Direct patternin g of nobl e metal nanostructure s with a scanning

tunnelin g microscope

F. Marchi, D. Tonneau,® H. Dallaporta, V. Safarov, and V. Bouchiat
GPEGC UMR CNRS 6631, Universie de la Mediterranee, Cas 901, F-1328 Marseille France

P. Doppelt, R. Even, and L. Beitone
ESPC| F-7523lL Paris, France

(Receivel 19 Novembe 1999 acceptd 28 Februay 2000

We demonstrat in this article the controlled deposition of noble metd dots ard lines using local
chemicé vapa depositim in the tip—sampé gap of a scanniig tunnelirg microscope 3 nm diam
rhodium dots hawe bee patterné by locd decompositia of an inorgant precursoy which was
synthesizd on purpose Depositio is obtainel on gold surface by applying a series of negative
voltage pulses on the sampé exceedig a voltage threshodl of arourd 2 V. Theinfluene of kinetics
parametes (pulse voltage duratiacn and number as well as the effed of gas pressurgare presented.
In a secomnl step the depositim proces has bea applied on hydrogenate silicon (100) surfaces.
Thes samples were previousy hydrogen passivatd using two differernt wet etchirg operations,
leadirg surfae danglirg bonds saturate by eithe mone- or di-hydride bonds The differene in the
deposition processg observe in both case is discussed © 2000 American Vacuun Society.
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[. INTRODUCTION

The high resolution reaché by scanniig probe micro-
scope (SPMs i.e., atomc force microscoly (AFM) or scan-
ning tunnelirg microscoy (STM) suggestd that thes tech-
nigues could be particulary suitabk for lithography
applicatiors at scales not reachald by lithograply tech-
niques commony usal in microelectronis industy [i.e., ul-
traviolet or electran bean lithography]. Processefor lithog-
raphy at the nanomete scak basel on SPM techniquet™
are now widely investigate in two differert ways eithe for
mak generatio or dired patterning.

For example an oxide mak can be drawn on hydroge-
natal silicon by voltage-enhanak oxidation*=® This mask
can lead to silicon nanowires after a silicon wet etching®

In the ca® of dired writing, the step of mak transfe is
not necessar becaus the final patten is directly fabricated
by the SPMs Among thee mask-les techniques;*! those
tha seen to offer the beg resolution (without a mandatory
ultrahigh vacuun facility), are the STM assistd chemical
vapa depositim (STM-CVD) technique$™ They are
basel on the locd decompositio of a gaseos molecular
precurso in the tunnd gap of a highly biasel STM. Several
grougs hawe implemente this technique mainly using orga-
nometallt precursos and asilicon surface In particula me-
tallic nanostructurewith a 10 nm linewidth can be realized
in a reproducibé way 2

A novd interes in these technique emerge ones the last
few years becaus they can help in elaboratig single elec-
tron devices Indeal the core of thes devices can be mace of
nanometer-siz&metallic dots ead dot being connectd be-
tween ead otha by smal capacitane tunné junctions.
Thes devices basel on the Coulonb blockad effect!?3
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require alithograpty resolution as high as severa nanom-
etes to read room temperatue operation* Such a resolu-
tion remairs out of range for state-of-the-arconventional
lithograpty techniques.

Since devices robug again$ atmosphezx and humidity ag-
gressim are envisionegdwe focus on a dired writing process
of noble metd dots For tha purpose precursos of several
differert noble metak (Au, Rh, Ir) hawe bea synthesized.
However we found tha the rhodium-baseé precurso has the
beg stability and leads to more reproducibé results There-
fore, the extensiwe study was performel on that material As
afirst step the influene of duration numbe ard amplitude
of voltage pulses as well as the effed of gas pressue on the
depositio rate hawe bee studial on gold surfacesFinally,
the proces has bea transferre on hydrogenaté silicon
(100 samplesopenirg the way to the realization of a con-
nectel device.

Il. EXPERIMENT

The principle of the STM assistd CVD technige is
shown on Fig. 1. Gaseos molecules presenin the ggp be-
tween the tip and surfa@ are decompose by applicatian of a
series of voltage pulses® The feedbak loop of the STM is
maintaine during the whole depositiomn process However,
the pulse width T, has to be chos@ shorte than the time
constan of the STM feedba& loop, while the dea time T,
betwea pulses has to be longe than this time constant This
allows the tip altitude to reman constan during deposition,
while the tip has time to retrad¢ betwea two pulses Sud a
procedue prevens ary contat betwee the tip and deposit
during its growth (assumig tha the othe parametes are
chos@ sud tha the tunnd ggp is not completey filled dur-
ing one pulse.

