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Optimal tunneling enhances quantum photovoltaic effect in double quantum dots
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We investigate quantum photovoltaic effect in double quantiots by applying nonequilibrium quantum
master equation. The drastic suppression of the photéwvalterent is observed near the open circuit voltage,
which leads to the large filling factor. We find that there afs/a@xists an optimal inter-dot tunneling that
significantly enhances the photovoltaic current. The makioutput power will also be obtained around the
optimal inter-dot tunneling. Moreover, the open circuittage approximately behaves as the product of the
eigen-level gap and the Carnot efficiency. These resultgesiga great potential for double quantum dots as
efficient photovoltaic devices.

PACS numbers: 73.23.-b,73.50.Pz,73.63.Kv,42.50.Ct

I. INTRODUCTION Scully et. al L3, 14]. They studied the photovoltaic cells as
guantum heat engine modeled by electronic level systems res
onantly coupled to multi-reservoirs with biased tempeaegy
a ehich convert incoherent photons to electricity. Basedhn t
%‘;II quantum master equation, which includes the quantum
coherence represented as the off-diagonal density mdirix e
%ments, the photovoltaic current shows astonishing emhanc
ment compared to the counterpart from population dynamics
in the classical limit. This concept has also been extended t
photosynthetic heat engine, which converts solar enertgy in
chemical energy15-20]. From the theoretical view, these
generalized engines share the same underlying mechanism.

As fossil-fuels, the current main energy supplies in our
modern society, get scarcer and more expensive, renew.
energies become increasingly important and desirable.
meet this demand, the solar energy, a significant greengner
source, attracts a broad spectrum of attention from botisind
trial applications and fundamental researctgs [n particu-
lar, the photovoltaic effect, firstly discovered by E. Beergl
in 1839, is a potential promising technology for light harvest-
ing, which converts the inexhaustible sunlight to eledtyifor
performing useful work.

Great efforts have been made to design efficient
semiconductor-based solar cel.[ However, the obtained
efficiency is still too low to meet human daily needs. The
main reason comes from that the excess excitation energy of
the electron-hole pair above the energy gap will be wasted Considering the importance of quantum coherence in en-
through thermal phonon emission. By adding multiple impu-€rgy conversion for quantum photovoltaic systems, we apply
rity levels, M. Wolf expected the photovoltaic enhancemenuantum master equation to study the quantum photovoltaic
for the low energy spectrum collectioB]| While Shockley  effect in a double quantum dot (DQD) system, which can be
and Queisser suggested that the included impurity wouttl alsalso regarded as a donor-acceptor system. In particular, by
strengthen the recombination process correspondidplyg- ~ parallel sandwiching many DQDs between electronic leads,
sulting in no improvement of the photovoltaic current. More this kind of nanoscale photovoltaic device could benefitrfro
over, various other proposals have been raised to enhandé flexible scalability and tunability. We specially payeat-
the solar conversion efficiencg{9]. Recently, quantum dot tion to the three crucial ingredients of the photovoltaie ap
(QD) emerges as an alternative candidate to fabricate soldfications: short circuit current, open circuit voltagedaex-
cells, due to the ability of enhancing the photon harvestingractable output power, and analyze the ability of the dots
via the multi-level structurel]0, 11]. The novel feature of QD  to converting photons into electricity. Our results shoatth
is that by adjusting the dot size, the energy scale of the excthere exists an optimal inter-dot tunneling that signiftban
tation gap can be tuned across a wide regime, which extendhances the quantum photovoltaic current and output power
the absorption spectrum down to the infrared rarigd find ~ Moreover, the open circuit voltage approximately behages a
makes QD competitive in designing multi-junction solaigel the product of the eigen-level gap and the Carnot efficiency.

