGR circuits implemented in 8HP as a function of igerature.
output voltage of rst-order SiGe BGR circuits (both voltage-mode and current-mode
topologies) implemented in IBM's 5AM technology as a functiof temperature for
three di erent power supplies. Measurement results show that bbtcircuits function
well across the wide temperature range of 27TC to -230 C. The output voltage of
the rst-order voltage-mode circuit, however, seems to be merdependent on the
power supply voltage than the output voltage of the current-rade type. This can be
improved by employing cascode stages in the rst-order voltagaode circuit.

A typical metric used to evaluate the stability of a voltage reérence across tem-
perature is its temperature coe cient. This is normally exgressed in parts-per-million

per degree Celsius (ppm/C) and is de ned as

Vv

Vi) T 10°; (14)

Temperature Coe cient =

where T, is the nominal temperature,V (Ty) is the output voltage at the nominal
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Table 2: Performance comparison of di erent SiGe BGR circuits

Reference First-Order First-Order First-Order Compensated Compensated
Voltage-Mode (5AM) | Current-Mode (5AM) | Voltage-Mode (8HP) (5AM) (8HP)
1192 @ 27C 1237 @ 27C 1.044 @ 27C 1176 @ 27C | 1.048 @ 27C
Viet (V) 1.168 @ -180C 1215 @ -180C 1.039 @ -180C 1.162 @ -180C | 1.050 @ -180C
1.143 @ -230C 1.196 @ -230C 1.030 @ -230C 1.140 @ -230C | 1.047 @ -230C
46.8 (-50:27) 22.2 (-50:27) 13.2 (-50:27) 10.6 (-50:27) 8.4 (-50:27)
TC (ppm/ C) 95.9 (-180:27) 91.2 (-180:27) 23.1 (-180:27) 57.6 (-180:27) 20.2 (-180:27)

159.2 (-230:27)

135.4 (-230:27)

52.1 (-230:27)

118.4(-230:27)

17.6 (-230:27)

temperature, and V is the maximum output voltage deviation across the intended

temperature range T. Figures 14 and 15 show that the current-mode topology has

a better temperature coe cient than the voltage-mode topobgy. To improve the

temperature stability of the reference circuit, an exponerl curvature-compensated

BGR was also characterized. The measurement results are showrFigures 16 and

17. Comparing Figure 16 with Figures 14 and 15, one can see thhé temperature

dependency of the output voltage has signi cantly improved.

To evaluate the performance of SiGe BGR circuits implemerden a highly scaled

SiGe technology, the rst-order voltage-mode BGR and the exjgnential curvature-

comp-

ensated BGR both designed in IBM's SiGe 8HP technology, and wecharacterized

across temperature. In the 8HP curvature-compensated BGR ciit, the geometry of

all of transistors, except for theQ,, is 0.12 5:0 m?. The area of transistorQ, consists

of sixteen parallel copies of);.

Figure 18 shows the measurement results of the

output voltage of these two circuits. As with the 5AM BGR circuits, the curvature-

compensated BGR provides better temperature coe cient tharthe rst-order BGR,

as expected. Comparing Figure 18 with Figures 14 and 16 shovimst BGR circuits

designed in third-generation SiGe technology provide bettperformance and stability

than the ones implemented in the rst-generation technology Table 2 provides a

performance comparison for all the SiGe BGRs used in this studf comparison of




the two exponential curvature-compensated BGR circuits imlpmented in IBM's 5AM
and 8HP technologies with the existing state-of-the-art Si refences ([72],[80]),[83])

across a more standard operating temperature range is givenTable 3.

3.3 Impact of Ge Prole Shape

The e ects of Ge grading on a simple SiGe BGR circuit over the teperature range
of -55 Cto 85 C was rst investigated using SPICE simulations in [77]. The base-

emitter voltage of a SiGe HBT is expressed as [77]

1 T
Vee (T) = ango Egb’ Eg:ce(0)g qTRfEO Eg’ Egce(0)g (15)

T kT lc kT T
+ —Vggr +f—1In— —In —
T BE:R q n Ion m q n TRg
k_T In 1 exp( Eg;Ge(grade)R:kTR)
1 E‘Xp( Eg;Ge(grade)sz)

KT TR Eg;Ge(grade)

q T Eg;Ge(grade)R

whereTg, Icr, and Vger are the reference values of their respective parameteisy,
is the Si bandgap under low doping, ancEggp is the bandgap energy in the presence
of heavy doping. It can be seen that unlike the case with Si BJTshé temperature
dependency of the base-emitter voltage of SiGe HBTs is a complkeinction of tem-
perature and the impact of Ge pro le shape shows up in the equats. To further
investigate the impact of Ge pro le shape on the wide temperate operation of SiGe
BGR circuits, two unique Ge pro les optimized speci cally forcryogenic operation
were developed in SiGe 5AM technology [86]. A comparison of thieape of these two
Ge pro les (noted as \Cryo Ge #1" and \Cryo Ge #2") with the Ge p ro le in the
standard 5AM process (noted as \Control Ge") is shown in Figure 19Cryo Ge #1
and Cryo Ge #2 are the optimized cryogenic pro les designed lsad upon calibrated
2-D simulations over temperature, with constant stability anddeeper retrograding,
respectively (the latter to improve immunity to heterojunction barrier e ect). Mea-

surement results for the peak current gain and peak cuto freqncy as a function of
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Table 3: Performance comparison of SiGe and Si BGR circuits.

Reference | Compensated | Compensated [75] [83] [72] [80]
BGR BGR
Technology SiGe 5AM SiGe 8HP SiGe 5HP 15 m 6 m 06 m
Si BiICMOS CMOS CMOS
Vee (V) 3.3 25 25 5 - 2
Vref (V)
@ 1.172 1.026 1.328 1.264 1.192 1.142
T=27 C
7.8 (-50:27) 37.3 (-50:27) | 36.5 (-50:150)| 3.5 (0:70) 13.1 (0:70)
TC 28.1 (-180:27)| 20.3 (-190:27) 5.3 (0:100)
(ppm/ C) | 69.9 (-230:27) | 27.1 (-230:27)| 25.1 (0:75) | 8.9 (-55:125)| 25.6 (-55:125)

temperature are shown in Figure 20. As it can be seen from Figur,2all three Ge
pro les exhibit excellent characteristics down to -230C, while the two optimized Ge
pro les give signi cantly better DC and AC performances at pa@k f+ and into high
injection, as intended. More details about these two pro lesan be found in [86].
An exponential curvature-compensated BGR circuit (Figure 13was fabricated
using these three Ge pro le shapes for SiGe HBTs and each circuiaigvfully char-
acterized over the temperature range of 27C down to -230 C. The deviation from

base-emitter voltage linearity, jincariy , IS de ned as

(voe () ECLL el r 1y: e

linearity = Vee (T)

and is plotted for transistor Qs in Figure 22 for the temperature range off =-180
Cto Ty=27 C.

Note that transistor Qs is biased with a PTAT current. The metric has

linearity
usually been reported for the case when the transistor is biased aked collector
current [77]. However, in many BGR topologies, the collectorucrent for the tran-
sistors inside the circuit is instead the PTAT current. Calibraed 2-D simulations of
ineariy TOr @ single transistor with a size ofQs, at xed biased current and com-

parable collector-base voltage, are di erent from the meased results at the PTAT

current for each of the three Ge pro les. Measurement results slidhat the Cryo Ge
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Figure 19: Ge pro le shapes.

Figure 20: Measured results for the maximum current gain and pedk- as a function
of temperature for three Ge pro les.
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Figure 21: Measured deviation from linearity for a SiGe HBT biased with a PAT
current for the three Ge pro les.
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Figure 22: Measured output voltage of exponential curvature-compensad BGR
circuit as a function of temperature for three Ge pro les.
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Table 4: Performance metrics for exponential curvature-compensatédBGR circuit
implemented in three di erent SiGe pro les

| GeProle | Control Ge \ Cryo Ge #1 Cryo Ge #2
Viet (V) 1.1885 (27 C) 11723 (27 C) 11762 (27 C)
@ 11778 (-180C) 11662 (-180C) 11625 (-180C)
Vee = 3.3V 1.1629 (230 C) 11519 (230 C) 1.1408 (230 C)
lee ( A) 139 27 C) 126 27 C) 130 27 C)
TC (ppm/ C) 17.1 (-50:27) C 10.6 (-50:27) C 7.8 (-50:27) C
@ 49.8 (-180:27) C 57.6 ((18027) C | 281 (-180:27) C
Ve =33V 89.1 (-230:27) C 118.4 (-230:27) C 69.9 (-230:27) C

#2 has the maximum deviation from linearity, while the Control Ge pro le results in
the minimum deviation from linearity over temperature. Theoutput voltage of the
reference circuit as a function of temperature for the thre@e pro les is shown in Fig-
ure 22. For ease of comparison, the output voltage for the cintun each pro le was
normalized by dividing it to its nominal voltage at 27 C. It can be seen that circuits
with Cryo Ge #2 and Cryo Ge #1 pro les show the best and the worst tenperature
coe cients among the three pro les, respectively. The tempeature coe cients for

the three pro les are summarized in Table 4. Our best case resulf 88.1 ppm/ C

for the cryo Ge prole #2 from 27 C to -180 C, more than satis es the required

speci cations for many cryogenic applications.

3.4 Summary

We presented measurement results of the bandgap voltage referes implemented in
two di erent IBM BiCMOS SiGe technologies. Di erent architectures for the BGR
were explored. All circuits operate reliably over an extrenigwide temperature range.
Bandgap voltage references designed in the highly scaled 8HRheology platform
showed to be more robust with respect to temperature variationThe impact of Ge

pro le shape on the performance of BGR circuits was also invegtted.
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CHAPTER IV

OPERATION OF SIGE DEVICES AND CIRCUITS AT
EXTREMELY LOW TEMPERATURES

Sub-millimeter wave-length astronomical instrumentation gnerally requires readout
circuits and detectors which can reliably operate in the deecryogenic temperature
regime, so that thermal noise is strongly suppressed and the ovénaérformance of
the system is improved. Analog circuits such as voltage and cuntereferences, as well
as ampli ers, are essential components of such detectors anddeat circuits [87]-[90].
As discussed earlier, due to severe limitations in functionalitgf conventional semi-
conductor devices at extremely low temperatures, these reqitée electronic circuits
are required to be operated at temperatures considerably higr than the detectors
operating temperature. A schematic diagram of a detector rdaut circuit used in
X-ray spectrometer is shown in Figure 23 as an example [91]. THEET gives reliable
performance at a signi cantly higher temperature than the dector's. Therefore,
the system consists of several cryogenic coolers (one for the tetegc circuits and
others for the remaining detector components) so that multigl temperatures can be
provided [88], [90], [91]. If the electronic circuits coulbe designed to operate at the
detectors operating temperature, the need for large numkeeof signal wires providing
connections between intermediate cryogenic coolers wolld eliminated, resulting in
dramatic reductions in system weight and volume, and the cost tfie overall mission.
In this chapter, we will investigate the capability of SiGe tansistors and circuits
for operation at deep cryogenic temperatures. Sub-1-K funonalities of SiGe HBTs
and a SiGe BGR circuit are demonstrated. In addition, a voltag reference circuit

delivering robust performance at 37 K is successfully realizeddacharacterized at 37

42



Figure 23: schematic diagram of a detector readout circuit used in x-ray sgtrom-
eter (after [91]).

