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Abstract

A new quantum hydrodynamic (QHD) model for semiconductor devices is pre-
sented. The quantum hydrodynamic conservation laws have the same form as the
classical hydrodynamic model, but the electron potential energy and average en-
ergy have additional quantumn terms. These quantum terms allow particles to tunnel
through potential barriers. Simulations of a resonant tunneling diode are presented
which show charge enhancement in the quantum well and negative differential re-
sistance (NDR). These are the first simulations of the full QHD equations to show
NDR in the resonant tunneling diode.

1 The Quantum Hydrodynamic Model

The hydrodynamic model for semiconductor devices can be extended to include quantum
tunneling effects by adding the first quantum corrections [1]. These quantum corrections
are O(h?). In this presentation I propose a new set of quantum hydrodynamic (QHD)
equations as a set of nonlincar conservation laws based on the quantum potential of
Bohm and a quantum kinetic energy termn due to Wigner:
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where n is the electron density, v is the velocity, p = mnv is the momentum density,
m is the cffective electron mass, T' is the temperature in energy units, & is the thermal
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conductivity, ¢ is the dielectric constant, ¢ is the electric potential, Np is the density of
donors, and N4 is the density of acceptors. Eq. (1) expresses conservation of electron
number, Eq. (2) expresses conservation of momentum, Eq. (3) expresses conservation of
energy, and Eq. (4) is Poisson’s equation for the electric potential. Here U = —e¢ + Q
is the effective potential, Q is the quantum potential of Bohm

Q=-5——=Va, (5)
and the energy density W now includes a quantum term (first proposed by Wigner)

2
= -23—nT + %mnvz - %V- (-:;Vn) . (6)
The collision terms have been treated classically through momentum and energy relax-
ation times 7, and 7,,.

These quantum hydrodynamic conservation laws have the same form as the classical
hydrodynamic model, but the electron potential energy and average energy have addi-
tional quantum terms. These quantum terms allow particles to tunnel through potential
barriers.

A different set of equations was first derived by Grubin and Kreskovsky [1] based
on the moment method of Stroscio [2] for the quantum Liouville equation. Numerical
simulations of a resonant tunneling diode were presented in Refs. [1] and [3] using this
set of equations. The simulations in Ref. [1] show NDR for a resonant tunneling diode
at 77 K using only the first two moments Egs. (1) and (2) plus Poisson’s equation.

2 QHD Simulations of the Resonant Tunneling Diode

The QHD model allows for efficient simulation of the behavior of quantum devices
that depend on quantum tunneling. I will present simulations of a GaAs resonant
tunneling diode with 0.3 ¢V double Al;Ga;_,As barriers. The diode consists of nt
source and drain regions with the doping density N = 10'7 cm—3, and an n channel
with N = 5 x 10" cm~3. The channel is 250 A long (indicated by the dark gray lines
at £ = 0 and z = 0.25 in Figs. 2 and 3), and the barriers are 25 A wide (indicated by
the light gray bands).

Current-voltage curves for the resonant tunneling diode are plotted in Fig. 1 for
three different values of heat conduction K¢ in & = KononTo/e. The physically relevant
value of kg is approximately 0.075 for this device. These are the first simulations of the
full QUD equations to show NDR in the resonant tunncling diode. For ko £ 0.05 there
is too little heat conduction to allow for NDR, while for kg 2 0.1 there is too much heat
conduction (allowing for multiple regions of NDR).

With kg = 0.075 the current-voltage curve displays a single region of NDR. The
peak (near V = 0.074 volts) to valley (near V = 0.14 volts) current ratio of 1.5 is too
small as compared to experiment, but this may be due to the presence of the collision
terms in the QD model [1]. Fig. 2 shows charge enhancement in the quantum well
between the barriers for applied voltages of V = 0.05, 0.1, 0.15, and 0.2 volts. Note the
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Figure 1: Current in kiloamps/cm? vs. voltage for the resonant tunncling diode at 77 K.

ko = 0.05, 0.075, and 0.1 from light gray to black.

Density Log[n{x)]
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Figure 2: Log[Density/10'® cm™3]. The curves are for V = 0.05, 0.1, 0.15, and 0.2 volts

from light gray to black. z is in 0.1 microns.
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Velocity vi{x)

Figure 3: Velocity in 10% cm/sec. The curves are for V = 0.05, 0.1, 0.15, and 0.2 volts
from light gray to black.

accumulation of electrons at the source-channel junction, and the depletion of electrons
around the channel-drain junction. Fig. 3 presents the electron velocities for the same
set of applied voltages. The electrons spend significantly more time in the quantum well
(where the velocity is low) than in the barriers (where the velocity is high). Of special
note is the fact that the lowest velocity in the well occurs at the current-voltage valley.
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