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PREFACE

It is little over four years ago, when | started to work on the topic of cryogenic electron-
ics. A lot has emerged since then, most of it covered in this dissertation. Before diving
into the technical content, | would like to thank several people, without whom this work
would not have been possible.

Of course there is Edoardo Charbon, together with Fabio Sebastiano, the founding
fathers of the group. | remember well, shortly after my master defense, Edoardo asked
me for a Ph.D. in this topic, which was completely novel for our group at that time. We
basically started all the way from a white paper on the desk, | believe that we have made
a gigantic step in those past years towards a real cryogenic electronic interface. At that
time, we started our rst collaborations with QuTech and later Intel Corp., learning in
a hard way that co-operation is not always easy and straightforward, especially when
many disciplines are involved. | would like to thank the numerous people that joined
the group along the way, most notably Bishnu Patra, Rosario Incandela and Stefan Visser,
withwhom | shared alot of the rst cryogenic experiences. For those cryogenic measure-
ments, | am grateful that we could learn so much from Enrico Prati and Giorgio Ferrari
in Milan, where we measured our CMOS chips and FPGAs for the rst time at 4 K. We
kind of replicated and improved their setup to suit best our planned measurements, and
those cryogenic probes, so-called dip-sticks, worked out pretty well. | spent many hours
in our basement lab in TNW (F-16), doing numerous cool downs with various chips,
FPGAs and other components. Of course, | also wasted a lot of time there, when some-
thing once again didn’t work out as expected. Those hours paid of in many publications,
all listed at the end of this dissertation, and a lot of joy when most of the stuff turned out
to be working at such low temperatures. | am grateful to all secretaries (Minaksie Ram-
soekh, Lidwina Tromp, Joyce van Velzen, Marja Plas) of our group, changing year by year,
and | appreciate all the help | got from the technicians (Zu-Yao Chang, Lukasz Pakula,
Hans van der Does, Remco Roeleveld, Siebe Visser) in both EWI, TNW and DEMO, for
bonding my chips, for setting up the lab, making sure there is always helium available,
for PCB related matters, and numerous other small things that | most likely forgot about.
Recent advances towards the completion of this work led to measurements in a dilution
fridge; a novel experience for me, but thanks to Andrea Corna a pleasant new adventure.
Although it turned out to be one of the most dif cult parts, with several things not work-
ing as expected compared to our liquid helium measurements, we learned a lot on the
thermalization and other aspects of measuring in a fridge compared to a dip-stick.

Besides all cryogenic work, | remained a bit in the single-photon imaging group,
and would like to thank all of ce mates for sharing a wonderful time with them (Au-
gusto Carimatto, Esteban Venialgo and Ting Gong), and above all Claudio Bruschini,
with whom | had many meetings and discussions, enjoying most of them, which resulted
in some other papers. Although | was fond of spending time in both elds, it was not al-
ways easy to manage, getting me lost in between and doing nothing for a day (at least we
had a nice view from the of ce).

I am grateful to my family, who always supported me during this four year long Ph.D.
and the preceding ve years of my studies at TU Delft. | hope | was not too much of
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a burden, when still living at home. Cycling to Delft (25 km round trip) turned out to
be an interesting ride over the past nine years, since so much has changed along the
road. Nine years ago, | was still driving through farmlands and in between green houses,
where complete suburbs have now been erected. Also in Delft, so much has changed,
with the new train tunnel and station, and the amazing tram tracks on the TU Delft cam-
pus. It is sad somehow, taking away the good old stuff and replacing it with something
that is hopefully better, but mostly isn't. Let’s look at how this process turned out on the
TU Delft: new coffee machines, worse tea, hot chocolate and probably worse coffee; a
new caterer, less variation, higher prices and even more waste, because too lazy to wash
dishes; new printers, we have to walk back and forth, because direct printing no longer
works; a new purchase management system, less user friendly and using an obsolete sil-
verlight interface; a new hour registration system, three clicks per day were not enough,
so lets make the people have to click even more; a new EWI building for W1 only, now
we have doubled the cost and not solved anything. Extrapolating this trend, well, maybe
better not to.
All of that brings me back to the topic of today, cryogenic electronics, which could
nd an application in many elds, such as deep-space, high-energy physics and astron-
omy. However, in this work, supported by the fact that our group became part of QuTech,
is focussed on quantum systems and their quantum classical control interface. We ex-
plored at depth the operation of many parts of such a system, vital for its operation at
cryogenic temperatures, and, although this work is by no extend complete, itisa rst
step. | hope that you, the reader, will nd (parts of) this work relevant and that it can be
a guide for future cryogenic designers. Enjoy this cryogenic journey.

