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SUMMARY 

 

In the enhanced signal-to-noise in photodetectors part, we design a photodetector 

absorbing two photon and emitting one phonon. According to Richardson’s 

thermionic emission theory, our design can efficiently reduce the noise. 

Then, we do the simulation for the design in several sets of different materials to 

show the practicability of it. In Chapter 2, Ga1-xAlxAs, In1-yGayAs, and 

In1-xAlxAs/InP designs are elaborated. 

In Chapter 3 and 4, interface phonon properties is brought out. Phonon 

dispersion curve of 22 phonon modes existing in this design is calculated for this 

design, and the interface phonon potential curve along the structure for each mode is 

plotted. Therefore, we are able to apply them on the calculation of phonon transfer 

efficiency in Chapter 5, figuring out a pretty fast transferring time is guaranteed in 

our structure. 

For another part of my research - DNA-aptamer-based sensors with graphene 

FET-like structure, the conductivity of the graphene FET sensor changing with 

Immunoglobulin E aptamer and target is well described. This sensor can also apply 

on different aptamers and targets which is prospective in biological and medical 

aspect. 
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CHAPTER 1 

INTRODUCTION OF ENHANCED SIGNAL-TO-NOISE IN 

PHOTODETECTOR 

 

A quantum well photodetector is designed for reducing signal-to-noise in this 

research. [7] We use a single-double quantum well structure to proceed a 

sequence of events: absorbing a photon, emitting a phonon, and absorbing a 

photon having the same wavelength as the first one. Even though this process 

needs two absorbed photons to produce one electron out of the apparatus for 

detection, a demonstration that it dramatically reduces the noise is based on rapid 

phonon-assisted transitions along with phonon quantum engineering and 

nanoscale electron states. 

1.1 Single-Double quantum well design 

Based on the ideas we discussed previously [1-3] about heterosturcture lasers, 

which lead to extremely large emphasis on the optical gain of quantum-well-based 

lasers, that examines dramatic emphasis on photodetectivity in QW-based 

photodetectors in the earliest known embodiment which is able to detect photons in 

the frequency over a wide range. Herein, we design a triple quantum well structure 

with one single well on the left side, and one double well on the right side as shown in 

Figure 1. In the first quantum well, the electron absorbing one photon jumping from 

the ground state of the single well E1 to the first excited state of the single well E3.  

 

     0Parts of this thesis were reproduced with permission from ©  2014 IEEE 
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Then, the electron tunnels through the barrier to the double well as a result of 

interface-phonon assisted tunneling. In the double well, E2 and E2’ is the splitting of 

the ground state, and E4 and E4’ is the splitting of the first excited state. In our design, 

E2’ and E3 are degenerate and phonon emission is enhanced as a result of an increased 

matrix element. After emitting one phonon, the electron falls to E2 state. In the final 

process, the electron absorbs another photon having the same wavelength, which we 

are detecting, as the first photon absorption, and jumps to E4. The relationship 

between energy levels in this design can be sum up as following: 

E3 = 𝐸2′ 

𝐸3 − 𝐸1 = 𝐸4′ − 𝐸2 = 𝐸𝑃ℎ𝑜𝑡𝑜𝑛 

𝐸2′ − 𝐸2 = 𝐸𝑃ℎ𝑜𝑛𝑜𝑛 

(1.1) 

 

 

 
 

Figure 1. Single-Double well Design. 
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1.2 Signal-to-Noise Enhancement 

According to Richardson’s formula, 

𝐼𝑠𝑛,𝐸1

𝐼𝑠𝑛,𝐸2

=
𝑒− 

𝐸4−𝐸1
𝑘𝑇

𝑒− 
𝐸4−𝐸2

𝑘𝑇

=
𝑒− 

2𝐸𝑝ℎ𝑜𝑡𝑜𝑛−𝐸𝑝ℎ𝑜𝑛𝑜𝑛

𝑘𝑇

𝑒− 
𝐸𝑝ℎ𝑜𝑡𝑜𝑛

𝑘𝑇

= 𝑒− 
𝐸𝑝ℎ𝑜𝑡𝑜𝑛−𝐸𝑝ℎ𝑜𝑛𝑜𝑛

𝑘𝑇  (1.2) 

The noise current, Isn,E1, produced by the energy changing from E1 to E4 with two 

photon absorption and one phonon emission compares to the noise current, Isn,E2, 

having energy changing of one phonon (from E2 to E4). Referring to Figure 2, it is 

obvious to see the noise is dramatically reduced. 

For example if 
𝐸𝑝ℎ𝑜𝑡𝑜𝑛−𝐸𝑝ℎ𝑜𝑛𝑜𝑛

𝑘𝑇
= 6.9, and 𝑘𝑇 = 0.0257 𝑒𝑉 at T = 298 K, a dramatic 

1.0078 × 10−3 reduction can be realized for 𝐸𝑝ℎ𝑜𝑡𝑜𝑛 = 211.19 𝑒𝑉 and 𝐸𝑝ℎ𝑜𝑛𝑜𝑛 =

33.79 𝑒𝑉. 

We can say that in our design, signal-to-noise in the photodetector is well enhanced. 
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Figure 2. Illustration of thermal ionization current. 

 

 

1.3 Transfer Efficiency 

According to the Fermi’s Golden Rule [1], we can consider the transfer efficiency.  

1

𝜏𝑖
=

2𝜋

ћ
∑|⟨𝑓|�̃�|𝑖⟩|

2
𝛿(𝐸𝑓 − 𝐸𝑖)

𝑓

 
(1.3

) 

where 𝜏𝑖 is the transfer efficiency, 𝑓 is the final state wave function, 𝑖 is the initial state 

wave function, and �̃� is the photon/phonon interaction potential. 
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Figure 3. Signal-to-noise ratio enhanced by Richardson formula. 

 

 

We would like to have the matrix elements for phonon assisted transition be as large as 

possible. The situation depends on the symmetric of the initial and final electron states as 

well as the electron-phonon interaction potential. 

From Figure 3, it can be easily seen that the wave functions corresponding to E1 E2 E4 

are even, and those corresponding to E3 E2’ E4’ are odd. 

Therefore, E1 to E3, and E2 to E4’ are selected as the photon absorbing levels, and the 

first double well energy state splitting of E2’ and E2 are picked as phonon emitting levels. 

1.4 Model Simulation 

The Schrödinger equation with effective mass mismatch at heterojunctions is used for 
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calculating the energy levels.  

 

Equation (1.4) is the Schrödinger equations for the single well, where 𝑚𝑖
∗  is the 

effective mass, 𝜑𝑖(𝑧)  is the potential curve along the z direction, and 𝑉1  is the 

conduction band energy level difference between the barrier and well for the single well, 

and 𝐸1 will be the possible energy levels that can be solved in the single well. 

−
ћ2

2𝑚1
∗

𝜕2

𝜕𝑧2
𝜑1(𝑧) + 𝑉1𝜑1(𝑧) = 𝐸1𝜑1(𝑧) 

when z ≤ 0 

−
ћ2

2𝑚2
∗

𝜕2

𝜕𝑧2
𝜑2(𝑧) = 𝐸1𝜑2(𝑧) 

when 0 ≤ z ≤ z1 

−
ћ2

2𝑚1
∗

𝜕2

𝜕𝑧2
𝜑3(𝑧) + 𝑉1𝜑3(𝑧) = 𝐸1𝜑3(𝑧) 

when z1 ≤ z ≤ z2 

(1.4) 

−
ћ2

2𝑚1
∗

𝜕2

𝜕𝑧2
𝜑3(𝑧) + 𝑉1𝜑3(𝑧) = 𝐸2𝜑3(𝑧) 

when z1 ≤ z ≤ z2 

−
ћ2

2𝑚3
∗

𝜕2

𝜕𝑧2
𝜑4(𝑧) + (𝑉1 − 𝑉2)𝜑4(𝑧) = 𝐸2𝜑4(𝑧) 

when z2 ≤ z ≤ z3 

−
ћ2

2𝑚1
∗

𝜕2

𝜕𝑧2
𝜑5(𝑧) + 𝑉1𝜑5(𝑧) = 𝐸2𝜑5(𝑧) 

when z3 ≤ z ≤ z4 

−
ћ2

2𝑚3
∗

𝜕2

𝜕𝑧2
𝜑6(𝑧) + (𝑉1 − 𝑉2)𝜑6(𝑧) = 𝐸2𝜑6(𝑧) 

when z4 ≤ z ≤ z5 

−
ћ2

2𝑚1
∗

𝜕2

𝜕𝑧2
𝜑7(𝑧) + 𝑉1𝜑7(𝑧) = 𝐸2𝜑7(𝑧) 

when z5 ≤ z 

(1.5) 
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Equation (1.5) represents the Schrödinger equations for the double well, where 𝑚𝑖
∗ is 

the electron effective mass, 𝜑𝑖(𝑧) is the potential curve along z direction, and 𝑉2 is the 

conduction band energy level difference between the barrier and well for the single well, 

and 𝐸2 will be the possible energy levels that can be solved in this double well. 

 
 

Figure 4. Corresponding parameters for the calculation of energy levels. 

 

 

Solving the boundary condition, we can try to fit the energy levels as needed. The 

energy levels should follow the relationship as mentioned in section 1.1: 1) E3 equals E2’, 

and 2) the energy difference between E3 and E2, which is also splitting of the ground state 

in the double quantum well, equals to one phonon energy. 3) The energy difference 
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between E3 and E1, and the energy difference between E4’ and E2 should be the same, and 

also equal to one photon energy. 

The interface phonon modes of our structure will be calculated in Chapter 3. One 

of the phonon modes needs to have an energy such that Ephonon = E2’-E2 in our 

structure.
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CHAPTER 2 

SINGLE-DOUBLE QUANTUM WELL SIMULATION 

 

In Chapter 1, a design of single-double quantum well was described that 

leads to an enhanced signal-to-noise photodetector. We would like to have 

more kinds of material designs in our single-double well enhanced signal-to-noise 

photodetector. Changing the material of our design can form different potentials for 

the depth of wells, and leads to detect different wavelength of photons and 

applications [31-33]. In this Chapter, we are doing three simulations in familiar 

materials that easily obtained. 

2.1 Ga1-xAlxAs Design 

2.1.1 Parameters for Ga1-xAlxAs 

  This section deals with the parameters we need to model our new device. 

These parameters include the discontinuity of conduction band energy for 

Ga1-xAlxAs that having different concentration of x, and the corresponding 

electron effective mass. 

As we know, the band gap energy for Ga1-xAlxAs is: 

Eg = (1.426 + 1.247𝑥) 𝑒𝑉 
(2.1) 

 

 

     0Parts of this thesis were reproduced with permission from ©  2014 IEEE 
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The band alignment is 33% of the total discontinuity in valence band, 

which means: 

∆VVB = 0.33 
(2.2) 

∆VCB = 0.67 
(2.3) 

  The electron effective mass is given by, 

m∗ = (0.067 + 0.083𝑥)𝑚0 
(2.4) 

where m0 = 9.10938215 × 10−31. 

 

 

 

 

Figure 5. Band gap energy discontinuity for Ga1-xAlxAs. 
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2.1.2 Structure designed for Ga1-xAlxAs 

Using the property of the band discontinuity of Ga1-xAlxAs, quantum 

wells are easily formed. We can change the concentration of GaAs and AlAs 

by adjusting the value of x, and get the quantum well depth wanted. A design 

shown as Figure 6 can bring out the single-double well quantum wells 

structure. 

 

 

 

 

Figure 6. Basic design of single-double quantum well in Ga1-xAlxAs material. 

 

 

For the voltage level changing compared with GaAs of wells and 

barriers in Figure 6, 
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V1 = 1.247𝑥1 × 0.67 
(2.5) 

V1 − V2 = 1.247𝑥2 × 0.67 
(2.6) 

The corresponding electron effective mass are, 

m1
∗ = (0.067 + 0.083𝑥1) × 𝑚0 

(2.7) 

m2
∗ = (0.067 + 0.083𝑥2) × 𝑚0 

(2.8) 

where, mGaAs
∗ = 0.067𝑚0. 

2.1.3 Simulation of Ga1-xAlxAs design 

Appendix A describes a Matlab code written for calculating the energy 

states in the single-double quantum well design with GaAlAs material. The 

Schrödinger equations based on the previously-discussed results are: 

−
ћ2

2𝑚0(0.067 + 0.083𝑥1)

𝜕2

𝜕𝑧2
𝜑1(𝑧) + (1.247𝑥1 × 0.67)𝜑1(𝑧) = 𝐸𝜑1(𝑧) 

when z ≤ 0 

−
ћ2

2 × 0.067𝑚0

𝜕2

𝜕𝑧2
𝜑2(𝑧) = 𝐸𝜑2(𝑧) 

when 0 ≤ z ≤ z1 

−
ћ2

2𝑚0(0.067 + 0.083𝑥1)

𝜕2

𝜕𝑧2
𝜑3(𝑧) + (1.247𝑥1 × 0.67)𝜑3(𝑧) = 𝐸𝜑3(𝑧) 

when z1 ≤ z ≤ z2 

−
ћ2

2𝑚0. 067 + 0.083𝑥2)

𝜕2

𝜕𝑧2
𝜑4(𝑧) + (1.247𝑥2 × 0.67)𝜑4(𝑧) = 𝐸𝜑4(𝑧) 

when z2 ≤ z ≤ z3 

(2.9

) 
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where ћ = 1.054571628 × 10−34, and m0 = 9.10938215 × 10−31. 

As shown in Figure 7, we can change the concentration of x1 and x2 to 

change the depth single and double quantum wells which have impact on 

the energy state levels E1, E2, E2’, E3, E4, and E4’. The larger the x is, 

indicating that the concentration of AlAs increases, the higher the 

conduction band level will be. 

