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Abstract
Microwave Kinetic Inductance Detectors (MKIDs) combine significant advantages 
for photon detection like single photon counting, single pixel energy resolution, 
vanishing dark counts and µs time resolution with a simple design and the 
feasibility to scale up into the megapixel range. But high quality MKID fabrication 
remains challenging as established superconductors tend to either have intrinsic 
disadvantages, are challenging to deposit or require very low operating temperatures. 
As alternating stacks of thin Ti and TiN films have shown very impressive results for 
far-IR and sub-mm MKIDs, they promise significant improvements for UV, visible 
to near-IR MKIDs as well, especially as they are comparably easy to fabricate and 
control. In this paper, we present our ongoing project to adapt proximity coupled 
superconducting films for photon counting MKIDs. Some of the main advantages of 
Ti/TiN multilayers are their good control of critical temperature (Tc) and their great 
homogeneity of Tc even over large wafers, promising improved pixel yield especially 
for large arrays. We demonstrate the effect different temperatures during fabrication 
have on the detector performance and discuss excess phase noise observed caused 
by surface oxidization of exposed Si. Our first prototypes achieved photon energy 
resolving powers of up to 3.1 but turned out to be much too insensitive. As the work 
presented is still in progress, we also discuss further improvements planned for the 
near future.
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Microwave Kinetic Inductance Detectors (MKIDs) [1, 2] are photon detectors based 
on superconducting resonator circuits. Especially in the UV, visible to near-IR 
(UVOIR)  range, their unique combination of important capabilities like single 
photon sensitivity, single pixel wavelength resolution, µs timing accuracy, lack 
of dark counts and multiplexibility into the megapixel range make them a very 
attractive detector option for many applications in modern scientific instrumentation 
[3]. MKIDs are not only able to detect single UVOIR photons but can also determine 
their individual wavelength with a demonstrated [4] resolving power λ/Δλ of up 
to 52 without requiring any refractive optics. It is this single pixel, single photon 
wavelength resolution that is their most important advantage compared to older, 
more established detector principles like for example CCD or CMOS arrays.

But in order to allow MKIDs to measure the individual wavelength of every 
detected photon, several challenging constrains arise for both detector design 
and fabrication: High photon energy resolving power requires, among others, the 
superconducting resonator in MKID pixels to have high internal quality factors 
Qi and that the used superconducting film is as homogeneous as possible. This 
significant demand on Qi for example requires highly optimized nanofabrication 
steps and all fabrication to be performed in the cleanest possible environment. 
Furthermore, MKIDs are frequency-domain multiplexed (FDM). In order to achieve 
large detector arrays with up to 2000 MKID pixels per microwave feedline [5] 
without losing too many pixels to frequency overlaps, FDM requires the resonant 
frequency of individual MKIDs to be controlled to a degree of better than 99.99%. 
These difficult to achieve fabrication conditions can make MKID research and 
development challenging as the demanding and dedicated cleanroom fabrication 
infrastructure is only available in rare cases. Most university nanofabrication 
facilities have issues achieving the required particle counts or deposition system 
stabilities, often resulting in reduced detector capabilities or less then optimal pixel 
yield.

These high requirements for the precise control of the superconducting film’s 
characteristics result in a limited selection of suitable superconducting materials 
for UVOIR MKIDs. PtSi [6], Al [4], sub-stoichiometric  TiNx [7, 8] and ß-phase 
Ta [9] have for example been demonstrated with their respective advantages and 
disadvantages. Here, we report on our efforts to demonstrate proximity effect-
based TiN/Ti/TiN triple layers as further alternative for UVOIR MKIDs. TiN/Ti/
TiN multilayers are attractive for MKIDs for several reasons, key among them that 
they can be deposited and structured by commercial nanofabrication foundries and 
therefore allow to compensate for limitations of available fabrication infrastructure. 
TiN/Ti/TiN multilayers enable us to collaborate with the Tyndall National Institute 
in Cork, a semi-commercial foundry that provides thin film deposition, lithography 
and dry-etching services. Apart from their comparably easy deposition, TiN/Ti/TiN 
multilayers also offer full control of their critical temperature Tc by utilizing the 
proximity effect [10, 11], exhibit very high Tc homogeneity over a wafer and have 
been demonstrated to work well for far-IR and sub-mm MKIDs (see for example 
[12]). But as detector design and fabrication challenges differ severely between 
UVOIR MKIDs and MKIDs optimized for longer wavelengths, significant effort is 
required to go from sub-mm TiN/Ti/TiN MKIDs to optical ones. Unfortunately, it 
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is also not possible to just copy the fabrication details demonstrated for example 
by NIST in [10] for their high quality multilayer films as thin film deposition 
characteristics vary significantly between different deposition tools. The triple-layer 
approach is preferable over TiN/Ti double layers mainly as having the proximity 
effect on both sides allows to use thicker Ti layers and therefore to achieve better 
control over low-Tc films.