4.1 Sub-1-K Operation

As it was discussed in the previous chapters, SiGe BICMOS techngjohas emerged
as a compelling technology platform for implementing elenic circuits intended for
extreme environment applications. A substantial amount of thavailable information
on the cryogenic operation of SiGe HBTs and circuits has beeimlted to a lower
temperature bound of about 4.2 K (liquid-helium temperatue) [92]-[97] and no data is
available on the capability of SiGe HBTs and circuits for opeation below 4.2 K. Since
many transistor-relevant parameters (e.g., carrier densityare thermally-activated
(proportional to exp(E=KT)), the impact of temperature on the carrier distributions
between say 4.2 K and 300 mK, is enormous (e.g., if E = 1 eV, a changy a factor
of exp(17943) theoretically exists in intrinsic carrier concentratio between 4.2 K
and 300 mK). As a result, it is widely believed that Si bipolar tansistors will not

function at sub-1-K temperatures. Note that carrier freeze-dus minimized in SiGe
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HBTSs, since the base, emitter, and signi cant portions of the cadictor are doped well
above 3 10" cm 2, a minimum required doping level in Si for the occurrence ohée
semiconductor-metal (Mott) transition [1], [37], [98]. In ths section we present the
rst DC measurement results for SiGe HBTs operating in environmds as low as 300
mK. In addition, the operation of a SiGe BGR is fully veri ed for operation in the

sub-1-K regime.
4.1.1 Experimental Setup

An exponential curvature-compensated BGR circuit (Figure Jdmplemented in IBM's
5AM technology was selected for this study. HBTs with an emitteri@a of 4 0.5 2.5
m? were chosen as device structures. The transistors along with th&58 BGR were
mounted into a 48 pin ceramic at-package and wirebonded. Tépackage was epoxied
into a copper sample holder and was mounted on the copper colégé of a pumped
3He refrigerator capable of reaching a base temperature of lessaut 300 mK under a
40 W heat load (Figure 4). A calibrated ruthenium-oxide tempeature sensor was
located nearby to obtain the temperature of the cold stage. laddition, a Cernox
temperature sensor, CX-1010-BR [99], was mounted adjacent toet die in the pack-
age, to closely monitor the dies temperature during the expierent. This temperature
sensor is a sputter-deposited thin Im resistor with a negative teerature coe cient.
The measured resistance of the Cernox as a function of thide pot temperature, at
252 mK, and for a temperature range of 400 mK to 800 mK, is shown Figure 24. A
photomicrograph showing the location of the sensor and die inghpackage is shown
in the inset of Figure 24. It can be seen that a sensor resistance \alaf 600 or
larger corresponds to die temperatures lower than 800 mK. Tmaistor DC charac-
terization was performed using an Agilent 4155 Semiconduct®arameter Analyzer.
The output voltage of the BGR circuit was recorded as a funabn of temperature,

during both cool-down and warm-up, using precision Agilent mets.
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Figure 24: Measured characteristics of the on-package Cernox resistor afiaction
of the measuredfHe-pot temperature.

4.1.2 Experimental Results

The refrigerator reached a base temperature of 252 mK with nxtea heat load in-
jected into the system. The system was maintained in this state f&0 minutes prior
to performing DC characterization to ensure equilibration. In order to verify the
functionality of SiGe HBTs at this base temperature, forcedB output characteris-
tics were measured at nA-level currents to establish transistor t@n. During these
measurements the total power injected into the system was kepelow 40 W. Shown
in Figure 25, are the output characteristics of the SiGe HBT taén at 4.0 K, 1.4 K,
and 252 mK, for base currents of 40 nA to 100 nA. The characteristiof the Cer-
nox resistor during these measurements is shown in Figure 26 wheiows that the
package temperature remained below 300 mK (Figure 24). As it be seen, clear
transistor functionality is observed, and at the base current 0100 nA, a maximum

current gain of 9.2 is achieved at package temperatures lawidan 300 mK. At a
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VCE of 1.0 V, and IB of 100 nA, the power dissipated by the SiGe HBT issémated
to be around 1 W at this temperature. Forced-IB output characteristics at hgher
base current levels, as well as the full Gummel characteristicaere also measured
and the transistor showed reasonably ideal behavior. However,alto the injection of
relatively large amounts of heat during these measurements, amiperature rise was
observed in the package.

Figure 27 shows the measured output voltage of the SiGe BGR aiitoperating
over a 1,200-second window at a sub-1-K operating temperaturéThe measured
resistance of the Cernox sensor during this measurement is showrFigure 28. The
average output voltage obtained during this period was 1.62 V, and the voltage
deviation from the average value was less than 80(/. With a 3.3 V power supply,
the circuit consumes an average current of 39.5A and dissipates 130 W. During
the measurements, the package temperature stayed below 700 nfHglre 24). The
observed uctuations in the output voltage can be further deeased by adding an
on-chip capacitor at the output node.

The measured output voltage as a function of package tempeuag is shown in
Figure 29. As explained in chapter 3, the output voltage of th8GR circuit (Figure

13) can be estimated as

Vour=V g3+ \R{BlE (kiR2 + I<2Q_R§)1 (17)

where k; and k, are the ampli cation factors of the PTAT current in the last
two stages. We point out that the circuit was originally designé and optimized for
the military speci cation temperature range (-55 C to +125 C). One can see from
Figure 29 that as the temperature drops below 220 K, the ratef ancrease in the
base-emitter voltage is dominated by the rate of decrease inglPTAT voltage, and

as a result, the output voltage decreases as the temperaturerexduced. Below 36
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Figure 25: Measured forced-IB output characteristics of a 40.5 2.5 m? SiGe
HBT at 4 K, 1.4 K, and below 300 mK.
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Figure 26: Measured resistance of the Cernox sensor during HBT measurements.
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Measured output voltage of a SiGe BGR over 1,200-s window when

operating at temperatures below 700 mK.

Figure 27:

Figure 28: Measured resistance of the Cernox sensor during BGR measurements.
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K, however, the output voltage begins to rise. This is due to # fact that the non-
linearity in the temperature variation of the base-emitter wltage becomes more severe
at these extremely low temperatures [100] and its rst-orderegmperature coe cient
is therefore decreased. As a result, the Vge voltage (second term in (17)) will
no longer vary linearly with temperature, and instead it becmes a weak function
of temperature. Therefore, the output voltage starts to inease, as the negative
temperature coe cients of Vge. 3 becomes the dominant factor. Although we expect
this trend to continue down to mK temperatures, a slight decrese in the output
voltage is observed when the temperature is further decreaseelow about 4K. More
investigation is required to understand this behavior. Figwr 29 veri es that the
exponential curvature-compensated SiGe BGR circuit is fyllfunctional across the
temperature range of 700 mK to 300 K, with a temperature coe @nt of 160 ppm/

C.

4.2 Operation at 37 K

Another example of applications that requires electronic®otbe exposed to an extreme
environment condition is the James Webb Space Telescope o This telescope
needs to be cooled to temperatures in the vicinity of 40 K so itan achieve the
required sensitivity in the near- to mid-infrared spectrum [1B As a result, electronics
capable of operating robustly at such ultra low temperatures ¥/ be needed. One of
the system requirements calls for the design of a voltage refece mounted on the
ASIC package that can robustly generate an output voltage of 2.V with a power
supply of 3.3 V, at operating temperature of 37 K. To investigatehe feasibility of
SiGe technology for this application, SiGe BGR circuits wer developed using IBM's
5AM SiGe BICMOS technology. Based on the measurement results ofedent BGR
circuit topologies, an exponential curvature-compensated@R circuit was selected

as the core of the voltage reference. To make sure the circuillvgenerate an output
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Figure 29: Measured output voltage (1,526,900 points) of the SiGe BGR adfanc-
tion of temperature.
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Figure 30: BGR designed for ultra low temperature operation.

voltage of 1.2 V at 37 K, regardless of process and supply vara@ts, the exponential
curvature-compensated BGR was placed into a resistive feedkawetwork, as shown
in Figure 30. In this circuit, when terminals V¢ and Rj, are shorted, the output

voltage is expressed as

R
Viet = Vout;exp. Ber (1 + R_i)y (18)

whereVoutexp. Ber IS the output voltage from the exponential curvature-compesated
BGR circuit.

A resistive network with eight terminals was implemented to &w trimming of
the output voltage. The nine terminals of the network are comected to external pins
and in case trimming is required, the resistive network can get iseries with resistor
R; with proper external connections to adjust the output voltag to the required
value and also to nd the optimum value for resistorR; for future fabrications.

The core circuit (exponential curvature-compensated BGR)tself, and the nal
BGR circuit were fully characterized at 37 K. Measurement rests for the output
voltage of both circuits across a 3600 s time window, are showm figure 31. As
it can be seen, after stabilization, both circuits function riably at this temperature
and an output voltage of 1.2 V was indeed achievable at 37 K,early good news for
JWST mission. Resistive network was employed in order to obtaimaoutput voltage

of 1.2 V at this extremely low temperature. Measurement reswdtshow that with the
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Figure 31: Measured output voltage of the exponential curvature-compsated BGR
and its ampli ed version at 37 K as a function of time.
power supply of 3.3 V, the total power consumption for the core anthe nal BGR

circuits are 128 W and 248 W, respectively.

4.3 Summary

In this chapter, we demonstrated the DC measurements of SiGe HBToperating
in environments below 1 K. The SiGe HBTs remain functional, whh usable current
gains. A SiGe BGR circuit was also fully characterized and veed to operate reliably
at sub-1-K temperatures. A voltage reference circuit deliverg robust performance

at 37 K was successfully designed and fully characterized.
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CHAPTER V

THE IMPACT OF PROTON IRRADIATION ON SIGE
BGRS

In this chapter, the impact of proton irradiation on the widetemperature performance
of SiGe BGR circuits is investigated. To investigate the e ecbof technology scaling
the SiGe references designed in two SiGe technologies; rstdahird-generation tech-
nologies are considered. To investigate the impact of tempénee and bias during
the irradiation, three di erent radiation experiments are performed. In the rst ex-

periment, voltage references from the two SiGe technologiare irradiated under bias
at room temperature. For the second experiment, the refereee from the two SiGe
technologies are irradiated cold while under bias, and for ¢hthird experiment, one
reference from the third-generation SiGe technology is adiated at room temperature

with all pins grounded. Experimental measurements are prayed and discussed.

5.1 Experiment

The bandgap voltage references used for this study are the rsrder (Figure 11)
and the exponential curvature-compensated BGRs (Figure 13hat were described
in Chapter 3. Both BGRs were implemented in IBM's 5AM and in IBMs 8HP SiGe
BiCMOS technologies. Circuits were mounted onto 28-pin carac DIP packages,
wire-bonded, and characterized prior to proton irradiatio. The samples were irradi-
ated with 63.3 MeV protons at the Crocker Nuclear Laboratory athe University of
California at Davis.

To investigate the e ects of irradiation temperature, irradation bias, and tech-

nology scaling, the following three experiments were perfoed:
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Experiment I: The circuits from both SiGe technologies, wergradiated under
bias at room temperature. Two di erent equivalent total doss were used: 600
krad(Si) (a proton uence of 4.3x162 p/cm?) and 3 Mrad(Si) (a proton uence
of 2.1x1G63 p/cm?).

Experiment II: The circuits from both SiGe technologies, wer inserted into
a liquid nitrogen bath and were irradiated under bias at 77 K.The output
voltages of the 8HP references were measured at 77 K, duringattation, at
four total dose levels of 300 krad(Si), 600 krad(Si), 1 Mrad{Sand 3 Mrad(Si).

The measured equivalent total dose for the 5AM reference was 3 &di(Si).

Experiment 1ll: The exponential curvature-compensated BGRrom the IBM's
8HP SiGe technology was irradiated at room temperature, witkall terminals
grounded (previously shown to have negligible impact on the detion response
of individual SiGe HBTs [101]). The measured equivalent totatlose was 600
krad(Si).

