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Scanning tunneling microscope assisted nanostructure formation: Two
excitation mechanisms for precursor molecules
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The scanning tunneling microscope in a near-field emission mode has been employed to create
nanostructures using the hexafluoroacetylacetonatd)Gunyltrimethylsilane precursor molecule

on the S{111) surface at 300 K. Two distinctive mechanisms controlling the nanostructure
formation have been delineated. The first process involves excitation of the molecule by the applied
electric field, and the field induced surface diffusion acts to supply molecules to the nanostructure
growth region under the tip. The second mechanism involves the dissociation of the molecule by an
electron attachment process. The generated nanostructure topology is quite different for each
excitation mechanism. Narrow cone-like structures are produced by the electric field while broad
structures of lower height are produced by the electron attachment process. Both mechanisms
operate simultaneously in the low bias voltage regide<8 V), with the field activated process
dominating. The electron induced process becomes the governing process at higher voltages.
© 1999 American Institute of Physid$0021-89789)02321-X

I. INTRODUCTION with a STM (Omicron, an Auger electron spectrometer

The use of the scanning probe microscope for the fabri{Physical Electronics Industrigsand a quadrupole mass
cation of structures down to the nanometer scale is of greaPectrometefUTI). Si(111) samplegp type, 1500 cm, Vir-
current interest. Among these techniques, the scanning tuinia Semiconductojsvere degassed at900 K and subse-
neling microscope(STM)-assisted local chemical vapor quently cleaned by sevéras flashes at 1500 K yielding the
deposition(CVD) process has been employed to create nanoSi(111-(7X7) reconstructed surface. STM tips were made
structures from a number of metii® and from electrochemically etched tungsten wire. The tips were
semiconductor:'! These STM-assisted CVD studies were cleaned and sharpenéd situ by annealing and Ar bom-
somewhat phenomenological and the optimal formation pabardment, using the self-sputtering process in the field emis-
rameters in all studies, except Ref. 11, were determined ofion mode. The Cu(hfag (vtms) precursor gagSchuma-
empirical grounds. Several mechanisms of nanostructurehed) was introduced through a stainless steel doser
growth have been discussed, including the electron impaderminated wih a 3 mmdiameter orifice 4 cm away from the
dissociation of a precursor molecd@ * field-induced mo-  STM tunneling junction at an angle of 80° with respect to the
lecular dissociatior® and field-assisted molecular decompo- surface normal. During nanostructure formation, a precursor
sition on the tip with subsequent field desorption of theflux of 2.6x 10> molecules/crfis has been normally used.
fragment$ The exact mechanism has not been established he nanostructure growth process has been carried out at 300
though in every case the operation of a single process hd§ during continuous dosing with the STM operating in a
been implied. near-field emission regimghe sample bias voltage is posi-

The work reported here shows that two different mecha.tive and more than the work functiprirhe tunneling current
nisms controlling nanostructure formation operate at positivdas been held constant with an active feedback loop. Before
sample bias voltage. The first excitation mechanism involve#e nanostructure growth, the silicon surface has been dosed
field-induced diffusion and decomposition of the precursomith CU (hfag (vtms) molecules up to the saturation cover-
molecule under the tip. The second excitation mechanisrge, which is in the submonolayer range ofL $1)-(7x7) at
causes the dissociation of the molecule by an electron attac00 K2
ment process. The two mechanisms result in quite different
nanostructure topologies. Hexafluoroacetylacetonatél)Cu
vinyltrimethylsilane [ CU' (hfad (vtms)], has been employed Ill. RESULTS
as a precursor molecule. This molecule is commonly used

for conventional copper CVE? Before the addition of the precursor gas to the surface,

the experiments on surface modification have been carried
Il. EXPERIMENT out using the parameters to be used for grovidhnstant

The experiments were conducted in an ultrahigh vacuungurrent of 0.01-1 nA at sample bias voltayg,up to +45
(UHV) chamber(base pressure-6x 10! Torr) equipped V). Some increase of the defect number has been found, but,

