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Abstract 

We introduce a novel three step procedure for precise niobium (Nb)-etching on the nm-scale, including the 

design of high contrast resist patterning and sacrifice layer formation under high radio frequency (RF) 

power. We present the results of precise slit fabrication using this technique and discuss its application for 

the production of superconducting devices, such as, superconductor-semiconductor-superconductor 

(S-Sm-S) Josephson junctions. For the reactive ion etching (RIE) of Nb we selected CF4 as etchant gas and 

a positive tone resist to form the etching mask. We found that the combination of resist usage and RIE 

process allows for etching of thicker Nb layers when utilizing the opposite dependence of the etching rate 

(ER) on the CF4 pressure in the case of Nb as compared to the resist. Precise slit-width control of 80 

nm-thick and 200 nm-thick Nb apertures was performed with three kinds of ER control, for the resist, the 

Nb, and the underlying layer. S-Sm-S Josephson junctions were fabricated with lengths as small as 80 nm, 

which can be considered clean and short and thus exhibit critical currents as high as 50 µA. Moreover, 

possible further applications as for apertures of superconducting light emitting diodes (SC LEDs) are 

addressed. 
 

 
1. Introduction 

On-demand generation of single photons and entangled photon pairs in the telecommunication band is 
not possible with the common state-of-the-art conventional single photon sources such as using down 
conversion [1]. These types of sources produce Poissonian distributed photon pairs with a high photon 
number fluctuation, which requires a strong attenuation in order to suppress multi-photon events (n ≥ 2) and, 
consequently, makes the sources quite inefficient. Therefore, solid-state photon sources generating 
on-demand single photons and entangled photon pairs are highly desired for quantum information processing 
and communication (figure 1(a,b)). We have proposed a new scheme to realize solid-state entangled photon 
pair sources using a SC LED [2-5], as highlighted in figure 1(c). Spontaneous recombination of electron 
cooper pairs penetrating from the Nb cathode and holes from the anode lead to the generation of entangled 
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photon pairs [5]. The emission of entangled photon pairs can be observed through the aperture of a SC Nb 
cathode. Figure 2 describes in detail that the penetration of Cooper pairs into the semiconductor and the 
emission efficiency depends on the size and depth of the aperture and on the thickness of the SC electrodes. 
For wider apertures the photon extraction efficiency increases, whereas for narrower apertures the Cooper 
pair injection is enhanced. Recently, K. Il’in et al. [6] reported that a decrease of the thickness is 
accompanied by a decrease of both the critical temperature Tc and the critical current Ic, which demonstrates 
that the deposition of a thicker SC Nb layer provides a stronger proximity effect.  

Over the past two decades, RIE of Nb has been employed to fabricate functional SC materials with 
attractive properties with a high SC Tc and thermal cycling capability; e.g., for Josephson tunnel junctions, 
SC quantum interference devices (SQUIDs), signal processors, optical switching devices, and emission 
extraction apertures of SC LEDs [5-10]. Mixed gases like CF4/O2, SF6/O2, CCl2F2/O2, Cl2/CHCl3, CCl2F2/H2 
and single gases like CF4, CCl2F2 and CBrF3 have been reported as gas etchant of Nb [10-14]. CF4 was 
selected in our work, considering not only its selectivity of Nb etching but also the gas resistance of the resist 
and underlying InGaAs layer. In this work, we report that the combination of resist and RIE processes, 
without the usage of a metal or SiO2 mask, enables us to achieve 200 nm-deep Nb etching. This deep etching 
is possible because of the opposite CF4 pressure dependence of the Nb and the resist ERs. 

For the nanofabrication of SC apertures, the development of high-resolution electron-beam lithography 
(EBL) is important. We have successfully achieved high contrast patterning which is consistent with 
computer aided design (CAD) structures and sizes. It is crucial to have precise control over the aperture size 
and shape to improve both the emission efficiency and the smooth Cooper pair injection into the underlying 
active layer by proximity effect. In this regard, the formation of different aperture sizes and shapes is 
investigated. Precise slit-width control of the 200 nm-thick Nb apertures can be obtained by using isotropic 
etching after the formation of side-wall sacrifice layers based on high contrast resist patterning. S-Sm-S 
Josephson junctions with narrow Sm-slits have been studied and high values of Ic were measured that 
confirm the successful injection of Cooper pairs up to temperatures close to Tc. 
 

