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SPECIAL TOPIC — Quantum computation and quantum simulation
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Coherent photon source is an important element that has been widely used in spectroscopy, imaging, detection, and
teleportation in quantum optics. However, it is still a challenge to realize micro-scale coherent emitters in semiconductor
systems. We report the observation of gain in a cavity-coupled GaAs double quantum dot system with a voltage bias across
the device. By characterizing and analyzing the cavity responses to different quantum dot behaviors, we distinguish the
microwave photon emission from the signal gain. This study provides a possibility to realize micro-scale amplifiers or
coherent microwave photon sources in circuit quantum electrodynamics (cQED) hybrid systems.

Keywords: SQUID array resonator, double quantum dot, electron—photon coupling, photon emission
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1. Introduction

As a fundamental physics process in nature, photon—
atom interaction is studied in cavity quantum electrodynam-
ics (QED) at the most elementary approach where a single
photon interacts with a single atom at single quantum en-
ergy level.l'] Tt has attracted extensive interest in various ex-
perimental platforms.>> Coherent photon source is an im-
portant application of cavity QED, which is generated from
the population inversion of few atoms in a cavity via stimu-
lated emission.[®! Few-emitter lasers have been demonstrated
in atomic!”! and solid-state systems.[3-1!]

Semiconductor quantum dot (QD) system, with good
scalability!!>!3] and compatibility with conventional indus-
trial fabrication,!'¥ is a promising candidate for solid-state
quantum information processor. Experiments on photon emis-
sion from biased double quantum dots (DQDs) were also per-
formed and measured using microwave resonators.['>1% More
recently, great progress has been achieved in DQD-resonator
hybrid circuit QED systems that studies the electron—
photon interaction between superconducting resonators and
DQD-defined qubits.!!7-?91 Benefiting from high impedance

resonators, (21.22]

these circuit QED systems achieve large
electron—photon coupling rates and enable high-sensitivity
probe of electron dynamics. (>3-

Here, we report the observation of reflection gain in a
hybrid cQED system which results from photon emission by

applying a DC voltage bias across the semiconductor dou-

DOI: 10.1088/1674-1056/abe29b

ble quantum dots.['3] The tunneling between DQD charge
states leads to the emission of microwave photons and phonons

(271 probed by a high-impedance supercon-

simultaneously,
ducting resonator. By comparing the reflection spectrum mea-
sured in Coulomb blockade with that measured at the hot spot,
we distinguish the photon emission from the frequency shift.
The study here provides a possibility to realize a coherent pho-

ton source in a semiconductor quantum system. (8]

2. Experimental setup

Our device is made up of a 1/4 wavelength superconduct-
ing resonator and a gate-defined DQD, as shown in Fig. 1(a).
The resonator consists of an array of superconducting quan-
tum interference devices (SQUIDs)[*’! with a tunable reso-
nance frequency f;. Each SQUID contains two Josephson
junctions and its inductance is flux-dependent. In this pa-
per, we set the resonator frequency f; = 6.758 GHz with a
total decay linewidth, internal loss rate, and external loss rate
(x, K%, %) /2w = (58.9,36.9,22.0) MHz. Due to the high in-
ductance of the SQUID array, the impedance of the resonator
Z: =~ 1 kQ, which is far beyond 50 Q of the typical coplanar
waveguide.

The DQD is defined by top metallic gates labeled by L, P,
U, R, and D within a GaAs/AlGaAs heterostructure. Electrons
are trapped in the DQD where the electrochemical potentials
of the two dots can be modulated by gates L, P, and R. Then
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the charge state |R) (|L)) can be defined as an excess electron
in the right (left) quantum dot. This two-level system can be
modeled with the Hamiltonian Hpgp = £7;/2 + 1.7, with en-
ergy splitting Q = /€2 + 4¢2, where 17, and 7, are Pauli matri-
ces, € is the detuning defined as the energy difference between
|R) and |L), and ¢. is the interdot tunneling rate.
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Fig. 1. (a) Scanning electron micrograph of the device. The electrode gates
L, P, U, R, and D define the DQD by applying negative bias. A DC volt-
age Vsp can be applied to the source—drain to drive the DQD. The right
plunger gate is connected to the SQUID array resonator. The resonator is
used to detect the DQD charge state by microwave tone through the drive
line. (b) Charge stability diagram of the DQD measured by the SQUID array
resonator for Vsp = 0. The transition between the DQD and source—drain is
clearly observed, as well as the interdot transition line with a positive slop.

