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Dissociation of one-dimensional excitons by static electric field
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The quantum states of an electron-hole pair in one-dimensional semiconductors under a static electric field
are theoretically analyzed using a two-band model with on-site Coulomb interaction. In the absence of static
field, the electron and hole are always bound, forming an exciton regardless of the Coulomb interaction strength,
in contrast to what occurs in higher-dimensional semiconductors. The static field modifies the wave function
of the electron-hole pair, turning bound states into continuum states. However, at low static fields, the linear
optical spectra resemble those of the unbiased semiconductor, exhibiting a quadratic redshift of the main exciton
absorption line as the field increases. When the static field exceeds a critical threshold, the exciton dissociates
and the linear optical spectra exhibit signatures of the Wannier-Stark ladder with squally spaced peaks, making
them a valuable tool for experimentally probing exciton dissociation.
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I. INTRODUCTION

Inorganic semiconductor nanowires [1,2], semiconducting
carbon nanotubes [3-5], molecular complexes and aggregates
[6,7], and conjugated polymers [8] are quasi-one-dimensional
gapped materials with a sizable concentration of free carriers
(electrons and holes), opening opportunities for the design
of novel optoelectronic devices. In addition to their poten-
tial technological interest, quasi-one-dimensional materials
show enhanced electron-electron interactions compared to
their three-dimensional counterparts and serve as a fundamen-
tal testing ground for the theoretical understanding of electron
dynamics in low-dimensional systems [9].

The optical and optoelectronic properties of low-
dimensional conducting materials are largely determined by
the generation and recombination of excitons. Once gener-
ated, excitons undergo relaxation processes [10], and their
stability and lifetime are strongly dependent on a number of
factors, such as the magnitude of the bandgap, temperature,
crystalline quality of the material or strain, to name a few.
Among them, high local electric fields can induce the disso-
ciation of the exciton by pulling apart the electron and the
hole. Exciton dissociation can happen, for instance, in the
vicinity of metallic contacts, where an abrupt potential drop
is expected.

In this work, we theoretically address exciton dissociation
by a static electric field. In particular, we focus on the in-
terplay between the static electric field and the electron-hole
Coulomb interaction. The temperature will be assumed low
enough so that the effects of thermal baths and other dephas-
ing mechanisms can be neglected. After introducing the model
Hamiltonian, we calculate the linear optical spectra of the
system by varying the strength of the static electric field. The
absorption peaks below the exciton band split into equally
space peaks, signaling the occurrence of the Wannier-Stark
ladder in the energy spectrum. The main absorption peak is
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quenched when the magnitude of the static field exceeds a crit-
ical value, indicating the dissociation of excitons. The critical
field depends on the magnitude of the Coulomb interaction
between the electron and the hole, pointing out that the disso-
ciation of the exciton happens when the static field enables the
transition to continuum states. Linear optical spectra exhibit
significant changes below and above the critical field. Our re-
sults are in excellent agreement with those reported in narrow
carbon nanotubes, providing further insight into the complex
dynamics of excitons under strong static electric fields.

II. THEORETICAL MODEL

The effect of an electric field on exciton states can be
treated within the effective-mass approximation, as shown in
Refs. [11-13]. This approach has proven successful in dealing
with Wannier excitons, that is, when the effective Bohr radius
of the exciton is large compared to the lattice parameter. In
contrast, we employ a lattice model that accurately captures
the key features of both Wannier (weakly bound) and Frenkel
(strongly bound) excitons. We start from a one-dimensional,
two-band Hamiltonian model that incorporates the Coulomb
interaction between electrons and holes, as introduced in
Ref. [14], and add the potential energy arising from a static
electric field of magnitude £ parallel to the chain. The model
Hamiltonian divides as H = H, + H;, + Hj,, in which

Z(Fm +en)dl Gy — Lo Z(ainﬂam + H.c.),

H, = —ZFmb J—_ Z(bmﬂb +H.c.),
I_Iint = Z m— namambnbn

H,

—Vi Z(am+1 b, +He), (1)
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where F' = efa, e, and a are the elementary charge and the
lattice constant, respectively. We take a as the length unit
hereafter. The operators a, and b,,, respectively, stand for
the annihilation operator of an electron and a hole at the
mth site, while #. and #, denote the corresponding transfer
energies. We consider both 7. and #, positive, consistent with
a semiconductor that exhibits a direct band gap in the center
of the Brillouin zone. The parameter €., denotes the energy
difference between the two orbitals from which the conduc-
tion and valence bands originate [15], and the bandgap of the
semiconductor is €., — 2(f. + #,) > 0. The term €., is omitted
until stated otherwise. The long-range interaction between an
electron and a hole is taken into account by the regularized
Coulomb potential

