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1. Background

NbN and TiN are materials of increasing interest for the manufacture of quantum devices [1] [2].

In particular TiN is of interest due to its tuneable superconducting properties, chemical stability and
compatibility with high volume manufacturing. Hence TiN films are being investigated for supercon-
ducting quantum applications, such as for sensing [3] or computing [4] [5] [6]. For these applications
the film quality (crystallinity, low-contamination levels, thickness control) is imperative to ensure
functionality and optimal performance in the final device.

The temperature dependence of the resistivity and the superconducting transition temperature, T,
for thin film samples of NbN and TiN are presented. From sheet resistivity measurements at room
temperature and at 20 K, the residual resistivity ratio values for the samples are also determined.

The TiN samples were prepared using Plasma Enhanced Atomic Layer Deposition (PEALD) by Oxford
Instruments Plasma Technology (OIPT) using their PlasmaPro ASP [7]. These films were deposited to a
thickness of 95 + 5 nm. By optimising the PEALD process, films with high superconducting transition
temperatures and low resistivities can be deposited *.

Toinvestigate the impact of different process conditions on film properties we also make measurements
of two NbN films, the results of which serve as input for continuous internal process optimisation at
OIPT. Further details on the atomic layer deposition of NbN and TiN with the PlasmaPro ASP can be
foundin [8] [9].

All samples had other dimensions ~ 3 x 3 mm.

Utilising the large quantity of user accessible wiring on the TeslatronPT Plus measurement probes [10],
all four samples are able to be measured simultaneously; greatly increasing laboratory throughput.

2. Methods

The measurements were made using the TeslatronPT Plus system. Lake Shore measurement instru-
mentation was used to determine the resistance and/or resistivity of the samples.

The resistances were calculated from a four-point (AC) lock-in measurement from the M81-SSM syn-
chronous source measure system [11], while the sheet resistivity was determined from van der Pauw
measurements [12] using the M91 FastHall™ measurement controller [13].

During temperature-dependent measurements, all four samples were measured simultaneously, with
the resistivity of one sample measured with the M91 controller, and the resistances of the others using

!For additional details on the PEALD process please refer to the recent blog post from Oxford Instruments Plasma Technology
High T TiN using plasma enhanced ALD.
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three sets of current source (BCS-10) and voltage measure (VM-10) units attached to a M81 mainframe
(the lock-in frequency for each sample being different at 13, 17 and 19 Hz respectively).

The measurements were automated using QCoDeS [14] Python scripts that utilised instrument drivers
for the Lake Shore instrumentation and the TeslatronPT Plus system.

3. Results

3.1. Room temperature sheet resistivity

The sheet resistivities of the samples measured with the M91 controller at room temperature (approxi-
mately 296 K) are given in table 1. The corresponding errors are the standard error values reported by
the M91 controller from 50 readings.

The sheet resistivity values are constant for a range of excitation currents (see section A.1). However,
the error in the measurement increases significantly for smaller currents, accompanied by a decrease
in the signal-to-noise ratio. A value of 0.2 mA is chosen for most of the subsequent measurements as a
compromise between the effects of self-heating (especially at lower temperatures, see section A.4)
and the standard error in the reported resistivity.

Sample Material Sheet resistivity (Q0~1)

A TiN 6.99581 + 0.00008
B TiN 5.14112 + 0.00008
C NbN 40.9326 £ 0.0001

D NbN 31.94778 £ 0.00008

Table 1: Sheet resistivity measurements at room temperature (296 K). Each value is the average of 50
readings with an excitation current of 0.2 mA

3.2. Temperature dependence of resistivity/resistance

The samples were cooled over approximately 48 hours from room temperature to a base temperature
of ~ 1.8 K. In figure 1 the resistivity/resistance measurements of the samples during the cooldown
are shown. The resistances of the TiN samples (A and B) decrease linearly with temperature until
temperatures of around 120 K and 130 K respectively. The resistance of sample D also decreases with
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temperature, but that of sample C increases to a maximum value around 65 K, before decreasing as it

cools further.

