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Abstract 

Atomic layer deposition (ALD) has been identified as a promising growth method for high-uniformity superconducting thin 
films for superconducting quantum photonic applications, offering superior uniformity, thickness control and conformality to 
techniques such as reactive sputtering. The potential scalability of ALD makes this method especially appealing for 
fabrication of superconducting nanowires and resonators across large areas. We report on the growth of highly uniform 
superconducting NbN thin films via plasma-enhanced atomic layer deposition (PEALD) with radio frequency (RF) substrate 
biasing, on a 200 mm (8-inch) Si wafer, specifically for superconducting nanowire single-photon detector (SNSPD) 
applications. Niobium nitride films were grown using (tert-butylimido)-tris(diethylamido)-niobium(V) (TBTDEN) precursor 
and a H2/Ar plasma. The superconducting properties of a variable thickness series of films (5.9 – 29.8 nm) show critical 
temperature (Tc) of 13.5 K approaching bulk thickness (28.8 nm) with low suppression down to the ultrathin regime (5.9 nm), 
with Tc = 10.2 K. Tc across the 200 mm wafer with 8 nm thick NbN, measured in 15 mm intervals, exhibits minimal variation 
(< 7%). Microbridge structures fabricated on 8 nm thick NbN films also exhibit high critical current densities (Jc), > 10 
MA/cm2 at 2.6 K. PEALD could therefore be a pivotal technique in enabling large-scale fabrication of integrated quantum 
photonic devices across a variety of applications. 

Keywords: Atomic layer deposition, superconducting thin films, niobium nitride, superconducting quantum detectors, 
quantum photonics 

 

1. Introduction 

Atomic layer deposition (ALD) is a subclass of chemical vapour deposition, relying on the sequential and self-limiting exposure 
of gaseous precursor species, forming a single atomic layer of material [1]. This process, known as the ‘ALD cycle’, can then 
be repeated until a desired thickness is attained, enabling Ångstrom-level thickness control [2] ALD is therefore highly uniform, 
conformal and scalable, with the deposition area being limited by the size of the reaction chamber [3,4]. Consequently, there 
has been significant interest from the superconducting device community, where uniform, pinhole-free films are a necessity for 
applications such as superconducting nanowire single-photon detectors (SNSPDs), microwave kinetic inductance detectors 
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(MKIDs), superconducting resonators, superconducting qubits and superconducting through-silicon vias (TSVs) [5–9]. For 
MKIDs and SNSPDs in particular, large area uniformity is essential for scaling up to large area arrays and cameras.[10] 

  SNSPDs are the gold standard in single-photon detection, offering unparalleled detection efficiency, timing resolution and 
spectral range [11]. Recent studies utilising SNSPDs made from refractory metal nitride thin films have shown > 99% system 
detection efficiency at telecom wavelengths and sub-3ps temporal resolution for visible wavelengths [12,13]. Highly uniform, 
homogenous thin films are a necessity for SNSPDs, as constrictions and film inhomogeneities actively suppress the critical 
current of the nanowire, leading to reduced timing resolution and detection efficiency, therefore necessitating operation at lower 
temperatures [14]. NbN thin films for SNSPDs have typically been deposited using reactive magnetron sputtering of Nb metal 
with N2 gas, however, sputtering struggles to produce uniform, pinhole-free films over large areas, being limited due to its line-
of-site nature and requirement of high temperatures [15,16]. Consequently, ALD of metal nitrides has received significant 
interest in recent years, with several studies showcasing films with high Tc and Jc, essential for the fabrication of high efficiency, 
high temporal resolution SNSPDs [17–20]. This success has largely been enabled by utilising a PEALD process, as 
conventional thermal ALD of superconducting metal nitrides requires metal chloride based precursors, which can lead to low-
level chlorine incorporation in the film, resulting in device corrosion [21] There have been several studies reporting the 
fabrication of SNSPDs using PEALD NbN films, exhibiting single-photon sensitivity up to 2.1 μm [22,23]. This has 
demonstrated the power of PEALD for SNSPD applications, but there is still much improvement on growth optimization to be 
made to realise its full potential. In this study, superconducting NbN thin films have been grown using PEALD over large area 
(200 mm). Their superconducting, electrical and structural properties have been examined, with suitability for fabrication of 
large-area SNSPDs assessed and discussed. 