 

Figure 1: Single photon sources for highly secure quantum communication; (a) generation of single photons using an 
attenuated source, and (b) on-demand (deterministic) generation of entangled photon pairs for quantum communication. 
(c) Schematic illustration of the fabricated SC LED proposed for entangled photon-pair generation resulting from 
radiative recombination of electron Cooper pairs with normal holes. 
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Figure 2: Relationship between extraction efficiency and proximity effect. (a) Slit-width dependence of Nb apertures, 
where the top image illustrates high photon extraction and the lower one more efficient Cooper pair penetration to the 
aperture center. (b) SC layer thickness dependence of Nb apertures where the lower image illustrates more efficient 
Cooper pair injection. 

 
2. Fabrication and experimental procedure 

The Nb films (80 and 200 nm thick Nb) were deposited by EB evaporation on GaAs substrates. The resist 
mask for the Nb etching must allow high EB resolution. The positive tone ZEP 520A resist (ZEP in the 
following) has been selected because of its high dry etching resistance. The EBL process employing the ZEP 
is as follows: the spin coating of the resist (45 s, 4000 rpm) on the Nb/GaAs substrate (10 mm × 10 mm) was 
followed by a one day drying time in the vacuum chamber. The coated resist thickness (typically around 440 
nm) was measured using a Filmetrics F20 thin-film analyzer. The designed line and space patterns (10 – 600 
nm) were generated by ultra-high- precision EBL (ELS-7700H, ELIONIX) using 100 keV accelerating 
voltage, 1.8 nm minimum electron probe diameter and 50 pA beam current. The resist was developed with 
ZED-N50 at -17 oC, under immersed state in a bath temperature controller in ethylene glycol solvent diluted 
with water (1:1 ratio). The low temperature condition was chosen to minimize the undercut and to ensure the 
precise transfer of the CAD specified structure. The developing solution temperature was accurately 
measured and kept constant throughout the developing process. The long developing time of 10 min was 
necessary to provide sufficient dissolution due to the reduced sensitivity at low temperature.  

A SAMCO Model 10-NR RIE etcher was used for etching of the Nb apertures. High-resolution 
fabrication of an 80 nm-thick Nb electrode was achieved by RIE-CF4 plasma etching under the following 
conditions: chamber pressure = 5 Pa, RF power = 100 W, and flow rate = 89 sccm. However, after 4.5 min 
etching, the positive-tone ZEP resist was completely removed which only allows etching a maximum of 80 
nm of Nb. Consequently, it was required to increase the chamber pressure or RF power to achieve etching 
depths larger than 80 nm. For etching of a 200 nm-thick Nb electrode the following conditions were applied: 
chamber pressure = 30 Pa, RF power = 200 W, and flow rate = 89 sccm; a detailed explanation and the 
respective results are discussed below in section 3. 

A field-emission scanning electron microscope (SEM) equipped with dimension measurement tool 
(JEOL JSM-6700FT) was used to estimate the patterned slit-widths using top view images as well as 
cross-sectional views of the developed resist patterns and Nb apertures (figures 3, 5, 6 and 8). The structure 
of the sacrifice layers deposited on both sides of the Nb sidewall (or Nb surface) after removing the resist 
was obtained using a digital instruments Nanoscope IIIa atomic force microscope (AFM) (figure 6). 
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Figure 3: (a) Slit-width control of 80 nm-thick Nb electrodes, measurement data vs. CAD specified value; the inset 

shows an SEM image of a successfully fabricated 20.2 nm Nb slit. (b) Influence of the Nb oxide on the ERs in the 

etching process, the Nb ER is 60 nm/min, the oxide ER is 20 nm/min (etchant = RIE-CF4, chamber pressure = 5 Pa, 

flow rate = 89 sccm, RF power = 100 W, etching time = 3 min 20sec). 

