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SUMMARY 

Improved reliability and electronic performance can be achieved in a system operated at 
cryogenic temperatures because of the reduction in mechanical insult and in disruptive effects of 
thermal energy on electronic devices. Continuing discoveries of new superconductors with ever 
increasing values of Tc above that of liquid nitrogen temperature (LNT) have provided incentive for 
developing semiconductor electronic systems that may also operate in the superconductor’ s liquid 
nitrogen bath. Because of the interest in high-temperature superconductor (HTS) devices, liquid 
nitrogen is the cryogen of choice and LNT is the temperature on which this review is focused. 

temperature (298K), performance of commercially available conventional and hybrid semiconductor 
devices with their performance at LNT (77K), to help establish their candidacy as cryogenic 
electronic devices specifically for use at LNT. 

The approach to gathering information for this survey included the following activities, 
Periodicals and proceedings were searched for information on the behavior of semiconductor devices 
at LNT. Telephone calls were made to representatives of semiconductor industries, to semiconductor 
subcontractors, to university faculty members prominent for their research in the area of cryogenic 
semiconductors, and to representatives of the National Aeronautics and Space Administration 
(NASA) and NASA subcontractors. The sources and contacts are listed with their responses in the 
introduction, and a list of references appears at the end of the survey. 

transistor (BJT), field-effect transistor, and combined technology. Devices under the BJT class are the 
BJT; thyristor; gate turnoff thyristor (GTO), for which no articles were found; metal-oxide 
semiconductor field-effect transistor (MOSFET) controlled thyristor (MCT); and insulated gate 
bipolar transistor (IGBT). Devices under the field effect transistor class are the junction field effect 
transistor (JFET) and MOSFET. Devices under the combined technology class are the 
complementary metal oxide semiconductors (CMOSs). 

is that parameters needed to design cryogenic electronic circuits must be now be measured by the 
designer or subcontracted to one of the universities. Private industries, which have little incentive to 
release design data for which they have paid, will keep data that they have measured for internal use. 
If sufficient market demand exists for cryogenic electronic devices, then the industrial vendor will 
have reason to provide the data. 

With few exceptions, the commercial market does not design bipolar or field-effect transistors for 
cryogenic operation. Until recently, nearly all active semiconductor devices being used and 
considered for cold electronics belonged to the field-effect transistor class. The results of this survey 
indicate that the BJT class is now also included because its technology has evolved sufficiently for 
BJT devices to have acceptable current gain and breakdown voltage at LNT. 

The purpose of this survey is to locate and assemble published information comparing the room 

Information on the devices is organized under the following classes: diode, bipolar junction 

Design parameters were sparsely distributed in the literature surveyed. A conclusion of this survey 
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ACRONYMS 
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1. INTRODUCTION 

The introduction contains a discussion of the incentive for this literature review, the scope of the 
work, and background information on cryogenic semiconductor devices. 

1.1 Impetus 

Although the definition may change when vendors begin selling semiconductors specifically for 
use at cryogenic temperatures, today’s definition of a cryogenic semiconductor device is a 
conventional semiconductor device that is still operating successfully after the temperature has been 
lowered to cryogenic values1 below 100K, which is considered to be the cutoff for conventional 
electronics. It is useful to know if a device operates below lOOK because such capability identifies it 
as a cryogenic semiconductor and makes it a candidate for use in cryogenic electronic circuitry. 

The purpose of this survey is to locate and assemble published information comparing the room- 
temperature (298K) performance of commercially available conventional and hybrid semiconductor 
devices with their performance at liquid nitrogen temperature (LNT) (77K) to help establish their 
candidacy as cryogenic electronic devices specifically for use at LNT. Although the term “hybrid” 
sometimes refers to the simultaneous use of cryogenic electronic circuits and superconducting 
materials,2 its meaning in this review refers to a device like the insulated gate bipolar transistor 
(IGBT), which has built-in integrated circuits that add powerful features such as overcurrent 
protection as an integral part of the device. 

Incentives from the early 1970s for applying cryogenic electronics to reduce package size, to 
accelerate computer circuit switching speeds, and to more effectively cool the modules of high-speed 
computers3 have been augmented by the recent incentive to operate the entire auxiliary electronic 
system that controls a high-temperature superconductor (HTS) in the same bath used to cool the 
HTS. Improved electronic operation and reliability were expected because operation at cryogenic 
temperatures reduces the disruptive effects of thermal energy on electronic devices. This incentive has 
followed steady advances in the development of HTSs and the availability of a good coolant. 

The temperature below which a material manifests superconducting properties is its critical 
temperature, denoted by the symbol, Tc. Electronic systems based on superconductor technology 
must be operated at 2/3 Tc or lower because a material’s superconducting properties are not fully 
developed above this temperature; therefore, for a system to operate at LNT, the Tc of the 
superconductor must be 120K. Materials now exist that meet this requirement. 

1.2 Scope 

To gather information for this survey, periodicals and proceedings were searched for information 
on the behavior of semiconductor devices at LNT. In addition, telephone calls were made to 
representatives of semiconductor industries, to semiconductor subcontractors, to university faculty 
members prominent for their research in the area of cryogenic semiconductors, and to representatives 
of the National Aeronautics and Space Administration (NASA) and NASA subcontractors. 



1.2.1 Sources 

The following periodicals contained publications summarized in the survey: 

The British Journal of Applied Physics 
Cryogenics 
IEEE Electron Device Letters 
IEEE Journal of Solid-state Circuits 
IEEE Solid State Electronics Journal 
IEEE Transactions on Electron Devices 
IEEE Transactions on Industry Applications 
IEEE Transactions on Magnetics 
Indian Journal of Pure and Applied Physics 
Journal of Applied Physics 
Microelectronics Engineering 
Review of Scientific Instrumentation 
SPIE Infrared Readout Electronics 
SPIE Microelectronics Manufacturing and Reliability 

Proceedings, abstracts, and digests of the following international meetings provided information 
for the survey: 

1995 
- Electrochemical Society Fourth Low-Temperature Electronics Symposium, April, 1995, in 

Reno, Nevada. 
1994 
- First European Workshop on Low-Temperature Electronics, June 29-July 1, 1994, Grenoble, 

France 
1993 
- Proceedings of the Symposium on Low-Temperature Electronics and High-Temperature 

Superconductors, Honolulu, HI 
1992 
- Sixth Annual Conference on Superconductivity and Applications, Buffalo, NY 
- Proceedings of the 1992 International Symposium on Power Semiconductor, Devices and ICs, 

- Applied Superconductor Conference 

- Proceedings of the Second Symposium on Low Temperature Electronic Device Operation, 

- The 1991 International Conference on Solid State Devices and Materials, Yokohama, Japan 
- The 1991 Symposium on VLSI Technology 
- Proceedings of the IEEE Conference on Electronic Components 

- The Twentieth International Power Conversion Conference PCIM 90, Munich, Germany 
- IEEE Power Electronics Society Conference 
- Ninth Annual Meeting and Exhibition of the Society of Magnetic Resonance in Medicine, New 

- First International Conference on Low Temperature Electronics, Berkeley, CA, USA 

Tokyo, Japan 

1991 

Pennington, NJ 

1990 

York, New York 
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1989 
- Eighth Annual Meeting and Exhibition of the Society of Magnetic Resonance in Medicine, 

- IEEE Workshop on Low Temperature Semiconductor Electronics, Burlington, Vermont 
- IEEE SOS/SOI Technology Conference 

- The Twentieth International Conference on Solid State Devices and Materials, Tokyo, Japan 
- Proceedings of the 1987 Symposium on Low Temperature Electronics and High Temperature 

- IEEE International 1997 Electron Devices Meeting 
1987 
- Nineteenth International Conference on Solid State Devices and Materials 
1986 
- EEE International Solid-state Circuits Conference 
- The 1986 International Electronic Devices Meeting 
1985 
- The 1985 International Electron Devices Meeting 

New York, New York 

1988 

Superconductivity , Honolulu, Hawaii 

1.2.2 Telephone Contacts 

Representatives in the following corporations, contractors, agencies, and institutions were 
contacted by telephone and queried for data that could be used in this survey. In the list a “Y” or an 
“ N  follows each contact. A “Y” following the name indicates that a usable response was provided, 
which has been included in this survey. An “N’ following the contact indicates that no response was 
provided because they were not doing work in this area or did not wish to release information. The 
list of negative responses is included for cross reference and continuity when future updates to this 
survey are made. We recommend that such a survey be repeated every 5 years. 

Semiconductor Corporations 
- Harris Semiconductor Literature, Melbourne, FL, 407-724-3739 ext. 3855 for Technology 

- International Rectifier (Pete Wood), El Secundo, CA; 310-322-3331. N 
- Ixys Corporation (Ralph Locher), 2355 Zanker Rd., San Jose, CA 95131; 408-435-1900. N 
- Luxemburg through Motorola Semiconductor (Nick Delva); 800-521-6274. N 

- Mountain Top (Clem Chamberlain and Fred Lokuta); 717-474-3273. N 
- Randall Kirschman (independent contractor), P.O. Box 391716, Mountain View, CA 94039; 

- Scientific Research & Development Laboratory, Phoenix, AZ; 602-244-4910. N 

- Heidi Barnes, Technical Development Division, Sensor Development; 601 -688-2777. N 
- Tom Cunningham, NASA, Jet Propulsion Lab, MS-300-315,4800 Oak Grove Dr., Pasadena, 

CA 91 109; 818-354-0891. He works with Complementary Heterojunction FET (CHFET), a 
gallium arsenide version of MOSFET at liquid helium temperature but some of his graphs 
show results at 77K. Y 

Dept. N 

Subcontractors 

415-962-0200. Y 

NASA Agencies and Subcontractors 

- Eric Fossum, Jet Propulsion Laboratory; 818-354-3128. N 
- William Kaiser, Jet Propulsion Laboratory; 818-354-8238. N 
- Lisa Martin, Instrumentation & Control Division, Lewis Research Center; 216-433-6468. N 
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- Larry Matus, Lewis Research Center; 216-433-3650. N 
- Gene Schwarze, Lewis Research Center; 216-433-6117. N 
- Pete Smith, Jet Propulsion Laboratory; 818-354-4424. N 

- Jayant B. Baliga, Power Semiconductor Research Center, Research 11, Campus Box 7924, North 

- John D. Cressler, Alabama Microelectronics Science and Technology Center, 420 Broun Hall, 

- Steve Menhart, Department of Electrical and Computer Engineering, 2801 South University 

Universities 

Carolina State University, Raleigh, NC 27695; 919-515-6169. Y 

Auburn University, AL 36849-5201; 334-844-1872. Y 

Ave., University of Arkansas, Little Rock, AR 72205; 501-569-8225. Y 

1.23 Semiconductor Devices Considered 

The diode is the fundamental transistor building block. The primary classes of semiconductor 
devices are the bipolar junction transistor (BJT), which can be represented by a twodiode model, and 
the field-effect transistor (FET). With the exception of the gate turnoff thyristor (GTO) published 
information is included on the following devices: 

Diode Foundation 

Bipolar Junction Transistor Class 
- diode 

- bipolar junction transistor (BJT) 
- thyristor 
- gate turnoff thyristor (GTO) (no articles were found) 
- metal-oxide semiconductor field-effect transistor (MOSFET) controlled thyristor (MCT) 
- insulated gate bipolar transistor (IGBT) 

- junction field-effect transistor (JFET) 
Field Effect Transistor Class 

- MOSFET 
Combined Transistor Class 
- complementary metal-oxide semiconductor (CMOS) 

1.3 BACKGROUND 

Since the early 1970s there has been increasing interest in low-temperature semiconductor 
electronics, which is the study and use of semiconductor devices and circuits at cryogenic 
temperatures below 100K. At that time the trend to faster and smaller computer circuitry was 
introducing packaging problems. The goal of cryoelectronics research was initially to find a solution 
to these packaging problems generated by the design of faster and smaller computer circuits. It was 
anticipated that the low power requirements of metal-oxide semiconductor (MOS) technologies could 
facilitate a computer system packaged in a small, easily cooled module. The success of this early 
work is reflected by the ETA4 supercomputer, which operated at LNT to show a factor-of-2 speed 
improvement; however, it has been discontinued for business reasons, and no new commercial 
developments of cryogenically cooled supercomputers are on the h o r i ~ o n . ~  Because performance 
improvement becomes more difficult to achieve through feature size reductions below 1 pm, 
cryoelectronics will become increasingly attractive. 

a 
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1.3.1 LNT Operational Benefits 

LNT operation has a number of benefits. Improved reliability and electronic performance can be 
achieved in a system operated at cryogenic temperatures because of the reduction in mechanical 
insult and in the disruptive effects of thermal energy on electronic devices. Thermal energy 
(1) interferes with electron flow, thereby reducing electrical conductivity, (2) interferes with heat flow, 
thereby reducing thermal conductivity, and (3) promotes mechanisms of degradation by increasing 
chemical reactivity. It is estimated that thermal stress is responsible for up to 70% of component- 
aging failures and that most of this group failure is initiated by environmental conditions, which 
would be eliminated by operating the entire system in a cryogen. Additional benefits include 
increased mobility and saturation velocity, improved subthreshold slope for MOSFETs, sightless 
reduced junction capacitance, reduced leakage in junctions and capacitors, lower voltage and power, 
lower noise, less temperature variation, and latch-up inhibition in bulk CMOSs. 

1.3.2 LNT Operational Penalties 

LNT also has penalties. These include providing a low-temperature environment in which 
milliwatts to hundreds of watts of heat may be removed; selecting materials, devices, and designs 
compatible with low temperatures; extending modeling and simulation; interfacing thermally, 
mechanically, and electrically between low-temperature and room temperature; dealing with thermal- 
expansion differences and extended thermal excursion; adopting new maintenance and testing 
procedures; and overcoming specific device-related problems such as hot-carrier, kink, and freeze- 
out effects. 

Continuing discoveries of new superconductors with ever-increasing Tc values above that of LNT 
have provided incentive for developing semiconductor electronic systems that may also operate in the 
superconductor’s liquid nitrogen bath. These semiconductor electronic systems will be developed to 
process data from sensors located in the cryogen; to control power delivered to a cryogenically 
cooled superconducting motor; or to control power extracted from a cryogenically cooled 
superconducting generator, power conditioner, or magnetic energy storage module. Because of the 
interest in HTS devices, liquid nitrogen is the cryogen of choice and LNT is the temperature on which 
this review is focused. 

cooling, control-system improvements could be derived by locating the system in the same cryogen 
as the data sensors and the superconducting device being controlled. The current thinking is that even 
when superconducting technology has evolved to produce room-temperature superconductors, there 
will still be critical applications involving low noise and high sensitivity that will demand the use of 
cryogenic electronics. Earlier applications commonly were preamplification and multiplexing. Today 
there is interest in power electronic applications in which significant amounts of current will be 
distributed by switching devices such as power MOSFETs or IGBTs. 

Earlier thinking was that even if the performance of the electronics were not improved by 

1.3.3 Recent Cryoelectronic Reviews 

During the past decade there has been increased activity worldwide in low-temperature 
electronics. This activity has been reflected in reviews, books, and special publication issues, as well as 
in international proceedings, workshops, and conferences. Randall K. Kirschman, a physicist in 
private practice, has authored at least three reviews and edited an IEEE Press Selected Reprints entitled 
“Low-Temperature Electronics,” which document the state of the art from 1968 through 1991.6 A 
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number of the articles in this survey are found in the IEEE Press book. Another publication that 
contained pertinent articles that appear in this survey was the I991 Proceedings of the Second 
International Symposium on Low Temperature Electronic Device Operation.? 

Kirschman’s first review,* published in 1985, defines a threefold role of cryogenic electronics: 
(1) a means of extracting better performance from existing technology while avoiding the expense 
and delay required for designs and fabrication advances needed to achieve the same performance at 
room temperature; (2) a necessary tool to counteract detrimental effects arising because existing 
technology has been pushed to the limit; and (3) an opportunity to develop new devices based on 
effects stemming from low-temperature operation. In this same article he presents the fact that bipolar 
transistors do not work satisfactorily (i.e., do not have adequate current gain) below 100K. The tone 
of the article seemed more defensive than that of his later reviews in 1990 and 1991. Kirschner’s 
1990 review is an excellent tutorial entitled “Low-Temperature Electronics,” in which he states that 
even when superconductors operate close to room temperature the most critical applications involving 
very low noise and high sensitivity will demand low-temperature semiconductor electronics. His 1991 
review (also entitled “Low-Temperature Electronics”) confidently shows the positive results of 
10 years of technology. In it Kirschman states (1) that the feasibility and benefits of low-temperature 
semiconductor electronics have been demonstrated in laboratory research leading to some 
commercial products, and (2) that reducing the operating temperature of key components will be an 
important option for present and future electronic systems, as well as a valuable tool in semiconductor 
research. 

The January 1987 and August 1989 issues of IEEE Transactions on Electron  device^^.^^ were 
devoted to cryogenic electronics. As was the December 1990 issue of Cryogenics, which contained 
most of the papers presented at the First International Conference on Low-Temperature Electronics at 
Berkeley, Ca. 

The second, third, and fourth international symposia on low-temperature electronics sponsored 
by the Electrochemical Society were held in 1991 at Pennington, New Jersey, in 1993 at Honolulu, 
Hawaii,12 and in 1995 at Reno, Nevada,13 respectively. The first European Workshop on Low- 
Temperature Electronics transpired in 1994 at Grenoble, France. 

1.3.4 Availability of Design Parameters 

At the beginning of this survey a list of parameters was prepared that would facilitate design of 
cryoelectronic circuits. The parameters were obtained from data design books and include the 
following items: 

Power dissipation in amps. This is also called anode forward current. 
Conductivity in volts. This is the forward voltage (typically 1.2 V for a thyristor). 
Anode reverse-blocking leakage current and the anode forward-blocking leakage current in amps. 
Reverse breakdown voltage and forward breakdown voltage in volts. 
Turn-on time and rise time. 
Turn-on operating speed and turn-off operating speed in seconds. Turn-off time equals the sum 
of the storage time plus fall time. Typical operating speeds are 1 to 2ps. 
Gate trigger current in amps. This is the current required to turn on the device. 
Gate trigger voltage in volts. This is the voltage required to turn on the device. 
Gate drive voltage. 
Gate capacitance. 
Current capability. 
Power capability. 

P 
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Characteristic curve of the current through the device as a function of the voltage across it for 
different gate voltages above the trigger voltage. 
Characteristic curve of the gate voltage required to turn on the device as a function of the collector 
voltage. 

These parameters were sparsely distributed if at all in the literature surveyed. A conclusion of this 
survey is that parameters needed to design cryogenic electronic circuits must be now be measured by 
the designer or subcontracted to one of the universities. Private industries? which have little incentive 
to release design data for which they have paid, will keep data they have measured for internal use. If 
there is sufficient market demand for cryogenic electronic devices, then the industrial vendor will 
have reason to provide this data. 

cryogenic operation. Consequently a cryogenic BJT, power MOSFET, or IGBT or any other 
semiconductor is one that is still working at LNT. Until recently nearly all active semiconductor 
devices being used and considered for cold electronics belonged to the field-effect transistor class. 
The results of this survey indicate that the BJT class is now also included because its technology has 
evolved sufficiently for it to have acceptable current gain and breakdown voltage at LNT. 

With few exceptions the commercial market does not design bipolar or field-effect transistors for 
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2. SYNOPSES OF SEMICONDUCTOR ARTICLES 

The review of each semiconductor article includes an abstractkonclusions section and for most 
articles a brief description of the tables and figures. The intent is to provide the reader with enough 
information to select an article for detailed study. 

2.1 Diode 

A. Ng et al., “Cryogenic D.C. and Low Frequency Noise Characteristics of AlAs/GaAs/AlAs 
Resonant Tunneling Diodes,” pp. 131-140 in Proceedings of the Symposium on Low 
Temperature Electronic Device Operation, ed. D. Foty, S .  Raider, N. Saks, and G. Oleszek, 
Electrochemical Society, Inc., Pennington, NJ, 1991.5 

Abstract/Conclusions 

Low frequency noise spectra and dc characteristics of AIAs/GaAs/AlAs resonant tunneling diodes 
were measured at different temperatures between 77K and 300K. From the dc characteristics it was 
found that the valley current, I,, follows an Arrhenius-type of temperature-dependent behavior of the 
form, I, -1vo exp(-EA/kT). The activation energy EA was found to be -120 meV in the high 
temperature regime (>350K), and a saturation of ln(Iv) in the low temperature regime down to 77K 
indicates that more than one process is involved in the excess valley current generation. The low 
frequency noise spectra had a fo! dependence with a between 0.8 to 1.2 over the temperature range 
of 77K to 295K and for frequencies between 5 and 200 Hz. The low frequency noise spectra were 
also modeled as discrete Lorentzian components from which the trapping times and a corresponding 
activation energy of -150 meV was determined. Detailed measurements of the voltage-bias 
temperature dependent noise spectra, as well as variations of other dc parameters such as the peak and 
valley currents and the peak and valley voltages, are also included in this study. 

Description of Tables and Figures 

Figure 1. The double barrier quantum well device consists of a layer of undoped barrier layers of 

Figure 2. Block diagram of the dc and low-frequency noise measurement system. Precautions 
AlAs (20 8,) sandwiching the undoped 45 8, GaAs well layer. 

were taken to minimize noise, shielded cables were used, and the temperature sensor was attached to 
the resonant tunnel diode. 

Figure 3. Noise current spectra at 184K and for three biasing voltages, VB, before, within, and 
after the negative differential resistance region. Note that S,(f) is largest for VB-0.4V (NDR biasing). 

Figure 4. Arrhenius-type plot of ln(V,T2) vs inverse temperature lOOO/T. The slope of this graph 
gives the activation energy of -150 meV for the forward biased diode. 

Figure 5. Noise spectra variation with temperature at the fixed frequencies of 10, 100 and 
1000 Hz and at the bias voltage of 0.28 V. 

Figure 6. Variation of Ip, Iy and I$, with temperature. Note the large increase in I$, with 
decreasing temperature due manly do the decrease in I,. 

Figure 7. ln(1,) as a function of lOOO/T. The activation energy above 350K was -120 meV. 
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R. Singh and B.J. Baliga, “Cryogenic Operation P-i-N Power Rectifiers,” IEEE Solid State 
Electronics Journal, pp. 193-8 (December 1993).14 

AbstractKonclusions 

The results of detailed measurement and modeling on 1200 V P-i-N diodes over a temperature 
range of 300-77K are presented in this paper. At typical rated current levels, the forward voltage 
drop increases with a decrease in temperature. Analysis and measurements prove that there is an order 
of magnitude reduction in the charge stored in the i-region from 300 to 77K. A plot between the 
forward voltage drop (a measure of steady state losses) and the average i-region charge (a measure of 
the switching losses), which demonstrates the fundamental trade-off between these quantities, is shown 
in Fig. 8. The measured values of these quantities provides a locus of the shift in the forward voltage 
and middle-region excess carrier charge. From this plot, it can be established that at sufficiently high 
current densities, the forward voltage drop and the reverse recovery charge are both found to 
decrease as the temperature is reduced from 300 to 77K. Based on this observation, it can be 
concluded that P-i-N rectifiers can be operated at higher frequencies and current densities at 
cryogenic temperatures, as compared to room temperature. This results in greatly reduced switching 
losses at 77K. 

In summary, this paper demonstrates the importance of including the effect of bandgap 
narrowing, the increase in diffusion coefficients, and the reduction in carrier lifetime at low 
temperatures required for a proper understanding of the operation of power P-i-N diodes at 
cryogenic temperatures. An analytical model, including end region recombination with bandgap 
narrowing, is presented to explain the experimental observations. It has been demonstrated through 
analytical modeling that, whereas at room temperature the total current is dominated by the 
recombination in the middle region of the diode, at 77K it is dominated by end-region 
recombination currents. 

Description of Tables and Figures 

Figure 1. Measured P-i-N diode I-V characteristics at 300, 180, and 77K. The knee voltage 
(forward drop at low current densities) increases, but the slope of the I-V curve increases as the 
temperature is reduced from 300 to 77K. 

The forward drop at 4 A increases, whereas that at 10 A reduces as the temperature is reduced from 
300 to 77K. 

Figure 2. Measured voltage drop variation with temperature at forward currents of 4 and 10 A. 

Figure 3. Measured turn-off waveforms at 300, 180, and 77K. 
Figure 4. Measured peak reverse recovery current shows a dramatic reduction from 4.2 A to 

Figure 5. Measured reverse dUdt reduces by -2OX from 300 to 77K. 
Figure 6. Temperature variation of average middle region charge, ii. This plot illustrates the 

importance of including bandgap narrowing, lifetime, and mobility variation with temperature for an 
accurate prediction of this quantity. 

temperature using the analytical model that includes end-region recombination currents. 

current densities there is a simultaneous reduction in the forward voltage drop, as well as a reduction 
of almost two orders of magnitude in the middle-region charge. 

about 0.2 A. 

Figure 7. Variation of P+ - i, Nf - i and the middle-region recombination currents with 

Figure 8. Trade-off curve for a P-i-N diode at 300 and 77K shows that at sufficiently high 
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2.2 Bipolar Junction Transistor Class 

2.2.1 Bipolar Junction Transistor (B JT) 

J.D. Cressler et. al., “On the Profile Design and Optimization of Epitaxial Si- and SiGe-Base 
Bipolar Technology for 77K Applications-Part I: Transistor DC Design Considerations,” 
IEEE Transactions on Electron Devices 40(3), 525-41 (1993). l5 

A bstract/Conclusions 

We present a detailed examination of the dc design considerations associated with optimizing 
epitaxial Si- and SiGe-base bipolar transistors for the 77K environment. Transistors and circuits were 
fabricated using four different vertical profiles, three with a graded-band-gap SiGe base and one with 
a Si base for comparison. All four epitaxial-base profiles yield transistors with dc properties suitable 
for high-speed logic applications in the 77K environment. The thin, abrupt base profiles attainable 
with epitaxial processing are particularly conducive to low-temperature operation since they yield 
profiles less sensitive to base freeze-out than ion-implanted profiles. In addition, the spacer layers as 
well as a graded-bandgap SiGe base are especially attractive for the LNT environment. The 
differences between the low-temperature dc characteristics of Si and SiGe transistors are highlighted 
both theoretically and experimentally and the low-temperature constraints associated with the design 
of both the emitter-base and the collector-base profiles have been discussed. We discuss the profile 
design constraints of epitaxial Si- and SiGe-base devices that are unique to low-temperature 
operation. In particular, we identify a performance trade-off associated with the use of an intrinsic 
spacer layer to reduce parasitic leakage at low temperatures and the consequent base resistance 
degradation due to enhanced carrier freeze-out. In addition, the presence of a collector-base 
heterojunction barrier at low temperatures has been identified and evidence is provided that a 
collector-base heterojunction barrier effect severely degrades the current drive and transconductance 
of SiGe-base transistors operating at low temperatures. Due to its thermally activated nature, this 
SiGe-barrier effect is important at low temperatures even when unobservable at room temperature. 
Both the leakage-vs-gain tradeoff and the barrier effect are expected to present tolerable design 
constraints for epitaxial-base bipolar technology optimized for the LNT environment. This discussion 
is extended to include various ac performance issues at LNT in a companion paper. 

Description of Tables and Figures 

Figure 1. Plot of transistor current gain as a function of reciprocal temperature for bipolar 
technologies of varying age. In the legend “I/I” stands for “ion-implanted,” and “D/D” stands for 
“double-diffused.” 

Figure 2. Schematic device cross section of the self-aligned epitaxial-base bipolar transistor used 
in the investigation. 

Figure 3. SIMS data from large-area fiducial sites on the device wafers. Profiles are: (a) i-p-i SiGe 
N, = 2 X lo1’ ~ m - ~ ,  and (b) i-p-i Si N, = 2 X 10’’ ~ m - ~ .  

Table 1. Nomenclature of each of the four epitaxial-base profiles, as well as relevant aspects of 
the profiles as deduced from SIMS data. 

Figure 4. SIMS data showing representative epitaxial-base and ion-implanted base technologies. 
Emitter-base junctions have been aligned for ease of comparison. 

Figure 5. Schematic doping profile as a function of vertical depth for a SiGe device with a 
trapezoidal Ge profile. 

Table 2. Relevant transistor parameters at 310 and 84K for the four epitaxial-base profiles. 
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Figure 6 .  Typical Gummel characteristics at 310 and 84K for (a) the i-p-i SiGe Nc = 2 X 

Figure 7. Collector current as a function of emitter-base voltage for the i-p-i SiGe N, = 2 X 

Figure 8. Ratio of the collector current in the i-p-i SiGe Nc = 2 X 1017 cm-3 device to that of the 

1017 ~ m - ~ ,  and (b) i-p-i Si N, = 2 X 1017 ~ r n - ~  profile. 

1017 cm-3 profile showing the transconductance change as a function of temperature. 

i-p-i Si Nc = 2 x 1017 cm-3 device for fixed emitter-base voltage as a function of reciprocal 
temperature. An effective bandgap reduction of 68 meV is obtained. Refer to the text for a discussion 
of the physical meaning of this value, as well as the assumptions used to obtain it. 

1017 ~ m - ~  and (b) i-p-i Si N, = 2 X 1017 cm-3 devices at a variety of temperatures. 

1017 cmw3 and i-p-i Si N, = 2 X 1017 cm-3 devices. 

i-p-i SiGe N, = 2 X 1017 cmV3 and i-p-i Si N, = 2 X 1017 cm-3 devices. 

four epitaxial-base profiles. 

1017 ~ r n - ~  device at a variety of temperatures. 

base voltage for the i-p-i SiGe N, = 2 X 1017 C I I - ~  device at a variety of temperatures. Slopes of kT/q 
and kT/2q are shown for 310 and 84K for comparison. 

1017 cm-3 device to the i-p-i Si N, = 2 X lOI7  cm-3 device at 310 and 84K. 

1017 cm-3 profile to the i-p-i Si N, = 2 x 1017 cm-3 profile as a function of temperature. 

1017 cm-3 profile and i-p-i Si Nc = 2 X 1017 cm-3 devices at 310 and 84K. 

