Gate-defined double quantum dot with integrated charge sensors realized in
InGaAs/InP by incorporating a high-x dielectric
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(Gate-defined double guantum dots with integrated guantum point contact charge sensors are
realized in an InGaAs/InP heterostructure by emploving a high-x HfOs thin film as gate dielectric
and a polymer bridge technigue. Clear honeycomb patterns are observed in the measured charge
stability diagram of the double quantum dots and charge sensing signals of the quantum point
contacts. It is also found that the quantum point contact charge sensors can detect the charge
states in the double quantum dots even in the condition that the direct transport signal is not

visible.

Semiconductor double quantum dots (QDs) have been
extensively investigated in recent years due to an increas-
ing interest in the studies of the fundamental physics re-
vealed in such artificial molecular systems and in the de-
velopments of nanoelectronic logic gates and solid state
based devices for quantum information processing and
computation.! In these studies and developments, it is
desired that spin states, spin procession, and spin inter-
actions can be tuned in a controlled manner.? Double
QDs can be realized by employing metal gates on top of
a semiconductor heterostructure hosting a high-mobility
two-dimensional electron gas (2DEG).* Highly tunable
QDs with smooth boundaries are achieved by this top-
gate techmology in GaAs/AlGaAs heterostructures.” 8
However, gate-defined double QDs in InGaAs/InP het-
erostructures have not been reported. The 2DEG in
an InGaAs/InP heterostructure has interesting electron
transport properties, such as small electron effective
mass, high electron mobility, large effective g-factor, and
strong spin-orbit coupling strength.” 1® Thus, it is of
great interest to employ double QD devices defined in
InGaAs/InP for study of spin physics and for develop-
ment of spin-qubit entangled devices. Nevertheless, there
exists a technical obstacle in applying the standard top-
gates technology to an InGaAs/InP heterostructure due
to a low Schottky barrier formed in the interface between
a metal and heterostructure surface.':12

In this letter, we report on realization of a gate-defined
double QD device in an InGaAs/IuP heterostructure
by using HfO+ as gate dielectric and a polymer bridge
technique. The employment of the high-x material re-
duced the gate leakage current without significautly re-
ducing the gate efficiency.® A cross-linked polymethyl-
methacrylate (PMMA) was employed as the supporting
material to the bridge. The double QD device was in-
tegrated with two quantum point contacts (QPCs) as
charge sensors.*!3'4 The electron transport measure-
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ments showed that the double QD was highly tunable
and typical honeycomb patterns were observed in the
charge stability diagram. The charge states in the dou-
ble QD were even more clearly detected by the two QPC
charge detectors, indicating realization of a double QD
device with a sensitive charge readout scheme in the In-
GaAs/InP heterostructure.

The device studied in this work was {abricated f{rom
a modulation-doped InGaAs/InP heterostructure grown
by metal-organic vapor phase epitaxy.”'” On a semi-
insulating InP substrate, a 50 nm undoped nP buffer
layer, a 9 nm Ing 75Gag o5As quantum well, a 20 nm un-
doped InP layer, a 1 nm Si d-doped InP layer, and &-
nally a 20 nm InP cap layer were successively grown. At
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FIG. 1: {Color online) {(a) Schematic diagram showing the
cross section of a device, where InGaAs/InP heterostructure,
HfO- film, Ti/Au gate and cross-linked PMMA material are
indicated. A negative voltage V, can be applied to the Ti/Au
gate to deplete the 2DEG beneath. (b} Scanning electron mi-
croscope (SEM) image of the central part of the device studied
in this work (top view) and measurement circuit setup. The
scale bar is 200 nm.



300 mK, the sheet concentration, mobility and mean free
path of the 2DEG formed in the InGaAs quantum well
were determined, by Hall measurements in dark, to be
4.2x10" m~2, 6.77 m?/Vs, and 725 nm, respectively.
On mesas with Au/Ge ohmic contacts, a 30 nm thick
HfO, film was grown from Hf[N(CHj):]s and H2O by
atomic layer deposition (ALD) at 100 °C. The per-
mittivity & of the grown HfOs film was estimated to
be 16.6.16 A lift-off technique was used to pattern the
HfO» film, where ZEP 520A-7 resist was employed. Using
very high dose (30000 uC/em?) electron beam lithogra-
phy (EBL), PMMA 950A6 resist was locally cross-linked
at the edges of the HfO, film, serving as bridge supporter
[see Fig. 1(a)]. Finally, the top gates were fabricated by
single pixel line EBL and thermal evaporation of 50 nm
Ti/Au. Here, we note that an oxide directly grown onto
InP can result in electrical instabilities at the oxide/InP
interface.'” By employing the PMMA bridge, the gate
contact bonding pads can be placed outside of the HfO,
coverage area, as indicated in Fig. 1(a). Thus, any di-
rect electrical connection between the bonding wires and
a parasitic charge accumulation layer possibly formed at
the HfOs /InP interface can be avoided.