We are working in close collaboration with our colleagues at Tyndall National 
Institute to further optimize the results we get from multilayer MKIDs. We use a 
TiN/Ti/TiN triple-layer structure as TiN at the outside reduces reflection of UVOIR 
photons and protects the central Ti layer from oxidization. Tc in a TiN/Ti/TiN triple-
layer is dictated by its three film thicknesses: As long as both the Ti layer (bulk Tc 
expected to be 400 mK) as well as the stoichiometric TiN layers (Tc around 4.5 K 
[13]) are thin enough, the proximity effect results in a common Tc of the multilayer 
that will be near to the value averaged over the films. Figure 1 shows the control of 
Tc with film thickness we achieved. It also demonstrates that more details have to be 
taken into consideration, as will be discussed below.

The red data points represent samples after lithography and etching and will be 
discussed further below. The blue data points in Fig. 1 represent TiN/Ti/TiN films 
that have been sputter deposited on Si substrates, with Tc measurements performed 
directly afterwards without any further fabrication steps. The TiN thickness of both 
layers has been kept unchanged at 4 nm for all samples, only the Ti layer has been 
varied between 10 and 39 nm. Layer thickness is controlled by precise control of 

Fig. 1  Dependency of critical temperature for 12 different TiN/Ti/TiN layers on the Ti:TiN thickness 
ratio in the film. For the blue circles, the films have been measured just after deposition. The point at the 
right represents a single Ti layer. The red circles represent Tc values after lithography and dry-etching 
has been performed on the wafer. This involved additional steps at elevated temperatures (not identical 
for the three samples) shifting Tc—for details please see text. (Colour figure online.)
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sputter times and checked for a few samples with scanning electron microscopy. The 
point at the far right in Fig. 1 shows our measured Tc of 500 ± 10 mK for just a Ti 
layer which compares well to the expected bulk value. For a single stoichiometric 
TiN layer, we measure a Tc of 4.17 K. This does not completely reach the reported 
values in [13], indicating that our TiN layers still lack a small amount of nitrogen, 
but is sufficiently near to the literature value that we did not try to further increase it. 
This TiN recipe has been used for all TiN layers of the presented TiN/Ti/TiN films. 
The error bars in Fig. 1 represent our measurement inaccuracy when determining  Tc. 
In order to check for reproducibility, we fabricated and measured several nominally 
identical samples a few months apart: For one pair, we used 4 nm/39 nm/4 nm of 
TiN/Ti/TiN, respectively (for a Ti:TiN ratio of 4.9) and got critical temperatures of 
885 ± 10 mK and 1040 mK ± 10 mK. This indicates that the deposition system our 
colleagues at Tyndall are using has some drift over a few months that we have to 
take into consideration. Otherwise, the Tc control we achieve is sufficiently precise 
for our purpose.

In order to achieve good resolving power in UVOIR MKIDs, it is important to use 
a superconductor with the lowest Tc the used cryogenic system can support. In our 
case that means we are targeting a Tc of around 800 mK. This forces us to use very 
thin TiN layers—4 nm is at the edge of what can be sputter deposited with sufficient 
reproducibility. This is likely to contribute to the slight drift/reproducibility issue 
we see. The largest Ti layer thickness we have tested so far is 39 nm. At this film 
thickness the proximity effect risks to no longer influence the complete film. We 
do not see any signs of the proximity effect not to cover the whole Ti layer yet, 
but as we have TiN on both sides the effective proximity thickness is half the Ti 
layer thickness anyways. We do observe low internal quality factors (Qi) in the 
4 nm/39 nm/4 nm TiN/Ti/TiN sample (see Table 1) though. This could indicate that 
the inner part of the Ti layer has an effectively lower Tc, but more experiments are 
needed to make this statement more reliable.

