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Abstract

A scanning tunneling microscope, operated in the near field emission regime, is used to obtain the phases of very
low energy electrons reflected from a sample surface. A simple theoretical model shows that the spectrum of the
electron standing waves, formed in the vacuum gap between the tip probe and the sample, is directly related to the
complex amplitudes of the reflected electron waves. The surface sensitivity of the interferometric spectra is demonstrated
in the analysis of different reconstructions of the Pb/Si(111) system. © 1999 Elsevier Science B.V. All rights reserved.
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It has long been recognized that under the tions in the field emission current in semiconductor
influence of an external electric field, electrons can devices [8–11] and scanning tunneling microscopy
be temporarily trapped in the vicinity of surfaces. (STM) [12–19]. It was suggested that FER pro-
These field emission resonances (FER) can be seen vides important information about surface
as electron standing waves partially confined electronic structure and adsorbate properties
between the external electrostatic potential and the [4,12,13], subsurface atomic positions [14,15],
rapidly changing surface potential. The electron atomic structure [17,18], surface potential [5,20–
standing waves manifest themselves as resonant 24], surface properties of buried interfaces [9–11]
peaks in the energy distribution of ions obtained and surfaces of amorphous samples [19]. However,
by field ion microscopy (FIM ) [1–7] or as oscilla- despite a large theoretical effort [3,6,8,20–25], the

physics behind the observed FER spectra has not
been completely understood.* Corresponding author. Fax: +34-91-397-3961.
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FER spectra within a simple theoretical frame-
work. We will discuss the overall features apparent
in most of the experimental data, in order to
establish those features that are general to STM
electron interferometry and not sample- or probe-
tip-specific. As we will show, the puzzling system-
atic disruptions repetitively observed in the STM-
FER spectra of various crystalline samples [12–
18] as well as in amorphous surfaces [19] can be
easily understood in terms of a simple model.

The analysis of the resonance spectra should
offer the unique capability of accessing not only
the intensity but also the phases of the reflected
electron waves. The phase of the electron wave-

Fig. 1. Inset: Schematic one-dimensional potential energy dia-functions is closely related to the fundamental
gram in the near field emission regime. Main figure: distance–properties of solid surfaces [26–31]. Appelbaum voltage characteristics obtained from a Pb/Si(111)-(R3) spot

and McRae [6 ] proposed the use of a field ion with two different tips. Dashed lines correspond to the semiclas-
energy distribution to measure this phase shift, sical theoretical curves for the tip radii and fields indicated in

the figure.but, as far as we know, to date, no such informa-
tion has been obtained [7]. Here, we demonstrate
the feasibility of obtaining the phases of the On top of this smooth semiclassical curve, the

actual S–V curves present small oscillations DS.reflected electrons from STM electron interferome-
try experiments. We present the first experimental The main physics behind these oscillations can be

described in terms of the schematic one-dimen-results for the phase w(e) versus energy, e curves
obtained from the FER spectra of different recon- sional potential energy curve shown in the inset of

Fig. 1. The oscillations were interpreted as beingstructions of the Pb/Si(111) system. Since the
actual areas probed by STM are in the nanometer due to the interference of waves reflected from the

regions of sharply changing potential at the samplerange, this may present an important step towards
a quantitative surface analysis at the nanoscale. surface [3,8]. Most of the theoretical studies have

focused on the influence of the exact shape of theIn the field emission regime (i.e. for applied
voltages higher than the sample work function, potential [20–24]. However, the matching of the

electron wave functions depends not only on theeV≥Ws), the electric field strength, Ft, at the
probe-tip apex determines the current intensity surface potential but also on the structural and

electronic properties of the last few atomic layers.through the Fowler–Nordheim (F–N) equation
[32]. Operating the STM in the constant current Following an approach similar to that of

dynamic low-energy-electron diffraction (LEED)mode implies then an approximately constant
electric field, Ft, at the emitter surface [33]. In the [6,39,40], these properties can be included in the

form of a complex amplitude reflection coefficient,near field emission regime [33–36 ] (S of the order
of, or smaller, than the tip radius, R), the field r, defined in the absence of any external electric

field (Fig. 2). The geometry and the chemicalclose to the sample surface is well described [37,38]
by Fs #V/S. However, due to tip curvature effects, nature of the surface atoms determine the func-

tional dependence of both the modulus |r(e)| andthe field on the tip apex, Ft, is given by [37,38]
Ft #Fs (S+R)/R. At negative tip polarities, the phase w(e) (with e=eV−Ws; see Fig. 1) of the

reflection coefficient [39,40]. Moreover, at the lowS–V characteristics should then follow a constant
Ft trajectory energies of interest in STM (usually below the

non-specular beam emergence threshold) a one-
dimensional LEED model is a good approximationS(V )#