Figure 9. Current gain as a function of collector current for the (a) i-p-i SiGe NC = 2 X 

Figure 10. Current gain as a function of reciprocal temperature for the i-p-i SiGe N, = 2 X 

Figure 11. Emitter-base voltage for fixed collector current as a function of temperature for the 

Figure 12. Zero-base intrinsic base sheet resistance as a function of reciprocal temperature for the 

Figure 13. Base current as a function of emitter-base voltage for the i-p-i SiGe Nc = 2 X 

Figure 14. Base current as a function of (a) forward emitter-base voltage and (b) reverse emitter- 

Figure 15. Base current as a function of emitter-base voltage comparing the i-p-i SiGe N, = 2 x 

Figure 16. Normalized zero-bias intrinsic base sheet resistance comparing the i-p-i SiGe NC = 2 X 

Figure 17. Transconductance as a function of collector current for the i-p-i SiGe N, = 2 X 

J.D. Cressler et. al., “On the Profile Design and Optimization of Epitaxial Si- and SiGe-Base 
Bipolar Technology for 77K Applications-Part 11: Circuit Performance Issues,” ZEEE 
Transactions on Electron Devices 40(3), 542-56 (1993).l6 

A bstract/Discussion/Conclusions 

To extend the discussion in Part I a detailed examination was presented of the ac circuit 
performance issues associated with optimizing epitaxial Si- and SiGe-base bipolar technology for the 
liquid nitrogen temperature (LNT) environment. We conclusively demonstrate that the common 
notion that silicon-based bipolar circuits perform poorly at low temperatures is simply untrue. 
Transistor frequency response is examined both theoretically and experimentally, with particular 
emphasis given to the differences between SiGe and Si devices as a function of temperature. Emitter 
coupled logic (ECL) and non-threshold logic (NTL) ring oscillator circuits were fabricated for each 
of the four profiles described in Part I. A minimum ECL gate delay of 28.1 ps at 84K was measured 
for a SiGe-base profile, and is essentially unchanged from its room-temperature value of 28.8 ps at 
310K. Advanced Statistical Analysis Program (ASTAP) models were calibrated to data and used to 
explore circuit operation under typical wire loading. Significant performance improvements with 
cooling were observed under realistic loading conditions. For 5.65-mW ECL circuits driving 10-mm 
wire interconnects, reductions in wire resistance as well as reduced logic swing operation yield 84K 
circuit delays as much as 2.7 X faster than at 310K. We conclude that epitaxial-base bipolar 
technology offers significant leverage for future cryogenic applications. 
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The conclusion was that the LNT performance of conventionally designed, high-performance 
bipolar technology has evolved dramatically over the past decade. While low-temperature current 
gain remains a key consideration, properly designed, modern, thin-profile homojunction bipolar 
transistors have sufficient current gain and switching speed at LNT for many digital applications. 
Thus we do not view epitaxial SiGe-base technology as mandatory for future LNT bipolar 
applications. Rather, it can be seen as an important evolutionary step, a means of enhancing the 
performance of existing bipolar devices operating at LNT. The SiGe-base devices of the present 
investigation have in fact produced the first Si-based bipolar technology with equal room temperature 
(RT) and LNT ECL switching performance. Because epitaxial-base technology is capable of 
achieving even thinner, more abrupt base profiles than those of the present investigation, we expect 
that the LNT performance of Si-based bipolar technology will continue to improve, eventually 
yielding significantly faster circuit performance at LNT than at RT. While it is true that power 
dissipation remains a limiting factor to any widespread use of bipolar technology for cryogenic 
applications, we would argue that the overall performance of a cryogenic computer system (i.e., cycle 
time) could be improved by the selective incorporation of bipolar devices. This is especially true in 
very-high-performance systems where cycle time is increasingly limited by interconnect and 
packaging delays. In such cases, having a high-speed device capable of very efficient load driving 
would be advantageous, regardless of the operating temperature. 

be defined, but as we have discussed, it could conceivably take the form of either very-high-speed 
logic in critical signal paths, driver elements for long lines, key peripheral circuitry and sensing 
devices for memory applications, or chip-to-chip communication. The choice of specific logic family 
for LNT bipolar technologies, as well as Hi-Bi-CMOS or C-Hi-Bi-CMOS implementations vs 
traditional Bi-CMOS implementations, remain key open questions warranting further investigation. 
Additional LNT bipolar opportunities seem promising in the areas of high-speed data links for 
system-to-system communication and in high-performance mixed digiWanalog LNT designs where 
the superior analog properties of the bipolar device could be exploited. In these latter applications the 
flexibility offered by using SiGe for bandgap engineering could potentially yield great benefits. 

The optimum implementation of bipolar technology in cryogenic computer systems remains to 

Description of Tables and Figures 

Figure 1. Externally published bipolar ECL gate delay as a function of publication date at both 
RT and LNT. LNT data points are taken from author’s previous works. 

Figure 2. Comparison of ECL gate delay as a function of temperature for three different high- 
performance bipolar technologies. “Implanted” represents a technology with an ion-implanted base 
profile, and “LTE” represents a technology with a base deposited using low-temperature epitaxy. 

Figure 3. Schematic doping profile as a function of vertical depth for a SiGe device with a 
trapezoidal Ge profile. 

Figure 4. Ratio of base transit times in SiGe and Si devices as a function of the reduced bandgap 
grading due to the Ge. 

Figure 5. Ratio of base transit times in SiGe and Si devices as a function of reciprocal temperature 
for a variety of Ge profiles. 

Table 1. Ratio of transit times of SiGe to Si devices for a variety of Ge profiles at 300 and 77K. 
Figure 6. Ratio of emitter transit times in SiGe and Si devices as a function of reciprocal 

Figure 7. Transistor cutoff frequency as a function of collector current at 309 and 85K for the 
temperature for a variety of Ge profiles. 

i-p-i SiGe NC = 2 x l O I 7  cm-3 and i-p-i Si Nc = 2 x l O I 7  cm-3 profiles. The extrapolated transit 
time decreases from 2.36 to 2.15 ps with cooling for the SiGe device, and increases from 4.52 to 
6.86 ps with cooling for the Si device. 
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Figure 8. Peak cutoff frequency as a function of temperature for the i-p-i SiGe N, = 2 X 

Figure 9. Maximum oscillation frequency as a function of collector current at 309 and 85K for 

Figure 10. Average ECL gate delay as a function of switch current density for two lithographic 

Figure 11. Average ECL gate delay as a function of temperature. A gate delay of 28 ps at 84K 

Figure 12. ECL power-delay performance data at 310 and 84K. Lines are drawn to guide the eye. 
Figure 13. Average ECL gate delay as a function of temperature showing a comparison of the 

Figure 14. Average NTL gate delay as a function of current density for the i-p-i SiGe Nc = 2 x 

1017 cm-3 and i-p-i Si N, = 2 X 1017 cm-3 profiles. 

the i-p-i SiGe Nc = 2 X l O I 7  cm-3 profile. 

ground rules at 84K. Lines are drawn to guide the eye. 

was measured. 

i-p-i SiGe N, = 2 X IOI7 ~ r n - ~  and ‘IE SiGe N, = 2 X 1017 ~ r n - ~  profiles. 

l O I 7  cm-3 profile at 310 and 84K. A schematic of the NTL gate used in the ring oscillators is shown 
in the inset. 

lOI7 cm-3 profile at several current densities. Data from a homojunction ion-implanted profile have 
been included for comparison. 

Figure 16. ASTAP simulations compared with measured data for unloaded and loaded ECL ring 
oscillators at 84K. 

Table 3. ASTAP transistor parameters at 310 and 84K for a transistor with A, = 0.4 X 4.3 pm2 at 
I,, = 0.90 mA (Top) and AE = 0.4 X 1.2 pm2 at I,, = 0.45 mA (Bottom). 

Figure 17. (a) Simulated ECL gate delay as a function of wire loading at an average single-phase 
power of 1.65 mW (3.612.1 V). Results are shown for (a) 310K (500-mV signal swing for a wire 
loading of 0.15 pFlmm and 50 Qhnrn), b) 84K (500-mV signal swing for a wire loading of 
0.15 pF/mm and 6.3 Wmm), and (c) 84K (300-mV signal swing for a wire loading of 0.15 pF/mm 
and 6.3 Q/rnm). 

power of 5.65 mW (3.612.1 V). Results are shown for (a) 310K (500-mV signal swing for a wire 
loading of 0.15 pF/mm and 50 mmm), (b) 84K (500-mV signal swing for a wire loading of 
0.15 pF/mm and 6.3 Wmm), and (c) 84K (300-mV signal swing for a wire loading of 0.15 pF/mm 
and 6.3 Wmm). 

Figure 15. Normalized NTL gate delay as a function of temperature for the i-p-i SiGe N, = 2 x 

Figure 17. (b) Simulated ECL gate delay as a function of wire loading at an average single-phase 

J.D. Cressler et. al., “An Epitaxial Emitter Cap, SiGe-Base Bipolar Technology with 22 ps 
ECL Gate Delay at Liquid Nitrogen Temperature,” I992 Symposium on VLSI Technology 
Digest of Technical Papers, pp. 102-3 (1992).l7 

Summary 

We have presented a SiGe-base bipolar technology which has faster circuit speed at LNT than at 
room temperature. Transistors were fabricated using a reduced-temperature process employing a 
novel in situ doped polysilicon emitter contact, a lightly doped epitaxial emitter cap layer, and a 
graded SiGe base. Transistors have a current gain as high as 500 with a cutoff frequency of 61 GHz 
at 84 K, and ECL circuits switch at a record 21.9 ps at 84K at J,, = 1.0 M p m 2 .  

Description of Tables and Figures 

Figure 1. SIMS data showing the vertical doping profile of the n- epitaxial emitter cap, SiGe-base 
design. 
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Figure 2. Transistor Gummel characteristics for the n- epitaxial emitter cap, SiGe-base design at 

Figure 3. Transistor current gain (13) as a function of reciprocal temperature. Both maximum D 

Figure 4. Transistor cutoff frequency as a function of collector current at 300K and 85K. 
Figure 5. Pinched base resistance as a function of reciprocal temperature for the n- epitaxial 

Figure 6. Normalized pinched base resistance as a function of emitter-base reverse leakage at 

Figure 7. ECL gate delay as a function of switch current density at 310K and 84K. 
Figure 8. Normalized ECL gate delay as a function of temperature for the n- epitaxial emitter 

Table 1.  Measured device parameters for the n- epitaxial emitter cap and the i-p-i designs at 

310K and 84K. 

and R at Jc = 1.0 W p m 2  are shown. 

emitter cap and the i-p-i designs. 

-1.0 v. 

cap and the i-p-i designs. 

310K and 84K. 

J.D. Cressler, “SiGe-Base Bipolar Transistors for Cryogenic BiCMOS Applications,” 
Microelectronic Engineering 19, 841-8 (1992). 

Abstract/Conclusions 

It is demonstrated that the LNT properties of SiGe-base heterojunction bipolar transistors and 
circuits are sufficiently advanced to warrant a serious consideration of the merits of cryogenic Bi- 
CMOS technologies for future LNT computer applications. This paper reviews the features of 
epitaxial SiGe-base bipolar technologies that make them particularly suitable for LNT operation, 
examines the dc and dynamic properties of SiGe-base transistors operating at low temperatures, 
highlights the profile design constraints unique to the LNT environment, and discusses future 
research directions and opportunities. 

Epitaxial-base technology is capable of achieving even thinner, more abrupt base profiles than 
those of the present investigation, which are limited by the finite thermal cycle associated with 
polysilicon emitter contact formation. Thus, it is reasonable to expect that the LNT performance of 
SiGe-base bipolar technologies will continue to improve. Very recent results support this expectation 
and show that decreased thermal cycle epitaxial n- emitter cap techniques offer a particularly 
promising LNT profile design point. In this scheme, a thin, epitaxial n- emitter cap layer is deposited 
in situ on top of the graded SiGe-base, followed by an in situ doped polysilicon emitter. This process 
has a substantially lower thermal cycle compared to the i-p-i SiGe-base profile, leading to improved 
immunity to base freeze-out and superior EB junction characteristics (Table 1). Transistors with R as 
high as 500 and fT = 61 GHz at 84K have been fabricated. ECL circuits switch at a record 21.9 ps at 
84K, 3.6 ps faster that at RT. 

transistors in the LNT environment. Nevertheless, we would argue that the performance of LNT 
computer systems could be improved by the selective incorporation of bipolar devices. This is 
particularly true for large-scale systems where cycle time will be limited by interconnect and 
packaging delays and bipolar technology offers substantial leverage over CMOS in current drive 
capability at LNT. The optimum usage of bipolar transistors for cryogenic applications remains to be 
defined but could conceivably take the form of very-high-speed logic in critical signal paths, driver 
elements for long lines, key peripheral circuitry and sensing devices for memory applications, or 
chip-to-chip communication. Additional LNT bipolar opportunities seem promising in the areas of 
high-speed data links for system-to-system communication and in high-performance mixed 

It is clear that power dissipation remains a key limiting factor to any widespread use of bipolar 

15 



digitaYanalog LNT designs where the superior analog properties of the SiGe-base bipolar device 
could be exploited. 

J.D. Cressler et. al., “The Performance Leverage of Epitaxial SiGe-Base Bipolar Transistors 
for 77K Applications,” pp. 230-237 in Proceedings of the Symposium on Low Temperature 
Electronic Device Operation, ed. D. Foty, S. Raider, N. Saks, and G. Oleszek, Electro 
Chemical Society, Inc., Pennington, N.J., 1991 (contains 24 of 30 papers presented at the 
Spring Meeting of the Electrochemical Society in Washington, D.C., May 7-9, 1991, 
Vol. 91-14).7 

AbstractKonclusions 

We present measurements of ECL circuits in the liquid nitrogen temperature environment using 
epitaxial SiGe-base bipolar transistors. Transistors have a maximum current gain of 82 at 84K with 
breakdown voltages sufficient for most digital applications. A minimum ECL gate delay of 28.1 ps at 
84K has been measured, which is nearly unchanged from its room temperature value of 28.8 ps at 
310K. Circuits designed for low-power operation yield switching speeds as fast as 51 ps at 2.2 mW at 
84K (1 12 fJ power-delay product). These results represent unprecedented performance levels for 
silicon-based bipolar technology in the liquid nitrogen temperature environment and suggest that 
such circuits may offer significant leverage for future cryogenic computer systems. 

Description of Tables and Figures 

Figure 1 .  Schematic cross section of the self-aligned epitaxial SiGe-base transistor used in the 

Figure 2. SIMS data from a monitor wafer showing the base-emitter profile and its position with 

Figure 3. Transistor Gummel characteristics at 310K and 84K (AE = 0.6 X 4.3 p,m2 at the wafer 

Figure 4. Maximum current gain as a function of reciprocal temperature (AE = 0.6 X 4.3 p,m2 at 

Figure 5.  Zero-bias pinched base resistance as a function of reciprocal temperature. Data from an 

Figure 6.  Zero-bias collector-base and emitter-base depletion capacitance as a function of 

Figure 7. Measured ECL ring oscillator delay as a function of temperature. The emitter-follower 

Figure 8. ECL gate delay as a function of temperature showing the results of this work compared 

investigation. 

respect to the germanium. 

level). 

the wafer level). 

ionized implanted profile has been included for comparison. 

temperature. 

to switch current ratio was approximately 1.3/1 .O. 

with the best previously reported data for silicon-based bipolar technology. Switch current density 
and circuit logic swings were held fixed at all temperatures. 

J.D. Cressler et. al., “Profile Design Issues and Optimization of Epitaxial Si and SiGe-Base 
Bipolar Transistors and Circuits for 77K Applications,” 1991 Symposium on VLSI 
Technology, 69-70 (1991).19 

Abstract/Summary 

Four different doping profiles were studied to investigate the design and performance issues 
associated with optimizing epitaxial-base bipolar transistors and circuits for the 77K environment. 
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Record sub-30-ps NTL and ECL gate delays have been obtained at 84K, clearly demonstrating the 
potential of epitaxial SiGe-base bipolar technology .for high-speed applications in future low- 
temperature systems. Performance vs leakage trade-offs associated with the use of an undoped 
emitter-base spacer layer have been examined, as well as the identification of transconductance 
degradation due to collector-base heterojunction barrier effects. 

Description of Tables and Figures 

Figure 1. SIMS data showing typical i-p-i SiGe N, = 2 X 1017 cm-3 and the p-i SiGe N, = 2 x 

Figure 2. fT vs I, data at 309K and 85K for the i-p-i SiGe Nc = 2 X 1017 cm-3 design. 
Figure 3. NTL gate delay vs current density for the i-p-i SiGe Nc = 1017 cmV3 design at 310K 

and 84K. 
Figure 4. Normalized NTL gate delay as a function of temperature and current density for the 

i-p-i SiGe N, = 2 x 1017 ~ m - ~  design. 
Figure 5. Emitter-base junction characteristics for the i-p-i SiGe N, = 2 X 1017 ~ r n - ~  and the p-i 

SiGe N, = 2 X IOl7 cm-3 designs at 310K and 84K. 
Figure 6.  Intrinsic base sheet resistance as a function of temperature for the i-pi  SiGe Nc= 

2 X 1017 cm-3 and the p-i SiGe N, = 2 X 1017 cm-3 designs. 
Figure 7. ECL gate delay as a function of temperature for the i-p-i SiGe N, = 2 X lOI7 cm-3 and 

the p-i SiGe N, = 2 x 1017 cmV3 designs. 
Figure 8. Current gain and emitter-base voltage as a function of collector current for the i -pi  

SiGe N, = 2 x 1017 cm-3 design at 310K and 84K showing the enhanced heterojunction barrier 
effect at low temperature. 

used in the investigation. 

1017 cm-3 designs. 

Table 1. Relevant transistor parameters at 310K and 84K for the various epitaxial-base profiles 

J. E. Cressler, “Silicon Bipolar Transistor: A Viable Candidate for High Speed Applications at 
Liquid Nitrogen Temperature,” Cryogenics 30, 1036-1047 ( 1990).20 

A bstractlConclusions 

Despite its inherent speed advantage over CMOS technologies under loaded conditions, the 
silicon bipolar transistor historically has been dismissed as a viable candidate for digital applications 
in the 77K environment. The principal reason for this is the well-documented degradation in the 
device current gain at low temperatures. It is demonstrated in this paper that this conclusion is no 
longer valid with respect to state-of-the-art devices. The transistors used in this investigation have 
sufficient current gain (30) at 77K for most digital applications without intentional profile 
modification. Emitter coupled logic (ECL) circuits switch at 400 ps speeds at 77K, and reduced 
logic-swing operation offers the benefits of an attractive power-delay product. This paper examines 
the physics, design and performance issues associated with the low temperature operation of silicon 
bipolar transistors, and discusses the potential advantages of such devices for high speed applications 
in future low temperature computer systems. 

to make them serious contenders for certain high speed applications in future low temperature 
computer systems. State-of-the-art devices exhibit acceptable current gain and breakdown voltages at 
LNT without requiring radical changes in the doping profile. Bipolar circuits switch at extremely 
high speeds at LNT and are capable of efficiently driving large capacitive loads, a feature that 
distinguishes them favorably from CMOS technologies. Inherently improved transconductance at low 

In this work it has been demonstrated that silicon bipolar technologies have evolved sufficiently 
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temperatures allows reduction of circuit logic-swings, which can be used to improve significantly the 
low temperature power-delay performance. 

Description of Tables and Figures 

Figure 1. Normalized maximum current gain as a function of reciprocal temperature for a 
conventional double-diffused, metal-contacted transistor compared with that of the double- 
polysilicon, self-aligned transistor used in this investigation. 

Figure 2. Schematic transistor cross section for a double-polysilicon self-aligned transistor. 
Figure 3. Schematic doping profile for the transistor shown in Fig. 2. 
Figure 4. Transistor Gummel characteristics (Ic and Ib in amps vs VBE in volts) at 300K and 93K 

for the low dose and high dose implant devices (AE = 0.6 X 2.0 pm2 on the wafer). 
Figure 5. Collector current of the low dose implant device as a function of base-emitter voltage 

for various temperatures. 
Figure 6. Maximum current gain as a function of reciprocal temperature for the low dose and 

high dose implant devices. 
Figure 7. Current gain as a function of collector current for the low dose implant device at 300K 

and 77K. 
Figure 8. (Measurable) pinched base resistance as a function of reciprocal temperature for the 

low dose and high dose implant devices. 
Figure 9. Normalized current gain at 1.0 pA as a function of reciprocal temperature compared 

with calculations both with and without interfacial barrier height. Calculations are shown for peak Nab 
and average Nab where N is the acceptor doping level in the base. ab 

Figure 10. Current gam as a function of collector current for various temperatures. 
Figure 11. Peak small-signal cut-off frequency as a function of temperature for both the low dose 

and the high dose implant devices. The small-signal cut-off frequency, an important figure of merit 
for bipolar transistors, is the frequency at which the small signal common-emitter gain, $c = dIc/dIw is 
unity. 

Figure 12. Cicuit schematic of an ECL gate. 
Figure 13. ECL gate delay in ps vs gate power in mW for the low dose implant device at various 

Figure 14. Normalized ECL gate delay as a function of temperature comparing measured data 

Figure 15. ECL gate delay in ps as a function of temperature comparing the low dose and high 

Figure 16. Simulations comparing loaded ECL power-delay performance for full-swing 

Figure 17. Schematic voltage transfer characteristics for a logic gate showing the important 

Figure 18. Measured static transfer characteristic at 600 and 200 mV for a medium power ECL 

Figure 19. Schematic of the current switch portion of an ECL gate. 
Figure 20. Measured ECL gate delay as a function of temperature showing effects of scaling on 

Figure 21. Simulated loaded ECL power-delay performance for the 0.8 pm scaled technology 

temperatures. 

from the low dose implant device with calculations using a delay figure of merit. 

dose implant devices. 

conditions at 298K and 85K with half-swing conditions at 85K and 160K. 

voltage levels. 

gate at 298K and 85K. 

circuit performance for 1.2 pm and 0.8 pm technologies. 

comparing full-swing operation at 309 K and 87 K. 
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J. D. Cressler, T. Chen, J. D. Warnock, D. D. Tang, E. S .  Yang, “Scaling the Silicon Bipolar 
Transistor for Sub- 100-ps ECL Circuit Operation at Liquid Nitrogen Temperature,” IEEE 
Transactions on Electron Devices 37 (3), 680-691 (1990).21 

A bstract/Conclusions 

A two-dimensional device simulator was used to examine the various profile design strategies for 
silicon bipolar transistors operating at LNT. Special emphasis was placed on the scaling trade-offs of 
these design approaches. It was concluded that a relaxed scale technique based on the maintenance of 
constant base Gummel number with a slight decrease in emitter doping level probably offers the best 
overall low-temperature design strategy for scaled double-polysilicon devices. To support these 
calculations, devices with this design scheme were fabricated using 0.8-pm lithography. Transistors 
are reasonably ideal at low temperatures and have adequate current gain for most digital applications. 
Unloaded ECL ring oscillators operate at sub-100-ps speeds at LNT. Simulations based on measured 
data indicate that sub-150-ps loaded ECL delays are achievable at about 4-mW power at 87K if the 
circuit logic swing is reduced to 300 mV. This analysis suggests that conventionally designed silicon 
bipolar transistors are potentially attractive candidates for very-high-performance applications in the 
low-temperature environment. 

Description of Tables and Figures 

(Not included.) 

3. D. Cressler, D. D. Tang, E. S. Yang, “Injection-Induced Bandgap Narrowing and Its Effects 
on the Low-Temperature Operation of Silicon Bipolar Transistors,” IEEE Transactions on 
Electron Devices 36 (1 l), 2576-2586 ( 1989).22 

Abstract/Conclusions 

Evidence is presented that injection-induced bandgap narrowing plays an important role in 
determining the low-temperature properties of silicon bipolar transistors. This phenomenon occurs 
when large concentrations of minority-carrier charge are injected into the quasi-neutral base region 
of the device under high-current conditions. A significant enhancement in the low-temperature 
transistor current gain in the high-current regime is produced that is unaccounted for in conventional 
device theory. Comparison of theoretical calculations and phenomenological modeling results with 
measured data support this claim. The analysis suggests that an understanding of injection-induced 
bandgap narrowing is required for accurate modeling of bipolar transistors, particularly when they 
are used in low-temperature applications. 

Description of Tables and Figures 

(Not included.) 
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J.D. Cressler et. al., “On the Low-Temperature Static and Dynamic Properties of High- 
Performance Silicon Bipolar Transistors,” ZEEE Transactions on Electron Devices 36( s) ,  
1489-502 ( 1989).23 

Abstract/Conclusions 

A detailed investigation of the static and dynamic properties of high-performance silicon bipolar 
transistors is presented in the temperature range of 400 to 77K. Transistors are found to have near- 
ideal characteristics at low temperatures with B as high as 80 at 77K. Detailed calculations indicate that 
the conventional theory of the temperature dependence of B does not match our data. This 
discrepancy can be removed if we assume that a phenomenological thermal barrier to hole injection 
is present. With respect to 358K (85OC) delay values ECL ring oscillators are functional at 85K with 
no degradation in speed until about 165K. Calculations using a delay figure of merit indicate that fT, 
R,, and C, are the delay components most sensitive to low-temperature operation. The feasibility of 
reduced logic swing operation of bipolar circuits at low temperatures is examined. We find that 
successful ECL operation of bipolar circuits at reduced logic swings is possible provided emitter 
resistance is kept small and can be used to enhance low-temperature power-delay performance. 
Together, these data suggest that conventionally designed high-performance bipolar devices may be 
suitable for the low-temperature environment. 

Description of Tables and Figures 

Figure 1. Schematic cross section of the advanced double-polysilicon self-aligned transistor used 

Figure 2. Temperature dependence of the intrinsic base sheet resistance for both base implant 

Figure 3. Typical Gummel characteristics at 300 and 93K for both base implant conditions. 
Figure 4. Temperature dependence of the maximum 13 for both base implant conditions. 
Figure 5. Device specific emitter contact resistance as a function of temperature. 
Figure 6. Typical Gummel characteristics of low-dose implant device at 300 and 77K. 
Figure 7. Extracted B vs IC for the low-dose implant device at 300 and 77K. 
Figure 8. Temperature dependence of the bulk hole concentration as a function of compensation 

Figure 9. Calculations of the temperature dependence of the intrinsic base sheet resistance 

Figure 10. Calculations of the temperature dependence of the normalized low-current 13 

Figure 11. Measured temperature dependence of the peak fT for the two base implant conditions. 
Figure 12. Circuit schematic of the ECL gate used in the ring oscillator performance 

Figure 13. Measured output waveforms of the 10-stage (5 OR /5 NOR) ECL ring oscillator for the 

Figure 14. ECL power-delay characteristics for the low-dose base implant device as a function of 

Figure 15. Comparison of the temperature dependence of the measured gate delay to the delay 

Figure 16. Average gate delay as a function of temperature for the two different base implant 

for the investigation. 

conditions. 

level. 

compared to measured data. 

compared to measured data. 

investigations. 

low-dose base implant showing the (a) 358K result and (b) the 85K result. 

temperature for two high-speed ring oscillators. 

figure of merit for the low-dose base implant device. 

conditions. 

t 
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Figure 17. Power-delay plot comparing the measured statistical variation across the wafer at 298 

Figure 18. Simulations of circuit operation under typical system loading conditions at 298 and 

Figure 19. Voltage transfer characteristics of a medium current ECL gate as a function of logic 

Figure 20. Comparison of the calculated normalized ECL static noise margin to measured data as 

and 85K to simulated performance. 

85K showing the effects of logic swing on power-delay performance. 

swing at (a) 298K and (b) 85K. 

a function of temperature. 

F. Oosaka and T. Nakamura, “Low Temperature Operation of Bipolar and MOS Devices,” 
pp. 425-448 in Low Temperature Electronics, ed. R. K. Kirschman, Institute of Electrical and 
Electronics Engineers Press, New York, 1986. Reprint from Fujitsu Scientific and 
Technological Journal 14(3), 53-6 (Sept. 1978).24 

Abstract/Conclusion 

Low-temperature operation of npn double-diffused bipolar transistors, enhancement mode and 
depletion mode MOS transistors and enhancement-enhancement (EYE) type and enhancement- 
depletion (ED) type MOS circuits have been analyzed over the temperature range from room 
temperature, 300K, down to liquid nitrogen temperature, 77K. 

each device. It also makes clear that small-sized double-diffused bipolar transistors are not suitable 
for low-temperature operation owing to decrease of carrier mobility in the base region. 

On the other hand, E/E type MOS circuits have a higher switching speed than at room- 
temperature operation, and E/D type MOS circuits are suitable for temperature-compensated circuits. 

This paper has analyzed the low-temperature operation of bipolar and MOS devices. From the 
analysis of double-diffused bipolar transistors the following has been found: 

The analysis reveals the fundamental parameters that dominate the low-temperature behaviors of 

1. Decrease of hf,, the grounded-emitter current gain, with lowering of temperature is primarily due 
to decrease of the lifetime of injected carriers in the base region. 

2. In a double-diffused type transistor the room-temperature and low-temperature values of the 
carrier mobility in the base region are much lower than those in bulk silicon with the same 
impurity concentration as the base region. The percentage deviation from the value in the bulk is 
greater as the base width becomes narrower. 

3. The temperature dependence of fT , the cutoff frequency, is dominated by that of the mobility of 
minority carriers in the base region, and in double-diffused type transistors decrease of fT at low 
temperatures is more conspicuous as the base width becomes narrower. 

The temperature dependence of the surface mobility and the threshold voltage of the enhancement 
mode in depletion mode MOS transistors have been investigated. The surface mobility increases with 
lowering of temperature, and its temperature coefficient is smaller in the depletion mode than in the 
enhancement mode. The temperature dependence of the threshold voltage of enhancement mode 
transistors is dominated by that of the Fermi level of the substrate silicon, and the temperature 
coefficient is almost the same over the temperature range from 300K to 77K. On the other hand the 
threshold voltage of depletion mode transistors sharply decreases below 160K. 

correspond exactly to the low-temperature characteristics of the discrete devices. In E E  type circuits 
the temperature dependence of the delay time is dominated by the surface mobility of the driver and 
load transistors and that of the dissipation power mostly by the surface mobility of the load 

The low-temperature operation of E/E type and E/D type MOS circuits has been found to 
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transistors. In E/D type circuits the load curves deviate greatly from the saturation characteristics 
owing to substrate bias effect. The temperature dependencies of the delay time and the dissipation 
power of EYD type circuits are dominated by the surface mobility and the threshold voltage of the 
load transistors, and the temperature dependence of the threshold voltage is more dominant as the 
temperature becomes lower. 

suitable for low-temperature operation, but, E/E type MOS circuits have the advantage of higher 
switching speed than at room-temperature operation, and E/D type MOS circuits are suitable for 
temperature-compensated circuits. 

From these analyses it can be said that small-sized double-diffused bipolar transistors are not 

Description of Tables and Figures 

Figure 1. Measured temperature dependence of h, of double-diffused bipolar transistors at a 

Figure 2. Temperature dependence of electron diffusion length in the base region of bipolar 

Figure 3. Temperature dependence of electron lifetime in bulk silicon. 
Table 1. Parameters for the I-V characteristics of double-diffused bipolar transistors. 
Figure 4. Temperature dependence of electron mobility in the base region of bipolar transistors 

Table 2. Parameters for the analysis of fT of double-diffused bipolar transistors. 
Figure 5. Comparison of the calculated and experimental temperature dependence of fT of the 

double-diffused and experimental transistors. 
Figure 6.  Calculated temperature dependencies of 'tE' zB, zc and the total delay time Czi of the 

double-diffused bipolar transistors. 
Figure 7. Measured temperature dependence of surface mobility of an enhancement mode MOS 

transistor with the parameter of gate voltage. 
Figure 8. Measured temperature dependence of threshold voltage of an enhancement mode MOS 

transistor. 
Figure 9. Calculated relation between IdVth/dTI at 300K and substrate impurity concentration 

with the parameter of gate oxide thickness. 
Figure 10. Transfer characteristics of a depletion mode MOS transistor at each temperature for 

drain voltage of 2 V and source-to-substrate voltage of zero V. 
Figure 11. Measured temperature dependence of surface mobility of a depletion mode MOS 

transistor near zero gate voltage for a drain voltage of 2 V and source-to-substrate voltage of zero V. 
Figure 12. Temperature dependence of threshold voltage of a depletion mode MOS transistor for 

zero source-to-substrate voltage. 
Figure 13. Measured relation between threshold voltage of a depletion mode MOS transistor and 

source-to-substrate voltage with the parameter of temperature. 
Figure 14. Measured ring oscillator circuit consisting of EYE type MOS inverter stages. 
Figure 15. Delay time and dissipation power per E/E inverter stage vs gate supply voltage with the 

Figure 16. Voltage waveforms (a) and current waveforms (b) of the ring oscillator obtained by 

Table 3. Relative percentage variations of the delay time, td, and the dissipation power, P, per E/E 

Figure 17. Load curves in an E D  type inverter at each temperature. Curves (a) are for no 

current level in which h, is dominated by the base transport factor. 

transistors obtained from the temperature dependence of he. 