When testing for Tc homogeneity, we are measuring the same critical temperature 
within our ± 10 mK measurement inaccuracy over a full 4″ wafer. Inhomogeneities 
in Tc can both contribute to bad pixel yield as well as reduced wavelength resolv-
ing power in UVOIR MKIDs. In most materials, a change in Tc is accompanied by 
a change in the kinetic inductance value of the film and would therefore shift the 
resonant frequencies of MKID resonators in an uncontrolled way, leading to pix-
els with too similar resonant frequencies that can’t be distinguished in the FDM 

Table 1  Measured Tc and 
internal quality factors (Qi) for 
different Ti:TiN ratios

The shown Qi values are averaged over several resonators but can 
vary widely, especially for lower quality films. Measuring Qi 
requires a resonator; therefore, all these samples have undergone 
lithography and dry etching

Sample name A B C D E F

Ti:TiN ratio 1.25 1.25 1.9 1.9 3.1 4.9
Qi 160,000 40,000 160,000 5000 80,000 19,000
Tc 1.55 K 1.50 K 1.46 K 0.77 K 0.88 K 0.89 K
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readout anymore and have to be discarded. Furthermore, microscopic variations in 
Tc also need to be avoided as they represent changes in the superconducting band 
gap—the amount of broken Cooper pairs per photon could get location dependent if 
 Tc is not constant everywhere, limiting the MKID’s capability to measure the pho-
ton’s energy. Highly uniform TiN/Ti/TiN multilayers thus promise to significantly 
increase the pixel yield of large UVOIR MKID arrays and could possibly also con-
tribute to further increasing their resolving power.

The internal quality factors of TiN/Ti/TiN layers with low Tc we have fabricated 
so far are unfortunately all below 20,000, see Table  1. For a lower Ti:TiN ratio 
(corresponding to a higher Tc), we get better Qi values of around 160,000, in sin-
gle resonators above 200,000, as shown in Fig. 2. But for lower Tc samples, the Qi 
we observe drops. We do not have enough samples analysed yet though (work is 
ongoing), and two additional effects are influencing the values shown in Table 1: 
Sample D is a so far unexplained outlier—we assume some mishap during fabrica-
tion and only include it for completeness. More important is the second effect: We 
see significant changes in both Tc and Qi depending on the temperatures the sample 
has experienced during fabrication. As shown with the red points in Fig. 1, we get 

Fig. 2  Frequency sweep in the IQ plane, S21 feedline transmission and phase versus resonator loop cen-
tre for one of the best MKIDs of sample group C (colour figure online). The frequency sweep also shows 
parts of the cable-delay loop as the cable phase offset has not been removed from the data
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consistently higher  Tc values if we analyse films that have not been structured by 
lithography compared to identical wafers (they have been deposited in the same dep-
osition run) with resonator structures etched into them. We attribute that behaviour 
to the extended temperatures used during sample fabrication, in our case resist bak-
ing at 150, 90 and 120 °C during lithography and resist removal in an  O2 +  N2 +  NH3 
plasma at above 200  °C. We assume that especially during the high-temperature 
resist removal step, Ti starts to diffuse into the TiN layers, changing their stoichiom-
etry, reducing their Tc and thus reducing the film’s overall Tc. First preliminary tests 
of this hypothesis by changing the resist removal step to room temperature show 
less reduction of Tc (samples B and E) but more detailed studies and especially con-
trolled annealing experiments are required to make a reliable statement. The same 
unintended annealing during lithography also seems to influence Qi. By reducing 
the temperature during resist removal we also reduced Qi significantly—this could 
be partly caused by the now lower Tc as we do observe lower Qi for lower Tc values, 
and we are working on compensating for the Tc drift during lithography by adapting 
the Ti layer thickness. More detailed experiments on the annealing of TiN/Ti multi-
layers are ongoing and we hope to be able to provide better data in the near future.

Stripping remaining photo resist after lithography at elevated temperatures in an 
 O2 +  N2 +  NH3 plasma is a standard procedure for CMOS fabrication. But it is ques-
tionable for MKIDs on Si wafers as it could oxidize the exposed Si surface which 
should lead to lower Qi values. The fact that both high-Qi samples in Table 1 (A 
and C) had their resist stripped that way shows that any oxidization happening has 
not been significant enough to seriously increase the resonator’s dampening. But the 
 O2 +  N2 +  NH3 plasma we used still had a significant negative impact on the detec-
tor performance: Fig. 3 shows two MKID pixels: The left one had its residual photo 
resist removed in the  O2 +  N2 +  NH3 plasma above + 200 °C, whereas the right one 
had the resist removal step performed in a pure  O2 plasma and the sample cooled at 
room temperature. Plotted are the frequency sweeps in the IQ plane (blue dots are 
measured points; blue lines are to guide the eye) as well as the detector signal with-
out illumination in red. For the red points, the pixel’s IQ signal has been monitored 
for 0.1 s in darkness, resulting in 100,000 data points representing the noise cloud. 
As can be seen, the left sample shows significant excess noise along the direction of 
the frequency sweep loop (the phase direction), whereas for the sample on the right, 
we observe the noise to be roughly equal in both I and Q. It should be noted that the 
two samples had different Qi values and microwave drive powers; the diameter of 
their resonator loop is therefore not identical, and thus the extent in for example the 
amplitude direction for the noise cannot be compared directly.

