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The architecture of artificial atoms coupled to superconducting cavities allows the study of light-matter
interactions and intriguing phenomena such as cavity gain implying photon generation. Here, we integrate
a high-impedance cavity with a double quantum dot (DQD) in GaAs/(Al,Ga)As heterostructures, achiev-
ing a considerable DQD-cavity coupling strength and a relatively small cavity decay rate. By applying
a strong drive to the DQD, we realize a population inversion and observe the cavity amplitude gain in
multiple regions in the measured Landau-Zener-Stiickelberg-Majorana interference pattern. We further
systematically investigate the dependence of cavity gain on the driving frequency and tunnel coupling
strength of the DQD. The results show that the cavity gain is tunable, with a maximum value of approx-
imately 1.16 in the measured range. Our experimental results are in good agreement with theoretical
simulations and may provide an opportunity to implement on-chip microwave sources or microwave

amplifiers in a controllable way.
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I. INTRODUCTION

The integration of artificial atoms with superconducting
cavities in circuit quantum electrodynamics (QED) archi-
tecture provides a platform to study light-matter interac-
tions at the quantum level [1-3]. Recent progress in strong
qubit-cavity coupling [4—12], photon-mediated coherent
coupling between distant qubits [13—19], and cavity-based
readout of the qubit states [4,20,21] opens up a way to
scalable quantum networks [22] and wide implementations
in quantum information processing [2,3,23]. In addition,
harnessing the light-matter interaction, artificial atoms can
play the role of the gain medium, making it possible to
engineer cavity fields and generate cavity photons [3,24].

Gate-defined semiconductor quantum dot (QD) is one of
the versatile and ideal artificial atoms due to the high tun-
ability of energy-level structure [25,26] and the underlying
rich physics [2,27—29]. Many works have demonstrated a
cavity gain in QD-based circuit QED setup [30—34], which
suggests photon generation. On one hand, experiments
have applied source-drain bias to a double QD (DQD) to
generate population inversion, achieving an obvious cavity
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amplitude gain [30,34], photon emission [30,35], and even
lasing [31,32]. On the other hand, by applying a continuous
microwave to the DQD, the Landau-Zener-Stiickelberg-
Majorana (LZSM) interference [36] and the assistance of
electron-phonon interactions in the InAs material lead to
population inversion [33,37], hence a more controllable
way for photon generation has been realized in an InAs
nanowire DQD embedded in a cavity [33].

However, for a more scalable strongly driven DQD
defined in heterostructures, the cavity amplitude gain is
hindered by the insufficient DQD-cavity coupling strength
[38]. In contrast to QDs in InAs nanowires, buried
quantum wells in heterostructures constrain the distance
between QDs and cavities, which limits the DQD-cavity
coupling strength. Recent advances in high-impedance
superconducting cavities have greatly improved the DQD-
cavity coupling strength [7,9,11], offering the possibility of
visible cavity gain.

In this paper, we couple a high-impedance supercon-
ducting Nb-Ti-N cavity to a GaAs DQD in a circuit QED
setup. The DQD is periodically driven with a continuous
microwave, leading to an effective population inversion of
the Floquet states [33,37] with the help of the electron-
phonon interactions in GaAs. Benefiting from the good
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performance of the cavity, we observe cavity amplitude
gain in multiple regions of the LZSM pattern. We further
study the influence of the drive and the DQD parameters
on the cavity gain in detail. By varying driving frequency
vy and interdot tunnel coupling 2¢, we tune the cavity gain
and obtain a maximum value of approximately 1.16.

