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1 Abstract

In this project, the first nanowire detectors based on niobium nitride (NbN) films on
GaAs grown at TU/e are analyzed to get information about the quality and performance
of the devices. The results from these experiments can be used to improve the growth
process of the NbN film and also the processing of the nanowires. The yield (percentage
of working devices on a sample) is also calculated for every sample.

To do this, the actual widths were measured using SEM . This showed that the actual
widths are different from the desired widths. It also showed why several devices were not
working. This was caused by broken wires, bad connections between the nanowire and
the contact pad or the fact that there was no nanowire at all.

Then, the room temperature resistance was measured, mainly to see if the devices were
working. Then, at low temperature, the resistance was measured again, and a
characteristic IV curve was made for every working device. From this, the stability of the
hotspot could be deduced and also the critical current could be extracted.

Several different methods were then used to perform a statistical analysis on the devices.
These methods were compared to see, for example, if there are any local constrictions in
the nanowires and how many. The analysis will also show how much difference there is
between the nanowires on the same sample, but also between the different samples. The
effect of the growth temperature during the growth of the NbN film and the thickness of
the NbN layer are being analyzed.

Another analysis showed that there are quite some differences in the contamination levels
of the samples.

The optical measurements performed were insufficient to say anything about the quality
of the different devices or the performance of the devices. However, they did show that
the narrow nanowires are working properly and can be used as single photon detectors.
With the help of the simulations it is also clarified that the wide nanowires are indeed
latching and are not suitable as single photon detectors in this configuration. A series
inductance with the nanowire might resolve this latching issue.

A last remark is that extra measurements are required to get more and better information
about the optical quality and performance of these nanowires. There was simply not
enough time to perform extra measurements of this sort within the scope of this project.
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2 Introduction: Superconducting single photon detectors
2.1 Motivation

Companies are always trying to make their products the best in the market. This can be
done by either making their products smaller, faster, cheaper, more durable, etc. When a
new method or technology is found, it is important that the communication about the
subject stays hidden from competitors. But in a world where the internet is freely
available to most people, this is easier said than done. Since it is the knowledge or
information on how to build a certain technology that is important, this has to be
protected. One way to obtain a secure communication about such sensitive information
can be found in quantum cryptography. Quantum cryptography performs cryptographic
tasks or breaks cryptographic systems by using quantum mechanical effects.

Quantum key distribution for example is a method to guarantee completely secured
communication by using quantum mechanics. It uses the fact that by measuring quantum
data, it disturbs that data, so it can only be read once. [16] Photons are very suitable for
this form of quantum communication due to their low decoherence.

In practice, there are however a lot of limitations, like impurities in the optical fibers, the
connection between the optical fiber and the detector, the bending of the fibers, etc.
However, one main limitation for quantum communication at telecom wavelength is the
detection efficiency of the detectors. This is where the research to superconducting
nanowire single photon detectors (SSPD) started. The first SSPD was developed at
Moscow State Pedagogical University in 2001 [14, 15]. To explain how SSPDs work,
every part on itself has to be understood, starting with superconductivity.

Superconductivity is a property or state of a material that is reached when the material
reaches a temperature below the critical temperature and a current below critical current.
Both critical temperature and critical current are the points where the material switches
between the normal and superconducting state. When a material is in a superconducting
state, it has zero electrical resistance and a current can flow freely through the material. In
superconducting state, external magnetic fields are completely expelled from the material
due to currents that start flowing near the surface of the material. These currents create a
magnetic field that cancels out the external magnetic field. This effect is called the
Meissner effect. This is why superconductivity is an electromagnetic phenomenon.
Superconducting materials can be classified by their magnetic properties. Type |
superconductors have one critical point below which they do not allow magnetic fields
inside the material and consist of only one (pure) material. Type 1l superconductors have
two transitions between which they allow some magnetic field inside the material and are
impure or compound materials. Niobium nitride (NbN) is an example of a type Il
superconductor due to its compound buildup.

2.2 Operation principle

The properties and the effects of switching between normal and superconducting state are
used in SSPDs to detect photons and sensed as a voltage drop in the electrical circuit.
When the material has a temperature lower than the critical temperature, with a bias
current just below the critical current, and a photon of energy hv interacts with the
material, the energy of the photon will be absorbed by a Cooper pair [1] (which is a two-
electron pair) and create a high-energy quasi-electron. It will lose its high energy by
electron scattering (e - € interaction), causing an avalanche of quasi-electrons from other
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broken Cooper pairs. When the average energy of the quasi-electrons around the energy
required breaking a Cooper pair, the interaction between the quasi-electrons and phonons
will become dominant (e - phonon interaction). This means that the energy of the quasi-
electron is being dissipated as heat in the material. This heating of the material can cause
the creation of vortex-antivortex pairs [1,2]. This causes a small resistance “spot in the
nanowire.

The bias current now tries to avoid the hotspot and gets expelled to the sidewalks of the
nanowire. This causes the current density at the sidewalks to increase and become larger
than the critical current density (see figure 1). In consequence of that, these parts of the
wire become resistive as well. Now, a part of the nanowire is completely resistive,
causing a sudden increase at the load resistance (R.) that can be measured indirectly. [1]

Figure 1 The hotspot creation process. First a photon is absorbed by the nanowire, then the hotspot expels the current,
the current density becomes too high and a resistive segment is formed.

This is also the reason why nanowires are used. In bigger materials or bulk, the
absorption of a photon wouldn’t cause a resistive segment and therefore no voltage
change. The photon wouldn’t be measured, which is why nanowires are used instead.
After the creation of the resistive piece, the nanowire starts to cool down and eventually
becomes superconducting again.