5.2 Results and Discussion

The output voltage of each circuit was measured prior to, and ssequent to irradi-
ation, at di erent temperatures ranging from -263 C to 27 C. Electrical measure-
ments were performed using an Agilent 4155 Semiconductor Pareter Analyzer. In

the following sections, the measurement results of each expeeinh are discussed.
5.2.1 Experiment I. Irradiation at Room Temperature

Measurement results from Experiment | are shown in Figures 353 As mentioned
above, in this experiment the samples were irradiated at rootemperature while they
were under bias. Figure 32 shows the percentage change in thépativoltage of the
5AM BGR as a function of temperature for total dose values of 60krad(Si) and 3

Mrad(Si). Previous studies on the e ects of radiation on prasion voltage references
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Figure 32: Change in the output voltage of 5AM BGR irradiated at room temgr-
ature as a function of temperature.

usually report this percentage change as a function of totalode/proton uence, but
only at room temperature. Here, we have shown these changes dawrextremely

low temperatures. The percentage change was calculated aciog to

Vrefpost-rad (T)-VI‘Ef pre-rad (T)
Vrefpre_rad (T)

Vref(T)(%) = 100 (19)

Figure 32 shows that for the case of 3 Mrad(Si) total dose, the pmmtage change
in the output voltage of 5AM BGR is larger than for the case of 60Brad(Si), and
the percentage change becomes larger at very low temperasr To assess what
part of circuit plays the role in causing the value of the outptivoltage to change
after the reference was irradiated, the base-emitter voltagof transistor Q; and the
base-emitter voltage di erence of transistors),; and Q, were measured both before

and after irradiation and their percentage changes have he@lotted in Figures 33
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Figure 33: Change in the base-emitter voltage o3 inside 5AM BGR irradiated at
room temperature as a function of temperature.
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Figure 34: Change in the dierence ofQ; and Q, base-emitter voltages of 5AM
BGR irradiated at room temperature as a function of temperaitre.
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and 34, respectively. One can see that the percentage changethe base-emitter
voltage dierence is much larger than the percentage change the base-emitter
voltage, indicating that the PTAT current generator likely plays the main role in
causing the output voltage to change following irradiation.For this PTAT current
generator section to operate properly, the current in the tworanches should remain
equal. Any mismatches between the large and small area transistan these two
branches can degrade the overall performance of the circaind measurement results
con rms this assumption. The line regulation was also measurechd it was observed
that it remains well-behaved across the extreme temperaturange before and after
irradiation.

Figures 35 and 36 show the percentage change in the output \ages of the 8HP
rst-order and curvature-compensated BGRSs, respectively, fototal dose values of
600 krad(Si) and 3 Mrad(Si). From the data, it can be seen thattte circuits function
well down to temperatures as low as -263C. It can be observed that the proton-
induced changes in the BGR are minor, even at cryogenic temp&ures. Comparing
the e ects of proton radiation on the circuits for the two SiGe technologies, we can see
that 5AM references are generally more susceptible to radiaticdamage than 8HP
references, consistent with the overall TID robustness of the inddual transistors

[51].
5.2.2 Experiment II: Irradiation at 77 K

In this experiment, the e ects of proton irradiation on the wltage references im-
plemented in both SiGe technologies were investigated whemadiated cold. The
samples were irradiated at 77 K and under operational bias dag the experiment.
Measurement results are shown in Figures 37-42. In each gurdet radiation per-
formed at room temperature is also shown for comparison. The gentage change in

the output voltage of the 5AM BGR is shown in Figure 37. It can be loserved that
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Figure 35: Change in the output voltage of 1st-order 8HP BGR irradiated atoom
temperature as a function of temperature.
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Figure 36: Change in the output voltage of curvature-compensated 8HP BGRra-
diated at room temperature as a function of temperature.
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Figure 37: Change in the output voltage of 5AM BGR irradiated at 77 K as a
function of temperature.

the change in the output voltage, when the reference is irraated cold, is much less
than when it is irradiated at room temperature, clearly goodews for applications at
cryogenic temperatures. This is consistent with what was obsed for the individual
transistors [49]. Figure 38 shows that the percentage changetie base-emitter volt-
age of transistorQs is less than 0.5 % when the reference is irradiated at 77 K. The
percentage change in the base-emitter voltage di erence afhsistorsQ; and Q; is
shown in Figure 39. It can be seen that for most temperatures theepcentage change
remains the same for both samples (irradiated at room tempernate and irradiated at
77 K). Interestingly, however, at deep cryogenic temperates, the percentage change
in Ve for the sample irradiated at room temperature is far larger thn that of the
sample irradiated cold. The percentage change of the outpublages of the 8HP

references as a function of total dose at 77 K are plotted in Rige 40. As it can be
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Figure 38: Change in the base-emitter voltage o3 inside 5AM BGR irradiated at
77 K as a function of temperature.
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Figure 39: Change in the dierence ofQ; and Q, base-emitter voltages of 5AM
BGR irradiated at 77 K as a function of temperature.
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Figure 40: Output voltage of 8HP references as a function of total dose @7 K
irradiation.

seen, the percentage change increases as the total dose inceeaBee change in the

output voltage of the rst-order and curvature-compensated BP BGRs irradiated

at 77 K as a function of temperature are shown in Figures 41 and® 4respectively.

Unlike the case of the 5AM references, the output voltage of the 8Hsamples irradi-

ated at 77 K changed more after irradiation compared with theamples irradiated at

room temperature. However, the percentage change for both 8HEferences is less

than 0.4 %, clearly acceptable for most applications.

Table 5: Temperature coe cients of 5AM SiGe Voltage Reference over Erent
Temperature Ranges.
Temperature Experiment | Experiment Il
Range pre-rad \ post-rad (3 Mrad(Si)) pre-rad \ post-rad
(-55to 27) C 19.52 ppm/ C 27.45 ppm/ C 8.06 ppm/ C 19.22 ppm/ C
(-180 to 27) C 72.29 ppm/ C 55.11 ppm/ C 64.61 ppm/ C 49.99 ppm/ C
(-243t0 27) C 96.29 ppm/ C 168.83 ppm/ C 101.66 ppm/ C 88.08 ppm/ C
(-263t0 27) C 122.37 ppm/ C 167.51 ppm/ C 120.63 ppm/ C 121.52 ppm/ C
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Figure 41: Change in the output voltage of the rst-order 8HP BGR irradiated at
77 K as a function of temperature.
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Figure 42: Change in the output voltage of curvature-compensated 8HP BGRra-
diated at 77 K as a function of temperature.
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Figure 43: Change in the output voltage of curvature compensated 8HP BGR
irradiated with all pins grounded, as a function of temperaire.

5.2.3 Experiment Ill: Irradiation with all pins grounded

In this experiment, the 8HP curvature-compensated refereneeas irradiated at room
temperature with all the pins grounded. Measurement resultsf ¢his experiment are
shown in Figure 43. Data obtained from experiment | is also shownr comparison.
Interestingly, these results indicate the proton damage for th reference is larger for
the case when the circuit is under bias during radiation, congped to the case when
the circuit is irradiated with all pins grounded, and is di erent than the response for
the individual transistors, where grounded operation is genalty found to be worst
case.

The temperature coe cients of the 5AM voltage reference bottbefore and after

irradiation from the two experiments, across four di erent tenperature ranges, are
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summarized in Table 5. These numbers demonstrate that the imptaof proton irra-
diation at 77 K on the output voltages and temperature coe cents of the 5AM BGR
circuit are minor, and are clearly encouraging for extremengironment applications

of SiGe technology.

5.3 Summary

In this chapter, proton tolerance of SiGe BICMOS voltage refences intended for
extreme temperature range electronics was investigated. &heference circuits were
designed in two distinct SiGe technologies (IBM SiGe 5AM and IBM5iGe 8HP).
Three separate proton radiation experiments were performedeasurement results
show that the PTAT current generator inside the reference citgts is the most vulner-
able component of the circuits to induce proton damage, butigeneral the circuits
work well up to Mrad levels of total dose. The output voltage othe 5AM refer-
ence circuits show larger percentage changes than those of &P references, after
irradiation at room temperature. Irradiation at 77 K produces less damage to the
5AM reference circuits than irradiation at room temperature For the 8HP reference
circuits, the damage of radiation at 77 K was slightly larger tan the damage of ra-
diation at room temperature, but still relatively minor. Comparing the measurement
results at 27 C obtained from this study, with those of previous studies [102104],
indicates that the output voltage change due to proton in u@ce is minimal in the

SiGe BGR circuits, even down to cryogenic temperatures.
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CHAPTER VI

THE IMPACT OF X-RAY IRRADIATION ON SIGE BGRS

Proton radiation response of SiGe BGRs was studied in the preus chapter and
only minor changes in the SiGe BGR performance up to total iazation dose (TID)
of 3 Mrad(Si) was observed. In this chapter, we investigate the ects of irradiation
source on the performance of BGR circuits. At the transistor leVedi erences in
the degradation induced by 10 keV x-rays and 63.3 MeV protorigve been observed
[105], [106], which provides a clear motivation to determéif these source dependent
di erences will be encountered at the circuit level as welk ecting the overall circuit
performance.

This chapter is organized as follows. We rst present a comprehgive investiga-
tion of the performance dependencies of irradiated SiGe BGérrcuits on TID level
and radiation source. Two types of SiGe BGR circuits were desigd and exposed to
x-rays at two di erent TID levels, 1,080 krad(SiG,) and 5,400 krad(SiQ). Degrada-
tion due to 10 keV x-rays is shown to be dependent on both the TIlevel and the
circuit topology. The origins of these dependencies are istggated and explained
through detailed circuit analysis. To investigate the e ects bradiation source on
circuit performance, the circuit topology showing the worstase degradation from
the x-ray experiment was exposed to 63.3 MeV protons to the saneeective TID
level. Measurement results from proton irradiation are compad with those from
the x-ray experiment and it is shown that circuit response is inekd radiation source

dependent. Possible explanations for this observation are dissed.
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6.1 Experiment

To better understand the e ects of irradiation on the perfornance of SiGe voltage
references, two di erent BGR circuit topologies, namely the rst-order BGR (or un-
compensated BGR shown in Figure 11), and the exponential cutuse-compensated
BGR (shown in Figure 13) implemented in IBMs SiGe 5AM BiCMOS tdanology plat-
form, and as described in Chapter 3, were selected. The BGR ciits and along with
5AM HBT transistors were mounted onto 28-pin ceramic DIP package wirebonded,
and fully characterized both prior to, and subsequent to irraidtion. A closed-cycle
helium cryostat was used for characterization over temperate. X-ray irradiation was
performed at Vanderbilt University using an ARACOR x-ray test systen. Circuits
under operating bias and devices in forward-active bias cguration were irradi-
ated at room temperature with 10 keV x-rays to total ionizingdoses (TID) of 1,080
krad(SiO,) and 5,400 krad(SiQ), at the dose rate of 60 krad(Si@)/min. All electri-
cal measurements were performed using an Agilent 4155 Semiagctdr Parameter

Analyzer.

6.2 X-Ray Irradiation

The output voltages of the two SiGe BGR circuits were measureldefore and after
x-ray irradiation, at di erent temperatures ranging from 27 C down to -230 C.

Measurement results are shown in Figures 46-49. Figures 46 andshow the output
voltage of the rst-order BGR and the compensated BGR, respedciely, before and
after irradiation to total dose value of 1,080 krad(Si@). As it can be seen, a small
shift in the output voltage of the compensated BGR is observed aiss temperature
after irradiation. The change in the output voltage of the rst-order circuit is almost
negligible after x-ray exposure. These gures show that bothrciuits are quite robust
to x-ray exposures up to 1,080 krad(Sig). The output voltage of the rst-order and

the compensated BGRs before and after x-ray irradiation at a ID level of 5,400
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Figure 44: Output voltage of uncompensated BGR before and after x-rayradiation
with TID = 1,080 krad(SiO »).