Uo,
Um—n =
{U1/|m —nl,

m=n,

mn, @

with Uy > U; > 0. In our calculations, we have verified that
the effect of the long-range interaction does not qualitatively
affect our main conclusions. For this reason, in this work
we restrict ourselves to presenting the results for U; = 0 and
take U,,—, = Upd,n, in what follows. Finally, the last term in
Hiy with Vg > 0 arises from the electromagnetic dipole-dipole
coupling between neighbor atoms. This interaction term is
needed for the mobility of excitons, since it induces the mo-
tion of the center of mass [14-16].

Under the assumption of low exciton density, we consider
only one electron-hole pair. For this reason, we can neglect
the spin degree of freedom in the expression of the system’s
Hamiltonian given in Eq. (1). Let |g) be the ground state (filled
valence band and empty conduction band). A single-exciton
state can be expressed as

V) =Y V() ayb lg). 3)
with eigenenergy E,. The Schrédinger equation H|v) = E,|v)
yields the corresponding equation for the amplitudes v, ,(v),

EyYmn = F(m —nm)¥mn — te(Wmi1,n + Ym—1,n)
= th(Ymnt1 + Ymn—1) — UoSmn¥mn
= Vabun(Ymi1,mi1 + Yim—1,m—1), (4)

where the parametric dependence of the amplitudes on v has
been omitted for simplicity.

Since the momentum of the center of mass is a constant
of motion, the two-particle amplitude can be separated as
follows:

1
wm,n — el(l7l+ll)K 19(K)l¢£’ (5)

VN

with =m —n =20, %1, ... and

. 1 . .
—i6(K) — t iK £ —iK
e —t(K)( e +me "),
1K) = \/tez + 12 + 21ty cos(2K), (62)

yielding
Evpe = [F € — (Up + 2V cos(2K))dol e
— 1(K) (@41 + Pe—1)- (6b)

Notice that the amplitude ¢, depends on both v and K. The
equation for the amplitudes at K = 0 will be relevant to study
the linear optical response of the system. In this case, Eq. (6b)
reduces to

Eype = (FL—US¢)pe — T (dey1 + Pe—1), (7
where T =t. +t, > Oand U = Uy + 2V;.

III. LINEAR OPTICAL SPECTRUM

In the regime of first-order time-dependent perturbation
theory in the coupling to the electromagnetic field with fre-
quency o, the linear absorption spectrum p(fiw) is given by
summing up all possible transitions from the ground state |g)
to all single-exciton states |v),

pliw) =Y (v | | g)I*8(Ahw — E,), ®)

where constant prefactors are omitted as they are not relevant
to this analysis. Here, we have defined Aziw = fiw — €.,. The
dipole operator & = Y, (a},b} + a,,b,,) is given in units of
the atomic transition dipole moment, which is assumed to be
oriented parallel to the atomic chain. It is straightforward to
calculate the oscillator strength (v | 7 | g)|? and to demon-
strate that only states with K = 0 are coupled to light. The

absorption spectrum is then found to be

pio) o Y 1go(v)*8(irw — E,), ©)

where ¢o(v) is obtained after solving Eq. (7) with the appro-
priate boundary conditions and imposing the normalization
condition ), |¢¢(v)|> = 1. In practice, homogeneous or in-
homogeneous broadening of optical absorption lines is taken
into account by replacing §(7Aw — E,) by a Lorentzian func-
tion with broadening parameter I',

1 r
Sr(idw — E,) = — .
r(hide —E) = o o S T E AT

(10)

The absorption spectrum can be derived in a closed form
in the two limiting cases discussed below.

A. Noninteracting electron-hole pair

In the absence of Coulomb and dipole-dipole interactions
(U = 0), the normalized eigenfunctions and eigenergies at
K = 0 are given as [17,18]

be(v) = Jo_,(2F/T), £=0,=%1,...
E,=vF, v=0,%I,... (11)

where J,(x) denotes the Bessel functions of integer order.
Therefore, the energy levels are equally spaced, F being the
level spacing. This energy spectrum is known as the Wannier—
Stark ladder, characterized by the spatial localization of the
eigenstates in a region of the order of T/F in units of the
lattice spacing [17,19-22].

The optical spectrum (9) is given as

plfiw) o Y J2QT/F)8r (Ao — E,). (12)

V=—00
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FIG. 1. Absorption spectrum, in arbitrary units, in the absence
of Coulomb and dipole-dipole interactions for different values of the
static electric field: (a) F = 0.17, (b) F =T, and (c) F =4T.