II. EXPERIMENTAL SETUP

Our device [Fig. 1(a)] consists of two DQDs and a half-
wavelength (A /2) transmission microwave cavity, but only
one DQD marked with an orange rectangle is used in the
experiment. The DQD is formed on a GaAs/(Al Ga)As
heterostructure with the confinement potential electrically
tuned by gate electrodes [Fig. 1(b)]. The source and the
drain are grounded. An excess electron in the DQD occu-
pying the left or right dot defines a charge qubit in a basis
spanned by |L) = (m + 1,n) and |R) = (m,n + 1), where
(m,n) denotes the number of electrons in two dots. In
this basis, the Hamiltonian is given by Hpgp = (€0, +
2to,)/2, where o, and o, are the Pauli matrices. € is the
detuning between |L) and |R), and 2 is the interdot tun-
nel coupling. We control € (2¢) using the gate voltages
Ver (Vmu and Vyp). The DQD’s transition frequency is
Jq = €%+ 412 /h, where h is Planck’s constant.

To couple with the cavity, the plunger gate of the DQD
[pink in Fig. 1(b)] is galvanically connected to a volt-
age antinode of the cavity. Our cavity is fabricated from
an 11-nm-thick Nb-Ti-N film with a narrow cavity cen-
ter conductor (approximately 320 nm) to achieve a high
characteristic impedance (Z, ~ 2 k2) [9,39], resulting in
enhanced coupling strength g between the DQD and the
cavity (g o< +/Z,) [7,11]. The cavity has a center frequency
fe = 5.196 GHz and decay rate « /27 = 11.2 MHz.

In the experiment, the device is cooled in a dilution
refrigerator with a base temperature of approximately
17 mK. To read out the charge states of the DQD, we apply
a probe microwave into the cavity at the frequency f, = f.
and measure the transmission signal by a vector network
analyzer. Figure 1(c) shows the measured normalized cav-
ity transmission amplitude 4/4y as a function of gate
voltages Vgr and Vg, which exhibits the charge-stability
diagram of the DQD. Ay is the averaged cavity transmis-
sion amplitude with the DQD in the Coulomb blockade
regime [8,33]. Fitting the data with the input-output theory
[6,40], we estimate the coupling strength g/2w ~ 56 MHz
and the DQD’s decoherence rate y /2w ~ 100 MHz at
2t/h ~ 5.3 GHz.

I11. CAVITY AMPLITUDE GAIN

We drive the DQD by applying a continuous microwave
at frequency v; and amplitude A4; to gate BR. There-
fore, the detuning is modulated as € = ¢y + A, cos 2w v,t)
with the offset detuning €y. 4/4y shows the LZSM pat-
tern as a function of € and driving power P, A?z in Fig.

(a)

(m, n+1)

-982 978
Ver (mV)

FIG. 1. (a) False-color optical micrograph of the hybrid sys-
tem composed of two DQDs and a superconducting Nb-Ti-N
transmission cavity. (b) False-color scanning electron micro-
graph of the DQD. Gate electrodes BL, PL, MU, PR, BR, and
MD are used to define a double-well potential for the DQD. The
plunger gate PL (pink) is connected to the cavity. (c) The charge-
stability diagram of the DQD extracted from normalized cavity
transmission 4/A4y.

2(a). In general, only loss stripes (4/4p < 1) appear for
a transmission cavity when the probe frequency is fixed
at f, = f. [38,41]. Interestingly, a series of cavity ampli-
tude gain (4/A4o > 1) stripes are observed besides the loss
stripes. Within the measured range, several regions marked
by green rectangles display similar gain magnitudes. We
denote them as G1, G2, and G3, with the driving power
from low to high for simplicity. The cavity gain indicates
that the DQD transfers energy to the cavity by emitting
photons into the cavity mode [30,33,37].