Figure 45: Output voltage of compensated BGR before and after x-ray irgiation
with TID = 1,080 krad(SiO ,). 67



Figure 46: Output voltage of uncompensated BGR before and after x-rayradiation
with TID = 1,080 krad(SiO »).

Figure 47: Output voltage of compensated BGR before and after x-ray irgiation
with TID = 1,080 krad(SiO ). 68



Figure 48: Output voltage of uncompensated BGR before and after x-rayradiation
with TID = 5400 krad(SiO ,).
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Figure 49: Output voltage of compensated BGR before and after x-ray irgiation
with TID = 5,400 krad(SiO ;). 69



krad(SiO,) is shown in Figures 48 and 49, respectively. Unlike the previswase, the
output voltage of both circuits show signi cant degradation &ross all temperatures.
This shift in the output voltage is more visible in the compensad BGR than in the
rst-order BGR. Table 6 summarizes the performance metrics dhe two SiGe BGR
circuits before and after x-ray irradiation to total dose valies of 1,080 krad(Si¢) and
5,400 krad(SiQ). Note that the circuits used for the two TID exposure experimets
are from two di erent dies, and the di erence among the pre-rd performance metrics
is attributed to the on-wafer process variations. The observedegradation in the
output voltage of the BGR circuits due to exposure to high dose-says could be
potentially an important issue for certain extreme-exposurepplications (e.g., outer
planet exploration), since BGR circuits are widely used, andfien embedded inside
sensitive circuits such as data converters, where their individl block-level response
may be masked. Therefore, it is important to understand the agins that cause the

observed output voltage anomalies.
6.2.1 Discussion

To identify the origins of degradation in the output voltageof SiGe BGR circuits after
exposure to high-dose x-rays, we need to carefully examine theotcircuit topologies
and understand what parameters actually contribute to genating the output voltage.
We rst start with the rst-order BGR circuit, shown in Figure 11. As it can be seen
from equation (9), the base-emitter voltage of transistoQs; and the currentl s are
the main contributers to the magnitude of the output voltage Note that the value
of the resistorR; is 7:4 k and as a result a small shift of 2 A in the magnitude of
the current | ¢ will change the magnitude of the output voltage by almost 15nV .
The base emitter voltage of transistorQ; was measured prior to, and subsequent
to irradiation over temperature while the circuit was underoperation. The results

are plotted in Figure 50. This Figure shows that even for a higiID level of 5,400
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Figure 50: Change in the dierence ofQ; and Q, base-emitter voltages of 5AM
SiGe BGR irradiated at room temperature as a function of temgrature.

krad(SiO,), the change in the base-emitter voltage of transistds; across temperature
is small (typically less than 2 mV) after irradiation, suggestinghat the term Vge. 3
does not contribute to the observed TID dependent output volige anomalies. The
presence of the two spikes in this Figure could be attributed tmeasurement error,
as they occur at only two temperature points (0 C and -170 C, well far from each
other). Therefore, we can conclude that,e; is the major contributor to the output
voltage degradation of the BGR circuit. As it can be seen from Bure 11,1 IS
the ampli ed version of Iprar Which is given in (7). In deriving (7), it has been
assumed that the base current is negligible. However, as it hasemediscussed in

[105], [106], the base leakage current increases after x-ragiation and therefore,
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cannot be neglected after exposures to these dose levels. Thedase in the post-
irradiation base current is due to the creation of positive chige in the emitter-base
(EB) oxide spacer and increase in the number of traps at the EB sper oxide/silicon
interface, which results in increased surface recombinatiorlacity [107]. To show
this, four parallel copies of @& 2:5 m 2 device, similar to transistorsQ; and Qs in
the rst-order BGR, were laid out, fabricated and measured por to, and subsequent
to x-ray irradiation. The radiation experiment was perforned while the transistors
were under bias in the forward-active region. Figure 51 showse measured Gummel
characteristics of such a device at three di erent temperatas, before and after x-ray
irradiation. As expected, Figure 51 indicates that the base ctent increases as the
TID level increases. The current gain of this transistor as a fution of collector
current is shown in Figure 52, indicating that the current gan signi cantly degrades
after exposure to TID level of 5,400 krad(Sig), specially when the transistor is biased
in the low bias region. This is indeed the case with all of the Se HBTs in both BGR
circuits, since at room temperature, they are all biased in the26 50) A region.
We thus continue the circuit analysis of the rst-order BGR takng into account the
base currents of both transistor€); and Q.. In this case, thelptar current can be
expressed as

V- 2 A
lprar = - 9)Z7] 1Boz (20)

where, Vr is the thermal voltage, is the current gain, ﬁ—i is the emitter area ratio
of transistors Q, and Q; (equal to 8 in both BGR circuits), and IB g is the base
current of transistor Q,. Equation (20) shows that any change inB g, or  will
directly a ect the magnitude of I p1a7r . Note that any change inlptar IS multiplied
by a factor of kR, and could cause a signi cant shift in the output voltage. This cold
in fact explain the observed TID dependence of output voltageéegradation (Figures
46 and 48). A radiation-induced increase in the base current drthe consequent

degradation of the current gain is much smaller for the TID lesi of 1,080 krad(SiQ)
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Figure 51: Gummel characteristics before and after x-ray irradiation wth TID levels
of 1,080 and 5,400 krad(Sig).

Figure 52: Current gain before and after x-ray irradiation with TID levels of 1,080
and 5,400 krad(SiQ). 73



Table 6: Performance metrics of SiGe BGRs before and

after x-ray idation.

TC (ppm/ C) TC (ppm/ C)
BGR Circuit Viet (V) lec (A) (-180: 27) C (-70:27) C
pre-rad [ post-rad pre-rad [ post-rad pre-rad | post-rad pre-rad | post-rad
Uncompensated 1.186@27 C 1.184@27 C 113.0@27 C 113.7@27 C 90.3 98.0 33.08 22.6
(1080 krad(SiO »)) || 1.163@-180 C | 1.160@-180 C || 51.4@-180 C | 47.9@-180 C
Compensated 1.177@27 C 1.174@27 C 129.9@27 C 130.1@27 C 55.6 82.7 26.3 29.3
(1080 krad(SioO 7)) 1.164@-180 C 1.154@-180 C 55.3@-180 C | 52.1@-180 C
Uncompensated 1.182@27 C 1.168@27 C 115.6@27 C 109.1@27 C 735 65.4 26.2 34.1
(5400 krad(SiO »)) || 1.164@-180 C | 1.158@-180 C || 52.7 C@-180 | 44.3@-180 C
Compensated 1.193@27 C 1.164@27 C 136.9@27 C 132.4@27 C 39.6 74.1 10.1 25.17
(5400 krad(SiO 7)) 1.186@-180 C 1.152@-180 C 67.6@-180 C | 52.7@-180 C

than for 5,400 krad(SiQ) (Figures 51-52) and therefore, according to equation (20)
it is expected that the shift in the output voltage becomes smkdr when the circuit
is exposed to TID levels of lower than 5,400 krad(Sip consistent with our data.
For the compensated BGR circuit, it is observed that the change the magnitude
of the output voltage is much larger compared to that of the st-order BGR, after
x-ray radiation exposure. This observation can also be explad by analyzing the
circuit and explicitly taking into account base current e eds. As discussed in Chapter
3, the output voltage of this circuit is given by (13). The curent |, is equal to the
summation of the collector current of transistorQs, |Cqs, and the base current of

transistor Qs, 1B 3. Transistors Q; and Qs are identical pairs and therefore,

|CQ5: |CQ1: IPTAT |BQ1 |BQ2 |BQ5 (21)

wherelB g1, IB g2 and IB g5 represent the base currents of transistoi@1, Q2 and Q5,
respectively. Similar to the analysis presented for the rst-ater BGR, the current
IpraT In Figure 13 can then be expressed as

3. Az

Iprar = oEilL )22 1B s (22)

Using (21) and (22) in (13), the output voltage of the compensateBGR can be

written as
V- 3.A
Vref = VBE; 3t RZ(_T In[(l _)_2])
Rl Al (23)
+R2( 2|BQ2 |BQ1 |BQ5+|BQ3):
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Assuming identical base currents for all the transistors, (23) canebsimpli ed as

V- 3 A
Viet = Vg3 + RZ(R—TIn[(l —)A—Z] 3IB o2): (24)
1 1

Equation (24) shows that any change in the base current afterradiation results
in almost a 3 shift in the magnitude of the output voltage in the compensated
BGR than in the rst-order BGR. Also note that the value of resistor R, used in the
compensated BGR is twice as large as the one used in the rst-ord@GR.

The discussion provided in this section clearly explains the reans behind the
observed sensitivity of the output voltage to both TID level andcircuit topology. To
prevent the post-irradiation degradation of the performane of these voltage refer-
ences, circuit techniques need to be developed to minimizeetildependency of the

output voltage on the base current of the SiGe HBTSs.

6.3 Proton vs X-ray lrradiation

The results of the e ects of proton irradiation on the perfornance of SiGe BGRs
studied in the previous chapter illustrated that proton-indiced changes in the SiGe
BGR circuits are minor up to a TID level of 3 Mrad(Si). However,in the previous
section, it was shown that x-ray irradiation at high TID level d 5,400 krad(SiQ) can
signi cantly degrade the performance of the BGR circuits. Tonvestigate the impact
of radiation source on the performance of SiGe voltage refaces, the compensated
BGR which showed worse-case performance degradation underay-exposure, was
irradiated to the same e ective TID level of 5,400 krad(SiQ) using 63 MeV protons.
Note that in the case of 63.3 MeV protons, the equilibrium dose in 8nd SiO, di er by
less than 5%. The 63.3 MeV proton irradiation was performed &he Crocker Nuclear
Laboratory at the University of California at Davis. The circuit was irradiated while

under operating bias to a TID level of 5,400 krad(Sig).
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Figure 53: Output voltage of compensated BGR before and after proton iadiation
at 300 K with TID = 5,400 krad(SiO»,).

Figure 54. Gummel characteristics before and after proton irradiatiorat 300 K
with TID = 5,400 krad(SiO ,). 76



6.3.1 Discussion

Measurement results prior to and subsequent to proton irradiatn are illustrated in
Figure 53, showing that the output voltage of the compensated®R has been lowered
across temperature by less than 10 mV. Similar to the discussion givin the previous
section, this post-rad degradation in the performance couldebdue to the fact that
the base current of SiGe HBTs increases after proton irradiatio Figure 54 shows the
Gummel characteristics of the 5AM device at three di erent terperatures, before and
after proton irradiation. This gure indicates that the base current leakage increases
after proton irradiation for all three temperatures, and theefore, and according to
(24), the magnitude of the output voltage should drop after iradiation, consistent
with the data.

A comparison of Figures 49 and 53 indicates that the degradah in the circuit
performance is radiation source dependent and proton irraation shows less degrada-
tion than x-ray irradiation. This di erence could be attrib uted to the fact that at the
transistor level, the increase in the base leakage current is stealfor protons than for
x-rays, as discussed in [105],[106]. This is also observed by conmgaFigures 51 and
54 which show that at the base-emitter voltage of 0.7 V, and at r@o temperature,
the base current after x-ray exposure changes by almost 100 nA, ileht changes by
less than 20 nA after proton irradiation (at the same e ective dse). This di erence
in the degradation induced by x-rays and protons, as discussed [(h05], may lie in
dose enhancement e ects, as low energy x-rays pass through hgyimaterials such

as the copper layers and the tungsten vias of the metal inteneoections.