(solid lines) and in bulk silicon (broken lines). 

parameter of temperature. Experimental and simulation values are included. 

the simulation. 

inverter stage at To = 188K for a gate supply voltage 6 V. 

substrates bias effect. Curves (b), (c), and (d) are for V,, = 4 V, 6 V, and 8 V, respectively. 
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* 

Figure 18. Temperature dependencies of delay time (a) and dissipation power (b) per E/D 

Figure 19. VoItage waveforms (a) and current waveforms (b) at each temperature obtained by 
inverter stage. 

simulation for a drain supply voltage V,, of 6 V. 

E.S. Schlig, “Low-Temperature Operation of Ge Picosecond Logic Circuits,” pp. 410-415 
in Low Temperature Electronics, ed. R. K .  Kirschman, Institute of Electrical and Electronics 
Engineers Press, New York, 1986. Reprinted from IEEE Journal on Solid-state Circuits, 
SC-3, 271-6 (Sept. 1968).25 

Abstract/Summary 

Low temperature operation of emitter-coupled logic circuits offers potential advantages in 
reliability, circuit simplicity, interconnections, noise immunity, power dissipation, and speed. 
Experimental picosecond germanium integrated circuits exhibit significant improvements in delay 
with moderate cooling, in contrast to observed degradation in the performance of comparable silicon 
circuits. The results of a study of the design factors and performance of germanium circuits at low 
temperatures are described, with comparisons to silicon. The effect of temperature on circuit 
propagation delay is emphasized. Brief discussions are included relating observed circuit and 
transistor temperature dependencies to those of more fundamental parameters and processes. 

In a digital system, additional speed advantages may arise from the greater packaging densities 
made possible by the conductivity improvement in interconnecting lines. Low temperature operation 
is feasible and desirable as a means of achieving system sizes, availability levels, packaging densities, 
and performance unattainable at and above room temperature. Since we find that cooling accentuates 
the room temperature speed advantage recently attributed to germanium, germanium circuits appear 
the logical choice for such systems. 

Description of Tables and Figures 

Figure 1. Germanium emitter-follower current switch (EFCS) circuit. 
Figure 2. Temperature dependence of (a) junction forward voltage at moderate fixed current, (b) 

junction voltage change for fixed current ratio, and (c) common emitter current gain (approximate). 
Figure 3. Typical temperature dependence of the difference in emitter base voltage of two 

transistors at fixed emitter current. The solid line passes through (0,O) and the room temperature data 
point. 

Figure 4. Delay vs temperature, germanium integrated EFCS logic circuit. 
Figure 5. Delay vs temperature, silicon integrated current switch emitter-follower (CSEF) logic 

Figure 6. Collector capacitance vs collector-base voltage and temperature, germanium post-alloy 

Figure 7. ft vs temperature, germanium PAD and silicon double diffused transistors, 900 MHz, 

Figure 8. RcC, vs temperature, germanium PAD and silicon double diffised transistors, 30 MHz, 

Figure 9. Delay figure of merit (RbCc/fT)lI2 vs temperature, germanium PAD and silicon double 

circuit. 

diffused (PAD) transistor, I, = 0, 100 kHz. 

I, = 10 mA, vcb = 0 and 0.5 V (reverse). 

I, = 5 mA, V,, = 0 and 0.5 V (reverse). 

diffused transistors. RbCc: 5 mA and 0 V, fT: 10 mA and 0.5 V (reverse). 

A.K. Jonscher, “P-N Junctions at Very Low Temperatures,” pp. 401-9 in Low Temperature 
Electronics, ed. R. K. Kirschman, Institute of Electrical and Electronics Engineers Press, New 
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York, 1986. Reprinted from British Journal of Applied Physics 12(8), 363-71 (Aug. 
196 1).26 

A bstract/Conclusion 

This paper gives a brief review of those low temperature properties of silicon and germanium 
which are relevant in the performance of p-n junctions at liquid helium temperatures. Experimental 
results are presented for germanium and silicon diodes, and their interpretation is attempted. It is 
found that germanium devices behave in a manner similar to room temperature behavior provided 
the ohmic contacts are adequate. Silicon diodes exhibit anomalies owing to insufficient doping of the 
end regions or to trapping in the base. 

Description of Tables and Figures 

Figure 1. Temperature dependence of mobility of electrons and holes in silicon and germanium. 
Figure 2. Impurity band formation (diagrammatic) as a function of the density of the majority 

Figure 3. Conduction of current in n-type germanium. 
Figure 4. Trapping capture cross sections in silicon and germanium. 
Figure 5. Voltage-current characteristics of alloyed germanium diodes at 300, 77, and 4.2K. 
Figure 6. Forward current flow in a germanium p-n junction. 
Figure 7. 41 plotted against V for alloyed germanium diode at 77 and 4.2K. 
Figure 8. Forward characteristics (1,V) of alloyed germanium diodes. 
Figure 9. Voltage-current characteristics of a germanium alloyed transistor used as a diode. 
Figure 10. Forward characteristics of diffused silicon junction diodes at different temperatures. 
Figure 11. Reverse charge transfer measurements for diode No. 48. 
Figure 12. Forward charge transfer and capacitive charge in diode No. 186. 
Figure 13. p n  junction at very low temperature in thermal equilibrium. 
Figure 14(a). The pre-breakdown condition under forward bias. 
Figure 14(b). Post-breakdown condition under forward bias. Large injected densities of both 

Figure 14(c). Reverse biased condition. 

impurity. 

carrier species maintain “inverted” impurity level populations. 

2.2.2 Thyristor 

S. Menhart, J.L. Hudgins, and W. M. Portnoy, “The Low Temperature Gating Characteristics 
of Thyristors,” IEEE Transactions on Industry Applications 29(4), 802-5 (July-August 
1993).27 

AbstractKonclusions 

The gate threshold current of an inverter thyristor (1300 V, 420 A average) has been measured as 
a function of decreasing temperature between 25 and -180°C. The simple two transistor thyristor 
model was used to calculate the temperature dependence of the minimum required gate current by 
examining the temperature dependencies of the two common-base alphas in the equivalent circuit. 
The requirements for successful gating of thyristors are examined. 

As the temperature falls below about 225 K, the value of a, begins to increase, with the rate of 
increase accelerating as the temperature decreases further. This form of ccl suggests that it should be 
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easier to turn the device on at lower temperatures. The measured gate current required to cause the 
thyristor to latch on has been shown to decrease as the temperature falls; in addition, the gate current 
decreases most rapidly at the lowest temperatures considered; consequently, the temperature 
dependence of the alphas predicts a temperature dependence of the gate threshold current, which 
exhibits good qualitative agreement with the measured gate current at temperatures below 225K. 

Above 225K, the measured gate current shows some decline, although not to the extent of that 
observed at lower temperatures. It is probable that this decrease in gate current at higher temperatures 
may be predicted by the alphas if the temperature dependence of the lifetime is modified to include 
the temperature dependence of terms assumed temperature invariant in this work, such as capture 
probabilities, and trap densities. The temperature dependencies of the preceding terms were not 
incorporated into this work because these dependencies are not well characterized at present. 

Throughout the temperature range considered in this work, the acoustic mobility term was 
considered to dominate so that P-T~’~. A T 1 I 2  minority carrier lifetime temperature dependence 
was also assumed. These forms of lifetime and mobility yield a characteristic diffusion length that has 
a temperature dependence of Y1I2. The diffusion length increases with decreasing temperature, 
which as a first-order approximation supports the behavior of the alphas and, consequently, the gate 
threshold current at lower temperatures. However, for temperatures below about 1 OOK, the mobility 
from ionized impurities becomes the dominant mobility term. This mobility term has a temperature 
dependence of T+3/2, which would tend to decrease the alphas. Therefore, it is probable that the 
required gate threshold current would begin to increase at some temperature below 100K. 

Description of Tables and Figures 

Figure 1. Test circuit used to determine gate threshold current. 
Figure 2. Gate drive circuit. 
Figure 3. Measured gate threshold current vs temperature. 
Figure 4. Two transistor equivalent circuits of a thyristor. 
Figure 5. Calculated a1 vs temperature as a function of anode current. In ascending order, the 

curves correspond to monotonically increasing values of IA from 10 pA for the lower curve through 
50 pA, loo@, 250 pA, 0.5 mA, 0.75 mA, to 1 mA for the uppermost curve. 

Figure 6. Calculated al vs anode current, with temperature as a parameter. 
Figure 7. Calculated a2eff vs temperature for IA = 1 mA with I, as a parameter. In descending 

order, the curves correspond to increasing values of IR for I, = 0 (upper curve) through 0.05, 0.1, 
0.25, 0.5, 1.0, 5.0, to 10 mA for the lowest curve. 

S .  Menhart, J.L. Hudgins, and W.M. Portnoy, “The Low-Temperature Behavior of 
Thyristors,” IEEE Transactions on Electron Devices 30(4), 101 1-3 (April 1992).28 

Abstract/Conclusions 

The forward breakover voltage and forward conduction voltage drop of a thyristor have been 
measured as a function of decreasing temperature between 25°C and -180°C. These data are 
presented for a 12OO-V, 560-A average, inverter thyristor. Both the measured and calculated forward 
breakover voltages exhibit negative temperature coefficients. The decrease in VBF at low temperatures 
necessitates that thyristors with overrated blocking voltages be used at these temperatures. 

These preliminary measurements indicate that the forward voltage drop of the thyristor, 
considered in this work, is greater at 90K, than it is at room temperature. For any given anode current, 
the conduction power loss in a thyristor is proportional to the forward voltage drop. Therefore, 
conduction losses are expected to be higher at 20K than at room temperature for this device. 
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However, low temperature operation of thyristors may permit a higher maximum power dissipation to 
be realized, because of the increased temperature differential between the maximum allowable 
junction temperature and ambient temperature (typically 90K). An increase in the thermal 
conductivities of both copper and silicon, at lower temperatures, also offers the advantage of an 
increased rate of heat low from the device package, at these temperatures. 

Description of Tables and Figures 

Figure 1. Measured (upper curve) and calculated forward breakover voltages, vs temperature. 
Figure 2. Measured total forward drops at 125 A (lower curve) and 250 A, vs temperature. 

S. Menhart, J.L. Hudgins, and W.M. Portnoy, “The Low Temperature Behavior of 
Thyristors,” IEEE Power Electronics Society Conference Record, pp. 435-442, 1990.29 

AbstractKonclusions 

The forward breakover voltage and forward conduction voltage drop of a thyristor have been 
measured as a function of decreasing temperature between 25OC and -180°C. These data are 
presented for a 1200-V, 560-A average, inverter thyristor. 

The predicted fall of VBF as temperature is decreased is primarily determined by the associated 
decrease in the avalanche breakdown voltage. The calculated and measured forms of VBF generally 
show close correspondence, although the measured data shows some deviation from its initial rate of 
linear fall at around -140°C. At room temperature all of the donor and acceptor concentrations and 
carrier concentrations may be used interchangeably. As temperature is decreased the above becomes 
an approximation and the ionized donor-acceptor concentrations should strictly be used. At lower 
temperatures the effective donor concentration, ND+, decreases. As previously discussed V 
more rapidly with decreasing temperature for lower impurity concentrations. Consequently, it is 
likely that some of the observed deviation in the fall of VBF is the result of the decrease in the 
effective donor concentration, with decreasing temperature. This phenomenon, whereby not all of the 
donors/acceptors are ionized, is known as freeze-out. Also, the current gain (at temperatures below 
120K) and the fact that the junction may more closely resemble a linearly graded junction influence 
the deviation of the calculated and measured breakover voltages. The decrease in V,, at low 
temperatures necessitates that thyristors with over-rated blocking voltages be used at these 
temperatures, which may not be desirable. 

As previously stated the calculated and measured forward voltages show some discrepancy. 
However, the preceding forward drop analysis assumed high-level injection. It would probably be 
more accurate to assume medium injection levels, in which case Da, the ambipolar diffusion 
coefficient, is determined by nn, pn, D, and D,. In addition, the validity of the Einstein relations, at 
these injection levels is questionable, as previously discussed. The above issues pertaining to Da both 
imply that D, is current dependent and that this current dependence is probably crucial for accurate 
forward drop predictions. The inclusion of a current dependent Teff may also be required. 

temperatures close to that of liquid nitrogen is beneficial from the standpoint of a potentially 
decreased forward voltage drop. Measurements and calculations indicate an undesirable relationship 
between forward breakover voltage and temperature. 

falls 
BF. 

Based on these initial measurements, there is no indication that operation of thyristors at 
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Description of Tables and Figures 

Figure 1. Measured forward breakover voltage (upper curve) and predicted avalanche breakdown 

Figure 2. Schematic of thyristor structure with associated two transistor equivalent circuit. 
Figure 3. Emitter efficiency of the p-n-p equivalent transistor vs temperature. 
Figure 4. The calculated ratio of forward breakover voltage to avalanche breakdown voltage vs 

Figure 5. Calculated diode voltages at 125 A (lower curve) and 250 A vs temperature. 
Figure 6. Calculated ohmic drop in the N, region, normalized to 300K vs temperature. 
Figure 7. Measured total forward drops at 125 A (lower curve) and 250 A vs temperature. 

voltage vs temperature. 

temperature. 

2.2.3 Gate Turnoff Thyristor (GTO) 

No information was located specifically for GTOs. 

2.2.4 MOSFET Controlled Thyristor (MCT) 

C.V. Godbold et. al., “Temperature Variation Effects in MCTs, IGBTs, and BMFETs,” 
Proceedings of the 1993 IEEE 24th Annual Power Electronics Specialists Conference, 
Seattle, Washington, June 20, 1993, pp. 93-98.30 

AbstractKonclusions 

The switching characteristics of the non-complementary MOS-Controlled Thyristor @e., an MCT 
that is gated with respect to the cathode as opposed to the anode) are examined for the first time over 
a temperature range of -180 to 195°C. The forward conduction drop and dynamic performance of 
these MCTs are discussed and compared to the behavior of similar complementary MCTs, IGBTs, and 
normally-off bipolar mode FETs (BMFETs) over the same temperature range. 

the BMFET is clearly the superior device at this current level. It suffers from some significant 
drawbacks, however. The BMFET is much like a BJT in that good performance requires non-trivial 
gating. The BMFET used here required a gate current of 3 A during forward conduction and 
significant gate charge extraction (requiring negative gate-cathode voltage) to effect rapid turn-off. 
The magnitude of the reverse GK (gate-cathode) voltage is limited by the breakdown voltage of the 
GK, which was approximately 15 V in this case. The BMFET did not turn off until the charge was 
extracted from the gate; this required a significant amount of time (on the order of a few 
microseconds). This delay hinders BMFET operation at high frequencies. 

At low temperatures, the MCTs and IGBT are suited for very high frequency operation. The 
forward drop and switching losses of the devices are comparable, and so the devices appear to be 
equally suited for such duty. The MCTs can reasonably be expected to conduct much higher current 
densities at lower losses than an IGBT, but the IGBT requires slightly less complicated gating and is 
likely a more rugged device in terms of resistance to dvldt turn-on and controllable current. 

At temperatures from about -100 to 100°C, only considering switching and forward drop losses, 
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Figure 1. Cross-section of a normally-off BMFET cell (not to scale). 
Figure 2. Cross-section of an IGBT cell (not to scale). 
Figure 3. Cross-section of a pMCT cell showing both the turn-on and turn-off E T  structures 

Figure 4. Cross-section of an n-MCT cell showing both the turn-on and turn-off FET structures 

Figure 5. Forward voltage drop vs temperature for the IGBT, n-MCT, pMCT, and BMFET at a 

Figure 6. Forward drop vs forward current for the IGBT and n-MCT at -180°C. 
Figure 7. Switching energy losses vs temperature for the BMFET, IGBT, n-MCT, and p-MCT 

Figure 8a. n-MCT anode-cathode voltage (VAKMAX = 500 V) rise during turn-off at various 

Figure 8b. n-MCT anode current tail (I,,, = 10 A) during turn-off at various temperatures. 
Figure 9a. p-MCT anode-cathode voltage (V,,,, = 500 V) rise during turn-off at various 

Figure 9b. p-MCT anode current tail (I,,, = 10 A) during turn-off at various temperatures. 
Figure 10. Collector current rise during turn-on of the BMFEiT at 175°C. 

(not to scale). 

(not to scale). 

forward current of 10 A. 

under hard switching at 500 V blocking and 10 A conduction. 

temperatures. 

temperatures. 

J.L. Hudgins, S. Menhart, and W.M. Portnoy, “The Low Temperature Switching Performance 
of Thyristors and MOSFETS,” IEEE Power Electronics Society Conference Record, pp. 429- 
433 ( 1990).3 

AbstracKoncEusions 

The measured switching performances of MOS-controlled thyristors (MCT), an SCR, and a power 
MOSFET are discussed for operating temperatures from 25 to -18OOC. Current pulses of up to 340 A 
were conducted for a duration of 10 ps. A comparison of the energy losses, switching times, and 
device behavior as a function of temperature is also presented. 

and junction temperatures. These devices turn on quickly enough to keep the switching losses small 
when conducting large currents, although at low current levels and high frequencies the MOSFET is 
still the superior device because of its very fast turn-on. Based on conduction losses at high current 
levels, the MCTs again outperformed the other test devices. The SCR cannot turn on across its entire 
cathode region quickly enough to keep the forward voltage comparable to the MCTs. In contrast, the 
forward drop of the MOSFXTs begins to compare favorably to the SCR and MCT at -180°C. This 
trend suggests that at lower than liquid nitrogen temperatures, power MOSFETs may be better 
switches than either of the other bipolar devices. Though the MCT seems to generally outperform 
SCRs and MOSFETs, there still remains a question about its ruggedness. The SCR performed close to 
that of the MCT in terms of energy losses but was not damaged by any of the tests, while the MCTs 
did catastrophically fail at -180°C. 

It is clear that under controlled situations the MCT compares favorably when used at low ambient 
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Figure 1. Cross-sectional view of an MCT cell. 
Figure 2. Equivalent circuit diagram of the MCT. 
Figure 3. Pulse forming network diagram used to test the thyristors. 
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Figure 4. Circuit diagram of network used to test the MOSFET. 
Figure 5. Switching waveforms of MCT2 at -150°C. 
Figure 6. Switching waveforms of the SCR at -180°C. 
Figure 7. Switching waveforms of the MOSFET at -180°C. 
Figure 8. Graph of tum-on energy losses, as a function of temperature, at a nominal peak current 

Figure 9. Graph of turn-on energy losses, as a function of temperature, at a nominal peak current 

Figure 10. Graph of forward voltage, as a function of temperature, at a nominal peak current of 

Figure 11. Graph of forward voltage, as a function of temperature, at a nominal peak current of 

Figure 12. Graph of conduction energy losses, as a function of temperature, at a nominal peak 

Figure 13. Graph of conduction energy losses, as a function of temperature, at a nominal peak 

of 150 A. 

of 300 A. 

150 A. 

300 A. 

current of 150 A. 

current of 300 A. 

C.S. Jezierski, Jr. and V.A.K. Temple, Low Temperature MCT Operation, EPRI Contract 
RP2443-2 Interim Report by GE-Corporate Research and Development, Power Electronics 
Laboratory, Schenectady, N.Y., April 1989.32 

A bstractKonclusion 

(None) 

Description of Tables and Figures 

Figure 1. Diagram of heat exchanger. 
Figure 2. Photograph of actual test setup. 
Table 1. Trends of measured parameters as temperature decreases. 
Figure 3. MCT V-on vs temperature. 
Figure 4. MCT I-on vs temperature. 
Figure 5. Diode V-on as a function of temperature measured at 20 PA. 
Figure 6. 77K breakdown voltage (BV) as a percent of 298K BV versus radiation dose. 
Figure 7. Measurements of 7 diodes that survived the cold. 
Figure 8. MCT forward voltage drops as a function of temperature measured at 5 A. 
Figure 9. Diode forward voltage drops as a function of temperature measured at 5 A. 
Figure 10. Eoff time vs temperature of selected MCTs measured from 90% point to 10% point at 

Figure 11. Diode V-I characteristic as a function of temperature. 
Figure 12. Diode to SCR curve transition vs temperature. 
Figure 13. Generic MCT V-I characteristic vs temperature. 
Figure 14. Usable power due to V-on. 

10 A. 
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2.2.5 Insulated Gate Bipolar Transistor (IGBT) 

R. Singh and B.J. Baliga, “Cryogenic Operation of Asymmetric n-channel IGBTs,” 
Proceedings of 1992 International Symposium on Power Semiconductor Devices and ICs, 
pp. 188-193, Tokyo, 1992.33 

AbstractKonclusions 

Detailed experimental data taken for asymmetric n-channel IGBTs between 300 and 77K are 
presented. The forward voltage drop, the gain of the inherent PNP transistor and turn-off time were 
found to decrease whereas the threshold voltage and transconductance were found to increase with a 
decrease in operating temperature. This paper provides analytical models for the behavior of these 
parameters. 

The measurements and analysis presented established that a much improved IGBT operation is 
obtained at cryogenic temperatures. The on-state power losses are reduced due to a decrease in the 
forward voltage drop, and switching losses are reduced due to a decrease in the turn-off time. An 
increased transconductance also leads to a more sensitive gate control on the collector current. This 
will enable operation of the IGBT at higher frequencies and power densities with smaller heat sinks. 

Description of Tables and Figures 

Figure 1. The IGBT structure and equivalent structure. 
Figure 2. Turn-off waveform for an IGBT. 
Figure 3. Measured and predicted values of PNP transistor gain. 
Figure 4. Turn-off time and decay time constant vs temperature. 
Figure 5. Measured and predicted values of threshold voltage for an IGBT. 
Figure 6.  Measured and predicted values of transconductance of an IGBT. 
Figure 7. Measured and predicted values of the forward voltage drop of an IGBT. 

2.3 Field Effect Transistor Class 

2.3.1 Junction Field Effect Transistor (JFET) 

J.H. Goebel and T.T. Weber, “Cryogenic Measurements of Aerojet GaAs n-JFETs,” SPIE 
Infrared Readout Electronics 1684, 93-109 ( 1992).34 

SummaryKonclusions 

The spectral noise characteristics of Aerojet GaAs n-JFETs have been investigated down to liquid 
helium temperatures. Voltage noise characterization was performed with the FET in (1) the floating 
gate mode, (2) the grounded gate mode to determine the lowest noise readings possible, and (3) with 
an extrinsic silicon photodetector at various detector bias voltages to determine optimum operating 
conditions. Current noise characterization was measured at the drain in the temperature range 300 to 
77K. Device design and MBE processing are described. Static I-V characterization is done at 300, 77 
and 6K. The Aerojet GaAs n-JFET has been demonstrated to be useful as a quiet and stable 
cryogenically cooled 4K infrared detector preamplifier in the source follower configuration. Hence it 
can be considered as a readout line driver or infrared detector preamplifier, as well as a host of other 
cryogenic applications. Its noise performance is superior to that of Si MOSFETs operating at liquid 
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helium temperatures and is equal to the best Si n-JFETs operating at 300K. Hence it is useful with 
discrete photoconductive and photovoltaic infrared detectors. Development of a dual n-JFET package 
would give balanced transimpedance amplifiers in GaAs wider applicability to photovoltaics. Its noise 
is somewhat inferior to that of 77K Si JFETs at frequencies below 10 Hz. That presently limits its 
consideration for bolometric detectors to frequencies higher than 10 Hz where the GaAs n-JFET is 
superior. The manufacturing technology employed is well controlled and reproducible, yielding high 
quality devices by design. The GaAs n-JFET should have a bright future as a cryogenic infrared 
detector preamplifier. 

Description of Tables and Figures 

Figure 1. Fabrication steps for GaAs JFET. 
Figure 2. Hall mobility vs temperature. 
Figure 3. Drain characteristic at 10K. 
Figure 4. Drain characteristic at 77K. 
Figure 5. Drain characteristic at 300K. 
Figure 6 . Noise vs inverse gate area. 
Figure 7. GaAs JFET noise is superior to Si MOSFET. 
Table 1. GaAs JFET device parameters vs temperature . 
Figure 8. Grounded gate voltage noise vs frequency. 
Figures 9-22. Drain current noise and gate noise voltage measurements on two types of GaAs 

and one Si JFET at various temperatures and drain current values. 
Figure 23. (Note: Figs. 23-30 are erroneously labeled in the article. There are two Fig. 22s 

resulting in the last figure being labeled 29 rather than 30.) FET D3-8 noise curve compared to 
I / (Q*’~  curve. 

Figure 24. D3-8 noise curve and generated curve at 7K. 
Figure 25. D3-8 noise curve and generated curve at 77K. 
Figure 26. Noise comparison of FETs at 7K with 1 l& source resistor. 
Figure 27. Noise of three FETs plus l/(f)1’2 curve at 7K. 
Figure 28. Noise curves with generated curves at 7K. 
Figure 29. A5-7 FET noise as a function of source resistance at 7K. 
Figure 30. A1 FET noise as a function of source resistance at 77K. 

S . S .  Sesnic and G.R. Craig, “Thermal Effects in J E T  and MOSFET Devices at Cryogenic 
Temperatures,” pp, 299-308 in Low Temperature Electronics, ed. R. K. Kirschman, Institute 
of Electrical and Electronics Engineers Press, New, York, 1986. Reprinted from ZEEE 
Transactions on Electron Devices ED-19, 933-42 (Aug. 1972).35 

. 

A bstracKonclusions 

Various JFET and MOSET devices have been studied at liquid nitrogen (LN) and liquid helium 
(LHe) temperatures. Transient and steady-state heating of the devices at 4.2K is investigated and it is 
found that the active part of the device typically heats to a steady-state temperature of 40-60K. A 
transient and steady-state heating model of the device is constructed, and the results are found to be 
in good agreement with the measured temperatures and heating transients. 

are responsible for the noise. Low-frequency noise in J E T S  seems to be of generation- 
recombination type. Thermal noise is prevalent in the frequency region between 100 kHz and 
1 MHz. The noise in some of the MOSFET devices increases with decreased temperature and seems 

Studies of the noise at the various ambient temperatures show that different physical phenomena 
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to be surface state or “flicker” noise. The noise in MOSFET devices is by factor 5-100 times larger 
than the noise in investigated JFEiT devices. 

Investigations of JFET and MOSFET devices at cryogenic temperatures have shown that these 
transistors are heated by the self-heating mechanism described in this paper. The main reason for this 
heating is the low thermal conductivity of the kovar electrical leads, which also provide a relatively 
poor thermal connection between the device and the cryogenic bath. 

investigate transient and steady-state thermal effects in other devices. Note that although the transient 
heating model was one dimensional and the thermal conductivity and capacitance were assumed 
constant, the model still yielded results that explained the experimental observations in a 
semiquantitative manner. 

Noise studies of some of these devices indicated the presence of thermal noise for frequencies 
greater than 100 Khz. Such noise may be reduced by increasing the thermal conductance between 
the active part of the device and the cryogenic bath. This can be accomplished either by increasing 
the cross section of kovar leads or by utilizing some other material of higher thermal conductivity. 

Studies of these devices at 1.8K, have shown that lowering the bath temperature below 4.2K does 
not have any effect on the device parameters, transient heating effects, or noise. This is also in support 
of the contention that the active part of the device is at a much higher temperature. The applicability 
of these devices at cryogenic temperatures has been shown. Two preamplifiers utilizing one of the 
discussed devices and working at cryogenic temperatures have been built: a low-frequency 
radiometer preamplifier and a pulse preamplifier. In both cases an improvement in comparison to a 
room temperature preamplifier was noticed. 

The method employed in this investigation, using pulse and step voltages, can also be utilized to 

Description of Tables and Figures 

Table 1. Devices investigated. 
Figure 1.  Variation of forward transfer conductance gm of various transistors with ambient 

Figure 2. Normalized temperature, 8, as a function of normalized time, 2, with normalized 

Figure 3. Normalized temperature, 6, as a function of normalized time, z, with normalized 

Figure 4. I-V pulse data for sample 1 with changing input power. T = 4.2 K, V,, = 0. 
Figure 5. IDS, vs temperature for sample 1. 
Figure 6.  Time response of IDSS to a step input for sample 2. 
Figure 7. I,,, vs temperature for sample 2. 
Figure 8. Amplifier circuit for noise measurements. 
Table 2. Amplifier components for noise measurements. 
Figure 9. Equivalent input noise of the amplifier with sample 1 transistor. 
Table 3. Measured and calculated thermal noise for sample 1 device. 
Figure 10. Equivalent input noise of the amplifier with sample 2 transistor in input stage. 
Figure 11. Equivalent input noise of the amplifier with sample 3 transistor in input state. 

temperature. 

distance, x, as a parameter for the case of uniform heating. 

distance, x, as a parameter, for the case of constant heat flux incident at x = 0. 

. 
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2.3.2 Metal-Oxide Semiconductor Field Effect Transistor (MOSFET) 

e 

O.M. Mueller and K.G. Herd, Ultra-High Efficiency Power Conversion Using Cryogenic 
MOSFETs and HT-Superconductors, Internal Proposal-General Electric Company 
Corporate Research and Development, Schenectady, N.Y. 12301, Tel. 5 18-387-5064.36 

Abstract/Recommendations 

Ultra-high-efficiency (>99%) power conversion and the corresponding energy savings can be 
accomplished by combining two new devices: The power MOSFET and the high current inductor 
made with high-temperature (HT) superconductors. Their properties are reviewed. Several possible 
applications will be discussed such as high-power inverters, switchmode amplifiers and multi-kilowatt 
radio frequency (RF) generators. Design information is presented for thermal losses of a cryogenic 
container and the required electrical conductors to a cryogenic circuit. It will be investigated if there 
are potential advantages of cryogenic power conversion such as drastic size, weight, and cost 
reductions at improved reliability. 

Cryogenic power conversion may be suitable for certain high-power applications, especially if 
low duty cycles are involved. Size, weight, and cost reduction should be realizable with such systems. 
It is also recommended that the semiconductor industry design an optimized cryogenic power 
MOSFET in a more suitable package. Suitable cost-effective HTS inductors should also be 
developed. 

Description of Tables and Figures 

Figure 1. On-resistance of IXTHllP50. 
Figure 2. On-resistance IRFPG50. 
Figure 3. On-resistance vs drain current, 2SK1835. 
Figure 4. On-resistance vs temperature. 
Figure 5. Switch-mode N1-bridge amplifier. 
Figure 6. Maximum pulse current vs dc voltage. 
Figure 7. Coil current vs supply voltage. 
Figure 8. Cryogenic switch-mode amplifier. 
Figure 9. Class-E amplifier-DE37S-102Nll. 
Figure 10. 1 kW class-E power amplifier, efficiency vs temperature. 
Figure 11. Optimum 1engWarea ratio vs current, Adc. 
Figure 12. Loss Q (W) for a pair of leads vs current, Adc, 77W300K. 
Figure 13. Loss Q (W) for a pair of leads vs current, Adc, 200U300K. 
Figure 14. Loss Q (W) for a pair of leads vs current, Adc, for 100-A wire, 200W300K. 
Figure 15. L/A ratio vs absolute temperature (K) for 100 Adc. 
Figure 16. Loss Q (W) per pair of Cu (OFHC) wire, 100 Adc. 
Figure Unnumbered. Topology for resonant switchmode gradient amplifier. 

R. Singh and B.J. Baliga, “Analysis and Optimization of Power MOSFETs for Cryogenic 
Operation,” Solid-state Electronics 36 (No. 8) ,  1203-1 1 (1993)? 

