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Field-Induced Deformation as a Mechanism for Scanning Tunneling Microscopy
Based Nanofabrication

O. Hansen, J. T. Ravnkilde, U. Quaade, K. Stokbro, and F. Grey

Mikroelektronik Centret, Technical University of Denmark, Building 345e, DK-2800 Lyngby, Denmark
(Received 15 July 1998

The voltage between tip and sample in a scanning tunneling microscope (STM) results in a large
electric field localized near the tip apex. The mechanical stress due to this field can cause appreciable
deformation of both tip and sample on the scale of the tunnel gap. We derive an approximate analytical
expression for this deformation and confirm the validity of the result by comparison with a finite
element analysis. We derive the condition for a field-induced jump to contact of tip and sample and
show that this agrees well with experimental results for material transfer between tip and sample by
voltage pulsing in ultrahigh vacuum. [S0031-9007(98)08020-X]

PACS numbers: 61.16.Ch, 41.20.Cv, 74.25.Ld

In a scanning tunneling microscope (STM), the sepaatomic-scale information, but it has the advantage that it
ration between the tip and sample is a key parameter fazan be applied to systems much larger than those acces-
guantitative interpretation of the images and spectroscopisible to molecular dynamics simulations.
data that the STM produces. Normally, this distance is As shown in the inset of Fig. 1, we treat the tip to
not accessible to direct measurement and must instead befirst approximation as a spherical cap of radiuon
inferred from measurements of current, voltage, and disa truncated cone with the half opening angle With
placement of the piezoelectric scanner tube. Direct inno applied field, the tunnel gap ig and with the field
teraction due to the interatomic potentials between atomsmduced deformation it i&. Typical values in STM are
on the tip and the sample can cause significant deforma: = 5 A, R = 1000 A [15]; in other wordss < R. We
tions of both tip and sample [1-6]. Such direct interac-assume cylindrical symmetry, withthe radial coordinate
tion has important consequences for measurements of tlasd z the vertical coordinate. The sample surface is the
absolute tip position [7], the tunnel barrier height [8], theplane defined by,(r) = 0. The tip surface near the tip
atomic corrugation of surfaces [1,9], and the phenomenoapex isz;(r) = h + R(1 — cosg), wherep = arcsir(z)
of jump to contact, where a mechanical instability causess the angle measured from the center of the spherical cap
tip and sample to suddenly join [3,4]. of the tip (see Fig. 1 inset).

In this Letter, we show how the electric field due to The exact electric field&, andE, on the tip and sample
the applied bias between the tip and sample can also be(hoth assumed metallic) cannot be expressed in closed
significant source of elastic deformation. This possibilityform [16]. However, simple yet accurate expressions for
has not received attention previously, because most expethe electric field near the apex can be derived from a
mental studies of tip-sample interaction attempt to mini-concentric spheres model [17]
mize any field effects by using very low biases [9,10], v A
while in theoretical studies, field effects are usually ne- E/(p) = (1 + _>, (1)
glected [5]. We find, however, that the field induced de- h + R[1 — cod)] R
formation of both tip and sample is significant at typical

scanning voltages. Further, we determine the conditions E(r) = 14 R
under which this purely elastic deformation results in jump [Vr2+ (R + h)? = RIJr2+ (R + h)?
to contact and show that they agree quantitatively with )

published experimental results by Guo and Thompson [11]

for material transfer between tip and sample by voltagel'0 a first approximation the electric field on the tip or the
pulsing. Field-induced elastic jump to contact is thus arsample falls to half its maximum value at a characteristic
alternative to the field evaporation mechanism proposed ifadiusr, = +2Rh < R.

many STM nanofabrication experiments [11-13] the va- The electrostatic pressure on a metallic surface due to
lidity of which remains controversial [11,14]. the electric fieldE on the surface ig(r) = %sEz(r) [18],

The theoretical approach in this study is to develop avheree is the permittivity of the dielectric between the tip
simple yet accurate analytical expression for the elastiand sample surfaces. The deformation of the tip and the
deformation of tip and surface using classical continuunsample due to the electrostatic pressure can be calculated
mechanics and electrostatics. The accuracy of the analytirom elastic theory using a superposition of Boussinesq’s
cal expression is determined by comparison with a finitesolution to a point force load on a semi-infinite sample
element analysis of tip and sample modeled as continy19]. The deformationw,(r) of the sample in thes
ous elastic media. This approach does not give detailedirection becomes
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spherical protrusion at the apex have also been performed
[21] and give results similar to those presented here.