6.4 Conclusion

In this chapter, we presented a comprehensive investigationtbe performance depen-

dencies of irradiated SiGe voltage reference circuits onlevel, circuit topology, and
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radiation source. Two di erent SiGe bandgap voltage refere topologies were de-
signed and exposed to x-rays at TID levels of 1,080 krad(SiXand 5,400 krad(SiQ).
The degradation in circuit performance after x-ray irradiion was observed to be
dependent on both the circuit topology, and the TID level. X-ay exposure to large
TID levels signi cantly decreased the magnitude of the outputoltage. Explanations
for the observed anomalies were provided using detailed argily of the two circuit
topologies. It was found that the excess base leakage currenthie primary factor that

a ects post-irradiation performance degradation. The ciragit topology that showed
the worst-case degradation from the x-ray experiment was irdgated with 63.3 MeV
proton at 5400 krad(SiQ) TID. Proton and x-ray post-rad circuit responses were
compared. At the same TID level, x-ray irradiation was shown talegrade the circuit
performance more than proton irradiation. This radiationsource dependence was
also attributed to di erences in the excess base current leakag The results pre-
sented in this chapter show that ultra-high-dose irradiation &n signi cantly degrade
the performance of precision voltage references implemahtie SiGe technology. To
prevent post-irradiation performance degradation, circtitopologies have to be care-
fully chosen and circuit techniques need to be applied to mimize the dependency of

the output voltage on the transistor base current.
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CHAPTER VII

SINGLE-EVENT TRANSIENT EFFECTS IN SIGE BGRS

Single-event transients can originate when high energy pafes interact with sensitive
structures in a circuit and deposit su cient energy to generateelectron-hole pairs near
critical electrical nodes of the device. During SETSs, the cogsponding injected charge
carriers can appear in the form of either voltage or current gges (or both), which are
then able to propagate from the device through the circuit tdhe system, resulting
in transient excursions, data corruption, and eventually systenfailure. Since rst
reported in 1993 in operational ampli ers (opamps) and voltge comparators [108],
the SET response of di erent types of circuits (mostly COTS prodcts) have been
investigated through a variety of beam experiments, and deafcircuit simulations
[109]-[124]. When the SET response of a particular circuit isetermined, usually
under a speci c operating condition, one may not be able to uséis response to
predict the SET response of a system where the circuit is used as a sygiem.
Therefore, SET e ects continue to be a growing concern for spa electronics. This
is due to the fact that the amplitude and the duration of SETs @pend on several
factors, including output load, dynamic nodal impedances, @pating conditions, and
the nature of the radiation environment [125].

As it was discussed in Chapter 2, with regard to single-event e ext SiGe HBTs
lack immunity, and require mitigation techniques that can k@ accomplished at the
circuit level [53], or at the device level [23], or both. As a sellt, one might expect
that the SiGe analog circuits will not be immune to transient eects. In this chapter,
we answer the question of how the transients appearing in SiGe HBTpropagate

through a SiGe BGR circuit. The BGR circuit is used to provide he input reference
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voltage to a voltage regulator. HBTs in the BGR circuit are strek by heavy ions
during microbeam experiments, and the subsequent transient respses at the output

of the regulator are captured. These results are presented anxpiained.

7.1 Experiment

In this work, the IBM's 5AM SiGe BiCMOS technology is selectedProton tolerance,
laser induced current transients, and single-event upset mechams of the 5AM SiGe
HBTs have been reported in [49],[52], [122]. Figure 55 showsethchematic of the
voltage regulator used for this study. An exponential curvatug-compensated BGR
(Figure 13) was used to provide the reference voltage to thegudator. The opamp is
a two stage ampli er followed by an emitter-follower bu er, and it is biased with an
on-chip current source. The die photo is shown in Figure 56, shing the location of

each circuit on the chip. The output voltage of the regulatoiis given by
R7
Vout= Vref (1+ R—): (25)
8

The SiGe BGR circuit is designed to generate an output voltagef 1.17 V at room
temperature, and an output voltage of 1.65 V is expected frome regulator. During
normal circuit operation, the substrate is grounded, and a pav supply of 3.3 V is
used to bias the circuit.

The regulator circuit, along with transistor test structures camsisting of 4 parallel
HBTs with emitter area of 0.5 2.5 m?, were mounted onto a high-speed board
(Figure 57) which was speci cally designed for this experimén Using 1 mil gold
bond wires, each terminal of the device under the test, was wirended to an on-
board transmission line with impedance characteristic of appxonately 50 . 18
GHz subminiature version A (SMA) connectors were provided at théack of the
board for each terminal to establish electrical connectivity These SMA launchers
were connected to the terminals of a Tektronix DPO72004 20 GH®0 GS/s) real-

time digital oscilloscope via 40 GHz cables and through 40 GHz bitees. Note that
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Figure 55: Schematic of SiGe voltage regulator.
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Figure 56: Die photo of the SiGe voltage regulator.
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Figure 57: High-speed board for capturing transients.

the DC voltage was blocked by the capacitor inside the bias teend therefore, the
transients have been captured on the scope with 0 DC o set.

TRIBICC testing was performed at Sandia National Laboratory ging 36 MeV
80 jons, with a peak LET of 5.4 MeV.cmd/mg. During ion strike, the regulator
circuit was maintained under normal operating conditions, r&d all terminals of the

transistors were grounded except for the substrate, which wasased at -4 V.

7.2 Results and Discussions

The HBT structures, consisting of 4 0.52.5 m? transistors, were bombarded by
oxygen ions, and the corresponding transient currents at all fio terminals were cap-
tured. Figure 58 shows the location of the strikes that have gemated transient
events while scanning the beam over the area of the four trangiss. As expected,

no transients was collected for strikes outside the HBT's deepetnch. Note that blue
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g g e

Figure 58: Map showing the locations of occurred transients for 4 parall&iGe
HBTs.

squares in Figure 58 correspond to the locations of strikes caagitransient currents
at the collector terminal with magnitude larger than 0.2 mA. t can be seen that
the magnitude of transient currents for strikes over the emittr is signi cantly larger
than the magnitude of transients for strikes outside the emitte(as expected). The
base and collector transient waveforms for strikes outside andey the emitter area of
HBTs are plotted in Figures 59 and 60, respectively. The trangie currents exhibit
the classical exponential shape with fast rise times followed bylarger fall time. In
both gures, the duration of the transient currents appear to e less than 1 ns.
The SiGe HBT bank in the BGR circuit (transistors Q;-Qs in Figure 55, also
highlighted in Figure 56), was targeted for heavy ion strikesNote that transistors
Q1, Q3-Q5, each, consists of four parallel 0.52.5 m? transistors. Transistor Q.
consists of 32 parallel 0.52.5 m? SiGe HBTs. To achieve better matching between

Q: and Q,, a common centroid layout technique was employed (32 transist of Q,
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Figure 60: Base and collector current transients for strikes over the entdr.
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Figure 61: Map showing the locations of occurred transients for the HBT bahin
SiGe BGR.

As the beam is scanned over the HBT block, transients at the outpudf the regu-
lator were captured. The transient waveforms in the output vibage of the regulator
for the most common events are shown in Figure 62. Depending dmetlocation of
the strike, the magnitude and the duration of the transients vey from one event to
another. The map showing the location of captured events, whetriking Q; and Q,
is shown in Figure 61. It was observed that transient response stigig depends on
the location of the ion strike. Interestingly, transistorsQ; and Qs are shown to be
insensitive with respect to SET. Emitter strikes on transistorQ,, creates transients
with small peak magnitude, and the mirroring transistorsQ, and Qs are responsible
for generating large transients.

Comparing Figure 62 with Figure 60 shows that transients at theutput of the reg-

ulator have signi cantly longer duration and magnitude thanthe transients captured
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Figure 62: Measured transient response of the SiGe voltage regulator.
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Figure 63: Measured SET event peak magnitude as a function of FWHM.
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at the transistor level. This is due to the fact that the load andbiasing condition of
the transistor, when used in the circuit, and when it is tested as singular device, are
not the same, and therefore, the SET response under the two cotiolis are expected
to be di erent.

The peak transient magnitude, as a function of full-width-hH-maximum (FWHM)
pulse width, for the most common events, is shown in Figure 63. Thplot indicates
that the largest observed peak magnitude fof°O ion-induced transients of the regu-
lator is less than 84 mV. Figure 63 can be used as the preliminaryatuation of SiGe
regulator's SET response to determine if the circuit can be s&feused for a specic

application.

7.3 Summary

In this chapter, we studied the SET response of a SiGe BGR circuhirough heavy ion
microbeam experiment. The BGR was used in a regulator con gation. The SiGe
HBTs inside the BGR circuit were struck by 36 MeV*®O ions and the corresponding
transients were captured at the output of the regulator. It wa shown that depending
on the location of the strike, the magnitude and the duration bthe transients vary
from one event to another. Sensitive transistors, responsible foreating large and

long transients, were identi ed in the BGR circuit.
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CHAPTER VIII

THE IMPACT OF PROTON IRRADIATION ON
HIGH-VOLTAGE TRANSISTORS

Unmanned robotic space missions require high-voltage (HV) transiss (e.g., 20 V)
for use in motor actuators and input/output interface circuts. In order to have a
low cost and fully integrated system-on-a-chip for space missions,is desirable to
have these HV transistors fabricated on the same substrate as the lenitage (LV)
SiGe HBTs and MOSFETSs (e.g., 3.3 V). The integration of HV transisirs within
existing LV processes has been a topic of signi cant interest foedades [126]- [131].
In general, HV operation in a standard process is achieved by ugieither circuit or
device techniques [127]. Circuit techniques usually inva@\cascading LV transistors to
e ectively achieve HV operation. This approach, however, treases the circuit com-
plexity and the required power to maintain intermediate vdiages for gate drive [131].
Among the proposed device techniques, lateral double-di used®5 (LDMOS) and
drain-extended MOS (DEMOS) structures are the most popular safions for fab-
ricating HV transistors on the same substrate as LV transistors. LDMOSlevices
require extra masks and processing steps [128], while DEMOS ts&stors are rela-
tively easy to fabricate, since they share the same uniformly ded channel with their
LV counterparts [129]. Before these HV devices can be used ondderm space mis-
sions, however, their performance under extreme environmetwnditions (over wide
temperature range and under radiation exposure) needs to blearoughly evaluated.
In addition, the operative damage mechanisms involved in caimg possible perfor-
mance degradation under such extreme conditions must be unde&rod. In terms of

radiation response of HV transistors, only a few studies have beenndacted [33],
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Figure 64: (a) Layout and (b) cross-section of a HV nMOS transistor implemente
in rst-generation SiGe BICMOS platform.

[132], [133]. The work in [132] and [133] focused on the radaat response of LDMOS
transistors implemented in SOI and SIMOX platforms, respectiyg while in [33] the

preliminary response of a prototype HV transistor implemented i SiGe technology
is brie y discussed.

In this chapter, we present a comprehensive investigation ofégimpact of proton
irradiation on the performance of HV transistors implementedn a rst-generation
3.3 V SiGe technology. HV transistors are irradiated under sewardi erent biasing
conditions. Experimental results are presented and discussed. ddences in the
radiation response of the HV and LV transistors are highlighted. fAese di erences
suggest that the degradation mechanisms involved in LV and HV tresistors could be

of fundamentally di erent origins and thus motivates further in-depth investigation.

8.1 HV Devices in SiGe Technology

For this study, HV transistors were implemented in a rst-generabn 3.3 V SiGe BiC-
MOS technology (IBM's SiGe 5AM) platform by employing speciadlayout techniques.