 

3. Experimental results and discussion 

Figure 3 shows the Nb slit-widths after etching of the 80 nm-thick electrodes and the influence of Nb 
oxide on the dependency between ER and time. Under the following condition, the etching of the 80 
nm-thick Nb electrodes was very precise with ignorable size variation as compared to the CAD specification: 
etchant gas = CF4, chamber pressure = 5 Pa, RF power = 100 W, and flow rate = 89 sccm (figure 3(a)). This 
demonstrates that the combination of low pressure (5 Pa) and low RF power (100 W) etching, based on high 
contrast resist patterning, can be used for fine patterning. The 20 nm slit-width aperture without line edge 
fluctuation was observed by SEM top-view image (inset of figure 3(a)). 80 nm-deep Nb etching can be 
achieved under the aforementioned etching conditions for etching times between three and four minutes with 
a remaining thickness of the resist of about 100 nm, where the slower etching of Nb oxide is considered 
before the start of Nb metal etching. Three kinds of oxides (Nb2O5/NbO2/NbO) can be generated under 
natural environment condition during Nb evaporation, resist coating and its development process [15-18]. 
Considering the ER of Nb oxide (20 nm/min) and Nb (60 nm/min) which are highlighted in figure 3(b), the 
oxide thickness could be estimated to be around 40 nm. However, after 4.5 min etching, the ZEP is 
completely removed which only allows to etch a maximum of 80 nm of Nb. As shown in figure 4(a) the 440 

(± 20) nm resist thickness for the undiluted case is the thickest achievable layer in a one-time coating process. 
Following this limitation, it is required to increase the chamber pressure of RIE-CF4 etching to etch down to 
depths larger than 80 nm. 

We explain the chamber CF4 pressure dependence of the ERs for ZEP, Nb, and (In)GaAs in figure 4(b). 
At the lowest pressure of 5 Pa, the ZEP ER (~100 nm/min) is 5 times higher than that of Nb (~20 nm/min), 
but the ER ratio of ZEP and Nb approaches unity (~35 nm/min) at the higher pressure of 30 Pa. This is 
because the higher CF4 pressure enhances the chemical reactivity aspect within the more diffusive regime. 
The underlying (In)GaAs layer, however, is almost not reactive with CF4 gas. This enables Nb selective 
etching for an underlying (In)GaAs active layer, e.g., for SC LED application.  
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Figure 4: (a) Dependence of the resist coating thickness on the anisole dilution ratio (Dilution ratio = anisole 

volume/ZEP volume); (b) dependence between the CF4-chamber pressure and the ERs of ZEP resist, Nb and (In)GaAs. 

 
 

 
Figure 5: (a) Schematic of the isotropic chemical gas etching reaction under high chamber pressure, and (b) 

measurement data of the Nb slit-width after resist removal vs. the CAD specified value. The blue arrow indicates the 

increased width of the fabricated slits as a result of the side etching. The following conditions were applied: etchant = 

RIE-CF4, chamber pressure = 30 Pa, RF power = 100 W, flow rate = 89 sccm, etching time = 4 min. The inset shows an 

SEM image of an Nb slit etched under these conditions. (c) Schematic of the sidewall deposition due to the strong ion 

bombardment under high RF power, and (d) measurement data of the Nb slit-width after resist removal vs. the CAD 

specified value. The red arrow indicates the reduction of the fabricated slit-width which corresponds to the total 

thickness of the two deposited side layers. The following conditions were applied: etchant = RIE-CF4, chamber pressure 

= 5 Pa, RF power = 200 W, flow rate = 89 sccm, etching time = 2 min. The inset shows an SEM image of an Nb slit 

etched under these conditions. 

 
However, we also found that a higher gas pressure (30 Pa) leads to size expansion of the Nb slit-width 

because of the strong isotropic chemical reaction which facilitates etchings along both vertical and horizontal 
directions (figure 5(a)). This isotropic etching can be even more pronounced in wider slits than in the small 
nano-sized slits because the wider slits provide easier access for the etchant (figure 5(b)). The horizontal 
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directional ER was estimated to be between 40 and 65 nm/min for 100 – 600 nm designed slit-widths. 
Therefore, under high pressure conditions slit-width expansion of 200 – 300 nm compared to the designed 
dimensions is unavoidable for apertures in 200 nm thick Nb electrodes. From the SEM image of figure 5(b), 
we furthermore observed large line edge roughness which might appear due to an enlargement of the resist 
pattern fluctuation during the chemical reaction. 

