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The electron tunnelling phase time 7P and dwell time T through an associated delta potential barrier U(z) = £§(x)

are calculated and both are in the order of 10717 — 10~ 16s. The results show that the dependence of the phase time on

the delta barrier parameter ¢ can be described by the characteristic length I. = h? /meé and the characteristic energy

E. = me§2/h2 of the delta barrier, where me is the electron mass, I; and FE. are assumed to be the effective width and

height of the delta barrier with IcE. = &, respectively. It is found that mp reaches its maximum and 7p = 7P as the

energy of the tunnelling electron is equal to E./2, i.e. as lc = XApg, App is de Broglie wave length of the electron.
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The study of tunnelling time is one of most at-
tractive and controversial problems in quantum me-
chanics. Many theoretical and experimental attempts
have been made to solve this problem.!~7 There are
several theoretical models to calculate the tunnelling
time. One of them is the phase time (7P) mode, in
which the wave packets are incident on the barrier
and go through the barrier, and a phase delay for the
peak of the wave packet is calculated.[:2] The phase
of the quantum system has the physical significance,
and the phase time provides a clearer physical picture
for the tunnelling time, though its physical causality is
still controversial.[’! Next is 7, the dwell time mode,
which is defined as the ratio of the number of parti-
cles within the barrier to the incident flux.[”] The delta
function is frequently invoked to describe charge den-
sity for a point charge and very short range potential
such as the potential produced by nuclear forces. In
this paper, we calculate the phase time 7P and dwell
time 71p for the electrons tunnelling through the asso-
ciated delta potential barrier, and reveal the correla-
tion of the associated delta barrier parameter £ with

the tunnelling time.

U(z) = £6(x), (1)

where £ > 0 in 10 !eV-nm). The parameter ¢ de-
scribes how fast the delta potential U (z) approaches
oo as ¢ — 0, thus £ is critical for the shape of the
delta potentials. If the electrons are incident on the
left of the barrier, as shown in Fig.1, its Schrodinger

equation is

E.

U=eo(z)

E/eV
=

Fig.1. The associated delta barrier £§(z).

B ()

2m, da?

+ P(2)¢8(z) = Ecp(z),  (2)
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where m, is the electron mass and F, is the electron

energy. The solution of Eq.(2) must be in the from of
Y1(z) = e*® + Re ' 2 <0, (3)

¢2 (.’E) _ Teikz
where F, = h2k2/2me, R and T are the amplitudes of

the reflected and the transmitted waves, respectively.

z >0, (4)

We assume that the amplitude of the incident wave,
i.e. the first term on the right-hand side of Eq.(3),
is unity. Note that the point =0 is singularity; we
integrate Eq.(2) between —¢ and +¢ (¢ is a small pos-
itive number), then take the limit as e — 0% (i.e., €

approaches zero when kept positive) and thus havel®!

2me
y0%) — 4(0) = et

¥(0). (5a)
Also, at the point x = 0,
$2(07) = 1(07).

Using Egs.(3) and (4), Eq.(5b) can be rewritten as

(5b)

1+R=T, (6)

because at the point x= 0 the wavefunctions are not
continuous. Equation (5a) shows that at the point z=
0 the first derivative of the wavefunction is not con-
tinuous. Using the boundary conditions Eq.(5a) and
(5b), we obtain

: 1+1il.k
= iB = - e =
R =|RJe TR B = arctan(l k), (7)
: lk(lk — i
T=|T|e" = 1(_*_7[%21), a = arctan(—1/1.k),
(8)
and
1
RP= ——
B = e

1212 1
2 c
T = = 1/ <1 + (lck)2)’ )

where I, = h?/(mc£), which has the length dimen-
sion and can be defined as the characteristic length of
the delta potential barrier, and E, = m£?2/ h? is de-
fined as the characteristic energy of the delta potential
barrier.[] Note that |R|? +|T|?=1.

Since the characteristic length I. depends on the
electron mass m, and the parameter &, [, = h2/me§
can be considered as the effective width of an asso-
ciated delta barrier £6(z). Obviously, [ E. = for
the delta barrier with the given parameters £ repre-

sents the area of the associated delta barrier: in other

words, its height is E. and its width is I.. Figure 2
shows the curves of the tunnelling probability | T |2
versus the wavenumber k. It is shown that as k —0,
i.e. Xpg — oo (or E, — 0), the tunnelling probabil-
ity | T |? through the delta barrier approaches zero.
Note that though the tunnelling probability | T |2 in-
creases with the wavenumber k, |T|> =1 as k — oo,
i.e. Xpgp =0 or l./k — 0.
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Fig.2. Electron tunnelling probability |T|2
versus k for £€=0.5 eV.nm, 0.7eV-nm and

1leV-nm, respectively.

