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High-frequency breakdown in dynamic tunable-barrier quantum dots
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Tunable-barrier dynamic quantum dots are known to generate very accurate single-electron-based cur-
rents and can be used as a source of single-electron wave packets for use in quantum metrology, sensing,
or information processing. To realize their full technological potential, it is desirable to maximize their fre-
quency of operation to increase the current; however, it has been observed that the mechanism of electron
transfer across the quantum dot consistently breaks down for gigahertz frequencies, and this remains unex-
plained. Here, we present an analysis technique, combined with detailed modeling, to present a mechanism
of high-frequency breakdown in this class of quantum dots as a rapidly imparted momentum impulse.
Such understanding aids future design and operation protocols, allowing their use in high-frequency and

real-time quantum measurements and technologies.
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Quantum dots (QDs) have traditionally found wide-
spread use in studies of electron transport in condensed
matter physics [1-3], with many of these studies having
focused on using dc or low-frequency transport. Recently,
there have been proposals to use QDs as high-accuracy
current sources, or as fast sensing devices [1,4]. In these
proposals, the QD is either used as a source of high-
fidelity wave packets [5—8] or as a tool itself to study
fast quantum-coherent events such as excitation or entan-
glement [9—11]. In both classes of experiment, the QD
is used dynamically, with its energy with respect to the
leads or its confinement being changed in time to favor
electron capture, ejection, select specific states, or pre-
serve coherence. To achieve this, it is desirable to move to
high-frequency operation (of the order of gigahertz), either
to increase the number of wave packets created for ease
of measurement [5,12,13] or to sample coherent phenom-
ena [9,14,15]. Further, a high-frequency QD can aid the
realization of quantum computing architectures that use
coherent QD states [16—18], or serve as high-frequency
qubit structures and linkages [19-21].

The state-of-the-art QD architectures employed in
such applications use an electrostatically defined and
dynamically controlled QD embedded in a semicon-
ductor heterostructure, and they are commonly referred
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to as tunable-barrier QDs [1]. The QD is defined by
time-varying electrostatic tunnel barriers that permit elec-
tron transport into and out of the QD in specified time
windows, enabling a clock-controlled charge-transfer pro-
cess. In the above applications, charge may be transferred
in a single, one-off process, or continuously as a stream
of individual wave packets that form a dc current. In the
present study, we will focus on the breakdown of the dc
current in the high-frequency regime, and we will show
that the mechanism of this breakdown is based on electro-
statically driven single-electron transfer events, which can
be explained by a simple model considering the electron
dynamics inside a QD.

The accuracy of a QD as discussed here refers to its
ability to transfer a precisely defined number of charges
per clock cycle. This accuracy of charge transfer, and
hence its usability in technological applications, depends
on several factors. The detailed mechanism of the elec-
tron transfer across the QD in this class of electrostatic
dynamic quantum dots is well understood in the adiabatic
limit, when the transfer process occurs with the electron
remaining in the QD ground state, and is described by the
decay-cascade model [22]. This model describes the elec-
tron loading and isolation process, and it has been well
verified experimentally in several materials, including the
most accurate state-of-the-art tunable-barrier QDs in sili-
con and GaAs. Empirically, the adiabatic limit is found to
be approximately 1 GHz in this important class of dynamic
QD, where the decay-cascade model is found to begin to
break down.

The principal limitation of high-frequency operation in
QDs arises from the nonadiabatic (NA) excitation [12,23].
This generic term describes processes that cause unwanted
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excitation to a resident electron, which allows a greater
chance of escape from the QD, and so the electron-
capture process fails and hence the accuracy of transfer
decreases. This term describes an electrostatically induced
excitation, which can be to a population of higher-energy
states, depending on the confinement and level structure
of the QD. In addition, the coherence may be reduced.
This reduction in accuracy has been shown to be detri-
mental for the above applications [1,24]. Typically, the
generated charge transfer from source to drain, i.e., the
dc current, deviates from that predicted by the adiabatic
decay-cascade model and declines to zero at high frequen-
cies. While this NA-induced breakdown was observed in
many electrostatically defined architectures, like its adi-
abatic counterpart—demonstrating the material indepen-
dence and electric origins of the effect—the exact mech-
anism of the breakdown remains largely unknown. Here,
we begin to clarify this by detailing a mechanism of this
breakdown. This effort can influence future gated semi-
conductor designs and measurement protocols and allow
the realization of high-frequency quantum measurements
and wave-packet sources. We present data and a model
that extends the decay-cascade model into the nonadiabatic
regime.

