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Abstract
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final edited and published work see [https://doi.org/10.1063/1.5126088].
We report the realization of Ge single-hole transistors based on Al-Ge-Al nanowire (NW) heterostructures.
The formation of this axial structure is enabled by a thermal induced exchange reaction at 350°C between the
initial Ge NW and Al contact pads, leading to a monolithic and monocrystalline Al-Ge-Al NW. The 25nm-
diameter Ge segment is a quasi-1D hole channel. Its length is defined by two abrupt Al-Ge Schottky tunnel
barriers. At low temperatures the device shows a single hole transistor signature with well pronounced
Coulomb oscillations. The barrier strength between the Ge segment and the Al leads can be tuned as
function of the gate voltage V. It leads to a zero conductance at V= 0V to a few quantum conductance at
V= -15V. When the gate voltage increases from -5V to -3V, the charging energy is extracted and it varies

from 0.39 meV to 2.42 meV.
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Motivated by the ability to monitor and manipulate the motion of an individual charge carrier
[1, 2], substantial effort has been devoted to the fabrication of single electron transistors (SETs) and
quantum dots. They consist of a small gate dependent island isolated from two charge reservoirs
by two tunnel junctions. A gate electrode is used to shift the Fermi level of the island to control the
flow of single charge carriers to and from the reservoirs. The ability to control the flow of single
charge carriers makes these devices promising candidates for highly sensitive charge detectors,
nanoelectronics featuring low power dissipation, single-electron turnstile devices and charge or
spin quantum bit[3].

The accessibility of such quantum devices are limited by their low working temperature, the
maximum temperature at which the single charge carrier state can be reached. The working tem-
perature is dependent on the charging energy (E(), the energy required to introduce a single charge
carrier to the island. Ec is inversely proportional to the total capacitance (Cr) of the system; a sum
of the capacitance of the tunnel junctions between the reservoirs and the island and the capaci-
tance between the gate electrode and the island. Therefore, fabricating reproducible nano-devices
with small capacitances, especially those of the tunnel junctions, is a critical milestone for the
development in nanoelectronics.

In pursuit of such a milestone, multiple processes have been developed: A lift-off process can
be employed to obtain a SET device onto a planar substrate[4]. The dimensions of these devices,
thus the resulting capacitances, are limited by the resolution of the lithography. On another hand,
one can take advantage of semiconducting nanowires (NWs) or carbon nanotubes to define the is-
land. With this bottom-up approach, the capacitance of the tunnel junctions are directly correlated
to the way the connection between the reservoir and nanowire is realized. For example, forming
a nanosize gap between the two electrodes by electromigration allows one to connect a molecular
system with a quasi-atomic contact [5]. However, such a process is difficult to implement.

Alternative bottom-up fabricated nanostructures emerged as promising systems predicted to
overcome the limitations of planar architectures [6]. Among them, considerable effort has been de-
voted to fabricate quasi-1D nanostructures such as vapor-liquid-solid (VLS) [7] grown nanowires
enabling the customization of morphology, geometry, composition or crystal orientation. Re-
cently, band-structure engineering by controlled epitaxial growth of core-shell NWs provoked the
investigation of one-dimensional hole-gas systems [8], attractive for both fundamental studies and
future nanoelectronics [9]. Despite the vast body of pioneering experimental work on GeSi [10]

and Ge-Si core-shell structures [11, 12] the investigation of Coulomb blockade effects in pure Ge
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based nanostructures is still evasive. This is mainly associated to limitations in fabricating reliable
contacts to Ge nanostructures [13]. To improve the metal contact with Ge heterostructures signif-
icant research has been carried out on the formation of germanide contacts through the thermal
diffusion of metals into Ge NWs[14, 15]. However, the resistivity of these quasi-metallic struc-
tures is still significantly higher compared to pure metals [16]. Hence, material combinations with
no intermetallic phase formation, such as our Al-Ge system, enabling true metal-semiconductor
heterostructures with abrupt interfaces received a considerable amount of attention [17]. The re-
alisation of a true metal-semiconductor interface provides a controllable mechanism to fabricate
reproducible and effective nanoelectronic devices.

In this work, we investigate the low temperature transport properties of Al-Ge heterostructure
nanowires. We report the observation of Coulomb blockade up to 10K in such hybrid quantum
devices with a Ge segment length (Lg,) of 162 nm and a diameter of 25nm. Modelling the system
as a quantum dot isolated by the two Al/Ge Schottky tunnel barriers, we detail the characteristic
parameters of this system. In particular, we show that the transparency of the tunnel junctions are
gate tuneable.

