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Analytical expressions for the tunneling current of electrons with one or two degrees of
freedom (DOF), due to additional quantum confinement transverse to the electron transport
direction, are explicitly derived, analyzed, and implemented into computer simulations. The
results are compared with the well-known case in which 3-DOF electrons tunnel through 2
one-dimensional double-barrier well. The results show that the singularity of the density of
states in & one-dimensional system will not manifest sharp features in tunneling current, and
that when the spacing between the Fermi energy and bottom of conduction band is the same,
the tunneling current peak becomes broader and the peak-to-valley ratio becomes smaller as
the number of degrees of freedom of the electrons is reduced. The results also show that when
scattering is neglected, the energy quantization due to transverse confinement in 1- or 2-DOF

systems will not contribute any additional peaks to the tunneling current.

Since the original work by Chang er al. in 1974," the
resonant tunneling of electrons with three degrees of free-
dom (DOF) through a one-dimensional double-barrier
quantum weil has been studied extensively both experimen-
taliy? and theoretically.® As lithography, dry etching, epi-
taxy, and other semiconductor device fabrication technolo-
gies continue to improve, it is possibie to fabricate
double-barrier tunneling diodes of a cross section with one
or both lateral dimensions as small as 0.1 pm or less.*” In
these confined small structures, an additional quantization
transverse to the electron transport is introduced. As a re-
sult, the electrons have only one or two degrees of freedom
and tunnel through a three- or two-dimensional double-bar-
rier quantum well. It is important to understand how the
transport in such - or 2-DOF systems differs from that i a
3-DOF system. It has been speculated that the additional
transverse energy levels in a one- or two-dimensional system
might create additional peaksin the tunneling current. How-
ever, this has not been observed in some recent experi-
ments.>

In this letter we derive explicit analytical expressions for
etectrons of 1- or 2-IDOF tunneling through a three- or two-
dimensional double-barrier quantum well and explain the
differences in the current-voltage (f-F) characteristics of
tunneling electrons with different DOF by analyzing the dif-
ferences of their electron supply functions and by using com-
puter simulation. Finally, we will show that when scattering
can be neglected, no additional current peaks are predicted
in 2 1- or 2-DOF system.

When scattering is neglected, a general expression for
electrons tunneling through a double barrier can be written
as

J:qudkg<k>u,tf<ﬂ> FUE 4 gD TEDL,

where ¢ is the magnitude of electron charge, v, and &, are,
respectively, the electron velocity and energy in the direction
of tunneling, F is the total electron energy, fis the Fermi-
Dirac distribution function, ¥ is applied voltage, and | T {* is
the tunneling probability and independent of electron trans-
verse energy. The detailed expressions for 4 k and density of
states for momentum g(k) depend on the degree of freedom
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of the electrons. Knowing v, dk, = dE,/#, we have as fol-
lows:

Jor I-DOF:

J = iq[dﬂfm B —FE + ], 1)

where 4 is Planck’s constant, and £E=E, + E 15 in which
electron energy transverse to the tunneling direction, £, is
guantized:

for 2-DOF:

jzzifdg,m? [ak, (7 —FE+ ), @
Th J

where E = E, + E, + E, in which E, is quantized:
Jor 3-DOF:

5= 4ﬂquT

de ‘T‘z“ 1+ exp(E, — E))/KT )
I

1+ exp(E. — E, + gV)/kT )
(3}

where m is the eleciron mass in the semiconductor, £ is
Boltzmann’s constant, 7'is the temperature, and an integra-
tion over transverse direction has been carried out.

We can see from Eq. (1) that the singularity of 1-DOF

density of states for energy (e« 1/. \/IE’,_) is canceled cut by the
electron velocity and, therefore, will not result in any sharp
features in the tunneling current.