The increase in voltage can be measured indirectly because the SNSPD is in parallel with
a load resistance of ~ 50 Q. (see figure 2). When the wire is superconducting, all current
will flow through the wire. When (part of) the wire becomes normal, the resistance in the
wire (which is about three orders of magnitude larger than the load resistance) causes
most of the current to flow through the Z,. The voltage change over the load can then be
measured.
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Figure 2 The equivalent of the electrical circuit with the SNSPD simulated as a inductance and resistance in series. [3]

2.3 Noise sources

Electrical measurements are followed by electro-optical measurements for the best
devices. ‘Best devices’ refers to the detectors with a reasonable critical current that will
give a measurable voltage pulse after amplification. This is typically above 10 pA.

The goal of electro-optical characterization is to measure the electrical pulses produced
by photon absorption. There are two sources of possible errors in these measurements.
The first one is electrical noise. Electrical noise is created by the instruments used during
the experiments but also instruments connected to the same ground even if they are not
used in the experiments. The connections between the devices and the cables are also a
source of electrical noise. This noise is measured when everything is connected but the
wire is not biased yet. The electrical noise can be eliminated by setting a trigger level on
the oscilloscope or the counter. The second source of error is represented by dark counts,
which are pulses not related to the optical signal of interest. Basically, dark counts are
false measures in the experiment, which are not caused by the absorption of light that is
directed on the wire. Measuring the dark count is required to eliminate those “false
counts” from the real counts, originated by the light shined on the detector. It is suggested
that these dark counts can be created by the unbinding of vortex-antivortex pairs in the
wire, causing a resistance although this has not yet been proven [1,2]. Another cause of
dark count can be a hotspot creation due to the absorption of background radiation.

2.4 Goal and approach

In order to know the properties and quality of the nanowires the IV curve of a nanowire is
analyzed. To obtain the I-V curve of the wires, voltage biasing is used. When the bias
voltage of the circuit is changed, the voltage drop over Z, is measured using a DC
multimeter. This voltage drop is then transferred into the current through Z, (Z, is
known) to get a curve like shown in Figure 3 below.
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Hotspot plateau

Current (a.u.)
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Figure 3 An example of an IV curve. Ic is the critical current of the superconducting wire and the hotspot plateau is
where the hotspot is growing along the nanowire.

Since the wire is superconducting for | < I, the slope of the linear part of the graph
around zero can be used to calculate the external circuit resistance, which is basically due
to bias resistance in the circuit. The maximum current is the critical current of the
nanowire. After this, the current density through the wire is too large and a segment of the
wire has to become resistive. Now the voltage is still increased, but the current doesn’t
increase. This is called the hotspot plateau. Here, the hotspot is expanding along the wire
due to the increase in the resistance of the wire. After the complete wire has become
resistive, it will be a simple resistive wire and will obey ohm’s law (equation (1)).

V=R-I (1)

Here, V is the voltage, R the resistance of the wire and | the current through the wire.
From this, the resistance of the nanowire at low temperature can be calculated.

The goal of this project is to get information about the TU/e grown nanowire single
photon detectors. How uniform is the NbN film? How variable is the thickness and width
of the nanowires? Why are some devices not working? Are the wires broken, is there a
bad connection with the contact pads,..? And of course: Do these nanowires work as
single photon detectors, and why (not)? In this project, we will try to answer these
questions.



3 Modeling method

Computer simulations can be used to get a better understanding of the behavior and
functionality of SNSPDs. Specifically, the electrical and thermal response of the
superconducting nanowires after a photon is absorbed. This can be done by using an
electrical model of the circuit and the nanowire and a thermal model of the nanowire,
respectively. However, since the electrical properties at a time change the thermal
properties correspondingly, it’s better to combine these models and make one electro-
thermal model [3]. The simulation calculates the heat flow along the wire in time. This
way the recovery time of the wire can be found. This is the time needed for the wire to
become superconducting again after a hotspot is created. However, if the wire is heated
up too much, it cannot cool down fast enough and the current will cause even more heat.
Now, the whole wire will become resistive. This effect is called latching.

This has been proposed by [3] and the simulation has been used in this report is written
by a PhD student, Saeedeh Jahanmirinejad. Simulations are done with Matlab.

3.1 Thermal model

The SNSPD is approximated as a one dimensional structure. This is because the
nanowires are very thin (with thickness d ~ 4-5 nm) and narrow (with width w ~ 80-150
nm) compared to the length (I = 17 um) for this experiment. At time zero, a Ax segment
(25 nm) of the wire is considered to become normal (namely resistive) due to photon
absorption. The current density J through the wire and temperature T of the wire is
assumed to be uniform in one segment. This T is solved using the following equation:

0°T « ocT 2)

]2P+Kﬁ—E(T—Tsub) =30

Here, p is the electrical resistivity of the wire, which is zero when the wire is in
superconducting state and non-zero when the wire is in normal state. k is the thermal
conductivity of NbN, « is the thermal boundary conductivity between NbN and the GaAs
substrate, T, IS the substrate temperature, T is the temperature of one segment and c is
the specific heat per unit volume of NbN. In (2), the first term is the heat generated due to
the Joule heating, the second term is the dissipated heat along the wire due to thermal
conduction and the third term is the heat dissipated into the substrate. The term on the
right hand side is the rate of change in the local energy density.

The values for the variables p, k, @ and ¢ depend on the temperature of the wire and its
state (normal or superconducting). In order to calculate these variables, the critical current
at temperature T has to be calculated. This can be done with the equation below.

I (T) = 1,(0) - (1 - (T1)2>2

Here, I. (T) is the critical current at temperature T, I. (0) is the critical temperature at
absolute zero and T, is the critical temperature. Because 1. cannot be measured at T =0
K, but only at a finite T, it can be derived from (3) using I.(T =5K) and T, =
11 K measured on another film grown in the same batch. From this, it follows that:
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These values can then be used in this simulation.

The electrical resistivity p can be calculated from

A w-d (5)
=R._=R.—
P L L

R is the resistance of the wires and measured during the experiment and width (w), length
(L) and thickness (d) are found in the devices measured by scanning electron microscopy
and ellipsometer, respectively. The value of p can then be used in the formula below [1]
to calculate .

