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Abstract. We report the fabrication of single and double hole quantum
dots using a double-layer-gate design on an undoped accumulation mode
AlGaj_xAs/GaAs heterostructure. Electrical transport measurements of a
single quantum dot show varying addition energies and clear excited states. In
addition, the two-level-gate architecture can also be configured into a double
quantum dot with tunable inter-dot coupling.
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Long-lived heavy-hole spins have drawn significant
attention recently due to the suppressed hyperfine
interaction with surrounding nuclei [1, 2, 3, 4, 5,
6], which is the main mechanism leading to fast
decoherence (~ 10 ns) of electron spins [7, 8]. Recent
theoretical studies suggest the dephasing time T3 for
holes to be in the range of us, with an Ising-like
hyperfine interaction [3, 4]. Optical measurements
of self-assembled quantum dots have shown varied
results, with T4 > 100 ns from coherent population
measurements [9], and T3 up to 20 ns from Ramsey
fringes [10, 11]. The short T5 was shown not to be
limited by nuclear spins, but by charge noise [11].

The promising optical measurements described
above indicate that hole spins in gate defined quantum
dots should be investigated. However, due to the large
effective mass (mj /m} ~ 3 — 13) [12], hole quantum
dots need to have much smaller dimensions compared
to electron dots to show similar single particle energy
scales since the orbital energies Eonp ~ 1/m*Agu,
which is hard to achieve by simply duplicating the
design for electron quantum dots. Even though the
operation of GaAs single hole transistors has been
demonstrated [13, 14, 15], to date it has not been
possible to observe Zeeman splitting of the single
particle levels, which is a prerequisite for measurements
of the Ty and T3% spin lifetimes, and for coherent spin
manipulation.

In this paper, we present a double-layer-gate
design that allows formation of both single and
double hole quantum dots. By further shrinking the
lithographic dimensions of the dot, we show that a few-
hole quantum dot with varying addition energy can
be defined. In a perpendicular magnetic field, we also
observe Zeeman splitting of the hole states, from which
we extract the hole g-factor.

The hole quantum dot is fabricated on a shallow
undoped (100) GaAs/Al,Ga;_,As heterostructure
comprising a 10 nm GaAs cap and a 50 nm
Al,Ga;_,As layer on a GaAs buffer layer using
the approach described in Ref [17]. Separate
measurements of a 2D Hall bar device show the 2D
holes have a mobility of 600,000 cm?/Vs at p =
2.5 x 10 cm™2 and T = 250 mK. The quantum
dot architecture has a double-layer-gate design: firstly,
three parallel barrier gates are deposited directly on
top of the wafer, then a 30 nm AlO, dielectric is
deposited using atomic layer deposition, and finally
a 150 nm wide top-gate is deposited over the barrier

gates. Figure 1(a) shows an SEM image of the device
where the three barrier gates are labelled as 1, 2, 3
respectively and the top-gate channel labelled as TG.
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Figure 1. (a) A Scanning Electron Microscope (SEM)

image of the device showing the double-layer design. Three
barrier gates are on the bottom layer (labelled 1, 2, 3) and
have a width of 40nm and a inter-gate spacing of 80nm. The
top-gate channel (labelled TG) is on the top layer and has
a width of 150 nm; (b) Conductance g of the dot measured
as a function of the voltages on gate 2 and 3 when gate 1
is lifted to Vi = —0.9 V, showing the formation of a single
quantum dot in between the two barrier gates 2 and 3. (c)
Differential conductance g of the dot as a function of the
gate voltage V2 along the red dashed line in (b).

The device was measured in a dilution refrigerator
with a base hole temperature of 80 mK using
standard lock-in techniques and an AC excitation of
15 V. When the top-gate (TG) is negatively biased,
holes accumulate at the heterointerface forming a 1D
channel. Tuning the voltages on the barrier gates
confines the 1D hole channel into isolated islands, i.e.
quantum dots. With the flexibility of three parallel
barrier gates, the device can be tuned into either a
single quantum dot using any two consecutive barriers
while lifting the third, or a double quantum dot using
all three barriers. We first show data from a single dot
configuration with the top-gate used to induce holes
into the dot (Vrg = —3.1 V) and gate 2 and 3 biased
to define barriers of the dot as well as control the dot
occupation. Gate 1 is made transparent (V; = —0.9
V) and forms part of the lead. Figure 1(b) shows the
conductance g=dI/dV of the dot as a function of the
voltages on gate 2 and 3. The lines in Figure 1(b) are
almost at 45°, indicating formation of a single quantum
dot which has almost the same capacitive coupling to
the two gates 2 and 3, and thus must be located half
way between the two barriers. Figure 1(c) plots the
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conductance of the dot along the red dashed line in
Figure 1(b) showing the Coulomb oscillation peaks as
the voltage on gate 2 (Vg) is varied. As the local
dot potential is tuned by the bias Vs, a conductance
peak is measured whenever a hole is added or removed
from the dot. The Coulomb blockade peaks are fairly
evenly spaced with respect to Vg, which suggests that
the confined dot is in the many-hole limit when the
constant charging energy dominates over the varying
orbital energy.