In our experimenthsetyp the STM time constahwas ~1
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Fic. 1. (Left) Schematis of the STM
assistd CVD technique (Top right)
detailed formula of the rhodium pre-
cursa usel for the extensie study
(Bottom right) time trace of the pulses
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ms and in all experimens the repetitian rate was fixed at 200
Hz.

The STM is placel inside a pumpael stainles steé chemi-
cd reactor with bas pressue of 5x 10 " mba before pre-
cursa introduction This reacte is fixed on a bulk steé plate
insulatel from low frequeng vibratiors by shod springs.
Inside the reacto chamberthe STM itseff is fixed on aViton
stack consistimg of a series of metallic plates insulatel from
ead othe by Viton rings in orde to danp vibratiors in the
range of kHz. More detaik can be found in Ref. 15.

The gold, iridium and rhodiun precursos were the
molecules (PRy)AuCL.*® Ir(hfagl, 5-COD!’ and
[ (PR;),RhA],8% (see Fig. 1 right, for a detaila formula of
this latter precursoy. All of them hawe bee synthesizd for
CVD purposeg®!® Inorgant molecules are preferre over
organt ones in orde to avoid carba contaminatio on sur-
faces Thes precursos are solid at room temperatug and
stored in a smal chambe connectd to the reacta via an
inlet pipe closel by a neede valve.

Experimens are performel in a statc atmosphez of pure
precurso due to crystd sublimation The gas pressue was
varied in the range of 10°%—10"2 mba by openirg the con-
nectirg valve. Gaseos molecules in the ggp betwea tip and
sampe are decompose by applicatian of a series of voltage
pulses of width in the range 20-200 s and amplitude be-
tween 2 and 3 V.

The first series of experimerg has been performel on
gold-coatel mica substratesThes gold sample are e-gun
evaporatd unde high vacuun at high temperatug (400 °C).
They shav atomicaly flat Au (111) terrace as large as about
100X 100nn?.?° Thee flat terracs provide a surfa@ free
from nanometer-siz artifacts thus suitabk for testirg our
CVD processThe precursos were evaluatel and compared
considerig their stability at room temperatug and the reli-
ability of the deposition process The beg resuls were ob-
tained with the rhodium-basé precursor So an extensive
study of depositim kinetics was performel on tha material.

In a secoml step the depositim proces has been trans-
ferred on low-dopeal hydrogenate silicon (100 substrates
(p=5-100 cm) which provide a surface suitable for low
temperatue characterizatio of connecte devices.

STM tips are preparé by electrochemidaetching” of a
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platinum wire. This technigee leads to very shap arnd sym-
metric STM tips. Typicd tips hawe a5-10 nm diam apex
ard do not lead to image artifacts due to multiple tip effects.

STM imagirng is performeal using constant-currenfeed-
back Typically, gold surface are imaged with a sampék bias
of 100 mV, wherea silicon surface are observe unde 1.5
V. In both casesthe tunnd currert flow is se to 300 pA.
During lithography an XY STM scan is stoppel while a
series of pulses is superimpose on the constah bias The
obtaine patten is imagel with the sane parametes just
after deposition.

Ill. RESULTS AND DISCUSSION
A. Depositio n on gold surfaces

Figure 2 presersg typicd STM images of patterned
rhodium deposits In orde to ched the reliability of our
precursorswe first performel high voltage and high speed
lithograply using a similar procedue as presentd in Ref.
11. A typicd resut of a 20 nm-wide line drawn at 10 V is
presentd in Fig. 2 (top left). However the pulse method
presentd in Sec Il shows tha a mud bette resolution can
be achievel (top and bottom right). Dots of controlled rela-
tive position size (as smal as 3 nm diamete), and geometry
are obtained First of all, it was found tha noticeabé dot
deposition is only obtainel when the sampé bias is higher
than a threshotl of |—1.9 V. For positive pulse voltages,
even a amplitudes as high as 6 V, no depositimm was ob-
servel on the substrateThis suggestha locd heatirg is not
the only mechanim involved Furthermore the metallic
compour experience areduction during the proces and is
thus depositél on the cathoa (i.e., the negativey biased
electrode. Our resuls differ from experimens of another
groug performel unde othe experimenth conditiors for
which deposis occurrel for both polarities.

