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Chapter 3

Experimental methods

Abstract

This chapter describes the fabrication techniques and measurement methods used to per-
form the work presented in this thesis. The first part of this chapter gives detailed informa-
tion about the device fabrication process, including the different steps used for patterning
the device structures by electron-beam lithography, followed by the description of the used
deposition techniques: electron-beam evaporation and sputtering. The second part of this
chapter includes the measurement methods. The working principle of the lock-in detec-
tion technique is explained, followed by a description of the measurement setups used for
the experiments presented in this thesis.

3.1 Device fabrication

This section describes the techniques used for fabrication of the devices studied
in this thesis. The starting point of each device is a small piece (approximately

4 × 3 mm2) of Gd3Ga5O12|Y3Fe5O12 (GGG|YIG), cut from a wafer by a precision
diamont-scriber system. The GGG|YIG wafer itself is not produced in our lab, but is
fabricated by J. Ben Youssef in the Laboratoire de Magnétisme de Bretagne in Brest,
France. Exceptions are the YIG samples used for the experiments described in chap-
ter 9, these samples are taken from a GGG|YIG wafer bought from the company
Matesy GmbH. The wafers consist of a single-crystal (111) YIG film with a thick-
ness of 200 nm (210 nm for the Matesy YIG), grown by liquid phase epitaxy on a
500-µm-thick (111) GGG substrate. Further processing of the devices is done in the
NanoLabNL cleanroom facility in Groningen and this process is described in the fol-
lowing sections. First, in section 3.1.1, the process steps of electron-beam lithography
are explained, which are used to pattern all structures on the sample. Afterwards,
sections 3.1.2 and 3.1.3 explain two different deposition techniques, which both are
used for the fabrication procedure of the studied devices.
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Figure 3.1: Schematic representation of the procedure for deposition of a patterned struc-
ture by EBL. (1) Start with a clean substrate, possibly already having some deposited layers
from previous deposition steps. (2) Resist spinning, (3) e-beam exposure, (4) development, (5)
deposition, (6) lift-off.

3.1.1 Electron-beam lithography

To pattern the device structures on the YIG-film, a few steps of electron-beam lithog-
raphy (EBL) are carried out. This technique makes use of a spin-coated polymer
mask, which is patterned by exposure to high-energy electrons (30 kV). In the ex-
posed areas the polymer chains will break, resulting in changing properties of this
layer, making it dissolvable in a solution of MIBK (4-Methyl-2-pentanone) and IPA
(2-Propanol) (1:3).

For all patterned layers in a device a separate EBL step is performed, which con-
sists of the following subsequent procedures [schematically shown in Fig. 3.1]:

1. Cleaning substrate: Contamination on the surface of the sample is removed by
submerging it in a beaker containing warm acetone (48 ◦C) and, when needed,
using low-power ultrasonication. Afterwards, the sample is rinsed by IPA and
dry-blown by nitrogen.

2. Resist spinning: The positive E-beam photoresist PMMA 950K, consisting of
a solution of 2 to 4% poly(methyl methacrylate) in ethyl lactate, is spun on the
sample at 4000rpm for 60 seconds and afterwards baked on a hotplate at 180◦C
for 90 seconds. The PMMA-dilution percentage determines the thickness of
the resist-layer (70−270 nm for 2-4% PMMA, respectively) and is chosen in
accordance to the wanted thickness of the to-be-deposited material.

As the GGG|YIG is an insulating substrate, a conductive layer has to be de-
posited as well, to avoid charging during e-beam exposure. For this purpose, a
thin conducting layer of aquaSAVE-53za is spun on top of the PMMA layer at
6000 rpm for 120 seconds. It is not necessary to bake this layer after spinning.

3. E-beam exposure: The sample is loaded in a Raith e-line electron-beam system,
which is pumped to a base-pressure < 1 × 10−5 mbar. The pattern of the full
device is drawn in the e-line software and the desired layer is chosen to be
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exposed. Cross-shaped markers, which are deposited in the first EBL-step, can
be used to align the structures for subsequent EBL-steps. The area dose is set to
450 µC/cm2, using an acceleration voltage of 30 kV. Dependent on the size of
the exposed structures a writefield of 100× 100 µm2 combined with a aperture
size of 10 µm is used or, for larger structures, a writefield of 1× 1 mm2 or even
2.4× 2.4 mm2 combined with a 60 µm or 120 µm aperture size.