In the above derivation, we considered only the ground
state in a i- or 2-DOF system. Since there is more than one
guantum level, the total current should be the summation of
tunneling currents from all states on one side of a diode to
those states on the other side. When scattering is neglected
and transverse confinement is the same through the entire
diodes, the transverse variables in the Schrédinger equations
can be separated from variables in the transport direction,
and the energy in the transverse direction must be conserved.
This means that, for a double-barrier quantum well system,
only the resonant tunneling from a state on one side of the
diode to the same state on the other side through a state of
the same transverse energy in the quantum well is allowed.
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Hence the total current density can be written &s
oot = 2 g LED,

whereJ, _; isgivenby Eqs. (1) and (2}, £, = £, + K for l-
DOF, and E;, = E, for 2-DOF.

From the above analysis, we can see that when scatter-
ing is neglected, the tunneling probability is independent of
the transverse momentum. Therefore, electrons in any trans-
verse state in a i- or 2-DOF system experience the same
double barrier in the transport direction as that in a 3-DOF
system. The calculzation of tunneling current for the different
transverse quantum states in 1- or 2-DOF is the same as that
for their ground state, except when using an effective Fermi
level, E, — E,, where E, is the energy of a transverse state
relative to that of the ground state.

To see the difference in the 7-§ characteristics of reso-
nant tunpeling between electrons with different DOF, we
first discuss the case in which only tunneling through the
ground state is considered. Results will be valid even when
more than one transverse quantum level is considered, as

i1 be discussed later. Equations {1)-(3) can be rewritten
in the following form:

J:de,[T(E,)FS(E;),

where S'is defined as the electron supply function that repre-
sents the electron density available for tunneling. Since | 7|
does not depend on the transverse energy of electrons and is
the same for electrons of 1-, 2-, or 3-DOF, the difference of
electron supply functions determines the difference of their
I-¥ characteristics.

At zero temperature, and when ¢V > E,, the supply
functions are independent of bias ¥ and can be written as
follows:

Jfor 3-DOF:
S« {(1 —E/Ey, E<E,
U0, E >E,
for 2-DOF:
S, o {JU‘_EI/E_}T’ E/<Ej,
o, E >E,
Jfor 1-DOF:
S [1, E <E,
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FIG. 1. Schematic of supply functions of electrons of {-, 2-, and 3-DOF at
T'=0and whengV'> E,.
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FIG. 2. Supply functions for electrons of -, 2-, or 3-DOF, and the tunneling
probabilities corresponding to current peak and valley. The supply func-
tions are normalized in such a way that current peaks are the same for 1-, 2-,
or 3-DOF.

where £ is the Fermi level measured from the bottom of the
conduction band. Figure ! shows the supply functions of
different degrees of freedom, provided that they have the
same Fermi energy.

To see how the suppiy functions affect the /-¥ charac-
teristics, we show, in Fig. 2, the supply functions at zero
temperature and the distribution of the electron tunneling
probabilities corresponding to the peak and valley of the tun-
neling current. The probability distribution for the current
valley is enlarged by 50 times. We normalized the supply
functions in such a way that the peak currents for different
DOF are the same. As shown in Fig. 2, the peak value of
tunneling current is determined mainly by the peak of tun-
neling probability and the supply function’s value in the re-
gion where the probability peak is; the distribution of the
supply functions in other regions is insignificant. At the tun-
neling current valleys, the pesk of tunneling probability is far
away from the Fermi energy and therefore has Httle effect on
the tunneling current. The entire supply function distribu-
tion plays an important role in determining the total valley
current. Clearly, the 3-DOF electrons have the smallest val-
ley current, because their supply function is smaller than
that of the other two. For the same reasons, the 1-DOF elec-
trons have the largest valley current. As a conseguence, for a
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FIG. 3. Currents for electrons of -, 2-, or 3-DOF tunneling through a Snm/
Snm/Snm GaAs/Aly ; Ga, , As/Gahs double-barrier guantum well at 300
K. The current peaks are normalized.
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FIG. 4. At 77 K, the total tunneling current of 2 2-DOF system of three
transverse quantum states and the currents of gach of the individual states.