2. Methods 

ALD NbN films were grown at Oxford Instruments Plasma Technology, Bristol, on an FlexAl system, equipped with radio 
frequency (RF) substrate biasing, using TBTDEN precursor with an Ar/H2 plasma. High resistivity (> 10 kΩ.cm) <100> Si 
substrates, cleaned using organic solvents, were used for the film growth, with a deposition temperature of 250 oC. A thickness 
series (target thicknesses: 5, 8, 15, 20 and 30 nm) was grown to elucidate the relationship between film thickness (d), sheet 
resistance (Rs) and Tc. Film thickness was verified using a J. A. Woollam M-2000 spectroscopic ellipsometer. Deposition across 
200 mm Si wafer followed the same process detailed for the thickness series, with the thickness uniformity across the sample 
measured using ellipsometry, as shown in figure 1(a). Surface roughness measurements were performed using a Bruker 
Dimension Icon atomic force microscope, used in non-contact mode for high resolution, with a scan speed of 0.1 μm/s. X-ray 
diffraction studies were performed at the University of Hyderabad, School of Physics, in a Bruker D8 DISCOVER X-ray 
diffractometer with a Cu K-α source, used in grazing incidence mode due to the thickness of the samples. The scan angle 2θ-
range was 20-80o, with an incidence angle, ω, of 0.6o. Rietveld refinement on the diffraction patterns were performed using the 
Profex software package [24]. The Tc of each sample was measured using a standard four-probe resistance measurement 
technique, housed in a cryogen free closed cycle cooling system, designed and built in-house based on a Sumitomo RDK101D 
Gifford-McMahon coldhead and Sumitomo CNA11C compressor. The system uses pogo pins as electrical contacts and is 
capable of testing up to 8 samples simultaneously down to 2.2 K, with the system equipped with radiation and magnetic 
shielding at the sample stage. Four-probe resistance measurements were performed using a Stanford Research Systems SIM928 
isolated voltage source and SIM970 digital voltmeter. Jc measurements were performed in the same setup, with the samples 
being modified by photolithography and reactive ion etching to create a microbridge structure from which Jc can be derived, 
with all fabrication performed at the James Watt Nanofabrication Centre (University of Glasgow). The photolithography 
process was done with S1805 photoresist etch mask, using a SUSS Microtech MA6 optical mask aligner. Reactive ion etch was 
performed using an Oxford Instruments plasma lab 80+ tool, using an SF6/N2 etch chemistry. Transmission electron microscopy 
(TEM) studies were performed at the Kelvin Nnanocharacterisation Centre (University of Glasgow, School of Physics), using 
a JEOL ARM200cF in scanning (STEM) mode, with sample preparation done using a standard focused ion beam lift-out 
technique [25] 

3. Results and discussion  

3.1 Superconducting and electrical properties of ALD NbN thin films.  

Figure 1(b) shows the measured film thickness, d, versus the number of ALD cycles, with a deposition rate of 0.20 Å/cycle. It 
should be noted that thickness estimation using spectroscopic ellipsometry on ultrathin films has intrinsic limitations, primarily 
from overfitting. Consequently, we have further verified thickness using TEM. Figure 1(c) shows sheet resistance (Rs) and 
resistivity (ρ) versus number of cycles. Rs is defined by the equation Rs = Rαπ(ln(2))-1, where R is the measured resistance and 
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α is a geometrical correction factor related to the substrate size and probe geometry [26]. ρ is calculated by multiplying Rs by 
d.  The relationship between ρ and d indicates an improved crystallinity with increasing film thickness, with ρ decreasing with 
increasing film thickness by 54.6% from d = 5.9 nm to d = 29.8 nm. In the ultrathin regime (5.9 nm), ρ of 210 μΩ∙cm shows 
good agreement to values reported in the literature for other NbN PEALD process used for the fabrication of SNSPDs, with ρ 
in the thicker regime being significantly lower and indicating a more metallic, crystalline film [18].  The residual resistance 
ratio (RRR) of each sample was also determined, defined as the ratio of resistance at 290 K to resistance just above the transition 
temperature. RRR can be used to infer the conducting or insulating nature of the film, as well as the crystal quality and film 
purity [19,27]. The RRR values of the ALD NbN films grown for the thickness series are all ~ 1, with minimal change with 
increasing thickness (< 7%). Table 1. displays the RRR value for each film. Notably, the RRR for these NbN films is 
significantly higher than those reported in previous studies grown via PEALD (0.64 – 0.73) [19], indicating a more metallic, 
crystalline and homogeneous film. 
 
