A

2,
v
¢

"
P
1

Final Report

Strong exciton-photon coupling regime and Polariton properties

in quantuwm well microcavity

By Kanchana Sivalertporn

May/2020



Contract No. MRG6180073

Final Report

Strong exciton-photon coupling regime and Polariton properties

in quantuwm well microcavity

Kanchana Sivalertporn Ubonratchathani University

This project granted by the Thailand Research Fund



Abstract

Project Code : MRG6180073

Project Title : Strong exciton-photon coupling regime and Polariton properties in quantum well

microcavity
Investigator : Kanchana Sivalertporn
E-mail Address : kanchana.s@ubu.ac.th

Project Period : 2 years

unanga

Tumsaspiledvhmsfinsudmaefifoiianuendinusaningaeu Exciton) lulassasa
1_'|aé’l’nﬁﬂaameLumﬁmLLa:LLuuQ' TnsRaTonmanasasnnUN 9T Hladn e g anudnvaseng
juisvesdadnd wazawa lWinananiiddaszaunsdsouvadidnasenuazlas uazidanls
wWdiaaivasing GaAs/AGaAs Uz GalnNAs/GaAs %oLﬂu’TaQﬁ'Qﬂmmﬂs:qn@ﬂﬁmuasm
NN luﬂsrﬁmaﬂmaaﬁoﬂaﬁ'ﬂﬁ‘maué'ugj GalnNAs/GaAs WU amueAusadsnGaawing
Lﬂﬁiﬂummﬁn%mammuma (Direct exciton) Wusuuliaze (Indirect exciton) 'ﬁ'@haumvl,wv% 12
kviem wenanigildiinisdnsnfimngeiifoatusuasfisonszniaindaeuuazlnaaulu
Tassaslulasendauuntadndaiauey laglflavssivtiadndaiaudug GainNAs/GaAs Afany
n9e9teANSA6NI 9 NMIANEINTHLadng 8-5-10-nm GalnNAs/GaAs UazNaIwINAaui
1411 eV wusmwelwan3aouiidsznoudasasinvadndaauuonliassuazlnaawsing 0.4
ezl ENTAOMLULATI 0.2 Huugasin ouelnansaaniiozdsuauifvasnadndanauiuuasILas
wuuliase ‘fiaﬁﬂﬁﬂuamuﬂwm%@auﬁﬁﬁﬂmiwaiuLuuﬁgaLﬁaamﬂ"l,ﬁ%'uauu”ﬁﬁamLﬁﬂ%@au
nuvldaseines



Abstract:

Semiconductor microcavities are well known due to their importance in fundamental physics
and have a wide range of various applications. The system consists of the GalnNAs/GaAs double
quantum wells embedded in a planar Bragg-mirror microcavity. The polariton can be formed due to
the exciton-photon coupling in the microcavity. The direct exciton with large oscillator strength
strongly couples to the cavity mode. The indirect exciton with small oscillator strength can interact
with photon via the direct exciton since it is electronically coupled to the direct exciton. The polariton
state and its fractions (direct exciton, indirect exciton and photon) are calculated as a function of
applied electric field. The strong-weak coupling regime is controlled by the applied electric field. The
dipolariton state with comparable components is observed at approximately F=12 kV/cm where the
photon strongly couple to the exciton ground state and the ground state exhibits the direct-indirect
anticrossing also. This mixed state acquires large oscillator strength from the direct exciton and large

electric dipole moment from the indirect exciton.
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1. Abstract

Semiconductor microcavities are well known due to their importance in fundamental physics
and have a wide range of various applications. The system consists of the GalnNAs/GaAs double
quantum wells embedded in a planar Bragg-mirror microcavity. The polariton can be formed due to
the exciton-photon coupling in the microcavity. The direct exciton with large oscillator strength
strongly couples to the cavity mode. The indirect exciton with small oscillator strength can interact
with photon via the direct exciton since it is electronically coupled to the direct exciton. The polariton
state and its fractions (direct exciton, indirect exciton and photon) are calculated as a function of
applied electric field. The strong-weak coupling regime is controlled by the applied electric field. The
dipolariton state with comparable components is observed at approximately F=12 kV/cm where the
photon strongly couple to the exciton ground state and the ground state exhibits the direct-indirect
anticrossing also. This mixed state acquires large oscillator strength from the direct exciton and large

electric dipole moment from the indirect exciton.

2. Executive summary

The coupled quantum well (CQW) structure consists of two QWs separated by a barrier layer
as shown in Fig. 1(a). For a sufficiently thin barrier, the tunneling of carriers through the barrier
makes the two QWs electronically coupled to each other. As a result, an electron and a hole can
either reside in one of the two QWSs or their wave functions are distributed between both QWs. In
the case of the Coulomb bound electron and hole residing in the same QW, they form a direct
exciton. If they are located in different QWs, an indirect exciton is created. A small overlap integral
of indirect exciton leads to a longer exciton lifetime compared to that in SQWs. The binding energy

also reduces due to the large separation of carriers.

CQW exciton in the presence of electric field

In a symmetric CQW structure with no electric field applied, the tunneling through the middle
barrier causes the splitting of the degenerate single-particle states into doublets with symmetric and
antisymmetric states in each. Only the transitions between states having the same parity are
optically allowed because the integral of the wave function overlap is nonzero. The Coulomb-coupled
e-h pairs form the excitonic states that are optically either bright or dark. When electric field is
applied in the growth direction [Fig. 1(b)], it breaks down the symmetry of the system making all

these excitons bright. The transition from states with well-defined parity to the ones with the electron
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(hole) located in one of the two QWs can form combinations of direct and indirect uncorrelated e-h
pair states. These different pair states are Coulomb coupled with each other and form an exciton in

which the direct or indirect pair can dominate.
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Fig.1: Energy band diagram of a coupled quantum well structure consisting of two QW layers

separated by a thin barrier in (a) no field and (b) the presence of electric field.

Semiconductor Microcavity

A typical semiconductor microcavity consists of a cavity layer sandwiched between two

distributed Bragg reflectors (DBRs) as shown in Fig. 2(a). A DBR is usually made of alternating A4
layers of different semiconductor materials, with high and low refractive indices. The incident light is
reflected at the DBR interface and only a single wavelength, namely that as a cavity mode, is
transmitted (indicated as a sharp peak in the reflectivity spectra). This creates also a stop-band in
the transmission spectrum. Hence, the DBR behaves as a high reflective mirror for wavelengths
within the stop-band. When the quantum confined structure is embedded in the cavity, an exciton in
such a structure can interact with a photon inside the cavity and forms an exciton-photon
quasiparticle called a polariton. An exciton mode coupled to one photon gives rise to two polariton
modes (double peaks are seen in the reflectivity spectra). The lower energy mode is called lower
polariton (LP) branch, while the upper polariton (UP) branch refers to the mode with higher energy.
In the strong coupling regime, the photon is bounced back and forth between the two DBR mirrors

and is absorbed by an exciton. The excited exciton then emits a photon into the cavity by the



radiative emission. The whole sequence of absorption and emission takes place until the photon
leaks out from the cavity with decay rate of Y or the exciton decays through the non-radiative

channel by the rate Yy [Fig. 2(b)]. The energy exchange between the exciton and photon is a

reversible process, known as the Rabi oscillation. The two polariton energies are given by

. . 2
Elz:a)c+a)x —/yC_H/Xi' (a)c+/yc—a)x—lyxj 4o
’ 2 2 2

where (D, (V¢ are the uncoupled cavity and exciton mode energies and g is the exciton-photon

coupling.
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Fig.2: (a) Sketch of a semiconductor microcavity, (b) Schematic of a single two-level atom

coupled to a single photon in a cavity.

In the weak coupling regime (g< Yc, Yx), the real part of the energies £, , are degenerate at zero
detuning when the exciton mode is tuned to the cavity mode, corresponding to the crossing of the
exciton and photon modes. In this case, the exciton decays well before any re-absorption/re-

emission. The decay rate of irreversible emission can be enhanced by the Purcell effect.



Literature review

An exciton is a combined state of electron in the conduction band and hole in the valence
band bound via the Coulomb interaction. Excitons in a quantum well (QW) are an attractive system
for investigation due to their potential applications in electro-optic and optoelectronic devices. Their
electronic and optical properties have been studied both experimentally and theoretically in the past
decade. In particular, an indirect exciton - a bound state of the electron and hole residing in different
QW layers - exists in couple quantum well (CQW) structures in the presence of the electric field
perpendicular to the QW layer. A large spatial separation between electron and hole gives rise to a
long radiative lifetime of the indirect exciton [1-5].