An iterative procedure is carried out where the tip
and sample surfaces are fixed and the electric field is
calculated; the stress due to this field is then fixed and
the elastic relaxation of tip and sample is calculated.
The deformed tip is used in a new calculation of the
electric field followed by a new calculation of the stress
and elastic relaxation. For sufficiently smal, this
calculation converges at the first iteration and is well
approximated by Eq. (3) using = hy. In Fig. 1 the
deformations of the tip and sample surfaces are shown
ST as a function of the radial distance from apex obtained

0.20

o
[
o

0.10

Deformation w(r) [4]

o
o
G

—— w, MODEL i from a converged iterative finite element calculation.
o0l L L L The elastic parameters used are those of tungstes (
0 100 200 300 400 500 '
r 4] 411 GPa, v = 0.28 [22]). For comparison, the sample
deformation calculated from Eq. (3) is shown.
FIG. 1. The deformation of a tungsten samplg(r) and From Fig. 1 we see that the deformation of the tip is

tip w:(r) as a function of the radial position fromNSYS ey similar to the deformation of the sample. The reason
finite element calculations; both the converged results {})

and results from the first iteratiow(, {1}) are shown. For is that as Iong_a§ > h, th(? electric field and result_ing
comparison also, the sample deformations calculated from th&tress are confined to a region= +v2Rh < R. On this
model Eg. (3) (using: = k) are shown. The applied bias is scale tip and sample behave roughly symmetrically, so

V= 5I V. _'I'hehinseg_showfs ﬁ SCh?]matiCI of g”le S(L'\;A tiﬁ andw(r) = w,(r). Hence, the deformation, of the tip at
sample: R is the radius of the spherical cap, and hy the  the apex is approximatel
deformed and relaxed tip to sample distance, respectivgly, b bp y

¢ ° ! 1 — 12 T

is the half top angle of the truncated conical tip shank, and ~ (71 = J2Rh 5
is the polar angle. The deformed surfaces are indicated with o Y; pro 2 ’ ©®)
dashed lines.

whereY, is Young's modulus and; is Poisson’s ratio of
the tip material. p,o is the tip apex pressure. Thus, the
reduction in tunneling distancey, = w,y + w9 becomes

wo = 22 T \aRh, (6)

_ V2 2 o0
walr) = % fO fO p(Ydrds, ()
’ Yy 2

i N2 — .2 2 _ i . .
with ()~ = r= + A 2rAcos¢ . p; IS the PreSSUre -\ here v, is the reduced Young’s modulus for the tip-
on the sampleY is Young's modulus, and; is Poisson’s (1-02)

i : . sample system:- = (=20 4+ 022 and py = Le(V)2 =
ratio of the sample. At the apex the angular integral is>2MP'€ SYSteny = = Y. po=38(5) =

trivial and the deformatiomw,, = w,(0) becomes Pso = Pio- _
At a sulfficiently large bias voltag¥c, the system be-
0= (7 (1) d comes unstable and the tip and sample jump to contact.
0.7 Y, 0 pstrydar The jump-to-contact voltage can be estimated from an in-

1 — »2) - vestigation of the derivative of the elastic and the elec-
= ——— ps0 5 V2Rh, (4) trostatic forces in equilibrium or by solving Eq. (6) for the
Ys 2 applied voltage needed to achieve a given reduction in tun-
wherep,o = p,(0). nel distance
Below, we shall show by comparison wi#nsys [20] 4Y, wolhg — wo)?
finite element analysis that Eq. (3) accurately reproduces V(wo) = o JaRUig —wo) (7)

the deformation of the sample. A typical geometry used in

finite element analysis i® = 1000 A andh = 5 A (the  The jump-to-contact condition is the. " = 0, which
gnits are in principle arbitrary in thi§ simulation_, since is fulfilled at we = %ho- Hence, at jum(b to contact the
tip and sample are treated as continuous media). Thteunnel anid — h. EromE (7) the jump-to-contact
spherical tip apex is joined smoothly with a truncated it gvp_ Cbt 3 ?j' q- jump

cone of half opening angle 30(angles in the range voltageVc IS obtaine
20°-40° give %\Imost identical results). The tipAextends v 24 \/? )
to z = 10000 A and the sample tg = —10000 A and c =\|l7z1 = —.