No process changes were made to the technology and no additiomask layers were
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Figure 65: Ip-Vgs characteristics of a HV nMOS transistor as a function of tem-
perature.

utilized. Avalanche breakdown located at the edge of the dmaiis the primary factor
in limiting the voltage blocking capability of the conventonal nMOS transistors [129].
To build HV transistors compatible with standard LV transistors nev device struc-
tures must therefore be created. Layout and cross-section of suehdV transistor is
shown in Figure 64. This device is based upon a conventional imannel MOSFET
with the drain area surrounded by an n-well. The n-well is usedtde ne the lightly
doped n-type \drift" region [129]. Since the n-well has a lowurface doping level, the
surface electric eld is decreased, resulting in a device withreagh breakdown voltage.
Three independent layout parameters; namely, the channelngth, the gate overlap
of the drift region, and the length of the lightly doped drift region, can in uence the
performance, the breakdown voltage, and the reliability fietime characteristics of this

HV transistor, and thus need to be carefully addressed [134]. Theahsistors chosen
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Figure 66: Ip-Vps characteristics of a HV nMOS transistor as a function of tem-
perature.

for this study have a gate length of 2 m and gate width of 40 m. With the drift
region length of 4.35 m, a blocking voltage of 57 V was achieved, which is more than

adequate for the intended application.

8.2 Experiment

63 MeV proton irradiation was performed at the Crocker NuclaaLaboratory at the
University of California at Davis, at a dose rate of 1 krad(Si)/s. Atotal number of
14 HV transistors with (W=L) =40 m=2m from two fabrication experiments were
mounted in 28-pin DIP ceramic packages, wire bonded, and ersvely characterized
before being irradiated. Since these devices were designednbgnipulating their
layout and intentionally violating selected design rules, vaations among di erent

transistor designs are expected. Irradiation was performed abom temperature and
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Figure 67: |Ip, jlgj, and jlsygj as a function of \ps for a HV nMOS transistor at
two temperatures.

under di erent biasing conditions. At least two samples were candered for each
irradiation experiment. Post-irradiation measurements wexr performed two weeks
after irradiation. Experiments and measurement results areiscussed in the following

sections.

8.3 Results and Discussion

Figure 65 shows the subthreshold characteristics of a HV nMOS traistor with
W/L=40 m/2 m, measured atVps=10.05 V and at four dierent temperatures.
Similar to LV nMOS transistors, the subthreshold slope and the thighold voltage
increase and the subthreshold leakage decreases as the tempeeats reduced. The
transistor exhibits a zero temperature coe cient bias point n the vicinity of the

gate-source voltage of 1.1 V. The output characteristics of theame HV transistor
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Figure 68: Ip-Vgs and Isyg-Vgs characteristics of a HV nMOS transistor as a
function of dose for irradiation with all pins grounded.

measured at two gate-source voltages and at four di erent tengpatures are shown
in Figure 66. The drain current and the output conductance irthe saturation region
increase as the temperature decreases, similar to what is exmgecfrom LV nMOS
transistors [135]. Observe that, at a certain temperature, theutput conductance is
negligible forVps <20 V but increases beyond/prs=20 V. To gain more insight into
this, the drain current and the absolute values of the source aride substrate currents
at two temperatures are plotted in Figure 67. As can be seen, tlseibstrate current
starts to increase forVps >20 V (onset of impact ionization). The increase in the
output conductance at high drain voltages has been also obsedvin HV transistors
fabricated in technologies other than SiGe technology [1R{131].

Figures 65 and 66 verify that these HV transistors can reliably fiction in the
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Figure 69: Ip-Vps characteristics of a HV nMOS transistor as a function of dose for
irradiation with all pins grounded.

range ofVps < 20 V to temperatures as low as 93 K, the intended applicatiomi
this case. To ensure the extreme environment capability of tee transistors, in addi-
tion to their cryogenic performance, their radiation respose needs to be thoroughly
studied. Proton irradiation was performed under three di eent biasing conditions:
1) irradiation with all pins grounded, 2) irradiation under gate bias, and 3) irradi-
ation with biased gate and substrate. The impact of operating s@rate bias was
also investigated. The following sections present the experimtal results from each

radiation experiment.
8.3.1 Irradiation with All Pins Grounded

Figure 68 depicts the §-Vgs characteristics for a HV transistor irradiated with all pins

grounded, as a function of equivalent total dose. The charaaistics were measured
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Figure 70: Ip-Vgs characteristics of HV nMOS transistors for \is=3 V and 0 V
irradiation conditions.

at Vsug=0 V and V ps=5.05 V. The degradation in the threshold voltage is negligilel
after irradiation, as expected. Similar to LV NMOS transistorsthe o -state leakage
increases after irradiation. Interestingly, however, the icrease in the leakage cur-
rent remains below 100 pA, even after exposure to total ionizah dose level of 600
krad(Si). It was observed that the leakage current in LV NMOS tansistors in this
SiGe technology increases to about 10A after irradiation to TID level of only 100
krad(Si) [58]. In LV NMOS transistors, typically two radiation-induced leakage mech-
anisms are responsible for causing the subthreshold leakage coirr®©ne mechanism,
known as Gate-Induced-Drain-Leakage (GIDL), is the radian-induced tunneling
(band-to-band and/or trap-assisted) in the gate-to-drain ovdap region [136] which
causes a negative slope in the drain current ind <0 region. As the gate bias

voltage is reduced, the junction eld is increased, causing ¢hminority carriers to
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Figure 71: jlgj, andjlsygj characteristics of a HV nMOS transistors for ¥s=3 V
irradiation condition.

be swept away into the substrate and resulting in an increase in theakage current.
The other cause of subthreshold leakage current is the presenteaaliation-induced
positive charges in the region where the gate extends over thigallow trench isolation
(STI) edge, e ectively creating a shunt leakage path from soae-to-drain. This will
result in a positive sloping drain current in the negative gatsource voltage region
[137]. As seen from Figure 68, none of the two mentioned radiat-induced LV dam-
age mechanisms are signi cantly involved in the operation of HY#fansistor, and the
subthreshold leakage current does not increase substantiallyteafirradiation. For a
better understanding, the substrate current was also measured @ach dose level and
is plotted in the same gure. As can be seen, the substrate currergvel remains less
than 10 pA after irradiation to total dose level of 600 krad(Siand does not show any

signi cant dependence on GIDL or STI edge leakage. The di enees in the radiation
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response of LV and HV transistors could be the result of di erences itheir layout
structures. Further investigation is required to fully undersand these di erences and
will be reported at a later date.

Figure 69 shows the g-Vps characteristics of the same transistor measured at
Vsug=0V and Vgs=1V and V gs=3 V. It is well known that the mobility of carriers
is degraded as radiation dose is increased and as a result therent drive capability
of the transistors is reduced [138]. It can be seen from Figure Bfat as soon as the
transistor turns on, the drain current decreases after irradtgon. The reduction in the
drain current is more signi cant when the transistor is exposeda 600 krad(Si). This
post-rad degradation can also be observed in the on-regime paft Figure 68. As
discussed above, this degradation could be attributed to the desase in the e ective
channel mobility after radiation. Similar post-rad currentdrive capability degradation

was observed in power MOSFETSs [139].
8.3.2 Impact of Irradiation Gate Bias

It is well known that gate bias during irradiation signi cantly increases the leakage
current in LV nMOS transistors [140]. To investigate the impactof irradiation gate
bias on the DC performance of HV nMOS transistors, HV transistors werirradiated
at the gate bias of 3 V to total equivalent dose level of 600 krédi). The sub-
strate voltage was set to ground during the irradiation. 3-Vgs characteristics were
measured for \bs=5.05 V and the results are plotted in Figure 70. Measurement e
sults from grounded irradiation experiment are also includetbr ease of comparison.
The gure shows that the increase in the subthreshold leakage cant for Vgs=3
V irradiation is slightly higher than for V gs=0 V irradiation. However, the leakage
remains below 100 pA, which is acceptable for circuit operat, without employing
any radiation hardening techniques. In order to gain more inght for the involved

degradation mechanisms, the absolute values of the substrate agate currents are
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Figure 72: Ip-Vps characteristics of HV nMOS transistors for \is=3 V and 0 V
irradiation conditions.

plotted as a function of Vs in Figure 71. As can be seen, there is negligible change
in the gate current after irradiation. However, the substrate orrent increases after
irradiation under gate bias (as expected) and this the causé the slight increase in
the subthreshold leakage current.

Figure 72 shows the d-Vps characteristics of two HV transistors, one irradiated
with all pins grounded and one irradiated under applied gatbias, measured at 0 V
operating substrate and \4s=1 V and V gs=3 V. It can be seen that the drain current
decreases after irradiation. This degradation is more sigmiant at Vgs=3 V for the
gate-bias irradiation. This degradation in the current drve capability, again, can be

attributed to the degradation in the e ective channel mobilty.
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Figure 73: 1p-Vgs characteristics of HV nMOS transistors for irradiation substrate
bias of OV and -1 V.

8.3.3 Impact of Substrate Bias During Irradiation

To investigate the impact of substrate bias during irradiation HV transistors were
irradiated under Vgs=V ps=3 V and with 0 V and -1 V substrate bias conditions.
Figure 73 illustrates b-Vgs characteristics from this experiment measured at 0 V
substrate voltage and \bs=5.05 V. Observe that the increase in the leakage current
is higher for the transistor irradiated at -1 V substrate voltagethan for the one
irradiated at 0 V substrate voltage. The increase in the subthresiid leakage after
irradiating the transistor under negative substrate voltage ionsistent with what
has been observed in LV NMOS transistors [137]. However, the lewl radiation-
induced leakage current in these HV transistors is signi cantly saller than that of
LV transistors as the leakage current remains below 100 pA. Thésolute values of

the substrate and gate currents are plotted in Figure 74 as a fation of gate-source
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Figure 74: jlgj, andjlsygj characteristics of a HV nMOS transistors for ¥s=V ps=3
V and Vgyg=-1 V irradiation condition.
voltage. Slight increase in the substrate current is observedtaf irradiation, which
results in an increase in the subthreshold leakage current. Thatg current slightly
decreases after irradiation.

Ip-Vps characteristics of HV transistors irradiated under substrate vehdges of O
V and -1 V are shown in Figure 75. Output characteristics are meared at Vgs=1
V and Vgs=3 V. As can be seen, the current drive capability has been less daded

after irradiation with negative substrate bias.
8.3.4 Impact of Substrate Bias Post Irradiation

It is has been previously shown that negative operating substmtbias can suppress
the radiation-induced STI subthreshold leakage in LV nMOS trasistors [137]-[140].
To examine the e ects of negative substrate bias operation omé performance of HV

nMOS transistors, b-Vgs characteristics of a transistor irradiated under ¥s=V ps=3
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Figure 75: 1p-Vps characteristics of HV nMOS transistors for irradiation substrate
bias of OV and -1 V.

V and Vsyg=-1 V were measured at a substrate potential of both 0 V and -1 V. Mea
surement results are plotted in Figure 76. Contrary to what is>g@ected in LV tran-
sistors, no signi cant improvement was observed in the post-radiad subthreshold

leakage current of HV transistors when a negative voltage is ajpgal to the substrate.

8.4 Summary

In this chapter, we presented experimental results of the e & of proton irradia-
tion on the performance of high-voltage (HV) nMOS transistors iplemented in a
low-voltage (LV) SiGe BICMOS technology. The impacts of irrdiation gate bias,
irradiation substrate bias, and operating substrate bias on theadiation tolerance
of these transistors were investigated. It was shown that the raation-induced sub-

threshold leakage current of these HV transistors under di erenirradiation biasing
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Figure 76: Comparison of h-Vgs characteristics of a HV nMOS transistor for oper-
ating substrate bias of 0 V and -1 V. The irradiation bias conditns were \4s=V gp =3
V and VSUB:']- V.

conditions, remains below 100 pA to 600 krad, clearly good ns¥ior circuits required
for unmanned space missions. It was observed that the level of ratibn-induced
leakage current in the HV transistors is signi cantly smaller tha that of LV transis-
tors. A careful comparison of the radiation response of HV transigt® and their LV
counterparts reveals some signi cant di erences. This suggedfsat the mechanisms

involved in causing degradation in LV and HV transistors could bef fundamentally

di erent origins.
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CHAPTER IX

EXTREME ENVIRONMENT OPERATION OF DATA
CONVERTERS

Data converters provide the means of interfacing digital sysims with the analog
world. In many applications, the architecture and the perfanance of the entire sys-
tem are dependent on the ADC's capability. These applicationfor instance include
military radar system [141], sampling oscilloscopes [142], higipeed soft-decision-
based forward error correction systems [143], and satellite amdreless communica-
tions [144], [145].