Also, adjusting the thickness of wells and barriers can alter the energy 

state levels. When the thickness of the well is wider, the energy states goes 

lower, and also the energy differences between energy states become 

smaller.  For the double well, the thicker the barrier between the double 

well is, the closer the splitting of the energy states will be.  

 

 

−
ћ2

2𝑚0(0.067 + 0.083𝑥1)

𝜕2

𝜕𝑧2
𝜑5(𝑧) + (1.247𝑥1 × 0.67)𝜑5(𝑧) = 𝐸𝜑5(𝑧) 

when z3 ≤ z ≤ z4 

−
ћ2

2𝑚0(0.067 + 0.083𝑥2)

𝜕2

𝜕𝑧2
𝜑6(𝑧) + (1.247𝑥2 × 0.67)𝜑6(𝑧) = 𝐸𝜑6(𝑧) 

when z4 ≤ z ≤ z5 

−
ћ2

2𝑚0(0.067 + 0.083𝑥1)

𝜕2

𝜕𝑧2
𝜑7(𝑧) + (1.247𝑥1 × 0.67)𝜑7(𝑧) = 𝐸𝜑7(𝑧) 

when z5 ≤ z 
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Figure 7. Simulation for single-double quantum well in Ga1-xAlxAs material. 

 

 

After many calculations are made, one set of single-double well design 

parameter for GaAlAs material that optimizes the signal-to-noise in the 

photodetector is found as shown in Figure 8. 
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Figure 8. Result of signal-to-noise enhanced photodetector in Ga1-xAlxAs material. 

 

 

For the single well, Ga0.452Al0.548As is used as the barrier, and GaAs as 

the well. The potential of the single well then turns out to be 457.849 meV. 

For the double well, Ga0.452Al0.548As is still the barrier, both outside the 

double well and between it, and now we use Ga0.741Al0.259As as the well. A 

depth of 241.457 meV as potential of the double well is obtained. 

In this result, we have the width of single well as 6 nm, and the width 

of each wells in double well as 6 nm as well. The barrier between the 

double well is 0.75 nm, and the barrier between single well and double well 

is 6 nm. 

The energy states in single well then turns out to be E1 = 71.17 meV, 

and E3 = 282.31 meV. In the double well, energy states are E2 = 248.52 
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meV, E2’ = 282.52 meV, E4 = 384.71 meV, and E4’ = 454.75 meV as shown 

in Figure 8. 

The whole process of this signal-to-noise photodetector in this design 

works as following:  

i. From the E1 state, an electron absorbs one photon energy which 

equals to 211.19 meV, having wavelength of 5871.49 nm, and 

jumps to E3 state. 

ii. The electron emits one phonon energy of 33.79 meV, and falls 

down to the state E2. 

iii. Absorbing another photon with 206.23 meV (wavelength = 6012.70 

nm) which having similar energy as the first one, the electron 

jumps to E4’, which is very close to the barrier level of 

Ga0.452Al0.548As, and will be detected. 

A range of light source which includes 5871.49 nm and 6012.70 nm 

will be detected by this detector. 

2.2 In1-yGayAs Design 

2.2.1 Parameters for In1-yGayAs 

  For In1-yGayAs, the need parameters must be specified; the parameters 

includes the discontinuity of conduction band energy for In1-yGayAs that 

having different concentration of y, and its electron effective mass. 

The total band gap energy discontinuity for In1-x-yAlxGayAs/AlAs is: 
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∆V = [2.093𝑥 + 0.629𝑦 + 0.577𝑥2 + 0.436𝑦2 + 1.013𝑥𝑦

− 2.0𝑥2(1 − 𝑥 − 𝑦)] 𝑒𝑉 

(2.10) 

and the band alignment is 47% of the total discontinuity in valence band, 

which means: 

∆VVB = 0.47 
(2.11) 

∆VCB = 0.53 
(2.12) 

The electron effective mass for In1-x-yAlxGayAs/AlAs is: 

m∗ = (0.0427 + 0.0685𝑥)𝑚0 
(2.13) 

where m0 = 9.10938215 × 10−31. 

Therefore, if x = 0 is assumed in all the parameters, we can get 

parameters in In1-yGayAs/AlAs follows: 

∆V′ = (0.629𝑦 + 0.436𝑦2) 𝑒𝑉 
(2.14) 

and since ∆VVB = 0.47  and ∆VCB = 0.53 , the conduction band 

discontinuity of In1-yGayAs/AlAs is: 

∆V" = [(0.629𝑦 + 0.436𝑦2) × 0.53] 𝑒𝑉 
(2.15) 

Also, 

m∗′ = 0.0427𝑚0 
(2.16) 

where m0 = 9.10938215 × 10−31. 

2.2.2 Structure designed for In1-yGayAs 
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Since Figure 9 illustrates the association of parameters of the 

In1-yGayAs single-double well design and with different regions of the 

structure. 

 

 

  

 

Figure 9. Single-double quantum well design in In1-yGayAs material. 

 

 

For the voltage level changing compared with InAs of wells and 

barriers in Figure 9, we have, 

V1 = (0.629𝑦1 + 0.436𝑦1
2) × 0.53 

(2.17) 
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V1 − V2 = (0.629𝑦2 + 0.436𝑦2
2) × 0.53 

(2.18) 

and the corresponding electron effective mass are, 

m1
∗ = 0.0427𝑚0 

(2.19) 

m2
∗ = 0.0427𝑚0 

(2.20) 

with mInAs
∗ = 0.067𝑚0. 

2.2.3 Simulation of In1-yGayAs design 

The wave equations for the In1-yGayAs single-double quantum well 

structure can now be described as follows: 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑1(𝑧) + [(0.629𝑦1 + 0.436𝑦1

2) × 0.53]𝜑1(𝑧)

= 𝐸𝜑1(𝑧) 

when z ≤ 0 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑2(𝑧) = 𝐸𝜑2(𝑧) 

when 0 ≤ z ≤ z1 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑3(𝑧) + [(0.629𝑦1 + 0.436𝑦1

2) × 0.53]𝜑3(𝑧)

= 𝐸𝜑3(𝑧) 

when z1 ≤ z ≤ z2 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑4(𝑧) + [(0.629𝑦2 + 0.436𝑦2

2) × 0.53]𝜑4(𝑧)

= 𝐸𝜑4(𝑧) 

when z2 ≤ z ≤ z3 

(2.2

1) 
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where ћ = 1.054571628 × 10−34, and m0 = 9.10938215 × 10−31. 

Coding them into Matlab, the values y1, y2, z1, z2, z3, z4, and z5 in the 

single-double quantum wells design are obtained to ensure the required 

resonant conditions for the energy states. Figure 10 illustrates the demands 

for signal-to-noise enhanced photodetector. 

In In1-yGayAs design, the larger the y is, which means when the 

concentration of GaAs is higher, the higher the conduction band level will 

be. 

 

 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑5(𝑧) + [(0.629𝑦1 + 0.436𝑦1

2) × 0.53]𝜑5(𝑧)

= 𝐸𝜑5(𝑧) 

when z3 ≤ z ≤ z4 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑6(𝑧) + [(0.629𝑦2 + 0.436𝑦2

2) × 0.53]𝜑6(𝑧)

= 𝐸𝜑6(𝑧) 

when z4 ≤ z ≤ z5 

−
ћ2

2 × 0.0427𝑚0

𝜕2

𝜕𝑧2
𝜑7(𝑧) + [(0.629𝑦1 + 0.436𝑦1

2) × 0.53]𝜑7(𝑧)

= 𝐸𝜑7(𝑧) 

when z5 ≤ z 
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Figure 10. Simulation for Single-Double Quantum Well in In1-yGayAs material. 

 

 

Figure 11 depicts the optimized structure for the design in InGaAs 

material based on many calculations performed by adjusting these 

parameters. 
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Figure 11. Optimized Signal-to-Noise enhanced photodetector in In1-yGayAs 

material. 

 

 

For the single well, In0.248Ga0.752As is used as the barrier, and InAs as 

the well. The potential of the single well then turns out to be 381.371 meV. 

For the double well, In0.248Ga0.752As is still the barrier, both outside the 

double well and between it, and now we use In0.590Ga0.410As as the well. A 

depth of 205.845 meV as the potential of the double well is obtained. 

In this result, we have the width of single well as 8.8 nm, and the width 

of each well in double well as 10 nm. The barrier between the double well is 

0.6 nm, and the barrier between single well and double well is 10 nm. 

The energy states in single well then turn out to be E1 = 61.614 meV, 

and E3 = 232.18 meV. In the double well, energy states are E2 = 198.28 
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meV, E2’ = 231.95 meV, E4 = 307.54 meV, and E4’ = 375.68 meV as shown 

in Figure 11. 

The whole process for this signal-to-noise photodetector with InGaAs 

material in this design works as following: 

i. From E1 state, an electron absorbs one photon energy which equals 

to 170.57meV, having wavelength of 7269.74 nm, and transitions 

to the E3 state. 

ii. The electron emits one phonon energy of 33.9 meV, with 

wavelength 36578.17 nm, and falls down to the state E2. 

iii. Absorbing another phonon with 177.4 meV (wavelength = 6989.85 

nm) which having similar energy as the first one, the electron 

transitions to E4’, which is very close to the barrier level of 

In0.248Ga0.752As, and will be detected. 

The photon absorption for the first photon and the second photon 

having a difference of 4% in energy. Even though, error less than 5% is 

acceptable in experiment, the light source being detected needs to have a 

wide band at least from 6989.85 nm to 7269.74 nm in this apparatus. 

2.3 In1-xAlxAs/InP Design 

2.3.1 Parameters for In1-xAlxAs/InP 

  The parameters we need include: the discontinuity of conduction band 

energy for In1-xAlxAs that having different concentration of x, the electron 

effective mass for the corresponding x value, and the conduction band energy 
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level and electron effective mass of InP. 

The total band gap energy discontinuity for In1-x-yAlxGayAs/AlAs is 

mentioned in the previous part as: 

∆V = [2.093𝑥 + 0.629𝑦 + 0.577𝑥2 + 0.436𝑦2 + 1.013𝑥𝑦

− 2.0𝑥2(1 − 𝑥 − 𝑦)] 𝑒𝑉 

(2.22) 

and the band alignment is 47% of the total discontinuity in valence band, 

which means: 

∆VVB = 0.47 
(2.23) 

∆VCB = 0.53 
(2.24) 

  The electron effective mass for In1-x-yAlxGayAs/AlAs is: 

m∗ = (0.0427 + 0.0685𝑥)𝑚0 
(2.25) 

where m0 = 9.10938215 × 10−31. 

Therefore, if y = 0  is assumed in all the parameters, we can get 

parameters for In1-xAlxAs/AlAs as follows: 

The total band discontinuity is: 

∆V′ = (2.093𝑥 − 1.423𝑥2 + 2𝑥3) 𝑒𝑉 
(2.26) 

and since that ∆VVB = 0.47  and ∆VCB = 0.53 , the conduction band 

discontinuity of In1-yGayAs/AlAs is: 

∆V" = [(2.093𝑥 − 1.423𝑥2 + 2𝑥3) × 0.53] 𝑒𝑉 
(2.27) 
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Also, 

m∗′ = (0.0427 + 0.0685𝑥)𝑚0 
(2.28) 

where m0 = 9.10938215 × 10−31. 

From reference 3, the heterointerface in the InGaAs/InAlAs/InP family 

is described as follows: 

For the conduction band energy level, In0.52Al0.48As is 0.34 eV higher 

than InP. 

From equation 2.27, we can calculate that the conduction band 

discontinuity of In0.52Al0.48As to AlAs is 0.475921 eV. 

Again from equation 2.27, the conduction band discontinuity of InAs 

to AlAs is 1.4151 eV. 

Figure 12 depicts the relevant energy conditions. 
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Figure12.Conduction band energy level relationships of the 

In0.52Al0.48As/InAs/AlAs/ InP family. 

 

 

As Shown in Figure 12, we can calculate the conduction band 

discontinuity of InP to AlAs by substrate 0.475921 eV to 0.34 eV, so 

0.135921 is obtained. 

For the the conduction band discontinuity of InAs to InP: 

1.4151 eV − 0.135921 eV = 1.279179 eV, which is the largest quantum 

well potential that we are able to design in InAlAs/InP design when using 

InP as the material of the single well. 

For calculating the In1-xAlxAs/InP conduction band discontinuity, the 

relationship of them is plotted as Figure 13. 
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Figure 13. Conduction band discontinuity of In1-xAlxAs/InP. 

 

 

According to Figure 13, 

∆𝑉′′′ = (∆V" − 0.135921) 𝑒𝑉

= [(2.093𝑥 − 1.423𝑥2 + 2𝑥3) × 0.53 − 0.135921] eV 

(2.29) 

2.3.2 Structure designed for In1-xAlxAs/InP 

Pluging all the parameters we got to calculate the single-double well 

design in In1-xAlxAs/InP material. 
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Figure 14. Single-Double Quantum Well Design in In1-xAlxAs/InP material. 

 

 

For the conduction band (CB) changes compared with InP conduction 

band is depicted in Figure 14 for the structure made consideration. 

The value of V1 and V2 in Figure 14 are given in terms of: 

V1 = [(2.093𝑥1 − 1.423𝑥1
2 + 2𝑥1

3) × 0.53 − 0.135921] 
(2.30) 

V1 − V2 = [(2.093𝑥2 − 1.423𝑥2
2 + 2𝑥2

3) × 0.53 − 0.135921] 
(2.31) 

The corresponding electron effective masses are, 

m1
∗ = (0.0427 + 0.0685𝑥1)𝑚0 

(2.32) 

m2
∗ = (0.0427 + 0.0685𝑥1)𝑚0 

(2.33) 
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as well as mInP
∗ = 0.08𝑚0. 

