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Electron tunneling time measurement by field-emission microscopy
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Electron-tunneling time has been measured using field-emission microsE&p§). The analysis of the
FEM images of the dopant samarium ions located inside the calcium fluoride coating onto the silicon nanotip
gives the value of the perpendicular momentum distribution of emitted electrons. This distribution is a natural
measure of the tunneling time: the more time an electron spends under the barrier, the narrower such a
distribution is(Larmor clock experiment For the barrier height of 1.7 eV and electric-field strength ranging
from 0.55 to 0.7 V/nm, the tunneling time ranges from 6 to 8 fs.
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The problem of tunneling time is one of the oldest, well cept of the “virtual” trajectory in a classically forbidden area
known, and controversial in quantum mecharticsProb-  introduced by Kapur and Peietfsby means of substituting
ably the best approach for the experimental measurement @h imaginary time 7 instead of real time.) Formally this
tunneling time was formulated long ago by Rybachefhko, corresponds to the suppression of the initial, distribution:
who modified the idea of Baz’of how to measure the col- after the tunneling, a much narrower, distribution will
lision time. He proposed to use some additional degree ofippear.
freedom, changing during the tunneling, to track the particle This suppression is obviously related to the fundamental
motion under the barrigt.armor clock experiment; spin pre- characteristics of the tunneling process, and it can be ex-
cession due to the magnetic field acting only in the barrieplained using the concept of the tunneling time as follows.
region was consideredComparing the values of parameters Let us now consider the tunneling as taking place with only
characterizing this degree of freedom before and after thene particle characterize@n a momentum spageby the
tunneling, one can directly measure the tunneling tisee  wave functiony(p,,p,) of two independent parameters. Be-
Fig. 1). cause the electric field has onlyzaomponent, the tunneling

Such an experiment was never performéthough process is defined only by the normal momentum component
somewhat similar experiments of tunneling of electrons inp,, while p, could be treated as an independent degree of
heterostructures in the presence of magnetic field weréreedom. The average value pf , however, evolves during
reporte(’i‘7). Moreover, it was shown that Larmor precession
is not the main source of the apparent spin rotation for this
and other approaches, and the results of such experimen @
would be difficult to interpref1° Thus “Larmor clocks”
should be invented to measure the electron-tunneling time
Recently it was indicated that, due to the three-dimensional
character of the tunneling during the field ionization of a . —> V‘""'@"’"‘“D Q a
particle in the uniform electric field, the perpendicular mo-
mentum distribution of the tunneling particle can be used as
such a clock! Here we report the experimental realization ii
of such a possibility. CHCHECNC]

An idea of the method is illustrated in Figs(cl and 2. —- g/

Let us first consider the tunneling process as taking place foi :S :
an ensemble of electrons. Each of them tunnels from the

spherically symmetric quantum well in a uniform radial elec-
tric field F, and in the quasiclassic approximation, usually
used to discuss the tunneling, it can be characterized by th
energyE and momentum components with the initial values p t £,
of p,o (in the direction of fielgd and p, o (in a transversal L 3
direction. When tunneling under the barrier, no force is act-
ing in the transversal direction, and thus the transversal mo- g, 1. The idea of the Larmor clock tunneling time measure-

mentum also does not change. But the “trajectory” of the ment. One should invent a clock that starts to measure at the begin-
tunneling particle depends on the , (see Fig. 2 The larger  ning of the barrier crossing and finishes at the édParticle spin

the initial transversal momentum, the longer the distance thgector s rotation in the perpendicular magnetic fieRj superim-
electron should travel under the barrier and thus the smallgiosed in the barrier regiotb), or transversal momentum suppres-
will be the tunneling probability(Here we exploit the con- sion(c) can be used as such a clock.

ﬁt pJ. C

0163-1829/2001/623)/2333114)/$20.00 64 233311-1 ©2001 The American Physical Society



BRIEF REPORTS PHYSICAL REVIEW B 64 233311

| be seen on the detector plane as corresponding to the spot
A ’ H ©@\ with the diameterd on the tip surface:

|""|||| EI S=4r Y /El leU. (2)

Herer is the radius of the curvature of the tip andis a
/ numerical coefficient ranging from 1.5 to 2 and appearing
/ because of the difference between the geometry of a real
@) = FEM and an ideal case of a spherical capacitor. The same
J coefficient appears in the formula describing the magnifica-
tion M of the FEM2®

CaF;: sm’ coating

UHV Chamber

FIG. 2. The laser photoelectron projection microscépet of M=L/~r, 3)

the scale; two electron trajectories correspondl.ng to the dlf'feren(]ind for our microscope it was calibrated using the samples
transversal momenta, values are shownSharp tips are installed

inside the UHV chamber and high-resolution field-emission imagesW!th the well-defined structuréobservation of tungsten tips

