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ABSTRACT

This study is about fabrication and characterization of nanostructures towards its
application as single photon detector. Since this type of nanostructure can detect infrared
radiation up to 2000nm, special care needs to be taken for selection of its dimensions as

well as substrate and superconducting material for the growth of thin film.

Quantum optical technologies have many applications in the area of quantum
teleportation, quantum computation (QC), quantum key distribution (QKD). These
applications rely significantly on the performance of a single photon detector. Photo
multiplier tube (PMT) is one of the initially invented photon detectors. Si based
avalanche photodiode (APD) has better performance metrices in comparison to PMT.
However, both these technologies have limitation at telecom wavelengths. Although
InGaAs based photodetector shows better detection efficiency at infrared, it has its
own shortcomings due to high dark count rate, relatively large time jitter, low count
rate and after-pulsing effect. Superconducting nanowire based detectors have shown a
lot of potential in recent years as single photon detector at the wavelength of interest
for its application in the area of quantum optical technologies due to its better

performance metrices.

The thesis starts with the study of superconducting properties of materials in case of
two dimensional structures as well as one dimensional structure. The superconducting
nanowire single photon detector (SNSPD) device fabrication incorporates five main

steps, i.e.

(1) Device operation principle and modeling.

(2) Customized low temperature experimental setup for transport property

measurement as well as optical characterization of the sample.

(3) Thin film fabrication and optimization using suitable superconducting material

and its transport property measurement.

(4) Nanostructure fabrication and optimization of its process parameters and its

transport property.



(5) Optical characterization of the nanowires in meander shape using readout

electronics in microwave frequency range.

This thesis mainly focuses on first, second, third and fourth points as given above.
Discussion on the device operation, modeling involves fundamental physics which
help understanding the behavior of the device. The modeling of the device along with
other components of the readout electronics has helped simulating the output response
of the optical setup which can be verified experimentally in future. The overall
fabrication steps of nanowires in meander shape have also been discussed along with
design of contact pads in coplanar waveguide shape. The optical mask design for its

use in fabrication of contact pads to save machine time of EBL is also discussed.

It is obvious that detection and measurement of low level light signal is very difficult.
When it comes to detecting single photon and that too in the infrared range, the
difficulty level enhances due to lower photon energy. Detecting such weak signal with
high detection efficiency requires low operating temperature in the range of mK to
few Kelvin depending on the material used for the fabrication of detector. It is found
that the detection efficiency of SNSPDs increases and the dark count diminishes

significantly with decrease in operating temperature.

An experimental setup down to 1.8K is designed using liquid helium flow cryostat
along with probes for electrical as well as optical characterizations. Economical
consumption of liquid helium, sound temperature stability, and efficient optical
coupling, easy and user friendly samples changing option without breaking the
vacuum, or warming up the cryostat were some of the important requirements taken
into considerations while designing the cryostat. Sample holder with necessary
arrangements for precise alignment of laser light with the active area of device to
enhance optical coupling efficiency is designed for the optical probe. The INVAR
alloy is used for sample holder to ensure that the alignment is not disturbed at low
temperature. Single mode fibres due to its high transmission rate, minimum
attenuation and least distortion have been used to shine light on the samples. Sample
holder with 20-pin LCC socket and matching chip carrier provides convenient and

fast sample mounting in electrical insert. Mu-metal is employed to cover the sample

Vi



space in both the inserts to attenuate any electromagnetic interference. Further,
temperature stability with the passage of time is also monitored. It is found that
variation in temperature is less than 10mK at lowest operating temperature. Apart
from the above, another important advantage of the system is its very low liquid
helium loss rate (~100ml/hr) with all inserts which allows uninterrupted

measurements for several days without refilling of liquid helium.

Further, the thesis includes fabrication of thin films, patterning of nanowire structure
and transport studies both on thin films and nanostructures. The niobium nitride
(NbN) films were deposited using reactive magnetron sputtering. Argon to nitrogen
ratio played a crucial role in the synthesis of high quality superconducting NbN.
Critical temperatures (Tc) of about 15.5K have been measured for films with a
thickness of about 10nm. Zero-Field-Cooled (ZFC) magnetization measurements
were carried out to optimize the superconducting properties in ultra thin NbN films.
The transport behavior down to 2K was studied using conventional resistance vs.

temperature and current-voltage characteristics.

Fabrication of NbN superconducting nanowires based on focused ion beam milling
(FIB) and electron beam lithography (EBL) is presented. The detailed study of

fabrication of nanowires with optimized process parameters using EBL is presented.

Effect of gallium contamination on superconducting properties is discussed.
Superconducting transition temperature as well as the transition width of nanowires
do not show any significant impact of processing steps of standard EBL route, there is
a significant degradation of superconducting properties for nanowires prepared using
FIB. Gallium ion implantation across the superconducting channel may be considered
as the root cause for this. The effect of gallium implantation may be the reason of
technological limitations in designing fascinating single photon detector architectures,
nevertheless provides some interesting manifestation of intrinsic low dimensional

superconducting properties.
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Either of the connectors can be used for outside connection with
instruments using cables for IV, RT measurements. Either two cables
with 10 wires each or six coaxial cables for other side (inside cryostat)
connection with the (b) PCB (front and back view vertically) on which
sample holder (front and back view vertically) is mounted. Chip carrier
with sample mounted on it (Zoomed picture of sample and its wire
bonding with pins of chip carrier can be seen) can be put inside the

sample holder.
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input from laser source at LIMHz.
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chamber (c) Back view of the deposition chamber.
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Fig.4.3 Shadow mask with 25umx250um feature size for making nanowires in

meander structure in an area of 20um x 10um.
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(@) shadow mask, (b) NbN lines on glass slide for thickness
measurement, (c) thin NbN films on 5mm x 5mm Si/SiO,, R-sapphire
and Mgo substrate prepared for nanostructure fabrication.

Normalized magnetic moment vs temperature plots of 50nm thick NbN
films grown at 600°C and deposited at different ratio of argon-nitrogen
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applied field. Prior to the measurements, samples were first cooled in
zero-field down to the lowest temperatures.

Dependence of superconducting transition temperature (T) of NbN
thin films on ratio of argon-nitrogen gas mixture. Plot on the left side
of the figure (a) is for the films synthesized by keeping the Ar flow
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shows the variation of T, with argon flow for films synthesized at a
fixed 4sccm Naflow.

Normalized magnetic moment vs temperature plots of 50nm thick NbN
films grown at 600°C and 700°C. Magnetization measurements were
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were first cooled in zero-field down to the lowest temperatures.
RT measurement of NbN 10nm thin film deposited at 200°C.

Overview of the fabrication process for nanostructure fabrication of
NbN on Si//SiO, (300nm) substrate for its application as SNSPDs. (a)
Deposition of NbN on Si//SiO, substrate (b) Spin coating of PMMA on
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Development of HSQ and RIE to remove NbN from undesired places.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The research that is being put forward, in recent times, to explore newer single photon
detection systems has triggered huge interest in the areas of photonics, quantum optics and
nanostructured optics. Photon counting technology has already revolutionized the areas of
electronics, biotechnology, medical physics, space and military applications, meteorology
and metrology. In addition, technological advancements require standardization of

quantum optical systems, such as, photon sources, modulators and detectors.

In this chapter, all types of single photon detectors are briefly reviewed. It explains
the performance of detectors based on values of the parameters required for its
evaluation. Various photon detection technologies are described along with their
limitations and reason for the final selection of SNSPD as topic of the thesis. The
evolution of SNSPD since beginning and the progress in fabrication technology for its
improvement with time is explained. At last, its various applications are described.
The chapter concludes with a statement of the motivation for undertaking the present

work and an outline of the remaining chapters of this thesis.

1.2 Single Photon Detectors (SPD)

Single-photon detector is one of the essential components for quantum optical
information processing technology. More specifically, modern optical applications
like photon correlation spectroscopy and quantum cryptography require fast single
photon detectors with ultimate quantum efficiency and spectral resolution in the
optical and infrared spectral range [1].

1.3 Performance matrices of single photon detector

Performance of SPD can be accessed on the basis of figure of merit as explained in

the following sections.
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1.3.1 Detection efficiency

Detection efficiency is the ratio of the number of detected photons to the total number
of photons incident on a device. The system detection efficiency (nspg) of any
detector is the product of three parameters namely coupling efficiency (ncoupling),

absorption efficiency (Nabsorption) and intrinsic detection efficiency (nintrinsic)-

MNsDE = Ncoupling X MNabsorption X Nintrinsic. (1.1)

MNDDE = MNabsorption X Nintrinsic. (1.2)

The coupling efficiency (mcoupling) IS the ratio of the number of photons incident on the
device to the total photons emitted by a source. All the photons emitted from the
source do not necessarily reach the device due to loss, absorption, scattering etc. in
the environment. The photons that fall on the device out of total emitted photons do
not get absorbed by the detector and few of them get reflected / transmitted / scattered
by the device. The ratio of photons that get absorbed by the device to the total photons
incident on the device is called absorption efficiency (Mapsorption). Absorption efficiency
(Mabsorption) 1S dependent on structural design of the detector and can be enhanced by
incorporating anti reflection coating, optical cavity, waveguide structure and antenna
etc [2]. Intrinsic detection efficiency is the property of the material. All the photons do
not get registered by the device even after falling and getting absorbed by it. The ratio
of registered photons by the device out of total absorbed photons is called its intrinsic

detection efficiency (Wintrinsic)-

1.3.1.1 Geometry

The geometry of the superconducting structures is characterized by Eg, d << w << A
(= 2A%/d) and their length L >> w, where &g__ is the superconducting Ginzburg—Landau
(GL) coherence length, A the Pearl length or effective magnetic penetration depth in
films with d << A, and A_ the London penetration depth. Typically, in NbN based
photon detectors w is of the order of 200 nm or more and d = 4 - 6nm, while the zero-
temperature coherence length &g (0) = 4 nm. The low-temperature London penetration
depth A = 350nm so that the Pearl length A = 40um >> w. Further, it was observed that
the coupling efficiency is proportional to the value of both the coupling factor (Kp) and the
fill factor of the device. The Kp of incident light is proportional to the active area of

detector. Experimentally, it was found that the diameter of hotspot generated on a 3.5nm
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thick film by a photon of 1550nm is about 40nm which then expands with passage of time.
The detailed studies on evolution of hotspot area and its repercussion on quantum
efficiency were studied by Korennev et al. [3] and Verevkin et al [4]. Shown in Fig.1.1 are

some important results of their studies.
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Fig.1.1 (a): Hotspot area for meander structure in an area of 10um x 10um with
nanowires of 10nm thickness, 200nm width and 400nm pitch as a function of
photon energy with top axis showing corresponding photon wavelength [4].
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Fig.1.1 (b): Wavelength dependence of quantum efficiency for 3.5-nm-thick NbN SSPDs
(2 numbers), with laser diodes (circles) and a blackbody radiation (squares)
as photon sources. The hotspot area and diameter dependence on the
incident photon energy (wavelength) can be seen in inset. The open and
closed symbols correspond to the two devices [3].
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1.3.1.2 Bias current

The device is usually biased with biasing current (Ig) ranging from 0.85Ic to 0.95Ic
for better performance where Ic is the critical current at particular operating
temperature. It was found that within this range detection efficiency increases with
increasing bias current. The dependence of performance matrices of SNSPD on Ig

were studied earlier [3, 4] and are summarized in Fig.1.2.
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Fig.1.2 (a): Detection efficiency as a function of normalized bias current of the detector

at 560 (closed squares), 670 (open triangles), 940 (closed triangles), and
1260nm (open circles) at 4.2K [4].
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Fig.1.2 (b): QE and dark counts as a function of normalized current bias performed on
10x10 mm? area, 3.5nm thick NbN detector for several radiation
wavelengths at 4.2K (closed symbols) and 2.3K (open symbols) [3].
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The increase in QE with bias current is exponential initially but as the bias current
reaches towards the critical current, the QE lowers significantly in a 3.5nm thick
sample in comparison to 10nm thick sample (Fig.1.2 (a)). Further, Fig.1.2 (b) shows
quantum efficiency (QE) and dark count rate (DCR) with respect to normalized bias
current. Both QE and DCR increase with bias current whereas the QE increases and
DCR decreases as the operating temperature go down. It can also be seen that the QE

decreases with increasing wavelength.

1.3.1.3 Operating temperature

Size of a hotspot while decreases, its relaxation time increases with decreasing
operating temperature. The reduction in hotspot area with decreasing temperature
saturates below =~ 0.5Tc. Since the diffusion of quasi-particles does not change much
below 0.5Tc, the operating temperature range is kept below this value. The largest
improvement in quantum efficiency (QE) was noticed at lower (2K) operating
temperature which reaches a plateau below 2K. The dependence of QE on operating
temperature that influences the critical current density was studied in details by II’in

et al. [5]. Some of their important results are shown in Fig.1.3.

04 0.5 oS 0.7 o8 1] 1.0

T

=

Fig.1.3 (a): Temperature dependencies of the critical current density in NbN bridges on Si [5].

1.3.1.4 Photon energy

The size of hotspot scales up with photon energy. It is shown that the QE increases
with photon energy and saturates beyond particular photon energy as the hotspot area

covers the entire width of the nanowires at this wavelength [6].
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Fig.1.3 (b&c): Temperature dependencies of the critical current density in NbN
bridges on sapphire [5].

1.3.2 Spectral sensitivity

SNSPD devices have wide spectral sensitivity which depends on energy band gap of
the superconducting material. According to the hotspot model (described in chapter
2), the minimum energy, i.e. maximum wavelength required for appearance of the
resistive nucleus depends on the equilibrium concentration of Cooper pairs around
photon absorption site. Resistive nucleus formation is also dependent on the cross
section of the nanowire. However, the appearance of resistive nucleus beyond the cut
off wavelength due to hotspot mechanism indicates that there is some other
mechanism responsible for appearance of resistance. When the photon energy is not
sufficient to take the absorption site to normal state, fluctuation assisted photon
detection takes place [7]. In this case the fraction of the line around the photon
absorption site remains superconducting however, normal fluctuation may still occur.

The NbN devices become effectively non sensitive above 2.5um wavelength [4].

1.3.3 Dark count rate

Low dark count rate has always been a challenge for the use of any single photon
detector in advanced applications. Sometimes the device mimics the detection of
photon even in its absence due to stray light and electrical noise. The source for
generation of dark counts can either be internal or external. Internal dark counts can
be thermally generated (thermal excitation of magnetic vortices) or due to fluctuation
in the density of the superconducting condensate or due to phase slips [8] in case of
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SNSPD. Thermally generated dark counts can be reduced by lowering the
temperature. Externally generated dark counts are due to presence of stray light or
noise in electrical setup. The operating parameters of detector for better performance
can be optimized on the basis of understanding of the underlying processes taking

place in the detector.

1.3.4 Timing resolution

The inherent fluctuation in a time gap (t) between arrival of the photon at detector and
its detection is known as time jitter and corresponds to the time resolution of the
response time. The variation of time due to formation of resistive area in the device
can be attributed to intrinsic jitter. Jitter due to laser source and electronics used in the
measurement setup comes under extrinsic jitter category. Thus [9],

Atsys? = Atlaser? + Arelectronics® + ATSNSPD?. (1.3)

The jitter due to laser source can be minimized by using the laser source with less
pulse width. The noise in the leading edge of the voltage pulse can be reduced by
using appropriate filter before the amplifier. Chromatic dispersion inside optical fibre

also plays an important role in the case of long distance transmission.

The jitter associated with SNSPD is mainly dependent on the value of bias current and
constriction in the device. It can be reduced by increasing the bias current below
critical current and also by reducing the constrictions in the device. Fig.1.4 while
shows the time correlated single photon counting (TCSPC) setup, Fig.1.5 describes

differential cryogenic HEMT readout circuit for time jitter measurement.
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@ et m By ) S
' Att H
: rf : 4
. 2K Cryocooler ]
pulse laser | 1550nm 1) Power S
. At S
:
swe | ] '
out AMP E
were T [oease ] ML o
| Stort Stop Voltage t (ps)

Fig.1.4 (a): TCSPC setup for jitter measurement of the SNSPD. (b) Experimental data for
system jitter js,s.em = 34.7ps, and the corresponding Gaussian fitting curve [9].
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Fig.1.5 (a): Schematic of differential cryogenic HEMT (cut off all frequencies lower
than 200 MHz) readout circuit with NobN SNSPD. (b) jy is jitter from Chl,
jiz is time jitter from Ch2 and j is (t1+t2)/2 which is the time delay (t,) of
electronic circuit. (¢) Aj/2 is (jo-ju)/2 Which is time jitter due to geometry of
the SNSPD [10].

