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Abstract
Cryogenic experiments strongly depend on accurate temperaturemeasurements.Many of the sensors
used for these purposes are glued to the object to bemeasured to achieve adequate thermal contact.
This calls for amore flexible, long lasting and robust bolt-mounted solution. Therefore, we present a
low-cost (<5$), compact, PCB (printed circuit board) based sensormount for RTDs (resistance
temperature detector) and diodes showing reliable results at temperatures from50K to 400Kwith
possiblemodifications for an extended range down below 20K.We anticipate that the robustness and
low cost of the reported sensormount designwill strongly enhance the accessibility of reliable
temperaturemeasurements at a wide range of temperatures in laboratory applications.

1. Introduction

Accurate temperature readings are of utmost importance inmany laboratories. A temperature sensor usually
consists of a resistance temperature detector (RTD), a diode, or a thermocouple. AnRTDcan have either a
positive (PTC) or a negative temperature coefficient (NTC). For both temperaturemeasurements in the
cryogenic regime and above 300K, a platinum sensor is widely regarded as a sensible choice [1, 2]. Platinum
sensors are oftenmarketed as Pt100, Pt500, or Pt1000, where the number corresponds to the resistance value in
Ohms at 0 °C. Platinumhas a positive temperature coefficient, and thus, excitationwith a constant current is the
most appropriatemeasurement setup to read the temperature. Similarly, a constant current can be applied to a
silicon diode, and the temperature-dependent forward voltage can be read. A thermocouple relies on the
temperature-dependent thermoelectric effect of the junction of twomaterials. To achieve an accurate
measurement, the cables connecting the thermocouple to the readout devicemust bemade of the same
materials, which requires special feed-throughswhen used in a vacuum chamber.We focus onRTDs and diodes
as temperature sensors in this paper.

RTDs are relatively inexpensive and readily available fromvariousmanufacturers but aremostly produced in
fragile packageswith thinwires to reduce thermalflow fromthe connected cables. Theymust be glued to theobject
whichneeds to bemeasured.This canprovide good thermal contact, but it is not guaranteed tobe reproducible. The
process is irreversible, as the sensorswill likely breakupon removal. Special diodes rated for use as cryogenic
temperature sensors canbepurchased indifferent packages frommanufacturers such as Lake ShoreCryotronics, Inc.
[3]. Theyprovide excellent thermal contact but are expensive and fragile as they are equippedwith very thin leads as
well. Lake ShoreCryotronics, Inc. alsooffers bolt-downPlatinumtemperature sensors in a similar price range.

Printed circuit boards (PCBs) are commonly used to connect electrical components with a good electrical,
thermal, and structural bond. Circuit boards used in commercial applications usually use FR-4, a glass-
reinforced epoxy laminatematerial, as a substrate since this is highlyflame-resistant and an insulator [4]. For
applications requiring good heat dissipation, other base substrates such as aluminum [5] can be used. This
option is readily available amongmanufacturers. Alternatively, copper substrate offers better heat dissipation
but ismore expensive andmanufacturers currently only offer it in large quantities. Temperature sensors, such as
diodes or platinumRTDs, also exist in surfacemount device packages (SMD), which can be easily and reliably
soldered onto a PCB. This suggests a simple assembly for compact temperature sensormounts.

OPEN ACCESS

RECEIVED

3 July 2024

REVISED

24 September 2024

ACCEPTED FOR PUBLICATION

23October 2024

PUBLISHED

4November 2024

Original content from this
workmay be used under
the terms of the Creative
CommonsAttribution 4.0
licence.

Any further distribution of
this workmustmaintain
attribution to the
author(s) and the title of
thework, journal citation
andDOI.

© 2024TheAuthor(s). Published by IOPPublishing Ltd

https://doi.org/10.1088/2631-8695/ad8ac0
https://orcid.org/0000-0002-7916-2592
https://orcid.org/0000-0002-7916-2592
mailto:linus.stoeckli@unibe.ch
https://crossmark.crossref.org/dialog/?doi=10.1088/2631-8695/ad8ac0&domain=pdf&date_stamp=2024-11-04
https://crossmark.crossref.org/dialog/?doi=10.1088/2631-8695/ad8ac0&domain=pdf&date_stamp=2024-11-04
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/


Wepresent a relatively inexpensive bolt-down sensormount that promises good thermal contact, flexibility
and robustness. A representation of the assembled sensormount is shown infigure 1.

