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1. Introduction

Planar Mach-Zehnder modulators are used widely to
transmit data in modern fiber-optic networks. They find
application in telecommunications [1], radio detecting and
ranging [2], and optical signal microprocessors [3].

Their operation is based on control over the conditions of
interference of laser radiation, which is split by a system
of waveguides into two coherent wave fronts, within a
microoptical circuit designed as a planar Mach—Zehnder
interferometer. The modulation effect is achieved due to
the influence of the electric component of a microwave
electromagnetic wave on the refraction index of a medium
within which laser radiation is propagating [4].

Planar Mach-Zehnder modulators based on lithium nio-
bate are commonly applied in the construction of backbone
fiber telecommunications lines.  Their dimensions are
relatively large, with lengths reaching 50mm. This is
attributable to the fact that the strength of variation of the
refraction index under the influence of an electric field
in lithium niobate is limited, and the limits are set by
the crystal structure of this ferroelectric material [5]. The
indicated dimensions make such devices suited mostly for
specialized applications [6].
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A modular may be made more compact by substituting
lithium niobate with periods of heteronanostructures based
on group A'BY semiconductors. This allows one to design
devices as small as 3 mm in length [6,7].

The needed variation of the refraction index under the
influence of an electric is achieved due to the quantum-
confined Stark effect in strained tunnel-coupled quantum
wells (TCQWs) [8-11].

A number of research groups are currently working
on optimization of the TCQW design for enhancing
the performance of semiconductor planar Mach—Zehnder
modulators [2,12,13].

It should be noted that the Stark effect in an isolated
quantum well is fairly weak. Heteronanostructures consis-
ting of several tunnel-coupled QWs are needed to raise the
modulation efficiency [9].

Thus, the key objective in engineering a semicon-
ductor planar Mach-Zehnder modulator is to determine
the optimum TCQW design that provides the strongest
variation of the refraction index at optical wavelengths
within the C-band of transparency of quartz fiber
(A ~ 1530—1565nm). The preservation of fine frequency
characteristics of state switching, which are also governed
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by the heterostructure parameters, is a prerequisite for the
design of a fast heterostructure-based modulator [9].

In view of the complexity and time intensiveness of
fabrication of quantum-dimensional structures, it is crucial to
provide a means for predictive modeling of the heterostruc-
ture design via mathematical simulation.

That said, reliable predictions regarding the characteristics
of structures with strained tunnel-coupled quantum wells
cannot be made without calibration of the results of theo-
retical calculations against experimental data obtained using
structural monitoring methods. Data on the distribution
of components of a solid solution in the crystal lattice of
epitaxial layers are important in this regard [14]. These
data acquire practical utility in combination with the results
of measurements of the optical properties of the studied
heterosystem, thus making it possible to identify the relation
between structural and energetic parameters of tunnel-
coupled quantum wells [15].

A combination of cross-section high-resolution transmis-
sion electron microscopy (HR TEM) and X-ray diffraction
analysis was used to examine the structure. The optical
properties of the objects under study were determined by
measuring the photocurrent.

The importance of the present study stems from the
fact that it combines objective monitoring with numerical
calculations of the energy band diagram, envelopes of wave
functions, and the associated optical characteristics.

The proposed methodologies should help raise the pre-
dictive validity of mathematical simulations of systems
with tunnel-coupled quantum wells and thus speed up the
advancements in design of semiconductor planar Mach—
Zehnder modulators.

2. Studied structures

A group of asymmetric
InyGa;_xAs/AlyGa;_xAs/InGa;_xAs TCQWs (Fig. 1)
in the intrinsic conductivity region of a p—i—n diode was
chosen as an example to demonstrate the proposed method.
A detailed description of the structure is given in Table 1.

Table 1. Specifics of the design of the studied heteronanostruc-

ture
Layer thickness, nm Description
Substrate GaAs n=10%cm™3
500 GaAs nt =10%cm™3
200 GaAs n=10%cm
50 GaAs n=10%cm™
9.5 InyGa;_xAs x =0.19
4 AlxGa;_xAs x=0.2
4 InxGa; _xAs x =0.19
50 GaAs p=10"%cm™3
200 GaAs p=10%cm3
300 GaAs pt =10%cm™3

010 T T T T T T T T T T T T T T 1T T T T T Hp
0.05F T
0 |- _
-0.05F -
~0.10 F———
—0.15; =
020 4 v vy m L1
0 4 8 12 16 20 24 28 32 36 40 44
140F T T T T T T T T T T T T T T T T T
A4S e
-1.50
-1.551 3
PN T T T T T s " A Y Y YT N YT N O
0 4 8 12 16 20 24 28 32 36 40 44
Figure 1. & — HR TEM image of the studied structure

with GaAs/InxGa;—xAs/AlxGa;_x As/InyGa;_x As/GaAs
TCQWs. b — calculated potential profile of the
GaAs/InyGa;_xAs/AlxGa;_xAs/InyGa;_xAs/GaAs structure and
energy spectrum. (A color version of the figure is provided in the
online version of the paper.