In this work, we use an analysis technique based only
on the dc throughput current and develop a model that
reveals the NA excitation to be a sharp momentum trans-
fer imparted to an electron resident in the QD. In our
study, we use a gate-defined silicon QD and operate it
dynamically [12,25-27], such that a well-defined num-
ber of electrons can be loaded into the QD and expelled
with a recurring frequency f. Our system is analogous to
those constructed in other semiconductor media [1,24]. We
use the decay-cascade model as a basis of our study of
the NA excitation [22]. In the NA case, some electrons
are excited during the loading of the dynamic QD, which
will induce a further electron escape back to the source.
In our work, we use a higher-energy (HE) state to sam-
ple these NA-excited electrons. The HE state could be
either a trap state [9,28,29] or an intrinsic excited state
of the QD. We note that this HE state is sampling the
NA-induced excitations, and that other excitations may
also arise and contribute to the breakdown of the dc
current. In addition, our method provides a complemen-
tary technique to study the phonon coupling to a resident
electron, as we also account for thermal activation of
the HE state. We derive a model that can recreate the
thermal and NA components of the excitation with con-
siderable accuracy and find that the NA-excitation can
only be understood as a sudden impulse on the electron,
whereas the thermal excitation can be separated as a lattice
phonon interaction as expected. Our analysis technique
of deriving excitation rates from dc current could prove
useful in understanding and constructing future quantum
measurements and enhance sensing protocols, in addition

to the knowledge gained on the origin of the excitation
itself.

I. MEASUREMENT OF NONADIABATIC
EXCITATION

A sketch of the device used is shown in Fig. 1(a). The
QD, shaded in blue, is formed electrostatically between
two polycrystalline-Si gates G; and G,, separated by 100
nm, that lie above a Si nanowire [30]. An additional upper
gate covers the area in the sketch to aid conduction. The
QD is formed when we apply the potentials Vg, and Vg,
to gates G; and G,, respectively. We operate the QD
dynamically, in a similar way to single-electron current
sources [1,26]. The potential Vg; is driven periodically
by a sinusoidal waveform V() with period 1/f, while
VG2 is held constant. During a single period of Vs, (1), the
potential underneath G; drops below the Fermi energy,
allowing electrons from the source to populate the QD
region. As the potential rises, the QD is formed and elec-
trons are isolated within it. As the potential continues to
rise, the QD potential rises above that of Vg;, and the
resident electrons are ejected to the drain. This forms a
dc current I; = nef, where n is the captured population
of the QD and e is the electronic charge. This process
is denoted with black arrows in Fig. 1(a). We develop
our analysis using only a straightforward measurement of
1;. The previously introduced decay-cascade model pro-
vides a master-equation-based formalism to describe this
process.

Because the ejection process from the QD can be made
to occur with unit probability, /; is a measure of the cap-
ture dynamics, and hence this capture stage determines
the effectiveness of the QD to act as a current source
or of coherent wave packets. This electrostatic scheme
is material independent [1,24] and allows us to mea-
sure the generic incoming process to a QD driven in this
way. The accuracy of this process can be evaluated by
comparing I, to the expected current nef, within the res-
olution of the measurement noise. The sample is mounted
in a temperature-controllable dilution refrigerator in zero
magnetic field.

