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Featured Application: Potentially useful for creation of correlated 2-photon entanglement.

Abstract: Coupling superconducting (SC) contacts to light-emitting layers can lead to remarkable effects, as
seen in inorganic quantum-well LEDs with superconducting contacts, where an enhancement in radiative
recombination was observed. Additional dramatic effects were theorized if both electrodes are SC, such as
correlated emission and 2-photon entanglement. Motivated by this and by the question if proximity induced
SC is possible in organic light emitting materials, we studied the electronic properties of stacked SC-organic-
SC devices. Our structures consisted of Nb (bottom) and NbN (top) SC electrodes and a spin-coated light
emitting semiconductor polymer, MEH-PPV. Sputtering the SC directly on the polymer causes pinhole, which
we prevent by ultra-slow deposition of a 5 nm aluminum film, before depositing the top SC in-situ. The Al
protects the organic film from damage and pinhole formation, while preserving SC in the top electrodes due
to proximity effect between Al and NbN. Electrical transport measurements of the completed junctions indicate
that indeed, the top and bottom contacts are superconducting and the protected MEH-PPV layer is pinhole-
free, as supported by HR-TEM and EDS. Most important, we find that as the temperature is decreased below
the critical temperature of the SCs, the device shows evidence for proximity effect in the MEH-PPV and for a
Josephson effect in the device.

Keywords: proximity effect; organic light emitting diode; Niobium nitride; superconductor-LED
coupling; Josephson junction

1. Introduction

When a superconducting (SC) material is brought in contact with a non-SC layer, the electronic
coherence of the superconductor can be induced in the normal layer up to some penetration depth.
This induction, known as the proximity effect, can result in the normal layer exhibiting the salient
properties of superconductivity such as current flow for zero applied voltage [1,2]. Recently,
Suemune et al. developed an inorganic LED with a SC Nb cathode and reported a dramatic increase
in quantum efficiency and radiative recombination rate below TC, due to the proximity effect [3,4].
Below TC, Cooper pairs created in the Nb layer are injected into the pn-junction of the
superconductor-LED (SC-LED) where they induce superradiant correlations in the radiative
recombination process [5,6]. Several research teams predict that SC-LEDs will emit coherent laser-
like emission with superior coherence metrics compared to traditional lasers [7-9], and discussed
theoretically that SC-LEDs can be a source or detector of quantum entangled photons [10-12].

Organic materials have the potential for extraordinary process flexibility, as there is no need for
crystallinity or lattice matching in order to produce a thin film of organic semiconductor that is light
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emitting. Utilizing organic semiconductors can overcome some of the processing limitations in
combining SC and inorganic LEDs, towards making a superconductor contacted OLED (SC-OLED).

There are two critical challenges that one must overcome before trying to realize such a device:
(i) processing difficulties — can the SCs and organics retain their properties when combined in an LED
geometry? (ii) is it possible to have proximity induced superconductivity in relevant organic
materials? In this paper, we show both challenges are surmountable.

Combining organic materials with superconductors has been studied in a number of systems. A
single island of graphene contacted laterally with W or Pb electrodes exhibited superconductivity
below 1 K or around 5 K, respectively, due to the proximity effect [13,14]. Proximity effect has been
also shown in single strands of DNA, CNTs, and single molecules of C60 [15-17]. Proximity effect
was also investigated in conducting polymers contacted laterally by high-TC superconductors, but
little effect was found due to material processing issues [18]. These studies substantiate that the
proximity effect can be induced in organic materials, but there are no reports yet for proximity in thin
films of light emitting semiconductors that are more suitable for a LED architecture.

Here we studied organic light emitting semiconductors that are contacted by superconducting
electrodes in a vertically stacked “SC-O-SC” structure composed of a bottom SC electrode, an organic
semiconductor layer, and then a top SC contact. The advantage of this architecture is that it easily
expands to an OLED structure if the top SC electrode can be transparent while remaining
superconducting, which we show is possible. We found evidence for proximity effect in the organic
layer and Josephson junction behavior in the SC-O-SC structures, manifested by the large decrease in
the layer's resistivity below the SCs’ transition temperatures (TC) and the transport properties of the
SC-O-SC devices.

