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We investigate the photocurrent and spectral features in a simplified model of a Mott photo-
voltaic system consisting of a multilayered insulating heterostructure. The central correlated region
is coupled to two metallic leads kept at different chemical potentials. A periodic drive applied to
the correlated region produces excited doublons and holons across the Mott gap which are then
separated by a potential gradient, which mimics the polarization-induced electric field present in

oxyde heterostructures.

The nonequilibrium Floquet steady-state is addressed by means of dy-

namical mean-field theory and its Floquet extension, while the so-called auxiliary master equation
approach is employed as impurity solver. We find that impact ionization, identified by a kink in the
photocurrent as function of the driving frequency, becomes significant and is generally favoured by
weak, narrow-band hybridizations to the leads beyond a certain strength of the driving field. On
the other hand, in the case of a direct coupling to metallic leads with a flat band, we observe a
drastic reduction of impact ionization and of the photocurrent itself.

I. INTRODUCTION

The current climate crisis calls for innovation in new
sustainable energy production, such as the field of pho-
tovoltaic cells. While conventional semiconductors and
organic solar cells are currently employed in most appli-
cations, correlated Mott insulators have been proposed
as interesting alternatives. In particular, it has been sug-
gested that the Mott gap might be used to convert elec-

tromagnetic radiation into electric energy [1-5] with an
efficiency beyond the Shockley-Queisser limit [6], due to
so-called impact ionization (II) [1, 4] processes. Beyond

theoretical conjectures, II, and more generally multiple
exciton generation (MEG) processes, have been detected
via photocurrent spectroscopy and pump-probe experi-
ments in VO [7, 8] and in quantum dots [9-11].

In particular, oxide heterostructures based on
LaVO3/SrTiO3 have been identified as possible candi-
dates [12] for Mott photovoltaics, even though some is-
sues, such as the low mobility of the carriers [5, 13], may
prevent the use of such compounds as efficient solar cells.
Nevertheless, recent years have witnessed an increasing
effort towards the growth and characterization of LaVOs3
thin films, see, e.g. [14]. The characterization of Mott-
based photovoltaic devices and the underlying physics
governing fast carrier multiplication processes are sub-
jects of broad interest, with potential applications across
various domains. Indeed, numerous theoretical investiga-
tions have delved into diverse facets of 11, see, e.g. [4,

.

Heterostructures with metal oxides compounds like
LaVOg; exhibit features which are typical of Mott insula-
tors, due to the strong local Coulomb interactions of the
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electrons in the outer d-shells of Vanadium atoms, and
therefore they may be regarded as prototypes for real-
space dynamical mean-field theory (DMFT) [16, 24-31]
studies. The Floquet generalization of this formalism,
which allows to include external periodic drivings, pro-
vides an important benchmark for nonequilibrium real-
time DMFT for multilayer setups at long times, which
are computationally costly to address [16, 18].

In the present manuscript we characterize a prototype
of solar cell based on the heterostructure schematically
depicted in Fig. 1 in terms of the occurrence of II. The
system under investigation consists of L. = 4 Mott in-
sulating layers located between two wide-band metallic
leads which act as charge collectors to harvest the en-
ergy. The Mott region is separated from the metallic
leads by two narrow-band layers with energies aligned
with the upper and lower Hubbard bands as in Fig. 2,
which represent the oxide contact layers. An external
time-periodic electric field induces a Floquet steady state
with a current flowing from the left to the right side of
the heterostructure, against the natural gradient estab-
lished by the leads’ chemical potentials. Due to the polar
interfaces located between the insulating layers [12], an
internal electric field builds up in the heterostructure,
acting as a separation mechanism for the electron-hole
(e-h) pairs produced by the periodic driving.

Our goal is the characterization of this Mott-based
photovoltaic setup in a mnonequilibrium steady-state
(NESS) in terms of the occurrence of II and we do so by
analyzing some of the most important observables such
as the steady-state current. In addition to that, we in-
vestigate how the electric field amplitude of the external
driving affects II. We then discuss the situation in which
the Mott region is directly connected to wide-band metal-
lic leads without intermediate narrow-band contacts, and
address II in this case. The strong-coupling impurity
solver we use allows us to obtain accurate results directly
in the NESS. The downside is that we are restricted to
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a single-band model, so that we cannot address Hund’s
coupling effects as in Ref. [18]. Also the effects of local
antiferromagnetic correlations as discussed in Ref. [29]
are beyond the scope of our present study.

