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Delayed response to the photovoltaic performance in a double
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A viable strategy for enhancing photovoltaic performance is to comprehend the underlying quantum physical regime
of charge transfer in a double quantum dots (DQD) photocell. This work explored the photovoltaic performance dependent
spatially correlated fluctuation in a DQD photocell. The effects of spatially correlated fluctuation on charge transfer and
output photovoltaic efficiency were explored in a proposed DQD photocell model. The results revealed that the charge
transport process and the time to peak photovoltaic efficiency were both significantly delayed by the spatially correlated
fluctuation, while the anti-spatially correlated fluctuation reduced the output peak photovoltaic efficiency. Further results
revealed that the delayed response could be suppressed by gap difference and tunneling coefficient within two dots. Sub-
sequent investigation demonstrated that the delayed response was caused by the spatial correlation fluctuation slowing the
generative process of noise-induced coherence, which had previously been proven to improve the quantum photovoltaic
performance in quantum photocells. And the reduced photovoltaic properties were verified by the damaged noise-induced
coherence owing to the anti-spatial correlation fluctuation and a hotter thermal ambient environment. The discovery of
delayed response generated by the spatially correlated fluctuations will deepen the understanding of quantum features of
electron transfer, as well as promises to take our understanding even further concerning quantum techniques for high effi-
ciency DQD solar cells.
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1. Introduction
Recently, in many experimental works, the spatially cor-

related fluctuations between the ambient environment and
neighboring chromophores were identified as the underlying
regime[1–7] of quantum coherent energy transfer, and it was
also proposed to be capable of protecting long-lived quantum
coherence with the strong system–bath coupling condition. It
was regarded as the source of coherence beatings in light-
harvesting complexes.[8,9] In Ref. [10], a unified theory was
presented to account for spatially correlated conformational
static variations and high-frequency dynamic fluctuations in
densely packed pigment-protein complexes, and the calculated
photon-echo signals demonstrated long-lasting coherence,
which was also observed in experiments.[10] Other researchers
distinguished among the energy transfer process, quantum co-
herence signatures, and line shape of an exciton with spa-
tially correlated and uncorrelated bath.[11] At high tempera-
tures, spatially correlated fluctuation was found to suppress the
transition from coherent to incoherent dynamics.[12] In a loop
system, spatially correlated fluctuation was shown to differen-
tiate the best energy transfer pathway and obtain an optimal
trapping probability.[13] In terms of density matrix dynamics,
simulations were run on models with spatially uncorrelated
and correlated fluctuations, and the results revealed that spa-

tially correlated fluctuations had no effect on single-exciton
dynamics, whereas spatially uncorrelated transition energy
fluctuations damped interband coherence.[14] Some studies in
the field of 2D electronic spectra[7] discovered that increas-
ing the spatially correlated fluctuations increased the lifetime
of oscillatory 2D signals at rephasing cross-peaks and non-
rephasing diagonal peaks, while decreasing it at rephasing di-
agonal peaks and non-rephasing cross-peaks. Bath fluctua-
tions can affect the excitation energy transfer dynamics even
in the weak system–bath coupling regime by changing the
spectral overlap factor between different chromophores.[15–18]

Cao and colleagues[19] demonstrated how spatial correlations
produce similar results in an efficient energy transfer process
for a multi-chromophoric system. In addition to the previ-
ously mentioned research efforts assessing the effects of spa-
tially correlated fluctuations on quantum coherence and exci-
ton dynamics, it was used to understand incoherent processes
such as electrical transport in polymer films[20] and fluores-
cent resonant energy transfer in one-dimensional polyproline
peptides.[21]

Because of the prospect of efficient photoelectric conver-
sion efficiency, some studies have been drawn to the quan-
tum photovoltaic behavior in the quantum dot (QD) photo-
cell in the last decade.[22–29] The multi-band QD photocell[26]
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scheme demonstrated a higher current output due to more ab-
sorbed low-energy photons, resulting in a higher output effi-
ciency. The electron tunneling effect between two QDs has
been shown to result in the redistribution of populations on
two QDs in a DQD photocell,[29] leading to an improvement
in photovoltaic properties. Furthermore, quantum coherence
has been shown to be advantageous in semiconductor QDs[30]

and heterostructures.[18,31]

Quantum coherence, on the other hand, has been shown
to modify photon absorption and emission[24,25] in atomic
systems, including lasing without inversion,[32] electromag-
netically induced transparency.[33,34] As a result, noise-
induced quantum interference was demonstrated to drive
photo-carrier generation dynamics at polymeric semiconduc-
tor heterojunctions,[18] and it was thought to be an effective
method of improving photovoltaic performance.[16,17] To the
best of our knowledge, the spatially correlated fluctuations
couples to the conduction bands (CBs) in a DQD photocell
scheme have received less attention in all previous studies.