2.3.3 Simulation of In1-xAlxAs/InP design 

The Schrödinger equations for each of the regions of the In1-xAlxAs/InP 

structure depicted in Figure 14 are: 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥1)

𝜕2

𝜕𝑧2
𝜑1(𝑧)

+ [(2.093𝑥1 − 1.423𝑥1
2 + 2𝑥1

3) × 0.53

− 0.135921]𝜑1(𝑧) = 𝐸𝜑1(𝑧) 

when z ≤ 0 

−
ћ2

2 × 0.08𝑚0

𝜕2

𝜕𝑧2
𝜑2(𝑧) = 𝐸𝜑2(𝑧) 

when 0 ≤ z ≤ z1 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥1)

𝜕2

𝜕𝑧2
𝜑3(𝑧)

+ [(2.093𝑥1 − 1.423𝑥1
2 + 2𝑥1

3) × 0.53

− 0.135921]𝜑3(𝑧) = 𝐸𝜑3(𝑧) 

when z1 ≤ z ≤ z2 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥2)

𝜕2

𝜕𝑧2
𝜑4(𝑧)

+ [(2.093𝑥2 − 1.423𝑥2
2 + 2𝑥2

3) × 0.53

− 0.135921]𝜑4(𝑧) = 𝐸𝜑4(𝑧) 

when z2 ≤ z ≤ z3 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥1)

𝜕2

𝜕𝑧2
𝜑5(𝑧)

+ [(2.093𝑥1 − 1.423𝑥1
2 + 2𝑥1

3) × 0.53

− 0.135921]𝜑5(𝑧) = 𝐸𝜑5(𝑧) 

(2.3

4) 
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where ћ = 1.054571628 × 10−34, and m0 = 9.10938215 × 10−31. 

Coding them into Matlab, are varying x1, x2, z1, z2, z3, z4, and z5 to 

optimize the energy matching conditions in the single-double quantum 

wells design, results in the design shown in Figure 15.  

In the In1-xAlxAs/InP design, the larger the x is, the higher the 

conduction band level will be. 

 

 

when z3 ≤ z ≤ z4 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥2)

𝜕2

𝜕𝑧2
𝜑6(𝑧)

+ [(2.093𝑥2 − 1.423𝑥2
2 + 2𝑥2

3) × 0.53

− 0.135921]𝜑6(𝑧) = 𝐸𝜑6(𝑧) 

when z4 ≤ z ≤ z5 

−
ћ2

2𝑚0(0.0427 + 0.0685𝑥1)

𝜕2

𝜕𝑧2
𝜑7(𝑧)

+ [(2.093𝑥1 − 1.423𝑥1
2 + 2𝑥1

3) × 0.53

− 0.135921]𝜑7(𝑧) = 𝐸𝜑7(𝑧) 

when z5 ≤ z 
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Figure 15. Simulation for single-double quantum well in In1-xAlxAs/InP material. 

 

 

Figure 16 depicts the optimized structure for the design in 

In1-xAlxAs/InP material based on many calculations performed by adjusting 

these parameters. 
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Figure 16. Result of signal-to-noise enhanced photodetector in In1-xAlxAs/InP 

material. 

 

 

For the single well, In0.36Al0.64As is used as barrier, and InP is used for 

the well. The potential of the single well then turns out to be 542.981 meV. 

For the double well, In0.36Al0.64As is still the barrier, both outside the double 

well and between it, and now we use In0.48Al0.410As as the well. A depth of 

298.113 meV as potential of the double well is got. 

In this result, we have the width of single well as 5.3 nm, and the width 

of each wells in double well as 6 nm. The barrier between the double well is 

0.6 nm, and the barrier between single well and double well is 10 nm. 

The energy states in single well then turn out to be E1 = 85.365 meV, 

and E3 = 32.489 meV. In the double well, energy states are E2 = 294.69 
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meV, E2’ = 322.72 meV, E4 = 462.3 meV, and E4’ = 531.5 meV as shown in 

Figure 16.  The whole process for this signal-to-noise photodetector with 

material In1-xAlxAs/InP material in this design works as follows:  

i. From E1 state, an electron absorbs one photon energy which equals 

to 239.53meV, having wavelength of 5176.80 nm, and jumps to E3 

state. 

ii. The electron emits one phonon energy of 30.2 meV, with 

wavelength 41059.60 nm, and falls down to the state E2. 

iii. Absorbing another phonon with 236.81 meV (wavelength = 

5236.27 nm) which having similar energy as the first one, the 

electron transitions to E4’, which is very close to the barrier level of 

In0.36Al0.64As, and will be detected.  

A range of light source which includes 5176.80 nm and 5236.27 nm 

will be detected by this apparatus. 

2.4 Discussion 

For the InGaAs design, the difference in the first and second absorbed 

photons is large. Since the light source for detecting needs to have a wide 

band at least from 6989.85 nm to 7269.74 nm, the wavelength difference is 

over 200 nm. A very wide band of source needed. Therefore, if we want to 

apply this InGaAs apparatus in practical use, it should be applied in the case 

of broad band light. 

 In the InAlAs/InP design, the barrier between single well and double 
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well is 10 nm, which is large for electron tunneling. The transmission 

coefficient for electrons tunneling in a rectangular barrier is: 

T(E) = e
−2 ∫ 𝑑𝑥

𝑥2
𝑥1

√
2𝑚
ћ2 [𝑉(𝑥)−𝐸]

= e
−2(𝑥2−𝑥1)√

2𝑚
ћ2 (𝑉0−𝐸)

 

(2.35) 

Plugging in ћ = 1.054571628 × 10−34 ,  m0 = 9.10938215 × 10−31 , 

𝑥2 − 𝑥1 = 10 × 10−9 (𝑚) , and V0 − 𝐸 = 0.376 (V) , the transmission 

coefficient T ≈ 0 is obtained. 

The GaAlAs design thus seems to be the most promising in this 

Chapter, but we still want to work on reducing the barrier between single 

and double well to be less than 3 nm. 
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CHAPTER 3 

INTERFACE PHONON MODES, DISPERSION CURVES, AND 

INTERFACE PHONON POTENTIAL CURVES IN SINGLE-DOUBLE 

QUANTUMWELL STRUCTURE 

 

Herein, we are discussing the phonon modes in our single-double 

quantum well design. We also provide plots of the phonon dispersion curves. 

Also, phonon potential curves along the z direction of our structure with 

different wave vectors will be simulated as well. 

Also, we fits the phonon emission energy to be the same as one of the 

phonon modes in the single-double quantum well structure because such 

interface phonon modes are more likely to produce a rapid phonon-assisted 

transfer for electrons. Then the potential curve of that phonon is plotted and 

used for the transfer efficiency simulation. [4, 5, 6] 

3.1 Phonon Modes 

Here, we determine the interface phonon modes in our structure and 

determine if there is a fit for the phonon emission energy. 

3.1.1 Set up Regions for Single-double Quantum Wells 

To begin, we set up the regions for this structure as Figure 17.
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Figure 17. Sets the single-double quantum well structure into 7 regions. 

 

 

Starting with the lowest layer, the phonon potential curves in each 

region is set to be 𝜑1, 𝜑2, 𝜑3, 𝜑4, 𝜑5, 𝜑6, and 𝜑7 respectively. 

The dielectric function in 𝐺𝑎1−𝑥1
𝐴𝑙𝑥1

𝐴𝑠 is set as 휀1; in 𝐺𝑎𝐴𝑠 is set to 

be 휀2; and is set as 휀3 in 𝐺𝑎1−𝑥2
𝐴𝑙𝑥2

𝐴𝑠. 

For example, in the first region, where z < 0, the material we use is 

𝐺𝑎1−𝑥1
𝐴𝑙𝑥1

𝐴𝑠 . The phonon potential is 𝜑1  along z direction, and the 

dielectric function is 휀1. 



37  

 
 

Example 2: in the fourth region,  z2 ≤ z < z3 , the material used is 

𝐺𝑎1−𝑥2
𝐴𝑙𝑥2

𝐴𝑠 . The phonon potential is 𝜑4  along z direction, and the 

dielectric function is 휀3. 

3.1.2 Dielectric Function in GaAlAs System 

For the binary heteromaterial GaAlAs, the dielectric function is: 

휀(𝜔) = 휀∞
(𝜔𝐿𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒

2 − 𝜔2)(𝜔𝐿𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒
2 − 𝜔2)

(𝜔𝑇𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒
2 − 𝜔2)(𝜔𝑇𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒

2 − 𝜔2)
  

(3.1) 

and the dielectric function for materials like AlAs and GaAs, 

휀(𝜔) = 휀∞
(𝜔𝐿𝑂

2 − 𝜔2)

(𝜔𝑇𝑂
2 − 𝜔2)

  
(3.2) 

The papermeters for 𝜔𝐿𝑂 , 𝜔𝑇𝑂  in GaAs and AlAs, and 𝜔𝐿𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒 , 

𝜔𝑇𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒, 𝜔𝐿𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒, and 𝜔𝑇𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒 are shown in Table I. [SeGi Yu, 

K.W. Kim, Michael A. Stroscio, G. J. Lafrate, J,-P. Sun et al, LAP, 82, 3363] 

 

Table I. Dielectric parameters in GaAlAs/GaAs/AlAs material system. 

 GaAs AlAs Ga1-xAlxAs 

휀∞ 10.89 8.16 10.89 − 2.73x 

ћ𝜔𝐿𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒 (meV) 36.25 --- 36.25 − 6.55x + 1.79x2 

ћ𝜔𝑇𝑂−𝐺𝑎𝐴𝑠 𝑙𝑖𝑘𝑒 (meV) 33.29 --- 33.29 − 0.64x − 1.16x2 

ћ𝜔𝐿𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒 (meV) --- 50.09 44.63 + 8.78x − 3.32x2 

ћ𝜔𝑇𝑂−𝐴𝑙𝐴𝑠 𝑙𝑖𝑘𝑒 (meV) --- 44.88 44.63 + 0.55x − 0.30x2 
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In the design shown in Figure 17, 

휀1(𝜔)

= (10.89 − 2.73x1)

×
[(36.25 − 6.55x1 + 1.79x1

2)
2

− 𝜔2] [(44.63 + 8.78x1 − 3.32x1
2)

2
− 𝜔2]

[(33.29 − 0.64x1 − 1.16x1
2)

2
− 𝜔2] [(44.63 + 0.55x1 − 0.30x1

2)
2

− 𝜔2]
 

(3.3) 

휀2(𝜔) = 10.89
(36.252 − 𝜔2)

(33.292 − 𝜔2)
  

(3.4) 

휀3(𝜔)

= (10.89 − 2.73x2)

×
[(36.25 − 6.55x2 + 1.79x2

2)
2

− 𝜔2] [(44.63 + 8.78x2 − 3.32x1
2)

2
− 𝜔2]

[(33.29 − 0.64x2 − 1.16x2
2)

2
− 𝜔2] [(44.63 + 0.55x2 − 0.30x2

2)
2

− 𝜔2]
 

(3.5) 

 

3.1.3 Solve Boundary Conditions 

Before solving the boundary conditions, interface phonon potential 

curves for seven regions as shown in Figure 17 are needed using the general 

expressions, 

φ1 = Aeqz 

when z ≤ 0 

φ2 = Beqz + Ce−qz 

when 0 ≤ z ≤ z1 

φ3 = Deq(z−z1) + Ee−q(z−z1) 

when z1  ≤ z ≤ z2  

(3.6) 
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φ4 = Feq(z−z2) + Ge−q(z−z2) 

when z2  ≤ z ≤ z3 

φ5 = Heq(z−z3) + Ie−q(z−z3) 

when z3  ≤ z ≤ z4 

φ6 = Jeq(z−z4) + Ke−q(z−z4) 

when z4  ≤ z ≤ z5 

φ7 = Le−q(z−z5) 

when z5 ≤ z  

where q is the wave vector, we can use the following boundary conditions: 

𝜑𝑛(𝑧) = 𝜑𝑛+1(𝑧) 
(3.7) 

휀𝑛

𝜕𝜑𝑛(𝑧)

𝜕𝑧
= 휀𝑛+1

𝜕𝜑𝑛+1(𝑧)

𝜕𝑧
 

(3.8) 

to obtain relations among these constants. 

i. Solving the boundary conditions at z = 0, from equation (3.7): 

𝜑1(0) = 𝜑2(0)  
(3.9) 

Aeq×0 = Beq×0 + Ce−q×0 
(3.10) 

A = B + C 
(3.11) 

From the second boundary condition (3.8), taking z = 0 in: 

휀1

𝜕𝜑1(0)

𝜕𝑧
= 휀2

𝜕𝜑2(0)

𝜕𝑧
 

(3.12) 
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휀1 × qAeq×0 = 휀2 × qBeq×0 + 휀2 × (−q)Ce−q×0 
(3.13) 

We find, 

𝜀1

𝜀2
A = B − C. 

(3.14) 

By solving equations (3.11) and (3.14), we can obtain: 

B =
A

2
(1 +

ε1

ε2
) 

(3.15) 

C =
A

2
(1 −

ε1

ε2
) 

(3.16) 

ii. The boundary condition at z = z1, for the first boundary condition (3.7), 

𝜑2(𝑧1) = 𝜑3(𝑧1), 
(3.17) 

yield, 

Beqz1 + Ce−qz1 = Deq×0 + Ee−q×0 
(3.18) 

Beqz1 + Ce−qz1 = D + E. 
(3.19) 

From the second boundary condition (3.8), 

휀2
𝜕𝜑2(𝑧1)

𝜕𝑧
= 휀1

𝜕𝜑3(𝑧1)

𝜕𝑧
, 

(3.20) 

We obtain, 

휀2 × qBeqz1 + 휀2 × (−q)Ce−qz1 = 휀1 × qDeq×0 + 휀1 × (−q)Ee−q×0 
(3.21) 

𝜀2

𝜀1
(Beqz1 − Ce−qz1) = D − E. 

