
Far-infrared optical transitions in a corrugated interface under normally applied electric fields

This article has been downloaded from IOPscience. Please scroll down to see the full text article.

1995 J. Phys.: Condens. Matter 7 6483

(http://iopscience.iop.org/0953-8984/7/32/014)

Download details:

IP Address: 171.66.16.151

The article was downloaded on 12/05/2010 at 21:54

Please note that terms and conditions apply.

View the table of contents for this issue, or go to the journal homepage for more

Home Search Collections Journals About Contact us My IOPscience

http://iopscience.iop.org/page/terms
http://iopscience.iop.org/0953-8984/7/32
http://iopscience.iop.org/0953-8984
http://iopscience.iop.org/
http://iopscience.iop.org/search
http://iopscience.iop.org/collections
http://iopscience.iop.org/journals
http://iopscience.iop.org/page/aboutioppublishing
http://iopscience.iop.org/contact
http://iopscience.iop.org/myiopscience


I. Phys.: Condens. Matter 7 (1995) 64834491. Printed in the UK 

Far-infrared optical transitions in a corrugated interface 
under normally applied electric fields 

Zhen-Yan Dengtj, Yu-Feng Zhangt and Jing-Kun Guo# 
t China Centre of Advanced Science and Technology (World Laboratory), PO Box 8730, 
Beijing 100080, People’s Republic of China 
t The State Key Laboratory of High Performance Ceramics and Supertine Micromucum. 
Shanghai Institute of Ceramics. Chinese Academy of Sciences, Shanghai 200050, People’s 
Republic of China 

Received 14 Februw 1995, in final form 25 April 1995 

Abstract. We calculate the subband smctures and inter-subband transitions in a cormgated 
GaAs-AIAs interface under normally applied electric fields. It is found that the first energy 
minigap of the system can be tuned linearly using the ~ o m d l y  applied electric fields, and an 
anisotropy in the inter-subband optical absorptions exists for a linearly polarized incident light 
wave. The dependence of the inter-subband transition spectra on the interface structures and 
external electric fields is discussed. 

1. Introduction 

With advances in the art of microfabrication, it has become possible to confine carriers 
in one, two or all three dimensions. Recently, a new quantum well structure emerged, in 
which there are periodic lateral surface structures on its interfaces ~ which act as periodic 
potentials on electrons. This novel system, referred to as a lateral surface superlattice 
(LSSL), has shown interesting electronic and optical properties 11-51, Of the various LSSL 
structures, the GaAdAIAs LSSL seems to offer the greatest potential for wide applications 
in microelectronics and electro-optics [2,3], due to the large band offsets between GaAs and 
AlAs which enhance the effects of interface structures on the motion of electrons. In fact, 
electronic wave interference devices using GaAs/AIAs LSSLs have been designed by Fukui 
et a1 161 and a variety of peculiar electronic properties in the LSSLs have been predicted 
by several researchers theoretically [7-111. 

By a coordinate transformation which transforms periodically structured interfaces into 
planar interfaces so that the continuity of electron wavefunctions can be satisfied exactly 
on the interfaces, Sun [8,9] has studied subband strnctures and their optical absorptions 
in GaAs/AlAs LSSLs intensively. Their results are interesting. Technically, it is easier 
to fabricate an interface with periodic lateral surface structures, referred to as an interface 
lateral superlattice (ILSL), than the LSSL [IZ]. In this paper, we study the inter-subband 
transitions in a GaAs/AIAs ILSL under normally applied electric fields. Because the electric 
fields push the electrons towards the interface, the effects of interface structures on the 
motion of electrons become important. It is expected that the peculiar electronic properties 
in LSSLs could appear in ILSLs. In section 2, we outline the theory framework. The results 
and discussion are presented in section 3. 
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2. Theory 