AbstracKonclusions 

Detailed experimentally measured data taken between 300 and 77K is presented for power 
DMOSFETs with a wide range of breakdown voltages. The breakdown voltage and on-resistance were 
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found to decrease whereas the threshold voltage and transconductance were found to increase 
significantly with a decrease in operating temperature. This paper provides analytical models for the 
behavior of these parameters in the temperature range 300 to 77K. Using these models, a relationship 
between the ideal specific on-resistance and the breakdown voltage of silicon power MOSFETs at 
cryogenic temperatures has been developed for the first time. The breakdown voltage model 
developed is essential for specifying the drift region doping in a DMOSFET designed for 77K 
operation. The threshold voltage model identified here may also prove useful for specifying the 
channel region doping and oxide thickness. In addition, the optimal cell design of a power 
DMOSFET has been shown to change as the operating temperature goes from 300 to 77K due to the 
differences between the temperature dependence of inversion, accumulation, and bulk mobilities. The 
analysis presented in this paper also shows that a 77K optimal DMOSFET has a reduced polysilicon 
gate length as compared to 300K optimal device. A general relationship between the ideal specific 
on-resistance and the breakdown voltage has been derived which is valid for the temperature range of 
300 to 77K. This relationship is of value not only to DMOSFET design but also has a reduced 
polysilicon gate length as compared to a 300K optimal device. 

Description of Tables and Figures 

Figure 1. DMOSFET structure with various internal resistances to the current flow. 
Figure 2. Measured and modeled curves for breakdown voltage variation with temperature of 50, 

Figure 3. Measured and modeled impact ionization coefficient variation with temperature. 
Figure 4. Measured and modeled curves for threshold voltage variation with temperature of 3 

Figure 5. Threshold voltage variation with temperature for 3 values of peak channel doping. 
Figure 6.  Threshold voltage variation with temperature for 3 values of gate oxide thickness. 
Figure 7. Measured and modeled curves for on-resistance variation with temperature of 50, 250 

Figure 8. Measured and modeled curves for transconductance variation with temperature of 50, 

Figure 9. Ideal specific on-resistance vs breakdown voltage for silicon at 77 and 300K. 
Figure 10. Evaluation of optimal gate length for 250 V rated device. 

250 and 500 V rated devices. 

device ratings. 

and 500 V rated devices. 

250 and 500 V rated devices. 

F. Balestra, “Analysis of the Latch Phenomenon in Thin Film SO1 MOSFETs as a Function 
of Temperature,” MicroeZectronic Engineering 19, 81 1-4 (1992).38 

Abstract/Conclusions 

A study of the latch and breakdown phenomena in thin film SO1 MOSFETs is performed as a 
function of temperature. The experimental analysis is concentrated on p-channel devices, for which 
no investigation of the parasitic bipolar transistor has been carried out. Latch problems are observed 
for thin-film p-channel devices in the sub-half-micrometer range. In addition, it is demonstrated by 
theoretical considerations and experimental results that these parasitic effects are strongly reduced at 
liquid nitrogen temperature, and vanish entirely at liquid helium temperature. Similar improvements 
are expected for low temperature operation of n-channel devices. These results emphasize the great 
interest of low temperature operation which optimizes the electrical properties of SO1 MOSFETs. 



Description of Tables and Figures 

Figure 1. ID(VD) characteristics for V = 0 in the case of p-channel thin-film depletion-type 

Figure 2. ID(VD) characteristics for V = 0 in the case of p-channel thin-film enhancement-type 

Figure 3. ID(V ) characteristics of p-channel thin-film depletion-type SIMOX MOSFET (LeE = 

Figure 4. ID(VD) ctaracteristics as a function of V, in the case of p-channel thin-film 

SIMOX MOSFET (Leff = 0.3 km) at 300,g17, and 4.2K. 

SIMOX MOSFET (LeH= 0.3 pm) at 300,57 and 4.2K. 

0.3 pm) at 300K (kg. 3a), 77K (Fig. 3b) and 4.2K (Fig. 3c), for high and low Vd in the case of 
forward and reverse V scan. 

enhancement-type SIMOX MOSFET (Leff = 0.3 pm) at 300K (Fig. 4a), 77K (Fig. 4b) and 4.2K 
(Fig. 4c). 

P. Heremans, G. Groeseneken, and H.E. Maes, “Hole Trapping During Low Gate Bias, High 
Drain Bias Hot-Carrier Injection in n-MOSFETs at 77K,” ZEEE Transactions on Electron 
Devices 39(4) (April 1992).39 

AbstractKonclusions 

Injection and trapping of holes in the gate oxide of n-channel MOS transistors during operation 
at large drain and small gate biases are investigated at liquid nitrogen temperature. Experimental 
evidence is given that about three times less trapping of holes occurs in the gate oxide at 77K as 
compared to 295K. We show that this is due to the small hole mobility in SiO, at low temperatures. 

Holes are trapped in the gate oxide during channel hot-hole injection in n-channel MOSFETs. 
The hole trapping saturates as a function of stress time, to a level that depends on both the gate and 
the drain voltage used during the hole injection. The saturation value of the hole trapping is about a 
factor of three smaller for liquid nitrogen channel hot-hole injections than at room temperature, for 
injections at the same level of IsUb/Is and at the same V,, - V,. From the measured increase of the fast 
interface trap generation, such conditions are, however, expected to result in about identical hole 
injection from the Si into the SiO,. This finding of smaller hole trapping at 77K for identical 
injection levels appears in conflict with ionizing radiation and avalanche hole injection experiments. 

We suggest that the small hole trapping during liquid nitrogen channel hot-hole injection 
experiments is due to the slow hole motion in the SiO, to the Si channel against the oxide field. 
There are two mechanisms likely to be responsible for the elimination of the pile of injected holes in 
the close neighborhood of the Si/SiO, interface. These mechanisms are not active during radiation 
experiments, where electron-hole pairs are generated in the bulk of the oxide, nor during avalanche 
injection, where both the oxide and the silicon fields are large and directed from the bulk silicon to 
the gate. The mechanisms that we invoke for explaining the small hole trapping observed during 
channel hot-hole injection furthermore also explain the small hole gate currents that have been 
reported in literature. 

Description of Tables and Figures 

Figure 1. Variable base-level (Vbase) charge-pumping (CP) curves (at 100 WHz) of n-MOSFET at 
295K. Top: curve a: unstressed sample; curve b: after channel hot-hole injection (9000 s at vd, = 
7.5 V, V,, = 0.75 V, T = 295K); curve c: after subsequent channel hot-electron injection ( 2 0  s at 
V,, = V,,, = 7.5 V, T = 295K). Bottom: curve b-curve a, and curve c-curve a. 

Figure 2. Variable base-level CP curves of n-MOSFET at 295K. Top: curve a: unstressed sample; 
curve b: after channel hot-hole injection at Vd, = 6.7 V, V,, = 1.0 V for 3000 s at 77K; curve c after 
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subsequent channel hot-electron injection at Vds = V,, = 7.5 V for 200 s at 295K. Bottom: curve 
b-curve a, and curve c-curve a. 

Figure 3. Ids-Vgs curves at Vd, = 0.1 V and T = 77K in reverse mode. Curve a: unstressed sample; 
curve b: after channel hot-hole injection at Vd, = 6.7 V, V , = 1.0 V for 3000 s; curve c: a channel 
hot-electron injection at Vds = V , = 7.5 V for 200 s at 295K is done after the hole injection, and the 
sample is then cooled back to 77k for I -V 

Figure 4. (a) Increase of AVcp (see Fig. f; as a function of hole injection time, for hole injections 
at v d s  = 7.5 V, V,, = 0.75 V, and T = 295K (Isu,,/Is = 0.16). (b) The saturation value of AV,,, called 

AVc max 
295k  

Vds = 6.7 V, V,, = 1.0 V, and T = 77K (Isub/Is = 0.16). (b) AV, max [of (a)] and the ratio Isub/Is vs 
the gate voltage during hole injection, done at V,, = 6.7 V and ‘f= 77K. 

Figure 6. AVcp,max vs the ratio I,,b/IS varied by changing vds during hole injections done at 
V,, = V, + 0.5 V (i.e., V,, = 1.25 V at 295K and Vgs = 1.5 V at 77K). The hole trapping is 2.5 to 3 
times larger at 295K. 

Figure 7. Schematic energy diagram of an n-channel MOS transistor at the drain during channel 
hot-hole injections. Two possible mechanisms for the removal of injected holes are indicated: 
(1) recombination with simultaneously injected electrons, (2) back-tunneling of injected holes to the 
Si channel against the oxide field of typically 2 MV/cm. 

measurement. 
ds. 

and the ratio Isub/Is vs the gate voltage dunng hole injection, done at vd = 7.5 V and T = 

Figure 5. (a) Increase of AVcp (see Fig. 2) as a function of hole injection time for stresses done at 

Table 1. Hopping Data. 
Figure 8. Schematic distribution of the hole density, p, at hopping sites as a function of the 

distance, x, in the gate oxide. Hole density decreases as a result of recombination with electrons. At 
high temperatures the decrease at x = 0 is slower, and the saturation level for x OQ is larger than at low 
temperatures. 

Figure 9. Hopping time constant at the temperatures 77, 200, and 295K ( T ~ ,  from Table 1) and 
calculated time constant for back-tunneling against an oxide field of 2 MV/cm, zt, as a function of the 
distance of the hole from the Si/SiO, interface. The dots are the values of 2, assuming a hole hopping 
site located at a depth Et = 0.16 eV from the valence band of the SiO, and the error bars represent 
the deviation for a trap depth varying from 0.1 to 0.2 eV. 

c 

R.K. Kirschman, S.V. Lemoff and J.A. Lipa, “Evaluation of GaAs FETs for Cryogenic 
Readout,’’ preprint submitted for SPIE 1684, Proceedings fr0.t Conference on Infrared 
Readout Electronics, Orlando, Fla., 21-22 April 1992.40 

AbstractKonclusions 

Low-frequency , low-noise, low-power cryogenic electronics to read out photodetectors are being 
investigated for the star-tracking telescope of the Gravity Probe B spacecraft. We report our initial 
findings from evaluating more than 20 types of GaAs FETs, both commercial and non-commercial, 
for this application. Most exhibit usable dc characteristics at cryogenic temperatures, although gate 
leakage and hysteric effects, presumably due to charge trapping, could be troublesome. Low- 
frequency noise based primarily on grounded-gate measurements at 4K is Vf-like,” and for the 
quietest GaAs FETs appears to be at least as low as the lowest noise values reported for Si MOSFETs 
at 4K. Further investigation is needed in several areas. 
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We have made an initial survey of GaAs MOSFETs and JFETS, commercial and “foundry,” for 
application in photodetector readout circuits at liquid helium temperatures. Based on a limited 
number of FETs and measurements, we find that: 

Many commercial FETs and all foundry FETs exhibited usable dc characteristics at liquid helium 
temperatures, down to the microwatt power level. 
Several GaAs FETs, both commercial and foundry, exhibited low-frequency grounded-gate noise 
voltage at liquid helium temperature at least as good as the lowest reported for Si MOSFETs. 
Foundry FETs exhibit better dc characteristics and consistently lower noise, compared to 
commercial FETs. Thus, standard GaAs MOSFET fabrication, available through foundries, 
produces GaAs FETs that are useful at liquid helium temperatures. There are many issues in need 
of further investigation, including dc anomalies attributable to charge trapping (hysteresis and 
collapse), substrate effects, gate leakage and capacitance, noise current, noise dependence on 
biasing, and mechanical stress on the die. 

So far, this evaluation seems to have raised as many questions as it has answered. However, we believe 
that our results and those of others indicate that GaAs FETs warrant further evaluation and could be 
useful for low-frequency cryogenic applications, particularly for the temperature range below Si 
freeze-out (<30K), as an alternative to Si FETS. 

Description of Tables and Figures Showing 77K Behavior 

Table La.) Commercial GaAs MESFETs evaluated; b) Foundry GaAs JFETs and MESFETs 

Figure 1. Characteristics of a Sony SCM2004M GaAs MESFET. The solid curves are for forward 
evaluated. 

sweep (Vd, and V increasing) and the dashed curves are for reverse sweep (Vds and V,, 
decreasing). This &ice exhibits essentially no hysteresis. 

hysteresis at 4K. 

Figs. 1 and 2 (top), and for the same two foundry GaAs MESFETs as in Fig. 3 (bottom). For all 

Figure 2. Characteristics of an NEC 3SK206-U78 GaAs MESFET. This device exhibits substantial 

. Figure 4. Transconductance characteristics for the same two commercial GaAs MESFETs as in 

curves Vd, = 0.6 v. 
Figure 5. Gate current as a function of gate-sourcddrain voltage (source and drain connected) for 

the same two commercial GaAs MESFETs as in Figs. 1 and 2 (top), and for the same two foundry 
GaAs MESFETs as in Fig. 3 (bottom). For all curves vds = 0.6 V. 

Figure 6.  Noise measurement circuit. 
Figure 7. Noise spectra for a commercial and a foundry GaAs MESFET. 
Table 1I.a.) Noise voltage for commercial GaAs MESFETs exhibiting lowest noise; b) Noise 

Figure 8. Noise voltage coefficient at 4K and transconductance as a function of gate length for 

Figure 9. Comparison of noise voltage coefficient as a function of gate area. 
Table III. Noise voltages reported for Si FETs at cryogenic temperatures for comparison. 
Table IV. Open-gate measurement results for two GaAs MESFETs comparing predicted and 

Figure 10. Ground-gate and open-gate noise spectra for two GaAs MESFETs. 

voltage for foundry GaAs FETs. 

vitesseh4OSIS GaAs MESFETs. 

experimental noise voltage. 
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O.M. Mueller, K. Park, and R. Argersinger, “NYSIS-92 Paper: A Cryogenic Class-E RF 
Power Amplifier,” Sixth Annual Conference on Superconductivity and Applications, Buffalo, 
New York (September 15-17, 1992).41 

AbstractKonclusions 

The high-temperature superconductor research community and industry need low-cost 
applications for their devices in order to prosper. Low frequency (60 Hz) and RF power conversion 
could become one promising field for the use of HTS devices on a large scale. A 1-1.5 kilowatt 
Class-E power amplifier has been designed and tested at 6.8 MHz using 1000 V MOSFEiTs. The 
circuit can be operated at room temperature, as well as cryogenically cooled down to 77K. The 
amplifier efficiency was measured over this temperature range. It increases from about 85% at high 
temperatures (75°C) up to the range of about 99% at low temperatures (-180°C). This efficiency can 
be improved even more by using HTS resonance inductors, which are under development. Ultra-high 
efficiency (99.0%) minimizes the required cooling power and makes cryogenic power conversion 
feasible. Possible applications are NMR RF amplifiers, ground heating, radar transmitters, radio 
transmitters, etc. The combination of commercially available high-voltage MOSFETs and high 
temperature superconducting coils should make cryogenic ultra-high efficiency audio and RF power 
conversion technically and economically feasible, especially in the high power ranges (10-100 kW). 

Description of Tables and Figures 

Figure 1. On-resistance vs gate-source voltage, IXTH8P50. 
Figure 2. On-resistance vs drain current, 2SK1835, 1500 V, 4 A. 
Figure 3. Drain voltage and drain current waveforms (HEPA-Design). 
Figure 4. Class-E amplifier-DE375-102N11. 
Figure 5. Efficiency vs output power. 
Figure 6. Efficiency vs RF input power, output: 1200 W. 
Figure 7. Efficiency and output power vs change of C2. 
Figure 8. 1 kW class-E power amplifier, efficiency vs temperature. 
Figure 9. Cryogenic, high-efficiency NMR RF power amplifier using MOSFET drain modulation. 
Table 1. Inefficiency (1-2 kW, 6.8 MHz PA). 
Graph 1. 1 kW class-E power amplifier, efficiency vs temperature. 

E. Schempp and C. Russo, “Applications of High-Temperature Superconducting Coils as 
Inductors in Switching Power Supplies,” Applied Superconductivity Conference, Paper 
Number LLD-1 (August 23-28, 1992).42 

Abstrac Konclusions 

Chokes and inductors made from high-temperature ceramic superconducting (HTS) wires offer a 
new range of design and performance possibilities for high-power converter by making possible near 
lossless inductances. Such power supplies can operate efficiently at low frequencies, thereby reducing 
semiconductor switching losses, decreasing heat sinking requirements and lowering demands on 
circuit capacitors. Use of €ITS inductors results in power converters up to 50% smaller in size in 
multi-megawatt installations, while still achieving considerably improved operating efficiencies and 
greatly simplified heat rejection. The installed cost may be 30-50% less than for conventional 
designs. Cryogenically cooled inductors and, by extension, cryogenically integrated electronics 

. 
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appear to offer substantial design advantages in high-power converters. Among these are cost 
reductions, improved performance, higher operating efficiencies, and reduced weight and volume. 

Description of Tables and Figures 

Figure 1. Simplified schematic of the switching and output stage of a switching power supply. 

R. Singh and B .J. Baliga, “Power MOSFET Analysis/Optimization for Cryogenic Operation 
Including the Effect of Degradation in Breakdown Voltage,” Proceedings of 1992 
International Symposium on Power Semiconductor Devices & ICs, Tokyo, pp. 339-44 
(1 992) .43 

A bstracKonc1 usions 

Detailed experimental data taken between 300 and 77K is presented for power DMOSFETs. The 
breakdown voltage and on-resistance were found to decrease whereas the threshold voltage and 
transconductance were found to increase with a decrease in operating temperature. This paper 
provides analytical models for the behavior of these parameters. Using these models, a relationship 
between the ideal specific on-resistance and the breakdown voltage of silicon power MOSFETs at 
cryogenic temperatures has been developed for the first time. In addition, the optimal cell design of a 
power DMOSFET has been shown to change as the operating temperature goes from 300 to 77K due 
to differences between the temperature dependence of inversion, accumulation, and bulk mobilities. It 
can be concluded that the DMOSFET cell design and drift region doping need to be changed from 
that presently used to make commercially available devices if optimum devices for cryogenic 
application are desired. 

Description of Tables and Figures 

Figure 1. DMOSFET structure with various internal resistances associated with it. 
Figure 2. Measured and predicted values of breakdown voltage for 50, 250 and 500 V rated 

Figure 3. Measured and predicted values of threshold voltage for 3 device ratings. 
Figure 4. Measured and predicted values of on-resistance for 50, 250 and 500 V rated devices. 
Figure 5. Measured and predicted values of transconductance for 50, 250 and 500 V rated 

Figure 6.  Ideal specific on-resistance vs breakdown for silicon at 77 and 300K. 
Figure 7. Evaluation of optimal gate length for 250 V rated device. 

devices. 

devices. 

M. Song, K.P. MacWilliams, and J.C.S. Woo, “Temperature dependence of hot carrier 
lifetime due to trapped charge and interface state generation,” SHE Microelectronics 
Manufacturing and Reliability 1802, 229-33 ( 1992).44 

AbstractKonclusions 

Hot carrier device lifetime diminishes dramatically as operating temperature decreases. The hot 
carrier lifetime at LNT is usually several orders of magnitude lower than at room temperature. In this 
work, we show the dependence of hot carrier device lifetime of lightly doped drain (LDD) 
n-MOSFETs on temperature and stress condition in the temperature range from 78K to room 
temperature. There is a cross-over point at which the worst-case hot carrier stress condition switches 
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from Vg = 1/2V 
damage mechanism switches from interface state generation to trapped charge generation. 

temperature region, whereas V @Ibmax stress condition causes the maximum degradation at room 
temperature. Therefore, the conventional model to predict hot carrier lifetime based on monitoring 
substrate current is not applicable for devices operating below -200K. Also, unlike the room 
temperature case, the degradation mechanisms below -200K appear similar for both V @Ibmax and 
V = vd stress conditions since a similar power law relationship is seen in both stress conditions. 
Ciarge pumping results show no appreciable change in interface states for low temperature stressing; 
therefore the damage must be mostly due to trapped charges. The V @Ibmax stress condition at room 
temperature primarily creates damage through interface state generation. In contrast, the Vg = Vd 
stress condition at low temperature creates oxide trapped charge under the sidewall spacer which 
depletes the n- LDD region. 

V @Ibma) to Vg-= vd with decreasing temperature. Consequently, the dominant d (  g 

In conclusion, hot carrier lifetime is worse for Vg.= Vd stress condition over almost the entire low 

g 

g 

g 

Description of Tables and Figures 

Figure 1. Device lifetime vs 1m. The devices were stressed at vd = 7 V. w/L = 1 U0.875. 
Figure 2. AGm, the change in linear transconductance, vs stress time. The devices were stressed 

with vd= 7 V. W/L = 11lO.75. The devices were stressed at (a) Temp = 296K. (b) Temp = 78K. 
Figure 3. Linear region transconductance and drain current (vd = 0.1 V) in (a) forward and (b) 

reverse ( S / D  interchanged) mode measured at 114K before and after stressing at 200K for 
8000 seconds with vg@Ibma and V, = 7 V. WA, = 1U0.875. 

J.L. Hill, R.G. Pires, and R.L. Anderson, “Scaling Silicon MOSFETs for 77K Operation,” 
ZEEE Transactions on Electron Devices 38( 1 l), 2497-504 (November 1991).45 

Abstract/Conclusions 

Using the gradual channel approximation and the velocity-field relationship appropriate to holes 
in silicon, the static characteristics of Si MOSFETs at 77K are scaled from those at 300K to provide 
similar static characteristics at the two temperatures. Compared to 300K, the approximate scaling 
factors for 77K are 1/4 for voltage, 1/3 for current, 1/12 for static power, 1/16 for dynamic power, and 
1/20 for delay-power product. At 77K the reduced power dissipation along with the increased heat 
transfer rate, the increased electrical conductivity of aluminum (permitting smaller conductor widths), 
and the absence of latch-up at low temperatures in CMOS circuits permits an increased packing 
density. The delay time is reduced by 20% giving a 20-fold reduction in the delay-power product. 
Transconductance is increased by 20% compared to room temperature. Agreement between theory 
and experiment on pchannel devices is good for channel lengths greater than about 5 pm, but the 
agreement decreases with decreasing channel length. 

While the above results are applicable only to PMOS, the results for NMOS are comparable. 
Comparison between theory and experiment on PMOS devices shows good agreement for long 
channel FETs, but agreement becomes increasingly poor with decreasing channel lengths. It is 
thought that this disagreement results from two sources: First, although gate overdrive was scaled 
appropriately, the threshold voltage was not scaled independently; second, the one-dimensional 
model may be inadequate for short-channel devices. 

It is shown that supply voltages of less than 1 V are feasible for short-channel MOSFETs 
operating at 77K. Because hot-carrier-induced degradation effects are expected to be negligible for 
supply voltages of less than about 2 V, abrupt source and drain junctions are feasible rather than 
currently employed LDD devices. 
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Description of Tables and Figures 

Figure 1. Normalized plot of drain saturation voltage as a function of plf(VG - VT)/Lvs. The 
calculated plot (solid line) is compared to that for the case in which carriers are at saturation velocity 
in the entire channel (dashed line) and for the case of no velocity saturation (long-short dashed line). 
The values of L appropriate to p-channel devices are indicated. 

Figure 2. Plot of normalized saturation current as a function pL1&VG - VT)/Lv,. The calculated 
plot (solid line) is compared to that for the case in which carriers are at saturation velocity in the 
entire channel (dashed line) and for the limit of no velocity saturation (long-short dashed line). 
Channel lengths indicated are those of Figure 1. 

Figure 3. Plot of normalized saturation transconductance as a function pllf(VG - VT)/Lvs. The 
solid line represents the case neglecting gate-voltage-induced degradation of mobility, while the 
dotted line represents the limit of large mobility degradation (see text). The dashed line represents the 
velocity saturation limit. The long-short dashed line represents the case of no velocity saturation and 
no mobility degradation while the long-short-short dashed line represents the case of no velocity 
saturation and the limit of large mobility degradation. Channel lengths indicated are those of Fig. 1. 

(The numerical values given are valid for both the triode and current saturation regions.) 

line) with voltage scaling of 1/4 and current scaling of 113 for a 9-pm p-channel MOSFET. 

line) with voltage scaling of 114 and current scaling of 1/3 for a 0.8-pm pchannel MOSFET. 

line) with voltage scaling of 1/4 and current scaling of 1/3 for a 9-pm graded-source and -drain 
n-channel MOSFET. 

Figure 7. Plots of static characteristics at 77K (dashed line) compared to those at 300K (solid 
line) with voltage scaling of 1/4 and current scaling of 1/3 for a 1.3-pm graded-source and -drain 
n-channel MOSFET. 

Table 1. Temperature scaling factors for operation at 77K compared to that at room temperature. 

Figure 4. Plots of static characteristics at 77K (dashed line) compared to those at 300K (solid 

Figure 5. Plots of static characteristics at 77K (dashed line) compared to those at 300K (solid 

Figure 6. Plots of static Characteristics at 77K (dashed line) compared to those at 300K (solid 

T. Ise and Y. Murakami, “Control of a Superconducting Coil by a MOSFET Power Converter 
Operating at Near Liquid Nitrogen Temperature,” ZEEE Transactions on Magnetics 27(2), 
2020-3 (March 1991).46 

Abstract/Conclusions 

A chopper circuit using power MOSFETs was operated in a cryostat together with a 
superconducting coil. Above a certain current level the operation of the power converter circuit offers 
advantages compared to its operation at room temperature, which requires large current leads into the 
cryostat. Losses of power supplies are mainly determined by the characteristics of power 
semiconductor devices. On-resistance of power MOSFETs takes the minimum value at around 80K. 
Utilizing this characteristic, a power converter circuit using power MOSFETs was operated in a 
cryostat with a superconducting coil. Power losses of the circuit became half that for room 
temperature operation and were further reduced at low temperature because of the diode’s lower on- 
voltage. Utilizing the characteristic of a chopper circuit as a dc transformer, size of current leads can 
be reduced remarkably. 
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Description of Tables and Figures 

Figure 1. Output characteristics of MOSFETs. 
Table 1. Ratings of MOSFETs. 
Table 2. Forward voltage blocking capability. 
Figure 2. Output characteristics of a bipolar transistor (2SD401). 
Figure 3. V-I Characteristics of diodes (a) 60FC15 (b) 30JG11. 
Figure 4. Switching characteristics of a diode (60FC15). 
Figure 5. Experimental circuit configuration. 
Figure 6. Circuit configuration for regenerative operation to ac power system. 
Figure 7. Pulse patterns for MOSEETs. 
Figure 8. Experimental setup. 
Figure 9. Input current and voltage waveforms of the chopper circuit. 
Figure 10. Expanded waveforms of the chopper circuit (a) operated in room temperature 

Figure 1 1. Measuring points of temperature. 
Table 3. Temperature of MOSFETs. 

(b) operated in the cryostat. 

N. Kistler et. al., “Substrate Current Measurements in Thin SO1 MOSFETs at 300 and 77K,” 
IEEE Transactions of Electron Devices 38( 12), 2684-6 (December 1991)47 

AbstractKonclusions 

Measurements of impact ionized hole current in fully depleted SOP1 MOSFETs at room 
temperature and LNT are reported. The measured channel substrate current is only a small fraction 
of the total hole current produced by impact ionizations in the SO1 device. Hence the grounded body 
contact is not effective in eliminating the bipolar action in thin SOI, at least for channel widths on the 
order of 10 pm. The channel substrate current exhibits properties very similar to the substrate current 
in bulk transistors except for higher drain biases when the parasitic bipolar in the device is significant. 
More studies need to be done to determine the correlation between the substrate current collected and 
the total amount of holes generated by impact ionization. In conclusion, although the body contact 
may not be useful to eliminate the parasitic bipolar, there is a potential for its use in studying impact 
ionization in fully depleted SOI. 

Description of Tables and Figures 

Figure 1. Measured channel substrate current ISUB for a transistor with Leff = 1.6 pm at (a) 300K 
and (b) 77K. 

Figure 2. Normalized channel substrate current vs l/(VDs - V, AT) for an Leff = 0.9 pm device, 
at 380 and 77K. The bulk curve is for xj = 1300 a and tox = 120 x . 
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D.G. Leupp and G.M. Oleszek, “Characterization of Germanium MOSFETs at 77K,” 
pp. 141-150 in Proceedings of the Symposium on Low Temperature Electronic Device 
Operation, ed. D. Foty, S .  Raider, N. Saks, and G. Oleszek, Electro Chemical Society, Inc., 
Pennington, N.J., 1991.7 

AbstractKoncLusions 

MOSFETs constructed of germanium have potential to be extremely fast at 77K due to high bulk 
mobilities of both holes and electrons. At this temperature the bulk mobility of both holes and 
electrons is close to 30,000 cm2Ns. Some groups have fabricated operational germanium devices 
with acceptable dielectric and interface characteristics. There still exist, however, one or more 
unexplained mechanisms which prevent full exploitation of germanium’s excellent carrier mobilities. 
In this work n-channel and p-channel germanium MOSFETs with channel lengths of 2-, 3-, and 4-pm 
were studied at 300K and 77K. The peak transconductance of 2-pm p-channel devices was found to 
increase from 183 pS at 300K to 340 pS at 77K, corresponding to an increase in field effect mobility 
from 275 cm2Ns to 512 cm2Ns. N-channel devices, on the other hand, exhibited degraded 
performance at low temperature. In both cases an anomalous VTH shift was observed at 77K, the shift 
being much more pronounced in the n-channel devices. The apparent low carrier mobilities and V,, 
shift can be explained by a temperature-dependent trapping mechanism which is still under 
investigation. 

Description of Tables and Figures 

Table 1 .  P-channel device parameters. 
Table 2. N-channel device parameters. 
Figure 1. I, - V, characteristics at 300K for 7-pm channel length germanium MOSFETs. 

Figure 2. I, - V, characteristics at 77K for 4-pm channel length germanium MOSFETs. 

Figure 3. I, - V, characteristics at 300K and 77K for 3-pm channel length germanium 

(a) p-channel. (b) n-channel. (vspb = Vsource = 0) 

(a) p-channel. (b) n-channel. (Vs@ = v,,,,, = 0) 

MOSFETs. (a) p-channel. (b) n-channel. (VSub = Vsource = 0; V,, = 0.1 V) 

K. Shenai, “Performance Potential of Low-Voltage Power MOSFETs in Liquid-Nitrogen- 
Cooled Power Systems,” ZEEE Transactions on Electron Devices 38(4), (April 199 1).4* 

Abstract/Conclusions 

This brief discusses the performance potential of a power MOSFET in cryogenic power electronic 
systems. Based on a simple analysis and the measured performance of scaled silicided 30-V power 
MOSFETs, it is shown that an order of magnitude improvement in on-state resistance can be achieved 
by cooling to LNT. This performance improvement results in an order of magnitude improvement in 
optimum power conversion frequency for a given die size, a factor of 2~ reduction in die size at a 
given conversion frequency, and a factor of 3X reduction in total power loss for switched-mode 
power converters operated at 77K. Consequently, liquid nitrogen-cooled power converters result in 
reduced system volume, improved conversion efficiency, and reduced cost. 

power MOSFET and its consequence on high-frequency power converter performance were 
discussed. Low-temperature operation also leads to higher transconductance, lower interconnect 
resistance, and higher switching speed. Low-temperature operation is also expected to result in a 

In this brief, the low-temperature potential of the input device technology factor of a low-voltage 
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significant improvement in the safe-operating area (SOA) because of a dramatic reduction in parasitic 
bipolar current gain. Reverse recovery switching measurements performed on 30-V power MOSFETs 
resulted in -5 X improvement in peak reverse current and reverse recovery time at 77K for the 
parasitic drain-source body p-n junction diode inherent in a power DMOSFET. The drain-source 
leakage current in the off-state was several magnitudes lower at 77K compared to its value at 300 K. 