The system has a Snm/Snm/5nm GaAs/Al , Gag, As/GaAs double-bar-
rier quantom well.

given spacing between the Fermi level and the bottom of the
conduction band, the peak-to-valley (PTV) ratio is largest
for 3-DOF and smallest for 1-DOF. The peak width in 3-
DOF is smaller than that of 1- or 2-DOF, because the supply
function of electrons of 3-DOF decreases faster with energy
than that of electrons with 1- or 2-DOF. By similar analysis,
the peak width in 1-DOF should be the broadest.

Figure 3 shows the computer simulation for the tunnel-
ing current for electrons of 1-, 2-, and 3-DOF tunnefing
through a GaAs/Al, ; Gag ; As double-barrier quantum well
with the foliowing properties: barrier thickness, 5 nm; bar-
rier height, 0.23 eV; and well width, § nm. The simulation
was done by assuming their Fermi levels were 43 meV above
their own conduction-band bottom for all three cases. For
comparison, the values of current peaks were normalized.
Indeed, it can be seen that as the number of DOF is reduced,
the valley current and peak width increases, and the pesk-to-
valley ratio decreases.

Bt must be pointed out that, for a given degree of free-
dom, reduction of Fermi level can increase the PTV ratio
and reduce current peak width.” This implies that if the con-
tact doping concentration of a tunneling diode is fixed, and
the transverse confinement is introduced to reduce the elec-
tron’s DOF, the PTV ratio may increase, and peak width
may decrease. This results because the spacing between the
Fermi level and the bottom of the conduction band becomes
smaller as number of degrees of freedom is reduced with
fixed doping, and the improvement in the PTV ratio and
peak width from the reduction of the Fermi level may over-
come the degradation from the effect of supply functions.

Finally, we examine the possibility of observing addi-
tional current peaksin a 1- or 2-DOF system when scattering
is neglected. In order to observe the tunneling current peaks
due to tunneling through the excited states, both of the fol-
towing conditions must be satisfed: {1} the position of the
additional current peak must be separated enough from the
ground-state peak to be resolved; (2) the magnitude of the
additional tunneling peak has to be larger than the back-
ground tunneling current of the ground state. When scaiter-
ing is neglected, the tunneling current for excited transverse
states can be calculated, as pointed out earlier, in the same
way as that for the ground state, except with the use of a
smaller effective Fermi level. Reduction of the effective Fer-
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mii level hardly shifts the position of peak current, but de-
creases the amplitude of the tunneling current peak almost
exponentially.” This means that for 2 transverse quantum
fevel that is well above the ground state, its current peaX is
too small to make an observable contribution, and that fora
transverse quantum level that is close to the ground state, its
peak is too close to the ground-state peak to be distinguish-
able. For an example, we consider 3 2-DOF GaAs/AlGaAs
double-barrier diode consisting of three transverse states at
77 K. The first and second excited states are, respectively,
11.5 and 28.5 meV above the ground state. If there are
3x 10" em™ 2 electsons in the ground state, then there are
10" cm ™ ? electrons in the first excited state and 10'° cm 2
electrons in the second. Compared with the ground-state
current peak, the first excited-state peak position shifts only
4mV, and its amplitude is 3.3 times smailer; and the position
of the second excited peak shifts 6 mV, and its amplitude is
35 tirnes smaller. Figure 4 shows the tunneling currents for
each state and the total current calculated with the use of Eq.
(2). Clearly, the peaks due io the first and second excited
states cannot be distinguished from the ground-state peak. It
can be shown that the same situation is also true for resonant
tunneling of electrons with 1-DOF.

En summary, by deriving explicit analytical expressions
for the tunneling current of electrons with one or two de-
grees of freedom, analyzing their supply functions, and using
computer simulations, we have shown that for a given spac-
ing between the Fermi energy and the bottom of conduction
band, as the degrees of freedom of the electrons decreases,
the tunneling current peak becomes broader, and peak-to-
valley ratic becomes smaller. For a fixed contact doping con-
centration, the reduction of DOF may result in a narrower
peak width and better PVT ratio, because of the improve-
ment from reducing the spacing between the Fermi level and
the conduction-band bottom. We have also shown that when
scattering is neglected, the energy quantization caused by
transverse confinement in a I- or 2-DCF system will not
coniribute any additional distinguishable peaks in tunneling
current.
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