In our device, we also observe the presence of an
HE state, which is known to sometimes occur in silicon
devices [9,28]. We speculate that this state could be an
instance of two possibilities: it could be an intrinsic excited
state of the QD, or it could be a (trap) state of a parasitic
QD in parallel to the main QD, as depicted in Fig. 1(a).
In the case of the HE state being attributable to a trap-
like QD, we find in our case its ground-state energy is at a
higher potential than that of the main QD, as we do not see
parallel current flow across the QD system. The HE state
serves to return electrons to the source lead, depicted with
arrows in Fig. 1(a), as we will show later. The breakdown
in accuracy seen with NA excitation is attributed entirely
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FIG. 1. (a) Schematic of the device used in this work. The

main QD is shaded in blue, and the HE state is shown in red.
Arrows denote the possible electron paths: black, capture and
forward escape, defining /;; red solid, escape to source via the
HE state; red dash, direct escape to source. (b),(c) Upper panel:
the QD current I; shows a clear plateau reflecting the cap-
ture process. Lower panel: the derivative dl;/dVg, shows the
captured-electron distribution. Black trace, 0.1 GHz, adiabatic
capture; red, 6 GHz, NA excitation present. Arrow highlights the
distribution formed from the HE-state population. At 10 K, (b)
shows no HE state component at 0.1 GHz, but in (c) at 25 K, we
see thermal activation to the HE state can occur.

to current returning to the source during the capture stage
of the driving, though we note that there are likely other
states, in addition to the HE state, through which this can
occur.

In Figs. 1(b) and 1(c), we show the current /; (upper
panel) and the derivative di;/dVg, (lower panel). As Vi)
is varied from higher potential (more negative voltage) to
lower, plateaus of current are seen in /; for successive
n. In this study, we restrict ourselves to the first plateau,
where n = 1, which corresponds to ejection of a single
electron from the QD and is of greatest interest in most
applications; however, our analysis extends to multiple n
due to the nature of charge transfer and excitation being
based on sequential single-electron processes [22]. We use
a frequency f of 0.1 GHz as a basis for adiabatic trans-
fer through the QD, plotted in black in Figs. 1(b) and 1(c).
At this frequency, electron transport across the QD occurs
adiabatically [1,22,31] and the decay-cascade model has
been verified [22,32-34]. In our device, we also confirm
the accuracy of this model for /; at f = 0.1 GHz. We use
this confirmation as a basis to verify that /; measured at
f = 0.1 GHz is entirely developed from adiabatic (ground-
state) capture to the QD. We will use this adiabatic dataset
as a basis to compare the ground- and excited-state cases.

The derivative dl;/dVg, shows a well-defined char-
acteristic distribution reflecting the decay-cascade model
conforming capture statistics, and this is plotted in Fig.
1(b) (lower panel, black trace). By contrast, we plot the
equivalent trace at / = 6 GHz in red. Here, we see that
this distribution is broadened, which we attribute to the
high-frequency NA breakdown in the capture process, and
hence the accuracy of /; is reduced. More importantly, as
highlighted with an arrow in Fig. 1(b), we see a separate
distribution, which we attribute to electrons being pro-
moted to the HE state by the NA excitation, and returning
to source [see Fig. 1(a)] [23]. This HE-state distribu-
tion puts a limit on the accuracy because it degrades the
flatness of the current plateau, as it is sampling a pro-
portion of QD electrons that probabilistically undergo the
NA-excitation process. The HE-state distribution is equiv-
alent to a population of excited electrons. By studying
this distribution under varying frequency and temperature
(which principally drive the NA and phononic compo-
nents, respectively), we can derive a model of the NA
excitation process. Note that at 6 GHz, we see an anoma-
lously slow riser around the onset of the pump current,
which could be because the height of the entrance barrier
[30] is too low in this regime, and we move outside the
validity of the decay-cascade model.

In Fig. 1(b), the traces are recorded at a temperature of
T =10 K, which is sufficiently low to maintain ground-
state capture, and thermal fluctuations are negligible [30,
34,35].

