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Abstract

The usefulness of the reducing activity of ballistic hot
eectrons emitted from a nanocrystalline silicon (nc-Si)
diode has been demonstrated under a printing scheme of
thin-film deposition. Emitted ballistic hot electrons im-
pinge upon a solution-coated substrate that is located in
proximity close to the emitter. It is shown from spectro-
scopic characterizations that thin Cu, Si, and Ge films
are deposited onto the target substrate. Analyses of bal-
listic electron effects suggest that thereis a critical ener-
gy for promoting preferential reduction of target ions
within the penetration depth in solutions followed by the
nuclei formation for the growth of thin films.

1. Introduction

ence of ballistic hot electrons’ mean free patlo iatcount.
For thin film deposition, the nc-Si emitter wasve in an
intermittent pulse a¥, = 10-18 V with a duty ratio of 20%.
The voltageVa between the emitter and the substrate was
0-20 V. A series of experiments were carried ou I gas
filed glove box. After the processing, residualusions
were removed by dissolving into solvents. The stnecand
chemical composition of the deposited thin films avehar-
acterized by scanning electron microscopy (SEM)rgne
dispersive X-ray (EDX) measurements, atomic-force m
croscope (AFM), and spectroscopic reflectometer.

3. Resultsand Discussion
For thin film deposition, the nc-Si electron emitie
driven in an intermittent pulse &, = 10-18 V with a duty

To meet the increasing demands for the advancedealeviatio of 20% for several tens of minutes. After tperation,

structures and substrates,
low-temperature, damage-less, and power-effedtivefiim
deposition process has been required. One posgipl®ach
is to use the highly reducing activity of ballistiot elec-
trons emitted from a nanocrystalline silicon (ng-&iode.
When the nc-Si emitter is operated in salt soljautput
electrons leads to deposition of thin metal andisemauc-
tor films on the emitting area [1-3]. Based on thessults,
electron printing scheme was developed, in whicéola-
tion-coated target substrate is located in closipuity to
the emitter. When Cu salt solution coated substrate ir-
radiated with emitted electrons, reductive reactérCi?*
ions efficiently proceeds followed by the growthtbin Cu
films [4]. Here we report the results of expansidntie
printing mode to deposition of thin Si and Ge filnkey
factor for the nuclei formation in this processliscussed by
modeling the effect of ballistic electron incidence

2. Experimental Procedure

The nc-Si emitter is a kind of
al-insulator-semiconductor (MIS) diode consistirfgacthin
film surface electrode, an electrochemically anedinc-Si

the development of cleancolor change appeared in the target substratetalthe

growth of a thin film. Figure 2 shows the SEM imadé¢he
deposited thin Cu film near the boundary of thgioal c-Si
area. We can see that after removing residual agusolu-
tion of CuC}, the thin Cu film is deposited on the impinging
area. The EDX spectra and the corresponding SEMédmag
obtained from original c-Si and deposited thin fiénrfaces
suggest the high compositional and structural umifty of
the deposited film, as shown in Fig. 2. The charastic
X-ray signals of Cu corresponding ta,LKa, and K3 were
clearly detected with no contaminations such am@ @l.
Obviously, this as-deposited thin film is composddure
Cu. The results indicate that impinging energetacibns
preferentially reduce Ctiions at the solution surface fol-
lowed by the nucleation for the growth of thin Gins. It
has been confirmed that the printing scheme isalsdable
for oxidized Si substrates.

On the basis of the results mentioned above, #uk-t
nigue was applied to the deposition of a thin $ifilsing a

met- SiCls,-dissolved propylene carbonate coated on Cu suéstra

The EDX spectrum and the corresponding SEM image ob-
tained from a deposited thin film are shown in FBg.The

layer (~1.6um thick), a crystalline silicon (c-Si) wafer sub-characteristic X-ray signals of Si were clearlyedttd. The

strate, and a back contact. The emitter was prdpasede-
scribed previously [1-4]. The experimental confagion of
the printing scheme is shown in Fig. 1. At firstCaChk

energy peak corresponding to the Qu)Ks due to natural
oxidation during the exposure to air before the EDXas-
urement. The peak of Cl (K is likely due to the solution

SiCls, or GeCl solution was spin- coated (100 nm in thickresidue. This component might be removed by complet

ness) on a substrate (e.g., Si wafer, thermallwgr8iGy/Si,
or Cu). This substrate was located in front ofribeSi emit-
ter. A gap between them was appropriately contlotig a
piezoelectric actuator, taking the ambient pressiggend-

dissolution treatments. Actually, in case of the [@inting,
no contamination signals were detected in EDX spedfter
a sufficient dissolving process. Similar thin-filnebsition
was obtained from Gegsolution.
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In the printing scheme, unilateral reduction ocdarso-
lutions differently from the exchange of thermadizelec-
trons in the conventional electrode reaction. Due tfast
reduction kinetics under electron incidence withmaan
energy of 10 eV al. = 10-100pA/cm?, a significantly large
number of cluster is generated at an electron peticat
depth (about 10 nm) as indicated in Fig. 4(a). T&oifsl the
triggering factor of nucleation, we estimated treefenergy
of a cluster formationdG, as a function of incident electron
energy on a basis of thermodynamic nucleation ams[$].
Figure 4(b) shows calculatetis vs. R curve for Cu at dif-
ferent electron energies, whdrds the radius of Cu cluster.
The result suggests that electron energy of 10 editable
for promoting the growth of Cu clusters followed tye
formation of a sort of atomic nano-sheet. Similahdvior
has been confirmed by analyses for the either oa&s or
Ge. Electron energy in this case corresponds tdfaotiee
external applied potential in the conventional &tgulating
(“electrochemical window” + "over-potential”). Thec-Si
emitter meets well the requirement for this crdari

4. Conclusions
Alternative scheme for thin-film deposition was pro

posed using ballistic hot electrons as a printiagm. When
metal- or semiconductor-salt solution coated targeh-
strates are irradiated with emitted electrons, ¢édn of
positive ions efficiently proceeds followed by thewth of
thin films. The electron incidence at energy of M0is a
critical factor for triggering the cluster formatio
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Fig. 1 Schematic experimental configuration of thlim deposition
under a ballistic electron printing scheme.
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Fig. 2 The measured EDX spectra of the original dagosited
substrate surfaces. The SEM image near the bouhddmeen the
original c-Si and deposited thin Cu film is alsowhan the inset.
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Fig. 3 The measured EDX spectrum of a Si film dépdson a Cu
substrate under a printing mode. The SEM image theabounda-
ry between the original Cu substrate and depositedSi film is

also shown in the inset.
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Fig. 4 (a) Schematic illustration of the electrodkiced reduction
at the penetration depth leading to nucleation Ha printing
scheme. (b) Free energy of formation of a Cu ciussea function
of cluster radius at different electron incidenoergies.