Harald Homulle
Delft, April 2019
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INTRODUCTION

Our society is completely dependent on the internet and the availability of seemingly in-
nite computing power. We can easily search through the apparently endless world wide
web, stream millions of videos and safely transfer money around the globe. Computing
power roughly doubles every two years, still following Moore’s law since its inception in
1965 [1]. However, Moore’s law is soon predicted to become obsolete, as the growth in
computing capacity stagnates [2]. Various problems, unsolvable today, require signi -
cantly more processing power than even the largest supercomputers can provide.

Quantum computers promise an exponential speed-up over conventional comput-
ing, thus providing the resources to solve complex problems such as climate models, to
breach conventional security algorithms and to search more quickly in extremely large
databases. Entanglement and superposition are the key quantum phenomena that em-
power these computers. Instead of bits being either 0 or 1, they can be in a superpo-
sition of these two states, denoted jOi and jli. The superposition can be envisioned as
an arrow pointing to any position on a sphere, instead of only to jOi or j1i, as shown in
Figure 1.1 with fijoi~ flj1i. When quantum bits (qubits) are correlated to one another
and no longer independent, they are said to be entangled. Acting on a single qubit in-

uences all entangled qubits in the system, making powerful interactions possible. As
a qubit can be 0 and 1 at the same time, it can represent two classical bits, i.e. n qubits
encode 2" classical bits. A million qubits can be compared to more classical bits than
ever produced. Electrons, ions and photons are the most common elements to act as
a quantum bit. They can be implemented in various technologies, such as transmons,
quantum dots and nitrogen-vacancy centres [3] [14].

Unfortunately, these quantum phenomena only become ‘visible’ at extremely low
temperatures. Moreover, the qubits are very sensitive to disturbance and their coher-
ence time is usually limited to several microseconds for the best qubits currently avail-
able [15] [17]. Therefore, the quantum device has to be operated close to absolute zero,
ideally below 100 mK, and quantum error-correction is required to track and repair qubit
states. Both requirements impose severe constraints on the electronics employed in the
quantum classical interface. This interface controls the qubits, reads the quantum in-
formation and processes this data to track and correct errors. It should be able to pro-
duce very accurate signals for qubit operations and to read tiny signals from the quan-
tum device. Furthermore, the error-correction cycle should be faster than the qubit co-
herence time to enable fault-tolerant quantum computing.
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Figure 1.1: The Bloch sphere represents all possible quantum states as a superposition
of fijoi~ fljli.

Currently, this electronic system isimplemented at room temperature, which is about
300~C warmer than the qubits. To interface these environments, interconnects are im-
plemented between cryogenic and room temperature. The number of interconnects is
limited, as heat injection into the qubits will disturb the quantum states. For now, this is
not a problem per se, but millions of qubits are required for large-scale quantum oper-
ations and all of them need to be interfaced with electronics. To reduce heat injection,
one solution is to operate qubits at higher temperatures [18], [19], but their performance
is currently limited due to thermal noise. A second solution is to operate the electronics
at lower temperatures [20], [21], [J4]. The ultimate solution is to operate both quantum
device and electronics at the same temperature, but this is not predicted to happen in
the very near future. Another problem for these large-scale systems is the vast amount
of data that needs to be processed in each error-correction cycle, demanding a local and
highly parallel electronic infrastructure. Even when assuming that we can frequency-
multiplex 100 qubits in a 1 GHz bandwidth and that we digitize their signals at 2 GSa/s
with 10 bits of resolution, we already need to process 1 TB/s of data for a system consist-
ing of 5000 qubits.

