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YBa2Cu3O7-δ

𝟏/𝟖
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Nanoscale order
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Nanoscale order
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Outline/YBCO nanostructures

nanowires

nanoSQUIDs
nanowires for 

photodetectionnanorings
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Outline/YBCO nanostructures

nanowires for 
photodetection

nanowires

nanorings nanoSQUIDs
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Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

Y𝐵𝐶𝑂 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 50 𝑛𝑚
Y𝐵𝐶𝑂 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 1 − 2 𝑛𝑚
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Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

𝒘 𝑑𝑜𝑤𝑛 𝑡𝑜 𝟓𝟎 𝒏𝒎
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Benchmarking the quality of  YBCO nanowires

S. Nawaz, R. Arpaia, T. Bauch, F. Lombardi, Physica C 495, 33 (2013) 

T = 4.2 K

S. Nawaz, R. Arpaia, F. Lombardi and T. Bauch, Phys.Rev.Lett. 110, 167004 (2013)

𝑱𝑮𝑳𝒅 = 𝜱𝟎/(𝟑 𝟑𝝅𝝁𝟎𝝀𝑳𝟐𝝃) = 1 − 3 10 A/cm

Critical current densities close to the depairing limit
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Why nanoSQUIDs?

To develop quantum limited magnetic flux sensors

ASC                      Charlotte           August 11, 2014

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2014 (Preview 1). 
ASC 2014 presentation and paper 2EPo1D-08; 1st Prize in Best Student Paper Contest, Electronics.

13



Why nanoSQUIDs?

To develop quantum limited magnetic flux sensors

Why Dayem bridge configuration?

The use of conventional barriers implies several drawbacks
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YBCO nanoSQUID implementing nanowires

R. Arpaia, M. Arzeo, S.Nawaz, S.Charpentier, F.Lombardi, T.Bauch,  Appl.Phys.Lett. 104, 072603 (2014) 
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YBCO nanoSQUID implementing nanowires

R. Arpaia, M. Arzeo, S.Nawaz, S.Charpentier, F.Lombardi, T.Bauch,  Appl.Phys.Lett. 104, 072603 (2014) 

𝐹𝑖𝑟𝑠𝑡 𝑒𝑥𝑝𝑒𝑟𝑖𝑚𝑒𝑛𝑡𝑎𝑙 𝑑𝑒𝑚𝑜𝑛𝑠𝑡𝑟𝑎𝑡𝑖𝑜𝑛 𝑜𝑓 𝒄𝒓𝒊𝒕𝒊𝒄𝒂𝒍 𝒄𝒖𝒓𝒓𝒆𝒏𝒕𝒎𝒐𝒅𝒖𝒍𝒂𝒕𝒊𝒐𝒏 𝒊𝒏 𝒕𝒉𝒆 𝒇𝒖𝒍𝒍
𝒕𝒆𝒎𝒑𝒆𝒓𝒂𝒕𝒖𝒓𝒆 𝒓𝒂𝒏𝒈𝒆 𝑏𝑒𝑙𝑜𝑤 𝑡ℎ𝑒 𝑡𝑟𝑎𝑛𝑠𝑖𝑡𝑖𝑜𝑛 𝑡𝑒𝑚𝑝𝑒𝑟𝑎𝑡𝑢𝑟𝑒 𝑇
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YBCO nanoSQUIDs: sub-μΦ0/Hz1/2 flux sensitivity

R. Arpaia, M. Arzeo, S.Nawaz, S.Charpentier, F.Lombardi, T.Bauch,  Appl.Phys.Lett. 104, 072603 (2014) 

White noise level better than 
1  μΦ0/Hz1/2 at 8 K 

Best sensitivity ever measured 
in HTS SQUIDs

• Detection of magnetic nanoparticles
in high magnetic fields

• Single spin detection?
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YBCO nanowires for photodetection: aim
Realization of Single Photon Detectors, generally based on the hot spot mechanism.

¾ detection efficiencies
¾ low dark counts (<1 s-1), 
¾ fast time response (few ps)

The focus at the moment is only on LTSs (NbN, MgB2,  etc…)  

G. N. Gol’tsman  et  al., APL  79, 705 (2001)
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YBCO nanowires for photodetection: aim
Realization of Single Photon Detectors, generally based on the hot spot mechanism.