For the associated delta potential barrier, the

electron tunnelling phase time of the reflected wave
isl1-2]
is

1dg
p_ 7
Tk (10)
and the phase time of the transmitted wave is[t:2]
1da
p_ = 11
T Uk (11)

where v = h™!( dE/dk)=hk/m, is the group veloc-
ity and k = v/2mcFE,/h. l. is in 10" 'nm and k is in
10 'nm!. Substituting Eqgs.(7) and (8) into Eqs.(9)
and (10), we obtain

meh’e e 1
v(m2€2 + h'k2) v 14 12k?
_melc 1 C1 < f

= = 12
hk 1+12k* /E, §2+C2Ee)’( )

where for electron ¢;=1.286x10715, c;=15.28, € is the

delta barrier parameter in 10~ 'eV-nm and E, is elec-

P_ P _
Tr =TR =

tron energy in eV, 7} and 7 are phase times in s. This
is illustrated in Fig.3. The curves a, b and ¢ show that
electron phase time 7P versus k for &£; =0.5¢V-nm,
£2=0.7eV-nm and £3=1eV.-nm, respectively. There
are intersection points A, B and C for the curves with

different £. For example, the curves a and b intersect

at the point A when k = me—fl&:O.7766. In this

kind of circumstance, 7P=0.706x10"16s,
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Note that the phase time of the reflected wave is
equal to that of the transmitted wave. As can be seen
in Fig.3, the phase time 75 and 7§ are close to zero as
k — oo, (or E. — 00). On the other hand, as k —0
(or Es —0), both 77 and 7}, are close to infinity.
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Fig.3. Electron tunnelling phase time 7P ver-
sus k for {£=0.5¢V-nm, 0.7eV-nm and 1leV-nm,

respectively.

Next, let us consider the dwell time of tunnelling
electrons through the delta barrier £6(z). The dwell

time, 7p, is defined as[710:11]

™ = %/B|¢|2dac, (13)

where 1 is the electron wavefunction, B denotes the
barrier region (—l./2, l./2).

Thus Eq.(14) is performed:

1 +1./2
T :—/ |1,b1|2 dz

V-2

1 0 9
— ([ kg
V\J-1./2

e
o A dm) |
0

Here, 11 is the electron wavefunction at  — 07 in the

(14)

barrier region of z < 0 and |44 is the probability

E
density for electron to be found at x — 0~ on the left-
hand side of the delta barrier; 15 is the electron trans-
mitting wavefunction at  — 07 on the right-hand
side in the barrier region of z > 0, |¢2|2 ,,; is the
probability density of tunnelling electron at z — 0F;

v = hk/m, is the group velocity.

Substituting Egs.(3), (4), (6) and (7)—(9) into
Eq.(14), we can than rewrite the integral in Eq.(14)
as

lC

1 0 9 +3 9 132
_1 1+ R, d TP .de) = —co
™D u</_%| + Rl;—o I+/0 1T 5z0+ “”) v(1+ 2k2)

_melC leQ _a cov/FEe (15)
bk (1+12k2) ¢ \€2+FE,)’

As shown in Eq.(15), the dwell time p is close to zero
as k — oo, (or E, — o0). In contrast, as k —0, (or
E. —0), 7p is also close to zero. In this case there

exist no tunnelling phenomena actually.
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Fig.4. Electron dwell time 1 versus k for £=0.5eV-nm,
0.7eV-nm and 1leV-nm, respectively.

Figure 4 shows the curves of the dwell time 7p

versus k for the given delta barrier parameter £. Note

that 7p has the maximum %lf at1/k =1, and 1/k is
the de Broglie wavelength Apg. We can see the maxi-
mum value decreases and its position shifts to the side
of small k as the delta barrier parameter £ increases.
For example, 7p reaches the maxima 1.005x10716s,
0.5130x 10165 and 0.2513x 10 !5 as k is equal to 1/
lc at £=0.5, 0.7 and 1eV-nm, respectively.

The results of the analysis on 7P and 7p prompt
three conclusions:

First, P approaches infinity as k — 0 (or E, —0).
In this case, the delta barrier is close to being opaque.
In contrast, 7P is close to zero as k — oo (or E, — 00).
In other words, the delta barrier is close to being trans-
parent.

Second, the dwell time 7p takes a maximum value
as App = I.. Possibly this is the reason that the reso-
nance absorption of incident electron wave takes place
within the delta barrier as Apg = l.. And 7p=0 as
k — 0(E. =0) or k — co(E. = o0) from Eq.(15).
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Third, the phase time 7P of the reflected wave

is equal to the dwell time 7p of the incident wave

through the delta barrier as Apg=1/k = l.. In that
time, E, = E./2.
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