2. Materials and Methods
A. Material considerations

We chose Nb and NbN as the contact materials because they can be fabricated without heating,
oxidation or epitaxial constraints, which would destroy the organics during fabrication, in contrast
to high-TC superconductors for example. Additionally, when NbN is deposited as a relatively thin
layer (<15nm), it remains superconducting and is semi-transparent, thus making it a good candidate
for the light transmitting electrode of the LED. In the development of transparent top-emitting
OLEDs, it was shown that when sputtering a transparent cathode such as ITO on top of organics, it
is beneficial to introduce a protective layer to absorb the high energy from sputtering [19,20]. Here
we show that a thin layer of gently-sputtered aluminum protects the organics from the harsher and
higher-rate sputtering needed to grow the top superconducting NbN. Al is also favorable since it can
transfer the superconductivity, via proximity, to the semiconductor layer [21]. The organic material
chosen, poly[2-methoxy-5-(2’-ethylhexyloxy)-p-phenylene vinylene] (MEH-PPV), is a fluorescent
hole-transporting "p-type" semiconducting conjugated polymer, well-established for OLED
fabrication [22,23].Interventionary studies involving animals or humans, and other studies that
require ethical approval, must list the authority that provided approval and the corresponding ethical
approval code.

B. Sample preparation

As illustrated in Figure 1a, a vertical stack of layers was chosen as the device architecture for
investigating the proximity effect. To provide better heat-sinking, SC-O-SC structures were prepared
on highly doped 350 pm thick Si wafers, with 0.5 pm of thermal oxide to insulate the devices
electrically from the substrate. All inorganic materials were deposited using a high vacuum DC
magnetron sputtering system (AJA Int.) with a base pressure of 1x10-8 Torr. Thin films of Nb (60 nm)
served as the bottom electrical contact. Nb was deposited at ambient temperature from a 99.95% Nb
target (ACI Alloys Inc.), in an ultra-high purity (UHP) Argon environment at a pressure of 2.4 mTorr
and deposition rate of 0.18 nm/s. Electrodes were defined by depositing through a stainless-steel
mechanical shadow mask with 1 mm wide lines.
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MEH-PPV was purchased from Sigma-Aldrich (Aldrich 541443) and used without further
purification. The MEH-PPV was dissolved in chloroform (Sigma-Aldrich) at a concentration of
4mg/ml, and then thin films were formed on top of the Nb layer via spin-coating in air (PMW32, Headway
Research), with the conditions calibrated to yield a film thickness of 40 nm 3 nm. After spin-coating,
samples were dried overnight in high vacuum (10-7 Torr) before deposition of the top electrode. Sample
exposure to ambient environment during spin-coating was kept to the necessary minimum.

For the top contact layers, first a protective layer of 5 nm Al (99.99%, ACI Alloys, Inc.) was DC
sputtered at a very low rate of 0.004 nm/s and 12 mTorr Argon pressure. Following, the NbN top
electrode was deposited in-situ. NbN films between 15 nm to 30 nm in thickness were sputter-
deposited from the Nb target in a mixed UHP Ar and Nitrogen environment of 73% and 27%
respectively, at a rate of 0.04 nm/s and pressure of 2 mTorr. A cross sectional TEM of the top layers appears
in Figure 1b. For patterning top electrode layers, the mechanical mask was oriented perpendicular to the
bottom electrode lines, in order to create the cross junction illustrated in Figure 1c.

C. Transport measurements

Electrical transport measurements were carried out in a helium cryostat (Quantum Design
PPMS) with a minimum temperature of 2K. IV characteristics were measured using a combined delta-
mode setup consisting of a Keithley-6221 current source and Keithley-2182 Nano-voltmeter. The
measurement configuration is illustrated in Figure 1(c). While current was passed through the
junction, voltage was measured simultaneously across it (VSC-O-SC) and on the top electrode (VSC),
in order to probe the state of the SC during junction activation. To minimize the effect of Joule heating,
devices were measured in a pulsed delta-mode scheme [24]: current was supplied and voltage was
measured during a 2 ms interval, followed by a 100 ms off-time before the next current-pulse.