¾ detection efficiencies
¾ low dark counts (<1 s-1), 
¾ fast time response (few ps)

The focus at the moment is only on LTSs (NbN, MgB2,  etc…)  

YBCO can be a good candidate:
¾ wider T working range
¾ fast thermalization dynamics

But:
¾ Limitation in the nanopatterning

G. N. Gol’tsman  et  al., APL  79, 705 (2001)
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YBCO nanowires for photodetection: fabrication

¾ Large areas have to be covered

parallel configuration (M. Ejrnaes et
al., SuST 22, 055006 (2009)), with wire
lenghts up to 10 μm (A=30 x 10 μm2)

¾ Au capping has to be etched
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Photoresponse measurements on YBCO nanowires

𝜆 = 1550 𝑛𝑚
𝐹 = 50 𝑛𝑊/𝜇𝑚
𝑡 = 10 − 500 𝑛𝑠

𝜏 = 𝜏 = 3 𝑛𝑠
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Photoresponse measurements on YBCO nanowires
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Photoresponse measurements on YBCO nanowires
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Photoresponse measurements on YBCO nanowires

The main 
contribution to the 

photoresponse 
signals has a 

bolometric nature
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Outlook: YBCO/LSMO nanowires

La0.7Sr0.3MnO3 could play an effective role:

¾ as a capping.

¾ as a manganite.

R. Arpaia, M. Ejrnaes, L. Parlato, R. Cristiano, M. Arzeo, T. Bauch, S. Nawaz, F. Tafuri, G. P. Pepe, F. 
Lombardi, Supercond. Sci. Technol. 27, 044027 (2014).
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Outlook: YBCO nanorings
2e or not 2e?
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Outlook: YBCO nanorings
2e or not 2e?
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R. Arpaia, S. Charpentier, R. Toskovic, T. Bauch, F. Lombardi, Physica C (2014), DOI: 10.1016/j.physc.2014.06.015
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Outlook: YBCO nanorings
2e or not 2e?
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Summary
� We fabricated YBCO nanowires with properties close to the

as grown film, that are model systems to study the intrinsic
properties of the HTS

� We can employ these nanowires in devices with outstanding
sensitivity to magnetic flux (record white flux noise in
nanoSQUIDs)

� We observed photoresponse from parallel nanowires,
covering very large areas, although the single photon limit is
still not reached.

� A sharp peak in the FFT spectrum of the R(B) oscillations of
the nanorings represents solid ground for future experiments
on underdoped YBCO nanorings, where different values of
the flux quantum (h/e, h/2e, h/4e) might be detected.
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YBa2Cu3O7-δ cell

𝟏/𝟖

𝑎 = 3.82 Å
𝑏 = 3.89 Å
𝑐 = 11.69 Å

ASC                      Charlotte           August 11, 2014

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2014 (Preview 1). 
ASC 2014 presentation and paper 2EPo1D-08; 1st Prize in Best Student Paper Contest, Electronics.

31



Benchmarking the quality of  YBCO nanowires

S. Nawaz, R. Arpaia, T. Bauch, F. Lombardi, Physica C 495, 33 (2013) 
S. Nawaz, R. Arpaia, F. Lombardi and T. Bauch, Phys.Rev.Lett. 110, 167004 (2013)

R. Arpaia, D. Golubev, R. Baghdadi, M. Arzeo, G. Kunakova, S. Charpentier, S. Nawaz, F. Lombardi, 
T. Bauch, Physica C (2014) DOI: 10.1016/j.physc.2014.06.002

w = 50 nm

II. Same critical temperature of the unpatterned films 
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Benchmarking the quality of  YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

II. Same critical temperature of the unpatterned films 

S. Nawaz, R. Arpaia, T. Bauch, F. Lombardi, Physica C 495, 33 (2013) 
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Benchmarking the quality of  YBCO nanowires