r = 9525 A. These boundaries are effectively frozen 25¥5 e N 2Rho

during calculations of elastic relaxation. An adaptive The deformation of the sample surface, however, leads to
meshing and elements with curved surfaces are used. ffinite radius of curvaturg; for the sample surface near
the calculations the smallest node separation is 0.5 A (ne@Pex. From Eq. (3) the sample radius of curvatpre=

the tip apex). Calculations on tips with a small hemi-3Rho/wso is obtained. Detailed calculations [21] show
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that a similar correction applies to the curvature of the tip. 6 ———

rr.. .1 1T 1]
It follows that the sample radius of curvature is comparable __ 1
to the tip radiusR when the sample deformationy, is o, 5 éump'tto'comamt -
comparable to the initial tip-to-sample distarige Hence, g | urvature corrected
an effective radiusR.s; of the tip-sample system must be < [ 1
. : c 4F Q .

used in the calculations - N ]
: X ww ]

L _ 1 3wo_ 3woe_1( 3w 8 3f by T AwAu _-
Ret R 4 Rhy 4 Rhy R 4 hy ) &I X ANSYS ]
© 22| .

Using the effective radius of curvatuR.s in Eq. (7) & [
yields a corrected applied voltadg (w) to sustain a given S 1F .
reduction in the tunnel gap [ 1
0 [ PR ISR SR S NY B EO2RN

o
0
=
o

V (wo) = 1| e ol = wol® [ 3 wo 0
pATO e \/ZR(/’I() - W()) 4 ho .

Tip-Sample Bias Voltage [V]

. : . . FIG. 2. The tunnel gap as a function of the applied bias
I.n this case the J-ump.to contqct condition is ful- voltage. The full lines show the calculated tunnel gap for the
filled for a reduction in tunne!lng gap ofwc =  case of a W tip and sample, whereas the dashed lines are for
(v697 — 11)/36hy = 0.428h9.  Simultaneously, the an Au tip and sample. In both cases calculations are shown for
jump-to-contact voltage is increased by 7% compared ta field-free tunnel distance of 3 and 5 A. The crosses are data
the value predicted from Eq. (8). The jump-to-contactfrom ANSYS finite element simulations. Calculations with and

voltage V¢ is seen to be rather insensitive to the radiug™ithout radius of curvature correction are shown.

. 025 , ) _
of curvature of the t,'p(VC « R™%®), quite sensitive t0  gample separation,. Other measurements of threshold
the reduced Young's moduluéVc = +/¥,), and very gjtage for material transfer exist [12], but these are in air,

o T 1.25
sensitive to the equilibrium tunnel gapc « hy ™). where the situation is considerably more complex, due to
In Fig. 2 the tunnel gap calculated from Egs. (7) andihe presence of water.

(10) as a function of the applied bias voltage is compared The surface straire, normal to the surface due to
to finite element calculations. The model calculations andhe electrostatic pressure és = (1 — v — 2»%)& [19].

the finite element calculations are seen to be in excellentgwever, the maximum on-axis strain in the same direc-
agreement. Close to the jump-to-contact condition, thejon is found below the surface and is roughly 25% higher

radius of curvature correction is seen to improve thgdependent on Poisson’s ratio) than the surface on-axis
model predictions.

Measurements of the threshold voltage for pulsed volt-

age material transfer between tip and sample as a function >or S o R
of the low bias tunnel resistance [11] are reproduced in L W-AU A-=38° ,
Fig. 3 for a tungsten tip and gold sample. The jump-to- 45 - W_Au’ AT=6A2 e ]
contact voltage calculated using Eq. (7) with the elastic=; [ _ __ Au-Au’ AT —3%2 ’ ]
parameters for Au{ = 78.5 GPa,» = 0.42[22))andW = | iy e 1
. . . . h k=] - ® Guo & Thompson .
[23], is shown in the same figure, witly determined from S 4.0}~ yd e
the measured tunnel resistarige using [24] 2 I i A
1 ¢ 3Ar [2m® [2m® Fasf R
Ry 2wh 4wh\ R? exP( 2 ) D S |
where® (here 4.5 eV) is the barrier height,is the unit § 30 7 ]
charge,m the electron mass, and Planck’s constant. [ P
Assuming a tip radius aR = 1000 A , the only unknown - e . ]
parameter is the tunnel current cross sectign, A value 25—l el )
in the rangeds = 3 A2 (solid line) toA; = 6 A% (dashed 10 10 10 10

line), corresponding to tunneling from a single atom on Tunnel Resistance R [0]