1.3.5 Dead time

The time that detector takes before going back to superconducting state from normal
state after detection of photon and to become ready for detecting another photon is
called dead time [1, 11]. The time taken by the device to go from superconducting
state to normal state is called rise time and to come back from normal state to
superconducting state is called fall time. Rise time is proportional to the kinetic
inductance and inversely proportional to normal state resistance of the device [12].
Since the normal state resistance of the device is of the order of few kQ, the rise time
of the device is generally few hundreds of ps. whereas fall time is about few tens of
nanosecond as in superconducting state the resistance of the device becomes zero and
fall time solely depends on kinetic inductance [13] and on the load resistance (~50€2).
To minimize the dead time, it is important to keep the length of nanowire less and
cross section area more so as the kinetic inductance of the nanostructure is reduced.
Since many other factors are also dependent on the geometry of the nanostructure, it

is desirable to design it accordingly.
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1.3.6 Energy and photon number resolution capability

The area of hotspot increases with the energy of photons incident on the device. The
photon count rate is linearly dependent on the photon flux incident on the device for
very weak photon fluxes and it follows the trend within the single photon absorption
regime. Since maintaining the intensity at a fixed level is difficult, the measured
photon count rate can be normalized with respect to the curves obtained at known
intensity and known wavelength. SNSPD lacks PNR capability and behaves like
binary detector which can only confirm the presence or absence of photon. However,
PNR capability can be incorporated by replacing single SNSPD by broadly

illuminated array of detectors [14].

1.4 Established and emerging single photon detector technology

Single photon detector refers to a device that is capable of producing a measurable
signal pulse after the absorption of a single photon of light. There are numerous
established and emerging single photon detection technologies. The major thrust in
this field is to improve the performance of the device. Photomultiplier tubes (PMTSs)
and single photon avalanche diodes (SPADSs) are semiconductor based technologies.
Whereas superconducting transition edge sensors (TESs), superconducting tunnel
junctions (STJs) and superconducting nanowire single photon detectors (SNSPDs) are
superconductor based technologies for single photon detection. The brief introduction

with pros and cons of these technologies are described below:

1.4.1 Semiconductor based single photon detectors
1.4.1.1 Photomultiplier tubes (PMTSs)

Fig.1.6 shows the picture of first photo-multiplier tube. Photomultiplier tubes are the
first of this kind. Over the time this technology has grown to the extent of detecting
single photons of wavelengths shorter than about 1um. At longer wavelengths,
however, due to the lower energy of the incident photons, initiation of the cascade

process becomes difficult thus limits the performance of such devices.
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Fig.1.6: First photomultiplier tube [15].

1.4.1.2 Single photon avalanche diodes (SPADs)

Another technology for detection of single photons in the visible and near infrared
wavelengths called avalanche photodiode (APD) is based on the principal of the
avalanche breakdown process in silicon diodes [16]. In this case, the absorption of a
single photon by a p-n junction biased close to its breakdown voltage can excite a
single electron that accelerates and excites other electrons. This leads to a cascade
breakdown and a measurable current through the junction. However, the operation of
APD:s is restricted only to the gated regime due to relatively high noise levels and
after-pulsing as shown in Fig.1.7. Continuous improvements in the diode
characteristics and the operating electronics, however, have seen new regimes and

newer possibilities for future applications.

. f=100kHz a

Vg bt ffe

ra photons

APD i ﬂ.j'.'ﬁ|ﬂ.nl:hE.'
W et signal

500

capacitive
response

Fig.1.7: Voltage biased (Vbias: short voltage pulses, f: repetition frequency, level: (Vgr+Vex)
above the avalanche breakdown voltage Vgr) detector in gated Geiger mode with
synchronized Photon pulses. Photon-induced output signal superposed upon the
capacitive response of the APD to the applied bias detects only strong avalanches [17].
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1.4.2 Superconductor based single photon detectors

A number of technologies based on superconductors have been developed for
detecting single photon in optical as well as infrared regime. Major drawback of such
devices is the requirements for a very low temperature down to few Kelvin.
Nevertheless their superior performance compared to PMTs and APDs makes them

attractive for specific applications.

1.4.2.1 Superconducting tunnel junctions (STJs)

In a typical superconducting tunnel junction (STJ), the absorption of a photon changes
the current in a voltage biased junction by changing the concentration of
quasiparticles in the absorbing film. The total current is proportional to the number
and energy of the absorbed photons. STJs are used for X-ray detection but they can
also be used in visible and infrared wavelength range. However, their operating
temperature is in the range of mK. Also the performance of such detectors is limited

by the slow count rate of (~10KHz) and large time jitter (=<1 microsecond) [18] .
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Fig.1.8: Schematic representation of a superconducting tunnel junction [18].

1.4.2.2 Superconducting transition edge sensors (TESS)

A transition edge sensor (TES), composed of a thin superconducting film, operates near
its transition temperature. Fig.1.9 explains the working principle of the TES. The device
is biased in such a way that it holds within the middle of the superconducting-normal

metal phase transition [19, 21]. Therefore, even a negligible change in temperature can

11
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causes a large change in resistance. An absorption of photon leads to a slight change in
device temperature causing momentary and significant change of sensor resistance. The
resultant change in the current flowing through the device can then be sensed. Although
transition edge sensors (TES) offer very high detection efficiency (up to 95 %) [20] and
zero dark counts, the main disadvantage of TES is its extremely low operating
temperature in the range of 100 mK [21] and slow rise and fall times (100 ns and 15 ps

respectively), limiting the maximum count rate to about 20KHz

Energy Thermometer
deposition %
= =

Absorber

——Weak thermal link

Thermal sink

Fig.1.9: Tungsten electrons in Tungsten transition-edge sensors act as both the
absorber and thermometer and voltage bias keeps them on the edge of
the superconducting-to-normal transition. Precise thermometry is the
outcome of steep dependence of resistance on temperature [19].

1.4.2.3 Superconducting nanowire single photon detectors (SNSPD)

A third type of detector known as superconducting nanowire single-photon detector
(SNSPDs) has been developed recently. The SNSPD operates using the resistive
region that appears in the superconducting wire (~100 nm wide and few nm thick)
following absorption of a photon. This absorption creates a hot spot (a localized
region with increased resistivity) that suppresses the superconductivity locally and a
transient voltage pulse proportional to the number of absorbed photons is produced.
The hotspot grows and eventually dissipates as it expands along the line. The voltage

across the device falls back to zero and the device is ready for a new detection event.
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Table.1.1: Comparison of performance metrices and related single photon detection

technology

Detector Operating | Spectral SDE Dark Time Count Figure of

temp Range @1550nm Count | jitter rate merit
PMT 200K 1.7um 2% 200kHz | 300ps 10MHz 3.33x10?
SPAD 200K 1.7um 10% 91Hz 370ps 10kHz 2.97x10°

TES 0.1K 4um 95% 1Hz 100ns 100kHz 9.6x10°
SNSPD 3K 5um 0.7% 10Hz 60ps 100MHz 1.16x10’
67% 10Hz o

SNSPD 3K 5pum 105ps 10GHz 6.38x10

80% 100Hz

The device is capable of detecting single photon from visible to near infrared
wavelength range. The device upto 97% detection efficiency has been reported by a
group in NIST, USA and have reported 97% detection efficiency on W,Si;« based
SNSPD [22]. Table.1.1 incorporates the typical values of performance metrices and

related available single photon detector for comparison [11].

1.4.2.3.1 Selection of substrate

The performance of SNSPD also relies on substrate material. Substrates with low
energy gap provide large optical spectral range from ultraviolet to mid infrared. MgO,
Sapphire, Si etc. are commonly used as substrate [23-26]. The hardness and
mechanical strength of substrate material are also desirable. Better lattice match
between superconducting materials and substrate promotes epitaxial growth resulting
in superior superconducting properties in NbN and NbTIN in particular.
Superconducting properties of amorphous materials such as W,Si;.x although does not
depend much on lattice match with substrates, however substrates with low refractive
index are preferred to enhance reflection of light from superconductor-substrate
interface which in turn increases the absorption efficiency. Further, material which is
electrically insulated, nevertheless good conductor of thermal load is preferred as

substrate as it promotes heat dissipation [26].
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1.4.2.3.2 Selection of superconducting material

Band gap of superconducting material is the deciding factor for spectral range
sensitivity. Band gap energy is required to be less than the energy of photon to initiate
the cascade process of pair breaking. The choice of superconducting material also
depends on the available operating conditions and also the performance metrices for
its compatibility as single photon detector in any specific applications. NoN was the
first choice and mostly explored material for its performances. Many modifications in
its fabrication and operating conditions were tried to improve its performance [2-4, 6-
7, 13-15, 25]. Many other materials were also tried in the direction to improve the
performance of the device. NbTiN shows less response time due to its low resistivity
and hence low inductance value [24]. W,Si;x has low energy band gap and hence
better sensitivity at higher wavelength. But these materials have low Tc and hence
require advanced cooling technique down to mK [26].

1.4.2.3.3 Selection of dimension

The dimensions of superconducting nanostructures play an important role in single
photon detection. When the thickness of the film is of the order of coherence lengths,
the Tc reduces due to proximity effect and number of density states decreases with
increasing disorder [28]. The absorption efficiency (Napsorption) Of the meander depends
on its width, thickness and filling factor and on the polarization of the incident light
[27]. The detection efficiency (Nppe = Nintrinsic X Nabsorption) INCreases as the absorption
efficiency of meander increases. The absorption by meander decreases with film
thickness towards infrared. Another important aspect as reported the dark count grows
and start dominating when bias current > 0.97Ic. On the other hand decreasing the
bias current to circumvent the issue with higher dark count leads to decrease in short
wavelength plateau which vanishes at g < 0.7Ic. Further, reported data shows that
detection efficiency remains constant with increase in thickness up to certain limit
beyond which it starts to decrease linearly. The trend is different at near infrared
range. Detection efficiency decreases linearly as the thickness of superconducting
layer increases. This indicates that there are two different mechanisms for detection of
photons. One is called hotspot detection mechanism and another one is fluctuation

assisted detection. In hotspot model the growth of the hotspot depends on the applied
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bias current (dns/ns=1-lg/ Icp), and thermal coupling between substrate and
superconductor. Change in Cooper pair concentration (éns) required for appearance of
resistive nucleus is dependent on the minimum energy of photon absorbed (Eyn) where
Epn follows as:

Eph = [Va/8][No A> wd (D) (1-1g/1cp). (1.4)

Here § is efficiency of quasiparticle multiplication process, N, IS electron density of
states and 71y, IS time constant of quasiparticle thermalization. In the eqn. (1.4)
minimum required energy is dependent on nanowire width (W), thickness (d),
diffusion coefficient (D) and change in Cooper pair concentration (lg / Icp)) [28]. The
existence of the np beyond cut off wavelength shows the detection of photons by
some other phenomena also. When the energy of the absorbed photon is less than the
energy gap of the material, it reduces the barrier height for vortex motion. The barrier

height is proportional to the thickness and width of the film and bias current.

1.5 Evolution of device and state of the art

Ever since the discovery of the first SNSPD, researchers around the world have been

working on to improve the performance metrics of the devices for practical uses.

Gol’tsman, et al. [29] reported on devices in the form of straight bridge of 0.2um
wide NbN stripe and later on 0.2um wide meander type line covering the 4pum x 4um
area to enhance the detection efficiency. The detector’s active area was increased by
the factor of 80, while the quantum efficiency increased only 20 times which is about
5% of the intrinsic efficiency. It has been concluded that the observed decrease in the
meander device performance could be due to the lack of uniformity of the device
width over the very long length of the meander stripe. In order to improve the
performance metrics, large area meander SNSPDs have been developed to improve
the coupling efficiency and hence the practical detection efficiency [4, 30]. A method
had been developed for fabrication of very large 20um x 20pm meander area from
ultrathin epitaxial NbN films. They were successful in synthesizing a highly uniform
nanowire with a low probability of constrictions over large area and lower Kkinetic

inductance [31].
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To further improve the performance in terms of detection efficiency of the device an
optical cavity and anti-reflection coating to a nanowire photodetector has been added
to boost the absorption efficiency [2]. Rosfjord et al. have demonstrated detection
efficiencies of 57% at 1550nm and 67% at 1064nm.

Tanner et al. explored new materials and substrates for improved fabrication
versatility, higher detection efficiency, and lower dark counts [24]. They reported the
performance of packaged NbTiN SNSPDs fabricated on oxidized silicon substrates in
the wavelength range from 830 to 1700nm. Constructive interference from the SiO,/Si
interface to achieve enhanced front-side fibre-coupled detection efficiency of 23.2 %
at 1310nm, at 1 kHz dark count rate, with 60 ps full width half maximum timing jitter

has been reported.

One more step has been taken to enhance absorption efficiency by illuminating the
optical coupled SNSPDs from the rear side through the substrate and with small-
gradient index lenses to reduce the beam waist at a distance from the exit end [25, 32].
For efficient coupling, the devices were installed in compact fibre-coupled packages
and the substrate thickness was reduced from 400 to 45 pum using mechanical
polishing method. Optical coupling efficiency of ~98% was achieved in a 15 pm x 15
um device. NIST, USA however integrated SNSPDs with an optical cavity design for
front-side illumination [33]. Using a confocal optical scanning technique, significant
enhancement of optical absorptance of 73% in comparison with 20% in a typical bare

nanowire device at 1550nm and 3K has been reported.

Monolithic integration with GaAs/AlAs microcavities, leads to enhanced quantum
efficiency. SSPDs fabricated and measured on GaAs/AlAs Bragg mirrors, show a
clear cavity enhancement with increased quantum efficiency [34]. Integration of
optical nano-antennae with an SNSPD was performed to enhance the efficiency and

speed of photodetection at the quantum level [35].

Passive quantum photonic integrated circuits were also demonstrated to improve
device performance. Superconducting nanowires on GaAs ridge waveguide is

reported to provide high efficiency (~20%) at telecom wavelengths, high timing
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accuracy (~60 ps), and response time in the ns range and are fully compatible with the

integration of single-photon sources, passive networks, and modulators [36, 37].

Hu et al. have proposed a photonic structure that can increase the nanowire optical
absorptance without increasing the active length of the detector, thus achieving good
efficiency without compromising the speed of the detector. The concept of nano-antennae
integration and the mechanism of absorption enhancement have been studied in detail.
This antenna-assisted coupling enables a SNSPD (9um X 9um active area) with 47%

device efficiency at telecom wavelengths while maintaining a reset time of only 5ns [35].

Although SNSPD has been successfully demonstrated for telecom wavelengths its
extension to mid-infrared wavelength was restricted due to its low sensitivity above
2um. A new concept has been adopted recently [25] by rearranging the wires used in
meandered SSPDs to a parallel configuration. This configuration decreases the
detector inductance and increases the signal amplitude, while keeping the good
sensitivity and maintaining the same dark count rate. The new device exhibits 10
times better quantum efficiency at 3.5um than the standard SNSPD [38].

A photon number resolving (PNR) detector with high count rate and precise time
resolution is useful in many applications, such as high sensitivity optical
communication, laser radar, and fluorescence measurement techniques. PNR detectors
based on parallel superconducting nanowires and capable of counting up to four
photons at telecommunication wavelengths, with an ultralow dark count rate and high
counting frequency has been demonstrated [38]. Results on a two elements SNSPD
shows sub 50ps relative timing jitter, and four times the maximum counting rate of a
single SNSPD with the same active area [39]. A photon-number-resolving detector
based on a four-element superconducting nanowire single photon detector is

demonstrated to have sub 30ps resolution [40].

Apart from fabrication and patterning of the device, it was found that selection of

material is also an important factor for improving the device performance.

SNSPDs based on NbN although played a crucial role in high-fidelity quantum optics

measurements due to their sensitivity over a broad range of wavelengths, low dark
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count rate, and high timing resolution. However, the low quantum efficiency has been

the limiting factor in many correlation-type measurements.

Device based on an amorphous W,Si,— thin film seems to have great potential to
overcome such limitations due to its smaller superconducting gap and low electron
density. Moreover, excellent structural homogeneity and the absence of grain
boundaries could be advantageous and may lead to higher internal quantum efficiency

in amorphous films of W,Si;— [26].

Dorenbos et al. demonstrated performance of detectors based on NbTiN thin films on
a silicon substrate. NbTiN ultra-thin films have several favorable features for use in
SNSPDs like better lattice matching with MgO substrates, lower resistivity than NbN
thin films and most importantly less kinetic inductance, 25% lower than that of NbN-
SNSPD. The low dark count rate by a factor of 10 compared to identical NbN
detectors reduces a noise equivalent power to 10 ° W Hz *? at 4.2K. Lower dark
count rate in NbTiN detectors is believed to be due to better homogeneity of the
superconducting parameters compared to NbN [41]. Moreover, the superconducting
properties of NbTiN thin films can be tuned by changing the composition of the NbTi
target which would allow further optimization of the superconducting properties to

improve device performance [24].

Fabrication of ultrathin nanowires of superconducting YBCO with Focused lon Beam
(FIB) milling technique is reported with the purpose of developing high-T,
superconducting photon detectors [42]. However, sensitivity down to single-photon
detection at visible or infrared is a big question as the high-T. superconducting

materials have a large superconducting gap energy compared to NbN.