R. Arpaia, D. Golubev, R. Baghdadi, M. Arzeo, G. Kunakova, S. Charpentier, S. Nawaz, F. Lombardi, 
T. Bauch, Physica C (2014), DOI: 10.1016/j.physc.2014.06.002

II. Same critical temperature of the unpatterned films 

K
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Benchmarking the quality of  YBCO nanowires
II. Same critical temperature of the unpatterned films 

K
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R. Arpaia, D. Golubev, R. Baghdadi, M. Arzeo, G. Kunakova, S. Charpentier, S. Nawaz, F. Lombardi, 
T. Bauch, Physica C (2014), DOI: 10.1016/j.physc.2014.06.002
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S. Nawaz, R. Arpaia, F. Lombardi and T. Bauch, Phys.Rev.Lett. 110, 167004 (2013)

Current crowding
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S. Nawaz, R. Arpaia, F. Lombardi and T. Bauch, Phys.Rev.Lett. 110, 167004 (2013)

Current crowding

𝑑𝑢𝑒 𝑡𝑜 𝑖𝑛𝑛𝑒𝑟 𝑐𝑜𝑟𝑛𝑒𝑟 𝑟𝑎𝑑𝑖𝑖 𝑤𝑖𝑟𝑒
− 𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑑𝑒 𝑏𝑒𝑡𝑤𝑒𝑒𝑛 10 𝑎𝑛𝑑 40 𝑛𝑚
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NanoSQUID implementing nanowires: model
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YBCO nanoSQUIDs: 
comparison with numerical simulations

R. Arpaia, M. Arzeo, S.Nawaz, S.Charpentier, F.Lombardi, T.Bauch,  Appl.Phys.Lett. 104, 072603 (2014) 
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YBCO nanoSQUIDs in literature

The difference between our SQUIDs and the conven-
tional Josephson weak link devices described by the RSJ
model is that the nanobridge SQUID is a typical ‘‘flux–flow’’
device with the corresponding I–V characteristics see Fig.
1 a . Instead of a single andwell-defined RSJ-like resistance
parameter Rn , the nanobridge SQUID is characterized by its
bias-dependent dynamic resistance Rdyn , which is deter-
mined by effects of vortex flow in the bridge and can depend
on temperature in a rather complicated way. In Fig. 5, Rdyn of
a SQUID with 150 nm bridges, measured experimentally, is
presented. It raises strongly in both low and high temperature
regions. By substituting in Eq. 3 Rn the approximation of
the experimental values of Rdyn and I c by the calculated
I j(T), the SQUID voltage modulation Ucalc was calculated
as a function of temperature for bridges of different width
Fig. 6 b . A qualitative agreement between the experimen-
tal data and the calculated ones has been obtained for all
temperatures and bridge widths compare Figs. 3 and 6 b .

A more realistic assumption would be that even at high

temperatures, only a small fraction of total supercurrent in
the bridge is of Josephson origin. This coincides with the
high observed values of Jc at 77 K and explains why we did
not see any significant suppression of I c by a weak magnetic
field. The above discussion brings up the idea that vortices in
the nanobridge are not always of the pure Abrikosov type,
but can gain properties of Josephson fluxons, like increase of
the vortex size and gradual disappearance of the normal vor-
tex core with decreasing w.7 This could also explain the low
value of the viscous drag coefficient of vortex motion in a
nanobridge.5 The proposed Tc(x) distribution near the bridge
edge leads to a more complicated shape of the edge barrier
for a vortex to enter the bridge than usually assumed.4

In summary, SQUIDs based on high-Tc thin films have
been made. They show well-reproducible voltage–flux
modulation Umod with amplitude comparable to that of con-
ventional weak link SQUIDs. The temperature dependence
of Umod is found to be essentially different from that known
for weak link SQUIDs. To explain this phenomenon, we con-
sidered degradation of superconductor in the nanobridge
area, which leads to a local suppression of Tc and to a tran-
sition from SNS to SS S-type junctions with decreasing tem-
perature. This approach allows us to explain the experimen-
tal data for Tc and Umod(T) for SQUIDs with nanobridges of
different widths.