 

   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
Figure 1. (a) Thickness map of 8 nm film deposited on 200 mm wafer. (b) Measured film thickness versus number of ALD cycles for thickness series of 5 
wafer growth runs. (c) Rs and ρ versus number of ALD cycles for thickness series. (d) Tc versus measured film thickness, d, for thickness series. Inset:  
normalised resistance resistance/room temperature resistance (R/RT) versus temperature for d = 5.9 nm and d = 29.8 nm films.  
 
  The superconducting properties of the thickness series are summarised in Table 1. Tc as a function of d is shown in figure 1(d). 
Tc is defined as the midpoint between the temperature at 0.9R20K and 0.1R20K, with the superconducting transition width, ΔTc, 
taken as the temperature difference between 0.9R20K and 0.1R20K. Tc follows the expected relationship, increasing as film 
thickness increases, and close to saturating at 13.5 K for d = 29.8 nm. Tc in the ultrathin regime (< 10 nm) is measured as 10.2 
K (5.9 nm) and 11.0 K (8.0 nm), showing good potential for SNSPD fabrication and agreement with literature-high values for 
previously documented PEALD and sputtering processes [3,6,28]. Notably, our films show higher Tc compared to sputtered 
films grown on Si and Si with an AlN buffer layer, with Tc of 8.1 and 10.3 K, respectively, for d = 9 nm [29]. ΔTc is an insightful 
parameter for investigating the homogeneity of superconducting thin films, as it considers the variation in Tc across multiple 
areas of the film, whereas Tc itself is dominated by any adjacent, high-quality area of NbN. We see an increase in ΔTc with 
decreasing d: > 50% going from d = 29.8 nm to d = 5.9 nm. This is expected given the previously mentioned relationship 
between Rs and ρ to d.  Again, we show superior ΔTc compared to sputtered films grown on Si and Si with AlN buffer: 0.8 K 
for PEALD versus 1.4 K for sputtering [29].  
     Elucidating the relationship between Tc and film thickness is paramount to the design of various superconducting 
technologies, with the drop-off in Tc as the film thickness approaches the coherence length being well documented and 

(a) 
(b) 

(c) (d) 
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understood [30]. We consequently compare the observed relationship between Tc and film thickness to established empirical 
and theoretical models. Ivry et al. proposed an empirical universal scaling law for films at the superconductor-insulator 
transition that relates d and Rs to Tc [30]. The model shows that Tc and d scale proportionally with Rs, resulting in the following 
power law: 
 

 
                             𝑇!𝑑 = 𝐴𝑅"#$                                                                                             (1) 

 
 

where A and B are independent fitting parameters. Figure 2(a) shows Tc	∙	d versus Rs, measured for the thickness series, with 
the data fitted to equation 1 using a nonlinear least squares method. Extracted values for the fitting parameters are: A = 5934.39 
± 836.02, B = 0.77 ± 0.03. Fitting parameter B was shown by Ivry et al. to relate to film disorder, with amorphous films having 
B > 1. From the historical analysis by Ivry et al. of several sputtered NbN thin film studies, the extracted B values range from 
0.85-1.06. Consequently, we can show that the films in this study exhibit less disorder, indicating PEALD can produce a more 
crystalline film with fewer defects/impurities. Figure 2(a) clearly shows a good agreement between the observed data and the 
scaling law model. 
 

 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2. Comparison of Tc versus d for 5, 8, 15, 20 and 30 nm films to empirical and theoretical models: (a) d*Tc versus Rs fit according to the universal 
scaling law developed by Ivry (T!d = AR"#$). (b) Tc versus 1/d fit to the Simonin model (𝑇% = 	𝑇%&(	1 −

'!
'
	)). 