4. Development: First the aquaSAVE-53za layer has to be removed, by rinsing
the sample in deionized water for at least 30 seconds, after which it is dry-
blown. Then the sample is dipped in a MIBK:IPA (1:3) solution for 30 seconds
and immediately thereafter rinsed in IPA for another 30-45 seconds. Finally the
sample is dry-blown by nitrogen.

The exposed PMMA areas will be dissolved when dipping the sample in the
MIBK:IPA solution, leaving a PMMA-mask having the desired pattern for ma-
terial deposition.

5. Deposition: After checking the PMMA-mask under an optical microscope, the
desired material is deposited on the sample, using either electron-beam evap-
oration or dc sputtering. These deposition-techniques are described in the fol-
lowing sections.

6. Lift-off: To remove the PMMA-mask, the sample is put in a beaker containing
warm acetone (48 ◦C) for 10-15 minutes. During this process the PMMA will
dissolve, removing also the material on top of it, only leaving the material
deposited in the exposed areas. To help the lift-off process, a pipette can be
used to stir the acetone. In case of difficult lift-off, the beaker can be put in an
ultrasonic bath at low power. Preferably ultrasonication should be avoided, as
it risks unwanted tearing off of the patterned structures.

After all wanted layers have been patterened and deposited, the device is final-
ized by gluing it on a 16-pin chip-carrier and bonding the contact pads on the sample
to the chip carrier by AlSi wires, which enables easy contacting of the device to the
measurement setup.

3.1.2 Electron-beam evaporation

For controlled deposition of thin metallic layers, electron-beam (e-beam) evapora-
tion is a commonly used deposition method. The general working principle of this
technique is heating of a metallic target by using high-energy electrons, which are
accelerated from an electron-gun. The electron-gun is usually positioned below or
next to the target material and the accelerated electron beam is tuned and directed
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into the target by magnetic fields. Once the electrons hit the target material, they
will release their energy, resulting in heating of the target material, which at some
point will start evaporating. A sample placed upside down above this fume of target
material will then be covered by a growing layer of this material. Materials which
are suitable for e-beam evaporation are for example: Titanium, Gold, Platinum, Per-
malloy and Aluminum-oxide. To increase the adhesion of the deposited layer to the
surface of the sample, usually a 5-nm-thick layer of Titanium is deposited prior to
the deposition of the wanted material.

The used evaporation system is a Temescal FC-2000 (TFC), which is pumped to a
base pressure of around 1× 10−6 Torr (1.33× 10−6 mbar). The electrons are acceler-
ated by a 10kV acceleration voltage. For thin layers (< 20 nm) a constant deposition
rate of 0.1 nm/sec is set. For thicker layers the deposition rate is increased to 0.3
nm/sec, after the first 20 nm has been deposited. The deposition rate is measured by
a crystal monitor placed near the sample.

Prior to deposition of any material, it is possible to clean the surface of the sample
from polymer residues and thin oxide layers by using argon ion-milling etching.
This is important when clean Ohmic contact is required between two materials from
different process steps. For the ion-milling etching a Kaufman ion source is used,
applying the following settings: beam voltage of 500 V, acceleration voltage of 20 0V,
discharge voltage of 50 V, beam current of 14 mA and an argon pressure of 2× 10−5

Torr (2.67× 10−5 mbar). Typical etch-times are 20−30 seconds, which is sufficient to
remove for example the native oxide layer of Permalloy.

3.1.3 Sputter deposition

Another deposition technique is sputtering. By this method the target material is
released by bombarding it with high energetic particles, rather than by evaporating
it. This method is especially useful when the material to be deposited is not a pure
metal but an alloy, as by evaporation of alloys, the composition of the deposited alloy
can become very different from the target material, due to different melting points
of the materials in the alloy. This problem does not occur for sputtering. Also for
materials having a very high melting point, for which e-beam evaporation might be
very difficult or even impossible, sputtering can be used.