In Fig. 1(c), we plot the equivalent measurements of /1,
but at 7= 25 K. We see at this elevated temperature that
the HE state can be populated by the thermal activation at
low f° (lower panel, black, highlighted). At high f, there
is an increase in amplitude of the HE-state population.
As with NA excitation, this thermal escape to the source
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FIG. 2. (a) Example of the quantitative sampling peak-to-area

method. The peak is marked with a cross, and the shaded area
denotes the captured population. (b) The peak-to-area measure
of the HE-state population. Left panel: for f = 1-6 GHz we see
a progression in the ratio attributable to NA excitation. Right
panel: temperature evolution at all frequencies.

can also be direct from the main QD. Both the NA exci-
tation and thermal energy produce similar effects on the
distributions but from different origins. We will account
for the electron-phonon coupling during this capture phase
in addition to the NA excitation. As we see in Fig. 1(c),
the HE state can sample this excitation by capturing these
higher-energy electrons from both NA and thermal origin.

To quantify these effects, we measure /; over 0.1-6 GHz
to see the progression of the NA breakdown, and over a
temperature range 7 = 1080 K to see the thermal effect.
We find that, even in the high-f* case, where the HE state
has the highest occupation, the current lost via excitation
to the HE state and relaxation to the source is of the order
of picoamps, making it difficult to evaluate quantitatively.

Therefore, we analyze the HE-state population as shown
in Fig. 2(a). Here, we show a sample derivative trace
dl;/dVg, (red), similar to those of Figs. 1(b) and 1(c). The
shaded area corresponds to the captured electron distribu-
tion and is thus a measure of the actual /;, including inac-
curacy. We note the similarity in shapes of the main QD
and HE-state distributions. The shape is largely determined
by the cross-coupling between the QD and G;. Hence,
the similarity between the distribution shapes allows us to
infer that the cross-coupling between the HE state and G,

is quite similar. We see that /; < 1 over this region always,
which confirms that the HE state is not contributing elec-
trons to the main QD, and thus we show that the loading
process largely follows the adiabatic decay-cascade model.
This allows us to assume that the HE-state distribution is
monotonic with population. As the frequency of operation
increases, we observe the decrease in the total pumped cur-
rent, given by the shaded area of Fig. 2(a). We attribute this
decrease to the NA process. The HE state samples some
of these electrons that undergo the NA process. With the
small size of the distribution, we can take the peak height
as a less noisy measure than the HE-state peak area, as
marked with a cross on Fig. 2(a). To normalize the HE-
state distribution to the total pumped current, we consider
the shaded area to be the actual pumped current /;, as
opposed to the ideal value of nef. This is because, as we
increase the frequency and temperature of the device, we
observe a broadening of the main distribution due to non-
decay cascade tunneling (and not via the HE state) from
the QD, and so our method accounts for this reduction in
total pumped current.

In Fig. 2(b) we plot this peak-to-area ratio. In the left-
hand panel, we can see a clear frequency dependence, with
higher /' showing a larger HE-state population, attributable
to the NA excitation. In the right-hand panel, we can see a
clear T dependence, as the HE state is thermally populated,
universally at all frequencies. To understand how the HE
state can be populated due to the NA process captured in
the analysis in Fig. 2, we will use both the temperature and
frequency dependence of the HE-state current.

I1. MODEL

To separate the thermal and NA components, we derive
a model as sketched in Fig. 3(a). We construct a two-level
system consisting of the QD ground state U (f) and the HE
state Ug(f). Due to the similar coupling between each state
and Gy, the two states can be separated by a fixed energy
E. These two levels are used to represent the total spec-
trum of states available to an electron in the QD and HE
state, respectively. The barrier top, denoted by U, (), rises
with VE, (1); Ug(t) and Ug(¢) also rise together but at some
slower rate determined by the cross-coupling between the
gate and the QD and HE-state system [9,30]. The arrows
in Fig. 3 denote the allowed transitions: the black arrows
show escape to the source, the red arrows denote thermal
excitation and relaxation, and the blue arrow shows the NA
excitation.

The time evolution of the total population of the QD and
HE-state system is [14]

dPG(E, 1)

— IGPG(E,n (1 —F (Us()) Te(E), (1)

064045-4



HIGH-FREQUENCY BREAKDOWN IN DYNAMIC...