The superconducting transition of all samples was also identified; this is discussed further in sec-

tion 3.4.

Sample A (TiN)

7.00 4
6.75 A
6.50 -
6.25 4

6.00 -

‘/
.50 1 r

5.75 4

Sheet resistivity (Q~1)

5.25 4
LA
0

50 100 150 200

250

300

Resistance (Q)

Sample C (NbN)

10.4 1

._

=)

w
1

—_

e

(3]
!

10.1
10.0 -J T

N\
[\
| NG

—

100 150 200 250 300

0 50
Temperature (K) Temperature (K)
Sample B (TiN) Sample D (NbN)
8.3
0.9 1 &
// 821
@ 0.8 1 = 6:: 8.1
8 8
g g 8.0
z 0.7 1 > z 8.0
Z — Z
7.9 1
0.6 °
e 7.8
0.5 T T T T T T T T T T T T T T
0 50 100 150 200 250 300 0 50 100 150 200 250 300

Temperature (K)

Temperature (K)

Figure 1: Sheet resistivity (sample A) and resistance (samples B-D) measurements as a function of
temperature during cooldown, over a time period of about 48 hours. An excitation current of 0.2 mA
was employed for both the resistivity and resistance measurements. Each sheet resistivity value
(sample A) is an average of 10 readings.

3.3. 20 Ksheet resistivity measurements

The sheet resistivity measurements, using the M91 controller, were repeated at 20 K. The resulting
sheet resistivity values are given in table 2.

The errors in the measurements remain approximately unchanged from the room temperature mea-
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surements. As with the room temperature measurements, the 20 K sheet resistivity shows no clear
dependence on the excitation current, when taking into account the increasing error in the value as
the current is decreased (see figure 6).

Sample Sheet resistivity (QO0~1)

5.51237 £ 0.00008

A

B 3.74109 + 0.00008
C 41.8265 £ 0.0001
D

30.5012 + 0.0001

Table 2: Sheet resistivity measurements at 20 K. Each value is from an average of 50 samples with an
excitation current of 0.2 mA.

3.3.1. Residual resistivity ratio

The Residual Resistivity Ratio (RRR) value is often used as a yardstick to assess the level of impurities

and/or crystallographic defects present in a sample. Given the high T of the samples used in this
work it is defined in this case as:

ps(296 K)

=" (20K)

Where ps(T) is the resistivity of the sample at temperature 7T'.

The calculated value for each sample is given in table 3. The RRR values for each sample is close to 1.
This specific measurement is most relevant to the TiN samples where the sheet resistivity plateaus
below approximately 50 K. There is still a significant temperature dependence of sheet resistivity at
20 K for the NbN samples, however those data are still included for completeness. For sample C the
resistivity ratio remains greater than 1 until 7¢.
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Sample RRR
A 1.26911 + 0.00002
B 1.37423 £+ 0.00004
C 0.9786295 + 0.000003
D 1.0474284 4+ 0.000004

Table 3: RRR values calculated from sheet resistivity measurements at room temperature (296 K) and
20 K.

3.4. Superconducting transition temperatures

The superconducting transitions of all four samples are shown in figure 2. The transition temperatures
of the NbN samples are similar (at 13.872 4 0.001 and 14.129 + 0.001 K), as are those for the TiN
samples (at 4.583 + 0.002 and 4.700 + 0.002 K). The superconducting transitions are narrower for the
TiN samples, taking place over a temperature range an order of magnitude smaller than for the NbN
ones.

Previous work has shown that reducing film thicknesses below ~ 150 nm leads to an exponentially
decreasing T¢ for TiN films [15], and so the results presented here for ~ 95 nm films demonstrate the
high quality of the deposition.

