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Abstract— We explore the localized synthesis of germanium
and silicon nanostructures from organometallic liquid precursors
under extremely high electric field (> 10° V/m) at a biased atomic
force microscope (AFM) tip by coupling ab-initio and continuum
electronic device simulation. We use the Sentaurus Device
simulator (Synopsys®), adapted with material-specific models for
diphenylgermane and diphenylsilane precursors, to explore the
impact of high electric field on device behavior. High field at
AFM tip causes the emission of electrons from the AFM tip via
Fowler-Nordheim tunneling. We propose that some of the field
emitted electrons pass directly into the substrate without
interacting with the precursor molecules, while other electrons
also drop into the LUMO of the precursor molecule and form a
temporary negative ion (TNI), which, upon fragmentation, will
result in the germanium / silicon nanostructures. We use ab-initio
calculation package (VASP®) in order to calculate the influence
of electric field on the shape of the HOMO of the precursor
molecules. Finally, we built a more complicated model to explore
the impact from Si / Ge deposition thickness on the charge
carrier distribution.
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L INTRODUCTION

Scanning probe-based techniques offer a novel solution to
studying localized chemistry on the nanoscale. Due to their
ability to apply a localized stimulus or reactant to a spatially
confined area, scanning probes have been used to stud
chemistry for applications from lithography to catalysis.!"
Additionally, much focus on the past twenty years has been on
the use of electric fields in conjunction with scanning probe
lithography. External electric fields (EEFs) above a certain
threshold can induce the rearrangement of electronic orbitals in
atoms and molecules, thus inducing field-assisted chemical
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reactions.”” The spatial confinement offered by scanning probe
lithography offers a way to access electric fields of this
magnitude on the nanoscale. SPL techniques using electric
fields as a stimulus include electron-field induced transfer of
tip coatings to a surface, electrochemical deposition from
precursor  solutions, and  electrochemical  dip-pen
nanolithography. Electric fields have also been used in
conjunction with scanning probe microscopy to locally oxidize
Si, form carbonaceous deposits and etch resists, and recently,
to direct write fabricate inorganic nanostructures using a biased
AFM tip.”!

The AFM direct write process uses low energy field
emitted electrons to drive chemical reactions. A variety of
techniques, including STM-induced CVD and electron beam
induced deposition (EBID) also use low energy electrons to
induce the deposition of inorganic nanostructures from
inorganic precursors. In these two techniques, the precursor is
normally in the gaseous form. While researchers have
developed an understanding of silicon oxidation kinetics and
have recently posited models for carbonaceous deposition from
the gas phase,”” an initial model for the direct write of
inorganic nanostructures has only recently been suggested.”’ In
this article, we propose reaction pathway which is the field
emission of an electron from the AFM tip via Fowler-
Nordheim tunneling.

II.  AB-INITIO CALCULATION

A. Suggested Model

Since the electric field at the tip region of the atomic force
microscopy is extremely high (> 1 V/nm at a moderate 10 V
bias), the high E-field causes the emission of electrons from the
AFM tip via Fowler-Nordheim tunneling. We propose that
some of the field emitted electrons pass directly to the substrate
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without interacting with the precursor molecules, while the
other electrons drop into the LUMO of the precursor molecules
and form a temporary negative ion (TNI), which upon further
fragmentation will result in the germanium or silicon
nanostructures. The TNI are attracted by the electric field
gradient towards the tip-sample interface, as shown in Fig. 1.

E>10°% V/

Fig. 1. AFM direct write schematic. This figure illustrates the charge carrier
transport process between the AFM tip and the substrate.

B. Ab-initio Calculation

The DFT calculations are done using the Vienna Ab-initio
Simulation Package (VASP)® with generalized-gradient
approximation (GGA). The supercell size is 2.5nm x 2.5nm x
2.5nm with only one k-point sampling at I' point. The
calculation results are illustrated in Fig. 2.

DPG, no E field DPG, E = 4V/nm

DPS, no E field  DPS, E = 4V/nm

Fig. 2. VASP simulations of the HOMO with cell size 2.5 nm x 2.5 nm x 2.5
nm for DPG and DPS (a, ¢) with no external electric field and with an external
electric field of 4 V/nm (b, d DPG and DPS, respectively). The direction of
the electric field is indicated by the black arrow.

It is clear from Fig. 2 that the electric field influences the
shape of the HOMO of the precursor molecules dramatically.
In the absence of an electric field, the electron density of the
HOMO is primarily distributed across the two phenyl groups,
while with an applied electric field as strong as 4 V/nm, the
electron density becomes confined to a single phenyl group.

C. Fowler-Nordheim Tunneling Model

High E-field causes the electrons in the silicon conduction
band to see a triangular energy barrier, the width of which
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depends on the applied field, and the height of which is
determined by the bandgap and electron affinity of silicon and
Si0,. The tunneling probability can be calculated by WKB
approximation:
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the energy barrier at injecting (Si-SiO,) interface, Ej; is electric
field at injecting interface, m=1.6x10"°C for electron mass,
and m*=0.42m for effective mass of an electron in the bandgap
of SiO,.
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Fig. 3. Fowler-Nordheim tunneling process schematic. The applied electric
field lowers the barrier for an electron in the Si to tunnel through the potential
barrier of the oxide.
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Fig. 4. The HOMO and LUMO levels of DPG (left) and DPS (right)
molecules, which are determined by UV-Vis spectroscopy and literature
research.



