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Resonant electron injection as an atomic-scale tool for surface studies

K. Bobrov,1,* L. Soukiassian,1 A. J. Mayne,1 G. Dujardin,1 and A. Hoffman2
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2Department of Chemistry and Solid State Institute, Technion Israel Institute of Technology, Haifa 32000, Israel
~Received 1 May 2002; revised manuscript received 26 August 2002; published 7 November 2002!

Three surfaces—clean C~100!-~231! diamond, hydrogenated C~100!-~231!:H diamond and clean Si~100!-
~231! silicon—were imaged at the atomic scale using the scanning tunneling microscope~STM! operating in
an unconventional resonant electron injection mode. The reflection of electrons, forming a resonance in the
tip-simple vacuum gap, would seem to play a crucial role in the STM’s ability to visualize surfaces under these
conditions. Thefirst barrier resonance was found to be critical for this surface visualization in two respects.
First, a necessary condition was that the STM topographies had to be recorded at a bias coinciding with the
energy of the first barrier resonance. Second, the corrugation of the STM topographies was found to be directly
proportional to the fineness of the first barrier resonance. Barrier resonances were found to be very sensitive to
the difference in energy from the bottom of conduction band. The influence of the bulk electronic structure of
the particular sample on the resonance fineness is discussed.
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ra

o
s.

ne

la
on
ec
h
th

te
n

th
er

th
o
le

um

s
le
nt

on
a

fu
le
pl

w

-
of
so-

by

n

be
e

l to
on

n-
na-
bs
re.
was
as
lo-
ond

e

ther
I. INTRODUCTION

Scanning tunneling microscopy~STM! has proven to be a
powerful and unique tool for determination of the structu
and electronic properties of surfaces.1,2 The tip trajectory re-
veals a STM topography, which represents a convolution
surface topography and local surface density of state1,2

Atomic resolution is achieved due to thelocal nature of the
tunneling phenomenon and the extreme sensitivity of tun
ing current to the tip–sample separation.1,2

In a recently published paper,3 we have shown that it is
possible to obtain atomically resolved images of the insu
ing diamond surface by the resonance injection of electr
into the conduction band of diamond. In this mode the el
trons have a positive kinetic energy after tunneling throug
long barrier into the vacuum gap before interacting with
surface. It is common to observe no atomic resolution4 in this
regime because the field emission current is mainly de
mined by the electric field in the gap and the tip structure a
not by a surface structure. The situation changesqualitatively
when quantum effects interfere the electron transport. In
case, the long tunnel barrier acts as a filter giving a v
localized electron source since only the electrons with
k-wave vector perpendicular to the surface arrive in
vacuum. The electron interaction thus depends strongly
the surface electronic structure and so discrete bound e
tronic states form in the surface potential well in the vacu
created by the surface and the tip.5,6 The electron injection
manifests itself as barrier resonances or standing wave6–8

occurring at biases at which the energy of the emitted e
trons matches the energy of the bound states in the pote
well.

In this paper we probe the electronic structure of the c
duction band by recording barrier resonance spectra,
show that resonant electron injection can be success
used for visualizing the surface at the atomic scale. The c
diamond, hydrogenated diamond and clean silicon sam
have been chosen because they all have the same~231! re-
constructed surface geometry, consisting of dimer ro
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carbon–carbon dimers in the case of diamond9 and Si–Si
dimers in the case of silicon.10 Therefore, here we take ad
vantage of the similar geometry to study the influences
other surface and electronic properties on the barrier re
nances. The diamond surfaces~hydrogenated and clean! have
been chosen because of the significant effects induced
hydrogen passivation.11

II. EXPERIMENT

Two samples were used in this study:~i! a natural~100!
single crystal diamond, 2.532.030.2 mm3 in size and~ii ! a
p-type silicon ~100! sample (r51 V3cm), 2536
30.25 mm3 in size. The diamond sample, prior to insertio
into an ultrahigh vacuum chamber, wasex situsaturated with
hydrogen in a microwave~MW! hydrogen plasma at 800 °C
for 1 h. The details on the hydrogenation procedure can
found elsewhere.12 No special treatment was done to th
Si~100! sample, except cleaning in acetone and alcoho
remove organic impurities. Both the diamond and silic
samples were installed into the ultrahigh vacuum~UHV!
chamber equipped with the STM~Omicron Vakuumphysik
GmbH!. Thermal annealing of both samples was donein situ
in the adjacent UHV chamber (P,1310210 Torr).