It is thus intriguing to investigate how it affects a DQD
photocell scheme when spatially correlated fluctuation is con-
sidered. In a DQD photocell model with two CBs coupled
by spatially correlated fluctuations, we evaluate photovoltaic
performance using photovoltaic current and output efficiency.
The following is how the paper is structured. In Section 2, we
define notation and introduce the Hamiltonian for the DQD
photocell model. The photovoltaic DQD cell’s dynamics be-
havior in terms of reduced density matrix dynamics is pre-
sented in Section 3. Section 4 describes the delayed re-
sponse of quantum fluctuation on photovoltaic properties. Sec-
tion 5 discusses the strategies for improving photovoltaic per-
formance and suppressing delayed response. In Section 6, we
include and make some remarks.

2. Hamiltonian for the DQD photocell model
The discovery of intermediate band solar cell (IBSC)

has made a breakthrough in the field of modern photovoltaic
research,[35,36] which was first introduced by Marti with the
efficiency 63.2% exceeding the previous maximum 33% ef-
ficiency proposed by Shockley and Queisser. However, it is
difficult to achieve in practical models due to manufacturing
constraints. An intermediate band (IB) can be achieved by the
QDs[37–39] due to their multifunctionality such as small size
and tuning the range of band. The formed IB provides easier
transportation path for the carriers. At the same time, it may
also promote the electrons to the conduction band (CB) in-
creasing the overall generation rate.[38,40,41] This kind of struc-
ture may result in the multistep absorption process when ar-
ranging them in parallel or series to couple them either by tun-
neling or capacitively. Hence, double quantum dots (DQDs)
have emerged as versatile and efficient scaffolds to absorb

light and then convert optical energy into other useful forms
of energy. The wave functions of closely spaced QDs get cou-
pled and form minibands. These minibands exhibit new opto-
electronics properties, which are quite unique from the parent
semiconductor materials.[42,43] Different from these previous
work, we focus on the photovoltaic performance in a DQD
photocell with spatially correlated fluctuation.

We propose a DQD system with each dot contacting its
individual electron reservoir at zero temperature and zero bias
in this suggested DQD photocell model, and the system in-
teracts with ambient radiation and phonon thermal reservoirs
(see Fig. 1(a)). In this DQD photocell model designated as
QD1 and QD2 in Fig. 1(a), the level |b⟩ represents the valence
band (VB), while levels |1⟩ and |2⟩ represent the conduction
bands (CB1 and CB2). Thermal solar photons drive |b⟩ ↔ |i⟩
transitions and have average occupation numbers ni(

Eib
KBTs

) =

[exp( Eib
KBTs

)− 1]−1 with the energy gap Eib(i=1,2). At tempera-
ture Ta, low-energy transitions |i⟩ ↔ |αi and |βi⟩ ↔ |b⟩(i=1,2)

are driven by ambient thermal phonons. The corresponding
phonon occupation numbers are n3,4 = [exp(

Eiαi
KBTa

)−1]−1 and

n5,6 = [exp(
Eβib
KBTa

)− 1]−1 for each. The electric charges are
then transferred to the external loads through the transitions
|αi⟩ ↔ |βi⟩.

CB1 CB2

QD1 QD2

|α2>|α1>

|1> |2>

b>

b>

|β1>

γ1

Γ3

Γ2
Γ1

Γ4

γ2

|α1>

|β1>

|β2>

|α2>

|β2>

Ω

f1↼t↽ f2↼t↽
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Fig. 1. (a) Schematic of electronic states of the DQD in both their eigen-
state basis (solid lines). Solar radiation (depicted by warm-toned zones)
drives transitions between the valence band (VB) and conduction band
(CB) formed the photocell p–n junction. Other transitions are driven
by ambient thermal phonon reservoir. Charge transfer to the left/right
lead (denoted by states |α1⟩ and |α2⟩) are illustrated by dashed double-
headed arrows. States |αi⟩ and |βi⟩(i=1,2) connected to loads form the
output electric current. (b) Corresponding energy-level diagram of the
DQD photocell model.

