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บทคดัย่อ 

 ในการวจิยันี�ไดท้าํการศกึษาเชงิทฤษฎเีกี�ยวกบัสถานะพลงังานของเอก็ซติอน (Exciton) ในโครงสรา้ง

บ่อศกัยค์วอนตมัแบบเดี�ยวและแบบคู่ โดยพจิารณาทั �งผลของความกวา้งชั �นบ่อศกัยต่์างๆ ความลกึของศกัย ์
รูปร่างของบ่อศกัย์ และสนามไฟฟ้าภายนอกที�มต่ีอระดบัพลงังานของอิเล็กตรอนและโฮล และเลือกใช้
พารามเิตอรข์องวสัดุ GaAs/AlGaAs และ GaInNAs/GaAs ซึ�งเป็นวสัดุที�ถูกนํามาประยุกต์ใช้งานอย่าง

กวา้งขวาง ในกรณขีองโครงสรา้งบ่อศกัยค์วอนตมัคู่ GaInNAs/GaAs พบว่า สถานะพื�นของเอก็ซติอนมกีาร
เปลี�ยนจากเอก็ซติอนแบบตรง (Direct exciton) เป็นแบบไม่ตรง (Indirect exciton) ที�ค่าสนามไฟฟ้า 12 

kV/cm นอกจากนี�ยงัได้ทําการศึกษาเชิงทฤษฎีเกี�ยวกับอันตรกิริยาระหว่างเอ็กซิตอนและโฟตอนใน

โครงสรา้งไมโครคาวติี�แบบบ่อศกัยค์วอนตมั โดยใชโ้ครงสรา้งบ่อศกัยค์วอนตมัคู่ GaInNAs/GaAs ที�มคีวาม
กวา้งของบ่อศกัยค่์าต่างๆ จากการศกึษากรณีบ่อศกัย ์8-5-10-nm GaInNAs/GaAs และพลงังานโฟตอนที� 
1.411 eV พบสถานะโพลารติอนที�ประกอบดว้ยสดัส่วนของเอก็ซติอนแบบไม่ตรงและโฟตอนเท่ากบั 0.4 

และเอก็ซติอนแบบตรง 0.2 นั �นแสดงว่า สถานะโพลารติอนนี�จะไดร้บัสมบตัขิองทั �งเอก็ซติอนแบบตรงและ
แบบไม่ตรง จงึทําให้เป็นสถานะโพลารติอนที�มค่ีาไดโพลโมเมนต์สูงเนื�องจากไดร้บัสมบตันิี�จากเอ็กซติอน
แบบไมต่รงนั �นเอง 
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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 GaInNAs/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.  

 

Keywords : Exciton, Polariton, Light-matter coupling, Quantum well, Microcavity 
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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 GaInNAs/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 QWs 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. 

 
(a)                                           (b) 

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 λ/4 

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 
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radiative emission. The whole sequence of absorption and emission takes place until the photon 

leaks out from the cavity with decay rate of γC or the exciton decays through the non-radiative 

channel by the rate γX [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

2

1,2

2 2 2

C X C X C C X X
i i

E i g
ω ω γ γ ω γ ω γ+ + − −+  = − ± + 

 
 

where ωX, ωC are the uncoupled cavity and exciton mode energies and g is the exciton-photon 

coupling.  

 

(a)                                               (b) 

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< γC, γX), the real part of the energies 
1,2
E  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. 
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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 
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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 GaInNAs/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 GaInNAs/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, ˆ
e
H   and ˆ

h
H , take into account the electron and hole quantization in 

heterostructure potentials 
e
V  and 

h
V  and the third one, ˆ

X
H , is responsible for the e-h in-plane ( ρ ) 

relative motion and Coulomb binding: 

 ˆ ˆ ˆ ˆ(z , z , ) (z ) (z ) (z , z , )
ex e h e e h h X e h g
H H H H Eρ ρ= + + + , 

 
2

( ) ( ) ( )2

( )

ˆ (z )

2
e h e h e h

e h

H V

m z

∂

∂

= − +

ℏ
 

 ( ) ( )
( )

2 2

0

2
1

1
ˆ (z , z , )

2

N

X e h nm m X n

m

H V E Eρ ρ ρ

µ ρ ρ ρ

φ
=

∂ ∂

∂ ∂

∑
 

= − + + = − 
 

ℏ
, 

 
( )0 i j

n e h g
E E E E= + + . 