 
A simple theoretical model of thin film superconductivity was introduced by Simonin, based on the Ginzburg-Landau theory, 

which relates d and Tc [31]. The resulting relation is given by: 
 
 

                            𝑇! =	𝑇!%(	1 −
&!
&
	)                                                                                  (2) 

 
 

(a) 

(b) 
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where 𝑇!% is the bulk superconducting transition temperature (16 K for NbN) and fitting parameter 𝑑! is the critical thickness. 
𝑑! is defined as the thickness at which there is a complete breakdown in the superconducting phase, below which 
superconductivity will not be observed. Figure 2(b) shows the measured Tc vs 1/d with the data fitted to equation 2. The 
extracted dc from the fitting procedure is 1.6 nm ± 0.16, with Tco of 13.98 K ± 0.27. This indicates that for d = 29.8 nm, where 
we have measured Tc = 13.5 K, we are approaching the expected theoretical limit of Tc (~ 14 K) for this NbN PEALD process, 
which is confirmed by the emergence of a plateau in figure 1(d) as film thickness increases. 
 

Table 1. Summary of superconducting and electrical properties for ALD NbN thickness series detailed in figure 1. 

Measured film 
thickness, d (nm) 

Number of ALD 
cycles  

Rs (Ω/□) RRR      ρ (μΩ∙cm) Tc (K) ΔTc (K) 

5.9 240 356.13 1.01 210.0 10.2 0.9 

8.0 400 202.65 1.02 162.1 11.0 0.8 

15.0 720 94.08 1.06 141.1 12.1 0.6 

20.7 960 59.82 1.07 123.8 12.9 0.3 

29.8 1500 31.99 1.02 95.3 13.5 0.3 

 

3. 2 Uniformity of ALD NbN process across 200 mm wafer 

To examine the uniformity of our PEALD NbN process in the ultrathin film regime, we diced the 8 nm thick sample grown on 
a 200 mm diameter Si wafer, shown in figure 3(b), into 15 x 15 mm dies compatible with our low temperature electrical testing 
setup. We tested samples positioned in a cross formation along the wafer: 13 samples along both the x- and y-axes crossing the 
wafer centre, with the variation in Tc across the wafer shown in figure 3(a) and (c). The variation in Tc, Rs and ΔTc with respect 
to wafer position are summarised in Table 2. We observe minimal variation in the superconducting properties across the wafer, 
with the maximum variation in Tc of 9.1%, with the maximum Tc = 12.0 K (position (-4,0)) and minimum Tc = 11.1 K (position 
(0,0)). The maximum variation in Tc from wafer centre to wafer edge (90 mm range) = 6.3%. This is consistent with the 
measured variation in Rs from wafer centre to edge of -9.9%. This shows an improvement from a previous study by Knehr et 
al., where they observe a 10% variation in Tc over a 50 mm range [17]. In that study they attribute drop-off in the Tc primarily 
to a decrease in lattice parameter from 4.37 to 4.31 Å, coming into effect at a 40 mm range from the wafer centre. It is posited 
that the plasma source used in the Oxford Instruments Plasma Technology OpAL ALD system, where the plasma is generated 
from a small inductively coupled plasma (ICP) tube with 65 mm diameter, is the primary factor in the observed drop-off. The 
plasma source for the FlexAl tool is identical in geometry, therefore we would expect a similar effect in our films. In this study, 
however, we have utilised RF substrate biasing during the ALD cycles, which has been reported to modulate the electrical and 
structural properties of thin films [32]. The role of plasma generated ions has been shown to improve crystallinity in metal 
nitride ALD films, which could be the major factor in the improved uniformity of the films in this study. 