Semiconductor microcavities are well known due to their importance in fundamental physics
and have a wide range of various applications [6]. Of particular interest is exciton polaritons created
in microcavities in the regime of strong light-matter coupling [7]. The demonstrated possibilities of
polariton condensation [8, 9] and room-temperature lasing [10—-12] have made microcavity polaritons
the subject of intensive studies. If a semiconductor QW is placed in the antinode position of the
resonant electro-magnetic field inside the microcavity, Coulomb bound electrons and holes localized
in the QW layer can strongly interact with a high-quality cavity mode and form mixed exciton-photon
states called polaritons. Double QWs have attracted much attention in recent years due to formation
of long-living spatially indirect excitons in such structures in the presence of an applied electric field
[13]. Intensive studies of indirect excitons in double QWs have resulted in demonstration of their
electrostatic [14, 15] and optical control [16] as well as in engineering of the dipolar exciton-exciton
interaction [17-19] necessary for exploring different many body effects, including an intriguing
possibility of Bose-Einstein condensation of excitons [13, 14, 20-22]. Recently, the optical properties
of exciton and polariton states have been theoretically and experimentally investigated for different
condition [23-25]. The strong coupling regime is also observed [26, 27]. In the previous study [28],
we presented a microscopic calculation of the optical spectra of InGaAs quantum well embedded in
GaAs microcavity. The results demonstrated the absence of dark polariton states which is claimed
by the other works [28, 29]. We also showed in particular that the claimed polariton darkness, or
vanishing DX contribution, is an artifact of the basis truncation and neglect of the electron-hole (e-h)
relative motion. Here, we will develop the model and study the effect of electric field and structural
parameters on the exciton and polariton optical properties.

In this work, the exciton energy and wave function in quantum well (QW) structure are
theoretically calculated for different applied electric fields. The single-particle (electron and hole)

states in the growth direction are calculated by solving the Schrodinger equation in real space. The



effect of structural parameters such as well width, potential shape and height on the electron and
hole energies have also been studied by considering the squared, step and tilted single quantum
well structures. The parameters of GaAs/AlGaAs and GalnNAs/GaAs QWs are used in the
calculation. For the coupled quantum wells, two types of exciton can be formed: (i) Direct exciton
(DX) when an electron and a hole are in the same well and (ii) Indirect exciton (IX) if they are in
different well. The direct exciton state has large oscillator strength due to a large overlap of electron
and hole wave functions, while the indirect exciton state has large dipole moment since the electron
and hole occupy in different well. When applied the electric field to the growth direction, the ground
state exciton exhibits the switching of direct to indirect exciton. The GalnNAs/GaAs CQWs are
placed in the microcavity in order to study the exciton and photon interaction. The direct exciton
strongly couples to the cavity mode and creates a polariton. The indirect exciton itself does not form
a polariton, as it has much smaller oscillator strength, but it is electronically coupled to the direct
exciton via the tunneling across the barrier. A resulting mixed state of such a three-level system is a
dipolariton state. The fraction of direct and indirect excitons and cavity mode are calculated as a

function of electric field.
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3. Objective

3.1 To theoretically study the electrical and optical properties of exciton states in double
quantum well structure by the efficient model.

3.2 To theoretically study the exciton-photon interaction in quantum well microcavity.

3.3 To obtain the basic understanding to explain the phenomena in quantum well
microcavity.

3.4 To incorporate the research to undergraduate and postgraduate students in terms of

special project and thesis, respectively.

4. Research methodology

In the effective mass approximation, the excitonic Hamiltonian can be divided into three
parts: the first two, /:/e and /:/h, take into account the electron and hole quantization in
heterostructure potentials V and V, and the third one, HX, is responsible for the e-h in-plane (o)

relative motion and Coulomb binding:

H (ze,zh,p)=/—/ z)+H @z )+H (ze,zh,p)+E ,

ex e e h*"h X g

: on ¥

He(h)(ze(h) __Zm . P Voin

. w( o 1 0 N

Az, p=——] —+—— |+ 2V, (p)¢,(p)=E, —E,
2u\op  pop) ™

EQ =£ +E +E,.

The exciton wave function is written into a finite set of electron-hole pair states,

v, (2.2,0)= 2@ (2.2,)4, (o).
and

q)n(ze,zh)zqi(ze)(ohj(zh), n:(i,j)

where Eg is the bandgap of the well material.
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The electron and hole wave functions in the growth direction (0;(29 ) goh/ (zh) are calculated by

solving the Schrodinger equation in real space. The exciton wave functions in the in-plane motion

¢n (p) are calculated using the finite difference scheme in the matrix form.

When the quantum confined structure is embedded in the cavity, an exciton in such a
structure can interact with a photon inside the cavity and forms an exciton-photon quasiparticle
called a polariton. The exciton-photon interaction is treated by solving coupled material and

Maxwell's equation.

_h—Vi +H, +E —ho—iy |v(r,R)=M(r)E(R)
2m 7
VxH:i@, VXE:—i@
c Ot c Ot

V:6=0,  V.p=o

where r is the relative coordinate, R is the center of mass coordinate, H_ is the exciton
Hamiltonian, ) is the phenomenological damping, E(R) is the electric field, Y(r,R) is the
microscopic polarization and /\/I(r) is the microscopic dipole moment. The magnetic field is
B = uH and the electric displacement field is D = €E, where f is the permeability and ¢ is the

permittivity of a medium.

To study the dipolaritons, we estimate the fraction of direct exciton (DX), indirect exciton (IX),
and cavity mode (CM) in each of them by evaluating the polariton brightness (F) and the dipole

moment (D ) which we define as

F=N"

Il)(ze,zh,,o)dz‘2

D= N_lﬂf‘P(Ze,zh,p) ’ (Ze -z )d,odzedzh

N=1[P(z,.z,.p)| dpdz,cz,

where N is a normalization integral.
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Fig. 3: Flowchart of the program.

The P(ze,zh,p) is the microscopic excitonic polarization which can be expand into the complete

set of exciton eigenfunctions;

2 z l)//v (Ze,Zh,,O)XV (a)’k)
vE, +7°k" /2m—ho —iy

P(Ze,Zh, )= d

cv

The expansion coefficients are then given by

XV (a)k) = IE(a),k;z)lﬂV (Ze,zh,O)dz
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The relationship between the DX, IX, and CM components (C_ ,C, ,C, respectively) is then given

DX’

by

2 2 2
~ aD and —L | = BF and C,=C, +C,

Indeed, the content of the IX is determined by the dipole moment, the brightness F is proportional to
the exciton oscillator strength and therefore to the exciton-CM coupling. Normalized fractions

C,.,C,,C,, arethen calculated by taking the values of F, D, and N at the polariton frequencies.

DX’
5. Results and Discussion

In this work, we consider Al,Ga;,As/GaAs (with x=0.33) and Gaq,In,N,As;,/GaAs (with
x=0.35, y=0.005) quantum well (QW) structures in order to study the effect of structural parameters
on electron and hole energies. A QW layer has narrow band gap, while a wider band gap material is
used as a surrounded barrier. The step layer or tilted layer can be added to the structure to form the
step QW and tilted QW structure. The additional layer is the same material as the surrounded layer
but has different x and y contents and their parameters are calculated by linear interpolation
between the well layer and barrier layer. The parameters for electron/hole mass and potential are

shown in Table. 1.

Table 1: Parameters used in the calculation.

Parameter (unit) Al,Ga,, As/GaAs Gay,In,N,As,, /GaAs
Ve (meV) 267.48 438.83
V;, (meV) 144.03 109.70
Well layer GaAs GalnNAs
My ¢ (Mo) 0.0665 0.0656
My, (Mg) 0.34 0.3447
Barrier layer AlGaAs GaAs
M, ¢ (Mg) 0.0941 0.0665
map (Mo) 0.476 0.34
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Electron and Hole energies in tilted Quantum Well

(a) Tilted QW

— v
lk Vi2
|
(b) Step QW

Fig. 4: The tilted and step quantum well structures.

We consider the GaAs/AlGaAs and GalnNAs/GaAs tilted single quantum well (SQW) in order

to study the effect of tilted layer on the electron and hole energies. The tilted SQW profile is shown

in Fig. 4(a). The tilted layer width (L;) and well width (L,) are varied from 0.1 nm to 2 nm. The

results show that the electron and hole energies decrease with increasing the well width and tilted

layer width.