This work reports on the analysis and measurement of the on-resistance performance of a low- 
voltage power DMOSFET. The analysis presented is also valid for high-voltage power DMOSFETs. 
However, in high-voltage power DMOSFETs, the temperature dependence of Ron is predominantly 
that of R . When R becomes dominant, the on-resistance improvement at low-temperatures is higher P ? 
because it is detenrmned by the temperature dependence of the bulk mobility; however, minimum die 
size calculations for high-voltage power MOSFETs should also consider load-current switching 
losses. 

At lower temperatures other power converter components such as magnetics and passive devices 
also perform more efficiently. The thermal conductivity of silicon increases dramatically at reduced 
temperatures and may lead to improved heat sinking capability and increased immunity from thermal 
runaway problems; however, thermal cycling and mechanical constraints may impose important 
restrictions on package design and efficient heat removal from active device regions. Power systems 
operated at LNT may also provide the synergism for incorporating high-temperature 
superconducting devices and interconnects in a variety of applications. 

Description of Tables and Figures 

Figure 1. Cross sections of a vertical power DMOSFET unit cell illustrating various resistance 

Table 1. Calculated percentage contributions of various resistance components in a 30-V vertical 

Table 2. Comparison of calculated and measured input technology factors for optimized 30-V 

Figure 2. Optimum die area and total power loss for a theoretically optimum 30-V power 

components in the on-state. 

power DMOSFET. 

silicided power MOSFET. 

DMOSFET vs conversion frequency of a synchronously switched power supply. 

E. Simoen, G. Vanstraelen and C. Claeys, “Low Temperature Behavior of MOS Transistors 
Fabricated on High-Resistivity Si Substrates,” pp. 123-130 in Proceedings of the Symposium 
on Low Temperature Electronic Device Operation, ed. D. Foty, S .  Raider, N. Saks, and 
G. Oleszek, Electro Chemical Society, Inc., Pennington N.J., 1991 (contains 24 of 30 papers 
presented at the Spring Meeting of The Electrochemical Society in Washington, D.C., 
May 7-9, 1991, Vol. 91-14).7 

A bstractKonclusions 

In this paper the dc characteristics at 77K and 4.2K of P (inversion) and N (accumulation) MOS 
transistors fabricated on n-type high-resistivity (HR) substrates are reported to demonstrate that the 
operation of HR-Si transistors improves at low temperatures, although the subthresholdhulk leakage 
still remains a problem; however, by the application of a sufficiently high reverse bias to the substrate, 
this parasitic current can be pinched-off. It has furthermore been demonstrated that a large analogy 
exists with normal devices operating at LHT. Therefore, a more profound comparison may lead to 
better and perhaps new insights for cryogenic electronics and for device physics in general. The drain 
current, I,, consists of a surface-channel and of a bulk component in the whole temperature range 
investigated. In the on mode, the linear region (low drain voltage, VDs) is followed by a quasi-linear 
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region. The subthreshold characteristic consists of a low- and a high-VDs. space-charge-limited (SCL) 
current regime, separated by an exponential, drain-induced barrier-lowenng (DIBL) increase. These 
results will be discussed in view of a recently proposed model for the RT operation of HR-Si devices. 
Finally, it would be interesting to investigate NMOSTs fabricated in a p-type HR-Si substrate from the 
point of view of kinkhysteresis reduction. 

Description of Tables and Figures 

Figure 1. I, - VD, curves of a L = 3 pm square HR-Si PMOST at 77K. For comparison, a 300K 

Figure 2. Corresponding characteristics at liquid helium temperature (LHT). Also drawn is the 

Figure 3. ID - VGs characteristics of a L = 3 pm square HR-Si PMOST at 300K, 77K and 4.2K. 
Figure 4. Transconductance derived from the curves of Fig. 3. 
Figure 5. Subthreshold turn-on for a L = 3 pm square HR-Si PMOST at 300K, 77K, and 4.2K. 

Zero gate and substrate bias are applied. 
Figure 6. Subthreshold turn-on for an array of square HR-Si PMOSTs (the inner area is 13 pm x 

13 pm). T = 4.2K. 
Figure 7. Subthreshold turn-on at LHT for a square HR-Si NMOST in the n-substrate, for VGs = 

0 V and -1 V. Also shown is the turn-on of an L = 12 pm accumulation NMOST made in a normal 
substrate. 

curve corresponding with VGs = -3 V is shown. 

VGs = -4 V RT curve. 

Figure 8. I-V characteristics of a HR-Si accumulation NMOST at LHT. 

K. Sukegawa, T. Ishigake, and S. Kawamura, “Operation of Ultra-Thin-Film SOI/SIMOX 
PMOSFETS at Liquid Nitrogen Temperature,” Extended Abstracts of the I99 I International 
Conference on Solid State Devices and Materials, Yokohama, pp. 660-2 (1991)49 

AbstractKonclusions 

Superior characteristics of ultra-thin-film SOYSIMOX PMOSFETS at low temperature are 
presented. The suppression of short channel effect is enhanced with decreasing temperature when 
compared to bulk devices with the same channel doping. This result is explained by an increase of 
effective channel length at low temperature. The carrier mobility at a low temperature increases more 
rapidly than that of bulk MOSFETs. The change of transconductance with hot carrier effect depends 
slightly on stress time. The initial degradation for SO1 devices is larger. If the supply voltage is 
reduced, ultra-thin-film SO1 devices would be a promising candidate for deep-submicron MOSFETs 
at low temperature. 

Description of Tables and Figures 

Figure 1. I, - V characteristics as a function of temperature. 
Figure 2. Field effect mobility for SIMOX and bulk PMOSFET. 
Figure 3. Threshold voltage for SIMOX PMOSFET as a function of temperature. 
Figure 4. Threshold voltage for bulk PMOSFET as a function of temperature. 
Figure 5. Temperature dependence of effective channel length for SIMOX and bulk PMOSFET. 
Figure 6. Temperature dependence of effective channel length as a function of channel doping. 
Figure 7. Stress time variation for change of transconductance for SIMOX and bulk PMOSFET. 

gs 
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L.T. Sun and M.C. Man, “Transfer power characteristic of a power MOSFET at liquid 
nitrogen temperature,” Indian Journal of Pure & Applied Physics 29, 380-1 (May 1991).50 

A bstractKonclusions 

From an experimental study of the transfer characteristic of three power MOSFETs at room 
temperature and at LNT one set of results is presented. ID/gm data for VN 67 AF Power MOSFET 
when plotted against V,, at 300K and at 77K yield straight line graphs at both temperatures; it is thus 
seen to be in good agreement with theory. The value of the exponent, n, is found to be closely equal 
to 2 at both RT (n = 2.18) and LNT (n = 2.2). It suggests that not only the transfer characteristics for 
J E T  and MOSFET are of the power square-law type, but also those for power MOSFETs. On the 
other hand, the power MOSFETs show no change in the nature of transfer characteristic at LNT; . 
therefore, power MOSFETs may have potential for cryogenic applications. Moreover, the value of V, 
obtained at LNT (2.22 V) is substantially larger than the value at RT (1.66 V). Therefore, it can be 
concluded that the value of V, increases as temperature decreases. 

Description of Tables and Figures 

(None) 

O.M. Mueller, “The Cryogenic Power MOSFET,” Oficial Proceedings of the Twentieth 
International Power Conversion Conference PCIM 90 Europe, Munich, Germany (June 25- 
29, 1990).51 

A bstract/Conclusions 

Some of the more important properties of commercially available power MOSFETs have been 
investigated at LNT, Le., at 77K (-192.2”C). Results are reported on in this paper. It is shown that 
several device parameters improve drastically if cooled. For example, one of the basic inherent 
limitations of the power MOSFET, its relatively high on-resistance in high-voltage devices, is 
eliminated in the cryogenic mode of operation. The on-resistance may drop as much as an order of 
magnitude or more at low temperature. The power-handling capability improves several times for a 
given chip size. Possible applications in high-efficiency power conversion circuits as well as in low- 
duty cycle high-pulse power applications are discussed. The conclusion is that the cryogenic power 
MOSFET combines the desirable features of high-speed, high-voltage, and high-current operation 
not currently available in any other semiconductor device. 

The cryogenic power MOSFET should be a useful device in the future for certain suitable 
applications such as high-efficiency power converters or low-duty cycle pulse amplifiers. It combines 
the advantages of high-speed, high-voltage and high currentjpower operation which is not available in 
any other existing semiconductor device. The expected availability of high-temperature 
superconductors in the near future will only enhance the feasibility of cryogenic power conversion. 

Description of Tables and Figures 

Figure 1. Thermal conductivity vs temperature, K, for silicon, germanium, gallium-arsenide. 
Figure 2. Thermal conductivity vs temperature for Cu, Be and BeO. 
Figure 3. Proposed cryogenic power MOSFET. 
Figure 4. Isolated cryogenic power MOSFET. 
Figure 5. MOSFET equivalent circuit. 
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. 

Figure 6.  IRFP460 on-resistance vs drain current. 
Figure 7. On-resistance IRFPG50. 
Figure 8. On-resistance for BUZ357 (Siemens). 
Figure 9. On-resistance vs drain current for APT10050FN (1000 V, 22 A, 0.50). 
Figure 10. Semi-log plot of on-resistance vs temperature for APT10050FN (1000 V, 22 A, 0.5Q). 
Figure 11. Linear plot of on-resistance vs temperature for APT10050FN (1000 V, 22 A, 0.50). 
Figure 12. Maximum avalanche energy vs starting junction temperature. (IRF540) HEXFET III. 
Figure 13. Reverse recovery charge for FSM 151 F. 
Figure 14. Diode current for MTM5N100, 150 Wz. 

O.M. Mueller, “Switching losses of the cryogenic MOSFET and SIT,” Cryogenics 30, 1094- 
100 (October 1990).52 

A bstract/Conclusions 

Cryogenic MOSFET power conversion may be feasible in the near future for certain applications 
where high-power pulses are required at low duty cycles. The eventual availability of high- 
temperature superconductors will only enhance the implementation of such circuits based on low- 
temperature electronics. High-power conversion efficiency is then of extreme importance. It can be 
obtained by circuitry based on switch-mode configurations, especially those using (quasi)-resonant 
zero voltage or zero current switching techniques. The purpose of this paper is to investigate the 
switching losses of cryogenically cooled power MOSFETs. These losses are shown to be drastically 
reduced in the cryogenic mode of device operation. 

The switching times and, therefore, the switching losses of the cryogenic power MOSFET are 
reduced considerably at 77K compared with room or elevated temperature operation. The degree of 
reduction depends on the output impedance of the drive circuitry, which is also cooled. When 
switching and capacitive discharge losses are minimized or eliminated by circuit techniques such as 
the application of (quasi-) resonance techniques, the main remaining losses in any switch-mode 
circuit are the conduction losses. They are reduced drasticaIly by cooling. The cryogenic power 
MOSFET combines the advantages of bipolar transistors, IGBTs, MOSFETs and MCTs: High voltage, 
high current, low on-resistance and high speed. It seems to be the ideal device for cryogenic power 
conversion in special applications such as pulsed or high efficiency multi-kilowatt circuits with low 
duty cycle. 

60 A) was found to be no better than that of MOSFETs. 
The on-resistance improvement factor of high voltage static induction transistors (SITS) (1500 V, 

Description of Tables and Figures 

Figure 1. Static on-resistance of power MOSFET IRFPG5O as a function of drain current at 300 

Figure 2. Static on-resistance of power MOSFET APT1005FN as a function of temperature for a 

Figure 3. On-resistance for IRFGP50 with pulsed drain current. Pulse length: 10 and 100 ps. . 
Figure 4. On-resistance of the SIT 2SK183V (Tokin) as a function of drain current for V,, = 0. 
Figure 5. On-resistance of the SIT 2SK183V as a function of temperature for a drain current of 

Figure 6. First switching times test circuit. 
Figure 7. Current turn-on rise time and delay time as a function of temperature for power 

and 77K. 

drain current of 1 A. 

10 A. 

MOSFET APT6040BN using test circuit 1. 

47 



Figure 8. Current turn-off time and turn-off delay time as a function of temperature for 

Figure 9. Second switching times test circuit, with lower driver output impedance. 
Figure 10. Drain current rise time as a function of the supply voltage at 300 and 77K for 

Figure 11. Drain current fall time vs supply voltage for APT6040BN. Load: 10 Q. 
Figure 12. Thermal conductivity vs temperature for pure silicon, germanium and gallium 

Figure 13. Thermal conductivity vs temperature for copper, beryllium and beryllium oxide. 

Figure 14. Specific heat of silicon vs temperature. Source: Reference 12. 
Figure 15. Third quadrant drain current vs drain-source voltage characteristics of a MOSFET 

used as synchronous rectifier, demonstrating the drastic increase in the operating range obtained by 
cryogenic cooling. 

APT6040BN using test circuit 1. 

APT6040BN measured with test circuit. Load resistor: 10 Q, 20 W. 

arsenide. Source: Reference 1 1. 

Source: Reference 1 1. 

Figure 16. Sokal’s class E high-efficiency switch-mode amplifier. 

O.M. Mueller and W.A. Edelstein, “The Cryogenic NMR RF Amplifier,” Society of Magnetic 
Resonance in Medicine Book of Abstracts 1, Ninth Annual Meeting and Exhibition, New 
York, New York (August 18-24, 1990).53 

IntroductiodConclusions 

The NMR industry using superconducting magnets has established the first large-scale 
commercial application of cryogenic systems in hundreds of hospitals worldwide. It may be feasible 
to use this base for a first application of cryogenic RF power conversion. 

operating at 21 or 64 MHz respectively (0.5 and 1.5 Tesla) as well as at various spectroscopy 
frequencies. This paper discusses the potential feasibility of liquid nitrogen (77K) cooled RF 
amplifiers. The MRI industry may benefit from the first application of cryogenic MOSFET power 
conversion. 

MRI/MRS systems require expensive linear RF pulse power amplifiers in the 2 to 20 kW range 

Description of Tables and Figures 

Figure 1. On-resistance vs pulsed drain current, ERFPGSO. 
Figure 2. DE-275-102N05: R(on) vs CW current. 
Figure 3. Cryogenic, high-efficiency NMR RF power amplifier using MOSFET drain modulation. 

N. Kistler et al., “Characterization of MOSFETs on Very Thin SO1 at Temperatures from 
77K to 350K,” IEEE SOS/SOI Technology Conference, 56-7 (1989).54 

Swnmary/Conclusions 

This paper presents the characterization of MOSFETs fabricated on very thin SOI, at temperatures 
from 77K to 350K. Our measurements show significant improvement in subthreshold characteristics, 
drain-induced barrier lowering, and effective channel mobility at liquid nitrogen temperature. 

Due to improved subthreshold slope and reduced short channel effects, these MOSFETs on very 
thin SO1 should allow scaling into deep submicron lengths when operating at reduced temperatures. 
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Description of Tables and Figures 

Figure 1. Typical cross-section of a MOS transistor on very thin SOI. 
Figure 2. Measured strong inversion threshold voltage for different channel lengths at 77K and 

Figure 3. Measured low-field effective channel mobility vs temperature for 10 and 1.5 micron 

Figure 4. Measured subthreshold slope vs temperature for 1 micron device (0.64 pm Leff) with 

Figure 5. Drain induced barrier lowering for different drawn channel lengths measured at 77K 

Figure 6. Threshold voltage in subthreshold regime vs Ldrawn for 0.1 V and 1.5 V drain bias, 

300K. 

drawn channel length (9.6 and 1.14 pm Leff) devices. 

0.1 V drain bias. 

and 300K. 

measured at 77K and 300K. 

O.M. Mueller, “Cryogenic MOSFET Power Conversion,” Proceedings of the Workshop on 
Low Temperature Semiconductor Electronics, 94-8 (1 989)? 

AbstractKonclusions 

Cryogenic power conversion may be feasible in the near future in combination with or without 
high-temperature superconductors. This paper investigates possible applications of low-temperature 
electronics in this field. Full-bridge amplifiers have been built and tested at LNT. Transistor 
conduction and switching losses are analyzed and compared for 300K and 77K. The effect of low 
temperature operation on overall power conversion efficiency is explored. 

Commercially available MOSFETs in plastic or metal packages work very well if immersed in a 
bath of liquid nitrogen despite the fact that they have not been designed for such a cold application. 
They can be operated at much higher current levels, and high-efficiency switchmode circuits can be 
designed. Heatsinks other than the liquid nitrogen are not required. This permits the design of 
extremely small, lightweight and low-cost power conversion circuits for airplanes, etc. Cryogenic 
power conversion may be a new promising field for certain applications. 

Description of Tables and Figures 

Figure 1. On-resistance IRFPGSO. 
Figure 2. Thermal conductivity of pure silicon vs temperature. 
Figure 3. Thermal conductivity of BeO. 
Figure 4. Switch-mode full-bridge amplifier. 
Figure 5 .  Maximum pulse current vs dc voltage. 
Figure 6. Cryogenic switch-mode amplifier. 

O.M. Mueller, “On-Resistance, Thermal Resistance and Reverse Recovery Time of Power 
MOSFETs at 7K,” Cryogenics 29, 1006-14 (October 1989).56 

Abstract/Conclusions 

Measurements of the on-resistance, the approximate thermal resistance and the drain-source 
diode reverse recovery time of new commercially available power MOS field-effect transistors at 
room and at LNT, 77K, are presented and compared. It is demonstrated that all three parameters 
drastically improve in cooled devices, especially in those with high breakdown voltage. 
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The on-resistance of a MOSFET is one of its most important parameters. At room temperature and 
in high-voltage devices it is relatively large compared with that of IGBTs and MCTs. 

It has been demonstrated that most, but not all devices, investigated work well if cooled down to 
77K. Fast recovery epitaxial diode field effect transistors (FREDFETs) do not work at 77K. 
It was found that for devices in the range 100-200 V the on-resistance for low drain currents 
improves by a factor of four between room and LNT. 
In 500-1000 V devices the on-resistance drops drastically by 8X to 30X and even more at high 
currents. This is an important result since one of the limitations of MOSFETs is their relatively 
high on-resistance at high voltages. 
Switchmode circuits feeding inductors require high-speed commutation diodes for which the 
inherent MOSFET body diode can be used. It was found that liquid nitrogen cooling reduces the 
diode peak reverse current and its reverse recovery time by a factor of three to five in normal 
MOSFETs. FREDFETs show less improvement, only about a factor of two. 
Liquid nitrogen cooling converts a normal MOSFET into a FREDFET with a high speed recovery 
diode. 
Due to the increased thermal conductivities of silicon and beryllia substrates higher current and 
power levels at decreased power dissipation are also achievable by cooling. 
The small-signal thermal resistance of a MOSFET can decrease by a factor of three to ten 
depending on junction temperature if cooled down to 77K. 
A higher conversion efficiency can be obtained. Therefore the coolant boil-off can be relatively 
small. Cooled circuits should be especially useful in all pulsed applications with low duty cycles. 
Heatsinks may not be necessary with direct liquid nitrogen cooling since all devices worked well 
even at much higher than rated currents. This in turn would result in a considerable size, weight 
and cost reduction where feasible. 
MOSFET manufacturers should design their devices so that they are suitable for cryogenic 
operation at 77K, or a special cryogenic MOSFET should be developed. 
A cryogenic power MOSFET provides the combination of high voltage, high current, low on- 
resistance (low saturation voltage), high power and high speed operation. 
Since a given device can be operated at a higher current and with the same capacitances, the gain 
bandwidth product increases by cooling. Higher switching speeds are also obtained. 
The current gain of the parasitic bipolar transistor inherent in every MOSFET decreases drastically 
at low temperatures. Therefore, dV/dt and Wdt effects are less dangerous, and second breakdown 
can be better avoided. The parasitic bipolar transistor becomes more or less ineffective. 
The maximum permissible single pulse avalanche energy of a MOSFET increases with lower 
temperatures drastically. This results in higher reliability. 
The cryogenic MOSFET is also suitable for use as a synchronous rectifier. 

Description of Tables and Figures 

Figure 1. MRF154 on-resistance vs drain current, (125 V, 60 A) V,, = 10 V at 300K and 77K. 
Table 1. MOSFET, IGT, MCT on-resistance R,,(ON). 
Table 2. MOSFET data sheet parameters. 
Figure 2. BSM121 (130 A, 200 V) on-resistance vs drain current, ratio of on resistance at 300K 

to that at 77K-improvement factor, F = 4.0; T = 300K and V,, = 10 V; T = 77K and V,, = 10 V; T 
= 77K and V,, = 20 V. 

Figure 3. IRF450 (500 V, 13 A, 0.4 a, 150 W) on-resistance vs drain current, VGs = 10 V at 77K 

Figure 4. IRFP460 (500 V, 20 A, 0.27 Q, 250 W) on-resistance vs drain current at 77K, 300K, 
and 300K. 

and 375K. 
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Figure 5. IRFP460 (500 V, 20 A, 0.27 SZ,  250 W) improvement factor, F, at F1 and 300K and at 

Figure 6. On-resistance of APT5025BN (500 V, 25 A, 0.25 SZ,  310 W, TO-247) V,, = 10 V, 

Figure 7. Improvement factor for APT5025BN (500 V, 25 A, 0.25 S Z ,  310 W). 
Figure 8.On-resistance of IXFZ24N50 (500 V, 24 A, 300 W, 0.23 Q, 250 ns), VDs = 20 V, V,, = 

Figure 9. On-resistance of MOD500B (SILICONE, 500 V, 13 A, 0.43 s Z , l O O  W) V,, = 20 V, 

Figure 10. On-resistance of IXTHllP50 (500 V, 11 A, 0.75 Q, 200 W) 24vGs = 10 V, VDs = 

Figure 11. Improvement factor for IXTHllP50 (P-channel MOSFET, 500 V, 11 A, 0.75 Q, 

F2 and 375K. 

V,, = 20 V at 77K, 300K, and 368K. 

10 V at 77K and 300K. 

V,, = 10 V at 77K and 300K (heat sink). 

20 V at 77K and 300K (heat sink). 

200 W). 
Figure 12. On-resistance of IRFpG50 (lo00 V, 6 A, 2SZ, 180 W) V,, = 10 V, V,, = 10 V at 77K 

and 300K. 
Figure 13. DE-275-102N05 (1000 V, 5 A, 2.6Q 175 W) on-resistance vs current, VGs = 10 V, 

Figure 14. MTM5N100 (1000 V, 5 A) on-resistance vs drain current, VGs = 10 V at 77K and 

Figure 15. On-resistance of APTlOOlRAN (1000 V, 10 A, la, 230 W) V,, = 10 V, V,, = 20 V 

Figure 16. On-resistance for BUZ357 (1000 V, 5 A, 2Q, 125 W, TO-3P) at 77K and 300K. 
Figure 17. On-resistance vs power dissipation for IXTHllP50 (500 V, 11 A) at 77K, 45.5 mi2 

Figure 18. Diode current for BUZ384, 200 kHz: (a) 300K; (b) 77K. 
Figure 19. Diode current for MTM5N100, 150 kHz: (a) 300K; (b) 77K. 
Figure 20, Diode current for IRF450(IR), 100 kHz: (a) 300K; (b) 77K. 

V,, = 10 V at 77K and 300K. 

300K. 

at 77K and 300K. 

and 300K. 

O.M. Mueller, W.A. Edelstein, and P.B. Roemer, “The Cryogenic NMR Gradient Amplifier,” 
Society of Magnetic Resonance in Medicine Book of Abstracts 2, p. 970, Eighth Annual 
Meeting and Exhibition, Amsterdam, The Netherlands (August 12-1 8, 1989)? 

IntroductiodConclusions 

The trend to high-speed NMR imaging requires faster rise and fall times for the gradient current 
pulses. These can be obtained by the application of higher voltages to the gradient coils. Larger 
currents are also desirable generally in order to magnify the image field-of-view. NMR angiography, 
3-D imaging, and echo-planar techniques increase the duty cycle of the gradient pulses. In each case 
more stress is placed on the linear gradient amplifiers that are reaching their technological limits. A 
possible solution can be provided by high-efficiency switch-mode gradient amplifiers, which should 
operate at a high frequency (0.2-1 MHz) so that ripple currents are far removed from the NMR 
signal frequency band. This fact rules out the use of slower high-power, high-current devices such as 
IGBTs. Only MOSFETs provide the necessary high switching speeds for a true switch-mode circuit. 
Unfortunately, high-voltage MOSFETs exhibit relatively large on-resistances, which limit currents and 
efficiencies. The reason is that the on-resistance increases approximately with the 2.5th power of the 
breakdown voltage. 

The NMR industry, using superconducting magnets, has established a base of cryogenic systems 
in hundreds of hospitals worldwide. It may be feasible to use this base for a first application of 
cryogenic RF power conversion. Switch-mode gradient amplifiers of high efficiency are especially 
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suitable. A cryogenic gradient amplifier can provide higher switching speeds, larger current pulses, 
larger duty cycles and smaller size at lower cost. 

Description of Tables and Figures 

Figure 1. On-resistance IRFPG50. 
Figure 2. Pulse current vs supply voltage for T = 77K. 

A. Comeau, M. Aubin, and J.H. Orchard-Webb, “Experimental apparatus for measuring 
noise in MOSFETs on silicon wafers,” Review of Scientific Instrumentation 59(6), 955-9 
( 1988) .5 * 

AbstractLResults 

We present an apparatus for measuring noise in MOSFETs on silicon wafers. The system can 
measure noise accurately down to 10 nV/Hz1/2 and has a useful bandwidth of 0.01 Hz to 30 MIz. 
The drain current, source voltage, gate voltage, and the temperature (77 to 400K) are computer 
controlled. We have designed a chip with both n- and p-channel test transistors in a range of sizes and 
geometries. The chip also includes a diode for temperature measurement. The wafers are processed in 
a controlled industrial environment giving reproducible device characteristics. Schematics for an 
ADC-DAC high-performance card offering many programmable features are also presented. A very- 
low-noise preamplifier working at liquid nitrogen temperature is also described. The system is not 
restricted to measuring MOS transistors; any passive or active device can be measured making only 
simple changes to the bias circuitry. We also present results obtained with a typical MOSFET. 

The setup can be used in its actual configuration to measure noise in many different devices 
provided that their noise voltage is greater than 10 nV/Hz1/2 or that their noise current is larger than 
1 ~ N H Z ‘ ‘ ~ .  These limits can be extended to some degree by changing the input configuration of the 
preamplifier. 

A room-temperature spectrum is presented for an n-channel device. The region of interest here is 
the saturation regime (Id = Ids& The spectrum had to be taken in three segments, 0.01-100 Hz, 
1 Hz-1 kHz, and 30 Hz-30 kHz. One can see that the l/f noise dominates the spectrum up to about 
1 kHz where white noise takes over. This is a typical result for a MOSFET. Noise current, LOG (In2 at 
10 Hz) is plotted vs drain voltage (vd) in the region below saturation (Id .c Idss). The slope shows a 
square law dependence, a well-known behavior. 

Description of Tables and Figures 

Figure 1. Block diagram of the experimental setup. 
Figure 2. The integrated circuit used as sample. 
Table 1. Description of the transistors used. 
Figure 3. The sample holder. 
Figure 4. Schematic of the preamplifier. 
Figure 5. Schematic of the DACIADC card which goes in the computer showing only the 

connections needed to demonstrate the functioning of the circuit. 
Figure 6. Noise spectrum of device C (90 x 900) with the data taken for drain current in 

saturation. For this device the threshold voltage was 0.78 V. White noise is actually higher than 
expected from shot noise on this plot. The slope of the l/f region is -1.20. 



Figure 7. Presentation of the square-law dependence of the squared l/f current noise measured at 
10 Hz on the drain voltage below saturation. This was measured on transistor B with V, = 2.0 V. The 
slope of the line is exactly 2.0 for comparison. The threshold voltage of this device was 0.80 V. 

I. Narita, H. Ohsuga, and S. Matsumoto, “Low-Temperature MOS Device Characteristics,” 
Proceedings of the Symposium on Low Temperature Electronics and High Temperature 
Superconductors, 177-84 (1988)? 

A bstractKonclusions 

Low-temperature characteristics of MOS capacitor, pn junction, and MOSFET have been 
investigated. Oxide capacitance does not change at temperatures between 4.2K and 300K, indicating 
a fixed dietectric constant of the oxide. Carrier freeze-out does not occur in the depletion region even 
below LNT. Subthreshold characteristics should be used to determine the threshold voltage of 
MOSFET instead of the popular method. The effect of threshold voltage deermination on MOSFET 
mobility has also been studied. By comparing Hall mobility with effective mobility the subthreshold 
characteristic curve should be used to determine the threshold voltage. 

Description of Tables and Figures 

Figure 1. MOS capacitor C-V characteristics at 4.2K, 77K and 300K. 
Figure 2. Carrier density in inversion layer vs gate voltage. 
Figure 3. C2 vs reverse bias of p-n junction. 
Figure 4. Subthreshold Characteristics at 4.2K, 77K and 300K. 
Figure 5. Hall mobility vs effective field at 4.2K, 77K and 300K. 
Figure 6. Drain current vs gate voltage at 4.2K. 
Figure 7. Effective mobility vs effective field using threshold voltage determined from Fig. 6 
Figure 8. Effective mobility vs effective field using threshold voltage determined from Fig. 4. 

G.A. Sai-Halasz, “Experimental Technology and Performance of 0.1 pm Gate-Length Low 
Temperature Operation MOSFETs,” Extended Abstracts of the 20th (1988 International) 
Conference on Solid State Devices and Materials, Tokyo, pp. 5-8 (1988).6O 

AbstraczYConclusions 

Results are presented from work aimed at demonstrating Si MOSFET technology feasibility at the 
0.1 pm gate-length regime. Primary objective was low power consumption and reliability. 
Accordingly, an LNT design was chosen as the primary approach because it allows for operation at 
reduced voltage levels. Significant accomplishments of the work were: fabrication of NMOS devices 
with an extrinsic transconductance of over 940 ps/pm, clear observation of velocity overshoot, and 
reaching per-stage-delays of 13 ps in ring oscillators. These results show that it is worthwhile to 
pursue miniaturization down into these dimensions. 

along established avenues, an FET technology at, or even below, the 0.1 pm gate-length level is 
possible. Performance enhancement due to velocity overshoot was clearly observed. The measured 
and projected delay times give confidence that MOSFETs operating at LNT can be contenders even 
for the highest speed circuits. Together these results show that the value of miniaturization extends to 
dimensions that are smaller than what was commonly assumed to be the case. 

Although evaluation is still not complete, it appears that with proper design, and with processing 
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Description of Tables and Figures 

Figure 1. Schematic device cross section and bias levels. 
Figure 2. SEM micrograph of a poly pad leading into a 0.07 pm long gate. Metal and oxide has 

been removed. The nitride sidewall spacer is clearly visible. 
Figure 3. Device terminal characteristics. Maximum V, is 1.5 V, substrate is biased at 0.6 V. The 

0.07 pm device at V, = 1 V has a maximum gm of over 940 pdpm, while the 0.1 pm has 770 ps/pm. 
The room temperature gm of these devices with 0 V substrate bias is 590 and 505 ps/pm respectively. 

conventional two-dimensional simulations. The limit on the intrinsic gm, vsat x Cox, is also indicated. 
Cox is the gate-to-channel capacitance. vSat is the steady state saturation velocity. 

