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Device Fabrication

The dimensions of the phosphorus (P) wire (1 um x 10 um) and contact pads (2 um x 3 um) — see Figure S1 -
were chosen such that an AFM tip can be conveniently approached to the active wire region between the
source (S) and drain (D) contacts. With these dimensions, the cross-talk between Al contacts and tip is mi-

Figure S1: Sample design of the buried P nanowire. a) Micrograph of the active device area showing alignment
markers and source (S) and drain (D) leads. b) STM filled states topography image (U =-2V, | = 20 pA) of the pat-
terned wire structure after hydrogen depassivation (depassivation parameters: Uith= 8 V, | = 2 nA, 100 nm/s), over-
laid with a schematic of source S and D Al contacts (green). The array of circles shows the position where vias are
etched into the silicon to facilitate contact between the deposited Al and the buried P contact pads. c) STM filled
state topography image of the middle wire region after depassivation, displaying flat terraces of silicon separated by
single atom-high step edges, confirming a complete H-desorption within the depassivated area.

nimised when scanning under changing bias condition. This enables characterisation of the wire properties
without perturbations arising from the contacts.

STM filled states topography images in Figure S2a-c show a successful complete depassivation over the
whole length of the patterned region. The depassivation process for such a large structure took ~20 h. After



PHs exposure, a magnified area of the edge of the middle region of the wire (dashed white region in Figure
S2b) reveals PH3 adsorption exclusively within the depassivated region, see Figure S2d and magnified area
in Figure S2e.

Figure S2: STM filled state topography images of the buried P nanowire structure. a)-c) Demonstrate com-
plete depassivation of a region of clean hydrogen terminated silicon in the shape of a 1 um x 10 um wire,
with 2 um x 3 um contact pads at each end of the wire (U=-2V, | = 0.02 nA, depassivation parameters:
Uith= 8V, I = 2 pA, 100 nm/s). Note c) is a higher resolution image of the area highlighted in b). d)-e) Sur-
face after exposure to a saturation dose of 0.03 Langmuir of PH3, showing that PH3 adsorption occurs ex-
clusively in the depassivated region in d). e) shows a magnified area of this region.

STM imaging is challenging due to unstable tunnel conditions resulting from loosely attached PH3 molecules
in the tunnel junction. To minimise the risk of contaminating the patterned area with material from the tip,
induced by PHj3 tip modifications, only a few low resolution images were acquired directly after dosing.

Kelvin probe force microscope

The Kelvin probe force microscope (KPFM), firstly introduced by Nonnenmacher et al.,! is based on a non-
contact variant AFM setup and detects the contact potential difference Vcpp between tip and the sample,
which originates from their difference in work functions. Whilst scanning, a bias voltage equal to Vcpp is ap-
plied to compensate for induced local electrostatic forces Fes. In addition to the DC bias, an AC bias well be-
low the AFM cantilever resonance frequency is added and applied between tip and sample, yielding

V= (VDC - VCPD) + VACsin(O)t) . (1)

The AC component of the applied voltage will cause the cantilever to vibrate and a lock-in amplifier is used
to detect the changes of the cantilever oscillation around w. The resulting vibration of the cantilever is de-
tected using a diode laser and a four-quadrant detector, depicted in Figure 1 (main text). The electrostatic



force Fes in a capacitor (were the plates of the capacitor here represent an AFM tip and a buried conducting
region in the device) is found by differentiating the energy function with respect to the tip-sample separati-
on z,23 resulting in

where C is the capacitance and V is the voltage applied between tip and surface. By substituting the pre-

vious formula (1) for the applied voltage in Equation (2), the electrostatic force can be split up into three
spectral component contributions:

F=FDC+Fw+F2m' (3)
The force acting on the cantilever can be split into a static (Foc) and dynamic contributions (F F2w) given as
Fpe =~ 2 Vpe = Vepp? +2V2] (@)
DC =5 dz DC CPD 5 hAC
oC .
1 oC
_ 2

K, = Zd—ZVACcos(2wt) (6)

For contact potential measurements the electrostatic force F, is nullified by applying a DC potential at the
tip that exactly compensates the total potential Mot comprising of Miotal = Vepp - V,4 where V is the applied
SD bias and Vcpp is the contact potential difference originating from the local work function difference of tip
and sample. A feedback loop is used to maintain F, = 0 in conjunction with the lock-in amplifier that detects
the cantilever oscillation at w. ®otal is acquired as an image and thus the local potential of the surface is
probed as an 'electronic potential map’ as function of SD bias.