When plotted over a smaller temperature range, as in figure 3, a difference between increasing and
decreasing temperature sweeps can be seen. Since the transition width of the TiN samples is narrower
than that for the NbN ones, a lower sweep rate was used in order to acquire sufficient data in this
temperature range. In these cases, the results from increasing and decreasing temperature sweeps
are indistinguishable; with the main error in identifying 75, being due to fluctuations in the sample
resistance rather than any temperature lagging (discussed further in appendix section A.3). This is
not the case for the NbN samples where there is a clear distinction between the two temperature
sweeps. Slower sweeps over the narrower temperature range in which the transition occurs are shown
in figure 7 for samples C and D and in figure 8 for sample A. Since the increasing temperature sweep in
figure 3 is consistent with these slow sweeps (as discussed in appendix section A.2), these data are
used in estimating the transition temperature and width.
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Figure 2: Superconducting transitions of the samples. Temperature ramp rates ~ 3.3 x 107° Ks~! for
samplesAand B, ~ 1.7 x 10~% Ks~! for samples C and D. Increasing and decreasing temperature
sweeps are both plotted. An excitation current of 0.2 mA was employed for all measurements. Each
sheet resistivity value (sample A) is an average of 10 readings.
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Figure 3: Superconducting transitions of the samples, the data presented in figure 2 here plotted over
a narrower temperature range, showing the increasing (up) and decreasing (down) temperature
sweeps. Ramp rates ~ 3.3 x 107> Ks~! for samples Aand B, ~ 1.7 x 10~* Ks~! for samples C and D.
An excitation current of 0.2 mA was employed for all measurements. Each sheet resistivity value
(sample A) is an average of 10 readings.

T is defined as the temperature at which the resistance of the samples is 50% of its normal-state value
(denoted as T5g). Since the normal state resistance also varies with temperature (as can be seen in
figure 2), a straight line is fitted to the data above the superconducting transition and a similar line, with
the same gradient but half the resistivity/resistance values, is used to determine T5y. Corresponding
lines with 90% and 10% of the normal-state resistivity/resistance values are used to find Tyy and T,
the difference between which defines the transition width. An example of the fitting procedure used
for the analysis is shown in figure 4 for sample C.

Applying this analysis to the data shown in figure 2 gives the values of Ti> and transition width reported
in table 4.
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Figure 4: Superconducting transition temperature and width analysis for sample C, using the upwards
temperature ramp data from figure 2 (ramp rate ~ 1.7 x 10~% Ks™!). The black line shows a fit to
those data between the transition and 16.1 K, with the lower temperature cut-off for the fit chosen
such that the R-value is above 0.99. The dark grey, magenta and light grey near-horizontal lines have
the same functional form as the black line, but with 90%, 50% and 10% of the resistance values. The
points where these lines intersect with the measured resistance data determine Ty, 150 and T,

shown by the dark grey, magenta and light grey vertical lines. T5 is the value of T, while Tyg — Tho
gives the transition width.
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Transition width

Sample Tc (K) Tyo (K) T1o (K) (K)
A 4,583 £+ 0.002 4,589 £+ 0.002 4,582 +0.002 0.007 £0.003
B 4,700 £ 0.002 4,706 £+ 0.002 4.699 £+ 0.002 0.007 £0.003
C 13.775 £ 0.001 13.872 £ 0.001 13.758 £ 0.001 0.114 +£0.001
D 14.055 £+ 0.001 14.129 £+ 0.001 14.039 £ 0.001 0.090 £ 0.001

Table 4: Superconducting transition temperature (T = Txo) and transition width (Tog — T1¢) for each
sample. The analysis method demonstrated in figure 4 is applied to the data from figure 2 to provide
these values.

The critical surface of a superconductor is a function of temperature, field and current [16], this means
for all the samples there may also be an error in the transition temperature due to its dependence
on the applied current. The effects of the excitation current on the superconducting transition are
discussed in section A.4. For currents up to 1 mA, the change in transition temperature is of the order
of a few mK and the change in the transition width correspondingly small. Hence the values given in
table 4 are believed to be close to the true T¢.