To couple the DQD to the resonator, the right plunger gate
straightforwardly connects to the voltage antinode of the res-
onator. This hybrid system can be described by the Jaynes—
Cummings Hamiltonian!!]

H=Q0./2+hoa'a+hg.(a'6_+ac,), (1)

where 0, and o are the Pauli matrices in the DQD eigenstate
basis, @ = 27 f; is the resonator frequency, a and a’ are the
photon creation and annihilation operators, and g. = go - 2t/ Q2
is the effective coupling strength with the electron—photon
coupling rate go/27 ~ 57 MHz which is obtained by fitting
the data to the input—output theory.3%-31]

Due to the coupling between the DQD and the resonator,
a change of the DQD charge state results in a modification
of the susceptibility of the resonator that causes the shift of
effective frequency Af;. In the dispersive limit, where the en-
ergy difference between the resonator and qubit, A = Q — if;,
is much larger than the coupling rate g, the frequency shift
Af; o< (gc/A*)o,. Therefore, the DQD charge state can be
obtained according to the resonator behavior. In our experi-
ments, we probe the DQD by sending a microwave tone into
the SQUID array resonator and measuring the reflected sig-
nal. We set the probe frequency f, = f;, so the frequency
shift leads to an augment in the reflection |Sj;|. Benefiting
from the high impedance resonator, the large electron—photon
coupling strength enables high-sensitivity probe in our hybrid
cQED system.

To perform the experiments, the hybrid device is cooled
in a dilution refrigerator with a base temperature of ~ 25 mK.

The microwave drive is generated from a vector network ana-
lyzer with a power of —30 dBm, passing through an attenua-
tion of ~ 70 dB before reaching the sample. Figure 1(b) shows
the stability diagram of the DQD for source—drain bias Vsp =0
in the many-electron regime measured in the resonator reflec-
tion |S;1|. The DQD configuration labeled by (m,n) represents
m (n) electrons in the left (right) quantum dot.

The stability diagram can be divided into four parts by
five tunneling lines. The middle line with a positive slope cor-
responds to the interdot transition. Along the transition line,
the electrochemical potentials of both dots are aligned and the
detuning € = 0. The total electron number in the DQD is un-
changed during the tunneling. The other four lines are named
charging lines which result from the electron transfer between
the two dots and their adjacent reservoir. Two of them have
larger linewidth and stronger resonator response that corre-
spond to the electron transfer between the right dot and the
reservoir. Because the resonator response to the dot-reservoir
tunneling strongly depends on the tunneling rate I g, it im-
plies that the coupling of the right dot to the right reservoir I'g
is very strong.[3>33!

The probe frequency f, is set on resonance with the res-
onator, so the measurement of reflected signal |Sy;| is expected
to increase at these tunneling lines. However, except the inter-
dot tunneling, all the charging lines have a smaller reflectance
compared to that in Coulomb blockade. This can be explained
by the fast decay rate of the charge states induced by the
reservoir. The DQD-reservoir electron transfer opens an addi-
tional dissipation channel for the hybrid device which deterio-
rates the resonator quality when the photon interacts with the
electron, leading to a larger resonator linewidth and a deeper
valley-shaped spectrum at these tunneling lines.

3. Photon emission near hot spot

Generally, a coherent emitter consists of a gain medium,
a pumping source, and a resonator. In this cQED hybrid sys-
tem, the DQD serves as the gain medium. By applying a DC
voltage bias across the DQD as a steady pumping source, stim-
ulated photon emission is enabled.

We apply a source—drain bias Vgp = 0.5 mV to the de-
vice, causing sequential electron transfer from the drain to
the source. This source—drain bias opens a window for elec-
tron tunneling, shown as two finite bias triangles (FBTs) in
Fig. 2(a). The two parallel FBTs are encompassed by five
tunneling lines. Near the base of each triangle (¢ ~ 0), the
reflection amplitude is larger than the input, at the position
which is called hot spot. To quantify this difference, we define
the signal gain as G = |S11|/|S§cl>\, where \Sﬁ)| is the reflec-
tion amplitude in deep Coulomb blockade. In deep Coulomb
blockade, electron states are far away from the tunneling lines
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and deeply trapped in the quantum dot. Therefore, the charge
state is barely excited, i.e., G = 1.
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Fig. 2. (a) The gain measured as a function of Vp and Vg with a source—
drain bias Vsp = 0.5 mV. The upper one of the FBTs is outlined with a
dashed triangle and the lower one with a dotted triangle. The enhanced re-
flectance regime with G > 1 is indicated by a solid arrow within the FBT
while the suppressed reflectance regime with G < 1 is indicated by a dashed
arrow. (b) A line cut for Vp = —944 mV along the vertical line in (a). The
peak corresponds to the photon emission while the left valley corresponds
to the photon absorption. (c) Schematic diagram of the sequential tunneling
dynamics. Electrons jump downhill from the drain to the source and simul-
taneously emit a microwave photon during interdot tunneing. If the photon
frequency matches the resonator frequency, it is caught and stored in the
resonator.