An important issue in this direction is to obtain large area coverage while retaining a
high quantum efficiency and maximum count rate. SNSPDs have been realized using
an innovative parallel wire configuration. This configuration is advantageous as it
provides a large detection area, fast response, and large signal amplitudes [40, 43, 44].
Fig.1.10 below shows the evolution of the SNSPD device since beginning to improve

its performance.
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Fig.1.10: Evolution of device (a) AFM image of a 1.3um x 0.23um simple-bridge device
(Single nanowire) [29]. (b) Meander structure to enhance coupling efficiency
[1] (cl) Single photon detector integrated with an optical cavity and anti-
reflection coating (ARC) to reduce transmission and reflection of photons [2].
(c2) Optical cavity SNSPD layer structure (thicknesses: SiO,: 45nm, HSQ:
30nm, NbTiN: 4.5nm, MgO: 20nm, and SiO,: 246nm from top to bottom) [33].
(c3) Schematic configuration of NbTiIN SSPD on thermally oxidized Si
substrate [41]. (d) SNSPD on Distributed Bragg Reflector/ Si substrate [45] (e)
Waveguide structure of a nanophotonic circuit with integrated SNSPD device.
Inset: SEM micrograph of the detector area with metal alignment mark and
zoom into the waveguide region with NbN nanowire on top [36]. (f) optical
antenna to enhance absorption efficiency, fabricate the HSQ structure and put
gold on top to collect the incident photons [35].
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1.6 Applications of single photon detectors

Photon counting devices have applications in various fields which utilizes particularly
photon detection/ photon counting characteristic of the device. Since SNSPD has
shown better performance in comparison to other available SPD technologies, the
demand for its utilization in various fields like quantum key distribution (QKD),
optical quantum computing (OQC), photon source characterization and light detection
and ranging (LIDAR) applications is continuously increasing. Few application areas
of SNSPD have been described below.

1.6.1 Quantum key distribution (QKD)

The quantum key distribution is a part of quantum cryptography in which the sender
and the receiver of data acquire some secret key which is very difficult for intruders to
know. The 1550nm wavelength is used for loss free transmission in long distance
communication. Low DCR and low time jitter are the features which enhances the
transmission rate of bits in teleportation. QKD over 200km distance has been
achieved at 10GHz clock rate using SNSPD [46]. The application of SNSPD based
QKD setup can be seen in Fig.1.11 (a, b). Fig.1.11 (a) shows the setup (source) for
generating the signal and idler photons. Fig.1.11 (b) shows the receiver unit of the
QKD where the signal and input photons are passed through polarization controller
then fibre coupler followed by SNSPD1 and SNSPD2. The idler photon is received by
another MZI after travelling 102 km of distance followed by SNSPD3 and SNSPDA4.

Details of few QKD demonstrations along with the transfer distance attenuation,
operating temperature and bit transfer rate are enlisted in the table.1.2 as given below.

Table.1.2: Summary of notable QKD demonstrations,
achievable distance and the level of security:

outlining the maximum

Quantum channel Detector Security
Distance Attenuation Temperature Fsec
Type Protocol Attacks
(km) (dB) P (K) (bps)
Wang 2012 260 52.9 SNSPD 17 DPS Individual 1.85
Stucki 2009 250 42.9 SNSPD 25 cow Collective 15
T%gs?“e 200 421 SNSPD 3.0 DPS Individual 121
Liu 2010 200 SNSPD 2.4 BB84 Collective 15
ROSZ%%%W 135 2758 SNSPD 3.0 BB84 Collective 0.2
52'5‘1'42“ 90 30 SNSPD 25 DPS Individual 1100
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Fig.1.11: (a) Setup for generating time-bin entangled photon pairs. (b) Quantum
teleportation setup [47]. (Yellow lines: optical fibers; Gray line: electrical
lines, ATT: attenuator; EDFA: erbium-doped fiber amplifier; PPLN:
periodically poled lithium niobate waveguide; SHG: second-harmonic
generation; SPDC: spontaneous parametric down conversion; MZI:
unbalanced Mach-Zehnder interferometer; DSF: dispersion-shifted fiber;
TIA: time interval analyzer).

1.6.2 Light detection and ranging (LIDAR)

SNSPDs may also be ideal candidates for use in LIDAR (light detection and ranging)
with visible/near infrared light for precise location and to generate large amounts of

data about the physical layout of landscape features. Fig.1.12 explains photon-
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counting depth imaging system. Few photons get reflected by a reference reflector
and others come back after getting reflected from target. The time gap get registered
between these two bunches of photons after detection by SNSPD and thus determines
the distance of the target from detector.

1.6.3 Photon number resolving detector (PNRD)

A photon number resolving detector is capable of detecting number of photons striking
detector at a particular time. TES and STJ have intrinsic energy resolving capability and
can be considered as PNR detector. However SNSPD acts as binary detector and can
only detect the presence or absence of photons. These detectors can be made PNR by

adding this features using time multiplexing or spatial multiplexing [49].
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Fig.1.12: Superconducting nanowire single-photon detector (SNSPD) based photon-
counting depth imaging system illuminated by a sub-picosecond 1560nm
wavelength source [48].

As for an example, the electrical equivalent circuit of 24 pixel PNRD is shown in
Fig.1.13.A (a) and the SEM image of the same can be seen in Fig.1.13.A (b). The
histogram of the output signals obtained at different input light power can be seen in
Fig.1.13.B (a) which is depicted using colour map. Fig.1.13.B (b) and 1.13.B (c) show
two of these histograms at two different input power levels. The probability of

22



Chapter 1 Introduction

absorption of two or more photons in a single nanowire section increases with the
more number of input photons falling on the device. This is the reason for the device
showing saturation after crossing the some number of photons detection which is less
than the total number of input photons falling on the device [50].
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Fig.1.13: A (a) Series photon number resolving detector represented by Electrical
equivalent circuit. Superconducting nanowire sectionh, in orange box shows
superconducting state and in red box shows normal state after photon
absorption, is connected with parallel resistance Rp fabricated on chip. b)
Scanning electron microscopy image of a 24-pixel-PNRD fabricated on Silicon
oxide on Si and Au-Pd parallel resistors (blue in the image). The nanowire
width is 100nm with a filling factor of 40%. Fig.1.13.B (a) Histograms of the
output signals from device at bias current Ig = 19.0 pA with different light
powers in the range 0-15nW. Twenty-five distinct output levels with respect
to the detections of 0-24 photons are visible. (b) and (c) histograms at fixed
light powers of 3.26nW and 64pW respectively.

1.7 Outline of the thesis

The above discussion has broadly outlined the scope of the present thesis. The

motivation behind the present study is twofold;

» Designing and optimization of process parameters from the perspective of single

photon detection for both visible and infrared regime.

> Designing and optimization of process parameters from the perspective of

establishment of quantum metrology standard in India.
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The layout of the thesis is as follows:

The work is divided in five parts namely (i) basic understanding about the device, its
working principle, application, properties and comparison with already existing
technologies; (ii) study of readout circuit; (iii) facility creation for low temperature
measurements; (iv) optimization of process parameters for thin film fabrication and
characterization; (v) optimization of process parameters for nanowire fabrication in
the form of meander structure using EBL and FIB and its characterization and finally

(vi) conclusion/ future aspects.

Chapter 1 is the discussion about single photon detectors and its various important
performance matrices e.g. detection efficiency, dark count rate, response time, time
jitter, spectral sensitivity etc. There are continuous research efforts worldwide in this
field to improve the device performance. The performance of SNSPD is compared
with other already existing single photon detectors. The chapter discusses in detail
about the evolution of SNSPDs from straightforward single nanowire to state-of-the-
art configurations and many technological challenges associated with device

fabrications. Few applications of SNSPDs are discussed in detail afterwards.

Chapter 2 explains about the operation of SNSPD devices. The various components
to be used in readout circuit at room temperature as well as cryogenic temperature are
discussed. The electrical model of the device is simulated using microwave simulation

software. The transient response and S-parameters are studied using different circuits.

Chapter 3 explains in details about the low temperature measurements system. The
designing of the cryostat took into consideration many factors namely, the minimum
operating temperature, temperature stability, special arrangement for measurement at
microwave frequency, light shining and alignment of fibre with micron size devices,
arrangement for DC measurements, shielding of the device from any outside

electromagnetic noise etc. Overall setup for electrical as well optical are discussed.

Chapter 4 describes synthesis of high quality ultrathin superconducting NbN films
using DC magnetron sputtering. It explains the effect of pressure, temperature and

sputter parameters on thin film fabrication and its optimization. Thin film
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characterization at low temperature is carried out. Results of low temperature

transport measurements are discussed.

Chapter 5 discusses designing and fabrication of superconducting meander line
nanoarrays using the two standard techniques — electron beam lithography (EBL) and
focused ion beam (FIB) milling. Electrical characterizations such as measurements of
superconducting transition temperature, transition width, critical current density etc.

of superconducting nanostructures are carried out and discussed.

Chapter 6 presents a brief summary of important results and scope for improvements.

It also discusses some issues which are potentially interesting for further studies.
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CHAPTER 2

DEVICE OPERATION AND MODELING

2.1 Introduction

The chapter explains about the operation of SNSPD devices. The electrical model of
the device was simulated using microwave simulation software and using S-
parameters of the amplifier. The transient response and S-parameters were studied
using different circuits and the difference in response was analyzed. The effect on
output was simulated with change in the values of frequency, load resistance and

biasing resistance.

2.2 Principle of operation

The superconducting nanowire single photon detector utilizes superconducting
property of the material. One can describe a superconducting wire by means of a
complex order parameter yw(X) =Jy(x)|lexp'®®, where @ is the phase of the quantum
mechanical wave function and | y |* = ns is the density of the superconducting charge
carriers. The Bardeen-Cooper-Schrieffer (BCS) theory explains the microscopic
phenomenon behind the photo-response of the SNSPD [1]. In the ground state, two
electrons join together to form Cooper pair. The length over which electrons form the

Cooper pair is called coherence length,
&= hvp/ (m A), 2.1)

where h is the Planck constant, v is the Fermi velocity, and A is the superconducting
energy gap. The superconducting energy gap for conventional superconductors at

zero temperature can be expressed in terms of its transition temperature (Tc) as

A(0)= 1.6kgTc. (2.2)
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When a photon with energy greater than band gap energy is absorbed, it creates
quasiparticles by breaking Cooper pair. These excited quasiparticles interact with
other electrons and phonons and recombine to form a Cooper pair. The phonon thus
generated promotes further pair breaking. The processes, generation of quasiparticles
and recombination to Copper pairs continue until the phonons reach to substrate and

get absorbed as shown in Fig.2.1 [2].

Thermalization Process e-e
Quasi particles (normal state) el

Photon >>2w —W_, | ,

Quasi particle recombination
Quasi particles (normal state) tR

On® ®00® ®|5010n emission

Py v

T ew o9

Breaking of pairs by phonons T
Quasi particles (normal state) B

g 00
Phonon >2 A —’V\L.y AT
Tew W CU

Phonon escape to substrate

es

Phonon emission

Cooper pair (superconducting state [ L K X B X J

Fig.2.1:Photo-response processes on absorption of a single photon (a) thermalization
process (b) quasiparticle recombination results in phonon emission. (c) breaking
of pairs by phonons. (d) final escape of phonon to substrate. (Box represents the
energy level above the energy gap and line represents the ground state) [2].

2.3 Detection mechanism - The hotspot model

A photon absorbed by the superconducting film generates many quasiparticles as
explained before which create a region of suppressed / destroyed superconductivity

called hotspot. When the rate of quasiparticles multiplication is more than the rate of
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their out diffusion their temperature rises and goes beyond their critical temperature
[3]. The volume of hotspot expands due to diffusion of quasiparticles. The
quasiparticle concentration along with the stripe width varies with time and with
distance from the spot of photon absorption. The thermalization length Ly, is the
length of hotspot span from the point of photon absorption and it is equal to the square
root of multiplication of the diffusivity (D) and thermalization time (t) of
quasiparticles. Since the thickness of the film d<<Ly, the hotspot spans in whole
thickness area uniformly [4, 5]. The volume of hotspot has been reported to be
proportional to the energy of the absorbed photon [6]. As shown in Fig.2.2,
schematically, the hotspot forces the biasing current to flow sideways. The local
current density around the hotspot when exceeds the critical value giving rise to the
formation of resistive barrier along the width of the nanowire. The resistive region
expands along the axis of the nanowire until the current flow is completely blocked
and the bias current starts flowing through the external circuit until the hotspot cools
down and nanowire goes back to the superconducting state.

The superconducting nanowire
biased just below the critical current

Creation of the hotspot
as a photon is absorbed

Formation of a resistive barrier
across the width of the nanowire

Formation of a resistive barrie
across the width of the nanowire

i_I‘_Ii_I;I
|

Growth of the resistive region
along the axis of the nanowire.

Reset to the superconducting state

|

Fig.2.2:Hotspot model showing the loop of transition from superconducting state to
normal state and back to superconducting state after absorption of a single
photon by current biased (Ig) nanowire.
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2.3.1 Limitation of hotspot model

The hotspot model does not explain the nature of increasing tendency of quantum
efficiency with decreasing temperature and at the same time, nor does it explain the
origin and increase in dark count rate with increasing bias current. The hotspot model
describes the step like behavior of device detection efficiency (nppg) With increasing
Ig/lc value, however experimental results differ from that and shows exponential
increase in nppeg With increasing lg/lc till it reaches a threshold value. Beyond the
threshold nppe becomes constant. Similarly, hotspot model does not explain the
wavelength dependence of nppe. Unlike the step like behavior as explained by hotspot
model nppe remains constant until it reaches a threshold wavelength value, beyond the

threshold nppe decreases exponentially with increasing wavelength.

Further, hotspot model limits the detection of photon above cut off wavelength. All
these contradictions and limits of the hotspot model can be explained in terms of

thermal unbinding of the vortex and anti-vortex pair.

2.4 Fluctuation in 2D superconductors: vortex and antivortex pairs

Superconducting nanowires used in SNSPD can be treated as two dimensional. The
resistance does not necessarily reach zero below the Tc in 2D superconducting
materials due to thermal fluctuation caused by the existence of vortex and antivortex
pairs (VAPs). According to the framework of the Berezinskii-Kosterlitz-Thouless
(BKT) model, there is a temperature Tgkr (< Tc) below which the resistance of the 2D
superconductor becomes zero due to formation of vortex antovortex pair [7]. The
binding energy of VAPs weakens in the presence of transport current and finally the
thermal fluctuation break the VAP. The binding energy is strongly reduced if the
separation between the vortex and anti vortex (r) is more than 2A% d and becomes
proportional to (1/r%). In 2D superconductors however, the binding energy becomes

proportional to the log of separation (r) as the width is less than w<<21?/ d [8].
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2.5 Kinetic inductance in superconducting nanowires

Kinetic inductance is intrinsically associated with superconducting nanowires. It plays
an important role in electro-thermal response and timing jitter of SNSPDs. The value
of the kinetic inductance also determines the rise and fall times of the photo-induced
signal in the SNSPDs and hence the count rate [9, 10]. The SNSPD device can be
represented with kinetic inductance in series with parallel combination of resistance

(Rus) and a switch as shown in Fig.2.3.

Switch

Lk

— MWL NN NS\

Fig.2.3: Phenomenological model of SNSPD.

The switch remains closed as long as there is no photon absorption. Once a photon is
absorbed and forms hotspot the switch becomes open. Once the switch is open, the
current flows through the load impedance Zo (~50Q). This gives rise to voltage

transient with rise time Tise, Where
Trise = Li/ (Rus+Zo). (2.3)

The moment current flows through the load impedance; SNSPD cools down and

regains superconductivity. The fall time (ts) Of the voltage pulse follows

Tran = Lk/Zo. (2.4)

2.6 Count rate and reset

The count rate of a SNSPD is dependent on its reset time [11] and the value of the
kinetic inductance limits the reset time. For instance, the kinetic inductance of a
meander structure in a (10pum x 10um) area with 100nm width and 50% fill factor is
about 500nH and the fall time (tsy) IS about 10ns. The maximum count rate is

estimated to be 0.1 GHz. The count rate can be increased by decreasing the reset time
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which is possible by decreasing the value of Lk [12-15] and increasing the value of
Zo. The kinetic inductance (Lk) of the nanowire can be reduced either by reducing its
length or by choosing superconducting material with lower intrinsic inductivity [6].
However, lowering the length will also reduce the effective area of the device. The
other way to reduce reset time is by putting a series resistance between device and the
contact pads. The drawback in reduction of reset time in this way is that the device
gets latched in finite voltage mode and requires to be heated above the

superconducting transition temperature to resume the counting event [16].