PHYS. REV. APPLIED 24, 064045 (2025)

(a) Ugi ) QD Trap

I hop
) Ue(t)

Potential
8N
=}
[e]
»n
(b) &
5
—2
g 1077 3
&
N
>(D
T 10734
\‘u
S
C) o N,
© = 10-2] X
5 Data Ay
g 6GHz 30K %
8 Model N -
_ _ Y
3 10 3 4F---6GHz 30K T,;=0 5 W
% 6GHz 30K T,,=27K| RS
< - - - -6GHz 57K T,,=0 AN N
~ ~
.Q T T I\
—1000 —900 —800
Vg2 (MV)
d
(d) 10l
Potential shift
N w
N
[0}
£ 064
LL]E
0.4
0.24
1 2 3 4 5 6

f (GHz)

FIG. 3. (a)Schematic of the model. Arrows denote the allowed
transitions, labeled by the attempt frequency of the transition.
The terms in Egs. (1) and (2) in the main text describe the
rates of each transition. (b) Determination of the pair (I, E)
by mapping to 0.1 GHz (adiabatic) data finds (1 x 10'" s~
9 meV). (c) Verification of the shape of the HE-state distribution.
A nonzero Ejy; is required to get the peak shape of the NA distri-
bution, whereas using an increased (lattice-temperature) T gives
the more rounded shape, as also seen in (b). (d) Injected energy
Eiy; as a function of frequency f. The shaded region shows the
variability in the range 7 = 2030 K. The sketch highlights the
dominant component of Ej,; as a potential shift.

dPg(E, 1)

o = D1Pe(B.0 — T Pr(E.0)

— IgPp(E, ) (1 — F (Ug(1))) TR (E)
— ThpPE(E, D) (1 = F (U5 0))) TE(E), (2)

where Pgp(E,f) denotes the population P of the state
Ugp(t). Each of the arrows depicting allowed transi-
tions in Fig. 3(a) is labeled by the corresponding attempt
frequency.

Thermal interactions are expressed as [} =
I'owexp(—£/kT) and I') = I}, and follow the detailed bal-
ance, and IF,p is a thermal-escape rate. Further, I'G £ is an
attempt frequency from each state, and we take I'g = [;
F(e) is the Fermi function and 7 z(F) is a transmission
coefficient (see the Appendix for a full description of the
model terms) [30]. In addition, Ug(0) = —E,, where E_ is
the charging energy and U, (0) varies proportionally to
Vo [30]; & is Boltzmann’s constant; and Ty is a constant.
This evolution allows only for direct (tunneling) escape
from the QD and HE state and thermal activation of the
HE state [see also Fig. 1(a)]. Note that we use Itop = Ipn
for the thermal activation from the HE state for simplicity
because the corresponding barrier height is low enough.
We simultaneously solve the master equations (1) and (2)
for varying U}, o< Vi to form a current equivalent to
those measured in Figs. 1 and 2.

Figure 3(b) plots two traces at 0.1 GHz at a low (20 K)
and high (30 K) temperature. The data show that the HE
state is populated more significantly at 30 K. The dashed
lines show the result of the above model, with no NA
excitation included, where we have used I'z = 10 THz,
Iph = 0.1 THz, and £ = 9 meV, chosen as a best fit to
the data. We find that I7, is in agreement with literature
values [36].