Our results indicate that II, which we link to the pres-
ence of a clear increase (“kink”) in the photocurrent for
driving frequency strengths around twice the gap, plays
an important role when the correlated region is connected
to narrow-band contacts. This sudden increase in the
photocurrent is generally supported by a corresponding
kink in the double occupation and its fluctuation around
its mean value (see Eq. (20) for details) as well as by
a non-negligible occupation of the upper bands for driv-
ing frequencies compatible with II. Upon decreasing the
electric field amplitude Ey, our results suggest that II is
accompanied by a change of behavior of the photocur-
rent from quadratic to linear as function of Ey. Factors
that hinder I turn out to be (i) a stronger hybridiza-
tion to the leads, as we already observed in the case of
a single layer [32], as well as (ii) a direct connection to
wide-band metallic leads without intermediate narrow-
band contacts.

The manuscript is organized as follows: In Sec. IT we
introduce the setup under investigation and its Hamilto-
nian. In Sec. IIT we discuss the nonequilibrium Green’s
function formalism and the mathematical tools hereby
employed. Results are discussed in Sec. IV while Sec. V
is left for conclusions and final remarks.

FIG. 1. System under investigation. The central region con-
sisting of L. = 4 correlated layers, in green, is irradiated with
a periodic, monochromatic, light with frequency €2. Two un-
correlated interfaces acting as contacts, in red, separate the
correlated layers from the metallic leads, in blue, which are
kept at different chemical potentials, and model the collectors
for the charges created by the external driving €.

II. MODEL

We consider a system made of L correlated layers ar-
ranged along the z-axis, i.e. z € {1,...,L}, translationally
invariant in the xy plane, attached to two metallic leads
(p =1 r) as shown in Fig. 1.

The Hamiltonian of the system reads

ﬁ(t):_ Z tz(t)él,r,oéz,rho_ Z tzz/é;r,oéZCr,o

z,(r,r’),0 (2,2'),r,0
N N 0) ~ A
+ E Uznz,r,'rnz,r,i + E Eg )nz,r,o + Hicads-
zZ,r Z,r,0

(1)

The operator é;r,o (és.r,0) creates (annihilates) an elec-
tron on site r = (x,y) of layer z with spin o = {1, ]}.
Npr,o = é;r’aéz)r’g denotes the particle number operator
on the correlated layer z. Here the brakets (z,z') de-
note neighboring layers along the z-axis while (r ,r’) is
referred to neighboring sites belonging to the same layer.
The time-dependence in the Hamiltonian (1) is due
to the time-periodic, homogeneous and monochromatic,
electric field with frequency 2 and enters via the Peierls
substitution [33] in the intralayer hopping as

In Eq. (2) A(t) is the time-dependent vector potential, &
Planck’s constant and ¢ the charge of the electron. We
choose A(t) = A(t)eg to lie along the lattice body di-
agonal of a hyper-cubic lattice eg = (1,1,...,1), with
At) = q%szfsin(Qt) and o = —q%a, where Ej is the
electric field amplitude, and a the lattice spacing [34, 35].
In the temporal gauge the electric field is then given by
E = —0:A(t) = Eycos(Qt)eg.

The second term in Eq. (1) accounts for electron hop-
ping processes in between layers and is described by the
nearest-neighbor amplitude ¢,,,. The third term intro-
duces the local onsite Hubbard interaction U, and the
fourth one describes the onsite energies ;20), the expres-
sion of which will be given in Sec. III A. Hjg,q5 represents
the Hamiltonian of the metallic leads, the details of which
will be also presented in Sec. TITA.

In this manuscript we consider a uniform Hubbard in-
teraction U, = U. For the correlated region, we set
t. =t and t,,» =ty with {;; = {5, = v, so that
the hybridization between the correlated region and the
leads is the same on both sides of the heterostructure.

As already mentioned, the zy-plane is modeled as a
d-dimensional lattice which, in the limit d — oo intro-
duces the usual rescaling t| = tﬁ/(Q\/ﬁ) [36]. In this
framework, sums over the electron crystal momentum
k transform as >, x(w,k) — [de [de p(e,€)x(w;€,€),
pe,€) = (1/7rtﬁ2) exp[— (€2 +E2)/tr|2] being the joint den-



sity of states [34], where

d
€= =2t Z cos(k;a),
i=1

d
€= -2t Z sin(k;a).
i=1

Throughout the whole manuscript we choose our units
sothath:kB:a:1:—qandtﬁ/2:1asunitof
energy.

III. METHOD AND FORMALISM

We describe the periodic NESS using the Floquet gen-
eralization of the nonequilibrium Green’s function (GF)
formalism [34, 37, 38]. In this work a Floquet-represented
matrix is denoted as either X,,, or X, while underline
stands for the Keldysh structure

a=( o). (1

with the retarded, advanced and Keldysh components
GRAK oheying the relations G* = (G®)T and G =
G> + G<, G5 being the lesser and greater compo-
nents [39-42].