Electron Energy (meV)

Hole Energy (meV)

Fig. 5: Electron and hole energies as a function of well width for different tilted layer widths L; in
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Fig. 6: Electron and hole energies as a function of well width for different tilted layer widths L; in

GalnNAs/GaAs tiled quantum well structure.

Figure 5 and Figure 6 demonstrate the ground state (GS) and the first excited state (mES)
energies for both electron and hole. It is found that the trends are similar for both structures, but the
values are different due to the difference of the potential height (see table 1). For example, the
potential height for electron in GaAs/AlGaAs is 267.48 meV, while that in GalnNAs/GaAs is 438.83
meV which is nearly two times larger than the case of GaAs/AlGaAs. Therefore, we can use all
these results to study the effect of potential height on the electron and hole energies as well. The
electron energies in both structures are shown in Fig. 7 for fixed well width and tilted layer width. For
fixed well width, the electron energies in both structures decrease with the same trend and the
energy difference between the two structures are nearly constant. In contrast, if we fix the tilted layer
width and vary the well width the electron energy in larger potential height (GalnNAs/GaAs) will

decrease more rapidly than the smaller height (GaAs/AlGaAs).
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Fig. 7: Electron energies in GaAs/AlGaAs and GalnNAs/GaAs tilted quantum well structures.

Electron and Hole energies in Step Quantum Well

The electron and hole energies in GaAs/AlGaAs step QW structure [Fig. 4(b)] with different
step layer widths are calculated as a function of well width (Fig. 8). The energies for all cases
decrease with increasing the well width. Adding the step layer gives rise to the decrease of electron
and hole energies compared to the single squared well structure. For the ground state (GS), the
energy of electron (hole) rapidly drops from 265 meV (142 meV) in single squared well to 200 meV
(90 meV) in the case of 2-nm step layer. However, the energy changes very small when the step

layer is increased from 6-nm to 10-nm.
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< 2401 1
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Hole Energy (meV)

2 4 6 8 0 12 2 4 6 8 0 12
Well Width (nm) Well Width (nm)
Fig. 8: Electron and hole energies in GaAs/AlGaAs step QW structure as a function of well width for

L=2 nm (solid), 6 nm (dashed) and 10 nm (dotted).
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Fig. 9: Four states of electron and five states of hole in GaAs/AlGaAs step QW structure for L; =10

nm and different step potential as a function of well width for different potentials.

It is clearly seen from Fig. 8(a) and Fig. 8(c) that the electron and hole energies in 10-nm
step QW are very close to that of 6-nm step layer case. Only a small difference is observed at a
narrow well width. The reason is that all these energies are lower than the step potential
(V1=133.74 meV for electron and V,,=72.02 meV for hole) residing in the lower QW, so that the
change of step layer width does not affect to these energy levels. At approximately L,=6 nm (L,=2
nm), the electron (hole) energies in step QW for all cases are the same at the energy of around 60
meV (40 meV). It is observed at a narrower well in the case of hole because of the heavier mass
and lower potential of hole. For the first excited state (1StES) [Fig. 8(b), 8(d)], it is also observed a
large difference in energy between 2-nm and 6-nm cases and only a small change between 6-nm
and 10-nm of step layer. Again, when the energies are lower than the potential V, the state already
occupies in the lower well. The step layer has no longer influence on the energy and all levels tend
to the same level.

Figure 9 shows the electron and hole energies in a 10-nm step QW structure (four states of
electron and five states of hole). It is notices that there are excited states lie parallel at the energy of
approximately 160 meV for electron and 80 meV for hole which are near the bottom of the step
potential. The hole energy in Fig. 9(c) shows that the first excited state energy remains unchanged
at 80 meV at L,=1 nm, while the second excited state starts at around 95 meV and decreases to 80
meV. The second excited state then remains at this level and parallel to the first excited state for
L,<4. When L,>4 nm the first excited state drops down to lower energy, the third excited state
comes to the level of 80 meV and is parallel to the second excited state for the well width of L,=5-8
meV. The same also happens for the fourth excited state and so on. The energy splitting of two
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paralleling states is about 10 meV for electron and 3 meV for hole. The step potential V, is
decreased by a factor of two in order to see how the electron and hole energies change [fig. 9(b),
9(d)]. It is found that the energy trend does not change, the calculated energies only shift down to
lower energy due to a lower potential. There also be two paralleling energy levels at the energy
which is above the step potential V,/2. The splitting between the two energies is twice compared to
the case of V, step potential. The hole wave functions of five states in GaAs/AlGaAs step QW
structure are demonstrated in Fig. 10. The white dashed lines indicate the region inside the lower
well, while the while dotted lines show the edge of the step layer. It is found that there are two
broadening peaks in the step well region when the excited state remains at the parallel level (L,<4
nm for 1$tES, L,<8 nm for zndES, 4< L,<11 nm for 3rdES and L,>8 nm for 4thES). As we know, the Nth
excited state should has N maxima of the wave function. However, all peaks in the middle always
very small compared to the two broadening peaks. The sharp peaks inside the well region in Fig.
10(b) for L,>4 nm and in Fig. 10(c) for L,>8 nm are observed when hole energy drops down to the
level below the step potential, corresponding to a strongly decrease of energy as the well width

increases in Fig. 9.

10 0 10

Position (nm) Position (nm) Position (nm) Position (nm) Position (nm)

Fig. 10: Wave functions of five hole state in GaAs/AlGaAs step QW structure with L; =10 nm for
(a) GS, (b) “ES, (c) "™ES, (d) "“ES, and (e) “"ES states. The region inside two white dashed lines

is the lower well region, while two white dotted lines indicate the step layer edges.

We have also calculated the electron and hole energies in the GalnNAs step QW structure
(Fig. 11). The parameters used in the calculation are shown in Table. 1. The results show that the
well width dependence of energies looks very similar to those in GaAs/AlGaAs step QW structure.
The electron and hole energies are calculated for the electric field up to 200 kV/cm and the step
layer width is fixed at Li=10 nm. The results show that the ground state energy remains nearly
constant at low electric field and the energies then linearly decrease with increasing field giving rise
to an anticrossing in energy (Fig. 12). This anticrossing happens at larger field for wider well width.
The first four energy states of electron and hole for L;=8 nm are demonstrated in Fig. 12(c)-(d). The
anticrossing of GS-mES energy happens at around F=130 kV/cm for electron and F=75 kV/cm for

hole. The electron wave functions at F=120 kV/cm (before the electron anticrossing) and F=140
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kV/icm (after the electron anticrossing) in Fig. 12(e) show that the maximum of the wave function
changes from the well layer to step layer. The reason why electron is now confined in the step layer
after the anticrossing is because the large field makes the step layer potential becomes lower than
the well potential. Moreover, the tilted potential due to the electric field can cause the tunneling of
electron/hole through the surrounded barrier which can be observed the oscillation in the left region

as shown in Fig. 12(e). A larger field leads to a larger tunneling effect.
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Fig. 11: Electron and hole energies in GalnNAs/GaAs step QW structure as a function of well width
for L=2 nm (solid), 6 nm (dashed) and 10 nm (dotted). The four electron states and five hole states

for Li=10 nm are shown in (e) and (f) respectively.
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The ground state electron wave function at F=120 kV/cm and F=140 kV/cm are demonstrated in (e).
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Fig. 13: Electron and hole wave functions of in GaAs/AlGaAs step QW structure for L=10 nm and

L,=8 nm. The dotted lines indicate the step layer edges.
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The electron and hole wave functions for Li=10 nm and L,=8 nm are plotted as a function of
electric field (Fig. 13). Electron and hole ground states are not confined at the center anymore.
Electron moves to the left and hole moves to the right due to the electric field. The wave function
maxima of electron (hole) are observed at the left (right) wall. The change of wave function
localization occurs at the energy anticrossing. After the anticrossing, the ground state electron
locates in the left step layer, while the first excited state electron is confined in the well layer instead.
The same situation also happens in the case of hole, but hole will move to the right. Note that
ground state electron is in the left step layer and ground state hole resides in the right step layer at

large field, so that it is possible to form an indirect exciton in the step QW structure.

