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The close proximity betwea probe and sampé in a scannirg tunnelirg microscog interfae may
produe unwantel modificatiors of the interface Thisis particularly sevee when working with soft

materials as molecula films or biomolecules Herg we propo® the operatio of the scanning
tunneling microscog in the nea field emissia regine as an effective methal to overcone those
problemsA theoretica descriptian of the probe—sampe interfae in the nea field emissia regime
predics subatomg resolution in the direction normad to the surfae ard laterd resolutian of 3 nm for

tip—sampé separatios of 3-5 nm. Furthermore atomic resolution is demonstratg by imaging
sters of carba atoms © 199 American Institute of Physics.

In the lag deca@ the scannig tunnelirg microscope
(STM) has emeged as the mog versatik tod for studyirg at
atomic ard nanomete scales metallic and semiconducting
surfaces:? The application of STM is, howeve, restrictal to
conductirg or dopad semiconducto surfaces The atomic
force microscog (AFM) was developé as atechniqee to
study insulatirg as well as conductiy materialst Atomic
resolution is obtainal when the probe is in mechanichcon-
tad with the sample The close proximity of probe and
sampkin STM and AFM may produ@ unwantel alterations
of the sample Indeed the driving force behird sone AFM
works has been to minimize the interaction force between
probe ard sample®~® To overcone some of the limitations
associaté to contad¢ or nea contact the STM can be opea-
ated in the nea field emissia regime where probe—sample
separatios are of few nanometersThis also extend the ap-
plication of the STM to study biomolecules Sone recent
experimens shov tha the STM can image biomolecule&’
ard manipulae them at nanometescalé by usirg relatively
high voltages ard very low currents.

Attempts of using the field emitted currert from atip as
a paramete for generatig images were dore by Young?®
Howeve, the field emissio of electrors from a shap tip is
not exemp from drawbacks The high enegy of the elec-
trons impinging the sampé could modify it. In addition the
emissio is very sensitive to the environment For instance,
adsorbats tha may appea on the tip would produ® insta-
bilities in the emissian characteristicsThis is due to the
change produce in the work function ard in the field very
clos to the adsorbate Howeve, the changs in the field
decy very fag with the distan@ from the adsorbaté&:'° They
hawe a negligible effect on the field at the sampé surface.
The instabilities could be avoiddl if the polarity is reversed.
Our god is to shaw tha the emissia of electrors from the
sampé can effectively lead to anew STM mode for imaging
surfacesThis is in contras with field emissian microscoyy,
whee electrors are always emitted from shap tips°

Three regimes can be definad in the currert (1) versus
voltage (V) curvesin ametd—insulatgd—metd junction Tun-
neling when the applied voltage is lower than the work func-
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tion; the intermedia¢ region ¢.<eV<¢.+Eg, it will be

called nea field emissian regime hereafte and the standard
field emissiom or Fowler—Nordhem regime for highe volt-

ages.

Here we descrile the generé features of the STM opa-
atal in the nea field emissia regime Atomic resolutia is
predictel in the direction normd to the surfae ard verified
experimental} by imaging monoatomi steps on graphite.
Laterd resolution is in the nanomete range It depend on
the tip—probe distane and tip’s radius.

Field emissim from metallic tips is generaly described
by the Fowler—Nordheim theor.!° This approab gives an
approximag description of the | versis V characteristis of
the emission The emissio area is usualy treatel as acon-
start fitting paramete Howeve, recen calculatiors show
tha the emissim area depend on the applie voltage*

To include the three-dimensiorlageomety of the inter-
face we choo® a prolae spheroida coordinaé reference
systemt? In this system surface of constantz represent
equipotentidsurface ard lines of constantt and ¢ represent
electri field lines The tip and sampé surface are an hype-
boloid =7, ard aflat surfacer=0, respectively. The radius
of curvatue of the tip apex R and the tip—sampeé distane S
determire the choice of 7, 7,=[S/(S+R)]*2. In the case
of negative sampé bias the potentid enegy of an electron
betwea two surface is

)] log[(1+7)/(1—n)]
log[ (1+ 770)/(1—70)]

+ Uim ! (1)

U(n)=ds—[elV|+(ds— ¢

where U, is the image potential® and ¢, and ¢, are sample
ard tip work functions respectivel. To calculat the current
we use the following semiclassidaapproach The current
densiy J a ead point of the emitter surfa@ (7.,¢,¢) is
obtainel from aplana model!*

J~6.2X1075AS ?{¢ exp(—10.25AS¢Y2) — (p+€|V]|)
X exd —10.25AS(¢p+e|V|)¥2]}.A 2
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FIG. 1. Tip—sampe distane vs applied voltage curves (I=constank In the FIG. 2. Verticd resolution as a function of the applied voltage and tip
field emissia regime the currert is controlled by the electricd field at the radius The resolutio is calculatel assumig tha variatiors in the currert of
emitter surface Consequerny, the currert increass with decreasig tip’'s 1072 pA can be detected|=0.1 pA.
radius if emissia is from the tip (positive biag. The opposie happes when
the polarity is reversed|=0.1 pA, ¢s=¢p=4.7 €V.