We found that a higher RF power (200 W) resulted in edge deposition through a strong ion bombardment. 
We consider that this phenomenon takes place because the vertical directional physical etching rate is 
enhanced for higher RF power. This strong physical power can promote the creation of a deposition layer at 
both sidewalls because the compounds of Nb as well as the reacted gas adsorbed on the sidewall are stable 
and cannot easily be etched off (figure 5(c)) [19]. The horizontal widths of each deposition layer 
accumulated to an almost constant width of around 50 nm for slits wider than 200 nm and around a quarter 
of the silt-width for narrower slits. Furthermore, looking at the SEM image of figure 5(d) we also observed 
that the deposition layer is higher than the Nb surface. The compounds of Nb and reacted gas are 
accumulated besides the vertical surfaces of both Nb and ZEP. The structure of the deposition layers remains 
regardless of the ZEP dissolving reaction during the development process. We propose that these sidewall 
deposition layers can be used as sacrificial layers against the slit-width expansion due to isotropic etching. 
Then, the deposition layers can be subsequently removed after the aperture fabrication. A three step 
processes was established as depicted in figure 6, including the design of high contrast resist patterning, the 
sacrifice layer formation under high RF power, and the achievement of precise slit-widths by isotropic 
etching time control. 

 

 

Figure 6: Illustration of the three step mechanism of precise slit-width control for aperture fabrication of 200 nm-thick 

Nb electrodes. Schematic (left panel) of the RIE etching mechanism and the corresponding experimental images (right 

panel: SEM, AFM: cross-sectional and top view with deep profile). Step 1: resist patterning, Step 2: sidewall deposition 

during high RF-power etching, and Step 3: isotropic etching. (The SEM images for Steps 2 and 3 are given as inset in 

Fig. 5 (d) and in Fig. 8 (a), respectively.) 
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Figure 7: Fabricated Nb slit-width vs. CAD specified value; the results of the 2-step process combining the two unique 

etching phenomena anisotropic etching and sidewall deposition (green circles) and of the 1-step balancing of these two 

phenomena (red x) are displayed. The green and red arrows indicate the achieved reduction of the fabricated slit-widths 

compared to the result of the isotropic etching process (blue diamonds). The inset shows an enlargement of the small 

size range indicated by the dashed box in order to illustrate the errors, i.e., the slit roughness, more clearly. 

Figure 7 shows the results of the aperture fabrication. The improvement is the result of the combination 
of the two unique phenomena: sidewall etching due to isotropic etching and sidewall deposition (figure 7, 
green circles). The combination of sacrifice layer deposition and subsequent isotropic etching reduces the 
slit-width expansion to around 100 nm as compared to the pure isotropic etching condition. This effect is a 
result of a balanced formation and removal of the sidewall sacrifice layers because the reduced slit-widths 
are consistent with the sacrifice layer widths. It is worthwhile noting that the one-time balanced condition of 
sidewall deposition and etching (figure 7, red x) results in an improved precision to control the aperture 
slit-widths. It allows the fabrication of apertures as small as 40 nm and sidewalls of lower roughness, which 
can be seen in the reduced magnitude of the errors in the respective measurement data (figure 7, red x error 
bars). 
The SEM image of an Nb aperture inside the SC LED device (figure 8(a)) highlights the benefit of the 
described process. It demonstrates how selective etching of an Nb aperture can be performed without causing 
damage to the underlying InGaAs active layer because of the opposite dependence of the etching rate on the 
CF4 pressure for Nb and GaAs/ZEP. The precise control of narrow Nb slit sizes and the accurate and constant 
slit-width with a low roughness are important properties to fabricate superconducting devices of high 
performance. To demonstrate the high quality of the nm-sized Nb etching we studied an Nb-InGaAs-Nb 
Josephson junction of L = 80 nm length and w = 20 µm width according to the structural design depicted in 
figures 1(c) and 8(a). Using the low temperature electron mobility of 103 cm2 V-1 s-1 and the carrier 
concentration of 5 × 1018 cm-3 [20] the mean free path l and the thermal coherence length ξN in the n-InGaAs 
layers are estimated as 76 nm and 400 nm. With these values the Josephson junction under investigation can 
be considered as (almost) clean and short (l ~ L < ξN). It is worthwhile mentioning that the active layer 
structure consists of 100 nm thick n-doped and 100 nm thick p-doped InGaAs. The transport in the 
Josephson junction is limited to the n-doped InGaAs because of the built-in potential of the p-n-diode. 
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Figure 8: (a) Cross-sectional SEM of a 350 nm wide aperture for a SC LED fabricated in a 200 nm-thick Nb surface 
electrode by the one-step balanced etching method. (b) Properties of an 80 nm Nb-InGaAs-Nb Josephson junction as a 
function of temperature: I-V curves of the Junction measured at temperatures between 0.33 and 9.99 K (0.33, 1.00, 2.00, 
3.01, 3.93, 5.04, 5.99, 8.00, 8.65, 8.7 (Tc), 9.00 and 9.99 K from left to right with incremental voltage offsets of 0.5 mV 
for clarity). (c) Dependence of the critical current Ic (solid black line) and the Nb resistance (dotted red line) on the 
junction temperature T, where the dashed vertical lines highlight the Ic saturation at I/ Ic ~ 0.11 and Tc ~ 8.7 K. 
 