Figure 5. Carrier drift velocity as obtained by a two-dimensional self-consistent Monte Carlo 
simulator. Biases are: V, = 0.6 V, V, = 0.8 V, 0 V on substrate. 

Figure 6.  SEM micrograph of a ring oscillator section. 
Figure 7. Oscilloscope trace of a 21 stage 0.1 pm gate-length unloaded ring oscillator. T = 77K, 

Figure 8. Delay vs power plot. At the lowest power point V,, = 0.9 V. 

Figure 4. Measured and calculated gm at two temperatures. The solid lines show results of 

V,, = 1.7 V, 0.6 V on substrate, where VDD is the power supply voltage. 

G.A. Sai-Halasz et al., “High Transconductance and Velocity Overshoot in NMOS Devices at 
the 0.1-pm Gate-Length Level,” ZEEE Electron Device Letters 9(9), 464-6 (September 
1988).61 

AbstractKonclusions 

Transport properties have been investigated in self-aligned NMOS devices with gate lengths down 
to 0.07 pm. Velocity overshoot was observed in the form of the highest transconductances measured 
to date in Si FETs, as well as in the trend of the transconductance with gate length. The measured 
transconductance reached 910 p/pm at liquid nitrogen temperature and 590 pm at room 
temperature. Velocity overshoot, by making such transconductances possible, should extend the value 
of miniaturization to dimensions that are smaller than what was commonly assumed to be worthwhile 
to pursue. 

The measured characteristics of deep submicrometer devices clearly indicate that carrier velocities 
in the channel exceed vsat. This high velocity is good news because it can mean higher performance 
in dense circuits. As mentioned in the introduction, the conventional outlook for miniaturization in 
the deep submicrometer regime is one of diminishing performance. However, at very small 
dimensions, velocity overshoot increasingly can counteract this trend. As such, velocity overshoot 
provides additional incentive to continue miniaturization. 

Description of Tables and Figures 

Figure 1. LT characteristics of two different gate-length devices from the same wafer. The 
numbers next to the curves give the corresponding V,, values. The maximum transconductance at 
VDs = 1 V are over 910 and 750 p / p m  for the 0.07- and 0.1-pm gate-length devices, respectively. 

Figure 2. Measured and calculated transconductances at low temperatures. The measured 
transconductances are plotted vs gate lengths. The “intrinsic” values are given vs channel length, 
with the error bars resulting from fitting procedures. The solid lines show results of two-dimensional 
finite-element drift-diffusion transport simulations. The values of the saturation velocity multiplied 
with the oxide thickness are also marked for each temperature. 
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Figure 3. Calculated electron velocities vs channel length that within a drift-diffusion framework 
must be present in the channels for the devices to exhibit the observed transconductances. 

G.A. Sai-Halasz et. al., “Inverter Performance of Deep-Submicrometer MOSFETs,” ZEEE 
Electron Device Letters 9( 12), 633-5 (December 1988).62 

Abstract/Conclusions 

Switching delays have been measured in self-aligned, almost fully scaled, LNT operation NMOS 
inverters, with deep-submicrometer gate lengths. The switching time delay per stage, 13.1 ps, was the 
shortest measured in any circuit that is fabricated with silicon devices. Furthermore, circuit 
simulations based on the measured device characteristics show that still shorter delay times can be 
reached with such a technology. Based on the measured switching times and the projected 
performance that a 0.1 pm technology should be capable of, it is believed that low-temperature 
silicon MOSFETs can be serious contenders even for the highest speed circuits. 

G.G. Shahidi, D.A. Antoniadis, and H.I. Smith, “Electron Velocity Overshoot at Room and 
Liquid Nitrogen Temperatures in Silicon Inversion Layers,” ZEEE Electron Device Letters 
9(2), 94-6 (February 1988).63 

A bstract/Conclusions 

Effective electron velocities in silicon MOSFETs exceeding the bulk saturation values of 1 x 
lo7 c d s  at room temperature and 1.3 X lo7 c d s  at LNT are inferred for the first time. This 
conclusion suggests that electron velocity overshoot occurs over a large portion of the device channel 
length. To infer this phenomenon, submicrometer channel length Si MOSFETs with lightly doped 
channel region were fabricated. These devices have low field mobility of 450 cm2Ns and showed 
only slight short-channel effects. Effective carrier velocities are calculated from the saturated 
transconductance gm at VDs = 1.5 V after correction for parasitic resistances of source and drain. 
Based on these observations we conclude that our calculated veff represents the carrier velocity near 
the source end of the channel and that for these short-channel devices this velocity indeed exceeds 

Description of Tables and Figures 

Figure 1. Threshold voltage vs channel length for uniform and nonuniform substrate doping, as 
calculated using a two-dimensional device simulator. The surface doping for the nonuniform case is 
2 X 1OI6 ~ m - ~ .  Experimental results for the nonuniform doping case are also shown. 

Figure 2. I-V characteristics of a 90-nm channel-length device at (a) 300K and (b) 77K. 
Figure 3. (a) Measured transconductance of devices vs channel length for V,, = 1.5 V at 300K 

and 77K. (b) Calculated effective velocities vs channel length at 300K and 77K. 



R.M. Fox and R.C. Jaeger, “MOSFET Behavior and Circuit Considerations for Analog 
Applications at 77K,” IEEE Transactions on EZectrun Devices ED-34(1), 114-23 (January 
1987).64 

AbstractKonclusions 

We present an investigation into the behavior of silicon MOS transistors and analog circuits 
operated at liquid nitrogen temperature (LNT). Simple scaling rules are used to predict the LNT 
performance of CMOS operational amplifier circuits designed for room-temperature operation. 
Measurements show that unity gain frequency and slew rate can be improved by the same amount as 
the mobility increase with no loss of stability if bias currents are properly controlled. We also show 
that room-temperature CMOS amplifier circuits can be redesigned for 77K operation by reducing 
channel widths and compensation capacitor area, giving performance equal in most respects to that of 
unscaled circuits at room temperature. However, l/f noise is degraded by such redesign. Similar 
considerations of NMOS amplifiers show that such circuits do not benefit greatly from operation at 
LNT. 

To aid in studying the temperature dependence of the sheet resistance of diffused resistors, a 
computer program was developed based on available models for bulk mobility and carrier freeze-out. 
Accurate predictions require a temperature dependence for lattice scattering that differs from 
previously reported values. 

Most of the research on low-temperature MOSFET operation to date has centered on digital 
applications and short-channel devices, where speeds have usually increased by a factor of 2.0 to 
2.5 at 77K. Short-channel devices typically operate with large horizontal drain to source fields where 
speed is limited by carrier saturation velocity. Saturation velocities increase at 77K above room- 
temperature values, but not as much as mobility does. Also, digital devices usually operate with high 
gate drives, and thus with large vertical fields, so that surface scattering effects limit the mobility 
increase brought about by low-temperature operation. MOSFETs used in CMOS analog circuits 
usually need long channels for low drain conductance and are operated with low gate drives. These 
are the ideal conditions to exploit low-temperature operation. 

In this work, which uses 8-pm-long FETs built in a p-well process, the mobility for electrons 
increased by 4X and that for holes by 6~ at 77K. Note that this reduces the difference between the 
electron and hole mobilities. The size of the mobility increase depends strongly on the impurity 
concentration near the Si-SiO, interface. In an n-well process, the NMOS channel mobility may 
increase at 77K more than PMOS mobility does. Mobility measurements on FETs with a variety of 
process parameters are needed to verify this and to help build a general model for the temperature 
dependence of channel mobility. Future work will also look more closely at transconductance 
enhancements in weak inversion. 

This work has also demonstrated that the open-loop gain and unity-gain frequency of CMOS op 
amps can significantly improve at low temperatures. In some designs, the bias currents must increase 
as much as the mobility does in order to guarantee stability. Since current levels at low temperature 
depend on the details of the bias circuits, some existing CMOS op amps may be unsuitable for low- 
temperature operation, although we have not found any examples of this. Slew rate and power 
dissipation increase in proportion to the increase in current levels. 

Existing amplifier designs can be rescaled to operate at 77K by holding currents at room 
temperature values and reducing the widths of all transistors by the amount that mobility increases. 
The compensation capacitor can be scaled by the same factor with no loss of stability if the load 
capacitance is reduced as well; however, such scaling increases l/f noise power by the scale factor. 

Since it is difficult to design depletion-mode devices for cryogenic operation, only enhancement- 
mode transistors can be used in NMOS amplifiers at low temperatures. The gain in such amplifiers is 
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controlled by geometry ratios, and is not enhanced by low-temperature operation. NMOS amplifiers 
typically include many “long” transistors, with minimal channel widths; such transistors cannot be 
scaled using the principles developed for CMOS amplifiers. Furthermore, NMOS circuits usually 
dissipate substantial power so that low-temperature operation, which generally raises operating 
currents, is less attractive for NMOS than for CMOS. 

model based on detailed mobility models and simple physical models of carrier concentration failed 
to accurately predict measured resistor temperature variation. 

The temperature dependence of diffused resistor sheet resistance needs further investigation. A 

Description of Tables and Figures 

Figure 1. Threshold voltage shift as temperature is changed from 295 to 77K vs substrate 

Figure 2. Threshold voltage magnitude vs temperature. 
Figure 3. Measured mobility vs saturated drain current at 295 and at 77K; WdSl = 5.0 V. Solid 

Figure 4. Ratio of measured 77K mobility to 29% mobility. 
Figure 5. Ratio of fractional changes in measured mobility to fractional changes in drain current 

Figure 6. Measured drain conductance vs temperature for an n-channel MOSFET. ID = 400 PA; 

Figure 7. Measured drain conductance vs drain current for an n-channel MOSFET. VGs - Vt was 

concentration, with oxide thickness as a parameter. 

boxes represent NMOS; open boxes represent PMOS. 

for an n-channel MOSFET at 295K (boxes) and 77K (dots). 

V,, = 5.0 V. Solid line represents a least squares fit to the data. 

held at 0.5 V with V,, = 5.0 V, while temperature was varied from 77 to 320K. Note that current 
increases as a result of the temperature reduction. Solid line represents a least squares fit to the data. 

Figure 8. Basic amplifier circuits considered in this research. (a) Schematic diagram of a CMOS 
op amp. (b) Schematic diagram of an NMOS enhancement-mode inverter. 

Figure 9. Input stage transconductance vs Ibias for 295 and 77K. 
Figure 10. Input stage Current vs Ibias at 295 and 77K. 
Figure 11. Op amp second-stage transconductance at 295 and 77K. 
Figure 12. Unity-gain frequency vs Ibi, at 295 and 77K. 
Figure 13. Equivalent input noise voltage at 295 and 77K. Ibi, = 400 PA. 
Figure 14. Slew rate vs I,, at 295 and 77K. 
Figure 15. Overall voltage vs Ibias at 295 and 77K. 
Figure 16. P-well sheet resistance vs temperature. 

K. Yano, M. Aoki, and T. Masuhara, “Hot Carrier Degradation Masking Due to Velocity 
Saturation in Low Temperature Operated MOSFETs,” Extended Abstracts of the 19th 
Conference on Solid State Devices and Materials, Tokyo, 355-8 (1987).65 

Abstract/Conclusions 

Hot carrier reliability in submicron NMOSFET at 77K is investigated. A phenomenon called hot 
carrier degradation masking is studied in detail, in which the hot carrier degradation of drain current 
due to dc stress decreases rapidly with increase of drain voltage. This is observed in single drain and 
lightly doped drain NMOSFETs operated at room and LNT and is prominent in the forward mode at 
77K. The degradation rate, &,/IDo, decreases considerably with increase of drain voltage. The drain 
current degradation evaluated for a drain voltage, VDMS > 2 V at 77K, is smaller than the 
degradation at room temperature. A new model explains the increase in AIDAW, by assuming that an 
electron flowing at the saturation velocity is insensitive to hot-carrier-induced scattering centers. In 
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addition the masking effect was found to enhance the maximum supply voltage; therefore, the 
masking effect must be considered in precise reliability design for submicron MOSFETs. Based on 
this model, the maximum supply voltage for the deep submicron scaled MOSFET is predicted, which 
shows 77K operation can tolerate even higher supply voltage than 300K operation below Leff = 
0.6 ym. 

Description of Tables and Figures 

Figure 1.  Drain current degradation rate vs measuring drain voltage in forward mode. VDst is 
5.5 V and 8 V for single drain and lightly doped drain (LDD), respectively. VGst is such that 
substrate current is maximum. VGms.is 5 V. 

Figure 2. Drain current degradation rate vs measuring drain voltage in reverse mode. 
Figure 3. Drain current degradation rate vs measuring drain voltage in forward mode. 

(a) P-implanted and As-implanted LDDs are stressed with V,, of 8 V and 6 V, respectively and VGst 
is such that substrate current is maximum. (b) single drain device is stressed with VDst of 5.5 V and 
VGst of 5.5 v. 

Figure 4. Relative drain current degradation rate vs measuring drain voltage. 
Figure 5. Substrate current vs inverse drain voltage and inverse effective channel length. 
Figure 6.  Calculated maximum supply voltage vs effective channel length. Bo is a parameter that 

represents the immunity depending on the device structure and temperature. 

R.C. Jaeger and F.H. Gaensslen, “MOS Devices and Switching Behavior,” pp. 90-93 in Low 
Temperature Electronics, ed. R.K. Kirschman, Institute of Electrical and Electronics Engineers 
Press, New York, 1986.66 

Summary 

Operation of MOS circuits at cryogenic temperatures has shown that considerable performance 
improvements can be obtained, and a number of companies and universities are actively pursuing 
low-temperature MOS programs at the time of preparation of this overview. These efforts must 
resolve issues of packaging, reliability, testing, and maintenance of computer systems designed for 
operation at low temperatures. Low-cost closed-cycle refrigerators do exist for cryogenic 
temperatures. Open systems based on continuous external feed of the cryogenic fluid are also being 
explored for use at liquid nitrogen temperature. 

the decade of the 1980s. 
We fully expect to see a computer operating at cryogenic temperatures to be on the market within 

Description of Tables and Figures 

(None) 

T.G. No11 et. al., “A Pipelined 330-MHz Multiplier,” IEEE Journal of Solid-State Circuits 
SC-21(3), 41 1-6 (June 1986).67 

Abstract/Summary 

An 8 X %bit multiplier test circuit developed in a l-pm NMOS technology is described. To 
achieve a high throughput rate, extensive pipelining is used in a semi-systolic fashion. It is shown that 
this saves area and allows for shorter cycle times compared to a pure systolic array. Broadcasting 
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problems with widely distributed lines are avoided by a novel carry-save-adder cell. The data inputs 
and outputs are ECL compatible. The circuit contains 5480 MOSFETs in an active area of 0.6 mm2. 
Effective channel lengths of 0.9 and 1.1 pm are utilized for the enhancement and depletion 
transistors with a gate oxide thickness of 12.5 nm. The power dissipation is 1.5 W at a supply voltage 
of 3 V. The test chip operates up to a clock frequency of 330 MHz at room temperature and up to 
600 MHz with liquid nitrogen cooling. This demonstrates the applicability of large-scale integrated 
MOS circuits in a frequency range of several hundred megahertz. 

a density of almost 10,000 transistors/mm2 is realized. The maximum clock frequency of 330 MHz 
corresponds to a throughput rate of 2.6 Gbit/s. This high-speed operation is achieved by a fine-line 
NMOS technology with submicrometer effective channel lengths and a pipeline architecture 
employing a novel full-adder cell. 

The typical features of the 8 X 8-bit multiplier are summarized. Within the active area of the chip, 

Description of Tables and Figures 

Figure 1. Block diagram of the 8 x 8-bit multiplier. 
Figure 2. Three types of 3 X 3-bit array multipliers. (VMA stands for vector merging adder.) 

(a) Carry-save array multiplier using vertical pipelining. (b) and (c) Carry ripple array multipliers 
using vertical and horizontal pipelining: (b) multiplier-MSB first; (c) multiplier-LSB first. 

Figure 3. Carry-save array basic cells. (a) Conventional basic cell. (b) Novel basic cell with 
pipelined partial product bit. 

Figure 4. Two-phase clock driver circuit. 
Figure 5. Simulated output waveforms of clock driver with nominal values of device parameters 

(-) and for typical technology deviations (-). 
Figure 6. Output buffer. 
Table 1. Basic features of NMOS technology. 
Figure 7. Photomicrograph of multiplier chip. 
Figure 8. Multiplier operation at 300K with a clock frequency of 330 MHz. (a) Timing diagram 

Figure 9. Multiplier operation at 77K with a clock frequency of 600 MHz. (a) Timing diagram. 

Table 2. Typical features of 8 X %bit multiplier. 

of input and expected output waveforms. (b) Measured output waveforms. 

(b) Measured input and output waveforms. 

S .  Ogura et al., “Submicron MOSFET Performance at Liquid Nitrogen Temperature,” IEEE 
International Solid-state Circuits Conference Digest of Technical Papers, 160-1 ( 1986).68 

AbstractKonclusion 

(None) 

Description of Tables and Figures 

Figure 1. Power supply limit vs channel length for DI-LDD MOSFETs. 
Figure 2. 0.35 pm channel device characteristics for 300K and 77K. 
Figure 3. Three-way NAND delay dependence on power supply, channel length and tolerances. 
Figure 4. (a) Feedback gain determination and (b) overlap contribution to gate capacitance. 
Figure 5. 32K static RAM access time vs channel length. 
Table 1. Device parameters assumptions. 
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C.G. Rogers, “MOSTs at Cryogenic Temperatures,” pp. 95-107 in Low Temperature 
Electronics, ed. R.K. Kirschman, Institute of Electrical and Electronics Engineers Press, New 
York, 1986.69 

A bstractKonclusions 

Characteristics of MOST devices have been studied at 4K and some types of devices were found 
to be suitable for use in cryogenic amplifiers giving a variation of only 1/2 dB in gain over the audio 
frequency range. 

Capacitance measurements at room temperature enable severe non-ohmic effects observed in 
some devices to be attributed to lack of gate overlap. Substrate biasing experiments showed that 
hysteresis effects observed in other devices were the result of a trapping process. Measurement of ac 
parameters with change of frequency showed that transconductance and channel conductance 
increased with frequency in devices where severe hysteresis was observed and could be attributed to 
hopping conductivity. Pulse measurements showed that overheating of all or part of the device was in 
some cases causing failure to saturate. 

It has been demonstrated in previous work and in this paper by measurements on the silicon 
junction gate FET that devices which rely on bulk conduction do not work at very low temperatures 
as a result of the freeze-out of carriers. It has been shown that if a material is chosen where freeze-out 
does not occur, such as gallium arsenide, satisfactory dc characteristics can be obtained. 

It was observed that devices which rely on induced surface conduction can show satisfactory dc 
characteristics, and these have been examined in detail. Some p-channel MOSTs showed satisfactory 
ac characteristics up to 20 kHz, and these can be recommended for use as cryogenic amplifiers or 
impedance transformers, the criterion for recommendation being a flat frequency response when 
used in an amplifier. 

Hysteresis effects have been observed and attributed to trapping. Non-ohmic behavior and 
overheating effects are also apparent in the characteristics of some devices. No n-channel device has 
been found which can be recommended for use as an amplifier. It is not yet known whether this is a 
fundamental difference between n- and ptypes or whether it is a result of different device fabrication 
specifications. However, the effects of gate overlap have been demonstrated. From the model 
proposed to explain hysteresis effects it would seem that less trapping would be encountered if a 
device were constructed on a substrate of intrinsic or completely compensated material with N,, = NA. 
It also seems likely that the doping density of the degenerate contact regions should be as high as 
possible. 

No device has shown irreversible changes in room temperature behavior including noise 
performance after the firs; immersion in liquid helium, indicating that stresses due to differences in 
thermal expansion of different regions of the device have not caused mechanical failure. A few 
devices have failed after prolonged running at moderately high drain currents. These failures were all 
in devices where overheating and apparent drain voltage threshold had been found to be present, the 
nature of the failure being a permanent short circuit between source and drain. These devices are not 
recommended for use in cryogenic amplifiers. 

Silicon is not frozen out at 77K, and most of the devices showed satisfactory characteristics at this 
temperature. 

Description of Tables and Figures 

Figure 1. Mobility variations in silicon with temperature and field. 
Table 1. Key to device types. 
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Figure 2. P-channel enhancement device no. 25PD. (a) Transfer characteristic at room 
temperature, 77K and 4K with V, = V,. (b) Drain characteristics at room temperature. (c) Drain 
characteristics at 4K with inset showing magnified portion at the origin. 

Figure 3. P-channel enhancement device no. 25/PD. gm vs VG (a) at room temperature (b) at 4K. 
Figure 4. P-channel enhancement device no. 25PD. g, vs V, (a) at room temperature (b) at 4K. 
Figure 5. Effective channel mobility as a function of gate bias for P-channel enhancement device 

Figure 6. Drain characteristics at 4K for P-channel enhancement device no. 61F. 
Figure 7. P-channel enhancement device no. 61/F at 4K showing apparent drain voltage 

Figure 8. P-channel enhancement device no. 25PD at 4K showing ohmic behavior at high gate 

Figure 9. Capacitance vs gate bias at room temperature. 
Figure 10. (a) Typical dimensions (in pm) of a MOST. (b)Simplified model for treatment by 

conformal transformations when the substrate is frozen out. (c) Model with comer at E rounded. 
Figure 11.  Field pattern around the comer of a contact. 
Figure 12. P-channel enhancement device no. 68/G at 4K. 

no. 25PD. 

threshold. 

bias. 

G.G. Shahidi, D.A. Antoniadis, and H.I. Smith, “Electron Velocity Overshoot at 300K and 
77K in Silicon MOSFETs with Submicron Channel Lengths,” International Electron Devices 
Meeting Technical Digest, 824-5 (1986)?O 

AbstractKonclusion 

(None) 

Description of Tables and Figures 

Figure 1. Calculated average velocity vs channel length at T = 300K and 77K. 
Figure 2. Measured transconductance vs channel length at T = 300K and 77K. 
Figure 3. 1,s vs V,, for a device of L = 90 nm, W = 8 pm and fox = 7.5 nm at 300K and 77K. 

J.A. Bracchitta, T.L. Honan, R.L. Anderson, “Hot-Electron-Induced Degradation in 
MOSFETs at 77K,” ZEEE Transactions on Electron Devices ED-32(9) (September 1985).7 

Abstract 

Hot-electron-induced degradation of transconductance and of threshold voltage at 77K of 
n-channel enhancement metal-gate MOSFETs was investigated as a function of electrical stress 
applied at LNT. After stress, the threshold voltage was found to have increased at low drain voltages 
but to have remained unchanged at higher drain voltages, and the saturation transconductance was 
virtually unchanged for operation in the normal mode. For operation in the inverse mode (source 
and drain interchanged), the threshold voltage was found to have increased, independent of drain 
voltage, while the saturation transconductance was decreased. The threshold voltage for inverted 
operation increased monotonically with stress time, while the saturation transconductance decreased 
initially and then saturated. This saturation corresponds to an order of magnitude decrease in carrier 
mobility in the channel near the drain. These results are interpreted using a model in which the 
threshold voltage and channel mobility are position-dependent. While hot-electron-induced 
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degradation may not be a problem for devices operated only in the forward saturation region, it 
could be a serious problem for devices such as bilateral switches. 

Description of Tables and Figures 

Figure 1. Plots of forward output characteristics at 77K before stress (solid line) and after stress 
for 28 h with V, = 16 V, V, = 8 V, and V,, = -4 V (dashed line). Before stress, the forward and 
inverse characteristics were indistinguishable. 

Figure 2. Comparison of forward (solid line) and inverse (dashed line) post-stress output 
characteristics for the stress conditions of Fig. 1. 

Figure 3. Low current-low voltage 77K output characteristics of two cells before and after 24 h of 

Figure 4. Effect of hot-electron stress on the 77K output characteristics for inverse operation. The 
stress at 77K for v, = 8 v and Vsub = -4 V. (a) vD = 16 v and (b) vD = 14 v. 

dashed lines indicate Characteristics after 24 h of stress at 77K for V, = 8 V and V,, = -4 V. 
(a) V, = 12 V and (b) VD = 14 V during stress. 

24 h with V, = 8 V, V,, = -4 V, and the indicated drain voltage. 
Figure 5. Plots of gmsat vs VG (V, = 4 V) for inverse operation at 77K. Stress conditions were 

Figure 6. Dependence of saturation transconductance (V, = 4 V) on stress time for V, = 8 V, 

Figure 7. Curve-tracer plots indicating hysteresis after 24 h of stress at 77K with VD = 16 V, VG = 

Figure 8. Energy band diagram schematic from source to drain along the channel of an 

Vsub = -4 V, and V, = 16 V. 

8 V, and vsub = -4 V. Arrows indicate the direction of sweep. 

NMOSFET for V, = 0 and V, large enough to create a channel. For the virgin device (a), the 
channel extends from source to drain. For the stressed device (b), no channel exists near the drain for 
the illustrated gate voltage. 

Figure 9. Energy band diagram schematic indicating influence of drain voltage on stressed device 
for forward operation. In (a) the drain voltage is insufficient to create a complete channel while at 
higher drain voltage (b) a channel exists from source to drain. 

Figure 10. Energy band diagram schematic for inverse operation. Since the potential hump is 
near the acting source, the drain voltage is ineffective in creating a channel. 

Figure 11. Comparison of calculated output characteristics below saturation for a device before 
stress (solid line) and after stress, operated in forward (dot-dashed line) and in inverse mode (dashed 
line). See text for model. 

Table 1. Lists forward and inverse parameter values. 

X.C. Zhu, A. van der Ziel, and K.H. Duh, “Low-Frequency Noise Spectra in MOSFETs Made 
by the DMOS Process,” Solid-state EZectronics 28(4), 325-8 (1983.72 

AbstradConclusions 

Low-frequency spectra of SD-211 and SD-212 made by the DMOS process are reported. They 
= 1 at low frequencies and B = 0.76 to 0.85 at high frequencies. At dry ice 

appears at high frequencies which may indicate a one-dimensional 
show 1/p  spectra with 
temperature a spectrum 
diffusion noise process. At LNT the spectrum is l/f’-’ throughout; apparently the spectral 
components 1/p with B < 1 have been frozen out. This may indicate that these spectral components 
are associated with ions or dislocations. 

77K and the appearance of a l/@.55 spectrum at dry ice temperature. 
The essentially new features of this work are the freeze-out of the 1/p spectra with I3 < 1 at T = 
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Description of Tables and Figures 

Figure 1. sId(f) vs f for SD-212 MOSFET (T = 300K). 
Figure 2. SId(f) vs f for SD-211 MOSFET (T = 300K). 
Figure 3. sId(f) vs f for SD-211 with temperature as a parameter. 
Figure 4. SId(f) vs Vd for SD-211 at 200 Hz and 20 kHz (T = 300 K). 
Figure 5. sId(f) VS V, for SD-211 at Id = 1 mA, f = 200 HZ and f = IO kHZ (T = 300K). For 

larger V, and f = 10 kHz the noise is practically thermal noise of the output conductance gdo. 

A. Kamgar and R.L. Johnston, “Delay Times in Si MOSFETs in the 4.2-400K Temperature 
Range,” pp. 148-150 in Low Temperature Electronics, ed. R.K. Kirschman, Institute of 
Electrical and Electronics Engineers Press, New York, 1986. Reprinted from Solid-state 
Electronics 26(4), 2 9 1 4  (April 1983).73 

AbstractKonclusions 

Temperature dependence of propagation delay time and power-delay product in Si MOSFETs, 
fabricated using 1 pm X-ray lithography has been measured using 19-stage ring oscillators. The 
delay time was found to decrease with lowering temperature. As a numerical example we found that a 
delay time of 30 ps at room temperature decreased to 22 and 18 ps at 77 and 4.2K respectively, and 
increased to 38 at 400K. The power showed a slight increase with decreasing temperature, while the 
power-delay product decreased. The fastest ring oscillator circuit yielded a delay time of 22 ps and 
power-delay product of 5 1.5 fJ at 77K, while the corresponding figures at 4.2K were 17.8 ps and 
39 fJ. Two mechanisms are proposed to cause the decrease in delay time with decrease in 
temperature. These are the increase in transconductance and the decrease in a component of source- 
drain capacitance due to carrier freeze-out. Despite the complexity of delay time calculations at room 
temperature, the 4.2K results can be explained satisfactorily in terms of a simple inverter rise and fall 
time. 

Description of Tables and Figures 

Table 1. Fabrication parameters. 
Table 2. Delay times and power-delay products per stage at various temperatures and different 

substrate and supply voltages in XA10. 
Figure 1. The relative change in the delay time with respect to the room temperature delay as a 

function of temperature for three-ring oscillators. The solid line represents the corresponding change 
in the inverse saturation drift velocity in bulk Si. 

temperatures. 

lines are drawn through the experimental points for clarity. 

Figure 2. Delay time as a function of supply voltage for different substrate voltages at three 

Figure 3. (a) Power dissipation and (b) power-delay product as a function of temperature. The 

G. Baccarani and M.R. Wordeman, “Transconductance Degradation in Thin-Oxide 
MOSFETs,” Znternational Electron Devices Meeting Technical Digest, 278-8 1 (1 982)?4 

Abstract/Summary 

In this work we investigate the transconductance degradation effect which occurs in thin-oxide 
FETs due to finite inversion-layer capacitance and to the decrease of the electron mobility as the 
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electric field increases. Gate-channel capacitance measurements are performed at room and at LNT 
on 10-nm oxide FETs. The data are compared and found to agree with a classical model developed 
in this paper and with an existing quantum-mechanical model extended to take into account a non- 
uniform doping profile in the silicon substrate. Accurate mobility determinations are performed 
accounting for the non-uniform distribution of the mobile charge along the channel. Design trade- 
offs for submicron FETs are finally discussed. 

Description of Tables and Figures 

Figure 1. Inversion-layer capacitance against channel charge at 77K. 
Figure 2. Normalized gate-channel capacitance against gate voltage at 300K. 
Figure 3. Normalized gate-channel capacitance against gate voltage at 77K. 
Figure 4. Channel mobility vs average normal field within the inversion layer at 77K. 

Figure 5. Normalized FET transconductance against gate voltage for a 5-nm oxide device. 
Background doping = 7 x 1015 ~ m - ~ .  

A. Kamgar, “Miniaturization of Si MOSFETs at 77K,” ZEEE Transactions on Electron 
Devices ED-29(8) (August 1982).75 

Abstract/Conclusions 

Micrometer and submicrometer dimension Si MOSFETs have been studied at LNT. The emphasis 
of the study has been on the changes in the minimum channel length required for long-channel 
behavior, Lmin, due to cooling. Devices with different parameters, most importantly different channel 
dopings, were studied. It is found that there is a reduction in Lmin which is quite considerable in 
MOSETs with low-channel doping. This implies that for operation at low temperature one does not 
need the high-channel dopings required for room temperature operation. We have shown that this 
effect is due to a shorter lateral depletion width, and therefore longer effective channel length at low 
temperatures. A drastic decrease in punch through current has also been observed. 

Description of Tables and Figures 

Figure 1. Subthreshold current for a short- and a long-channel device at two different 

Figure 2. The relative change in the drain current at V,= v,, for a lo-percent change in vd for 

Figure 3. Lmin as a function of xj tox (ws + w ~ ) ~ .  The solid line is the room temperature result and 

temperatures. 

various device lengths at two different temperatures. 

the dashed line is drawn through the experimental points at 77K. xj is the junction depth. tox is the 
oxide thickness. Wd and ws are the drain and source depletion widths. 

