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Dynamics of electron tunneling in semiconductor nanostructures
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We have modeled the transmission of an electron wave packet through a resonant tunneling semiconductor
nanostructure by solving the time-dependent Sdimger equation using the finite-difference method. We have
found in all cases that the passage of the electron wave packet through the tunneling barrier is accompanied by
a propagation delay relative to the propagation of an undisturbed wave packet. Tunneling transport is shown to
be causal, and no evidence of superluminal behavior is seen, either for resonant or for off-resonant tunneling.
In the case of off-resonant tunneling, the peak of the transmitted wave packet is observed to exit a double
resonant tunneling barrier before the peak of the incident wave packet enters the structure. However, these two
peaks are not directly related, and the appearance of a well-formed peak in the transmitted intensity is shown
to be a result of the transient behavior of the tunneling event.
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. INTRODUCTION luminal transmission velocities.
The case of tunneling electrons is somewhat different but
Tunneling is a fundamental manifestation of the Heisen{erhaps even more interesting than the case of tunneling
berg uncertainty principle and quantum mechanics. In th@hotons. First of all the question of superluminal transport of
regime of quantum dimensions, the uncertainty princip|eelectrons in solids is not evident. Typical drift velocities are

teaches that the wave function of a wave particle may b ell below the speed of light. Therefore it is perfectly legiti-

nonzero on both sides of a potential barrier, the height o ate to ask the following question: If an electron is to
P ’ 9 raverse a finite region of space, such as a section of con-

which exceeds the kinetic energy of the particle wave. Sincejcting wire, can it do so even faster if we put a tunneling
a measurement must find the particle either on one side Qjirycture in its path? Through the research reported in this
the other, there is a finite probablllty of flndlng that the par-study we are able to address and answer this question_
ticle has tunneled through the barrier. The calculation of Part of the phenomenal progress in the information revo-
steady-state tunneling probabilities based on the solution dfition is based on the idea of creating smaller and smaller
the time-independent Schiimger equation probabilities is a transistors that can respond in increasingly shorter tftnes.
standard problem in introductory quantum mechanics. HowHowever, we are close to the end of this development road.
ever, this approach leaves a key question unanswered: Howpnneling structures for electrons have been developed for

long does it take the particle to tunnel from one side to thef!éctronic logic implementation as an alternative to
other? transistor-based architectures. These devices have an associ-

ted transit time that depends fundamentally on the tunneling
A closely related problem concerns that of photon propa S ) . Lo .
y P P brop me? The justification of using a tunneling device is that its

gation across thin regions where the wave is evanescerlt . : T

These regions act like barriers for photons and are analogOL'fEUCh _Sma”ef size compared to a transistor implies a corre-
to tunneling barriers for electrons. In 1982 time-resolved tun_spond!ngly hlgher speed. HOW?"er' since the dynamics of
neling experiments were reported concerning the propaga{yn'?elmg remain unmeasured, it does not at all follow that

tion of microwave photon pulses in a wave guide containingfev'Ce sp_eed can be SO simply scalc_ad when the physics of
a segment with a lower cutoff frequency below the central ransport Is cpmpletely different. In t.h|s paper we devglqp a

frequency of the pulskAccess to this region by the photon model of time-dependent tunneling using the finite-

pulse is classically forbidden, but tunneling transmission isdlfference time-domain metho*DTD) to obtain an exact

allowed. The measured transmission time of the puISé;]umerical solution of the Schdinger equation. We use this

through this wave guide appears to be shorter than through _rgode! to study electron transport through a resonant tgnnel—
wave guide of the same length having no such obstacl ng d|ode'(R'|jD),'the fgndamental e'emef“ in_tunneling-
These experiments, while suggestive that tunneling acts t asgd logic .CII’CUI'[S. Usmg the F.DTD SOIU“.OHS’ we can fol-
speed up the pulse, can be explained by the frequency diW N considerable detail the time evolution of the wave
persion of the microwave pulse and the filter effect of thepaCket as It moves through the tunneling structure, and
tunneling region that preferentially transmits the faster com—.through th_|s approach we are able to answer a number of
ponents of the pulse. A better experiment using single photol’ﬁnportamt issues of the physics.

