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We studied theoretically the evolution of excitonic properties of GaSb quantum ring located inside the
AlAs/GaAs/InGaAs/AlAs double quantum well with the wells (GaAs and InGaAs) thicknesses. The quan-
tum ring is placed between the wells. In this type II nanostructure, the hole is confined inside the quantum
ring and the electron is confined in the GaAs and InGaAs layers. The hole and the electron states were
computed using the effective mass and the Hartree approximations. Then, the exciton energy, binding en-
ergy and lifetime were calculated. We found that varying the thickness of the well, we can control the local-
ization of the electron wavefunction. Indeed, it can be above or below the quantum ring depending on the
thicknesses of the GaAs and InGaAs layers. This has an important influence on the overlapping of the
electron wavefunction with that of the hole which rests confined inside the quantum ring. Consequently,
we can manipulate the excitonic properties, like energy, binding energy and lifetime via the electron and
hole wavefunctions overlap. Thus, the studied systems can be used in tunable nano-optoelectronic devices.
Furthermore, the use of the InGaAs layer as a capping layer of the quantum ring, instead of the GaAs lay-
er as in an ordinary quantum ring, allows preserving the original properties of this nanostructure before

the deposition of the capping layer.
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1. INTRODUCTION

Depending on the type of confinement, nanostruc-
tures can be classified into three groups: quantum dots
(QDs) (0D), quantum wires (QWi) (1D) and quantum
wells (QW) (2D). Each group has its unique properties.
In particular, QDs have atom-like features resulting in
a discrete density of states. Consequently, several
works studied the fundamental properties [1-3] and the
practical applications [4-13] of QDs. A special type of
0D nanostructures has been achieved since the late 90s
— the quantum ring (QR) [1, 14, 15]. This nanostructure
showed improved performance in many applications as
solar cells [4-7] and emission devices [11-13]. Specifical-
ly, GaSb/GaAs nanostructures gained more interest in
the last decade, mainly due to their type II nature. In-
deed, holes and electrons are spatially separated. The
former are confined in the GaSb nanostructure and the
later are free in the GaAs matrix. There are also other
interesting features of these nanostructures that made
them interesting, like the large valence band offset and
the dynamics and interaction of charge carriers.

A key feature of nanostructures is the ability of tun-
ing their physical properties, especially the excitonic
and optical properties, by manipulating their structur-
al and geometric properties. Particularly, the use of the
dot-in-well structure (DWELL) increases the range of
the achievable transition energy and opens new techno-
logical capabilities [16]. In one of our previous papers,
the effect of confinement of the electron of the GaSb QR
using an Al:Gai-xAs/GaAs quantum well was studied
[17]. We found that the electron confinement increases
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the exciton energy and optical transition probability. In
the present paper, we investigate the manipulation of
the excitonic and optical properties of the QR with dif-
ferent ways. For instance, we changed the electron con-
finement energy by varying the barrier height, the ma-
terial of the barrier or the position of the QR inside the
QW. These changes have strong effects on the transition
energy, the exciton lifetime and the binding energy,
which makes the GaSb QR more appropriate for several
optoelectronic devices as lasers. To our knowledge, no
research has been conducted on this subject.

The rest of this article is organized as follows. Sec-
tion II is dedicated to present the results of the study of
the effect of confining the electron on the excitonic
properties of the GaSb QR embedded in the
AlAs/GaAs/InGaAs/AlAs double QW. Discussion of the
use of this structure in different applications is given in
section III. The conclusions are presented in section IV.

2. RESULTS

In this section, we study the effect of confining the
electron on the excitonic properties of the GaSb QR
embedded in the AlAs/GaAs/InGaAs/AlAs double QW
(Fig. 1). InGaAs layer has a large lattice constant than
GaAs that is used as a barrier in an ordinary
GaAs/GaSb QR. Thus, it imposes lower strain on the
underlying ring. For QDs, the overlayer strain de-
grades the underlying dot [19] and the strain-reducing
layer can preserve the original properties [20]. Hence
the advantage of using such a layer also for QRs.
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Fig. 1 — Cross-section of the QR in Al:Gai-:As/GaAs/InGaAs/
Al.Gai-.As double QW: GaSb (dark blue), GaAs (light blue),
In0.1Ga0.9As (green) and AlAs (yellow). The QR dimensions
are: inner radius 9 nm, outer radius 13 nm and height 2 nm

The QR is placed above a wetting layer of a thick-
ness of 0.56 nm. The ring has the shape described by
Fomin model [18] and an average diameter of 22 nm
and a height of 2 nm. These dimensions are similar to
those typically found in the GaSb/GaAs QR [16].