An advantage of the double-layer-gate design is
the straightforward formation of an additional dot to
form a double quantum dot and the simple tuning
between single and double dot configurations. With
the same device, a double quantum dot can be easily
configured by bringing down the voltage on gate 1.
Similar to the operation of gate 2 and 3, this will
also confine another dot in between gate 1 and 2
as shown in Figure 2(a). The conductance of the
double dot as a function of voltages on gate 1 and
3 is shown in Figure 2(b)-(d) as coupling between
the two dots is controlled by the voltage Vo on the
middle barrier gate. In Figure 2, we show three regimes
of inter-dot coupling: (b) strongly coupled double
dot with curving diagonal parallel lines resembling
Figure 1(c), indicating the two dots are merging into
one; (c) intermediate coupled double dot with standard
honeycomb pattern; and (d) weakly coupled double
dot with leakage current greatly suppressed and only
transport through triple points visible. The ability
to configure double hole quantum dots with tunable
inter-dot coupling suggests this device design will allow
more complicated double dot measurements and spin-
dependent transport.

Another advantage of the double-layer-gate design
is the flexibility in changing the dot dimensions. The
width and spacing of the finger gates, as well as
the width of the top-gate channel can both be easily
reduced to confined a much smaller dot. Figure 3 shows
the bias spectroscopy and Coulomb blockade peaks
measured from a smaller dot with reduced dimensions:
the finger gates now have a width of 30 nm and a
spacing of 50 nm. The width of the top-gate channel is
also reduced from 150 nm to 50 nm. In the new small
dot, gate 1 and gate 3 are used as the left and right
barriers of the dot while gate 2 is used as the plunger
gate to vary the number of holes on the dot. 30 nm of
AlO, is also used as the dielectric for the ohmic region
but etched down to 10 nm in the active dot region to
avoid overgrowth of the oxide in between the narrow
finger gates when their spacing is reduced.

Figure 3(a) shows the bias spectroscopy diagram
of the new dot with reduced dimensions, and
Figure 3(b) plots the corresponding Coulomb blockade
peaks at zero bias. In Figure 3(a), the differential
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Figure 2. (a) A side-view schematic of the device showing
the double dot configuration. (b) Conductance g as a
function of voltages on barrier gate 1 and 3 for strongly
coupled double dot (V2 = —0.80 V); (¢) for intermediately
coupled double dot (Vo = —0.79 V); (c) and for weakly
coupled double dot (V2 = —0.78 V).

conductance through the dot is plotted as a function
of the source-drain bias and the plunger gate voltage.
From the half size of the Coulomb diamonds as
illustrated by the blue arrows in Figure 3(a), the
energy Egq4q required to add each hole to the dot can
be extracted. The addition energy of the dot E,qq4
fluctuates while gradually increases from 1 meV to 4
meV, which suggests the dot is operating in the few-
hole regime [25]. Figure 3(b) plots the corresponding
Coulomb blockade peaks at zero bias, the varying
periodicity of which also reflects the fluctuating energy
required to add or remove each hole from the dot.
As well as the varying Coulomb blockade period,
information about the orbital energy of the dot can
also be extracted from the bias spectroscopy diagram.
The differential conductance peaks running parallel to
the edges of the Coulomb diamonds, highlighted by
the arrows in Figure 3(a), originate from transport
through the excited orbital states within the dot.
Those conductance peaks appear at the same energy in
both positive and negative source-drain bias directions,
which excludes the possibility that they are caused
by resonance of the dot state with the 1D states
in the lead. Other closely spaced fine conductance
peaks parallel to the edges of the diamonds, which
only appear in one bias direction, most likely originate
from the states in the 1D lead. Since we are only
interested in the energy states of the dot, here we focus
on the conductance peaks highlighted by the arrows.
From the excited states indicated by the red arrows,
we extract the orbital level spacing to be around 1
meV. This orbital energy scale is comparable to that
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Figure 3. (a) Bias spectroscopy diagram of the single quantum dot with shrinked size: differential conductance g=dI/dVsp

through the dot is plotted as a function of the source-drain bias and the plunger gate voltage V.