Unlike the earlier DQD photocell model,[29,44] the quan-
tum fluctuations coupling to the CBs (corresponding to the lev-
els |1⟩ and |2⟩ in Fig. 1(b)) will be examined due to its interac-
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tion with the surrounding environment. In this suggested pho-
tocell model, we will investigate spatially correlated stochastic
noise processes and explain how the spatial correlation influ-
ences charge transfer. As a result, the total Hamiltonian of the
DQD photovoltaic model may be stated as (for convenience,
we set h̄ = 1)

ĤT = Ĥs + ĤP + Ĥs−P. (1)

Without loss of generality, the DQD system has three states:
the left dot occupied state |1⟩, the corresponding right one |2⟩,
and the ground state |b⟩ with both dots empty due to the strong
Coulomb repulsion limit (see Fig. 1(b)).[45] As a result, the
Hamiltonian Ĥs Eq. (1) describes these states with an extra
electron in the left or right dot (i.e., in the CB states |1⟩ or |2⟩)
and comprises the physical elements listed below:

Ĥs = ĤD + ĤL + ĤL−D, (2)

in which ĤD depicts the Hamiltonian of the DQD system with
quantum fluctuation,

ĤD =
ε

2
σ̂z +Ωσ̂x + ∑

i=1,2
fi(t)d̂

†
i d̂i. (3)

The electrostatic energy difference between the two CB
states is described by ε in the first term of Eq. (3), and the
Pauli matrix is defined as[45] σ̂z = d̂†

1 d̂1 − d̂†
2 d̂2 with the sub-

space of states d̂†
i (d̂i)(i=1,2) representing the creation (anni-

hilation) operators of an electron in the left or right quantum
dot, respectively. The second term in above equation depicts
the tunnel effect of an electron between the two dots with Ω

being the tunnel matrix element of an electron, and with Pauli
operator σ̂x = d̂†

1 d̂2 + d̂†
2 d̂1. If a bias DC voltage is applied to

this DQD system, the two eigenstates will be splitted by ω:
h̄ω =

√
ε2 +Ω 2.[45] The final item in Eq. (3) describes the

spatially correlated fluctuation coupling to the two CB states
as a result of their interactions with their surroundings. fi(t)
is the fluctuating frequency on the CB states (corresponding
to the levels |1⟩ and |2⟩ in Fig. 1(b)) and is considered as a
stochastic process with the average of frequency fluctuation
⟨ fi(t)⟩= 0 for each state. In this model, we will consider
the fluctuation generated by the spatially correlated stochas-
tic noise, and show what impact it will have and how to op-
timize the parameters of the DQD system in different ambi-
ent environment to control quantum photovoltaic properties.
Therefore, for the sake of convenience, the correlation func-
tion ⟨ fi(0) f j(t)⟩(i, j=1,2) is described in a exponential decay
process[46,47] as follows:

⟨ fi(0) f j(t)⟩(i, j=1,2) = kA2 exp
[
− t

τi j

]
, (4)

where k is defined over the range by −1 ≤ k ≤ 1, and its posi-
tive and negative values represent the noise with spatial or anti-
spatial correlations. The extremal value −1 (+1) corresponds

to perfectly anti-correlated (correlated) noise, respectively. A
describes the amplitude of quantum fluctuation, and τ1,2 is the
correlation time of the fluctuation. Therefore, insights into the
spatio-correlation and intensity of quantum fluctuations will
be measured by the two mentioned parameters for the opti-
mizing charge transfer and output efficiency in this DQD pho-
tovoltaic model.

In Eq. (2), ĤL depicts the Hamiltonian of the external
electrodes attached to the DQD system, the two eletrodes are
modeled as collection of noninteracting electron with energy
h̄ωik and momentum k in the ith (i = 1,2) electrode as follows:

ĤL = ∑
i=1,2

∑
k

ωikâ†
ikâik, (5)

in which â†
ik (âik) depicts the creation (annihilation) operator

for an electron with momentum k in the ith (i = 1,2) elec-
trode. By making the rotating wave approximation and with
the Weisskopf–Wigner theory,[26] the Hamiltonian between
the dot i and lead i (i = 1,2) with the corresponding coupling
constant gik in Eq. (2) can be given as

ĤL−D = ∑
i=1,2

∑
k

gikd̂†
ikâik +H.c., (6)

where H.c. denotes the Hermite conjugate of the previous
parts in Eq. (6). In Eq. (1), the ambient environment’s Hamil-
tonian is written as ĤP = ∑q ωqb̂†

qb̂q with its q-th noninter-
acting photon mode frequency ωq. The interaction between
the DQD photovoltaic system and photon degrees of freedom
Ĥs−P in Eq. (1) is described by the Hamiltonian[48] with the
corresponding coupling strength λq as follows:

Ĥs−P = σ̂x ∑
q

λq(b̂†
q + b̂q). (7)

The current work focuses on the influence generated by
quantum fluctuations, which is a significant difference from
the previous DQD photovoltaic model.[29,44,49] We find an an-
alytical decay response to the dynamics of charge transfer and
delivery efficiency in this DQD photovoltaic model using the
Lindblad-like master equation, and the anti-spatial correlation
fluctuation in a hotter thermal ambient environment brings out
the damped photovoltaic properties due to the damaged con-
dition for noise-induced coherence. In comparison to the pho-
tovoltaic power enhanced by Fano-induced coherence,[16] this
work will reveal some different physical regimes on the effi-
cient photovoltaic properties due to quantum coherence dete-
rioration caused by quantum fluctuations.

3. Dynamics behavior of the photovoltaic DQD
cell
The Born–Markov second order master equation in the

Schrödinger picture is written as

dρ̂s

dt
= −i[Ĥs, ρ̂s]−

∫
∞

0
dτ⟨[Ĥs−P(t),
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[Ĥs−P(τ), ρ̂s(t)⊗ ρ̂P(t0)]]⟩ĤP
, (8)

where α̂(τ) = exp[ i
h̄ Ĥst]α̂(t)exp[− i

h̄ Ĥst] is an operator α̂ at
time τ in the interaction picture. And the symbol ⟨· · · ⟩ĤP

de-
notes the trace operation on photons reservoir. By utilizing the
second order perturbation method,[44,50] the dynamics of elec-
tronic system can be described by the following Lindblad-like
master equation:

dρ̂s

dt
=−i[Ĥs, ρ̂s]+ L̂ρ̂s. (9)

The first term on the right-hand side of Eq. (9) describes the
unitary evolution of the DQD system and the second term ac-
counts for the dissipative processes, in which the superopera-
tor L̂ρ̂s can be decomposed by

L̂ρ̂s = L̂hρ̂s + L̂c(1)ρ̂s + L̂c(2)ρ̂s + L̂relρ̂s, (10)

where L̂hρ̂s, L̂c(1)ρ̂s, L̂c(2)ρ̂s, L̂relρ̂s are the superoperators re-
lated to the different dissipative processes between the DQD
photovoltaic system and ambient photon (or phonon) reser-
voirs. As shown in Fig. 1(b), we assume that thermal solar
photons are directed onto this DQD system and the solar pho-
tons are absorbed or radiated between the levels |1⟩ (|2⟩) and
|b⟩ at the rate γi. Hence, superoperator L̂hρ̂s describes transi-
tion process with the following expression:

L̂hρ̂s = ∑
i=1,2

γi

2
[(ni +1)𝒟[σ̂bi]ρ̂s +ni𝒟[σ̂†

bi]ρ̂s], (11)

where σ̂bi = |b⟩⟨i| (i = 1,2). Moreover, ni = [exp(x)− 1]−1

is the average number of solar photons, x = Eib
KBTs (i=1,2)

with
Ts, Eib being the solar’s temperature and corresponding gap
energy, respectively. The specific expression of the sym-
bol 𝒟 acting on any operator Â is defined as 𝒟[ Â ]ρ̂ =

2Âρ̂Â†− ρ̂Â†Â−Â†Âρ̂ . The dissipative transitions |i(i=1,2)⟩↔
|αi(i=1,2)⟩ is depicted by the super-operator L̂c(1)ρ̂s with the
following formula:

L̂c(1)ρ̂s =
γ3,4

2
[(n3,4 +1)𝒟[σ̂αii]ρ̂s +n3,4𝒟[σ̂†

αii]ρ̂s], (12)

where γ3,4 are the spontaneous decay rates corresponding to
the transitions |1⟩ ↔ |α1⟩ and |2⟩ ↔ |α2⟩, respectively. And
these transitions coupled to the ambient environment have the
related phonon numbers n3,4 = [exp(y)−1]−1, y =

Eiαi
KBTa (i=1,2)

with the ambient temperature Ta and the energy difference
Eiαi . The Pauli operator σ̂αii is defined as σ̂αii = |αi⟩⟨i|
(i = 1,2). Similarly, the dissipative process in the transition
between |βi(i=1,2)⟩ ↔ |b⟩ can be written as

L̂c(2)ρ̂s =
Γ3,4

2
[(n5,6 +1)𝒟[σ̂βib]ρ̂s +n5,6𝒟[σ̂†

βib
]ρ̂s]. (13)

In these dissipation processes, Γ3,4 are the spontaneous de-
cay rates corresponding to the transitions |β1⟩ ↔ |b⟩ and

|β2⟩ ↔ |b⟩ (see Fig. 1(b)), respectively. And the phonon num-
bers induced by the interference between these transitions are
n5,6 = [exp(z)−1]−1 with z =

Eβib
KBTa

and Ta being the ambient
temperature, the energy difference Eβib(i=1,2). The Pauli oper-
ator σ̂βii in Eq. (13) is defined as σ̂βii = |βi⟩⟨b|(i=1,2).