Figure 4. The schematic representation of the channel and the parameters y,,w,, and Leff at 
(a) 300K and (b) 77K. 
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S.K. Tewksbury, “N-Channel Enhancement-Mode MOSFET Characteristics from 10 to 
300K,” pp. 137-147 in Low Temperature EZectronics, ed. R.K. Kirschman, Institute of 
Electrical and Electronics Engineers Press, New York, 1986. Reprinted from ZEEE 
Transactions on Electron Devices ED-28, 1519-29 (Dec. 1981).76 

Abstract/Summary 

Operation of MOSFET circuits at LNT, 77K, has been suggested as a means of improving circuit 
and system performance. Previously reported work emphasized mobility and threshold voltage at 
LNT; however, small MOSFETs require ten or more parameters for circuit design. Since a full set of 
MOSFET model parameters have not been previously reported, it has not been established whether 
conventional models can be applied for MOSFET circuit design at LNT. We present here the 
temperature dependence of a full set of MOSFET circuit model parameters for channel lengths from 
2.5 to 8.5 pm and for temperatures ranging from 10 to 300K. Temperatures below LNT are of 
interest in evaluating effects of impurity freeze-out and temperatures above LNT are important since 
actual device temperatures will be above the ambient. Overall, we find that the mobility and the 
threshold voltage are the dominant temperature dependent parameters and that conventional I-V 
characteristics persist down to LNT. Below LNT, some new features appear in the I-V characteristics; 
however, the conventional behavior down to LNT suggests that standard circuit models can be used 
for circuits operating at LNT. Such circuits would be about four times faster that at room temperature 
and, with liquid nitrogen cooling, would provide an order of magnitude higher power density for 
VLSI. 

are described for 10K < T < 300K. Mobility and threshold variations dominate the temperature 
dependence of the characteristics over this temperature range. Bulk impurity freeze-out has little 
effect on the overall I-V characteristics. 

The dependence of threshold voltage on backgate bias and drain bias is found to be independent 
of temperature. The temperature dependence of the zero-bias threshold voltage V, is independent of 
channel length, despite considerable short-channel falloff of the threshold voltage for the smaller 
devices. 

10K; however, the mobility degradation with increasing gate bias was found to become much larger 
at lower temperatures for the smaller devices. 

The saturation current varies as the gain, B7 as the temperature decreases as suggested by simple 
long-channel MOSFET models. The saturation region slope for a given saturation current increases 
slightly at 70K relative to its value at 300K. The shape of the transition between the linear portion of 
the Id, vs vds characteristic at low V,, and the linear saturation region at high vds is independent of 
temperature. 

At low voltage levels, low temperature effects appear below 50K. The I vs V curves showed a 
significantly slower approach to the maximum slope below 50K, apparentfdue to charging of 
localized states. Furthermore, the Ids vs Vgs curves showed a small but significant threshold effect 
below 50K, requiring a modified measurement of B and the use of a drain threshold voltage. 

Overall, device characteristics remained surprisingly normal despite the great variation in 
temperatures. Certainly, the model parameters change requiring that fabrication of circuits be 
changed accordingly; however, the static device characteristics continue to have familiar behavior, 
even down to 10K. 

The static I-V characteristics of n-channel MOSFETs with channel length between 2.5 and 8.5 pm 

Mobilities extrapolated to V,, = Vt were found to remain independent of channel length down to 

gs 
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Description of Tables and Figures 

Figure 1. Simple MOSFET model used for characterization. A linear saturation region is assumed 
with intercept Io and slope S. The low vd, portion of the triode region is represented by the classical 
expression shown. The model equations are given in the text. 

Table 1.  Device geometries. 
Figure 2. (a) Dependence of the room temperature threshold voltage V,, on effective channel 

length. (b) Dependence of V,, on temperature, expressed as the difference, AV,,, between V,, at 
temperature T and at 300K. 

Figure 3. Gate threshold characteristic for an 8.5 pm channel length MOSFET at various 
temperatures. 

Figure 4. Variation of body factor K, with temperature. 
Figure 5. Variation of drain factor K, with temperature. 
Figure 6. Variation of the effective mobility F~~~ with temperature. 
Figure 7. Dependence of the current Id, on drain bias V,, for an 8.5-pm MOSFET at 100 and 

20K. The current is normalized to obtain universal curves. The usual linear characteristic is found at 
lOOK (dotted curve) and above. At 20K a nonlinear behavior occurs for low gate biases above 
threshold. At higher gate biases the nonlinearity disappears. 

Figure 8. General Id, vs V characteristic for low drain bias Vd,. 
Figure 9. Dependence of B on drain bias for 2.5- and 8.5-km MOSFETs at various temperatures. 
Figure 10. Dependence of drain threshold voltage, vd,, as defined in Fig. 8, on temperature for 

Figure 1 1 .  Variation of effective mobility, p*eff, obtained from peak gain, B*, with temperature. 
Figure 12. Variation of mobility reduction of Uo with temperature for mobilities measured as in 

Figure 13. Temperature dependence of the ratio of AI/Br to the effective gain B*. 
Figure 14. Temperature dependence of AIB!. 
Figure 15. Dependence of the saturation region slope parameter, B,, on temperature. 
Figure 16. Dependence of saturation region slope parameter, A,, on temperature. 
Figure 17. Dependence of model parameter, m, describing the transition from the low Vd, current 

4 

MOSFETs of various channel lengths. 

Fig. 11. 

region to the saturation current region, on temperature. 

F.H. Gaensslen, “MOS Devices and Integrated Circuits at Liquid Nitrogen .Temperature,” 
pp. 108-10 in Low Temperature Electronics, ed. R.K. Kirschman, Institute of Electrical and 
Electronics Engineers Press, New York, 1986. Reprinted from ZEEE Znternationul Conference 
on Circuits and Computers 1, 450-2 (1980).77 

Abstract/Summary 

Operation of MOS enhancement or depletion mode devices at LNT changes their behavior 
significantly. Without a qualitative change, enhancement mode devices exhibit improved 
characteristics. Depletion mode devices, however, due to impurity freeze-out change their behavior 
substantially at low temperature. Various aspects of MOS device and integrated circuit operation in 
liquid nitrogen are presented. This mode of operation results in significant quantitative improvements 
and promising qualitative changes. 
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Description of Tables and Figures 

Figure 1. Semi-logarithmic plots of transfer characteristics for a large channel enhancement 
device with temperature as a parameter. Discrete points (+) represent results of two-dimensional 
simulations. 

Figure 2. Measured and calculated substrate sensitivity curves for a long channel enhancement 
MOSFET at 296K and 77K. The bottom calculation with index F.O. assumes impurity freeze-out. 

Figure 3. Measured and calculated substrate sensitivities for a phosphorous implanted depletion 
mode device over a range of temperatures. Also shown for comparison are results for a non- 
implanted control device. 

77K with substrate potential as a parameter. 
Figure 4. Delayed turn-off observed in the subthreshold region of a depletion mode device at 

R.H. Dennard et. al., “1 pm MOSFET VLSI Technology: Part II-Device Designs and 
Characteristics for High-Performance Logic Applications,” IEEE Journal of Solid-state 
Circuits SC-14(2), 247-55 (April 1979).7* 

A bstract/Conclusions 

Micrometer-dimension n-channel silicon-gate MOSFETs optimized for high-performance logic 
applications have been designed and characterized for both room-temperature and LNT operation. 
Appropriate choices of design parameters are shown to give proper device thresholds which are 
reasonably independent of room temperature for load device use. Logic performance capability is 
demonstrated by test results on NOR circuits for representative fan-out and loading conditions. 
Unloaded ring oscillators achieved switching delays down to 240 ps at room temperature and down to 
100 ps at liquid nitrogen temperature. 

VLSI circuits. Characteristics of experimental devices match the design objectives and show 
acceptable control of threshold voltage as a function of channel length and width over the intended 
range of applied voltages. Depletion-type devices are shown to be more sensitive to threshold change 
as a function of channel length at high drain voltage, but attractive and fairly reproducible load- 
device characteristics are possible with proper choice of dimensions. 

Design changes for operation of the enhancement-type device at LNT are shown to give 
threshold characteristics similar to those observed at room temperature. A substantial improvement in 
transconductance and a sharper turn-on rate in the subthreshold region are in line with previously 
published LNT data. This shows that the oxide charge and fast surface state density, which affect 
those characteristics, have been kept within reasonable bounds. 

isolation is achieved. Both surface inversion and punch-through are avoided with normal expected 
operating voltages for both room- and low-temperature cases. 

Test logic circuits fabricated with groundrules using 1 pm minimum dimensions have nominal 
switching delays of 1.9 ns for depletion-load NOR elements with a fan-in and fan-out of three and a 
50-fF wiring capacitance at an average power level of 0.12 mW. Circuits with a smaller channel 
length, reduced from 1.3 to 1.05 pm, demonstrated a 1.1-ns delay for the typical circuit described. 
From the electrical characteristics and experience gained in the course of the study, it appears that 
even smaller channel lengths can be fabricated with the same process steps with adequate control. 
Unloaded ring oscillators exhibit much faster switching speeds, as expected. Operation at liquid 
nitrogen temperature gives substantially improved performance with some increase in power level. A 
switching delay of 0.46 ns was achieved for the typical NOR circuit described above, using an 

Design parameters have been presented for MOS devices optimized for use in high-performance 

Characterization of isolation regions with narrow separation between components shows that good 
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enhancement-type load device for a channel length of 1.05 pm. Unloaded ring oscillators 
demonstrated 100-ps switching delays for the same channel length at liquid nitrogen temperatures. 

Description of Tables and Figures 

Figure 1. Cross section of experimental device structure. 
Figure 2. Tum-on characteristics of experimental devices, showing threshold definition. VDs = 

Figure 3. Substrate sensitivity curves for various values of channel length, L. V,, = 0.1 V, W = 

Figure 4. Threshold voltage as a function of channel lengths for indicated drain-source voltages. 

0.1 v. 

15.3 pm. 

VS-SUB = v* 
Figure 5. Dependence of threshold on channel width and source-substrate voltage. L = 15 pm, 

v,, = 0.1 v. 
Figure 6.  Drain characteristics for enhancement device. L = 1.3 pm, W = 15.3 pm. Ten gate steps. 

VS-,,, = 1 v. 
Figure 7. Load current as a function of source voltage for different channel lengths, normalized 

to W/L = 1. Actual W = 15.3 pm. 
Figure 8. Substrate sensitivity curves for LNT case. V,, = 0.1 V. 
Figure 9. Short-channel characteristics for LNT case. Vs-suB. = 0. 
Figure 10. Log plot of turn-on characteristic at LNT with dram voltage as a parameter for 

experimental device with L = 0.95 pm. Simulation for L = 1.0 pm, W = 15.3 pm, V,-,,, = 0. 
Figure 11. Drain characteristics for LNT case. L = 1.2 pm, W = 15.3 pm, V,-,,, = 0. 
Figure 12. Turn-on behavior of aluminum-gated parasitic thick-oxide device with layout spacing 

Figure 13. Turn-on behavior of polysilicon-gated parasitic thick-oxide device with layout spacing 

Figure 14. Fabricated 19-stage nng oscillator test circuit with a fan-in and fan-out of 3, with 

Table 1. Ring oscillator results; average delay and power per stage. 
Figure 15. Output waveform of 21-stage ring oscillator at LNT. Signal attenuated by source- 

of 1.5 pm. W = 43 pm. (a) Room temperature, VS-SUB = 1 V. (b) LNT, V,,,,! = 0. 

of 1.5 pm. Room temperature, Vs-svB = 1 V. 

dummy loading on output nodes. 

follower output circuit driving 50-!2 termination. 

F.H. Gaensslen and R.C. Jaeger, “Temperature Dependent Threshold Behavior of Depletion 
Mode MOSFETs,” pp. 123-130 in Low Temperature Electronics, ed. R.K. Kirschman, 
Institute of Electrical and Electronics Engineers Press, New York, 1986. Reprinted from 
Solid-state Electronics 22(4), 423-30 (April 1979).79 

Abstract/Summary 

During the study of depletion mode MOSFET behavior at low temperatures, unusual changes in 
the threshold characteristics of the devices were observed. First, the effectiveness of the donor 
implantation in producing a negative threshold voltage shift was significantly reduced. At the same 
time the substrate sensitivity was found to be substantially reduced. A thiicl observation was the 
existence of an unusual structure in the subthreshold region of the device at low temperatures. 
Computer simulation is used to explore these observations and to demonstrate that they are caused by 
impurity freeze-out as temperature is reduced. The computer simulation program, usable over the 
temperature range 50 to 350K, is discussed, and a threshold definition suitable for numerical analysis 
of devices with arbitrary channel structures is developed. 
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Depletion mode MOSFET devices exhibit threshold voltages and substrate sensitivities that are 
strong functions of temperature. In addition they also show an irregular subthreshold turn-off 
behavior at low temperatures. These phenomena have been shown to be caused by impurity freeze- 
out of the donor implantation used to tailor the threshold voltage of the n-channel depletion mode 
device. 

range 350-50K. The program permits detailed study of the band structure, ionized impurity 
distribution and channel structure of the devices and has greatly enhanced our understanding of the 
depletion mode device behavior. A generalized definition of threshold in terms of total channel 
concentration, combined with a numerical surface channel threshold extraction technique, has 
produced excellent agreement between measured and simulated substrate sensitivities at temperatures 
ranging from room to liquid nitrogen temperature. The program provides an effective tool for the 
design and understanding of depletion mode devices. 

designs. Furthermore, a simple analytical solution for determining the threshold voltage of the 
depletion mode devices at low temperature remains elusive. The sensitivity of the depletion mode 
threshold voltage to position and shape of the donor implantation is currently being investigated. 

Finally, the simulation program is based upon the “intrinsic semiconductor” formulation of 
Poisson’s equation, and the results are sensitive to the value of ni. The formula used for ni is based 
upon extrapolation of high temperature data (300-12OOK). Our work using this formulation for ni 
produces results that agree very well with the sensitive threshold measurements and directly supports 
the extrapolation of ni to temperatures down to LNT. 

A computer program has been used, which accounts for impurity freeze-out over the temperature 

Considerable work remains to be done to understand the temperature sensitivity of various device 

Description of Tables and Figures 

Figure 1. Cross sections of self-aligned, polysilicon gate, n-channel MOSFET devices used for 
this investigation. Non-implanted control device on top; phosphorus implanted depletion mode 
device below. 

device. The threshold voltage VT is obtained from the intercept of the tangent to the linear region 
with the VG axis reduced by Vd2.  

Figure 3. Measured and calculated substrate sensitivities for a phosphorus implanted depletion 
mode device for temperatures of 296, 196, 146,96(101) and 77K. Also shown are results for a non- 
implanted control device measured at 296 and 77K. 

Figure 4. Delayed tum-off observed in the subthreshold region of the depletion mode device at 
low temperatures (77K). 

Figure 5. Flow chart of the one-dimensional simulation program. 
Figure 6. Band structure at threshold voltage for uniformly doped enhancement mode devices. 
Figure 7. Channel carrier concentration N, as a function of gate voltage at 296 and 77K for the 

Figure 8. Low temperature (77K) calculations of the energy band diagram, electron 

Figure 2. Schematic turn-on characteristics for depletion mode device and non-implanted control 

non-implanted control device, depletion mode device and “extracted” surface channels. 

concentration, total and ionized donor concentrations as function of depth for two different gate 
voltages of VG = -0.4/-0.1 V. The entire concentration of carriers/cm2, N,, in the channel for these 
two cases is 4 x 1O1O and 8 X lo5 cm-2 respectively (sub-surface and surface channels). 

of depletion mode device caused by ionization of donors. 
Figure 9. Charge compensation model for loss of channel control by gate in subthreshold region 
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Figure 10. Calculated total and ionized donor concentrations at 77K under the MOS gate for two 
different substrate voltages of Vs+= 0/-2 V. N,, the entire concentration of carriers/cm2 in the 
channel, was chosen to be 1 X 10 
increase in ionized donor concentration as the substrate voltage is decreased from 0 V to -2 V. 

Figure 11. Charge compensation model that explains low substrate sensitivity caused by 
reionization of donors. 

Figure 12. Temperature dependence of threshold voltage, VT, for non-implanted control device 
and depletion mode device between 50 and 350K. 

cm-2 (surface channel). The crosshatched area represents the 

R.H. Dennard et. al., “MOSFET Designs and Characteristics for High Performance Logic at 
Micron Dimensions,” International Electron Devices Meeting Technical Digest, 492-5, 
(1 978).** 

Abstract/Conclusions 

Micron dimension n-channel silicon gate MOSFETs optimized for high performance logic 
applications have been designed and characterized for both room temperature and LNT operation. 
Variation of threshold voltage with channel length and width are given for both enhancement and 
depletion devices. Layout ground rules for direct electron-beam pattern exposure using 0.1 pm 
minimum line width have been proved out in the fabrication of exploratory microprocessor circuitry. 
Tests on typical NOR logic circuits are described, including unloaded ring oscillators with delays 
down to 24.0 ps at room temperature and down to 100 ps at LNT. 

Designs and detailed characteristics have been given for MOS devices for use in high- 
performance integrated logic circuits with micron dimension lithography. The devices are well 
controlled and function properly over a reasonable range of channel length, within the range of 
applied voltages expected to be used for such applications. 

switching delays of 1.9 ns for NOR logic circuits with fan-in and fan-out of three and a small 
additional wiring capacitance, at an average power level of 0.12 mW. The nominal channel length of 
1.3 pm appears to be fairly conservative on the basis of the experience gained. Reduction of the 
channel length to the order of 1 pm was shown to result in switching delays approaching 1 ns for the 
typical circuit described. Unloaded ring oscillators demonstrated much faster switching speeds, as 
expected. Operation at LNT produces a substantial improvement in performance with switching 
delays approaching 0.4 ns for 1 pm channel length for the typical circuit described and about 0.1 ns 
for unloaded ring oscillators. 

Test logic circuits fabricated with typical groundrules of 1.25 to 1.5 pm demonstrated nominal 

Description of Tables and Figures 

Figure 1. Cross section of device structures. 
Figure 2. Threshold voltage as a function of source-substrate voltage. 
Figure 3. Threshold voltage as a function of channel length. 
Figure 4. Threshold voltage as a function of channel width. 
Figure 5. Drain characteristics for channel length of 1.3 pm at room temperature (Width = 

Figure 6. Drain characteristics for channel length of 1.3 pm at LNT (Width = 1.5 pm; 10 gate 

Figure 7. Output of 21-stage unloaded ring oscillator at LNT, monitored through source 

1.5 pm; 10 gate steps). 

steps). 

followers. 
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M. Aoki, H. Katto, and E. Yamada, “Low-Frequency l/f Noise in MOSFETs at Low Current 
Levels,” Journal of Applied Physics 48(12), 513540 (December 1977).81 

A bstractKonclusion 

Low-frequency l/f noise in Si n-channel MOSFETs is measured at 300 and 77K. The device 
values of channel length, L, and gate width, 2, are about 10 pm and lo00 pm, respectively. It is found 
that the equivalent input-noise resistance R, increases at low current levels between 100 to 
in both the saturation and linear regions. A &eory is developed to account for this characteristic 
assuming that activated conduction at low electron concentrations is due to the surface potential 
roughness as proposed by Chen and Muller. Theoretical calculations are made for the linear region 
of operation. Excellent agreement is obtained between the theory and the experiment at both 
temperatures. 

As one explanation of this R,, increment, a theoretical model is developed to include the 
contribution of the conductance mobility fluctuation. This model is based on the premise that the 
motion of the low-concentration electrons is strongly affected by surface potential roughness, and the 
conductance mobility, p,, is expressed by the formula of activated type in the weak-inversion layer. 
This premise was first proposed by Chen and Muller. It should be noted that p, represents the relative 
ease with which electrons move from source to drain along the channel. Also, at low surface electron 
concentrations p, and the microscopic mobility would differ. This paper suggests a model that 
proposes that activated mobility fluctuation can cause an increase of l/f noise at low current levels. 
Good agreement is obtained between our theoretical predictions and measured results at both 300 
and 77K. Conversely, this agreement may support the data by Chen and Muller and their barrier 
model. Since the activation energy, W, does not explicitly appear in our theoretical expression of l/f 
noise, W could not be estimated. However, according to the Chen and Muller experiments, W is about 
100 meV. 

pA 

Description of Tables and Figures 

Table 1. Parameters of measured devices. 
Figure 1. (a) Equivalent input-noise resistance, R,,, as a function of the gate voltage for the 

device 3SK2OY-5 at room temperature in the saturation region. The dashed curve is experimental 
data measured at 75 Hz with negative-feedback circuit. (b) Negative-feedback circuit used to keep the 
gain of the circuit including the test device nearly independent of gate bias VG. 

Figure 2. Equivalent input-resistance, R,,, as a function of frequency for the device 3SK20Y-5 at 
room temperature in the saturation region. 

Figure 3. Equivalent input-noise resistance, , as a function of the gate voltage for three devices 
g 

at room temperature, V, = 50 and 40 mV. (b) Equivalent input-noise resistance, R,,, as a function of 
the drain current for three devices at room temperature, V, = 50 and 40 mV. 

at room temperature; two different drain voltages, 5.0 V and 40 mV. 

devices at 77K. 

at 300 and 77K. The dots are experimental data. d e  solid curves are theoretical. 

Figure 4. Equivalent input-noise resistance, R,, as a function of the drain current for 3SK2OY-5 

Figure 5. Equivalent input-noise resistance, g 

Figure 6. Equivalent input-noise resistance, l$, , as a function of the gate voltage for 3SK2OY-3 

, as a function of the drain current for some 
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F.H. Gaensslen et al., “Very Small MOSFETs for Low-Temperature Operation,” IEEE 
Transactions on EZectron Devices ED-24(3), 21 8-29 (March 1977).82 

AbstractKonclusions 

The improvements in the device characteristics of n-channel MOSFETs that occur at low 
temperatures are considered in this paper. The device parameters for polysilicon gate FETs with 
channel lengths of the order of 1 pm have been studied both experimentally and theoretically at 
temperatures ranging from room temperature down to LNT. Excellent agreement was found between 
the experimental dc device characteristics and those predicted by a two-dimensional current transport 
model, indicating that device behavior is well understood. 

This work has demonstrated the improvements in MOSFET device characteristics attainable by 
operation at LNT. Bipolar transistors are considered to be unusable at such low temperatures as a 
consequence of strongly reduced current gain. Liquid nitrogen is a convenient relatively inert coolant 
with a boiling point of 77.3K near which temperature many physical parameters experience 
significant improvements. Relative to room temperature, at LNT desirable improvements in FET 
device performance include: 4 times steeper device turn-on, 1.7 to 4 times higher transconductance, 
and an increasing threshold voltage. These improvements allow a device design for a l-pm channel 
length FET with a 250-mV threshold, zero-substrate bias, and uniform substrate doping of 1 X 

10l6 ~ m - ~ ,  which exhibits a predicted threshold voltage shift of only 30 mV due to short channel 
effects. Other advantages at 77K include a decrease of 1000 times or more injunction and inversion 
layer leakage currents, 6 times higher silicon thermal conductivity, and 6 times lower aluminum line 
resistance. Reliability improvements are also expected because of the anticipated strong reduction in 
thermally activated wear-out phenomena at low temperatures. A combination of these low- 
temperature advantages may be essential to maximize the performance of very high density MOSFET 
digital integrated circuits. 

Description of Tables and Figures 

Figure 1. Cross section of n-channel MOSFET with self-aligned polysilicon gate. 
Figure 2. Scanning electron micrograph of typical device on the right and expanded view of 

Figure 3. The velocity-electric field characteristics of electrons on the (100) surface of silicon, 

Figure 4. Semilogarithmic plots of transfer characteristics for a long channel device (L = 9 pm) 

channel region on the left. 

measured by a pulse method. 

with temperature as a parameter. Discrete points (+) represent results of two-dimensional simulations 
for 296K, 200K, and 77K. 

Figure 5. Threshold voltage VT vs channel length L with temperature as parameter. 
Figure 6. Threshold voltage vs temperature for a long channel FET. 
Figure 7. Relative mobile hole concentration in the bulk p/NA vs temperature with the acceptor 

Figure 8. Schematic energy band diagrams of the silicon substrate beneath the gate electrode at 

Figure 9. Measured and calculated low-frequency capacitance vs voltage characteristics of the 

concentration NA as parameter. 

296 and 77K. 

gate capacitor of a MOSFET at 77 and 296K. Gate electrode area is 78.4 mil2. Values calculated at 
77K using an assumed freeze-out value of N,(F.O.) (+) do not agree with the measurements. 

Figure 10. Measured and calculated substrate sensitivity curves for a long channel FET at 296 
and 77K. Values calculated at 77K using an assumed freeze-out value for the substrate doping (+) do 
not agree with the measurements. 
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Figure 11. Drain current 1,s vs VG - VT in the linear or below-pinchoff regime (VDs < VG - VT) 
for a long channel device (L = 9 pm) with temperature as parameter. Right-hand scale lists surface 
mobility values calculated at a gate voltage of 0.5 V above threshold. 

VG - VT) for a short channel device (L = 0.8 pm) with temperature as parameter. The right-hand 
scale lists effective surface mobility values calculated at a gate voltage of 0.5 V above threshold. 
(b) Surface mobility improvement factor peff(T)/peff(296) plotted vs V, - V with temperature as 
parameter. 

Figure 12. (a) Drain current IDS vs V, - VT in the square law or above-pinchoff regime (VDs > 

Figure 13. Diode reverse current I, vs bias V, of an n+-p junction with temperature as parameter. 
Figure 14. Time decay of reverse bias across an n+-p junction at 77K, 296K, and an intermediate 

Figure 15. Capacitance vs reverse bias characteristics of n+-p junction at 77 and 296K. 
Figure 16. Drain current vs gate voltage characteristic at 77K as predicted by two-dimensional 

Figure 17. Measured sheet resistance vs temperature for aluminum, n+ polysilicon, and n+ ion 

Figure 18. Thermal conductivity of 0.5 Q-cm p-type silicon. 

temperature. 

simulation for a device with a channel length of 1 pm. 

implanted (I/I) lines with thicknesses of 1.0 pm, 0.35 pm, and 0.2 pm, respectively. 

F.H. Gaensslen, R.C. Jaeger, and J.J. Walker, “Low Temperature Threshold Behavior of 
Depletion Mode Devices-Characterization and Simulation,’’ International Electron Devices 
Meeting, pp. 520-524 ( 1977).83 

Introduction 

The changes in threshold voltage characteristics observed between room and LNT for depletion 
and enhancement mode MOS devices are fundamentally different. The enhancement mode threshold 
voltage is not affected by carrier freeze-out; it shows only an increase in magnitude due to 
temperature dependent parameter changes combined with an essentially unaltered substrate 
sensitivity. Actual measurements of depletion mode devices, however, show a significantly different 
temperature dependency. With decreasing temperature, the negative threshold voltage shift, usually 
achieved by a shallow donor implantation within an n-channel technology, is reduced as is the 
substrate sensitivity. Both changes can be accounted for by freeze-out within the shallow, 
compensated, n-type surface layer. By numerically extracting a surface channel from the overall 
depletion mode transfer characteristic, excellent agreement has been achieved between measured and 
simulated substrate sensitivities at temperatures varying from room to LNT. Plotting calculated data 
of various quantities considerably enhances the understanding of the internal device behavior. Low 
temperature simulations are very sensitive to the intrihsic concentration. Together with simple and 
sensitive low-temperature measurements they can possibly serve to confirm the theoretical value of 
the intrinsic concentration. 

Description of Figures and Tables: 

Figure 1. Cross section schematic of an n-channel depletion mode MOSFET with self-aligned 
polysilicon gate. 

Figure 2. Measured and calculated values of threshold voltage, the cutoff voltage defined as the 
voltage required to achieve a channel concentration of 10’’ electrons, as a function of the substrate 
voltage for a phosphorus implanted depletion mode device at temperatures of 296K, 196K, 146K, 
96K, and 77K. 
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Figure 3. Channel carrier concentration, Nc, as a function of gate voltage at 296K and 77K for a 
non-implanted control device, a depletion mode device, and a device with an “extracted” surface 
channel. 

total and ionized donor concentrations as function of depth for two different gate voltages of -0.4 
and -0.1 volts. The entire concentration of carriers/cm2, N,, in the channel for these two cases 
amounts to 4 x lo1* and 8 X 10” per cm2 respectively in the sub-surface and surface channels. 

different substrate voltages of 0 and -1 volts on the substrate. Nc, the entire concentration of 
carriers/cm3 in the channel, was chosen to be 10l2 per crn2 in the surface channel. 

Figure 4. Low temperature, 77K, calculations of the energy band diagram, electron concentration, 

Figure 5. Calculated total and ionized donor concentrations at 77K under the MOS gate for two 

J.H. Goebel, “Liquid Helium-Cooled MOSFET Preamplifier for use with Astronomical 
Bolometer,” pp. 322-4 in Low-Temperature Electronics, ed. R. K. Kirschman, IEEE Press, 
New York, 1986. Reprinted from Review of Scientific Znstrumentation 48(4), 389-391 (April 
1977).*4 

AbstractKoncZusions 

A liquid helium-cooled p-channel enhancement mode MOSFET, the 3N167, is found to have 
sufficiently low noise for use as a preamplifier with helium-cooled bolometers that are used in 
infrared astronomy. Its characteristics at 300,77, and 4.2K are presented. It is also shown to have 
useful application with certain photoconductive and photovoltaic infrared detectors. 

as a preamplifier with helium-cooled bolometers. It has (a) low noise at 4 2 K ,  (b) high input 
impedance, making capacitive coupling unnecessary, and (c) transconductance very stable against 
temperature. Additionally, it is suitable for use with certain types of photovoltaic and 
photoconductive detectors that require helium cooling. 

The liquid helium-cooled 3N167 has been demonstrated to have the properties necessary for use 

Description of Tables and Figures 

(None) 

R.L. Maddox, “P-MOSFET Parameters at Cryogenic Temperatures,” pp. 131-136 in Low 
Temperature EZectronics, ed. R.K. Kirschman, Institute of Electrical and Electronics Engineers 
Press, New York, 1986. Reprinted from IEEE Transactions on EZectronic Devices ED-23, 
16-21 (Jan. 1976).g5 

AbstractBummary 

P-channel MOSFET parameters measured at 300K, 77K, and 4.2K are discussed; these include 
I-V characteristic curves, channel conductance, transconductance, threshold voltage, field effect 
mobility, and forward and reverse p + n junction characteristics. Some qualitative explanations of the 
dependence of the data on temperature and substrate doping concentration are given. Interesting 
LHE phenomena are highlighted and discussed in terms of accepted solid state models. 

Overall, properly made p-MOSFETs operate well at cryogenic temperatures. They must have 
sufficiently high p+ surface doping concentration to maintain efficient source injection efficiency at 
LHE temperature. 

The g,, gdo, pFE, and V, of p-channel MOSFETs increase as the temperature decreases from 
300K to 77K to 4.2K. The drain breakdown voltage is very nearly temperature independent. 
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VBVDs and pm decrease as ND increases and VT increases as ND increases. This was observed at 
all temperatures and is an indication that the channel region is never completely frozen out, even in 
an LHE ambient. 

temperature and have VT - 1 V at that temperature. 
P-channel MOSFETs made on <loo> silicon with N, c 1 x 10i5/cm3 operate very well at LHe 

Description of Tables and Figures 

Figure 1. Characteristic I-V curves for p-channel MOSFET at (a) 300K, (b) 77K, (c) 4.2K 
ambient temperature. This device had channel length of 93.8 pm and channel width of 635 ym. Gate 
oxide was 1200 8, thick. This device was made on 4.4 Q-cm <loo> phosphorous-doped Si substrate. 