A. Dyson equation

The lattice electron GF of central correlated region
obeys the Dyson equation [31]

G (wni€,8) =Gyl (wni€6,8) = 2. (wni€,8).  (5)

The GF corresponding to the noninteracting terms in the
Hamiltonian (1) is
Gyl (wni ) = g )

=0,mn,zz’ = g077,1n7221 (wn; € 6)

(6)

- UIQQI (wn; 6)52,1 + Ufgr(wn; 6)52,L 5mn5zz’7

vy, representing the hybridization between leads and cor-
related region, where we have introduced the shorthand
notation w, = w+ nf), n € Z. The noninteracting GF of
the isolated correlated layer is given by

[gal(wn; G’g))] anz,zz/ =

—t220mn — Emn (67 g)(S.zz/y

(wn + 10+ - Ez) 5mnézz’

(7)

the Keldysh component of which can be neglected be-
cause of the leads GF.

The internal electric field present in oxide heterostruc-
tures, which originates from the polar interfaces between

the different correlated layers [12], is included via a po-
tential drop ® between the outermost layers of the cor-
related region, i.e. z =1 and z = 4, and is such that the
layers’ onsite energies vary linearly along the z-axis, i.e.

[0 —1)®
SR B Al L (8)

where sgo) = —U/2 at half-filling. Such potential drop
helps to separate the photoexcited e-h pairs, as shown in
Fig. 2.
The Floquet dispersion relation &,,, for the periodic
field in a hyper-cubic lattice is [34]
nle7) = {Jm‘"(” N

m —n :even

iJmn(2) € )

m —n : odd,
where J,, denotes the n-th order Bessel function of the
first kind with the argument </ defined as in Sec. II.

If not otherwise stated, we consider wide-band metal-
lic leads coupled to contact layers with a localized
Lorentzian-shaped DOS (see Fig. 2), centered at their
respective onsite energies €, to efficiently collect the pho-
toexcited e-h pairs from the central region [12, 18].

Following Ref. [32], the surface GF g, of the leads reads

I (wie) = (w—eple) +i7,)

10
gn(wie) = [gh(wie) — gh (wi O][1 = 2f(w, 1y, B)], (10

where e,(e) = ¢, + i—’ie denotes the lead dispersion rela-
i

tion and f(w, u,, ) = [¢*@~#») + 1]7! the Fermi-Dirac
distribution function at inverse temperature 5. We re-
call that the second relation in Eq. (10) comes from the
fluctuation-dissipation theorem [13].

The electron self-energy (SE) X.., is obtained from
real-space Floquet DMFT (F-DMFT) and, in this ap-
proximation, is independent of the crystal momentum
and spatially local, i.e. X,/ (w;€,€) ~ 3, (w)d,,s. Details
regarding real-space F-DMFT are given in Sec. 111 B.

B. Real-space Floquet DMFT

The electron SE X, ., in Eq. (5) is computed using
DMFT [14-16], and in particular its nonequilibrium Flo-
quet extension F-DMFT [34, 37, 38], and real-space gen-
eralization for inhomogeneous systems, in which one has
to consider the spatial dependence from one coordinate
[16, 24, 27, 28, 30, 31, 47]. In real-space F-DMFT one
considers the electron SE spatially local and neglects
its crystal momentum dependence, i.e. X, (w;€,€) ~
3, (w)dy,. Such simplification allows us to solve for each
correlated layer z a (nonequilibrium) quantum impurity
model with Hubbard interaction U, and onsite energy
€., with a bath hybridization function A, (w) determined
self-consistently.



More in detail, the self-consistent real-space F-DMFT
scheme is the following: (i) we start from an initial guess
for the electron SE X, (w), then (ii) we extract the local

electron GF as
/ de / de p(e,6)G

inverting G (w; ¢, €) [18] from Eq. (5) and taking the di-
agonal elements in the layer indices. For this goal, either
one directly inverts the matrices in Eq. (5), which results
in a major computational effort due to the double matrix
structure in Floquet and real space, or one uses the recur-
sive Green’s function method [16, 24, 30, 49, 50], which
we generalize to the Floquet formalism in Appendix A,
which is much faster than the plain matrix inversion. (iii)
We map the problem onto a single impurity plus bath,
with hybridization function

Gloc zz (w;€7€)’ (11)

AW =gy oW =Gl (W) ~Z.(w),  (12)

<20,z,site

where g&?sne(w) is defined as in Eq. (7) with €y, (¢, €) =
0 and ¢,,» = 0. (iv) We solve the nonequilibrium many-
body impurity problem, which gives the new X_(w). (v)
The electron SE is inserted into step (ii) and steps (ii)-
(v) are iterated until convergence. For the convergence

criterion, we explicitly refer to Ref. [31].