(a) (b)
m
| Al5nm___ |
MEH-PPV 10 nm
Nb 60 nm (c)
Current source
Si0, 500 nm

Figure 1. This is a figure. Schemes follow the same formatting. Device structure and measurement
configuration. (a) Schematic of the SC-O-SC structure. Materials” order and thicknesses are marked.
(b) Cross-sectional TEM focusing on the interface of MEH-PPV, Al, and NbN layers (scale bar = 10
nm). (c) Configuration of the contacts for applying current and measuring voltage simultaneously
along the top superconductor and through the organic layer of the device.

D. Film characterization

A Bruker FastScan-Bio™ AFM was used to characterize morphology of the deposited layers and
measure film thicknesses. The thickness of the MEH-PPV layers was also measured using a
profilometer (Veeco DEKTAK 150). HR-TEM (Jeol-Jem 2100) images were acquired on cross-sections
of the film stack, which were prepared by focused ion beam milling. The TEM was also used to
perform position dependent Energy Dispersive Spectroscopy (EDS) to investigate the extent of layer


https://doi.org/10.20944/preprints202411.1696.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2024 d0i:10.20944/preprints202411.1696.v1

intermixing. Optical transmission measurements were obtained in a UV-Vis spectrophotometer
(Cary 100 Bio UV-Vis).

3. Results and Discussion

This section may be divided by subheadings. It should provide a concise and precise description of
the experimental results, their interpretation, as well as the experimental conclusions that can be drawn.

3.1. Overcoming Pinholes

Fabrication of the SC-O-SC devices requires harmonious integration of superconductors and
organic materials. Deposition of the organic layer on top of the SC is very straightforward, where we
can benefit from the facility of spin-coating and no need for lattice matching. AFM measurements of
MEH-PPV atop Nb depicted flat layer coatings, with an RMS roughness of ~4nm and thickness of
40nm. Deposition of the top SC requires much more finesse. Sputter-deposition of NbN directly on
the organic layer always resulted in Ohmic IV characteristics of the Nb/MEH-PPV/NbN junction.
Cross-sectional TEM measurements of the device, Figure 2, point two contributing factors. First, the
polymer was thinned to ~22 nm - half of its thickness prior to top electrode deposition, see Figure 2a.
This is likely due to the heavy Nb atoms impinging the organic with enough momentum to mill into
the layer. Moreover, in Figure 2(b), the local EDS measurements of Nb across the junction show an
abundance of Nb atoms in the organic layer. By gently sputtering a thin layer of Al on top of MEH-
PPV prior to deposition of the top superconductor, we were able to overcome these problems. As
evidenced in Figure 2c, in samples with the 5 nm Al layer, the polymer thickness after NbN
deposition is nearly identical to the amount initially deposited. The EDS measurements of the Al-
protected junction (Figure 2d) shows that a major portion of the MEH-PPV is free of Al and Nb
impurities. These findings, together with the transport properties of MEH-PPV, presented in the SC-
O-5C temperature dependent transport properties section below, confirm that the Al layer is efficient
in protecting the organic layer and preventing pinholes.

Nb/MEH-PPV/NbN
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Figure 2. HR-TEM and EDS profile. (a) TEM and (b) EDS of Nb for a device without the Al layer. (c)
TEM and (d) EDS of Nb and Al for a device with 5 nm Al protective layer.
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3.2. Superconductors’ Properties

The SC critical temperatures of the bottom Nb electrode, deposited on silicon, and spin-coated
with MEH-PPV on top was ~8.2 K, see Figure 3a. The transition width (from 90% to 10% of normal
resistance) was 0.05K, and the normal resistance was 2.7 (3/ near TC. Thus, the spin- coating does
not affect the bulk Nb properties, but this measurement does not rule out possible interface
degradation. In Figure 3b we compare resistance vs. temperature measurements of 15 nm NbN films
deposited on silicon or on top of the MEH-PPV (40 nm)/Al(5 nm) layers. The TC slightly decreased,
from 10.01 K to 9.90 K, when depositing on the organic. These are lower than the reported TC~17 K
of NbN, but reasonable considering the imposed deposition conditions, i.e. room temperature
deposition, low rate and thickness. The transition width increased from 0.88 K for NbN on Si to 1.06
K when deposited on MEH-PPV. For temperatures just above TC, the resistance for NbN on MEH-
PPV/Al is 20% higher than on Si. NbN acts like a “bad metal”, in that its resistivity increases with
decreasing temperature (in our films from room temperature resistance of ~ 115 )/ , to ~160 Q3/ for
temperatures just above TC). The critical currents of the NbN (15 nm) top electrodes, measured for
several temperatures below TC, plotted in Figure 3c, show linear increase with decreasing
temperature. The critical current density is approximately an order of magnitude lower than
observed for clean NbN. Finally, the optical transmission spectrum was measured for a Al(5
nm)/NbN(15 nm) bilayer, deposited on a glass substrate simultaneously with the MEH-PPV/AI/NbN
sample described above, see Figure 3d. More than 27% of incident light is transmitted through the

