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Abstract

Analytic expressions of transmittance of an eectron incident on a heterostructure potential with
nanometer-thick trapezoidal barrier grown on anisotropic materials have been derived by solving the
effective-mass equation including off-diagonal effective-mass tensor elements. It was assumed that the
direction of propagation of the electron makes an arbitrary angle with respect to the interfaces of the
heter ostructure and the effective mass of the electron is position dependent. The analytic expressions have
been applied to the S(110)/SsGeys/S(110) heterostructure, in which the SosGeys barrier thicknessis 5
nm. The transmittance has been calculated for incident energy at z direction below the barrier height with
varying the applied voltage to the barrier. There are the direct and the Fowler Nordheim tunneling
depending on electron incident energy. The electron incident energy, the bias voltages given to barrier
potential and the valley of S(110)/S45Gey5/S(110) influence the transmittance value.
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. square potential barrier which grown on

| Introduction anisotropic material Si(110)(SiGe, #Si(110) [4].

Since last half century, the tunneling Then we studied theoretically electron
phenomenon through a heterostructure potentialtransmittance if bias voltage applied to the
barrier is still of interest in the study of quamtu  potential barrier in which the square barrier
transport in heterostructures. Lee done analysis ofbecomes trapezoidal one for
the electron tunneling time through a Si(110)/S-Ge Si(110) [5] and
heterostructure barrier including the position- Si(110)/SpsGes/Si(110) structures [6] with the
dependent effective-mass effect with adopts electron incident energy lower than potential
wigner's phase time approach [1]. Paranjape barrier. Here, we report the derivation and the
studied transmission coefficient of an electron in calculation of the transmittance of an electron
an isotropic heterostructure with different effeeti  through an Si(110)/9iGey ¢/Si(110)
masses [2]. Lee compared a one-dimensionalheterostructure with a nanometer-thick trapezoidal
theoretical phase time for electron tunneling with barrier grown on an anisotropic material, including
simulations results performed with the software the effect of applied voltage to the barrier if the
Interquanta [3]. Kim and Lee derived the electron incident energy lower than potential
transmission coefficient of an electron tunneling barrier and variation of valley
through a barrier of an anisotropic heterostructure Si(110)/SysGe&,5/Si(110).
by solving the effective-mass equation including
off-diagonal effective-mass tensor elements ||. Theoretical M ode
[4],[5]. Khairrurial, et al. derived the electron In order to study the behavior of an

direct tunneling time through a trapezoidal barrier gjectron in an anisotropic heterostructure, we must
by employing the Wigner phase time [6]. J. solve the Schrodinger equation

Nanda, et al. studied a computational model based —

on non-relativistic approach for determination of Hy(r) = By (), @)
transmission  coefficient, resonant tunneling Where

energies, group velocity, resonant tunneling T

lifetime and transversal time in multibarrier H =——p oa(r)p + V(r) )

systems (GaAs/AGa,.,As) for energy lower and 2mg

higher than potential barrier height [7]. Previous, H is Hamiltonian, myis is the free electron mags,
we have calculated the electron transmittances ands the momentum vector, (1 is the inverse

tunneling time of electron through heterostructure effective-mass tensor anwl(r) is the potential



energy. Fig. 1 show potential profil at z direction The incident waveA exp(ki2) has the wave

The electron is incident from region | to the number  k; which is given as
potential barrier (region Il). The effective maxds %
the electron is dependent only on the z direction. 2mgE, 1
The wave function of the effective-mass equation K1 = 5T (10)
with the Hamiltonian in Eqg. (2) is given as h tzz)
w(r) = g(@)exp (=i yz))exp ik x X + kyY)) ’ and k; are expressed as foIIov}v/s
3) _{ZmO(EZ+eVb) 1 } 2
where ky = 2 '
h a,,
_ Kx %xz +kyayz (11)
7= (4) where® is barrier height due to band discontinuity
Uzz of Si(110) and $isG&) 5 and the voltage applied to
¢(z satisfies the one dimensional Schrodinger-like the barrier isv,, with e is the electronic charge. By
equation: applying the boundary conditions at 0 danz =
2 2 d, which are written as follows [5]
h d ¢(2) _ _ +
e 5 tV(2)¢4(2) = Ez¢(2) Y 2=0 )=y,(z=0),
2Mo dz (12a)

