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Abstract—In this work, we study the exchange interactions between two excitons in the GaAs/AlGaAs quan-
tum wells of various widths. We numerically solved the Schrodinger equation for an exciton in a quantum well
to find the two-exciton wave functions and to calculate the exchange integral. The results suggest that the
strongest interactions between excitons occur in the quantum wells of widths of about 40—50 nm, with the
exchange energy being of about of 9 peV for an exciton density of 1/um?.
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INTRODUCTION

Optical nonlinearities in semiconductor nano-
structures are the hot topic nowadays in view of vari-
ous proposals of optical and quantum computing [1].
Although the realization of quantum computer is a
questionable problem [2], the underlying physics of
the nonlinear optical processes is rich and interesting.
Many phenomena such as photon blockade, “liquid
light”, and photon crystallization related to the non-
linearities are described in literature, see, e.g., [3, 4].
These nonlinearities allow the photons to interact in
the nanostructures, thus making the concept of optical
computations, in principle, possible. The nonlinearity
can be drastically magnified at the resonant excitation
of the exciton transitions in semiconductor nanostruc-
tures. It arises at the sufficiently high exciton densities
due to the exciton-exciton interactions. However, the
magnitude of the interactions must be known with
reasonable precision in order to estimate the required
exciton densities.

Two main exciton-exciton interactions exist in an
exciton system: the Coulomb interaction and different
variants of the exchange interaction. In quantum wells
(QWs), the exchange interaction is expected to be con-
siderably stronger than the Coulomb one [5, 6]. In the
present work, we study the exchange interaction
between two excitons in the GaAs QWs of various
widths. Although there are nanostructures with much
stronger exciton-light coupling and, correspondingly,
possible optical nonlinearity, e.g., the GaN-based
nanostructures [7] and the 2D materials [8], the
GaAs-based nanostructures are the most model
objects for experimental study and for quantitative
comparison with the theoretical results. For simplic-

ity, we assume the interacting excitons to be in the
same spin states. This is a typically realized in experi-
ments when the excitons are resonantly created by cir-
cularly polarized light. These results can be easily gen-
eralized with no complex calculations using spin-
related factors published in a paper by Ciuti et al. [5].
We compare our QW data with the results of [5] for the
2D excitons and to the case of excitons in the bulk
GaAs. The results suggest that the strongest interac-
tions between excitons occur in QWs of widths of
about 40 nm.

1. BASIC EQUATIONS

The quantities under study are the energy contribu-

tions to the exchange interaction, J,”,n and J; ,n,
caused by the electron—electron (e—e) or hole—hole
(h—h) exchange between two excitons in a QW. Here,
n is the exciton areal density in the QW. The simulta-
neous exchange of electrons and holes results in a
much smaller contribution [5], therefore it is not con-
sidered here. As shown by Ciuti et al. [5], the exchange
of electrons and of holes gives rise to the same
exchange energy, so the total energy of the exchange

interaction is: /n = 2J",n, where the exchange con-
stant J is determined by the expression:
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Fig. 1. Dependence of the exchange constant on the
QW width.

Here, S, = 1/n is the area occupied by a single exciton,
WY*(r,, r,) is the wave function of the exciton in the
QW, and V/; is the interaction potential given by

I/I('gnrhaneﬂrll):V(lnz_':;|)+V(|rh_r/;|) (2)
=Vr. = rb =V - rD,

where W(r) = e*/(¢er), vectors r,, r, determine coordi-
nates of the electron and the hole in the exciton, and
€ is the dielectric constant of the medium.

The method of the numerical solution of the
Schrodinger equation for a heavy-hole exciton in a
GaAs QWs described in [9—12]. The cylindrical sym-
metry of the problem is considered and the degenera-
tion of the valence band in the GaAs crystal is
neglected. These approximations are well justified for
relatively narrow QWs in which the degeneracy is
removed because of different quantum confinement
energies for the heavy-hole and light-hole excitons. In
wide QWs, the degeneracy can be removed by a built-
in or external stress of the structure. Material parame-
ters of GaAs and Al Ga, _,As are taken from [14]. The
aluminum concentration in the barrier layers, x = 0.3,
is chosen as heterostructures with such concentration
are frequently used in experimental studies.

The 12-dimensional exchange integral (1) is calcu-
lated using a simple Monte Carlo method as it is
described in Supplementary materials of [ 13]. A pseu-
dorandom number generator was used to generate
coordinates of electrons and holes in a large enough
three-dimensional region where the exciton wave
functions are noticeably nonzero. Then the expression
under the integral was calculated and accumulated.
Typically 10'° random coordinates have been used to
obtain the integral with reasonable accuracy for each
QW width.
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2. NUMERICAL RESULTS

Figure 1 shows the QW width dependence of the
exchange constant obtained in the calculations. As
seen the exchange constant has a maximum for the
QW width range 20—60 nm, and then it slowly
decreases with the QW width increase. The decrease
can be qualitatively explained by the fact that the aver-
age distance between the interacting excitons increases
when the QW width becomes larger than the effective
diameter (2az with ag = 14 nm for GaAs) of the exci-
tons [11].