In the upper FBT (dashed triangle), the electrochemical
potentials of the DQD charge states locate in the bias window
and the continuous source—drain pumping enables the sequen-
tial tunneling cycle (m,n) — (m,n+1) — (m+1,n) — (m,n).
At the hot spot, € > 0, electrons are loaded into the right dot
from the drain, transfer to the left dot, tunnel out of the DQD,
finally are repumped by the source—drain bias, following the
cycle. Since the potential of the right dot ug is higher than
that of left up, the energy loss during the interdot transition
is converted to a photon and a phonon?”! [Fig. 2(c)]. When
the microwave photon matches the resonator frequency, it is
stored in the resonator until it decays or is read out from ex-
ternal. On the contrary, if € <0, i.e., Uur < U, the DQD will
absorb a photon and a phonon, tunneling from |R) to |L). As
a result, the signal gain G < 1 which is indicated by a dashed
arrow in Fig. 2(a). Furthermore, the effective DQD-resonator
coupling rate in Hamiltonian (1) gives g = go - 2t/ with
Q = /€2 + (21.)%, which indicates that the electron—photon
interaction rate decreases rapidly with increasing ||, i.e., the
impact of DQD state on the resonator frequency vanishes and
G tends to unity for large €. Therefore, the hot spot only ap-
pears near zero detuning in Fig. 2(a).

For a clear comparison between the photon emission and
photon absorption, we measure the reflection spectrum |Si|
along a vertical line in Fig. 2(a) across the upper FBT, as
shown in Fig. 2(b). The spectrum displays two valleys and one

peak. The right valley corresponds to the DQD-reservoir tun-
neling, while the left valley is the result of photon absorption
during the interdot transition. The peak reaches maximum of
G = 1.1 indicated by a solid arrow due to the photon emission
from the DQD.

4. Distinguish from frequency shift

In our experiment setup, we take advantage of a 1/4
wavelength SQUID array resonator to couple a semiconduc-
tor DQD system and probe the dynamics of the driven DQD.
The frequency shift caused by the charge transfer also leads to
an increased response of the reflection resonator as explained
above, different from the transmission signal of a 1/2 wave-
length coplanar waveguide.!!>1% Therefore, we need to dis-
tinguish whether the gain observed at the hot spot stems from
photon emission or frequency shift.

First, we suppress the photon emission by elevating the
interdot potential barrier. The barrier gate voltage Vy is de-
creased from —900 mV to —1300 mV, so the interdot tun-
neling rate 2¢#. is significantly decreased, smaller than the
resonator frequency f; and inhibiting the photon emission.
On the other hand, for a smaller 2z, larger energy detuning
€ = ++/Q%— (21.)? is required to match the resonance fre-
quency, which weakens the effective coupling strength g, and
suppresses the signal gain of photon emission as well. Fig-
ure 3(a) shows the measured reflection |S};| as a function of
Vr and V., for Vsp = 0.5 mV. The observed gain at the hot spot
in Fig. 3(a) results from the frequency shift. To make a better
illustration, we compare the frequency spectrum measured at
the hot spot (triangle) with that measured in Coulomb block-
ade (circle) which is served as a baseline. At each spot, the
reflection amplitude |S;| is measured as a function of probe
frequency fp, and a small shift is expected as schematically
shown in Fig. 3(b). Figure 3(c) shows the measurement result,
a zoom-in diagram near the valley of the spectrum. As an ev-
idence of frequency shift caused by the interdot tunneling, the
|S11| curve measured at the hot spot is a parallel translation of
the baseline. Fitting |S;;| to Lorentzian curve, the resonator
frequency is shifted by 0.5 MHz. The shift direction depends
on the sign of the energy difference A = £2 —hf;. Since we set
the probe frequency on resonance, the small shift leads to an
increased response of the resonator. The frequency shift here
is so small that the increment |AS1; |/ \S(ﬁ)\ is only about 1.7%.