The variation in Tc could also be attributed to thickness variation across the wafer. From the ellipsometry data in figure 1(a), 
we observe an increase in film thickness of 3 Å from the wafer centre to the wafer edge. This would only explain a minimal 
increase in Tc, as from the results summarised in Table 1, the difference in Tc observed from d = 5.9 nm to d = 8 nm is 0.8 K. 
Consequently, the maximum change in Tc across the wafer of 0.9 K cannot purely be related to variation in film thickness. We 
have also examined the surface roughness across the wafer to understand if morphological changes across the wafer have 
contributed to the change in Tc, with the root mean squared (RMS) surface roughness, Rq, for the sample at position (0,0) being 
measured as 0.44 nm. Figure 3(d) shows the surface roughness scan for the sample at position (0,0) measured using AFM. This 
is significantly lower than what has been reported by Knehr et al., however, we report a greater increase in surface roughness 
across the wafer area, with an 11% and 23% increase in Rq at 100 mm and 200 mm respectively. We also report a superior 
variation in ΔTc to the previous study by Knehr, with a 25% increase across a 100 mm range compared to 30%. We observe a 
variation in ΔTc across a 200 mm range of 33%, indicating further degradation of film homogeneity approaching the wafer 
edge, likely a consequence of the plasma source geometry. However, the increase in Rq from the wafer centre to edge could 
also be a factor in the increase in ΔTc. It is likely that there is also a structural factor contributing to the variation in 
superconducting and electrical properties, however, we have yet to examine the variation in lattice parameter across the sample 
area that has been described in previous works. 
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Figure 3. (a) Colour map of Tc and wafer position for 8 nm film grown on 200 mm Si wafer, highlighting the cross formation used for sample testing (grid 
size 15 x 15 mm). Die position described in Cartesian coordinates, i.e. centre die at position (0,0), x = 0, y = 0.  (b) Photograph of the 200 mm diameter Si 
wafer with the d = 8 nm NbN film. (c) Tc versus wafer position along the x- and y-axis for the 8 nm film on 200 mm wafer, with position 0 mm the wafer 
centre, corresponding to position (0,0). (d) AFM scan (1 μm2 area) of d = 8 nm film on 200 mm wafer at position (0,0), with Rq = 0.44 nm 
 
Transport measurements on microbridge structures were performed at varying temperatures, ranging from 2.6 – 9. 5 K (just 
below the measured Tc of the microbridge) with the results fitted using the Bardeen equation [33]: 
 

 

                    𝐽!(𝑇) = 	 𝐽!(0) ×	[1 −	0	
'
'!
	1
(
])/(                                                              (3) 

 
 

where Jc(T) is the measured Jc at temperature T and  Jc(0) is the Jc at 0 K, extracted from the fit of Jc(T) to equation 3.  Jc(0) 
and Tc are used as the fitting parameters. The current versus voltage (IV) characteristics were measured to determine the Ic, 
with Jc then determined by dividing the Ic by the cross-sectional area of the microbridge (film thickness multiplied by the bridge 
width). Figure 4(c) shows the design of the microbridge structure graphic data system (GDS) file, with an optical microscope 
image of the fabricated bridge in the zoomed inset. Figure 4(a) and (b) show the Jc versus T data, fit with equation 3, for 
microbridges fabricated on samples (0,0) and (0,3) respectively. For the sample at (0,0) we observe Jc = 10.2 MA/cm2 at 2.6 
K, with the fit to equation 3 yielding Jc(0) = 10.9 MA/cm2 ± 0.19 and Tc = 10.2 K ± 0.33. Overall, this shows good agreement 
with equation 3 across the full temperature range recorded from 2.6 – 9.6 K. 
 
 

(a) 

(b) 

(c) 
(d) 
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2 μm

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. (a) Jc versus temperature for sample at position (0, 0) on 200 mm wafer. (b) Jc versus temperature for sample at position (0, 3) on 200 mm wafer. (c) 
GDS design of microbridge structure (shaded areas remain after etching). Inset: Optical microscope image of fabricated 2 µm width microbridge. 
 