Therefore, we propose implementing a tiled cryogenic read-out and control inter-
face. One such tile is schematically depicted in Figure 1.2 and only operates on a select
number of qubits. The quantum device is situated at the lowest temperature level. To
simplify the connection to the electronics at a higher temperature, we can reduce the
number of interconnects between electronics and qubits by implementing (de)multi-
plexers. The main part of the electronics will be situated at liquid helium temperature,
i.e. 4.2 K (we will refer to it as 4 K), as it is the best trade-off between available cooling
power and electronic requirements. Even with the 1 2 W of cooling power at 4 K, the
electronics already needs to be so highly ef cient, in the order of a few mW/qubit for
the complete read-out and control process, that the operation at even lower tempera-
tures with exponentially lower cooling power will be extremely challenging. The tiny
signals from the quantum device rst need to be ampli ed, after which the quantum
information can be read with the analog-to-digital converters (ADCs). The qubit con-
trol in contrast is realized with digital-to-analog converters (DACs). Digital processing



Figure 1.2: Quantum tile with electronics for qubit control and read-out.

can be implemented at higher temperatures and in a digital controller, such asa eld-
programmable gate array (FPGA). Using FPGAs is advantageous as they can be highly
parallelized and reprogrammed at any time. This is also the place for the execution of
the quantum algorithms (QEX) and the correction of qubit errors (QEC) [22].
Implementing electronics at temperatures as low as 4 K or §269°C is not trivial, as
most electronic components are not supposed to be operated outside the industrial tem-
perature range down to j55°C. Various technologies have been investigated to imple-
ment cryogenic electronics, such as GaAs high-electron-mobility transistors (HEMTS)
[23], SiGe heterojunction bipolar transistors (HBTs) [24], rapid single ux quantum
(RSFQ) devices [25], [26], and custom semiconductors [27] [30]. However, the most reli-
able and common technology for fabricating integrated circuits is CMOS (complemen-
tary metal-oxide-semiconductor) . It is the only technology that allows the integration
of billions of transistors and at the same time ensures a low power consumption and
an extremely high reliability. Although CMOS transistors have been shown to operate at
temperatures as low as 100 mK [31], [32], [C12], little is known about the integration of
large-scale systems, such as the proposed quantum classical interface.

Therefore, we will thoroughly study the operation of electronics over a wide range of
temperatures and ultimately realize an initial version of such a quantum classical inter-
face at 4 K. To do so, the remainder of this dissertation is split into three parts.

InPart |, the focus is on the characterization and design of circuits from commercially
available components. We start by investigating basic elements: capacitors, resistors and
power transistors in Chapter 2. These elements are required for almost any circuit and
are used throughout the following chapters. As we are working towards an FPGA-based
system, it is worthwhile to rst study some auxiliary components at low temperatures.
Voltage regulators to stabilize supply voltages are designed in Chapter 3, and oscillators
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for the generation of a clock signal are investigated in Chapter 4. Finally, two FPGAs from
Altera and Xilinx are characterized at cryogenic temperatures in Chapter 5. The observed
changes can be related to those observed later on in Part |1, as FPGAs are basically very-
large-scale integrated circuits. To demonstrate the usability of FPGAs over 200~C below
their normal temperature range, several rmware designs were developed and studied
in Chapters 6 and 7. The most practical design is that of an analog-to-digital converter,
requiring only the FPGA and some external resistors.

Since commercially available components are (usually) not optimized for operation
at cryogenic temperatures, we strive for a quantum classical interface completely de-
signed in a CMOS process, with the goal of slowly replacing all discrete elements from
Part I. Therefore, in Part 11, we focus on the characterization and design of integrated cir-
cuits. We rst study the behaviour of the basic element of any electronic circuit, namely
the transistor, and characterize it from 300 K down to 4 K in Chapter 8. With the char-
acterized transistors, we can built circuits that are optimized for operation at 4 K and
we demonstrate this with the creation of both analog and digital building blocks. The
creation of a voltage reference is described in Chapter 9, for the generation of stable
cryogenic voltages. The behaviour of digital elements, such as inverters and oscillators,
isinvestigated in Chapter 10. These results demonstrate that CMOS is a viable choice for
the integration of the quantum classical interface, and that it indeed allows to replace
most discrete electronic components.