Exciton states in Coupled Quantum Well (CQW)

We consider the GalnNAs/GaAs CQW structure consisting of GaAs layer sandwiched
between GalnNAs layers. The GaAs barrier width is fixed to 5 nm, while the GalnNAs well width is
varied from 5 nm to 10 nm. The electric field (F) up to 60 kV/cm is applied in the growth direction.
Due to the tunneling through the barrier, the singlet state splits into doublet states. Their energy
levels exhibit the Stark effect when the electric field is applied; one state is red shift, while the other
is blue shift. Consequently, the energy splitting of doublet state increases with increasing the electric
field. The electric field breaks the symmetry of the wave function and makes the wave functions of

the doublet states occupies in different QW.
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Figure 14 shows the wave function of electron and hole for symmetric QW structure (10-5-
10-nm) at F=10 kV/cm. It is clearly seen that the electric field makes the maxima of wave functions
locates in one well only; e1, €3 and h2 in the left well and e2, h1 and h3 in the right well. The field
dependent energy levels of electron and hole are demonstrated in Fig. 15. We denote the electron
and hole states occupying in the left QW (namely EL and HL) by square and star symbols, while
electron and hole states locating in the right QW (namely ER and HR) are represented by triangle
and diamond symbols [see Fig. 15(a)]. Under the applied electric field, EL(HR) states exhibit the red
Stark shift and ER(HL) is blue Stark shift. This Stark effect is enhanced when the electric field
increases and gives rise to a larger energy splitting of the doublet. This can make the EL-ER or HL-
HR crossing at some value of electric field, for example the HR1-HL2 crossing at F=15.2 kV/cm in
the hole energy of 10-5-10-nm CQWSs [Fig. 15(c)]. The electron and hole energies are also
calculated in the case of asymmetric QW structures. It is found in Fig. 15(a)-15(b) that the decrease
of the left QW width results in the increasing of EL1, EL2, HL1 and HL2 energies but ER1, ER2,
HR1 and HR2 are the same position as in the case of 10-5-10-nm structure. This is because EL1,
EL2, HL1 and HL2 are all the states occupying in the left well, so the decrease of the left width will
affect all these states. In addition, the shift of energy level gives rise to the anticrossing of the
electron and hole energy at different electric field for different well width. For 5-5-10-nm CQWs, the
energy of EL1 state is higher than that of ER1 level. As a result, the ground state electron (e1) in
this case will occupy in the right QW and exhibit the blue shift, while the first excited state electron

(e2) is confined in the left QW with the red shift effect. The same situation also happens when the
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right QW is decreased. The ER1, ER2, HR1 and HR2 levels are shifted to higher energy, while the
EL1, EL2, HL1 and HL2 are still the same energy as shown in Fig. 15(d)-15(e).

We have also calculated the exciton states and their optical properties for the electric field up
to 60 kV/icm. The exciton states is expanded into the set of e-h pair states including 2 electron
(e1,e2) and 3 hole (h1,h2,h3) states. The exciton state for 10-5-10-nm CQWSs are demonstrated in
Fig. 16. The area of each circle is proportional to the oscillator strength of each exciton state. It is
found that there are two bright (direct) exciton states with large oscillator strengths, namely DX1 and
DX2, at the energy of 38 meV. These two states are overlap to each other which clearly seen in the
inset of the figure. The DX1 state is dominated by an electron and a hole in the left QW which is
EL1 and HL1 levels. The red shift of EL1 energy is compensated by the blue shift of HL1 energy, so
that the DX1 energy changes only 7-8 meV in this range of the electric field. The DX2 state is
formed from an electron and a hole in the right QW (ER1 and HR1). Again, the compensation of
ER1 (blue shift) and HR1 (red shift) leads to a small change of DX2 exciton energy. The exciton
energies for asymmetric 10-5-8-nm and 5-5-10-nm structures are also shown in Fig. 17. For 10-5-8-
nm CQWs, the DX1 energy remains unchange because the EL1 and HL1 are the same position as
in the case of 10-5-10-nm CQWs, while the DX2 energy increases to higher energy due to the
increase of ER1 and HR1 energy levels. In Fig. 17(b), there is only DX2 states locates at the same
energy position because the ER1 and HR1 energy levels are still the same position compared to 10-
5-10-nm CQWs. On the other hand, the DX1 is absent from this range of energy but it will appear at
higher exciton energy due to the EL1 and HL1 energy levels increase compared to the these levels

in 10-5-10-nm structure as seen in Fig. 15(a)-15(b).
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Fig. 17: Exciton energies as a function of electric field for (a) 10-5-8-nm and (b) 5-5-10-nm

GalnNAs/GaAs CQWs.

Polariton states in Quantum Well Microcavity

A typical semiconductor microcavity consists of a cavity layer sandwiched between two

distributed Bragg reflectors (DBRs) as shown in Fig. 18. A DBR is usually made of alternating A4
layers of different semiconductor materials, with high and low refractive indices. The incident light is
reflected at the DBR interface and only a single wavelength, namely that as a cavity mode, is
transmitted (indicated as a sharp peak in the reflectivity spectra). This creates also a stop-band in
the transmission spectrum. Hence, the DBR behaves as a high reflective mirror for wavelengths
within the stop-band. When the quantum confined structure is embedded in the cavity, an exciton in
such a structure can interact with a photon inside the cavity and forms an exciton-photon
quasiparticle called a polariton. An exciton mode coupled to one photon gives rise to two polariton
modes (double peaks are seen in the reflectivity spectra). The lower energy mode is called lower
polariton (LP) branch, while the upper polariton (UP) branch refers to the mode with higher energy.
In the strong coupling regime, the photon is bounced back and forth between the two DBR mirrors

and is absorbed by an exciton.
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Fig. 18: Schematic of a microcavity-embedded GalnNAs quantum well structure.
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We concentrate on a microcavity structure which consists of four GalnNAs DQWs of 8-5-10-
nm placed at the antinodes of the electromagnetic field inside a 5A/2 cavity sandwiched between 17
and 21 pairs of GalnNAs/GaAs distributed Bragg reflectors (DBRs). The exciton energies as a
function of electric field for 8-5-10-nm DQWs are shown in Fig. 19. In order to study the exciton-
photon strong coupling, the cavity mode is fixed at 1.411 meV and 1.427 meV near the DX states
(DX2 at lower energy and DX1 at higher energy). The results are demonstrated in Fig. 20. Basically,
the DX strongly couples to the cavity mode and creates a polariton. The IX itself does not form a
polariton, as it has much smaller oscillator strength. Note that the IX component in each polariton
state is very small compared to DX and CM contributions, except at approximately F=12 kV/cm
where the DX-IX crossover is observed--the IX fraction is maximum. Although the indirect exciton
does not directly couple to the cavity mode, it is electronically coupled to the direct exciton.
Therefore, it can be say that the indirect exciton is coupled to the cavity mode via the direct exciton.
A resulting mixed state of such a three-level system is a dipolariton state that acquires a large
electric dipole moment form indirect exciton. The dipolariton is observed at around F=12 kV/cm in
state 1 for the case of cavity mode at 1.411 eV [Fig. 20(a)]. The CM and IX fractions are around 0.4

and DX component is 0.2.
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Fig. 19: Exciton energies as a function of electric field for 8-5-10-nm GalnNAs/GaAs CQWs.
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6. Conclusion

In this work, the electron and hole energies and wave functions in the QW structures have
been theoretically studied by solving straight forward the Schrodinger equation in real space. The
effects of width and potential profile on their energies are investigated. We consider several potential
shape of the GaAs/AlGaAs and GalnNAs/GaAs QWs including step QW, tilted QW and squared QW
structures. The width of additional layer (step layer/ tilted layer) inserting to the squared QW results
in the decrease of electron and hole energies, the wider the lower.

When the electric field is applied to the growth direction, the symmetry of the wave function
is broken and the electron and hole move in opposite direction. As a result, the indirect exciton can
be formed in the double QW structure. In the calculation, the exciton states are calculated from the
obtained electron and hole states. The oscillator strength of exciton is calculated as a function of
applied electric field. The results show the decrease of the oscillator strength of the ground state
exciton, corresponding to the switching from direct to indirect states. The anticrossing in exciton
ground state happens at approximately F=12 kV/cm for GalnNAs/GaAs CQWs structure. In this
structure, it is also found the two direct exciton states namely DX1 and DX2 which has large
oscillator strength. For symmetric 10-5-10-nm structure, the DX1 and DX2 states have the same
eneries. However, one of them is shifted to higher energies if one of well width is reduced forming
the asymmetric structure.