(3.22) 
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From (3.19) and (3.22), 

D =
1

2
[(1 +

ε2

ε1
) Beqz1 + (1 −

ε2

ε1
) Ce−qz1] 

(3.23) 

E =
1

2
[(1 −

ε2

ε1
) Beqz1 + (1 +

ε2

ε1
) Ce−qz1] 

(3.24) 

iii. At z = z2, for the first boundary condition (3.7), 

𝜑3(𝑧2) = 𝜑4(𝑧2), 
(3.25) 

yield, 

Deq(z2−𝑧1) + Ee−q×(z2−𝑧1) = Feq×0 + Ge−q×0 
(3.26) 

Deq(z2−𝑧1) + Ee−q×(z2−𝑧1) = F + G. 
(3.27) 

From the second boundary condition (3.8), 

휀1
𝜕𝜑3(𝑧2)

𝜕𝑧
= 휀3

𝜕𝜑4(𝑧2)

𝜕𝑧
, 

(3.28) 

We obtained, 

휀1 × qDeq(z2−𝑧1) + 휀1 × (−q)Ee−q(z2−𝑧1)

= 휀3 × qFeq×0 + 휀3 × (−q)Ge−q×0 

(3.29) 

𝜀1

𝜀3
(Deq(z2−𝑧1) − Ee−q(z2−𝑧1)) = F − G. 

(3.30) 

From (3.27) and (3.30), we find, 

F =
1

2
[(1 +

휀1

휀3
) Deq(z2−𝑧1) + (1 −

휀1

휀3
) Ee−q(z2−𝑧1)] 

(3.31) 
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G =
1

2
[(1 −

𝜀1

𝜀3
) Deq(z2−𝑧1) + (1 +

𝜀1

𝜀3
) Ee−q(z2−𝑧1)]. 

(3.32) 

iv. At z = z3, for the first boundary condition (3.7), yields, 

Feq(z3−𝑧2) + Ge−q(z3−𝑧2) = H + I. 
(3.33) 

From the second boundary condition (3.8), we have, 

𝜀3

𝜀1
(Feq(z3−𝑧2) − Ge−q(z3−𝑧2)) = H − I. 

(3.34) 

From (3.33) and (3.34), we find, 

H =
1

2
[(1 +

휀3

휀1
) Feq(z3−𝑧2) + (1 −

휀3

휀1
) Ge−q(z3−𝑧2)] 

(3.35) 

I =
1

2
[(1 −

𝜀3

𝜀1
) Feq(z3−𝑧2) + (1 +

𝜀3

𝜀1
) Ge−q(z3−𝑧2)]. 

(3.36) 

v. At z = z4, the fifth interface, for the first boundary condition (3.7), 

Heq(z4−𝑧3) + Ie−q(z4−𝑧3) = J + K. 
(3.37) 

From the second boundary condition (3.8), 

𝜀1

𝜀3
(Heq(z4−𝑧3) − Ie−q(z4−𝑧3)) = J − K. 

(3.38) 

From (3.37) and (3.38), we find, 

J =
1

2
[(1 +

휀1

휀3
) Heq(z4−𝑧3) + (1 −

휀1

휀3
) Ie−q(z4−𝑧3)] 

(3.39) 

K =
1

2
[(1 −

𝜀1

𝜀3
) Heq(z4−𝑧3) + (1 +

𝜀1

𝜀3
) Ie−q(z4−𝑧3)]. 

(3.40) 

vi. At the final interface z = z5, from the first boundary condition (3.7), we 



43  

 
 

find, 

Jeq(z5−𝑧4) + Ke−q(z5−𝑧4) = L, 
(3.41) 

and from the second boundary condition (3.8), we find, 

−
𝜀3

𝜀1
(Jeq(z5−𝑧4) − Ke−q(z5−𝑧4)) = L. 

(3.42) 

From (3.41) and (3.42), we have, 

Jeq(z5−𝑧4)+Ke−q(z5−𝑧4)

Jeq(z5−𝑧4)−Ke−q(z5−𝑧4) = −
𝜀3

𝜀1
, 

(3.43) 

and this equation can be used for solving interface phonon modes. All the 𝜔 

consent (3.40) are the interface phonon modes in this structure. 

From the above, all hetero-interface are solved. All the constants, B, C, D, E, F, 

G, H, I, J, K, and L, are able to be represented by constant A. From equations (3.12), 

(3.13), (3.20), (3.21), (3.28), (3.29), (3.32), (3.33), (3.36), (3.37), (3.39), their 

relationships can be summed up as follows: 

B =
A

2
(1 +

ε1

ε2
) 

C =
A

2
(1 −

ε1

ε2
) 

D =
1

2
[(1 +

ε2

ε1
) Beqz1 + (1 −

ε2

ε1
) Ce−qz1] 

E =
1

2
[(1 −

ε2

ε1
) Beqz1 + (1 +

ε2

ε1
) Ce−qz1] 

F =
1

2
[(1 +

휀1

휀3
) Deq(z2−𝑧1) + (1 −

휀1

휀3
) Ee−q(z2−𝑧1)] 

(3.44) 
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G =
1

2
[(1 −

휀1

휀3
) Deq(z2−𝑧1) + (1 +

휀1

휀3
) Ee−q(z2−𝑧1)] 

H =
1

2
[(1 +

휀3

휀1
) Feq(z3−𝑧2) + (1 −

휀3

휀1
) Ge−q(z3−𝑧2)] 

I =
1

2
[(1 −

휀3

휀1
) Feq(z3−𝑧2) + (1 +

휀3

휀1
) Ge−q(z3−𝑧2)] 

J =
1

2
[(1 +

휀1

휀3
) Heq(z4−𝑧3) + (1 −

휀1

휀3
) Ie−q(z4−𝑧3)] 

K =
1

2
[(1 −

휀1

휀3
) Heq(z4−𝑧3) + (1 +

휀1

휀3
) Ie−q(z4−𝑧3)] 

L = Jeq(z5−𝑧4) + Ke−q(z5−𝑧4) 

Now we substituting all the constants from B to L in the representations of A 

into (3.41); for example, D =
1

2
[(1 +

ε2

ε1
)

A

2
(1 +

ε1

ε2
) eqz1 + (1 −

ε2

ε1
)

A

2
(1 −

ε1

ε2
)e−qz1]. Also, with equations (3.3), (3.4), and (3.5), we can introduce ε1, ε2, and 

ε3 in which depend on 𝜔. An equation with 𝜔 to the power of 22 is obtained. 

Therefore, in this single-double quantum well structure based on GaAlAs/GaAs 

materials design, a total 22 interface phonon modes are found. 

3.1.4 Phonon modes in GaAlAs design 

We have written a Matlab codes (See Appendix B) for calculating the zero 

point solutions for: 

𝑓(𝜔) =
Jeq(z5−𝑧4) + Ke−q(z5−𝑧4)

Jeq(z5−𝑧4) − Ke−q(z5−𝑧4)
+

휀3

휀1
 

(3.45) 

The solutions for (3.45) correspond to the phonon modes in the structure. 
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We now solve for the phonons in the GaAlAs design in Chapter 2 as Figure 8. 

In doing so, we use the parameters of Figure 18. 

 

 

  

Figure18. Parameters in 7 regions for the Ga0.452Al0.548As/GaAs/Ga0.741Al0.259As 

single-double quantum wells design as Figure 8 in Chapter 2. 

 

 

For a wave vector with q = 1 × 108 (m−1), the 22 interface phonon modes 

are found to have the following energies: 

32.59334 meV, 32.60926 meV, 32.65314 meV, 32.71726 meV, 32.85674 meV, 

32.98312 meV, 33.2834 meV, 33.72162 meV, 34.17014 meV, 34.52196 meV, 

34.82152 meV, 35.87928 meV, 44.75318 meV, 44.77414 meV, 44.80366 meV, 
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44.83792 meV, 45.63306 meV, 46.71746 meV, 47.19458 meV, 47.61638 meV, 

48.10298 meV, and 48.41198 meV. 

When the wave vector is q = 2 × 108 (m−1), the 22 interface phonon modes 

are found to have the following energies: 

32.59842 meV, 32.63467 meV, 32.67191 meV, 32.69158 meV, 32.75729 meV, 

32.91595 meV, 33.39435 meV, 34.00154 meV, 34.17864 meV, 34.65492 meV, 

34.76901 meV, 35.48032 meV, 44.75497 meV, 44.77931 meV, 44.78831 meV, 

44.83154 meV, 46.13702 meV, 46.78877 meV, 47.12994 meV, 47.55337 meV, 

47.77569 meV, and 48.34654 meV. 

Calculate phonon modes for different wave vectors from q = 1 × 108 (m−1) 

to q = 5577446989 ≅ 27.9 × 108 (m−1), which equals to 
π

2a
 where a is the 

lattice constant of GaAs 5.65325Å . 

The interface phonon modes converge as the wave vector goes up, and when 

the wave vector q = 15 × 108 (m−1), there are only 4 remaining phonon modes: 

32.68108 meV, 34.14631 meV, 44.78195 meV, and 47.58282 meV. 

A plot of all the data on one graph, of phonon mode versus wave vector, 

represents the dispersion curve is as shown in Figure 19. 
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Figure 19. Dispersion curve of the Ga0.452Al0.548As/GaAs/Ga0.741Al0.259 

single-double quantum wells design. 

 

 

3.2 Phonon potential curves 

For each phonon mode, there is one corresponding phonon potential curve 

along z direction of the structure. The phonon potential φ(z) is what we discussed 

previously in Chapter 3.1.3 and listed in equation (3.6) as φ1, φ2, φ3, φ4 φ5, 

φ6, and φ7 for each regions. 

3.2.1 Constant A in 𝛗(𝐳) Equations 

Using the definition of normalization conditions as equation (3.46), we are 

able to solve constant A. This normalization condition is written as: 
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ћ

2ωL2
= ∑

1

4𝜋

1

2𝜔

𝜕휀𝑖(𝜔)

𝜕𝜔
∫ 𝑑𝑧(𝑞2|𝜑𝑖(𝑞, 𝑧)|2 + |

𝜕𝜑𝑖(𝑞, 𝑧)

𝜕𝑧
|

2

) 
(3.46) 

We must evaluate ∫ 𝑑𝑧(𝑞2|𝜑𝑖(𝑞, 𝑧)|2 + |
𝜕𝜑𝑖(𝑞,𝑧)

𝜕𝑧
|

2

)  for φ1  to φ7  in 

GaAlAs single-double quantum wells: 

In the first region where z ≤ 0, we have, 

∫ (𝑞2|𝜑1(𝑞, 𝑧)|2 + |
𝜕𝜑1(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
0

−∞

= ∫ [𝑞2|𝐴𝑒𝑞𝑧|2 + (𝑞𝐴𝑒𝑞𝑧)2]𝑑𝑧
0

−∞

= ∫ 𝑞2𝐴2𝑒2𝑞𝑧𝑑𝑧 =
𝑞2

2𝑞
𝐴2𝑒2𝑞𝑧|

−∞

00

−∞

= 𝑞𝐴2 − 0 = 𝑞𝐴2 

(3.47) 

For φ2, we have, 
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∫ (𝑞2|𝜑2(𝑞, 𝑧)|2 + |
𝜕𝜑2(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
𝑧1

0

= ∫ [𝑞2|𝐵𝑒𝑞𝑧 + 𝐶𝑒−𝑞𝑧|2 + (𝑞𝐵𝑒𝑞𝑧 − 𝑞𝐶𝑒−𝑞𝑧)2]𝑑𝑧
𝑧1

0

= ∫ [𝑞2(𝐵2𝑒2𝑞𝑧 + 2𝐵𝐶𝑒𝑞𝑧𝑒−𝑞𝑧 + 𝐶2𝑒−2𝑞𝑧)
𝑧1

0

+ 𝑞2(𝐵2𝑒2𝑞𝑧 − 2𝐵𝐶𝑒𝑞𝑧𝑒−𝑞𝑧 + 𝐶2𝑒−2𝑞𝑧)]𝑑𝑧

= ∫ 2𝑞2(𝐵2𝑒2𝑞𝑧 + 𝐶2𝑒−2𝑞𝑧)𝑑𝑧
𝑧1

0

=
2𝑞2

2𝑞
(𝐵2𝑒2𝑞𝑧 − 𝐶2𝑒−2𝑞𝑧)𝑒2𝑞𝑧|

0

𝑧1

= 𝑞(𝐵2𝑒2𝑞𝑧1 − 𝐶2𝑒−2𝑞𝑧1) − 𝑞(𝐵2 − 𝐶2)

= 𝑞[𝐵2(𝑒2𝑞𝑧1 − 1) + 𝐶2(1 − 𝑒−2𝑞𝑧1)] 

(3.48) 

For φ3, φ4 φ5, φ6, and φ7, we find, 

∫ (𝑞2|𝜑3(𝑞, 𝑧)|2 + |
𝜕𝜑3(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
𝑧2

𝑧1

=
2𝑞2

2𝑞
(𝐷2𝑒2𝑞(𝑧−𝑧1) − 𝐸2𝑒−2𝑞(𝑧−𝑧1))𝑒2𝑞𝑧|

𝑧1

𝑧2

= 𝑞(𝐷2𝑒2𝑞(𝑧2−𝑧1) − 𝐸2𝑒−2𝑞(𝑧2−𝑧1)) − 𝑞(𝐷2 − 𝐸2)

= 𝑞[𝐷2(𝑒2𝑞(𝑧2−𝑧1) − 1) + 𝐸2(1 − 𝑒−2𝑞(𝑧2−𝑧1))] 

(3.48) 
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∫ (𝑞2|𝜑4(𝑞, 𝑧)|2 + |
𝜕𝜑4(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
𝑧3