Both discrete and integrated electronics are combined in the nal Part 11l. We real-
ized a complete quantum read-out chain, with the components highlighted in purple
in Figure 1.3. In order to read the tiny signals from the qubits, they are rst ampli ed
with two stages of ampli cation. This ampli cation is realized with a CMOS low-noise
ampli er (LNA) followed by a discrete SiGe ampli er. The signal is then digitized in our
FPGA-based ADC, and the data is locally processed. A cryogenic oscillator provides the
FPGA's clock, and the supplies are stabilized by the voltage regulators. We rst discuss
the implementation of the system in Chapter 11, followed by results on the complete
read-out chain in Chapter 12. Conclusions, suggestions for further improvements and
an outlook into the future are drawn in Chapter 13.
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Figure 1.3: The quantum classical interface implemented at cryogenic temperatures,
close to the quantum processor. Highlighted in green are the components of the read-
out chain touched upon in this work.
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CRYOGENIC CAPACITORS,
RESISTORS, POWER TRANSISTORS &
OPERATIONAL AMPLIFIERS

In this rst part, we focus on commercially available or off-the-shelf electronics. These
elements are readily available from various distributors and allow for rapid prototyping
of circuits at cryogenic temperatures. Because FPGAs are a very versatile solution to
easily built custom logic, we are working towards a platform based on FPGA technology
in Chapter 5, where we demonstrate the functionality of these devices. However, we rst
have to study auxiliary components required for such a system, shown in this and the
following chapters. In this chapter, we consider basic passive and active elements, such
as capacitors, resistors and power transistors.

Any electronic system requires a power distribution network, usually implemented
with regulated voltages and decoupled supplies. The regulation of voltages is discussed
in Chapter 3. To decouple, capacitors play a key role. They stabilize the voltage, even
when the current through the electronic system or load uctuates. Several studies show
the effects of temperature on capacitors [33] [37], [J6], revealing that some materials be-
have properly and some fail completely. Generally, capacitance goes down, whereas the
effective series resistance (ESR) goes up. Luckily, there are some types, such as NPO/COG,
PPS and silicon, that are very stable over the complete temperature range down to 4 K
and change by less than 2%. We present an overview of tested capacitors in Section 2.1.

Other components that are used in many systems, such as in the designed voltage
regulator (Chapter 3), are resistors, power transistors and operational ampli ers (op-
amps). Various resistive materials are available, and again not all behave properly at
low temperatures. [36] reveals that metal- Im resistors are among the most stable, with
less than 1% spread. For completeness, we brie y feature resistors in Section 2.2. Power
transistors are active instead of passive like the capacitors and resistors, and can be com-
pared to the transistors in Chapter 8, with the exception of much higher ( 100£) cur-
rent levels. There are some curious effects occurring in these devices at low tempera-
tures, as we show in Section 2.3. Finally, op-amps are required to create a high-gain
feedback-loop. A brief literature overview of them is given in Section 2.4.

Parts of this chapter have been published in Review of Scienti c¢ Instruments [J4], [J6] and Cryogenics [J9].
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2.1 CAPACITORS

Passive components form an important part of any printed circuit board (PCB) design,
whether the PCB houses a commercial IC (such as an FPGA) or an application speci ¢
integrated circuit (ASIC) as the main embodiment. Especially capacitors, which are not
only used for the decoupling networks of power supplies, but also for analog Iters, are
important. At cryogenic conditions, the material properties can differ signi cantly, alter-
ing the dielectric values and thus the resulting junction capacitance and/or resistance.
As this is such an important part of any system, we acquired the frequency response of
several capacitors in the range from 4.7 nF to 330 ,,F that cover a wide range of dielectric
materials. Several studies [33] [37] already revealed that various dielectric types can be
excluded, such as high-k dielectric constant materials (X5R or X7R).