the tip, agrees well with the measurements. Thus we fin@G. 3. Voltage threshold for material transfer between a gold
that the measurements are fully consistent with a fieldsample and a tungsten tip as a function of the low bias voltage
induced elastic jump to contact between tip and sampldunnel gap resistance, reproduced from Guo and Thompson
It follows that we would expect an ordering of voltage [11]- Also S;.ho""r:j.'sgthe lgg:)og\late?lj Jurtnp-to-lcontactt voltage
thresh9lds according to th.e square root of t_he redupeﬁzzﬁ?r:rﬁa: 'g /E\% '(L]lu” line) or 2nA2a(dlgnsr;]%dmfirr:2;1. C,r:cz,srs
Young's modulus of the tip-sample system if materialcomparison, a calculation for a gold tip with; = 3 A2 is
transfer experiments are performed at a fixed initial tip toshown (dash-dotted line).
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strain. At the edge of jump to contact the surface strain is
obtained fromV¢ Eg. (8):
(1 =v - 20%)e V&
2Y h?
Y, 40 — v —2v?) |hy
Y w15 2R’
whereY and v are the elastic properties of the surface.
We note that the use of expressions for a static system j
justified because we estimate that the elastic deformations
described here have response times in the picosecond
range [25], whereas the shortest pulses used for pulse
modification by STM are longer than 1 ns.
If the tip and the sample are of the same material the sur-
face strain at jump to contact becomgs = 0.5% if R =
1000 A andhy = 5 A, whereas a considerably sharper tip

EZC

(12)

76, 1276 (1996).

[10] U. Durig, O. Zlger, and D.W. Pohl, Phys. Rev. L5,

349 (1990).

[11] C.X. Guo and D.J. Thompson, Ultramicroscop®?—44

1452 (1992).

[12] H.J. Mamin, P.H. Guether, and D. Rugar, Phys. Rev. Lett.

65, 2418 (1990); C.S. Chang, W.B. Su, and T.T. Tsong,
Phys. Rev. Lett72, 574 (1994); S.E. McBride and G.C.
Wetsel, Appl. Phys. Lett59, 3056 (1991).

3] J. Rabe and S. Buchholz, Appl. Phys. Lé8, 702 (1991);

I.-W. Lyo and P. Avouris, Scienc&56 173 (1991);
H. Uchida, D. Huang, F. Grey, and M. Aono, Phys. Rev.
Lett. 70, 2040 (1993).

[14] T.C. Chang, C.S. Chang, H.N. Lin, and T.T. Tsong,

Appl. Phys. Lett67, 903 (1995).

[15] R. Zhang and D.G. lvey, J. Vac. Sci. Technol.18, 1

(1996).

with R =100 A has a jump-to-contact surface strain of [16] S. Hudlet, M. Saint Jean, C. Guthmann, and J. Berger,

€;c = 1.5%. As a result, jump to contact due to an elec-
tric field can be achieved by accumulation of small, elasti
changes in local interatomic distances over a large volume.
This contrasts with the large changes of interatomic dis-

Europhys. Lett. B2, 5 (1998).

él?] A fixed inner sphere completing the spherical tip cap and a

concentric outer sphere with a radius (variable) extending
to the sample through the point where the field is to be
determined.

tances {~10%) observed in molecular dynamics simula- (18] £ c. Jordan and K.G. BalmaifElectromagnetic Waves

tions for jump to contact due to the interaction potential
between tip and sample [4]. This discrepancy may occur

and Radiating System@®rentice-Hall, Englewood Ciliffs,
NJ, 1968), 2nd ed.

in part because large-scale elastic deformation is precludgd9] S.P. Timoshenko and J.N. Goodidiheory of Elasticity

in molecular dynamics simulations, due to the small vol-

(McGraw-Hill, Singapore, 1982), 3rd ed.

ume in which atomic coordinates are allowed to relax. In{20] P. Kohnke, ANSYS Users ManugANSYS Inc., Canons-

deed, if jump to contact can be achieved by purely elastic
deformation, then this will preempt mechanisms that hav
been proposed based on plastic deformation [11,14,26].
In conclusion, the electric field between the tip of
an STM and a surface produces an elastic extension of

burg, 1996).

¢21] O. Hansen, J. Tue Ravnkilde, U. Quaade, K. Stokbro, and

F. Grey (to be published).

[22] E.A. Brandes and G.B. Brooksmithells Metals Refer-

ence Book(Butterworth-Heinemann Ltd., Oxford, 1992),
7th ed.

both tip and sample which reaches a value of aboufy3) Although some gold may absorb on the tip during pulsing,

ého before jump to contact occurs. Pulsed voltage
experiments in vacuum are in quantitative agreement with
field-induced elastic jump to contact as a mechanism for
nanofabrication.
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