𝑧2

= 𝑞[𝐹2(𝑒2𝑞(𝑧3−𝑧2) − 1) + 𝐺2(1 − 𝑒−2𝑞(𝑧3−𝑧2))] 

∫ (𝑞2|𝜑5(𝑞, 𝑧)|2 + |
𝜕𝜑5(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
𝑧4

𝑧3

= 𝑞[𝐻2(𝑒2𝑞(𝑧4−𝑧3) − 1) + 𝐼2(1 − 𝑒−2𝑞(𝑧4−𝑧3))] 

∫ (𝑞2|𝜑6(𝑞, 𝑧)|2 + |
𝜕𝜑6(𝑞, 𝑧)

𝜕𝑧
|

2

) 𝑑𝑧
𝑧5

𝑧4

= 𝑞[𝐽2(𝑒2𝑞(𝑧5−𝑧4) − 1) + 𝐾2(1 − 𝑒−2𝑞(𝑧5−𝑧4))] 

∫ (𝑞2|𝜑7(𝑞, 𝑧)|2 + |
𝜕𝜑7(𝑞, 𝑧)

𝜕𝑧
|

2

)𝑑𝑧
∞

𝑧5

= ∫ [𝑞2|𝐿𝑒−𝑞(𝑧−𝑧5)|
2

+ (𝑞𝐿𝑒−𝑞(𝑧−𝑧5))2] 𝑑𝑧
∞

𝑧5

= ∫ 𝑞2𝐿2𝑒−2𝑞(𝑧−𝑧5)𝑑𝑧 = −
𝑞2

2𝑞
𝐿2𝑒−2𝑞(𝑧−𝑧5)|

𝑧5

∞∞

𝑧5

= 0 − (−𝑞𝐿2) = 𝑞𝐿2 

With these results, equation (3.46) can be written in the form: 



51  

 
 

𝜕휀1(𝜔)

𝜕𝜔
𝑞𝐴2 +

𝜕휀2(𝜔)

𝜕𝜔
𝑞[𝐵2(𝑒2𝑞𝑧1 − 1) + 𝐶2(1 − 𝑒−2𝑞𝑧1)]

+
𝜕휀1(𝜔)

𝜕𝜔
𝑞[𝐷2(𝑒2𝑞(𝑧2−𝑧1) − 1) + 𝐸2(1 − 𝑒−2𝑞(𝑧2−𝑧1))]

+
𝜕휀3(𝜔)

𝜕𝜔
𝑞[𝐹2(𝑒2𝑞(𝑧3−𝑧2) − 1) + 𝐺2(1 − 𝑒−2𝑞(𝑧3−𝑧2))]

+
𝜕휀1(𝜔)

𝜕𝜔
𝑞[𝐻2(𝑒2𝑞(𝑧4−𝑧3) − 1) + 𝐼2(1 − 𝑒−2𝑞(𝑧4−𝑧3))]

+
𝜕휀3(𝜔)

𝜕𝜔
𝑞[𝐽2(𝑒2𝑞(𝑧5−𝑧4) − 1) + 𝐾2(1 − 𝑒−2𝑞(𝑧5−𝑧4))]

+
𝜕휀1(𝜔)

𝜕𝜔
𝑞𝐿2 =

4𝜋ћ

𝑳𝟐
 

(3.49) 

With all the constants from B to L being given in terms of A as shown 

previously, the equation that yields the value of A can now be solved. Matlab codes 

for solving of A are given in Appendix C. 

Taking wave vector q = 1 × 108 (𝑚−1), we solved for all of the As for the 

interface phonon modes. The plots of the normalized potentials, φ(z), for each 

phonon are shown in Figure 20. 
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Figure 20. Interface phonon potential curves when 𝐪 = 𝟏 × 𝟏𝟎𝟖 (𝒎−𝟏) in 

Ga0.452Al0.548As/GaAs/Ga0.741Al0.259 single-double quantum wells design. 

 

 

For different wave vectors, the corresponding interface phonon potential 

curves may be plotted. In Figure 20, we plot graphs with some other wave vectors 

in the same structure. 

Appendix D describes the Matlab codes for plotting interface phonon potential 

curves along the z direction of Ga0.452Al0.548As/GaAs/Ga0.741Al0.259 single-double 

quantum wells design. 
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Figure 21. Interface phonon potential curves with different wave vectors in 

Ga0.452Al0.548As/GaAs/Ga0.741Al0.259 single-double quantum wells design.
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CHAPTER 4 

INTERFACE PHONON PROPERTIES IN ENHANCED 

SIGNAL-TO-NOISE PHOTODETECTOR WITH THE SINGLE WELL 

DELTA DOPED 

 

In Chapter 1, we proposed the idea of the triple quantum well design with one 

single well and one double well. With this design, the photodetector absorbs one 

photon, emits a phonon, and absorbs another photon having the same energy as the 

first one. The signal-to-noise is enhanced as predicted by the Richardson formula 

since the total energy level changed of the electron is approximately twice that for 

the case of a photodetector based on one photon absorption. [7] 

This series of processes – one photon absorption, one phonon emission, then 

one more photon absorption - works efficiently only if there is an excess electron 

kept in the first single well. In another words, electrons are needed to be enough for 

absorbing photons. [1, 4] Compared with uniform doping, a delta doping design is 

able to provide more electrons for absorption owing to the reduction of transition 

linewidth. [9, 10] 

In this Chapter, phononic properties of single-double quantum wells with the 

single well delta doped will be described. [35] 

 

 

     0Parts of this thesis were reproduced with permission from ©  2015 IEEE 
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4.1 Single-double Quantum Wells with Delta Doping 

The design for a single-double quantum well photodetector with delta doping 

is shown in Figure 22.The wavefunction in Figure 22 were calculated by Chenjie 

using the self-consistent nextnano3 8-band k•p Schrödinger-Poisson solver [11]. An 

n-type doping of 6 × 1012 (cm−2), where the volume density is 

 

 
 

Figure 22. Signal-to-Noise enhanced photodetector with delta doping at the first 

well. 

 

 

In this design, the photon absorption energy is 200 meV, and the phonon 

emission energy is 32.19 meV. 

Other related information for this design follows: 

i. Al0.3594Ga0.6406As is used for the barriers. 

ii. GaAs is used for the single well; Al0.0841Ga0.9159As is used for the double 
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well. 

iii. The barrier width between the single well and the double well is 6 nm, 

and the barrier width between the double well is 1.5383 nm. 

iv. The width of the single well is 6 nm, and the width of each well in the 

double well is 6.2 nm. 

4.2 Phonon Dispersion Curves for Delta Doping Design 

4.2.1 Regions Defined the Interface Phonon Modes calculation 

As known, the dielectric function for materials like AlAs and GaAs, 

휀(𝜔) = 휀∞
(𝜔𝐿𝑂

2 − 𝜔2)

(𝜔𝑇𝑂
2 − 𝜔2)

  
(4.1) 

In which that the dielectric function for GaAs is altered negligibly by 

the concentration of n-type doping. 

Since that in the single well region the dielectric function is kept the same, this 

single-double quantum well structure is still being defined in the 7 regions 

regardless to the n-type doping. 
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Figure 23. Parameter set for phononic properties simulation of delta-doping 

single-double quantum wells structure. 

 

 

Phonon potential curves in each regions are set as follows: 

φ1 = Aeqz 

when z ≤ 0 

φ2 = Beqz + Ce−qz 

when 0 ≤ z ≤ 6 

φ3 = Deq(z−6) + Ee−q(z−6) 

when 6 ≤ z ≤ 12  

(4.2) 
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φ4 = Feq(z−12) + Ge−q(z−12) 

when 12 ≤ z ≤ 18.2 

φ5 = Heq(z−18.2) + Ie−q(z−18.2) 

when 18.2 ≤ z ≤ 19.7383 

φ6 = Jeq(z−19.7383) + Ke−q(z−19.7383) 

when 19.7383 ≤ z ≤ 25.9383 

φ7 = Le−q(z−25.9383) 

when 25.9383 ≤ z  

where q is the wave vector, and A to L are the constants. 

The dielectric functions for each regions are: 

휀1(𝜔) = 9.141162 ×
(32.724572 − 𝜔2) (48.892082 − 𝜔2)

(32.403992 − 𝜔2) (44.859222 − 𝜔2)
 

(4.3) 

휀2(𝜔) = 10.89
(36.252 − 𝜔2)

(33.292 − 𝜔2)
  

(4.4) 

휀3(𝜔) = 8.292405 ×
(31.543112 − 𝜔2) (49.97842 − 𝜔2)

(31.630832 − 𝜔2) (44.881722 − 𝜔2)
 

(4.5) 

4.2.2 Interface Phonon Dispersion Curves 

Solving the boundary conditions [8] for 6 interfaces the result shown in Figure 

23 are obtained 

In obtaining these results, we used, 

𝜑𝑛(𝑧) = 𝜑𝑛+1(𝑧) 
(3.7) 
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휀𝑛

𝜕𝜑𝑛(𝑧)

𝜕𝑧
= 휀𝑛+1

𝜕𝜑𝑛+1(𝑧)

𝜕𝑧
 

(3.8) 

All of the interface phonon modes with different wave vectors can be plotted 

as the dispersion curves as Figure 24. 

 

 

 
 

Figure 24. Dispersion curve of Ga0.3594Al0.6406As/GaAs/Ga0.0841Al0.9159As structure 

with n-type doping in GaAs layer. 

 

 

4.3 Interface Phonon Potential Curves for Delta Doping Design 

Phonon modes with different wave vectors are calculated in section 4.2. In this 

section, simulation of the interface phonon potential curves along the z-direction of 
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the delta doping structure will be accomplished. 

Using the normalization definition to solve for the constant A corresponding to 

each interface phonon modes, the curves for φ(z) are obtained; these results are 

plotted as Figure 25. 
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Figure 25. Interface phonon potential curves 𝛗(𝐳) for 

Ga0.3594Al0.6406As/GaAs/Ga0.0841Al0.9159As structure with n-type doping in the 

GaAs layer. 
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CHAPTER 5 

TRANSFER EFFICIENCY FOR THE SIGNAL-TO-NOISE ENHANCED 

PHOTODETECTOR 

 

In the signal-to-noise enhanced photodetector mentioned in previous Chapters, 

there is a series relevant processes in the single-double well structure: a photon 

absorption, a phonon emission, and another photon absorption. In Chapter 4, 

delta-doping was added to provide enough electrons in the single well for 

appreciable photon absorption. In Chapter 5, another factor important in making the 

design effective – the phonon-assisted transition rate – is considered. 

We would like the transmission time of the phonon to be very short, so that the 

electron will not accumulate in E3 which might prevent the photon absorption from 

E1 to E3. 

In this Chapter, the transfer efficiency in the GaAlAs design as Figure 8 will 

be calculated. 

5.1 Fermi’s Golden Rule 

According to the Fermi’s Golden Rule [1], we can consider the transfer 

efficiency, 

1

𝜏𝑖
=

2𝜋

ћ
∑|⟨𝑓|�̃�|𝑖⟩|

2
𝛿(𝐸𝑓 − 𝐸𝑖)

𝑓

 
(5.1

) 

where 𝜏 is the transfer efficiency, 𝑓 is the final state wave function, 𝑖 is the initial 

state wave function, and �̃� is the electron-phonon interaction, which is the charged 

times the phonon Frohlich potential. 

We would like the overlap of the electronic wave functions and phonon potentials 
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to maximize the matrix element squared, in order to minimize the transition time so 

that it is short relative to the optical excitation rate. 

5.2 Electronic Wave Functions 

We use Matlab to perform the electronic wave function simulation. Codes are 

described in Appendix E. 

Wave functions for the Ga0.452Al0.548As/GaAs/Ga0.741Al0.259As system are 

then plotted as Figure 26. 

 

 

  

 

Figure 26. Wave functions for Ga0.452Al0.548As/GaAs/Ga0.741Al0.259As 

single-double wells system. 

 

 

After obtaining the wave functions, we are able to calculate the overlap area 
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squared |⟨𝑓|�̃�|𝑖⟩|
2
 with the phonon potentials obtained in Chapter 3. 

5.3 Simplified Structure 

In reference [12], there is one simplified structure with GaAs/AlAs for which 

the calculated transfer time is 
1

6
 ps for the phonon emission. 

In this earlier calculation [12], the structure was a two well structure with 

GaAs as the material of barriers, and AlAs as the material of wells. The width of 

the first well was 8.5 nm, and the width of the second well was 18 nm. The barrier 

between two wells was 2 nm, and wave functions of the initial state and the final 

state for the phonon emission is shown as Figure 27. 

 

 

  

Figure 27. Wave functions for GaAs/AlAs two wells structure. 
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Be plotting out the phonon potential curves along the z direction the same way 

illustrated in Chapter 3, the matrix element squared |⟨𝑓|�̃�|𝑖⟩|
2
, of this structure the 

overlaps in the matrix element can be visualized. 

Moreover, direct overlap evaluation of the matrix element can be 

accomplished since we know all of the necessary function in the integrand. 

The matrix element squared for Kisin’s structure and 

Ga0.452Al0.548As/GaAs/Ga0.741Al0.259As single-double quantum wells can 

now be made. 

5.4 Overlap Area Squared Comparison 

The matrix elements squared versus wave vector for the interface phonon 

modes is shown as Table II. 

 

Table II. Comparison of matrix elements squared. 