top Al/NDbN electrode.
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Figure 3. Characterization of superconducting layers. (a) Resistance vs. temperature of Nb film (50
nm) spin-coated with MEH-PPV. (b) Resistance vs. temperature of NbN film (15 nm) deposited on Si
substrate (red) and MEH-PPV/ALI (blue) (c) Voltage vs. current across the NbN layer, showing critical
current at different temperatures. (d) Optical transmission through a Al(5 nm)/ NbN(15 nm) bilayer
deposited on a glass substrate.

3.3. SC-O-SC Temperature Dependent Transport Properties

In Figure 4, we present temperature dependent IV measurements of the SC-O-SC devices
depicted in Figure la, with 5nm Al and 30 nm thick NbN. We use a thicker NbN electrode to
strengthen its SC properties (e.g., TC increased to 11.4 K in this device) and proximity effect, since
the main goal was to search for SC signatures in the transport properties of the junctions.
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The IV at 300 K shows non-linear current increase with voltage, similar to previously reported
for MEH-PPV junctions, indicating space charge limited conductivity [25]. As the temperature is
lowered, the resistivity of the organic layer increases, providing further evidence that the metal-
semiconductor-metal device is not governed by pinholes.

Looking at the IV behavior just below the NbN transition temperature, one observes a region
with negative differential resistance (NDR) above 8 mA, blue curve in Figure 4, measured at 11 K. By
comparing (inset of Figure 4) the voltage drop on the NbN electrode (purple) with the voltage across
the SC-O-SC junction (blue), as a function of current, we observe that the NDR coincides with crossing
the SC critical current of NbN. This behavior is expected, recalling that when NbN becomes normal
there is excess Joule heating, due to the relatively high resistance of NbN [26], which increases at low
temperatures. This means that upon reaching the critical current, dissipation in NbN contributes to
the temperature increase of the junction, therefore lowering the resistance of the MEH-PPV. This also
explains the difference in the MEH-PPV high voltage characteristicc when comparing the
measurements at 15 K and higher temperatures with those at temperatures below 11 K. Evidently,
when measuring with larger currents and above 15 K, Joule heating of the NbN heats the MEH-PPV
and changes its IV measurement. For temperatures below 11 K, the NbN is superconducting and
there is no excess heating of the junction. Thus, the junction temperature is lower, and the organic’s
resistance is higher.

We note in passing that we have also measured light emitting properties in a similar OLED
device through the top electrode, where an additional inorganic blocking layer was added, see
Supplemental Material for details[27]. This device showed light emission down to the lowest
temperature measured of 5 K. This provides further support for the effectiveness of Al in preventing
damage to the organic layer, since emission would be strongly quenched if pinholes were present.
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Figure 4. Current vs. voltage of the SC-O-SC junction for temperatures between 2 K to 300 K. IV curves
show space charge limited conductivity for the MEH-PPV layer. Inset: V vs. I measured at 11 K for
NbN (purple) and MEH-PPV (blue). NbN displays a critical current of 8 mA. The onset of negative
differential resistance in the device corresponds with the critical current.

Figure 5 presents the main results of our study. In Figure 5a we plot the low bias resistance of
the SC-O-5C junction as a function of temperature (normalized to the maximal resistance). There is a
considerable drop in resistance coinciding with the critical temperature of NbN (11.4 K, right dotted
line), then there is a further resistance drop upon crossing the Nb critical temperature (8.1 K, left
dotted line). The final resistance, however, is not zero, reaching 10% of the maximum resistance at
our lowest attainable temperature of 2K.

