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ABSTRACT

The photo-generated current due to electronic transitions in a semiconductor planar quantum dot attached to outgoing leads is theoretically
investigated. An electron is confined in the dot by a pure quantum mechanical effect, which is due to the higher ground state energy of the
quantum wells forming the leads, as compared to the one in the dot. The dynamics of such a confined electron interacting with a light
pulse is investigated by numerically solving a time-dependent Schrödinger equation within the effective mass approximation and goes
beyond the lowest order perturbative approach. Our results show the coexistence of both linear and non-linear contributions to the photo-
generated current in this system, sharply peaked at frequencies in the terahertz range, which are further tunable by the quantum dot radius.
The peaks can be made even sharper as one adds a narrow constriction in the dot–leads connection. The details of the dependence of the
peaks’ frequency, intensity, and sharpness on system parameters are discussed.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0025181

I. INTRODUCTION

Photodetectors are an important component of current elec-
tronics and are used in several fields such as telecommunications,
astronomy, imaging devices, laser ranging, remote sensing, and
others.1,2 Over the past few years, many photodetecting devices were
developed, mostly based on semiconductor heterostructures.3,4 Many
of these devices operate in infrared or mid-infrared frequencies,5,6

while photodetection in the terahertz (THz) frequency domain is
still proven to be challenging. The pursuit for novel technological
applications in THz has attracted increasing interest for many
reasons, including its higher bandwidth, as compared to millimeter
wave or microwave systems, and the fact that this frequency range
has less interaction with the environment, since there is typically
less ambient THz light noise as compared to infrared light noise.7

Infrared frequency is heavily employed in wireless devices, and as
the number of devices grows, saturation in the advances on infra-
red based communications is highly anticipated, which has been

stimulating the development of novel technologies that go beyond
this frequency range.7–9

An interesting example of an infrared photodetector was pro-
posed in Ref. 6, where a semiconductor heterostructure forms a
quantum well, defined in between two narrow and higher energy
barriers, followed by longer lower energy barriers. This can be
achieved by assuming, e.g., an alloy GaxAl(1�x)As as barrier and
AlAs as a quantum well, so that a higher concentration x within
finite regions near the AlAs well would provide the higher energy
finite barriers. The quantum confinement potential is, thus, formed
by the conduction band mismatch between the materials. For a
confined electron in the ground state of the quantum well, in the
absence of narrow barriers, any light frequency with energy higher
than the difference between the barrier energy and the ground state
energy would lead to a photo-generated current. However, in the
presence of narrow higher energy barriers, a much better control of
the photo-current is demonstrated: the current is peaked only at
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the energies that match transition energies between the quantum
well discrete states, with the peak’s width being controlled by the
height of the narrow barriers.

Many other examples of photodetectors based on
semiconductor quantum dots have been proposed in the literature
as well.10,11 For example, Su et al.12 observed �4 THz photores-
ponse at temperatures up to 150 K in a photodetector based on
In0:6Al0:4As/GaAs self-assembled quantum dots. The THz absorp-
tion occurs due to inter-sublevel transitions in the discrete spec-
trum of the quantum dots. A similar idea has been employed in
Ref. 13, which proposes a quantum dot-based photoresponse device
whose operation frequencies can be tuned from 6.0 to �3:3 THz via
an external gate voltage. More recently, inter-sublevel transitions
have also been probed by THz spectroscopy in self-assembled InAs
quantum dots in Ref. 14. Despite the existence of well-established
quantum dot and quantum well-based photodetectors in the litera-
ture, it is interesting to propose alternative ways to provide photo-
current in low-dimensional devices, especially in the THz range.
Different low-dimensional systems pose different challenges for fab-
rication and further applicability in novel technologies. In this sense,
the study of photoresponse in low-dimensional systems based on
planar quantum dots, created with two-dimensional electron gases
or layered materials,15,16 is of current interest toward alternative
venues to advance the field of opto-electronics.