transmission has also shown an apparent superluminal propa- || ~a| CULATION OF THE TUNNELING TIME

gation of light in the tunneling reginteln a recent publica- '

tion it was argued by Wanagt al. that photon transmission An excellent review has been given by Hauge and
through a region of anomalous dispersion can lead to supeBtgvneng of the principal analytic approaches to this prob-
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lem, who have found all methods wanting to some defree. Transmission thru a double barrier
These approaches aim to define tunneling times. For ex- ' ' ' ' '
ample, a phase delay time due to Widhecan be identified 08
from the solution of the Schdinger equation for a free-
electron wave with a narrow distribution &fvectors:
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wherew is the total width of the RTD and is the phase
associated with the transmission coefficidit |Ae'#|%. The
termd¢/dk has units of length and can be thought of as the ()
extra “distance” the electron has to travel in crossing the . o o
barrier, andx is the wave-vector component inside the bar- FIG. 1. (9 Tr.ansmls_smn pro_bablllty for an e_Iectron incident on
rier. The phase term can in principle be positive correspond@ double potential barrier of height 2 eV and width equal to 150 A.
ing to a delay by the barrier, or negative, corresponding to atq.)) T.he Wigner tunneling time can be calculated as a f““"“"r? of
acceleration. The phase time model can be applied to Kinetic energy from Eq(1) presuming a perfectly monochromatic

h tic elect ith . tor at an glectron. This result shows that a nonresonant electron will tunnel
monochromatic electron wave with a slngde/ec_o at any .through the barrier in a time that is about three orders of magnitude
point in space. Electrons are localized in materials like sem

'Shorter than an electron that tunnels on resonance. In between we
conductors to a few nanometers, and therefore the MOMERf 6y the time for an electron to traverse the same region of space

tum distribution is not particularly narrow, as required by this,ynen ng barrier is present.
simple model. In a real experiment involving electron pas-
sage through a resonant tunneling barrier, it is quite evidentegion by the classical physics of electron transport for an
that the electron is localized both in space and time. Withoutlectron particle having the same kinetic energy. On the other
this condition, the meaning of tunneling time is ambiguous.hand, off-resonance tunneling results in a transmission time
The same argument applies to the case of photon tunnelinghat is shorter than that of classical transport, although the
It is possible to treat eadhvector separately and imagine an transmission probability is much lower. This simple model
ensemble average of times. This approach clearly illustrateshows some of the important features of resonant tunneling,
however, that differerik components of the wave packet will but since the electron is modeled as a delocalized wave, the
tunnel at different times resulting in a reshaping of the wavephysical meaning of the Wigner phase tunneling time is not
packet. clear. A more sophisticated model that treats the particlelike
In the discussion that follows, we model RTD structure bybehavior of the electron would be an improvement.
two barriers each with a width of 0.5 nm and a separation Other models have been proposed to calculate the transit
between them of 1 nm. The potential height of the barrier igsime of quantum-mechanical particle waves. The Larmor
2 eV. The effective mass of the electrons is unity. This modetime was proposed to take advantage of the extra degree of
is easily scaled to parameters representing specific RTD déreedom that exists because of the spin of the electron. The
vices, without any change in the principles illustrated by thisButtiker-Landauer time follows a WKB-type derivation, and
study. We consider two important cases: tunneling close tehe end result ignores the complex nature of the particle
resonance, where the transmission probability is a maximurmyave vector in the barrier regions. The methods have been
and tunneling far from resonance, where the transmissioreviewed by Landauer and co-work&%These calculational
probability is a minimum. approaches rely on assumptions regarding the distribution of
To introduce the problem, we show the transmission comomentum vectors and the range of wave-function energies
efficient in Fig. 1a) and the “tunneling time” for a free that enable semianalytic solutions of the Schinger equa-
electron corresponding to the phase model in Fig).TThere  tion. As a result it becomes possible to extract a characteris-
is a straightforward one-to-one relationship between theic time from the asymptotic behavior of the wave function.
peaks in the transmission coefficient and the peaks in th€hiao has identified five such approaches to calculating the
transmission time. The most tightly bound resonances haveansit time!®'* While each of these methods yields a num-
the longest tunneling times. In Fig(kd we also show the ber, each also suffers from an unrealistic model of the tun-
time required for an electron particle to traverse the sameeling electron. Numerical simulation of the wave-function
region of space containing no barrier. It can be seen that thgropagation represents an improvement over these methods,
time for an electron to transit an RTD at resonance, when thand illustrates some shortcomings of these approaches by
transmission probability is high, is about two orders of mag-showing the difficulty of assigning a simple number to the
nitude longer than for the time required to transit the sameunneling time.
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Analysis of tunneling by numerical solution of the Schro Eor V(x)=0, the Gaussian wave packet spreads and moves
dinger equation represents an alternate approach that doe oo P P