Ihs -

6
\/E_\/a'wz'd'(Tc_Tsub) ©)
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_ Ii%s P

2-w?-d - (T; — Teyp)
Where I, is the hotspot current, extracted from the IV curves (as in figure 3) of the

experiments. I is proportional to the width and thickness of the nanowire and
proportional to 1/p as a higher electrical resistivity will decrease the current.

= «a

The last parameter is k. It can be calculated by using the Wiedemann-Franz law:

LT ™)
o)

Where L = 2.45-10"8 WQ/K? is the Lorenz number. With p calculated before, the
temperature dependent normal state conductivity k, can be calculated. The
superconducting state thermal conductivity k. can be calculated from «k/x,, = T,./T [3],
because in (7), L and p are constant.

3.2 Electrical model

The electrical circuit of the SNSPD is modeled as shown below in Fig 2. The SNSPD is
seen as an inductor L, , representing the kinetic inductance of the superconducting
nanowire, which is the total kinetic energy of the cooper pairs that acts as a series
inductance. The kinetic inductance is in series with a resistance R,, which is the variable
resistance of the normal segment of the nanowire which is zero while the wire is in
superconducting state.

The Cp; is the capacitor located in the bias T in the experiments and represents the DC
block towards the RF amplifiers and the oscilloscope. Z, is a 50 Q load resistance, which
is used to indirectly measure the voltage pulse created by the hotspot. The current through
the nanowire can be solved by [3]

d?L,I d(IR dl 8
bt( k+(n)+Z )=1bms—1 (8)

dt? dt 0 dt

Here, R,, is temperature dependant and determined by the thermal model.



4 Experimental set-up
4.1 Electrical characterization set-up: Micro-probe station

The sample is first glued to a sample holder with a cryogenic glue (CMR 7031 GE
varnish), with a good thermal conductivity. Good thermal conductivity is required to
thermalize the devices to the cryostat temperature. This way, the heat can also more easily
be conducted away from the sample to the holder. Since the GaAs substrate of the sample
is not a very good heat conductor, a clamp is placed on the top side of the sample to
improve the heat transfer between the sample and the holder.

Then, the sample (on a holder) is placed inside the cryostat. An aluminum plate with an
optical window is placed a few centimeters above the sample. The plate is for filtering the
lower energy photons (with higher wavelengths). This way, there is less dark count in the
experiments. The plate also has aluminum curtains on one side which hang over and next
to the probe to improve for better blocking of the thermal background radiation. The top
of the cryostat is then closed with a plate containing an optical window.

The probe is connected from room temperature to the cryostat through a tube and
manipulated at room temperature. There is also the possibility to place a second probe in
this setup, but it is not necessary for this experiment. There is also a line for creating a
vacuum in the cryostat and one for the helium.

4.1.1 The probe

The microprobe is an RF probe from GGB industries, Inc [4]. There are three fingers
located in a row. The outer ones are used as ground and the middle one is the bias. The
probe can be moved in the x-, y- and z-direction.

Figure 4 An example of a probe of the same type used during the experiments. [4]
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4.2 Optical characterization set-up

In order to see the three fingers of the probe and the sample in more detail, a ccd camera
is used. A lamp has to be focused on the sample to get a clear view with the camera. To
do this, the optical arm below is used.

Camera

Lens Block
—
Lamp or

 —
Laser (1300 nm) ) ®
—
Beam-splitter I

Objective lens

Figure 5 The optical part of the setup.

In this setup, a beam splitter is used to point the light and camera simultaneously at the
sample. The lens is used to create a parallel light beam, which can be checked at the right
side (block). Then, the beam splitter is placed at 45°, so the light goes parallel through the
center of the vertical cylinders between the mirror system and the camera. Finally, the
mirror system of the objective is used to focus the light on the sample inside the cryostat.

On the right side, there is a block to block the light (when a laser is used on the left) for
safety reasons. It is however possible to put the sensor of a power meter here in order to
measure the transmitted power during the optical measurements as a reference
measurement. With some calibration measurements, it is then possible to calculate the
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actual (reflected) power on the sample by measuring the transmission power (since the
ratio between transmitted and reflected light is constant).

4.3 Electronics

DC source

Multimeter

Oscilloscope

Amplifier chain

Figure 6 The electronics used in the experiments. The bias T is the block connecting the probe, resistance and amplifier
chain.

A schematic view of the electrical circuit is shown above. Here, a Yokogawa 7651 DC
source is used to bias the circuit. When the probe touches down on the sample on the
contact pads, the circuit is closed and a current can flow through the probe and thus the
nanowire. The multimeter (a Agilent 34970A) can be used to measure the resistance of
the wire, the voltage over the wire or the substrate temperature. Z is the load resistance.
The bias T in the circuit contains a capacitor which works as a dc block towards the
amplifiers and the oscilloscope. The amplifiers are required to get a measurable signal on
the oscilloscope.
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4.4 Sample Design

The samples that will be measured and analyzed in this experiment contain single
nanowires with different lengths and widths and are grown by DC magnetron sputtering
technique on a GaAs substrate. The wires are made of NbN and are connected to gold
(Au) contact pads with a wider section of NbN, which is optically not active due to its
larger dimensions. The probe can be contacted to the Au pads for electrical contact.

500 nm

120 nm

100 nm

80 nm

c) d)

Figure 7 The top left image a) shows the top view of one complete sample. The blue block contains the wires with
variable length, the green block contains the wires that are not measured in this report. b) shows one block with 16
devices in a row and every row a different width for the nanowires. Every device is labeled with a letter and a number.
¢) Three devices in more detail. The E shape is the ground, the part with the number below is the bias. The nanowire is
located between the ground and the bias as shown in more detail in d).

