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Theoretical investigation of I'-X anticrossing gaps of

GaAs/AlAs heterostructures

Student: Li-Hsin Chien Advisor: Dr. Shun-Tung Yen
Department of Electronics Engineering & Institute of Electronics
National Chiao Tung University

Abstract

This thesis proposes a novel idea to realize the terahertz oscillator,
which is based on the mechanism of negative differential resistance. This
oscillator  utilizes the inherent properties of GaAs/AlAs

heterostructures— the possibility of phononless transfer of electrons from

I'-valley to X —valley. Compared to,the.conventional Gunn oscillator, the
frequency of the oscillator could: not be' limited by electron-phonon
scattering rate. Therefore, the effect of negative differential resistance is
dominated by the mechanism of T=X'mixing, where the anticrossing gap
is an important parameter to determine the strength of '-X mixing effect.

The structure of the system in this study consists of several barriers and
wells grown on the (001) plane, in which the translational symmetry in
the parallel direction is preserved as the bulk. The empirical
pseudopotential complex-band structure method is used in order to
consider multi-state properties for =X mixing, which cannot be treated
by the usual effective-mass theory.

The simulation results show that the interface number per unit length
dominates the effect of anticrossing gap. Even in a simple GaAs/AlAs
double-barrier heterostructure, the anticrossing gap still can be large.
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1. Introduction

Recently, Terahertz laser has attracted much attention in many
aspects. The spectrum indicates that the terahertz regime overlaps with a
significant part of the molecular lines. Hence, these radiations can be
used to detect and to interact with most molecules. Due to these features,
the relevant physics and technologies are important to medical diagnosis,
agriculture, water resource, environmental protection, etc. However, a
convenient and inexpensive terahertz radiation source has not been
available.

The Gunn effect, namely the negative differential resistance, was
first discovered by Gunn in 1963[1]. The mechanism responsible for the
negative differential resistance of general oscillators, such as Gunn diodes,
is a field-induced transfer of conduction-band electrons from
high-mobility valley to low mobility valley [2]. The period of oscillation
is the carrier transit time across!the  sample and the frequency of
oscillation is equal to the reciprocal.of the period of oscillation. Therefore,
the frequency of oscillation would:increase with decreasing the channel
length. However, since the:transfer of electrons between different valleys
needs a large amount of electronsphonion interaction, when the channel
length is not long enough, this process would be restricted by the
electron-phonon interaction.

Here we will present a mechanism where there is no need for
electron-phonon interaction. Let us consider a heterostructure comprising
GaAs and AlAs layers grown on the (001) plane. In such a heterostructure,
because GaAs is a direct-bandgap material and AlAs is an
indirect-bandgap material, the GaAs layers constitute potential wells for
['-valley electrons and barriers for X-valley electrons, while the AlAs
layers constitute potential wells for X-valley electrons and barriers for
I'-valley electrons (Fig 1). At the appropriate length of GaAs and AlAs
layers, the I" subband is higher than the X subband, and the I'" subband
would meet X subband [3]. If I' subband mixes with X subband, the two
subbands constitute two I'-X mixed subbands. Under the effect of the
electric field, the I'-valley electrons with low effective mass transfer to X
valley with high effective mass (Fig 2). We can see that the scope of the
band in Fig 2 decreases after ['-X mixing, and this phenomenon is the
negative differential resistance. This mechanism is not restricted by the



electron-phonon interaction. Therefore, the oscillation frequency is
dominated by the channel length.

1.2 AlAs GaAs
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EeV)®]
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0.2
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0 50 100 150 200 250
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Fig 1 The band profile of the double-barrier heterostructure
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Fig 2 The electron energy levels of the double-barrier heterostructure



2. Theory

Bulk evanescent states play an important role in determining the

electronic properties of heterostructures. Several methods such as Kep

model, tight-binding model, and empirical pseudopotential can be used to
obtain bulk complex band structures. The total wave function is expanded
in terms of bulk propagating and evanescent states on both sides of a
matching plane. However, in the present system, since AlAs is an

indirect-bandgap material, only considering the I" symmetry point is not

sufficient. It follows that the electronic properties of GaAs/AlAs

heterostructures cannot be treated by usual approach, namely the Kep

model. The restriction of this approach is'that it requires wave vectors
lying close to particular band extreme. In order to retain the multi-state
property, empirical pseudopotential 1s used. Compared to the
envelope-function approach,. thistmethod is valid for wave vectors
throughout the first Brillouin Zone.