The Floquet theory [43], which provides a power-
ful tool to describe the dynamics of periodically driven
systems, can be used to understand the origin of the
photon emission. In this theory, the solution of the
time-dependent Schrédinger equation is expressed as
Ve (1)) = e "¢ (1)) (¢ = 0, 1), where |, (1)) is the
Floquet state with its quasienergy u,. As the Floquet
state keeps the same periodicity as the drive, |, (7)) =
|po (2 + 1/v,)), it can be Fourier decomposed as |, (£)) =
Y, e hual|g, 1) with an integer k. |¢o4) is the kth
Fourier component of |¢, (7)) with its quasienergy shifted,
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FIG. 2. (a) The LZSM interference pattern obtained by mea-

suring A/A, at driving frequency vy, = 3.3 GHz and 2¢/h =
5.3 GHz. The maximum gain is about 1.07. (b) The corre-
sponding theoretical simulation results, see details for theory in
Appendix. B. The driving power P; = —40 dBm corresponds
to amplitude 4; = 11.4 peV in the simulation. We consider the
fluctuations of the detuning € and the driving amplitude 4, by
convoluting all the theoretical plots with a Gaussian distribution
of width 0. = 3.3 eV along the € axis and 6p, = 0.2 dBm along
the P, axis [33,41,42]. (c) Schematic diagram of the quasienergy
spectrum of the Floquet states, which repeats with the period /v,.
Red arrows indicate the case in which the energy splitting of two
levels matches the cavity frequency and a photon is emitted into
the cavity. (d) The theoretical calculated 4/A4 at G1 as a function
of the ratio g/k.

Uaj = Mo + khvg. Therefore, the Floquet quasienergy
spectrum has a Brillouin zone structure with a periodic
width equal to the energy quantum of hv,, which is
schematically illustrated in Fig. 2(c). The quasienergy is
modulated by the detuning €, since the quasienergy can
be understood as the combined energy of the DQD and the
driving field with w (€9, 2¢, 44, va).

Analogous to the analysis in Ref. [33], the competi-
tion between the drive-assisted phonon relaxation and bare
phonon relaxation contributes to a larger excited Floquet
state population, generating a population inversion in the
Floquet basis. As the driving frequency v,; < f. in this
experiment, the relevant Floquet states are in different Bril-
louin zones in contrast to Ref. [33]. Moreover, when the
quasienergy difference of these two states is on resonance
with the cavity, i.e., A + hkvy = hf. or h(k+ Dvy; — A =
hf., the driven DQD emits a photon into the cavity as indi-
cated by the red arrows in Fig. 2(c). Here, A = p; — po is

the splitting of two quasienergy levels within a Brillouin
zone (the green arrow). In this framework, the relaxation
processes and the quasienergy difference are modulated
by the system parameters. Therefore, the observed A/A4
shows oscillatory behavior in Fig. 2(a). The simulation
result obtained with Floquet theory is shown in Fig. 2(b)
and is in good agreement with the data, quantitatively
confirming our analysis.

Given that the population inversion and resonance con-
ditions give rise to photon emission, it is natural that
the emission rate depends on the DQD-cavity coupling
strength g. However, this process competes with the cavity
photon decay at rate k due to the coupling of the cavity to
the environment. Consequently, to observe the cavity gain,
a large coupling strength g and a small cavity decay rate
k are necessary. This is illustrated with the theoretical pre-
diction in Fig. 2(d), the cavity amplitude at G1 decreases
as the ratio g/k becomes smaller. When g/k < 1, 4/A4¢
is close to 1. As recently demonstrated on a transmission
cavity containing a similar driven GaAs DQD [38], only
loss stripes appear because of the small g and large «
(g/k =~ 0.3, the black point). In contrast, our device has
been improved by enhancing g with a high-impedance cav-
ity and suppressing the cavity decay with an optimized
fabrication process to reach g/xk =~ 5.0 (the red point),
contributing to the visible cavity gain.

IV. THE INFLUENCE OF DRIVING FREQUENCY
AND TUNNEL COUPLING STRENGTH

We demonstrate that the preceding measurement results
can be interpreted by the competition between photon
emission and photon loss. To get more insight into the
cavity gain, its dependence on system parameters is inves-
tigated. In this section, we show that the photon emission
process is tunable by driving frequency v; and tunnel
coupling 2z.