2.7 Simulation of readout circuit

The electrical model of the device can be simulated using any microwave simulation
software. High frequency electromagnetic simulation software (SONNET) is used to
solve the S-parameters of gold (Au) pads as well as NbN superconducting material
(Fig.2.4). The S11 (reflection) and S21 (transmission) parameters for NoN nanowires
(200nm width and 10nm thin) on Si/SiO2(300nm) substrate in the shape of meander
structure in an area of 10um x 10um as a function of frequency is plotted in Fig.2.5. It
can be seen that S11 is in the range of (0.9 to 0.8) and phase difference increases with
frequency whereas S21 is in the range of 0.1 to 0.04 while shown the increasing trend
as the frequency increases. These values can be used in ADS software while modeling

the electrical circuit to study the output w.r.t. time and frequency.

(a) “ (b) (c)

&

b\

Fig.2.4: NbN meander structure along with Au contact pads using SONNET software
(a) Zoomed 3D view (b) Zoomed 2D view (c) Full 2D view.
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S-parameters for gold pads (magnitude and angle) and its equivalent capacitance
are shown in Fig.2.6. Since the gold pads are designed in coplanar waveguide
shape with all the dimensions taken for impedance matching, the S21 is quite high

in comparison to S11.
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Graph for Au contact pads using SONNET software (a) S11(magnitude) vs

frequency (b) S11(phase) vs frequency (¢) S21(magnitude) vs frequency (d)
S21(phase) vs frequency (e) capacitance vs frequency for contact pads.

2.7.1 DC coupled electrical readout

Case study —

The detector is connected to a dc bias source and readout which consists of

transmission line, band pass filter and amplifier with 502 input impedance as shown
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in Fig.2.7. The values of equivalent capacitance and inductance generated by
SONNET software for NobN meander and gold pad are used in Agilent Advanced
Design System (ADS) ADS for modeling of SNSPD along with readout components.

The transient response and S-parameters have been studied and analyzed using
different circuits.

TRANSIENT
Trant
StepTime=120 0 nset
MaNireSep=01 nac

500.000

383.333 ' (b)

266.667 —

"~ 150.000— : | X ,
= 1 * | /

vout, uV

33,333 |

-83.333—

-200.000

| Tk ) .l | u ¢
90 Eh| 92 a3 o4 95 36 97 98 9% 100

time, nsec

Fig.2.7: (a) Readout circuit (b) Input and output voltage vs frequency.

Case study - 11

A normal coax Tee is replaced by using a bias Tee and the response is studied. Next
the Band pass filter (BPF) is replaced by HEMT and the difference in response
(Fig.2.8) is noticed at 50mV pulse generated across the SNSPD at 500MHz. The
details of the Bias Tee and HEMT are as follows.
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Specifications of bias Tee:
Make - Mini circuit, Model - ZX85-12G-S+.

50Q, wide band (0.2MHz - 12GHz), 0.6dB insertion loss, 30dBm RF power, 1.8Q2 DC
resistance from DC to RF&DC port and DC current up to 400mA and voltage
standing wave ratio (VSWR) of 1.2.

Specifications of high electron mobility transistor (HEMT):
Make - Sumitomo Electric Device, Model - FHX45X

Ultra-low noise and high gain amplifiers in the 2 to 18GHz frequency range, low

noise figure: 0.55dB at 12GHz, high associated gain: 12dB at 12GHz

Case study - 111

The effect of cascading two amplifiers can be seen in the response of the simulated
model of the circuit as shown in Fig.2.9. Apart from this the voltage from the DC
voltage source passes through the low pass filter (LPF) to diminish electronic noise.
One LPF is kept at room temperature while the other one is placed inside the cryostat.
The same way, output of the SNSPD gets amplified from an amplifier kept at

cryogenic temperature. The second amplifier is placed outside of the cryostat.

Case study - IV

Simulated inductance and capacitance of the Au coplanar waveguide along with that
of meander structure are shown in Fig.2.10. The first negative peak is the response
caused by the pulse generated across the SNSPD (formation of the resistive domain
due to absorption of the photon). The amplitude of the output pulse depends on the
bias current and positive pulses afterwards are due to charge storage in the capacitor
of the low pass filter which slowly dies out. However, reflection in AC signal occurs
due to partial mismatch of impedance in coaxial cable and input impedance (50Q2) of

the amplifier
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Fig.2.10: (a) Readout circuit (b) Input and output voltage vs frequency.

Case study -V

A -3dB attenuator is placed before the second amplifier to damp the reflection and
prevent the formation of standing waves between two amplifiers (Fig.2.11). Second
stage amplifier is AC coupled with pre amplifier to remove non-linear effects. The
isolation provided by pre amplifier from the 50Q impedance of the subsequent
amplifier gives chance to independently adjusting the load seen by the SNSPD by
changing R [17]. In order to mitigate the effect of slowly decaying oscillations and
maintain high SNR and maximum bandwidth, L-R high pass filter is added at the
input of the amplifier. This filter creates a path to the ground for DC and the
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frequencies below its -3 dB cut off frequency. The chosen cut off frequency couple

the oscillations to the ground and not to the input of the amplifier.
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Fig.2.11: (a) Readout circuit (b) Input and output voltage vs frequency.

2.7.2 Dependence of output on frequency, load resistance, and biasing resistance

The output of SNSPD is damped oscillation and its electrical equivalent circuit can be
represented by RLC model. Fig.2.12 shows that reset time can be decreased (tr) and
pulse amplitude can be increased by increasing the R.. The maximum limit of Ry is

the value at which the device starts latching.
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Fig.2.12: Output voltage of readout circuit at different load resistance.

The effect of biasing resistor (Rg) on output voltage is seen in the Fig.2.13. The output
voltage remains unchanged. The increase in biasing resistance therefore decreases the
bias current. The high value of Rg helps in making the bias network work as constant
current source and the bias voltage is selected accordingly. In other way the decrease in
Rg value increases the current and hence the Rg can be decreased up to a minimum value
to keep the device in superconducting state. However once the photon is detected by

SNSPD, Rg does not affect the output response from the readout.
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Fig.2.13: Output voltage of readout circuit at different Bias resistance.
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Variation in output with change in frequency is shown in Fig.2.14. Since the
application in the field of quantum communication requires fast data transfer at high
bit rate, the circuit is tested for a range of frequencies from MHz to GHz range. The
output is found to be absolutely fine and detectable in the whole frequency range.
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Fig.2.14: Output voltage of readout circuit at different frequencies.

2.8 Summary

This chapter gives a brief overview on principle of SNSPD operation. It discusses
about hotspot model and its limitation. Fluctuation in 2D superconductors due to
vortex and anti-vortex pair formation has been introduced. Apart from this
sophisticated readout electronics required for monitoring signal corresponding to each
and every photon has been discussed. Simulation of readout circuits which assist

identifying electronic components has been carried out.
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CHAPTER 3

FACILITY CREATION FOR LOW TEMPERATURE
MEASUREMENTS

3.1 Introduction

Superconducting nanowire based detectors have shown lot of potential in recent years
as single photon detector at the telecom wavelength for its application in the area of
quantum optical technologies due to its better performance matrices [1-19]. It is found
that the detection efficiency of SNSPDs increases and the dark count diminishes
significantly with the decrease in operating temperature. Motivated by the earlier
work of Orgiazzi et al. [20], on experimental setup down to 4.2K which was based on
standard liquid helium transport dewar, we designed and built a liquid helium flow
cryostat down to 1.8K along with probes for electrical as well as optical
characterizations. Economical consumption of liquid helium, sound temperature
stability, and efficient optical coupling, easy and user friendly samples changing
option without breaking the vacuum, or warming up the cryostat were some of the

important requirements taken into considerations while designing the cryostat.

3.2 Cryogenic equipment and measurement systems

3.2.1 Cryostat

High efficiency variable temperature liquid nitrogen shielded liquid helium cryostat
with cryogen level monitor and level probes is custom designed for its use in
characterization of superconducting nanowire single photon detector (SNSPD). Since
the performance of SNSPD improves with lowering of operating temperature, the
operating temperature range of the cryostat is kept 1.8K to 325K and it has sample in
vapor (dynamic exchange gas) configuration. The interface flange of cryostat along
with two sample probes have matching NW100 flange for top loading samples which

can be quickly changed while operating.
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The cryostat has four chambers namely vacuum chamber, liquid nitrogen reservoir,
liquid helium reservoir and sample tube space. Sample vapor pumping port with NW25
interface flange, sample safety pressure relief and compound pressure gauge are
included for regulating and monitoring the pressure in sample tube space (10PSI
maximum operating pressure). 2 stage rotary vane vacuum pumping station, compound
vacuum gauge, oil mist exhaust filter and pumping line assembly with isolation vacuum

valve, stainless steel flexible bellow are used to pump the sample space.

Evacuation valve with safety pressure relief and provision for pressure gauge for
vacuum chamber is installed and connected to turbo pump. The outer vessel called
vacuum chamber provides thermal insulation from environment while evacuated.
Liquid nitrogen reservoir assembled with nitrogen fill/vent ports cools radiation
shields surrounding the sample space inside the tail of the cryostat to 77K to reduce
the amount of heat reaching the 4K stage.

The liquid helium reservoir is assembled with helium fill and access port with wilson
fitting, helium flow control valve and safety pressure relief valve. It also has the
provision for helium recovery. Liquid helium flows from the reservoir through the
adjustable flow valve located at the bottom of the sample tube. On applying heat, it
vaporizes the liquid and raises the gas temperature. This gas then enters the sample
space and cools the sample space to the desired temperature down to 1.8K upon
pumping. De-icing heaters are installed on capillary/flow valve to prevent blocking

of helium flow due to icing.

Dual channel liquid cryogen level monitor with top loading removable liquid helium,
liquid nitrogen level probe and two sensor readouts enable in-situ monitoring of

cryogen inside the reservoirs.

The 14.5” OD cryostat with 22.0” main dewar body length has ~10 liters capacity
outer liquid nitrogen reservoir which provides full nitrogen shielding around liquid
helium reservoir and sample tube. Liquid helium reservoir with ~10 liters capacity
and ~ 100ml/hr helium loss rate with all inserts at 4.2K enables users to continue

experiment without refilling the system for two to three days.
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Sample tube with 3” outer dia. and 8” long tail section has one 50Q cartridge heater.
One calibrated (1.4K to 325K) cernox sensor installed at the heat exchanger are for

precise controlling and monitoring of temperature at heat exchanger.

Hermetic electrical 10-pin vacuum feedthrough mounted on the top surface of the
cryostat provides access to connect the heater and sensor of the heat exchanger to a

temperature controller.

The temperature of the heat exchanger is controlled by the dual action of regulating
the helium flow and the electrical power to the heater in contact with the heat
exchanger. The temperature-controlled liquid/gas then flows up an annular channel
surrounding the central sample tube, which contains low-pressure helium exchange
gas to cool the sample. The coolant exits at the top of the cryostat and passes to a gas
flow pump and controller combination. An extra temperature sensor is fitted at the
sample position to monitor the temperature at the sample position. A complete picture

of the cryostat is shown in Fig.3.1. Fig.3.2 shows the electrical connections for

different sensors and heaters.

Sample tube venting
assembly

L \‘ adl 4 ' Electrical feedthrough
LHe filling port

Measurement probe

Evacuation assembly
for vacuum tube

/‘ LN, filling port

Valve operator
LHe level probe

LN, vent with level probe
Pressure gauge

Helium recovery assembly

Fig.3.1: (a) Picture of complete cryostat system. (b) Top view of the system.
Major parts of the system are marked with arrows.
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3.2.2 Dipper probe

Two dipper probes, one for transport property measurement and another for optical

property measurement are designed.

The electrical probe is designed to study transport properties such as critical
temperature (Tc), critical current (Ic) for the optimization of properties in

superconducting thin films and nanostructures.

Fig.3.2: 10 pin feed through for connection with temperature sensor and heater from (a)
sample space and T-mount in probe (inset zoomed view) as well as (b) vaporizer
and its connection with temperature controller (inset zoomed view) (c) back view
showing three sensor connection (sample space, T-mount, vaporizer) and two
heater connection respectively from right (d) front view showing temperature at
sample space, T-mount, vaporizer and fourth sensor is not connected.

3.2.2.1 Custom sample probe for low temperature electrical measurements

Top loading sample probe assembly with a sliding seal for sample positioning and
height adjustment with NW100 interface flange is designed. 10-pin feedthrough is
connected to DC Manganin leads which run down the probe and are properly twisted
in pairs and filtered with RF chokes with high impedance to minimize noise
propagating down to the device enclosure. These wires are connected with thermal
sensors and heaters at the lower end. Manganin wires are used to minimize the heat

transfer due to poor thermal conductivity. 26-pin electrical connector with mate for 10
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twisted pairs of 36 gauge phosphor bronze are connected to LCC socket at sample
zone. Fair electrical conductivity and low thermal conductivity of phosphor bronze
allows electrical connections to devices at low temperatures without adding excessive
heat. Further, non-magnetic phosphor bronze has a relatively low temperature
dependence of its resistance from room temperature to helium temperatures. In

addition, hermetically sealed 6 nos. BNC feedthroughs are connected with coaxial

cables for AC transport measurement.

Mu-metal shield

electrical
d hrough
Heater

Temperature sensor
Temperature sensor 20-pin LCC socket

& chip carrier

Sliding sealed flange

Fig.3.3: Top panel shows the variable temperature insert for electrical characterization.
Lower left panel while describes the major components of the low temperature
module right lower panel marks the different feedthroughs for electrical
connections.

Mu-metal shield is attached to copper sample mount to cover entire sample assembly.

Mu-metal is a nickel—-iron soft magnetic alloy with very high permeability, which is

used for shielding sensitive electronic equipments against static or low-frequency

magnetic fields. Mu-metal's advantage over other high-permeability alloys is that it is
more ductile and workable, allowing it to be easily formed into the thin sheets needed

for magnetic shields. 50Q heater and calibrated (1.4K-325K) sensor are installed on
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sample mount. Custom T-style sample holder with 20-pin LCC socket and matching
chip carrier is mounted on brass sample mount. The sample rod is made from stainless
steel because of its high mechanical strength, and excellent thermal insulation.
Variable temperature insert with all its parts and feedthroughs can be seen in Fig.3.3.

3.2.2.2 Custom sample probe for low temperature optical measurements

The variable temperature insert for single photon detection application along with its

major components and feedthroughs can be seen in Fig.3.4.

Mu-metal shield
Sample holder

Heater and sensor wires
SMA connector

. Temperature sensor
at T-mount
Optical fiber

Ultra fine hex adjuster screw
Semi rigid coax cable with thermal braids

SMA feedthrough
FC/PC fibre optic feedthrough

10 pin electrical feedthrough

Fig.3.4: Variable temperature insert for single photon detection application shown in
the top panel. The bottom panel shows the enlarged view of the top of the insert
having feedthroughs for electrical as well as optical connections. The center
panel describes in details the essential components of the optical insert.

It is a top loading sample probe assembly with sliding seal to adjust the height for

sample processing. It has nickel plated copper tube with brass end cap and Mu-metal

shield installed inside nickel plated copper tube to cover entire sample assembly at lower
end of the probe. Probe dimensions are compatible with cryostat. One 50Q2 heater is

installed on sample mount. One out of two calibrated (1.4K-325K) sensors is installed on

sample mount and another one on INVAR sample holder near sample space. There is
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one 10-pin feedthrough with mate connected to sensor and heater using manganin wires
and has same purpose as in the case of electrical probe. It has two hermetic SMA female
to female coaxial connectors. One connector is connected with ultra miniature coaxial
cable (0-20GHz) and another one with semi rigid coaxial cable rated for use 0-20GHz.
These cables have male SMA connectors at both ends and the other end of these cables

is terminated in sample area (inside Mu-metal shield).

The probe has the provision of shining light onto the sample area. Single mode fibre
(SMF-28e or equivalent) at one end connected to hermetic FC/PC fibre optic
feedthrough and the other end of fibre is fixed on sample holder for illumination of

the sample.

The measurement setup has the provision of connecting two sample holders with
separate set of FC/PC connector with single mode fibre to shine light on the sample
and SMA connector with coaxial cables for RF output. The optical characterization of
two devices can be performed using the setup and at the same time which is useful for
HBT / Time correlated single photon counting (TCSPC) studies.

3.2.3 Sample holder

Custom sample holder consists of main body, cover and device mounting plate made
of INVAR 36. The sample holder along with its components is shown in Fig.3.5.

Main body and device mounting plate are gold electroplated. Dimension of sample
holder is 20mm x 20mm x 11mm. The cover plate is 3mm thick while the main body
height is 8mm. SMF28e single mode optical fibre terminated by 5.5mm long x1.8mm
diameter anti reflection coated ferrule and grin lens assembly is attached with the
cover plate. The lenses include an 8° angled facet to minimize back reflection and
compensate for the angular beam deviation from angled fibre ferrules. The ferrule is
held in a modified ultra-fine hex adjuster screw with 100 threads per with 1.8mm
diameter central hole for housing the optical fibre. The ferrule holding the optical
fibre is placed inside the hole and permanently fixed with low temperature compatible
STYCAST epoxy. Locking ring arrangement at top of screw allows adjusting and

fixing the distance between optical fibre tip and sample surface.
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SMA connector

Temperature sensor housing

S

Base block

Cover plate with a centre Locking ring ultra fine hex
hole for hex adjuster screw adjuster screw

Sample mounting plate
with a centre hole

optical fiber terminated with
anti reflection coated ferrule and
grin lens assembly

Fig.3.5: Picture of all essential components for customized sample holder placed in
sequence for easy to understand the sample mounting steps.