An example of an ill-behaving capacitor is shown in Figure 2.1. This 4.7 ,,F solid
tantalum capacitor shows a signi cant reduction of its capacitance at especially higher
frequencies, and a steady increase of its effective series resistance (ESR), indicating a
reduced quality of the capacitor at lower temperatures.

A complete overview of tested capacitors can be found in Table 2.1, in which the best
capacitors per value are highlighted. Capacitors were measured at 300 K and 4 K with a
Bode-100 (Omicron Lab) impedance analyzer. Test results are reported for low frequen-
cies (around 100 Hz). Since we covered such a wide capacitance range (4.7 nF to 330 ,,F),
it is impossible to rely on a single dielectric (due to size and availability). Below 1 ,,F,
one can resort to the use of NPO/COG, acrylic Im and silicon capacitors, all of which
perform fairly stable over temperature, i.e. ©~ 10% capacitance loss and stable or improv-
ing ESR at 4 K. We recommend silicon capacitors only in speci c cases (cost-effective for
RF and small area); we generally advise either NPO/COG or acrylic Im capacitors. For
capacitances above 1 ,,F, only tantalum proved to be relatively stable. Notably, tantalum
polymer outperformed solid tantalum capacitors in all test cases. Still, the capacitance
is reduced by 10 30% and ESR increases for some values (4.7 and 47 ,,F). There are also
tantalum capacitors (EPPL2 [38]) optimized for low temperatures, but they only outper-
formed standard tantalum above 77 K.
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Figure 2.1: Example of an ill-behaving capacitor (TR3A475K010C1000) at cryogenic tem-
peratures, (a) impedance, (b) capacitance and (c) effective series resistance versus fre-
quency.
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Table 2.1: The cryogenic performance of several capacitors. All values are measured at
low frequencies (100 Hz range).

Speci ed Temperature 300 K 4K
capacitance Capacitance ESR Capacitance ESR ¢C ¢ESR
[..F] Type Part number L.F] [1] L.F] L1 | 6 [%]
0.0047 | NPO/COG C0603C472K1GECAUTO 0.0066 01 00061 01 | 8 0
0047 | Silicon  935.131.424.547 0043 07 0041 04 | 3  -46
0.047 | PPS LDBAA2470JC5NO 0.047 02 0049 01 | 5  -20
0.047 | NPO/COG C0805C47313G 0049 03 0051 01 | 5  -64
0.47 sTglri';a'“m TAJRATAKO35RNU 0500 15 0432 1123 | -13 7479
047 | "MAUM - roip474m063R0400 0474 05 0404 15 | -14 202
polymer
047 | PPS SMDIC03470TB00JQ00 0475 01 0478 01 | 1 0
047 | NPO/COG C2220C4T4J5GACTU 0482 0.1 0497 01 | 3 -30
047 | Acrylic  FCA1206C474M-H3 0513 04 0427 01 | -7 -90
1 Tantalum - 15105M025R0500 0.95 0.6 0.76 60 | 20 846
polymer
1 PPS SMDIC04100TBOOKQO0 1.01 0.1 1.02 01 | 1 0
1 silicon  935.121.427.710 0.95 0.4 0.96 03 | 1 -
47 X8L C1206C47518NACTU 475 6.0 032 1890 | -93 3050
47 STgl?;a'“m TR3A475K010C1000 4.76 0.8 421 265 | -10 3244
47 Tantalum - 1665 475M010C0200 451 0.2 3.95 05 | -12 128
polymer
47 sTglri';a'“m TR3A476KER3CO800 48.1 0.9 218 7428 | 54 86606
47 2‘: dt:“m NLJA476MO06R1600 483 0.8 10.0 859 | -79 10731
47 Tantalum - 156.50476M010C0100 431 0.2 20.3 156 | -32 6403
polymer
100 STf)‘Iri';a'“m T495D107K010ATE0S0 102.8 0.2 91.9 18 | 11 800
100 TaMAUM  T495X107K016ATECBD 1003 0.2 91.8 10 | 9 350
100 Tantalum = r50107M0BATEO70 105.1 0.6 73.0 02 | 31 -65
polymer
330 STgI';;a'“m T495X337KO10ATEO35 3312 02 | 2659 14 | 20 685
330 Tantalum - 15)0337M004ATE025 319.0 0.2 | 2669 01 | -16  -42
polymer