In the effective-mass approximation, the Hamiltonian of the GaAdAIAs ILSL can be written 

where P and r are the electron momentum and coordinate, respectively; m = 0.067mo 
is the electron-band effective mass in GaAs with mo the freeelectron mass, and F is the 
extemal electric-field streyth applied normally to the interface. For simplicity, the potential 
barrier between the GaAs and AMs is assumed to be infinite: 

z > f 
CO elsewhere 

V ( r )  = 

where f ( r )  describes the periodic lateral structures on the GaAs-AIAs interface. 

structured interfaces into flat interfaces: 
As in [8 ,9 ] ,  the following coordinate transformation is introduced which transforms the 

x ' = x  

Y ' = Y  
2' = z - f ( r ) .  

In the transformation, we note that 

(3) 

$*(r)H(~)$(r)  d r  = p(~')J(r')T?(r')$(r') dr' = P(r')&(r')$(r') dr' 

(4) 

where J(T')  is the Jacobian determinant, and the effective Hamiltonian is defined as 

He&) = J(T')T?(T'). (5) 

The normalization condition becomes 

L, p(r')$(r ')J(r ')dr'  = 1. (6) 

After the coordinate transformation, the electron-confining potential well V(T') is 

z' > 0 
CO elsewhere. 

V(r') = (7) 

In the new coordinate system, the wavefnnction satisfies the boundary condition 

$(T')Id=O or m = 0. (8) 

For a model calculation, the periodic interface structures are assumed to be 



.~~ ~ 

Optical transitions in corrugated inrevace under electricfiefields 6485 

where A and L, are the amplitude and period, respectively, of the interface structures. 
Because of the existence of the externally applied electric fields, the electron-confining 

potential in thc z dircction in the ncw coordinatc space is a triangular potential, as shown 
in figure l(a). The ground wavefunction of the LSL in the z direction is an Airy function 
[13], which can be expressed by the Bessel function with -1/3 fractional order: 

(10) 2. 312 
PO(Z') = N051/2J-1/3(?lf ) 

where NO is the normalization constant and 

with E:]) the ground level in the z direction, which is determined by the first zero 
xl = 1.8597 of the Bessel function J-,13(x): 

Figure 1. Schematic representation ofthe electron-confining potential in the GaAdA1As ILSLs 
in the new coordinate space: (a) the triangular potential in the z direction; (b) the periodic 
potential with lateral period Lz in the .z direction. 
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The periodic lateral structures on the interfaces act as a periodic potential in the 
new coordinate system, as shown in figure l(b), which causes reflections of the electron 
plane waves in the x direction. Energy minigaps (EMGs) appear in the electronic energy 
dispersions at the boundaries of the Brillouin zones in the x direction. Now, we calculate 
the subband dispersions of the ILSLs with the variationd. approach. 

where $(TI) represents the variational wavefunction in the new coordinate spaces. 
Because we are interested in the behaviours of electrons at the boundaries of Brillouin 

zones, the two-wave approximation approach for calculating the first and second subband 
dispersions is reasonable [14]. 

(14) $,(T’) = Ay, (1) (T ! + Bpf)(r’) 

pg’(r’) = yo(z’) exp(i,x’ + ik,y’) 

with 

(15) 

and 

(16) (2) I yk (T ) = yo(r’) exp[i(kx - k d x ‘  + ik,y’I 

where A and B are the variational parameters, and kd = Zii/L, is the first reciprocal-lattice 
vector in the x direction. Inserting the trial wavefunction (14) and the effective Hamiltonian 
(5) into equation (13). we can obtain the first and second electronic subband dispersions by 
minimizing E (equation (13)) yith respect to A and B ,  which give the following equation: 

det ]]HJ$)(k) -‘E~.~(k)J(iJ)(k)ll = 0 (i, j = 1,Z) (17) 
I 

with the matrix elements 

H$)(k) = (y:)(T’)l H & ( T ’ ) l y p ( T ~ ) )  (18) 

j (V)(k)  = (p(;) I; ( )lJ~T‘)lV!)(~’)). 

and 

(19) 