4, Conclusions

Confirmation of the superconducting nature of the TiN films indicates that PEALD is a viable approach
for quantum materials processing. The high T, narrow transition width, and R R Rs observed indicates
the high quality of the film and that there is minimal contamination.

Combining the inherent qualities of ALD (nm-scale control, conformality and wafer-scale thickness
uniformity) with the ability to precisely tune material properties will be enabling for future quantum
device fabrication.

It was possible to make four, simultaneous electrical-transport measurements using the TeslatronPT
Plus platform; demonstrating the potential for high-throughput characterisation of samples at low
temperatures. The system has an intrinsically low noise-level allowing excitation currents to be kept
sufficiently low to avoid sample self-heating. The excellent temperature stability means that tempera-
ture sweeps can be made at rates appropriate to avoid any thermal lag between the reported system
temperature and the sample temperature.
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A. Appendices

Some further technical details of the measurements presented are given in the following sections.

A.1. The dependence of sheet resistivity measurements on excitation current

To investigate the dependence of the sheet resistivity on the excitation current, measurements were
taken with an M91 controller on sample A for values between 10 A and 1 mA (shown in figures 5, 6 for
room temperature and 20 K).

For the three highest current values (between 0.2 and 1 mA), the resistivities are similar; there is much
more discrepancy as the excitation current is decreased. However, there does not appear to be a clear
trend towards lower values at lower excitation currents, suggesting that any self-heating of the sample
is not great enough to increase the sheet resistivity value considerably. The variation in the reported
resistivity values across the different excitation ranges is consistent with the absolute accuracy (0.2%)
of the calibration of the M91.

The value of 0.2 mA was chosen as the excitation current for the resistivity and resistance measurements
as the lowest possible current (to minimise self-heating) without a significant standard error.
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Figure 5: Sheet resistivity of sample A and the associated standard error as a function of excitation
current at room temperature (approximately 296 K).
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Figure 6: Sheet resistivity of sample A and the associated standard error as a function of excitation
current at 20 K.

A.2. The effect of ramp rate on measured superconducting transition temperature

As the temperature is varied by the heater there will be some thermalisation process by which the
surrounding probe (including the sample and the temperature sensor) reaches thermal equilibrium.
This can cause inhomogeneity in the temperature at any given time. As a result, the rate at which the
temperature is varied on the probe and the direction of the temperature ramp will affect the measured
transition temperature of the sample. This is illustrated in figure 7, where temperature sweeps over
the superconducting transitions of samples C and D with faster and slower ramp rates are shown.

For the faster ramp rate, there is a clear hysteresis in the resistance values, whereas the slower ramps

measured on sample C are consistent with each other (within the error of temperature stability, about
1 mK).
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Figure 7: Temperature sweeps over the superconducting transitions of samples C and D with higher
and lower ramp rates. The higher ramp rate data is the same as shown in figure 3. An excitation current
of 0.2 mA was used for all measurements.

Given the much narrower transition for the TiN samples (figure 8), slower temperature ramp-rates
were chosen to allow sufficient data to be acquired. This resulted in there being no observable effect

of the ramp rate on the transition temperature, since both the faster upwards and downwards ramps
are consistent with the slower ramp data.

For both sets of samples it is possible to ramp the temperature sufficiently slowly to ensure the system
is well thermalised.
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Figure 8: Temperature sweeps over the superconducting transition of sample A with higher and lower
ramp rates. An excitation current of 0.05 mA was used for these measurements.

A.3. Resistance fluctuations at the superconducting transition

The superconducting transition of sample A is shown as a function of time in figure 9. Far away from the
transition, either above or below, the variation in the resistivity is small. However during the transition

the values can vary by several Q0~!, and are much larger than any corresponding fluctuation in sample
temperature.

The critical current density, .J,, for TiN can be in excess of 10 MA cm~—2 [15]. This means that, even for
samples 95 nm thick, only a narrow channel is required to carry the 0.2 mA excitation current.

