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

K. Bobrov}* L. Soukiassiart,A. J. Mayne! G. Dujardin! and A. Hoffmart
!Laboratoire de Photophysique Malelaire, Bdtiment 210, Universitéaris-Sud, 91405 Orsay Cedex, France
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(@0)-(2x1) diamond, hydrogenated(000)-(2x1):H diamond and clean &i00)-
(2x1) silicon—were imaged at the atomic scale using the scanning tunneling micro&&ble 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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[. INTRODUCTION carbon—carbon dimers in the case of dianfoadd Si-Si
dimers in the case of silicol?. Therefore, here we take ad-
Scanning tunneling microscog$TM) has proven to be a vantage of the similar geometry to study the influences of
powerful and unique tool for determination of the structuralother surface and electronic properties on the barrier reso-
and electronic properties of surfadesThe tip trajectory re-  nances. The diamond surfagéydrogenated and clephave
veals a STM topography, which represents a convolution opeen chosen because of the significant effects induced by
surface topography and local surface density of states. hydrogen passivatioft.
Atomic resolution is achieved due to thecal nature of the
f[unneling phenome_non and the extreme sensitivity of tunnel- Il. EXPERIMENT
ing current to the tip—sample separation.
In a recently published pap&mve have shown that it is Two samples were used in this study) a natural(100)
possible to obtain atomically resolved images of the insulatsingle crystal diamond, 262.0x 0.2 mn? in size and(ii) a
ing diamond surface by the resonance injection of electrong-type silicon (100 sample p=10Xcm), 256
into the conduction band of diamond. In this mode the elecx 0.25 mn? in size. The diamond sample, prior to insertion
trons have a positive kinetic energy after tunneling through anto an ultrahigh vacuum chamber, wes situsaturated with
long barrier into the vacuum gap before interacting with thehydrogen in a microwavéMW) hydrogen plasma at 800 °C
surface. It is common to observe no atomic resoldtiorthis ~ for 1 h. The details on the hydrogenation procedure can be
regime because the field emission current is mainly detefound elsewheré? No special treatment was done to the
mined by the electric field in the gap and the tip structure andsi(100) sample, except cleaning in acetone and alcohol to
not by a surface structure. The situation charpesitatively ~ remove organic impurities. Both the diamond and silicon
when quantum effects interfere the electron transport. In thisamples were installed into the ultrahigh vacudoHV)
case, the long tunnel barrier acts as a filter giving a verychamber equipped with the STKDmicron Vakuumphysik
localized electron source since only the electrons with &mbH). Thermal annealing of both samples was donsitu
k-wave vector perpendicular to the surface arrive in thein the adjacent UHV chambeP« 1x 10 *° Torr).
vacuum. The electron interaction thus depends strongly on The “as-hydrogenated” diamond surface is often con-
the surface electronic structure and so discrete bound eletaminated by hydrocarbons, originating from the hydrogena-
tronic states form in the surface potential well in the vacuuntion proceduré; as well as water molecules, which adsorbs
created by the surface and the tpThe electron injection on the hydrogenated surface from ambient atmospHere.
manifests itself as barrier resonances or standing Wfates In order to remove these impurities, the diamond surface was
occurring at biases at which the energy of the emitted eledn situ annealed for 10 min as follows. The diamond was
trons matches the energy of the bound states in the potentifitst heated indirectly, by a red-hot tungsten filament lo-
well. cated at about 2 cm above the surface. Then, the diamond
In this paper we probe the electronic structure of the conwas heated resistively to about 400 °C £€70-90 VDC,
duction band by recording barrier resonance spectra, anid=20—-60 mA). Since diamond does not emit light in the
show that resonant electron injection can be successfullinfrared region, the diamond temperature was estimaisd
used for visualizing the surface at the atomic scale. The cleaimg an IR pyrometerfrom that of the Mo plate holding the
diamond, hydrogenated diamond and clean silicon samplesample. The clean diamond surface was obtained by further
have been chosen because they all have the $2m#) re-  annealing of the hydrogenated surfaice situ at 1100 °C
constructed surface geometry, consisting of dimer rows(Ref. 12.
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The clean silicon surface was prepared by first, outgassing
the sample for at least 18 h by resistive heating at 700 °C
followed by several flashes at 1050 °C for 20 s each. Be-
tween each flash, the sample was slowly cooled down to
700 °C. After several flashes, it was then cooled rapidly to
room temperaturéRT). The pressure in the UHV chamber
during each flash did not exceeck10™ ° mbar.

