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Excitonic sensor of electric field in quantum-well heterostructures
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We present an experimental and theoretical study of the lowest exciton states in a 30-nm single GaAs quantum-
well heterostructure in different electric fields. We found that the excitons in quantum wells are highly sensitive
to an electric field and demonstrate nonlinear behavior in terms of their energy position, amplitude, spectral
width, and phase of exciton resonances in reflection spectra. Comparison of experimental results with theoretical

calculations allowed us to reliably determine the electric field strength in the quantum-well layer.
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I. INTRODUCTION

Excitons in the GaAs/AlGaAs heterostructures with
quantum wells (QWs) are well-studied objects of both ex-
perimental and theoretical works [1-4]. High quality of
GaAs/AlGaAs structures grown by molecular beam epitaxy
(MBE) has been achieved [5-11]. Experimental methods
make it possible to accurately determine parameters of exciton
states [10,11]. Theoretical modeling allows one to calculate
most exciton parameters with high accuracy [3,12-14]. This
is the basis for the use of the exciton as a sensitive sensor of
the electric field in QWs.

The effects of external electric fields on exciton states
in QWs have been studied experimentally and theoretically
for several decades (see, e.g., Refs. [15-23] and references
therein). Several effects were observed in these studies. Al-
ready in the first works [15,24,25], the quantum-confined
Stark effect in GaAs/AlGaAs structures was experimentally
discovered and theoretically described. The effect manifests
itself as an energy shift of exciton states when an electric field
is applied along the growth axis of the structure. The shift
of the heavy- and light-hole exciton states is experimentally
demonstrated and its theoretical description is given.

Another effect of the electric field is a change in the os-
cillator strength of exciton transitions [16,26]. For the ground
quantum-confined states of the heavy- and light-hole excitons,
a decrease in the oscillator strength is observed. This is due
to a decrease in the overlap of the wave functions of the
electron and the hole in the exciton. However, for exciton tran-
sitions initially forbidden by symmetry, for example, for the
transition between the second quantum-confined state and the
ground (vacuum) state, an increase in the oscillator strength
is observed. The increase is associated with the electric-field-
induced lowering in the symmetry of the system [16,27,28].

The decrease in the oscillator strength of the ground
states is accompanied by an increase in the lifetime of exci-
tons. In high-quality heterostructures with coupled quantum
wells, the exciton lifetime can reach microseconds when the
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nonradiative losses are absent. This is many orders of mag-
nitude longer than the radiation lifetime in the absence of
the electric field (~10 ps). This effect is used to observe the
Bose-Einstein condensation of excitons and other collective
effects in exciton systems [23,29-31].

The electric field also leads to the appearance of static
dipole moment of excitons, which significantly affects their
interaction with each other [21,32-35]. In the absence of the
electric field, the main mechanism of exciton-exciton inter-
action is the exchange interaction [36—41]. With an increase
in the electric field and, accordingly, the dipole moment of
the exciton, the direct dipole-dipole interaction of excitons
can prevail over their exchange interaction. In particular, this
effect was used to increase the nonlinearities in the polariton
system [21].

The polarization of the exciton in an electric field leads
to a decrease of the Coulomb interaction between the elec-
tron and the hole in the exciton causing the reduction of
the exciton binding energy [15,42,43]. In sufficiently strong
electric fields, the potential barriers for the electrons and the
holes in the QW decrease and become of finite width. The
electron or the hole can tunnel through these barriers leading
to exciton dissociation [42—44]. In other words, in addition to
the radiative recombination, the exciton can decay into a free
electron and a hole. This process leads to a reduction in the
exciton lifetime in sufficiently strong fields and wide QWs. In
experiments, this is observed as an additional homogeneous
broadening of exciton transitions [45].

Free charge carriers may also be present in the het-
erostructure. For example, intentional or background doping
of individual layers of the structure, as well as optical exci-
tation with high photon energy, increases the charge-carrier
concentration [5]. In this case, the application of an electric
field can lead to the movement of the charge carriers, which
causes partial or complete screening of the field in the QW un-
der study [17,46,47]. As aresult, the distribution of the electric
field in the structure can be very inhomogeneous. The problem
is further complicated by the complexity of the design of the
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structures typically studied in experiments. All these problems
with uncontrollable doping of structure layers dramatically
complicates the quantitative analysis of phenomena observed
in electric fields, as it was noted in most of the works cited
above. In this regard, independent control of the electric field
strength in the layers of the structure is an important task.