GaAs and AlAs are lattice-matched materials so that strain is not taken
into account. The system is treated in the flat-band approximation. It is
divided into several sections of alternative GaAs and AlAs. Each section
is treated as quasi-bulk-like. The electronic wave function obtained from
this method contains both the evanescent states and the Bloch states
originating from various conduction-band minima.



2.1 Calculation of complex band structures [4],[5],[6]

We start with the one-electron Schrodinger equation for a bulk-crystal

of material |

[-V?+Vi(r)+U. ¢! (r)=Ep'(r) @.1)

The constant U/ is to account for the band offset parameters between

the respective material layers.

At given E and K, the Bloch function can be expanded in terms of

plane waves [4],[5], 1.e.
¢j(r):eikj'ruj(r):eikj.rZC(kj,GPiG.r (22)
G

where G are reciprocal-lattice vectors.
The Schrodinger equation written inthe plane-wave basis is

> Hee(K')C(K,G")=0 2.3)

where

HG,G,(k")E[(k" +G)2—E}5G,G,+V(\G—G’) (2.4)

with V (‘G - G") being the pseudopotential form factors [7].

The H matrix is a quadratic polynomial in k, for fixed ki andE.

Equation (2.4) can present in the form of

H(k')=H"(k!)+H"(k!)k, +k, -1 (2.5)



where

HO(k!)=(k+G*+2k! -G ~E)d, o +V (G -G’
HOk! =2G 6,

) (2.6)

Equation (2.4) can be transformed into an eigenvalue equation fork , i.e.

0 1 C _k C

where C” =k C. After diagonalizing the left first matrix of equation

(2.7), we obtain the eigenvalues and corresponding eigenvectors. If N
plane waves are used, there are:12Nissolutions (which will be labeled
with index s ). However, only.the in-zone solutions should be retained, the
number of which equals 2M /|, where ‘M '1s the number of projected

reciprocal lattice vectors G;. The general wave function in each layer |

can be written as a linear combination.-of all Bloch-type solutions with

different k’*
w'(r)=>a’p™(r) (2.8)

where ¢'* (r) is given by equation (2.2).



2.2 Boundary conditions [6]

This section will present the method to decide «'® in equation (2.8).
The method is based on the theory of scattering matrix method, which
can avoid numerical problems. Equation (2.2) can be transformed into the
following form

¢j,5(r):eiku‘ue'kz’ ulk ( )

u'*(r)= Z Ace°” =ZeiG”'r“ [Ace® ] 2.9)
= ;Ze'GI [ |:Ak e'G Z:| ;eiGﬂ ;[A(’GeiGzz]

From equation (2.8), the wave function in each layer | is now

() Zarete| SEu g

S G,
Ze'(ku*Gu)rn Z {Z[Aﬂs Gei(kzj’5+Gz)z]:|
G, G, t
ik +G)) T, Z i, sZ|: i<k2’3+ez>(z—zj)} jis , (k15 4G, )(2-21,,)
eyl ay A, e AL
I*6 J6
GH G, G,

(2.10)

where a'® and b'® are the coefficients of the “forward” and the

“backward” state, respectively, with the forward states defined as those
which propagate or exponentially decay in the positive-z direction and the
backward states similarly defined as those which propagate or

exponentially decay in the negative-z direction. z;and z;,are the left

j+l1

and right boundaries of each layer | .