Figure 5b provides a zoomed in view, up to 12 mV, of the IV curves for temperatures between 2
K and 11 K. Generally, for these small currents, the organic semiconductor is in the ohmic regime,
and far from the space charge limited behavior that we observed at higher voltages (Figure 5) that is
common in polymers such as MEH-PPV [25]. For all temperatures above 11 K, the behavior is ohmic,


https://doi.org/10.20944/preprints202411.1696.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 22 November 2024 d0i:10.20944/preprints202411.1696.v1

but also for temperatures above 8K the behavior is nearly ohmic. Below 8 K, the TC of Nb, the IV
characteristics change considerably and show features typical for the onset of the Josephson
effect[28]. The Josephson critical current, i.e. the current at which the resistance changes back to the
normal ohmic regime, increases with temperature and is shifted relative to the normal behavior, see
inset of Figure 5b.

(a) L0 ‘ ‘ ‘

|

0.8r R

R/Rmax
< <
+ [=3%

0.0 L L L
0 20 40 60 80

Temperature [K]

(b)

1
-10 -5 0 5 10

VmV]

Figure 5. Low voltage and low temperature measurements. (a) Normalized zero bias resistance vs.
temperature of the SC-O-SC stack. Dotted lines mark the TC of NbN (11.4 K) and Nb (8.1 K)) electrodes.
(b) main — Low voltage IV measurements at temperatures between 2 K and 11 K, as marked. Inset —
IV measured at 2 K. The dotted line extrapolates the linear IV regime to 0 V with non-zero residual
current, indicative of a Josephson junction.

Similar IV behavior was reported in studies on proximity induced superconductivity in
conventional semiconducting materials [21,29-31] and also in lateral devices of organic
semiconducting nano-items such as individual single wall carbon nanotubes [16], DNA strands [15]
and graphene nano-islands [14]. In these studies, the critical temperature for the appearance of a
Josephson critical current was usually below 0.5K (using similar superconductors), which is lower
than the temperatures attainable in our cryostat which has a base-temperature of 2K. When these
samples were at temperatures above ~ 0.5 K and yet below TC of the superconducting contacts, the
resistivity decreased as the temperature was lowered but did not drop to zero, consistent with the
trends we observe in our results.

4. Conclusions

In conclusion, we successfully integrated superconductors and organic materials in a vertically
stacked structure by adding a protective Al layer prior to the harsher deposition of the top NbN
electrode. We demonstrated that transport properties of the SC-O-SC devices consisting of Nb/MEH-
PPV/AI/NDN are not due to pinholes: (i) EDS measurements depicted a significant metal-free organic
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layer; (ii) the junctions show typical space-charge limited IV characteristics of single layer organic
semiconductor structures; (iii) the junction resistance increases as the temperature is lowered, down
to temperatures just above the NbN TC; and (iv) a similar junction with an additional V205 blocking
layer had light emitting properties down to the lowest temperatures.

At temperatures below the TC of NbN the onset of proximity induced superconductivity in the
MEH-PPV layer is manifest. The zero-bias resistance across the junction reduces significantly with
temperature following the superconducting transitions of both the Nb and NbN electrodes. Our
measurements were performed at temperatures higher than 2 K. Given these results, it is reasonable
to estimate that complete Josephson current could be realized at lower temperatures or by reducing
the voltage noise of the low current measurements.

The stacked architecture we developed can serve as a platform for fabrication and investigation
of SC-OLEDs. Our measurements show proximity induced coherence in p-type MEH-PPV layers,
and suggest that these effects should be observable in other organic semiconductor thin films, at low
but accessible temperatures. In addition, we successfully created a semi-transparent and
superconducting top electrode. Thus, we have presented a flexible framework in which to study and
observe the role of superconductor induced coherence on the excitonic properties of organic light
emitting materials. Such coherence effects could have a pronounced impact on exciton formation and
recombination and ultimately lead to brighter or even laser-like coherent emission upon electrical
excitation, a goal sought elusively from many directions for organic semiconductors [32,33]

Supplementary Materials: The following supporting information can be downloaded at the website of this
paper posted on Preprints.org, Figure S1: Electroluminescence at low temperature.
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