In this proposed DQD photovoltaic model, it contains two
output terminals which can be directly connected to the exter-
nal circuit. The photovoltaic currents are proportional to the
relaxation rates Γ1,2 via the dissipation processes |αi⟩ ↔ |βi⟩,
which is defined as follows:

L̂relρ̂s = ∑
i=1,2

Γi

2
(|βi⟩⟨αi|ρ̂|αi⟩⟨βi|

−|αi⟩⟨αi|ρ̂ − ρ̂|αi⟩⟨αi|). (14)

Consequently, |α1⟩ and |α2⟩ are acted as charge separation
states in this DQD photocell model. When the electrons are
released from |α1⟩ to |β1⟩ or from the second way |α2⟩ to |β2⟩,
the DQD is positively charged. The electrons are brought back
to the neutral ground state |b⟩ from |β1⟩ or |β2⟩, which com-
pletes a closed loop. With this knowledge, this photovoltaic
model is similar to the parallel circuit in classical electromag-
netism. Thus, the collective currents can be defined by

j = e ∑
i=1,2

Γiραiαi . (15)

Considering the Boltzmann distribution on the upper and
lower levels |αi⟩ and |βi⟩ with the populations on the two lev-
els being as follows:

ραiαi = exp
(
− Eαi −µαi

kBTa

)
, (16)

ρβiβi = exp
(
−

Eβi −µβi

kBTa

)
. (17)

The total output voltage can be defined by the difference of the
chemical potentials µαi and µβi as follows:

eV = ∑
i=1,2

(
Eαi −Eβi +KBTa ln

ραiαi

ρβiβi

)
. (18)

Utilizing the definitions of the current and the voltage men-
tioned in Eqs. (15) and (18), we can intuitively deduce the
output power of this DQD photovoltaic model with the clas-
sic definition P = jV . Considering that incident solar photons
are directed on the DQD photovoltaic system, the absorbed
solar photons irrigate the DQD photovoltaic system with the
input energy Ps. Therefore, the delivery efficiency of this pho-
tovoltaic system can be expressed as

η =
P
Ps
. (19)

Unlike the traditional processing approach,[16,49] we are
interested in the influence of quantum fluctuations on photo-
voltaic characteristics, and seek to fundamentally reveal the
physical mechanism affecting quantum interference. As a
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result, the influence caused by external surroundings is de-
creased during interaction with the external environment by
using the Weisskopf–Wigner approximation,[51] and the re-
duced matrix elements corresponding to Eq. (9) are as follows:

ρ̇11 = −iΩ(ρ21 −ρ12)− iγ3(ρα11 −ρ1α1)

−γ3[(n3 +1)ρ11 −n3ρα1α1 ]

−γ1[(n1 +1)ρ11 −n1ρbb],

ρ̇22 = iΩ(ρ21 −ρ12)− iγ4(ρα22 −ρ2α2)

−γ4[(n4 +1)ρ22 −n4ρα2α2 ]

−γ2[(n2 +1)ρ22 −n2ρbb],

ρ̇12 = −iερ12 − iΩ(ρ22 −ρ11)− iρ12( f1(t)− f2(t))

− ρ12

2
[γ1(n1 +1)

+γ2(n2 +1)+ γ3(n3 +1)+ γ4(n4 +1)],

ρ̇21 = iερ21 + iΩ(ρ22 −ρ11)+ iρ21( f1(t)− f2(t))

− ρ21

2
[γ1(n1 +1)+ γ2(n2 +1)

+γ3(n3 +1)+ γ4(n4 +1)],

ρ̇α1α1 = iγ3(ρα11 −ρ1α1)+ γ3[(n3 +1)ρ11 −n3ρα1α1 ]

−Γ1ρα1α1 ,

ρ̇α2α2 = iγ4(ρα22 −ρ2α2)+ γ4[(n4 +1)ρ22 −n4ρα2α2 ]