The details of the computation are discussed in the
previous work [17].

Fig. 2 shows the electron probability density for dif-
ferent values of the thicknesses of the upper (L) and
lower (L) wells (Fig. 1). We see that the position of the
QR in the QW has a substantial effect on the distribu-
tion of the electron wavefunction inside the well. This
effect is attributed to different confinement energies of
the two wells, which are related to the wells width and
height. For L' > 5 nm, the electron is mostly localized
above the ring. For L' =2.5nm, the only values that
give a wavefunction localized in the lower GaAs well
are L ="7.5 and 12.5 nm. This effect has a considerable
influence on the hole energy through the Coulomb in-
teraction with the electron, as we will see later.

Fig. 3 shows the variation of the electron and hole
energies with L for different values of L'. We see that
the electron energy for L' >5 nm is insensitive to the
width of the lower well. For L' =2.5 nm, the electron
energy decreases with L. It is 300 meV for L =2.5 nm
and then decreases to almost half of that value when
L=12.5nm, which is very close to the value of
L’ =5 nm. As in the case of the electron, the hole ener-
gy has a small variation with L for L'>5nm. For
L' =2.5nm the curve has a minimum for L="7.5nm,
since in this position the electron wavefunction is clos-
est to the ring, consequently the Coulomb interaction
has its maximum value. The values for L > 7.5 nm are
lower than those for L < 7.5 nm. This difference origi-
nates from the different Coulomb interactions sensed
by the hole in the two situations: the Coulomb interac-
tion is slightly stronger when the electron is located
above the ring (L < 7.5 nm) than below it (L > 7.5).

Fig. 4a shows the variation of the exciton energy
with L for different values of L'. We see the same de-
pendence on L' and L as in the electron energy case,
since the variation of the hole energy is very small.
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Fig. 2 - (a)-(1) Electronic probability density isosurface (70 %)
of the ground state for different values of L and L', GaAs/AlAs
and AlAs/Ino.1Gao.eAs interfaces are indicated with green lines
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Fig. 3 — (a) Electron and (b) hole ground-state energies as a
function of the position L for different values of L’

We conclude that L and L' have an important effect
on the exciton energy up to 180 meV. Fig. 4b shows the
exciton binding energy for different widths. We notice
that the binding energy has a similar, but inverse, be-
havior to the hole energy. The minimum binding ener-
gy occurs for the smallest width used for both wells
(2.5 nm), where the electron is located in the upper well
around the QR. The highest value corresponds to
L'=2.5nm and L = 7.5 nm, which is not so far from the
value L' =7.5 nm. In these two cases, the electron is
located in the center of the structure and directly above
the QR for L' = 7.5 nm and below it for L' = 2.5 nm and
L=17.5nm.

Fig. 5 shows the exciton lifetime for different
widths. The structure with L' =5 and L = 7.5 nm gives
the lowest lifetimes, because the overlap is maximum,
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since the electron is very close to the QR. Additionally,
these structures have practically the same lifetimes
and are insensitive to the well width L. For the case of
L' =2.5 nm, a minimum value of 0.4 ps is obtained for
L ="75nm and the lifetime reaches a maximum value
of 2 us for L =12.5 nm indicating that this structure
gives the lowest overlap.
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Fig. 4 - (a) Exciton and (b) binding energies of the exciton as a
function of the position L

3. DISCUSSION

As mentioned in the introduction, 0D structures
have advantages over existing semiconductor technolo-
gies for electronic and optical devices: solar cells,
memory devices, lasers, sensors. The most important
fundamental properties for the operation of these de-
vices are the transition energy, the radiative lifetime
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Fig. 5 — Radiative lifetime as a function of the position L for
different values of L’