We observe a decrease in the measured Jc of 39% and 51%, respectively, as we move 100 mm and 200 mm from the wafer 
centre. This indicates a degradation in film quality and cannot be explained by variations in the microbridge fabrication process. 
The previous study by Knehr et al. showed a maximum recorded Jc = 5. 7 MA/cm2 at 4.2 K, with Jc versus temperature diverging 
from equation 3 at temperatures below 0.8Tc, likely due to vortex entry [17]. The magnetic shielding in our setup is most 
probably responsible for the Jc versus temperature data better adhering to equation 3 for the microbridges in this study. Overall, 
this shows that RF substrate biasing can enhance Jc compared to films grown using a standard PEALD process. Jc of films 
grown via our PEALD process also compare well to sputtered films, with d = 10 nm NbN grown on Si exhibiting Jc(0) of < 4 
MA/cm2 [34]. 8 nm sputtered NbN on sapphire was reported as having Jc(0) of 11.5 MA/cm2 [28], which is expected to be 
higher than our PEALD process due to the superior lattice matching of the substrate. 
    The theoretical depairing current density Jdep(0) is given by following relation, derived from work by Clem and Kogan [35]: 
 

 
           Jdep(0) =	1.491𝑁(0)𝑒[∆(0)])/(9𝐷/ħ                                                                                         (4) 

 
 

where the density of states N(0) = 1/(2e2𝜌𝐷), the energy gap Δ(0) = 2.05kbTc [36], e is the electron charge, kb is the Boltzmann 
constant and D is the electron diffusion constant for the NbN film. Using the experimentally recorded values of ρ and Tc, and 
an estimate of D = 0.5 cm2/s, taken from the literature, we calculate Jdep(0) = 21.64 MA/cm2 for position (0,0). By examining 
the ratio Jc(0)/ Jdep(0) we can assess the relationship between Jc, Tc and ρ, with the value of Jc(0)/ Jdep(0) for the sample at 
position (0,0) = 0.51, slightly lower than what has been reported in previous studies [17,37]. We observe a marked decrease in 
Jc(0)/Jdep(0) as we move to the wafer edges, with Jc(0)/Jdep(0) = 0.16 at position (0,6). This indicates Jc does not scale 
proportionally to Tc3/2/ρ, meaning we cannot explain the observed variation in Jc(0)/Jdep(0) by the measured changes in Tc and 
ρ. It is likely that the value of D is not constant throughout the film, as from the relation N(0) = 1/(2e2𝜌𝐷) we would expect the 
value of D to increase in our samples, as ρ decreases from the wafer centre to wafer edge by ~ 10%. This would result in an 

(a) (b) 

(c) 

(d) 
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increase in the theoretical Jdep(0) value, consequently explaining the observed decrease in Jc(0)/Jdep(0) from wafer centre to 
wafer edge. The expected increase in D at the wafer edge could be explained by an increase in Nb content in the film, in keeping 
with the observed decrease in ρ, as reported by Henrich et al. in their study of sputtered NbN films [38]. Further investigation 
is planned to directly measure D for the films in this study, as well as to map the variation across the wafer area to test the 
assumption that changes in D are responsible for the decrease in Jc(0)/Jdep(0).  
 
Table 2. Variation of NbN PEALD film properties across 200 mm wafer diameter: d = 8.0 nm (240 cycles). 

Parameter Centre value (position (0,0) Change over 100 mm (%) Change over 200 mm (%) 

Tc (K) 11.1  + 4.5% + 6.3% 

DTc (K) 0.64  + 25% + 33% 

Rs (W/□) 204.6 - 3.3% - 9.9% 

Jc (MA/cm2) 10.2  - 39% - 51% 
RRR (a.u.) 1.08 < 1% < 1% 
Rq (nm) 0.44 + 11% + 23% 

 