In the polariton calculation, the GalnNAs/GaAs CQWs are placed in the microcavity in order
to study the exciton and photon interaction. The DX strongly couples to the cavity mode and creates
a polariton which has large oscillator strength but small dipole moment. The IX has small oscillator
strength, so that it does not form a polariton. However, it is electronically coupled to the direct
exciton via the tunneling across the barrier. Therefore, the polariton state with a mix of DX, IX and
cavity mode can be formed and so called the dipolariton state. The dipolariton will acquire a large
oscillator strength from DX and a large dipole moment from indirect exciton. In this work, the
dipolariton state is observed when the cavity mode strongly couples to the ground state exciton at
the anticrossing (F=12 kV/cm). The IX and cavity mode fractions are around 0.4 and DX component

is about 0.2. In addition, the strong coupling can be controlled by electric field.
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Study on electron and hole states in tilted quantum well structures
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Abstract. In this study, the energy states of electron and hole in GaxIni«NyAsiy/GaAs
tilted quantum well structure have been theoretically investigated. The content of x
and y are 0.65 and 0.005 respectively. The energy states and wave functions have been
calculated by solving the Schrédinger equation in real space. The well width of 2-10
nm, barrier width of 2-10 nm and tilted layer width of 1-3 nm are considered in this
work. The results show that the electron and hole energies decrease with increasing
the well width and tilted layer width. The wave functions are both symmetric
(ground state) and anti-symmetric (the first excited state), and spread out as the well
width increases. In addition, the barrier width of couple tilted quantum well structure
has also been studied. It 1s found that the probability of finding electron and hole are
equal in both wells and the wave function within barrier layer decreases with
increasing the barrier width as well. The ground state energy increases and the first
excited state energy decreases as the barrier increases. As a result, the two states tend
to the same level when the barrier is more than 8 nm. This is because the wide barrier
can decrease the interaction between two quantum wells and makes each quantum
well acts as an isolated quantum well with no interaction between them.

1. Introduction
In past decades, the semiconductor quantum well (QW) have been experimentally and theoretically
studied due to their potential applications in optoelectronic devices [1-3]. A typical structure is a single
QW (SQW) consisting of one well layer sandwiched between two barrier layers. The electron and hole
are confined in QW layer and can create an electron-hole pair called a direct exciton. However, the
direct exciton has very short lifetime. Therefore, the couple QW's (CQWs) — two wells separated by a
thin barrier — have been attracted much attention since the indirect exciton with long lifetime can be
created in such a structure [4]. To study the optical property, the exciton energy, binding energy and
oscillator strength have been investigated for different parameter [5-8]. In addition, there are a number
of research works concentrate on the electron and hole states only (not the exciton state). However, it
is also very important since these states are used to calculate the exciton state and properties in the
next step. The effects of structural parameters including well width, barrier width or potential profile
on the single-particle energies and wave functions have been theoretically investigated [9-10].

In this work, the GaInNAs/GaAs tilted quantum well (TQW) structures are considered in order to
study the effect of tilted layer on the electron and hole energies. The energy levels and wave function
in single and coupled TQWs are calculated for different parameters.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.
Published under licence by IOP Publishing Ltd 1
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2. Theoretical model
Let us consider symmetric single tilted quantum well (STQW) and coupled tilted quantum well
(CTQW) consisting of a well layer sandwiched between two tilted layers as shown in figure 1.

1 | N ) I . Iy ' I y 1y 1 1, 1;
i dilted tilted | tilted| i tilted | ! tilted tilted |
layer layer layer| i layer / \layer layer /i
; ; | barrier | ;
Vo well Vo i owell | | layer | well
layer i layer | layer
. VA
(@) z ()

Figure 1. Schematic structures for (a) STQW and (b) CTQW.

Under the effective mass approximation, the electron and hole eigen energies are calculated by
solving the Schrodinger equation which has a form

0
_zgma + Ve(h)(z) Vew = Ee(h)'//e(h)’ ey
o(h

where E,, is the electron (hole) energy, zis the electron/hole coordinate in the growth direction,

m,, is the electron (hole) effective mass, y,,, is the electron (hole) wave function and V,,,(z) is the

electron (hole) confinement potential. The barrier layers have a potential of 77, while the potential of

tilted layers can be determined by a linear interpolation. For example, the potential of tilted layer in
STQW structure is given by

v, 1
Vi =% 24w | 2
(€9) ] {Z ) ] (@)
By substituting the tilted potential equation (2) into equation (1), in tilted layer is rewritten as
Py (&)
_ =0 3
Py Sw () 3
with
2V [ L, EL
P ELA A "
nL, 2 7

The solution of equation (3) is the combination of Airy funtions 4i(£) and Bi(&), so that the wave
function in tilted layer has a form [11]:

y(S) = adi(§)+bBi(S), ©)

where a and b are arbitrary constants.
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3. Results and discussion

3.1. Single tilted quantum well structure (STOW)
The electron and hole energies in STQW structure have been calculated for different
structural parameters. The well width of 2-10 nm and tilted width of 1-3 nm are considered. The
parameters used in this calculation are given in reference [12].
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Figure 2. Electron and hole energies in STQW: (a)-(b) for the ground state (el, hl) and (¢)-(d) for the
first exited state (¢2, h2). The wave functions are shown in (e) for electron (f) for hole.

The results are shown in figure 2. The electron and hole energies decrease with increasing the well
width. It decreases rapidly for narrow well but slightly changes for wider well. The energy level
decreases as the tilted width increases as well. Again, there has been found a dramatic change in
energy for small tilted width. The electron ground state energy, for example, decreases from around
260 meV to 185 meV when the tilted layer of 1 nm is inserted to the structure. However, it drops only
20 meV (from 150 meV to 130 meV) when the tilted width is increased from 2 nm to 3 nm. In
addition, it is found that the hole level is lower than electron level due to a lower hole potential (V)
and a higher hole mass. The wave functions are also calculated in this work. The results show that the
wave functions are symmetric (ground state:el, hl) and anti-symmetric (the first excited state: €2, h2)
as can be seen in figures 2 (e)-(f). The probability of finding electron (hole) in the surrounded barrier
is higher in the case of e2(h2) state compared to e1(h1) state.

3.2. Coupled tilted quantum well structure (CTQW)

We consider electron and hole energies level in CTQW structure. The tilted width id fixed to 1 nm and
the well is width 4 nm. The barrier width is varied from 2 nm to 10 nm in order to study the effect of
barrier width on the energy levels. The first four states of electron and hole as a function of barrier
width are demonstrated in figure 3. As we expected, the electron and hole energies decreases when the
tilted width is added to the structure. The ground energy (el, hl) increases with increasing the barrier
width, while the first excited state energy (¢2, h2) decrease as the barrier width rises. This gives rise to
energy splitting between el-e2 (h1-h2) states. The splitting becomes smaller for wider barrier. At the
barrier width of approximately 6 nm, the el(hl) and e2(h2) levels tend to the same level which is the
ground state level in STQW structure. This means that the two SQW act as an isolated single QW with
no interaction between them. The same situation also happens in the case of e3-e4 (h3-h4) energy
levels shown in figures 3 (c)-(d). The corresponding wave functions are demonstrated in figures 3(e)-
(f). The singlet state in STQW becomes the doublet states with symmetric (el, €3, hl, h3) and anti-
symmetric (€2, e4, h2, h4) wave functions.
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Figure 3. Electron and hole energies in CTQW for 1y—4 nm and = 1 nm: (a) el-e2, (b) e3-e4,(c) hl-
h2 and (d) h3-h4 states. The wave functions are shown in (e) for electron (f) for hole.