The frequency responses of the best performing capacitors (highlighted in Table 2.1)
are shown in Figure 2.2 at both 300 K and 4 K. In (a, b), the impedance of only the higher
valued caps deviates signi cantly from 300 K down to 4 K. The same effect is visible in
the extracted capacitance plot (c, d), especially for the 47 ,,F cap.

Although most capacitors show a degradation at cryogenic temperatures, we believe
that this set of characterized caps gives a valuable foundation for the selection of decou-
plingand Iter capacitors used at low temperatures. We recommend the use of NPO/C0G
and acrylic Im below 1 ,,F and tantalum polymer above 1 ,,F
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Figure 2.2: Impedance, ideally % and extracted capacitance versus frequency at (a, c)
300 K and (b, d) 4 K for the highlighted capacitors in Table 2.1. The performance of espe-
cially the 4.7 and 47 ,,F capacitors deteriorates at 4 K.

2.2 RESISTORS

Although not as important as capacitors, resistors are commonly used for lters, pro-
tection circuits, termination etc. As for capacitors, several resistive materials have been
studied in the past [36]. Metal Im resistors are found to be most stable over tempera-
ture, with fairly limited change in resistance (* 1%). Figure 2.3(a) shows the resistance of
aVishay50- (FCO603E50R0BST1)and aPanasonic499- SMD resistor (ERA-3AEB4990V)
over temperature. As comparison, a thick Im equivalent is shown in Figure 2.3(b).

2.3 POWER TRANSISTORS

In Chapter 8, we will study the behaviour of IC transistors in detail, here we show the
properties of some discrete power transistors (current levels  100£ compared to in-
tegrated transistors). Since integrated MOS transistors are veri ed to work at 4 K, in
contrast to bipolar transistors [J7], we selected a range of power MOSFETSs as well.

In general, the technology or implementation of these transistors is not revealed by
the manufacturers, so the changes observed at cryogenic temperatures are hard to at-
tribute to design or technology choices. Twelve MOSFETs from APEC, Diodes Inc., In -
neon, NXP, ON, TSM and Vishay were selected and immersed in liquid helium for cryo-
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Figure 2.3: Relative resistance for different materials, (a) metal and (b) thick Im, over
temperature.

Table 2.2: Summary of the main MOSFET performance characteristics at 300 K and 4 K
for several devices.

Temperature 300 K 4K

Vth Vthps) Rbs(on) SS Vth Vih(ps) RbDs(on) SS
Device [V] [V] [- 1 [mV/dec.] [V] [V] [- 1 [mV/dec.]
BSH105 0.8 0 2.0 107 12 1.0 0.2 53
BSS806 0.8 0 1.6 101 1.2 0.3 1.0 34
FDN337 0.8 0 1.7 103 12 14 0.1 37
IRLML2402 1.2 0 3.2 122 17 0.4 18.2 58
IRLML6344 1.0 0 1.6 121 15 0.2 1.8 38
PMV40 0.7 0 1.6 116 14 0.3 1.0 34
S12312 0.6 0 15 102 11 0.3 0.8 23
SI2336 0.6 0 15 101 1.0 0.4 0.8 31
S12374 0.6 0 15 102 11 0.2 1.0 22
TSM2312 0.7 0 1.6 110 13 0.7 0.2 33
TSM2314 0.7 0 1.6 109 1.2 0.7 0.2 35
ZXMN2A01 1.0 0 2.3 120 15 0.4 4.3 29

