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Chapter 3

Experimental methods

Abstract

This chapter summarizes the experimental methods used for the research presented in this
thesis. The first part of this chapter focuses on the different device fabrication techniques
which have been used. This is followed by a description of the experimental setups in
which the electrical measurements were performed. Finally, a brief description of the a.c.
lock-in measurement technique is provided.
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3.1 Device fabrication techniques

All the devices studied in the research presented in this thesis were fabricated in
multi-step lithography, material deposition and resist lift-off techniques. Each cycle
of the device fabrication process consists of the following steps:

1. Substrate cleaning: This is the first step involved in the device fabrication pro-
cess and usually carried out only at the beginning of the first cycle. Two dif-
ferent substrates were used for the devices discussed in this thesis: (i) 300 nm
thick thermally oxidized SiO2 films on Si wafers and (ii) 210 nm thick single-
crystal yttrium iron garnet (Y3Fe5O12, YIG) thin films grown on gadolinium
gallium garnet (Gd3Ga5O12, GGG) wafers by liquid-phase epitaxy. Both type
of the substrates were obtained commercially. Any polymer resist and organic
residues were removed from the substrates by subjecting them to ultrasonica-
tion in warm acetone for 1-2 minutes in an ultrasonic bath. The substrates were
then successively rinsed with isopropyl alcohol (IPA), ethanol and DI water.
Finally, the cleaned substrates were blow dried with a nitrogen gun and then
placed on a hot plate at 180◦ C for 30 seconds.

2. Spin coating resist: The samples were coated with a photoresist or an EBL
resist (depending on the lithography technique to be used) in a spin coater.
This was followed by a baking procedure on a hot plate at 180◦ C for 90 seconds
to remove the solvent.

3. Lithography: Two different lithography techniques, deep-UV and electron beam,
were used to transfer pre-defined structures onto the sample. The deep-UV
optical lithography technique was used for creating the larger structures, e.g.
bond pads and big contact leads, in most of the spin valve devices on the Si
wafers, while the electron beam lithography technique was used for all other
smaller device structures. Both of these techniques are discussed in the follow-
ing sections.

4. Development: In order to dissolve the exposed part of the resist, the sam-
ples were treated with an organic solvent for 45-60 seconds, depending on the
lithography technique used. To prevent over-development of the resist, the
samples were immediately rinsed with IPA for 30 seconds to stop the develop-
ment process and then spin-dried.

5. Metal deposition: The metal deposition process was carried out using either
the electron beam evaporation or the sputter deposition technique, both of
which are discussed in the following sections. In order to create a clean and
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Figure 3.1: A schematic representation of a device fabrication process cycle.

transparent interface between the ferromagnet (injector/detector) and the spin
transport channel in the spin valve devices, an in situ Ar-ion milling step was
carried out just before the deposition of the channel material.

6. Lift-off: The unexposed resist layer, along with the deposited metal film on
top of it, were removed by immersing the samples in an organic solvent (de-
pending on the type of the resist). In some cases, gentle ultrasonication was
used to ensure a complete lift-off. The samples were then rinsed with IPA and
blow dried with nitrogen.

A typical cycle of the device fabrication process is schematically depicted in Fig.
3.1. A real example of a fabricated device is shown in Fig. 3.2. The Ti/Au bonding
pads and the big contact leads were patterned using the deep-UV lithography tech-
nique and can be clearly seen in the optical image in Fig. 3.2(a). A zoomed-in optical
image of the central part of the device structure is shown in Fig. 3.2(b). The structures
in this image were defined by the electron beam lithography technique. Although
the smaller contact leads are distinctly visible in this optical image [Fig. 3.2(b)], the
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Figure 3.2: A typical example of a device structure. (a) An optical image of the bond pads
and the big contact leads defined by the deep-UV lithography technique. (b) A zoomed-in
image of the central part of the device structure which was patterned using the electron beam
lithography technique. The individual non-local spin valve devices (in the centre) are barely
visible under the optical microscope. (c) A scanning electron microscope image of one of the
non-local spin valve devices.

individual non-local spin valve devices can be clearly seen only under the high mag-
nification offered by the scanning electron microscope (SEM). An SEM image of one
such non-local spin valve device is shown in Fig. 3.2(c).