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

 ( ) ( ) ( )
1

, , ,

N

e h n e h n

n

z z z z
ν

ρρ φψ
=

∑Φ= , 

and 

 ( ) ( ) ( ),

i j

n e h e e h h
z z z zϕ ϕΦ = , ( ),n i j=  

where 
g
E  is the bandgap of the well material.  
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The electron and hole wave functions in the growth direction ( ) ( ),

i j

e e h h
z zϕ ϕ  are calculated by 

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

( )
n
ρφ  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.  

( ) ( ) ( )
2

2

,

2
xy
R ex g

H E i Y r R M r E R

m

ω γ
 
− ∇ + + − − = 

 

ℏ
ℏ

 

1
,

D

H

c t

∂
∇× =

∂  

1 B

E

c t

∂
∇× = −

∂  

0,B∇⋅ =  0D∇⋅ =  

where r  is the relative coordinate, R  is the center of mass coordinate, 
ex
H  is the exciton 

Hamiltonian, γ  is the phenomenological damping, ( )E R  is the electric field, ( ),Y r R  is the 

microscopic polarization and ( )M r  is the microscopic dipole moment. The magnetic field is 

B Hµ=  and the electric displacement field is D Eε= , where µ  is the permeability and ε  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  

 ( )
2

1

, ,

e h
z z dzρ

−

∫= ΡℕF�  

 ( ) ( )
2

1

, ,

e h e h e h
z z z z d dz dzρ ρ

−

∫∫∫ Ρ −=D ℕ  

 ( )
2

, ,

e h e h
z z d dz dzρ ρ∫∫∫ Ρ=ℕ  

where ℕ  is a normalization integral.  
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ˆ ˆ(z ), (z )
e e h h
H H

,

(z)
e h

ϕ

,

(z)
e h
E

,

(z)
e h

ϕ

ˆ (z , z , )
e h

H ρ

( )ρ

( )φ ρ

 

Fig. 3: Flowchart of the program. 

The ( ), ,

e h
z z ρΡ  is the microscopic excitonic polarization which can be expand into the complete 

set of exciton eigenfunctions; 

 ( )
( ) ( )2

2 2

, , ,
, ,

/ 2

e h

e h cv

z z k

z z d

k M i

ν ν

ν

ν

ρ

ρ

ω

ω γ

ψ
∑

Χ
Ρ =

Ε + − −ℏ ℏ

 

The expansion coefficients are then given by 

 ( ) ( ) ( ), , ; , ,0
e h

k k z z z dzE
ν ν
ω ω ψ∫Χ =  
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The relationship between the DX, IX, and CM components ( , ,

DX IX CM
C C C respectively) is then given 

by 

 

2

IX

X

C

C

α

 
≈ 

 
D  and 

2

CM

X

C

C

β
 

≈ 
 

F  and 2 2 2

X DX IX
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 

, ,

DX IX CM
C C C  are then calculated by taking the values of F, D, and N at the polariton frequencies. 

5. Results and Discussion 

 In this work, we consider AlxGa1-xAs/GaAs (with x=0.33) and Ga1-xInxNyAs1-y/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) AlxGa1-xAs/GaAs Ga1-xInxNyAs1-y /GaAs 

Ve (meV) 267.48 438.83 

Vh (meV) 144.03 109.70 

Well layer GaAs GaInNAs 

m1,e (m0) 0.0665 0.0656 

m1,h (m0) 0.34 0.3447 

Barrier layer AlGaAs GaAs 

m2,e (m0) 0.0941 0.0665 

m2,h (m0) 0.476 0.34 
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                          (a) Tilted QW    (b) Step QW 

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

Electron and Hole energies in tilted Quantum Well 

 We consider the GaAs/AlGaAs and GaInNAs/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 (Lt) and well width (Lw) 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.  

 

 
 

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

GaAs/AlGaAs tiled quantum well structure. 
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Fig. 6: Electron and hole energies as a function of well width for different tilted layer widths Lt in 

GaInNAs/GaAs tiled quantum well structure. 