In this paper, parameters of exciton resonances observed
in the reflection spectra were experimentally and theoret-
ically studied to understand the behavior of excitons in
GaAs/AlGaAs QWs when an electric voltage is applied to the
heterostructure. Additional optical excitation of the structure
below the exciton transitions in QW, when light is absorbed
only in the GaAs buffer layer, made it possible to detect an
indirect effect of charge carriers generated in the layer on the
behavior of exciton resonances in the QW. It was found that
even when the structure is excited by the low-power radiation
(few tens of microwatts within the laser spot of 150 um
in diameter), a nonlinear shift and broadening of exciton
resonances are observed in the QW. A strong influence of
the electric field on the second quantum-confined state of the
heavy-hole exciton has also been found.

The main results were obtained by experimentally studying
the reflection spectra and analyzing them within the frame-
work of the nonlocal dielectric response model [3], which
makes it possible to determine all the parameters of exciton
resonances. To understand the effects observed in the electric
field, a microscopic calculation of exciton states in QWs was
performed for various electric field strengths. Comparison of
experimental data with results of the theoretical calculations
allowed us to obtain a self-consistent method for determining
the electric field strength.

II. STUDIED STRUCTURE AND METHODS

The studied sample is a high-quality GaAs/AlGaAs het-
erostructure with a 30-nm QW grown by MBE on an n-doped
GaAs:Si substrate. The structure of the sample is shown in
Fig. 1(a). The barrier layers are the short-period AlAs/GaAs
superlattices with an average aluminum concentration of 15%.
The n-doped substrate and the barriers are separated by a thick
GaAs buffer layer with the thickness of 900 nm. The total
thickness of all undoped epitaxial layers is 1310 nm.

The electric field was created using a voltage applied along
the growth axis of the structure. One of the contacts (the
Ohmic contact) is the n-doped GaAs substrate, and the second
one (the Shottky contact) is the indium tin oxide (ITO) layer.
The electronic band structure is shown in Fig. 1(c).

In addition to the applied voltage, optical excitation into
various spectral regions was used to control the electric field
in the QW layer. In this work, we used the excitation into the
exciton transition in the GaAs buffer layer (hw = 1.516 eV).
The QW layer is transparent for this excitation photon energy.
However, as we found, the exciton in the QW is very sensitive
to this excitation.

The experimental part of the work was performed us-
ing reflection spectroscopy. The simplified optical excitation
scheme is shown in Fig. 1(b). The sample was cooled down to
a temperature of 10 K in a closed-cycle cryostat. The spectra
were recorded using a spectrometer with a diffraction grating
of 1200 grooves/mm and a focal length of 550 mm. The
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FIG. 1. (a) The block scheme of the studied sample, (b) the
optical excitation scheme of the sample, (c) the electronic band
heterostructure when a negative potential is applied to the sam-
ple surface, (d) the current-voltage characteristics of the sample in
the presence of laser pumping (red symbols) and without it (blue
symbols).

spectrometer is equipped with a matrix photodetector (CCD)
cooled with liquid nitrogen. The reflection spectra were mea-
sured with a low-power continuous-wave light source (a
halogen incandescent lamp) at the almost normal light inci-
dence. To exclude undesirable excitation of states above the
studied spectral region, the short-wave radiation of the lamp
was cut off by a broadband optical filter. As an additional
excitation, radiation from a tunable titanium-sapphire laser
focused into a spot with a diameter of 120 um was used.

For each measured spectrum, the current-voltage charac-
teristics (CVC) were also measured. Examples of the CVC
measured with or without of the laser excitation are shown
in Fig. 1(d). Such a dependence of the current on the applied
voltage corresponds to the diode CVC, namely, the Shottky
diode was created by the contact semiconductor/ITO. How-
ever, there is a weak increase in the current when the negative
potential is applied on the sample surface. A possible origin of
this current is leakage through dislocations in the heterostruc-
ture. In this paper, we discuss only the effect of the electric
field under the reverse (negative) bias.