−Γ2ρα2α2 ,

ρ̇β1β1 = Γ1ρα1α1 −Γ3[(n5 +1)ρβ1β1 −n5ρbb],

ρ̇β2β2 = Γ2ρα2α2 −Γ4[(n6 +1)ρβ2β2 −n6ρbb],

ρ̇1α1 = −iγ3(ρα1α1 −ρ11)+ i
(

ω1 −
ε

2

)
ρ1α1 − i f1(t)ρ1α1

−
ρ1α1

2
[γ1(n1 +1)+ γ3(2n3 +1)+Γ1],

ρ̇α11 = iγ3(ρα1α1 −ρ11)− i
(

ω1 −
ε

2

)
ρα11 + i f1(t)ρα11

−
ρα11

2
[γ1(n1 +1)+ γ3(2n3 +1)+Γ1],

ρ̇2α2 = −iγ4(ρα2α2 −ρ22)+ i
(

ω2 +
ε

2

)
ρ2α2 − i f2(t)ρ2α2

−
ρ2α2

2
[γ2(n2 +1)+ γ4(2n4 +1)+Γ2],

ρ̇α22 = iγ4(ρα2α2 −ρ22)− i
(

ω2 +
ε

2

)
ρα22 + i f2(t)ρα22

−
ρα22

2
[γ2(n2 +1)+ γ4(2n4 +1)+Γ2]. (20)

4. Delayed response to the photovoltaic proper-
ties due to the spatially correlated fluctuation
To verify the photovoltaic properties in this DQD pho-

tocell model, we assess the charge transfer dynamics with
some selected parameters, such as Ei − Eαi = Eβi − Eb =

0.005 eV,[16] γ1 = 6.28γ , γ2 =1.18γ , γ3 = γ4 = 4.02γ , Γ1 =

3.58γ , Γ2 = 3.15γ , Γ3 = Γ4 = 0.04γ with γ = 10−8 Hz. Con-
sidering the fact that a small number of solar photons are
absorbed at per unit time as well as weak-coupling between
the DQD system and ambient environment, the photons with

h̄ω1 = 1.64 eV, h̄ω2 = 1.6 eV are absorbed in the generated
photovoltaic current process, and the numbers of photoelec-
tron are set as n1 = 30 and n2 = 15 populated on the CB states
|1⟩ and |2⟩, respectively. The correlation time of the fluctua-
tion between two CBs, τ12 = 2.5 fs. For the sake of applicabil-
ity, we do not use gap energy as a controlling parameter, but
utilize interdot gap energy difference ε to revaluate the photo-
voltaic properties in our subsequent discussion.

At the ambient temperature, which is close to room tem-
perature, i.e., Ta = 0.026 eV, the interdot tunneling coeffi-
cient Ω = 0.03, gap energy difference ε = 0.04 eV, k = 0.1 in
Fig. 2(a) while Ω = 0.0025, ε = 0.01 eV, fluctuation amplitude
A = 0.9 in Fig. 2(b) are utilized, respectively. We numerically
solve Eq. (20) and plot the evolution of output current with
different spatially correlated fluctuation amplitudes A, and out-
put efficiency with different spatio-correlation robustness k in
Figs. 2(a) and 2(b), respectively. In order to highlight the
role of spatially correlated fluctuations in photovoltaic perfor-
mance, other parameters, such as the self-structure and other
performance parameters, ambient temperatures are not con-
cluded in Fig. 2.
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Fig. 2. Dynamics of the photovoltaic behavior influenced by spatially
correlated fluctuations. (a1) Evolution of output current with different
spatially correlated fluctuation amplitudes A. (a2) Evolution of delivery
efficiency under different spatial correlation robustness k.

The dashed lines in Figs. 2(a) and 2(b) show a striking
delayed response to the photovoltaic behavior, illustrating the
prolonging peak times with the increments of A and k, respec-
tively. The curves in Fig. 2(a) show the delayed response as the
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spatially correlated fluctuation amplitudes A increase, whereas
the curves in Fig. 2(b) show the increasing spatial correlation
robustness k. Furthermore, we can see that the parameters
A and k have no effect on the peaks and final steady values.
However, we believe that the delayed response will affect the
physical behavior of charge transfer and, as a result, the photo-
voltaic performance under various operating conditions. With
this in mind, we continue to investigate the regulation influ-
ence on delayed response via some structural parameters, with
the goal of clarifying the role of delayed response in this DQD
photovoltaic model.

5. Regulating strategies for delayed response
5.1. Delayed response regulated by the gap differences

So far, the delayed response caused by spatially corre-
lated fluctuations in the DQD photovoltaic cell has not been
reported. We hypothesize that the delayed response caused
by spatially correlated fluctuations is inhibited by a physical
regime generated by the DQD itself. In order to better illus-
trate the underlying physical mechanisms, the spatial correla-
tion robustness and fluctuation amplitudes are set to k = 0.3
and A = 0.9, respectively, in the following discussion. All
other parameters are the same as in Fig. 2.