The image above shows the top view and shows the structure of a sample. As seen in the
drawing, one ‘device’ consists of a ground and a bias (outer and inner Au pads,
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respectively) and a nanowire. The grounds of 8 sequential devices are connected, and
then a new set of devices starts. All devices can be identified by a letter and a number
from 1 through 16, giving a total of 24 x 16 = 384 devices on one whole chip. The width
of the nanowires in one row is the same, but changes per row. This is shown on the image
above. The length of the wires is expected to be 17 pum, except for the wires in the blue
block (see figure 8.a). These wires vary in length between 1 and 10 um. (Those wires are
not analyzed in the frame of this report). The devices in the green block are not measured
in this report because they are cleaved from the sample. This is because the sample holder
in the cryostat is not large enough for the whole sample. Also, some devices on the left or
right side of the remaining sample are lost during the measurements because they are
located below the clamp used to thermalize the sample.

In this experiment there are four samples measured, all of which have the same design
and structure described above. The difference is that they were grown in different
batches, meaning the thickness and growth temperature of the NbN layer are varied for
different batches. Also the uniformity and niobium vs. nitrogen concentrations might vary
between the samples from different batches. Even though there is no observable change
between the flows of different batches, there are always variations due environmental
influence. For that reason, two samples grown in different batches with the same
parameters (namely GaAs C155 and C157) are processed. Also, one sample is grown at a
lower temperature to see whether this will have a measurable influence on the
performance and quality of the nanowires. Below, there is a table containing the samples
with the thicknesses of their NbN layer, critical temperature T, and growth temperature of
the NbN layer.

Sample name Thickness (nm) | T, (K) | Growth temperature (° C)
GaAs C152-1t 5.94 10.1 410
GaAs C155-1t 5.64 11.7 450
GaAs C156-1t 4.90 11.2 450
GaAs C157-1t 5.51 11.7 450

Table 1 The samples measured in this experiment with their thicknesses, critical temperature and growth temperature.

The critical temperatures in the table above are extracted from the R-T measurements
performed by Dondi Sahin. The results for these measurements are shown in figure 8.
These are typical curves for NbN films. As seen, T is thickness and growth temperature
(Tg) dependent. With a higher Tg, due to improvement of film uniformity, T is higher.
This is also valid for thicker films, which | related to the proximity effect [17].
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Figure 8 The normalized R-T curves for samples from the same batches as the ones used in this project.
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5 Results and discussion

The main motivation of this work is to improve the yield and detection efficiency of the
superconducting single photon detectors. Therefore, a total of four samples is measured to
characterize the nanowires and to get information on the quality and performance of the
different samples with different thicknesses and growth temperatures. This is done by
measuring several properties of the samples like the room temperature resistance R,, a
characteristic IV curve and an extended IV curve. From these curves, the low temperature
resistance R;r and the critical current I, are extracted and used to look at the quality of
the NbN films and the nanowires themselves. There are also scanning electron
microscopy (SEM) measurements performed to get some images and measure the
dimensions of the nanowires. With these SEM images, the real width and length of the
nanowires can also be measured. Last, some optical measurements are performed to see if
the devices are working as photon detectors.

5.1 IV curves
The IV curves of the nanowires already give an idea on the quality of the nanowire and its

connections with the bias and ground. They also show if the device is short or open. An
example of a good (Figure 9) and a bad (Figure 10) wire is shown in the image below.

25
20-—
15-—
10-—

Current (UA)

-0.01 0.00 0.01
Volts

Figure 9 Example of a good functioning nanowire with a clear critical current value and a clear hotspot plateau.

The IV curve above shows the expected behavior, with an expected Ohm resistance of
the bias resistor (measured when nanowire is superconducting), a clear I, and a nearly
horizontal hotspot plateau.
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Figure 10 Examples of nanowires which are not functioning properly. The one on the left has a unstable hotspot
plateau and the one on the right has no hotspot plateau at all.

The image above shows IV curves of devices that are not functioning properly. There is
almost no hotspot plateau.

The IV curves of all wires with the same width from one sample as shown in Figure 11
are combined to give an idea about the variation of the curve namely the uniformity of the
devices on one sample. The curves for the other widths of this sample and of the other
samples can be found in appendix 9.1.

ol &\W

Current (UA)

1 . 1 . 1 . 1 . 1
-0.010 -0.005 0.000 0.005 0.010

Volts

Figure 11 The IV curves of the 120 nm wide nanowires from the GaAs C156-1t sample.

In the graph above, the IV curves of the 120 nm wide nanowires from the GaAs C156-1t
sample are plotted together. It is clear that there is some variation in the critical current
and the hotspot current, but that the values are within a range of approximately 5 uA from
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the average number of 22 uA.. This will be analyzed further in the statistical analysis in
this report.

During the measurements, it became clear that some wires did not give any response. This
was related to the processing after SEM analysis and the reasons were either the wires
were broken or not properly connected. There were also devices that were short. In most
of these cases the shortage was visible with the camera. It showed a direct connection of
the Au-contacts (the bias and the ground). An example is shown in the image below.

Figure 12 The bias and the ground are clearly connected creating a short in the circuit.

These proces defects are caused by lithography processes. In order to get an idea on the
number of working wires, the yield of every sample is calculated. This is the percentage
of the wires measured and that is actually working.

Sample name Yield (%)
GaAs C152-1t 80
GaAs C155-1t 44
GaAs C156-1t 80
GaAs C157-1t 97

Table 2 The samples with their respective yields.
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It is clear that the GaAs C155-1t sample has a very low yield. The left half of the sample
has almost no nanowires functioning. Less than 10 wires could be measured and even
these wires have relatively low critical currents compared to the wires on the right side of
the sample. On the right side of the sample, there are actually 80% of the devices working
properly. The reason for that is that during the processing, EBL dose was not enough to
write the patterns.

The most likely explanation for this is that something went wrong during processing. This
Is checked with SEM.

5.2 SEM measurements

The SEM measurements are performed by Déndu Sahin. These measurements are done to
check the real width of the nanowires. The widths given before are the desired widths of
the nanowires, but not the real widths of the wires on the samples. Also, these
measurements are done to see what the problem is for the ‘open’ nanowires and the
nanowires with extreme critical current and resistance values. Since those are the first
processing batches on NbN in the clean room in TU/e. Thus, SEM analysis is going to
give an understanding of what went wrong during the processing so it can be avoided in
the future.