In this paper, we investigate the interaction between light and
electrons confined in a planar semiconductor quantum dot
attached to co-linear leads. The energy spectrum of the dot–leads
system has a discrete series of low-lying states confined in the QD
(as the initially occupied ground one), followed by a higher energy
continuum with a series of resonances displaying enhanced
localization in the QD region but non-vanishing wings in the
leads regions. Photodetector devices may take profit of such
quasi-resonant states, which bridge the strongly quantized initial
state and the final quasi-classical leads states. Indeed, we show here
that they greatly affect the absorption spectrum of the QD (which
would be otherwise broadband) by enhancing absorption in a
narrow energy range. We additionally show that, in a properly
designed system of a large QD with a few resonant states, the non-
linear photoresponse at high excitations is also greatly enhanced,
and that (in strike contrast to optical or near infrared devices) both
linear and non-linear peaks share the same spectral range (around
a few THz). To this end, the dynamics of the initially confined elec-
tron interacting with light and the possibility of obtaining photo-
current in this system are investigated by numerically solving the
time-dependent Schrödinger equation within the effective mass
approximation, which allows us exploring the non perturbative
regime at high excitations.

II. THEORETICAL MODEL

The system proposed here is sketched in Fig. 1. It consists of a
planar circular quantum dot of radius R attached to two co-linear
leads of width d2. A constriction of width d1 and length L is made
in the vicinity of the quantum dot. The confinement potential is
assumed to consist of a sharp barrier surrounding the whole
system, while it is zero in the shaded region in Fig. 1. For numerical
purposes, we take V0 ¼ 600 meV, which is in the order of

magnitude of usual band offsets between III–V semiconductors,22

and keep d2 ¼ 100A
�
and L ¼ 50A

�
in all calculations.

Notice that, classically, particles in such a potential are not
confined in the horizontal direction, x axis, since they are allowed
to escape the system through the leads. In quantum mechanics,
on the other hand, a charge carrier in the ground state E(D)

0 of the
quantum dot has lower energy than the ground state E(2)

0 of the
quantum wells that form the leads, so that the lowest energy state
of the whole system in Fig. 1 consists of a quantum confined parti-
cle inside the dot region.19–21 If one now assumes a constriction in
the leads–dot junction, the ground state of the constriction has
even higher energy E(1)

0 . The effective energy profile across the
central horizontal axis of the system in Fig. 1(a) is sketched in
Fig. 1(b).

As incident light interacts with an electron initially in the
ground state of the dot, it excites the electron to higher energy

FIG. 1. (a) Sketch of the system, consisting of a circular quantum dot of radius
R, attached to leads of width d2, which present a constriction of width d1 and
length L in the vicinity of the dot. (b) Energy landscape experienced by an elec-
tron traveling across this system in the absence of fields (Est ¼ Edyn ¼ 0). In
the wide leads, the lowest electron energy is the ground state energy E(2)

0 of the
quantum well defining this lead. In the narrow leads, where the quantum well
width is smaller, d1 , d2, the ground state energy E(1)

0 is naturally higher. This
energy mismatch is represented by step-like potentials outside the dot region.
Inside the quantum dot, electrons can occupy confined states labeled as E(D)

n
(n ¼ 1, 2, . . .). These are purely quantum confined states with no classical
analog: low energy electrons in the dot are confined solely because they do not
have enough energy to overcome the narrow channel ground state energy E(1)

0 .
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states, provided the light frequency matches the energy of allowed
transition between quantum dot states. In the configuration of dot
and leads states illustrated in Fig. 1(b), for example, if the electron
is excited from E(D)

0 to E(D)
2 by light, it is able to tunnel through the

constrictions and leave the system through the leads, thus produc-
ing a photo-generated current J . This requires the system to be
designed in a way where the transition between the ground state of
the dot E(D)

0 and its target final state (e.g., E(D)
2 ) is allowed by selec-

tion rules, but this can be arranged by properly tuning the
quantum dot radius and well widths. The effective energy profile in
Fig. 1(b) bears a resemblance to the one proposed in Ref. 6, where
the profile is created by band offsets between conduction bands of
different semiconductors in a heterostructure. The constrictions in
our case play the role of the buffer layers as in Ref. 6, which tune
the sharpness of photo-current peaks by controlling quantum tun-
nelling across them. The band mismatch between III–V semicon-
ductors is usually of the order of hundreds of meV, whereas the
difference between the quantum dot and quantum well states pro-
posed here is of the order of a few tens of meV. Therefore, the
system proposed here can be seen as an analog of the one in Ref. 6
that operates in the terahertz range.