Figure 1 displays the absorption spectrum for different
magnitudes of the electric field, with a broadening param-
eter ' =0.027. At low field strengths, the states are only
slightly perturbed and remain weakly coupled to light, re-
sulting in a spectral width comparable to the bandwidth 47 .
As the electric field increases (F = T), clear signatures of
the Wannier—Stark ladder emerge, characterized by equally
spaced spectral lines whose intensity progressively decreases
at higher values of |v|. In the limit of high electric field
(F > T), the absorption spectrum is approximated up to the
second order in 1/F as follows:

T2 T2
o(hw) (1 -2 ﬁ>8r(hAw) + o lbr(hAw + F)

+dr(hAw — F)], 13)

as seen in Fig. | for F = 4T.

B. Interacting electron-hole pair at zero field

Another exactly solvable limiting case corresponds to an
interacting electron-hole pair in the absence of static electric
field. When F = 0, there exist only a single localized solution
of Eq. (7). Labeling the localized state as v = 0, we get

¢¢(0) = Vtanh o e,
1
= (/U2 44T? - U).
e ZT( + )

Ey = —/U? +4T2,

(14a)
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FIG. 2. Absorption spectrum in arbitrary units in the absence
of static electric field (F = 0) for different values of U, indicated
on each curve. In this plot, the optical bandgap corresponds to
hAw/T = —2. The inset displays the binding energy E, = —Ey —
2T as a function of U.

On the other hand, states inside the band are characterized by
a wave number ¢ in the first Brillouin zone [23],

eiqﬁ
be(q) = —
V2r 1 —iv(ar? —E2)7?
E, = —2T cosgq, (14b)

where the dimensionless wave number is quantized as g =
2mn/N with n an integer, following the application of periodic
boundary conditions.

The optical spectrum is then given as

(i) o tanh & 8- (iAw — Eg) + VAT? — I Aw?
w ann o w — —
P r O U AT — P Aw?

x OQT — |hAw]), (15)

where © is the Heaviside step function. To simplify the
analysis, we consider the limit ' — 0 when evaluating the
contribution of states within the band.

Figure 2 displays the absorption spectrum in the absence
of a static electric field (F = 0), for various values of the
interaction parameter U, with I' = 0.027. In the Wannier
limit (U < T), the spectrum exhibits not only a prominent
excitonic absorption line, but also a noticeable contribution
from states within the band whose energies exceed the optical
bandgap, corresponding to iAw = —27 in this plot. In con-
trast, this contribution becomes negligible in the Frenkel limit
(U > T), where only the excitonic line remains visible. The
inset of Fig. 2 shows that the exciton binding energy, defined
as the energy difference between the lower band edge and the
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FIG. 3. (a) Absorption spectra as a function of energy /iAw and
electric field F for U = T, normalized to the maximum value of
the dataset. The fan-chart of the Wannier-Stark ladder is revealed at
high fields. (b) Detailed view at low field strengths, illustrating the
quadratic Stark effect and the progressive attenuation of the exciton
line.

exciton level E, = —2T — Ej, increases with increasing U,
according to Eq. (14a).

IV. INTERPLAY BETWEEN COULOMB
AND EXTERNAL FIELDS

Equation (7) does not admit a closed-form analytical so-
lution when both the static electric field and the Coulomb
interaction between the electron and the hole are present si-
multaneously. Hence, numerical methods must be employed
to compute the eigenfunctions and eigenvalues from which the
absorption spectra can be derived. Rigid boundary conditions
are imposed (¢1ny = 0) and the number of sites is set to
N = 1000 to ensure that finite-size effects are negligible.

Figure 3(a) shows the absorption spectra as a function of
energy iAw and electric field F for U = T, normalized to the
maximum value of the dataset. At high electric fields, the fan-
like absorption spectra map directly the Wannier-Stark ladder,
in agreement with the results shown in Fig. 1. On the other
side, at low electric fields, the exciton line is clearly revealed
below the lower band edge, in correspondence to the spectra
presented in Fig. 2. Figure 3(b) shows an enlarged view of
the spectra at low electric field. On one hand, the exciton line

0.003

~ 2:.| \
o+ 10 °

0.002 e,

10 3 LN

0.00 0.25 0.50 0.75 1.00
urr

AE/T

0.001+

0.000 4
0.000

| | |
0.010 0.015 0.020

FIT

|
0.005

FIG. 4. Stark shift of the exciton energy AE as a function of the
electric field F for U = T. Solid line correspond to the quadratic
fitting AE = «,F. The inset shows the dependence of the coefficient
ks on the interaction parameter U. Dashed line is a guide to the eye.

experiences a redshift as the magnitude of the static electric
field increases. On the other hand, there is a clear competition
between the Coulomb attraction binding the electron and the
hole, and the external electric field that tends to separate them.
This competition leads to a progressive weakening of the
excitonic line as the static electric field increases, signaling
the dissociation of excitons.