without additional exposure of the precursor, no growth of

dAlso at Department of Physics and Astronomy, University of Pittsburgh,ar.1y features has been 'observed. Using the same parameters
Pittsburgh, PA 15260. with simultaneous dosing by precursor, the formation of
PElectronic mail: jyates@vms.cis.pitt.edu nanostructures has been accomplished.
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FIG. 1. Constant current imag€g=2 V, |=0.01 nA
onm 40 nm 60 nm in 3D representation showing the _typic:_:ll topology of
0nm 20 nm, the nanostructures creatdd) at applied bias voltages,
V, of 6 V and(b) at V=11 V. Other parameters were:
I=0.01 nA,F=2.6x 10" molecules/crhs, t=5 min.
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We have observed strikingly different topologies of the current induced. In the low voltage regime, the growth rate
nanostructures for different regimes of the applied bias voltdoes not depend on current and, thus, the growth is appar-
age. At voltages less than 7 V, the created features exhibéntly affected by another major factor, namely, by the elec-
relatively narrow cone-like structure with a high aspect ratio.tric field generated by the applied bias voltage. While Fig. 3
In Fig. 1(a), a nanostructure created ¥&=6 V with a full presents only initial parts of curves up to a current of 0.05
width at half maximum, FWHM, of-7.6 nm and a height of nA, the dependencies have been measured up to 0(&umd
10.5 nm is shown. Growth at higher voltageg>10 V) have been found to continue linearlyn the intermediate
leads to broad structures of lower height. The structureyoltage region, there is a linear dependence on current but
shown in Fig. 1b) for V=11V, has an overall FWHM of 43
nm and a height of about 2 nm. Figure 2 presents the depen-

. . The Dependence of Nanostructure Volume on
dencies of the nanostructure volume as a function of the Growth Time
growth time for different bias voltages. For voltages more
than 10 V, represented by the curve f6+=12.5 V, the de-
pendence is linear. At voltages less than 7a¢ shown for
V=5.5V), the curve starts linearly and then saturates, indi-
cating that the growth process has stopped. In the intermedi-
ate voltage region, represented by curveVer 7.5 V, after
some time the curve slope decreases but does not show satu-
ration behavior. From the slope of the dependencies in the
initial linear region, the growth rates have been determined
for each regime. 0 5 10 15 20

The dependencies of the nanostructure growth rate on Growth Time (min.)
current for different voltage regimes are shown in Flg._3. _ForFIG. 2. Dependence of the nanostructure volume on exposure time for dif-
growth atV=12.5 V, the curve starts from zero and is lin- ferent regimes of bias voltages, and a0.01 nA. The slope of the depen-
early dependent on current, which shows that this process igncy is proportional to the growth rate.
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The Dependence of Nanostructure Growth Rate on induced process has been also found to depend on the tip
Tunneling Current . . e .
radius with the curve shifting to higher voltage for duller
tips, while the current-induced dependence, as expected, is

1.5} ’
Ve 125 Vj/ 75y.° insensitive to the tip radius. Figurél} shows the evolution
= / P of the nanostructure FWHM with bias voltage for both field-
g 1o /X05 P ] and current-induced processes. The FWHM of the field-
3 b o e induced nanostructures has been measured after the nano-
% os @/9 /// _ st_ructure dimensions have_rea(_:hed saturation m_axir(rwm
G /060/ ° Fig. 2. The FWHM of the field-induced features is found to
aag o _ . o OV be approximately constant-7 nm), while the FWHM of the
0.0 ‘ ‘ ‘ current-induced features increases exponentially with bias up
0.00 0.01 0.02 0.03 0.04 0.05 to the Several 100 nm.
Current (nA}

FIG. 3. Dependence of nanostructure growth rate on tunneling current for
different regimes of bias voltages; the lines are linear regressions. IV. DISCUSSION

Both measured current and time dependendrégs. 2

also the offset is present at zero current. We suggest that th!d 3 have been found to be quite different at sniallr V)
behavior is caused by simultaneous operation of the two difand higher(>10 V) bias voltages, indicating that a different
ferent processes, current and field induced, in the intermedfXcitation mechanism, current and field induced, governs
ate region. From such dependence on current, growth rat@fch regime, respectively. Evidently, as is shown from volt-
for both processes can be extracted, employing the fact tha&gde dependencies, Figa the field-induced process deter-

the offset corresponds to the growth rate for the field-inducednin€s nanostructure growth in the low bias voltage regime
process. (V<7 V), the current-induced nanostructure formation dom-

After separation of the rates of the current and fielg-inates at voltages higher than 10 V, while both processes
induced processes in the voltage region where they overlagVveriap in the intermediate voltage region.
the effect of the tip-sample bias voltage on growth rate for ~ The observed growth rate dependence on bias voltage
both mechanisms of nanostructure formation is demonstratef@' the current-induced process gives information relevant to
in Fig. 4@a). The current-induced process exhibits a thresholdhe Precursor molecule excitation mechanism. The direct
near 4.5 V bias, and the growth rate nearly saturates at voltonization of the precursor molecule by electron impact can
ages above 13 V. The field-induced process staisad V, be excluded in the threshold regime, since the observed volt-

captured by an adsorbed molecule to form a temporary nega-
tive ion state'* which, if not quenched or desorbed, can de-