Due to the tiny volume of the depositel dots their com-
position canna be directly analyzed However the STM tip
has been analyzel by locd x-ray photoelectra spectroscopy
after a series of reverg polarity experimentsThose are per-
formed by applying positive voltage pulses on the gold
sampe (tha mears unde conditiors for which deposition
does nat occu on the substrag but on the tip). Thistip analy-
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20 nm

sis has evidence the presene of rhodium and traces of chlo-
rine. Neithe phosphors nor fluorine hawe been detected.
The resuls are similar to thos obtainel in classich CVD
processe$? It can be assumd that the dot compositia on
the gold surfae is of the sare natue as deposis on the tip.

Using the othe precursaos presentd above gold dots and
iridium dots hawe been depositel unde similar experimental
conditions In all casesdeposis are observe only for nega-
tive sampe bias pulses exceedig athreshotl dependig on
the precurso (see Table 1). Note that thes threshold follow
the sane stability hierarcly as observe in conventional
CVD furnaces (Table I).

The saturatio pressue of the iridium precurso at room
temperatue (abou 10~ 2 mbaj is abou ten times lower than
the othe precursorsSud alow value influences drastically
both depositim rate and experimen reliability (see Sec.
I11 B). The gold precurso is very unstabé and the gas pres-

TaBLE |. CVD characteristis of the three testel noble metd precursors.

Depositio rate Temperature
Voltage unde pulse voltage decomposition
threshold of —28V threshotl in a CVD
Precursor (V) (nm*s7Y) furnae (°C)
[RhCKPR),], -1.9 650 1502
AUCI(PR) -25 130 150°
Ir(hfag1,5-COD —2.7 30 230°
aSee Ref. 18.
PSee Ref. 16.
‘See Ref. 17.
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Fic. 2. STM pictures and cross sectiors of the depos-
ited rhodium nanostructures(Top left) Exampk of a
20-nm-wice line drawn using high-sped (250 nms™?%)
400 scars with a —6 V continuows sampé bias (Top
and bottam right) Rhodium dots depositel on gold us-
ing the pulse techniqwe describe in the text Top de-
posits were obtainal applying a single—1% ms—Ilong
pulse a —2.9 V, wherea ead dat in the bottam right
picture was obtaina using a series of 100 pulses of 50
usa —28 V.

surke decreasein the reacto with atime constah of abou 15
min, too shot to perfom reproducibé experiments.

Consequentlythe rhodiun precurso has bean chosa for
potentid applicatiors and we will finally focus on tha ma-
terial.

B. Kinetic s of the rhodiu m depositio n process

We hawe measurd the depositél volume dependene of
the deposi as afunction of the numbe of pulses their du-
ration ard amplitude On the othe hard the influene of gas
pressue has been investigated.

The insd of Fig. 3 shows the measurd deposi volume as
a function of the numbe of pulses for increasigy pulse
widths The deposite volume varies linearly with the pulse
number Moreover the slopes of the fitted line increag with
the pulse width. Thus one has to conside the integratel ex-
posue dos which can be simply definal as the produd be-
tween the pulse numbe ard pulse width. Figure 3 shows the
variation of the depositel volume with the exposue do< for
a pulse width, of 200, 100, and 50 us, respectively. For a
given dose and for pulse width longe than 100 us, the dot
volume does nat depem on the pulse width. For pulses
shorte than 100 us, we observe a strong deviation from this
dos dependenceThe slope is smalle and the size fluctua-
tions are very high at low exposuresin mary casesthe first
traces of deposi appea only after a totd exposue time of
~30 ms i.e, the first severé hundrel pulses producel no
deposi at all. For a pulse width belowv 20 us, no deposit was
observedeven for a large numbe of pulses.
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Fic. 3. Dependene of the rhodium dat volume on the integratel exposure
time for three pulse widths 50, 100, and 200 us. (Inseh same data plotted as
afunction of the pulse number The gas pressue is 10~ 2 mba ard the pulse
amplituce is —2.8 V.

The effed of gas pressue on depositim rate has been
investigate with a pulse amplituce of —2.8 V ard duration

of 200 us (Fig. 4). The deposition rate is proportional to the

gas pressue in the range of 107 3-10"2 mbar No deposition
was observe for pressue belov 10 mbar.

The linear relationshp betwea the depositimn rate and
the gas pressue suggest tha the reactian is mass-transport
limited. The reaction can occu eithe in the layer adsorbed
on the surfa@ or in the gas pha in the tip—sampé gap.

