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ABSTRACT

Semiconductor spin qubits have gained increasing attention as a possible platform to host a fault-tolerant quantum computer. First demon-
strations of spin qubit arrays have been shown in a wide variety of semiconductor materials. The highest performance for spin qubit logic
has been realized in silicon, but scaling silicon quantum dot arrays in two dimensions has proven to be challenging. By taking advantage of
high-quality heterostructures and carefully designed gate patterns, we are able to form a tunnel coupled 2 x 2 quantum dot array in a >*Si/
SiGe heterostructure. We are able to load a single electron in all four quantum dots, thus reaching the (1,1,1,1) charge state. Furthermore, we
characterize and control the tunnel coupling between all pairs of dots by measuring polarization lines over a wide range of barrier gate vol-
tages. Tunnel couplings can be tuned from about 30 eV up to approximately 400 yeV. These experiments provide insightful information on
how to design 2D quantum dot arrays and constitute a first step toward the operation of spin qubits in 2*Si/SiGe quantum dots in two
dimensions.

© 2023 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0160847

Since the original proposal for quantum computation with semi-
conductor quantum dots," remarkable developments have been made.
Quantum dot qubits are small in size, compatible with semiconductor
manufacturing, and can be operated with single-qubit gate fidelities
and two-qubit gate fidelities above 99.9%~ and 99%,” respectively.

The implementation of two-dimensional qubit arrays will allow
this technology platform to fully utilize its advantages. In GaAs hetero-
structures 2 X 2 and 3 x 3 quantum dot arrays have already been dem-
onstrated.” * However, hyperfine interaction leads to short dephasing
times, preventing high-fidelity operation of qubit arrays. In contrast,
group IV materials benefit from nuclear spin-free isotopes, such that
quantum coherence can be maintained over much longer times.”

In recent years, hole quantum dots in Ge/SiGe heterostructures
progressed from a single quantum dot to a 4 X 4 quantum dot array
with shared gate control.'’"'* Parallel to that also silicon based devices
have been pushed toward 2D arrays. Using quantum dots confined in
the corners of silicon nanowires, several 2 x N quantum dot arrays
have been demonstrated, albeit not simultaneously at the single-
electron occupancy.'”"” Furthermore, these devices did not contain
separate gates for independent control of the tunnel barriers between
neighboring dots. This limits the controllability for quantum simula-
tions and prevents sweet-spot operation'® ' of exchange-based quan-
tum gates.

In this work, we present a 2D quantum dot array in gated planar
28Si/SiGe with barrier gates to control inter-dot tunnel couplings. Four
quantum dots in a 2 x 2 configuration are formed with occupations
controlled down to the last electron. Furthermore, all inter-dot tunnel
couplings are characterized as a function of all barrier gate voltages.
We demonstrate control over a wide range of tunnel couplings and
provide suggestions for future scalable gate designs.

The 2 x 2 quantum dot array investigated in this work is fabri-
cated on a 2Si/Si;oGes, heterostructure (see the supplementary mate-
rial). Figure 1(a) shows a false-colored scanning electron micrograph
(SEM) image of a nominally identical device, highlighting the three
gate layers of the multi-layer gate stack.'” The screening gates in the
first layer (purple) define an active area, reduce the formation of spuri-
ous dots, and prohibit accumulation of a two-dimensional electron gas
(2DEG) in the gate fan-out region. The second layer (yellow) consists
of plunger (P) and accumulation gates. Barrier gates (B) are fabricated
in the third layer (red). On top of the gate stack sits a micro magnet.
The SEM image in Fig. 1(a) is taken before its deposition to highlight
the quantum dot gate pattern.