2.Method

The sensormount consists of a PCBwith aluminum substratematerial. The sensorwas designed to be of similar
size as theDT-670 BOpackage fromLake Shore Cryotronics, Inc. [3], due to the constraint of placing solder
pads and traces, our sensormount is wider but thinner, see figure 2. The specifications are listed in table 1. A
copper thickness of 0.035mm (corresponding to 1 oz copper weight) and an insulation layer composed of
aluminumhydroxide and silica with a thickness of 0.1 mmand a thermal conductivity of 1W /mKat room
temperature have been selected [6]. No soldermaskwas applied to prevent out-gassing and, therefore,make it
ultra-high-vacuum (UHV) compatible. The thermal conductance in equation (1) is given by the ratio of heat
flow ( )Q T and temperature difference,ΔT. It can be derived from the definition of the thermal conductivity,κ
(T), and thus also depends on thickness, d, and area,A.

( ) ( ) ( ) · ( )K T Q T T T d A 1 k= D =

This design aims to guide the thermal flow from the cables directly onto the sample and away from the sensor.
Therefore, the thermalflow and, correspondingly, the thermal gradient between the sensor and the sample is
minimized, which in turn decreases the systematic error of themeasured temperature. This is a key goal in the
design of this sensormount. To reduce the thermalflow through the thermal paths connecting the solder pads of
thewires and the sensor, the traces need to have amaximum length, d, and aminimumcross-section area,A, as
seen in equation (1). The paths connecting the solder pads of thewires to the sink object (sample)need to have
maximumcross-sectional area,A, with the thickness, d, set by the thickness of the insulation layer of the PCB. To
provide an alternative to the fragile connections of commercial sensors, durable AWG24wires will be soldered
directly to the pads and can, for extra robustness, be epoxied to the sensormount to provide better strain relief.
We focus ourwork on a robust design that works reliably in thermal equilibrium.We donot characterize the
sensormount’s dynamic properties.

Since the temperature-dependent thermal properties of copper, aluminumand epoxy arewell documented
[7, 8], we performed steady-state simulationswithAnsysMechanical [9] for AWG24 copper wires with length of
100mm.The temperature gradient is shown infigure 3. From the simulation, we can see that about 1Wflows
through the cables (assuming that the sample is at 23.15K and the cables are connected to an object at 300K).
Only about 5%flows into the sensor, the rest is directed onto the sample. The simulation has been run for
different sample temperatures, which shows the systematic offset we can expect on the sensor as shown in
figure 4. This simulation shows that while our design is as compact as connecting thewires directly to a sensor
without additional external thermal grounding, it still provides excellent results down toT= 50K,with a slight
systematic error aroundT= 20K.

Figure 1.General overview of the sensormount with robust AWG24wires attached and a bolt in place.

2

Eng. Res. Express 6 (2024) 046002 L L Stöckli et al



The radiation onto the sensor, with the assumptions given in table 2, is given in equation (2) by the black
body radiation [10], assuming that the sensor is a true black body to obtain an upper limit.

· ( ) ( )P A T T 2.2 mW. 2rad rad amb
4

sensor
4s= - =

By dividing the radiative power input by theminimum thermal conductanceK= 0.04W/Kof the sensor
mount (at 20K), wemeasured infigure 6, we can estimate an induced temperature change in equation (3)

( )T
P

K
0.055K. 3rad

radD = =

This provides an upper limit to the temperature increase on the sensor, assuming an ideal black body.

3. Results

For the characterisation of the thermal properties at different temperatures, we used a Pt1000 in a 1206 SMD
package fromVishay [11]. Two sensormounts were attached to a copper adapter, whichwas connected to a

Figure 3.AThermal simulation runwithAnsysMechanical. The sensor is connected to a sink object (sample)with fixed temperature
of 23.15K. Four simplifiedAWG24wires with length of 100 mmare connected to the solder pads and the other end is at a fixed
temperature of 300K. To simplify the simulation, radiation has not been considered.

Figure 2.Drawing of the sensormount PCB showing the dimensions of the traces and layer thickness. Units are given in [mm].
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cryo-cooler in a vacuumchamber as depicted infigure 5. The vacuumpressures ranged from10−6mbar to 10−5

mbar throughout the tests. One sensor is actively and continuously heated by using a high excitation current (7.5
mA), while the othermeasures the reference temperature of the copper bodywith a standard short current
pulses (0.1mA). The high excitation current will result in a temperature differenceΔT= Texcited− Tref which
can then be used to determine the thermal conductanceK using equation (4).

( )K P T R I T 42= D = D

Figure 5. Side-view of the setupwith two sensors screwed down on a copper adapter which is attached to a cryo-cooler. During the
measurements the cryo-cooler was turned off, such that the copper block can be assumed to be in thermal equilibriumwith no
temperature gradient across. Units are given inmm.