Assumirg that the molecuk transpot is governel by the
gas phase the molecuk flux per unit time ard surfa@ is
given by the kinetics theol of gases:

P
\/ZkaBT’

where P, mard T are the gas pressuremolecuk mas and
gas temperaturgrespectivelyand kg is Boltzman’s constant.
The molecules are decompose in a CVD active volume
betwea the tip and the sample One can reasonalyl assume
tha this volume consiss of a cylinder with base on the order
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Fic. 4. Dependene of the depositiom rate on gas pressureThe pulse width
T, and amplituce arg respectively 200 us and—2.8 V.
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of the tip apex radiis ~5 nm (it also correspond to the
typicd deposi size of 3 nm) and the heigh of the orde of
the tip—surfae distane ~0.5 nm.

However due to the tightnes of the tip—sampé distance
regardimg the curvatue radius of the STM tip, it induces a
screenig effed limiting the molecuk flux in the CVD-active
cylinder just below the tip apex!® This shadev decreasethe
molecuk flux given by Eq. (1) by at leag a factar of 2.
Finally, with a gas pressue of 10 2mbar the flux in
the active region is expected to be around @
=300 molecuenm 2?s 1,

The maximun deposition rate is obtainal from the as-
sumptio that all molecules impinging on the surfa@ of the
active volume are decomposedSinae the precurso molecule
contairs two rhodium atoms the rhodium atom flux is ex-
pectal to be twice the molecuk flux, i.e., 6000 nm 2s™* for
a gas pressue of 10 2mbar Assumirg tha deposis are
composed of pure rhodium (densiy 124 g/cnt) and taking
into accoun the atomic weight of Rh (1029 g), a deposition
rate of 800 nm’/s of exposue is expectegassumig tha the
CVD efficiengy is 100% This rathe rough evaluatia is in
quite goad agreemenwith experimenthresuls presentd in
Fig. 4. So we can concluck tha for long pulses ard at rela-
tively high pressurgthe reaction is mass-transporlimited
ard its efficiengy is very high (clos to 1).

It isinterestimg to evaluaé how mary molecule ente the
active region during one pulse For typicd conditiors of gas
pressue of 10”2 mba and apulse duration of 200 us, only a
few molecules (~6) cross the active region during one pulse.
Unde thes conditions we obsere the linear dependene of
the depositia rate on the exposue ard on the gas pressure.

However for the pressue of 10 3mba and the pulse

duratian of 200 us the mean number of molecules present in

the active region during one pulse isonly ~0.6. The fact that
the presene probability of molecules during the pulse be-
comes lower than unity for shot pulses and low gas pres-
sures could explan why depositio kinetics are essentially
modified unde thes conditions.

Indeed it could seen tha the low presene probability of
a molecuk during pulse application might be compensated
by a highe numbe of pulses for the same exposure one
shoutl obsenre the sane deposi volume Howeve as it is
sea from Fig. 3, thisis not observedWe attribut this effect
to a problan of nucleation During to the rathe long time
betweea two pulses (5 ms), atons can diffuse on the surface.
Therefoe the depositim seens to be delayel due to the non-
stability of too smal rhodium clusters Consequentlythe
formation of a stabk cluste requires aminima numbe of
molecules to be decompose during the sane pulse The
probability P(k) tha k molecules cross the active region
during the same pulse for a meax molecue numbe n
pe pule is given by the Poissm distribution P(k)
=(nk/k!)e "
For a mear molecuk numbe per pulse n=6, the probability
of ,-4P(k) having more than four molecules during one
pulse is 94%, wherea for n=0.6, this quantity shrinks to
0.3% This could explain why, in the shott pulse regime one
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has to apply hundred of pulses before the formation of the
first stabk cluster which permits the subsequengrowth of
the deposit It possiby also explairs the broad size disper-
sion of dot sizes depositel at low doses.

C. Depositio n on hydrogenate d silico n surfaces

STM experimend requite us to work on conductie sub-
strates Consequentlythe native oxide layer has to be re-
moved from the silicon surface Silicon sample are prepared
by two differernt wet etchirg processesr; ard T,, which are
known to passiva the surfacs by hydrogen atoms?? which
impece surfa@ oxidation during air exposure The® treat-
mens consis of a first stgp of surfa@ degreasig followed
by a series of oxidation and stripping The differene be-
tween treatmens T, and T, remairs in the fina step which
is eithe a dip etchirg in HF 5% during 30 s(T;), or sub-
strake immersia in BHF (NH,F/HF 7:1 vol.) followed by
immersia in NH,F(T,).