The ‘‘as-hydrogenated’’ diamond surface is often co
taminated by hydrocarbons, originating from the hydroge
tion procedure,13 as well as water molecules, which adsor
on the hydrogenated surface from ambient atmosphe14

In order to remove these impurities, the diamond surface
in situ annealed for 10 min as follows. The diamond w
first heated indirectly, by a red-hot tungsten filament
cated at about 2 cm above the surface. Then, the diam
was heated resistively to about 400 °C (U570– 90 VDC,
I 520– 60 mA). Since diamond does not emit light in th
infrared region, the diamond temperature was estimated~us-
ing an IR pyrometer! from that of the Mo plate holding the
sample. The clean diamond surface was obtained by fur
annealing of the hydrogenated surfacein situ at 1100 °C
~Ref. 12!.
©2002 The American Physical Society03-1
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The clean silicon surface was prepared by first, outgas
the sample for at least 18 h by resistive heating at 700
followed by several flashes at 1050 °C for 20 s each.
tween each flash, the sample was slowly cooled down
700 °C. After several flashes, it was then cooled rapidly
room temperature~RT!. The pressure in the UHV chambe
during each flash did not exceed 131029 mbar.

In this study, the STM was used in two different mode
First, in its conventional tunneling mode2 (Ubias,4.5 eV).
Second, in an unconventional scanning mode (Ubias
.4.5 eV), where the electrons are injected into the cond
tion band of the surface.3 In both modes, the STM topogra
phies were recorded at constant current. However, the c
diamond surface is insulating so the normal tunnel mo
does not work, yet both modes work for the hydrogena
diamond and silicon surfaces since they are conducting.

The surface electronic structure was probed by distan
voltage (Z–V) spectroscopy. TheZ–V spectroscopy curve
were recorded at positive sample bias simultaneously w
the image acquisition. At each chosen location on the sur
the tip was positioned and the bias then linearly ramped fr
13.5 V up to110 V. During the bias ramp, the STM feed
back retracts the tip from the surface to keep the preset
rent constant. The corresponding tip displacements as a f
tion of the applied bias, defined asZ–V spectroscopy curves
were then recorded.

III. RESULTS

STM topographies of the clean diamond, hydrogena
diamond and clean silicon surfaces are shown in Figs. 1~a!,
1~c!, and 1~d!, respectively.All were recorded by injecting
the electrons into the conduction band of the surface.3 The
STM topography of the clean diamond surface, taken
15.9 V, in Fig. 1~a! shows several domains~labeled as I, II,
III, and IV! rotated by 90° and separated bySA monoatomic
steps. A periodic structure (D;0.5 nm) of bright and dark
lines can be seen within each domain. As proposed in
recent article,3 the interpretation of the images is that th
dark lines in Fig. 1~a! represent the dimer rows and brig
lines as troughs. This is the only one that is consistent w
the structure of theSA monoatomic step as can be seen
comparing Figs. 1~a! and 1~b!. The height profile, recorded
perpendicular to the dimer row direction@Fig. 2~a! curve A#,
gives an average valley-to-peak height variation or topog
phy corrugation of 0.52 Å. For the hydrogenated diamo
surface, which is conducting,14 a flat terrace could be se
lected using normal tunneling conditions~21.5 V and 1.0
nA!. Then, resonant electron injection at16.8 V was used to
obtain the image shown in Fig. 1~c!. Here, the topography
corrugation was found to be 0.14 Å from the height profi
@curve B, Fig. 2~a!#. This image does not allow an unambig
ous assignment of the bright and dark lines as was done
the clean surface@Fig. 1~a!#. So, the thin bright lines plotted
in Fig. 1~c! indicate only the direction of the dimer rows
Figure 1~d! represents the STM topography of the clean s
con surface obtained by resonant electron injection at15.2
V. As in the case of the hydrogenated diamond surface, a
terrace on the silicon surface was chosen beforehand u
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normal tunnel conditions~21.5 V, 1.0 nA!. For silicon the
corrugation is even smaller at 0.04 Å as the height pro
shows in curve C of Fig. 2~a!. This small corrugation pre-
vents, as in the case of the hydrogenated diamond surfac
unambiguous assignment of the bright and dark lines vis
in the STM image.