4. Conclusion

In this study, the single particle states in GalnNyAs/GaAs tilted quantum well structure have been
theoretically investigated by solving the Schrédinger equation in real space. It is shown that the
electron and hole energies decrease with increasing the well width and tilted layer width. The wave
functions are both symmetric for e1(hl) and anti-symmetric for e2(h2). The wave functions are spread
out when the well width is increased. For CTQW structure, the single state is split into the doublet
states. The el(hl) energy increases but the e2(h2) energy decreases, resulting the el-e2 (h1-h2) energy
splitting. This splitting becomes smaller when the barrier increases. The energies tend to the energy
level of single tilted quantum well structure (STQW); el(hl) and e2(h2) state tend to the ground state
in STQW, while e3(h3) and e4(h4) states become the first excited state in STQW. As a result, each
QW acts as an isolated QW. The probability of finding electron and hole are equal in both wells.
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Abstract. In this study the electron and hole states in Alo33Gao.s7As/GaAs single quantum well
structures including squared QW, step QW and tilted QW, have been theoretically studied by
solving the Schrodinger equation in real space. The energies and wave functions of electron
and hole are calculated for different well widths. It is found that energy level of electron and
hole decreases with increasing the well width. Adding step or tilted layers gives rise to the
decrease of electron and hole energy levels. The ground state energy level in a tilted single
quantum well structure is lower than that in a step single quantum well structure. It is also
found that the energy of electron and hole ground states do not change as the width of step
layer increase. This is because the ground state occupies in a lower well only. The wave
functions are symmetric (ground state) and antisymmetric (the first excited state). The
maximum of ground state wave function is at the central of the well and the probability of
finding electron and hole in excited states are different in each region. The hole levels are
lower than the electron levels due to the lower well depth and higher mass of hole compared to
electron.

1. Introduction

In the past decades, the electronic and optical properties of exciton in semiconductor quantum well
(QW) structure have been widely investigated because of their potential applications in optoelectronic
devices. The quantum well solar cell is one of the applications which is studied in order to design the
optimized solar cell with high efficiency [1-2]. The effect of structural parameters including well
width, barrier width on exciton state has been theoretically studied [3-5]. The shape of potential
profile is also important. Not only a squared QW but also a parabolic or triangle QW is considered
[6-7]. In addition, the external field (magnetic and electric fields) has a strong effect on electron and
hole states in QW [8-11].

An exciton is an electron-hole pair which is attracted to each other via the Coulomb interaction.
Therefore, the electron and hole energies and wave functions in QW structure are basic quantities
which is used to calculate exciton states and their properties. Here, we concentrate on the effect of
potential shape on the electron and hole states. The squared, step-like and tilted QWs are studied for
different parameters.

Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence. Any further distribution
BY of this work must maintain attribution to the author(s) and the title of the work, journal citation and DOIL.

Published under licence by IOP Publishing Ltd 1
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2. Method

Let us consider single quantum well structures with different potential profiles including squared QW
(SQW), step-like QW (Step-QW) and tilted QW (TQW) structures. The schematic structures are
shown in figure 1.

L ; ;
—* PLICELR VLR PEIOELIIR LR
4 ™ Step “1 i Step A - g
layer ayer
vV \Y ‘} \Y
well Vi Lower well well
A\ v v > Z
@) SQW (b) Step-QW (c) TQW

Figure 1. Schematic structures for (a) SQW (b) Step-QW (c) TQW.

Under the effective mass approximation, the electron and hole eigen energies are calculated by
solving the Schrodinger equation which has form:

_Tgmé + Ve(h)(z) Vewy = LeyVew (D
e(h)

where E,. is the electron (hole) energy, zis the electron/hole coordinate in the growth direction,

m,, s the electron (hole) effective mass, w,, 1s the electron (hole) wave function, and V,, is the

electron (hole) confinement potential. The potential of step layer and surrounded barrier layer are V)

and V' respectively. For SQW and Step-QW structures, the wave function in each region is given by
WonZ = Ae® + Be™ | 2)

where Aand B are arbitrary constants.

For TQW structure, the potential of tilted layer is obtained by a linear interpolation and has a form

V(z)=—%(zi%) 3)

By substituting the tilted potential into equation (1), the Schrodinger equation in tilted layer is
rewritten as

T

Iw&) _
22 sw($)=0, 4
with
1/3
2mV L, EL
) [=57]

The solution of equation (1) is the combination of Airy functions Ai (f ) and Bi(g“) , so that the wave
function in tilted layer has a form [11]:

(&) =Ci(£) + DB(%) ©

where C and D are arbitrary constants.
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3. Results and discussion

We consider the GaAs/AliGaixAs QW structure with the content of x=0.33, GaAs are a well layer and
AlGaAs are a barrier layer. The parameters used in the calculation are obtained from [11]. The
potential Vi is set to be V/2. The squared (V1=V/2), step and tilted quantum wells are considered in
order to investigated the effect of potential profiles on the single-particle states. The structural
parameters including well width (Lw=2-12 nm) and step-layer/tilted layer width (L~2-12 nm) are
studied. The results show that the electron and hole energies in all structures decreases with increasing
the well width. Figure 2 and figure 3 show the ground state and the first excited state for L=2, 6, 10
nm compared to the energies in SQW structure (symbol).
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Figure 2. Electron and hole energies in Step-QW structure: (a),(c) for the ground state (GS) and
(b),(d) for the first excited state (1*'ES). The wave functions are shown in (¢) for electron (f) for hole.
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Figure 3. Electron and hole energies in TQW structure: (a) and (c) for the ground state (GS) and (b)
and (d) for the first excited state (1*'ES). The wave functions are shown in (e) for electron (f) for hole.
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For Step-QW, there is no difference in the ground state energies (both electron and hole cases)
when the step-layer width is changed. This is because the ground state electron and hole are confined
in a lower well (see the wave function in figure 2(e) and (f), so that the change of step-layer width
does not cause the change of ground state energy. For the first excited state the step-layer width plays
an important role since the state is localized in the step layer. Noted that its energy is larger than the
potential Vi (Vi = 133.74 meV for electron and V, = 72.015 meV for hole). However, the energies for
all values of L tend to the same level at wider well width. It happens earlier in the case of hole due to
a heavier hole mass and a lower hole potential.

For TQW structure, the pictures of the ground state and the first excited state energies look similar.
The electron and hole energies decrease as the tilted width increases, but a small change in energy can
be observed when the tilted layer is increased from 6 nm to 10 nm. The corresponding wave functions
are demonstrated in figure 3(e) and (f). It is found that the wave functions are symmetric (el €3 hl h3)
and antisymmetric (e2 e4 h2 h4).

4. Conclusions

In this work, we calculate the electron and hole energy levels and their wave in Alo33Gaos7As/GaAs
single quantum well structures including squared QW, step QW and tilted QW by solving the
Schrodinger equation in real space. It is found that the energies of electron and hole decrease when the
quantum well width and the step/tilted layer width are increased. The energy levels in the tilted QW
structure smoothly change with tilted width because the potential in tilted layer is smoothly changed
from the surrounded barrier potential V to the well potential. The situation is different in the case of
step QW. The ground state energies of electron and hole do not change when the width of the step
layer is increased. This is due to the ground state occupies in the lower well only. Therefore, the tilted
layer does not affect to its energy level. The state strongly depends on the well width. The wave
functions of electron and hole is both symmetric (el €3 hl h3) and antisymmetric (e2 e4 h2 h4). The
highest probability of finding electron (hole) is at the center of the well. In addition, it is found that the
energy levels of hole is lower than the electron energy levels because of the larger hole mass and
lower hole potential depth.
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The single-particle states in AlGaAs/GaAs and GalnNAs/GaAs step quantum well structures
have been theoretically studied by solving straight-forwardly the Schrodinger equation in real
space. The electron and hole energy levels are calculated for different well widths and step layer
widths. It is found that the energies decreased with increasing the well width and step layer
width, but the change is very small for a wide layer. There are two states with fews meV energy
splitting observed at the energy a bit above the step potential. Therefore, these two levels can
be controlled by varying the step potential. The electron and hole energies in AlGaAs/GaAs
and GalnNAs/GaAs step quantum well structures are compared to that in the single squared
quantum well. The results show that the energies decrease with the same trend and comparable
percentage for both electron and hole cases. The ground state energy can be decreased up to
nearly 50% for the step layer of 10nm at small well width. The electron and hole energies
are also calculated for different applied electric fields up to 200kV/em. The electric field can
break the symmetry of the wave function and force electron and hole moving in the opposite
direction which can form an indirect exciton. At large enough field, the localization of ground-
state electron (hole) in the left (right) step layer is maximum due to the tilted potential which
is correspond to the anticrossing at around 130 meV for electron and 70 meV for hole in the field
dependence of energy profile.

Keywords: step quantum wells single-particle state step layer width.