not require in principle any of the simplifying accommoda- With a group vilogty é:orrespondmg to the initial average
tions that are needed to derive an analytic model. A substafeMeNtuM(po) = y2mE.

tial body of research in this area has been carried out b Th_e galculatlon procee_ds by determining the wave-
Jauho and co-workers, examining both the spatial and m unction intensity as a function of real space for each point in

mentum distributions of a wave pack&t’® Their calcula- time. This solution method does not depend on simplifying

tions are based on the numerical integration of the Schrg@SSUmptions regarding the nature of the incident wave

dinger equation, using an electron wave packet with a finitd?@cket, such as the distribution of momentum states. The

width in real space and momentum space. This procedure [gsults can be viewed as a movie of the transmission of the
ave packet through the barrier.

described and is applied to a triple barrier tunneling structurd” In Fi h he initial diti f the simul
in Ref. 12. This a structure more complicated than the one. ”A'g‘ 28) weks ﬁWF € |n|t|a_ ::or)d |:]|or}s48 }i € snlnu a_d
that we use here. Nonetheless, their results illustrate the filon- A Wave packet having spatial width o IS release

terlike effect of a tunneling barrier on a propagating waveVith an initial velocity of 4. 10° m/sec and is incident on
double barrier tunneling structure with a well that is 20 A

acket where the resonant components are trapped in tifeY°! . : . .
b P PP in width and 2 eV in height. Its energy width is less than

tunneling barrier for a much longer time than the nonreso, % of th ion b levels in th
nant components. Jauho and Jonson applied this numericap % Of the energy separation between resonant levels in the

approach to the study of tunneling through barriers with otential-well region_ between the two barriers. On the other
height that is modulated in timid,in order to compare re- 1and, the energy width of the wave packet exceeds that of

sults to those obtained by Buttiker and Landausignifi- e resonant levels by about one order of magnitude. The
cantly, they discovered that it is not possible to define ncident wave packet has its peak initially at 500 A and the
tunneling time by following the passage of a sharp wav eft-hand edge of the double barrier structure is located at

front through the tunneling barrier. Their numerical method>89 A. The resonant states of the barrier are diagrammed in

showed substantial pulse reshaping, due to the filter effec{:,'g'kz(b])c' Wﬁ candf]fr)llow the time ﬁvolutmn of ths wave
obscuring the relationship between the incident and transmi22cket for three different casef) the wave packet is on
ted wave form. This work gives a much more detailed andsonance with the_ states in the parr{el), the _Wavejnpacket
complete picture of wave-packet evolution than those base off resonance with the states in the b.arrler,. diiid the

on asymptotic solutions of the Schliager equation. We arrier is absent altogether. The FDTD simulation allows us

have been able to benefit from these results to confirm odP.bsef"e the'c.:oII|S|on betyveen the wave packet and the.bar-
numerical solutions based on the FDTD method. rier. The ability to examine the evolution of the scattering

We have looked at solutions of the time-dependent onegvent at various points in time is crucial to understanding the

dimensional Schidinger equation for the propagation of an physics of the tunneling process.
electron wave packet in an electric field, in the presence of a

double barrier tunneling structure. We have developed a fi-

nite difference simulation of the time-dependent Sdimger

equation that gives the tunneling dynamics without recourse IIl. RESULTS

to a simplifying model, In Fig. 3 we show the results of all three cases. The un-
scattered curve represents the propagation of the wave packet
in the absence of any potential barrier. The “on” curve cor-
J K2 92 responds to the case in which the peak of the wave packet is
in—V(xt)= ( -5 —2+V(x))\lf(x,t). (3)  centered in energy on a resonant level of the potential well.
at 2m ox - P
We refer to this as the on-resonance wave packet. The “off
curve corresponds to the case where the same wave packet,
with the same initial energy, is incident on a RTD barrier so
that the wave-packet peak energy lies halfway between two
; . e resonant levels. In our simulation the value of the resonance
}Nh'Ch r\:\./e can determine t.he tu_nne]mg tf|me. We havle_ Calcu'energy is selected by tuning the energy of the bottom of the
ated this parameter by discretization of &8) and solving . well, while keeping all other parameters, such as the well