Figure 3~a! represents theZ–V spectroscopy curves re
corded on the clean diamond~curve A!, hydrogenated dia-
mond ~curve B! and clean silicon~curve C! surfaces. It can
be seen that as the sample bias is increased, the out
movement of the tip from the surface is not linear but rath
has a steplike trajectory, sometimes only visible as ‘‘bump
The magnitude of the step-rise and its width is quite differ
from one surface to the next. For each surface, the first
~marked by the arrows! is always the largest. The highest an
narrowest step was observed on the clean diamond sur
~curve A!, and the smallest step for the silicon surface~curve
C!, while step for the hydrogenated diamond surface~curve
B! is somewhere in between. It is easier to make a quan
tive analysis by plotting the derivativedZ/dV @Fig. 3~b!#.
The steps in Fig. 3~a! are now clearly seen as peaks in Fi
3~b! and have been labeled in order of ascending energn
51, 2, etc. TheZ–V curves were an average of many poin
on the flat terraces in order to reduce the noise. However,
width of the resonances was the same at any recorded p
on the surface.

FIG. 1. STM topographies of the diamond and silicon surfa
recorded by resonant injection of the electrons into the conduc
band. ~a! Clean diamond C(100)-(231) surface (636 nm,Ubias

55.9 eV,I t51.0 nA). The thin white lines indicate the position o
the carbon–carbon dimer rows.~b! Top-view on the monatomic
step of the C(100)-(231) surface. The top and bottom terraces a
marked as I and II, respectively. The filled circles represent
carbon atoms; the largest, the topmost layer and the smaller ci
for the subsurface layers. The dimer rows are highlighted by sh
ing whereas the troughs between the dimers are unfilled.~c! Hydro-
genated diamond C(100)-(231):H surface (3.733.7 nm,Ubias

56.8 eV,I t51.0 nA). The thin white lines indicate the direction o
the carbon–carbon dimer rows.~d! Clean silicon Si(100)-(231)
surface (6.036.0 nm,Ubias55.2 eV,I t51.0 nA). The thin white
lines indicate the direction of the silicon–silicon dimer rows.
3-2
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IV. DISCUSSION

A. Surface visualization in the resonant electron
injection regime

We shall now consider again theZ–V spectroscopy
curves shown in Fig. 3~a!. At biases lower than the surfac
vacuum level (fSi54.5 eV, fC55.3 eV) and higher than
the bottom of the surface conduction band, electrons n
mally tunnel through the vacuum gap.1,2 For the clean dia-
mond of course this cannot arise since the vacuum level
incides with the bottom of the conduction band and norm
tunneling is impossible.3 The situation changes when the bi
is higher than that of the surface vacuum level. Now, el
trons have positive kinetic energy in the vacuum gap.
certain biases a constructive interference between inci
and reflected electrons occurs resulting in a standing wav
barrier resonance. At each resonance, the transmissio
highest and so the STM tip retracts more rapidly from
surface revealing the steps in theZ–V curves@Fig. 3~a!#, or
peaks in thedZ/dV curves. The periodicity clearly demon
strates the oscillatory nature of the interference giving rise
the barrier resonances.

The question that needs to be addressed is what con
utes to the observed atomic resolution when injecting e
trons into the surfaces? There are two aspects: the ba
resonances and the surface electronic structure. At ene
just above the vacuum level of the surface, the electr
coming from the tip have to tunnel through a long barr
before arriving in the vacuum gap above the surface. T
barrier acts as a filter allowing through only electrons with

FIG. 2. ~a! Height profiles of the clean diamond surface~curve
A!, hydrogenated diamond surface~curve B!, and clean silicon sur-
face ~curve C!. All the profiles were taken perpendicular to th
dimer rows.
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k-vector perpendicular to the surface. This means that
STM tip, scanning the sample, acts as a very localized so
of electrons,15 both spatially and energetically. The potenti
well in which the barrier resonances form between the
and the surface is shown in Fig. 4~a!. The potential barrier in
the vacuum gap is constructed from a superposition of
electric field induced by the tip, the image potential and
surface potential.16,17 Consider now two locations A and B
characteristic of the valleys and dimer rows as shown in F
4~c!. These locations, A and B correspond to the bright a
dark lines seen in the STM topography shown in Fig. 1~a!.
The observation of dark dimer rows means that the STM
approaches the surface when passing over the dimer row
at location A, for a certain bias and current, resonance c
ditions between the incident and reflected electrons are
isfied @Fig. 4~b!#, then for the same tip–sample separation
location B, the conditions for resonance will not be satisfi