Wave Vector 

(q) 

Squared 

GaAs/AlAs Two Wells 

Structure 

Ga0.452Al0.548As/GaAs/Ga0.741Al0.259As 

Single-double wells Structure 

1 × 108 (𝑚−1) 0.711244 0.888536 

2 × 108 (𝑚−1) 0.340388 0.510229 

3 × 108 (𝑚−1) 0.163699 0.33412 

4 × 108 (𝑚−1) 0.055923 0.225603 

5 × 108 (𝑚−1) 0.00427 0.164965 

6 × 108 (𝑚−1) 0.014918 0.136989 



66  

 
 

7 × 108 (𝑚−1) 0.013096 0.100969 

8 × 108 (𝑚−1) 0.010152 0.079547 

9 × 108 (𝑚−1) 0.008018 0.062362 

10 × 108 (𝑚−1) 0.006495 0.02879 

11 × 108 (𝑚−1) 0.00536 0.011562 

12 × 108 (𝑚−1) 0.004524 0.009932 

13 × 108 (𝑚−1) 0.003866 0.007885 

14 × 108 (𝑚−1) 0.003334 0.006387 

15 × 108 (𝑚−1) 0.002935 0.005677 

Total 1.348223 2.573554 

When the wave vector is larger than 15 × 108 (𝑚−1), the overlap area is so 

small that can be neglected. 

Since τ ∝
1

|⟨𝑓|�̃�|𝑖⟩|
2 , where |⟨𝑓|�̃�|𝑖⟩|

2
 is the square of overlap area. A 

phonon emission transferring time of 0.32 ps can be predicted in our structure. In 

another words, electrons leave E3 with a life time of 0.32 ps.
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CHAPTER 6 

DNA-APTAMER-BASED SENSING OF IMMUNOGLOBULIN E WITH A 

GRAPHENE FIELD EFFECT-TRANSISTER-LIKE STRUCTURE 

 

IgE, Immunoglobulin E, is an antibody associated with allergic reactions and 

immune-deficiency related diseases. In this work, we use DNA aptamers which are 

known to have the high selectivity to bind to the target molecules. In our case, we 

use a DNA aptamer that binds selectively to IgE. 

In this research, a field-effect-transistor-like (FET-like) structure with a 

monolayer graphene between the source and drain is used. The IgE aptamer is 

bound to the graphene, and a voltage probe in an electrolyte is used for sensing the 

IgE target with the charge distribution. 

6.1 Introduction 

Aptamers are short DNA or RNA molecules and they are man-made through 

the technique of SELEX (Systematic Evolution of Ligands by Exponential 

enrichment). The SELEX method selects the highest affinity aptamer among a huge 

number of nucleotide sequences with the exposure of a target molecule. Because 

aptamers are small, they are an excellent alternative in high-selectivity applications 

to antibodies. [13, 16, 17, 20, 30] In our research, a 37-base DNA aptamer for IgE 

is used. 

Graphene based FET-like substrates with DNA aptamer molecules as the 

sensing elements have been used for detection of ions and small molecules, such as 

K+ and Pb2+ ions. [28, 29, 23, 25, 15] In previous research done by our group, the 
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graphene FET-like sensor was used to detect ions with the thrombin binding 

aptamer (TBA) functionalized on graphene layer. Methylene blue (MB), an electron 

donor, is bound to one end of the aptamer and a pyrene molecule is bound to the 

other terminus of the DNA aptamer. The pyrene is used to bind the aptamer to the 

graphene. When K+ and Pb2+ ions are introduced, they bind to the aptamer which 

brings the MB closer to the graphene and increases the current in the FET since that 

MB donates electrons. [30] 

Herein, a liguid gate graphene-based FET with the Immunoglobulin E (IgE) 

aptamer attached on the monolayer of graphene is used to detect IgE protein. The 

IgE antibody plays an important role in allergic response and inflammation, so the 

detection of the IgE is useful in medical applications. [14] Comparing with the 

previous study mentioned above, the aptamer is not functionalized to MB anymore, 

but the detection is achieved by the changing in the charge distribution in the 

electrolyte. The binding of IgE and the IgE aptamer are shown in Figure 28. 
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Figure 28. Charge distribution changed by the IgE and IgE aptamer interation. 

 

 

The electrolyte used in this study is Phosphate buffered saline (PBS) which 

contains ions that screen charges introduced to the system. As shown in Figure 28, 

when the IgE target is added, the IgE aptamer bends and the charge goes near the 

praphene surface which will increase the conductivity of the graphene. 

In this research, different concentrations of IgE targets are introduced to 

determine the sensing performance of this sensor. 

6.2 Mono-layer Graphene FET structure 

In the apparatus we are using, the graphene is attached on a biocompatible 

polydimethylsiloxane (PDMS) substrate, and source and drain of this FET-like 

structure are applied on the opposite ends of the graphene. Silver glue is pasted on 

the position of source and drain for conducting to the probe. For the gate, a well 

structure allowing liquid to be infused in is built on the graphene to form the liquid 
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gate. 

The procedure of making this monolayer Graphene FET structure is as follows: 

[23] 

i. Grow graphene on the Cu foil through CVD (chemical vapor deposition 

process. (Undergo some testing, such as Raman spectroscopy, SEM, and 

AFM, to check if there’s only single layer of graphene on the Cu foil.) 

ii. Attach PDMS on the graphene side of Cu foil. 

iii. Etch away the cooper foil, and rinse with DI water (deionized water) 

several times. 

iv. Deposit a frame like PDMS on the graphene to form a well. 

v. Apply silver glue on the either hand sides of graphene out of the well. 

The process above is described in Figure 29. In this research, these 

PDMS-graphene structures have been fabricated at the University of California at 

Irvine under the direction of Prof. Peter Burke. These structures are then transferred 

to UIC where tests over performed prior the use to ensure that the contacts function 

properly. Only then, is the graphene functionalize with the aptamer. 
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Figure 29. Procedure of mono-layer graphene FET fabrication. 

 

 

6.3 Primary Test 

In the primary test, also called the blank test, the quality of each FET sample is 

tested before the functionalization with IgE aptamers. Measurements of the IDS-VDS 

curve are made to ensure that it is if it’s linear. Also, measurements of the IDS-VG 

curve ensure the completion of graphene. In a good FET device, the IDS-VG curve 

should perform in a V-shape as Figure 30. 
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Figure 30. Blank test of IDS-VG curve for the monolayer graphene FET. 

 

 

The full for the experiment circuit is connected as Figure 31. For testing the 

IDS-VG curve, VDS is applied at a constant value. The voltage at VG is varied to 

get the corresponding IDS current value. 
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Figure 31. Circuit for the the monolayer graphene FET device. 

 

 

6.4 IgE Aptamer and IgE Target 

The selective IgE aptamers used in previous studies are listed as Table III. 

 

Table III. IgE aptamers used in the corresponding references. 

 IgE aptamer Sequence Reference 

(1) 5-NH2-GCG C GGGG CACG TTTA TCCG T CCC 

TCCTAGTGGCGTGCCCC GCGC-3 

Khezrian, 2012 [18] 

(2) 5’-NH2-GCG C GG GGC ACG TTT ATC CGT CCC TCC 

TAG TGG CGT GCC CCG CGC-3’ 

Maehashi, 2007 [19] 

(3) 5’-NH2-GCG C GG GGC ACG TTT ATC CGT CCC TCC 

TAG TGG CGT GCC CCG CGC-3’ 

Ohno, 2010 [21] 

(4) 5′-SH-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC 

GTG CCC C-3′ 

Wang, 2007 [22] 
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(5) 5’-SH-GGG GCA CGT TTA TCC GTC CCT CCT AGT GGC 

GTG CCC C-3’ 

Xu, 2005 [27] 

Since the interaction between the aptamer and target must occurs within the 

Debye length [19], a shorter aptamer sequences are preferable. A 37-base aptamers 

present among all aptamers listed above is selected in this work: 

5’-Pyrene-GGGG CACG TTTA TCCG T CCC TCCTAGTGGCGTGCCCC-3’ 

This aptamer is obtained from Biosearch Technologies (Novato, CA). The 

pyrene group next to the 5’ enables this IgE aptamer to bind to the graphene via π- 

π stacking. 

The IgE target used in this study is obtained from Athens Research & 

Technology (Athens, GA). 

6.5 Experiment 

In this experiment, the IgE aptamer is bound to the graphene of the mono-layer 

graphene FET which will then sense the charges changing upon the interaction with 

IgE targets. When the charges near the graphene surface change as an result of the 

bending of IgE, the current through the source and drain should be increased as 

well. 

6.5.1 Binding IgE Aptamers on Graphene 

The process of binding the IgE aptamer to the graphene  

i. 20 µL of 250 µM IgE aptamer in anhydrous Dimethylformamide (DMF) 

is dropped in the well of the FET device and left to incubate for three 

hours. 

ii. Wash the well for three times with PBS (Phosphate-buffered saline), and 
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the well is then filled with 60 µL of PBS waiting for testing. 

6.5.2 Gate Probe 

For the gate probe, a flexible micro-reference Ag/AgCl electrode is connected. 

The Ag/AgCl electrode having 1mm tip was obtained from Microelectrodes, Inc. 

(Bedford, NH). Fill the glass filament with 3 M KCl solution and place it in the 

well for applying the gate voltage. The tip of the Ag/AgCl electrode should be 

placed in the middle of the solution, and not touching the bottom of the well to 

prevent damaging the graphene. 

6.5.3 IDS-VG curves with Different Concentration of IgE 

Steps for testing: 

i. Test the IDS-VG curve with no IgE target but only 60 µL of PBS first 

ii. Human Myeloma Plasma IgE is dissolved in DI H2O to the concentration 

of 1 µM.  

iii. 5 µL of 1 µM IgE solution is added in the well leaving for 2 minutes for 

the molecule to distribute uniformly. Test the IDS-VG curve again. 

iv. Adding another 5 µL of 1 µM IgE solution, test another IDS-VG curve. 

v. Several times of 5 µL of 1 µM IgE solution is needed to be added to test 

the IDS-VG performance for different concentrations. 

Caution: During the experiment, the position of the probes for source, drain, 

and the gate has to be kept the same, or the primary standard resistance between 

source and drain, and from the graphene to the gate might be changed which might 

cause the experimental data to be unreliable. Therefore, for the whole apparatus the 
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circuit should be kept without any contact or even impact until all the IDS-VG curves 

are obtained with all the different concentrations of targets. 

6.5.4 Controls 

Two controls are done: 

i. The IgE aptamer attached on the graphene-based FET device testing 

different concentrations of BSA (Bovine serum albumin) solution. 

ii. No aptamer is attached on the graphene-based FET device testing 

different concentrations of IgE solution. 

Also, in previous studies by Maehashi [19], the IgE aptamer was used on a 

CNT-FET sensor; herein, we use the same IgE aptamer. Because the CNT-FET 

sensor used in Maehashi’s study was a p-type FET, IDS current decreased with 

higher concentrarion of IgE solution. 

6.6 Results 

6.6.1 IgE Aptamer Attached on Graphene-based FET Device Testing IgE 

Targets 

In section 6.5.3, the one attached on the graphene is IgE aptamer, adding 5 µL 

of 1 µM IgE solution is added in turns into the well which already contains 60 µL 

of PBS. VDS is applied at 300 mV. 
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Figure 32. IDS-VG curve for IgE aptamer attached on graphene-based FET device 

testing IgE targets. 

 

 

As shown in Figure 32, as the concentrations of IgE increased, IDS current goes 

up in the n-conduction region, on the right side of the Dirac point, of graphene. On 

the opposite side, the IDS current decreases in the p-conduction region when the 

concentrations of IgE is higher. 

About the PBS, Phosphate-buffered saline, we added, it is a buffer solution 

used in biological research. It contains sodium dihydrogen phosphate, sodium 

chloride, etc. 

Also, the Dirac points shifts left in voltage when the concentration of IgE is 
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higher. This shifting might be result from the n-type doping effect of the charge 

carriers. 

The curve can be discussed in two parts: n-channel on the right side, and 

p-channel on the left side. In the n-channel, the major carrier is electrons; in the 

p-channel hold is the main carrier. Therefore, in the p-side, when the concentration 

of IgE increases, the amount of electrons to the surface of graphene is raised, the 

conductivity of the p-type conduction channel is reduced. 

 

Table IV. Properties for IgE aptamer attached on graphene-based FET device testing 

IgE targets. 

Volume of 1 µM IgE added 

(µL) 

VDirac 

(V) 

Minimum conduction 

current (µA) 

0 0.54 16.133 

5 0.49 16.200 

10 0.46 16.158 

15 0.45 16.164 

20 0.43 16.090 

25 0.42 16.153 

30 0.41 16.134 

 

6.6.2 IgE Aptamer Attached on Graphene-based FET Device Testing BSA 

Targets 

As a control, BSA targets are added instead of IgE targets to the FET-device 
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still having IgE aptamer attached on the graphene. Applied VDS is still 300 mV. 

 

 

  
 

Figure 33. IDS-VG curve for IgE aptamer attached on graphene-based FET device 

testing BSA targets. 

 

 

The result is predictable. Since the IgE aptamer should not be able to sense the 

BSA target, there should be no current changing which matches the result in Figure 

33. 

6.6.3 No Aptamer Attached on Graphene-based FET Device Testing IgE 

Targets 

Another control is made by having no aptamer attached on the graphene, and 

the IgE target is still added in the well to see if there is any current changing. 
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Figure 34. IDS-VG curve for no aptamer attached on graphene-based FET device 

testing IgE targets. 

 

 

The result indicates that when no aptamer is attached on the graphene, the 

conductivity does not change with different concentrations of the target since there is 

no aptamer reacting with it. 