The boundary condition follow from demanding wave function and its

first derivative to be continuous at the interface (located atz;,,). From

equation (2.10), we can see that this condition can only be achieved when

the coefficients of each G are equal, i.e.,

S [
— aj+1
S

2

[a-,sz[ﬁj‘se(kzj,s +Gz)ei(kzj's-FGz)(ZJH_zj)]+bj’SZ[A:,j‘SG(k;j’s +GZ)]}
G, t & o

2

|:aj+1,sZ[A<”5G(kj+ls+G )]+bl+lsZ[A<,ISG(k”+ls+G) (k546 NZja— ,z)]i|

g

i(k)°+G,)(z;.,-2;) j.s '
;. (& i+l l]+b Z[A(;j,s’e]:|

G,

(9]

[Asa
;['%,,SG]+b’“SZ[,A%HG 0774, )2y - m]}

j,s
aJ
J

[

S

2.11)

Equation (2.11) can be transformed into the matrix form, i.e.,
a™ g™
{b(”)}_T(nJrl){b(”“) (2.12)

where T(n+1) is the transfer matrix. After separating the forward and

backward states at the two sides of equation (2.12), we obtain equation
(2.13), the scattering matrix [8].

a(n) a(n+1)
= st oy

The above equation can extend to the following form



a™ a™
{b(m)}_S(n,m){b(n)} (2.14)

S(njm){sn(n,m sum,m)}

821(n7m) 822(n9 m)

a™ =S, (1,ma"” +S,(1,mb™

(2.15)
b™ =S, (m,N)a™ +S,,(m,N)b™

The matrices S;(n,m) depend on energy E and in-plane wave vector

K,. In order to calculate the energy statelof the system, we set the vector

coefficients a'” and b =for the incoming waves to be zero.
g

Therefore, the eigenvalue equationcanbe written as [9]
[1-S,,(m,N)S,,(1,m)b™ =0 (2.16)

In such a GaAs/AlAs system, electron could escape from the system via
' - X transfer; consequently the energy state should be complex so that
it could represent its behavior varying with time, i.e.

E

w(r,t) = e‘i§t¢(r) e '4(r), E=E, —i-E

2E, 2F
[lyarofav=e * [lpor)dv ece » (2.17)
2 L h
ﬂt//(l’,t) dV oce ) T—E

In solving this nonlinear two-dimensional equation (2.16), the usual 2-D



Newton method is used. Only the solution with positive E; has physical

meaning. However, in some cases we cannot find the solutions. The
problems might be from that we cannot find the appropriate initial guess
close to the solutions. Still another method can be used. Solving equation

(2.16) is equivalent to diagonalize S,,(m,N)S,,(1,m) with eigenvalue 1.

The eigenvalue of S,,(m,N)S,(1,m) can be written as R-e“. R is
approximately linear in E,, since the amplitude represents the loss.& is

approximately linear in E,, since E, has the information of frequency,

frequency is the reciprocal of wavelength, and wavelength has the
information of phase. However, in some cases, we cannot find
meaningful E. The problem is the same as 2-D Newton method. We
have to find a powerful numerical:method so that the analysis can be
more complete.

If in the case that we emphasize:'on -the anticrossing gaps of the

GaAs/AlAs heterostructures, we can only calculateE , and E, is not

taken into account. The profiles of the two approaches are much the
same.



2.3 Transmission coefficient

Transmission coefficient is calculated from the definition of the current
flux that

T — ‘Jtransmit (212)

J

incidnet
where J, = Re[(gnj’s )*(—ngnj’s)}. Only the state with real k)*can have
nonzero current flux. The plot of E versus T can help us plot E

versus K, . At k =(0,0), the peak of the plot E versus T is the

resonance energy and can be classified into different types of quasi-bound
states. The energy of quasi-bound!states is in fact equal to the energy

level of the system at that kj. From cutvature of the band we can classify

the band into I" or X quasi-bound state. Since the transverse effective
mass of X valley is several times larger than the transverse effective
mass of I' valley, the curvature of I ‘quasi-bound states would be
larger than X quasi-bound states.

