ChinaRxiv [$X]

AT translation - View original & related papers at
chinarxiv.org/items/chinaxiv-202306.00526

Temperature and carrier-density dependent exci-
tonic absorption spectra of semiconductor quan-
tum wires (Postprint)

Authors: WANG Ting-Dong, HUAI Ping
Date: 2023-06-18T00:00:00+00:00

Abstract

In this paper, we present a theoretical study on excitonic absorption spectra
of one-dimensional semiconductor quantum wires. The carrier-carrier scatter-
ing is treated by the second Born approximation in the Markovian limit. The
absorption spectra of different carrier densities and temperatures are discussed.
The excitonic absorption peak position and width show complicated dependence
on carrier density and temperature, indicating the importance of carrier-carrier
scattering. The behavior can be understood by the cooperative effects of ex-
change self-energy and Coulomb correlation due to carrier-carrier scattering.
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We present a theoretical study on excitonic absorption spectra of one-
dimensional semiconductor quantum wires. Carrier-carrier scattering is treated
using the second Born approximation in the Markovian limit. The absorption
spectra at various carrier densities and temperatures are discussed. The
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excitonic absorption peak position and width exhibit complicated dependence
on carrier density and temperature, indicating the importance of carrier-carrier
scattering. This behavior can be understood through the cooperative effects
of exchange self-energy and Coulomb correlation arising from carrier-carrier
scattering.
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Introduction

Semiconductors are important materials for nuclear science and technology and
have been widely used in radiation detection. Both theoretical and experimental
studies have shown increasing interest in low-dimensional semiconductor struc-
tures in recent years. In the longer term, compound semiconductors may be
used as radiation detectors with higher performance and without strain limita-
tions. Thus, research on the properties of low-dimensional semiconductors is of
great importance.

Semiconductor quantum wires (QWRs), in which electrons and holes are con-
fined in one direction, represent typical one-dimensional (1D) systems. State-
of-the-art QWR structures have been realized experimentally using molecular
beam epitaxy with cleaved edge overgrowth and growth-interrupt annealing
techniques.

In semiconductors, excitons are quasi-particles that form when electrons and
holes become bound through Coulomb interactions. In 1D semiconductor struc-
tures, quantum confinement makes excitonic effects on optical spectra more
pronounced than in three- and two-dimensional structures. The signatures of
excitons appear in the optical absorption spectra of direct-gap semiconductors
such as GaAs, showing a sharp peak several meV below the band gap energy.

Many-body effects play important roles in light-semiconductor interactions, in-
cluding excitonic nonlinearity, band-gap renormalization (BGR), and Coulomb
screening. These complex many-body phenomena can be revealed through op-
tical spectra. In a typical experiment involving simultaneous measurements of
absorption and photoluminescence (PL) spectra, peaks induced by excitons at
low carrier density and by plasma at very high density have been observed.

It is therefore necessary to apply reasonable many-body theory to understand
the observed features in the optical spectra of QWRs. Under the Hartree-Fock
approximation, the Semiconductor Bloch Equations (SBEs) are sufficient for
calculating excitonic nonlinearity, phase-space filling, and band gap renormal-
ization. However, the absorption line width in SBEs is treated merely as a phe-
nomenological input parameter with carrier-carrier scattering neglected. Thus,
a theory describing carrier-carrier scattering in a higher-order approximation is
needed.
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In this paper, we apply a theoretical method based on quantum kinetic equa-
tions. Carrier-carrier scattering is treated using the second Born approximation
(SBA) in the Markovian limit.

Model and Numerical Method

In our scheme, the quantum kinetic equation for microscopic polarization p;, is
given by

i(cid : 126)% = (cid : 126)w;,p,—(cid : 126)Q, (1— fop— frr)—i(cid : 126)Ay,py+i(cid : 126) Z A
k' (cid:54)=k

where (cid : 126)w = €, +€,,+A+E is the renormalized transition energy, w’
is the renormalized transition frequency, and k is the corresponding wavevector.
The exchange self-energy contribution to the renormalized band gap energy is

Ap=— Z Vik—i|(Ferr + Trwr)-
k/
The renormalized Rabi energy is

(cid : 126)Q,, = d,, &, exp(—iwt) + Z Vik k) Pr -
k' (cid:54)=k

In Egs. (1)-(4), k is the momentum, (cid : 126) is Planck’s constant, €,; and
€ni are the single-particle energies of electrons and holes. The band gap energy
at zero carrier density is defined as E ;. V is the effective Coulomb potential.
In 1D systems, the Coulomb interaction is treated as an effective interaction
by averaging the three-dimensional Coulomb interactions over the electron and
hole wave functions along the lateral directions. The distribution functions of
electrons and holes are defined as f,;, and f;,. Under quasi-equilibrium con-
ditions, both distribution functions can be described by Fermi-Dirac functions
and are nearly time-independent. d,, is the dipole matrix element between elec-
trons and holes. &, and w are the amplitude and frequency of the electric field
component of the applied optical field. Carrier-carrier scattering gives rise to
the last two terms on the right-hand side of Eq. (1), which can be divided into
diagonal (cid : 126)A;, and non-diagonal terms (cid : 126)A ;.