overlappig of tip and sampé electronc orbitals In near

The effective barrier ¢ associated to each emitting point is field emissia verticd resolution comes from the dependence

average alorg its correspondig field line, of the currert with the field ard the sensitivily of the latter to
s smal changsin S

B(E)= i J’”z U(7) & E dy 3) To estimae the laterd resolution we calculae the effec-

AS Jy, 1=9%" no tive width of a monoatomt step at constam currert for dif-

ferert radi (Fig. 3). For agiven tip position over the sample,
the currert densiy is calculatel over both terracs neglecting

S (m [ the effects of the stgp edge This approximatien does not
AS= P L 17 dn, (4 include contributiors due to the field enhancememea the
1

where 7, and », are the curvilinea coordinats tha define
the tunnelirg region Enegies arein eV, distancein nm, and
Jin A/nm?. The totd intensiy is obtainel after integration of 75 ————
J over the emitter surfacen= 7, (7.=0 for negatiwe pola-
ity and ».= 7, otherwise,

| =2m(S/ o) *\1- 75 f J(E)VE~ 7% dé. (5)

The dependeneof the distane with the applied voltage
for severa tip’s radiws is presentd in Fig. 1. In nea field
emission the resuls are almog independenon the polarity
as long as the potentid drops linearly in the gap region This 257+
isthe cas for relatively blurt tips (R=50 nm). For ultrasharp — ;
tips, if electrors are emitted from the tip S increass expo- — R=50nm |
nentially with the applied voltage (I=constant The relation- |
ship is approximate} linear for negatiwe polarities. j——

The verticd resolution is given by AZ~Al/(d1/dS), 0.0 — A
where Al is the minimum detectak¢ chang in the current. (15 -0 10
In Fig. 2 we hawe plotted AZ versts the voltage for a con-
start currert of 0.1 pA ard A1=0.01 pA. Subatomé resolu-
tion is obtainel for a wide range of voltages (from 5 to 20 FIG. 3. Simulatel images of a monoatomg step as afunction of the applied

V). This iS_ true even for tip_—sampé qiSt_anCS Of_ 10 nm. In voltage ard tip radius Electrors are emitted from the sampe (negative
the tunnelirg regime atomic resolution is obtaine due to  biag. 1=0.1 pA.

ard the barria width is
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FIG. 4. Nea field emissim image of a graphie surfa@ (HOPG. (a) It
shows severaterracs separateé by monoatomé stegs of carba atons (0.33
nm). It also illustrates the asymmety betwee laterd and verticd resolution
in nea field emission (b) A scanlire acros amonoatomt step Its apparent
width is 5.5 nm. The images are raw datg |=0.2 pA and V=—-8 V.

step At constam current those contributiors would appear
as smal bumps parallé to the step lines Howeve, those
effects hawe not been observe in STM images or in the
preseh experimenthresuls (Fig. 4).

The laterd resolution Ax depend on tip’s radius and
tip—sampé separationWe found tha Ax is proportion4 to
the~ scale- factor~ S/7, in— the- region~ of- interest
{Ax~0.7*[(R+9)*S]*%}. For tips with R~5 nm, effec-
tive widths as smal as 3.5 nm are obtained.

As ated of the abow properties we hawe performed
preliminay experimens in air with a low current STM, op-
eratel in nea field emissim (1=0.2 pA ard V=-8 V).1®
Accordirg to Fig. 1, the abow parametes imply S~2.5-3
nm. We hawe imagel monoatomi stegs of carba atoms
(Fig. 4). The step (0.33 nm heigh} is clearly imaged above
the backgroud noise For an apparehwidth of the step of
5.5 nm and S=3 nm, the abowe expressia gives atip radius
of abou 20 nm.
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The developmehof the STM has fosteral a new breed
of techniquesglobally called scanniig probe microscopies
for studying surfaces a nanomete and atomic-scale
resolution'® Here we hawe describe amoce of operatim of
the STM tha combines the scanniig and feedbak characte
istics of the STM with the emissia of electrors governel by
an electrica field. A compromig betwea verticd ard lateral
resolution and minimum contad forces defines the optimum
working conditions We hawe shown tha in the nea field
emissim regime ther is atomic verticd resolutio for tip—
sampk separatios of 3-5 nm. The laterd resolution is of
few nanometersEmissian from the sampe increass stabil-
ity and minimizes electra induceld damage.

We think that one of the main applicatiors of this STM
mock is the imaging and controlled modificatian of molecu-
lar films and thin oxide layers Furthermorenea field emis-
sion provides adirect noninvasie approab for investigat-
ing at nanomete scak ard low enagies electra transport
processgin molecula films and biomolecules.
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