5.2.1 Actual widths

The actual widths of the nanowires are measured on devices that have critical currents
around the average of the nanowires with the same width. Then, a few of these nanowires
are measured per width per sample. The measured values are then averaged and this
average is used as the actual width of all those nanowires on one sample. The actual
values found for the width of the nanowires is shown in the table below. These values are
obtained by measuring the width of several nanowires with SEM and average them.

Type 80 nm Type 100 nm Type 120 nm Type 500 nm
Sample name
(nm) (nm) (nm) (nm)
GaAs C152-1t 89.5+5 9945 10945 402.51+20
GaAs C155-1t 9845 11545 13345 338+20
GaAs C156-1t 10345 118+5 136+5 403+20
GaAs C157-1t 10745 11245 13145 380420

Table 3 The samples with the actual widths of the nanowires for every type of wire.

For the scope of this report, and to avoid confusion, the desired widths (or type) are used
in all other graphs and explanations unless otherwise stated. However, the real widths of
the nanowires are used in the calculations of the variables and parameters.
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5.2.2 Device defects

The SEM images from the devices that are not working show several different reasons for
why the devices are broken. In some cases, the nanowire is broken. In others, there is a
small gap or opening between the end of the nanowires and the contact pads. In the case
of the GaAs C155-1t sample, where there are a lot of devices not working, the SEM
images show that in most cases there are no (or only partial) nanowires between the
contacts. The measurements also show some pollution, particles on the surface touching
the nanowire. The examples of all these defects can be seen in the images below.

Figure 13 The top left image shows a nanowire that is broken and moved. The top right side shows a bad connection
between the nanowire and the contact pad. The bottom left image shows only a partial wire, with a piece missing. The
bottom right image shows an undesired particle touching the nanowire, creating a constriction in the nanowire.
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Figure 14 The black stripes are some surface irregularities.

As can be seen in the last image above, some samples suffer from a roughness on the
surface of the GaAs layer. This surface isn’t measured, only the nanowires are, but the
roughness may also be underneath the nanowires. When the NbN layer was grown on this
surface, the roughness may have influenced the growth of the NbN and thus the thickness
and uniformity of the nanowire in the end.

5.3 Statistical analysis
Using a statistical analysis, it is possible to get information about the uniformity and the

quality of the NbN film and the nanowires. In this report, a few different methods will be
used and compared in an attempt to get more information about the devices.

21



5.3.1 Critical current statistics

The critical current is dependent on the width and the thickness of the nanowires. The
statistics is performed by counting the number of devices that have a value in a range of
1uA, because this is the average variation of the I, measured several times on one device.
Only the nanowires with the same width from the same sample can be directly compared.
An example of this is shown in the image below.

10

B GaAs C156-1t 100 nm

# devices

16 20 24 28
Critical current (uA)

Figure 15 The critical current statistics for the 100 nm wide nanowires of GaAs C156-1t.

As can be seen in the graph above, the number of devices used in one analysis is very
low. This is because there are only a few devices (between 10 and 50) with the same
width in one sample that could be measured and were actually working. This is why there
was looked for other parameters that are independent of the width and thickness of the
nanowires. That way, all wires within one sample can be compared and also, the samples
can be compared with each other.

The average and the standard deviation for every width are calculated for every sample.
Also the percentage of the standard deviation against the average is calculated to get an
idea about the size of the distribution. The results are found in table 4.
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I

Sample name Width (hm) > 80 100 120 500
Average I, (UA) 12.28 14.44 18.89 46.69
GaAs C152-1t | a; (UA) 2.12 2.73 2.10 5.35
a;/ I, (%) 17.30 18.89 11.13 11.45
Average 1. (UA) 16.38 18.58 25.21 49.83
GaAs C155-1t | a; (UA) 2.13 3.37 1.02 5.96
o/ I, (%) 13.01 18.14 4.06 11.96
Average I (UA) 14.09 18.23 21.74 48.90
GaAs C156-1t | a; (UA) 2.64 3.20 2.35 3.11
a;/ 1. (%) 18.76 17.55 10.80 6.37
Average I, (UA) 15.66 17.42 21.20 45.61
GaAs C157-1t | a; (UA) 2.02 1.90 1.44 4.08
a;/ 1. (%) 12.93 10.9 6.79 8.95

Table 4 The average, standard deviation and percentage per width per sample.

53.2 IR, statistics

One way to eliminate the width and thickness dependence is using the I.R,, method [5].
In this method, the critical current ( I.) of a nanowire is multiplied by the room
temperature resistance (R,,) of the nanowire.

Ie=].-A=].-w-d 9)
kL (10)
Rn=p A " w-d
Then, by multiplying (7) and (8), it follows that:
Ie*Rp=Jc p-L (11)

which is independent of the width and thickness of the nanowires. Note that this method
only eliminates the variation in the whole width of the nanowire, not local constrictions.
If there is a small local constriction in a nanowire, like shown below, this will determine
the critical current of the nanowire and this method will not correct for that (see figure
16). This local constriction causes the critical current to decrease much more than the
resistance. This is because the critical current is only dependent on the smallest
constriction of the nanowire, while the resistance is also dependent on its length.
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Figure 16 Schematics of a local constriction in a nanowire.