ADCs can also be very useful in space applications where detestand cryogenic
readout electronics are widely used. Currently, the analogutput signal from these
electronics is transported to warm boxes, where the ADC and otheligital signal
processing electronics exist. Having a cryogenic ADC which congethe analog
signal to digital code before it is transported to a warm boxes, ilvgreatly improve the
signal integrity between cold and warm electronics [146]. Hewer, ADCs capable of
operating in harsh environments have not received su cient dentions. Currently, the
only available cryogenic ADCs are superconductive circuitd47] limited to operate
to a maximum temperature of 10 K, and a 8-bit 3 kHz CMOS based ADC 48] which
can operate at 4.2 K. In this chapter, we present the design predure for a high-
speed comparator and a ash ADC. Measurement results at room temgagure for
both the comparator and the ADC are presented. Predictions ofdw low temperature
operation and irradiation damage will impact the performane of the comparator and

the ADC are provided.
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9.1 Platform For Extreme Environment Experiments

Figure 77 shows the chip micrograph of the platform designed facilitate evaluating
the extreme environment capabilities of data converters. Tt platform is designed
to facilitate the extreme environment capability of key frat-end building blocks of
data converter implemented in SiGe technology. The circigtare implemented using
third generation 210 GHz SiGe IBM's technology. The chip inades a high-speed
comparator, a 3-bit current steering DAC, and a high-speed 3tbADC-DAC. The
DAC output interface allows simple test evaluation of the ADC. The ADC employs
ash architecture and the comparator circuit forms it's base nit. Without bondpads,
the comparator, the DAC, and the ADC-DAC circuits occupy an aea of 70 170
m 2,77 220 m ?, and 200 420 m 2, respectively. The overall die size of the 3-bit
quantizer-DAC circuit, including bondpads, is 1.76 1.27mm?. In what follows, we
present the design and room temperature measurement results the comparator

and the ADC-DAC circuits.

9.2 Comparator

The comparator forms an essential building block of ADCs. The fumion of the com-
parator is to compare the input signal level with a referencegint and consequently
generate a logic output of \one" or \zero". The performance ratrics of ADCs, includ-
ing the maximum sampling rate, the bit resolution, and the tothpower consumption,
are limited to the capabilities of their constituent compar#or blocks. This is particu-
larly true for the ash and two-step architectures. Monolithichigh-speed comparators
reported in the literature use a variety of technologies andrehitectures [148]-[154]
and sampling rates up to 32Gs/s have been demonstrated [154]. Blewe present the
design and room temperature measurement results for a 25 GS/swqmarator imple-
mented in the 0.12 m SiGe technology. This comparator serves as the basic element

of a 3-bit ash ADC, which will be discussed in the next section.
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Figure 77: Platform for Extreme Environment Experiments.

9.2.1 Design

The block diagram of the comparator is shown in Figure 78. Theomparator consists
of a preampli er, and two master/slave stages. The second masterésie stage was
added to reduce the e ective regeneration time constant [1#1

The schematic of the preamplier is shown in Figure 79. The di eential pair
ampli er with emitter followers at its input and output help to 1) reduce the kickback
noise to acceptably low levels, 2)improve sensitivity to the smahput voltage required
to switch a comparators state by providing the high gain and theeby improving the
resolution, and 3) lower the analog feedthrough from one inptio the other [148],

[154], [155]. The gain of the di erential ampli er can be estnated as

2R3

A, = ;
Yogmgt+ gmg + 2R,

(26)
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Figure 78: Block diagram of the high-speed comparator.

wheregmg and gm;yg are the transconductance of transistorQy and Q1, respectively.
The emitter resistors were added to improve the linearity of ta ampli er. Simulations
show that with a power supply of 2.5 V and a tail current of 900 A, the preampli er

provides 22 dB of di erential gain and 8 GHz of -3 dB bandwidth.

The schematic of the master/slave latch is shown in Figure 80. Hadatch con-
sists of two cross-coupled di erential pairs, current-switchechi emitter-coupled logic
(ECL) con guration. When the clock is high, the di erential input is ampli ed by
transistors Qs and Qg (in the master latch). Once the clock goes low, the input pair
(Qs and Qg) is disabled, and the second di erential pair Q; and Qg) turns on to
regeneratively amplify the di erential output of the precedent stage, and to produce
the corresponding logic levels. While the single latch can acsa comparator by
itself, it will su er from the problem of \metastability” , speci ally when the the in-
put signal and the clock do not have timing relationship [155]This problem arises
when at the sampling instant, di erential input voltage is clese to the comparators
minimum resolvable input. Since this initial input voltage @n be considered as a
random variable, the metastability can be expressed in terms tife probability of its

occurrence as [156], [157]:

P(T >T¢) =exp A DT ; (27)

whereT is the required regeneration time], is the half of the clock cycle, andA and

are the small signal gain and time constant of the each di ererdl pair in the latch,
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Figure 79: Schematic of the preampli er.

respectively. Equation (27) shows that a larger gain or a shortéme constant for the
di erential pairs or pipelining the comparator output will reduce the probability of
metastability [155]. In the design of the comparator, two masteslave stages are used
to e ectively reduce the the probability of metastability. This ofcourse comes at the
price of increase in chip's power and area. The emitter foll@ns at the output of each
latch provide a low output impedance for driving the followng stage. In addition,
they will improve both the regeneration speed and the bandwild, by reducing the
loading e ect of parasitic capacitance of the their precederdi erential pair stage
[155].

The combination of the pre-ampli er and the ip- op has a simulated minimum
resolvable di erential input of 800 V at a clock frequency of 20 GHz with a power
supply of 2.5 V. The minimum resolvable input signal increases dsd clock frequency

is increased. At a clock frequency of 33 GHz, the minimum resobla signal is 5 mV.
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Figure 80: Schematic of the naster/slave block.

9.2.2 Measurement Results

On-wafer measurement was performed using 40 GHz probes and eabl Agilent
83640L continuous wave signal generator was used for the clsignal and a hybrid
was used to convert the single-ended signal into a di erentialn@. To ensure that
the phase di erence of the two complementary clock signals apeoperly maintained,

phase tuners are used to adjust the phase of di erential signals exactly 180 after

passing through the hybrid. A sinusoidal waveform with a DC levedf 2 V was used
as one input to the comparator. The second input to the compatar, Vref, was
connected to a DC power supply. The output waveform was capted using a 12.5
GHz Tektronix 71254 digital phosphorous oscilloscope.

Figure 81 shows the measured output waveform of the comparattmr a 3 GHz

input signal clocked at 18 GHz for three di erentV ref values. The amplitude of the
input signal was kept constant during the three measurements. Véh the DC level

of the sinusoidal signal is set t&/ ref = 2V (Figure 81-a), the high and low stages of
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Figure 81: Measured output waveform of the comparator with 3 GHz input sig-
nal clocking at 18 GHz for three di erent input reference volages; a)Vref=2 V,
b)Vref=1.8V, and c) Vref=2.2 V.
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Table 7: Performance Summary and Comparison Table for high-speed Coangtor

Reference || Sampling | Supply Power Technology Active
Rate Voltage | Dissipation Technology Area
(GHz) (V) (MW) fr (GHz) (mm?2)
This Work 25 25 33 SiGe (210) 0.012
[154] 32 35 405 SiGe (200) 0.023
[148] 20 3.5 82 SiGe (120) 0.045
[149] 8 -6.0 N/A GaAs (30) N/A
[150] 16 N/A 221 SiGe (55) 0.096
[151] 5 3.0 89 SiGe (40) 0.058
[152] 4 1.8 2 0.18 m CMOS | 0.015
[153] 10 1.2 37 0.11 m CMOS | 0.007

the output waveform have equal widths. In Figure 81-a, the oput waveform shows
a measured rise/fall time (20% to 80%) of 24.12 ps and 29.65 psspectively. Chang-
ing the DC level of Vref impacts the di erential input voltage to the comparator.
Comparing Figures 81-b and 81-c shows that decreasing the valof V ref increases
the high voltage pulse width, while increasing the value o¥ ref increases the low
voltage pulse width. At the clock frequency of 18 GHz, the freguncy of the input
signal was increased and the comparator showed reliable op@atup to 8 GHz. The
performance of the circuit, however, degrades for input fgeencies larger than 5 GHz.
At the input frequency of 3 GHz, the clock frequency was raised 25 GHz. Figure
82 shows the measured output waveform for the single ended andcedential outputs
with a rise/fall time of 43.37/43.17 ps. Operating with a 2.5 V pwer supply, the
comparator dissipates a total power of 33 mW. Table 7 providesperformance sum-
mary and comparison to other high-speed stand-alone comparedo This high-speed
comparator o ers a low power consumption option with a compable performance

to [148]-[154].
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Figure 83: Block diagram of the 3-bit ADC-DAC.
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9.3 ADC-DAC

Among several architectures that exist for implementing ADC couits, the ash topol-
ogy is widely employed for achieving high-speed conversiono @chieve n-bit conver-
sion using the ash topology, 2 1 comparators are required, and therefore improving
the resolution of the data converter becomes a challengingsta Di erent techniques,
such as employing time interleaved architectures have beeroposed to improve the
resolution of the ADC while maintaining a high sampling rate [12], [158]. To date
the fastest reported ADC achieves 56 GS/s of sampling rate and &$iof resolution
[159]. In SiGe technology, the highest sampling rate (40 GHz) lbags to a 3-bit ADC
[141]. Other high-speed ADCs in this technology include a 4tpB5 GS/s ADC [160],
a 5-bit, 22 Gs/s [161] ADC, and a 3-bit, 20 GS/s ADC [162] which imarporates a
time-interleaved approach.

Here, we present the design and room temperature measurement tesior a 3-bit,
20 GS/s ash ADC, implemented in the 0.12 m SiGe technology, for the platform
intended for conducting extreme environment experiments. df testing purposes, a
7-level thermometer code DAC has been implemented and cooterd to the digital

outputs of the ADC, on the chip.
9.3.1 Design

The block diagram of the 3-bit ADC-DAC is shown in Figure 83. The3-bit ash
ADC consists of a resistor ladder subdividing the/ ref voltage into 2 1 equal
segments, and 2 1 comparators. The structure of the comparators is discussed in
the previous section and is shown in Figure 78. Each comparatmwmpares the input
signal with the fraction of Vref at its input and generates the corresponding logic
level. As a result, the ADC converts the input analog signal into-fevel thermometer

digital code.
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Figure 84: Measured output waveforms of the 3-bit ADC-DAC with a 10 MHz
input signal clocking at 14.4 GHz, a)di erential output, and bsingle-ended outputs.
8 steps of quantization is observed.

A 7-level thermometer code DAC has been implemented on chipoth as a stand-
alone circuit, and also directly connected to the output of tb ADC to facilitate
the testing process. The DAC follows the current-steering topady [155], [163], and
consists of 7 HBT-di erential pairs designed in current-mode lgic con guration and
driven by the thermometer codes that are generated at the opiit of the ADC. The
output currents of these CML inverters are summed at the on-chi50 resistors to

reconstruct the input signal sent to the ADC.
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Figure 85: Measured output waveform of the 3-bit ADC-DAC with a 1 GHz input
signal clocking at a) 14.4 GHz, and b) 19.3 GHz.
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Table 8: Performance Summary and Comparison Table for ADC-DAC

Reference #Bits/ Supply Power Architecture Technology | Chip
#Sampling Rate | Voltage | Dissipation Area

(GHz) V) (W) fr (GHz) | (mm?)