In order to simulate the photo-generated current in the system
in Fig. 1, the electron–photon interaction is described by a time-
oscillating electric field potential �eyEdyncos(ωt), where Edyn is the
amplitude of the electric field (namely, related to light intensity)
and ω is its oscillation frequency. A static electric field Est is applied
along the channels, i.e., in the x-direction, in order to provide a bias
voltage between the leads and, therefore, produce non-zero net
current. The Hamiltonian is written within the effective mass
approximation,

H ¼ � �h2

2m*
∇2 þ V(x, y)� eyEdyncos(ωt)� exEst , (1)

where m* is the electron effective mass and V(x, y) is the potential
profile depicted in Fig. 1(a). All calculations were performed assum-
ing the effective mass of electrons in GaAs, namely, m* ¼ 0:067m0,
where m0 is the free electron mass.

The time-dependent Schrödinger equation for this system is
solved by the split-operator technique17–20,23 in two steps: first, the
method is used to evolve an arbitrary initial wave function in imag-
inary time τ ¼ it in the absence of light (Edyn ¼ 0). This procedure
makes the arbitrary wave function converge to the ground state of
the system as τ ! 1.23 Second, we assume this ground state wave
function as the initial wave function ψ(~r, 0) for real time propaga-
tion; now in the presence of light, i.e., Edyn = 0. In both cases, time
evolution is performed by applying the time evolution operator

ψ(~r, t þ Δt) ¼ exp � i
�h

ðtþΔt

t
H(t0)dt0

� �
ψ(~r, t) (2)

to propagate a wave function at time t to t þ Δt. Since the potential
Vt ¼ V(x, y)� eyEdyncos(ωt)� exEst and kinetic T energy opera-
tors do not commute, the time evolution operator in Eq. (2) is split

and approximated as

e�i
Ð

(TþVt )dt
�h ¼ e�i

Ð
Vt dt
2�h e�iTΔt�h e�i

Ð
Vt dt
2�h þ O(Δt3), (3)

where the O(Δt3) error is made negligible by assuming small time
steps Δt. The integral appears because of time dependence of
the potential in time due to light. It can be calculated using the Vt

definition,

ðtþΔt

t
Vt(t

0)dt0 ¼ (V � exEst)Δt

� 2eyEdyn
ω

cos
2ωt þ ωΔt

2

� �
sin

ωΔt
2

� �
: (4)

Since kinetic energy operators for different directions commute,
their exponentials can be separated exactly. Each exponential is,
thus, expanded in the Cayley24 form and applied through a matrix
method, as described in Ref. 23.

Applying these operators successively, one evolves the initial
wave function from t ¼ 0 to any t . 0. In the case of real time
propagation, light induced scattering processes between the ground
state and the excited ones that are not forbidden by selection rules
are naturally obtained by such numerical procedure.

Probability density currents outward the leads of width d2 in
Fig. 1(a) are calculated using

�J(xP , t) ¼ �h
m

ð1
�1

= ψ* @ψ

@x

����
xP

" #
dy, (5)

where P ¼ L (R) refers to left (right) leads, respectively, and the
derivative is numerically performed with a finite difference scheme.
The photo-current in a given lead P is obtained as the current in
that lead integrated in time,

J ¼
ðTmax

0

�J(xP , t)dt, (6)

where the maximum time of simulation Tmax can be interpreted as
a response time of the photo-current system proposed here. In the
absence of static fields (Est ¼ 0), we consider the photo-current
only in one of the leads.25 For Est = 0, the net photo-current is
defined as the difference between integrated currents in the left and
right leads. A 5000 Å long computational box is considered in the
x direction, currents are computed at xR ¼ �xL ¼ 1590 Å, and we
fix the maximum time at Tmax ¼ 3000 fs in all calculations. Notice
that for a long simulation time, Rabi oscillations would play an
important role, with the wavefunction periodically populating the
excited states E(D)

1 , E(D)
2 , . . . of the quantum dot and, consequently,

periodically tunneling out of it through the leads. Nevertheless, we
have checked that, for the parameters used in this work, such
Tmax ¼ 3000 fs simulation time does not cover several periods of
the Rabi oscillations; therefore, they do not lead to significant
effects in our results.