3.1.1 Deep-UV lithography

The deep-UV lithography technique is faster than the electron beam lithography
technique and therefore, useful for patterning the big structures in the devices with
dimensions ranging from a few micrometres to a few hundreds of micrometers. For
most of the non-local spin valve devices discussed in this thesis, which were fabri-
cated on the SiO2/Si substrates, the bonding pads and the big contact leads were
patterned using the EVG 620 deep-UV mask aligner system. A resolution of up to
1 µm can be achieved using this system. For the deep-UV lithography, the substrates
were spin coated with the photoresist ZEP 520 in anisole at 3000 rotations per minute
(RPM) for 1 minute and then baked on a hot plate at 180◦ C for 90 seconds. This re-
sulted in a photoresist thickness of about 300 nm. A chromium-coated glass mask
was used for transferring the patterns onto the photoresist during the deep-UV ex-
posure. The photoresist was then developed in n-amyl acetate for 60 seconds to
dissolve the exposed regions, followed by a rinse in IPA. After the metal deposition,
the lift-off process was carried out in PRS-3000 solvent at 90◦ C for about 20 minutes.
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3.1.2 Electron beam lithography

The electron beam lithography (EBL) offers the advantage of achieving feature sizes
in the order of 10 nm, limited by the thickness and the type of the resist used. Un-
like in optical lithography techniques, no pre-defined mask is required in EBL. An
accelerated beam of electrons is used to selectively expose the desired regions of the
resist with the help of a beam blanker. The Raith e-Line 150 EBL system was used
to fabricate the devices discussed in this thesis. A positive EBL resist, poly- methyl
methacrylate (PMMA) with a molecular mass of 950K and dissolved in ethyl lactate,
was spin coated at 4000 RPM for 1 minute on the samples, followed by a baking step
for 90 seconds at 180◦ C. Two different concentrations of the PMMA, 3% and 4%,
were used, resulting in the resist thickness of about 160 nm and 270 nm, respectively.
The 3% PMMA resist was used for patterning the smaller structures with feature
sizes ranging from 50 nm to 100 nm. For larger feature sizes, the 4% PMMA resist
was used. Note that in order to prevent charging in the highly insulating YIG/GGG
substrates, a water-based conducting polymer, aquaSAVE-53za, was spin-coated at
4000 RPM for 1 minute on top of the PMMA layer. An acceleration voltage of 30 kV
and an area dose of 450 µC/cm2 was used for the e-beam exposure. Different aper-
ture sizes, ranging from 10 µm to 120 µm, were used depending on the size of the
structure to be written with the e-beam. After the exposure, the PMMA resist was
developed in a mixture of methyl isobutyl ketone (MIBK):IPA (1:3 volume ratio)
for 30 seconds followed by a rinse in IPA for another 30 seconds. In case of the
YIG/GGG substrates, the conductive polymer (aquaSAVE) film was removed prior
to the development of PMMA by dipping the sample in DI water for 1 minute. Af-
ter the deposition step, the lift-off process was carried out in acetone at 50◦ C for
7-10 minutes.

3.1.3 Focussed ion beam etching

The curved channel geometry in the devices discussed in Chapter 5 was realized
by using SiO2/Si substrates with trenches, which served as templates for control-
ling the channel geometry. These trenches in the SiO2/Si substrates were created
by the focussed ion beam etching (FIB) technique at IFW Dresden, Germany. A
beam of gallium ions under an acceleration voltage of 30 kV and a beam current
of 40 pA was used to mill trenches of different geometries in the substrate. By con-
trolling the milling time, trenches of different heights were created. SEM images of
the cross-section of four different trenches are shown in Fig. 3.3. All these trenches
were created using the same acceleration voltage and the beam current but differ-
ent milling times of 100 seconds [Fig. 3.3(a)], 110 seconds [Fig. 3.3(b)], 120 seconds
[Fig. 3.3(c)] and 150 seconds [Fig. 3.3(d)], resulting in trench heights (h) of 232 nm,
268 nm, 276 nm and 372 nm, respectively.
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Figure 3.3: Scanning electron microscope images of the cross-sections of the trenches, cre-
ated by the focussed ion beam etching technique, in the SiO2/Si substrate. Different milling
times of 100 seconds (a), 110 seconds (b), 120 seconds (c) and 150 seconds (d) were used to
create these trenches, resulting in trench heights (h) of 232 nm, 268 nm, 276 nm and 372 nm,
respectively.

3.1.4 Physical vapour deposition

Two different types of physical vapour deposition techniques, electron beam evap-
oration and sputter deposition, were used to deposit the metallic thin films on the
substrates.

The ferromagnetic electrodes and the spin transport channel in all the non-local
spin valve devices discussed in this thesis were fabricated using the e-beam evap-
oration technique in the Temescal FC-2000 system. The Ti/Au bond pads and big
contact leads were also deposited by e-beam evaporation. The thin films were evap-
orated at a rate of 1− 3 Å/s and at a base pressure below 2× 10−6 Torr.

The sputter deposition technique was used to deposit the permalloy and the plat-
inum thin films on the YIG substrates for the magnon transport devices, resulting in
a cleaner metal/YIG interface as compared to e-beam evaporation. A Kurt J. Lesker
sputtering system with a base pressure of 5×10−8 mbar was used to deposit the thin
films by d.c. sputtering in an Ar+ plasma at an argon pressure of 3− 4× 10−3 mbar.
Deposition rates of 0.60 nm/s and 0.67 nm/s were used for the permalloy and the
platinum films, respectively.
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3.2 Measurement setups

After the fabrication of the devices, the samples were glued on top of a 22 or 44 pin
chip carrier. Electrical connections between the pins of the chip carrier and the bond
pads on the sample were made manually using a West Bond wedge wire-bonding
machine with AlSi (Al 99%, Si 1%) wires. The chip carrier was then mounted in the
measurement setup.