10



3. Simulation Results

This chapter is divided to two sections. In the first section, the complex
band structures of GaAs and AlAs are presented. The second section is
the I'—X mixing effect on the subband structure, where anticrossing
gap is an important parameter. The logarithmic plots of transmission

coefficients as a function of electron energy with k = (0,0)are presented

as well. The anticrossing gap is defined as the minimum energy
separation between the mixed I'—X states. Since we want intense
I'—= X interaction so that the electrons of I -valley can easily transfer to
X -valley under the applying of electric field in the parallel direction, we
want to obtain a structure with a large anticrossing gap. In this chapter,
GaAs is defined as the well material and AlAs is defined as the barrier
material in the name of the I"-valley electrons.

11



3.1 Complex band structures

The empirical pseudopotential method is used to calculate the bulk
complex band structure. The pseudopotential form factors can be adjusted
as well to fit the particular band parameters. Note that a little change in
the form factors would lead to large change in the band structure. Fig.1
and Fig.2 are the complex band structure of GaAs and AlAs respectively.

The energy of conduction I'-valley in GaAs is shifted to zero. The

lowest conduction band in AlAs lies at the X-valley.

T

I'\,

-3 :
-4 _3Im(l(:z)_2

Fig 3 Complex band structure of GaAs along [001] direction

12
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3 | | i |
E _3Im(l(z)_2

Fig 4 Complex band structure of AIAS along [001] direction

0 Retkz) 1

From Figl. and Fig2., we can'see that GaAs is a direct band gap material,
and AlAs is an indirect band gap ‘material. The X-valley of AlAs is at
0.1492 eV and the T -valley of GaAs is at 1.1048 eV. Therefore, AlAs is
the barrier for the I'-valley electrons, and GaAs is the barrier for the
X-valley electrons. Thus, with specific length of each material, the
I" -valley electrons and X-valley electrons will confined at different
material. The above phenomenon is the origin of I'-X mixing effect.

13



3.2 I'-Xmixing effect on the subband structure

Since only at the interface can electrons transfer from I'-valley to
X-valley, the interfaces play an important role in the I'-X mixing effect.
Therefore, we will discuss the effect of interface in two ways. The first
one is that the total length of the heterostructure is fixed, and the length of
one pair of a barrier and a well is changed. The second one is that the
length of one pair of a barrier and a well is fixed, and the total length of
the heterostructure is changed.

14



Case 1. Total length of the heterostructure is fixed.

1. Total Length L=130 A
(1) Single barrier

1.2+ AlAs —
—

1.0+

0.8 -
- 130A =

0.6
E(eV) |

04 — e

0.2 1

0.0+

50 100 150 200 250
position(A)

O

Fig 5a The band profile of L#130 A sihgle ba“rrier

0.21+
0.20 4
0.19
0.18 1
EeV) |
0.17
0.16

0.15+

0-14 T v T ¥ T ' T T T T T v 1
0.00 0.01 0.02 0.03 0.04 0.05 0.06
k (2w/a)

Fig 5b The subband structure of L=130 A, single barrier



In this structure, since there is no GaAs well to constitute T" well, there
Is no I' quasi-bound states to provide I'-X mixing effect. Therefore,

the subband structure monotonic increases with Kk, .

(2) 2 barriers, 1 well

. —_—X
1.2 AlAs GaAs
1.0-
1 > 45 A [*
0.8+ - 454 |-
6
E(eV)®]
04{ —o
0.2- .
0.0- | I

0 50 100 150 200 250
position(A)
Fig 6a The band profile of L=130 A, 2 barriers, 1 well

Transmission
coeff 1- 0.11963 0.149840.16163 0.19302

1E-51

1E-10

1E-15

1E-20-

010 012 014 0716 018 020 0.22
E(eV)
Fig 6b The logarithmic plot of transmission coefficient of L=130 A,

2 barriers, 1 well. The incident state is the state with k|| =0
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—1st T
0.30 1 ;iixx
0.28 - o X
0.26-
0.24 1
0.22- kx=0.053,6E=7.16meV

E(eV-20- E=0.24341eV

0.18 - kx=0.039,5E=4.09meV
0.16 4 E=0.1884eV
0.14-
0.12

O.IOO | O.IO‘I | 0.|02 | 0.|03 | O.|04 | 0.|05 | 0.|06 |
k (2n/a)
Fig 6¢ The real part of subband structure of L=130 A, 2 barriers, 1 well

—m— st
e 2nd X
A 3rd X
2.0x10° 1 A ‘“““uuu“““““m‘
1.5x107 P
L
. A A
A
1.0x107 .o
Ei(eV) .
-6 °
>-0x10 PREPOPPPP Y T X X L R L 2 .f‘
*’ L ]
0.0— n ] "—E—§—8 —-—l.-...l.