the resulting equation by the finite-difference, time-domamwid,[h and the wave-packet properties, fixed. After an elapsed

method, time of 5x10 *sec, the peak of the unscattered wave
packet has advanced to 710 A, as expected given its initial
velocity. Both the resonant and nonresonant wave packets
W(x,t+At)—W(x,t) experience strong reflection when incident on the barrier. In
At the case of on-resonance transmission, most of the wave-
packet intensity has been reflected toward the left, because
—h2 (W (x,— AX,1)—2W(x,t) + ¥ (x+ AX,t) the packet contains substantial nonresonant components due
= om (Ax)2 to its width. There is a component that continues to resonate
in the barrier, and there is a transmission corresponding to
+V(X)W(x,t). (4) about 10% of the packet amplitude toward the right. Almost

The quantum-mechanical time-dependent Sdimger
equation gives the time evolution of a wave packet from
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e A L 5X10 *sec. The unscattered curve shows the diffusion of the
-2000 -1500 W "1 ?got ol -500 0 wave packet in the absence of any scattering. The off curve shows
&) ol Potential (meV) the propagation of the wave packet off-resonance, while the on

. . o - . wave packet is centered in energy on a resonant level in the tunnel-
FIG. 2. (a) Diagram showing the initial position and spatial . - S .
ing barrier. The on-resonance packet shows transmission, reflection,

width of the pulse used to interrogate the resonant double barrier. . o )
P 9 and a substantial intensity in the well itself, due the resonance con-

(b) Resonant tunneling energies for the 2-eV quantum well. The

horizontal axis gives the depth of the well relative to the zero ofdmon' (b).A blowup of the tran;m@spn plot shown in Fig(b3

. Although it cannot be resolved in this view, the off-resonance wave
energy for free-space propagation. Thus for the on-resonance Casedcket is transmitted through the resonant tunneling barrier ahead
the bottom of the well lies 1480 meV below the zero energy levelP ug u 9

outside the well. of the on-resonance wave packet._Note that the peak of the off-
resonance wave packet is found to lie ahead of the peak of the wave

packet that encountered no barrier. However, the positions of these

all of the off-resonance packet is reflected, but a small comtwo peaks cannot be directly compared because the peaks do not

ponent, representing less than 1% of the incident intensityhave the same origin.

has tunneled through the barrier. Figur@)3shows an ex-

panded portion of these three events. tunneling electrons, and off-resonance tunneling electrons,

Looking at Fig. 3b), we record the following conclu- then the conclusion would be that the unscattered electrons
sions: Although the occurrence rate is quite low, the peak ofire detected in the shortest time. The off-resonance electrons
the off-resonance wave packet arrives before the peak of tharrive next and the on-resonance electrons arrive last. In this
on-resonance packet. The peak of the on-resonance packetample there is no superluminal transport, even though the
arrives after that of the unscattered packet. These conclyeak of the wave function for the unscattered electron lags in
sions are in general similar to those drawn from the Wignetime compared to that for the transmitted part of the wave
model shown in Fig. 1. function corresponding to off-resonance tunneling.