Two different types of measurement setups were used for the study presented
in this thesis. The spin valve devices on the SiO2/Si substrates were measured in
a liquid helium flow cryostat with a temperature controller and an electromagnet.
A turbo pump was used to maintain a vacuum with pressures below 10−6 mbar
within the cryostat. The magnon transport devices and the spin valves on the YIG
substrates were measured in a variable temperature insert (VTI) with a supercon-
ducting magnet. The sample space in the VTI was maintained under a low vacuum
atmosphere with a pressure of around 10−2 mbar. A stepper motor connected to the
sample holder allowed the rotation of the sample in the out-of-plane or the in-plane
directions with respect to the magnetic field within the VTI.

The general schematic of the measurement setup is shown in Fig. 3.4. The chip
carrier, mounted on the sample holder within the cryostat (or VTI), was connected
to a switch box consisting of pi-filters with 3 dB attenuation at 1 kHz. These filters
essentially consist of a 1 kΩ resistor in series with an inductor and two capacitors
connected in parallel to a common ground (see Fig. 3.4). These filters help in reduc-
ing pick up noise and protect the devices against damage caused by high frequency
spikes. Using the 3-way switches in the switch box, the device can either be con-
nected to the common ground or kept in ‘float’ condition or be connected to the
IV-Meetkast for the measurements via shielded LEMO cables. The IV-Meetkast is a
home-built measurement box which is galvanically isolated from the other equip-
ments and consists of an alternating current source and voltage pre-amplifiers with
gains of up to 104. It is connected to a SR830 lock-in amplifier from Stanford Research
Systems using BNC cables. A sinusoidal alternating voltage is produced as the out-
put of the lock-in amplifier at a particular frequency (up to 100 kHz), which acts as
the reference for generating the alternating current output from the IV-measurement
box. The principle of lock-in measurements is described in the next section. A com-
puter script (LabView or Python) is used to control the equipments and record the
measured data.

3.3 Lock-in measurement technique

The standard a.c. lock-in measurement technique was used for all the measurements
described in this thesis. The main advantage of this phase-sensitive measurement
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Figure 3.4: A general schematic of the measurement setup consisting of a lock-in amplifier, an
IV-Meetkast (home-built measurement box with current source and voltage pre-amplifiers), a
switch box with pi-filters, a flow cryostat or a variable temperature insert (VTI) in which the
chip carrier with the sample is mounted and a magnet (an electromagnet or a superconducting
magnet). A computer was used to control the lock-in amplifier, the magnetic power supply,
the temperature controller and the stepper motor for sample rotation and to record the mea-
surement data.

technique is that small voltage signals in the order of nano-Volts can be measured
even in a relatively noisy background. Moreover, signals which scale non-linearly
with the excitation current, e.g. Joule heating, can also be measured separately by
locking-in to the respective harmonic of the excitation frequency.

The excitation current applied to the device can be expressed as I(t) =
√

2I0 sin(ωt+

φ), where I0 is the rms amplitude of the excitation current, ω = 2πf , with f being
the applied lock-in frequency and φ being the applied phase. The voltage response
coming from the device, as a result of this excitation current, can be expanded and
expressed as a sum of higher order terms as

V (t) = I(t)R1 + I2(t)R2 + I3(t)R3 + ..., (3.1)
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where, Rn corresponds to the nth order response. The lock-in amplifier multiplies
this voltage response with the reference signal and integrates it over time such that
the nth harmonic response of the lock-in voltage is

V nf =
2

τ

∫ τ

0

sin(nωs+ φ)V (s)ds, (3.2)

where, τ is the time constant of the lock-in. Using Eqs. 3.1 and 3.2, the 1st, 2nd and
the 3rd harmonic responses of the lock-in voltage can be written as

V 1f = I0R1 +
3

2
I3
0R3 for φ = 0◦, (3.3)

V 2f =
1√
2
I2
0R2 for φ = −90◦, (3.4)

V 3f = −1

2
I3
0R3 for φ = 0◦. (3.5)

Note that the 1st harmonic resistance, R1f = V 1f/I0, is essentially equal to the first
order response (R1) in the low bias regime. However, to explicitly rule out the con-
tribution of higher order non-linear effects in the 1st harmonic resistance, it is useful
to also measure the 3rd harmonic resistance and check that it is negligible (within the
noise floor of the measurements). The 2nd harmonic resistance scales quadratically
with the excitation current and generally related to the Joule heating effects. The
even harmonics should be measured with a phase shift of φ = −90◦.
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