4. CONCLUSIONS

A theoretical study of the excitonic and optical
properties of the type II GaSb QR located inside the
AlAs/GaAs/InGaAs/AlAs double QW was made in this
article. The investigation is done by calculating the
wavefunctions and energies of the electron and hole
using the effective mass approximation. The Coulomb
interaction is taken into account in the scope of the
Hartree approximation. Then the exciton energy, the
binding energy and the lifetime are calculated. We
found that excitonic properties can be modulated con-
siderably by changing the parameters of the studied
structures via the manipulation of the localization of
the electron wavefunction in the wells and consequent-
ly its overlap with that of the hole. Particularly, the
lifetime can be varied between 0.2 and 2 um. The exci-
ton energy can be varied between 1 and 1.2 eV. Thus,
these structures are promising candidates for applica-
tion in tunable nano-optoelectronic devices.

7. D. Montesdeoca, P.J. Carrington, I.P. Marko, M.C. Wagener,
S.J. Sweeney, A. Krier, Sol. Energy Mater. Sol. C. 187, 227
(2018).

8. A. Marent, M. Geller, A. Schliwa, D. Feise, K. Potschke,
D. Bimberg, N. Akcay, N. Oncan, Appl. Phys. Lett. 91, 242109
(2007).

9. T. Nowozin, L. Bonato, A. Hogner, A. Wiengarten, D. Bimberg,
W-H Lin, S.-Y. Lin, C.J. Reyner, L.L. Baolai, D.L. Huffaker,
Appl. Phys. Lett. 102, 052115 (2013).

10. M. Hayne, R.J. Young, E.P. Smakman, T. Nowozin, P. Hodgson,
J K. Garleff, P. Rambabu, P.M. Koenraad, A. Marent, L. Bonato,
A. Schliwa, D. Bimberg, J. Phys. D: Appl. Phys. 46, 264001
(2013).

11. J. Tatebayashi, A. Khoshakhlagh, S.H. Huang, G. Balakrishnan,
L.R. Dawson, D.L. Huffaker, D.A. Bussian, H. Htoon, V. Klimov,
Appl. Phys. Lett. 90, 261115 (2007).

12. W.-H. Lin, K.-W. Wang, S.-W. Chang, M.-H. Shih, S.-Y. Lin,

06002-4


https://doi.org/10.1002/pssb.200642520
https://doi.org/10.1016/j.physe.2005.01.011
https://doi.org/10.1016/j.jlumin.2011.04.011
https://doi.org/10.1016/j.solmat.2018.07.030
https://doi.org/10.1016/j.solmat.2018.07.030
https://doi.org/10.1063/1.4918544
https://doi.org/10.1063/1.4918544
https://doi.org/10.1002/pip.2615
https://doi.org/10.1016/j.solmat.2018.07.028
https://doi.org/10.1063/1.2824884
https://doi.org/10.1063/1.4791678
https://doi.org/10.1088/0022-3727/46/26/264001
https://doi.org/10.1063/1.2752018

EFFECTS OF CONFINING THE ELECTRON IN A DOUBLE QUANTUM ...

13.

14.

App. Phys. Lett. 101, 031906 (2012).

W.-H. Lin, K.-W. Wang, S.-Y. Lin, M.-C. Wu, J. Crystal Growth
378, 571 (2013).

J.M. Garcia, G. Medeiros-Ribeiro, K. Schmidt, T. Ngo, J.L. Feng,
A. Lorke, J. Kotthaus, P.M. Petroff, Appl. Phys. Lett. 71, 2014

17.

18.

JJ. NANO- ELECTRON. PHYS. 12, 06002 (2020)

M.S. Kehili, A.B. Mansour, R. Sellami, A. Melliti, Semicond.
Sci. Technol. 33, 115019 (2018).

V.M. Fomin, V.N. Gladilin, S.N. Klimin, J.T. Devreese,
N.A.J.M. Kleemans, P.M. Koenraad, Phys. Rev. B 76, 235320
(2007).