Nanostructure Growth as a Function of cay through dissociation. The dissociation produces a surface
Sample-Tip Bias Voltage fragment which can then be bound to the surface. This elec-
: : : tron impact excitation mechanism is responsible for the
o (/a_)om " , Currentinduced | current-induced nanostructure formation from thé Qiiac
3 o A (vtms) precursor molecules. In separate experiment with a
2 ° x0.25 macroscopic electron beam on g13il) surface exposed to
< . CU (hfag (vtms), a threshold electron energy of 4 eV was
. measured for dissociation by electron attachnigmisso-
© Field Induced ciative electron attachmefDEA) has also been suggested as
b a o | depn_)sition mechanism for the STM—induced decomposition
' (;) i P of S_|H4 on S(l_ll 1 The cross section for electron capture
Current Induced exhibits a maximum when the electron energy matches the
z o energy of a lowest unoccupied molecular orbital. Although
= 1004 7 in the work reported here we did not observe a maximum in
< o the growth rate dependence, its stégpo order of magni-
- A tude increase at voltages above the threshold can be caused
10} P <4 . Field Induced by overlap with several unoccupied states of the largeé Cu
e (hfad (vtms) molecule'® With increasing voltage a direct
0 R 10 s 20 ionization process can also contribute to the precursor disso-

S le-Tip Bias Volt \ .. . . .
ample-Tip Bias Voltage () ciation. Additional support for the electron-induced excita-

FIG. 4. Effect of the tip-sample bias voltage ¢@ growth rate andb) tion mechanism comes from observation that electron-
FWHM for field- and current-induced processe$ a10.01 nA. The FWHM induced growth does not occur at opposite bias polarity
of the current induced nanostructuresvat 8 V cannot be determined di- (sample bias is negati)/é7 When the electrons are emitted

rectly because of overlap with the field activated process, which is mucl})r . . . . S
more efficient at these voltages, but it can be estimated from extrapolatiofOM the tip at positive sample bia¥, they gain kinetic

(solid line). energy,eV, at the sample surface, causing excitation of ad-
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S;ng{ieéligfsls?gs@gﬁg aengtlggﬁtsr{griigﬂr?gn? from the measured field emission characteristics of the
X tip.2223 Figure §b) shows the dependence of the electric
2 | = const = 0.01 nA . field on tip and sample surfaces as a function of the bias
é 0L ) ; voltage. There is a qualitative change in the field evolution
& . on the tip surface after the transition from the tunneling to
é 200 LS the field emission regime. In the tunneling regime, the field
E oo Lot increases almost linearly. In the field emission regime, the
§ et field is almost constant at the tip surface. A constant current
o | sopenarsnesesst™ mode in the field emission regime implies an approximately
0al 0o | constant field at the emitténegative biasedsurface, as has
g (b) %% 6 g0y Tip apex been measured. This constant field behavior obviously can-
= © pesages ° not explain the observed dependence of the growth rate on
o2l ] bias voltagd Fig. 4(@] and, therefore, indicates that a field-
g 33 . .. induced deposition process on the tip is improbable.
* ", Samele The curve for the electric field on the sample surface has
ool : - - 2; an asymmetric peak-like shape with a maximum close to

0.27 VIA at a bias voltage around 5 V, and then decays at
_ _ o ~higher bias voltage. Comparison of this curve with the volt-

FIG. 5. (a) Tlp-sample separa_t|on argd) ele_ctrlc field on the sample and tip afge dependence of the growth rate for the field-induced pro-

surface as a function of the tip-sample bias voltage at a constant current 0 . . o

0.01 nA. cess[Fig. 4(a)] shows their similarity and indicates that the

electric field on the sample surfaée the main factor that

controls this process. One can also see by comparison Fig.

sorbed precursor molecules, while at opposite polarity elec4(® to Fig. 5b), that the field-induced nanostructure growth
trons do not have sufficient energy at the surface to decor€gins to take place when the field exceeds some critical
pose precursor molecules. level of ~0.2 V/A The observed termination of the grovvth