In Eq. (12) for the bath hybridization function A, (w),
we have a Floquet structure encoding the periodic time
dependence. However, in the parameters range we
are considering it is safe to adopt the Floquet-diagonal
self-energy approximation (FDSA), whereby nondiagonal
Floquet indices in X, (w) are neglected [19, 32]. There-
fore, the nonequilibrium impurity problem is station-
ary and we consider only the (0,0)-Floquet matrix el-
ement of all the quantities in Eq. (12). The other di-
agonal components of the SE are obtained by exploiting
the property X,,,,(w) = Zgo(w + m€). Thanks to the
particle-hole inversion symmetry of the system described
in Appendix (B), the many-body problem in step (iv)
of the real space F-DMF'T self-consistent loop has to be
solved only for half of the correlated layers. We em-
ploy for such goal the auxiliary master equation approach
(AMEA) [51-55]. We refer to Ref. [56-60] for the de-
tails and the latest developments and applications of the
AMEA impurity solver.

C. Physical quantities

In this section we introduce the observables of interest
in this manuscript. We start with the Floquet general-
ization of the steady-state photocurrent flowing from the
left to the right lead [27, 31]. Between any of the (L +1)

bonds |

Q/2 d(JJ
Jzi+1 = t575+1/ /de/dep €,€)ReTr [Jz 341]
—q/2 2

T du
=t2,s+1/ %/df/d@(f,g) Re(Joo,z,2+41)

(13)

] we have the following photocurrent

where we omitted the frequency and crystal momentum
dependence for the sake of simplicity. The new index Z
takes into account the leads’ surface layers and the cor-
related region, i.e. Z € {0,1,...,L} with Z = 0 denoting
the left and Z 4+ 1 = L + 1 the right lead surface, the GF
of which are given in Eq. (10). The Floquet-represented
integrand J3 341 in (13) reads

GEziis (14)

_ K
Jzz11=G2y s —

where

GE i :=ts:n [RerlG + Rz+1G?:|

(15)
GE:py =tz [L GE + LKGZAH]
The quantities on the right-hand side of (15) are de-
scribed in Appendix A. In a steady-state situation jz 511
should take on the same value for every Z. However,
due to the limited accuracy of our AMEA impurity
solver [31], deviations occur. For this reason, we intro-
duce the mean j of the photocurrent (averaged over the
bonds) and its corresponding standard deviation o; [62]
as

J= T—I—IZ]Z Z+1

(16)

r .
j Zm(]z,zﬂ —J)*
zZ=0

This allows us to provide an estimate for the uncertainty
in the photocurrent.

In order to characterize the spectral properties of
the system at hand we study the local electron density
of states (DOS) A,(w) and occupation function N,(w)
which are defined as

1
A@) = @), ()
and
1
NZ(W) = E {Im [GEC,OO,ZZ(M)] —2Im [GFSC,OO,ZZ(W)] } .
(18)
In Egs. (17) and (18) GloC 00.--(w) represents the time-

averaged retarded local GF while G5 o .. (w) in Eq. (18)
is the corresponding Keldysh component. The layer-
dependent double occupation

ND,Z = <7A7/2,T7¢Lz,¢>7 (19)



provides a measure of the number of doublons in the
upper Hubbard band of the layer z. It consists of a mean-
field contribution n?, which depends on the number of
particles per spin per layer n, = (fi, 1) = (2, ) [63] and
is, thus, strongly layer-dependent, and a fluctuation term

ANp,: = ((frzp = (Az1) oz, = (z,1))) (20)

This fluctuation of the double occupation ANp . has a
weaker dependence on z and it vanishes for an uncorre-
lated system at half-filling and is, thus, better suited to
discuss the results.

IV. RESULTS

The setup under investigation is shown in Fig. 1 while
a schematic representation of the energy landscape can
be found in Fig. 2. We focus on the situation in which the
central region consists of L = 4 correlated layers, a setup
which has already been studied in Refs. [12, 18]. If not
stated otherwise, the default values for the main param-
eters employed in this work can be found in Table I [64].
The leads’ onsite energies €1/, are chosen such that the
left(right) lead DOS overlaps with the lower(upper) Hub-
bard band of the leftmost(righmost) layer with ¢ = ¢;
and g, = —&1, see also the scheme in Fig. 2.

The chemical potentials are chosen such that pu, =
—u1 > 0, so the energy is harvested from periodic driv-
ing when an electron current flows from the left to the
right lead, against the tendency established by the gra-
dient given by the leads’ chemical potentials. Due to the
hybridization with the leads, the local DOS of the corre-
lated layers does not exhibit a clear gap, but rather only
a pseudogap Ape ~ 3, see also Ref. [32], while the leads’
bandwidth Wy, =~ 8.5.

In order for II processes to be energetically allowed, the
bandwidth of the upper Hubbard band (UHB), which in
our case is roughly equal to the leads’” DOS, has to be
at least twice the size of the pseudogap Ay, i.e. Wy, >
2A,. Only in this case an electron promoted to the
UHB has sufficient energy to excite a second one across
the gap [19, 32].

