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The close proximity between probe and sample in a scanning tunneling microscope interface may
produceunwanted modificationsof the interface. This is particularly severewhen working with soft
materials, as molecular films or biomolecules. Here, we propose the operation of the scanning
tunneling microscope in the near field emission regime as an effective method to overcome those
problems. A theoretical description of the probe–sample interface in the near field emission regime
predictssubatomic resolution in thedirection normal to thesurfaceand lateral resolution of 3 nm for
tip–sample separations of 3–5 nm. Furthermore, atomic resolution is demonstrated by imaging
steps of carbon atoms. © 1994 American Institute of Physics.
In the last decade the scanning tunneling microscope
~STM! has emerged as themost versatile tool for studying at
atomic and nanometer scales metallic and semiconducting
surfaces.1,2 The application of STM is, however, restricted to
conducting or doped semiconductor surfaces. The atomic
force microscope ~AFM! was developed as a technique to
study insulating as well as conducting materials.1 Atomic
resolution is obtained when the probe is in mechanical con-
tact with the sample. The close proximity of probe and
sample in STM and AFM may produce unwanted alterations
of the sample. Indeed, the driving force behind some AFM
works has been to minimize the interaction force between
probe and sample.3–5 To overcome some of the limitations
associated to contact or near contact, the STM can be oper-
ated in the near field emission regime where probe–sample
separations are of few nanometers. This also extends the ap-
plication of the STM to study biomolecules. Some recent
experiments show that the STM can image biomolecules6,7

and manipulate them at nanometer scale7 by using relatively
high voltages and very low currents.

Attempts of using the field emitted current from a tip as
a parameter for generating images were done by Young.8

However, the field emission of electrons from a sharp tip is
not exempt from drawbacks. The high energy of the elec-
trons impinging the sample could modify it. In addition, the
emission is very sensitive to the environment. For instance,
adsorbates that may appear on the tip would produce insta-
bilities in the emission characteristics. This is due to the
changes produced in the work function and in the field very
close to the adsorbate. However, the changes in the field
decay very fast with thedistance from theadsorbate.9,10They
have a negligible effect on the field at the sample surface.
The instabilities could be avoided if the polarity is reversed.
Our goal is to show that the emission of electrons from the
sample can effectively lead to anew STM mode for imaging
surfaces. This is in contrast with field emission microscopy,
where electrons are always emitted from sharp tips.10

Three regimes can be defined in the current ~I! versus
voltage ~V! curves in ametal–insulator–metal junction. Tun-
neling when the applied voltage is lower than thework func-
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tion; the intermediate region fe<eV<fe1EF , it wil l be
called near field emission regime hereafter and the standard
field emission or Fowler–Nordheim regime for higher volt-
ages.

Here, we describe the general features of the STM oper-
ated in the near field emission regime. Atomic resolution is
predicted in the direction normal to the surface and verified
experimentally by imaging monoatomic steps on graphite.
Lateral resolution is in the nanometer range. It depends on
the tip–probe distance and tip’s radius.

Field emission from metallic tips is generally described
by the Fowler–Nordheim theory.10 This approach gives an
approximate description of the I versus V characteristics of
the emission. The emission area is usually treated as acon-
stant fitting parameter. However, recent calculations show
that the emission area depends on the applied voltage.11

To include the three-dimensional geometry of the inter-
face we choose a prolate spheroidal coordinate reference
system.12 In this system, surfaces of constanth represent
equipotential surfaces and lines of constantj andw represent
electric field lines. The tip and sample surfaces are an hyper-
boloidh5h0 and aflat surfaceh50, respectively. The radius
of curvature of the tip apex R and the tip–sample distanceS
determine the choice of h0, h05[S/(S1R)] 1/2. In the case
of negative sample bias, the potential energy of an electron
between two surfaces is

U~h!5fs2@euVu1~fs2f t!#
log@~11h!/~12h!#

log@~11h0!/~12h0!#

1U im ,¬ ~1!

whereUim is the image potential13 andfs andf t are sample
and tip work functions, respectively. To calculate the current
we use the following semiclassical approach. The current
density J at each point of the emitter surface (he ,j,w) is
obtained from aplanar model,14

J'6.231026DS22$f exp~210.25DSf1/2!2~f1euVu!

3exp@210.25DS~f1euVu!1/2#%.¬ ~2!
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The effective barrierf associated to each emitting point is
averaged along its corresponding field line,

f~j!5
1

DS E
h1

h2
U~h!Aj22h2

12h2

S

h0
dh ~3!

and the barrier width is

DS5
S

h0
E

h1

h2 Aj22h2

12h2 dh, ~4!

whereh1 andh2 are the curvilinear coordinates that define
the tunneling region. Energiesare in eV, distances in nm, and
J inA/nm2. The total intensity is obtained after integration of
J over the emitter surfaceh5he (he50 for negative polar-
ity andhe5h0 otherwise!,

I52p~S/h0!
2A12he

2 E
1

`

J~j!Aj22he
2 dj. ~5!