Sputtering is performed in an argon atmosphere with a pressure in the order of
3− 8× 10−3 mbar in a Kurt J. Lesker sputtering system. An argon plasma is created
between the target material and the substrate by applying a large voltage between
them. The target material is thereby set under large negative bias, such that the argon
ions (Ar+) in the plasma will be accelerated towards the target, where they collide,
releasing particles from the target-surface [see Fig. 3.2(a)]. The ejected particles move
diffusively towards the substrate (and the vacuum chamber walls) and therefore
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Figure 3.2: (a) Schematic representation of the sputtering process: Ar-ions are accelerated
to the target material, where they collide and release particles from the target, which diffuse
through the chamber towards the subsrate. (b) Sputtering using a single-layer PMMA-mask
results in covering of the full mask, including the vertical sides. For thick deposited layers,
this covering of the vertical sides can result in problematic lift-off.

reach the surface from many different directions, covering also the sides of the mask
on the substrate, as is schematically shown in Fig. 3.2(b). This coverage of the sides
of the mask can result in problematic lift-off, therefore sometimes it is chosen to
make use of a double-layer mask such that an undercut can be created, which avoids
contact between the deposited layer on the sides of the mask and the substrate. For
deposition of very thin layers (a few nm) the double-layer resist procedure is not
needed, as in that case the unwanted side-strips are usually easily teared of.

For sputtering of metallic targets, the applied bias between the target material
and the sample can be dc, as charges can move freely through these materials. For
non-conductive targets, RF sputtering should be used, where the applied bias is al-
ternating, such that for each cycle positive Ar-ions are accelerated towards the target,
bombarding it, and afterwards the ions are removed again by the opposite bias. This
process is needed to avoid accumulation of positive ions at the non-conductive tar-
get, which would limit the diffusion of the sputtered material towards the substrate.

For the devices used in the experiments described in this thesis, the material in di-
rect contact with YIG (Pt, Ta, or Au) is sputtered in order to obtain high spin-mixing
conductances, which increases the magnitude of the interface effects. Before deposi-
tion of these materials no special surface treatment is performed. Furthermore, NiCu
is sputtered as well, to preserved the composition of the alloy. The used power for
sputtering Pt, Ta, and NiCu is 200 W, for Au a power of 45 W was used. Using these
settings, deposition rates in the order of 0.5−2 nm/s are obtained. The deposition
rates are determined by measuring the deposited layer thickness of several test sam-
ples by a Dektak profilometer. For very thin layers, the layer thickness is checked by
atomic force microscopy (AFM).
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3.2 Measurement techniques

In this section the used measurement setups are explained. Two different setups
have been used: 1) For the spin-Hall magnetoresistance and spin-Seebeck effect ex-
periments, our basic electrical detection setup is used, including lock-in detection. 2)
The spin pumping experiments need a more extensive setup, including also a vector
network analyzer as the source of the needed RF currents.

All measurements described in this thesis are performed at room temperature
and in air. Control of the measurement equipment and recording of the data is done
by a home-build LabView program.

To start this section, first the basic principles of Lock-in detection are explained.
Afterwards, the setup used for electrical characterization is described. Finally, the
expanded version of this setup, which is needed for the RF measurements, is ex-
plained.

3.2.1 Lock-in detection

All measurements presented in this thesis are performed using a lock-in detection
technique. By this technique, first, second, and higher order responses of a system
on an applied ac current can be separately determined. In general, any generated
voltage can be written as the sum of first, second and higher order responses to an
applied current as

V (t) = R1I(t) +R2I
2(t) +R3I

3(t) +R4I
4(t) + . . . , (3.1)

where Rn is the n-th order response of the measured system to an applied current
I(t). By applying an ac current I(t) =

√
2I0sin(ωt), with angular frequency ω and

rms value I0, a lock-in amplifier can be used to detect individual harmonic voltage
signals of the investigated system, making use of the orthogonality of sinusoidal
functions. To extract the separate harmonic signals, the output signal and the ref-
erence input signal (a sine wave function) are multiplied and integrated over a set
time. When both signals have different frequencies, the integration over many peri-
ods will result in zero signal, whereas integration of two sine wave functions with
the same frequency and no phase shift will result in a non-zero signal. Besides be-
ing able to separately extract the different harmonic signals of the system, the lock-in
detection technique also reduces the noise in the signal, compared to dc voltage mea-
surements, as the measurement is only sensitive to a very narrow frequency range,
where the central frequency can be freely chosen.