1S. E. Romaine, P. M. Mankiewich, W. J. Skocpol, and E. Westerwick,
Appl. Phys. Lett. 59, 2603 1991 .
2J. Schneider, M. Mück, and R. Wördenweber, Appl. Phys. Lett. 65, 2475
1994 .

3D. H. A. Blank, W. Booij, H. Hilgenkamp, B. Vulink, D. Veldhuis, and H.
Rogalla, IEEE Trans. Appl. Supercond. 5, 2786 1995 .
4H. Rogalla, Habilitation thesis, University of Giessen, Germany 1986 .
5M. V. Pedyash, G. J. Gerritsma, D. H. A. Blank, and H. Rogalla, IEEE
Trans. Appl. Supercond. 5, 1387 1995 .
6S. S. Tinchev, IEEE Trans. Appl. Supercond. 3, 28 1993 .
7K. K. Likharev, Rev. Mod. Phys. 51, 101 1979 .
8M. Yu. Kupriyanov, K. K. Likharev, and V. F. Lukichev, Sov. Phys. JETP
56, 235 1982 .
9K. Enpuku, Y. Shimomura, and T. Kisu, J. Appl. Phys. 73, 7929 1993 .

FIG. 6. Calculated Josephson current component I j a and the amplitude of
the voltage–flux modulation Ucalc b for SQUID with bridges of different
widths w 100, 150, 200, and 250 nm .
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The difference between our SQUIDs and the conven-
tional Josephson weak link devices described by the RSJ
model is that the nanobridge SQUID is a typical ‘‘flux–flow’’
device with the corresponding I–V characteristics see Fig.
1 a . Instead of a single and well-defined RSJ-like resistance
parameter Rn , the nanobridge SQUID is characterized by its
bias-dependent dynamic resistance Rdyn , which is deter-
mined by effects of vortex flow in the bridge and can depend
on temperature in a rather complicated way. In Fig. 5, Rdyn of
a SQUID with 150 nm bridges, measured experimentally, is
presented. It raises strongly in both low and high temperature
regions. By substituting in Eq. 3 Rn the approximation of
the experimental values of Rdyn and I c by the calculated
I j(T), the SQUID voltage modulation Ucalc was calculated
as a function of temperature for bridges of different width
Fig. 6 b . A qualitative agreement between the experimen-
tal data and the calculated ones has been obtained for all
temperatures and bridge widths compare Figs. 3 and 6 b .

A more realistic assumption would be that even at high

temperatures, only a small fraction of total supercurrent in
the bridge is of Josephson origin. This coincides with the
high observed values of Jc at 77 K and explains why we did
not see any significant suppression of I c by a weak magnetic
field. The above discussion brings up the idea that vortices in
the nanobridge are not always of the pure Abrikosov type,
but can gain properties of Josephson fluxons, like increase of
the vortex size and gradual disappearance of the normal vor-
tex core with decreasing w.7 This could also explain the low
value of the viscous drag coefficient of vortex motion in a
nanobridge.5 The proposed Tc(x) distribution near the bridge
edge leads to a more complicated shape of the edge barrier
for a vortex to enter the bridge than usually assumed.4

In summary, SQUIDs based on high-Tc thin films have
been made. They show well-reproducible voltage–flux
modulation Umod with amplitude comparable to that of con-
ventional weak link SQUIDs. The temperature dependence
of Umod is found to be essentially different from that known
for weak link SQUIDs. To explain this phenomenon, we con-
sidered degradation of superconductor in the nanobridge
area, which leads to a local suppression of Tc and to a tran-
sition from SNS to SS S-type junctions with decreasing tem-
perature. This approach allows us to explain the experimen-
tal data for Tc and Umod(T) for SQUIDs with nanobridges of
different widths.

1S. E. Romaine, P. M. Mankiewich, W. J. Skocpol, and E. Westerwick,
Appl. Phys. Lett. 59, 2603 1991 .
2 J. Schneider, M. Mück, and R. Wördenweber, Appl. Phys. Lett. 65, 2475
1994 .