The curves in Fig. 3 back up our theory about the underly-
ing physical regime. The times corresponding to the peaks, as
well as the final stable output efficiencies, decrease as the in-
terdot gap energy difference ε increases, as shown in Fig. 3(a).
In addition to these, two noteworthy conclusions emerge from

a comparison of the curves in Fig. 3(a) with Figs. 3(b)–3(d).
The peak efficiencies and delayed times, as shown by the
peaks and their corresponding times, hardly change with in-
crements of Ω . The other is that stable efficiencies ascend in
parallel with Ω , as shown by the horizontal lines in Figs. 3(a)–
3(d).

These results show that increasing the gap difference ε

can reduce the delayed response as well as the final steady
output efficiencies, indicating that ε describing the structure
of the DQD may be an efficient approach to inhibiting the
delayed response generated by the spatially correlated fluc-
tuation. Therefore, we hypothesize that the charge transfer
between two adjacent quantum dots was reduced due to the
increasing gap difference ε , resulting in a decrease in output
efficiency, which could be the physical regime for the descend-
ing horizontal lines in Fig. 3. Meanwhile, the tunneling ef-
fect can reinforce charge transfer, but the spatially correlated
fluctuation is not involved, resulting in more photoinduced
charges being transported in the end while the time delayed
response is almost unaffected. The tunneling coefficient Ω is
well known to describe the energy transfer behavior between
two dots, which can be flexibly tuned by applying an exter-
nal bias voltage to the two dots.[45,52] As a result, in this pro-
posed DQD photocell model, the applied bias voltage may be
suggested to overcome the passive influence generated by the
gap difference ε . Actually, these findings may explain why
no significant quantum fluctuation effect has been observed in
macroscopic DQD photovoltaic cells thus far.
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Fig. 3. Evolution of the output photovoltaic efficiency controlled by gap energy difference with different inter-dot tunneling coefficients:
(a) Ω = 0.0025, (b) Ω = 0.005, (c) Ω = 0.0075, (d) Ω = 0.01.
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5.2. Delayed response dependent the spatial or anti-spatial
correlations

In Eq. (4), the spatially correlated noise parameter k with
its positive or negative values represents the spatially or anti-
spatially correlated degree, which directly reflects the corre-
lated behaviors of quantum fluctuations owing to the environ-
ment noise. Therefore, it is possible to find some underlying
physical strategies to restrain the delayed response by vesting
insight into the spatially correlated noise parameter k in differ-
ent thermal environments. From Eq. (4), a linear relationship
can be observed between spatially correlated noise parameter
k and fluctuation intensity. Thus, the regulation features of
noise parameter k can directly reveal the physical behaviors of
the spatially or anti-spatially correlated fluctuations.

To facilitate the comparison with the results achieved in

Fig. 3, the interdot tunneling coefficient Ω and gap difference
ε are set as Ω = 0.0025 and ε = 0.01 eV in the upcoming dis-
cussion, and other parameters are the same to those in Fig. 3.
Thereupon, the dependence of output photovoltaic efficiency
on different spatially correlated noise parameter k is plotted
in Fig. 4. As the peaks of curves shown in Fig. 4(a), the
times corresponding the peak efficiencies illustrate that, the
delayed response becomes more prominent and obvious with
the increments of spatial correlations noise parameters k at
Ta = 0.0256 eV. In addition to these, the peak photovoltaic ef-
ficiency slips from 84.52%, 84.50%, 84.48% to 84.46% when
the ambient temperature increases in Figs. 4(a)–4(d) from
0.0256 eV, 0.0258 eV, 0.0262 eV to 0.0264 eV, as well as their
final steady values delivering efficiencies are uniform but de-
scend with the increments of Ta.
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Fig. 4. Evolution of the output photovoltaic efficiency with different spatial correlated noise parameters k in different thermal ambient environ-
ment. (a) Ta = 0.0256 eV, (b) Ta = 0.0258 eV, (c) Ta = 0.0262 eV, (d) Ta = 0.0264 eV.