In an experiment, the situation is different. One does not We can use these data to calculate an effective group ve-
measure the peak of the wave function, but rather the predocity of the wave packets in the on-resonance and off-
ence or absence of an electron in a given time period. Toesonance cases. In the on-resonance case, the peak of the
accomplish this measurement, the threshold for detection igansmitted wave packet travels 180 A ix30 ' sec. The
set a certain level and observations are carried out. If theffective group velocity outside the well is given by the in-
threshold is set so that all three events diagrammed in Figzident group velocity, and the effective velocity while cross-
3(b) can be detected: unscattered electrons, on-resonanae the well is 1.7 10° m/sec, showing that the wave packet
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is retarded by the resonance, as expected. When we apply thee time the backward traveling wave front reaches the left-
same procedure to the peak of the off-resonance packet, wend barrier, the interference is nearly complete, and the
discover that the elapsed time in the well region is negativepeak of transmitted packet has exited the well. The packet is
suggesting that the off-resonance packet exits the well beforfrmed in space and time by the transient associated with the
the peak of the incident packet has entered it. Landauer artiime to build up a nearly complete destructive interference,
Martin® have concluded that this event demonstrates a lackvhich could be thought of approximately as the time needed
of causality. However, we will show here that this interpre-to complete two round trips in the well. At the time that the
tation is not correct, and we will thus remove the objectiontransmitted pulse has exited the well on the right, the peak of
that these authors have given to the use of wave-packet tranihe incident packet has not yet reached the left-hand barrier.
mission to the study of tunneling time. This type of event hasHowever, it is clear that the transmitted packet travels
been observed in the optical transmission experiments dhrough the double barrier structure in a manner that is
Wanget al.® and attributed to superluminal transmission of wholly compatible with ideas of causality.
photons. Hacheand Poirier have published quite recently  Japha and Kurizki have studied the propagation of pho-
microwave transmission experiments showing similar eftons in the evanescent regime in order to investigate two
fects, claiming the observation of group velocities greatefeatures of photon tunneling that we have also noted in the
than 2.6 As we will show presently, such estimates of time previous discussion in the case of electrons: the appearance
or velocity are naie. of a transmitted peak in the tunneling wave function that is

To examine this unusual result for the case of off-(i) narrower in width andii) advanced in time compared to
resonance tunneling, we used the FDTD simulation to trackhe peak of the wave function for an unscattered photon.
the peak of the off-resonance packet. We first determined itSheir calculation highlights the role of multiple reflections or
velocity following its exit from the barrier. To our initial interferences of the photon wave function in the barrier re-
surprise, the group velocity is not 4&1.0° m/sec, as as- gion, and confirms that the peak in the wave function of the
sumed above, but 4:810° m/sec. This increased propaga- tunneling photon is the result of a transient in the buildup of
tion velocity of the peak of the off-resonance packet is arthe interference that represents the reflectivity of the tunnel-
important piece of the puzzle. The SchHimger equation is ing barrier. Their study emphasizes that the multiple reflec-
diffusive in time. As a result, the leading edge of a wavetions are interfering components of the same single-particle
packet moves faster than the peak, causing the packet teave function.
broaden in time. By tracking the off-resonance packet with On-resonance tunneling is less complicated. The leading
the leading edge of the unscattered packet, we confirm thadge of the packet is transmitted through the double barrier
the leading edge of the unscattered packet moves with theith approximately the same time delay and intensity as that
same velocity as that of the peak of the transmitted off-of the off-resonance packet. However, the interference is re-
resonance packet once it has exited the double barrier struptaced by resonance which leads to a continuous increase in
ture. Further analysis confirms that the peak of the offthe transmitted packet intensity until after the peak of the
resonance transmitted pulse is not related in any simple wayncident packet is reflected from the left-hand barrier. The
to the peak of the incident pulse. Above all, it is not anspatial width of the resulting wave packet is enlarged com-
attenuated replica of the incident packet. Comparing theipared to the unscattered packet. This is the direct result of the
positions is meaningless. This result shows that the tunnelinfiltering effect of the resonant barrier structure, which trans-
barrier acts like a time dependent gate that allows only thenits efficiently only the resonant wave-vector components of
leading edge of the incident packet to be transmitted. Théhe wave packet.
apparent increase in peak velocity due to diffusion has its There are obvious analogies between the behavior of pho-
analog in light propagation through a dispersive medifuf. tons and that of electrons because of their wavelike proper-
optical pulse broadening occurs with time, the leading edgéies. It is equally important to remember that experiments
of the pulse may appear to be moving faster than the speedlith photons also involve wave packets, limited in time and
of light in the dispersive medium. Of course, this effect for space. When the wave packet contains wave-vector compo-
photons would disappear in a vacuum, which is nondispernents, the energy of which is resonant with the double bar-
sive. rier, the double barrier tunneling structure acts likeoarier