Particularly, the influence of the quantum coherence on imAS aresult, the maximal output power will be obtained around

: ; - the optimal inter-dot tunneling. The work is organized as
proving photovoltaic efficiency has been addressed by M. Ofollows: In Sec Il., we describe the model of double quan-

tum dots and obtain the solution of the quantum master equa-

tion. In Sec lll., we present results and corresponding dis-
*Electronic addressvangchen@smart.mit.edu cussions regarding the quantum photovoltaic effect and cur
tElectronic addressenjie@lanl.gov rent enhancement at optimal tunneling. A concise summary is
Electronic addresgianshu@mit.edu given in the final section.
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energyey, , and momentun in the leadv.

Vo= trodhér, + He. )
k
gives the coupling between the detand the lead), which
conserves the total electron number apdis the system-lead

tunneling strength. When the sun sheds light on the system,
the DQD interacts with the photons, described by

Vpph = 3 gqlag +ad)(dhdr, — didr), 3)
q

Wheredfl generates one photon with frequema‘,yin the so-

lar environment modeled ai,;, = >, wedhag, andg, is

FIG. 1: (Color online) (a) Schematic illustration of the D@Bvice  the coupling strength. Here, we consider that the couplarg b
and its photovoltaic dynamics in the real space: the eledi@ps  tween the photon environment and the polarization of edectr
between the left (right) dot and the left (right) lead, antiteen the  populations on the DQD (instead of the hopping between dots)
left and right dots; the photon field interacts with the al@etpopula- s the dominant mechanism. This type of electron-photon
tign difference of two dots. (b) Scheme of th.e DQD Qynamicﬁlm coupling has been found in DQD&Z, 23, and was already
eigen-space: the photon absorption (emission) assisetiation extensively studied for the similar electron-phonon copl

(relaxation) between the eigen-state ) and| + ); the excitation . s
(relaxation) between the ground st&® and the superposition state in such systems2§4-2§]. Distinct from the other type of

| +) or| — ) are accompanied by the electron hopping from (to) two €lectron-photon coupliny’, g4(aq + GT)(d dr+dydy) that
electronic leads to (from) the DQD. explicitly describes the photon aSS|sted tunnellng ahsenot

obvious that Eq. (3) is able to produce the photovoltaicatffe

in the local basis. However, as we will show soon, by trans-

forming the system into eigen-space [see also Fig. 1(bj, it
II. MODEL AND METHOD clear that the photon-assisted tunneling emerges withete h
of inter-dot tunneling? in Eq. (1). This inter-dot tunnling, on
the one hand assists the photovoltaic current, on the oémet h
diminishes the photovoltaic current. Thus, an optimalrinte
dot tunneling will be obtained to enhance the photovolt&ic e

In this section, the model of DQD coupled both to electron
reservoirs and solar environment is first introduced in part
Then the quantum master equation is derived in part B, by a
suming the system-reservoir couplings are much weaker than
the energy gap of DQD. Finally in part C, the analytical ex-
pressions of steady state electron and photon currentxare
hibited.

To investigate the quantum evolution of the system density
matrix, it is more convenient to work in the eigen-space ef th
eDQD by diagonalizing Eq.1):

+)

6 .0
cos §|L> + sin §|R>,

.0 0
A. Hamiltonian =) = —Sln§|L>+COS§|R>7 4)

_ _ _ which are superpositions of the left and right occupiecdestat
The photovoltaic system is described by a DQD coupled tayith tan§ = 2Q/A andA = ¢, — ep the inter-dot energy
two separate electronic reservoirs [see E(@)], withthetotal  gap. The corresponding eigen-levels are
Hamiltonian: & = Hp+S", _ Vo4 H,)+V, +H
D E =L, R( ) D—ph ph+ e +er A2 1402

Hp, denotes the central DQD by Ey = 5 + 5 . (5)

Hp = EchTLCZL +eRcZI%cZR I Q(CZTLCZR +CZ§#ZL)7 1) The ground stat&~) keeps intact.

