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Abstract—This work presents an experimental study of dif-
ferent components (resistors, diodes, transistors) in a standard
40-nm bulk CMOS process for their suitability as integrated
cryogenic temperature sensors down to a temperature of 4.2 K.
It was found that most devices can be employed as sensors down to
temperatures of approximately 50 K, below which non-ideal effects
such as non-linear behaviour and decreased sensitivity start to
dominate. The Dynamic-Threshold MOS (DTMOS) was found
to be a very promising candidate for its linearity, low forward-
voltage-drop and sensitivity down to 8 K. Moreover, as previous
research indicated that cryogenic self-heating raises the local chip
temperature to tens of Kelvins already at moderate power levels,
the aforementioned sensing limitations at very low temperatures
are expected to be of less importance in realistic applications. The
results presented in this work contribute to the further integration
of classical cryo-CMOS control electronics and qubits, towards a
fully scalable quantum computer.

I. INTRODUCTION

Quantum computation holds the promise of enormous com-
puting power, enabling certain computations that are unsolvable
by even the largest super-computers of today. To reach such
performance, this new computing paradigm exploits quantum
effects in quantum bits (qubits), which need to be cooled to
deep-cryogenic temperatures for proper operation and therefore
reside in dilution refrigerators.

Although information is processed in the quantum world,
classical electronics are still required for the control and readout
of the qubit states. The number of qubits in state-of-the-art
quantum computers is still limited, allowing even an individual
cable for each qubit to carry signals to and from the room-
temperature equipment. However, orders of magnitude more
qubits are required for any useful computation, making this
scheme impractical from a wiring point of view. To overcome
this scaling problem, a cryogenic controller has been proposed
that brings the functionality of the room-temperature equipment
into the dilution refrigerator, close to the qubits [1].

Dilution refrigerators have little cooling power at deep-
cryogenic temperatures (e.g., 14pW at 20mK in a Bluefors
XLD), so severe power constraints are posed upon the cryogenic
controller, for it not to destroy the qubit states by raising
their temperature. To ensure operation within a safe thermal
envelope, schemes such as clock throttling and dynamically
enabling/disabling of circuit blocks can be employed. However,
those techniques would require an accurate monitoring of
the die temperature, thus asking for integrated temperature
sensors operating at cryogenic temperatures. In typical room-
temperature applications, those sensors are based on BJTs,
which do not properly operate at cryogenic temperatures [2].
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Fig. 1. Measurement setup: a) dipstick in LHe dewar; b) dipstick in climate
chamber; ¢) PCB at the end of the dipstick; d) climate chamber internal view;
e) die micrograph

Alternatively, resistors and transistors can be employed [3],
but no extensive cryogenic characterization for such devices
is available.

This work, therefore, presents the experimental characterization
of standard CMOS components, to discuss their suitability and
performance as potential cryogenic temperature sensors.

II. TEST STRUCTURES AND MEASUREMENT SETUP

All characterized devices were fabricated in a 1.1V, 40-
nm bulk CMOS process. The data presented in this work
originated from dedicated test structures present on different
test chips, which were designed with cryogenic characterization
in mind. Techniques such as Kelvin connections for mitigation of
parasitic resistances and signal guarding to allow measurement
of extreme low currents were employed.

A dipstick and dewar containing liquid Helium were used to
characterize the structures at cryogenic temperatures, while a
climate chamber enabled measurements up to 80 °C.

The measurement setup is depicted in Fig. 1. The temperature
of the test chip was monitored by a Cernox temperature sensor
clamped to the ceramic DIP chip carrier. Relays (Omron G6K-
series) enabled the electrical isolation and selection of different
test structures while being at cryogenic temperatures, both of
which can be seen in Fig. 1a. A micrograph indicating one of
the bonded test chips is shown in Fig. le, which was also used
in [4].

Keithley Source Measurement Units (SMU) were tasked for
the electrical characterization and temperature sensor read-
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Fig. 2. Change in resistance relative to T = 300 K for different types of resistors.

out. An in-depth description of the diode and MOSFET gate
test structures can be found in [4]. More background on the
MOSFET structures is available in [5], [6]. The remainder of
structures is described in Section III.

III. EXPERIMENTAL RESULTS AND DiscussioN

The temperature sensing capability and performance of the
measured structures is presented and discussed in this section.
Resistors. Three different resistor types were characterized, both
with and without silicide, as shown in Fig. 2. The resistors were
placed in arrays as per the MOSFETs in [5].

Diffused and poly resistors show highly linear PTC behaviour
down to 70K, below which their temperature sensitivity starts
to decrease for all devices. Silicided devices exhibit the highest
sensitivity (0.17 %/K) above this temperature, followed by
unsilicided diffused (0.095 %/K) and poly devices (0.021 %/K).
The resistivity saturation at deep-cryogenic temperatures can be
ascribed to impurity-limited electron mean-free path lengths,
and is compatible with metallic behaviour [7]. The complemen-
tary behaviour of the P-poly device is most likely due to grain-
boundary effects dominating in these low-doped devices [8].
The NWELL resistance shows highly non-linear response due
to freeze-out, also reported in [9], and therefore has limited use
for temperature sensing applications.

MOSFET Gate. The measured N-MOSFET gate resistance as
a function of temperature is plotted in Fig. 3. A description of
the structure and its measurement can be found in [4]. The gate
resistance has a response in line with the resistors presented
in Fig. 2 (including a resistance saturation below 50 K), with a
sensitivity of 0.17 % /K.

One particularly interesting application of this structure is the
direct measurement of the MOSFET channel temperature, also
known as gate thermometry [4].