FIG. 3. ~a! The distance–voltage (Z–V) spectroscopy curves
recorded on the clean diamond surface~curve A!, hydrogenated
diamond surface~curve B! and clean silicon surface~curve C!. For
each surface the spectroscopy curves were recorded at the
tunnelling current (I t51.0 nA) and then averaged over flat terrace
For clarity, these curves are shifted vertically relative to one
other. The arrows indicate the position of the first barrier resona
for each surface as deduced from the correspondingdZ/dV curves.
~b! The dZ/dV curves obtained by numerical differentiation of th
correspondingZ–V spectroscopy curves shown in~a!. Curves A, B,
and C represent the clean diamond, hydrogenated diamond,
clean silicon surfaces, respectively. The position of the barrier re
nances~n! is indicated by the dotted lines.
3-3
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At location B, the same current will be obtained for a smal
tip–sample distance. According to the shape of theZ(V)
curve in the vicinity of the first resonance, the resonan
energy must be slightly shifted by an amountDE towards
higher energies at location B compared to location A. T

FIG. 4. Surface visualization in the electron injection mode.~a!
The potential barrier in the vacuum gap is constructed by a su
position of the electric field and the image potential of the surfa
modified to include the surface potential contribution~for more de-
tails, see Ref. 16!. ~b! Schematic of the standing-wave resonance
the surface potential well. For simplicity, the potential well w
taken as triangular~Ref. 16!. The position of the three barrier reso
nances (n51,2,3) in the potential well is shown as a function of t
preset current.~c! Schematic of the tip scanning the surface. T
dotted line represents the tip trajectory when scanning across
dimer rows.
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measuredDZ corrugation in constant current mode is give
by DZ5(dZ/dV)DE, wheredZ/dV is the slope of theZ(V)
curve at the resonance. It follows that theDZ corrugation
depends both the fineness (dZ/dV) of the resonance and th
DE corrugation of the resonance energy across the surf
The observation of an atomic-scaleDZ corrugation requires
a similar atomic-scaleDE corrugation. As schematically
shown in Fig. 4, the resonance energy depends on the s
of the potential energy well and at short distances the sur
potential. One can therefore explain theDE corrugation by
atomic-scale variations of the image potential, the surf
potential or the phase of the electronic waves reflected fr
the surface.

This resonant electron injection mode is fundamenta
different from that of tunnelling regime. In the tunnelin
regime, the height variation of the STM tip reflects the loc
surface density of states, which are laterally corrugated at
atomic scale. However, in the resonant electron inject
mode, we probe the atomic scale variation of the interact
between electrons and the surface.

B. The influence of the surface potential well and bulk
electronic structure on the surface visualization by resonant

electron injection

As we have shown, a necessary condition to visua
surfaces at energies above the surface vacuum level is a
nance arising from incident and reflected electrons in
vacuum gap. In practice STM topographies must be recor
at a bias which corresponds to the energy of the first bar
resonance (n51). Its energy~for a given preset tunneling
current! should be determined from the correspondi
dZ/dV curves before recording such a STM topography.
the STM topographies, shown in Figs. 1~a!, 1~c!, and 1~d!,
have been recorded under such conditions. It was surpri
to find that the observable atomic resolution depends on h
fine a particular resonance is. The fineness is defined he
the height of the resonance peak in thedZ/dV curves@Fig.
3~b!#. For example, in case of diamond the fineness of
first barrier resonance is given bydZ/dV522 Å/V. In that
case, even small deviation of the bias~more than60.1 eV!
from the resonance energy induced deterioration of the S
topography and atomic resolution was no longer observ
The first barrier resonance is less fine~7.2 Å/V! for the hy-
drogenated diamond surface~curve B!. Consequently, a
wider bias range (En51560.3 eV) could be used to obtai
the STM topography shown in Fig. 1~c!. In the case of sili-
con ~3.5 Å/V! the bias corresponded only roughly~60.7 eV!
to the energy of the first barrier resonance. Furthermore
STM topographies could be obtained at biases correspon
to the higher lying resonances (n52,3, etc!. One of the rea-
sons~amongst others which will be discussed below! seems
to be a general loss of sensitivity when the tip retracted fr
the surface. Indeed, for the second barrier resonancen
52) the tip has to retract by a further 9 Å for the clean
diamond,;7 Å for the hydrogenated diamond and;4Å for
the clean silicon surface as follows from Fig. 3~a!.