Figure  3 shows that the high-temperature resist removal step indeed had a 
significantly negative effect on detector performance, even though no clear 
degradation of Qi has been observed. It is likely that it is the oxidization of 
the exposed Si surface between the capacitor fingers that leads to the observed 
increase in phase noise, as amorphous dielectrics are known to cause high 
densities of two-level system (TLS) defects [2]. The fact that we see significant 
phase noise caused by TLS defects but still achieve high internal quality factors 
could imply that our detector design is more sensitive for TLS-caused phase noise 
compared to TLS-caused losses, or it could indicate that we should expect even 
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higher Qi with further optimized sample fabrication procedures. Further work is 
required to get a clearer picture. Removal of the surface oxide in HF at the end of 
sample fabrication to test this assumption is unfortunately not possible as the Ti 
layer in the centre of the superconducting film gets attacked by HF too fast. After 
thoroughly studying the effects of annealing on our TiN/Ti/TiN multilayers, we 
plan to switch to sapphire substrates, in principle allowing us to use the high-
temperate resist removal step again.

The best combination of critical temperature, Qi and no-extended-phase 
noise we have achieved in our prototype TiN/Ti/TiN UVOIR MKIDs so far is 
from samples with 4  nm/25  nm/4  nm of TiN/Ti/TiN, respectively. These had a 
Tc of 880  mK after all lithography and fabrication steps have been performed 
and a typical Qi of 60,000. As shown in Fig.  4, they performed well as single 
photon detectors, and we measured resolving powers of 3.1 and 2.5 for 400 and 
900 nm photons, respectively—for more details please see [14]. One of the rea-
sons the resolving power is limited is that the early prototype design used for the 
measurements in Fig. 4 has turned out to be too insensitive for the desired wave-
length range: Even 400 nm photons that should ideally result in phase pulses of 
up to 180 degrees, only produced signals around 25 degrees. The sensitivity of 
UVOIR MKIDs for a given wavelength is mainly dictated by the superconducting 
bandgap (and thus Tc) and the number of Cooper pairs in the inductor. There-
fore, as our cryogenic system does not allow us to decrease Tc further, we have to 
reduce the inductor size to increase the signal strength. As further reducing the 
film thickness would be challenging without increasing Tc, our next step is to re-
design the MKID pixel itself to use smaller inductors.

Fig. 3  Two different TiN/Ti/TiN MKID pixels. The one on the left had its residual photo resist removed 
in an  O2 +  N2 +  NH3 plasma at above +200 °C; for the one on the right the resist removal step has been 
performed in a pure  O2 plasma and the sample cooled at room temperature. Plotted are the frequency 
sweeps in the IQ plane (blue dots are measured points; blue lines are to guide the eye) as well as the 
detector signal in darkness in red—for details please see text (colour figure online)
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The sample demonstrated in Fig. 4 had an inductor area of (ignoring the gaps) 
44 × 50  µm2 = 2200  µm2. This is not significantly larger compared to inductor 
designs of 40 × 40 µm2 = 1600 µm2 used for  TiNx [7] or 44 × 30 µm2 = 1350 µm2 
for PtSi [5] but turned out to be too large for TiN/Ti/TiN triple layers. With a new 
design using a small inductor with only 20 × 19 µm2 = 380 µm2, we hope to sig-
nificantly increase single photon signal heights. As the low sensitivity we observe 
points towards undesired high electron densities in the film it should be promis-
ing to reduce the thickness of the Ti layer. In order to still achieve the desired 
 Tc values this will necessitate using sub-stoichiometric  TiNx (preferably in the 
2.0–3.0 K Tc range) instead of stoichiometric TiN in the multilayer instead.

In conclusion, we report our efforts on optimizing TiN/Ti/TiN triple-layer 
superconducting films in the Tc range around 800 mK to be used for UV/optical/
near-IR MKIDs. We show that nanofabrication steps that are standard and highly 
tested in CMOS fabrication can still lead to unexpected and detrimental effects 
when used to fabricate MKIDs. We present work that is still in progress and hope 
to be able to provide better data and more thoroughly studied conclusions in the 
near future.
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