III. EXCITON REFLECTION SPECTRA
IN ELECTRIC FIELDS

Figure 2 shows the reflection spectrum of the investigated
heterostructure under additional optical excitation below the
exciton resonances in the QW. The experiment shows that, in
the absence of voltage, the reflection spectrum is insensitive
to the weak optical excitation (P = 30 uW). Three exciton
resonances are observed in the spectrum. They correspond to
the ground quantum-confined states of the heavy-hole (Xhh1)
and light-hole (X1h1) excitons and to the second quantum-
confined state of the heavy-hole exciton (Xhh2). The shape
of the exciton resonances is determined by the interference
of light reflected from the sample surface and the QW layer
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FIG. 2. (a) Exciton reflection spectrum measured under ad-
ditional excitation with photon energy lower than the exciton
transitions in the QW. The pumping power is of P = 30 uW. The
arrows indicate the energies of exciton resonances in the absence of
voltage. (b) Two-dimensional map of reflection spectra depending on
the applied voltage.

[10]. When growing the heterostructure under study, the thick-
nesses of the epitaxial layers (315 nm above the QW layer), as
well as the ITO layer (100 nm), were chosen in a special way
to obtain constructive interference of light reflected from the
QW layer and the sample surface. In this case, the resonances
of the lowest exciton states represent reflection peaks.

The exciton resonances are analyzed in the framework of
the nonlocal optical response theory described in Ref. [3]. The
amplitude reflection rqw induced by exciton resonances in the
QW is given by the expression

i(— 1)(j—1)r0jei2¢j

rQw = ;
Q Xj:woj—a)—l(l"j—{—f‘oj)

. N

Here I'g; describes the radiative decay rate of the jth exciton
state, I'; is the rate of the nonradiative relaxation from this
state, and wy; is the frequency of the exciton transition j. The
parameter ¢; describes the phase of the exciton resonance. It
is the sum of the phase acquired by the light wave propagat-
ing from the sample surface to the QW layer and the phase
related to the asymmetry of the QW potential [13]. These
four quantities are used as fitting parameters of the model
for each particular exciton resonance. The factor (—1)(U—1
in Eq. (1) takes into account the symmetry of exciton wave
function for the odd (j =1,3,...) and even (j = 2,4,...)
quantum-confined exciton states, separately for the heavy- and
light-hole excitons [8].

The total reflection also depends on the amplitude reflec-
tion coefficient of the sample surface r,, and can be expressed
as

R =

s - row r 2

1+ ryrow

Figure 2(a) shows the result of fitting the reflection spec-
trum by Egs. (1) and (2). As can be seen from the figure,
the shape of the main exciton resonances is well described
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FIG. 3. Experimental reflection spectra measured at different
voltages applied to the sample (symbols). Smooth curves represent
the fit by formulas (1) and (2).

by these formulas. This result allows us to determine the
main parameters of the resonances. In particular, the radiative
broadening Al'g; in the zero field turns out to be equal to
27 peV for the Xhhl state and 10 peV for the Xlhl state.
The nonradiative broadening of both resonances is about 100
ueV. The Xhhl phase ¢ = 0.06 rad and the Xlhl phase
¢ = 0.08 rad. The accuracy of the obtained phase values is
40.02 rad. The Xhh2 state is almost invisible at zero voltage.

The effect of the negative potential applied to the sample
surface on the exciton resonances is shown in Fig. 2(b). The
figure shows a two-dimensional map of reflection spectra
when an external voltage is applied. Nonlinear behavior is
observed for all exciton resonances. Thus, at |U| < 0.7 V, the
position of the resonances and their amplitude do not depend
on the voltage. The application of a potential |[U| > 0.7 V
leads to a decrease in the amplitude and a shift of the main
exciton resonances Xhh1 and Xlh1 towards lower energies. In
the case of Xhh2, rapid increase in the amplitude and its shift
to the low energy with a noticeable phase change is observed.

Exciton reflection spectra measured at different voltages
are well modeled using formulas (1) and (2). Examples of
the fitting are shown in Fig. 3. The good agreement of the
experiment and the model spectra allows us to quantitatively
analyze the effect of the electric field on all parameters of
exciton resonances.