The diagonal and non-diagonal contributions due to carrier-carrier scattering
are

(cid : 126)Ay;, = Z Z Z (2VE(9) =0, 4 Vs(Q) Vs (k—k"+)) % g(66) [ fo g g (1—=Fo 1) o b7 —g (1= Fu kg)

k” q(cid:54)=0 a,b=e,h
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(cid : 126) Ay = Z Z (2V5%<Q)_5a,bVS(Q)Vs(k_k”‘ﬂl))><9(_56)[(1—fa,k)(1—fb,k”)fb,ktq+fa,kfb,k”(1—fb,z
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where ¢ = k" — k, Vg(q) = V(q)/e, is the screened potential, with ¢, being
the static dielectric function using the Lindhard formula in the plasmon-pole
approximation. §, , is the Kronecker delta function and g(de) = lim,,_,oi/(de +
iv) is the Heitler-Zeta function, with de = €,; + €5y — €441 — €ppr—q and v being
a small constant.

To solve Eq. (1) numerically, we convert it to the numerical solution of the
equation for microscopic susceptibility

> ((eid : 126)wdyy, — HEl )xp (w) = —(1 = fop — fup)des-
=

The effective Hamiltonian is denoted as

Hyl = (eeptenntAytEgg) S —(1= for—fri) Viow—ilcid = 126) Ay 8y +i(cid : 126) Ay .

The absorption coefficient can be calculated by

|de |2 320 @570 (L= ferr = Frar)
I cv j e R
Oé(w) X m; (C’Ld . 126)(-0 — Ej ko

where qﬁfk and (bﬁc are the j-th left and right eigenvectors corresponding to
the effective Hamiltonian H,‘jg/, and Ej is the j-th eigenvalue. The symbol Tm
means taking the imaginary part of a complex function. Since the effective
Hamiltonian is complex, the eigenvalues and eigenvectors are complex numbers
and complex vectors, respectively. Unlike the situation at the Hartree-Fock
level, no phenomenological damping parameter is needed here. The absorption
line width is attributed to the imaginary part of E;.

Numerical calculations are carried out for a typical rectangular cross-section
GaAs quantum wire with the following parameters: E, = 1.5 eV, dielectric
constant £, = 13.74, cross-section length [, = 14 nm and width /, = 6 nm, and
d,, = 4.33 e+ A. The effective masses of electrons and holes are m, = 0.0665m;,
and m;, = 0.457m, where my is the free electron mass.

Results and Discussion

Figure 1 [Figure 1: see original paper] shows the calculated absorption spectra
of the GaAs QWR for different carrier densities at T'= 60 K and different tem-
peratures at n, = n;, = 0.2x10% cm~!. A strong absorption peak about 20 meV
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below the band gap is ascribed to excitons. In Fig. 1(a), the intensity of the
excitonic peak decreases with increasing carrier density, while the peak position
energy remains nearly constant. In contrast, SBE theory predicts a large red
shift in the excitonic absorption peak with increasing carrier density, which can
be understood as an overestimation of band gap renormalization. The present
approach shows a constant excitonic absorption peak, which agrees well with
experimental results. Since an exciton is an electrically neutral quasi-particle,
the Coulomb interaction has little dependence on carrier density, resulting in
constant exciton energy. At a carrier density of n, = n;, = 0.2 x 105 cm™!,
when the temperature increases, the excitonic absorption peak shows a red
shift. Moreover, the peak width increases with temperature, indicating stronger
carrier-carrier scattering at higher temperatures. Systematic micro-PL measure-
ments on a QWR have shown the stability of the excitonic peak, providing good
support for our theoretical results.

Figure 2 [Figure 2: see original paper| shows data for the peak position energy
at T =60 K (Fig. 2(a)) and at a carrier density of n, = n, = 0.2 x 10° cm™!
(Fig. 2(b)). Each error bar in the minus and plus direction denotes the lower
and upper half-widths of the peak. At a constant temperature of 60 K, the peak
energy changes little and the peak width increases only slightly as the carrier
density varies. At a constant carrier density of n, = n;, = 0.2 x 105 cm™!,
the peak energy decreases with increasing temperature. Therefore, temperature

affects the excitonic absorption peak energy more than carrier density does.

For direct-gap semiconductors, the band gap is defined as the energy difference
between the conduction and valence bands at k = 0, i.e., the center of the
Brillouin zone. Figure 3 [Figure 3: see original paper] shows the exchange self-
energy A; at k = 0 for temperature 7' = 60 K (Fig. 3(a)) and carrier density
n, =n;, = 0.2x10% cm™! (Fig. 3(b)). The energy depends differently on carrier
density and temperature. As contributions from carrier-carrier scattering (Eqs.
(5) and (6)) are considered, the imaginary parts of diagonal and non-diagonal
terms add additional energy shifts to the band gap. The exchange self-energy,
together with the energy shift from scattering and the exciton binding energy,
ultimately determines the excitonic peak position and width, as shown in Fig.
2.

Conclusion

In conclusion, we have performed a theoretical study on the absorption spectra
of a GaAs QWR at different carrier densities and temperatures. The excitonic
absorption peak position and width exhibit complicated behaviors as tempera-
ture or carrier density varies. This can be understood through the cooperative
effects of exchange self-energy and Coulomb correlation due to carrier-carrier
scattering.
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