(1997). 19.
15. W. Ouerghui, J. Martinez-Pastor, J. Gomis, A. Melliti,
M.A. Maaref, D. Granados, J.M. Garcia, Eur. Phys. J.: Appl. 20.
Phys. 35, 159 (2006).
16. P.D. Hodgson, M. Hayne, A.J. Robson, Q.D. Zhuang, L. Danos,
J. Appl. Phys. 119, 044305 (2016).

R. Songmuang, S. Kiravittaya, O.G. Schmidt, J. Crystal Growth
249, 416 (2003).

K. Kuldov4, V. Krapek, A. Hospodkova, J. Oswald, J. Pangrac,
K. Melichar, E. Hulicius, M. Potemski, J. Humlicek, phys.
status solidi ¢ 3, 3811 (2006).

Bruiue oOMmeskeHHs €JIEKTPOHA B MOABIMHIN KBAHTOBI AMi HA €KCUTOHHI BJIACTHUBOCTI
kBaHTOBOrO kinpua GaSb
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Mu TeopeTMUHO BMBYAJIM €BOJIIOIIMHI €KCUTOHHI BJIACTMBOCTI KBAHTOBOrO Kiibiig GaSb, poaramroBaHoro
BeepenuHi moasiiHol kKBaHTOBOI avu AlAs/GaAs/InGaAs/AlAs, samexno Big ToBime M (GaAs ta InGaAs).
KBanToBe KisbIile po3MIIIyIOTh MK sMaMu. Y i HaHOCTPYKTypi II Tuiry mipka yrpuMyeThess BcepeauHi KBaH-
TOBOI'O KiJIBIIS, a eJIEKTPOH oO0Meskyerbesa rmapamu GaAs ta InGaAs. JlipkoBi Ta eeKTpoHHI cTaHu OyJin 00dm-
CJIeHl 3 BUKOPHCTAHHSAM e(eKTHBHOI Macu Ta HaOiamskeHb Xaprpi. [lotiMm po3paxoByBain eHepriio eKCUTOHY,
€HEeprio 3B'A3Ky T4 TPUBAJICTH KUATTSI. MU BUABHIIM, 0 3MIHIOIOYX TOBIIUHY SIMA MOKHA KOHTPOJIIOBATH JIO-
KaJTi3alfio eJIeKTPOHHOI XBIIIhoBOI dyHKIi. JliticHo, BoHA Moske OyTy BHIe a00 HUMKYE KBAHTOBOTO KLIBIII B
3aseskHOCTI Bij ToBuMH 1mapiB GaAs ta InGaAs. Ile mae Bam/IMBUIl BIUIMB HA IEPEKPUTTS €JIEKTPOHHOI XBHU-
JIbOBOI (PYHKIIIT 13 XBUIILOBOIO (DYHKITEIO JIPKH, IKA 00MeskeHa KBAHTOBUM KiyblieM. OTiKe, MM MOMKEMO Kepy-
BATU €KCUTOHHUMU BJIACTUBOCTSIMH, TAKAMU SK €HEPIisi, eHeprisa 3B'I3Ky Ta TPUBAJICTD MKUTTS, IIJIIXOM IIepe-
KPUTTSI eJIEKTPOHHUX Ta JIPKOBUX XBUJIBOBUX (MYHKINH. Takum 4mHOM, JOCTIKYBaHI CHCTEMU MOKYTH OyTH
BUKODPHCTAHI B PETyJIbOBAHUX HAHO-OIITOEJIEKTPOHHUX mpucTposix. Kpim Toro, Bukopucrauus mapy InGaAs sk
IIapy IOKPUTTS KBAHTOBOTO KLIBIA 3aMicTh 1mapy GaAs, K y 3BUYAAHOMY KBAHTOBOMY KLJIBIT, JO3BOJIsAE 30e-
perTy BUXIiJIHI BJIACTHUBOCTI ITi€l HAHOCTPYKTYPH 10 OCAKeHHS APy HOKPUTTSI.

Kmiouosi ciosa: Excuron, Keaurose xinbile, Habnmxennsa edextusmoi macmu, Habmmmenus Xaptpi,
TpuBaiCTh JKUTTS.
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