The gate stack defines four quantum dots in a 2 x 2 grid (labeled
clockwise 1-4) and two single-electron transistors (SETs) (S1 and S2).
Gate and dot pitches were loosely adopted from the linear six dot array
by Philips et al.”’ The screening gates around the four quantum dots
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FIG. 1. (a) False colored SEM image of a nominally identical device to the one used in the measurements. The four quantum dots in the center are labeled clockwise 1-4 with
one sensor on each side marked as S1 and S2. White dashed lines mark the boundaries of the screening gates in the first gate layer. (b) Charge stability diagrams of nearest-
neighbor quantum dots. Colored circles indicate the quantum dots of the swept virtual plunger gates while the quantum dots corresponding to the white circles remained with
one electron each. The point (0 mV, 0 mV) corresponds to the same gate voltages for all four scans. At this operating point, the (1,1,1,1) charge state is reached, with one elec-
tron per quantum dot. For the charge stability diagrams of Q1Q2 and Q2Q3, sensor S1 was used while for Q3Q4 and Q4Q1, sensor S2 was chosen. At AvP; = 0 mV/, the cor-
responding physical voltages on the gates are set to 2566, 1831, 3173, and 2487 mV for plungers 14, respectively. The arrows in the top left corner of each charge stability

diagram indicate the direction of the scans.

were kept grounded. Two SETSs serve as charge detectors and act as
electron reservoirs for the quantum dots Q2 and Q4 in the 2 x 2 array.
Quantum dots Q1 and Q3 are loaded via Q2 and Q4, respectively. The
presented data were taken exclusively with the sensor providing the
highest contrast on the chosen dot pair for each measurement.

The 22.5° rotation of the square array relative to the micromag-
nets gives every quantum dot a distinct Zeeman splitting. The relative
arrangement of the quantum dots and the SETs allows for sensing
charge movements between all possible dot pairs. This is favorable for
recording charge polarization lines and spin-to-charge conversion.

Oft-chip NbTiN inductors connected to the SET reservoirs and
parasitic capacitances form a tank circuit that enables radio frequency
(RF) reflectrometry readout, allowing for fast and accurate detection
of the charge occupation of all four quantum dots.

During the device tune-up, we measure the cross-capacitive cou-
pling of all gates to all dots and virtualize them as described in Ref. 21
with vP; (vB;;) denoting the virtualized plunger (barrier) gates. The cho-
sen virtual gates compensate the crosstalk onto all dot potentials and
maintain the operation point of the charge sensors. The cross-capacitive
coupling matrix M, translating the real gate space to the virtual gate
space via v = MV , is provided in the supplementary material.

To show control over the charge occupation of the entire 2 x 2
array, we measure four charge stability diagrams, as depicted in Fig.
1(b). We acquire these data by sweeping the voltages on adjacent vir-
tual plunger gates vP; and VP(; mod4)+1 while monitoring the response
of the charge sensors. The colored circles in the top right corner of
each charge stability diagram indicate the position of the quantum
dots corresponding to the swept plunger gates.

A honeycomb pattern characteristic of double-dot behavior is
observed for all four plunger pairs. We identify the first electron in the
four quantum dots by the absence of any more charge transitions in
the lower left corner. Thus, we can controllably access the
(N1,N2,N3,Ny) = (1,1,1,1) charge state, where N; denotes the
charge occupation of quantum dot QD;. Moreover, we can isolate a
single spin per quantum dot. The honeycomb patterns in Fig. 1(b) also
show that all four quantum dots are capacitively coupled to each
other.

We note that there are apparent differences in the separation
between the consecutive charge transition lines as well as in the slopes
of successive charge transition lines. These could be caused by inherent
differences and gate-voltage dependent variations in size, position, or
lever arm of the four intended quantum dots. Alternatively, they might
be the charging signature of additional quantum dots in the close
vicinity. While we cannot fully rule out the presence of such stray dots
at higher occupations, we can reliably reach the (1,1,1,1) charge state
in the 2 x 2 configuration of the array.

Next to the expected charge transitions, we observe additional
diagonal features e.g., in Fig. 1(b), which we associate with spurious
defects in our system. These defects capacitively couple to the charge
sensor, but there is no or only very weak capacitive interaction with
the four intentional quantum dots of the 2 x 2 array.