U Eo ”Yl/r v tl/r H1 tL [ 1/5 L
12 2 2 04 2 -1 1 2 002 4

TABLE I. Default values of the main parameters used in this
manuscript: for simplicity we defined v = v;;,. We recall that
the remormalized hopping in the correlated region is tl*\ =2.

A. Impact ionization

The main purpose of this section is to study the on-
set of the II processes: for this reason we evaluate the
photocurrent as function of the driving frequency 2. As
argued in Ref. [19, 32], the onset of IT can be identified by
an appreciable change in slope (kink) in the j-£ curve at
Q1 ~ 2A,,, as it hints at an increased number of carriers
being promoted to the UHB.

To better illustrate the point, below we summarize
the relevant physical processes that may occur in this
periodically-driven system.

e For Q < A,,, we expect a negligible photocurrent
produced by the residual DOS in the pseudogap.

o For A,y < Q < A, + 2W,, as shown in Fig. 2(a),
an electron from a lower Hubbard band (LHB) gets
photoexcited to the corresponding UHB and moves
to the right along the potential drop without fur-
ther exciting e-h pairs. Such process is often re-
ferred to as direct excitation (DE).

e For 2A,, < Q < Ay + 2W), as shown in Fig. 2(b),
a photoexcited electron in the UHB may excite a
second one across the pseudogap via I, before both
move to the right due to the potential drop.

e For 2 > Ay, + 2W), a photoexcited electron ends
up near the border of the UHB where the DOS is
greatly reduced, and the photocurrent gets strongly
suppressed.

1. Photocurrent and spectral features

By the analysis of the j-Q curve in Fig. 3(a) we see
an increase of the photocurrent as € grows larger, with
the maximum reached at 2 =~ 11, which is followed by a
decrease until Q ~ 17 [65]. A slight change of slope of
the curve around ) ~ 7 seems to indicate an onset of IT
processes, which are indeed expected to start showing up
at ~ 2A,,. This is corroborated by a similar behavior
of the double occupation Np . as function of €) for the
different layers z = {1,...,4} displayed in Fig. 3(b). All
these curves show a change in slope around 2 =~ 7, al-
though this appears relatively weak for the z = 3 and 4
layers. This behavior is due to the different occupation in
the layers as discussed in Sec. III C. In order to concen-
trate on electronic correlations effects we plot the corre-
sponding fluctuation ANp , (see Eq. (20)) in Fig. 3(c) for
z = 1, 2. These curves are much less z-dependent and,
more importantly, display a clear kink at Q ~ 7, corrob-
orating the onset of II beyond that driving frequency.

The Np . plots display also a reduction of the magni-
tude and a slight shift of the maximum with increasing
z: the reason lies in the (almost) perfect overlap between
the rightmost layer’s UHB and the right lead’s DOS (see
Fig. 2), which provides electrons with an easy way out
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FIG. 2. Schematic representation of the relevant processes occurring in the system considered in this manuscript. Electrons
are injected into the correlated region (green) from the (almost full) left reservoir and drained into the (almost empty) right
one (red). The potential drop across the correlated region is denoted as ® and is a linear function of the coordinate z of
the layers. We set u, > p; so that photovoltaic energy is collected from the device when current flows from left to right. (a)
Direct excitation processes. When € < 2A,, the photoexcited electron in the upper band escapes directly into the right lead by
tunneling through the upper bands. (b) Impact ionization processes. For large values of Q, i.e. Q > 2A,,, an electron promoted
to the upper band can excite, in turn, a second electron across the pseudogap by transferring energy to it via electron-electron
scattering, so that two carriers per photon can now tunnel towards the right lead.

into the lead as they tunnel through layers located fur-
ther to the right. In contrast, ANp . does not display
any layer-dependent magnitude change and position of
the maximum.

Such indications of II processes are supported by
Fig. 4, in which the electron DOS A,(w) and spectral
occupation N, (w) are shown for selected values of the
driving 2. As schematically represented in Fig. 2, we
first notice that the electron DOS of all layers features a
pseudogap for both Q =5 and Q = 11. At Q =5, when
the photocurrent j is mainly due to DE processes, the
UHB of all correlated layers is only very weakly occupied,
see Fig. 4(a). This signals that the excited electrons are
being drained quite effectively out of the central region
by the right lead.

At Q = 11, where II is expected to happen, we ob-
serve that an important fraction of the electrons now
occupies the UHB of all layers in the correlated region,
see Fig. 4(b). As argued at the beginning of Sec. IV A,
a larger occupation of the UHB is consistent with an in-
creased scattering probability among electrons across the
pseudogap, the key mechanism for II.

B. Dependence on the electric field amplitude

In this section we investigate the behavior of the pho-
tocurrent and of II upon reducing the amplitude Ey of
the driving electric field [66].