6.7 Conclusion 

The conductance of this graphene-FET sensor caused by the interaction of IgE 

target and the IgE aptamer is examined herein. As demonstrated herein, the IgE 
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molecule can be detected by this sensor, and also only a small voltage is needed for 

this apparatus, which makes it more applicable for small sensors in the future.
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Appendix A 

 

MATLAB CODE FOR CALCULATING THE ENERGY STATES IN 

SINGLE-DOUBLE QUANTUM WELL DESIGN WITH GAALAS 

MATERIALS 

 

%% G.-L. Su, Y. Lan, Aug.14, 2013, all rights reserved 

%% Treat GaAs well as zero-potential  

 

clear; clc; close all; 

h_bar=1.054571628e-34; 

m0=9.10938215e-31; 

 

q=1.602176487e-19; 

 

x1=0.548; 

x2=0.259; 

 

dEg1=0.67*1.247*x1;  

dEg2=0.67*1.247*x2;  

 

m1=0.067+0.083*x1; 

m2=0.067+0.083*x2; 
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Appendix A (Continued) 

 

tGaAs=6E-9; %% GaAs well thickness 

tb1=6E-9; %% First AlGaAs barrier thickness 

tw1=6E-9; %% First AlGaAs well thickness 

tb2=0.75E-9; %% Second AlGaAs barrier thickness 

tw2=6E-9; %% Second AlGaAs well thickness 

 

PO=[dEg1 0 dEg1 dEg2 dEg1 dEg2 dEg1]; 

me=[m1 0.067 m1 m2 m1 m2 m1]; 

t=[20E-9 tGaAs tb1 tw1 tb2 tw2 20E-9]; 

 

%% Discretization=0.1nm 

dz=0.1E-9; 

left(1)=0; 

for(m=1:7) 

    right(m)=left(m)+t(m); 

    left(m+1)=right(m); 

end; 

V0=ones(1,floor(t(1)/dz))*PO(1); 

mass=ones(1,floor(t(1)/dz))*me(1); 

z=linspace(left(1)+dz,left(2),floor(t(1)/dz)); 

for(n=2:7) 

    V0=[V0 ones(1,floor(t(n)/dz))*PO(n)]; 

    mass=[mass ones(1,floor(t(n)/dz))*me(n)]; 
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Appendix A (Continued) 

 

    z=[z linspace(left(n)+dz,left(n+1),floor(t(n)/dz))]; 

end; 

Npt=length(z); 

Figure; 

subplot(2,1,1); 

plot(z/1E-9,V0,'linewidth',2); xlabel('z (nm)'); ylabel('\Delta E_C (eV)'); 

grid on; 

subplot(2,1,2); 

plot(z/1E-9,mass,'linewidth',2); xlabel('z (nm)'); ylabel('Effective Masses 

(m_0)'); 

grid on; 

 

A=(diag(ones(Npt-1,1),1)-diag(ones(Npt-1,1),-1))/2/dz; 

T=-(h_bar^2/(2*m0))*A*diag(1./mass)*A; 

V=diag(V0)*q; 

H=T+V; 

%% Solve for 20 solutions 

solnum=20; 

[V,E]=eigs(H,solnum,'sa'); 

Figure; 

plot(z/1E-9,V0,'linewidth',2); xlabel('z (nm)'); ylabel('Energy (eV)'); 

hold on; 

cc=hsv(solnum/2); 
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Appendix A (Continued) 

 

for(m=1:10)     

e(m)=E(2*m-1,2*m-1)/q; 

    plot(z/1E-9,e(m)*ones(1,length(z)),'linewidth',2,'color',cc(m,:));  

end; 

legend('\DeltaE_C',... 

    strcat('E1=',num2str(e(1)),'eV'),... 

    strcat('E2=',num2str(e(2)),'eV'),... 

    strcat('E3=',num2str(e(3)),'eV'),... 

    strcat('E4=',num2str(e(4)),'eV'),... 

    strcat('E5=',num2str(e(5)),'eV'),... 

    strcat('E6=',num2str(e(6)),'eV'),... 

    strcat('E7=',num2str(e(7)),'eV'),... 

    strcat('E8=',num2str(e(8)),'eV'),... 

    strcat('E9=',num2str(e(9)),'eV'),... 

    strcat('E10=',num2str(e(10)),'eV')); 

clear A T H Npt right left dEg1 dEg2 m n solnum tGaAs tb1 tb2 tw1 tw2 cc 
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Appendix B 

 

MATLAB CODE FOR FINDING INTERFACE PHONON MODES IN 

GAALAS MATERIAL SYSTEMS 

 

d1=6e-9; 

d2=12e-9; 

d3=18e-9; 

d4=18.75e-9; 

d5=24.75e-9; 

 

m1=0.548; 

m2=0; 

m3=0.259; 

 

ac1=10.89-2.73*m1; 

ac2=10.89-2.73*m2; 

ac3=10.89-2.73*m3; 

 

wloga1=36.25-6.55*m1+1.79*m1^2; 

wloga2=36.25-6.55*m2+1.79*m2^2; 

wloga3=36.25-6.55*m3+1.79*m3^2; 

 

wloal1=44.63+8.78*m1-3.32*m1^2; 
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Appendix B (Continued) 

 

wloal2=44.63+8.78*m2-3.32*m2^2; 

wloal3=44.63+8.78*m3-3.32*m3^2; 

 

wtoga1=33.29-0.64*m1-1.16*m1^2; 

wtoga2=33.29-0.64*m2-1.16*m2^2; 

wtoga3=33.29-0.64*m3-1.16*m3^2; 

 

wtoal1=44.63+0.55*m1-0.30*m1^2; 

wtoal2=44.63+0.55*m2-0.30*m2^2; 

wtoal3=44.63+0.55*m3-0.30*m3^2; 

 

A=1; 

W=linspace(48, 49, 100001); 

for(m=1:100001) 

w=W(m); 

a1=(ac1)*(((w^2-wloga1^2)*(w^2-wloal1^2))/((w^2-wtoga1^2)*(w^2-wtoal1^2))); 

a2=(ac2)*(((w^2-wloga2^2)*(w^2-wloal2^2))/((w^2-wtoga2^2)*(w^2-wtoal2^2))); 

a3=(ac3)*(((w^2-wloga3^2)*(w^2-wloal3^2))/((w^2-wtoga3^2)*(w^2-wtoal3^2))); 

 

q=10e8; 

 

B=(1/2)*A*(1+(a1/a2)); 

C=(1/2)*A*(1-(a1/a2)); 



94  

 
 

Appendix B (Continued) 

 

D=(1/2)*((1+(a2/a1))*B*exp(q*d1)+(1-(a2/a1))*C*exp(-q*d1)); 

E=(1/2)*((1-(a2/a1))*B*exp(q*d1)+(1+(a2/a1))*C*exp(-q*d1)); 

F=(1/2)*((1+(a1/a3))*D*exp(q*(d2-d1))+(1-(a1/a3))*E*exp(-q*(d2-d1))); 

G=(1/2)*((1-(a1/a3))*D*exp(q*(d2-d1))+(1+(a1/a3))*E*exp(-q*(d2-d1))); 

H=(1/2)*((1+(a3/a1))*F*exp(q*(d3-d2))+(1-(a3/a1))*G*exp(-q*(d3-d2))); 

I=(1/2)*((1-(a3/a1))*F*exp(q*(d3-d2))+(1+(a3/a1))*G*exp(-q*(d3-d2))); 

J=(1/2)*((1+(a1/a3))*H*exp(q*(d4-d3))+(1-(a1/a3))*I*exp(-q*(d4-d3))); 

K=(1/2)*((1-(a1/a3))*H*exp(q*(d4-d3))+(1+(a1/a3))*I*exp(-q*(d4-d3))); 

L1=J*exp(q*(d5-d4))+K*exp(-q*(d5-d4)); 

 

L=1e-9; 

h=1.0546e-27; 

y(m)=(J*exp(q*(d5-d4))+K*exp(-q*(d5-d4)))/(J*exp(q*(d5-d4))-K*exp(-q*(d5-d4))

)+a3/a1; 

end; 

Figure; 

plot(W,y); 

 

for nloop = 1: length(y)-1 

if y(nloop) * y(nloop+1) < 0 

fprintf('zero point =%f , \n', W(nloop)); 

end 

end  
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Appendix C 

 

MATLAB CODE FOR SOLVING A FOR CORRESONDING 

INTERFACE PHONON MODES IN GAALAS SYSTEM 

 

A = linspace(-1, 1, 1000001); 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

%%%% Setup w value to find differential 

w=44.78195 

 

%%% w_left and w_right are ought to take ifinitesimal part of w, where 

%%% w_right - w_left = delta w; If more precision needed, just increase 

%%% variable precision 

precision = 10; 

w_left = (1 - 1/10^precision) * w; 

w_right = (1 + 1/10^precision) * w; 

w = [w_left w_right]; 

clear precision; 

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 

 

d1=6e-9; 

d2=12e-9; 

d3=18e-9; 

d4=18.75e-9; 
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Appendix C (Continued) 

 

d5=24.75e-9; 

 

m1=0.548; 

m2=0; 

m3=0.259; 

 

ac1=10.89-2.73*m1; 

ac2=10.89-2.73*m2; 

ac3=10.89-2.73*m3; 

 

wloga1=36.25-6.55*m1+1.79*m1^2; 

wloga2=36.25-6.55*m2+1.79*m2^2; 

wloga3=36.25-6.55*m3+1.79*m3^2; 

 

wloal1=44.63+8.78*m1-3.32*m1^2; 

wloal2=44.63+8.78*m2-3.32*m2^2; 

wloal3=44.63+8.78*m3-3.32*m3^2; 

 

wtoga1=33.29-0.64*m1-1.16*m1^2; 

wtoga2=33.29-0.64*m2-1.16*m2^2; 

wtoga3=33.29-0.64*m3-1.16*m3^2; 

 

wtoal1=44.63+0.55*m1-0.30*m1^2; 
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Appendix C (Continued) 

 

wtoal2=44.63+0.55*m2-0.30*m2^2; 

wtoal3=44.63+0.55*m3-0.30*m3^2; 

 

a1=(ac1)*(((w.^2-wloga1^2).*(w.^2-wloal1^2))./((w.^2-wtoga1^2).*(w.^2-wtoal1^

2))); 

a2=(ac2)*(((w.^2-wloga2^2).*(w.^2-wloal2^2))./((w.^2-wtoga2^2).*(w.^2-wtoal2^

2))); 

a3=(ac3)*(((w.^2-wloga3^2).*(w.^2-wloal3^2))./((w.^2-wtoga3^2).*(w.^2-wtoal3^

2))); 

 

%%% here x values here shall be a number, NOT array 

x1=diff(a1) / diff(w); 

x2=diff(a2) / diff(w); 

x3=diff(a3) / diff(w); 

 

q=12e8; 

 

B=(1/2)*A*(1+(a1/a2)); 

C=(1/2)*A*(1-(a1/a2)); 

D=(1/2)*((1+(a2/a1))*B*exp(q*d1)+(1-(a2/a1))*C*exp(-q*d1)); 

E=(1/2)*((1-(a2/a1))*B*exp(q*d1)+(1+(a2/a1))*C*exp(-q*d1)); 

F=(1/2)*((1+(a1/a3))*D*exp(q*(d2-d1))+(1-(a1/a3))*E*exp(-q*(d2-d1))); 

G=(1/2)*((1-(a1/a3))*D*exp(q*(d2-d1))+(1+(a1/a3))*E*exp(-q*(d2-d1))); 
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Appendix C (Continued) 

 

H=(1/2)*((1+(a3/a1))*F*exp(q*(d3-d2))+(1-(a3/a1))*G*exp(-q*(d3-d2))); 

I=(1/2)*((1-(a3/a1))*F*exp(q*(d3-d2))+(1+(a3/a1))*G*exp(-q*(d3-d2))); 

J=(1/2)*((1+(a1/a3))*H*exp(q*(d4-d3))+(1-(a1/a3))*I*exp(-q*(d4-d3))); 

K=(1/2)*((1-(a1/a3))*H*exp(q*(d4-d3))+(1+(a1/a3))*I*exp(-q*(d4-d3))); 

L1=J*exp(q*(d5-d4))+K*exp(-q*(d5-d4)); 

L=1e-17; 

h=1.0546e-27;  

 

y=(J*exp(q*(d5-d4))+K*exp(-q*(d5-d4)))/(J*exp(q*(d5-d4))-K*exp(-q*(d5-d4)))+a

3/a1; 

 

z1=x1*q*(A.^2); 

z2=x2*q*((B.^2)*(exp(2*q*d1)-1)-(C.^2)*(exp(-2*q*d1)-1)); 

z3=x1*q*((D.^2)*(exp(2*q*(d2-d1))-1)-(E.^2)*(exp(-2*q*(d2-d1))-1)); 

z4=x3*q*((F.^2)*(exp(2*q*(d3-d2))-1)-(G.^2)*(exp(-2*q*(d3-d2))-1)); 

z5=x1*q*((H.^2)*(exp(2*q*(d4-d3))-1)-(I.^2)*(exp(-2*q*(d4-d3))-1)); 

z6=x3*q*((J.^2)*(exp(2*q*(d5-d4))-1)-(K.^2)*(exp(-2*q*(d5-d4))-1)); 

z7=x1*(q)*(L1.^2); 

 

x=4*pi*h/(L^2); 

y1=z1+z2+z3+z4+z5+z6+z7-x; 

 

format long 
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Appendix C (Continued) 

 

for nloop = 1: length(y1)-1 

if y1(nloop) * y1(nloop+1) < 0 

fprintf('zero point =%f , \n', A(nloop)); 

end 

end 
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Appendix D 

 

MATLAB CODE FOR PLOTTING PHONON POTENTIAL CURVES 

ALONG THE Z DIRECTION OF THE STRUCTURE IN GAALAS 

SYSTEM 

 

%WHEN THE WAVE VECTOR = 6E08 THERE’S 16 INTERFACE PHONON 

MODES 

a=[0.00000011216 0.001802 0.010052 0.00000100910 0.00000048302 0.000116 

0.00007 0.000014 0.00000000254 0.00000006376 0.00000009078 0.00000000082 

0.000062 0.000202 0.000368 0.000004]; 