3.3 Structure and composition of ALD NbN thin films  

It is likely the observed variation in Jc is a result of structural variations across the film area, as observed in previous studies 
[17,20]. Therefore, we have examined the structure and composition of the samples in this study using both x-ray diffraction 
and electron beam diffraction. Figure 5 summarises the structural and compositional study. TEM images from a d = 55 nm 
sample deposited using the same recipe as the aforementioned samples are shown in figure 5(b), with selected area electron 
diffraction (SAED) pattern shown in the inset. The diffractogram in figure 5(b) shows the presence of (111) and (200) crystal 
orientations consistent with δ-NbN (viewed through the <011> zone axis). STEM electron energy loss spectroscopy (EELS) 
was acquired with a JEOL ARM200cF, equipped with a Gatan 965 Quantum ER spectrometer. An acceleration voltage of 
200kV was used. Analysis was undertaken within the Digital MicrographTM software package, following standard processing 
steps, including Fourier-log deconvolutions to remove the effects of plural scattering. Fig. 5(a) shows 4 EELS composition 
maps from a 4 nm x 100 nm scan across a cross-section of deposited NbN film. They highlight the relative concentration of 
Nb, N, C and O in different regions across the sample cross-section.  As expected, there is a significant Nb and N content in 
the film, however, it has been shown that there is also significant C content, notably at the substrate-film interface. This has 
been previously shown for PEALD of NbN and other materials, such as TaN [3,39]. Figure 5(c) shows the variation in the C 
atom % across the film, highlighting the increase in C at the substrate film interface. It has been well documented that C is 
incorporated into PEALD NbN films, originating from the organic ligands in the TBTDEN precursor, however, previous studies 
show C concentration in the film of 12% or less [3,40]. EELS data from the films in this study indicate a C concentration of ~ 
30%, potentially indicating the presence of NbC in the film. This was verified by further analysis on d = 29.8 nm sample. NbC 
is also a superconductor, with bulk Tc of the cubic phase ~ 12 K, as well as an amorphous phase with Tc < 2 K [41]. From the 
diffraction pattern in figure 5(b), we observe what appears to be the presence of overlapping diffraction spots. These artefacts 
could potentially be a result of stacking faults or lattice defects, however, it could also be indicative of the presence of cubic 
NbC, which has a similar lattice parameter, a, to δ-NbN; a = 4.51 Å for NbC compared to a = 4.45 Å for NbN. NbC crystallites 
of the same orientation as those for NbN would therefore show diffraction spots at similar angles, leading to potential overlap. 
The coexistence of NbC could also be used to explain the observed decrease in Jc(0)/Jdep(0) discussed previously, as NbC has 
shown to have D values roughly one order of magnitude higher (5-8 cm2/s)  than that of NbN [42]. Further work is planned to 
map the C content across the 200 mm wafer using EELS to probe this hypothesis. 
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Figure 5. (a) Scanning EELS composition map taken along a 100 nm section of the d = 55 nm sample showing, from top to bottom, the relative Nb (M-edge), 
N (K-edge), C (K-edge) and O (K-edge) concentration in the film. Lighter pixel colour indicates higher concentration of respective atom. (I: Pt/C capping 
layer, II: NbN, III: Si substrate). (b) TEM image of d = 55 nm ALD NbN film. Inset: SAED pattern viewed along the <011> zone axis. (c) EELS spectrum of 
relative C concentration (at. %) along the sample (area enclosed by dashed lines represents the NbN film) highlighting the increased C concentration at the 
substrate-film interface. (d) Grazing incidence angle X-ray diffraction pattern from d = 30 nm film, showing Rietveld fit (refinement statistics: Rwp = 9.45, Rexp 
= 6.94, χ2 = 1.85.) 
 

As the purity of a thin film is generally a key consideration for any application, it would be useful to be able to accurately 
and conclusively characterise this using EELS data. While the EELS data acquired here allows for composition estimations to 
be made and some conclusions to be drawn alongside the other quantitative analysis methods used, there are well-established 
errors to be considered. The Hartree-Slater atomic wave function model was used and assumes a spherical, isolated atom, 
though does not account for bonding or crystallinity. These do, however, affect electron scattering, and thus the calculated 
composition of the sample, meaning accurate elemental quantification can be difficult, particularly where M-edge transitions 
are considered, as in the case of Nb here. 