We consider three values of the driving frequency,
Q = 5, 8 and 11, in order to characterize the behav-
ior in the regions before, around and after the onset of
IT processes. The j-E; curves (in green) displayed in
Fig. 5(a)-(c) for L = 4 clearly indicate a different be-
havior of the photocurrent in the cases with and without
I1. More specifically, in the situation without II (2 = 5,
Fig. 5(a)) the photocurrent displays a quadratic behavior
above the background current threshold [67] up to elec-
tric fields Ey ~ 2. On the other hand, in the two cases
around (2 = 8, Fig. 5(b)) and after (2 = 11, Fig. 5(c))
the onset of II, the j-Ey behavior is rather linear in a
wide region down to Ey ~ 0.5.

These results suggest a correlation between the occur-

rence of IT and the behavior of the j-Fq curves. A rough
explanation for the deviation from a quadratic behav-
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ior in the II case may be provided by the following ar-
gument. One expects the DE photocurrent to be pro-
portional to |Ep|? for small Ey, while in presence of II
j o< |Eol?[1 + r11), in which the IT scattering rate ri [05]
accounts for the creation of two doublons and two holons
(see Ref. [1] for details), increases as function of Q and
contributes only when Q 2 2Ap,. ryy is certainly depen-
dent on the occupation of the UHB, and may be respon-
sible for the linear behavior of the photocurrent above a
certain threshold field £ > Ej,. However, this behav-
ior can only be deduced a posteriori from our results in
Fig. 5. We argue that this crossover from a quadratic to
a linear-like j-Fjy behavior may be considered as a signa-
ture of II. This argument is corroborated by the fact that
for Ey-values slightly bigger than the supposed threshold
field Eo 1 ~ 0.5 the occupation functions of the UHB for
Q = 8 and especially Q = 11 are clearly larger than for
) =5, as can be seen in Fig. 6 [69].

The value of Ey+n, above which the curve j-Ey be-
comes linear, increases when decreasing the number of
layers L in the central region, as one sees from Fig. 5(a)-
(c), which displays the j-Ey curves for L = 1 [70]. This
can be understood by the observation that excited dou-
blons exhibit a swifter departure from a more confined
correlated region, which in turn decreases the probabil-
ity of II for a fixed Ey. A similar effect is observed when
increasing the hybridization to the leads as displayed in
Fig. 5(e)-(f), as already observed in Ref. [32]. Due to the
larger value v = 0.8 [71] which disfavors II, the linear
regime sets in at larger field amplitudes (Ey = 1) and
it is more marked at larger driving frequencies (2 = 11)
with respect to v = 0.4, see Fig. 5(e)-(f)). Support of
this general trend, whereby II is disfavored by a larger
hybridization and a smaller number of layers L is given
by Fig. 7 [72]. Here the occupation of the UHB is sig-
nificantly reduced for L = 1 and v = 0.8 with respect to
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FIG. 6. Electron DOS A.(w) (dashed lines) and occupation
function N (w) (solid lines) relative to layer z = 2 at (a)
Ey = 0.75 and (b) Ep = 1 for different values of the driving
frequency 2. Default parameters are specified in Table I.
(Here ® =2, 1 = —1, Apg ~ 3 and Wy, =~ 8.5.)

v = 0.4, indicating a suppression of II.

Comparing the green and red curves in Fig. 5(e)-(f) we
further notice that the photocurrent for v = 0.4 is larger
than for v = 0.8 in an intermediate region of Ey-values,
which becomes wider for 2 = 11. The reason is the
following: if the field amplitude is large, the number of
photoexcited carriers in the UHB will be also consistenly
large and a higher hybridization will provide a larger con-
tribution to the photocurrent. On the other hand, for

—1, Apg = 3, W, = 8.5)
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FIG. 7. Electron DOS A.(w) (dashed lines) and occupation
function N (w) (solid lines) relative to layer z = 1 at (a)
Eo = 0.75 and (b) Ey = 1 for different number of correlated
layers L and hybridizations v at 2 = 11. Default parameters
for the L = 4 curves are specified in Table I, while the L = 1
curve is obtained with the same parameters used in Ref. [32].
(Here ® =2, 1y = —1, Apg = 3, W}, & 8.5)

weaker fields the occupations of the upper bands is sen-
sibly smaller and a carrier multiplication mechanism as
IT becomes more important.