The values of I.R,, are then normalized per sample by the maximum value of I.R,, in the
same sample. Then, the devices within a range of 0.025 are counted. The graphs for the
four different samples separately can be found in appendix 9.2. The graphs for the
comparison between the samples are shown below.
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Figure 17 The statistics of all four samples plotted together in one graph. Every sample has a different color to show
the differences in distribution between the samples.

max

In the graph above, the number of devices per range is counted for all samples. Then the
values for all samples are plotted together. Note that also here, it is the distribution of the
nanowires that matters, not the height of the graphs that is related to number of devices,
because some samples have more working wires than others. From these I.R,, values, the
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average, standard deviation and percentage is also calculated. The results are shown in the

table 5 below.

lcRn/( 1cRn)max

Sample name Nominal Width (nm) -> 80 100 120 500 Total
Average 0.729 0.738 0.882 0.713 0.780
GaAs C152-1t | Standard deviation 0.188 0.149 0.134 0.139 0.144
(%) 16.22 20.23 15.14 19.48 18.47
Average 0.784 0.815 0.919 0.849 0.862
GaAs C155-1t | Standard deviation 0.078 0.123 0.038 0.069 0.095
(%) 9.95 15.14 4.13 8.19 11.04
Average 0.697 0.803 0.826 0.838 0.785
GaAs C156-1t | Standard deviation 0.125 0.125 0.082 0.032 0.120
(%) 18.0 15.55 9.94 3.76 15.35
Average 0.842 0.862 0.889 0.871 0.866
GaAs C157-1t | Standard deviation 0.084 0.080 0.044 0.066 0.076
(%) 9.98 9.30 5.00 7.54 8.75

Table 5 The average, standard deviation and percentage of IcRn/( IcRn)max of every type of nanowire per sample and
the total for one sample.

The percentages in table 5 show the relative standard deviation compared to the average.
This shows for example that the nanowires with a width of 108410 nm in the GaAs
C152-1t sample are quite widespread (20%). This means that they have a lot of physical
(local or uniformity) constrictions. For the GaAs C157-1t 122+15 nm nanowires, they are
only 5.00% apart, so there are much less constrictions in the nanowires.

The values of all samples can also be summed up. This is done in the graph below.
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Figure 18 The number of devices/ nanowires in one range are summed up from all samples. This shows the distribution
of all nanowires together.

max

In figure 18, the maximum reaches a value of 76, and a more continuous distribution is
shown.

5.3.3 J. analysis

Another way to compare and analyze the nanowires, is by calculating the critical current
density /... It can be calculated by

_ L (12)
Je= d-w

with I, the critical current of the nanowire, d the thickness and w the width of the
nanowire. The value for the thickness d of the nanowire is measured with the ellipsometer
by Dondi Sahin. The width used in this calculation is the average width of the nanowires
from one sample with the same width. This is measured using the SEM. The I, is
extracted from the IV curves as explained before. The results for the four samples
separately are shown in appendix 9.3.
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Figure 19 The J . statistics plotted in one graph for the four different samples.

In figure 19, again the distribution over J; is more important than the height of the curve,
which only represents the number of devices. The average of the different type of
nanowires and the total average of one sample are represented in table 6. The standard
deviation of each average and the percentage of the standard deviation compared to the
average is calculated.
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Je

Sample name Width (nm) > 80 100 120 500 Total
Average J. (10° A/m?) 23.23 2456 | 29.35 19.53 | 24.25
GaAs C152-1t | g5, (10° A/m’) 4.00 4.64 3.29 2.24 5.16
0y, 1 e (%) 1720 | 18.89 | 1120 | 11.45 | 21.29
Average J. (10° A/m?) 29.63 28.65 | 33.60 23.25 | 30.87
GaAs C155-1t | gy, (10° A/m?) 3.86 5.20 1.37 2.78 5.10
0.1 (%) 13.02 | 18.14 4.06 11.96 | 16.51
Average J. (10° A/m?) 27.92 31.52 32.63 24.76 29.11
GaAs C156-1t | g;_ (10° A/m?) 5.24 5.53 3.52 1.58 5.45
0.1 (%) 18.76 | 1755 | 10.80 6.37 18.71
Average J. (10° A/m?) 2656 | 28.23 | 29.38 | 2449 | 2752
GaAs C157-1t | g5, (10° A/m?) 3.43 3.08 1.99 2.19 3.36
0.1 (%) 1293 | 10.90 6.79 8.95 12.21

Table 6 The critical current density J statistics. The average, standard deviation and percentage is calculated for all
different widths from every sample. Also, the total for one sample is calculated.

In table 6, there is a general trend showing that the standard deviation compared to the
average is decreasing as the width of the nanowires increases. This can be explained by
the fact that the smaller nanowires are more sensitive to local constriction on the surface
and sides of the nanowire. Also, processing is more difficult for smaller nanowires.

54 Comparing I, J. and I.R,, methods
Ideally, the J. method and the I.R,, method should give the same standard deviation

compared to the average (—————2—). The table containing all the data can be
found in appendix 9.4.

standard deviation

From this table, it is clear that there is no change in the percentage when comparing the I,
and /. values. This is obvious, as J. is proportional to I.. When the percentages for J. are
compared to those of I_R,, it is clear that in most cases the I.R,, method has a slightly
smaller deviation. This would mean that the values of the different nanowires are closer
together. This could be explained by the fact that with the I.R,, method, the width and
thickness of a nanowire is eliminated by the actual width and thickness of the nanowire.
This is because the R,, is actually measured separately for every nanowire, which means
that the width and thickness in that formula are exactly the same as those is the formula
for I.. In the J. method however, the width and thickness are calculated by taking the
average of several measured real widths from one type of nanowire. So the width used in
the calculations for . are the average widths for all the wires of that same type, not the
real widths. Also, the thickness is measured using an ellipsometer. This gives one value

28




for the whole sample, while there is still the possibility for some variation in the thickness
along the sample. So this value is also not exact for all the wires. This results in some
more variation in the values for /..

When looking at table 7 in appendix 9.4, it is clear that samples C155 and C157 have a
higher J.. They also have more uniform J. and IcR,. This may be explained by the thicker
NbN film. This way, the non uniformity of the surface of the NbN nanowires does not
influence the current as much as in thinner nanowires. Sample C156 has a higher current
density than C152, but is less uniform than samples C155 and C157, because the
nanowires are thinner. The IcR, method reduces only slightly the standard deviation
compared to the J.. This can be either because the defects are local as shown in figure 16.
Another possibility is that there are defects that affect only J; and not R,. The J. values
are calculated with an average width for all nanowires of the same type on one sample.
The real width of several of these wires was measured with SEM. In the IR, method
however, the R, is measured for each nanowire separately. This way, the width is really
eliminated from the equation where in J this is not possible because the used width is an
average value.