On the other hand, it is possible to theoretically describe
the behavior of exciton states in an external electric field using
a numerical solution of the three-dimensional Schroédinger
equation [11-14]. Details of the calculations are described in
the next section. The theoretically calculated reflection spectra
are shown in Fig. 4. The theoretical spectra were calculated
using Egs. (1) and (2), where all exciton parameters, except
the nonradiative broadening, were obtained from the micro-
scopic calculations. The calculations do not contain any free
parameters. The nonradiative broadening is assumed to be
100 eV, which corresponds to that in the experimental spec-
tra.

As seen in Fig. 4, the theoretical spectra reproduce well
the behavior of exciton resonances observed experimentally
(Fig. 3). At the same time, the calculations assume that the
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FIG. 4. Theoretically modeled reflection spectra in various elec-
tric fields.

electric field strength in the QW is close to zero at low
voltages up to |U| =~ 0.9 V (see Fig. 2). The reasons why
the electric field strength nonlinearly depends on the applied
voltage will be discussed in Sec. VI A.

IV. MICROSCOPIC CALCULATION OF EXCITON STATES

The previously developed numerical method [12] allows us
to find a solution to the Schrodinger equation for an exciton in
a QW in an external electric field:

i 2 19 N 1 i 92
2Ujmy \3p*  pdp  p*)  2m. 93z
w92
—— =tV |x(p,ze; ) = Ex (0 2es2),  (3)
2mjhz azh
where
62
V =V, (z.) + Vi(zp) + eF (2o — z1) — .
ey p? + (ze — )?

“

The first term in Eq. (3) is the kinetic energy operator of
relative electron-hole motion in the exciton in the QW plane
(along the x and y coordinates), where p is the distance be-
tween the electron and the hole and e, = memyyy/(m, +
Myyy) is the reduced mass of the exciton. The second and third
terms are operators of the kinetic energy of the motion of the
electron and the hole across the QW layer, where m, and my,,
are, respectively, the effective masses of the electron and the
hole along the z axis. We take into account the anisotropy of
the hole effective mass m,; # my,,, which is described by the
Luttinger parameters [11,12,48].

The last term in Eq. (3) represents the potential energy
given by Eq. (4). The rectangular potential of the QW is
described by the terms V, and V;, for electrons and holes,
respectively. The next term describes the effect of an exter-
nal electric field, where e is the electron charge. The last
term in Eq. (4) describes the electron-hole Coulomb interac-
tion, where ¢ is the dielectric constant of the medium. The
function y is defined as x(p, ze, zn) = PV (0, Ze, z1), Where

TABLE 1. Material
heterostructures [51].

parameters for GaAs/Al,Ga,_,As

GaAs AlAs
m, 0.067 0.15
Y1 6.98 3.76
V2 2.06 0.82
¢ from Ref. [52] 12.53 10.06

Y (p, z., z) 1s the exciton wave function. The multiplier p
is introduced to implement zero boundary conditions at the
coinciding coordinates of the electron and the hole.

The numerical implementation of the calculations is based
on the finite-difference method, in which the Schrédinger
equation is represented in the matrix form [11,12,49]. To
determine the exciton energies and the wave functions,
the lowest eigenvalues and eigenvectors of the matrix are
calculated. The error of approximation of the differential
equation by finite differences decreases with a decreasing in
the step of the grid used. In this work, the calculation region
was 200 nm for each coordinate: p, z., and z;,. The grid step
was successively reduced from 2 to about 0.9 nm, and then the
result was extrapolated to the zero grid step.

The wave functions of exciton states obtained in the cal-
culations make it possible to find the exciton-light coupling
constants and the phases of exciton resonances. The constants
hTy; are calculated using the formula [3,50]

27rq<e|pw| g

2 [}
T — ) ‘/ ®;(z)expligz)dz| . (5)

& mowo

Here, ®;(z) = ¥j(z. =z,zn =2z, p =0) is the cross sec-
tion of the exciton wave function v;(z) with coinciding
coordinates of the electron and hole, ¢ = /ew/c is the wave
vector of the light wave, wy; is the exciton resonance fre-
quency, p., is the matrix element of the momentum operator
between the electron and hole states.