An observation hole of 0.08mm diameter is bored at centre of the body and also at
centre of device mounting INVAR 36 plate (12mm x 12mm x 1.5mm). The device
mounting plate can be tightly fixed at the bottom of the main body with four non
magnetic stainless steel screws. An SMA male connector is mounted at one side of
the main body of sample holder. The centre pin of SMA connector is surrounded by
insulating sleeve to isolate it from the main body of the sample holder. Calibrated
cernox sensor mounted on the back of the sample mounting block monitors the

sample temperature in a precise manner.

3.2.4 Arrangement for sample mounting to enhance optical coupling

The sensor wires installed to the sample holder are demountable and are terminated in
mini-disconnects. Fig.3.6 shows the microscope and sample holder assembly. The
short wave infrared camera with InGaAs sensor and having spectral band from 0.9um
to 1.7um is connected with microscopic zoom lens compatible with C mount
microscopic zoom lens (12:1 or higher) to achieve ~3-4 micron resolution.
[llumination source for in situ monitoring of alignment with the help of fibre optic
ring light/ fibre optic coaxial illuminators is integrated with the camera. The sample

mounting arrangement is quite user friendly under a microscope.

57



Chapter 3 Facility Creation for Low Temperature Measurements

This process involves (1) fixing the sample on sample mounting plate inside the main
body with an idea that when the top lid is placed the tip of the fibre should nearly
comes on the top of the active area (10um x 10um) of the sample; (2) loosely placing
the top lid on to the holder; (3) placing the whole assembly under the microscope; (4)
turning on the laser so that the fibre tip illuminates the sample. Once illuminated,
through the backside hole of the holder one can see which part of the sample is
coming under the fibre tip; (5) adjustment of the top lid to ensure that the active area
is illuminated; (6) tightening the screws to firmly fix the top lead on to the main body.

Fig.3.6: (a) Microscope assembly (b) Sample holder assembly.

3.2.5 System operation
3.2.5.1 Evacuating the outer space and sample space of cryostat

The outer space of the cryostat is evacuated using turbo molecular pump to reach the
base pressure of the order of E-6 mbar. It is found that the cryostat retains the vacuum

for at least couple of weeks.

One roughing pump is permanently attached to the sample space of the cryostat. It
allows venting the sample space as and when requires. The roughing pump line
attached to the sample tube while maintains the vacuum level in the sample space also

pumps out helium gas to reach the temperature of the sample space below 4.2K.

3.2.5.2 Flushing of liquid helium chamber to check flow conductance

It is important to check the flow conductance through the inside capillary in dry
condition at room temperature prior to cooling down the cryostat. For that liquid

helium chamber is filled with helium gas whereas the sample space is kept in vacuum.
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The helium throttle valve while open partially by turning the flow valve operator
counter-clockwise, the pressure gauge clearly indicates flow of gas into the sample
tube. If the chamber is connected with the vacuum pump the pump exhaust or sound

indicates that the capillary is not plugged or restricted.

3.2.5.3 Cooling down

The liquid nitrogen chamber requires thorough flushing with nitrogen gas before
filling it with liquid nitrogen to minimize moisture content in the LN, reservoir. In a
similar way, the helium reservoir is required to be flushed out several times with
helium gas filled with high purity helium gas to avoid any condensation during
cooling. The outer LN, reservoir is then filled with liquid nitrogen and the system is
left overnight in such condition.. Maintaining a certain vacuum level in the sample
tube during cooling is must to reduce potential water condensation. Ideally the sample
tube should be continuously pumped out. Pre-cooling the system wil LN,
substantially reduces the consumption of liquid helium. Prior to filling the liquid
helium reservoir with liquid helium, it is important to maintain the liquid LN, in

reservoir.

3.2.5.4 Pressure regulation

The helium reservoir safety relief pressure regulator maintains positive pressure. This
helps in maintaining proper flow of liquid helium from the reservoir into the heat
exchanger and sample tube. Moreover, the regulator prevents condensation and air
from entering the reservoir while protecting against over pressure. All other helium
ports require to be plugged immediately after the completion of the liquid helium

transfer.

3.2.5.5 Helium recovery

Helium recovery line next to the cryostat is installed for recovery of expansive helium
gas as shown in Fig.3.7. The outlet of the helium reservoir and the exhaust port (with
oil mist filter) of the sample tube vacuum pump are connected to the helium recovery

line to ensure that the evaporated helium is recovered.
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Fig.3.7:Connection of bellow with (&) helium reservoir at one end and with (b) helium
recovery line at another end.

3.2.5.6 Mounting the probe in cryostat

The mounting of sample on probe was performed in two situations one is initial
mounting before cooling down of sample space and another one is when the sample
space is sitting at low temperature. The main advantage of this cryostat is that no

warming of sample space is required prior to sample change.

In the first case, at the time of mounting the sample probe continuous flow of helium gas
in the sample space needs to be maintained. Sample space is purged afterwards with
enough helium gas two to three times before the final evacuation. This prevents sample

space from moisture absorption and reduces moisture content from the sample probe.

In the second case, while unmounting the sample probe from the cryostat enough flow
of helium gas is required to be maintained. Sample place needs to be immediately
closed with blank flange and evacuated. Prior to remounting of probe the sample
space needs to be filled again with helium gas. Insertion of the probe in the cryostat is
required to be done under the constant flow of helium gas in the sample space to

avoid any condensation due to absorption of moisture.

60



Chapter 3 Facility Creation for Low Temperature Measurements

3.2.5.7 Variable temperature operation

The evacuation of sample space is started with rotary pump. After half an hour
waiting, the throttle valve that controls the flow of liquid helium to the sample space
through capillary is opened by about one complete turn. The sample space begins to
cool down at in about four to five hours of time the temperature of sample holder
(Tsample), heat exchanger (Tvaporizer), and sample mount assembly (Tmount) reached
~1.8K. The throttle valve is then kept open by about half a turn to maintain the system

at minimum temperature.

There are two ways to operate the system below 4.2K - (a) sample in vapour and (b)
sample in liquid.

In ‘sample in vapour mode’, the flow control valve is opened partially while pumping
the sample tube continuously. The flow requirement can be adjusted precisely in order
to reach the lowest desired temperature. The temperature of the sample zone can be
fixed at any value to approximately 20K by heat input to the heat exchanger alone. In
‘sample in liquid’ mode, initially heat exchanger power is set to zero and the flow
control valve is opened largely by two-three complete turns till the sample tube is
filled with liquid helium to a some extent. In the next step the flow valve is required
to be closed complete and the sample tube to be attached to vacuum pump for
evacuation. The system reaches to the lowest possible temperature and holds until the

liquid helium inside the sample tube is all exhausted.

3.2.5.8 Sample contact and connections

The sample is wire bonded with the connections on the chip carrier. Sample for the
low temperature transport measurements can be positioned on 20-pin chip carrier
using silicone-free cryogenic Apiezon N grease. The chip carrier can be easily placed
inside the chip carrier socket. The arrangement for mounting the chip carrier inside
the socket is very much user friendly. The twenty contacts from the sample holder as
shown in Fig.3.8 are connected with the 20-pin connector using separate manganin
wires. Hermetically sealed 20-pin connector is the link between instruments sitting at

room temperature and sample at low temperature inside the cryostat.

61



Chapter 3 Facility Creation for Low Temperature Measurements

5

AU

-
e

:
-
-
-
® 5
-
-

gaoasinnn

.
&

L ERLET YT

Fig.3.8: (a) 20 pin feed through and its connection with cable having 20 twisted
manganin wires; six BNC connectors for connecting coaxial cable. Either of the
connectors can be used for outside connection with instruments using cables for
IV, RT measurements. Either two cables with 10 wires each or six coaxial
cables for other side (inside cryostat) connection with the (b) PCB (front and
back view vertically) on which sample holder (front and back view vertically) is
mounted. Chip carrier with sample mounted on it (Zoomed picture of sample

and its wire bonding with pins of chip carrier can be seen) can be put inside the
sample holder.

3.2.6 System performance

3.2.6.1 Temperature stability

For monitoring and controlling the temperature of heat exchanger, and sample space
heater and sensor are connected to the Lakeshore 336 auto tune temperature
controller. 50Q heater with 50W max heater power is used for the heaters installed on
vaporizer and T-mount. Three out of four available sensor inputs are used to read the

sensors installed on sample mount, T mount and vaporizer.
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Fig.3.9 shows the temperature stability at sample mount for both the inserts. They
were cooled down and after stabilization of temperature using the adjustable flow
valve variation of temperature was monitored with time. The maximum temperature
drift of ~4mK from average value has been observed for electrical insert, whereas
optical insert shows maximum drift of ~7mK over a time span of about one and half
hour. It is important to mention that during these measurements neither the sample
mount heater nor the heater mounted at the heat exchanger was used to stabilize the

probe temperature.

Fig.3.10 shows the temperature dependence of resistance change in superconducting
NDbN thin films carried out in four-point-probe measurement geometry. Measurements
in both heating and cooling cycle were performed at a sweeping rate of 0.5K/min. The
data clearly shows superconducting transition (Tc) at 14.6K with 0.5K transition
width (AT). The measurement clearly shows there is negligible thermal hysteresis

associated with heating and cooling cycles.
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Fig.3.9: Observation of temperature stability. Plot (a) shows the experimental data of
temperature drift for electrical insert. Similar measurements were carried out
for optical insert and plotted in panel (b).

3.2.6.2 Current versus voltage (1) measurements

The voltage across the device remains zero in its superconducting state and current
flows without any dissipation. This can be maintained only if the operating
temperature of the device is less than the critical temperature and also the current

flowing through the device at this temperature
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Fig.3.10: Resistance versus temperature plots of superconducting NbN films. Heating
cycle was followed immediately after the completion of cooling cycle. As can be
seen cooling and heating profiles are perfectly superimposed.

is less than the critical current (Ic). The IV measurements of a used device from MIPT

Moscow have been performed to check the system performance and shown in

Fig.3.11. A resistance (Rp) is connected in parallel of device which helps the device to

come back to the superconducting state and therefore prevents from latching. The IV

plot shows that the critical current (Ic) of the device is +5uA.
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Fig.3.11: IV measurements on a SNSPD device.
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3.3 Setup for optical measurement

3.3.1 Overall plan

The setup in the Fig.3.12 shows measurement protocols of single photon devices. The
function generator triggers the pulsed laser diode and oscilloscope simultaneously.
The output pulse from laser can then be attenuated to a desired level using a series of
variable attenuators. Beam splitter after the polarizer guides a fraction of laser beam
to the power meter while the remaining part goes to the device inside low temperature
cryostat though single mode optical fibre. The device is current biased using a source
meter nit (SM) in series with a ~100kQ resistance just below the Ic. The voltage
output from the device due to absorption of single photon is amplified and monitored
either by high bandwidth (GHz) oscilloscope or by a photon counter. However,
integration of overall setup requires though characterizations of individual
components. A brief discussion towards that direction has been discussed in the

following sections.
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Fig.3.12: Setup for optical characterization of the device.
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3.3.2 Characterization of laser source, photodetector and system automation

The continuous wave laser source (S1FC635) of 635nm is operated in the power
range of maximum 2.5mW. The laser source is connected with the photodiode
(DET025AFC) using single mode fibre (SM600) and its output is fed to the input of
oscilloscope. The variation in the output voltage from photodiode with the variation in
output power of laser source is in the form of DC voltage. The laser output is
modulated using sine wave and is monitored in the oscilloscope. The output from
photodiode is in the pulse form which can be used for counting the pulses by a photon
counter. The modulation bandwidth of the signal is set up to 5kHz in the case of full
depth of modulation (FDM) and 30kHz in case of small signal modulation (SSM).
The output signal from photodiode is terminated in a 502 load and hence the output
signal obtained is equal to the product of photo response current and load resistance.
The output of photodetector from CW laser source is seen in the setup shown in
Fig.3.13.

Fig.3.13: Real time measurement for laser characterization and modulation.

The program in LabVIEW platform is developed for optical characterization of the
setup in automation mode. The output of the device at oscilloscope is monitored at the
screen (Fig.3.14) and is saved for future reference. The number of pulses in a

specified time can also be stored in the file with the help of photon counter.
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Fig.3.15(a) is the number of counts of pulses versus frequency starting from 10kHz to
1MHz using 1IDQ801 in TCSPC setup. Fig.3.15(b) is the study of time jitter in the
output of photodetector which happens to be 59ns. It can be seen that 50K pulse count
occurred in 100ms at 100kHz and the response time was 99ps. In another case the
time jitter was plotted at variable frequency and its variation was from 550ps to 725ps
(Fig.3.15 (c)).
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Fig.3.14: Front panel of the program for automation in optical characterization of the
device.
Fig.3.16 (a) shows that variable frequency of laser source does not affect the amplitude
of the output waveform from photodiode as the peak power of the laser pulse is always
1mW. The output of photodiode decreases (Fig.3.16(b)) as the attenuation of output
power from laser source decreases. At -12dB attenuation of laser power the output of
photodiode becomes 56mV after amplification and it becomes difficult to measure the
output pulse from photodiode by further increasing the attenuation due to low SNR. It is

seen that the minimum measurable voltage using photodiode is 56mV at average laser
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power of -67dBm. The minimum number of photons detected by photodetector at

1550nm wavelength can be estimated as follows:

Average number of photons per pulse from laser source
= (3.16E-13x1550E-9)/(6.626E-34X3E+8)
= 2464031 photons per pulse

Average number of photons per pulse after attenuation (-54dBm)
= (3.98E-15x1550E-9)/(6.626E-34x3E+8)
= 31034 photons per pulse

Responsivity of Photodiode
= lpp/P (0.95 A/W)

Pulse Energy
= Average Power x Tpulse
=3.98nW x 1us = 3.98E-15J

Peak Power
= Pulse Energy/ Pulse Width
= 3.98E-15/ 300E-12 =0.01326 mW

Fibre Input InGaAs Biased Detector Output
=0.0126 mA x 50Q=0.63 mV

Amplified o/p

=63.0 mV (Actual o/p 56mV)
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Fig.3.16 (a) Response pulse from photodetector at different frequencies (b) the
response pulse at LMHz at different attenuation levels and (c) variation of output
laser power (black) and variation of amplitude of photodetector wrt variation in
attenuation levels at 1550nm wavelength input from laser source at 1IMHz.

3.4 Summary

This chapter reports on the design and development of a cryogenic setup down to
~1.8K for carrying out measurements on superconducting nanowire single photon
detectors (SNSPDs). It has been found that variation in temperature is less than 10mK
at lowest operating temperature. Apart from the above, another important advantage
of the system is its low enough liquid helium loss rate (~100ml/hr) with all inserts
which allows uninterrupted measurements for several days without any refilling of

liquid helium. Further integration of optical setup has been discussed.
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CHAPTER 4

THIN FILM FABRICATION AND CHARACTERIZATION

4.1 Introduction

In this chapter the details about the NbN then film growth and characterization are
discussed. The optimization of the film was performed for improved superconducting
properties. Comparatively thicker films (=50nm) were deposited for initial
optimization. Thinner films of about 10nm were optimized in the next step towards
their applications for single photon detection. Reactive DC magnetron sputtering
technique has been employed for depositing high quality superconducting thin films
of NbN. Magnetization measurements were carried out using a Quantum Design USA
make 7T magnetic property measurement system (MPMS). The conventional four
point probe method was also used to evaluate superconducting properties of the films
down to 1.8K.

4.2 Superconductivity in NoN

NbN is a BCS superconductor with an energy gap of ~ 5 meV. The magnetic
penetration depth of NbN is close to 200nm and the coherence length is <5 nm. In
thin film of NbN the superconducting properties are very much dependent on their
microstructure. The nitrogen partial pressure during deposition is one of the most
important factors which control the grain-boundary resistance and the effective
coupling between neighboring grains. Films grown at lower temperatures show a
granular microstructure with randomly oriented grains. It has been observed that the
normal state transport as well as superconducting properties of NbN are greatly
influenced by the degree of crystallinity. The normal state resistivity of
polycrystalline films can vary from 100 - 2000uQ-cm although the Tc remains the
same as that of epitaxial films. The higher normal-state resistivity is primarily due to

inter-grain conduction across the insulating grain boundaries.
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4.3 NDN as a test system

We have selected NbN as a test system to study the effect of nanopatterning on the
superconducting state of strong type-1l superconductor. NbN is particularly suitable
for such studies because of its high transition temperature and high critical current
density. An essential research direction in the field of SNSPDs is to increase device
performances by defining distributed Bragg reflector (DBR) prior to deposition of
superconducting layer. It has been found that thin films of NbN with fairly high
critical temperature can be fabricated at relatively low growth temperatures. This
feature makes it possible to integrate NbN into hybrid structures without much inter
diffusion at its interface. Moreover, since the demonstration of the first SNSPD, NbN
has primarily been used as the superconducting materials. NbN devices have
demonstrated device detection efficiencies as high as ~ 80% , hundreds of MHz count
rates, less than 50 picoseconds jitter as well as very low dark count rate. In addition,
the dead time is the order of a few nanoseconds. Therefore, it is essential to develop
detectors based on NbN at the initial stage as a reference system for setting up and
optimization of single photon detection facility.