 Figure 5 and Figure 6 demonstrate the ground state (GS) and the first excited state (1stES) 

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 GaInNAs/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 (GaInNAs/GaAs) will 

decrease more rapidly than the smaller height (GaAs/AlGaAs). 
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               (a) Fixed lw=4 nm and lw=8 nm                           (b) Fixed lt=2 nm and lt=6 nm 

Fig. 7: Electron energies in GaAs/AlGaAs and GaInNAs/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.   

 
Fig. 8: Electron and hole energies in GaAs/AlGaAs step QW structure as a function of well width for 

Lt=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 Lt =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,e=133.74 meV for electron and V1,h=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 Lw=6 nm (Lw=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 V1 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 Lw=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 

Lw<4. When Lw>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 Lw=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 V1 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 V1/2. The splitting between the two energies is twice compared to 

the case of V1 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 (Lw<4 

nm for 1stES, Lw<8 nm for 2ndES, 4< Lw<11 nm for 3rdES and Lw>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 Lw>4 nm and in Fig. 10(c) for Lw>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. 

 
Fig. 10: Wave functions of five hole state in GaAs/AlGaAs step QW structure with Lt =10 nm for 

(a) GS, (b) 1stES, (c) 2ndES, (d) 3rdES, and (e) 4thES 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 GaInNAs 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 Lt=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 Lt=8 nm are demonstrated in Fig. 12(c)-(d). The 

anticrossing of GS-1stES 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/cm (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.    

 

Fig. 11: Electron and hole energies in GaInNAs/GaAs step QW structure as a function of well width 

for Lt=2 nm (solid), 6 nm (dashed) and 10 nm (dotted). The four electron states and five hole states 

for Lt=10 nm are shown in (e) and (f) respectively. 
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Fig. 12: Electric field dependence of electron and hole energy in GaAs/AlGaAs step QW structure. 

The ground state electron wave function at F=120 kV/cm and F=140 kV/cm are demonstrated in (e). 

 
Fig. 13: Electron and hole wave functions of in GaAs/AlGaAs step QW structure for Lt=10 nm and 

Lw=8 nm. The dotted lines indicate the step layer edges. 



22 

 

 The electron and hole wave functions for Lt=10 nm and Lw=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 GaInNAs/GaAs CQW structure consisting of GaAs layer sandwiched 

between GaInNAs layers. The GaAs barrier width is fixed to 5 nm, while the GaInNAs 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.  

 

 
Fig. 14: Electron and hole wave functions for 10-5-10-nm GaInNAs/GaAs CQWs at F=10 kV/cm.  

We denote the four states as EL1, ER1, EL2, ER2 (HL1, HR1, HL2, HR2) indicating the localization 

of electron (hole) in a left (L) or right (R) QW. 

 



23 

 

 

Fig. 15: Electron and hole energy as a function of electric field for (a) 5-5-10-nm, (b) 8-5-10-nm,    

(c) 10-5-10-nm, (d) 10-5-8-nm and (e) 10-5-5-nm GaInNAs/GaAs CQWs. The closed symbols show 

the energy of doublet states which is shift due to the change of well width, while the opened 

symbols denote the unchanged states. 

 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, e3 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 CQWs [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/cm. 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 CQWs 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). 

 
Fig. 16: Exciton energy as a function of electric field for 10-5-10-nm GaInNAs/GaAs CQWs. The 

circle area of each state is proportional to its oscillator strength. The inset shows the direct-indirect 

crossover of the exciton ground state. 
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                                           Electric field (kV/cm)                                                                 Electric field (kV/cm) 

 

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

GaInNAs/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 λ/4 

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. 

 

 
Fig. 18: Schematic of a microcavity-embedded GaInNAs quantum well structure. 

DBR DBR 
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 We concentrate on a microcavity structure which consists of four GaInNAs DQWs of 8-5-10-

nm placed at the antinodes of the electromagnetic field inside a 5λ/2 cavity sandwiched between 17 

and 21 pairs of GaInNAs/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. 

 

  
Fig. 19: Exciton energies as a function of electric field for 8-5-10-nm GaInNAs/GaAs CQWs.   
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               (a) Cavity mode at 1.411 eV                            (b) Cavity mode at 1.427 eV 

 

Fig. 20: DX, IX and CM fractions for polariton states. 
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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 GaInNAs/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 GaInNAs/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 GaInNAs/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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