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Quantum Transport Simulation Based on Wigner Formula

Shirun Ho and Ken Yamaguchi
Central Research Laboratory, Hitachi Ltd.,

Kokubunji, Tokyo 185, Japan

The superiority of nonequilibrium quantum transport simulation based
on the Wigner Formula over a conventional Transfer Matrix Method is
clarified for the first time. With a new contact model, the present
simulation technique is applied to a double barrier Resonant Tunnel-
ing Diode and the influence of some perturbations on quantum interfer-
ence effects 1is investigated systematically. In particular it
predicts that both ohmic drop and electronic accumulation in quantum
mechanical distribution in a cathode region cause a remarkable de-
crease in the peak to valley ratio in current voltage characteristics.
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methods to analyze the physics and
performance of these devices and has The concept of this contact model is

been studied intensively 1),2),8), that because the outside of an analyzed

Applying the simulation technique to a

double barrier Resonant Tunneling Diode

(RTD), the influence of these elements

region are assumed to be the classical
regions with charge neutrality and flat

bands, the chemical potential is adjust-



ed self-consistently to ensure carrier
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This chemical potential is

density continuity at artificial
boundaries.

defined as local chemical potential.

3. Systematic Analysis of Ip/Iv

The peak (Ip) to wvalley (Iv) ratio in

current voltage characteristics is

very important in the practical device
But from a physical point
the

quantum

applications.
a high Ip/Iv represents
that the

interferences take place. Regardless of

of view,
striking evidence
some perturbations as mentioned above,
the

appear is discussed.

how quantum interference effects

3.1 Doping Concentration Dependence of
Ip/Iv

The doping concentration dependence of
Ip/1Iv The result of
the Wigner Formula (the solid line) has
At a

is shown in fig. 1.

an optimum doping concentration.

higher concentration, the decrease in
Ip/Iv is due to an increase in the
number of hot electrons as the Fermi
level rises.
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Fig. 1 Doping concentration dependence
of Ip/Iv obtained from +the Wigner
Formula (the and the
Transfer Matrix Method (the dotted line)

solid 1line)

152

The decrease in screening effects at a

lower concentration causes an ohmic
drep in a cathode region. According
to the biased potential profiles,

electrons form an accumulation layer in
quantum mechanical distribution.
The

densities on

potential profiles and carrier

off-resonant states at
high and low doping concentrations are
In the case of a lower

the

shown in fig. 2.
drop
the

concentration, larger ohmic

and electronic accumulation in

cathode region cause the increase in Iv

relatively, therefore Ip/Iv decreases.
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Fig. 2 Potential profiles and carrier
densities on off-resonant states at (a).

high and (b) low doping concentrations



The result of the Transfer Matrix The limitation of the relaxation time
Method (the dotted 1line), which is to Ip/Iv is discussed. In fig.3 two
calculated using the results of typical values 7. and =tz are shown,
potential  profiles and the local where 7, stands for the time electrons
chemical potential obtained by Wigner with energies of the resonant level
Formula, gives rise to remarkable propagated through the double barriers,
deviations from that of the present and 7: represents the multiple reflec-
formula. These results clearly reveal tion time between the double barriers,
the significance of dealing with non- estimated from the linewidth of the
equilibrium quantum mechanical distribu- resonant peak and the uncertainty
tion in the n* layers. principle. Ip/Iv decreases steeply from

Tz, and becomes nearly equal to unity
3.2 Relaxation Time Dependence of Ip/Iv at 7,. It can be seen that the resonant

. . phenomenon is not restricted by z., but
The relaxation time dependence of

b T in contrast with the usual
normalized Ip, Iv and Ip/Iv are shown e

. . uantum interference devices.
in fig. 3. As the relaxation time %
becomes shorter, Ip decreases and Iv

3.3 Temperature Dependence of Ip/I
increases, therefore, Ip/Iv decreases. v % % ; ke

This phenomenon is due to the broaden- The temperature dependence of Ip, Iv
ing of the resonant peak of transmis- and Ip/Iv are shown in fig. 4. Because
sion probabilities. Note that if the the temperature smearing effects are
relaxation time is longer than <., examined, the temperature dependence of
where 7. stands for the relaxation time scattering processes are neglected. As
of wundoped GaAs at room temperature the temperature rises, Ip/Iv decreases
evaluated from mobility, there is due to the fact that hot electrons
little influence on Ip/Iv. smear out the quantum interference
effects.
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The critical temperature represented
by T., and shown in fig.5, 1is estimated
from the difference between the

resonant and virtual levels of transmis-
bias.
in the

sion probabilities at ZEro

Because the ohmic drop occurs

cathode region, T, is not always a good

criterion for judgement of Ip/lv. This

indicates that conditions of the

cathode region have a serious influence

on device performance

4. The Wigner Formula and Transfer
Matrix Method

Theoretical analysis of RID with

heavily doping n* layers and without

scattering between the double barriers

is undertaken. Current voltage charac-

teristiecs obtained from the present

formula are compared with those from
the Transfer Matrix Method. Results are

shown in fig. 5.
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Fig. 5 Current wvoltage characteristics
obtained from the Wigner Formula and

the Transfer Matrix Method. RID with
the 2x10'%¢ cm~2® doping concentraticn
and without scattering between the

double barriers is analyzed.
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It can be seen that the two approaches
the results in this
This is

strong scattering and screening effects

show nearly same

optimum condition. because
in the cathode region maintain a flat
band

distribution 1in

electrons are in classical

this

and
region approxi-

mately.

5. Conclusion

Nonequilibrium quantum transport simu-

lation technique based on the Wigner
Formula have been investigated

The this
presented to research

the

usefulness of formula is
systematically
influence of some perturbations on
the quantum interference effects.

Especially, if the ohmic drop and the

electronic accumulation in quantum
the cathode

the remark-

mechanical distribution in
region occur,
able

effects

it predicts
interference
the
tional Transfer Matrix Method.

The

equilibrium quantum mechanical distribu-

influence on quantum

in contrast with conven-

with non-

importance of dealing

tion can be understood.
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