VIA. The temperature dependence of a single M1-M2 VIA
is plotted in Fig. 3. As expected, the VIA exhibits similar
behaviour compared to the other resistive devices shown, with a
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Fig. 3. Measured resistance of a M1-M2 VIA and of a W/L=10pm/40nm
MOSFET gate.
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Fig. 4. 1-V characteristics of a typical P+/NWELL diode as a function of
temperature. Constant-current operation indicated by the dotted lines.

temperature sensitivity of 0.21 % /K. Although VIAs allow very
local temperature sensing due to their size, the VIA resistance
is relatively low and was found to be susceptible to reliability
issues between thermal cycles, complicating their use as sensors.
Diodes. As diodes form the basis of semiconductors, their
deployment as temperature sensing device is very attractive.
The I-V characteristics of a typical P+/NWELL diode at different
cryogenic temperatures are plotted in Fig. 5. This device has
been described in more detail in [4].

These diodes maintain exponential behaviour down to 150K,
below which the curves start to deviate, especially in the high
current regime. Below 70K, carrier freeze-out increases the
series resistance of the diode, thereby significantly increasing
the voltage drop and temperature sensitivity in this temperature
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Fig. 5. Diode voltage V4 as function of temperature and excitation current Iy
for a P+/NWELL and experimental Schottky diode.

regime [10]. However, at deep-cryogenic temperatures below
10K, the curves start to compress and show little temperature
dependence.

Diodes are often biased with a constant current /, when used as
temperature sensors, as indicated in Fig. 4 by the dotted lines.
The voltage developed across the diode V4 is then a measure of
the diode temperature.

V4 as a function of temperature for different values of Iy has
been plotted in Fig. 5 for two types of devices.

The P+/NWELL diode has a linear response down to
approximately 60K with a sensitivity ranging between 1.25
and 1.8 mV/K, both depending on Iy. By tuning Iy, both
the saturated V4 and linear region can be pushed to lower
temperatures at the expense of worse noise performance. One
drawback of these devices is the high V4 in the deep-cryogenic
regime, exceeding the 1.1V supply rail.

Although not available in the adopted process, an experimental
Schottky diode was taped-out by removing an implant layer,
creating a local Schottky contact. The measured response of
this device can be found in Fig. 5. The behaviour is similar to
its P+/NWELL counterpart, with a highly linear region down to
100 K and a sensitivity of 0.9 mV /K. However, as expected from
Schottky devices, their V4 lies significantly lower compared to
the other diode. V4 keeps within the supply rail over the full
temperature range, simplifying design of the read-out circuit.
DTMOS. Connecting the gate and bulk contacts of a MOSFET
together, forms a Dynamic-Threshold MOSFET (DTMOS),
which finds its use in low-power applications [11]. The I-V
curves of a diode-connected (bulk and gate connected to drain)
DTMOS measured at different temperatures can be found in
Fig. 6.

Compared to the curves in Fig. 4, two advantages over the tra-
ditional P+/NWELL diode are apparent: the DTMOS maintains
exponential behaviour down to deep-cryogenic temperatures and
the voltage drop Vs is significantly lower, as also reported
in [2].

Following the same constant-current bias scheme as employed
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Fig. 6. I-V curves of a diode-connected DTMOS device as a function of
temperature. Constant-current operation indicated by the dotted line.
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Fig. 7. Voltage developed across the diode-connected DTMOS biased at
different constant currents I as a function of temperature.

before, the temperature response of Vgg is found as shown
in Fig. 7. Indeed, the advantages of this device are also
visible in this plot, as Vgs lies below 600mV over the
full temperature range, while maintaining high linearity and
sensitivity (0.9 mV/K) down to approximately 8 K.
MOSFETs. The low-temperature operation of MOSFETs has
gained a lot of coverage due to the recent developments
in quantum computation, and its operation has been widely
reported on.

Due to its versatile operation, this work limits itself to the
discussion of the extracted temperature dependence of the main
device parameters, as shown in Fig. 8. It can be recognized
that all these parameters exhibit a saturating behaviour at deep-
cryogenic temperatures. It can be stated that the MOSFET
DC-behaviour, to a first order, is temperature insensitive below
approximately 40 K.
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Fig. 8. Behaviour of 3 main device parameters of a W/L = 1.2/400n NMOS as function of temperature: a) threshold voltage; b) current factor and c) subthreshold

slope.

Apart from the static operation of the other devices discussed in
this work, the MOSFETs allows temperature sensing through
dynamic schemes, such as ring oscillators, which convert
temperature directly into frequency.

Apart from the above-mentioned properties, integrated cryo-
sensors should have extreme-low power operation and a high
level of integration. Although all sensors presented have a
decreased sensitivity at deep-cryogenic temperatures, cryogenic
self-heating was reported to raise the chip temperature sig-
nificantly [4], [12]. This alleviates this sensor limitation by
increasing the lowest temperature to be sensed.

In order to take full advantage of these components, a variability
study and analysis of different read-out architectures should be
performed, which lie beyond the scope of this work.

A table summarizing the most important sensor parameters can
be found in Table I.

TABLE I
OVERVIEW OF DIFFERENT COMPONENTS.

Moreover, cryogenic self-heating was reported to raise the
local chip temperature by tens of Kelvins, already at very low
power dissipation. This mitigates the lowest required operational
temperature for the sensors, thus allowing the use of the sensors
characterized in this work.

The experimental study presented here forms the basis for the
next step in realizing integrated temperature sensors for scalable
quantum computing exploiting cryo-CMOS as platform for the
electronic controller. However, also beyond quantum applica-
tions, these data can be used for the design of cryogenically
compatible smart-sensor-systems, suitable for both terrestrial
and extra-terrestrial applications.
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