4.3.1 NbN thin film growth and optimization

Growth of NbN thin films for its application in superconducting nanowire single
photon detector (SNSPD) require thickness to the order of few nanometers (5nm-
10nm). An optimized deposition process in the presence of high vacuum is required

for fabrication of films with thickness of few nanometers.

4.3.2 Sputter deposition system

The schematic of the sputter deposition system is shown in Fig.4.1. It is a
multichamber sputtering system for deposition of a variety of materials. It consists of
three deposition chamber and a loadlock connected in series. The sample transfer arm
with a substrate mounting heater at the end facilitates access to reach to any chamber
for deposition. There are gate valves installed along the transfer line to isolate the
chamber from each other as and when requires. Some of the important components of

the deposition system are described below.
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Load lock: It is a small cylindrical chamber which is used for mounting (demounting)
of substrate (sample). The chamber is connected to pumping system. Prior to transfer
of substrate to any of the deposition chambers loadlock is evacuated to at least 3- 4E-

7 mbar pressure.

Deposition chamber: Each spherical chamber (12 inch dia.) has provision to mount
three sputtering modules at a time which facilitates sequential deposition of different
materials to create multilayer structure. Each sputtering module is dedicated for a
particular material to avoid any contamination. Water cooled sputtering modules are
designed for 2 inch dia. target. It consists of two parts - inner part is meant for
housing magnet and target while the second part works as outer shield. Fig.4.2 shows
picture of a magnetron sputtering module with all relevant details. The target is
connected to the negative terminal of high voltage DC power supply whereas the
outer part to the ground.

Glass window (top)
Cold cathod sensor
) for chamber

Deposition
chamber

~Rotary valve of
chamber

1d ol load loc

Valve "’_“““"i“g the Valve connecting turbo  Cold cathod sensor
chamber with load lock pump to load lock for load lock

Fig.4.1: (a) Multi chamber sputtering system (b) Front view of the deposition chamber
(c) Back view of the deposition chamber.
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Magnetron sputtering module: Thin film microstructure depends on the deposition
technique adopted for fabrication [1]. In DC magnetron sputtering technique the flux
reaches the substrate from limited direction, hence the film grows in columnar manner
[2]. In sputtering, the transportation of coating materials is controlled by the distance
between target and substrate and the gas pressure whereas the diffusion is controlled
by the substrate temperature and the energy of the particles emitted from the target
[2]. Structure zone model defines the relation between the deposition parameters and
the microstructure of the film [3-6].

The pressure inside the chamber in DC magnetron sputtering has both the upper and
lower limits. It is kept within the range for desirable microstructure/ stoichiometry of
the film. The more gas pressure gives rise to scattering of sputtered particles which
results in the loss of kinetic energy as well as randomization of their incidence angle
on the substrate. The lower limit is maintained to ensure that the emitting electrons
from cathode collide with the gas particles and ionization take place to maintain

plasma before they reach the substrate for final deposition.

Flange
Cover
Connector for
Shutter power supply
Notc Handle to
rotate shutter
Target Magnets

Fig.4.2: Side view of the (a) magnetron sputtering gun, front view of the magnetron
sputtering gun showing (b) target after removal of cover and (c) magnets
beneath the target.
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The magnetic field at cathode helps the particles emitted from target to retain high
kinetic energy for longer duration before finally settling down at the substrate. It also
helps localization of plasma over the target resulting in lower plasma density over
substrate and finally helps in fabrication of thin film of the order of few nanometers.
lon bombardment can be controlled using magnetron sputtering which is useful in

modifying film microstructure.

Vacuum pump: All the chambers including load lock are connected with
independent and separate two stage pumping system. At the first stage oil based rotary
pump is used to create the vacuum inside the chamber. Once the vacuum reaches to
the level of ~1E-2 mbar, the chamber is connected with the second stage turbo
molecular pumping system. The base pressure of the chamber varies from 1E-7 mbar

to 7E-8 mbar depending on the surrounding environments.

Pressure gauge: Two types of pressure gauge are mounted in each the chamber. One
IS pirani gauge sensor and another one is cold cathode sensor. Cold cathode sensor is
capable of monitoring pressure in the range of E-3 to E-10 mbar. This is used to read
the base pressure of the chamber and turns off before the deposition process. The
pirani gauge monitors pressure in the range of E+3 to E-3 mbar and hence is suitable

for precise monitoring of chamber pressure during film growth.

Mass flow controller (MFC): Ar and N, fluxes are controlled independently using
separate MFCs. The MFCs are calibrated for designated gas for accurate control and

reproducibility of gas flow inside the chamber.

4.3.3 Thin film deposition procedures

The following procedure is followed while depositing the thin film.

4.3.3.1 Sample cleaning

This procedure is performed to cleave bigger wafer/substrate into 5 x 5mm? pieces.
The cleaving is performed by using diamond tip scriber manually. Standard cleaning
method in ultrasonic bath is performed afterwards prior to fixing of the wafer on the

mounting heater block for deposition.
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4.3.3.2 Wafer/substrate mounting

The transfer arm is pulled out and placed inside the load lock. The load lock chamber
is then required to be vented with dry N,. Already cleaned wafers are then pasted on
heater block with vacuum compatible silver epoxy. The heater block is then heated to
about 60-70°C for about 20 to 30 minutes for drying of silver epoxy and to remove
organic solvents which otherwise would cause contamination of deposition chamber.
The load lock is evacuated afterwards till the vacuum reaches to the order of E-7
mbar. Gate valves along the transfer line are required to be opened to bring the heater
block in the deposition chamber. Here it is important to mention that there is a
differential pumping zone which needs to be activated during the transfer to avoid any

external gas to enter inside the vacuum system.

Wafer mounting with shadow mask: In this case the wafer is mounted along with a
shadow mask clipped on top of sample. For instance, mask as shown in Fig.4.3 made
out of hard electroformed nickel is used for generating in-situ patterns of 25um wide

lines with contact pads for four probe transport measurements.
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Fig.4.3: Shadow mask with 25pmx250pm feature size for making nanowires in meander
structure in an area of 10um x 10pm.

79



Chapter 4 Thin Film Fabrication and Characterization

4.3.3.3 Purging/ flushing the chamber

Prior to deposition, the chamber is flushed with N, gas with a flow rate of 20sccm
(standard cubic centimeter per minute) to reduce the presence of any unwanted gas
species inside the chamber more specifically oxygen and moisture. The chamber
pressure is maintained at 5E-2 mbar N, pressure by partially closed the gate valve
between the deposition chamber and turbo molecular pump during this process. It is
important to mention here that the pumping system sets to run in standby to avoid
overheating during the exercise and also during film growth. The flushing continues

for about an hour with 5 minutes pause after every 15 minutes of flushing.

4.3.3.4 Wafer heating

Once the chamber base pressure reached back to 1E-7 mbar after the flushing the
heater block is turned on and set the temperature to a desired value. The temperature
of the heater block is PID controlled and connected with 8-segment controller to
assign different heating rate and hold time at different temperature regime. For precise
monitoring of temperature a type-K (chromel/alumel) thermocouple is placed inside
the heating block and very close to the wafer mounting surface. The distance between
the sputtering target and the heater block can be adjusted between any values from 6 -
12cm without breaking the vacuum. However, it is not desirable once the chamber is
conditioned for deposition.

4.3.3.5 Gas flow controlling

Once the desired temperature is achieved MFCs are turn on to maintain flows of N,
and Ar inside the chamber to a desired ratio. For instance, 28sccm flow of Ar and
4sccm flow of Ny provides NbN films with the best superconducting properties. The

deposition of NbN takes place at a total chamber pressure of 7E-3 mbar.

4.3.3.6 Thin film deposition with DC magnetron sputtering

Formation of Ar plasma is initiated by applying a DC bias between the target and the
outer shield. The gap between the target surface and the outer shield is kept within a
millimeter during the mounting of target. The electric filed that is being created due to

the potential difference initiates Ar plasma formation once the threshold value is
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reached which then grows with the increasing bias voltage. The accelerated Argon
plasma removes materials from the target and in presence of N, forms NbN in case of
Nb sputtering. In our case the deposition of NbN was optimized at about 190W (300V
and 0.63A) of DC power. The target is required to be pre-conditioned for about a
minute to remove the surface layer before the wafer is exposed to the plasma to
initiate film growth. The deposition is continued for about 5 minutes. Immediately
after the deposition the wafer is set to cool down to room temperate at a desired rate
in vacuum. It is important to remember that the sputtering sources are water cooled.
Hence the flow of chilled water is required to be maintained during the while course
of deposition. The circulation of chilled water is in principle should continue for about
15 - 20 minutes after the growth to ensure that the sputtering source is brought back to

normal temperature. This prevents damage of the magnet assembly inside the source.

4.3.3.7 Demounting the sample

The heater block is moved back from chamber to the load lock and the gate valve
separating the load lock and chamber is placed in closed position. The load lock after

disconnecting from the pumping line is vented with dry N, for removing of sample.

4.4 Thickness calibration

Thickness measurement and optimization is very important factor in deciding the

deposition time particularly, in the case of ultra thin films.

441 Measurement setup

Thickness was measured using stylus based surface profilometer (Make - AEP
Technology, Model - NanoMap-500LS). The thickness profiler comes with software
for controlling the equipment. It can be programmed for short (range < 500um) as
well long scan (range: 500um to 50,000um). The measured data can be analyzed with
all the parameters calculated using SPIP software. The system has been tested with
8nm step height standard. The horizontal resolution is controlled by the scan speed

and data sampling rate.
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4.4.2 Setup configuration

The measurements are performed in 2D mode to get a line profile scan across the sample.
The contact force which can be varied from 0.1mg to 100mg are chosen carefully
depending on sample material, tip radius and scanning speed, In case of NbN contact it
keeps between 2 - 3mg. The NbN film of about 100nm is chosen for thickness
calibration. Based on the thickness calibration deposition time is estimated for thinner

films down to 10nm. The detail scan parameters for the measurement are list as follows.

Table.4.1: Thickness measurement parameters

S. No. Parameters Values
1. Vertical range 5um
2. Scan distance 750 - 1000um
3. Scan speed 50um/sec
4. Sample frequency 100 pts/ sec
5. Number of points / scan 1500
6. Data resolution 0.5um
7. Contact force 2-3mg

The thickness of the sample is about 100nm for 5 minutes deposition at 190W sputtering
power. A typical thickness profile on SPIP software is shown in Fig.4.4. The average
deposition rate is calculated to be 0.33nm/sec. Based on this the deposition time can is
estimated to be 30 seconds for 10nm thick NbN films. Shadow mask used during film
growth for thickness calibration, NbN film after deposition on a glass surface and thin

film samples for nanostructure fabrication can be seen in the Fig.4.5.

[ L N R o= ™ (=

Fig.4.4 Thickness profile of sample with the help of surface profiler and SPIP software.
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MeSID
e

Fig.4.5: (a) shadow mask, (b) NbN lines on glass slide for thickness measurement, (c)
thin NbN films on 5mm x 5mm Si/SiO,, R-sapphire and Mgo substrate
prepared for nanostructure fabrication.

4.5 NbN thin film optimization

The reaction between Nb and N takes place at (1) target surface, (2) substrate surface
and (3) in the path of target particles transportation to substrate. So, the stoichiometry
of Nb-N film is very much dependent on the deposition parameters which control the
ratio between sputtered material and reaction dynamics. The balance between

sputtering and nitridization can be achieved in many ways as described below:

» By changing the ratio of N,/Ar flow and keeping the total pressure (Pioa) and

applied voltage same.
» By changing the Py, while keeping Par and applied voltage same.
» By changing the Par while keeping P2 and applied voltage same.

Given below are the few important parameters and their role in control of the film

microstructure as well as critical temperature.

45.1 Substrate temperature

The temperature of substrate during growth (Ts) plays an important role[7-9]. The
melting point of NbN is Ty = 2570°C. The motion of atoms at substrate surface
depends strongly on the ratio of its temperature and melting point of NbN. For Ts <

0.3T\ the motion of atoms at substrate surface is quite less and the diffusion of atoms
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cannot take place whereas the transportation of atoms to substrate is quite fast which

makes it difficult to get homogeneous thin films [2].

For Ts > 0.5Ty the bulk diffusion takes place at the surface of the substrate. It was

found that the intermediate range of temperature 0.3Ty < Ts < 0.5Ty is most suitable.

4.5.2 Plasma pressure

Energy flux towards the substrate and its angle of incidence depends mostly on the
Piotal. At lower Py thin films trends to degrade due to excessive bombardment of
neutral particles while at higher Py €Xcess of valence electrons prevents the system

to reach a thermal equilibrium.

4.5.3 Target erosion

Target erosion is the formation of a ring shaped groove on the target surface after
several uses. In this case sputtered particles have more collision in the groove and
hence more energy loss occurs which results in the particles reaching the substrate
with less energy. Also increase in area due to formation of groove results in decrease
of effective power density which reduces the sputtering rate. Target erosion affects

both the microstructure as well as stoichiometry of the sputtered film [10-12].

45.4 Substrate bias

Substrate bias controls the energy delivered to the substrate through ion collision. The
logic behind keeping the substrate bias at ground is to avoid the negative charge
formation at substrate due to arrival of electrons that escape from the magnetic trap of
the target. This negative charge consequently attracts the positive Ar* ion resulting in

enhancement of the energy with which it bombards at the substrate surface.

45.5 Target substrate distance

The microstructure of film gets affected by the change in distance between target and
substrate. The energy with which sputtering atoms collide with the substrate or the neutral
particles reach the substrate changes with the gap between target and substrate [11-13].
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4.6 Optimization of parameters used for fabrication

The work presented here deals with the fabrication of ultrathin niobium nitride (NbN)
films with desired superconducting properties, for the fabrication of superconducting
nanostructures and its application as single photon detectors. Thin films of NbN are
deposited using reactive magnetron sputtering. The dependence of Tc as a function of
argon (Ar) and nitrogen (N) is studied systematically. Relatively thick (50nm) NbN
and single crystal MgO (001) as substrate were preferred for the optimization of
initial deposition parameters to facilitate epitaxial growth. In the next step, ultrathin
films of NbN on 300nm SiO; coated silicon (Si) substrates at a lower temperature was
optimized to avoid primarily the formation of stable Nb,Os dielectric which
crystallizes at around 500°C [14] and secondly the degradation of underlying layers
or pre-coated polymer resist for lithographic patterning. Although thicker films grown
at relatively low temperature and even at ambient substrate temperature were reported
earlier, synthesizing ultrathin NbN films with desired superconducting properties is

always a challenge due to proximity effect [15-17].

NbN films are deposited on MgO (100) single crystal as well as on 300nm SiO,
coated p-type boron doped Silicon (100) substrates with resistivity ranging between 1
— 10Q-cm by the reactive dc magnetron sputter process from a 2” diameter 99.95%
pure metallic Nb target in an reactive gas mixture of 5N pure Ar and N,. The flow
rates of Ar and N, were controlled and monitored separately to understand their role
on Tc. The base vacuum of sputter chamber was 1E-7 mbar and the deposition was
carried out at a total chamber pressure of 7E-3 mbar. The MgO substrates were kept at
600°C during deposition while thinner films of NbN were deposited at 200°C on
Si/Si0,. MgO and Si/SiO, substrates were prebaked in base vacuum at 800°C and
200°C respectively for an hour prior to deposition. Thickness of the deposited films
was measured using stylus profiler. The deposition rate is estimated to be
20nm/minute. Once optimized, the process parameters were kept unchanged and

thinner films were grown on Si/SiO; assuming the same deposition rate.
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Fig.4.6: Normalized magnetic moment vs temperature plots of 50nm thick NbN films
grown at 600°C and deposited at different ratio of argon-nitrogen gas mixture.
Magnetization measurements were performed at 100G applied field. Prior to
the measurements, samples were first cooled in zero-field down to the lowest
temperatures.