First, experimerg were performeal on thee passivated
surface using conditiors similar to gold samplesNo depos-
its were observe on silicon for both kinds of treatel samples
ard for both pulse polarities We attribut this to the fact that
rhodium nucleatiomm seens impossibé directly on hydrogen
passivatd surfaceswhich are known to be nonreactie sur-
faces.

In orde to perform lithography a new biasirg procedure
has been implementedIt involves pulses of different polari-
ties applied in the same series For T1-treatel samples,
rhodium dots hawe been depositel provideal tha positive
voltage pulses highe than +6 V were applied on the sub-
stratk prior to the application of negatie pulses However it
remain@ impossibé to obtah deposi on surfacs prepared
by treatmem T, unde the sane conditions.

Studies on oxide mask patten generatio on hydroge-
nated silicon surfaces hawe shown tha hydrogen can be lo-
cally removel from silicon surfaces by an AFM tip by ap-
plication of a positive bias on the sample® In our case the
positive voltage pulses previousy applied to the silicon
sampeé induce alocd hydrogen desorption which locally
enhancse the rhodium nucleation step ard finally allows
rhodium dot deposition The value of pulse voltage necessary
to remowe hydrogen from the passivatd silicon surfae is
consistenwith resuls found in the literature?®

Figure 5shows a three-dimensiorlg3D) AFM image of a
typicd rhodium dot depositel on a (100 silicon surface.
Locd depassivatio of the silicon surfa@ was obtainal by
application of ten voltage pulses at 6 V followed by a series
of 200 negatie voltage pulsesat —2.9 V. For both polarities,

the pulse duratian was 200 us. The resulting dot size is about

3 nm wide and 2 nm high. One can also notice that the
silicon surfa@ is mudc roughe (rms=1nm) than the gold
surfa@ previousy presented.

When substrate are preparé using treatmen T,, dot
deposition still remairsimpossible In fact, dip etchirg in HF
solution leads to passivatia of the silicon surfa@ by mono-
and dihydride bonds** Therma desorptim spectroscopy
measuremesthave shown tha the temperatue desorptio of
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Fic. 5. 3D AFM image of a rhodium dot depositel on a (100 silicon
substra¢ prepare using proces T1l. The gas pressue was 1.5
%1072 mbar. The dat was obtainel after a series of ten pulses of 200 us
duration at sampé bias +6 V followed by 200 pulses of 200 us at sample
bias —29 V.

hydrogen from the silicon surfae depend on the natue of

the chemicé bonds ard is 410 and 530 °C, respectively for

di- and monohydrige bonds respectively The dihydride
bonds can be locally removel by applicatian of positive volt-

age pulses to the sampeé and consequemnyl the surfa@ is

locally depassivatedwhich allows rhodium nucleation and
growth However treatmem T, induces a stronge surface
passivatio by monohydrie bonds which still impedes local

surfa@ depassivatio unde the STM tip even for a pulse
amplituck as high as 8 V.

D. Proces s resolution

It has been demonstrate tha nanometer-sizt metallic
dots with an aspetratio arourd 1 and sometine exceedig 1
can be depositel by the STM assistd CVD techniqe in a
reproducibé way on gold ard silicon surfaces The control
of their size and position is suitabk for elaboratio of room
temperatue single electran devices However the mog im-
portart paramete for tha purpo® is the relative distance
betwea dots as it defines the tunné barrie in suc devices.
It has to be in the range of 1 nm for keepirg a reasonable
conductanceFurthermoe it mug be geometricaly well con-
trolled as the tunnd coupling betwea dots exponentially
depend on it. Figure 2 (bottam right) shows an exampe of a
series of rhodium dots drawn very close to ead other The
distane betwea dots seens to be controlled by the tip ra-
dius. We would like to fabricake a similar structue aligned
with respet to electricd contacs depositel on the surface.

IV. CONCLUSION

Few nanomete wide rhodium dots can be depositel on
gold surface by locd decompositia of [ (PF;),Rhd], mol-
ecules unde a STM tip during application of voltage pulses
to the substrate The reaction occuis when negative pulses
are applied to the substra¢ surfa@ abow a threshotl of
|—1.9 V. The depositim rate increass with pulse amplitude
and is mas transpot limited unde low gas pressureUnder
thes conditions the reactio efficieng/ reache 100%.
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Unde the sane conditions rhodium dots cannd be de-
posital on hydrogenate silicon surface since hydrogen at-
om'’s presene on the surfa@ inhibits dot nucleation How-
ever, hydrogen can be locally removel from the substrate
surfa@ when positive voltage pulses are applied to the
sample Then application of negative pulses to the sample
leads agan to rhodium nucleatio and dot deposition.
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