To complete our analysis, in Fig. 8 we analyze the be-
havior of the j-Q curves for values of the field amplitude
Ey ={0.75,...,1.75}. These curves display no apprecia-
ble change in slope for Fy < 1.25 and only a slight bend
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better visualization of the data. Default parameters are speci-
fied in Table I. (Here ® = 2, yy = —1, Apg &~ 3 and W}, = 8.5.)

for larger fields (see Fig. 8(a)) around Q ~ 5 — 7, even
though IT is expected to occur at Fy 2 0.5, as suggested
by Fig. 5(b)-(c)). On the other hand, the ANp-Q curve
in Fig. 8(b) displays a small but clearer kink already at
smaller field amplitudes, in support of II. The behavior
of this quantity as function of Ej in Fig. 9 confirms the
IT onset from Ey 2 0.5, with a clear transition from the
small Fy quadratic regime to a linear one for Q = 8,11
(green curve) in accordance with Fig. 5. Also the curves
for L =1 and v = 0.8 in Fig. 9(b)-(c) undergo a crossover
to a linear behavior at larger Ep-values (Ep 2 1), here es-
pecially evident for 2 = 11, as already observed in Fig. 5.

C. Direct connection to wide-band metallic leads

In contrast to the setup of Fig. 2 we now consider the
case of a direct connection between the metallic wide-
band leads and the correlated layers without intermedi-
ate narrow-band contacts. It’s interesting to study this
situation because the carriers which are photoexcited to
the upper Hubbard band may now escape to the ”"wrong”
side (here the left lead) of the device and only the poten-
tial gradient induces a net flow of charges moving in the
"right” direction (the right lead).

By taking the metallic leads in the wide-band limit
(WBL), the retarded component of the leads’ surface GF
in Eq. (10) reads

vzgﬁp(w,k) = —% r,, (21)
where [73] T, = 2vﬁ/7p, while the Keldysh component
in (21) is obtained by means of the fluctuation-dissipation
theorem [13]. The WBL parameters are such that the
magnitude of the gap and the bandwidth of the Hubbard
bands are the same as in Sec. IV, ie. A, ~ 3 and
Wb =~ 8.5.

We start by analyzing the photocurrent j as function
of the driving frequency €2 for different values of the WBL

rateI' =T',. In Fig. 10(a) [7] we observe that the peak of
the photocurrent j occurs at smaller driving frequencies
Q =~ 9 and its magnitude is roughly one order of magni-
tude smaller than the results in Fig. 3(a) [75]. This is due
to the mentioned effect that photoexcited carriers can es-
cape to the "wrong” side of the device. Moreover, the
slight kink ~ 2A, in the j-Q curve present in Fig. 3(a)
is here completely absent at the corresponding I' = 0.16
(blue curve in Fig. 10(a)). For smaller values of the WBL
rate I' there is also no evidence of such change of slope,
which instead would be present with lower hybridizations
in the setup discussed in Secs. IV A and IV B, due to the
presence of II. Considering also the large field amplitude
FEy = 2 chosen in this situation, this clearly points to a
drastic reduction of II in this setup.

On the other hand, a kink around ~ 2A,, can be ob-
served in ANp ,, see Fig. 10(b). This kink gets par-
ticularly pronounced for small I', and is connected with
a higher occupation of the UHB of the heterostructure
(Fig. 10(c)). This may favor II, although its signatures
are absent in the photocurrent.

Without potential gradient (® = 0), the photocurrent
flows in the opposite direction (right to left), as shown in
Fig. 10(a). This is expected, as the e-h pairs created by
photoexcitations don’t have a preferred direction and the
drag of charges from the left lead equals the flow to the
right so that the chemical potential imbalance determines
the net current.

Summarizing, such WBL analysis indicates that a
setup with narrow-band intermediate contacts, as inter-
facial Ti-layers in Refs. [12, 18], is much more favorable
for IT than a direct coupling to wide-band metallic leads.

V. CONCLUSIONS

In this manuscript we study a simplified setup for a
Mott photovoltaic system consisting of L = 4 correlated
layers displaced along the z-axis under the driving of a
monochromatic, periodic electromagnetic field with fre-
quency €2. The correlated layers are connected to wide-
band metallic leads at different chemical potentials with
a narrow-band layer in between, so to reach a (Floquet)
steady-state photocurrent and collect the energy of the
electromagnetic field. Correlations are treated within
Floquet dynamical mean-field theory with an accurate
steady-state impurity solver.

We find that impact ionization contributes substan-
tially to the photocurrent for driving frequencies larger
than twice the gap at the considered electric field ampli-
tudes. Our results further suggest a correlation between
impact ionization and the onset of a linear behavior of
the photocurrent as a function of the field strength. Im-
pact ionization is amplified by increasing the thickness of
the correlated region and/or reducing the hybridization
with the metallic leads. This enhancement occurs be-
cause these factors increase the ”duration” of the stay of
photoexcited carriers in the upper Hubbard bands. As a
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result, there is a larger probability for additional scatter-
ing events, which consequently increases the likelihood of
generating extra electron-hole pairs.

