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1. Introduction
Quantum computing has become an important
research topic in the scientific community be-
cause of the many applications it offers. One
can think of cybersecurity, where quantum en-
cryption algorithms have become more and more
important over the years, but also of molecular
simulations, which are hard to tackle with clas-
sical hardware.
However, despite some exciting results, no real
breakthrough in the implementation of the qubit
has been reached. A promising realization is the
one created inside a two dimensional carrier gas,
hosting two coupled quantum dots. This realiza-
tion is characterized by a very high coherence
time and good integration with classical hard-
ware, making it possible to implement the latter
in synergy with the qubit system [1, 2, 3].

1.1. Objective
This implementation is hosted in a
Heterostructure-MOS (Metal-oxide-
semiconductor, HMOS) is needed. The
quantum well (QW) formed inside this struc-
ture is perfect for confining carriers in the
growth direction, and the gate bias extends the
confinement in the other two directions. Very

high mobility samples are needed for creating
these types of QW, as scattering decreases
the overall coherence time of the qubit [4].
The study presented here makes use of a QW
designed in a Type-II Band Alignment as a
channel to confine a 2D hole gas (2DHG), which
has been demonstrated to reach mobility as
high as ∼ 105 cm2/Vs [5].
For the first time, gated Hall bars were fabri-
cated directly at L-NESS in the Polifab clean-
rooms. The scope of the thesis is to investigate
the manufacturing process, particularly in the
Atomic Layer Deposition (ALD) and Etching
processes, to characterize the Hall bar fabrica-
tion procedure.
Furthermore, high mobility Ge/SiGe HMOS
have been characterize, which are designed for
fabricating coupled spin qubits. This analysis
has been conducted at low temperatures and
high magnetic fields. Thanks to the Shubnikov-
de Haas (SdH) and quantum Hall effect (QHE)
analysis, valuable information about the system
can be retrieved [6, 7].

2. Samples and Methods
For the analysis, different stacks have been
grown using a Low Energy Plasma Enhanced
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Chemical Vapor Deposition (LEPECVD) tech-
nique [8], as it has demonstrated great results in
the past [9]. Two types of structures have been
utilized, both presenting a Ge channel.
The first kind of sample will be referred to as
“Ge/SiGe HMOS” samples, while the second will
be “ultra-thin Ge” samples. Both the struc-
tures are represented in details in Figure 1. Hall
bars have been fabricated with both of them,
at ISTA, and at Polifab respectively. The two
manufacturing processes implemented are fairly
similar but using different machinery, and only
the structures fabricated at Polifab will be char-
acterized.

Figure 1: Representation of Material stacks uti-
lized for Ge/SiGe HMOS samples (left) and
ultra-thin Ge channel samples (right).

2.1. Fabrication
Hall bar lithographic masks have been prepared
for the fabrication steps. The chosen Hall bar
design is very simple (shown in Figure 2), as the
focus of the work was to set a starting point for
a fabrication process to further develop in the
future.
Starting from the samples, a lithographic step
has been performed with a Heidelberg MLA100
using a negative resist (AZn15XT) and TMAH-
based developer (AZ726 MIF) to define the area
of the contacts. Then, the surface has been HF
treated before 7 nm of titanium and 150 nm of
gold have been deposited using a Leybold L560E
evaporator. A lift-off has been performed with

Figure 2: Hall bar design, with a close-up on a
Hall bar leg. One can see part of the leg not
being covered by the gate.

acetone and isopropyl alcohol to remove the ex-
cess gold.
Another lithographic process with a positive re-
sist (AZ15XT) and AZ726 MIF as a developer is
then used to define the hall bar structure. Then,
a Reactive Ion Etching (RIE) step is performed
using an SPTS Omega Synapse 200 LPX. A tar-
get thickness of ∼ 260 nm of material has been
etched away to define the Hall bar mesa, thanks
to a Bosch recipe with alternating steps of SF6

and C4F8. P1331 has been used as a stripper to
remove the excess resist.