Once the propagated wave function reaches the boundaries of
the computational box, it is expected to get a spurious reflection.
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Of course, this reflection has no physical meaning and is just an
artifact of the numerical procedure taken here. In order to avoid it,
our numerical model uses an absortion region,26 based on a
smooth imaginary potential, which makes the wave function vanish
before it actually reaches the boundaries of the computational grid.

III. RESULTS AND DISCUSSION

Let us first provide a proof-of-concept discussion on the effect
of constrictions on the transmission probabilities in the quantum
dot system sketched in Fig. 1(a). We initially focus on the zero bias
case (Est ¼ 0) and discuss the effect of a finite bias later on.
Transmission probabilities calculated using the scattering matrix
approach of the Kwant package27 are shown in Fig. 2, assuming a
quantum dot radius R ¼ 110A

�
and three different values for con-

strictions width d1. This represents the probability for an electron
to cross the quantum dot system from its left lead to the right one.
Electrons with energy lower than �50 meV, even if they have
enough energy to populate the ground state of the quantum wells
forming the leads (namely, 39 meV for the parameters chosen
here), are unable to cross the quantum dot, unless the electron
energy matches a quantum state of the dot. The ground state of the
quantum dot has energy lower than that of the leads, but the first
and second excited states of the dot, represented by the vertical
green dotted lines in Fig. 2, have enough energy to allow for
quantum transport across the system. This explains why transmis-
sion probability for d1 ¼ d2 (blue dotted) is almost one for any
energy above E(D)

1 . In fact, the high transmission probability starts
from an energy slightly lower than E(D)

1 , because opening the chan-
nels effectively slightly reduces the energy of quantum dot states.

If one now considers a constriction, d1 , d2 (red dashed and black
solid lines), very narrow peaks appear at energies that get closer to
E(D)
1 and E(D)

2 as d1 decreases. This supports the idea that the
narrow constrictions effectively act as high energy barriers, as
depicted in Fig. 1(b), so that the narrow peaks now are reminiscent
of the quantum resonant tunneling effect in a double barrier
system.28 As we will show in what follows, the same effect is
observed for photo-generated currents in this system, where the
constrictions sharpen photo-current peaks originating from light
induced transitions from E(D)

0 to E(D)
n states.

Notice that the state labeled by E(D)
1 is actually doubly degen-

erate, with wave functions exhibiting px and py symmetries. The
narrow channels attached to the dot break the circular symmetry,
thus slightly lifting this degeneracy and effectively creating two new
energy states E(D)

1,x and E(D)
1,y . Even so, only one peak is actually

observed in Fig. 2. This is due to the fact that the wavefunction of
the resonant E(D)

1,y has a nodal line at y ¼ 0, inhibiting thereby tun-
neling through it from the y-symmetric incoming state in the lead.
The same reasoning applies to the two D-like states related to E(D)

2 .
Figure 3 shows the photo-current spectrum of the proposed

device as a function of energy �hω of the incident light. For
d1 ¼ d2 ¼ 100 Å, i.e., in the absence of constrictions, Fig. 3(a)
shows non-zero photo-current for a wide range of energies around
a few tens of meV, namely, for incident light with energy enough
to induce E(D)

0 to E(D)
1,y transition. For the radii considered here, this

excited state has enough energy to leave the quantum dot through
the leads. As the constriction is made narrower, see Fig. 3(b) for
d1 ¼ 75A

�
, the photo-current peaks become sharper, until two

peaks are clearly observed in Fig. 3(c) for d1 ¼ 45A
�
, both with

energies lying in the range of a few tens of meV, i.e., with terahertz
frequencies. The higher energy peak exhibits lower current
maximum.