In this study, the STM was used in two different modes.
First, in its conventional tunneling motiéU ,;,<<4.5 eV).
Second, in an unconventional scanning mod¥d{
>4.5 eV), where the electrons are injected into the conduc-
tion band of the surfacéIn both modes, the STM topogra-
phies were recorded at constant current. However, the clean
diamond surface is insulating so the normal tunnel mode
does not work, yet both modes work for the hydrogenated
diamond and silicon surfaces since they are conducting.

The surface electronic structure was probed by distance—

voltage ¢Z—V) spectroscopy. Th&—V spectroscopy curves . . -
were recorded at positive sample bias simultaneously with G- 1. STM topographies of the diamond and silicon surfaces
recorded by resonant injection of the electrons into the conduction

the image acquisition. At each chosen location on the surfact()e X
. . . . d. Cl d d C(100(2x1 f &6 Ubpi
the tip was positioned and the bias then linearly ramped from o (@ Clean diamond C(198( ) surface (&6 nmUspias

. . =5.9eV],=1.0 nA). The thin white lines indicate the position of
+3.5V up t0+10 V During the bias ramp, the STM feed- the carbotn—carbor: dimer rowgh) Top-view on the mgnatomic
back retracts the tip from the _Surfa_lce _to keep the preset CuE'tep of the C(10B(2x 1) surface. The top and bottom terraces are
rent constant. The corresponding tip displacements as a fungsarked as | and 11, respectively. The filled circles represent the
tion of the applied bias, defined ds-V spectroscopy curves, carhon atoms; the largest, the topmost layer and the smaller circles
were then recorded. for the subsurface layers. The dimer rows are highlighted by shad-
ing whereas the troughs between the dimers are unfil&@dHydro-
genated diamond C(1pQ2X1):H surface (3.K3.7 nmUy;s
=6.8 eV],=1.0 nA). The thin white lines indicate the direction of

STM topographies of the clean diamond, hydrogenatedhe carbon—carbon dimer rowd) Clean silicon Si(10p(2x1)
diamond and clean silicon surfaces are shown in Fi¢gm, 1 Surface (6.&6.0 NmUp,=5.2€V];=1.0nA). The thin white
1(c), and 1d), respectivelyAll were recorded by injecting lines indicate the direction of the silicon—silicon dimer rows.
the electrons into the conduction band of the surfatae
STM topography of the clean diamond surface, taken anormal tunnel conditiong—1.5 V, 1.0 nA. For silicon the
+5.9 'V, in Fig. 1a) shows several domair&abeled as I, Il, corrugation is even smaller at 0.04 A as the height profile
[, and 1V) rotated by 90° and separated 8y monoatomic  shows in curve C of Fig. (&). This small corrugation pre-
steps. A periodic structureA(~0.5 nm) of bright and dark vents, as in the case of the hydrogenated diamond surface, an
lines can be seen within each domain. As proposed in ouwnambiguous assignment of the bright and dark lines visible
recent articlé’ the interpretation of the images is that the in the STM image.
dark lines in Fig. 1a) represent the dimer rows and bright  Figure 3a) represents th&—-V spectroscopy curves re-
lines as troughs. This is the only one that is consistent wittcorded on the clean diamor(durve A), hydrogenated dia-
the structure of thé&s, monoatomic step as can be seen bymond (curve B and clean silicor{curve Q surfaces. It can
comparing Figs. @) and 1b). The height profile, recorded be seen that as the sample bias is increased, the outward
perpendicular to the dimer row directipRig. 2(a) curve A], movement of the tip from the surface is not linear but rather
gives an average valley-to-peak height variation or topograhas a steplike trajectory, sometimes only visible as “bumps.”
phy corrugation of 0.52 A. For the hydrogenated diamondThe magnitude of the step-rise and its width is quite different
surface, which is conductin§,a flat terrace could be se- from one surface to the next. For each surface, the first step
lected using normal tunneling conditioris-1.5 V and 1.0 (marked by the arrowss always the largest. The highest and
nA). Then, resonant electron injection-86.8 VV was used to narrowest step was observed on the clean diamond surface
obtain the image shown in Fig(d. Here, the topography (curve A), and the smallest step for the silicon surfécerve
corrugation was found to be 0.14 A from the height profileC), while step for the hydrogenated diamond surfémerve
[curve B, Fig. Za)]. This image does not allow an unambigu- B) is somewhere in between. It is easier to make a quantita-
ous assignment of the bright and dark lines as was done fdive analysis by plotting the derivativéZ/dV [Fig. 3(b)].
the clean surfacfFig. 1(a)]. So, the thin bright lines plotted The steps in Fig. @& are now clearly seen as peaks in Fig.
in Fig. 1(c) indicate only the direction of the dimer rows. 3(b) and have been labeled in order of ascending energy,
Figure Xd) represents the STM topography of the clean sili-=1, 2, etc. TheZ—V curves were an average of many points
con surface obtained by resonant electron injectiorr&2  on the flat terraces in order to reduce the noise. However, the
V. As in the case of the hydrogenated diamond surface, a flavidth of the resonances was the same at any recorded point
terrace on the silicon surface was chosen beforehand unden the surface.