Figure 3: SEM image taken on the body of the
Hall bar. One can see both the gold and the ox-
ide layers, as well as the etching profile. From
the image, it is really hard to predict the thick-
ness of the oxide layer in this region.

Lastly, Atomic Layer Deposition (ALD) is per-
formed in a Beneq TFS 200 tool to deposit 20 nm
of Al2O3 across the device. This has been done
with thermal (210◦C) and plasma (90◦C) tech-
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niques. The thickness was measured with an
ellipsometer, resulting in a value of 20.58 nm.
The oxide layer has also been characterized by
Scanning Electron Microscope (SEM) imaging
by taking a cross-sectional image of the device
(Figure 5).
The gate is then deposited in a similar way as the
contacts. Note that both gated and non-gated
Hall bars have been fabricated. The devices were
cleaved and then inserted into the cryostat hold-
ers.

Figure 4: Oxide spectra taken thanks to a J.A.
Woollam VASE Ellipsometer. The spectra were
fitted according to a multilayer model using the
tabulated optical constants of Si, Ge and Al2O3

while leaving the thickness of the layers as free
parameters.

Figure 5: Etching profile image taken by SEM.
The etching rate has been lower than expected,
as out of the 260 nm target, only about 120 nm
have been etched. In the image, one can also
see the perfect conformality of the oxide layer,
as expected from the ALD technique.

2.2. Measurements
Samples have been measured at room temper-
ature and at very low temperatures (down to
4K), also using high magnetic fields (up to
7.5T ). These conditions have been achieved
through the use of a Cryogen Free Element Sys-
tem (CFES) from Cryogenic. In this setup, a
He4 loop is used to cool down two cryogenic
stages to 4K, as well as instruments and sensors.
Inside the inner stage, there is a superconduct-
ing coil that can generate very high magnetic
fields thanks to the constant cooling the cryo-
stat provides. In this framework, both ρxx and
ρxy have been measured at different values of
temperature and magnetic field.

2.3. Data Analysis
Different quantities can be extracted from the
analysis of the data. From the profiles of ρxy
and ρxx at low field, RH can be obtained, and
thus n2D and µ.
To analyze SdH oscillations, the magnetore-
sistance contribution can be filtered out from
the profile of ρxx thanks to the Savitzky-Golay
method to isolate the oscillations. Then, the
same minima/maxima of the oscillations can be
considered at different temperatures, and by fit-
ting the Equation 1 in these points, a value of
m∗ has been obtained [10]. Similarly, different
minima/maxima at the same temperature can
be considered to fit the value of α.

∆ρ = 4
∞∑
s=1

s ξ

sinh(s ξ)
exp

(
−παs

µB

)
× cos

(
πhsns

eB
− sπ

)
,

ξ =
2π2m∗kBT

e h̄B

(1)

A FFT analysis can also been performed. Oscil-
lation frequency is directly proportional to the
carrier density nSdH , which has been compared
with nH for consistency. Starting from the co-
sine function in the Equation 1, one can extract
the value of the Fermi vector kF and Fermi en-
ergy EF , and thus the value of ns[11]:

EF =
h̄2k2F
2m∗

k2F = 2πns

ns =
e

πh̄∆(1/B)

(2)

(3)

(4)
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Finally, percolation density can be extracted by
applying increasing gate bias Vg and measuring
how the conductivity σ varies with nH . In this
way, a σ(n) plot can be created, and the percola-
tion density formula can be fitted to obtain the
percolation exponent p and percolation density
np [12]:

σ ∝ (n− np)
p (5)

3. Sample Analysis
3.1. Ge/SiGe Quantum Well samples

3.1.1 Sample 11585

Sample 11585 features a 14 nm Ge QW in a
HMOS structure, similar to that described in
section 2. Both the gated and oxide-no-gate ver-
sions have been tested to characterize the effect
of any residual charge in the deposited oxide that
could activate the channel at low temperatures.
In the case of the oxide-no-gate device, a body
resistance of ∼ 39 kΩ has been measured at
room temperature, and a substrate conduction
of ∼ 80 kΩ has been found. At low tempera-
tures, all carriers freeze-out, and as the gate is
absent, inducing carrier population becomes im-
possible.