To obtain the photon emission, we increase Vi back to
—900 mV to lift the tunnel barrier. Then the microwave photon
emission induced by interdot tunneling is detected by the res-
onator, and we expect a raise of the spectrum curve compared
to the baseline in Coulomb blockade. Similarly, we measure
the stability diagram and the spectrum at the hot spot as well
as in Coulomb blockade for Vsp = 0.5 mV, as shown in the
lower panel of Fig. 3. In this situation, the observed gain stems
from both contributions of frequency shift and photon emis-
sion. Despite the obvious upward displacement in Fig. 3(f),

048507-3



Chin. Phys. B Vol. 30, No. 4 (2021) 048507

the dashed line (hot spot) also has a small shift compared to
the solid line (Coulomb blockade). However, the contribution
of frequency shift is very small. After subtracting the contribu-
tion of the frequency shift, the increment |[AS1;]/|S gcl)| ~6.3%,
quite larger than that caused by the frequency shift (2.9%).
Utilizing the spectra comparison method, we are able to
distinguish the photon emission from the enhanced reflected
signal at the spot hot. Next, we change the bias window by
modulating the source—drain bias from —0.4 mV to 0.4 mV
as shown in Fig. 4. The different DC bias voltage directions
lead to different shapes of FBTs. The larger voltage, the larger

—690
N
&
£ 695
— 764
E [S11]
f 0.25
—770
(@)
0.1
—960 —940
Vb (mV)

area of bias triangles, and the larger area of hot spot. How-
ever, the gain measured for |Vsp| = 0.4 mV is smaller than that
for |Vsp| = 0.2 mV. This can be explained by the influence of
large DQD-reservoir tunneling rate. Because of the larger bias
window, electrons with higher energy level and more phonons
participate in the cycle (m,n) — (m,n+1) —» (m+ 1,n) —
(m,n), which introduce additional decay channel and deterio-
rate the quantum coherence of the hybrid system. Therefore,
fewer photons are conserved when the system reaches balance
between the photon emission and photon dissipation.

0.35
0.3
O
0.25
0.2
6.74 6.75 6.76 6.77
fo (GHz)
O
6.73 6.75 6.77
f» (GHz)

Fig. 3. Distinguish the enhanced reflected signal between photon emission and frequency shift caused by the interdot transition. (a),
(d) Stability diagram for Vgp = 0.5 mV where the hot spot is indicated by a triangle and the Coulomb blockade regime is indicated
by a circle. (b), (¢) Schematic diagrams illustrate the increased reflections that result from frequency shift and photon emission,
respectively. (c), (f) Corresponding zoom-in spectra near the refection valley measured at the hot spot (triangle, dashed line) and
Coulomb blockade (circle, solid line). The whole spectrum is shown in the inset.
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Fig. 4. Photon emission for source—drain bias Vsp = 0 (a), 0.2 mV (b), 0.4 mV (c), —0.2 mV (d), and —0.4 mV (e).

5. Conclusion

We report the increased cavity response of a SQUID array

resonator which results from the photon emission from a semi-

conductor DQD. Because of the high impedance of the SQUID
array resonator, the large coupling strength between the DQD
and resonator leads to effective energy transfer between elec-

trons and microwave photons during the interdot tunneling
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when a DC voltage bias is consecutively applied across the
DQD. By comparing the spectrum measured at the hot spot
with the baseline in Coulomb blockade, we distinguish the sig-
nal gain caused by photon emission from frequency shift.

In our experiment, the microwave gain of the device is
probed in reflection, employing a 1/4 wavelength SQUID ar-
ray resonator. Compared with a half-wavelength transmission-
line resonator, our resonator is designed with smaller footprint,
which is advantageous to further on-chip integration with other
devices. Furthermore, single-port microwave resonator can
suppress the crosstalk between the input and output ports
which improves the symmetry of the resonator spectrum. 3431
Although we have detected the photon emission in the reflec-
tion spectrum, the large photon loss rate of the resonator as
well as the fast decoherence rate of the DQD deteriorate the
measurement. The observed gain at the hot spot is so weak
that the photon emission rate is slower than the photon dissi-
pation rate. Therefore, stable stimulated radiation is inacces-
sible in our voltage-biased DQD system. Provided a resonator
and a DQD with better quality and larger coupling strength,
we expect the gain will be large enough and coherent photon
source will be realized in such hybrid cQED systems.
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