KPFM has been employed to image p-type dopant profiles5 and individual P dopantsé7.8 and clusters® at the
surface of a P-doped silicon-on-insulator-field-effect-transistor (SOI-FET) channel at low temperatures (=13
K). We use the conventional KPFM operation mode at room temperature where the AC bias is applied bet-
ween tip and sample and a DC bias is applied between S and D by only varying the potential on the top
source electrode while the drain electrode is set to ground. This way KPFM probes the local change in total
potential Qrotal,

The potential landscape of the active device

For U =-1.3 V the bias application is clearly reflected in the surface potential image shown in Figure S3a re-
vealing a large negative electronic potential increase on the top S contact, the metallic contamination (MC),
and the silicon in close proximation to the top contact. A more negative electric potential is associated with
the presence of positive charges such as holes and/or depleted dopants while a more positive electric po-
tential can be associated with negative charges (electrons), respectively.10 We note that the potential res-
ponse to changes in S and D bias of the circular protrusion is similar to those of the Al contacts, pointing
towards a metallic contamination (MC) as mentioned earlier.

The bottom drain contact is set to ground and as expected most of the absolute potential variations occur
at the top S contact as visualised in a potential map in Figure S3b. The detected total surface potential diffe-
rence between S and D (black and red circles as indicated in Figure S3a) is plotted against the actual applied
voltage in Figure S3c which reveals that the detected surface potential difference (blue curve) approximate-
ly follows an ideal ohmic behaviour (green curve, plotted with determined Vcpp). From this, we can conclude
that the applied bias voltage drops uniformly between the S and D contacts, confirming the fabrication of
high-quality electric contacts to the buried wire. We can determine the contact potential difference of our
PtSi tip and the Al contact from the flatband voltage at V = 0 V of the blue curve and/or the average offset
between green and blue curve as Vcpp(PtSi/AL) = (0.36+£0.03) V. This is an important result as it deviates
strongly from the calculated work function difference between PtSi and Al of Vcpp(PtSi/AL) = Woptisi-Waj =
497V -4.28V = 0.7 V.51
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Figure S3: a) KPFM surface potential image obtained at -1.3 V of the buried P-wire region plus S and D Al contacts.
The vertical line indicates the location of an obtained surface potential slide as a function of applied bias plotted as
3D graph in b). The black and red circle mark the points at the top and bottom electrode, respectively that are plot-
ted in c) as a function of applied bias together with their difference (blue) and the ideal voltage offset including the
contact potential difference of 0.36 V. The arrows indicate presence of metallic contamination (MC) and epitaxial
hole (EH) while the dotted line highlights the perimeter of the epitaxial hole region.
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Figure S4: KPFM electronic surface potential images of the buried P wire device plus Al contact for SD bias volt-
ages between -1.3 Vto 1.3 V. Scale 11.6 um x 11.6 um. The main contrast is arising from the regions of the SD Al
contacts.



The complete data set of Kelvin probe force microscopy (KPFM) surface potential images obtained from -1.3
V to +1.3 V SD bias that form the basis for the surface potential maps in FigureS3b are presented in Figure
S4. Note that the contrast is adjusted to visualise the maximal potential difference of the device. Since the
surface resembles feature heights of up to 200 nm cross correlation of the KPFM potential to the topogra-
phy need to be considered when comparing potentials of different locations on the sample to each other.
For the spectra acquired on the contacts in Figure S3c no cross correlation to the topography has been de-
tected since both contacts reside on roughly the same height level.

Scanning Capacitance Force Microscopy

The following section is summarised form reference3. The dC/dz component in the F,, signal could be mea-
sured directly by a lock-in detection of the second harmonic oscillation but is not commonly used because it
contains topographic artefacts.

The basic idea of scanning capacitance force microscopy (SCFM) is to detect an induced electrostatic force
oscillating at the third harmonic frequency 3w of the cantilever. 3C/0z also depends on the applied bias
voltage and hence 0C(V,z)/0z is composed of a DC and AC component, approximated as

o0C(V,z) 0C(Vpe,2) N 0C(Vpe, 2)
oz 07 oV oz

Accordingly, Fes contains a force component that oscillates at 3w of the electrical excitation frequency, given
as

Viccos(wt). (7)

1 0°C(Vpe,2)
F3w ==
8 0V oz

Hence, the detected amplitude A3, of the third harmonic oscillation is related to the voltage derivative of
the force gradient by

0°C(Vpe» 2)
A3a) &
oVoz

The full set of SCFM dC/dV amplitude images obtained at varying SD bias voltages ranging from -1.8 V to 1.8
V shown in 3D maps in Figure 3 is presented in Figure S5.