In our case, the extremely high E-field causes the width of
the barrier to become small enough so that electrons can tunnel
through the barrier from the silicon conduction band into the
oxide conduction band, as illustrated in Fig. 3.

There is no published data for the precise position of the
HOMO and LUMO levels of DPS and DPG. We used the
published data for ionization potential (IP), together with
experimentally measured optical band gap of DPS and DPG
molecules, to estimate the HOMO and LUMO levels. The
detailed data are shown in Fig. 4.

D. Device Simulation

Simulations of fields and current in the tip/liquid/substrate
system are conducted using the Sentaurus Device Simulator™ "
from Synopsys. The AFM tip is very heavily Sb doped (about
10%° cm™) n-type Silicon with a radius of curvature equal to 15
nm capped by a conformal 2 nm layer of SiO,. The p-type
silicon substrate is heavily boron doped (10" ¢cm™) with a
uniform 2 nm layer of SiO,. The tip and substrate is nearly in
contact (3 A). The surrounding region is filled with the
precursor liquid, which is modeled as a semiconductor with
very low ionic mobility on the order of 10° ecm®(Vs), as
illustrated in Fig. 5.
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Fig. 5. (a) 3D electrostatic potential plot of AFM tip, with 15 nm radius; (b)
Cross-section plot of device simulation setup, with AFM tip doped with 10
cm™ Antimony and silicon substrate doped with 10" cm™ Boron, both of
which are covered by ~2 nm SiO,.

We utilize a phonon-assisted tunneling model based on the
work of Schenk et al, non-local tunneling model for negatively
charged ions in the liquid, together with current continuity
equations that are solved consistently with Poisson equation.
The simulations are based on a 2D system with a depth of 20
nm chosen based on the lateral current distribution used on
calculate total tip current. The parameter values employed for
DPG/DPS are eppg = epps= 2.5, ypprc = 4.0 eV, ypps = 4.0 eV,
EgDPG =42 CV, EgDPS =43¢V.

III.  RESULTS

A. High Electric Field Concentration at AFM Tip Region

The extremely high electric field concentrates at the tip
region of atomic force microscope, due to the small radius of
highly doped silicon tip. As shown in Fig. 6, the electric field
can easily exceeds 10° V/m at a moderate external applied
voltage at 10 V.
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Fig. 6. Cross section of the high electric field concentration at 10 V.

B. Current-Voltage Curve

We can precisely match the current-voltage (I-V) plots with
experimental results. As illustrated in Fig. 7, the on-set voltage
for DPG is about 742 V, while the current for DPS liquid
doesn’t increase dramatically until the applied voltage is higher
than 942 V. The difference in onset voltages indicates that
higher energy may be required for TNI formation of the DPS
molecule.
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Fig. 7. DPG and DPS I-V characteristics.
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Fig. 8. AFM direct-write deposition rate comparison for DPG and DPS.
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Fig. 9. AFM direct-write charge carrier density distribution comparison for
DPG (black) and DPS (red) at 10 V (solid), 12 V (dashed) and 14 V (dotted).

The most useful application for AFM direct write is its
capability of depositing Si / Ge in lines with ultra-thin width.
Here we model the Si/ Ge deposition rate with a moving AFM
tip at slow constant speed (~ 1 pm/s) at different applied
voltages (8V, 10V, 12V, 14V, and 16V). The calculation
matches well with experimental result, as shown in Fig. 8 and
Fig. 9.

D. Impact from Deposition Thickness

Based on Fig. 9, we established further models to
investigate the impact from deposited Si / Ge nanostructure on
the charge carrier density. We insert an ultra-thin layer of Si /
Ge between AFM tip and SiO, on substrate, as shown in Fig.
10.

Deposited Si
/ Ge Layer
——

Fig. 10. Si/ Ge deposited on SiO2 layer of the substrate.

The peak value of negative charge carrier density (value at
width = 0 nm in Fig. 9) as a function of deposited thickness is
illustrated in Fig. 11. The peak value shows a clear negatively
linear dependence on deposition height.
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Fig. 11. Peak value of negative charge carrier density vs. deposition height for
DPG at applied voltage = 14V.

IV. CONCLUSION

We have built a model coupling ab-initio calculation with
device simulation to study the AFM direct write at extremely
high electric field. VASP calculation demonstrates obvious
impact from applied bias on the charge density distribution on
DPG / DPS molecules. Using Sentaurus device simulator, we
precisely matched the I-V plots and deposition rate results with
experiments, and plotted the charge carrier density distribution
at different biases. We then established a more complicated
model that includes the deposited Si / Ge on substrate to
explore the impact from deposition thickness on the charge
carrier distribution. This model serves as a framework for
controlling the deposition rate, width, and thickness of Si / Ge
direct write via atomic force microscope.
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