V

Ft
A1−

V

FtR
B−1 . (1)

[39–41].
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Tosc=C 1−|r|2

1+|r|2−2|r| sin(2j−w)D, (3)
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where a=(4/3)E2m/B and j=ae3/2/Fs, and the
Airy wave functions have been approximated by
their asymptotic series. The first term of Eq. (2)
is readily recognized as the standard F–N term
[32], which is obtained in the absence of any
electron coherence. The semiclassical S–V curve
corresponds to TF–N=constant. The main effect of
the second term is to induce the small quantum
oscillations

DS#
SFt

aW3/2t
ln(Tosc). (4)

DS(V ) presents oscillations with a shape and
amplitude that generally depend on the working
conditions (tip work function, tip radius, total
intensity1, …). The period of the oscillations is a
function of the sample phase shift w(e) and field
F
s

and presents maxima at voltages V
n

given by

w(e)=
2a

Fs
(eV

n
−Ws)3/2−A2np−

p

2B, (5)

where n indicates the order of the peak1. The
important result is that the phase shift obtained
from the resonance condition is a property of theFig. 2. Calculated modulus |r| (A) and phase w (B) of the reflec-

tance based on the one-dimensional LEED model (sketched on sample surface in the absence of a tip and field.
top). Results with (thick lines) and without (thin lines) absorp- Measuring the resonance voltages, V

n
, then give

tion are shown. (C) Theoretical FER spectrum [3log(Tosc)] us a direct measure of the phase shift w(e) as awith absorption (thick line). Results for a free electron sample
function of the energy. The resolution in energies(dot-dashed line) are shown for comparison. Disruptions in
depends on the number of maxima observed withinFER spectra as well as the phase shifts are shown to be clearly

associated with details of the reflectance of the sample surface. the experimental window of bias voltages (an
The shaded zone represents the gap in the band structure of analogous expression for the minima can be used
the crystal. to double the resolution). For a given tip radius

(working intensity), decreasing the working inten-
The tip–vacuum–sample potential is modelled

sity (increasing the tip radius) leads to lowerby the simple trapezoidal barrier in the inset of
working fields, which increases the number ofFig. 1. As in the original Gundlach approach [8],
peaks in a given voltage window [17,18].

the electron wavefunctions in the vacuum are given
Experiments at different intensities and/or withby a linear combination of Airy functions. Taking
different tip radius could then be used to determineinto account the reflectance, r, and after appro-
the w(e) curve.

priate matching of the wave functions, the total
transmission probability, T (at the tip Fermi level ),

1 It is usually considered that the current in the field emissiontakes the simple expression: regime is determined by the tunneling of the electrons at the
Fermi level. As shown by numerical calculations [20–24], integ-
ration to all electron energies only diminshes the amplitude ofT(e)#C4EEFWt

EF+Wt
expA−a

W3/2t
Ft
BDTosc , (2)

the oscillations but leaves the peaks’ positions unchanged.



in the following) were prepared by Pb deposition
on Si(111) 7×7 surfaces at coverages of ≤1 ML,
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In order to illustrate the physics contained in
the DS versus V curves [Eq. (4)], and to understand
the experimental phase shifts, let us consider some followed by annealing at #450°C for several min-

utes. The experiments were performed in situ usinggeneral properties of the surface reflectance. In
Fig. 2A and B, we have plotted the results for the an ultra-high vacuum STM system [44,45]. STM

images were acquired in the constant current modereflection coefficient |r(e)| and phase shift w(e)
based on a simple one-dimensional LEED at several bias voltages ranging from ±0.1 to

±2 V. Fig. 3 shows typical STM images onmodel2. In general, the bulk electronic band gaps
manifest themselves as strong peaks in the reflec- Pb/Si(111) annealed samples, where both (1×1)
tion coefficient. As the energy sweeps across one
of these gaps, there is a p shift in the phase of the
reflected electrons [29]. At some given energies, r
may also vanish as a consequence of a perfect
matching of the electron wave functions in the
vacuum–sample interface. In this case, there is also
a p shift in the phase but with the opposite sign.
The fading and reappearance of experimental FER
spectra can be associated with this perfect match-
ing condition. This can be clearly seen in Fig. 2C,
where we have plotted the calculated (Tosc)
spectrum (for Fs#0.2 V Å−1). Notice that, in con-
trast with the band-gap shift, the zero reflectance
shift is not an intrinsic property of the long-range
crystalline order. This suggests a common physical
origin of the puzzling disturbances observed in
both crystalline and amorphous samples.