55 RRR analysis

Residual Resistivity Ratio or RRR is a value used to indicate the purity or impurity of a
metal. A pure metal generally has a value larger than one, while dirty metals, like
semiconductors usually have a value smaller than one. In most cases, it is calculated by

R300 (13)
R2o

Where R;q,is the resistance at 300 K and R,, the resistance at 20 K. In more general
terms, it is the resistance at room temperature divided by the low temperature resistivity.
In this experiment, the resistance is measured at the temperatures 293+ 5 K and 12 + 5 K.
Also in this case, a statistical analysis is performed.

RRR =
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Figure 20 The RRR of every sample plotted against the number of devices.

In figure 20, the RRR value is plotted against the number of devices. It is clear that,
although the distribution is similar, the averages per sample are not. This can be explained
by the difference in thickness of the different samples. When the thickness of the sample
increases the resistance becomes less sensitive for interface effects on the surface of the
nanowires. It is expected that the RRR increases slowly to one as the thickness of the
sample increases. A graph of the RRR value against the thickness of the nanowires is
shown in figure 21.

0.88

0.86
0.84 1
0.82 L .

080 F i C152-.1t

0.78 -

RRR

0.76 -
0.74 -
0.72 |-

L - C157-1t
0.70 |

LN IR L R B L B EEL N LA B B B
48 49 50 51 52 53 54 55 56 57 58 59 6.0
Thickness (nm)

Figure 21 The RRR values from each sample against the thickness of the sample.
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In this figure, it is clear that the expected slight increase from left to right is not valid. The
change between the GaAs C156-1t and C155-1t sample is the expected behavior. But the
GaAs C157-1t is completely different and doesn’t coincide with the expectations. The
reason for this could be that there are more impurities in the nanowires or different
concentrations of Nitrogen. It could also be related to local temperature variations.

5.6 Optical analysis

The electrical response of the nanowires under illumination with a xxx nm laser is
studied. The first measurements showed no response of the nanowires. They are
performed on 370435 nm nanowires from the GaAs C157-1t sample. The first problem
is the noise created by the connection and the electronics. Specifically, the amplifiers
cause a lot of noise. This noise could be greatly reduced (> ten times) by improving the
connections between the amplifiers and between amplifier and probe/oscilloscope.
However the measurements showed no difference between the laser off and laser on
measurements.

| —— GaAs C157 I7 rOn LaOff 95pc|
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0.1
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_Ol L | L | L | L | L
0 20 40 60 80 100

Time (us)

Figure 22 Oscilloscope trace of the voltage measured from a laser off (left) and laser on (right) 370+35 nm wide
nanowire.

In figure 22, there seem to be periodic pulses with a period of about 20 us. An
explanation for this has been suggested by Dauler [6], which explains that the periodic
pulses are caused by the discharging of the capacitor.

Another problem with these 370+35 nm nanowires is that they are latching. This can be
supported by the elctro-thermal simulation described in section (3) and choosing the
parameters close to the values of the nanowire, which are experimentally obtained. An
optical response from these nanowires was also not expected to occur.
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Figure 23 Temperature of a 400 nm wide nanowire. The simulation confirms that this type of nanowire should be
latching.

In figure 23, The y-axis represents the time and the x-axis represents the direction along
the nanowire. The simulation sees the nanowire as a one dimensional object, so the
hotspot is assumed to be along a segment of the wire. The x-axis only shows a total of
500 nm because this is the nanowire length used in the simulation. The real length of the
nanowire is still used to calculate the variables (like the kinetic inductance). The
simulation runs only through 500 nm because this decreases the simulation time
(compared to 17 um) and if the hotspot is 500 nm in length on the wire, it will be latching

anyway.
5.6.1 80 nm nanowires

The simulation is looped through small changes of the critical temperature, critical
current at temperature T, the low temperature resistance, the hotspot current and the
substrate temperature. This is done in an attempt to find the boundary conditions where
the nanowire switches between the functioning state as a single photon detector and the
latching state. Last, there are some simulations performed when adding a series
inductance to the nanowire.
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Figure 24The thermal simulation image of an 80 nm nanowire with the hotspot size against time.

In figure 24 is a thermal image visible from the simulation of an 80 nm nanowire. In this
scenario, the wire shows no latching behavior.
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Figure 25 The current through the nanowire against time graph and the resistance of the nanowire against time.

In figure 25, the current through the nanowire and the resistance of the nanowire against
time are plotted. From the resistance plot, the time that | is recovering back to its
superconducting value gives an idea about the pulse width when it is measured with the
oscilloscope. Also, both graphs in figure 25 show that the nanowire recovers completely
within two nanoseconds and becomes superconducting again. There is no latching
behavior in this.
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Figure 26 80 nm Nanowire with a series kinetic inductance of 150 nH.

An extra inductance was added (compared to figure 24) to simulate how much the pulse
width would increase with increasing inductance. This is done because the bad results in
(5.6) were suggested to come from the fact that the pulse width was too short to measure
with the used frequency counter.
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Figure 27 Current through and resistance of an 80 nm nanowire with an extra series kinetic inductance.

In figure 26 and 27, a 80nm nanowire is simulated with a series kinetic inductance. This
inductance causes the hotspot size to increase initially, but also causes the current through
the nanowire to increase slower. This gives the nanowire more time to dissipate the heat
before the current starts to heat the nanowire up again. The nanowire now has more time
to become superconducting again.
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There are some measurements performed on three narrow types of nanowire and it is
concluded that they are indeed functioning properly. However, since the time for the
experiments is too short, further measurements are needed in the future to get more
results and to be able to compare results optically. This comparison is going to give better
understanding about the quality of the films for the purpose.
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d) close up of a single voltage pulse. The
width is approximately 2 ns, which
coincides with the results from the
simulations in figure 25.

c) Oscilloscope trace of a few voltage
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Figure 28 Oscilloscope images of the optical measurements on nanowires between 90 and 130 nm wide.