The structure was fabricated by MOS hydride epitaxy using
an AIX200RF (Aixtron, Germany) setup.

The specific type of a heteronanostructure was chosen
based on the data reported in [16-20], where the variation
of the refraction index in a system of asymmetric double
tunnel-coupled QWs (AD-TCQWs) in an electric field was
demonstrated to be significantly more pronounced than the
corresponding variation in single or double symmetric QWs.
This is attributable to the effects of redistribution of the
electron density in adjacent quantum wells and variation
of the probability of interband transitions with exciton
contributions included; the net result is that the quantum
Stark effect is amplified.
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12 —— Simulation result

3 —— Z-contrast measurement
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Figure 2. Concentration profile of indium in the structure
measured using a combination of transmission electron microscopy
techniques. The concentration of indium (in at%) is related to
parameter X in the chemical formula of solid solution InyGa;_xAs
in a ratio of 2: 1.

The structure of the object under study was examined
with a Libra 200FE (Zeiss, Germany) transmission electron
microscope. Profiling of the elemental composition was per-
formed using a combination of the Z-contrast method and
energy-dispersive X-ray spectroscopy. Equipment provided
by the ,,Nanotechnologies” resource center (Research Park,
St. Petersburg University) was used in these experiments.

The HR TEM data were calibrated against the results
of examination with a D8 DISCOVER (Bruker, Germany)
high-resolution X-ray diffractometer and a DIFFRAC plus
LEPTOS 7 software suite that is used to analyze X-ray
diffraction patterns and calculate the parameters of hetero-
nanostructures based on them. The error of determination of
the indium concentration in InyGa;_xAs layers was < 5%
(Fig. 1,a).

The elemental composition profile measured using a com-
bination of transmission electron microscopy techniques was
compared with the results of numerical simulation of the
growth process carried out with account for In segregation
in accordance with the algorithm detailed in [21]. The model
was found to agree qualitatively and quantitatively with the
experiment (Fig. 2).

The composition profile was updated to match the
experimental data and used to perform numerical simulation
of the energy bands and calculate size quantization levels,
envelopes of wave functions, and matrix elements of
interband transitions of the studied structure.

The photoabsorption edges (Fig. 3) were calculated in
a similar fashion. The obtained data were verified via
photocurrent spectroscopy for the p—i—n diode (Fig. 4).

The quantum-confined Stark effect was analyzed by
measuring the spectral dependences of photocurrent at a
temperature of 300 K. An MDR-2 monochromator with a
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100 W halogen lamp served as the source of monochromatic
radiation. Measurements were performed with a variable
signal; a Stanford Research Systems SR540 mechanical
optical modulator operating at a frequency of 130Hz
was used for this purpose. The variable electric signal
was detected using the standard ,lock-in“ procedure with
a Stanford Research Systems SR510 selective amplifier.
A spectral dependence of the relative photosensitivity was
plotted based on the results of examination of photoelectric
spectra:

Sph(hew) = lpn(hw) /L (ho), (1)

where |pn(hw) is the photocurrent and L(Aw) is the
irradiation intensity in arbitrary units.
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Figure 3. Absorption spectra of the studied structure obtained via
mathematical simulation at different voltages applied to quantum
wells in the transverse direction.
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Figure 4. Spectral dependences of the photocurrent in the

interband absorption region of a double TCQW measured at
different reverse bias values at the p—i —n diode.
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3. Simulation and calculation procedure

The self-consistent solution of Schrodinger and Poisson
equations in the effective mass approximation was used
to calculate the profiles of energy bands, size quantization
levels, and envelopes of wave functions in a TCQW system
in a transverse electric field. A numerical approach based
on the finite difference method was used to solve these
equations. Calculations were performed in the Lazarus
software package.

The actual concentration profile of indium in the het-
erostructure, which was determined using a combination
of transmission electron microscopy and X-ray diffraction
analysis, was factored into these calculations. The calcula-
tion procedure was detailed in [15]. The matrix elements of
interband transitions in TCQWs were calculated based on
the numerical simulation data.

The above algorithm was used to examine the re-
distribution of electron density in TCQW systems due
to the quantum-confined Stark effect. The results of
model calculations were used to determine the redshift of
absorption spectra caused by the rearrangement of interband
and exciton transitions in stronger electric fields applied in
the direction of structure growth.

The theoretical approach to analyzing the influence of an
applied transverse electric field on the variation of refraction
index of the heterostructure is detailed below.

It is known that optical absorption coefficient a(hw) is
related to the imaginary part of permittivity in the following
way:

a(ho) = = e(ha), 2)

where C is the speed of light and n is the refraction index
of the material.

Interband absorption is governed by the transitions be-
tween size quantization levels of electrons and (heavy)
holes. The probability of such a transition is calculated based
on the overlap integral of wave functions of an electron
and a hole. In addition, an exciton peak in the absorption
spectrum is produced due to the Coulomb interaction of an
electron and a hole. Therefore, the absorption spectrum is
shaped by interband and exciton contributions and depends
on the binding energy and the radius of an exciton.