wheredL(R) creates one electron on tlig R) QD with en- B. Quantum master equation

ergy e r), and2 denotes the inter-dot tunneling between

andR, Wh|ch both can be flexibly tuned via gate voltages ap- \When the interactions of the DQD with the leads and the
plied on the dots41]. Without loss of generality, we con- photon environment are weak3-15], system-reservoir cou-
sider the strong Coulomb repulsion limit so that the systenpling terms in Eq.#) and Eq. 8) can be safely treated pertur-
has three states: the left dot occupied stdtg the corre-  batively to the second order. Further under the Born-Markov
sponding right ongR), and the ground statg) with both  approximation, the quantum master equation is given by
dots empty. HL(R) depicts theL( ) electronic lead through P

H, =Y, e ch oG, With €], creating one electron with 5/5 = —i[Hp, p| + Lelp] + Lp). (6)
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where p denotes the reduced density matrix for the centrakemission [see Figl(b)], which makes indispensable contri-
DQD. The first term on the right side shows the unitary evolu-bution to the appearance of quantum photovoltaic effedtén t
tion of the DQD without the actions from two electronic leads DQD system. Moreover, it should be noted that the evolution
and photons. The second term exhibits decoherence from thegjuation of the DQD density matrix at Ed) (has no classi-

dot-lead coupling, given by [see Appendi cal correspondence. This means no electron or photon ¢urren

will exhibit by studying the corresponding population dyma
R Vo dy 5 ics under local basis.
Ll = Soas T 00 ) |16l 0]
+fu(Ea) {|a><G|PAa sz} } + H.c.. (7) C. Electron and photon current

¢ = 21y [tko[?0(ex,s — E.) denotes the coupling en-  In the Liouville space, the density matrix of the dou-

ergy between the superposition stat¢ (|+) or |—)) and  ble quantum dots is expressed in the vector fdith =

the leadv. In the following, we assume;” = ~, =  (pcaspLL, PRR, LR, PRL)"» With pij = (i[p|j). Then the

v, and sety, as constant in the wide band limit. The evolution equation is re-expressed as [see AppeAdlix
hopping matrix element® = (G|d,|a), originating from 9

dy(-7) = Yo_p, eWT/hd“|G> {a| + H.c., describes the E'M =L|P), 9)
electron transfer from the superposition state on DQD to the

leadv. f,(E,) = 1/(exp[Bu(Ea — po)] + 1) is the Fermi-  wherelL is the matrix form of Liouville superoperator. The
Dirac distribution in thev lead with ., the corresponding steady state solution is obtained througlP**) = 0, with
chemical potential ang, = 1/(kgT,) the inverse temper- |pss) the steady state density vector. Define the direction from

ature. It should be clarified that the expression of Ei§  right to left as positive, the photovoltaic current is obtad
based onE_ > 0, which is equivalent tarex > Q2. On [see AppendiB], as

the contraryE_ < 0 (ezer < Q2), it only needs exchange

fo(E-) with 1 — f,(E_) in Eq. (7). When including the ex- I./e =T1p? —Tarpic +20cLRep’r],  (10)
ternal voltage bias, we conventionally $f ry = po+eVe/2

with ;1o = (€1 + er)/2. This enables us to study the current- wherel', = 2& (cos? §[1 — f1(E4)] + sin® §[1 — f(E_)])
voltage characteristic of the double quantum dots, which is denotes the electron hopplng rate from the left dot to the

crucial ingredient to design the photovoltaic deviced [ left lead; T = 2= (cos® £fL(Ey) +sin® £ fL(E)) is
The third term depicts the effect of the photon environmenthe reverse-process rate from the left Iead to the left dot;
on the DQD, shown as [see Appendik Oqr = “45“‘9 (fL(E-) — fr(E4)) depicts the relaxation

rate from the quantum coherent state between the left and
Ll = Yp@+— {(1 T n(A))[ﬁ—ﬁ, Q] () [624, Q]} right dots to the ground state by emitting an electron in#® th