The differential

conductance g is magnified for V, >-0.855 V to show the last visible diamond. Green and red arrows highlight the
conductance peaks correspond to transport through excited states. (b) The corresponding Coulomb blockade peaks of
the dot: current through the dot at zero bias is plotted as a function of the plunger gate voltage V.

of 2D GaAs electron quantum dots with similar charge
occupation [16], in which single electron spin properties
have been extensively studied. It is also worth pointing
out that a large orbital energy is only achievable when
the hole dot size is significantly reduced compared to
its electron counterpart given the mismatch between
the heavy hole and electron effective masses in GaAs
(mi/m: ~ 3 —13) [12]. Using Agos = 27h®/E,pm}
and mj; = 0.2mg, we estimate the dot diameter to
be around 40 nm assuming a circular dot. The
electrical size of the dot is significantly smaller than
that has been achieved with conventional single layer
gate designs [16, 13, 15]. Owing to the reduced dot size,
we are able to achieve single hole energy level spacings
much larger than 4kgT, which is necessary to study
splitting of hole spin states in lateral quantum dots.
To explore the splitting of the hole states, we
introduce a magnetic field B perpendicular to the
heterostructure while monitoring the energy states
crossing the red dashed line in Figure 3(a) (i.e. at
V,=-0.85 V). Splitting of the orbital states is observed
as depicted in Figure 4(a), which plots the differential
conductance through the dot at V,=-0.85 V as a
function of the source-drain bias and the magnetic
field strength. The measurement is done by stepping
the magnetic field from 0 T to 5 T while sweeping
the source-drain bias along the red dashed line in

Figure 3(a). The ground state (at Vgp ~ 2.1mV)
splits into two distinct lines as the magnetic field is
increased. The excited state (at Vgp ~ 3.2mV),
on the other hand, exhibits a complicated splitting
pattern. This complex splitting of the excited state
could result from two closely spaced excited states, or
from a fourfold degenerate orbital state [21].
Concentrating on the splitting of the ground state
indicated by red arrows in Figure 4(a), we plot in
Figure 4(b) the energy difference splitting as a function
of the magnetic field. The splitting is linear up to 3T,
after which transport through the dot is suppressed by
the strong magnetic field. Since the coupling between
orbital momentum and magnetic field is not linear, the
observed splitting is most likely due spin effects. If
the splitting is assumed to be purely Zeeman energy,
the g-factor of the ground state can be extracted to be
around 1.4 from a linear fit as depicted in Figure 4(b).
The measured g-factor g*=1.4 is much smaller than
the theoretical 2D value g*=7.2 of heavy holes in
GaAs, which may be related to the suppression of g*
observed in 1D GaAs hole systems [22, 23]. This strong
suppression of g-factor is possibly a result of the strong
confinement potential of the quantum dot, which can
change the degree of heavy hole-light hole (HH-LH)
mixing in GaAs hole systems [24] and thus modify
the magnitude and anisotropy of the g-factor. It is
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worth pointing out that splitting of the ground state
of a quantum dot generally indicates an odd number
of carriers on the dot [16], which suggests that the
dot is not empty inside the last observable diamond
in Figure 3(a). Transport through quantum dots is
often suppressed by opaque barriers as the barriers are
pushed to pinch-off in the few-hole regime. Moreover,
due to a heavier effective mass, tunnelling of holes
is suppressed compared to electrons. Therefore, the
suppression of current when V, > —0.82V is most
likely caused by significantly reduced hole tunnelling
events.
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Figure 4. (a) Differential conductance through dot
measured as a function of the source-drain bias and the
perpendicular magnetic field at V,=-0.85 V. (b) Energy
difference of the split ground states plotted as a function
of the magnetic field. An effective g-factor of 1.4240.01
can be extracted from a linear fit to the energy difference
if assuming the splitting is purely Zeeman energy.

In conclusion, we have fabricated both sin-
gle and double few-hole quantum dots on an un-
doped Al,Ga;_xAs/GaAs heterostructure using a new
double-layer-gate design. By shrinking the lithographic
dimensions of the dot, we are able to greatly reduce
the dot size and the number of holes on the dot to
the few-hole regime. Electrical transport measure-
ments through the single quantum dot show clear or-
bital states with energies comparable to those of lat-
eral electron quantum dots in GaAs. By applying a
magnetic field, we also observe splitting of the orbital
states, from which an effective g-factor is determined.
This device architecture will allow now studies of spin
properties and spin lifetimes of holes in quantum dots.
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