Ill. RESULTS
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FIG. 2. (a) Height profiles of the clean diamond surfa@eirve RSN 0 :
A), hydrogenated diamond surfagirve B), and clean silicon sur- 4 5 6 7 8 9 10 4 6 8 10
face (curve Q. All the profiles were taken perpendicular to the Bias(V) Bias(V)
dimer rows.

FIG. 3. (a) The distance—voltageZ-V) spectroscopy curves
IV. DISCUSSION recorded on the clean diamond surfaoarve A, hydrogenated
diamond surfacécurve B and clean silicon surfadgurve Q. For
S A each surface the spectroscopy curves were recorded at the same
injection regime tunnelling current ;= 1.0 nA) and then averaged over flat terraces.
We shall now consider again th2—V spectroscopy For clarity, these curves are shifted vertically relative to one an-
curves shown in Fig. @). At biases lower than the surface other. The arrows indicate the position of the first barrier resonance
vacuum level ¢5=4.5eV, ¢c=5.3eV) and higher than for each surface as deduced from the correspondifiglV curves.
the bottom of the surface conduction band, electrons nor(b) ThedZ/dV curves obtained by numerical differentiation of the
mally tunnel through the vacuum gap.For the clean dia- Corresponding -V spectroscopy curves shown(@. Curves A, B,
mond of course this cannot arise since the vacuum level c@"d C represent the clean diamond, hydrogenated diamond, and
incides with the bottom of the conduction band and normaFlean S|I|cqn _sur_faces, respectively. T_he position of the barrier reso-
tunneling is impossiblé The situation changes when the bias hances(n) is indicated by the dotted lines.
is higher than that of the surface vacuum level. Now, elec-
trons have positive kinetic energy in the vacuum gap. Atk-vector perpendicular to the surface. This means that the
certain biases a constructive interference between incidel8TM tip, scanning the sample, acts as a very localized source
and reflected electrons occurs resulting in a standing wave af electrons® both spatially and energetically. The potential
barrier resonance. At each resonance, the transmission veell in which the barrier resonances form between the tip
highest and so the STM tip retracts more rapidly from theand the surface is shown in Figi@ The potential barrier in
surface revealing the steps in tAe-V curves[Fig. 3(@)], or  the vacuum gap is constructed from a superposition of the
peaks in thedZ/dV curves. The periodicity clearly demon- electric field induced by the tip, the image potential and the
strates the oscillatory nature of the interference giving rise t@urface potentiai®!’ Consider now two locations A and B
the barrier resonances. characteristic of the valleys and dimer rows as shown in Fig.
The question that needs to be addressed is what contrild{c). These locations, A and B correspond to the bright and
utes to the observed atomic resolution when injecting elecdark lines seen in the STM topography shown in Fig).1
trons into the surfaces? There are two aspects: the barridihe observation of dark dimer rows means that the STM tip
resonances and the surface electronic structure. At energiepproaches the surface when passing over the dimer rows. If
just above the vacuum level of the surface, the electronat location A, for a certain bias and current, resonance con-
coming from the tip have to tunnel through a long barrierditions between the incident and reflected electrons are sat-
before arriving in the vacuum gap above the surface. Thissfied[Fig. 4b)], then for the same tip—sample separation, at
barrier acts as a filter allowing through only electrons with alocation B, the conditions for resonance will not be satisfied.

A. Surface visualization in the resonant electron
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. measured\Z corrugation in constant current mode is given
Tip Vacuum | Sample  (4) by AZ=(dZ/dV)AE, wheredZ/dV is the slope of th&(V)
curve at the resonance. It follows that tA& corrugation
depends both the finenes$Z/dV) of the resonance and the
AE corrugation of the resonance energy across the surface.
E The observation of an atomic-scal& corrugation requires
vag a similar atomic-scaleAE corrugation. As schematically
b shown in Fig. 4, the resonance energy depends on the shape
gmele of the potential energy well and at short distances the surface
potential. One can therefore explain th& corrugation by
F atomic-scale variations of the image potential, the surface
f potential or the phase of the electronic waves reflected from
the surface.