Despite all the surfaces being visualised at a bias co
sponding perfectly to the energy of the first barrier res
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nance, the corrugation of the STM topographies are q
different. There seems to be a direct correlation between
fineness of the first barrier resonance and the corrugatio
the corresponding STM topography. To confirm this, in F
5 we have plotted the topography corrugation as a func
of the resonance fineness. An almost perfect linear dep
dence is observed: the finer the resonance is, the large
corrugation is and, consequently, the quality of the STM
pography is better. It seems that there is only a slight dep
dence on the tip apex geometry; barrier resonances reco
using blunt and sharp STM tips have shown essentially
same fineness.18

FIG. 5. The corrugation of the STM topographies~Fig. 2! as a
function of the first barrier resonance fineness@Fig. 3~b!#. The dot-
ted circles and solid line represent the experimental data and
linear fit, respectively.
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The fineness of the particular resonance depends on
reflectivity of the surface,7 that is thek-vector change re-
quired of the electrons. The magnitude of the change
k-vector is related to, the states potentially access
whereby the electrons can be elastically scattered and es
along the surface or through the solid. The smaller the av
able energy window is, the larger is the change in
k-vector. These energy windows are indicated in Fig. 6
shaded areas in the conduction band, covering the en
range from the conduction band minimum~CBM! to the bias
at which the resonance occurs. It is obvious that in this
pect the clean diamond, hydrogenated diamond and c
silicon surfaces are quite different. The wide band gap
diamond19 of 5.5 eV implies a narrow energy window o
only 0.7 eV for the clean diamond surface@Fig. 6~a!#. The
energy windows for the hydrogenated diamond and silic
surfaces are 1.9 eV and 4.5 eV, respectively. There is a c
inverse relation with the fineness of the first resonance:
Å/V, 7.2 Å/V, and 3.5 Å/V, for the 3 respective surface
Now we can easily understand the observed atomic res
tion on the clean diamond surface and apparent lack of
rugation on STM topographies for the silicon. Also, for a
three surfaces the higher lying resonances have a low fi
ness, as can be seen in Fig. 3~b! characterized by a large
energy window giving rise to a low surface reflectivity. Th
surface corrugation being so small that no STM topograph
could be obtained under such conditions.

Finally it can be seen that very different barrier resonan
energies@Fig. 3~b! curves A and B# were obtained for the
clean and hydrogenated diamond surfaces. The analys
the potential barrier in the vacuum gap16 implies that the

he
,
e
the
el
FIG. 6. Schematic of the standing-wave resonance in the surface potential well of~a! the clean diamond,~b! the hydrogenated diamond
and ~c! the clean silicon surfaces. For each surface, the position of the first barrier resonance (n51) is marked. VB and CB denote th
valence band~always shaded! and conduction band for each surface~at theG point!. Also the states in the conduction band between
conduction band minimum and the first barrier resonance are highlighted by shading.EVAC andEF denote the position of the vacuum lev
and Fermi level, respectively. For all 3 surfaces, the work functions (fDi ,fDi ,fSi) are shown.
3-5
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lower work function of the hydrogenated sample (fDi
53.9 eV) results in a deeper potential well. The deeper
tential well, as we have already discussed in the context
dependence of barrier resonances on the tip–sample se
tion ~Fig. 4!, moves all the resonances up in the energy. T
model fits our experimental results very well. The first b
rier resonance is shifted up by the energy:En5155.9 eV for
the clean surface andEn5156.8 eV for the hydrogenated
one @see Fig. 3~b!#. Also the energy difference (D1-2) be-
tween the second and the first resonances increases:D1-2
51.6 V for the clean surface andD1-251.9 V for the hydro-
genated one.

V. CONCLUSIONS

Three surfaces—clean C~100!-~231! diamond, hydroge-
nated C~100!-~231!:H diamond and clean Si~100!-~231!
silicon—were visualized by operating the STM in an unco
ventional resonant electron injection mode. Distance volt
(Z–V) spectroscopy reveals the existence of the barrier re
nances in the vacuum gap resulting from the interferenc
incident and reflected electrons on the surfaces. The first
rier resonance was found to be crucial for obtaining atom
resolution for two reasons. First, the coincidence of the b
at which the STM topographies were recorded, with the

*Present address: Laboratoire des Collisions Atomiques et Mol´cu-
laires, Bâtiment 351, Universite´ Paris-Sud, 91405 Orsay Cede
France.
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