The detected n-th harmonic signal of a lock-in amplifier at a set phase φ is defined
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as

Vn(t) =

√
2

T

t∫
t−T

sin(nωs+ φ)Vin(s)ds. (3.2)

By evaluating Eq. (3.2) for a given input voltage Vin, one can obtain the different
harmonic voltage signals that can be measured by the lock-in amplifier (Vn). As-
suming a voltage response up till the fourth order, the following harmonic voltage
signals are calculated:

V1 = R1I0 +
3

2
R3I

3
0 for φ = 0◦, (3.3)

V2 =
1√
2

(R2I
2
0 + 2R4I

4
0 ) for φ = −90◦, (3.4)

V3 = −1

2
R3I

3
0 for φ = 0◦, (3.5)

V4 = − 1

2
√

2
R4I

4
0 for φ = −90◦. (3.6)

So, using different lock-in amplifiers to measure the first, second, third and fourth
harmonic voltage signals, Rn can be deduced from Eqs. (3.3)−(3.6). To detect the
second and fourth harmonic signal, the phase of the lock-in amplifier should be set
to φ = −90◦.

Note that V1 (V2) does not purely scale linearly (quadratically) with I0. A third
(fourth) order current dependence is also present in the measured first (second) har-
monic voltage. Thus, to obtain the first order response R1 of the system, not only
the measured first harmonic signal V1 has to be taken into account; also the third
harmonic signal V3 has to be included:

R1 =
1

I0
(V1 + 3V3). (3.7)

Similarly, the second order response is calculated as

R2 =

√
2

I20
(V2 + 4V4). (3.8)

In Eqs. (3.7) and (3.8) only signals up to the fourth harmonic have been taken
into account. Including even higher harmonic terms would result in adding odd
harmonic terms to Eq. (3.7) and even harmonics to Eq. (3.8). Mostly, the higher
harmonic signals are small compared to the first and second harmonics, and thus can
be safely neglected. Only when studying highly non-linear systems or phenomena,
the presence of the higher harmonics should be taken into account, as is given by Eqs.
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(3.7) and (3.8), in order to find the pure first and second order response of the system.
For some of the results presented in chapter 8 it is found that the contributions of the
third and fourth harmonic signal are non-negligible, which is pointed out in section
8.6.1, where the difference between including or neglecting these higher harmonics
is shown.

3.2.2 Electrical characterization

Most measurements described in this thesis consist of the electrical characterization
of the fabricated devices as a function of applied magnetic field. The measurement
equipment used for these measurements is shown in Fig. 3.3. Once the sample is
fabricated and mounted on a chip-carrier, as described in section 3.1, it is placed in
a sample holder between the poles of a GMW Electromagnet (model 5403, shown in
Fig. 3.3(b), or model 3470, not shown) as in Fig. 3.3(c). The magnitude of the fields
generated by these GMW electromagnets ranges from -1 to 1 T and -200 to 200 mT,
respectively, and can be swept as desired. Different sample-holders are available,
having either a fixed in-plane or out-of-plane direction as well as a fully rotatable
sample-holder [shown in Fig. 3.3(c)], which is used for angle-dependent measure-

Figure 3.3: (a) Picture of the measurement setup, excluding the electromagnet. (b) The used
GMW Electromagnet, model 5403. (c) Shows the sample placed between the poles of the elec-
tromagnet on the rotating sample-holder. (d) The sample mounted for RF measurements us-
ing a waveguide on chip. (e) Close-up of the mounted sample for RF measurements, showing
two waveguides of which one is connected by the two pins of a picoprobe tip.
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Figure 3.4: (a) Simplified scheme of the electrical detection measurement setup: 1) The re-
quired frequency used for lock-in detection is set, generating an ac voltage which is sent to
2), where the ac voltage is converted to an ac current with the desired amplitude. 3) Via
the switchbox, the ac current is sent through the contacts of the sample. 4) For a set of con-
tacts (connected via the switchbox) the generated voltage is detected and pre-amplified before
sending it back to the Lock-in amplifier. 5) The measured voltage is filtered by comparing it
with the set frequency at step 1), resulting in low-noise detection of the first, second or higher
harmonics of the signal. (b) Adding a VNA for RF measurements: 1) The required frequency
used for lock-in detection is set, generating an ac voltage which is send to the VNA, 2) via a
frequency doubler (doubling the ac frequency). 3) A modulating RF signal (either power or
frequency modulation) is send through a stripline or waveguide. 4) and 5) are equal to the
electrical detection measurement setup described in (a).