-0.01 0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
k (2n/a)

Fig 6d The imaginary part of subband structure of L=130 A, 2 barriers, 1
well
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From Fig 4b, we can see four peaks, which correspond to four energy
states, the quasi-bound states. The lowest energy state is the I' state,
which is confined at GaAs well and corresponds to the lowest subband in
Fig 4c and has smaller curvature. The other three energy states
correspond to X states, which correspond to the other three subbands in
Figdc and have the larger curvature. In Fig 4c, the lowest I' state

increases monotonically with k,, and when it meets with the second X

state, the I"-X mixing effect occurs, meaning that at this energy, the 2
wave functions have both the T" and X part. After that, the original T
state becomes the X state, and the original X state becomes the I' state.
We can see that the second anticrossing gap is larger than the first
anticrossing gap. This is because when the energy is higher, the wave
function is less localized; thus the overlap of the I' and X wave
functions is larger.

(3) 3 barriers, 2 wells

1.2 GaAsAlAs

1.0

+| 354 [

0.8 b0

0.6 -
E(eV) -
0.4

0.24

0.0

0 50 100 150 200 250
position(A)

Fig 7a The band profile of L=130 A, 3 barriers, 2 wells
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Transmission, 46577 0.17577 0.22479
coeff 1-

0.011
1E-4-
1E-6-
esl —
1E-10-
1E-12-
1E-141
1E-16-
1E-184

014 016 018 020 022 024 026
E(eV)
Fig 7b The logarithmic plot of transmission coefficient of L=130 A,

3 barriers, 2 wells. The incident state is:the state with k|| =0

1st X
1st I
-2nd X

0.40 -

0.35

0.30 -

E(eV)
0.25-4

kx=0.046,6E=18.28meV

E=0.25679eV
0.20

/

0.00 0.01 0.02 0.03 0.04 0.05 0.06 0.07
k (2n/a)

0.15

Fig 7c The real part of subband structure of L=130 A, 3 barriers, 2 well
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0.000010 - .. P4
|}
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001 000 001 002 003 004 005 006 007

kx(2w/a)

Fig 7d The imaginary part of subband structure of L=130 A, 3 barriers, 2
wells

From Fig 5c, we can see that the lowest subband is the X subband. The
second subband is the I" subband, and when it meets with the higher X

subband, I'-X mixing effect oceurs:

(4) Unsymmetrical structure, 2 barriers, 1 well

1.2 AlAs GaAs =
1.0
: - 454 |=-
0'8-_ +| 354 |= | 55A |=
0.6
E(eV) ;
0.4- —
0.2
0.0
0 50 100 150 200 250
position(A)

Fig 8a The band profile of L=130 A, unsymmetrical structure, 2 barriers,
1 well
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Transmission 0.15403
coeff | 0.11964 0.17134
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Fig 8b The logarithmic plot ofstransmission coefficient of L=130 A,
unsymmetrical structure, 2 barriers,.1.well:-The incident state is the state

with k, =0

—_—st I
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028 — 18t X
0.26 -
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0.221 -~

i Kx=0.044,5E=4.77TmeV
E(eV)0-20+ "/ E=0.20624eV

0.15) ~ 7 kx=0.035,5E=2.47TmeV
0164 ____ — E=0.17554eV
0.14 -
0.12-
0.10

O.IOO | 0.61 | 0.|02 | 0.!03 | 0.64 | O.IO5 | 0.66 |
k (2n/a)
Fig 8c The real part of subband structure of L=130 A, 2 barriers, 1 well
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k (2r/a)