1. Introduction optical properties of exciton in QW structure have
(QW) het- been experimentally and theoretically Stllldied in.or—

der to understand the fundamental physics and im-
prove the efficiency of the electronic devices ™ 8. The
exciton energy level can be controlled by varying
the well width, potential height or external electric

The semiconductor quantum well
erostructures have been attracted much attention
for few decades due to their potential applications in
optoelectronic devices such as laser diodes * 2, pho-
todetectors® and solar cell* 6, The electrical and

*Corresponding author
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field applied in the growth direction. As a result,
the effect of these parameters on electron, hole and
exciton states have been theoretically investigated
in order to improve the device efficiency ¥ 1%, The
conversion efficiency of GaN/InGaN multi quantum
well (MQW) solar cell have been calculated for dif-
ferent structural parameters such as thickness, po-
tential and number of QW layers. The results can
be used to design and interprete the characteristic
of optimized MQW solar cell1°. The optical prop-
erty of InGaN laser diodes have been studied for
different well thickness to obtain the best design
for laser diode!®. It is found that the optical gain
is large if a QW thickness is small because the car-
riers are confined and localized in a small QW. Not
only the well width is important, but the shape of
potential profile is also a significant parameter. Dif-
ferent shapes give rise to different electronic prop-
erty of the device!” 9. There are several studies
focus on the double QW structure which consists
of two QWS separated by a thin barrier layer 20722,
One interesting point is that the indirect exciton
(an electron and a hole are in different well) can
be formed when the electric field is applied in such
structure 23, The indirect exciton has a longer life-
time and larger binding energy compared to the di-
rect exciton in a single QW structure. Recently, it
has been reported that the spin relaxation time of
indirect exciton is 100 times larger than that of di-
rect exciton 4. The tunneling effect can also be en-
hanced at large electric field allowing the carrier to
leak out of the system 2° 2%, In addition, the inter-
action of exciton and photon has also been inves-
tigated when the quantum well structure is placed
in the microcavity. The strong and weak coupling
regimes are demonstrated and can be controlled by
the electric field > or magnetic field 3% 31

In this work, we concentrate on AlGaAs/GaAs
and GaInNAs/GaAs step QW structures in order
to study the effect of step layer on the electron and
hole states. The former structure is used in vari-
ous electronics and photoelectronic devices, while
the latter structure have been attracting great in-
terest due to their direct and large band gap which
is appropriate for short wavelength devices. The di-
lute nitride ITI-V compound semiconductor has a
wide range of band gap varied from 0.64eV (InN)
to 3.4eV (GaN). Therefore, it is suitable for solar
cell applications as well. The single-particle states
in step potential profile have been studied for differ-
ent structural parameters and applied electric field.

The results are compared to the single QW state to
see how the energy level changes.

2. Theoretical Model

Let us consider a symmetric QW structure consist-
ing of a QW layers sandwiched between two step
layers with the width L;. The system is surrounded
on hoth sides by thick barriers with wider band gap
(Fig.1). The step potential V] is set to be lower than
the surrounded potential V' to make a step-like QW.

Growth direction, z L Le o Ly
surrounded barrier step step
step layer layer layer
lower well v
step layer Vi| [lower well
surrounded barrier

—_—»z

Fig. 1. Schematic of step QW structure.

Under the effective mass approximation, the
electron and hole eigen energies are calculated by
solving the Schrodinger equation which has a form:

o 1 8

2 9z m ) 02

+ Vﬁ(h)(z)) Ve(hy = Eenyten)
(1)

where E.(;) is the electron (hole) energy, z is the
electron/hole coordinate in the growth direction,
M) is the electron (hole) effective mass and V)
is the electron (hole) confinement potential which
has a step-like profile:

0, 2] < Luw/2
Vem (@) = §Viewny,  Lu/2< 2| < Lu/2+ Ly
Vve(h)a ‘Z‘ ELH'/2+L5

The single-particle wave functions ,.,)(z) satis-
fying the Schrodinger equation is a combination
of two exponential terms (incoming and outgoing
parts).

In the presence of electric field, the Schrodinger
equation including the potential due to the electric
field is given by

alao ‘ )
(7§£E£+ViEFz)v*Ew‘ (2)
and can be rewritten in a form
24
TEQ — &Y =0, (3)
with
2mF\ /3 V-E
- ( " ) (z—l——F ) (4)

39



SPC/INSTRUCTION FILE

Manuscript KS

Effect of step layer width and electric field on single-particle statesin step quantum well structures 3

The solution of Eq. (3) is the combination of Airy
funcions:

P(&) = adi(§) +bBi(¢), (5)

where a and b are an arbitrary constant. The detail
of the model is explained in Ref. 2.

3. Results and Discussion

We consider Al,Ga;_,As/GaAs (with 2=0.33) and
Gaj_;In,NyAs;_,/GaAs (with 2=0.35, y=0.005)
step QW structures in order to study the effect of
structural parameters on electron and hole energies.
A QW layer has narrow band gap, while a wider
band gap material is used as a surrounded barrier.
The step layer material is the same material as the
surrounded layer but has different z and y contents.
The parameters for the step layer are calculated by
linear interpolation between the well layer and bar-
rier layer. The well width and step layer width are
veried from 0.1nm to 12nm. The parameters for
electron/hole mass and potential are shown in Ta-
ble.1. The mass mi, my and ms are the mass in
well layer, barrier layer and step layer respectively.

Table 1. Parameters used in the calculation.

parameter AlGaAs/GaAs 28 GaInNAs/GaAs 22

Ve (meV) 267.48 438.83
Vj, (meV) 144,03 109.70
Well layer GaAs GalnNAs
my,e(mg) 0.0665 0.0656
my p(mo) 0.34 0.3447
barrier layer AlGaAs GaAs
ma.e(mp) 0.0941 0.0665
My p(mo) 0.476 0.34

3.1. Structural Dependence

The electron and hole energies in AlGaAs/GaAs
step QW structure with different step layer widths
are calculated as a function of well width (Fig. 2).
The energies for all cases decrease with increasing
the well width. Adding the step layer gives rise to
the decrease of electron and hole energies compared
to the single squared well structure. For the ground
state (GS), the energy of electron (hole) rapidly
drops from 265meV (142meV) in single squared
well to 200meV (90 meV) in the case of 2-nm step
layer. However, the energy changes very small when
the step layer is increased from 6-nm to 10-nm.

(a)GS

N
b4
S

(b) 1" ES

>
S

el anm.
- - -L=6mm
L =10nm
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®
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©6s | | () 1" ES

Hole Energy (meV)
®
3

2 4 6 8 10 12 2 4 6 8 10 12
Well Width (nm) Well Width (nm)

Fig. 2.  Ground state (GS) and the first excited state (1“
ES) energies in AlGaAs/GaAs step QW structure as a func-
tion of well width for Ly=2nm (solid), 6nm (dashed) and
10nm (dotted): (a)-(b) for electron and (c)-(d) for hole. The
symbols indicate the energy level in AlGaAs/GaAs single
squared well.
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Fig. 3. Four states of electron and five states of hole in Al-
GaAs/GaAs step QW structure for L=10nm and different
step potential as a function of well width: (a) for electron with
Vi ,.=133.74meV, (b) for electron with %V1_€:66.87 meV,
(c) for hole with Vj ,=72.02meV, and (_d) for hole with
%VMI:%.UI meV.

Tt is clearly seen from Fig.2(a) and Fig.2(c)
that the electron and hole energies in 10-nm step
QW are very close to that of 6-nm step layer case.
Only a small difference is observed at a narrow well
width. The reason is that all these energies are lower
than the step potential (V; .=133.74meV for elec-
tron and Vi ,=72.02meV for hole) residing in the
lower QW, so that the change of step layer width
does not affect to these energy levels. At approx-
imately L,=6nm (L,=2nm), the electron (hole)
energies in step QW for all cases are the same at the
energy of around 60meV (40meV). It is observed
at a narrower well in the case of hole because of
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Fig. 4. 2D Wave functions of five hole state in AlGaAs/GaAs step QW structure for Ly=10nm: (a) GS, (b) 1°¢ ES, (c) 2"¢
ES, (d) 37 ES, and (e) 4™ ES states. The x-axis is the position in z direction and y-axis is the well width up to 12nm. The
region inside two white dashed lines is the lower well region, while two white dotted lines indicate the step layer edges.

the heavier mass and lower potential of hole. For
the first excited state (1°*ES) [Fig.2(b), (d)], it is
also observed a large difference in energy between
2-nm and 6-nm cases and only a small change be-
tween 6-nm and 10-nm of step layer. Again, when
the energies are lower than the potential V; which
means that the state already occupies in the lower
well. The step layer has no longer influence on the
energy and all levels tend to the same level.