3D. H. A. Blank, W. Booij, H. Hilgenkamp, B. Vulink, D. Veldhuis, and H.
Rogalla, IEEE Trans. Appl. Supercond. 5, 2786 1995 .
4H. Rogalla, Habilitation thesis, University of Giessen, Germany 1986 .
5M. V. Pedyash, G. J. Gerritsma, D. H. A. Blank, and H. Rogalla, IEEE
Trans. Appl. Supercond. 5, 1387 1995 .
6S. S. Tinchev, IEEE Trans. Appl. Supercond. 3, 28 1993 .
7K. K. Likharev, Rev. Mod. Phys. 51, 101 1979 .
8M. Yu. Kupriyanov, K. K. Likharev, and V. F. Lukichev, Sov. Phys. JETP
56, 235 1982 .
9K. Enpuku, Y. Shimomura, and T. Kisu, J. Appl. Phys. 73, 7929 1993 .

FIG. 6. Calculated Josephson current component I j a and the amplitude of
the voltage–flux modulation Ucalc b for SQUID with bridges of different
widths w 100, 150, 200, and 250 nm .
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Characteristic parameters:

𝜏 =
𝐿
𝑍

𝜏 =
𝐿

𝑍 + 𝑅

𝐿 =
𝜇 λ 𝑙
𝑤𝑑

𝜏𝜏

𝑉 , where

𝑉 = k 𝐼 ∝ 𝐽

SNSPDs: working principles
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Very small volumes have to coexist with large areas

How to reach these conditions simultaneously?

Nano-strip

𝐿 , 𝐼𝑠

Meander  configuration

1 2 N

𝐿 = 𝑁 𝐿 , 𝐼 = 𝐼𝑠𝑚

1 N

Parallel  configuration

𝐼 = 𝑁 𝐼𝑠𝑝𝐿 = ⁄𝐿 𝑁, 

The SNSPDs with parallels are based
on the cascade switching regime
mechanism: the output signal is
generated when the switch to the
normal state occurs in cascade in all
the nanowires forming the device.

M Ejrnaes et al., APL  91, 262509 (2007)

SNSPDs: the parallel configuration (I)
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To properly trigger the cascade switch of all the parallel nanowires, it is necessary to
confine the currents in the parallel nanowires

1 np 1 np

1 ns

𝐿 = ⁄𝑛 𝑛 𝐿 , 𝐼 = 𝑛 𝐼𝑠

Series-parallel  configuration

M Ejrnaes et al., SuST  22, 055006 (2009)

SNSPDs: the parallel configuration (II)
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NbN

YBCO nanowires for photodetection: 
IV characterization – comparison with NbN SNSPDs

YBCO
w = 130 nm

M Ejrnaes et al., 
SuST  22, 055006 (2009)

M Ejrnaes et al., 
SuST  22, 055006 (2009)

NbN
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Underdoped YBCO films
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Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

Y𝐵𝐶𝑂 𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 = 50 𝑛𝑚

Y𝐵𝐶𝑂 𝑟𝑜𝑢𝑔ℎ𝑛𝑒𝑠𝑠 = 1 − 2 𝑛𝑚
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Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 
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Improved nanopatterning for YBCO nanowires
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Improved nanopatterning for YBCO nanowires
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Improved nanopatterning for YBCO nanowires
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Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

ASC                      Charlotte           August 11, 2014

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2014 (Preview 1). 
ASC 2014 presentation and paper 2EPo1D-08; 1st Prize in Best Student Paper Contest, Electronics.

51



Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

ASC                      Charlotte           August 11, 2014

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2014 (Preview 1). 
ASC 2014 presentation and paper 2EPo1D-08; 1st Prize in Best Student Paper Contest, Electronics.

52



Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

ASC                      Charlotte           August 11, 2014

IEEE/CSC & ESAS SUPERCONDUCTIVITY NEWS FORUM (global edition), October 2014 (Preview 1). 
ASC 2014 presentation and paper 2EPo1D-08; 1st Prize in Best Student Paper Contest, Electronics.

53



Improved nanopatterning for YBCO nanowires

R. Arpaia, S. Nawaz, F. Lombardi, T. Bauch, IEEE Trans. App. Sup. 23, 1101505 (2013) 

𝒘 𝑑𝑜𝑤𝑛 𝑡𝑜 𝟓𝟎 𝒏𝒎
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