For the narrow QWs we have compared our results
with those obtained by Ciuti et al. in [5] in the limit of
the ultranarrow QW (the 2D limit). For this purpose,
we used Eq. (22) from this paper:
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where € = 12.53 is the static dielectric constant of
GaAs, A, is the exciton Bohr radius in the narrow
QW. We have numerically calculated the exciton wave
function for the 5-nm GaAs/Al,;Ga,,As QW and
determined the value A,, = 10.3 nm in the QW middle
[11]. Using the value of 7,,.,(AQ, ¢, ©, B,) = —15 from
[5] (see Fig. 3 in this paper), we obtain: J,. , =
S,H,.,= —7.2 ueV(um)?2. This value is close to that
obtained in our numerical calculations of the
exchange integral for the narrow QWs (see Fig. 1).

It is also important to compare our results in the
other limit of the wide QWs to the bulk case of hydro-
gen-like excitons, where the wave functions can be
computed analytically. The expression for J* in the
bulk case is similar to (1):

S = =W, [ [ )W)
XV (), 0,1, 5)Y (1, 13,)
XW(r, )d rd’ rd’rd’r,.

However, the dimension of this quantity differs from
that of /* because of the V, multiplier. Thus, we can-

not compare the values J3, and J* directly. To make
the comparison possible, we multiply the integral in
Eq. (1) by L - §, instead of §,. The resulting quan-
tity /- L should approach the bulk case in the limit of
very large QW width L. The QW data for the largest
width studied in our work (L = 200 nm) gives the value
of the integral, /- L = 0.9 ueV(um)3. A separate cal-
culation using the hydrogen-like wave function for the
exciton in the bulk GaAs gives the value of the

exchange integral, J;; = 0.4 ueV(um)?. The agreement
should be considered as acceptable taking into account
large extrapolation from the QW width L = 200 nm to
the bulk case.

SEMICONDUCTORS  Vol. 54 No. 11 2020



MODELING OF EXCITON EXCHANGE INTERACTION IN GaAs/AlGaAs 1505

FUNDING

This work is supported by the Russian Science Founda-
tion, grant no. 19-72-20039. The calculations were carried 8.
out using the facilities of the SPbU Resource Center Com-
putational Center of SPbU. 9.

7. L. Zhang, Yue-Meng Chi, and J.-J. Shi, Phys. Lett. A
366, 256 (2007).

H. K. Avetissian, G. F. Mkrtchian, K. G. Batrakov, and
S. A. Maksimenko, arXiv: 2005.07024 (2020).

E. S. Khramtsov, P. A. Belov, P. S. Grigoryev, 1. V. Ig-

CONFLICT OF INTEREST

The authors declare no conflict of interest.

natiev, S. Yu. Verbin, Yu. P. Efimov, S. A. Eliseev,
V. A. Lovtcius, V. V. Petrov, and S. L. Yakovlev, J. Appl.
Phys. 119, 184301 (2016).

10. P. S. Grigoryev, A. S. Kurdyubov, M. S. Kuznetsova,
I. V. Ignatiev, Yu. P. Efimov, S. A. Eliseev, V. V. Petrov,
V. A. Lovtcius, and P. Yu. Shapochkin, Superlatt.
REFERENCES Microstruct. 97, 452 (2016).

. S. Akama, Elements of Quantum Computing: History, . .
Theories and Engineering Applications (Springer Int., 11. F 'VS.I Khmmtso;, P. PS' (]}Erfl_goryev, SD' i Lglg_lnov,
Cham, 2004). . V. Ignatiev, Yu. . imov, . . iseev,

i . . . P. Yu. Shapochkin, E. L. Ivchenko, and M. Bayer,

. M. 1. Dyakonov, Sprmger ‘Br1efs Phys. (2020, in press). Phys. Rev. B 99, 035431 (2019).

: {-20%;?50“0 and C. Ciuti, Rev. Mod. Phys. 85,299, '©b A Belov. Phys. E (Amsterdam, Neth.) 112, 96

. A. V. Kavokin, J. J. Baumberg, G. Malpuech, and (2019). )

F. P. Laussy, Microcavities (Oxford Univ. Press, New 13. A. V. Trifonov, E. S. Khramtsov, K. V. Kavokin,
York, 2017). I. V. Ignatiev, A. V. Kavokin, Y. P. Efimov, S. A. Eli-

. C. Ciuti, V. Savona, C. Piermarocchi, A. Quattropani, seev, P. Yu. Shapochkin, and M. Bayer, Phys. Rev.
and P. Schwendimann, Phys. Rev. B 58, 7926 (1998). Lett. 122, 147401 (2019).

. G. Ramon, A. Mann, and E. Cohen, Phys. Rev. B 67, 14. 1. Vurgaftman, J. R. Meyer, and L. Ram-Mohan,

045323 (2003).

SEMICONDUCTORS Vol.54 No.11 2020

J. Appl. Phys. 89, 5815 (2001).



	INTRODUCTION
	1. BASIC EQUATIONS
	2. NUMERICAL RESULTS
	REFERENCES

		2020-10-28T17:05:56+0300
	Preflight Ticket Signature