Let us take a closer look in these sharp peaks for d1 ¼ 45 Å in
Fig. 3(c). Their energies are predicted by the difference between
the energies of confined states of the quatum dot, as shown in
Fig. 4. As the radius increases, the energy of the peaks decreases
(solid curves). The first (lowest energy) peak clearly follows the
radius-dependent energy gap E(D)

1,y � E(D)
0 between the ground and

first excited states of the quantum dot, which confirms the E(D)
0 to

E(D)
1,y transition as its origin. The second peak, however, does not

match the transition energy between any pair of states. Instead,
it matches very well (E(D)

3 � E(D)
0 )=2, which points toward the

possibility of a second-order absorption process. The latter is
zero-angular-momentum (l ¼ 0) state of the isolated circular QD,
which has a node in the wave function along the radial direction,
i.e., a 2s-like state. Notice that the light polarized along Oy does not
directly couple the ground 1s-like and this excited 2s-like state, but
since we are not using perturbative methods, transitions between
them may appear. It is important to provide strong arguments to
ensure that the higher energy peak observed in Figs. 3 and 4 does
indeed come from a second-order phenomenon.

This is clearly demonstrated in Fig. 5, which shows the
maximum photo-current of each peak as a function of the ampli-
tude of the dynamic electric field. The lowest order photocurrent is
expected to vary linearly with light intensity (thus, quadratically
with Edyn). This is indeed observed for the lowest energy photocur-
rent peak, represented by solid symbols in Fig. 5, which agrees well

FIG. 2. Transmission probabilities across the system in Fig. 1(a), assuming a
quantum dot radius R ¼ 110 Å, leads with width d2 ¼ 100 Å and constrictions
with length L ¼ 50 A

�
and width d1 ¼ 100 A

�
(blue dotted), 75 Å (red dashed),

and 45 Å (black solid). Vertical green lines mark the energies of the first E(D)
1

and second excited E(D)
2 states of an isolated quantum dot with the same radius

and effective mass.
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with Jmax ¼ αE2
dyn (solid lines) for d1 ¼ 45 Å (black circles) and

d1 ¼ 75 Å (red triangles), with α ¼ 9� 10�3 and α ¼ 3� 10�3,
respectively. The slight discrepancy between the quadratic fit and
the numerical results in the top two curves and symbols in Fig. 5 is
explained by the fact that other higher order transitions also take
place at this frequency, as we will discuss in further detail later on.
The second peak, however, exhibits a quite different dependence
on the electric field, which can be properly fitted to a fourth-order
function of the field, just as expected for a second-order effect in a
time-dependent perturbation theory. This can be seen in the
bottom two curves and symbols in Fig. 5, where the maximum

FIG. 5. Maximum value of the photo-generated current peaks in a R ¼ 125 Å,
d1 ¼ 45 Å (black dots), and d1 ¼ 75 Å (red triangles) system as a function of
the electric field amplitude. Full (open) symbols refer to the low (high) frequency
current peaks observed in Fig. 3, which fit well to a second (fourth) order
function, as shown by the solid (dashed) line.

FIG. 3. Calculated photocurrent in the leads as a function of energy �hω of the
incident light, assuming Edyn ¼ 5 kV/cm and different constriction widths (a)
d1 ¼ d2 ¼ 100 Å (i.e., no constriction), (b) d1 ¼ 75 Å, and (c) d1 ¼ 45 Å.
Results for quantum dots with radii R ¼ 110 Å, 115 Å, 120 Å, 125 Å, and 130 Å
are shown by curves with different colors, respectively, from lower (black) to
higher (orange). The curves were hardshifted by 0.1 from each other in order to
improve visualization.

FIG. 4. Energy of the peaks observed in Fig. 3 as a function of the quantum
dot radius, assuming Edyn ¼ 5 kV/cm. Full (open) symbols are numerical results
for the dot–leads system assuming d1 ¼ 45(75) Å, whereas lines are analytical
results for the difference between the ground state and excited state energies of
the isolated dot. Lower energy peaks (black symbols) are consistent with E(D)

0 to
E(D)
1,y transition, with energy E(D)

1,y � E(D)
0 (black line). Higher energy peaks (red

symbols) are consistent with a second-order process between E(D)
0 and E(D)

3 ,
with energy (E(D)