Fig.4.6 shows the dependence of Tc on ratio of Ar and N gas mixture. Tc is deduced
from zero-field-cooled (ZFC) magnetization measurements as a function of
temperature. Plots of variation in Tc with N, injection at a constant 28sccm Ar flow

can be seen in Fig.4.6 (a), (b), (c) and (d). Tc initially increases with the increase of
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N, content, reaches to a maximum at 4sccm of N, flow, and decreases for further
increase of N, flow. Dependence of Tc follows the similar trend (Fig.4.6.(b), (e), (f))
when the Ar content in the chamber during the deposition varies from 24sccm to
32sccm for a fixed 4sccm N; flow. The Tc goes through a maximum at 28sccm Ar
flow. The similar trends have been observed by previous workers and this has been
attributed to gradual change in crystal structures [17]. The maximum Tc of NbN thin
films is associated with the cubic B1 (fcc NaCl) phase. The monotonic decrease of Tc
from its maximum value at both sides as the ratio of Ar and N, mixture changes from
optimum value is associated with deviation of metal to nitrogen ratio from unity
leading to gradual transition from cubic to tetragonal phase. Hall effect measurements
on NDbN thin films earlier revealed that the carrier concentration of NbN is sensitive to
deposition growth condition and that the Tc of NbN is governed primarily by the
carrier density. The deviation from equiatomic stoichiometric NbN leads reduction of
carrier density due to increase of either Nb or N vacancies. It is possible that the
structural transition is accompanied with the change in electronic band structure in

NbN system [18].

Fig.4.7 (a) shows the dependence of transition temperature (Tc) on the change in flow
of N3 gas. It can be seen that maximum Tc is achieved by maintaining the N, flow at
4sccm. Fig.4.7 (b) shows the optimization of the Tc of NbN thin film by keeping the
N, flow constant for which Tc was found maximum whereas varying the Ar flow from
24scecm to 32scem. It can be seen that a maximum Tc of about 15.5K can be achieved
at 4sccm of N, flow and 28sccm of Ar flow where rest of the parameters are kept at

same optimized value.

Films of NbN were also deposited at a higher temperature. As shown in Fig.4.8 the
NbN films of 50nm thick grown at 700°C has a lower Tc almost by 1.2K than the
films grown at 600°C which is contrary to the expected trend, which predicts an
increased fraction of B1 phase leading to improved superconducting properties with
increasing deposition temperature. We believe this is likely due to the oxidation of

NDbN thin films during cooling in vacuum immediately after the deposition. Previous
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studies on ultrathin NbN confirm from the TEM and EELS analyses the formation of
an amorphous layer at the film-substrate interface due to inter-diffusion of niobium,

silicon, nitrogen, oxygen at higher deposition temperatures [17].
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Fig.4.7: Dependence of superconducting transition temperature (T.) of NbN thin films
on ratio of argon-nitrogen gas mixture. Plot on the left side of the figure (a) is
for the films synthesized by keeping the Ar flow fixed at 28 sccm while the N,
flow was varied from 3 to 6 sccm. (b) shows the variation of T. with argon flow
for films synthesized at a fixed 4sccm Nyflow.

Normalized Moment

6 8 10 12 14 16 18 20
Temperature (K)

Fig.4.8: Normalized magnetic moment vs temperature plots of 50nm thick NbN films
grown at 600°C and 700°C. Magnetization measurements were performed at
100G applied field. Prior to the measurements samples were first cooled in
zero-field down to the lowest temperatures.
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NbN thin film samples were also grown on Si/SiO, at 200°C substrate temperature
with Ar to N, ratio of 7:1 for nanopatterning using FIB technique. The sputtering
power of 190W was used to maintain the growth rate. Thickness of the NbN film was
controlled by the deposition time. It can be seen from the resistance vs temperature
plot of 10nm thick NbN grown (Fig.4.9) that there is no degradation of
superconductivity in terms of Tc and transition width (AT). The best sample in the
form of 25um wide strip shows Tc of about 15.5K with AT =~ 1K. Drastic reduction of
Tc in ultra thin superconducting films with thickness comparable to the coherence
length is only natural and can be explained in the framework of intrinsic proximity
effect [19]. Based on the numerical calculation as proposed by Fominov et al. [19]
Llin et al. [17] has estimated a 0.6nm thick non-superconducting boundary layers at

each side of the superconductor which essentially reduces the thickness of

superconducting channel from the measured value.
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Fig.4.9: RT measurement of NbN 10nm thin film deposited at 200°C.

Table.4.2 shows the summary of optimized deposition parameters of NbN films

down to 10nm thick in terms of superconducting properties.

89



Chapter 4

Thin Film Fabrication and Characterization

Table.4.2: Optimized recipe for NbN thin film fabrication:

S. No. Parameter Value
1. Deposition method DC magnetron sputtering technique
2. Target Nb
3. Substrate MgO and Si/SiO,

4. Substrate size Smmx5mm
5. Target and Substrate distance (gap) 10cm
6. Base pressure 1E-7 mbar
7. Ar flow 24scen
8. N, Flow 4sccm
mo. Standby speed 700Hz
10. Deposition pressure 7E-3mbar
11. Deposition temperature 200 °C, 600°C
12. Deposition power 0.63A x 0.30V = 190W

4.7 Summary

In summary, ultrathin films of NbN have been synthesized employing DC magnetron

sputtering. The chapter includes a detailed discussion on deposition facility. The

optimization of NbN thin film fabrication for high T, has been performed. The effects

of deposition conditions, particularly the ratio of Ar/N, have been studied in an effort

to optimize superconducting properties in NbN.
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CHAPTER S5

NANOSTRUCTURE FABRICATION AND
CHARACTERIZATION

5.1 Introduction

Several nanofabrication techniques such as EBL [1-3], ion irradiation [4, 5], local
oxidation using an atomic force microscope [6], and FIB [7, 8-11] are employed to
create junctions or patterned structures. Every route has its own pros and cons. For
instance, FIB despite being extraordinarily flexible and straight forward approach for
nanopatterning, needs overcome the issue of gallium contamination [12-14].
However, EBL comes out to be the best possible way among all the methods for

nanostructure fabrication.

We report in this chapter FIB and EBL based routes for nanopatterning of NbN thin
films. Although, the superconducting property is largely suppressed by the gallium
ion implantation comparison to samples patterned using the standard EBL technique,
the moderate Tc of about 6K clearly shows potential of FIB technique for patterning

of superconducting films.

The conventional four point probe method was used to evaluate superconducting
properties of the nanostructures in a customized variable temperature liquid nitrogen

shielded liquid helium cryostat down to 1.8K.

5.2 Overview of fabrication using electron beam lithography (EBL)

Process flow for nanofabrication using EBL route is shown in Fig.5.1. A set of
experimental conditions for routinely fabricating high-resolution nanostructures is
developed after several test runs on 10nm thick and 5mm x 5mm area NbN films on
Si/SiO;. The 10pum x 10pm pattern area of the NbN film consists of meander structure
with 100nm-wide wires and 50% filling factor. EBL was performed in Raith e-line
lithography system.
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The nanostructure fabrication was performed using EBL facility of Tata Institute of
Fundamental Research (TIFR), Mumbai once and then using the facility of Indian
institute of technology (I1T), Mumbai. Reactive ion etching (RIE) was performed in
TIFR in both the cases.
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Fig.5.1: Overview of the fabrication process for nanostructure fabrication of NbN on
Si//SiO, (300nm) substrate for its application as SNSPDs. (a) Deposition of
NbN on Si//SiO, substrate (b) Spin coating of PMMA on thin film (c) EBL for
fabrication of contact pads and markers (d) Development of PMMA (e-beam
resist) (¢) Thermal deposition of Cr/ Au (f) Lift off to remove Au from
undesired places of thin film (g) Spin coating of HSQ (h) EBL for fabrication
of nanostructure (i) Development of HSQ and RIE to remove NbN from
undesired places.

94



Chapter 5 Nanostructure Fabrication and Characterization

The detailed process flow of nanowire fabrication is described below with the
screening method used to choose the better device. The defects are not always
obvious in SEM images and hence electrical measurements are to be performed for
confirmation of usable devices. Poly methyl methacrylate (PMMA) is spin coated on
the NbN film. EBL technique is used for making contact pads as well as the alignment
markers for the second level of lithography for nanopatterning. Thermal deposition of
Cr/Au and subsequent development of for contact pads is followed by spin coating of
hydrogen silsesquioxane (HSQ). EBL is carried out as the next step for writing of
nanopattern. Reactive ion etching (RIE) is performed to remove NbN from rest of the
places except the nanowires covered with HSQ. Here it is required to mention that for
fabrication of 100nm wide nanowires with 200nm pitch in 100um? area in the form of
meander structure the nearby area may also get exposed to electron beam due to
proximity effect. The proximity effect depends mainly on the scattering of electrons
emitted during EBL which generate many more secondary electrons in the e-beam
resist and substrate of the film making the exposed area wider than the beam width.
The higher accelerating voltage reduces the side scattering of electrons in the film and
hence reduces the proximity effect. At the same time the higher limit is controlled by

energy of electrons.

If the energy of electrons is too high (>30kV) it may damage the thin film. 15-20kV
accelerating voltage is chosen for fabrication of nanostructure to avoid proximity
effect and at the same time to avoid damage of the film.

To have uniform critical current the variation in width (< £5%) of nanowires in an
area of 10umx10um is a critical requirement for its application as single photon
detector. Careful selection of EBL parameters and verification through high resolution
microscopy and low temperature transport measurements is therefore must.
Uniformity of edges is determined by the stability of beam current and proper placing
of the stage/ alignment of the electron beam. High precision electron focusing and
high precision stage control contribute a lot to uniformity of edges. The electron beam
dose during writing these nanowires in meander structure is also very important factor

which also ensures uniform edges without any constriction.
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5.3 Procedure and process parameter optimization

About 50 NbN thin films on 5x5 mm? wafer are used for the optimization of process
parameters for nano fabrication both at IITB and TIFR, Mumbai. A schematic of a

typical structure is seen in Fig.5.2.
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Fig.5.2: Schematic of typical NbN patterns (a) with and (b) without coplanar waveguide
structure.

The design of the device in Autocad is an important step as the dimensional
parameters chosen plays important role during fabrication. The geometry of the

device with dimensions can be seen in the Fig.5.3.

on s v e e v S

Fig.5.3: Autocad drawing of nanostructure along with contact pads in the form of
coplanar waveguide.
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Although as shown in the Fig.5.4, the bend present in the autocad drawing of meander
structure between two nanowires is 180 degree, however after EBL the tight bends
seem to become less sharp. The effect of tight bends on detection efficiency and dark
count rate is required to be considered while designing selecting dimensions of the

nanostructure in the device.

b (b)

Fig.5.4: Autocad drawing of (a) tip of conical pad, markers and nanostructure
(b) image after zooming the nanostructure (c) zoomed nanowires.

5.3.1 Optimization of the nanostructure at 11 TB
5.3.1.1 Contact pads and markers

The optimized recipe for fabrication of contact pads and markers for second level

lithography followed at 1ITB is given below.
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(1) Spin coating

(@ Co-polymer EL9 at 3200rpm for 60 seconds with an acceleration of
1600rpm followed by baking at 180°C for 7 minutes.

(b) Microchem PMMAO950A2 (4%) at 2000rpm for 45 seconds with an
acceleration of 1000rpm followed by baking at 180°C for 2 minutes.

(2) Electron beam lithography

The contact pads were defined in two parts in order to optimize the machine time.
While large aperture was selected for broad rectangular part of the pad to increase the
beam current, for cone shaped section of the pad close to the meander a moderate
beam current was maintained for defining sharper edge. The marker due to their
micron size was made with a relative small beam current. The details of the relevant

EBL parameters are summarizes in Table.5.1

Table.5.1: EBL parameters for contact pads and marker optimized at 11 TB:

S No. | Structure EHT | Write Field | Current | Aperture Dose Time
type (KV) (Hm) (PA) (um) (uC/cm?) | (minute)
1. Marker 20 2000 149 20 200 2
2. Fine pads 20 2000 1290 60 180 38
3. Broad pads 20 2000 5240 120 170 31

(3) Pattern developing

Immediately after electron beam writing patterns were developed in MIBK: IPA (1:3)
for 60-65 seconds. Isopropyl alcohol (IPA) was used thereafter as a stopper for 25-30

seconds.

(4) Fabrication of contact pads and marker

5nm of Cr was deposited using standard thermal evaporation technique which was
followed by deposition of 80nm of Au. Lastly, the lift-off was done in acetone for 30

minutes. The optical images of the contact pads and markers are shown in Fig.5.5.

98




Chapter 5 Nanostructure Fabrication and Characterization

A+

Fig.5.5: Optical images of contact pads and markers fabricated using EBL. (a-c) normal
view (d) dark field image.

5.3.1.2 Meander pattern

Beam current which very much dependent of aperture turns out to be crucial in
defining well separated meander lines. Judicious choice of write field seems to play
an important role as well. A set of optimization was carried out on three different
beam current as listed in Table.5.2. The dose was varied from 140 to 200uC/cm?. The
‘nanostructure-a’ while failed to make any meander patterns ‘nanostructure-b’ and
‘nanostructure-c’ with much lower aperture and beam current shown reasonably good

patterns within a particular dose range.

Table.5.2: List of trials for optimization of nanostructures at 11TB

EHT | write Field | Current Aperture Dose
S. No. Structure type )
(kV) (nm) (PA) (Lm) (MClcm?)
1. Nanostructure - a 20 50 1272 60 140 - 200
2. Nanostructure - b 20 25 35.95 10 140 - 200
3. Nanostructure - ¢ 20 25 19.45 7.5 140 - 200
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A further optimization of process parameters was done by varying the development
time. The development was performed in 25% TMAH. Four sets of sample were
prepared and listed in Table.5.3. EBL for all the samples were done at 20kV EHT and
with 25um write field. Although there is no systematic dependence, however the dose

range for best patterns shifts with development time for any particular beam current.

Table.5.3: Further trials for optimization of nanostructure at 11TB

S. No. Structure type Ctg;gnt Aiirr:; e Tlijr:;e(t)ei) (HZJ:;Z) OpItDicr)T;LZjd
(UC/em?)
1. Nanostructure -1 19.45 7.5 3 140-200 170-190
2. Nanostructure -2 35.95 10 3 140-200 170-190
3. Nanostructure -3 19.45 7.5 6 140-200 150-160
4, Nanostructure -4 35.95 10 6 140-200 180-190

The SEM images shown in Fig.5.6 are the result of ‘Nanostructure -2’ with different doses.

(1) Nanostructure -2: Dose 170puC/cm?

(2) Nanostructure -2: Dose 180uC/cm?
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(3) Nanostructure -2: Dose 190puC/cm?

Fig.5.6: SEM images of nanostructure fabrication using EBL while optimizing the
process parameters by varying dose and keeping development time (3second)
and rest of the parameters same (a) Dose 170uC/cm? (b) Dose 180uC/cm? (c)
Dose 190uC/cm?.

5.3.1.3 Uniformity of edges

Variation in the width of edges mainly depends on the stability of the beam current,
sample stage, high precision electron focussing and optimization of process
parameters. Optimized parameters with dose 180pC/cm?, development time 3seconds
and aperture size 7.5um were found to have better edge uniformity as is seen in the
Fig.5.7.
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Fig.5.7: SEM image of nanostructure fabricated using EBL technique with Dose
180uC/cm?, development time 3second and aperture size 7.5um.

5.3.2 Optimization of the nanostructure at TIFR

Several set of recipes were tried for the fabrication of meander lines at a higher dose
and lower EHT. SEM images of two important set of samples with marked

improvement are presented in Fig.5.8 and Fig.5.9 with varying doses from 1200 to
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1700uC/cm?. In Fig.5.8 SEM images are for set of samples for which the spin coating
of HSQ was done at 3000rpm. For the second set other than the spin speed of

5000rpm rest of the parameters were kept unchanged.
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Fig.5.8: SEM images of meander lines at 3000rpm spin speed of HSQ coating.
Variation in doses from 1200 pC/cm? to 1700 pC/cm?.
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Fig.5.9: SEM images of meander lines at 5000rpm spin speed of HSQ coating.
Variation in doses from 1200 pC/cm? to 1700 pC/cm?.

A typical SEM image of NbN nanowires in the shape of meander structure within an
area of 100pm? is shown in the Fig.5.10. The final recipe for the whole device

structure is mentioned in the table.5.4.
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Table.5.4: Optimized recipe of NbN nanolines in meander structure using EBL at TIFR

S . Voltage Dose V\_/rlte Aperture Current
" | Structure type E-beam resist ) field
No (kV) | (uClem?) (Hm) | (pA)
(Hm)
EL9 and PMMA 950
1. Au pads A2 (+ve resist) 15kV 180 2500 120um 4229
Au pads fine/ | EL9 and PMMA 950 2
2. rarkers A2 (+Ve resist) 15kV | 180pClem 100 30pum 244
Nanowire in . 2
3. meander shape HSQ(6%)(-ve resist) | 15kV | 1500uC/cm‘ 100 30um 132
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Fig.5.10: SEM images of a NbN nanostructure on Si//SiO, with line width of 100nm.