genic testing. All transistors were tested in an SOT-23 package to avoid deviations caused
by different packaging. An overview of the main performance characteristics of the var-
ious devices is presented in Table 2.2 at both operating temperatures. As expected, the
majority of devices exhibit elevated current levels at cryogenic temperatures, thanks to
an increase in carrier mobility and shown in Figure 2.4 for the TSM2314. Furthermore,
the threshold voltage Vi, is increased for all devices by roughly 0.5 V. More surprisingly,
all devices exhibit a non-zero turn-on voltage on the drain source junction, indicated
with Vinps). This effect has been shown in literature [39], [40], and is attributed to po-
tential hills in the source drain channel, which can be caused by zero gate overlap on
the source and drain, or by increased oxide thickness on the source and drain overlaps.
The subthreshold slope decreases by a factor of 3 to 4, less than expected from theory,
butin line with literature [J8]. Finally, the kink effect is not present at cryogenic tempera-
tures in any device, even at high drain source voltage levels and currents, which might
be expected from literature [J8].

Although devices are immersed in liquid helium, self-heating is non-negligible at the
higher current levels in these power MOSFETSs, and signi cant hysteresis is observed in
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Figure 2.4: Ipg versus (a) Vps and (b) Vgg for the TSM2314 at 4 K and 300 K, indicating
the various performance measures from Table 2.2.

all devices. The results shown in Figure 2.4 are typical for a forward Vps and Vgs sweep
obtained with a short sweep time to limit self-heating effects.

2.4 OPERATIONAL AMPLIFIERS

Several works have addressed the operability of commercial operational ampli ers at
cryogenic temperatures, either 77 or 4 K [41] [46]. Characterization down to 77 K per-
formed by [41] on the InterSil ICL7622, Motorola MC14575, and Texas Instruments TLC251
and TLC271 shows a general trend of increasing performance and power consumption
peaking at roughly 120 K. Down to 77 K, all devices are still functional. [42] reports that
the Texas Instruments OPA350 is fully functional at least down to 115 K. In [43], the rst
attempts to operate op-amps at 4 K are undertaken. A Microchip MIC860, and an Analog
Devices AD8605 and AD8651 are shown to work, even at 4 K. However, different power
supply settings are required for proper operation, and power consumption generally in-
creases, accompanied by a slightly improved performance in terms of gain-bandwidth.
The offset voltage of both ADs is fairly stable (81 mV), whereas the MIC860 shows a de-
viation of almost 30 mV from 300 K down to 4 K. [44] identi es the InterSil ICL7611 to be
non-working at 4 K within its default supply voltage range, but con rms it to be work-
ing with higher supplies and self-heating to at least 10 K. [45] shows that the National
Semiconductor LMC660 is working at 4 K, despite a 10 fold increase in its power con-
sumption. Finally, in [46] both an Analog Devices OP27, and Texas Instruments TLC271
are tested. The OP27 works down to 77 K. Within a 4 K environment, the TLC271 needs
to be heated to 130 K for proper operation.



COMMERCIAL & DISCRETE
CRYOGENIC VOLTAGE REGULATORS

For large-scale electronic systems, a stable supply voltage is crucial for performance and
reliability. Therefore, voltage regulators are available that cover a wide range of require-
ments, such as noise, stability and power consumption. They can be divided into two
categories: low-dropout and switching regulators. The former features a high stability,
low noise and a high power consumption, while the latter stresses a low power consump-
tion at the expense of noise and stability. Unfortunately, both types of commercial regu-
lators tend not to operate at extremely low temperatures, as we will show in Section 3.1.
The best tested device operates down to 60 K; it becomes unstable at lower temperatures.
The main reasons for them not to operate correctly are the use of bipolar devices (con-

rmed not towork in Chapter 8), and the use of thermal protection circuitries. Therefore,
we require another solution to stabilize voltages at low temperature.

In the past, a few attempts have been made to implement cryogenic voltage regu-
lators, but none were shown to operate at deep-cryogenic temperatures. [47] demon-
strates that simple shunt regulators based on Zener diodes operate stably down to 100 K.
Furthermore, low-dropout (LDO) regulators are shown to operate down to 77 K by [48].

Since in the previous chapter we showed that various commercially available compo-
nents operate at cryogenic temperatures, we can build a low-dropout v