A fabricated InGaAs/InP double QD device with two
integrated QPC charge detectors is shown in Fig. 1(b}.
The QDs had a lithographically defined diameter of ~150
nm. The device had 6 ohmic contacts: the double QD
source and drain contacts Sgp and Dgp, the left QPC
source and drain contacts Sgpe and Dy, and the right
QPC source and drain contacts Sgper and Dyper. In the
measurements, a voltage V,y was applied to the source
and drain contacts of the double QD in an antisymmet-
rical way as shown in Fig. 1(b). voltages Vypcsar and
Vgpesar were applied to the two QPC drain contacts,
while the two QPC source contact Sgper and Sqper Were
kept grounded. The device contained 8 top gates, see
Fig. 1(b). The double dot was defined by voltages V,,
and V; applied to the upper and lower barrier gates, and
voltages V; and V. to the left and right barrier gates.
Voltages V,; and V), applied to the left and right plunger
gate were used to tune the electron numbers in the QDs.
The two additional gates with applied voltages ¥V, and
Vaper were used to define and tune the left and right
QPCs. The integrated device was cooled down to 300
mK in a *He cryostat for transport measurements.

Figure 2 shows the measured current I,y through the
double QD as a function of voltages V}; and V. applied
to the left and right plunger gates at a small bias volt-
age of Vig = 50 pV (a charge stability diagram). Here,
the double dot was defined by setting gate voltages at
V, = —163 V, V; = —193 V, V} = —1.49 V and
V, = —1.8 V, and the two QPCs were not in use. A
honeycomb pattern typical for a double QD device'® is
seen in the stability diagram shown in Fig. 2. Assume
that there is no cross capacitance between a plunger gate
and the QD which is capacitively coupled to the other
plunger gate. Then, for completely decoupled QDs (i.e.,
without quantum mechanical tunneling between the two
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F1G. 2: (Color online) Source-drain current ;4 measured for
the double QD device, at a small bias of V,4=50 pV, as a
function of plunger gate voltages Vi and Vi (a charge sta-
bility diagram). Two typical triple points are marked with a
thick and a thin circle, and a few charge states are indicated
by integer numbers in parentheses (M,N}, where M stands for
number electron in the left QD and N the number of electrons
in the right QD.

QDs), the domain of a charge state of the double QD is
in a square shape (for a symmetric double QD device)
or a rectangular shape (for an asymmetric double QD
device). Hexagons appear when the interdot coupling
is increased. In the extreme case where the coupling
is so large that the two QDs merge into one big dot,
charge state domains turn to be defined by straight par-
allel lines. The charge stability diagram shown in Fig. 2
indicates that the double QD was in the intermediate in-
terdot coupling regime, where the interdot tunnel barrier
was transparent enough to allow for a current and was
opague enough for defining the number of electrons in
each QD. At every triple point of the honeyeomb strue-
ture shown in Fig. 2, the electrochemical potentials of
the two QDs (at different charge states) are aligned to
the Fermi level of the source and drain of the double QD
in such a way that electrons can be shuttled from the
left to the right through the double QD. For example,
at the triple point marked with a thick cirele in Fig. 2,
three double-QD charge states (M, N}, (M + 1, N) and
(M,N + 1) become degenerate and the electrochemical
potentials in the left QD, (M, N) and (3 + 1, N),
and the right QD, p,.(M,N + 1) and g, (M, N), are all
aligned with the Fermi levels of the donble-QD source
and drain contacts, p, = (M, N) = (M + 1,N) =
(M N + 1) = p.(M,N) = g, where M and N rep-
resent the numbers of electrons in the left and the right
QD, respectively. Thus, electrons can tunnel through the
double QD in the sequence of (M, N) — (M +1,N) —
(M,N+1) — (M, N). At the triple point marked with a
thin circle in Fig. 2, double-QD charge states (3 +1, N},
(M,N +1) and (M + 1, N + 1) arc degenerate and elec-
trons can tunnel through the double QD in the sequence
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FIG. 3: (Color online) Charge sensing experiment. Here, the data shown in (a), (b), and (¢) were measured simultaneously. (a)
Transconductance dlopesa/0Vi (charge sensing signal) of the left QPC, (b) source-drain current /.4 measured for the double
QD device under a small bias of V.q=50 pV (a charge stability diagram), and (¢} transconductance dgpcsdr/@Vm (charge
sensing signal) of the right QPC. In the measurements, V,,; was swept, while V,, was stepped.