Let us present the imaginary part of permittivity as a sum
of interband and exciton transitions:

e(hw) = e (ho) + e (hw). (3)

The contribution of interband transitions to permittivity is [8]

band
hw Mp|“|M
e (hw) = som(z)a)zL ﬂhzg | b|| |J|

oo

X/G-F(AEg-l-Eei + Epj — how)dE, (4)
0

L, — is the QW width; me, is the reduced effective
mass of a hole and an electron; e is the electron charge;
Eei, Enj are size quantization levels of an electron and a
hole, respectively; Egy is the band gap; and |Mp|? is the
matrix element of Bloch states, which is defined as [22]

Ey(Eg +A
M = ”‘59(—92) 5)
12me(Eg + 5 A)
where me is the effective electron mass and A is the spin-
orbit splitting energy.

IMij > = ‘/wel(z)whj (z)dz ?

— is the overlap integral of envelopes of wave functions
of an electron and a hole and G is the matrix element
that depends on polarization of incident light. This factor
for light with its polarization parallel to the heterostructure
plane (TE mode) assumes a value of 3/2 for heavy hole—
electron and transitions and 1/2 for light hole-electron
transitions [8]. T is the spectral line profile, which is
Gaussian in the present case:

L(x) = —— exz/(w)’ (6)

where o is a parameter specifying the HWHM of a line.
The exciton contribution to permittivity is [8]

2me?
gy - L w?

x [MJ?|Mij *[@ex (0)[*GI(

*(hw) =

Eex — hw),  (7)

Eex — is the exciton energy, ¢ex(0) = @v/2/m — is the
wave function of a two-dimensional exciton, and « is a
variational parameter corresponding to the reciprocal Bohr
radius of an exciton. The binding energy and the Bohr
radius of an exciton were calculated in accordance with a
variational procedure detailed in [23].

If the variation of the absorption spectrum of a suffi-
ciently wide spectral region is known, the Kramers—Kronig
relations may be used to determine the variation of the
refraction index spectrum under the influence of an applied
electric field [24]:

hw2
_ch Aa(hw’) ,
An(hw) = —P / T2 — (ho)? d(ho’),  (8)
hol

where (Aiwl, hw2) is the energy range and symbol P
indicates that the integral is a principal-value one. The
parameters of the InyGa;_yAs/AlxGa;_xAs/InyGaj_xAs
heterostructure used in calculation of its optical properties
are listed in Table 2.
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Table 2. Parameters of the InyGa;_xAs/AlxGa;_xAs/InxGa;_xAs structure used in calculations

Band gap of AlxGa;_xAs, Eg, eV

Effective electron mass in AlxGa;_xAs, Me
Effective heavy hole mass in AlyGaj_xAs, My
Band gap of InyGa;_xAs, Eg, eV

Effective electron mass in InyGa;_xAs, mMe
Effective heavy hole mass in InyGa;_xAs, M,
Spin-orbit splitting energy, A, eV

HWHM of the spectral line profile, §, eV

Voltage, V

Figure 5. Magnitude of the refraction index variation under
different control voltages applied to the structure.

4. Results and discussion

The optical absorption spectra of a system of asymmetric
double TCQWSs were calculated with the exciton contribu-
tion factored in (Fig. 3). The obtained results demonstrate
that a noticeable redistribution of the electron density occurs
in a system of quantum wells when the electric field
strength increases. This translates into a redshift of the
optical spectrum due to the quantum-confined Stark effect.
It was demonstrated that the chosen structure features
a ~ 10—15meV redshift of the exciton absorption peak
corresponding to a variation of the electric field applied
in the direction of structure growth within the 0-3V
range. The photocurrent measurement data verify this result
(Fig. 4).

Spectra of the refraction index variation An(#iw) with bias
voltage were obtained using the Kramers—Kronig relations
and the absorption index values calculated in a wide spectral
region [24]. Figure 5 demonstrates the variation of the
refraction index magnitude for the studied structure under
the influence of an electric field at wavelength 2 = 1550 nm.

5. Conclusion

Thus, the feasibility of application of a combination of
mathematical simulation, growth experiment, and objective

Semiconductors, 2022, Vol. 56, No. 9

1.424 + 1.247x
0.0665 + 0.0835x

0.34 + 0.42x

1.424 — 1.615x + 0.555x2
0.0665 — 0.05x + 0.0065x>
0.34 + 0.794x

0.33

0.011

monitoring of the physical parameters of heteronanostruc-
tures for predicting the optical properties of strained tunnel-
coupled quantum wells and optimizing their design with
the purpose of constructing efficient planar Mach-Zehnder
modulators was demonstrated. Subsequent studies will be
aimed at verifying experimentally the calculated values of
the refraction index variation under the influence of an
electric field.
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