Figure 6: Sample 11585 I(V ) 4-probe measure-
ment. The resistance has been estimated to be
∼ 38 kΩ.

The gated version has been more promising, but
presented a strong leakage current between the
channel and the gate. This current has been
characterized at low temperature, creating an
I(Vg) curve for both the channel current and
the gate current, represented in Figure 7. Due to
the noise introduced by the high leakage current,

the analysis of the magnetic phenomena of the
sample has not been conducted.

Figure 7: Sample 11585 gate current and chan-
nel current with respect to applied voltage to
the gate, measured at T = 6 K. One can see the
activation of the channel around Vg ∼ −1.35 V,
when the two currents become different.

3.1.2 Sample 11586

Sample 11586 features the same structure as
that described in section 2, with a Ge QW width
of 16 nm. Similar measurements to that of sam-
ple 11585 have been conducted, with also sim-
ilar results. In this case, the leakage has been
measured at room temperature as a preliminary
characterization and is represented in Figure 8.

Figure 8: Sample 11586 gate current and chan-
nel current with respect to applied voltage to the
gate, measured at T = 6 K.

3.2. Ultra-Thin Ge Samples
Sample 11607 and 11608 feature a 4 nm Ge chan-
nel grown at 200◦C and 250◦C respectively. For

4



Executive summary Luca Nardelli

Figure 9: Hall bar legs in the studied designs.
(a) no metal is deposited onto the leg. (b) The
gate is positioned on top of the leg. (c) The pad
metal is onto the leg, under the oxide.

every sample, three different Hall bar geometries
were tested, with different leg contacts to avoid
freeze-out at low temperatures.
On both samples, the analyzed Hall bars pre-
sented substrate conduction at room tempera-
ture, this makes the Ge channel impossible to
decouple. Furthermore, some Hall bars exhib-
ited leakage through the gate, making biasing
impossible.

Figure 10: 11608 I(V ) curve measured at T =
300 K between the channel and the gate. One
can see the perfectly ohmic I(V ) line typical of
metal conduction, with a measured resistance of
∼ 230 Ω

Only one structure presented no leakage and was
tested at low temperature. In this case, the bias
was applicable, but it had no influence on the Ge
channel, and no window of T was found where

freeze-out occur only for substrate conduction.

Figure 11: 11607 4-probe measurement of lon-
gitudinal resistance with respect to T . One can
see that the freeze-out of carriers happens near
35 K, and below this value resistance becomes
abruptly very high.

4. Conclusions
The study has established a fabrication process
for Hall bars, by also characterizing critical steps
in the manufacturing flow.
In the Polifab fabricated devices, out of the
260 nm target etching depth, only 120 nm have
been removed. It is important to note that this
should not influence any functionality of the de-
vice, as the reached depth is still higher than
the Ge QW depth. The characterization set a
reference for future developments in the imple-
mentation of this technique.
The leakage problem could lie in the oxide layer
missing in a region of the Hall bar. The SEM
and Ellipsometer characterizations reveal a high
conformity of the Al2O3, which exclude a poor
uniformity of the layer. Another hypothesis
comes with the developer used for the subse-
quent lithographic step: AZ 726 MIF, which
contains TMAH, a wet etchant for Al2O3. Even
though the etch rate of such chemical on the
oxide is very low, more testing is needed to un-
derstand if developer bath has created a hole in
the layer, ruining the MOS structure.
In the case of ISTA manufactured Hall bars,
the substrate conduction can be solved by uti-
lizing an ultra-intrinsic substrate to isolate the
Ge channel conduction and analysis. On the
other hand, the leakage present on the devices
is probably due to fabrication problems or mis-
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alignment between lithographic masks. Never-
theless, feedback with ISTA research team will
be fundamental in order to understand how to
create a good design for future analysis.
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