The excitonic line exhibits a redshift that increases quadrat-
ically with the strength of the static electric field owing to
the Stark effect [5], as seen in Fig. 3(b). Figure 4 shows the
Stark shift AE, defined as the absolute value of the change in
exciton energy when an electric field is applied, for U = T.
The quadratic dependence of the Stark shift on the static
electric field can be cast as

AE = k,F?, (16)

with kg > 0. This trend can be readily explained using second-
order perturbation theory. The inset of Fig. 4 shows that the
parameter kg strongly depends on U in a very pronounced
way, exhibiting a sharp decrease as the on-site interaction in-
creases. Therefore, the parameter « decreases as the binding
energy increases, which is in good agreement with the ex-
perimental results reported by Yoshida et al. in air-suspended
single-walled carbon nanotubes [3].

Figure 5 shows the maximum of the absorption coefficient
of the exciton line ppy.x (F), normalized to its value at F = 0,
as a function of the static electric field for U = T. At low
static electric fields, the exciton wave function is only slightly
distorted, explaining the initial plateau up to F ~ 0.015T seen
in Fig. 5. According to the conventional description of Stark
ionization, at intermediate electric field strengths, a potential
energy barrier emerges because of the combined effects of
the static electric potential and the Coulomb potential. In this
regime, the exciton can dissociate via quantum tunneling. The
exciton state becomes a resonance located below the barrier,
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FIG. 5. Maximum of the absorption coefficient of the exciton
line pmax (F), normalized to its value at F = 0, as a function of
the static electric field for U = T (solid blue line). Black dashed
line corresponds to the nonlinear fit given by Eq. (17). The fitting
parameters are found to be A = 4.800 and B = 0.1027. The inset
shows the dependence of dissociation field F; on the interaction
parameter U. Black solid line is a guide to the eye.

corresponding to a relatively long-lived quasi-bound state.
However, this state is significantly distorted, and its oscillator
strength is notably reduced. This accounts for the reduction of
the maximum of the absorption coefficient as the static electric
field becomes stronger (see Fig. 5). Following the proposal
by Najafov et al. to describe the photoluminescence quench-
ing of a phenyl-substituted poly-phenylenevinylene derivative
subject to an applied electric field [24], the electric-field de-
pendence of the absorption coefficient depicted in Fig. 5 can
be well fitted with a one-dimensional model for tunneling
through a triangular or parabolic potential barrier [25]

Pmax (0)
1+ Aexp(—B/F)’

where A and B are fitting parameters. The black dashed line
in Fig. 5 shows that the nonlinear fit is indeed accurate and
reinforces the idea that exciton dissociation can be described
as a tunneling process through a potential barrier. We estimate
the magnitude of the static electric field required to induce dis-
sociation Fy as the value at which pn.x (F') begins to decrease
rapidly. Numerically, we find F; as the static field where the
second derivative d?pma(F)/dF? is maximal (see the arrow
in Fig. 5). The inset of Fig. 5 shows that Fy increases as the
on-site interaction potential U increases, as expected.

pmax(F) =

a7

V. LIMITATIONS OF THE THEORETICAL MODEL

After presenting the theoretical model, it is appropriate to
highlight its limitations and the potential impact of these on
the analysis of the experimental results. First, as previously
discussed, the effects of long-range interactions have been
neglected in order to simplify the analysis (U; = 0). How-
ever, they can be readily included to obtain numerically the
absorption spectrum. When this is done, the main peak shifts

toward lower energies, and additional secondary peaks appear,
corresponding to excited states of the exciton. Nevertheless,
this shift remains small for the typical parameter values used
in the calculations. For instance, for U = T, the main peak
shifts from iAw = —1.0775T atU; = 0to hAw = —1.112T
at U, = 0.4T, corresponding to a change of about 3%. Ac-
cordingly, one would expect the dissociation field to increase
by a similar amount at most.

Our calculations were performed at zero temperature.
As discussed previously, exciton dissociation can be re-
garded as a tunneling process of the relative particle through
the Coulomb barrier. Escape of the relative particle over
the barrier becomes relevant only when the temperature is
comparable to the activation energy divided by the Boltz-
mann constant kg. The activation energy is of the order
of the exciton binding energy, which in one-dimensional
systems is relatively high because of quantum confinement
effects. For instance, it reaches approximately 0.6eV in
phenyl-substituted poly(phenylenevinylene) [24]. Therefore,
performing the calculations at 7 = 0 is not a serious limitation
in most realistic situations since kg7 is much smaller than the
activation energy.