2h left lead. This process is a pure quantum effect and gives the
+H.c., (8)  positive contribution to the right-to-left current. Simily, the
. . L photon current absorbed from the solar environment can be
where@Q,_ = (+|Q|-), 6+ = |+){(F| andQ = dTLdL —  also obtained as [see Appendik

dl,dr describes the population polarization on the DQD. ,
A = E; — E_ = \/A?+ 402 denotes the energy gap of _psind (sin0(p7r + Pir) + 21 + 2n(A)|REPTR]) -
two eigen-levelsyy, = 273", |gx|?d(wr — w) is the cou- 2h (11)
pling energy strength of the photon environment, aqdl) =

1/[exp (B,A)—1] is the Bose-Einstein distribution of the pho-
ton environment with3, the inverse temperature of the sun.
Clearly, only the photons with energy resonant with the eige

level gapA will be absorbed. ; ; ;
. in the absence of inter-dot electron tunneling(f)) state
E_qs. 0 and @ show that eigen-statest) of DQ_D are keeps equilibrium with its own reservoir under the relation
mainly responsible for the quantum transport, which is also s

S . . - = A/2), which readily leads to
similarly illustrated in Ref. 0. To expose explicitly the P/ Pie = e (—BrmA/2) Y

I. = 0 since the last contribution from the quantum coher-
physical picture of the photon-assisted transport, we re-

ence vanishes whel = 0. On the opposite limit when the
express the electron-photon coupling Eg) ih eigen-state
. - N o . . . inter-dot coupling®2 becomes large, the electron population
basis asd/p_,n = 3_, gq(aq + a})(cos 7. — sin07;), with

- ) T\ polarization of the DQD will be small so that the electron-
7. = [H)(+=[=)(=land? = 7, +7 = |[+)(=|+|=){(+|-  photon coupling becomes rather weak [see B}j. (More-
The first term on the right side dfp_, is trivial, since itis  over, increasing? will enhance the back-tunneling current
commutative with theldp. While for the second term, it ap- from left to right. As a result, the photovoltaic current il
pears as- Zq sin Ggq(dgt + 74.a4) under the rotating-wave be severely suppressed at lafgeThus, it is naturally to ex-
approximation. This clearly suggests that the electron hoppect the maximal photovoltaic behavior in the intermediate
ping between+) is assisted by the photon absorption andtunneling regime.

Eq. (10) and Eq. (1) imply that quantum coherence, man-
ifested byp;%;, is crucial to correctly describe the current.
Moreover, the factor ofin 6 in I, shows that photon cur-
rent vanishes at = 0, i.e. atQ = 0. Accordingly,
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FIG. 2: (Color online) Currents (photovoltaic currditand photon . o
flow 1,) and energy power (photovoltaic powgr and solar power FIG. 3: (Color online) .(a) Short circuit eIeptron currendqnhoton
P,) as functions of external voltage bias. Other parameters are current atV, = 0, and inset is the_com_parlso_n of numerically exact
L =3eVep = 1eV,yL = vr =7, = 0.1 eV, T = Tp = Voe from Eq. (L0) and the atpproxmatlon estimated from Eqa)c
300 K, T, = 6000 K. (b) optimal output poweP?® = max{I.-V}, corresponding input
' power Po* = I,-A, and the efficiency) = P/ PSP, as functions
of electron tunneling strengtih. Other parameters are the same as
those in Fig2.