To complete the study of the off-resonance tunneling, wdilter, transmitting principally the resonant wave-vector com-
examined the impact of the incident packet on the barrier. Aponents, and by consequence, enlarging the spatial/temporal
the first barrier more than 95% of the packet is reflectedvidth of the transmitted packet. The energy width of the
setting up strong interference. This interference is nearly toresonance will also determine the delay in the transmission
tal and is instrumental in diminishing the additional packetof the packet. It follows that transport of a wave packet via
intensity that enters the double barrier structure. The trangunneling on-resonance is slower than transport in the ab-
mitted packet enters the well, but encounters no interferencgence of a barrier. These are features that are all well known
during this transient phase because there is not yet anfyom the wavelike behavior of resonant cavities of any type.
counter propagating part of the wave function. At the second Off-resonance tunneling is another matter. Our simula-
barrier, the wave packet is transmitted with about 5% effi-tions show that the barrier acts liketemporalfilter, trans-
ciency, and starts to exit the well, forming the transmittedmitting the off-resonance wave packet, albeit highly attenu-
packet. The remaining 95% reflected intensity at the secondted, until sufficient interference can build up in the
barrier creates a destructive interference inside the well. Byunneling structure to cut off further transmission. The peak
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of the transmitted wave packet is directly related to areshag 1 |
ing of the leading edge of the incident wave packet. This is' """ = i
seen by comparing the propagation velocity of these twtw ;]
features. As a result it is observed that the peak of the tran: 2
mitted packet leaves the tunneling structure before the pecg '] "B
of the incident packet has entered. However, this transmitte § |
peak is not an attenuated replica of the incident wave packe ]
Since these two peaks are not directly related to each othe® s i
this result is not a paradox. ; 1

In Fig. 4 we show a snapshot taken just as the off- ] ;
resonance packet exits the barrier. Inside the well, the waver . ] \\

Transmis
o

function intensity, which is nonzero, creates a nearly com ] E B

BN

pletely reflecting boundary to the wave incident from the oo . . . e

left. On the right-hand side, we have confirmed that the lead A0 TR EA AT e BB RN RELE RE Y

' SR Position (A)

ing edge of the off-resonance packedd is slightly ahead of

the leading edge of the on-resonance pacgeten. How- FIG. 4. (Colon A snapshot of the of the wave-function inten-

ever, it is not ahead of the leading edge of the position of thgjties shortly after the off-resonance wave packet) exits the

unscattered packeblue). The implications of these results tunneling structure. Note the presence of a small “echo” in the

for experimental measurements are discussed below. off-resonance transmission emphasizing that the transmission of
this part of the wave packet is a transient effect. The leading edge of
the off-resonance peak is slightly ahead of the on-resonance peak

(green, but is lagging the leading edge of the unscattered freely

An electron is a quantum-mechanical entity. In an experi- f ks. If a t ling ti o be determined by th
ment one measures the presence or absence of an electignPeaks. T a tunneling ime were 1o be determineéd by the

entroid of one of these peaks, then the tunneling time would

and not a wave-packet intensity. If we measure the transmis- . . :
P y %e a multiple-valued function. This example shows that the

sion of a stream of electrons, these calculations tell us th . : ) .
for the off-resonance case we will detect the arrival of a@YNamics of tunneling cannot be described meaningfully by

guantum only occasionally. These quanta will arrive with a2 S|mdple n?mbi:‘ deglfqn?ted as tthhe ttunnellng ttlrr:je.tAs men;
distribution of times. In an experiment, one sets the thresholoned earlier, the interference that causes this tempora
of the electron detector. All of our results show that the

modulation of the electron wave function is a single-particle

threshold for detection of the unscattered wave packet is aphenomenon, and not the re;ult of the interaction of several
ways reached before the threshold of the electron passinyecnons' In fact_th|s effect is the temporal analog of the
through the tunneling barrier. Thus our first important result ell-known two-slit interference experiment. Just as the pas-
is to show that an electron wave packet is retarded by pass_age of a single electron through a double slit produces a
sage through a tunneling barrier, both for on-resonance and |
above all for off-resonance packets. This result should b*®? 3
contrasted with the results of the phase-time model showni 4504
Fig. 1 which predicts that off resonance tunneling through ¢ £ 400
barrier occurs in less time than an unimpeded passage. Fivg ]
ures 3 and 4 show that for any arrival time there is always %
smaller probability of detecting a quantum passing through s ]
tunneling structure compared to the case for propagation i § 250
the absence of tunneling. Thus our model shows that infor & 200
mation is not transmitted by tunneling faster than in the ab ]
sence of tunneling. Our results do not support the assertio
by Landauer and Martfhthat tunneling can act to speed up
transmission. e F R