The typical Josephson junction transport characteristics are shown in figure 8(b), where the current I 
through the junction is measured as a function of the applied voltage V. The temperature has been varied 
between 0.33 and 9.99 K for the displayed data. The left-most (blue dotted) curve shows the 0.33 K data 
taken at a higher resolution and exhibits the typical DC Josephson junction properties accompanied with 
hysteresis behavior [21, 22]. The invariably present slope in the measured data, which corresponds to a 
residual ohmic resistance of about 3 Ohm, is due to a non-zero serial normal resistance in the sample contact 
and wiring. The thick (red) line displays the I-V characteristics at the critical temperature (Tc = 8.7 K) and 
shows the transition to the normal conductance of the Nb metal. In figure 8(c) the extracted values of the 
critical current Ic and of the Nb resistance are plotted versus the sample temperature T. The Nb resistance 
exhibits the typical steep crossover between the super- and normal-conducting regimes at 8.7 K which is 
close to the intrinsic Nb transition temperature of 9.3 K and indicates the high quality of the deposited Nb 
layers. The maximum value of Ic saturates at around 50 µA, which is, to the best of the authors’ knowledge, 
among the largest values reported so far. This is in contrast to the observation of Josephson junction 
properties at 30 mK in a similar device with L = 150 nm where Ic was limited to around 2 µA [20]. This clear 
enhancement of Ic is due to the transition from a dirty to a clean junction. With the normal state resistance of  
the junction (RN = 130 Ohm) a characteristic voltage, Ic × RN, of 6.5 mV can be extracted which suggests a 
high interface mobility. However, the saturation of Ic at around I/ Ic = 0.11 indicates a still not perfectly 
transmissive junction. 
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4. Conclusion  
Under low RF power and low chamber pressure (5 Pa, 100 W) etching conditions of 80 nm thick Nb 

electrodes apertures could be accurately transferred and processed according to their design. For the 200 nm 
thick Nb electrodes we found that higher RF power (200 W) resulted in sidewall deposition mediated by a 
strong ion bombardment and that an increased chamber pressure (30 Pa) led to isotropic etching by chemical 
reactions involving the absorbed gas ions. We also pointed out that the sidewall deposition layers act as 
sacrificial layers against isotropic chemical etching. We found that the combination of these unique etching 
phenomena led to a remarkable decrease of the size variation and slit-edge roughness. A three step processes 
was established, including the design of high contrast resist patterning, sacrificial layer formation under high 
RF power, and achievement of precise slit-widths by isotropic etching time control. Precise slit-width control 
of Nb apertures could be successfully demonstrated down to sizes as small as 20 nm. High critical 
temperatures (8.7 K) and critical currents (50 µA) could be justified for a clean and short S-Sm-S Josephson 
junction made of an 80 nm Nb slit. Furthermore, the SC LED samples fabricated using this process are 
expected to be very effective for light extraction as well as for a source of entangled photon pairs that 
originate from a radiative recombination of an electron Cooper pair with two normal holes. 
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