The Ge NWs used for the experiments were grown on Si <100> substrates using the VLS
process with germane (GeHy, 2% diluted in He) as precursor and a 2 nm thick sputtered Au layer
as the 1D growth promoting catalyst. The actual growth was performed using a low pressure hot
wall CVD chamber at 50 mbar and a gas flow of 100 sccm for both, the precursor gas and H,
as carrier gas. The temperature was ramped up at a rate of 60°C/min to the target temperature
of 340°C. The rather high growth temperature ensures uniform catalyst diameter and good NW
epitaxy. After a 10 min nucleation phase, the temperature is lowered to 300°C. Typical growth
duration of 60 min result in 8 um long NWs and uniform diameters of about 25 nm. Subsequently
to the growth, the NWs were uniformly coated with 20 nm Al,O3 by atomic layer deposition. For
device fabrication, the Ge NWs were drop casted onto an oxidized highly p-doped Si substrate.
Al contacts to the Ge NWs were fabricated by electron-beam lithography, sputter deposition, and
lift-off techniques. The subsequent thermally induced exchange reaction was achieved by rapid
thermal annealing at a temperature of T = 350°C in a forming gas atmosphere. This initiates the
substitution of the Ge core by c-Al[17]. Consecutive annealing cycles have been used to tune the
Ge segment length Lg,.

Applying this process enables the reliable fabrication of monolithic axial Al-Ge-Al nanowire

heterostructures with tunable Ge segments contacted by self-aligned monocrystalline Al leads.
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FIG. 1. (a) Schematic illustration of the passivated NW heterostructure comprising one-dimensional self-
aligned c-Al leads contacting a Ge segment. (b) HAADF STEM image showing an actual Al-Ge-Al NW

heterostructure device with Lg, = 200 nm.

The nanowire is integrated in a back-gated field effect transistor architecture (Figure 1a). A High
Angle Annular Dark field Scanning Transmission Electron Microscopy (HAADF STEM) image
showing the actual Al-Ge-Al nanowire heterostructure is shown in Figure 1b. This image has been
obtained on a probe corrected Titan Themis working at 200 kV. For STEM observations, devices

were fabricated on electron transparent Siz N4 membranes, as described in ref[18].

Independent of metal type and doping concentrations metal-germanium junctions form Schot-
tky contacts exhibiting very strong Fermi-level pinning close to the valence band.[19, 20] In anal-
ogy to high electric fields across the nanowire, Fermi level pinning results in significant band
bending[21]. According to simulations of the field distribution in Ge nanowires by Lee et al[22],
the importance of this effect is significantly enhanced for thin nanowires, where the depletion re-
gions approach each other. Assuming thermionic emission, the room temperature Schottky barrier
height of the Al-Ge interface was experimentally determined to be 361 meV[17]. Although nom-
inally undoped Ge nanowires were used for device fabrication, negative surface charges accumu-
lating in interband trap levels[21] lead to an overall p-type behavior of the devices. By applying
a gate voltage, the Fermi level of the Ge NW can be effectively shifted, modulating the charge

carrier concentration and therefore the conductivity in the channel.

The low temperature transport properties of the nanowire heterostructures were investigated
in a home-made pumped He® cryostat. Using a two probe configuration the current (Ip) was
measured as a function of the back-gate voltage (Vi;)) and source drain bias voltage (Vp). We
have measured several heterostructures with germanium lengths (Lg,) ranging from 100 nm to 800
nm with diameters of 25 nm. For all measured devices, we observed the same global behavior.

Figure 2 shows the field effect induced by the gate voltage for a device with Lg, = 162 nm for a
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bias voltage of 1 mV at T = 350 mK. The conductance was directly obtained from the measured
current according to G = Ip/Vp and is plotted in units of Gy = 2hi2 The pinch-off gate voltage
of the heterostructure device is approximately Vs=-1.5 V. For gate voltages between Vg = +5 V
and -1.5 V, we observe a conductance below 107°G. As the gate voltage becomes more negative,
oscillations appear in the conductance. To illustrate this regime, we plot the current Ip versus
the gate voltage in the inset of the figure 2. We clearly see periodic peaks of current. These
peaks are separated by regions of very low current. These oscillations are resulting from the
Coulomb blockade phenomenon. With a further decrease of the gate voltage, the conductance
of the overall system rises and the conductance oscillations disappear. It can be explained by a
reduction of the width of the tunnel barrier of the Al-Ge junction, leading to an increase of the
junction transparency. Considering that Ge nanowires with diameters of 25 nm are close to the
Bohr radius of Ge[23], quantum confinement should result in a band structure being composed of
multiple 1D sub-bands. Assuming a square-well confining potential[24], the number of possible
conductance channels should be limited to four[25]. However, the conductance of the device is

saturating below this value at about 2.5 Gy. This limited conductance could be explained by the

limited transparency of the conducting channels or by a contact resistance.