The exciton resonance phase ¢;(F) associated with the
asymmetry of the exciton wave function in the electric field
is given by the ratio of integrals [13]:

<¢j(F)) [ @;(2)sin(gz) dz
tan = .
2 [ ®;(z)cos(gz)dz

Note that the total phase of the exciton resonance is the sum of
the field-induced phase ¢;(F') and the phase acquired by light
wave propagating to the QW [see comment to Eq. (1)]. The
latter quantity can be easily calculated taking into account ge-
ometrical parameters of the heterostructure under study [10].
The material parameters used to calculate the exciton states
are given in Table I. Other parameters are as follows. The off-
set of the band gaps for the GaAs and Aly ;5Gag gsAs crystals,
AE; = 172.9 meV [11]; the ratio of the offsets for conduction
and valence bands, V,/V, =2; E, = 2|pw|2/mo =28.8 eV
[51]. The anisotropic effective masses [48] (in units of free-
electron mass) of the hole are my, = 1/(y; F 2y») in the
growth direction and m,, = 1/(y1 £ y») in the QW plane.
The upper sign refers to the heavy hole and the lower sign
corresponds to the light hole. The linear interpolation between
the corresponding values for the GaAs and AlAs is used to

Q)
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FIG. 5. Dependence of the electric field strength in the QW on
the applied voltage determined using various parameters of exciton
resonances (symbols). A solid line is a linear fit. The inset shows
an example of the dependence of the Xhhl exciton resonance shift
found from the experiment (blue symbols) and calculated theoreti-
cally (red symbols). Solid curves are parabolic approximations.

obtain the dielectric constant ¢ and the effective masses of
charged carriers for the Aly 5Gag gsAs barrier layers.

In the theoretical modeling of exciton reflection spectra in
an electric field, we used the exciton energy calculated by
solving the Schrodinger equation (3), the exciton-light cou-
pling constants determined by expression (5), and the phases
determined by expression (6). The nonradiative broadening
included in Eq. (2) cannot be obtained from the Schrédinger
equation, therefore, it was extracted from experimental data.

The comparison of Fig. 3 (experiment) with Fig. 4 (simu-
lation) clearly shows that the theoretically modeled reflection
spectra describe well the electric-field-induced modification
of exciton resonances Xhhl, Xlhl, and Xhh2 in the experi-
ment. The high accuracy of microscopic calculations and the
good agreement of the phenomenological fit by formulas (1)
and (2) with experimental data allows us to use excitons as
sensitive probes of the electric field in QW.

V. EXCITONIC SENSOR

The data shown in Figs. 3 and 4 show that the electric
field strength in the QW and the voltage applied to the het-
erostructure are nonlinearly related to each other. A detailed
discussion of the physical mechanisms leading to this nonlin-
earity will be given below in Sec. VI. Here we use exciton
parameters such as the exciton transition energy, the radiative
broadening, and the resonance phase to determine a relation-
ship between the applied voltage and the field strength in the
QW. The inset in Fig. 5 shows the experimentally obtained
dependence of the energy shift AE of the Xhhl resonance as
a function of the applied voltage (blue symbols, lower axis).
As seen, this dependence is well approximated by a parabolic
curve. The theoretical dependence of AE on the electric field
strength (red symbols and curve, upper axis) is also shown
here. As seen, both dependencies are close to each other in
the selected range of applied voltages. This allows us to link
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FIG. 6. Energy shift (a) and broadening of resonances (b) of
the heavy-hole (blue symbols) and light-hole (red symbols) excitons
as functions of applied voltage when there is no optical excitation
(open symbols) and when the buffer layer is pumped (solid symbols).
P.yc = 30 uW. The solid curves on (a) show the theoretical dependen-
cies of the shift of the resonances Xhh1 and Xlh1 on the electric field
(upper scale). The insert on (a) illustrates the compensation of the
electric field in the QW. (c), (d) Ilustrate the change in the potential
profile when the pumping is turned on.

the voltage applied to the heterostructure and the electric field
strength in the QW.