The evolution of the superconducting state is likely to have complex dynamics as small channels may
initially become superconducting, only to then quench [16] as current from other regions of the sample
is diverted through this lower resistance path, which in turn may lead to localised Joule heating, raising
the sample resistance. This process would continue until there is a channel capable of carrying the full
excitation current. During this time the measured potential difference across the sample (and hence
inferred resistance/resistivity) would reflect these changes.
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Figure 9: The resistivity of sample A, for two different excitation currents, plotted against time as the
temperature is swept slowly. The measured temperature is also shown against time.

There could be some evidence to support this hypothesis from looking at the transition at lower
excitation currents (where any Joule heating in a quenched channel would be correspondingly lower).
The results shown in figure 9 measured at 0.05 mA excitation currents may show a lower level of
fluctuations when compared to data recorded with a 0.2 mA excitation.

A.4. The dependence of superconducting transition temperature on excitation current

The magnitude of the current passed through a superconductor will have an effect on its superconduct-
ing transition temperature. Temperature sweeps across the transition applying 0.2 mA and 0.05 mA
(figure 10) suggest that at these currents the effect is comparable to the other uncertainties in these
data.
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Figure 10: Effect of excitation current on the superconducting transitions of the samples. Ramp rates
of ~ 3.3 x 107° Ks~! forsamples Aand B, ~ 1.6 x 10~% Ks~! for samples C and D. Each sheet
resistivity value (sample A) is an average of 10 readings.

The effect of higher excitation currents is investigated for sample C (in figure 11), since it has a broader

transition than samples A and B. For a current of 1 mA, there is a significant difference in the transition
temperature, as summarised in table 5.

When a sample becomes resistive, there will be Joule heating present (< I2R). At higher excitation
currents, there will be higher levels of dissipation that could lead to local self-heating within the sample.
Thisis possibly showninfigure 11, where at the highest excitation current (1 mA) the resistance increases
faster with temperature than for all the measurements made at lower excitations amplitudes.

The faster increase in resistance with temperature results in an associated change in the T determined
at this current when compared to that determined at the lower excitations. The value of 0.2 mA selected

for the measurements presented here appears to be below the level where self-heating would influence
the results.
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Figure 11: Effect of excitation current on superconducting transition of sample C. Ramp rate

~ 1.6 x 107° Ks~!. All temperature sweeps are from low to high temperature.

Current (mA)

Tc (K)

Too (K)

T1o (K)

Transition width

(K)

0.05
0.2
0.5

1

13.774 £ 0.001
13.775 £ 0.001
13.773 £ 0.001
13.768 £ 0.001

13.879 £+ 0.001
13.879 + 0.001
13.874 + 0.001
13.866 £ 0.001

13.757 £ 0.001
13.758 £+ 0.001
13.756 + 0.001
13.754 £ 0.001

0.122 +0.001
0.121 £ 0.001
0.118 £ 0.001
0.112 £0.001

Table 5: Superconducting transition temperatures and transition widths for sample C at different
excitation currents. The same lines as in figure 4 are used to determine the Ty, 750 and T} values for

each current.
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About TeslatronPT Plus

TeslatronPT Plus is an open-architecture low-temperature measurement system that builds on Quan-
tum Design Oxford’s proven cryogen-free low-temperature and superconducting magnet technology.
It offers fully automated control of temperature and magnetic field parameters, with integrated data
logging within our software environment. The system seamlessly integrates with measurement instru-
mentation, such as that from Lake Shore (the M81 & M91) and other third-party devices, so is easily
configurable across experimental setups.

With open-source Python measurement scripts TeslatronPT Plus simplifies instrument management,
enabling automated measurement sequences and secure data handling. Combining advanced hard-
ware with powerful software tools, it delivers a simple, flexible, and future-proof solution for electrical
transport measurements at low temperatures and in high magnetic-fields.

Find out more about Quantum Design Oxford - TeslatronPT Plus

©2026 Oxford NanoScience Limited trading as Quantum Design Oxford.

All other trademarks acknowledged. All rights reserved. Do not reproduce without permission.
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