Disorder plays a crucial role in one-dimensional systems.
According to well-established theoretical results, all eigen-
states become spatially localized, regardless of how weak the
disorder is (see Ref. [26] and references therein). Hence, both
disorder and the external electric field contribute to the spatial
localization of the states. While disorder causes inhomoge-
neous broadening of the absorption lines, it is not expected
to produce significant qualitative changes in the dissociation
process when included in the model.

We neglect exciton—exciton and exciton-carrier scattering
and focus on single-exciton states, a limiting case that be-
comes valid under low excitation conditions. While these
interactions induce dephasing and homogeneous broadening
of the absorption lines, they can, in general, be disre-
garded under low excitation conditions in the linear response
regime [27].

We, therefore, conclude that the theoretical model pre-
sented here is well suited to describe a broad class of realistic
materials, as it captures the essential physical mechanisms
governing their optical response under a wide range of ex-
perimentally relevant conditions.

VI. COMPARISON WITH FIRST-PRINCIPLE
CALCULATIONS

Finally, a comparison is made between our predictions and
the results obtained through more elaborate first- principle
calculations in single-walled carbon nanotubes. Perebeinos
and Avouris have calculated the optical properties of semicon-
ducting carbon nanotubes in an external static electric field
directed along the tube axis using the Bethe-Salpeter equa-
tion solution [5], starting from the single-particle spectrum of
electrons and holes obtained within the GW approximation to
the electron self-energy operator [28].

To compare with our one-dimensional model, we focus
our attention on the narrowest nanotube among those stud-
ied in [5], that is, the (13,0) tube for which the diameter is
d = 1.03nm. The exciton binding energy was found to be
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E, = 281 meV. The dissociation field was defined as the field
in which the exciton linewidth becomes comparable to the
exciton binding energy, yielding & = 84.5 V/um.

The lattice parameter and the reduced effective mass in
the (13,0) tube are @ = 0.246 nm and m* = 0.033my, respec-
tively, where my is the free-electron mass [29]. Therefore,
the hopping energy of our model is found to be T =
I?/2m*a*> = 19.03eV. We can estimate the on-site energy
from the knowledge of the binding energy E, = —2T — Ey =
281 meV, where Ej is given by Eq. (14a), which yields U =
0.243T = 4.63¢eV. Finally, from the results presented in the
inset of Fig. 5 we get Fy = 7 x 107*T = 13.30meV, leading
to & = Fq/(ea) = 54V /um. The agreement with the value
obtained from first-principles calculations is remarkable, es-
pecially considering that the definitions of the dissociation
field are different.

VII. CONCLUSIONS

The quantum states of an electron-hole pair in one-
dimensional semiconductors under the influence of a static
electric field are investigated theoretically within the frame-
work of a two-band model that incorporates an on-site
Coulomb interaction. In the absence of an external electric
field, the electron and hole experience a strong Coulomb at-
traction because of the reduced screening in one-dimensional
structures. As a result, they remain bound together to form a
stable excitonic state. The application of a static electric field
significantly alters the nature of the electron-hole pair wave-
function. As the field strength increases, it exerts a force that
tends to pull the electron and hole apart, effectively modifying
the potential landscape. This can lead to a transition from
bound excitonic states to unbound, continuum-like states,

particularly as the field becomes sufficiently strong to over-
come the Coulomb attraction. Moreover, our model predicts a
value for the critical field for this transition to occur that is in
very good agreement with first-principles calculations.

Interestingly, at low field strengths, the linear optical ab-
sorption spectra remain qualitatively similar to those of the
unbiased lattice, with the primary difference being a no-
ticeable redshift of the exciton line. This redshift follows a
quadratic dependence on the electric field strength and can be
attributed to the Stark effect. As the electric field increases
beyond a critical threshold, the exciton eventually dissociates.
In this high-field regime, the linear optical spectra undergo a
dramatic transformation, displaying a series of equally spaced
absorption peaks known as the Wannier-Stark ladder. These
peaks arise from the quantization of energy levels owing to the
presence of the uniform field and serve as a clear spectral sig-
nature of exciton dissociation. Consequently, the observation
of Wannier-Stark features provides a powerful experimental
means for probing the dynamics of field-induced exciton ion-
ization in one-dimensional semiconductors.
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