Figure 4. Simulations run formultiple object temperatures with the temperature offset of the cable pads and the sensor. Four AWG24
copper wireswith a length of 100 mmand connected to ambient temperature of 300Kwere simulated. The large increase in the offset
of the sensor at aroundT = 20K ismainly caused by the increased thermal conductivity of copper at these temperatures [7].

Table 1. Specifications of the sensormount, including
the sensor, but without cables.

Width Length Height Mass

10.16 mm 15.24 mm 2.12 mm 1.8 g

Table 2.Parameters to calculate
the black body radiation of the
environment onto the sensor.

Arad Tamb Tsensor

5mm2 298K 23.15K
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This allows us to characterize the thermal contact between the reference sink copper body and the temperature
sensor attached to the sensormount. AKeithleyModel 2450 [12]was used to supply the heating current and read
the resistance of the heatedRTD. AKeithleyDMM7510 [13] read out the reference temperature sensor.

We compared themeasurement of our sensormountwith a Pt1000 (standard two-leadwire package)
epoxied to a copper blockwith silver epoxy EPO-TEKH20E [14]. The sensormountwith the high excitation
current was replacedwith the epoxied Pt1000. The results taken at different temperatures are presented in
figure 6 and show that our sensormount has comparable thermal conductanceK as the Pt1000 gluedwith silver
epoxy.

Furthermeasurements have been conducted to compare themeasured temperature of Pt1000, Pt100 and
BAS16 temperature sensors and themeasured temperature of a reference Lake Shore Cryotronics, Inc. DT-670
silicon diode [3]. A Pt1000 epoxied to the sensor block is also included. The results shown infigure 7 confirm the
temperature offset obtained from the simulations infigure 4 and show reproduciblemeasurements across
different sensormounts with different sensorsmounted on.

Figure 7.TheDifference of themeasured temperature to that of the reference Lake ShoreCryotronics, Inc. DT-670 silicon diode. The
Average was taken for four Pt1000 and Pt100 sensors and two thermal cycles each. The result show reproducible and comparable
results to a Pt1000 epoxiedwith EPO-TEK20 and the cables taped downwith aluminum tape for thermal grounding. The thermal
grounding with aluminum tapewas not required for our sensormounts. Durable AWG24wires were used. The simulation discussed
in the previous section agreeswith themeasurements taken.

Figure 6.Thermal contact of a Pt1000 on our sensormount compared to an epoxied Pt1000with EPO-TEKH20E. It is important to
note that we observe the net thermal conductancewhich is composed of all differentmaterials (Pt, Cu, Insulator, Al2O3) and not the
characteristic curve of one singlematerial. Themeasurements were averaged over four runs.
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4. Conclusion

Wehave shown the feasibility of aluminum substrate PCBs as low-cost, robust temperature sensormounts for
cryogenic temperatures. The presented sensormount shows comparable thermal conductance (as shown in
figure 6) to an epoxied RTD sensor, butwith the advantage offlexible bolt-downmounting,more robustness
and beingmore compact as there is no need for thermal grounding of the incomingwires. Durable AWG24
strandedwires can be used, which aremore durable than the solidwires attached to commercial sensor
packages. Themeasured temperatures lie within the tolerance bands of the RTD sensors with a slight systematic
error of 1-2K around temperatures of 20K as shown infigure 7.

This sensormount has been testedwith SMD1206 Pt100, SMD1206 Pt1000 [11] and SMDSOD123BAS16
silicon diodes [15] and the temperaturemeasurements remain in the specified tolerance bands.

While commercial sensors alongwith the attached cables can also be epoxied to an object, this is less
compact and only serves as a permanent solution, as the sensor is likely to be damaged upon removal.

We thus conclude that the thermal conductance of our sample holder design is sufficient for temperatures in
the range of 50K up to 400K. The requirements of robustness,mounting flexibility and low cost have been
fulfilled. This poses an excellent, low-cost and longer lasting alternative to expensive, fragile commercial
products for applications in thermal equilibrium. Concerning reaction time, the sensormount cannot compete
with themuchmore expensive Lake Shore Cryotronics, Inc. diode, where the siliconwafer has improved
thermal contact with the base, allowing for increased responsiveness in dynamic applications.

5.Outlook

The incoming heat from thewires to the sensor can further be decreased by increasing the length of the
connected signal trace between the cable pads and the sensor pads. A possible future iteration is illustrated in
figure 8. The improved designwould decrease the systematic error at temperatures around 20K.
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Figure 8.An adapted designwith longer signal traces to decrease further the amount of heatflowing from thewire-pads to the sensor.
The four-wire readout is extended up to the padswhere the sensor ismounted.
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