dz 2yl dz

(5)
where 7 is the reduced Planck constant, the _L | ~~ Gva -~ dvg - dvg
subscript in o, denotes each region in Fig. 1 and m, zx| =0~

electron energy in z direction written as :

h2 :i o —dwz + o _d\VZ + o —dwz
EZ = E - Z BIJ k| kJ s (6) mo 2x,2 dz Zy72 dz 22,2 dz Z:O+
2mg i i{xy} ’ (12b)
where the electron total energy and - +
yolz=d )=ygz(z=d ),
5 Uiz %z (12¢)
2z %k 2T T zy 2T Tt lgz 07
with a; is the effective mass tensor element. Mg dz dz dz | ,_q4-
1 dy dy dy g
=T %zx p tagzy1 p gz g .
. mg z z P p—
, Ve (12d)
I F Il Il we obtain the transmission amplitud@ig which is
defined as
] Ta = Gexp(ig) , (13)
¢ The transmission coefficient is easily obtained
from Eq. (13) by employing the expression
-k T=T, Te. (14)
0 d >z

[11. Resultsand Discussion

Figures 1 and 2 show that potential barrier
SipsGey s (region II) grown on Si (110) (region |
and ). The barrier width is 50A band

Figure 1. Model used in numerical calculation.

The time-independent electron wave function in

each region is therefore written as : . AT . .
“ikyz  ~(i1a2) —(Ksx+ikyy) discontinuity is 216 meV [2]. The inverse effective
1 Je 17 X y inverse tensor used in this paper is related to the
tensor elements;; shown in Table 1 [4]. In this
z<0, (8) : ] . ; .
iz —(i12) —(iksx-Hikyy) transmittance calculation, region | and Il is el
3% Wa?) TUOHIKyY 2 and region Il is valley 1.

iklz
W, (2) = (Ae +Be

Y3(2)=Fe
z>d, (9)



Tablel. Tensor elements;f used in the numerical

calculation
Valley | Region | and lll Region I
(Si[110]) (Sip:G& )
1 526 0 0 645 O 0
0 314 212 0 456 274
0 212 314 0 274 456
2 526 0 0 645 O 0
0 314 -212| 0 456 -2.74
0 -212 314/ 0 -2.74 456

Figure 2 shows the chosen coordinate system. We
take the position where the electron hits the barri

as the origin of the coordinate system.

Figure 2. The coordinate system used in the
analysis
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Figure 3. Transmittance as a function of incident
angle with incident energies of 150, 190 and 216

meV with applied voltage of 50 mV for valley 1.

We calculated the transmission coefficient for

the angle of incidence fdt (the wave vector of
incident electron) varying from -9Go 90. The
incident angles aré ande, but we fixe to a/2 for
simplicity and change onl§. The incident angle
influences the incident energy at z direction. The Figure 5. Transmittance for incident angle varying

incident energies are 150, 190, dan 216 meV and
the variation of applied voltage given to potential

barrier are 5, 50, 108 and 216 mV. Figure 3 shows
incident angle for

transmittance to

incident

energies 150, 190 and 216 meV with bias voltage
is 50 mV. It can be seen that the transmittanck wil
increase as the incident electron energy increases
because probability of electron to tunnel the
barrier will increase if the incident electron emer
increased. For the incident energy of 216 meV,
there are forbidden energies which incident angles
give transmittance values bigger than 1. The
forbidden energies happen at incident angle about
-20°t0 -12, -9 to 16 and 20to 30.
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Figure 4. Transmittance as a function of incident
energy in z direction for the incident angle vagyin
from -90 to 90 with incident energies of 150,
190, and 216 meV with applied voltage of 50 mV.

Plot transmittance to electron incident energy
at z direction shown by Fig. 4. We can see that E
which make the transmittance maximum will
increase as the electron incident energy increase.
For incident energy 216 meV, the higher
transmittance is about 1.15 at ¥alue about 200
meV and 216 meV. The transmittance will
oscillate at value 1 if Evalue bigger than 216
meV as shown at Fig. 4.
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from -90 to 90 with incident energies of 216
meV and applied voltages of 5, 50, 108 and 216
mV.



In Fig.5 and 6 we fix the incident energy to
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