The kst EMG at the boundary of Brillouin zone in the x direction is obtained as 

AE,(l) = eFA,  (20) 

which indicates that the first EMG can be tuned linearly by adjusting the external electric- 
field strength and the amplitude of interface structures and is independent of the interface 
lateral period. 
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In the dipole approximation, the inter-subband optical absorption coefficient for a 
linearly polarized plane electromagnetic wave in an ILSL with a refractive index n is given 
by [9-111 

~. 

where €0, V and ?io represent the perminivily of free space, the sample volume and the 
photon energy, respectively. E is the polarized vector defining the orientation of the electric 
field of the linearly polarized wave. It is assumed that any initial electronic state i is occupied 
and any final electronic state f is unoccupied. The optical transition vector Pi,@) between 
the initial and final states is defined by [9] 

f i f ( k )  = [uf (T)'$fk(T)lP[ui(T)'$;~(T)I dr  s, 
= @ ; k ( W ; d ~ ) d ~ /  n ~ ~ ( T ) p ~ i ( T ) d ~ / Q  

+l'$;k(T)P@ik(T)dr/ n u ~ ( T ) W ) d r / ~  (22) 

where Q is the primitive unit-cell volume of the GaAs crystal; ui,,(r) is the electron Bloch 
function at the bottom of conduction band; @i,,k(r) are the envelope functions of the initial 
and final states, i.e. the first and second conduction subbands, respectively. The first term 
of equation (22) is zero due to the orthogonal relation between the wavefunctions of the 
first and second conduction subbands. In the new coordinate system, we obtain that the 
only nonzero optical transition matrix is the x component of e-f ( k ) ,  which is given by 

Then 

i ~ . f i ~ ( k ) i ~  = iP,(k)i2cos2e (24) 

where B is the angle between the polarized vector of the linearly polarized incident light 
wave and the x direction. 

The disorder fluctuation of the interface structures of the ILSL from the ideal periodic 
structures (9) is taken into consideration by introducing a distribution of the amplitude A 
in the interface structures, which for model calculation is taken to be 

for A t 0 
I O  otherwise 

(25) 
Poexp[-(A - A'o')z/2] 

where A is in hgstroms and PO is determined by 

P(A) = 

P(A)dA = 1. 

The averaged optical absorption coefficient is given by 
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3. Discussion 

Figure 2 shows the first two conduction subband energy dispersions in the GaAs/AlAs ILSL 
for different external electric fields. From figure 2, we can see that EMGs appear in the 
electronic energy dispersions at the boundaries of the Brillouin zones in the x direction, and 
the EMG increases with increase in the external electric-field strength. From figure 2 and 
equation (ZO), we can also see that the first conduction EMG in the GaAdAlAs ILSLs can 
be tuned from zero to tens of millielectronvolts by adjusting the amplitude of the interface 
structures and the external electric field, which can be obtained experimentally [l-3,131. 

k- 150 
11=1 -1 

I 

Figure 2. The electronic energy dispersions of the fust two conduction subbands E.(k,) = 
E,@) - Rzk$2m in the GaAslAlAs ILSL for different external electric-field strengths. whore 
the srmmrai pammeters are L., = 200 A and A('n = IO A, and the disorder fluctuation of 
interface svuctures is not considered. 

Figure 3 shows the averaged optical absorption coefficient as a function of the photon 
energy Eo for different electric-field strengths and disorder fluctuations. In figure 3, it is 
apparent that the energy-forbidden region exists for the optical transitions from the first 
conduction subband to the second conduction subband; the width of the energy-forbidden 
region and the position of the optical absorption peak increase with increase in the electric- 
field strength. In figure 3, we can see that, when a disorder fluctuation of the interface 
structures in the GaAs/AIAs ILSL exists, firstly the energy-forbidden region decreases, 
secondly the width of the optical absorption spectra increases and thirdly the position 
of the optical absorption peak shifts slightly to a high energy, compared with those in 
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hoGneY) 
Figure 3. The avenged optical absorption coefficient as B function of the photon energy Am 
for different electric-field strengths (8) F = 1 x 10' V cm-' and (b) F 3 x 10' V cm-.', 
where the strunoral parameters of the GaAsIAlAs ILSLs are L ,  = 200 A and A([') = 10 A. 
The solid and broken c w e s  represent the optical absorption coefficient excluding and including 
the disorder fluctuation of interface Swctures, kpectively. 