In addition to a well-defined charge state, controlled inter-dot
tunnel couplings are essential for the implementation of robust
exchange-based quantum gates or the execution of analog quantum
simulation. Therefore, we probe the system evolution as a function of
the voltage applied to the virtual barrier gates vB;; located between the
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plunger gates of quantum dot QD; and QD; with j = (imod4) + 1.
The tunnel coupling diagonally between QD; and QD; and anti-
diagonally between QD, and QD, has no dedicated barrier gate and,
thus, is not independently controllable. The influence of other barrier
gates on the (anti-)diagonal tunnel coupling is presented below.

Figure 2 shows the evolution of the charge stability diagram of
QD, and QD; while changing the virtual barrier gate voltage vB,3.
The sequence of panels allows us to qualitatively assess the influence
of the barrier on the capacitive coupling and tunnel coupling between
the involved quantum dots. From panels I through IV, we observe that
the separation between the triple points increases, which indicates an
increase in the capacitive coupling between the dots. In addition, we
observe that the interdot charge transition is increasingly blurred (see
the circled transitions), and the boundaries of the charge stability dia-
gram are increasingly rounded. Both are indicative of an increased
interdot tunnel coupling. In panel IV, for transition lines with
N, + N; > 4, the rounding is so strong that the quantum dots have
mostly merged into a single large quantum dot.

To quantitatively determine the effect of the barrier voltage on
the tunnel coupling, we measure polarization lines along the detuning
axis &; / ogj = VP; — vP;, with Olgij denoting the lever arm, across the
(Ni,N;) = (1,0) to (0, 1) interdot transition, as shown in Fig. 3(a).
The remaining dots were kept in the (1,1) charge occupation.
Scanning along this detuning axis moves the electron from dot 2 to
dot 3 ((N1, N2, N3, Ny) = (1,1,0,1) to (1,0, 1, 1)), resulting in a step
response in the sensor signal as seen in Fig. 3(b). This step response is
broadened by both the electron temperature T, < 78.5+2.2 mK and
the tunnel coupling ¢ and can be fitted using Ssi; = 5tanhﬁ with
Q=+ +4t> and ¢ is the detuning between the two quantum
dots.”” Additional slopes and offsets of the sensor signal caused by
imperfect virtualization or drifts are taken into account in the used fit-
ting procedure.”” We note that the error in the extracted tunnel cou-
pling values is dominated by the uncertainty in the lever arms.

We systematically extract the dependency of the inter-dot tunnel
couplings f, ,, between all dot pairs (QD,,, QD,,) with respect to all
barrier voltages vB;;. Figure 3(c) shows the resulting tunnel couplings
tnm grouped by barrier gates vBj;;. As in previous works, fading con-
trast along the polarization lines prevented us from characterizing tun-
nel couplings up to higher values. We observe that changing the
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barrier voltage vB;; affects only the corresponding tunnel couplings #;
significantly, while keeping the other tunnel couplings largely constant.
Note that the virtual gate matrix compensates for crosstalk of the bar-
rier gates onto all dot potentials but does not account for possible
crosstalk on the tunnel couplings.

We, furthermore, find that below a given voltage (which is differ-
ent for each vB;), the influence of the barrier gate voltage on the corre-
sponding tunnel coupling vanishes and a residual tunnel coupling
remains. Across all four neighboring dot pairs, the residual tunnel cou-
pling is in the range between 30 and 200 peV.

We extend this characterization to the (anti-)diagonal tunnel
couplings. Figure 3(d) presents the influence of the four barrier gates
on the diagonal and anti-diagonal tunnel coupling, respectively. While
the anti-diagonal tunnel coupling t, 4 is elevated and can be modulated
using vBy; in particular, the diagonal tunnel coupling ¢ 3 is not sys-
tematically influenced by any barrier gate and remains in many cases
lower than all other tunnel couplings, albeit far from zero.