First, we study the influence of v,; on the cavity gain.
Figures 3(a)-3(c) show the evolution of the LZSM patterns
for different driving frequencies v; = 3.2,3.35,3.5 GHz
while fixing 2¢/h ~ 5.3 GHz. At v; = 3.2 GHz, the cav-
ity gain at G3 is slightly larger than that at G1 and G2. As
vy increases to 3.35 GHz, cavity gains are comparable at
three regions and the largest at G2. When v, = 3.5 GHz,
the cavity gain at G1 is the largest. To obtain a complete
dependence of the cavity gain on vy, we change v, from
3.15to 3.7 GHz in steps of 50 MHz and measure the LZSM
interference patterns at every v,. As the LZSM patterns
are similar to Figs. 3(a)-3(c) except that the gain value
changed, these patterns are not shown here for brevity.
The extracted gain values at G1 to G3 are plotted in Figs.
3(d)-3(f), respectively. We find the same trend of the gain
at three regions, increasing and then decreasing over the
measured v, range.
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FIG. 3. The A/A, as a function of ¢) and P, at driving frequency (a) vy = 3.2 GHz, (b) v; = 3.35 GHz, (¢) v; = 3.5 GHz. The

maximum 4/A4 at (d) G1, (e) G2, (f) G3 extracted from LZSM patterns as a function of v, (dots) and the corresponding simulation
results (solid lines). The simulated maximum A/4, at G1-G3 are extracted from the calculated LZSM interference patterns as the

positions of G1-G3 vary with vy.

The tunability of A/A4y by v; can be qualitatively
understood by considering the population distribution,
quasienergy [y, and the effective coupling strength geg
between the Floquet states and the cavity [see Eqgs. (B7)
and (B8) in the Appendix]. v, affects the drive-assisted
phonon relaxation process, leading to a change in the
effective population of the Floquet states. Meanwhile, the
fulfillment of the resonance conditions is modulated by v,
since [, 18 a function of v,;. And g is a function of driv-
ing and DQD parameters as gex(vg, 2¢) [44]. Thus, all these
ingredients contribute to a variation of the gain. Another
observed feature, the maximum cavity gain of approxi-
mately 1.13 is reached at G1 with v; = 3.6 GHz rather than
at G2 and G3, is probably due to a larger g at G1 com-
pared to that at G2 and G3 [44]. All the features are well
captured by the theoretical calculation results, as shown by
the solid lines in Figs. 3(d)-3(f).

We now investigate the dependence of the cavity gain
on 2¢. At each 2¢, the equivalent experiments as in Fig.
3 are performed by varying v,;. And the extracted cav-
ity gain at G1 to G3 is similarly plotted as a function of
vy, see Appendix C. We see that at different 27, the max-
imum cavity gain value is always obtained at G1 instead
of at G2 or G3, consistent with the observation in Fig. 3
and owing to a larger effective coupling at G1 [44]. Fur-
thermore, at each 2¢, we record the maximum cavity gain
and the corresponding applied driving frequency, denoted
as the optimal driving frequency v™". Figure 4(a) displays

v as a function of 2¢, where v}"" increases as the transi-
tion frequency of the DQD becomes larger. The maximum
cavity gain as a function of 2¢ is plotted in Fig. 4(b). Over-
all, we find a larger cavity gain for increased 2¢, with
the largest A/A4y ~ 1.16 reached at 2¢/h ~ 6.2 GHz and
vy = 3.775 GHz within the measured parameters.