The dependence of the distance with the applied voltage
for several tip’s radius is presented in Fig. 1. In near field
emission, the results are almost independent on the polarity
as long as the potential drops linearly in the gap region. This
is thecase for relatively blunt tips ~R'50 nm!. For ultrasharp
tips, if electrons are emitted from the tip S increases expo-
nentially with theapplied voltage ~I5constant!. The relation-
ship is approximately linear for negative polarities.

The vertical resolution is given by DZ'DI /(dI/dS),
where DI is the minimum detectable change in the current.
In Fig. 2 we have plotted DZ versus the voltage for a con-
stant current of 0.1 pA and DI50.01 pA. Subatomic resolu-
tion is obtained for a wide range of voltages ~from 5 to 20
V!. This is true even for tip–sample distances of 10 nm. In
the tunneling regime, atomic resolution is obtained due to

FIG. 1. Tip–sample distance vs applied voltage curves ~I5constant!. In the
field emission regime the current is controlled by the electrical field at the
emitter surface. Consequently, the current increases with decreasing tip’s
radius if emission is from the tip ~positivebias!. Theopposite happenswhen
the polarity is reversed. I50.1 pA, fs5f t54.7 eV.
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overlapping of tip and sample electronic orbitals. In near
field emission vertical resolution comes from thedependence
of the current with the field and the sensitivity of the latter to
small changes in S.

To estimate the lateral resolution we calculate the effec-
tive width of a monoatomic step at constant current for dif-
ferent radii ~Fig. 3!. For a given tip position over the sample,
the current density is calculated over both terracesneglecting
the effects of the step edge. This approximation does not
include contributions due to the field enhancement near the

FIG. 2. Vertical resolution as a function of the applied voltage and tip
radius. The resolution is calculated assuming that variations in the current of
1022 pA can be detected. I50.1 pA.

FIG. 3. Simulated images of a monoatomic step as afunction of the applied
voltage and tip radius. Electrons are emitted from the sample ~negative
bias!. I50.1 pA.
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step. At constant current, those contributions would appear
as small bumps parallel to the step lines. However, those
effects have not been observed in STM images or in the
present experimental results ~Fig. 4!.

The lateral resolution Dx depends on tip’s radius and
tip–sample separation. We found that Dx is proportional to
the¬ scale¬ factor¬ S/h0 in¬ the¬ region¬ of¬ interest
{ Dx'0.7* [(R1S)*S] 1/2} . For tips with R;5 nm, effec-
tive widths as small as 3.5 nm are obtained.

As a test of the above properties we have performed
preliminary experiments in air with a low current STM, op-
erated in near field emission ~I50.2 pA and V528 V!.15

According to Fig. 1, the above parameters imply S;2.5–3
nm. We have imaged monoatomic steps of carbon atoms
~Fig. 4!. The step ~0.33 nm height! is clearly imaged above
the background noise. For an apparent width of the step of
5.5 nm and S'3 nm, the above expression gives atip radius
of about 20 nm.

FIG. 4. Near field emission image of a graphite surface ~HOPG!. ~a! It
showsseveral terracesseparated by monoatomic stepsof carbon atoms ~0.33
nm!. It also illustrates the asymmetry between lateral and vertical resolution
in near field emission. ~b! A scanline across amonoatomic step. Its apparent
width is 5.5 nm. The images are raw data; I50.2 pA and V528 V.
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The development of the STM has fostered a new breed
of techniques, globally called scanning probe microscopies
for studying surfaces at nanometer and atomic-scale
resolution.16 Here, wehavedescribed amodeof operation of
theSTM that combines the scanning and feedback character-
istics of theSTM with theemission of electrons governed by
an electrical field. A compromisebetween vertical and lateral
resolution and minimum contact forces defines the optimum
working conditions. We have shown that in the near field
emission regime there is atomic vertical resolution for tip–
sample separations of 3–5 nm. The lateral resolution is of
few nanometers. Emission from the sample increases stabil-
ity and minimizes electron induced damage.

We think that one of the main applications of this STM
mode is the imaging and controlled modification of molecu-
lar films and thin oxide layers. Furthermore, near field emis-
sion provides adirect, noninvasive approach for investigat-
ing at nanometer scale and low energies electron transport
processes in molecular films and biomolecules.
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