From the above theoretical picture, we can
obtain and analyse experimental spectra in a simple
way. As an example, we will analyse the FER
spectra of the Pb/Si(111). It is known that Pb
chemisorption on Si(111) surfaces induces
different reconstructions, depending on the sample
preparation conditions. In particular, at Pb cover-
ages lower than 1 monolayer (ML), annealed
samples can present a (1×1) phase and two (E3×
E3R30) phases, the first one (or b phase) corre-
sponding to a normal coverage of 1/3 ML, and
the latter (also called the ‘mosaic’ phase) corre-
sponding to 1/6 ML [42,43]. In the present study,
Pb/Si(111) surfaces that presented the (1×1)
phase and the E3×E3R30−1/3 ML phases (R3 Fig. 3. STM images measured on a Pb/Si(111) annealed sample.

(A) Large region (25×25 nm2 ) showing the R3 reconstruction,
together with several islands showing a 1×1 reconstruction.

2 We make use of the one-dimensional LEED model Tunneling conditions: sample voltage +2 V; tunnel current
1 nA. (B) Atomic resolution image of the 1×1 reconstruction.described by Pendry in Refs. [39,40]. The calculated reflectance,

R, is obtained assuming: t=0.95, Vo=(9−0.2i) eV and the lat- Image size 3×3 nm2. Tunneling conditions: sample voltage
+0.5 V; tunnel current 1 nA. (C) Atomic resolution image oftice constant c=3 Å in Pendry’s notation. The main qualitative

features do not depend on the particular choice of these parame- the R3 reconstruction Image size 3×3 nm2. Tunneling condi-
tions: sample voltage +2.0 V; tunnel current 1 nA.ters, however.
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discussed above, a direct measure of w(e) can be
obtained from the experimental FER spectra by
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measuring the voltages, V
n
, at which DS presents

maxima4. Fig. 4C shows the energy dependence of
the phases for the R3 and (1×1) reconstructions
as well as for the clean Si(7×7). Whereas w(e)
shows a smooth behaviour for both the clean 7×7
and the (1×1), the R3 structure presents a clear
p shift at #7 V. Notice that at the same bias, the
DS spectra present a disturbance [12–19] in the
amplitudes of the oscillations. A similar shift at
the same voltage was also indirectly deduced by
Kubby et al. [17,18] by comparison between the
spectra on the 7×7 and on the R3 reconstruction
of the Sn/Si(111) taken with the same tip.

Our results demonstrate the ability of the STM
to measure the phase of electron waves reflected
from the sample surface. On the basis of a simple
theory, we have been able to relate the observed
features with fundamental properties of the sur-
face. A quantitative explanation of all the features
observed requires a more sophisticated study of

Fig. 4. Experimental FER spectra (DS vs. V plots) for the R3 the scattering processes, including a proper
(A) and 1×1 (B) reconstructions. (C) Experimental phase description of the tip–vacuum–sample and the
shifts of reflected electron waves for (#) the 7×7 reconstruction atomic structure of the sample. We envision utiliz-
of Si(111), (%) the Pb/Si(111)-(1×1) and (n) the

ing the STM images and FER spectra, perhaps inPb/Si(111)-R3 reconstructions.
an analogous way to that of LEED structural
determination, to probe the atomic and electronicand R3 reconstructed regions can be observed.
structures of non-periodic surfaces and adsorbates.Distance–voltage (S–V ) characteristics were mea-

sured in different fixed spots on both reconstruc-
tions. The vertical displacement, S, of the tip,

Acknowledgementsrelative to the original tunnel position, was mea-
sured while ramping the bias voltage, V (with the
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plots for the R3 and (1×1) reconstructions,
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ponent from the experimental S–V curves3. As 4 The sample work function, Ws, entering Eq. (5) is experi-

mentally determined from the threshold bias for the field emis-
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[14] R.S. Becker, J.A. Golovchenko, B.S. Swartzentruber, (1996) 2403.

Phys. Rev. Lett. 55 (1985) 987. [36 ] D.P. Adams, T.M. Mayer, B.S. Swartzentruber, J. Vac.
[15] R.S. Becker et al., Phys. Rev. Lett. 55 (1985) 2032. Sci. Technol. B 14 (1996) 1642.
[16 ] J.H. Coombs, J.K. Gimzewski, J. Microsc. 152 (1988) 841. [37] G. Mesa, E. Dobado-Fuentes, J.J. Sáenz, J. Appl. Phys.
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