the GaAdAlAs LLSL without disorder fluctuation. Also, the larger the external electric- 
field strength, the wider the optical absorption spectra is, when the disorder fluctuation is 
considered. 

Figure 4 shows the dependence of the relafive intensity of optical absorption specua on 
the polarized angle 8 of the incident light wave in the GaAdAIAs ILSLs. From figure 4, 
we can see that the intensity of optical absorption spectra decreases with increase in the 
polarized angle 8. When the polarized angle 8 = 0". i.e. the polarized vector of the incident 
light wave is parallel to the direction of the interface structures, the intensity of the optical 
absorption spectra is a maximum. when the polarized angle 8 = 90°, i.e. the polarized 
vector of the incident light wave is normal to the direction of the interface structures, 
the intensity of optical absorption spectra is zero. These indicate that the inter-subband 
absorption spectra in the GaAs/AlAs ILSLs are anisotropic for different orientations of the 
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0 
F i y m  4. The relative averaged optical absorption coefficient of the GaAsIAIAs U L s  ns a 
function of the polarized angle B of the incident light wave. 

polarized vector of the incident light wave. 
The results obtained above are interesting and the physical interpretations are as follows. 

Because of the existence of the external electric field which is normally applied to the 
interface, the electrons shift towards the interface and the effects of the interface structures 
on the motion of electrons become important. The interface periodic lateral structures act 
as periodic potentials which cause reflections of the electron plane waves in the x direction, 
and EMGs appear in the electronic energy dispersions at the boundaries of the Brillouin 
zones in the x direction: so there is an energy-forbidden region in the inter-subband optical 
absorption of GaAs/AIAs JLSLs. When the external electric-field strength increases, the 
confinement of the electrons in the vicinity of the interface strengthens and the effects of 
the interface structures on the motion of electrons are enhanced. These result in increases in 
the first conduction EMG and the energy-forbidden region of the optical absorption spectra 
in the GaAs/AIAs lLSLs. When a disorder fluctuation of the interface structures exists, 
a corresponding fluctuation in the first conduction EMG appears, which can be seen from 
equation (20). This is the reason why the width of the optical absorption spectra increases 
and the energy-forbidden region of the optical absorption spectra decreases. In addition, the 
anisotropy of the inter-subband optical absorptions in 'the GaAs/AIAs LSLs arises because 
the interface lateral structures exist only in the x direction and the effects of interface 
structures are important only for electrons moving in the x direction [2,3]. 

In the above calculation o€ the inter-subband optical absorption spectra, we have 
neglected the effect of electron-electron interactions. By a method similar to that used in 
[9], we have estimated the effects of electron-electron interactions on the first conduction 
EMG. The results indicated that the change in the first conduction EMG is within 35%, and 
the main characteristic of the inter-subband optical absorptions in the GaAdAIAs ILSLs 
that we considered can be described by a noninteraction electron model. 

Summing up, we have studied the subband structures and the inter-subband optical 
absorptions in the GaAs/AIAs ILSLs. The results showed that the first conduction EMG in 
the GaAs/AlAs ILSL can be tuned linearly by the normally applied electric fields, and an 
energy-forbidden region exists for the optical transitions from the first conduction subband to 
the second conduction subband. The results also showed that anisotropy exists for the inter- 
subband optical absorptions when the orientation of the polarized vector of the incident light 
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wave varies with respect to the interface structure direction. We hope that our theoretical 
results stimulate further experimental investigations. 
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