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Appendix A

Fabrication

The samples which are discussed in this thesis were fabricated using a combination of
lithographic techniques. For an introduction into lithographic techniques commonly
used in our experimental group, we refer to other theses[1, 2]. Unless stated other-
wise, the samples in this thesis were fabricated on an n- or p-doped 2" Silicon wafer
(ρ = 1 − 10−3Ωcm−2) with 300 nm thermally grown oxide to ensure low frequency
electrical isolation of the fabricated devices. The fabrication sequences is as follows:

Optical Lithography

First, an optical lithography step is performed in order to create large ∼200 nm thick
Ti/Au conductive structures. These are used to make electrical connection to the mea-
surement apparatus by bonding to a chip-carrier (see Fig. 8.4a). For this lithography
step, the wafer was coated by a 500 nm thick LOR/PMMA resist using a resist spinner
and subsequently baked on a hot plate. A contact-mask optical lithography step was
performed by exposing the resist with an EVG-620 Deep-UV mask aligner using a
specifically designed mask. After this, the wafer is developed in two steps to provide
a sufficient undercut for the metal deposition step. Thereafter, 5/100-300 nm Ti/Au
was deposited using a KJL sputter deposition system or Temescal e-beam evaporator.
Before and after deposition, an oxygen etch is used to remove any resist residues.
Lift-off is done is PRS-3000 heated to 90deg.

This step prints approximately 100 samples of 2x2 mm2. Each sample contains 16
contacts which lead 150x150µm2 bond pads to a central area of 100x100µm2 where
16 2µm wide contacts are present. This area contains marks to align to in subsequent
e-beam lithography steps. Also, a coplanar waveguide is present on each sample,
designed with 50Ω impedance to optionally provide microwave-frequency signals.
For each batch of devices, a piece of generally 5x5 samples is first cut out to make
samples using e-beam lithography.
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130 Appendix A

Electron-beam lithography
For each batch of samples, a series of electron-beam lithography steps and e-beam
deposition were performed. Each step uses the following procedure:

• A 950K PMMA (2-4% dissolved in ethyllactate) from MicroChem is spun with
1500-4000 rpm for 90 sec. on the resist spinner and baked on the hot plate for
90 seconds at 180 degrees. This creates a 70-400 nm thick single-layer resist.

• The sample is loaded in the Raith e-line electron-beam lithography system. Af-
ter a coarse alignment of the interferometer stage on the 5x5 batch, a developed
automatic procedure moves the stage to the center of each sample and aligns the
e-beam column to each sample individually by scanning 4 cross-shaped marks
of 100 nm width (Fig. 8.4b). After each alignment, the structures are written
typically within a few seconds. This procedure allows to write structures with
an overlay of ≈10-20 nm. We use an e-beam accelerated with 30 kV through
an aperture of 10µm of typical 45 pA current to expose the PMMA resist with
450µC/cm2 dose, independent of resist thickness.

• The resist is developed for 30 seconds using a 3:1 IPA:MIBK mixture and
rinsed for 30 seconds in IPA.

• The batch is loaded in a Temescal/Varian e-beam evaporator with a base pres-
sure of ∼ 10−6 − 10−7 mbar. For steps where it is required to make electri-
cal contact to previously deposited metals, a (perpendicularly oriented) Ar-ion
beam etch is used at an acceleration voltage of 500 V and 5 mA for 15 seconds
without a neutralizer. This etches 2-3 nm material away and ensures clean
contacts[2]. This can only be used for a PMMA resist thicker then ∼100 nm.

• Without breaking the vacuum, the material is deposited. In order to obtain good
adhesion of the layers, in some cases a 2-5 nm Ti/Cr adhesion layer is used.

• The sample is immersed in nearly boiling Acetone for 10-20 minutes to remove
the resist and metal on top by lift-off.

The resolution of each step is approximately 1
2 to 1

4 of the resist thickness. As
an example, consider the device discussed in chapter 3, shown in figure 3.3. After
optical lithography, first a separate e-beam step was performed to deposit four 35 nm
thick and 100 nm wide gold crosses. Next, the two ferromagnets were deposited.
Thereafter, another thin gold contact was deposited to contact the small ferromag-
net. This was done to obtain good resolution of the gold contact connecting FM2.
The thick gold contacts were deposited next and make contact to the gold contacts
deposited in the optical lithography step. Finally, the copper is deposited. Experi-
mentally, we found that the minimal gold junction size needed to ensure contact is
50x50 nm2 when e-beam deposition is used. For copper, this can be much smaller
(20x20 nm2). However, copper degrades fast (few days). On a hot plate, it oxidizes in
seconds (visibly it turns from brown to green), such that we can only use this material
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a) b) c)