0 � E(D)
3 )=2 (red line).
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current in the higher energy peaks, represented by open symbols, is
well fitted to Jmax ¼ βE4

dyn for d1 ¼ 45A
�

(black circles) and
d1 ¼ 75A

�
(red triangles) with β ¼ 9� 10�5 and β ¼ 3:6� 10�5,

respectively. It is important to point out that the results both in
Figs. 3 and 5 were obtained with a fixed simulation time Tmax,
which, as previously discussed, would play the role of a response
time of the system under investigation. Different values of Tmax

would lead to different values of maximum current. Nevertheless,
results are qualitatively the same and the conclusions drawn from
Fig. 5 still hold provided the simulation time Tmax is not long
enough to cover many periods of Rabi oscillations between the
quantum dot states, as is the case in the results shown here.

Second-order perturbation theory for an oscillating electric
field with frequency ω leads to transition rates between E(D)

0 and
E(D)
n states, with eigenfunctions j0i and jni, respectively, as

R(2)
0!n ¼

2πe4E4
dyn

�h4
X
m

hnjyjmihmjyj0i
ωm0 � ω� iϵ

�����
�����
2

δ(ωn0 � 2ω), (7)

where �hωm0 ¼ �hωm � �hω0 ¼ E(D)
m � E(D)

0 . The fourth-order depen-
dence of the transition rates on Edyn is obvious from Eq. (7), thus
agreeing well with the field dependence observed for the maximum
current in the higher energy peak (open symbols) in Fig. 5. The
δ-function in Eq. (7) suggests that light needs half the energy
E(D)
n � E(D)

0 to be able to induce a second-order transition from j0i
and jni, which can be also interpreted as being due to a two-
photon absorption by the electron system. This explains the halved
E(D)
3 � E(D)

0 energy used to match the higher energy peaks in Fig. 3.
Similar multiple-photon analysis has been made in the context of
quantum wells and dots in Refs. 6, 29, and 30, where such non-
linear processes are also observed. Finally, one has to check which
virtual transitions are allowed by selection rules in Eq. (7) in order
to verify the possibility of a second-order light-mediated transition
between E(D)

0 and E(D)
3 , as suggested in Fig. 3.

Indeed, Eq. (7) straightforwardly explains the calculated
second-order dependencies of square intensity (forth power of
Edyn) and energy position of the resonance at half-way between the
ground state and an excited one of the dot not directly coupled to
it by dipolar coupling. Let us for simplicity assume the states of an
isolated dot and infinite confinement (V0 ¼ 1). For R ¼ 125 Å, we
obtain the energies 18, 45:5, 81:1, and 94:1 meV for the j1Si,
j1Px,yi, j1Dx,yi, and j2Si states, respectively. Light directly couples
the ground j1Si to the j1Pyi state (resonance around 27:5 meV),
whereas the later serves as an intermediate state to a subsequent
excitation toward either the j1Dyi or j2Si states, with energy reso-
nances for such second-order processes around 31:5 and 38 meV.
Both the linear peak and the non-linear one involving j2Si fit very
well with the results in Figs. 3 and 4, with small discrepancies
mostly related to the influence of the leads on the dot states. The
absence of 1Dy-related second-order peak is due to its much
smaller matrix element and the fact that the transition energy for
this case would be similar to the one of the lowest energy peaks
(both being at �30 meV), thus being masked by it. In fact, that is
consistent with the asymmetry observed in the low energy peaks in
Fig. 4, which are possibly made by a composition of two peaks
with slightly different energies.

The participation of higher order transitions in the time evo-
lution investigated here is further confirmed by the time depen-
dence of the projections of the propagated wave function onto the
eigenstates of a circular quantum dot, hψjni (n ¼ 1S, 1Px,y , 1Dx,y ,
or 2S). As an example, Fig. 6 shows the results for a R ¼ 125 Å
and d1 ¼ 45 Å system under an electric field with Edyn ¼ 5 kV/cm.
Notice that in this figure, the simulation time is exceptionally
longer as compared to Tmax ¼ 3000 fs assumed in the other figures
in order to illustrate better the interplay between different quantum
dot states as time evolves. Two frequencies of the dynamical field
are considered: (a) ω ¼ 29:25 meV/�h, corresponding to the lowest
energy peak in Fig. 4 and (b) 37.5 meV/�h that corresponds to the
highest energy peak in Fig. 4. These results reveal that the only
states involved in the time evolution of the wave packet are the
aforementioned ones, whereas projections onto other eigenstates
of the quantum dot, such as j1Pyi and j1Dyi, are negligibly small,
due to the previously discussed selection rules. The peak at
ω ¼ 29:25 meV/�h for this system clearly involves not only the first
order j1Si - j1Pyi transition, but also higher order intermediate