The above results show that increasing the spatial corre-
lations noise parameters k results in a more prominent delayed
response, but the DQD photovoltaic properties are diminished
by the hotter thermal ambient environment. Noise-induced
coherence[18] was shown in a decay model[17] to break de-
tailed balance and get more power out of a photocell due to
noise-induced coherence against environmental decoherence.
As a result, we believe that larger spatially correlated noise
parameters k only delayed but did not weaken noise-induced
coherence. As a result, a more prominent delayed response
is obtained, but peak efficiencies do not change as the spa-

tially correlated fluctuation in the DQD photocell system in-
creases. However, because noise-induced quantum coherence
is impressionable to ambient temperatures,[26] the output pho-
tovoltaic performances decrease as ambient temperature in-
creases.

As mentioned before, the anti-spatial correlated noise is
represented by the negative values of the spatially correlated
noise parameter k.[47] The negative property of anti-spatial
correlated noise may show another physical property and bring
out some different photovoltaic characteristics in this photo-
cell model, which is our another concern. Different from the
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previous results with the spatial correlated fluctuation, a com-
pletely different line-type distributions, the hysteresis loop-
style graph is obtained owing to the anti-spatially correlated
noise in Fig. 5. As the curves shown in Fig. 5, the steady peak
efficiencies decrease with the ambient temperature, which still
suggests a negative effect on the steady output efficiencies due
to Ta, as coincides with those shown in Fig. 4. Not only that,
but the final steady peak efficiencies do not vary with the anti-
spatial correlated noise parameters k, as well as the anti-spatial
correlated noise parameters k hardly exert influence over the
delayed response (see the curves in Fig. 5(a)). What’s more, in
the evolutionary process to the stable peaks, the photovoltaic
efficiencies decrease with the increments of k from −0.1, 0.3,
0.5, 0.7 to −1.0, i.e., the larger anti-spatial correlated noise
parameters k, the lower output photovoltaic efficiency. So, re-
sults infer the output photovoltaic efficiency can be suppressed
by the anti-spatial correlated noise parameters k.

Let’s take a deeper look at the physical implications re-
vealed by Fig. 5. When we compare the roles of spatial and
anti-spatial correlated noise in Figs. 4 and 5, we find that spa-
tially correlated noise produces a significant time delay but has
no influence on the output photovoltaic efficiency. However,
anti-spatial correlated noise has no influence on peak pho-
tovoltaic efficiency, whereas in its evolutionary process, the
stronger the anti-spatial correlated noise, the lower the out-
put photovoltaic efficiency. Based on previous noise-induced
coherence research,[17,18] we believe that the delayed photo-

voltaic properties are due to the generative process of noise-
induced coherence being delayed by spatially correlated noise,
whereas the reduced photovoltaic efficiency is due to the am-
bient temperature for noise-induced coherence being deterio-
rated by anti-spatial correlated noise. Furthermore, the hotter
thermal ambient environment interferes with the development
of noise-induced coherence. As a result, the photoelectric con-
version efficiency falls as the ambient temperature rises.

Before we conclude this work, we would like to offer a
few remarks. Firstly, the spatially correlated fluctuations in
our current study were imposed on the two CBs. However,
the external load, i.e., the acceptor, may undergo compara-
ble quantum fluctuations, and our study had little to do with
the conclusions that the efficiencies are affected by acceptor
fluctuations. The physical mechanism driving such spatially
correlated fluctuations, as well as how it effects quantum pho-
tovoltaic characteristics, are unclear. Identifying the link be-
tween spatially correlated fluctuations and long-lived coher-
ence, on the other hand, is a critical problem in DQD solar
systems due to the direct improvement in photovoltaic perfor-
mance. As a result, our present study will be expanded to en-
compass DQD photovoltaic systems and the link between spa-
tially correlated fluctuations and long-lived coherence. These
correlations, we hope, will help us understand the underlying
physical significance of charge transfer and will bring new in-
sights into some fundamental problems in DQD photovoltaic
system.
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6. Conclusions
In our suggested QDQ photovoltaic model, we introduce

spatially correlated fluctuations to its two CBs and focus the
physical response to the photovoltaic response. A time delay
response of roughly 10 fs is demonstrated to charge transfer
and the time to peak photovoltaic efficiency, while a natural
adjustment feature was also verified on the delayed response
in this DQD photocell model. Further research reveals that the
reduced photovoltaic properties were verified by the damaged
noise-induced coherence owing to the anti-spatial correlation
fluctuation and a hotter thermal ambient environment, and the
spatial correlated noise is responsible for the delayed response
due to the delayed noise-induced coherence by the spatially
correlated fluctuation. The results of delayed response gen-
erated by the spatially correlated fluctuations will deepen un-
derstanding of quantum features of electron transfer, as well
as promises to take our understanding even further concerning
quantum techniques for high efficiency DQD solar cell.
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