Figure 3 (a), (c) and (d) shows the color scale representation of the current (Ip) as function
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FIG. 2. Conductance plotted in units of quantum conductance Gy as a function of gate voltage of an
heterostructure with L, = 162 nm for a bias voltage of 1 mV recorded at T = 350 mK. Lines are used to
show the different regimes of transport. Doted line indicates the pinch-off gate voltage. The diagram shows
a single hole transistor: an island related via two tunnel junctions to two reservoirs and capacitively coupled

to a gate. Inset: current versus the gate voltage between -3.25 V and -3.5V for Vp =0.5 mV.



of the back-gate voltage (V) and the applied source-drain voltage (Vp) at T = 350 mK and
2K. The gate voltage window has been selected in the intermediate regime for which quantum
transport phenomena is well observed. Zero current, therefore zero conductance, is represented
by white regions in the 2D plots. Clear diamond like shapes at the boundary between zero and
non-zero current can be observed. Such features, characteristic of Coulomb blockade, are called
Coulomb diamonds[10, 26, 27]. The diamonds do not close at zero bias voltage. Figure 3 b
shows the Ip-Vp characteristic curves at 350 mK and 2K at a charge degeneracy point. The
differential conductance calculated from the current is also plotted. At 350 mK, well below the
critical temperature of Aluminium Té“: 1.46 K[28], the Ip-Vp curve presents a suppression of
the current for small bias voltages and this zero current feature disappears at 2K. In conductance,
this feature translates to a region of low conductance bounded by two peaks. This behavior can be
explained by the suppression of quasi-particles through the NW for [Vple < 2 Ay; due to the gap
of the superconducting Al leads [10, 29]. From the separation between the two peaks, therefore 4

Ay;, we extract Ay; =202 peV, which is consistent with the aluminum energy gap.

Figure 3 (c) reveals rich transport properties within the clear Coulomb diamond structure. For
-5V<V5<-4.5V, the height and periodicity of the diamonds is almost constant. As Vi is increased
periodic fluctuations of the magnitude of the peaks of the diamonds appear. When -4 V<V5<-3.4 V,
we observe diamond pairing where the addition of a hole from a 2N state to a 2N+1 state requires
additional charging energy. When -4.5 V<V3<-4 V, we observe a second periodicity with higher
diamond peaks at the 4N and 4N + 1 hole filling point. Further, a global decay of the Coulomb
diamond height is observed as the V;; is decreased from -3.0 V to -4.5 V. In order to better visualize
the variation of the transport, we have superimposed iso-current curves on the stability diagrams
of Figure 3. These curves trace the variation of the bias voltage versus the gate voltage in order to
keep the current through the dot at a constant of 0.5 nA. We clearly observe oscillations of the bias
voltage versus the gate voltage with periodicity equal to that of the observed Coulomb diamonds
and amplitude proportional to the charging energy of the system. The iso-current curves agree
with the observations of stability diagram: an overall decay of the amplitude of the oscillations is
combined with a periodic modulation of their amplitude as the gate voltage decreases.

As a first approximation, we consider the Al-Ge-Al nanowire heterostructure as a single hole
transistor, equivalent to an SET, (see diagram of Figure 2). The Ge segment is then described by
a metallic island connected via two tunnel junctions to two reservoirs (Al leads). The periodicity

of the diamonds and the slopes of their edges are related to the three capacitances of the SET[25].
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FIG. 3. (a) and (c) 2D plots showing the measured current versus the bias voltage and the gate voltage of
a device with Lg, = 162 nm recorded at T = 350 mK and 2K. Green lines indicates iso-current curves of
0.5 nA through the nanowire. (b) Slice of the 2D plots at V= -4.866 V at T=350 mK (black curve) and
T=2K (red curve). The calculated differential conductance of the black curve has been superimposed (green
curve)(d) Zoom onto few diamonds in order to visualize the gap. Superimposed to the 2D plot, we have

added the slopes used to estimate the capacitances.

From the periodicity of the diamonds as function of the gate voltage, we extract the gate capaci-
tance: Cgye = 3 X 10718 F. The slopes of the diamonds give the ratio of the source (Csyyce) and
drain (Cp,4in) capacitances to the gate capacitance[30]. We extracted the slopes of the diamonds
from the 2D plot. In the gate voltage regime of -5 V<V5<-4.5 'V, Csource =~ Cprain =~ 100 X 10-18
F are deduced. Figure 3 (d) shows a zoom onto the gate region -4.9V<V;<-4.7V in which we

superimposed to the experimental data the extracted slopes.