W=[32.61649 32.68106 32.68169 32.8066 33.64614 34.14489 34.14682 34.59718 

44.76119 44.78192 44.78202 44.81387 47.01546 47.58227 47.5847 48.13497]; 

 

Figure; 

cc=hsv(16); 

for i=1:16 

A=a(i); 

w=W(i); 

 

d1=6e-9; 

d2=12e-9; 

d3=18e-9; 

d4=18.75e-9; 
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Appendix D (Continued) 

 

d5=24.75e-9; 

 

m1=0.548; 

m2=0; 

m3=0.259; 

 

ac1=10.89-2.73*m1; 

ac2=10.89-2.73*m2; 

ac3=10.89-2.73*m3; 

 

wloga1=36.25-6.55*m1+1.79*m1^2; 

wloga2=36.25-6.55*m2+1.79*m2^2; 

wloga3=36.25-6.55*m3+1.79*m3^2; 

 

wloal1=44.63+8.78*m1-3.32*m1^2; 

wloal2=44.63+8.78*m2-3.32*m2^2; 

wloal3=44.63+8.78*m3-3.32*m3^2; 

 

wtoga1=33.29-0.64*m1-1.16*m1^2; 

wtoga2=33.29-0.64*m2-1.16*m2^2; 

wtoga3=33.29-0.64*m3-1.16*m3^2; 

 

wtoal1=44.63+0.55*m1-0.30*m1^2; 
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Appendix D (Continued) 

 

wtoal2=44.63+0.55*m2-0.30*m2^2; 

wtoal3=44.63+0.55*m3-0.30*m3^2; 

 

a1=(ac1)*(((w^2-wloga1^2)*(w^2-wloal1^2))/((w^2-wtoga1^2)*(w^2-wtoal1^2))); 

a2=(ac2)*(((w^2-wloga2^2)*(w^2-wloal2^2))/((w^2-wtoga2^2)*(w^2-wtoal2^2))); 

a3=(ac3)*(((w^2-wloga3^2)*(w^2-wloal3^2))/((w^2-wtoga3^2)*(w^2-wtoal3^2))); 

 

q=6e8; 

 

B=(1/2)*A*(1+(a1/a2)); 

C=(1/2)*A*(1-(a1/a2)); 

D=(1/2)*((1+(a2/a1))*B*exp(q*d1)+(1-(a2/a1))*C*exp(-q*d1)); 

E=(1/2)*((1-(a2/a1))*B*exp(q*d1)+(1+(a2/a1))*C*exp(-q*d1)); 

F=(1/2)*((1+(a1/a3))*D*exp(q*(d2-d1))+(1-(a1/a3))*E*exp(-q*(d2-d1))); 

G=(1/2)*((1-(a1/a3))*D*exp(q*(d2-d1))+(1+(a1/a3))*E*exp(-q*(d2-d1))); 

H=(1/2)*((1+(a3/a1))*F*exp(q*(d3-d2))+(1-(a3/a1))*G*exp(-q*(d3-d2))); 

I=(1/2)*((1-(a3/a1))*F*exp(q*(d3-d2))+(1+(a3/a1))*G*exp(-q*(d3-d2))); 

J=(1/2)*((1+(a1/a3))*H*exp(q*(d4-d3))+(1-(a1/a3))*I*exp(-q*(d4-d3))); 

K=(1/2)*((1-(a1/a3))*H*exp(q*(d4-d3))+(1+(a1/a3))*I*exp(-q*(d4-d3))); 

L=J*exp(q*(d5-d4))+K*exp(-q*(d5-d4)); 

 

z1 = -20e-9:0.005e-9:0; 

p1=A*exp(q*z1); 
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Appendix D (Continued) 

 

z2 = 0:0.005e-9:d1; 

p2=B*exp(q*z2)+C*exp(-q*z2); 

z3 = d1:0.005e-9:d2; 

p3=D*exp(q*(z3-d1))+E*exp(-q*(z3-d1)); 

z4 = d2:0.005e-9:d3; 

p4=F*exp(q*(z4-d2))+G*exp(-q*(z4-d2)); 

z5 = d3:0.005e-9:d4; 

p5=H*exp(q*(z5-d3))+I*exp(-q*(z5-d3)); 

z6 = d4:0.005e-9:d5; 

p6=J*exp(q*(z6-d4))+K*exp(-q*(z6-d4)); 

z7 = d5:0.005e-9:45e-9; 

p7=L*exp(-q*(z7-d5)); 

 

plot([z1*(10^9) z2*(10^9) z3*(10^9) z4*(10^9) z5*(10^9) z6*(10^9) z7*(10^9)],[p1 

p2 p3 p4 p5 p6 p7],'color',cc(i,:)) 

P(i,:)=[p1 p2 p3 p4 p5 p6 p7]; 

hold on 

 

title('Wave Vector q=6x 10^8 (m^-1)', 'fontsize',20); 

xlabel('position (nm)', 'fontsize',20); 

ylabel('Phonon Potential (eV-nm)','fontsize', 20); 

end; 

x=[z1 z2 z3 z4 z5 z6 z7]; 
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Appendix D (Continued) 

 

legendW=num2str(W'); 

r=legend([repmat('w=',16,1) legendW repmat(' meV',16,1)]); 

set(r,'Fontsize',18); 
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Appendix E 

 

MATLAB CODE FOR ELECTRONIC WAVE FUNCTION 

SIMULATION 

 

%% G-L. Su, Y. Lan, Aug.14, 2013, all rights reserved 

%% Use finite difference method and Dirichlet boundary condition  

%% to calculate energy levels in certain structures. 

 

%% Treat GaAs well as zero-potential  

clear; clc; close all; 

h_bar=1.054571628e-34; 

m0=9.10938215e-31; 

q=1.602176487e-19; 

 

x1=0.548; 

x2=0.259; 

 

dEg1=0.67*1.247*x1;  

dEg2=0.67*1.247*x2;  

 

m1=0.067+0.083*x1; 

m2=0.067+0.083*x2; 
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Appendix E (Continued) 

 

tGaAs=6E-9; %% GaAs well thickness 

tb1=6E-9; %% First AlGaAs barrier thickness 

tw1=6E-9; %% First AlGaAs well thickness 

tb2=0.75E-9; %% Second AlGaAs barrier thickness 

tw2=6E-9; %% Second AlGaAs well thickness 

 

PO=[dEg1 0 dEg1 dEg2 dEg1 dEg2 dEg1]; 

me=[m1 0.067 m1 m2 m1 m2 m1]; 

t=[20E-9 tGaAs tb1 tw1 tb2 tw2 20.25E-9]; 

 

%% Discretization=0.1nm 

dz=0.1E-9; 

left(1)=0; 

for(m=1:7) 

    right(m)=left(m)+t(m); 

    left(m+1)=right(m); 

end; 

V0=ones(1,floor(t(1)/dz))*PO(1); 

mass=ones(1,floor(t(1)/dz))*me(1); 

z=linspace(left(1)+dz,left(2),floor(t(1)/dz)); 

for(n=2:7) 

    V0=[V0 ones(1,floor(t(n)/dz))*PO(n)]; 

    mass=[mass ones(1,floor(t(n)/dz))*me(n)]; 
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Appendix E (Continued) 

 

    z=[z linspace(left(n)+dz,left(n+1),floor(t(n)/dz))]; 

end; 

% phononpotential(z,left,t); 

Npt=length(z); 

%Figure; 

%subplot(2,1,1); 

%plot(z/1E-9,V0,'linewidth',2); xlabel('z (nm)'); ylabel('\Delta E_C (eV)'); 

%grid on; 

%subplot(2,1,2); 

%plot(z/1E-9,mass,'linewidth',2); xlabel('z (nm)'); ylabel('Effective Masses (m_0)'); 

%grid on; 

 

A=(diag(ones(Npt-1,1),1)-diag(ones(Npt-1,1),-1))/2/dz; 

T=-(h_bar^2/(2*m0))*A*diag(1./mass)*A; 

V=diag(V0)*q; 

H=T+V; 

%% Solve for 20 solutions 

solnum=20; 

[V,E]=eigs(H,solnum,'sa'); 

 

Figure; 

plot(z/1E-9,V0,'linewidth',2); xlabel('z (nm)'); ylabel('Energy (eV)'); 

hold on; 
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Appendix E (Continued) 

 

cc=hsv(solnum/2); 

for(m=1:6) 

    e(m)=E(2*m-1,2*m-1)/q; 

    wavefunction(:,m)=WFmending(z,V(:,2*m-1)); 

    plot(z/1E-9,e(m)*ones(1,length(z)),'linewidth',2,'color',cc(m,:));  

end; 

legend('\DeltaE_C',... 

    strcat('E1=',num2str(e(1)),'eV'),... 

    strcat('E2=',num2str(e(2)),'eV'),... 

    strcat('E3=',num2str(e(3)),'eV'),... 

    strcat('E4=',num2str(e(4)),'eV'),... 

    strcat('E5=',num2str(e(5)),'eV'),... 

    strcat('E6=',num2str(e(6)),'eV')); 

Figure; 

plot(z/1E-9,V0,'linewidth',2); xlabel('z (nm)'); ylabel('Energy (eV)'); 

hold on; 

cc=hsv(solnum/2); 

for(m=1:6) 

    e(m)=E(2*m-1,2*m-1)/q; 

    

plot(z/1E-9,e(m)*ones(1,length(z))-0.025*(wavefunction(:,m)'/max(abs(wavefunctio

n(:,m))))... 

        ,'linewidth',2,'color',cc(m,:));  
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Appendix E (Continued) 

 

end; 

% clear A T H Npt right left dEg1 dEg2 m n solnum tGaAs tb1 tb2 tw1 tw2 cc 

 

 

PUT ANOTHER MATLAB FILE NAMED “WFmending” IN THE SAME 

FOLDER 

CODES ARE AS FOLLOWING 

 

function eigfunc=mending(x,vector) 

N=length(vector); 

for(n=2:N-1) 

    if((abs(vector(n))>abs(vector(n-1)))&&(abs(vector(n))>abs(vector(n+1)))) 

        peak=n; 

        break; 

    end; 

end; 

if((peak/2-floor(peak/2))==0) 

    for(n=1:(N-3)/2) 

        vector(2*n+1)=0.5*(vector(2*n)+vector(2*n+2)); 

    end; 

else 

    for(n=1:(N-1)/2) 

        vector(2*n)=0.5*(vector(2*n-1)+vector(2*n+1)); 
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Appendix E (Continued) 

 

    end; 

end; 

vector(1)=vector(2); vector(N)=vector(N-1);  

temp=trapz(x,abs(vector).^2); 

eigfunc=vector/sqrt(temp); 
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Appendix F 

 

MATLAB CODE FOR TRANSFER EFFICIENCY CALCULATING 

 

function eigfunc=mending(x,vector) 

N=length(vector); 

for(n=2:N-1) 

    if((abs(vector(n))>abs(vector(n-1)))&&(abs(vector(n))>abs(vector(n+1)))) 

        peak=n; 

        break; 

    end; 

end; 

if((peak/2-floor(peak/2))==0) 

    for(n=1:(N-3)/2) 

        vector(2*n+1)=0.5*(vector(2*n)+vector(2*n+2)); 

    end; 

else 

    for(n=1:(N-1)/2) 

        vector(2*n)=0.5*(vector(2*n-1)+vector(2*n+1)); 

    end; 

end; 

vector(1)=vector(2); vector(N)=vector(N-1);  

temp=trapz(x,abs(vector).^2); 
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Appendix F (Continued) 

 

eigfunc=vector/sqrt(temp); 

 

 

 

 

% Run QW program first 

% Then run phonon program 

% Make sure their x axes are the same. this program assumes the phonon program 

gives a 

% denser x axis. 

 

zz=z-20E-9; 

wf2=spline(zz,wavefunction(:,3),x); 

wf3=spline(zz,wavefunction(:,2),x); 

dx=x(2)-x(1); 

 

for(m=1:size(P,1)) 

    overlap(m)=sum(abs(wf2.*P(m,:).*wf3))*dx; 

end; 

figure; plot(overlap,'.-') 
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Appendix G 

 

PERMISSION OF REPRINT OF COPYRIGHTED MATERIALS 

FROM IEEE  

 

Requirements to be followed when using any portion (e.g., figure, graph, table, or 

textual material) of an IEEE copyrighted paper in a thesis: 

 

1) In the case of textual material (e.g., using short quotes or referring to the work 

within these papers) users must give full credit to the original source (author, paper, 

publication) followed by the IEEE copyright line ©  2011 IEEE.  

2) In the case of illustrations or tabular material, we require that the copyright line ©  

[Year of original publication] IEEE appear prominently with each reprinted figure 

and/or table.  

3) If a substantial portion of the original paper is to be used, and if you are not the 

senior author, also obtain the senior author’s approval.  

 

Requirements to be followed when using an entire IEEE copyrighted paper in a thesis:  

 

1) The following IEEE copyright/ credit notice should be placed prominently in the 

references: ©  [year of original publication] IEEE. Reprinted, with permission, from 

[author names, paper title, IEEE publication title, and month/year of publication]  

2) Only the accepted version of an IEEE copyrighted paper can be used when posting 

the paper or your thesis on-line. 
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Appendix G (Continued) 

 

3) In placing the thesis on the author's university website, please display the following 

message in a prominent place on the website: In reference to IEEE copyrighted 

material which is used with permission in this thesis, the IEEE does not endorse any 

of [university/educational entity's name goes here]'s products or services. Internal or 

personal use of this material is permitted. If interested in reprinting/republishing IEEE 

copyrighted material for advertising or promotional purposes or for creating new 

collective works for resale or redistribution, please go 

tohttp://www.ieee.org/publications_standards/publications/rights/rights_link.html to 

learn how to obtain a License from RightsLink.  

 

If applicable, University Microfilms and/or ProQuest Library, or the Archives of 

Canada may supply single copies of the dissertation. 
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