This resonant electron injection mode is fundamentally
different from that of tunnelling regime. In the tunneling
regime, the height variation of the STM tip reflects the local

Sample Vacuum (b) surface density of states, which are laterally corrugated at the
atomic scale. However, in the resonant electron injection
mode, we probe the atomic scale variation of the interaction
between electrons and the surface.

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

electron injection
barrier . ) )
As we have shown, a necessary condition to visualize

surfaces at energies above the surface vacuum level is a reso-
nance arising from incident and reflected electrons in the
vacuum gap. In practice STM topographies must be recorded
at a bias which corresponds to the energy of the first barrier
Metallic tip resonancer(=1). Its energy(for a given preset tunneling
474, (c) curreny should be determined from the corresponding
Y X dz/dV curves before recording such a STM topography. All
the STM topographies, shown in Figsal 1(c), and 1d),
have been recorded under such conditions. It was surprising
N ! . o to find that the observable atomic resolution depends on how
it fine a particular resonance is. The fineness is defined here as
corrugation the height of the resonance peak in th&/dV curves[Fig.
B A B A B A B 3(b)]. For example, in case of diamond the fineness of the

@0 . first barrier resonance is given liz/dV=22 A/V. In that
case, even small deviation of the bigsore than+0.1 eV)
from the resonance energy induced deterioration of the STM

topography and atomic resolution was no longer observed.

FIG. 4. Surface visualization in the electron injection Mo@®. 4 firot harrier resonance is less fitle2 A/V) for the hy-
The potential barrier in the vacuum gap is constructed by a supery

position of the electric field and the image potential of the surfacedr.Ogem.ited diamond surfadgurve B. Consequently, ".i
modified to include the surface potential contributiéor more de- Wwider bias range -, = i0.3' eV)' could be used to °b.t"?"”
tails, see Ref. 16 (b) Schematic of the standing-wave resonance inthe ST™M topograp_hy shown in Fig(d. In the case of sili-

the surface potential well. For simplicity, the potential well was 0N (3.5 AIV) the bias corresponded only rougfity0.7 eV)
taken as triangulafRef. 16. The position of the three barrier reso- {0 the energy of the first barrier resonance. Furthermore, no
nances = 1,2,3) in the potential well is shown as a function of the STM topographies could be obtained at biases corresponding
preset current(c) Schematic of the tip scanning the surface. Theto the higher lying resonances+ 2,3, etg. One of the rea-

dotted line represents the tip trajectory when scanning across thgons(amongst others which will be discussed bel@gems
dimer rows. to be a general loss of sensitivity when the tip retracted from

the surface. Indeed, for the second barrier resonamce (
At location B, the same current will be obtained for a smaller=2) the tip has to retract by a furth® A for the clean
tip—sample distance. According to the shape of #{®)  diamond,~7 A for the hydrogenated diamond anétA for
curve in the vicinity of the first resonance, the resonancehe clean silicon surface as follows from FigaB
energy must be slightly shifted by an amouxiE towards Despite all the surfaces being visualised at a bias corre-
higher energies at location B compared to location A. Thesponding perfectly to the energy of the first barrier reso-
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Clean ?iamond The fineness of the particular resonance depends on the
reflectivity of the surfacé,that is thek-vector change re-
quired of the electrons. The magnitude of the change in
k-vector is related to, the states potentially accessible
whereby the electrons can be elastically scattered and escape
along the surface or through the solid. The smaller the avail-
able energy window is, the larger is the change in the
k-vector. These energy windows are indicated in Fig. 6 as
shaded areas in the conduction band, covering the energy
range from the conduction band minimuW@BM) to the bias
at which the resonance occurs. It is obvious that in this as-
ool pect the clean diamond, hydrogenated diamond and clean
0 5 10 15 20 25 silicon surfaces are quite different. The wide band gap of
Resonance fineness (A/V) diamond?® of 5.5 eV implies a narrow energy window of
only 0.7 eV for the clean diamond surfaffeig. 6(@)]. The
FIG. 5. The corrugation of the STM topographigsg. 2 as a  energy windows for the hydrogenated diamond and silicon
function of the first barrier resonance finengsg. 3b)]. The dot-  surfaces are 1.9 eV and 4.5 eV, respectively. There is a clear
ted circles and solid line represent the experimental data and thverse relation with the fineness of the first resonance: 22
linear fit, respectively. AV, 7.2 AV, and 3.5 ANV, for the 3 respective surfaces.

