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The effect of incorporating a spatially variable effective mass in the Schridinger equation
method of resonant tunneling device modeling is investigated. It is shown that inclusion of this
effect can produce an order of magnitude difference in the calculated peak current density of
the static current-voltage ({-¥) carve for the resonant tunneling diode. Results for a particular
In, 5; Gz, 40 As-AlAs structure show that much better agreement between theory and
experiment is obtained by including this effect. Also, comparison of transient resuits for an
In, 5, Gag 47 As-In, o, Al 4 As structure shows a significant change in the diode switching

transients.

The state of the art of resonant tunneling diode model-
ing is such that good agreement between calculated and ex-
perimental results is difficult to obtain. Analyses using ener-
gy eigenstates obtained from the time-independent
Schrodinger equation typically underestimate the bias vol-
tage at which peak current occurs and overestimate the
peak-to-vailey current ratic.'™ Wigner function calcula-
tions present severe numerical difficulties that have not yet
been overcome.*

In this letter, the effects of including different effective
masses in the Schrddinger equation corresponding to the dif-
ferent material layers of the device are investigated. The
method of including variable effective mass is to maintain
continuity of (1/m*}dy/dx in the finite difference approxi-
mation of Schrodinger’s equation, which maintains current
continuity within the envelope function approximation,>®
(Tosimpiify the calculations, effective mass variations in the
x direction only are included, so that variations in transverse
energy do not appear for energy eigenstates.”} This method
is expected to work well when smoothly matcked envelope

}

functions are appropriate boundary conditions. However,
for large discontinuities in effective mass a more complex
treatment ~may be  required.®  Results for
Ing 3 Gags, As-AlAs  and  Ing 5. Gag,, As-Ing o, Al As
structures are presented.

The time-independent Schrédinger equation including
spatially variable effective mass is taken to be

—# a( 1 dd(x)
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The current density for the quantum state ¢ is given by
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Multiplying Eqg. {1) by ¢* and subtracting the complex con-
jugate of the resulting equation, it can be shown that a solu-
tion ¢{x) of Eq. (1) will have J(x) constant with x. To
preserve current continuity in the discrete form of the equa-
tion, the following finite difference form of Eq. (1) is used:

2 Ax

where i refers to meshpoint /. In Eq. (3), effective mass value
m¥ is taken to be the effective mass midway between mesh-
points 7 and { + 1, so that the effective mass values are speci-
fied on a staggered mesh with respect to wave function and
potential energy values.

Collecting terms yields the following discrete eguation
for advancement to the right:
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or for advancement to the left:

2631 Appl. Phys. Lett. 85 (25), 18 December 1988

—# ((l/m?)(¢f+: — ¥/ Ax —Vimd O~ )/ bx

0003-6851/89/512631-03801.00

)Z(E_K)iﬁ;, 3)

2m*  Ax*(V, — E) m¥
¢'i4 1= ( : ] + 1 + : ) iﬁi
w mF

s (5)

my

Using Egs. (4) or (5), it can be shown that constant
current is maintained if the following discrete expression for
current density is used:
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Eguations (4) and {5) may be regarded as extensions of the
equations given in Ref. 3 for the uniform effective mass case.
A similar modification is made to the spatial derivative term
in the time-dependent equation to calculate the transient re-
sponse.

Figure 1(a) shows the experimental dc current-voltage
(I-¥) curve for a 24 A AlAs barrier-44 A Ing 5; Gag 4, As
well pseudomorphic structure at room temperatire; the ex-
perimental peak current density is ~ 15 kA/cm®. These de-
vices were grown by molecular beam epitaxy at a tempera-
ture of 500 °C and a growth rate of 0.6 pm/h. Mesa diodes
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FIG. 1. (a) Experimental {-¥ curve for a 24 A AlAs barrier-44 A
Ing«;Gay 5 As  well  structure, (b)) calculation  using  uniform
m* = (.042m,,, and (¢} calculation using m* = 0.15m, in the AlAs bar-
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were fabricated using conventional lithography techniques.
Nonalloyed ohmic contacts of Ni/Ge/Au/Ti/Av were
used. '

Figure 1(b) shows a calculated I-¥ curve for which a
uniform effective mass of m* = 0.042m,, the In, 5; Gag,, As
value, was used. In this calculation the assumed barrier dis-
continuity was the I' value of 1.2 eV. Undoped spacer layers
of 50 A were placed adjacent to each barrier, and concentra-
tions outside the double-barrier structure were calculated
using the Thomas-Fermi method.'' Even with such a large
barrier discontinuity, the calculated peak current density of
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FIG. 2. IV curve calculated for 23 A I o, Aly 4 As barrier-44 A
Iny, 3 Gag 4, As well structure (a) with uniform m* = 0.42m,, (b} using

with uniform ¢solid curve) and variable (dashed curve) effective mass.
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357 kA/cm? is over an order of magnitude larger than the
experimental value. Figure 1(c) shows a calculation with
m* = 0.15m,, the bulk value for AlAs, used in the barrier
regions and m* = 0.042m,, cutside. The effective mass dis-
contingity decreases the calcuiated peak current density to
9.3 kA/cm®, much closer to the experimental value. Since it
is unrealistic to assume that the effective mass changes
across z single meshpoint to the bulk AlAs value as is done
for the results in Fig. 1{c), it is expected that this calculation
underestimates the peak current density. The current peak-
to-valley ratio is increased from 65 in Fig. 1(b) to 3120 in
1(c); the fact that phonon and electron-electron scattering
are ignored in the quantum mechanical caiculation for cur-
rent may explain why the calculated peak-to-valiey ratios
are much higher than the experimental value of 24 i 1{a).

The overall effect of introducing variabie effective mass
abserved by comparing Figs. 1(b) and (e} is similar to the
effect expected from increasing the barrier height for the
uniform effective mass case. This behavior was pointed out
in Ref. 12 from z study of the tunneling transmission coeffi-
cient in the Gahs-Al, Ga, _ , As material system. Increas-
ing the barrier height is expected to reduce the peak current
density, increase the current peak-to-valiey ratio, and de-
crease the device switching speed.”

Figure 2(a) shows the static I-¥ curve calculated for a
23 A In, 5, Al o As barrier-44 A In, ., Ga, . As well struc-
ture assuming 2 uniform effective mass of m* = 0.042m,,
the butk In, ., Gag 4, As value. Figure 2{b) shows the result
using variable mass with m™* = 0.075m, in the barriers.
(Since time-dependent calculations are also performed for
this stracture, the self-consistent petential is not included in
these results.) In this case the assumed barrier discontinuity
is0.53 eV, less than haif the discontinuity for the structure of
Fig. 1. In addition, the effective mass discontinuity is
smaller. It is seen that the reduction in peak current density
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is smaller for this case, although a factor of 2 is stil obtained.
Figure 2{c) compares the switching transients from peak-
to-valley current points for the uniform (solid curve) and
variable mass (dashed curve) cases. { The initial osciflations
are due to reflections between the barriers of electrons inside
the guantum well.’) As expected, a decrease in switching
speed is observed when the effective mass discontinuity is
included. (Since this method does not include scattering and
underestimates the valley current, it is expected that the ac-
tual reduction of switching speed is less. } This effect should
become more important as the effective mass discontinuity
increases.

A method of including variable effective mass in the
solution of the time-independent and time-dependent Schro-
dinger equations within the envelope function approxima-
tion for resonant tunneling diodes has been presented. It was
shown that inclusion of this effect is important for accurately
predicting peak currvent densities and switching speeds for
these devices.
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