1. RESULT AND DISCUSSION

A. |-V curves tween QDs generates downhill current under positive volt-
age, which gives negative contribution to the electronemnitr
The current-voltage characteristic (I-V curve) is cruéeal  and (i) photon-generated uphill current gives crucialipees
analyzing the quantum photovoltaic effect, in which thersho contribution. Before the vanishing of the photon curreié, t
circuit current, open circuit voltage and photovoltaic gow Photon-generated electron current will be completely ielim
can be explicitly identified31-34]. We first investigate the nated by that from intrinsic inter-dot tunneling ., which
photovoltaic current and the output power in FigThe tem-  gives the discrepancy between two terminal voltages.
peratures of both the left and right leads are set to the room The photovoltaic (output) and solar (input) powers are-stud
temperature. For solar photons, the temperature is chgsen id in Fig.2(b). In the small voltage bias regime, the photo-
T, = 6000 K as traditionally described3f]. As shown in  Voltaic powerP. = I.-V, is proportional tol, until reach-
Fig. 2(a), when the voltage bias is turned on but small, theing @ maximal power, since the electron currénkeeps al-
electron current keeps nearly the same strength as the shérost constant. As the voltage reachgs the power suddenly
circuit currentZ*¢. However, when the voltage approachesdrOpS to zero, due to the drastic diminishing of the currént a
the open circuit voltagd’,., the electron current is sharply Vo.. For the solar poweP, = I,,-A, it is steady at the be-
suppressed down to zero. Hence, the DQD has a high fillginning, and then decays fast near the terminal voltagegtwhi
ing factor, which is crucial for high efficiency3p-38]. The is consistent with the behavior ¢f. The maximum quantum
similar feature has been described in other photovoltait re efficiencyn = P./P, of the DQD engine is then obtained
izations [L4, 15, 35], considered as a key element to designnearV,., as plotted inset in Fig2(b). This behavior is similar
efficient photovoltaic devices. In the recent studies reéiggy 0 photovoltaic power and the maximal value is neaflfs.
the cavity quantum electrodynamics syste3f] [and organic
Heterojunction B5], the photovoltaic current is exhibited as
I.~1 pAandl.~10 pA, respectively. It is much smaller than B. Effectsof inter-dot quantum tunneling
the present case with nA current scale. This implies that the
DQD is an promising candidate serving as the basis of the Fig. 3(a) shows the effect of the tunneling on the short cir-
photovoltaic application. cuit current/s¢ atV, = 0 in a large scale. In the weak tun-
The behavior of the photon current with the variation of neling regime, the photovoltaic current arises quicklyrwiite
voltage is similar to the electron current, which also eithib increasing tunneling/f ~ Q2), which is also observed in
large suppression near the terminal voltage. Howevergthe t Fig.2. As the tunneling strength reaches the moderate regime,
minal voltage is larger than that/{.) for the electron current the electron current peaks @t ~ 0.55 eV. After the peak,
[see Fig.2(a)]. This is understandable as follows: With fi- the current shows monotonic decay. For the behavior of the
nite (2, the dot system has electron current from left to rightphoton current, it is similar to the electron current, excep
under positive voltage in absence of the electron-photen infor the magnitude difference. As we discussed above, in ab-
teraction. After the electron-photon coupling is includéte  sence of inter-dot tunneling, two DQs are decoupled and no
photon absorption by quantum dots generates the electren cyphoton will be pumped into the dots to generate uphill cur-
rent against the voltage bias, originating from the quantument, which is clearly exhibited in Eql{). Therefore, to ob-
photovoltaic effect. Therefore, the electron current imeo tain photovoltaic effect, finit€) is necessary. In the opposite
posed by two competing sources: (i) intrinsic tunneling be-direction of strong tunneling, the population polarizatis



very small, and photons can be hardly pumped into the sys
tem due to the suppressed electron-photon interactionrshow
in Eqg. (3). Moreover, the tunneling also deteriorates the gen:

(a (b)

. . .. o Q=001eV | 3l — ITA] |
eration of the photovoltaic current. Hence, it is expechente 3 Q=0.05eV SN L V. Vol
. . . . . . . K oc
will exist an optimal tunneling to maximize the photovottai FU 0=01ev - P

i - - - 0=0.3eV
v Q=0.5eV

current, which is explicitly shown in Fig3(a).