In figure 28, the voltage pulses are plotted against the time. From these images, it can be
concluded that the narrower nanowires are working as desired; however, more
measurements have to be performed in the future to be able to analyze and compare the
results.
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Figure 29 Count versus normalized current. The laser power on the sample is approximately 200 nW.

In figure 29, the dark count and the light count (with laser off and on respectively), are
represented in number of counts against the normalized current. The normalized current is
the bias current divided by the critical current of the nanowire. From the graph, it is clear
that there are less counts for dark measurements than when the laser is turned on. This is
to be expected, as the laser light has much more photons directed at the sample inducing
more photon absorptions. The difference between dark and light counts decreases as the
bias current approaches the critical current. This is because the dark count rate increases
faster than the efficiency with increasing bias current. [13]
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Figure 30 Sampling oscilloscope image to retrieve the pulse shape.

In figure 30, an image result from the sampling oscilloscope is plotted. There are four
different wires measured and the pulse shape of those wires is plotted together. This
shows that the pulses are the same in shape and magnitude. From the graph, it can also be
deduced that the fall time (time between maximum voltage and zero voltage) is about one
nanosecond.
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6 Conclusion

The samples used in these experiments are the first real processing on NbN films grown
at TU/e. The goal of this project was to analyze the quality and performance of the
nanowires grown from the NbN films. To do this, the actual widths were measured using
SEM . This showed that the actual widths are different from the desired widths. It also
showed why several devices were not working. This was caused by broken wires, bad
connections between the nanowire and the contact pad or the fact that there was no
nanowire at all.

Then, the room temperature resistance was measured, mainly to see if the devices were
working. Then, at low temperature, the resistance was measured again, and a
characteristic IV curve was made for every working device. From this, the stability of the
hotspot could be deduced and also the critical current could be extracted.

Several different methods were then used to perform a statistical analysis on the devices.
This showed that the I.R,, method did account for some physical constrictions working on
the whole nanowire. The deviation compared to the average was generally lower for the
I.R,, method compared to the /. method.

The RRR analysis showed that there are quite some differences in the pollution levels of
the samples. The concentration of nitrogen compared to Niobium will contribute most to
this.

The optical measurements performed, were insufficient to say anything about the quality
of the different devices or the performance of the devices. However, they did show that
the narrow nanowires are working properly and can be used as single photon detectors.
The simulations confirmed that the 500 nm nanowires are indeed latching.

Images made with the sampling oscilloscope were used to identify the pulse shape. This
shape was the same for the different working nanowires.
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9 Appendix

9.1

1V curves

The 1V curves for different widths for a all samples are shown in the graphs below.
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Figure 31 The IV curves of all widths of all four samples. The respective sample name and nanowire width is denoted
on every graph.
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Figure 32 The I R,, analysis for every sample separately.
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Figure 33 The J, statistics for every sample separately.
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9.4 Data table

Sample name | Width (nm) »> 80 100 120 500 Total
Ic (UA) and Jc | Ic IcRn | Jc Ic IcRn | Jc Ic IcRn | Jc Ic IcRn | Jc Ic IcRn | Jc
(10° A/m?) >
Average 12.28 | 0.729 | 23.23 | 14.44 | 0.738 | 24.56 | 18.89 | 0.882 | 29.35 | 46.69 | 0.713 | 19.53 | / 0.780 | 24.25
C152-1t Standard deviation | 2.12 | 0.188 | 4.00 |2.73 | 0.149 | 464 | 2.10 [0.134 | 3.29 | 535 | 0.139 | 2.24 |/ 0.144 | 5.16
Percentage 17.30 | 16.22 | 17.20 | 18.89 | 20.23 | 18.89 | 11.13 | 15.14 | 11.20 | 11.45 | 19.48 | 11.45 |/ 18.47 | 21.29
/
Average 16.38 | 0.784 | 29.63 | 18.58 | 0.815 | 28.65 | 25.21 | 0.919 | 33.60 | 49.83 | 0.849 | 23.25 | / 0.862 | 30.87
C155-1t Standard deviation | 2.13 | 0.078 | 3.86 |3.37 |0.123 | 520 |1.02 |0.038 | 1.37 | 596 |0.069 | 2.78 |/ 0.095 | 5.10
Percentage 13.01 | 9.95 | 13.02 | 18.14 | 15.14 | 18.14 | 406 |4.13 | 4.06 | 11.96 | 8.19 | 11.96 |/ 11.04 | 16.51
/
Average 14.09 | 0.697 | 27.92 | 18.23 | 0.803 | 31.52 | 21.74 | 0.826 | 32.63 | 48.90 | 0.838 | 24.76 | / 0.785 | 29.11
C156-1t Standard deviation | 2.64 | 0.125 | 524 |3.20 | 0.125|553 |235 |0.082 352 |311 |0.032|158 |/ 0.120 | 5.45
Percentage 18.76 | 18.0 | 18.76 | 17.55 | 15.55 | 17.55 | 10.80 | 9.94 | 10.80 | 6.37 | 3.76 | 6.37 |/ 15.35 | 18.71
/
Average 15.66 | 0.842 | 26.56 | 17.42 | 0.862 | 28.23 | 21.20 | 0.889 | 29.38 | 45.61 | 0.871 | 24.49 | / 0.866 | 27.52
C157-1t Standard deviation | 2.02 | 0.084 | 3.43 | 190 |0.080 | 3.08 | 144 |0.044 199 |4.08 |0.066 |219 |/ 0.076 | 3.36
Percentage 1293 19.98 | 1293|109 |9.30 |1090|6.79 |500 |[6.79 |895 |7.54 |895 |/ 8.75 |12.21

Table 7 Table containing the average, standard deviation and percentage of every type of nanowire for all samples.
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