ments1.
After placing the sample between the magnetic poles, it is connected to the mea-

surement setup via a home-built switchbox. This switchbox is used to specify the
contacts through which the current is sent and the voltage is measured. Other parts
of the electrical measurement setup are one or more lock-in amplifiers (by using
several lock-in amplifiers, the second, third and higher harmonics of the measured
signal can simultaneously be recorded) and a home-built VI-IV meetkast (’measure-
ment box’). This VI-IV meetkast contains a voltage-controllable current source, used
to generate the ac current sent to the device, and a voltage pre-amplifier with ad-
justable gain and bandwidth, in order to pre-amplify the measured voltage, before
sending it to the lock-in amplifier.

For lock-in detection an ac current with a specific frequency is required (as is
explained in section 3.2.1), this frequency is set by the lock-in amplifier, which later
is used to filter this frequency from the measured voltage signal. A picture of the
measurement setup and a schematic view of it are given in Fig. 3.3(a) and Fig. 3.4(a),
respectively. The different components of the measurement setup are shown and

1The rotatable sample-holder was specially designed and made to improve the measurements de-
scribed in this thesis, and was finished only for the measurements presented in chapter 8
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labeled in Fig. 3.3(a). The upper three parts are Stanford Research Systems type
SR830 DSP Lock-in Amplifiers. The vector network analyzer (VNA) is only used for
the RF measurements, which are explained in the next section. Fig. 3.4(a) shows how
the different components of the measurement setup are connected.

3.2.3 RF measurements

The basis of the measurement setup used for RF measurements is the same as the
standard electrical detection setup, using a lock-in amplifier, VI-IV meetkast and a
switchbox to contact the device and to measure the voltage. The only addition is a
vector network analyzer (VNA, Rohde & Schwarz ZVA-40) connected to a stripline
or waveguide, which exposes the sample to high-frequency electro-magnetic fields.
A Picoprobe (type 40A-GS-400-LP) is used to connect the waveguide to the VNA,
as is shown in Figs. 3.3(d) and 3.3(e). To connected the stripline to the VNA stan-
dard SMA-connectors are used. In order to still be able to use lock-in detection for
these measurements, the RF field is modulated (either by modulating the power or
the frequency) with a set low frequency (few Hz) instead of a set ac current sent
to the device. To exactly copy the lock-in frequency to the modulating RF signal, a
frequency-doubler is added to the setup, as can be seen in Fig. 3.4(b). This is needed
because the VNA is only triggered (changed from upstate to downstate) by upgoing
(or downgoing) edges of an incoming pulse, such that the frequency of the outcom-
ing signal is halved compared to the incoming reference signal.

To obtain information about the power absorption of the system connected to the
VNA, the S11 parameter can be read out directly from the VNA. The S11 parameter
is a measure for the power reflected back from the stripline or waveguide. When the
system starts to absorb energy under certain conditions (such as when the YIG mag-
netization is brought to resonance), this will be observed as an additional decrease
of the S11 parameter (on top of the always present losses of the stripline/waveguide
itself). For this measurement the RF signal should not be modulated, and therefore
it cannot be performed simultaneously with lock-in detection methods as described
above.

When the generated voltages have a high enough signal-to-noise ratio, the RF
measurements can also be done without using lock-in amplifiers, by direct dc detec-
tion of the generated voltages (for example by a Keithley Volt-meter). Advantage of
this method is that it is not needed to modulate the RF signal, such that the reflected
RF power (S11 parameter) can be detected simultaneously with the generated volt-
ages from the sample. Such measurements can directly give information about the
link between absorbed power and generated signal.