To understand the observed evolution of the growth ratéit positive bias voltages more than 11 V may be partially
with bias voltage for the field-induced proc¢&sy. 4a)], we  understood as due to the decrease of the field to less than the
have determined the dependence of the electric field at theritical level in this region, which halts the precursor disso-
sample and tip apex surfaces as a function of the appliediation.
voltage!® This has been accomplished by using the depen-  Our data also indicate that the field-induced surface dif-
dence of the tip-sample separation as a function of the biafision of the precursor species plays an important role in the
voltage at constant current, shown in Figa)> To determine  npanostructure formation. We have fourfiiom the nano-
the ordinate for Fig. @), the tunneling gap has been cali- structure size dependence upon the exposure time, Fig. 2
brated from contact point measurements using the tunnelingyat as the formation goes on, there is a significant decrease
current dependence on the tip-sample separafigior small  of the growth rate of nanostructures compared to the initial
bias voltages(in the tunneling regime the separation giages of growth for the field-induced process. This may be
changes almost linearly with applied voltage. At higher volt-5,seq by the reduction of the field-induced diffusion of pre-
ages(_m the field emission _regmjethe sepa.rat!on dewateg cursor species from the outer surface region to the region
from linear behavior exhibiting an exponential |.ncrease,'W|thunder the tip as the nanostructure grows highaed the tip is
a hlgher.rate of change for sharper tifB<omparison of this moved farther from the sample surface by feedbadke
curve with the voltage dependence of the nanostiucturgu ionis induced by the electric field gradient which
FWHM [Fig. 4(b)] demonstrates that the width of the . 7 .

arises from the proximity of the STM tip to the sample

current-induced nanostructure is primarily affected by the
b y y urface?® It has been also found that the rate of nanostruc-

tip-sample separation, which determines the distribution of X
electron flux emitted from the tip: ture growth exceed&@pproximately by one to two orders of

We have calculated the field at the sample surfaeg magnitude the rate of delivery of precursor molecules to the
and at the tip apexEr, using the expression obtained by region directly under the tip. This is another indication that
solving the Laplace equation within an analytical field enhanced surface diffusion plays a role in the nano-

Sample-Tip Bias Voltage (V)

approximatior?? structure formation processSince chemisorption of the pre-
o el -1 cursor molecules does not occur above the first monolayer
F 2V n (S+R)™+S ] ) and, indeed, the first layer chemisorbed molecules do not

S SYAS+R)? (S+R)Y?—gsl2 ' diffuse at room temperatuf&the molecules apparently phy-

sisorb in a second layer and diffuse under the action of the

-1
(S+R)Y24 g2 } @ field during their adsorption life time. Hence, the field-

(S+ R) 1/2__ 81/2

Er=

induced process involves field-induced surface diffusion of
the precursor molecules as was discussed above, their acti-
whereSis the tip-sample separation, aRds the tip radius. vation by the electric field, and the accumulation of decom-
In the calculations, we have usa 5 nm tipradius, estimated posed material underneath the tip.

2V(S+R)Y?
R S1/2 n
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V. CONCLUSION SW. W. Pai, J. Zhang, J. F. Wendelken, and R. J. Warmack, J. Vac. Sci.
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nanostructure growth have been found: 8T. M. H. Wong, S. J. O'Shea, A. W. McKinnon, and M. E. Welland, Appl.
o Phys. Lett.67, 786 (1995.
(1) Excitation of the precursor molecule, Cinfac) (vtms), 9H. Rauscher, U. Memmert, and R. J. Behm, J. Vac. Sci. TechnaB,B
occurs as a result of the applied electric field. Field 1217(1995.
strengths above-0.2 V/A are required. 19D, Samara, J. P. Williamson, C. K. Shih, and S. K. Banerjee, J. Vac. Sci.
(2) Narrow cone-like nanostructures are produced by thg, échnol- B14, 1344(1996.

. . R H. Rauscher, F. Behrendt, and R. J. Behm, J. Vac. Sci. Technib, B
field-induced growth mechanism. 1373(1997.

(3) Excitation of the precursor also occurs as a result of2p. poppelt and T. H. Baum, MRS BullL9, 41 (1994, and references

electron attachment to the molecule. The threshold elecl—3therein;
tron energy for this process is about 4.5 eV. : hyubmetsky, S. Mezhenny, W. J. Choyke, and J. T. Yates(uimpub-
(4) The electron attachment mechanism produces flat andlf Sefgche, Scanning Micros8, 619 (1995.
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ergy electron-induced resonance excitation of thé @tad (vtms) mol-
ecules is not available in the literature.
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