On the other hand, a direct coupling to wide-band
metallic leads without intermediate narrow-band layers
reduces the photocurrent by an order of magnitude and
drastically suppresses the contribution of II. This is con-
sistent with the choices made in Refs. [12, 18]: in order to
efficiently collect photoexcited carriers produced by the
external driving and obtain a higher efficiency in Mott
photovoltaic setups, one has to narrow the wide band
of the metallic leads so as to achieve a localized density
of states on the surface, which matches the LHB of the
first and the UHB of the last correlated layer of the het-
erostructure. This enables to inject and drag particles in
and out of selected regions of the energy spectrum.

Some comments are in order. The electromagnetic
field amplitudes and intensities of the external driving
discussed in this manuscript are orders of magnitude
larger than those typical of the sunlight and are usually
achievable only in experiments with ultrashort pulsed
lasers [35]. On the other hand, a thicker Mott photo-

voltaic device would consist of a larger number of lay-
ers L, and as demonstrated, the threshold field Ey ¢, de-
creases with increasing L. While the current analysis
does not give a definitive assessment of the rate of this
decrease, it cannot then be excluded that for larger de-
vices, II may occur at intensities comparable to those
provided by solar radiation. Addressing such possibility
would be an interesting question for future investigations.

Furthermore, it is well-known [24, 27, 28] that a cen-
tral role for transport properties in strongly-correlated
heterostructures is played by the overlap of the density
of states of the different layers. When phonons are taken
into account, electronic scattering processes and spectral
features are inevitably modified, which reflect in changes
of the photocurrent. Multiple orbitals and magnetic ef-
fects also affect drastically the layers’ density of states
and will change considerably the transport properties as
already shown in Ref. [18, 29]. For future studies then,
the inclusion of such effects will be an important step to
better describe and understand the mechanisms of im-
pact ionization in a more realistic setup and to provide
useful benchmarks for possible experimental realizations.
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Appendix A: Generalization of the zip algorithm for
real-space F-DMFT

We present here the generalization to the Floquet
formalism of the recursive Green’s function method
[16, 24, 30], also known as zip algorithm. To facilitate
the reading, we omit the (wy, €, €)-dependence.

In this procedure, the expressions for the lattice GF in
Eq. (5) are

GI = ( [Gfl]i -2, LY, - t3,2+1RzR+1)71, (A1)

z—1,z
GK = -G} [G—l]i< G2, (A2)
with z € {1, ..., L}, where
_11K _
(G, =g ']F 2L — 2. RY, (A3)
[gil]gzn,z = - [vl2‘glK5271 + vfgféz,L] 5mn
- Egn,z’ (A4)

Ly=0and R;,; =0. We denote with L, ; and R,
respectively the GFs for the z — 1-th and z + 1-th layer
of the isolated system at the left and at the right of the
z-th layer, which we call from now the left and right GF.
The boldface stays for a Floquet-represented matrix, as
in Sec. III. As a remark, the inverse lattice Keldysh GFs
in Egs. (A3) and (A4) are diagonal in the layer indices
because of the real-space DMFT approximation for the
electron SE, i.e. X,,, ~ X 6,,.

zz! —

11

The left GF is obtained recursively as follows:

1

L =[G -2, L), (A3)
LY =-LI([g )5 -2, . LE,)LS, (A6
for z € {2,...,L-1}, with the initial conditions
LII{ = G11{17 (A7)
Li = -Lijg '[{L{. (A8)
In the same way for the right GF:
_11R -1
RZR = ( [G qzz - t§+1,szR+1) ) (AQ)
R =-RI([g7']f — 2. RI )RS, (AL0)
for z € {L-1, ..., 2}, with the initial conditions
RR = G%Lv (All)
RE = —RIg KR}, (A12)

Appendix B: Particle-hole inversion symmetry

The system, with the Hamiltonian given in the main
text in Eq. (1), the choice of the onsite energies in
Sec. TIT A and the parameters chosen as in Sec. IV, is
invariant under a simultaneous particle-hole transforma-
tion and reflection of the z-axis respect to the centre of
the heterostructure [30, 31]. For this reason, the prop-
erties of z-th and (L 4+ 1 — 2)-th layers are related by a
particle-hole transformation. Due to this PhI (particle-
hole inversion) symmetry, the (0,0)-Floquet matrix ele-
ment of the SEs obeys the relations:

EEJrkz,oo(W) = _[2500(_‘*’)]* + U,

EE—i—l—z,OO(w) = [EIZ(,OO(_O‘))]*'

The other diagonal Floquet elements of the SEs are re-
constructed by using X, (w) = Zgo(w + m€). Thanks
to the relations in Egs. (B1) and (B2), one has to solve
in the real-space F-DMF'T loop only the many-body im-
purity problems relative to half of the correlated region.

For the quantities defined in Sec. IITC the Phl sym-
metry gives:

Ary1-:(w) = A;(-w), (B3)
NL4+1—2 = 1 —ng, (B4)
ND,L+172 =1- an + ND,Z7 (B5)
(B6)

ANp1+41-2 = ANp..
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