FIG. 6. Time evolution of the projections of the propagated wave function onto
the relevant eigenstates of a circular quantum dot (j1Si, j1Pyi, j1Dyi, and j2Si)
for a R ¼ 125 Å and d1 ¼ 45 Å system under a field with Edyn ¼ 5 kV/cm
and frequencies (a) ω ¼ 29:25 meV/�h (lowest energy peak in Fig. 4) and
(b) 37.5 meV/�h (highest energy peak in Fig. 4). Projections onto other eigenstates
such as j1Pyi and j1Dyi are negligibly small due to selection rules.
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transitions to j1Dyi and j2Si states, which explains why the numer-
ical results do not perfectly fit the quadratic behavior that is
expected from the first-order time-dependent perturbation theory
in Fig. 5. For the higher energy peak, on the other hand, Fig. 6(b)
shows much weaker projections onto the intermediate j1Pyi and
j1Dyi states, while the projection onto j2Si is clearly stronger. As a
consequence, the fourth-order fitting for such higher energy peak
in Fig. 5 exhibits better agreement with the numerical results.

It is also worth stressing that the appearance of non-linear
features for light fields of a few kV/cm is due to the large dot
size: indeed, for a 200 Å diameter the potential drop inside the
dot is 10 meV for Edyn ¼ 5 kV/cm, which is a sizeable fraction of
typical energy spacing between the dot states. Note finally that
for the dot radii considered here both the linear and non-linear
photo-response peaks are in the same spectral range, i.e., in the
THz domain.

With the physical nature of low and high frequency peaks in
Fig. 3 fully understood, we now investigate how a non-zero static
field Est can be used to control the net current in each of these fre-
quencies. This is shown in Figs. 7(a) and 7(b) for the high and low

frequency peaks of a R ¼ 125 Å and d1 ¼ 45 Å system, respec-
tively. The results show that the net current increases with the
static field, and that the dependence is significantly stronger when
the dynamical field is higher. Note, in particular, that in the weak
bias case considered here (the energy difference between the
left and right leads due to the bias is at most 1.75 meV for
Est ¼ 0:5 kV/cm), the net current is apparently linear with the
applied voltage for weak Edyn but becomes slightly non-linear at
higher Edyn. The high frequency peak is also shown to be less sus-
ceptible to the static field, with a much lower increase between
Est ¼ 0 and Est ¼ 0:5 kV/cm in Fig. 7(a), results for the low fre-
quency peak in Fig. 7(b).

IV. CONCLUSIONS

In summary, we have calculated the photo-generated current
in a semiconductor quantum dot attached to leads. Under light
excitation, a photo-generated current in this device is peaked at
very low frequencies, thus suggesting this system as a candidate for
a photo-current device operating with THz frequencies. Using a
narrow constriction between the leads and the dot, one can control
the width of the photo-current peak, whereas the radius of the dot
can be used to tune the peak frequency.

An extra higher energy peak is observed and identified as
being due to a second-order transition, i.e., a transition that can be
only captured by a second-order correction using the time-
dependent perturbation theory. This is verified (i) by the fact that
the height of this peak depends on the electric field intensity to the
power of four, in contrast to the usual dependence on the squared
electric field, as expected for first-order transitions, and (ii) by actu-
ally calculating the time evolution of the projections of the propa-
gated wave function onto the eigenstates of a quantum dot, where
the interplay between four different eigenstates can be observed.

Although the system proposed here, for the sake of simplicity,
has been investigated without taking into account temperature
effects, disorder, electron–electron interactions, and other possible
scattering mechanisms, we believe the proof-of-concept proposed
here can stimulate more future studies toward realization of photo-
current nanodevices and related technologies operating in THz
frequencies.
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