Figure 5 shows the relationship between the electric field
strength in the QW and the applied voltage, which was found
using several exciton parameters. It can be seen that all
parameters give approximately the same relationship, well
approximated by a linear dependence in the voltage range
0.8-1.25 V. Thus, the exciton can really serve as a sensitive
probe of the electric field strength in QWs. It should be noted
that Xhh2 and X1lh1 exciton parameters are less reliably deter-
mined from the experiment. As seen in Fig. 3, the resonances
are broadened at high voltages and they partially overlap each
other. This results in the increase of errors in determining the
radiative broadening and phase of resonances. The behavior
of these resonances is discussed in the next section.

VI. EXCITON PARAMETERS

A. Lowest exciton states Xhh1 and Xlh1

The established relationship between the applied voltage
and the electric field strength allows us to discuss the field
dependencies of all parameters of exciton resonances. First,
we discuss the shift AE and the nonradiative broadening
AT of the exciton resonances Xhhl and Xlhl. The radiative
broadening and phases of these resonances are discussed in
Sec. VIC. Figure 6 shows the dependencies of AE and A’
on the applied voltage measured in two regimes: (i) in the
absence of additional optical excitation (no pump) and (ii)
when the pump excites the exciton transition in the buffer

layer (pump).
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In the absence of pumping, there is no noticeable energy
shift or broadening of exciton resonances over the entire range
of applied voltages. At the same time, the field strength, that
could be created by the applied voltage and the potential of the
Schottky barrier (Usy & 0.6 V, see Fig. 1) on the ITO/GaAs
interface, is quite large. It is determined by the expression

_ Usp +|U|
el

where the dielectric constant ¢ = 12.53 [52]. The maximum
value of the applied voltage in the experiment is |U|pax =
1.2 V (see Fig. 6). The total thickness of the undoped epitaxial
layer in the studied heterostructure is L = 1.3 um. Hence,
the maximum field strength F,,x = 1.1 kV/cm. Theoretical
calculations show (see Sec. IV) that, in such a field, the ex-
citon resonances Xhhl and Xlhl should shift by the value
AE ~ —0.1 meV. This value is considerably greater than
the experimental error in determining the exciton resonance
energy (E < 0.015 meV).

The absence of a noticeable exciton resonance shift (in the
absence of pumping) means that the electric field is screened
in the QW. The screening mechanism is associated with the
presence of a small density of free electrons and holes. The
electrons and holes are shifted to the opposite walls of the
QW under the action of an applied voltage, and, thereby,
compensate for the created electric field. This is schematically
shown in the inset of Fig. 6(a). Free charge carriers can exist
in the QW due to background doping, which is inevitably
present in the heterostructure. Simple estimates show [53]
that the free charge-carrier density sufficient for the electric
field screening is ng, = 6 x 10'3 cm™3. This value is small
and is quite achievable due to background doping even in the
high-quality heterostructures [5]. It is quite possible that the
concentration of free charge carriers in the QW is even higher
than the average for the heterostructure since some charge
carriers can be captured from the nearest barrier layers.

In the thick GaAs buffer layer, complete compensation of
the electric field apparently does not occur (otherwise it would
have been observed in the experiment) due to the peculiarities
of the background doping in the heterostructure under study.
The analysis shows that our structure is p doped (carbon
acceptors). The binding energy of the holes at the acceptor
levels is quite high (=30 meV), so they are inactive in such
electric fields. A detailed discussion of this issue is given in
Ref. [53].

Additional optical excitation into the exciton transition in
the buffer layer generates excitons and free charge carriers
in this layer. Unlike background charge carriers, photogen-
erated charge carriers are very mobile and easily separated
by applied voltage. Excitons are also easily ionized by this
voltage. The radiative lifetime of the free charge carriers in-
creases dramatically as the overlap of the wave functions of
electrons and holes decreases. In the extreme case, the lifetime
is limited only by the nonradiative processes and reaches tens
of nanoseconds in the studied structures [54,55]. This leads
to accumulation of photocreated charge carriers in the buffer
layer. An estimate of their concentration at a relatively weak
optical excitation power, P = 30 uW in a spot with a diameter
of 100 wm, shows [53] that the concentration of free carriers
in the buffer layer can reach the value nyy = 8 x 103 cm—3.