Figure 2. Thermal “looping” of I-V characteristic at 4.2K for p-MOSFET (L = 37 pm, W = 
635 pm) on 4.4 Q-cm <loo> silicon substrate. 

Figure 3. p-MOSFET characteristic at curves at 4.2K for device similar to that of Figure 1. The p+ 
surface concentration of source and drain is too low, hence device does not conduct until VsD - 
-10 v. 

Figure 4. I-V characteristic curves for deep depletion (enhancement mode) device that only 
operates around 4.2K (substrate carriers frozen out). 

Figure 5. Linear source-drain conductance curves for p-MOSFET (L = 15 pm, W = 254 ym, 
tox = 1200 8,) on 0.2 Q-cm arsenic-doped <loo> silicon. 

Figure 6.  Threshold voltage with temperature as parameter and drain breakdown voltage vs 
substrate resistivity at 300K or doping concentration for pMOSFETs on c l l b  silicon substrates. 

Figure 7. Threshold voltage vs temperature for p-MOSFETs on various silicon substrates. 
Figure 8. Shift in magnitude of threshold voltage vs source to substrate bias voltage at 300K and 

Figure 9. Typical forward I-V characteristics of p+n diode at 300K and 4.2K ambient 

Table 1. Drain diode breakdown voltage vs temperature for p-MOSFETs with gate grounded on 

4.5K for p-MOSFETs on <100> 7.2 Q-cm Si:P substrate. 

temperature. 

various silicon substrates; slight variations with temperature are probably due to operator 
misinterpretation of the display such as walkout effects and breakdown. 

with temperature as parameter for p-MOSFETs on e1 1 1> silicon substrate. 
Figure 10. Hole field-effect mobility vs substrate resistivity (at 300K) or doping concentration 

Table 2. Comparison of effective channel mobility for 4 1  1> and 4 0 0 >  devices. 

F.H. Gaensslen, V.L. Rideout, and E.J. Walker, “Design and Characterization of Very Small 
MOSFETs for Low Temperature Operation,” International Electron Device Meeting 
Technical Digest, 43-6 ( 1975).86 

A bstract/Summa ry 

Operation of computer circuitry at cryogenic temperatures is an attractive means of obtaining 
improvements in speed, power, reliability and other device characteristics. Bipolar devices are 
generally considered to be unusable at such low temperatures as a consequence of enhanced 
recombination in the base region. In the present work, the operation of polysilicon gated MOSFET 
devices has been studied both experimentally and theoretically at temperatures ranging from room 
temperature down to LNT. Excellent agreement was found between experimental device 
characteristics and the predictions of a two-dimensional simulation model, indicating that device 
operation is well understood and predictable over this entire temperature range. The major 
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advantages of sharper turn-on and higher mobility found at lower temperatures are described and 
discussed. 

This work has demonstrated the improvements in MOSFET device characteristics attainable by 
low temperature operation. These desirable improvements include steeper device turn-on, higher 
c k e r  mobility, and increased gate threshold voltage. Other advantages to be expected from low 
temperature operation are: (1) decreased junction and inversion layer leakage current, (2) higher 
thermal conductivity, and (3) reduced interconnection line resistance. Reliability improvements are 
also expected because of the anticipated strong reduction in thermally activated wearout phenomena 
at low temperatures. The combination of these advantages suggests that low temperature operation 
may be essential for maximizing the performance of very high density MOSFET integrated circuits. 
If low temperature operation is to become a reality for medium and large size digital computers, 
however, engineering problems such as closed-cycle refrigeration, thermal expansion effects, 
packaging, and serviceability must eventually be solved. 

Description of Tables and Figures 

Figure 1. Cross section of basic device structure. 
Figure 2. Semilogarithmic plots of transfer characteristics for a long device (L = 9 microns) as a 

function of operating temperature T. Discrete points (+) represent results of two-dimensional 
simulations. 

Figure 3. Threshold voltage, V,, plotted as a function of channel length, L, with operating 
temperature, T, as parameter. 

Figure 4. Drain current, I,, vs (VG - VT) in the linear region (i.e., V,, < VG) for a long device 
(L = 9 microns) as a function of operating temperature, T. The right hand scale indicates low field 
mobilities at a gate voltage of 0.5 volts above threshold. 

device (L = 0.8 microns) as a function of operating temperature, T. The right hand scale indicates 
high field mobilities at a gate voltage of 0.5 volts above threshold. 

Figure 5. Drain current, I,, vs (VG - V,) in the square law region @e., V,, > VG) for a short 

S .  Christensson and I. Lundstrom, “Low Frequency Noise in MOS Transistors-II: 
Experiments,” pp. 267-74 in Low-Temperature Electronics, ed. R. K. Kirschman, IEEE Press, 
New York, 1986. Reprinted from Solid-state EZectronics 11(9), 813-20 (Sept. 1968).*7 

Abst ract/Conchions 

Noise measurements on a number of commercial MOS-transistors have been performed. The low 
frequency noise spectrum and the dependence of the noise on the temperature and the operating 
point of the transistor have been examined for frequencies between 30 Hz and 100  kHz and for 
temperatures between 77 and 373K. It is found that the noise dependence on temperature is different 
for p-channel and n-channel MOSTs. In a p-channel MOST the magnitude of the noise increases 
with temperature, while the magnitude of the noise decreases in an n-channel MOST. The 
experimentally found noise behavior is compared with the theoretically predicted behavior in Part I 
of this work. 

complex. The irregular behavior depends on the actual distributions of traps as well as the 
distribution over energy and over distance in the oxide. An exact comparison between the 
theoretically predicted noise and the measured noise demands a close knowledge of the geometrical 
and physical properties. The actual trap distribution is then of great importance. The theoretically 

The detailed behavior of the low frequency noise in the MOSTs studied is seen to be very 
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found noise level is, however, shown to fit the experiments with reasonable values of the constants 
involved. 

Description of Tables and Figures 

Figure 1. Line diagram of the apparatus used for noise measurements. 
Figure 2. The temperature dependence of the equivalent input noise voltage for four different 

MOSTs, at 50 kHz. The operation points of the transistors were just below saturation. The dashed line 
is the theoretical noise variation for a uniform trap distribution over energy and in the oxide with the 
noise level chosen to be 0.03 ~.V/€IZ’/~ at T = 100 K. The dashed-dotted line is the theoretical 
variation with temperature of the noise from a trap level below the valence band edge. 

temperatures. Id was about 6 mA. A 1/f1” line is also shown, corresponding to a l/f-type power 
spectrum. 

temperatures. Id was about 6 mA. A l/f’l2 line is also shown, corresponding to a l/f-type power 
spectrum. 

operating point. The numbers in the diagram are the equivalent input noise voltages, v,, in j~V/Hzl’~ 
at the frequency 50 kHz and the bandwidth 600 kHz for (a) T = 300K (b) T = 77K. 

Figure 6. Id-Vd characteristics for BFX78 showing the dependence of the noise voltage on the 
operating point. The numbers in the diagram are the equivalent input noise voltages at the frequency 
50 kHz and the bandwidth 600 kHz for (a) T = 300K and (b) T = 77K. 

Figure 7. The 50 lcHz noise voltage dependence on drain voltage for MOSTs (a) F10049 and 
(b) BFX78 at different temperatures and gate voltages. The dashed line in (a) is the theoretical noise 
variation for traps at the valence band edge with v = 45 pV for V, 2 Vds and the dashed line in (b) is 
the variation in noise voltage for a MOST showing poor saturation due to the decrease in channel 
length with vn( 1.5) = 40 pV. 

Figure 3. The equivalent input noise voltage spectra for two p-channel MOSTs at two different 

Figure 4. The equivalent input noise voltage spectra for two n-channel MOSTs at two different 

Figure 5. Id-vd characteristics for F10049 showing the dependence of the noise voltage on the 

2.4 Combined Transistor Class 

2.4.1 Complementary Metal Oxide Semiconductor (CMOS) 

A. Srivastava, “Performance of CMOS Three-Valued Logic Device (Ternary Inverter) at 
Liquid Nitrogen Temperature,” Cryogenics 32( 12), 1 162-6 (1992)? 

Abstrac Konclusions 

The performance of a CMOS three-valued logic device known as the ternary inverter has been 
studied at LNT, 77K, in comparison with its room temperature, 296K, operation. It has been observed 
that performance improves at 77K compared with room temperature behavior. This improvement is 
attributed to the rise in absolute threshold voltages of n- and p-channel MOSFET devices, which in 
turn allows MOSFET devices to operate between well defined near-above-threshold (on) and 
subthreshold (off) regions. This behavior is unlike their room temperature operation where these 
devices remain on. The work may find application in the design of high performance systems based 
on multiple-valued logic. 
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Figure 1. CMOS three-valued logic ternary inverter circuit. R = 18 k!2 and C can be connected to 

Figure 2. Variation of 

Figure 3. Voltage transfer characteristics of a simple ternary inverter (C = 0 V) at 296K and 77K. 
Figure 4. Voltage transfer characteristics of a positive ternary inverter (C = +1.5 V) at 296K and 

Figure 5. Voltage transfer characteristics of a negative ternary inverter (C = -1.5 V) at 296K and 

Table 1. Measured rise, fall and propagation delay times of a CMOS three-valued logic ternary 

0, -1.5 and +1.5 V. 
vs V,, of typical n- and p-channel MOSFETs in a CD4007 

integrated circuit at 296K and 77K. The substrate bias voltage is 0 V. 

77K. 

77K. 

inverter circuit. 

A. Srivastava, “Performance of a CMOS Schmitt trigger at LNT,” Cryogenics 32(7), 6 7 1 4  
(1 992) -89 

AbstractKonclusions 

The performance of a typical CMOS Schmitt trigger integrated circuit has been studied at LNT. It 
is shown that the Schmitt trigger parameters V+, V-, AV+, AV-, change at lower temperatures due to a 
change in the MOSFETs threshold voltage. It has been observed that the forward trigger voltage V+ 
shifts toward the right and the reverse trigger voltage V- shifts toward the left at LNT with respect to 
their corresponding room temperature values. This behavior results in an increase in forward and 
reverse hysteresis ranges AV+ and AV- of the Schmitt trigger. Experimental results are found to be in 
good agreement with theory. 

parameter in wave shaping circuits. 
Thus, LNT operation of a Schmitt trigger increases the effect of hysteresis which is an important 

Description of Tables and Figures 

Figure 1.  Circuit diagram of a Schmitt trigger, 
Table 1. Calculated design parameters of a typical Schmitt. 
Figure 2. Measured voltage transfer characteristics of a Schmitt trigger at 296K and 77K for 

Table 2. Measured parameters of MM74C14 Schmitt trigger integrated circuit. 
Table 3. Measured parameters of MM74C 14 Schmitt trigger integrated circuit under transient 

Figure 3. Transient response of a Schmitt trigger. 

V,, = 3 and 5 V. 

conditions. 

W.F. Clark et al., “Low-Temperature CMOS-A Brief Review,” ZEEE Conference 
Proceedings on Electronic Components 11, 544-50 (1991)?O 

A bstractKonclusions 

Device improvements obtained from exploiting the dependence of physical characteristics of 
silicon at low temperature are above and beyond those improvements obtained from the usual 
geometric scaling of device dimensions. As device geometries continue to shrink into the deep 
submicrometer regime, second-order effects begin to limit further increases in device speed from 
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scaling alone. Temperature scaling provides the additional variable for system optimization. The gain 
in performance at cryogenic temperatures, however, is at the expense of inconvenience and additional 
cost for system refrigeration, and of increased susceptibility to hotcarrier degradation. Optimizing 
CMOS technology and design for low-temperature applications can increase performance and reduce 
power dissipation without increasing hot-carrier degradation. 

subthreshold swing, increased conductivity, reduced leakage, and improved device and circuit 
reliability with respect to electromigration, ionic migration and latchup. The gain in performance 
compared to room temperature, however, begins to erode as the channel length is decreased below 
one micrometer, where increased lateral field causes the drift velocity to approach its scattering 
limited value along a large fraction of the channel. In the limit when saturation velocity is reached 
along the entire channel, the improvement at LNT does not exceed a factor of -2 after all other 
enhancements are considered. This gain must justify the added inconvenience and cost of operating 
the system at LNT. 

As the channel length is reduced to deep submicrometer below ~ 0 . 1 5  pm operating at low 
temperature rather than RT could become a necessity rather than a mere improvement because of the 
lack of a room-temperature process and device design point. Research in this area is continuing at 
universities as well as industrial institutions. 

The advantages of operating CMOS at LNT are attributed to increased carrier mobility, reduced 

Description of Tables and Figures 

Figure 1 (a) Schematic of a CMOS inverter and (b) cross-section indicating typical parasitic 
bipolar structures. I, = well current, R, = well resistance, I, = substrate current, I, = substrate 
resistance. 

Figure 2. Increase in mobility as temperature is reduced. 
Figure 3. Increase in electron-saturated velocity as temperature is decreased. vs increases by ~ 1 . 4  

Figure 4. Normalized peak NMOS saturated transconductance as a function of channel length at 

Figure 5. Variation of threshold voltage with temperature. 
Figure 6. Steepening of subthreshold characteristics at low temperatures. Lines merge at nearly 

Figure 7. Output characteristics at 300K and 77K for L = 9.0 pm. Voltages and current scaled by 

Figure 8. Decrease in extrinsic resistance at low temperature. Resistance decreases due to increase 

Table 1 .  Temperature and dimensional scaling. 
Figure 9. Cooling power as a function of temperature. 

at LNT above RT. 

300K and 77K, normalized to 300K, and L = 4 pm. 

one point, which is the threshold voltage near absolute zero. 

factors of 4 and 3, respectively. 

in effective mobility. 

S. Verdonckt-Vandebroek et. al., “High-Gain Lateral Bipolar Action in a MOSFET 
Structure,” ZEEE Transactions on Electron Devices 38( 1 l), 2487-96 (November 1991)g1 

Abstract/Conclusions 

A hybrid-mode device based on a standard submicrometer CMOS technology is presented. The 
device is essentially a MOSFET in which the gate and the well are internally connected to form the 
base of a lateral bipolar junction transistor (BJT). n-p-n BJTs with a 0.25-pm base width have been 
successfully fabricated in a pwell0.25-pm bulk n-MOSFET process. The electrical characteristics of 
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the n-MOSFET and the lateral n-p-n BJT at room and LNT are reported. At low collector current 
levels lateral bipolar action with a current gain higher than lo00 is achieved. 

The lateral n-pn BJT has ideal output characteristics at room temperature and looks very 
promising for LNT operations. At low base/gate voltages the current driving capability and open- 
circuit voltage gain of the lateral BJT exceed those of the MOSFET. Lateral n-p-n BJTs are inherently 
available in any submicrometer p-well CMOS process that has been properly designed. Similarly, in a 
submicrometer n-well BiCMOS process with vertical n-p-n BJT, lateral p-n-p BJTs with high current 
gain are available without any additional processing when the p-MOSFETs are properly designed. 

Description of Tables and Figures 

Figure 1. Top and cross-sectional views of the lateral n-p-n BJT together with circuit symbol of 

Figure 2. Equipotential profile simulated with PISCES. (a) Conventional lateral BJT and 
the lateral n-p-n BJT. 

(b) hybrid-mode lateral BJT. The emitter is biased at 0 V, the collector at 1.0 V, the substrate at 3.0 V, 
and the base at 0.5 V. 

Figure 3. Energy band diagram for the conventional lateral BJT (solid lines) and the hybrid- 
mode lateral BJT (broken lines). (a) Across the emitter-intrinsic base junction in the direction parallel 
and close to the surface, and (b) through the intrinsic base in the direction perpendicular to the 
surface. 

Figure 4. Diagram indicating the major electron (solid arrows) and hole (broken arrows) current 
components in the hybrid-mode lateral BJT. 

Figure 5. (a) I, - V, and (b) subthreshold characteristics of the n-MOSFET with Leff = 0.25 ym, 
W = 50 pm, and t, = 10 nm. The channel implant dosage is 4.5 X 10l2 cm-2. The substrate voltage 
is equal to 3.0 V. 

BJT with L, = 0.25 pm and W = 50 pm. The base implant dosage is 4.5 X 10I2 cm-2. 
Figure 6. (a) Common emitter IC- V, characteristics and (b) Gummel plot of the lateral n-p-n 

Figure 7. Peak current gain as a function of l/Leff and base implant dosage. 
Figure 8. (a) Well current Iw and (b) drain current I, of the four-terminal device as a function of 

V, with V, varying from -1.0 to +0.8 V in increments of 0.2 V. The locus for which V, equals V, 
represents the base current, I,, and the collector current, I,, of the hybrid-mode lateral BJT (Vs = 

Figure 9. Threshold voltage of the n-MOSFET as a function of VW for three different implant 

Figure 10. (a) Transconductance, (b) output resistance, and (c) open-circuit voltage gain as a 

Figure 11. Gummel plot of a 0.25 ym lateral n-pn BJT at LNT temperature. 
Figure 12. Peak current gain as a function of inverse absolute temperature of the lateral n-p-n 

0 v, VSUB = 3 V). 

dosages. The locus for V, equal to V, represents the operation conditions of the hybrid-mode 
lateral n-p-n BJT. 

function of V, of the n-MOSFET and V, of the lateral n-p-n BJT (VD = V, = 1.0 V). 

BJT. 

J.C.S. Woo and J.D. Plummer, “Short-Channel Effects in MOSFETs at Liquid-Nitrogen 
Temperature,” ZEEE Transaction on Electron Devices ED-33(7), 101 2-9 (July 1986).92 

AbstractKonclusions 

Short-channel or high-field effects in MOSFET devices are a continuing area of research in 
room-temperature devices. Much has been learned in the past several years about the physical origins 
of these effects, and new or modified device structures have been proposed to minimize them. 
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Because of the improved device and circuit performance possible at LNT, there has been considerable 
recent interest in low-temperature device physics. While large-geometry MOSFET behavior has been 
discussed in the literature at LNT, very little has been quantified regarding short-channel effects at 
low temperature. This paper addresses the physical origins of short-channel effects at these 
temperatures. It is concluded that while the physical mechanisms are similar to those at room 
temperature, quantitative differences exist that favor LNT operation. 

Shifts in device I-V characteristics in the subthreshold and strong inversion regions are 
fundamentally related to electric field penetration from the junctions into the channel region, at all 
temperatures. The magnitudes of the effects in the subthreshold and linear regions are comparable at 
LNT and room temperature; differences do exist which favor LNT operation. Our principal 
conclusion, therefore, is that short-channel effects will be somewhat less of a problem at LNT than 
they are at RT. We conclude that LNT operation of CMOS circuits is a promising approach for future 
VLSI circuits, at least in the applications where cooling is possible. 

Description of Tables and Figures 

Figure 1. Maximum substrate current normalized to drain current measured on an NMOS 
transistor with W/L = 25 p d 2  pm and tox = 400 8, as a function of temperature at different VDS. 

Figure 2. Cross section of a l-pm drawn gate length PMOS with 400-A gate oxide, Xj = 0.4 pm, 

Figure 3. Simulated I-V characteristics for the PMOS whose device structure is shown in Fig. 2. 
AV,D,,, is the lateral shift caused by drain-induced barrier lowering (DIBL) as V, increases from 
-0.5 to -1.0 v. 

Figure 4. Experimental measurements on an L = 1 pm drawn, L = 0.36 pm effective channel 
length device similar to that simulated in Fig. 3. 

Figure 5. Potential along current path at LNT and RT for same applied potentials. Increased 
junction built-in potentials shift the curve at LNT, but Id,, is largely unchanged (ob$= ~db~).  

Figure 6. Potential along current path for the simulations in Fig. 3 at IDS = 10- A. @b is much 
smaller at LNT to produce the same current. The drain-to-channel potential is also smaller at LNT, 
which accounts for reduced DIBL effects, at least at small VD. 

Figure 7. Idealized I-V curve for a short-channel PMOS in the subthreshold region for two 
different values of VDs. 

Figure 8. Simulated and experimental values of AVGs vs L at LNT and RT. An exponential roll- 
off is observed. 

Figure 9. Simulated and experimental linear region VTH vs L. A 1/L roll-off is observed in both 
cases with similar magnitude. 

Figure 10. Potential along current path under strong inversion at LNT and RT with V,, =.VTH 
for the same transistor as in Fig. 2. It can be seen that the potential is much flatter at LNT. Thls 
accounts for the smaller drain-source field penetration into the channel under strong inversion. 

Figure 11. Lateral electric field pattern along the surface conduction path for the same condition 
as in Fig. 10. It is observed that the E field does not show the exponential decay along the channel at 
LNT that is seen at RT. 

Figure 12. Lateral electric field pattern along the path 0.25 pm beneath the oxide-semiconductor 
interface for the same condition as in Fig. 11. It is noted that the field patterns are very similar at RT 
and LNT. 

N, = 1 x 1 0 1 5 / ~ ~ 3 .  
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A.K. Henning, N. Chan, and J.D. Plummer, “Substrate Current in N-Channel and P-Channel 
MOSFETs Between 77K and 300K: Characterization and Simulation,” 1985 International 
Electron Devices Meeting Technical Digest, pp. 573-576, 1985 .g3 

AbstractKonclusions 

Silicon is the material of choice for fabrication of high circuit density, low defect density and 
high-speed integrated devices. CMOS technology provides the additional advantage of low power 
dissipation. Performance enhancement can be obtained by operating CMOS circuits at LNT; however, 
low temperature operation exacerbates the generation of substrate current by impact ionization, 
leading to potential device degradation. This work characterizes the temperature behavior of the 
substrate current, and presents a model describing this behavior based on Shockley’s lucky electron 
(LE) model. For n-channel (p-channel) devices, the model is extended using a Maxwell-Boltzmann 
(MB) distribution of hot electron (hole) energies above (below) the conduction (valence) band 
minimum (maximum). We implement the model in the 2-D device simulator, CADDET. The 
agreement between data and simulations enhances physical understanding of substrate current in 
MOSFETs, and warrants confident design of a CMOS technology for cryogenic operation. 

We have characterized the substrate current in a CMOS technology over a wide range of channel 
lengths and bias voltages. The characterization has demonstrated the limits on power supply voltages 
(inferred from the relationship between IB and device degradation) over the full temperature range 
77K to 300K. 

A physical model to explain the experimental observations has been developed, based on the 
notion that carriers, due to high electric fields, can have energies significantly above their band 
minima. The model has been implemented in the 2-D device simulator CADDET. The model 
requires a minimum number of fit parameters one per device type to describe the observed I,; 
furthermore, because the model is based on a local knowledge of channel fields, voltages, and current 
densities, it is expected to be equally applicable to other technologies. The close agreement between 
model and experiment indicates that design and realization of a reliable, scaled, low temperature 
CMOS technology should not be hindered by an inordinately low power supply voltage. 

Description of Tables and Figures 

Figure 1. Schematic of impact ionization current, leading to measurement of substrate current, in 

Figure 2. Substrate current vs gate voltage for an n-channel MOSFET, at various drain voltages. 
an n-channel MOSFET. 

Le = 0.85pm; T = 77K. HI and LO refer to VD regions with different temperature coefficients for 
I,,,? vs T. (See text for discussion.) 

model alone, and for MB plus LE model. 
Figure 3. Peak substrate current vs temperature for an n-channel MOSFET. Le = 1.15 pm for LE 

Figure 4. Crossover voltage vs channel length for n-channel devices. 
Figure 5. Schematic of the impact ionization model. Vji is the energy acquired in traversing a 

path xji. The rate equation is summed over all starting points i and all final points j along a current 
path. Some carriers travel a shorter distance (xji) with the MB model in acquiring the energy E, to 
break a Si-Si bond, than with the LE model alone, which can increase or decrease Rii, depending 
upon whether V, is, respectively, HI or LO. Ep is the optical phonon energy. 

Figure 6.  How Vxover is predicted by an energy distribution. The probability curves are 
normalized for unity area. See text for discussion. 

Figure 7. Experimental and simulated substrate current vs gate voltage for 25/25 N device at T = 
299K. 
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Figure 8. Experimental and simulated substrate current vs gate voltage for 25/3 N device at T = 

Figure 9. Experimental and simulated substrate current vs gate voltage for 25/25 P device at T = 

Figure 10. Experimental and simulated substrate current vs gate voltage for 2512 P device at T = 

77K. Le = 2.15pm. 

294K. 

77K. Le = 1.17pm. 

J. Laramee, M.J. Aubimn, and J.D.N. Cheeke, “Behavior of CMOS Inverters at Cryogenic 
Temperatures,” pp. 342-344 in Low Temperature Electronics, ed. R. K. Kirschman, Institute 
of Electrical and Electronics Engineers Press, New York, 1986. Reprinted from Solid-state 
Electronics 28(5), 453-6 (May 1985).94 

Abstract/Conclusions 

The switching times of six commercially available CMOS inverters have been measured as a 
function of temperature between 10 and 300K. A ring oscillator was used in conjunction with a 
timing circuit allowing the measurements to be made during 60 ms, thereby avoiding heating of the 
chips. The switching time of a standard CMOS inverter decreased from 11 to 2.5 ns. A characteristic 
behavior of the switching time as a function of temperature was observed in all cases, which can be 
qualitatively explained by the mobility variation with temperature as the scattering goes from a 
phonon-dominated regime to an ionized impurity-dominated regime. 

The present results illustrate a characteristic behavior of CMOS device switching times as a 
function of temperature. This behavior can be qualitatively explained by physical arguments. It was 
also illustrated once more that one may benefit from an improvement in the switching time by going 
to low temperatures, particularly below 30K. More dramatic improvements could be obtained by 
designing the chip parameters for low-temperature operation. The chips studied here had in fact been 
designed for operation at room temperature. 

Description of Tables and Figures 

Figure 1. Switching times as a function of temperature for (1) Solid State Scientific standard 
CMOS SCL4049UBE, (2) Toshiba fast CMOS TC4OHOO4P, and (3) Motorola fast CMOS 
MC74HCU04. 

Figure 2. Switching times as a function of temperature for (4) Motorola standard CMOS 
MC14069UB, (5) Sylvania standard CMOS ECG4069, and (6) Mite1 fast CMOS MD74SC240AC. 

Figure 3. Switching times as a function of supply voltage at 300, 77, and 4.2K for Solid State 
Scientific standard CMOS SCL4049UBE. 

Table 1. Typical values of room temperature switching characteristics of the studied inverters as 
supplied by the manufacturer. 
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J.G. Dooley and R.C. Jaeger, “Temperature Dependence of Latchup in CMOS Circuits,” 
pp- 153-155 in Low Temperature Electronics, ed. R. K. Kirschman, Institute of Electrical and 
Electronics Engineers Press, New York, 1986. Reprinted from ZEEE Electron Device Letters 
EDL-5, 41-3 (Feb. 1984).95 

Abstract 

Measurements of the temperature dependence of holding current in bulk CMOS devices indicate 
that a substantial improvement in latchup resistance may be achieved by LNT operation of CMOS 
technology. 

Description of Tables and Figures 

Figure 1. Simplified bulk CMOS structure and circuit model for latchup study. 
Figure 2. Typical holding-current variation as a function of temperature. 
Figure 3. Holding and trigger current variation as a function of temperature for a 4007B chip. 
Figure 4. Calculated temperature dependence of substrate and well shunt resistances for a bulk 

CMOS process. 

R.A. Kiehl and A.C. Gossard, “Complementary p-MODFET and n-HB MESFET (A1,Ga)As 
Transistors,” pp. 258-260 in Low Temperature Electronics, ed. R. K. Kirschman, Institute of 
Electrical and Electronics Engineers Press, New York, 1986. Reprinted from ZEEE Electron 
Device Letters EDL-5, 521-3 (Dec. 1984).96 

Abstract/Conclusions 

A complementary transistor structure that utilizes a p-channel modulation-doped FET 
(p-MODFET) to produce improved p-channel characteristics is reported for the first time. The 
structure also includes a new type of n-channel MESFET in which the electrons are confined by an n- 
p heterojunction barrier (n-HB MESFET). The complementary transistor pair is fabricated on a novel 
MBE-grown n-GaAs/p-(Al,Ga)As/i-GaAs heterostructure. The experimental current-voltage 
characteristics are presented and demonstrate that this is a promising approach for the development 
of GaAs-based high-speed complementary logic circuits. 

In conclusion, we have demonstrated a new complementary transistor structure which integrates a 
p-MODFET and an n-HB MESFET based on the (A1,Ga)As material system. The great improvement 
in the low-temperature transconductance of the p-MODFET over that of comparable bulk p-channel 
FETs, together with the excellent current-voltage characteristics realized for both the p-MODFET and 
the n-HB MESFET, make this an attractive approach for the development of ultra-low-power high- 
speed complementary logic circuits.) 

Description of Tables and Figures 

Figure 1. Complementary p-MODFETh-HB MESFET transistor pair. Prior to mesa fabrication , a 
window to the p-(A1,Ga)As layer is formed by selective chemical etching. The gate length, gate width, 
and source-drain spacing in (b) are 2, 100, and 5 pm, respectively. 

Figure 2. Saturated drain current and transconductance as a function of gate voltage for (a) an 
n-HB MESFET and (b) a p-MODFET at 300 and 77K. The values are normalized for a l-mm gate 
width. 
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Figure 3. Current-voltage characteristics of the n-HB MESFET and p-MODFET at 77K. The 
values are normalized for a 1-mm gate width. 

S .  Hanamura et al., “Operation of Bulk CMOS Devices at Very Low Temperatures,” 
pp. 151-152 in Low Temperature Electronics, ed. R. K. Kirschman, Institute of Electrical and 
Electronics Engineers Press, New York, 1986. Reprinted from ZEEE Symposium on V U 1  
Technology, p. 46-7 (1983).97 

Conclusion 

We have demonstrated improved performance in bulk CMOS devices at very low temperatures. 
This has proven the promising future of low-temperature submicron bulk CMOS devices for use in 
very high speed, high-packing-density VLSI technology. 

Description of Tables and Figures 

Figure 1. Current voltage characteristics of MOSFETs with LG of 2 pm. 
Figure 2. Temperature dependence of threshold voltages. 
Table 1. Device parameters at room, LNT, and LHT. 
Figure 3. Latch-up characteristics. 
Figure 4. Average delay and power performance of an inverter. 
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3. CONCLUSIONS 

Steady development of new devices such as the IGBT and the MCT and investigations showing 
both their compatibility and incompatibility with cryoelectronics has given cryogenic semiconductors 
a firm place in today’s superconducting technology and maintained their role in specialized 
electronic applications. More recently Cressler has shown that because of advances in fabrication 
technology BJTs now have acceptable current gains at LNT. Thus both minority carrier devices (BJT 
Class) and majority carrier devices (FET Class) are now available for use in cryoelectronic circuitry. 

Published data indicates that the devices surveyed for this paper will successfully operate at LNT; 
however, the engineering parameters needed for design of cryoelectronic circuits are sparse, requiring 
that many must yet be determined. Universities such as North Carolina State (J. B. Baliga), Auburn 
University (J. D. Cressler), and the University of Arkansas (Sever Menhart) provide excellent 
candidates to measure these parameters for the design engineers. Businesses who pay for their own 
characterization are not likely to release this information freely. Such parameters may can be 
expected from vendors only when their devices are sold to operate specifically at LNT, which may 
not happen soon. 

being done in the area of cryoelectronics; consequently, it would be useful to regularly update this 
survey. 

Research and development on semiconductor devices is advancing rapidly, and much work is 
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