of (M +1I,N+1) - (M +1,N) - (M,N +1) —
(M +1, N+1), which can also be considered as that holes
are transfered through the double QD from the right to
the left. Ideally, the two types of triple points form two
square lattices. However, with finite cross capacitances,
the positions of the triple points move to lower Vj; (V)
for increasing V,,, (V,1).'® At the borders of the hexagons,
the electrochemical potential in one QD is aligned to
the source and drain electrochemical potentials p; and
14, while the electrochemical potential in the other QD
is misaligned to gy and pg. Transport can take place
throngh co-tunneling via a virtual state.'® From the ge-
ometry of the hexagonal cells, the plunger gate capaci-
tances can be calculated through Cpipry = e/AVyipy)-
For example, from the (M, N) cell in Fig. 2, we obtained
Cp =~ 8.65 aF and C), =~ 11.4 aF.

Figure 3 presents the data of our charge-sensing mea-
surements. The device was defined by setting gate volt-
ages at V, = —1.7b V, V; = =215V, V, = —-15 V,
Vi = =167V, Vgpg = —1.975 V and Vyper = —1.7
V. The measurements were taken at the bias voltage
of Veg = 50 pV to the double QD and the bias volt-
ages of Vipesat = Vgpesar = 100 gV to the left and
right QPCs. At this working voltage configuration, the
QPCs were very sensitive to a potential shift in the envi-
ronment and the transconductances dlgpcsar/0Vy and
OIopcsdr [0V as high as ~112 nS could be detected.
Here, Igpesar and Igpcsdr stand for the currents pass-
ing through the left and right QPCs. Figure 3(b) depicts
a measured charge stability diagram of the double QD,
where a large number of hexagonal cells are seen. Here,
it is seen that the source-drain current peaks are more
pronounced at some plunger gate voltages than at oth-
ers. This irregularity in the peak amplitude of current is
mainly due to the variations in the QD-2DEG reservoir
couplings and in the interdot coupling.?®?! Figure 3(a)
shows the simultaneously measured response signal of the
left QPC, where the transconductance dIgpega/0Vp of

the QPC is plotted as a function of V}; and V.. Here,
a change in the electron number in the double QD are
reflected by the negative peaks in the transconductance,
Figure 3(c) shows the simultancously measured transcon-
ductance 3lgpesar/0V of the right QPC. Here, the
same honeycomb structure as in Fig. 3(a) is fonnd. How-
ever, the signal strengths in Figs. 3(a) and 3(c) are not
identical due to the asyvmmetric capacitive couplings be-
tween the QDs and QPCs. The left QPC detects single
electrons in the left QD more effectively than in the right
QD. Therefore, in Fig. 3(a), the vertical lines are stronger
than the horizontal lines. In a similar manner, a more
effective sensing of single electrons in the right QD is ob-
served in Fig. 3{c). The amplitnde variations in current
peak seen in Fig. 3(b) are, however, not reproduced in
Figs. 3(a) and 3(c), signifying that the QPCs detected the
charge states rather than the charging process. Further-
more, charge states of the double QD were also clearly
detected by the two QPCs in the gate voltage regions
where the direct transport signal was hardly visible, in-
dicating that the complementary measurement signals of
the two QPCs provided highly sensitive detection of the
electron charges in the double QD.

In summary, we have developed a top-gate technology
for fabrication of quantum devices in InGaAs/InP het-
erostructures. HfQO, thin film has been incorporated as
gate dielectric and a PMMA bridge technigue has been
employed to avoid electrical connection between the con-
tact pads and parasitic charge accumulation layer which
could possibly formed at the HfOo/InP interface. The
technology has been exploited to realize gate-defined dou-
ble QD devices with integrated QPC charge sensors in an
InGaAs/InP heterostructure. Direct transport messure-
ments show Coulomb blockade honeycomb patterns typ-
ical for a double QD device. It has also been found that
QPCs can effectively detect the electron charge states of
the double QD even when direct transport signal becomes
hardly visible. The results of this work should stimulate



realization of spin and quantum devices in materials sys-
tems other than GaAs/AlGaAs heterostructures, where
the application of gating technology has been difficult.
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