The open circuit voltage with varying tunneling strength is
also investigated in the inset of Fig(a) (solid line), where
V,. shows monotonic behavior with increasifigthat qual-
itatively coincides with the behavior of the eigen-levepga
A = VAZ+402. This can be understood as follows:
When the inter-dot tunnelin is weak, it is known that
sin 0~0 (cos §~1) so that|+) only effectively connects to the )
left lead and — ) effectively couples with the right lead [see O o— 05
Egs. A7,A8,A9,A10)]. Besides, the eigen-levels) and|—) AleV] QleV]
are nearly uncoupled since they become orthogonal to ea(r|G. 4: (Color online) (a) Short circuit current as a funatiof A
other. The tunneling between them is mainly assisted by thwith different(; (b) Maximum of the photovoltaic current, the cor-
photon-induced excitation and relaxation. Hence at theoperesponding open circuit voltage and output power, undeovar).
circuit voltage, considering electron pump from the right)) Other parameters are the same as those inig.
to the left (++)) is balanced by the reverse action, we have the
detailed balance relation:

fu(Ey) X1+np(A)X1_fR(E*) 1
1—fu(Ey) np(A) fr(E-) ’
where the rate from the left lead to the right one is propoglo 5.6 g150 apparent. For weak tunneling, = 0.01 eV, The

10 fr(E+)[1+n,(A)][1-fr(E-)] while the reverse rate from 4,6 of the peak is small, arourids uA. As the tunneling
right to left is proportional tol — f1(E4)]n,(A)fr(E-). s strengthened, this value becomes large, & ~ 3 uA.

[MA]

ISC
e

(12)

This detailed balance relation finally gives us When the tunneling is further increased, the current again b
A T comes weak. Besides, the peak is broadened with increasing
Ve = — (1 — _0) , (13) . Based on the results of Fig(a), we extract the maximum
€ Ty values of the current/{"**) and investigate their dependence

whereTj,) denotes the electronic reservoirs (solar environ 2" the tunneling strength, shown in Fb). The global sum-

ment) temperature antl — T, /7, is the ideal Carnot effi- :\T/]vltt)aeie:izrds :tt;u;xo,gg Oe ;/’g{//h'ﬁgggg?ﬁg%gﬁrg ]E?ee ?szr)]:f
ciency. This rough estimation qualitatively agrees witk th - : d Y

numerical exact result in the inset of Fig(a), and the slight of the alr_Jsorptmn photons is in the infrared regirhé{ and
deviation comes from the weak inter-dot tunneling, which re the maximum vajge O.f the current can be as I_argé _asA.

. It shows competitive improvement by comparing with pho-
ducesl;,. compared to the ideal one at E43|. From these tovoltaic current in other photocell unit, i.els.~1 pA in
results, it is interesting to find that below the optimal takn Ref. [30] and I..~10 pA in Ref. [35] vose
ing (2 =~ 0.55 eV in our case), both the photovoltaic current "~ s¢ P e
and voltage are enhanced by the tunneling strength. Theis, th
best operation regime is around the optimal tunneling, @her  For the open circuit voltage corresponding to the maximum
the maximum output power will be obtained. This feature isshort circuit current, it changes almost linearly with(we
explicitly shown in Fig.3(b). However, the photovoltaic effi- also find the excellent linear relation &%, with A) [39, 40],
ciency corresponding to the maximal extractable outputgsow which is quite different from that in Fig3(b). The difference
is not the largest, which shows monotonic decay. This promainly comes from the different flexibility of the energy bia
vides useful guidance to optimize the quantum photovoltaicA. For the formal case in Fig(b), the energy bias is fixed
effect. with A = 2 eV and does not change with the variation of

Q. While for the present case, the maximum electron cur-
rent shows the global picture in the parameter spack afd
C. Global optimal performance Q, whereA is adjusted with varying2. We also investigate
the maximum power, defined d3"** = I**.V,.. It also
Next, we study the effect of the inter-dot energy gamn  shows the peak effect with the optimal tunneling, but the op-
the photovoltaic current in Figi(a). For arbitrary tunneling timal point deviates from that for the photovoltaic currefs
strength, there always exists an optimal gap to maximize the well-known, over50% of the solar energy is below the vis-
current. Moreover, the overall profiles are similar: therent  ible light spectrum41]. Therefore, our results suggest that it
firstly arises with increasing\, and then it decays monoton- is meaningful to use the DQD as one basis for the design of
ically after reaching the maximum. However, the difference efficient solar energy harvesters.