We demonstrated the first 2D quantum dot array in a planar sili-
con technology and operated the four quantum dots in the single elec-
tron regime, consistently achieving the (1,1,1,1) charge state.
Furthermore, the barrier gates allow us to independently control the
interdot tunnel couplings. However, the residual tunnel couplings
observed in this sample are higher than the typical tunnel couplings of
1-10 peV used in spin qubit experiments.”* Presumably, the close prox-
imity of the screening gates to the center of the plunger gates com-
presses the quantum dots toward the center of the 2 x 2 array and
hence toward each other, leading to rather large tunnel couplings.
Furthermore, we see in Fig. 3 that at low tunnel coupling values, the
tunnel coupling barely responds to the barrier gate voltages anymore.
The compressed position of the quantum dots in the center region
enhances also the diagonal coupling between them. While analog quan-
tum simulation and quantum computation can benefit from diagonal
tunnel coupling, the lack of dedicated control over magnitude and
directionality ie., diagonal vs anti-diagonal, also poses limitations.
Suppressing any diagonal coupling with a center gate as demonstrated
in a GaAs 2 x 2 array could be a suitable way to circumvent this issue.”’

The encountered challenges help to identify possible improve-
ments in the design of planar 2 x 2 *Si/SiGe quantum dot arrays.
Specifically, moving the screening gates away from the center of the

PSAEN
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-200 0 200
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FIG. 2. Response of the charge stability diagram of QD, and QDj to changes of virtual barrier voltage vB,3, as indicated by the arrow above the charge stability diagrams.
Small arrows in the top left corner of each panel indicate the scan direction. From panel | to IV, we observe a gradual increase in both the capacitive and tunnel coupling
between the two dots. Similar data are taken for all other nearest-neighboring pairs and are displayed in the supplementary material.
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FIG. 3. (a) Exemplary charge stability diagram around the (1,0) to (0,1) transition for QD, and QD3 as a function of the interdot detuning ez3 and Uas /o3 = VP2 + VP3. The
dashed line indicates the detuning axis used to measure polarization lines. (b) Example of a measured (dots) and fitted (solid line) polarization line for QD, and QDs. (c)
Dependence of the tunnel couplings extracted from polarization lines between neighboring quantum dots on each of the four virtual barrier gate voltages. The plots are ordered
to follow the physical position of the barrier gate, e.g., barrier VB, situated in the top left corner of the quantum dot array is depicted in the top left plot. The legend for symbols
and colors is shown above panels (a) and (b). We note that the dc voltages of barriers vB, (vBy3) and vBa4 (vB44) are of comparable values, which is consistent with the sym-
metries of the gate pattern. Between scans, we adjusted gate voltages of uninvolved gates to retain a high visibility. These adjustments were done in such a way that all unin-
volved barrier gates remained in the small (residual) tunnel coupling regime. On several occasions, insufficient contrast between the (1,0) and (0,1) charge states limited the
data we were able to reliably fit. These data points are, thus, not available. (d) Diagonal tunnel coupling and anti-diagonal tunnel coupling as a function of all four virtual barrier
gate voltages. The panels were split into two parts for both the diagonal and anti-diagonal coupling to keep the data points visible. The physical gate voltages used at
AvB = 0mV varies between datasets, as the voltages were slightly adjusted. As in (c) uninvolved barrier gates remained in the residual tunnel coupling regime. Note also that
in (c) and (d) the charge states vary between scans, depending on which dots each polarization line connects.

We acknowledge the funding by Intel Corporation and fruitful
discussions provided by everyone in the Veldhorst Lab and
Vandersypen Lab.

array is expected to yield lower tunnel couplings, as the electrons are
not squeezed toward each other as much. The experiments also offer
relevant learnings for scaling to larger arrays. For instance, changing
the device architecture from a square array to a triangular array will
alleviate the issues regarding undesired diagonal tunnel couplings.”*””
Furthermore, in order to maintain control of individual tunnel cou-
plings, either more sophisticated patterning techniques must be
applied to route gates to the inside of a larger array”® or crossbar
addressing must be employed.'”*”*" In both cases, the observations
made for the present device provide guidance for suitable plunger and
barrier gate pitches and dimensions.
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