The 2¢ dependence of the maximum 4/A4, can be inter-
preted similarly to vg;. The variation of 2¢ affects u,,
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FIG. 4. (a) The optimal driving frequency v5" and (b) the max-
imum cavity gain as a function of 2¢/A. At different 2¢, we vary vy
and extract the cavity gain from the LZSM interference patterns,
which is plotted as a function of v, in Appendix. C. From this,
the optimal driving frequency and maximum cavity gain at each
2t are determined. The solid lines are the calculated theoretical
results obtained with the same method as in Fig. 3.
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thereby modulating the phonon relaxation process and the
fulfillment of the resonance conditions. And as mentioned
above, g is a function of 2¢. Therefore, the tunability of
gain by 27 is also a result of multiple factors. The theo-
retical simulations for v;p " and the maximum A /Ay as a
function of 2¢ (the solid lines in Fig. 4) are in good agree-
ment with the experimental data. However, some measured
maximum A4/4, deviates from the simulation, which is not
completely understood and warrants further investigation.

V. CONCLUSION AND OUTLOOK

In conclusion, we realize a population inversion of
Floquet states in a strongly driven DQD formed on a
GaAs/(Al,Ga)As heterosturcture. Taking advantage of the
cavity’s high impedance and improved quality, the appre-
ciable coupling strength g between the DQD and the cavity
as well as the relatively small cavity decay rate « facili-
tate the observation of cavity amplitude gain (4/4 > 1).
We observe that multiple regions in the LZSM pattern dis-
play amplitude gain, implying that the DQD emits photons
into the cavity. Furthermore, the dependence of the cavity
gain on driving frequency v, and tunnel coupling 2¢ is mea-
sured, demonstrating the tunability of the photon emission
process.

The cavity gain can be further enhanced by optimizing
the cavity with higher quality and impedance as pre-
dicted by theory. Improving the cavity design [19] and
substituting the cavity materials with higher inductance
material such as TiN [45] and granular aluminum [46,47]
allow a further increase in cavity impedance and achieve
a larger g. In addition, it is possible to reduce cavity loss
with microwave engineering like on-chip microwave fil-
ters [48—50] and the optimized fabrication process [51].
With all the improvements, we expect the investigation
of photon statistics with correlation function measure-
ment [52,53] and the achievement of microwave sources
and amplifiers in a controllable way [37]. Our scheme is
general and transferable to QD systems hosted on other
semiconductor material, such as silicon. Moreover, this
kind of tunable hybrid system is convenient to integrate
with other qubits on the same chip and can work at low
temperature [54], which offers broad application prospects.
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APPENDIX A: MEASUREMENT SETUP

The device is cooled using a cryogen-free dilution
refrigerator, and the circuit diagram of the measurement
setup is shown in Fig. 5. The cavity probe tone is generated
by a vector network analyzer (VNA) and attenuated about
76 dB before arriving at the cavity port. The cavity out-
put signal is amplified by HEMT at 4 K and two amplifiers
at room temperature sequentially, finally measured by the
VNA. The microwave drive is generated by a microwave
source and reaches the BR gate through a bias tee.

APPENDIX B: THEORY

In this section, we introduce the theory [55] employed
for the simulation.

1. Floquet theory

The DQD with a periodic drive is described by a time-
dependent Hamiltonian,

1
Hpgp = E[(GO + Agsin(2mvgt))o, + 2toy]. (B1)
Ag (vg) is the amplitude (frequency) of the driving
microwave. And 2¢ is the interdot tunnel coupling. o, and
o, are the Pauli operators for the DQD.
Thus, the Schrédinger equation is

d
<_ihd_t +HDQD> v (@®) =0, (B2)

which can be solved with Floquet theory [43].
The set of solutions to the Schrodinger equation can be
expressed in the form:

Vo (0)) = ey (1)), (B3)

where |¢, (7)) is the Floquet state and p, is the corre-
sponding quasienergy. |¢, ()) has the same periodicity as
the drive, which can be expanded into the Fourier-series
representation as |¢, (£)) = Y po . e ZThvdl| @, 1) with an
integer k, and |, ) is the kth Fourier component of
|pa (D).

By expressing the above Eq. (B2) in the Fourier-
series representation, a time-independent equation can be
obtained [56]. Note that this transformation is realized at
the cost of the infinite state space, but we can numeri-
cally solve the time-independent equation with appropriate
truncation.