IV. CONCLUSION modified to

In summary, we have studied the quantum photovoltaic ef-  yx. — Z tpoe XL/ 2dte, 4 He.,
fect in a DQD system weakly coupled to electronic leads and ko
solar environment by applying the quantum master equation... . o . . m n
o : : - _ 5 o ot 2y 3t t
Three main ingredients of photovoltaic effect: short circu Vplpn = qu(aqe Xp/2 4 aqelxp/ J(dydr — dpdR),
current, open circuit voltage and output power, have been an .

q . . .
alyzed in detail. As the voltage bias approaches open tircu h'th fa% :d Lif ad: Bt ot?eéwlseziaﬁ = 0. Iiollowm% :
voltage (/,.), the electron current is strongly suppressed to € standard procedure treated in quantum master equation |

zero, implying the high fill factor. In comparison, the photo cluding counting field up to the second ord28[45, 46, the

current is eliminated at a larger terminal voltage. This dis dissipator from the QD-electron reservoir is derived as

crepancy mainly originates from that the photovoltaic entr

is composed by two competing sources, one from the photona 5 Z % v, Ga (u

generated uphill electron current against the potentias,bi Lel o

and the other from the voltage bias driving the electron cur-

rent along the potential gradient. When the photovoltaie cu +(1 = fo(Ea))eX2(dypla)(G| + H.c.)

rent disappears, these two sources induced currents aa equ —([(1 = £o(EL))d} G alp+ folEq)dy|a)(G|p]

resulting in the finite photon current. Moreover, the photo- I A2)

voltaic current and power are much larger than other regentl +H.c)}, (

studied nano-junction photovoltaic systems, which is iaiuc

for designing photovoltaic devices. with v = L, R anda = +. It will naturally reduce to Eq.7)
The influence of the inter-dot tunneling strength on the phowheny. = 0. And the Liouville operator from the dot-photon

tovoltaic current is investigated. The optimal tunnelimg t coupling is shown as

maximize the photovoltaic current has been found in the-inte

Eg)e” X1 (df p|G)(a| + H.c.)

mediate regime, of which the character should be intrinsic i R 71)(2+_ .

this kind system. Whereas the open circuit voltage inciease Lylpy] = {n(A)e X7 (Qp|—)(+| + H.c.)
monotonically with the increasing tunneling, which can be ixe

qualitatively described by,.~A(1 — Ty/T,), based on the +(1+ ”( ))eXr (Qpl+){(~| + H.c.)

detailed balance condition. The global optimal tunneling t —([(@ + n(A) Q=) (+|p + n(M)QI+)(~|5]
achieve the maximal photovoltaic current and power has been +H.c)}. (A3)

also exhibited, with the central frequency of absorption-ph
tons in the infrared regime. We believe that these resutis pr . .
vide theoretical basis for promising photovoltaic appiimas ~ WWhenx, = 0, itreturns back to Eq8) consistently. Then the

of double quantum dots. gquantum master equation under counting field is described by
Appendix A: Quantum Master Equation under Counting Field 21Px = —i[Hp, px] + Lelpy] + Lplpy]- (A4)

To derive the electron current and the photon flow, we usufurthermore, in the Liouville space the reduced density ma-
ally include the counting field as in the method of full count- trix of the DQD system is expressed as vector fgim) =
ing statlstlcs $2-49). Here, we count the electron number (pqq, prr, prR, pLR, prE)TS With pij = (i|py|7). Hence,

Ny = Yop€ c,C 1.¢x,1. on the left fermion reservoir and the pho- the corresponding evolutlon equation of the DQD density ma-

ton numberN, = ¥, alay in the solar environment. The [rixis given by
Hamiltonian of the whole system is modified 28]