We now incorporate the NA excitation into our model.
In Fig. 3(b), the initial zero-time loading condition was a
Fermi distribution shared between Ug(0) and Ug(0). This
Fermi distribution gives the initial populations of Ug(0)
and Ug(0) that we then use to solve the master equations
(1) and (2). We introduce the NA excitation as a rapid
impulse at = 0—an electron in the QD receives a sud-
den momentum gain, which can cause the excitation. We
define Ti,j such that the zero-time Fermi distribution is cal-
culated as an effective temperature Tgarx = T + Tip;. This
zero-time distribution is used to calculate the populations
at Ug(0) and Ug(0). Note that T, is not a real tem-
perature if NA excitation exists, which can place the QD
into a nonequilibrium condition. In our model, we only
modify the zero-time populations (see the Appendix for
details) P £(0) by using Ty, Then, for all later times,
the dynamics proceed using only the lattice temperature
T. Figure 3(c) compares this model with data. We plot
data for f = 6 GHz at 30 K. In the black dashed line,
we show the model result using Ti,; = 0, that is, T =
T = 30 K, which shows a small HE-state population, but
far less than the data. In orange, we see that we can
match the data well if we choose Ti,; = 27 K and run the
model with T = 7+ Tipy = 30 + 27 K. By contrast, in
green, we also plot the effect of T, = 0 but 7'= 57 K, so
Tstart = T+ Tinj = 57 + 0 K (effect of continuous energy
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injection), which clearly shows a different shape, similar
to the low-frequency plots of Fig. 3(b). We see that the
effect of a sudden impulse via T, is to produce a more
rounded, well-defined distribution, while continual thermal
activation results in a flatter shape, and within the context
of the two-level system model, supports the conclusion
of a sudden momentum impulse. We suggest this gives
strong evidence that the NA mechanism is of the form of
a fast impulse rather than a continual energy injection, in
agreement with a related study [9].

In the above model, Ty, is a fit parameter that is use-
ful as a guide to compare the effect of lattice temperature
and that of the NA excitation, as shown in Fig. 2(b); how-
ever, as noted above, it is an effective temperature and does
not represent any physical quantity. To be more accurate,
we define an injected energy Ej,j, which better quantifies
the NA impulse as an energy injection. To be fully gen-
eral and quantitative, we can assert PEJ = Pp(T+ Tiyj, t =
0) — Pg(T,t = 0), where we are separating the proportion
of the initial populations that we require to match the data
from the thermal equilibrium case. Then Ejyj = EPy’, with
E = 9 meV, as found earlier.

In Fig. 3(d), we plot Ej, for f = 1-6 GHz and T =
2030 K in 1-K increments. This is done by inspection
while running the model with various 7j,. The red trace
shows the mode of the values, and the shaded area shows
the range of Ejy,;, clearly supporting the data of Fig. 2(b).

I11. DISCUSSION

We interpret Ejy; as an excess kinetic energy imparted
to the electron as the QD forms and is isolated from the
source when U, (#) crosses the Fermi energy. We can
attribute the main mechanism for this to the dynamic shift
in the position of the QD, which results in velocity gain
and spatial oscillation of the single-electron wave packet
inside the QD [9]. There may be some smaller contribu-
tion from a changing QD confinement during the capture
process.

For a potential shift, we suggest Ejyj = %mvz, where
m 1is the reduced mass and v is the excess speed of the
wave packet. For the range f = 1-6 GHz, we find v =
2040 nm/ps, which is aligned with a previous estimate
[9]. We can roughly deduce that the QD center shifts by
x ~ 2644 nm during the NA impulse, which is plausible
with the 100-nm lithographic separation of the gates [9].
We expect v o f and thus Ejy o /2, which we see some
evidence of in Fig. 3(d). We note that in the limit where
the QD shape remains harmonic throughout the NA pro-
cess, we would expect the excitation to result in only a
slightly perturbed Fermi distribution, thus reinforcing the
E;y; found here, although we note the caveat regarding the
reliability of Tj,; as a measure of a real temperature.

Although in general there can be another type of NA
excitation from confinement-shape change, our recent

results using a QD device simulator [37] suggest that the
effect would be minor because the confinement change is
small and rather symmetric. Furthermore, the QD confine-
ment is likely pinned by impurities and barrier-potential
fluctuations in the channel, which have a weaker capaci-
tive coupling to V| (¢). In agreement with a previous study
[9], we suggest the origin of NA excitation in this case to
be largely dominated by a sudden potential shift.