F (N

Such a concentration of carriers is sufficient to completely
screen the electric field in the buffer layer. This is schemat-
ically shown in Figs. 6(c) and 6(d). As a result, the voltage
is applied only to the layer consisting of barriers and the
QW with total thickness of L = 0.41 um. The electric field
strength increases sharply leading to a significant energy shift
of exciton resonances. Experiments show that the used pump-
ing power, P = 30 uW, is close to the minimum value when
this effect is observed. With an increase in the pumping power,
the magnitude of the shift of the resonances Xhhl and Xlhl
increases slightly, still the dependence on the applied voltage
remains similar [53].

Simultaneously, with the Stark shift of exciton resonances,
a sharp increase in their nonradiative broadening is observed
[see Fig. 6(b)]. This indicates an increase in the interaction
of excitons with other quasiparticles and/or the exciton ion-
ization in the QW. In principle, this could be a dipole-dipole
interaction of excitons polarized by the electric field. How-
ever, theoretical estimates show that the magnitude of the
exciton dipole moment is negligible. The two-dimensional
density of excitons in the QW created by the probing light
is also small. So, this effect is extremely unlikely in our
experiments.

We assume that the nonradiative broadening is likely to
increase as a result of ionization of a fraction of photogen-
erated excitons. The ionization reduces the exciton lifetime
and, hence, increases the broadening. In addition, free charge
carriers are created in the QW. The interaction of excitons with
the charge carriers also results in the broadening of exciton
resonances. This conclusion is consistent with the theoretical
analysis performed in [41].

B. Excited state Xhh2

The behavior of the second quantum-confined state of the
heavy-hole exciton, Xhh2, in an electric field requires a sepa-
rate discussion. In the absence of the field, this state is hardly
visible as a dip in the reflection spectrum. The small amplitude
of the resonance is a typical feature of narrow QWs (Low <
A) and it is explained by the fact that the cross section ®(z) of
the wave function of this state is an odd function with respect
to the symmetry operation z — —z. Accordingly, the overlap
integral with the light-wave component E(z) = Ejcos(gz),
included in expression (5) for the radiative broadening, is
small. The overlap integral with another component, E(z) =
Eysin(gz), is near to zero due to the relatively small width
of the QW [14]. As a result, the exciton-light coupling is
small for this state. The phase of this resonance is close to
7 due to the odd symmetry of function ®(z) [see Eq. (6)].
This explains the appearance of the resonance as a dip in the
reflection spectrum at zero electric field.

When an electric field is applied, the magnitude of the
resonance increases dramatically and all parameters of the res-
onance are changed. Figure 7(a) illustrates the transformation
of the experimentally observed Xhh2 resonance. Microscopic
calculation makes it possible to well reproduce this trans-
formation [see Fig. 7(b)]. Note that no fitting parameters
were used in the calculations of exciton parameters. To
model the reflection spectra in various electric fields we used
some parameters found from the experiment: the nonradiative
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FIG. 7. Comparison of the experimental (a) and numerically
modeled (b) behavior of the exciton resonance Xhh2 in an electric
field. (c)-(e) Show the field dependencies of the energy shift, the
radiative broadening, and the phase of the resonance, respectively,
found from experiment (blue symbols) and microscopic calculation
(red symbols and lines).

broadening, background reflectance, and phase of the reso-
nance in zero field.

Similar to other exciton states, the Xhh2 state shifts to the
lower energies [see Fig. 7(c)]. The application of the electric
field also leads to a significant increase in the exciton-light
coupling (the parameter il'y) [see Fig. 7(d)]. Finally, the
electric field strongly changes the phase of this resonance [see
Fig. 7(e)]. The physical origin of the strong change in the
exciton-light coupling and the phase of this resonance, as well
as a weak change in similar parameters of the Xhh1 and Xlh1
resonances, are discussed in the next section.

C. Radiative broadening and phases of exciton resonances

In addition to the shift and broadening of exciton reso-
nances, the electric field leads to more subtle effects. In this
section, we discuss the changes of the phase and the radia-
tive broadening of exciton resonances Xhhl and Xlhl. The
theoretical and experimental behavior of these parameters is
shown in Fig. 8. The experiment shows a small decrease in
the phase of the Xhhl resonance of about —0.25 rad at the
maximum used voltage value |U| = 1.2 V (the field strength
F =5 kV/cm) [see Fig. 8(a)]. The theoretical calculation
of the phase carried out using Eq. (6) also predicts a small
decrease in the phase of this resonance, which is in good
agreement with the experiment within the experimental errors.