2. Floquet-Bloch-Redfield theory
When the system dissipation is weak [57], the stationary

state of the driven DQD system is diagonal in the Floquet

basis as p(t) =), Pula(t))(Ps(?)]. pe is the occupa-
tion probability of the Floquet state |¢, (#)), which can be
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FIG. 5. Schematic of the measurement setup.

obtained with the Floquet-Bloch-Redfield theory [55,57].
It follows the master equation as

p.ot = Z(Waeﬂpﬂ - Wﬁe(xpa)e (B4)

B

where w, g is the transition rate from state |¢g (7)) to state
P (D).

To consider the transition due to the electron-phonon
interactions [55,58], a system-bath model is introduced:

Hopn =X Y h(bli+b) + Y woyblby, (B3

where w, is the frequency of the vth phonon and bI (by)
is the phonon creation (annihilation) operator. A, is the
coupling between the DQD and phonon. Here, we choose
X = o, [42,55]. With this Hamiltonian, the transition
rate derived from the electron-phonon interactions can be

expressed as

Wap =23 | D (Basp-sklozldpu) > X N (o — pp+kS),
k K
(B6)

where N(w) = J(w)nn(w) with the bosonic thermal
occupation number ng(w) = 1/(e"/B7 —1). J(w) =
Ty, [Ay|28(w — w,) = maw/2 is the phonon spectral
density with the dissipation strength o and J(—w) =
—J (w).

3. Cavity response

Combined with input-output theory [55], the cavity
transmission at frequency f, yields

l'4 /K1K2

Sy = Ae" =
21 2n(fe — f,) + &% 2f,) — iK/2

+ 4.
(B7)
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FIG. 6. The maximum 4/A4¢ at G1 (blue), G2 (red), and G3 (orange) extracted from LZSM patterns as a function of driving frequency
vy for different tunnel coupling 2¢. The data of 2¢/h ~ 5.3 GHz are shown in Fig. 3 in the main text.

A and ¢ are the amplitude and phase of S,;, respec-
tively. And f. (f,) is the cavity (probe) frequency. g is
the coupling strength between the DQD and the cavity.
kK = k1 + Ky + kine 1S the total decay rate of the cavity,
where k; (k;) is the decay rate of cavity port 1 (2) and
kint 18 the internal decay rate of the cavity. We add a
complex constant g to include the Fano effect due to
interference between microwave transmission through the
cavity and through a background [59]. In this experiment,
we obtain the constant ¢ = 0 4 0.084i by fitting the bare
cavity transmission. 4y = | — 2,/k1k2/k + q| is the bare
cavity transition amplitude with the DQD in the blockade
regime at f,, = f.. Then the normalized cavity amplitude is
obtained with 4/4,.

The susceptibility x for the DQD is a function of
Floquet states,

(pot _pﬂ)|Zaﬂ,k|2
21fy + (o — pp) /B — 2mhkvg + iy /2°
(B8)

xQuf) ="
o,B.k

where Z,g, is the kth Fourier component of the tran-
sition matrix element as Zyg; = fOT dt/ Te*™*val (¢, ()| o-|
¢p(1). y is the decoherence rate between states of the
DQD. As in the experiment, we focus on the region where
detuning € is near zero, we assume that y will not change a
lot, which leads to little variation in the normalized cavity
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amplitude 4/Ay. Therefore, we fix y in all the theoretical
simulations.

APPENDIX C: THE DEPENDENCE OF CAVITY
GAIN ON TUNNEL COUPLING

Here we show the maximum cavity gain data measured
at different tunnel coupling 2¢. At each 2¢, we change v,
and extract the gain at G1, G2, and G3. The complete
experimental data are shown in Fig. 6. From this, the max-
imum cavity gain obtained at different 2¢ and the optimal
driving frequency v$™" are determined and illustrated in
Fig. 4 in the main text.
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