In conclusion, we have shown an analysis technique that
uses only the dc throughput current of a QD to allow us
to estimate the phonon coupling and NA components and
provide some insight into the time dependence of the QD
potential profile. While high-frequency breakdown was
often observed, direct quantitative study of its mechanism
had previously been elusive. Our method could also be
adapted to provide quantum sensing of the electron wave
function or to track dynamic changes in electric field. We
have provided a quantitative study of the mechanism of
NA breakdown in QDs and shown evidence supporting
the QD position shift as a dominant component in the
high-frequency breakdown. We find that this result com-
plements and extends the adiabatic decay-cascade model
into the high-frequency nonadiabatic regime. By compar-
ing the HE-state population under the influence of thermal
activation and frequency-related momentum transfer, we
can differentiate the continuous thermal component and
distinguish it from the sudden NA component. While we
have built our results on the decay-cascade model because
it was applicable to our device in the adiabatic limit, we
suggest that our conclusion is more general and may hold
for other classes of QD operation. To overcome the break-
down, we recommend the use of a plunger gate over the
QD, which can allow finer control of the QD profile and
decouple it from the ac potential oscillation. A split gate
could be used as the loading gate G;, which could help
restrict the momentum transfer to the electron.
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APPENDIX: DERIVATION OF MODEL TERMS

Here, we describe the selection of the parameters
included in the model used to derive the NA and ther-
mal components in the main text. The derivation of this
model and parameters largely follow discussions published
in Refs. [9,30,35], and we only outline parameters here.
The model is described by Egs. (A4) and (AS5) in the main
text. We write the transmission coefficients used in these
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equation as [30]

exp(—(Ug; () — Ug(®)/kTo)

= , Al
@7 T+ exp(— (U, (5) — Ug(0))/kTo) S
po_ _SRCWUSO -~ UKLy
1+ exp(— (U, (1) — Ug(1))/kTy)
b —(UE ) — Us(D)
T = exp ( T ) . (A3)

Here, we have divided the transmission coefficient into two
terms, corresponding to tunneling and thermal activation
respectively, and 7 is a constant [30]. In the QD coef-
ficient, 7 [Eq. (A6)], we neglect the thermal-activation
term for simplicity, as it has little effect due to the QD
having a lower potential than the HE state and the fast-
rising barrier U, (¢) [14,30]. We use the same transmission
coefficients to describe the incoming terms [the reverse
processes for each of the processes that allow escape to
source; see Fig. 3(a)], which are included in the analyti-
cal model. These terms are not written explicitly in Eqgs.
(A4) and (A5) due to their similarity, and they do not alter
the populations significantly due to the NA process being
a time-zero effect. We describe the motion of the dynamic
barrier potential as

Ugi (6) = 2V aaift + a2 Ve, (A4)
where V), is the peak-to-peak amplitude of V7, which
is 1.6 V; ag; describes the coupling between V| (¢) and
U, (1), and ag, describes the coupling between Vg, and
Us(1); agr = 0.55 is determined by examining the con-
ductance in the 2D parameter range Vg (9), Va2 [9]; and
agz = 0.10 is chosen by a fit of the low-frequency, low-
temperature model result to the data. Neither of the latter
values changes with frequency [9,30]. The QD potential
rises as

Ug() = (agi-¢/ac)(Ug, (1) — a2 Var) — Ee,  (AS)

where ag1_¢ = gag1/(1 + g) = 0.5 is the cross-coupling
between V| (¢) and Ug(?); g is a measure of the coupling
between the QD and Vs, (1), and we use g = 10 because of
the high degree of cross-coupling [38]; E. = 16 meV is the
charging energy and is chosen in conjunction with 7 =
17 K by the method detailed in Ref. [30]. Hence, Ug(?)
evolves as Ug(?) + E. In the absence of NA excitation (low
frequencies), at t = 0, P £(0) is determined as a Fermi
distribution between the two states Ug £(0):
Pg(0) = F(—E.) x F(=E), Pg(0)=F(—E;) x F(E),
(A6)

and note that the probability of the QD and HE-state
system being empty iS P, = 1 — F(—E.). This is con-
structed such that only the QD can load. Then, Pg(0)

represents an initial thermal excitation taking place before
the QD has completely isolated from the source.
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