; _ 117
of these tips formed when the potentidlranging from 0 to 4 kV Wlt_fll_hone-atom re_solutl_(:a,tﬁb(:&;]s lGQU?lJ}Oyf—_ 1Id5 . .
was applied were detected using the microchannel plate- us, measuring wi € nelp ol the neld-emission mi-

fluorescence screen assembly placed at a distarice @b cm from crqscope the tlransversal momentum_ spread of the electrons
the tip. The optical image formed at the exit of the assembly waEMitted by an isolated center of the tip, one can measure the
picked up by a television camera operated in conjunction with &€lectron-tunneling time related with the field ionization of

Photonics K. K., Japan The same experimental setup has been€mission experiments performed with metal or semiconduc-

used by us earlier to vizualize single color centers on the LiF:F tor tips do not deal with the single isolated centers to be field
crystal tip surfacéRef. 17) and as a first femtosecond superresolu-ionized. Instead of this, these experiments are described as
tion projection photoelectron microscope. The dotted line indicateghe local variations of the work function due to the presence
the edge of the barrigithe beginning of the classically accessible of different crystallographical planes or impurities on the tip
areg; the difference of the lengths of the particle trajectories undersurface, and the spatial resolution of the FEM is governed by

the barrier is clarified in the inset. the statistical distribution of the electron-gas energies inside
. . o the metaf®
the tunneling(and stops evolving after)itwhich enables to We proposed that ultrasharp silicon tigiadius of a cur-

measure the tunneling time as a “stop watch,” or Larmorvature 10—-20 nimcoated with 50—100-nm thick CafSn?*
clock. The proportionality coefficient between the tunnelinglayers could be used as such necessary field-emission
time T and the measured transversal momentum spreagburces, for which tunneling current will be due to the field
should be found from the full quantum-mechanical treatmentonization of single isolated bivalent samarium dopant ions.
of the problem. Such a treatment was given using the exagdigh-conductivityn-type silicon tips were fabricated in the
quantum-mechanical Green functibnavailable for the Institute of Crystallography Russian Academy of Sciences,
Schroedinger equation describing the quantum well repremMoscow, using a vapor-liquid-solid growth technique with
sented by the contact Fermi potentigbseudopotential  the subsequent sharpening proceddr€aF; coatings were
—\V&(r)(dldr) placed in a uniform electric fielf**It also  grown on Si tips by a molecular-beam epitaxy technique in
has been discussed that such a model satisfactorily describgge A. F. loffe Institute of Physics and Technology Russian
a real field-emission experimett'*~*°The corresponding Academy of Sciences, Sanct-Petersburg; Qaffitaining sa-
result reads marium in a necessary concentration had been evaporated
from a Knudsen ceft?
T— fim _ i 1) These samples were selected by us for the tunneling time
2(p?)  4E,’ measurements for the following two reasons:

(i) The ionization threshold for the bivalent samarium
wherem is an electron mass anflis the Planck constant, ions in a calcium fluoride matrix is known to be small. Ex-
E, =p?/2m. periments devoted to the interfaand external photoelec-

In the experiments described we measured the transversgic effect for Cak:Sn?" crystals give the valué=1.7 eV,
momentum spread of the tunneling electrons using the fieldwhich is much smaller than the work function characterizing
emission/ion microscope shown schematically in Fig. 2the tip itself—silicon and calcium fluoride. Thus one can
From the consideration of the classical equations of motiotope that the field ionization of the dopant ions will be
of an emitted electron in the electric field of a projection achieved at lower fields and can be distinguished against the
microscope, it is known that when the emitted electron posfield emission from the matrix.
sesses the kinetic ener@y in the transversal directiofsee This was confirmed in the first series of experiments per-
Fig. 2), in the detector plane its image will be shifted to the formed with the silicon tips coated by the rather thinfew
distance of =2L \E, /eU from the symmetry axi& In par-  nanometers thickCak:Sm?* layers: at low tip potentials it
ticular, this defines the spatial resolution of the field-emissiorwas shown that the field emission observed is due to the
microscope: a pointlike object on the tip surface that emitgesonant tunneling process via the dopant samarium?fons.
electrons with the mean kinetic transversal energl¢g ofwill Similar conclusions have been made in Ref. 23 where analo-
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interface!®?° These circumstances could be important to en-
sure the efficient recombination of the field-ionized dopant
ions due to the passage of electrons from the silicon conduc-
tive core.