These results show that the dynamics of propagation of a 04— ———— —
electron through a resonant tunneling structure will be very 550 600 650 7gi)sm°:‘5°(A) 800 8% om0
different depending on the relationship between the electro.,
wave packet and the resonant energies of the barrier. FOr g 5. A snapshot of the wave-function intensity of a off-
example, if the electron wave packet is only slightly off reso-regonance wave packet after .50~ sec of propagation. The
nance then multiple peaks appear in the time-dependeRfe in this figure is 40 A wide in order to better resolve the series
transmitted wave packet due the combined participation off multiple peaks in the transmitted wave function. The peak energy
both resonant and nonresonant transmission channels. We #f the wave packet is about 0.15 eV above the resonant level in the
lustrate such an event in Fig. 5, where we have chosen guantum well. The presence of multiple peaks in the reshaped wave
larger well width in order to better resolve the transmittedpacket shows that a tunneling time consisting of a simple number
wave-packet shape. The transmitted wave packet has a seri@sinot be meaningfully defined.

350

3004

1503

Transmi
g

045306-6



DYNAMICS OF ELECTRON TUNNELING IN . .. PHYSICAL REVIEW B67, 045306 (2003

spatial modulation of the electron wave function, passag®e expected to dominate the transport behavior. In this study
through a double barrier produces a modulation of the elecwe have examined the dynamics of tunneling electrons. The
tron wave function in time. results we have obtained show that the presence of a tunnel-
The situation shown in Fig. 5 could be realized in realing structure retards the electron wave packet in time. The
resonant tunneling circuits because of structural differenceamount of retardation is larger for on-resonance tunneling
that occur in fabrication between individual tunneling barri-than for off-resonance tunneling. The differences between
ers. In an experiment where a regular stream of electrons i@n-resonance and off-resonance tunneling will depend on the
incident on such tunneling barriers, measurement will deteatletails of the tunneling barrier. These results, obtained by
a distribution of arrival times. Furthermore, the distribution FDTD solution of the time-dependent ScHiager equation,
is not a broadened Gaussian-type curve, but a series of peatecall the results from using Eql), with the significant
whose spacing is approximately related to the dwell time indifference that Eq(1) predicts that off-resonance tunneling
the tunneling barrier. This “dwell time” depends on the mo- causes the electron to be transported through the tunneling
mentum distribution of the packet in the well, which is region faster than would be the case in the absence of a
changing with time, and is therefore also not constant. Weunneling barrier. None of the present work has shown this
identify the time jitter introduced by such a resonant tunnel-case to occur.

ing diode as a different kind afuantum telegraph noisghat It may be asked if the situation would be changed for the
has its origin in the quantum-mechanical dynamics of thecase of transmission through a single tunneling barrier, in-
tunneling process. stead of the double resonant barrier presented here. The in-

Our implementation of the FDTD method to model wave-terference at the barrier that causes the wave packet to be
packet propagation has allowed us to study the propagatioreflected will be present as in the case of the double barrier.
of the wave-packet transmitted in off-resonant tunneling. As shown above, this interference takes time to build up.
The transmitted peak is not an attenuated replica of the inciburing this time, there will be transmission of the incident
dent peak. Comparing their peak positions in time is meanwave. A small peak in the transmitted wave-function inten-
ingless. Under conditions of off-resonance propagation, thsity will appear at the output due to the reshaping of the
tunneling barrier acts like a temporal filter. It is a convincingleading edge of the wave function by the barrier, similar to
demonstration of causality, as the opaqueness of the barriertbe case of off-resonance tunneling described above. Thus
built up in time due to sequential reflection and interferenceunneling through a single barrier does not represent a differ-
in the quantum well. Only the leading edge of the waveent case as far as the physics is concerned.
packet is significantly transmitted because the interference is
absent by causality during this initial time period. This is a
feature of wave-packet propagation and will apply to the ACKNOWLEDGMENT
propagation of electrons or photons.
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