 To further investigate structure and composition, we have examined a d = 29.8 nm sample using x-ray diffractometry to 
explore the structure and phase purity of the films. Figure. 5(d) shows the diffraction pattern, with a Rietveld structural 
refinement on the diffraction pattern being performed. Initial indexing reaffirmed the presence of (111) and (200) oriented 
grains typical of δ-NbN, at 35.2o and 40.9o respectively. The peak area ratio, (111)/(200), is measured as 0.80, showing the 
dominance of (200) grain orientation, similar to what has been reported in previous studies [17]. The full width at half maximum 
(FWHM) of the (111) and (200) peaks are 0.75o and 0.81o, respectively, narrower than what has been reported in previous 
PEALD NbN studies [17]. This further strengthens the argument for the use of RF substrate biasing in enhancing the 
crystallinity of NbN thin films. However, peak broadening in XRD peaks can arise from myriad factors, such as crystallite size, 
defects (stacking faults, twin faults), or lattice distortion (microstrain), as well as instrumental contributions [43]. We also 
observe three further peaks at 59.2o, 70.7o and 74.2o that can be attributed to grains of (022), (113) and (222) orientation. This 
confirms the polycrystalline nature of the films and shows a non-ideal lattice parameter, with peak positions offset relative to 
the ideal for an a = 4.45 Å δ-NbN lattice. The mean crystallite size was determined as 11.7 nm using the Scherrer equation, 
from the (111) FWHM. Table 3. summarises the XRD results for the d = 29.8 nm sample.  

(a) 
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(b) 
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The presence of slight peak broadening at the base of the (111), (200) and (022) peaks led to exploring the coexistence of 
other materials/phases through performing Rietveld structural refinements on the diffraction patterns. Given its structural 
similarity to δ-NbN, cubic NbC also has XRD peaks located at similar 2θ values, making it an ideal candidate to run in structural 
refinement. Initial refinement using purely a NbN structural model gave χ2 > 5, with the value converging to ~ 2 after including 
NbC structure, strengthening the argument for its presence in our films. The refined lattice parameters for NbN and NbC were: 
a = 4.42 Å and a = 4.55 Å respectively. Evidence of a further small diffraction peak at 51.5o consistent with tetragonal NbO2 
indicated its presence in the film, with inclusion in the refinement model leading to a further convergence of χ2 to 1.9. The 
presence of the small amount of NbO2 is likely from native oxide formation on the top surface resulting from post-processing, 
as indicated by the scanning EELS maps. However, it is likely that there does exist a minute fraction of niobium oxide or 
oxynitride phases within the film, as indicated by previous works on PEALD of NbN thin films [3,40]. 
 
Table 3. Peak 2θ position, FWHM and area for the XRD pattern of the d = 29.8 nm (1500 cycles) sample. 
 

Orientation (hkl) 2θ (o) FWHM (o) Peak area (a.u.) 

(111) 35.2 0.75 821.3 

(200) 40.9 0.81 1022.1 

(022) 59.2 0.97 487.8 

(113) 70.7 1.27 256.0 

(222) 74.2 1.04 91.7 

 

4. Conclusion 

We have investigated the superconducting, morphological and electrical properties of PEALD NbN, showing there to be a 
negligible variation in the Tc across a 200 mm area (< 7%). Variation in the Jc across the wafer area was in line with previously 
reported studies, exhibiting a 39% decrease across a 100 mm area. Analysis of the theoretical depairing current density, Jdep(0), 
indicates structural changes across the film are likely responsible for the variation in Jc, with the measured variation in Tc and 
ρ unable to explain the decrease in measured Jc moving to the wafer edges. EELS and XRD analysis, coupled with Tc and ΔTc 
data, has indicated the coexistence of superconducting NbC within the film, however, further work is required to understand 
the exact film stoichiometry and how this changes as a function of film thickness and across the sample area.  

  Overall, we have shown that PEALD of NbN using RF substrate biasing can produce highly uniform superconducting NbN 
films at relatively low temperatures (250 oC) over large areas, with minimal drop-off in Tc over a 200 mm range. This has the 
potential to replace magnetron sputtering as the standard thin film deposition technique for superconducting thin films for 
emerging photonic quantum technologies such as SNSPDs.  This work has the potential to enable the fabrication of large-scale 
arrays of SNSPDs with high yield and uniform, consistent device performance, compatible with large scale hybrid integration 
for quantum photonics [44]. This improved thin film technology could have a profound effect on burgeoning SNSPD 
application areas including integrated receivers for multichannel quantum key distribution [45], satellite quantum key 
distribution receivers [46], large scale photonic quantum computing [47,48], superconducting optoelectronic circuits for 
neuromorphic computing [49], SNSPD receivers for  single-photon LIDAR [50] and advanced SNSPD detectors for dark matter 
searches [51]. 
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