nance, the corrugation of the STM topographies are quité\,low we can easny_ understand the observed atomic resolu-
different. There seems to be a direct correlation between théon on the clean diamond surface and apparent lack of cor-
fineness of the first barrier resonance and the corrugation ¢f'gation on STM topographies for the silicon. Also, for all
the corresponding STM topography. To confirm this, in Fig.three surfaces the higher lying resonances have a low fine-
5 we have plotted the topography corrugation as a functiofess, as can be seen in FighBcharacterized by a large

of the resonance fineness. An almost perfect linear depergnergy window giving rise to a low surface reflectivity. The
dence is observed: the finer the resonance is, the larger tisirface corrugation being so small that no STM topographies
corrugation is and, consequently, the quality of the STM to-could be obtained under such conditions.

pography is better. It seems that there is only a slight depen- Finally it can be seen that very different barrier resonance
dence on the tip apex geometry; barrier resonances recordetiergies|Fig. 3(b) curves A and B were obtained for the
using blunt and sharp STM tips have shown essentially thelean and hydrogenated diamond surfaces. The analysis of

0.6

0.5k Hydrogenated diamond

0.4} -
Clean silicon
03}
0.2f

0.1

STM topography corrugation (A)

same finenes¥ the potential barrier in the vacuum dagmplies that the
Vacuum Sample Vacuum Sample Vacuum Sample
CB
|.1.9 eV CB
E

vac

(a) (b) (c)

FIG. 6. Schematic of the standing-wave resonance in the surface potential ialkloé clean diamondp) the hydrogenated diamond,
and (c) the clean silicon surfaces. For each surface, the position of the first barrier resonant} i6 marked. VB and CB denote the
valence bandalways shadedand conduction band for each surfaee thel” point). Also the states in the conduction band between the
conduction band minimum and the first barrier resonance are highlighted by shagipcandE¢ denote the position of the vacuum level
and Fermi level, respectively. For all 3 surfaces, the work functi@hs (¢pi , ¢s) are shown.
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lower work function of the hydrogenated sampleép ergy of the first barrier resonance was found to be the nec-
=3.9 eV) results in a deeper potential well. The deeper poessary condition for the surface visualisation. Second, the
tential well, as we have already discussed in the context theorrugation of the STM topographies was found to be di-
dependence of barrier resonances on the tip—sample separaetly proportional to the fineness of the first barrier reso-
tion (Fig. 4), moves all the resonances up in the energy. Thisiance. The fineness of the resonances is related to the reflec-
model fits our experimental results very well. The first bar-tivity of the surface which depends on the difference of
rier resonance is shifted up by the enerBy.,=5.9 eV for  energy between the particular resonance and the conduction
the clean surface an#,_,=6.8 eV for the hydrogenated band minimum. For conducting surfacd&ydrogenated
one [see Fig. 8)]. Also the energy differenceA(_,) be- C(100-(2x1):H and clean 3i100-(2x1)] both the usual
tween the second and the first resonances incredses: tunneling and the resonant electron injection modes of the
=1.6V for the clean surface am, ,=1.9 V for the hydro- STM can be used. However, for insulating surfaces such as
genated one. the clean €100-(2x1) surface where the usual STM mode
cannot be used, resonant electron injection offers a unique
V. CONCLUSIONS method for obtaining atomic-scale STM topographies. The
comparison of the 3 surfaces imaged here, confirms the prin-

Three surfaces—clean(f00-(2x1) diamond, hydroge- ciple of operating the STM in the resonant electron injection
nated ©100-(2x1):H diamond and clean &i00-(2x1) mode.

silicon—were visualized by operating the STM in an uncon-

ventional resonant electron injection mode. Distance voltage
(Z-V) spectroscopy reveals the existence of the barrier reso-
nances in the vacuum gap resulting from the interference of
incident and reflected electrons on the surfaces. The first bar- This work is supported by the AFIRST program, the Eu-
rier resonance was found to be crucial for obtaining atomicdopean TMR network “Manipulation of individual atoms and
resolution for two reasons. First, the coincidence of the biasgnolecules,” and the European IST-FET “Bottom-up-
at which the STM topographies were recorded, with the enNanomachines,{BUN) program.
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