5.4 Focused ion beam lithography (FIB)

Achieving a small cross-section along with no degradation of the superconducting
properties is vital particularly in the case of employing focused ion beam milling
(FIB) technique for nanopatterning. Nevertheless, the Zhang et al. [10] were
successful in fabricating high quality superconducting nanowires from ultrathin MgB;
films by FIB. Bachar et al. [11] demonstrated FIB based design of a superconducting
nanowire single photon detector on a core of a single mode optical fibre. Protective
layer such as aluminium or gold are used in some cases to prevent degradation due to

gallium irradiation during FIB milling [15-16].

Effort has been made to optimize the nano fabrication parameters via successive

iterations of “design-observation-refabrication”.

5.4.1 Elemental analysis

Elemental analysis was carried out using energy dispersive spectroscopy (EDS)
measurements and shown in the Fig.5.11 and Fig.5.12, EDS plot as shown in the
Fig.5.11 while confirms that the NbN has been removed completely from the exposed
area however there is a significant amount of gallium implantation during milling.
The quantitative analysis as shown in the figures shows only the presence of gallium,
silicon and oxygen. Silicon and oxygen weight percentage are due to the presence of

substrate. 25% (atomic) gallium contamination can be estimated from the analysis
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which is significant. EDS measurements from the remaining portion of NbN which

was not exposed to the gallium ion imaging or milling does not show any sign of
gallium deposition (Fig.5.12).

(a) (b)

Fig.5.11: Panel (a) and (b) show EDS analysis for the heavily milled areas.

\Weight %
5 8

ull Scale 118 cts Cursor. 0.000

Fig.5.12: EDS analysis of unexposed area around the FIB milling.
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5.4.2 Fabrication of single nanowire

FIB milling was performed in a Auriga, Zeiss dual beam system with an accelerating
voltage of 30 kV. 25um-wide thin (~10nm) NbN microstrips in four-probe
measurement configuration were deposited using shadow mask. In order to avoid
edge non-uniformity especially design bi-level mask made out of 75um thick hard
electroformed nickel plate with second level stepped back from the ~25um thick with
ultra sharp edge profiles was used. The bridges were thinned down to different widths
along the length. Shown in Fig.5.13 are SEM images of 100nm, 200nm, 500nm,
1000nm wide lines for a length of 100um. A very low ion beam current ~50pA was
used. The idea behind making of bridges of different widths was initially to optimize
the FIB process parameters. The effect of Ga ion contamination on superconducting

properties as the wire width reduces is a definite research direction for future.

5.4.3 Fabrication of meander structure

The narrow junctions of NbN films were at first localized by using FESEM. The
electron and gallium ion beams were aligned at the same point and utmost care was
taken not to expose these junctions for the gallium ion imaging. The 25um-wide
bridge thinned down to 10um for a length of 10um. It makes even narrower panel of

10pum x10pm in 25um x 250um bridge.

Meander structure of 1200nm wide nanowire and 200nm pitch were fabricated in this
panel as shown in Fig.5.14. The milling pattern of meander lines was optimized and
same milling parameters and conditions were used to obtain the required pattern at

very low ion beam current ~ 50pA.
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Junction 3

Junction 4 iilhction

Fig.5.13: Nanowires of widths (a) 100nm, (b) 200nm, (c) 500nm and (d) 1000nm and
length 100um.
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(a) (b) (c)

Fig.5.14: Meander pattern fabricated in a panel of 10umx10um area out cut in between
25umx250um bridge.

The sample then undergoes a second lithography step, in which the narrow junction
strip of NbN was further milled at higher ion beam current ~ 240pA (panel a) to
remove extra NbN from the edges of the pattern area and thereby ensure presence of
only meander line connection between the contact pads for transport measurements.

5.5 Electrical characterization of superconducting meander lines

Superconducting nanostructures are studied for its transport properties towards the
feasibility of its application in single photon detection. Superconducting transition
temperature (Tc) and transition width (ATc) in thin film samples are the important
factors for its further processing in making of nanostructures. Nanostructures are
thoroughly examined using SEM as a first step prior to transport measurements at low
temperature. Cr/Au layers were deposited afterwards using thermal evaporation.
25um dia. aluminum wire was employed for connecting the pads with chip carrier
using wire bonder as shown in Fig.5.15.

Fig.5.15: Sample mounted on a chip carrier for transport measurements.
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5.5.1 Resistance versus temperature (RT) measurements
5.5.1.1 RT measurement of EBL fabricated samples

A typical RT curve of the sample after nanostructure fabrication (in TIFR) is shown in
Fig.5.16. Tc is considered as the temperature where resistance of the sample is half of
that in normal state and ATc is taken as the temperature window where resistance
drops from 90% to10% of its normal state value. Tc foe the sample is ~8K and AT is
~1K. This is acceptable for the next level of investigation towards its feasibility for

photon detection.

94
G-
S
x
0 — 100nm meander
Unexposed part
0 a 8 12 16

Temperature (K)

Fig.5.16: Comparison of resistance vs temperature plot of nanowires fabricated using
EBL and RIE with 10nm thick pristine NbN thin films. Measurements were
carried out both during heating and cooling cycles with a temperature
sweeping rate of 0.5K/min.

The drawback in this case is that the resistance of the sample is quite low even after
the nanostructure fabrication. An RT measurement of unexposed part is compared in
the figure. In principle, the resistance of the patterned area should increase by two to
three orders of magnitude after patterning. However, it is found that the resistance in
both the cases has almost same value. Incomplete removal of NbN from the
uncovered portion of the pattern area during reactive ion etching process is likely be
the cause of such discrepancy. However, it is important to note that the temperature
corresponding to zero resistance and the superconducting transition width is same in
both cases, which confirms that processes involved in EBL do not alter the

superconducting properties.
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5.5.1.2 RT measurement of FIB fabricated samples

It can be seen from the Fig.5.17 that the Tc of the unpatterned film is ~15.5K with AT
~ 1K, and normal state resistance at 20K is 2.5kQ. The resistive transition of FIB
patterned nanostructures is compared with the unpatterned 25um NbN strip in the
figure. The measurements were carried out on meander patterns with 100 and 200nm
line width and 50% filling factor over 10um x 20um area. Microstrip as well as
nanopatterns were made on the same chip in order to avoid run to run variation of
superconducting properties. Tc decreases upon nanopatterning due to gallium ion
exposure and decreases further as the width of nanolines reduced to 100nm. It is
important to note here the presence of residual resistance in R(T) curves even at T=
2K. Influence of gallium implantation during FIB on superconductivity of Nb
microstrip was studied in details by Datesman et al. [12]. Although they observed a
trend of decreasing Tc and increasing onset resistance with increasing gallium dose;
all the samples however showed complete superconducting transition. The residual
resistance after ion milling was observed by Litombe et al. on high Tc-cuprates [15].
Refinement of lithographic processes resulted in complete superconducting transitions
in nanowires down to 80nm wide and 20nm thick optimally doped LSCO films.

We believe that the residual resistance in our case is caused due to nucleation of
gallium ion mediated non-superconducting regime along the cross section of the
nanowires randomly at certain places. Lateral gallium contamination due to highly
focused ion beam in silicon in vicinity of the processed area was observed earlier
[13]. The cause of lateral implantation is believed to be due to redepostion of
sputtered gallium ions. Mayer et al. [17] have also reported the formation of
amorphous layer in a sidewall of silicon due to gallium ions. With FIB milling using
gallium ion at an 88 deg. incident angle, and 30keVenergy they have observed that the
damage in side wall can extend up to 22nm in silicon. Mayer et al. argued that the
result of gallium implantation may range from complete amorphization, as in the case
of semiconductor materials, to the formation of defect agglomerates and even

intermetallic phases, in the case of certain metals.

The meander pattern used in this study has 50% filling factor and the patterned area is

same in both the cases, reducing the width by a factor of half essentially doubles the
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length of the nanowire while decreases the cross section by a factor of half.
Assuming simple ohmic behavior this in turns estimates the residual sheet resistance
of pattern with 100nm wide line is higher by a factor of five of that for patterns with
200nm wide line. However, our measurement shows that the residual resistance is
increased almost by one order of magnitude (from ~ 1kQ to 10kQ) while decreasing
the width of the line [18]. This discrepancy can be understood qualitatively if we
assume that the residual resistance observed in our samples is due to gallium ion
implantation and that it is directly proportional to the dose of implanted gallium ion.
Since the ion beam exposure time for the pattern with 100nm wide line is two times
larger than that for the pattern with 200nm wide line, it is obvious that the residual

resistance of former pattern will be higher than the estimated value.
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Fig.5.17: Resistance vs temperature plots of as-deposited NbN microstrip and NbN
nanowires fabricated using FIB technique. FIB milled samples show non-zero
resistive transition and reduction in superconducting transition temperature.
Inset zooms in the low temperature behavior of nanowires.

5.5.2 Current versus voltage (1) measurements

The voltage across the device remains zero in its superconducting state and current
flows without any dissipation. This can be maintained only if the operating
temperature of the device is less than the critical temperature and also the current

flowing through the device at this temperature is less than the critical current (Ic). The
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critical current depends on the material properties and geometry of the device. In ideal
condition the intermediate state between the zero resistance state and the normal state
IS not stable. The IV characterization of the device is explained below for EBL
fabricated nanostructure, FIB fabricated nanostructure and micron size structure
fabricated by the use of shadow mask during DC magnetron sputtering of the thin film

sample.

5.5.2.1 IV measurement FIB fabricated samples

IV characteristics of microstrip and nanopatterns are shown in Fig.5.18. IV curve of
microstrip measured at 2K shown in panel A is hysteretic and shows a sharp jump
from superconducting to normal state [19-21]. The current at which this jump took
place is found out to be 1.5mA. The strip returns to superconducting state while
reversing the applied voltage when the equilibrium between the Joule heating and
energy dissipation in to the substrate by the phonons in the film is achieved at a
particular current. Panel B shows that as the operating temperature increases the
transition from superconducting state to normal state becomes less sharp and also
critical current reduces. The difference in values of critical current and return current
is quite visible at 2K whereas both values start merging at higher temperature. 1V for
both the patterns as can be seen in panel C is non-linear. Although it is not possible to
deduce Ic from the measurements owing to incomplete superconducting transition,
qualitatively it can be argued from the shape of the curve that the Ic must be low as
compared to the devices with similar dimensions. Panel C also compares the IV
curve of 200nm wide line pattern measured at two different temperatures (2K and
5K). The shape of the non-linear IV plot measured at 5K is similar to 2K data of
100nm wide line pattern, and does not have any hysteretic nature. IV curve for
patterns with 200nm wide line measured at 2K, in particular is however interesting. It
shows some hysteretic behaviour at higher current. The step like behaviour although
not prominent, is typically associated with phase slip process. Incomplete
superconducting transitions and the steps in IV were reported previously [22, 23].

Dissipation and/or fluctuations due generation of phase slip centres in the case of one
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dimensional superconducting structures or vortex antivortex pair generation in two
dimensional systems leads to destruction of long range order parameter. Although the
nanowires in our case are much wider than the coherence length (typically 4-5nm in
NbN) presence of local constrictions and/or inhomogeneities associated with FIB

milling as mentioned previously cannot be ruled out.

The transport data are useful for derivation of many physical parameters of
superconducting samples. Some of the parameters of NbN nanostructures which are

useful for device applications are estimated and shown in Table.5.2.
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Fig.5.18: Current-voltage characteristics of NbN. Panel A plots |-V data of as-
deposited NbN microstrips. Panel B plots IV data of as-deposited NbN
microstrips measured at 2K, 5K and 10K. Panel C compares IV
measurements of 100 and 200nm wide meander lines fabricated using FIB
milling. The non-linear and non-hysteretic behavior evolves into a step like
behavior particularly at higher bias voltage when measurement temperature
decreases from 5K to 2K for 200nm wide line meanders.
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Table.5.5: Experimentally observed and calculated parameters of superconducting

nanostructure
,\816 Parameters 100nm wide meander 200nm wide meander
1. Film thickness 10nm 10nm
2. Nanowire width 100nm 200nm
3. Pitch / fill factor 200nm / 50% 400nm /50%
4. Area / length 10pumx10um / 500um 10pumx10um /250pum
5. Critical temperature [Tc] 5K 8.5K
6. Transition width [ATc] 15K 25K
7. Energy gap [A (T=0)] 1.2meV 1.9meV
8 Magnetic penetration depth 512 5nm £43.0nm

[A (T=0)]

5.6 Summary

The objective of nanostructure fabrication using NbN thin film samples was due to

research interest towards fundamental physics of photon absorption and energy

relaxation in NbN. The study is performed in order to develop patterning procedures

which allow fabrication of high quality devices. The technical hurdles associated with

fabrication to create these nanostructures are explored. This while may have

technological ramification for novel device architectures, provide some interesting

manifestation of intrinsic low dimensional superconducting properties.
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CHAPTER 6

CONCLUSIONS AND SCOPE FOR FURTHER RESEARCH

6.1 Introduction

The feasibility study towards research and development on SNSPD has the focus of
the thesis. A summary of the important results of this thesis is presented in this
concluding chapter. Following a brief summary of the results, we conclude this
chapter by identifying a few potential frontiers of further research on SNSPD and its

applications.

6.2 Summary of the thesis

This thesis is a preliminary study of nanostructure samples for their application in
single photon detection. The basic understanding of the superconductor based single
photon detector and its superior figure of merits in comparison to other existing
technology in the field of secure quantum communication was the motivation behind

selecting this topic.

Various components required to be used in readout circuit at room temperature as
well as cryogenic temperature have been discussed. The electrical model of the device
was simulated using microwave simulation software. The transient response and S-
parameters were studied. The experimental readout setup can be taken up as future

work with incorporation of identified electronics from simulated setup.

A low temperature measurement facility has been set up with temperature stability of
10mK with provisions for electrical as well as optical characterization. The target

temperature of 1.8K is achieved even with maximum heat load.

An extensive study on superconducting thin film growth and optimization for next

generation superconducting single photon detector has been performed. The
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optimization of process parameters has been performed to achieve high Tc of the film
by controlling the N, as well as Ar gas flow inside the chamber during deposition.
The Si//SiO, was used as substrate as it can act as optical cavity for photon trapping
while doing optical characterization in future. A more detailed analysis of film
structure in terms of crystal phase, lattice parameter and microstructure might be

taken as future work in the direction of optimization of film deposition.

Detailed study for nanowire fabrication in the form of meander structure using EBL
and FIB was carried out. The transport properties of these samples were studied at
different operating temperatures. It was found that the resistance of the meander
structure created using FIB does not reach zero even below the critical temperature
and it shows some residual resistance. The cause may be the formation of resistive
barriers in series due to Ga ion contamination. The impurity of Ga ion contamination
can be avoided by use of capping (protective) layers of Au which can be taken as
future work in order to study the feasibility study of fabrication of the nanostructure

sample towards its application of single photon detector with the help of FIB.

6.3 Scope for further research
6.3.1 Immediate goals / ongoing research

In this thesis we have been able to explore only a few aspects of the SNSPD using
NDbN superconductors. Here we enumerate some obvious research directions that are

part of the ongoing research.
(1) Realization of HEMT amplifier based detection setup
(2) Optical setup for complete device characterization

(3) Realization of practical SNSPD

6.3.2 Some possible extensions of the current work

Apart from that there are certain research directions as mentioned below which will

be included at the later stage.
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(1) Research towards enhancement of optical coupling in superconducting

nanowires single photon detectors

The activity towards enhancement of optical coupling essentially includes following

components:

- Modelling of optical cavity and DBR structures out of variety of semiconductor

or dielectric materials
- Experimental realization of optical cavity structure on the top of the detector

- Experimental realization of distributed bragg reflector (DBR) prior to deposition

of superconducting thin films.

(2) High-Tc superconductors for realizing SNSPDs

Although, due to large superconducting energy gap of highT. cuprates compared to
that of NbN, sensitivity to photon detection is expected to be lower, an effort to
explore the possibility of high Tc cuprates may open a new research direction in the
field of SNSPD.

(3) Further research on nanowire fabrication using FIB

Although EBL route is found out to be a better choice when it comes to
superconducting nano structuring, considering the simplicity of FIB milling efforts
are currently being directed towards understanding the effect of gallium
contamination on superconducting properties. In order to prevent degradation of
superconducting properties due to gallium implantation research initiatives on
capping layer which apart from protecting the underneath superconducting layer,
influences the device performance as well will have a lot of potential for applications

in single photon technologies.

(4) Establishment of single photon detection based metrology infrastructure

CSIR- National Physical Laboratory (NPL) being a National Metrology Institute

(NMI) of India is engaged in frontline research in the areas of standards, material
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science, energy, radio and atmospheric sciences and superconductivity. In the light of
recent developments and owing to the demand of the present situation, it is absolutely
essential to actively participate in the research being conducted throughout the globe
and to provide metrology infrastructures for assisting optimizations and

standardizations in the field of quantum information and computation.
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