A typical field-emission image of one of the
Si/Cak:Snt* tips is presented in Fig. 3, where two double-
ring structures(each composed from a central spot and a
ring) are clearly seen. These structures could be observed in
a rather narrow range of the voltage appligda low-current
regime, from~1.8 to ~2.5 kV): the emission current was
unmeasurable at lower potentials, while at higher potentials
it was not possible to discern similar structures against in-
tense quasiuniform background due to the field emission
from the silicone core or/and CaRvalence zone. Similar
double-ring structures were also never observed for the cases
of both pure uncoated silicon tips and Si/Gdips that con-
tain no samarium dopant ions, and were attributed to the field
ionization of dopant bivalent samarium ions; thus two differ-
ent single Sm ions are imaged in Fig.(8.is worthwhile to

FIG. 3. Field-emission image of the Si/Gan?" tip. Radius  note that the typical FEM image caused by some kind of a
of the curvature of the tip=70 nm(SEM data, CaR,:Sn* coat-  microprotrusion on the tip surface looks like a structureless
ing thickness—50 nm, and St dopant ions concentration—0.02 and rather broad spot in striking contrast with the data pre-
mol %. Tip potentiall=1.9kV. The full diameter of the image is gented in Fig. 3.
equal to 35 nm. The presence of two rings was recently explained By us

as a direct visualization of two neighboring quantum levels
gous ultrasharp silicon nanotips coated by thin surface oxidef Sn?* ions in Cak matrices: ‘F, and 'F, characterized
layers were studied. The measurements of the emitted eleby the total angular moments=0 andJ=1, respectively.
tron energy showed that all emitted electrons are due to th€hese levels result in a bimodal distribution of the transver-
surface oxide and/or interface states while the direct emissal momentum, which is imaged as a double-ring structure.
sion coming from the silicon conduction band cannot beln this paper we will concentrate on the central riflgage
observed. of the spherically symmetriéF, state of the dopant ignfor

(i) An observation of the field ionization of the dopant which an elaborate tunneling theory exists and whose width
samarium ions should be facilitated by the extremely highgives us a tunneling time.
transparency of the calcium fluoride matrix for low-energy The experimental measurements ®by processing the
electrons(the photoelectron escape depth of 260 nm wasmages of the central rings in Fig. 3 and analogous images
reported) and an atomic perfection of the Si/GaF [the formula(3) and scanning electron microscop$EM)-

75

e 7 4
g FIG. 4. The dependence of the measured tun-
) neling time on the reciprocal -electric-field
s strength(diamond$. The theoretical dependence
Ses - [Eg. (5)] is shown by the solid line.
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measured radius of curvature of the tip were Jsgde the
value §=1.4+0.05 nm(for U=1.9KkV; this is the result of
an averaging for both Sm ions seen in Figy.Bxpressing the
mean transversal kinetic ener@y from Eq. (2) as a func-
tion of & (for our caseE, =0.021 eV} and substituting the
result into Eq.(1) we can write the following relation to
determine the tunneling time:
B ho[2ry\?
“eul s/

which can be further simplified using E(B) to express the

(4a)
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field of the uncoated conducting tiiscalibrated by us as
equal to 5t” andr, is the radius of curvature of the conduc-
tive silicon “core” coated with the layer of calcium fluoride
with the dielectric constard=6.8 and thicknesh=50 nm;
thus ro=r—h=20nm. For the case in hand we hake
=0.854V/nm, and substituting this value in E§) we ob-
tain the valueT=7.5fs, which is close to the experimental
data given above.

Thus, the direct measurement of the electron-tunneling
time (Larmor clock experimenthas been performed using a
field-emission method. The values received in the paper as

time as a function of the mean diameter of the central spotell as the dependence of timeeasuredunneling time on

observed on the detectdr

_h
“eU

2L\?
d

(4b)

the reciprocal electric-field strengteee Fig. 4 are relatively

well described by the existing tunneling theories. The small

systematic deviation is due to the imprecise calibration of the

field (and also may be due to the difference between the

free-electron mass and effective electron mass inside the cal-

Only the easy-to-measure experimental parameters are Copym fluoride coatingand can be eliminated by adjusting the

tained in Eq.(4b), which gives the tunneling time valug
=7.8fs.

field value. Nevertheless we believe that the results obtained
are important for better understanding the tunneling time

It is interesting to compare this value with the calculatedproplem, and hope that further refinements of the measure-
value of barrier crossing time, which can be obtained for thenents could lead to improvements in the theory.

model used'*1*(the attractive contact Fermi potential of

the heightl and the triangular barrier with the thicknets
=1/F, whereF is the electric-field strengih

V2mi

eF

©)
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