0
A, = ¢Nexet M) 2 —iNixe+ o) /2 (A1) 5 Fx) = L|P), (AS)
= Hp+ VXe + Hy) + VP + Hpn,
P UZ;R( )+ Vol P with L, = L5+ L% . Whenx, = x, = 0, Eq. (A5) is just
simplified back to Eq 9 with |P,) reducing to|P) andL,
wherex = (x., xp) count the currents transferring into the reducing toL. HerelL¢ describes the superoperator for the

corresponding reservoirs, and the system-bath interexciice  electron leads induced decoherence as



—(Par +Tgr)  Tree I'r OgreX 4+ Oar OgreXs +Oar
Tagre "Xe -I'y 0 —Ogp +1iQ —Ogp — i)
L;C = T'ar 0 —I'g —Oaggr — 2 —Oggr + i) , (AB)
re. —Ogr +iQ —Ogy —iQ —Ldln A 0
re. —Ogr — i —Ogy +if 0 —Ldln LA
|
whereA = ¢;, — eg, and the other renormalized parameterswith the elements
are explicitly given by 20
p - Yp S . —ixp
N BCTER ([1 4+ 2n(A)] — n(A)e
0 50 —[1+n(A)]e™), (A14)
Fgr = 7EL(COSQ §fL(E+) + sin® §fL(E—))a (A7) ) sinby, . 50 _
— : _ _ p"Xp
o, 57 [sin 2[1 +n(A)](1 —eXr)
— cos? gn(A)(l —e ), (Al15)
sin Oy, 50 i
L0 0 ., = (cos? 21+ n(A))(1 — )
Fer = ’%R(sz §fR(E+) + cos” EfR(E—))a (A8) * 2h g 2
— sin? in(A)(l — e Xr)), (Ale)
1 sinfy, 9 Q ixn
O, = o7 (cos 2[1+n(A)](1+e )
0 ,
6 .0 —sin? =n(A)(1 + e~ »)), A17
Do = 2 eos? S[1— fu (B, ) 4sin? D [1-fu(EL)), (A9) ne g e (1D
9 sinfy,, . 4 Q i
0y, = 57 (sin 2[1+n(A)](1+e )
— cos? gn(A)(l + e7Xr)), (A18)
)
0 0 sin” 0, —;
L= 2 (sin® 5[1 = fr(B2)] + cos” S[1 = fr(E-))). 0}, = g (L +2n(A)] + n(A)e
(A10) 1+ n(A))exr). (A19)
sinfyr(r Appendix B: Derivation of the Currents
OcLGr) = o 7 (fory(BE-) = frr)(Ey)), (All) PP
From the evolution equatio§€|IP’X) =1L,|P,), we can de-
fine the characteristic function
Z(x,1) = (1P (1)) = (1| [P, (0)), (B1)
sinf i S
re = e (Ve lfe(BEy) — fo(BE-)le™ "X where(1| = (1,1, 1,0,0) consideringcg + prr +prr = 1.

+r[fr(E+) — fR(E-))). (A12)

While L% accounts for the electron-photon interaction,

shown as
0 0 0 0 0
P P
0 _I‘I;(P O _I‘é/;Xp _FéﬁXp
=0 0 -Th —Th  -Th |, (A13)
0 _@1 _@2 _ M3
e S
0 _®Xp _®Xp 0 _®Xp

In the long time limit, the cumulant generating function ten
then expressed adT, 49|

G00) = lim $2(1) = Xo(x),

t—o0

(B2)

where\(x) is the eigenvalue of the operatby, which has
the largest real part and thus dominates the dynamics in the
steady state. The currentis just the first order cumulanisha
then obtained by the first order derivative

pss> |

9G(x) B 3/\o(x)| B <1
_ 0 =
(B3)

a(ix)

O,

B (i)

a(ix)

|x:0

x=0



For the specific current calculation,= x. gives the electron
current, andy = x,, gives the photon flow.
Therefore, the electron current is obtained as
8L§<e

<1 A(ixe) PSS>

Lot — Tarpic + 206 LREpTR]s

I./e (B4)

Xe=0

where|P#) is the vector of the density matrix in steady state.
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reservoir, there is a minus sign for calculating the photan ¢
rent out of the reservoir.
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