0.00 0.01

Fig 8d The imaginary part of subband:structure of L=130 A, 2 barriers, 1
well

Compared with the result in (2), although the:number of interfaces is the
same, the anticrossing gap in (4) 1s'smaller due to two reasons. The first
one is that at the energy which I’ — X mixing occurs is lower in (4); thus
the I"and X wave functions are more localized. Therefore, the overlap of
the wave functions is weaker. The second one is that when I'-X
mixing effect occurs, the X wave function almost localizes at one AlAs
barrier, since the two barriers are unsymmetrical. This is like the case
with only one AlAs barrier.
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2. Total Length L=215A

(1) 3 barriers, 2 wells

1.2+

AlAs GaAs —X

1.0
] > 40A}=—

0.8 | 45A|=-
E(eV) |
0.6-

0.4+

0.2 1

0.0+

50 0 50 100 150 20q 250 300 350
position(A)

Fig 9a The band profile of L=215 A, 3.barriers, 2 wells

Transmission 0.143530.149930-16184 0 19316
coeff,

1E-51

1E-91 \)

1E-13

1E-17

1E-21

1E-25

0.68 . O.I‘IO | 0.£l2 | 0.114 | 0.116 | 0.|18 | 0.|20 | 0.:22
E(eV)
Fig 9b The logarithmic plot of transmission coefficient of L=215 A,

3 barriers, 2 wells. The incident state is the state with k|| =0
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Fig 9c The subband structure of L=245-A, 3 barriers, 2 wells

(2) 4 barriers, 3 wells

1.2
1.04
0.8
0.6

E(eV)
0.4
0.2

0.0

AlAs GaAs —

| 3541

*130A

0 50 100 150 200 250 300

position(A)

Fig 10a The band profile of L=215 A, 4 barriers, 3 wells
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Transmission 0.17428 0.17722
; 0.19938
coeff 0.15861 0.17571
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0.13 0.14 0.15 0.16 0.17 0.18 0.19 0.20 0.21

E(eV)

Fig 10b The logarithmic plots of transmission coefficient of L=215 A,

4 barriers, 3 wells. The incident state is the state with k|| =0
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0.184

0.17 T T T T T T T T T
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Fig 10c The subband structure of L=215 A, 4 barriers, 3 wells
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Case 2. Total length of one pair of a barrier and a well

Is fixed.

1. BL=30A, WL=35A
(1) 2 barriers, 1 well

124 AlAs GaAs X
1.0-
0.8-
1 | 30A =+
6 -
EeV)’
04 ——o
0.2-
00{ —
6 I 5ID l 160 I 1%0 l 260

position(A)

Fig 11a The band profile of BL£30A; WL =35 A. (2 barriers, 1 well)

2nd X
1st I

kx=0.03, 3E =12.56meV
E=0.20947eV

0.00 0.01 0.02 0.03 0.04 0.05 0.06
k (2n/a)

Fig 11b The subband structure of BL=30 A, WL=35 A. (2 barriers, 1
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well)
(2) 4 barriers, 3 wells
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1 +|354 =
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0.6_' =304

E(eV) |
0.4+
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0.0

0 50 100 150 200 250 300
position(A)

Fig 12a The band profile of BL=30,A, WL=35 A. (4 barriers, 3 well)

kx=0.028, 3E =11.86meV
E=0.20586eV

0.00 0.01 0.02 0.03 0.04
k (2n/a)

Fig 12b The subband structure of BL=30 A, WL=35 A. (4 barriers, 3
wells)
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2. BL=45A, WL=45A
(1) 2 barriers, 1 well

] — X
1.2 AlAs GaAs
1.0
] > 45A *
0.8 - 45 A |=
6
EeW®
04{ —— L
0.2 E
0.0- [

0 50 100 150 200 250
position(A)
Fig 13a The band profile of BL=45A, WL=45 A. (2 barriers, 1 well)
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Fig 13b The subband structure of BL=45 A, WL=45 A. (2 barriers, 1
well)
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(1) 3 barriers, 2 wells
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Fig 14a The band profile of BL=45.A, WLE45 A, (3 barriers, 2 wells)
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Fig 14b The subband structure of BL=45 A, WL=45 A. (3 barriers, 2
wells)
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Case 1: Total length of the structure is fixed.