The global decay of the Coulomb diamonds suggests that there is a gate dependence on the
charging energy of the quantum dot. Analysis of the slopes of the diamonds reveals that the source

and drain capacitances increase from approximately 15 x 10718 F to 100 x 10~'® F. Consequently,
2

the charging energy Ec = 3o +CDerain Y - decreases from 2.42 meV to 0.39 meV. Figure 4 is a

schematic representation of the band structure of these heterostructures that we propose to explain

the global decay of the charging energy. For -1.5 V < V5 < +5 V, the Ge segment is depleted of
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FIG. 4. Schematics of the band diagram of the heterostructure (a) in the insulator regime, (b) in the inter-

mediate regime and (c) in the metallic like dot regime. A positive bias voltage is applied. (d) A Zoom onto
the Al-Ge contact is presented in order to show the Fermi level pinning and the variation of the Schottky

tunnel barrier strength versus the gate voltage.

holes and consequently we are in an insulating regime, thus we observe a current close to zero
(see Figure 4a). By reducing Vi (Vg < -1.5 V), the valence band is shifted above the Fermi level
facilitating hole tunneling into the dot. However, Fermi level pinning fixes the valence band to
below the Fermi level of the electrodes resulting in a bow shaped valence band in the dot. This
bowing creates a gate dependency on the size of the dot; as Vi is reduced, the valence band is
shifted and becomes further bowed, increasing the area of the dot, thus increasing its capacitance
and reducing its charging energy. This gives rise to the global decay of the Coulomb diamond
height observed in Figure 3. For large negative gate voltage (V5<-4.5V), the valence band is far
above the Fermi level (see Figure 4 (c)). This increases the hole concentration in the Ge facilitating
a large quantum dot insensitive to changes in size, leading to a metallic like island where we

observe regular Coulomb diamonds.

There are many possible interpretations of the not monotonous fluctuations of the charging
energy. These fluctuations could be due to scattering of the holes inside the dot [31]. Such scatter-
ing is common with lateral quantum dots, such as nanowire heterostructures, where interactions
with the irregular boundaries of the dots results in chaotic transport. These disordered dots should

reveal aperiodic fluctuations.

As depicted in Figure 4 (b), in the intermediate gate voltage regime, the valence band is close
to the Fermi level in such a way that any accident in the valence band due to charge trapping or im-
purities could generate tunnel barriers which are equivalent to a chain of islands. The conductance
from source to drain would occur by tunneling through this chain, resulting in varying diamond

heights due to the addition of the charging energies related to each island[26].



The Coulomb diamond pairing as well as the four periodicity suggests an alternative phenom-
ena is behind the fluctuations. As observed in high quality quantum dots experiences[32, 33],
atomic like electron/hole filling of orbitals can be obtained. The observed pairing of diamonds
could be attributed to the lifting of spin degeneracy due to Coulomb repulsion. In Ge, light-hole-
heavy-hole (LH-HH) degeneracy is known to be lifted by confinement or strain [34, 35]. The
lifting of the fourfold degeneracy, resulting from the combination of LH-HH and spin degeneracy
[36], could explain the observed higher peaks at the 4N and 4N + 1 hole filling point. However,
conclusion on an exact interpretation requires further investigation beyond the scope of this paper.

The temperature dependence is consistent with the charging energy we deduced from the sta-
bility diagram. The amplitude of the Coulomb oscillations at gate voltage around -5 'V, is strongly
reduced at 2 K and almost vanishing at 10 K (see supporting information). This is explained by the
low charging energy Ec/kg = 4.5K. Nevertheless, the Coulomb oscillations around Vi -3 V are
reduced but still visible at 10 K. This persistence is consistent with the estimated charging energy
for such gate voltage : Ec/kp = 28K.

In conclusion, we have demonstrated the realization of monolithically integrated Ge channels
contacted by monocrystalline quasi-1D Al contacts. The fabrication process used induces sharp
interfaces between the semiconductor segment and superconducting leads. Based on these het-
erostructures, we have systematically investigated single-hole tunneling effects in Ge quantum
dots defined by tunable Schottky barriers. We observe and discuss the multiple regimes in the hole
transport: from a pinch off voltage of approximately Vi = -1.5 V, the Ge segment behaves as a
quantum dot with very rich properties. With a sufficiently negative gate voltage a metallic like

SET is reached.

SUPPLEMENTARY MATERIAL

The supplementary material shows the 2D plot of the current versus the gate voltage and the

bias voltage at 350mK, 2K, 5K and 10K.
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