40 um

Figure 8.4: Fabrication and measurement of nanodevices. a) Angular SEM picture of a typical 2x2mm2

sample after it has been cut out and glued to the chip carrier. b) Close-up of the center of the sample after
several EBL steps showing the four 100 nm wide crosses which are exposed in a first step and subsequently
aligned to. c) The electronic measurement setup showing the sample carrier in between two magnet poles
and the Picoprobe system.

in the last step. Successful attempts were made to protect the sample by sputtering
SiO over the whole sample after the last step. However, this was not a reliable process
at the writing of this thesis and therefore, we did not use it. Each step takes a few
hours, limited by the pump-down time of the vacuum systems.

After fabrication, the result of the lithography steps is inspected by the SEM and
the successful samples are cut out by a wafer cutter and glued to chip carriers. Af-
ter bonding, the samples needed to be grounded at all times to prevent electrostatic
discharge from destroying them.
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Appendix B

Measurement Technique
The measurements are performed using an electronic setup rack controlled by a com-
puter with GPIB and RS232 connections. Generally, we measure the voltage which
is detected by multiple SR-830 Lock-in systems measuring the 1st and higher har-
monics. The Lock-in system modulates either a voltage controlled current so urce,
electrically shielded from the rest of the setup, or the microwave power of a Rhode &
Schwarz ZVA40 Vector Network Analyzer (chapter 7). The modulation occurs at low
frequency (∼ 17 Hz). The vector network analyzer can provide microwave-frequency
signals up to 20 dBm in power and 50 GHz frequency. The microwaves are pro-
vided to the sample by the GGB Picoprobe system, which connects to our coplanar
strip (fig 8.4a,c). The measurable voltage signals coming from the sample are first
pre-amplified before fed to the various lock-in systems.

The magnetic field, lock-in parameters and vector network analyzer are controlled
by developed Labview programs which are specifically designed for the experiment.
A National Instruments data acquisition module is used for the samples in chapter 7
to provide triggered 50µs pulses.

Whenever the voltage we want to measure is non-linear, the higher-harmonic re-
sponse is measured simultaneously by other lock-in systems. However, these signals
need to be analyzed to determine the exact response.

Lock-in response
In our measurements, we wish to determine the dc-voltage signal V which depends
as follows on the applied current I:

V(t) = R1I(t) + R2I2(t) + R3I3(t) + ... (8.9)

Where Rn is the n-th harmonic response. We assume there is negligible capacitance
or inductance in our measurement circuit, such that the responses Rn do not introduce
phase shifts in the measured signal. For an applied current set to I0 rms and angular
frequency ω = 2π f , the current which is sent is I(t) =

√
2I0 sin(ωt). The lock-in
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system measures the following voltage when set to measure the n-th harmonic at
phase φ:

Vlock−in(t) =

√
2

T

∫ t

t−T
sin(nωs + φ)Vin(s)ds (8.10)

The lock-in system has a low-pass filter which we generally set at a cut-off frequency
∼1 Hz. such that a single measurement point takes ∼seconds. The lock-in system
also records a signal (Y) at phase φ+90 deg which is generally used as a sanity check
(i.e. to determine we are not measuring capacitances/inductances). We can calculate
the dc-response Vn

lock−in of our lock-in depending at which harmonic n=1,2,3,... it is
set by performing the above integral with the voltage signal Vin. Assuming we have
a voltage response up till R3, we calculate the following response:

V1
lock−in = I0(R1 +

3
2

R3I2
0 ) (8.11)

V2
lock−in =

1
√

2
R2I2

0 at φ = −90 deg (8.12)

V3
lock−in = −

1
2

R3I3
0 (8.13)

By measuring the same signal with 3 lock-in systems set to measure the 1st, 2nd

and 3rd harmonic, it is possible to deduce all three individual responses. We note
that in order to determine R1 we need to perform a subtraction of V3

lock−in on the
measurements of V1

lock−in. Also, the measured V2
lock−in should be measured by the

lock-in set a phase φ = 90 deg (or one needs to record the Y channel). By repeating
this calculation with even higher responses Rn > 3, we see that the measured signals
depend more strongly on the current I0. It is possible to exclude higher harmonics
by scanning the current I0 and recording V1

lock−in over a limited range to determine
the linearity. If the signal is highly linear, higher orders can be excluded. Cross talk
is negligible for the SR-830 Lock-in systems we use. The sinusoidal voltage signal
used to send a sinusoidal charge current has a >80 dB harmonic suppression. Also,
the measurement accuracy in terms of harmonic suppression is guaranteed to be >90
dB.