For the X1hl resonance, the phase change observed in the
experiment is small and comparable to the error of its deter-
mination. The relatively large error is caused by the mixing of
the X1h1 and Xhh2 exciton states (see Fig. 3). Theoretical cal-
culation gives a small change in the phase of this resonance,
which is qualitatively consistent with the experiment.

The radiative broadening of the Xhhl state is reduced by a
factor of 2 with increasing electric field up to ¥ = 5 kV/cm,
as observed in the experiment and reproduced by the theory

F (kV/cm)
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0F T 12 08 1 12
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FIG. 8. Comparison of exciton parameters A¢ (a), (b) and
ATy (c) measured experimentally (symbols) and calculated (smooth
curves). Dependencies for the Xhh1 state are highlighted in blue, and
dependencies for the Xlh1 state are highlighted in red.

[see Fig. 8(c)]. On the contrary, the radiative broadening of the
Xlh1 state is less sensitive to the electric field, and it does not
change within the experimental errors. At the same time, the
calculation predicts a small decrease in this exciton parameter.
Such a discrepancy may also be due to the mixing of the Xlhl
and Xhh?2 states. This is not taken into account in theoretical
calculations.

The behavior of the exciton parameters iy and A¢
demonstrated in Figs. 7 and 8 can be understood by analyzing
the behavior of the function ®(z) = Y (z. =z, =z, p = 0).
Figure 9 shows the ®(z) functions for all three studied ex-
citon states. The states Xhh1l and Xlhl are characterized by
a decrease in the integral of the function ®(z) (see colored
area) with an increase in the field strength. This fact explains
the decrease of /il"y [see formula (5)].

@(Z)

O(Z)

D(Z)

-20 0 20
Z (nm)
FIG. 9. Microscopically calculated functions &(z) for states
Xhhl, Xlh1, and Xhh2 at the electric field F = 0 (blue curves) and
F =5 kV/cm (red curves). The shaded areas under the red curves

show the integrals included in the expression (5) for the exciton-light
coupling constant ily.
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For the Xhh2 state, the situation is qualitatively different.
As can be seen from Fig. 9, the function ®(z) has a sinelike
form (blue curve) and the integral of this function is zero when
F = 0. In an external electric field, the wave function becomes
asymmetric and its integral (the shaded area) is nonzero. Due
to this fact, the Xhh2 state becomes optically active in the
specified range of electric fields. The asymmetry of function
®(z) is also responsible for strong change of phase of this
resonance [see Fig. 7(e)]. Indeed, according to Eq. (6), the
phase is approaching to zero at large electric field because
the denominator in this equation becomes large. So, the phase
of the Xhh2 resonance changes from initial value 7 at zero
electric field to almost zero at F = 5 kV/cm.

VII. CONCLUSION

We have performed an experimental and theoretical study
of excitons in a GaAs/AlGaAs QW structure in an external
electric field. High sensitivity of exciton resonances observed
in reflection spectra allowed us to determine the magnitude of
the electric field. Several parameters of the resonances, the
energy position, the radiative broadening, and the phase of
resonances, can be used for this purpose. To quantitatively
determine the electric field strength, we have compared the
experimental data with the results of microscopic calculations
of exciton states in the structure under study. All parameters
(except the nonradiative broadening) of exciton resonances
give a consistent value of the field strength and its dependence
on the voltage applied to the heterostructure. This consistence

is due to the high quality of the sample studied. The obtained
results convincingly show that excitons can serve as a sensi-
tive sensor of electric field.

It is found that the electric field strength nonlinearly de-
pends on the voltage applied to the heterostructure. This is a
result of the presence of a small concentration of free charge
carriers due to the inevitable background doping of the het-
erostructure. When a small voltage is applied, |U| < 0.8 V,
the movement of charge carriers in the quantum-well layer
screens the electric field in this layer. Screening the electric
field in other layers can, on the contrary, increase the field in
the quantum-well layer. This conclusion is confirmed by the
photocreation of a small concentration of free charge carriers
in the buffer layer of the heterostructure. Experiments show
that the electric field strength in the quantum well increases
at least by an order of magnitude when the applied voltage
increases from 0.8 to 1.25 V.
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