Figure 3 shows the electron and hole energies in
a 10-nm step QW structure (four states of electron
and five states of hole). It is notices that there are
excited states lie parallel at the energy of approx-
imately 160 meV for electron and 80meV for hole
which are near the bottom of the step potential.
The hole energy in Fig.3(c) shows that the first
excited state energy remains unchange at 80 meV
at L,=1nm, while the second excited state starts
at around 95meV and decreases to 80 meV. The
second excited state then remains at this level and
parallel to the first excited state for L,,<4. When
L, >4 nm the first excited state drops down to lower
energy, the third excited state comes to the level of
80meV and is parallel to the second excited state
for the well width of L, =5-8 meV. The same also
happens for the fourth excited state and so on. The
energy splitting of two paralleling states is about
10meV for electron and 3meV for hole. The step
potential V; is decreased by a factor of two in order
to see how the electron and hole energies change
[fig. 3(b),(d)]. It is found that the energy trend does
not change, the calculated energies only shift down
to lower energy due to a lower potential. There also
be two paralleling energy levels at the energy which
is above the step potential Vi /2. The splitting be-
tween the two energies is twice compared to the
case of V] step potential. The hole wave functions

of five states in AlGaAs/GaAs step QW strucuture
are demonstrated in Fig. 4. The white dashed lines
indicate the region inside the lower well, while the
while dotted lines show the edge of the step layer.
It is found that there are two broadening peaks
in the step well region when the excited state re-
mains at the parallel level (L, <4nm for 1st ES,
L, <8nm for 2nd ES, 4<L,, <llnm for 3rd ES
and L, >8nm for 4th ES). As we know, the Nth
excited state should has N maxima of the wave func-
tion. However, all peaks in the middle always very
small compared to the two broadening peaks. The
sharp peaks inside the well region in Fig.4(b) for
Ly>4nm and in Fig. 4(c) for L,,>8 nm are observed
when hole energy drops down to the level below the
step potential, corresponding to a strongly decrease
of energy as the well width increases in Fig. 3.

We have also calculated the electron and
hole energies in the GaInNAs step QW structure
(Fig. 5). The parameters used in the calculation are
shown in Table. 1. The results show that the well
width dependence of energies looks very similar to
those in AlGaAs/GaAs step QW structure. In order
to understand in more details, we have calculated
the difference of electron and hole energies in the
step QW (Ej4ep) compared to their energies in the
single squared QW (FEsguared) and calculate their
percentage by

AFE = Esquared = Estep; (6)
AFE

%E = ————— x 100, (7)
squared
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Fig. 5. Ground state (GS) and the first excited state (1st
ES) energies in GaInNAs/GaAs step QW structure as a func-
tion of well width for Li=2nm (solid), 6nm (dashed) and
10nm (dotted): (a),(b) for electron and (c),(d) for hole. The
symbols indicate the energy level in AlGaAs/GaAs single
squared well. The four states of electron (e) and five states
of hole (f) for L+=10nm are calculated as a function of well
width.

Figure 6 shows the decreasing rate of ground
state energy in AlGaAs/GaAs and GaInNAs/GaAs
step QW structures as a function of well width. The
percentages of energy difference exhibit the similar
trend for both electron and hole. The ground state
energy can be reduced up to nearly 50% for 10-
nm step layer width and a narrow well width. For
a wider well width, the decreasing rates are satu-
arated at about 10% for all values of step layer. This
is because the step layer width does not influence
on the ground state energy as discussed before.

3.2. Electric Field Dependence

When the electric field is applied to the structure in
the growth direction, the potential profile is tilted
as shown in Fig.7. The electron and hole energies
are calculated for the electric field up to 200 kV /cm
and the step layer width is fixed at L;=10nm. The
results show that the ground state energy remains
nearly constant at low electric field and the en-
ergies then linearly decrease with increasing field
giving rise to an anticrossing in energy (Fig.8).

AlGahs/GaAs

Percentage

0
(a) Electron (b) Hole

GalnNAs/GaAs

Percentage

(c) Electron (d) Hole

2 4 6 8 10 12 2 4 6 8 10 12
Well Width (nm) Well Width (nm)

Fig. 6. Percentage of ground state energy difference be-
tween the step QW and single squared QW for (a)-(b) Al-
GaAs/GaAs and (c)-(d) GaInNAs/GaAs structures.

Fig. 7. Potential profile in the presence of electric field.

This anticrossing happens at larger field for
wider well width. The first four energy states of
electron and hole for L;=8 nm are demonstrated in
Fig.8(c)-(d). The anticrossing of GS-1*ES energy
happens at around F'=130kV/em for electron and
F=75kV /em for hole. The electron wave functions
at F=120kV /cm (before the electron anticrossing)
and F=140kV /cm (after the electron anticrossing)
in Fig.8(e) show that the maximum of the wave
function changes from the well layer to step layer.
The reason why electron is now confined in the step
layer after the anticrossing is because the large field
makes the step layer potential becomes lower than
the well potential. Moreover, the tilted potential
due to the electric field can cause the tunneling of
electron/hole through the surrounded barrier which
can be observed the oscillation in the left region as
shown in Fig.8(e). A larger field leads to a larger
tunneling effect.
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Fig. 8. Electric field dependence of electron and hole energy
in AlGaAs/GaAs step QW structure: (a)-(b) showing the GS
energy for different step layer widths L¢, (¢)-(d) demonstrat-
ing four energy levels for L;=10nm and Lw=8 nm. The anti-
crossing of electron energy is observed at around 130kV /cm.
The wave functions of electron ground state at F=120kV /cm
(before the anticrossing) and F=140kV /cm (after the anti-
crossing) are demonstrated in (e).

Electric Field (kV/cm)

Electric Field (kV/cm)
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Fig. 9. 2D Wave functions of electron and hole in Al-
GaAs/GaAs step QW structure for L;=10nm and L,=8 nm:
(a)-(b) for 15 ES, (¢)-(d) for GS. x-axis is the position in z
direction and y-axis is the electric field up to 200kV /m. The
region inside two dashed lines is the lower well region, while
dotted lines indicate the step layer edges.

The electron and hole wave functions for
L;=10nm and L,=8nm are plotted as a function
of electric field (Fig.9). Electron and hole ground
states are not confined at the center anymore. Elec-
tron moves to the left and hole moves to the right
due to the electric field. The wave function maxima
of electron (hole) are observed at the left (right)
wall. The change of wave function localization oc-
curs at the energy anticrossing. After the anticross-
ing, the ground state electron locates in the left step
layer, while the first excited state electron is con-
fined in the well layer instead. The same situation
also happens in the case of hole, but hole will move
to the right. Note that ground state electron is in
the left step layer and ground state hole resides in
the right step layer at large field, so that it is pos-
sible to form an indirect exciton in the step QW
structure.

4. Conclusion

The electron and hole energies and wave functions
in step QW structures have been calculated for dif-
ferent well width and step layer width. We consider
AlGaAs/GaAs and GalnNAs/GaAs structures in
order to study the effect of mass and potential
height on electron and hole energies. It is found that
the energies in AlGaAs/GaAs and GaInNAs/GaAs
step QWs decrease with comparable percentage
compared to their own single squared well level. The
trends for electron and hole are similar. This means
that we can predict the electron and hole energies
in any step QWs from their single QW structures.
With no electric field, the wave functions are sym-
metric and the probability of finding ground state
electron (hole) is maximum at the center of the well.
The well width dependence of energy shows the two
excited state energies lie parallel to each other at
the energy near a bottom of step layer. The wave
function of these two states has its maxima at the
center of step layers with a broadening peak.

In the presence of the electric field, the sym-
metry of the system is broken and the potential is
tilted. As a result, electron move to the left and hole
move to the right due to the field creating an in-
direct exciton. The GS-1"'ES anticrossing happens
when the electric field is large enough to make the
step potential is lower than the well potential. The
GS electron (hole) after the anticrossing is confined
in a left (right) step layer, while the 1*'ES elec-
tron (hole) localization changes from a left(right)
step layer to well layer. Finally, the calculated re-
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sults show that the step layer width and potential
height, and the electric field has a significant effect
on the electron and hole states which are related
to the electrical and optical properties of exciton.
The results are also compared to the case of single
squared well. Therefore, these results can be used
to understand the experimental data design the op-
timized devices.
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