This Work 3/20 2.5 0.1 Flash SiGe (210) | 2.26
[141] 3/40 N/A 4.5 Flash SiGe (200) | 3.96
[160] 4/35 3.3/5 5.1 Flash SiGe (210) | 8.00
[162] 3/20 4.2 2.4 Time Interleave | SIGE (210) | 2.55

9.3.2 Measurement Results

40 GHz probes and cables were used for on-wafer measurement. Glloek signal to
the ADC was generated using an Agilent 83640L continuous wave & generator.
Hybrid and phase tuners were used to convert the single-ended sibimto a di erential
one. A sinusoidal signal with the DC level of 2 V was used as one inpio the
comparator. The output waveform was captured using 12.5 GHz Keonix 71254
digital phosphorous oscilloscope. Both ADC and DAC were biasedtivia 2.5 V
supply voltage and the tail currents of the CML inverters insié the DAC were set to
2.5 mA.

Figure 84 shows the measured di erential and single-ended outs of the ADC-
DAC for a 10 MHz sinusoidal input signal clocking at 14.4 GHz. The gdured time-
domain waveforms clearly show 8 quantization levels that viees proper operation
of the 3-bit ADC-DAC circuit. The frequency of the clock signawas increased to 20
GHz and after tuning the setup, the reconstructed sinusoidal sigh&rom the DAC
was observable on the Oscilloscope. Figure 85 shows the measuredehtial output
for a 1 GHz signal clocking at 14.4 GHz and 19.3 GHz. The 1-GHz signaldlearly
reconstructed, however, the levels of quantization has beeeduced. With a power
supply of 2.5 V, the 3-bit ADC-DAC circuit consumes 100 mW. Table &rovides a

performance comparison with existing ADC-DAC circuits.
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9.4 Extreme Environment Operation

In this section we discuss how low temperature operation and riation exposure will
impact the key performance metrics of the high-speed comp&vaand the high-speed
ash ADC. For the low temperature discussion, it is assumed that therinsistors are

biased with temperature-independent current and voltage ferences.
9.4.1 Low Temperature Operation

We will begin with the comparator circuit. As a result of bene dal e ects of Ge-
grading-induced drift eld and lower metal interconnect reistance at reduced tem-
peratures [37], it is expected that the sampling rate of the aaparator will improve as
the temperature is reduced. With the comparator con guratbn shown in Figure 78,
the input common mode level varies betwee¥icc and 3Vge . As a result, the input
dynamic range of the circuit will be decreased at cryogenicrgeratures, since the
base-emitter turn-on voltage increases with decreasing temp&ure. To improve the
dynamic range at lower temperatures, one solution is to remotee emitter followers
at the input of the preampli er (Figure 79), at the expense of laving larger analog
input feedthrough. The resolution of the comparator is limied by the input-referred
o set and noise.The main source for the o set voltage is the mismeh between the

input transistors, which for two identical transistors can be dened as [155]

KT ls. kT A
Vg = Fln(1+ t) FT (28)

In 28, Is and A are the saturation current and the emitter area, respectivelyit can
be seen that the o set is a decreasing function of temperature, god news for low
temperature operation. Thermal and shot noise of transistor®+-Qio (Figure 79)
and the thermal noise of resistorfs; are the major contributors to the input-referred

noise of the comparator. The spectral density of this noise, assumgiall the noise
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components are uncorrelated, can be expressed as [155]

1 1

=8KT(rorg+ rezs + g0+ legiio + + ;
2gMg.10  gMm1oR3

(29)

—h‘:’l\)

wherery;.g, r'e7:8, I'no:10, @NA reg:10 @re the base and the emitter resistances of transistors
Q+/ Qg, and Qg¢/ Qq9, respectively. Equation (29) shows that lowering the tempetare
will decrease the input-referred noise. In addition, increase gain of the preampli er
will result in a decrease in both input-referred o set and noiseAs shown in equation
(26), the gain is improved as the temperature is reduced. Thefore, it is expected
that low-temperature operation reduces the the comparater minimum resolvable
input voltage and hence, improves its resolution.

The improvements in the performance of comparators at cryegic temperatures
will consequently result in the improvement of the ash ADC's peformance. There-
fore, it is expected that both the maximum sampling rate and tk resolution of the
ADC are increased if the circuit operates at lower temperatuse The input signal
bandwidth is primarilary limited by the total input capacit ance of the ADC. With the
preampli er circuit shown in Figure 79 as the primary stage of &h comparator, the
base-collector junction capacitance of the input device;), from each comparator,
contributes to the total input capacitance. Cooling e ectvely reduces this capaci-
tance due to increase in the built-in potential and space-chge region width [164],
and therefore, it is expected that the input signal bandwidthof the ADC will be

enhanced at low temperature operation.

9.4.2 Radiation E ects

9.4.2.1 Total lonization Dose Damage

As it was discussed in the previous chapters, TID is SiGe HBTs resultsan increase
of the non-ideal recombination base current. The choice of@BGR circuit topology
becomes important for the reference voltage, as some architges will be sensitive

to the change in the base current of transistors. In addition, irease in the base

118



current can also negatively impact the integral non-lineaty (INL) of the ADC. INL
is a metrics for non-linearity error and reduces the e ecti resolution of the ADC.
INL is de ned as the maximum deviation of the input/output characteristic from a
straight line passed through its end points [155]. As shown in Figel 83, the input
of each comparator draws a nite current from the referenceatider, thereby lowering
the corresponding tab voltage. Looking at Figure 79, one carealize this nite
current is the base current of transistoQg. Using Norton equivalents for the resistor
ladders, the maximum INL can be shown to be proportional to the = current
[155]. Consequently, an increase in the base current after idiation will result in
an increase in the INL, hence decreasing the e ective resolutiaf the ADC. This
problem however, can be corrected by injecting correctivaugents at one or more

points along the ladder.
9.4.2.2 Single Event Transient E ects

It was shown in Chapter 7 that SET in voltage references resulis transients in
the output voltage. The worst-case SET from the microbeam expment (with a
magnitude of 83.2 mV, FWHM of 64.72 ns) was incorporated into theoltage reference
used to set reference values for the 3-bit SiGe ADC. A 500 MHz sinusali signal
was set to the input and a 12.5 GHz signal was applied to the clockShown in
Figure 86 are the output waveforms from the ADC-DAC prior to im strike and
during the occurrence of SET in the SiGe voltage source. Figui86 shows that
one quantization step has been missed due to the transient in theltage reference
response. This observation is better explained in Figure 87 far2-bit ADC. The input
signal is compared to three reference levels at the positivegedof the clock and the
corresponding thermometer codes are generated. The SET ateunce in the BGR
will result in a time-dependent reference voltage at the indwf each comparator. The

duration of SET is assumed to be long enough to last 6 clock cycleBhe transient
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Figure 86: Simulated output waveform of the 3-bit SiGe ADC-DAC; (a) pria to
strike (b) during SET.

in the voltage reference shifts the reference points to newdédts (red dashed-lines in
Figure 87-b), and as a result, the digital output code are caupted in the rst, third,
fourth, and the sixth clock cycles. This issue becomes of a great®ncern for high
resolution ADCs, since the output code will become extremely setmng to changes

in the reference levels.

9.5 Summary

A platform for evaluating the performance of SiGe data convier under extreme envi-
ronment conditions has been designed and implemented in 0.1 SiGe technology.
The platform consists of a 25 GS/s comparator, a 3-bit currergteering DAC, and a

3-bit 20 GS/s ADC-DAC. The circuits were measured at room tempature and their
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functionalities were veri ed. Both the stand-alone compar®r and the ADC-DAC
circuit o er competitive performance with other comparabé circuits in the literature
while consuming low power consumption. Predictions of the inagt of temperature

and radiation on the key properties of the comparator and th&DC were provided.
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CHAPTER X

CONCLUSIONS AND FUTURE WORK

The theme of this thesis is to explore the potentials of di enet SiGe technology plat-
forms for implementing analog and mixed-signal circuits wht extreme environment
capabilities. In this chapter, we summarize the contributios of this dissertation, and

provide suggestions for future research directions.

10.1 Contributions

The contributions of this work can be summarized as follows:

1. Several topologies of SiGe BGR circuits with wide-tempaiure operation capa-
bility were successfully realized. The functionality of thesearcuits were demon-
strated over a wide-temperature range of -230C to 27 C. The impact of the

Ge pro le shape on BGRs' wide-temperature performance was alstudied.

2. The functionality of SiGe HBTs operating in environments blow 1 K was
demonstrated. A SiGe BGR circuit was also veri ed to operate fably at

sub-1-K temperatures.

3. The impact of proton irradiation on the performance of Si@ BICMOS BGR
circuits intended for extreme temperature range electrocs was investigated.
Measurement results were analyzed, and it was shown that the PTAcurrent
generator is the most vulnerable component of the BGR circuwith respect to

proton-induced damage.

4. A comprehensive investigation of the performance depend&s of irradiated

SiGe voltage reference circuits on TID level, circuit topolgy, and radiation
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source was conducted. The degradation in circuit performaacafter x-ray ir-
radiation was demonstrated to be dependent on both the cirduiopology, and
the TID level. It was shown that x-ray exposure of the BGR to larg TID levels
signi cantly decreases the magnitude of its output voltage. Btailed analysis
was provided to explain the observed anomalies, and the excess® leakage
current was identi ed as the primary factor responsible for tk post-irradiation
performance degradations. It was also demonstrated that, at ¢hsame TID
level, x-ray irradiation degrades the circuit performancenore than proton irra-
diation. This radiation-source dependence was also attribetl to di erences in

the excess base current leakage.

. Single-event transient responses of SiGe BGR circuits wepeamined through
heavy ion microbeam experiment. It was shown that dependingidhe location
of the strike, the magnitude and the duration of the transientsvary from one
event to another. Sensitive transistors responsible for creagnarge and long

transients were identi ed in the BGR circuit.

. The impact of proton irradiation on the DC performance of HVtransistors,
implemented in a LV SiGe technology, was throughly investigad. The e ects
of irradiation gate bias, irradiation substrate bias, and the oprating substrate
bias, on the radiation response of these HV transistors were studiedt was
observed that the level of radiation-induced leakage curreim HV transistors is
signi cantly smaller than the level of radiation-induced le&age current in their
LV counterparts, suggesting that the mechanisms involved in caing radiation-
induced degradation, in LV and HV transistors, could be of fundaentally dif-

ferent origins.

. A test platform consisting of a low-power high-speed comparat a 3-bit DAC,

and a low-power high-speed 3-bit ash ADC-DAC, was realized irhird-generation
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SiGe BICMOS technology. The circuits were successfully chatagzed at room
temperature and the impact of extreme environment operatio on their key

electrical properties was discussed.

10.2 Future Work

This work establishes several interesting research directiors future work:

1. Investigating the impact of Ge pro le and B base pro le shapesn the wide-
temperature performance of mixed-signal circuits through miulation and con-

ducting experiments.

2. Developing new architectures for BGR circuits that are terant to x-ray expo-

sure.

3. Designing experiments for understanding the physics beyotite operation of

SiGe HBTs at mK temperatures.

4. Utilizing mixed-mode simulation for the prediction of the &T response of ana-

log and mixed-mode circuits.

5. Understanding the mechanisms involved in causing radiatianeduced degrada-

tion in HV transistors.

6. Investigating low-temperature operation and the radiabn response of high-

speed data converters.

7. Realizing low-power high-speed data converters with imgved resolution.
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