Total Length L=130 A

Structure 1% Anticrossing Gap | 2™ Anticrossing Gap
(meV) (meV)

1 barrier 0 0

2 barriers, 1 well 4.09 7.16

3 barriers, 2 wells 18.28

Unsymmetrical, 2.47

2 barriers, 1 well

Table 1 Anticorssing gap. Total length of the structure is fixed. L=130 A

Total Length L=215 A

Structure 1 Anticrossing Gap | 2" Anticrossing Gap
(meV) (meV)

3 barriers, 2 wells 4.76 7.72

4 barriers, 3 wells 11.86

Table 2 Anticorssing gap. Total length of the structure is fixed. L=215 A

Case 2: The Length of one'pair of a barrier and a well

Is fixed.
BL=30 A, WL=35 A

Structure

Anticrossing Gap (meV)

2 barriers, 1 wells

12.56

4 barriers, 3 wells

11.86

Table 3 Anticorssing gap. Length of one pair of a barrier and a well is
fixed. BL=30 A, WL=35 A

BL=35 A, WL=35 A

Structure

Anticrossing Gap (meV)

2 barriers, 1 wells

4.09

3 barriers, 2 wells

3.79

Table 4 Anticorssing gap. Length of one pair of a barrier and a well is
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fixed. BL=35 A, WL=35 A

First of all, let’s consider case 1. From Table 1, we can see that when
the total length of the structure is fixed, the anticrossing gap increases
with the number of the interfaces per unit length. This is because the
interface dominates the I'-X mixing effect. Therefore, when the total
length of the structures is fixed, the increase of the number of the
interface would lead to stronger I'-X mixing effect. In the same
structure, the second anticrossing gap is larger than the first anticrossing
gap, since the larger the energy state is; the less localized the wave
function is. Compare the result in the second row and the fourth row of
the Table 1, and the anticrossing gap of the unsymmetrical structure is
smaller than that of the symmetric one, although the two structures have
the same number of interfaces. This is because when I'-X mixing effect
occurs, the energy states of the two divided GaAs wells are different.
Therefore, this is like the case that only one AlAs well can contribute to
the I'-X mixing effect. The result of the Table 2 can be explained by
the above discussion.

Second, let’s consider case 2. The'length-of the one pair of a barrier
and a well fixed means that the number of interfaces per unit length is
fixed. The change of the anticrassing-gap is' much smaller than that of the
case 1. This is due to two reasons. First, the energy states of the first row
and the second row in the Table "3 and Table 4 are almost the same.
Therefore, the overlap of the T"'and Xwave functions is almost equal.
Second, the number of the interfaces per unit length is the same, which is
the same as the discussion in case 1.

Finally, we can conclude that the dominant factor of the anticrossing
gap is the number of the interfaces per unit length, not the number of the
interfaces. Consequently, with the purpose of large anticrossing gap, the
increase of the number of the interfaces per unit length and a symmetric
structure is necessary.

31



4. Conclusion

This thesis proposed a novel idea to realize the terahertz laser which is
based on the mechanism of negative differential resistance. The proposed
structure utilizes the T'-X mixing effect to produce negative differential
resistance. Therefore, the oscillation frequency is dominated by the
channel length and will not be restricted by the electron-electron
scattering rate. The structure is simple and easy to fabricate in the present
technology. The phononless intervalley scattering at the interface cannot
be taken into account by the usual effective-mass theory. Therefore,
empirical pseudopotential is used to calculate the complex band structure,
which is the appropriate candidate to obtain multi-state properties for
I'- X mixing effect. Besides, scattering matrix method can treat a large
system as well without any numerical problems.

The proper structure is with the large anticrossing gap. The first
requirement is a symmetric strueture:-Moreover, the dominate factor is
the number of the interfaces. per unit.length, not the total number of the
interfaces.
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