V/i’ccos(?;a)t) . (8)

Vg’ccos(?)a)t). (9)

Model the IV characteristic of the P-wire device

We apply a model from Grillo et al.12 to our measured device IV which has been developed to describe the
conduction in a two-terminal silicon device with two Schottky junctions at the contacts. First, by subtracting
the ohmic IV function of the P-wire (shown in Figure 3a) which is obtained from a linear fit between -0.5 V
and 0.5 V from the measured IV of our P-wire device allows to obtain the IV characteristic of the back-to-
back Al-silicon Schottky contact channel without the wire IV contribution (black curve in Figure S6).

Following?'2, the total current It can be modelled as

20 Igysinh(<)

. 2kT
IT - (q_V) (__‘/V) (10)
I, 2kT + Iy 2KT
where
% —Dp 52
Ig 5o = 81,4 Tzexp(—kT ) (11)

is the reverse saturation currents, A* is the Richardson constant, T is the temperature, k is the Boltzmann
constant, and Si1; are the areas of the junctions. To allow for a slight deviation of the barrier heights from

the ideal case, the effective Schottky barriers CI)BIJS,2 can be written as
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Figure S5: Set of 19 SCFM dC/dV amplitude images (12mm x 9mm) of the
buried P wire region plus Al contact obtained for SD bias voltages from -1.8 V
to 1.8 V. Applied AC voltage of 1.7 V at 15 kHz.

1
(DBI,Bz == (DBOI’BOZ + evl’z(l - E) (12)

where (DBOLBoz are the ideal Schottky barriers at zero bias, V1 and V; are the voltage drops at the junctions
and n1,; are the ideality factors defined as

1 aq)Bl,Bz

=1+ . (13)
nl,z e()VLz

Comparing the simulated total current It for varying ni; and q)BopBoz to our IV characteristic of the back-to-

back Al-silicon Schottky contact channel allows to understand the evolution from an expected “ideal IV" to
our measured device IV. Note that for all simulated It curves we assume a constant area of both contacts S;
=S, =1 and T = 300 K. We also make a simplifying assumption of V1=V, =V/2.
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Figure S6: Model of the back-to-back Al-silicon Schottky contact IV characteristic
following12. Comparing the simulated total current I (red curve) for varying bar-
rier heights (I)BOLBoz and ideality factors n1;to the IV characteristic of the back-

to-back Al-silicon Schottky contact channel.

Figure S6a displays the modelled IV (red curve) using Equation (10) for a two contact device comprising an
equal barrier height of CIDBO1 = CI)B()2 = 0.79 V with no deviation from the ideal case (n1,, = 0), which doesn't
compare well to the measured current level of the back-to-back Al-silicon Schottky contact IV (black curve).
Only by allowing a slight deviation from the ideal scenario for both barrier sides, ni=1.125 for negative
voltes (see Figure S6b) and n, = 0.87 for positive voltages (see Figure S6c), the simulated It curve matches
the measured IV for both SD bias directions. The best estimation includes a slightly varying barrier height of

(13302 =0.74 V and an ideality factor of n,=0.91 (see Figure S6d).

We conclude that the applied model provides a reasonable fit to the back-to-back Al-silicon Schottky con-
tact channel IV by estimating only a small deviation from the ideal case and barrier heights of <I>BO1 =0.79V

and CIDBO2 =0.74 V. The deviation to the ideal case are probably the result of trapped charges, defects, inad-

vertent oxide layers, and/or image-force lowering that make the SB height dependent on the applied exter-
nal voltage!2.

Dynamic SMM spectroscopy

To minimize the surface stress during measurements at high voltages in contact mode, we acquire the spec-
troscopy data dynamically by keeping the y-scan direction fixed and gradually sweeping the DC bias whilst
scanning in x-direction (dashed line scan indicated in Figure S7a). An average of several vertical lines in the
obtained dSi1/dV amplitude and phase voltage line scan maps provide information equivalent to those ob-
tained from standard point spectroscopy. A vertical line in these maps represents a spectra for an individual
location on the sample as shown in part 2 of Figure S7. After the calibration procedure quantitative spectro-
scopy curves are obtained. (Compare part 3 in Figure S7).

The spectroscopy data shown in Figure S7 obtained on silicon (blue) and the unperturbed wire region (purp-
le) in y-modulation allows to quantitatively determine the selective wire contribution to the overall local
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Figure S7: Spectroscopy data acquired dynamical-
ly by (1) keeping the x-scan direction fixed and
gradually sweeping the DC bias whilst scanning
(scan line indicated). An average of several verti-
cal lines in the obtained voltage line scan map (2)
provides information equivalent to those ob-
tained from standard point spectroscopy. After
calibration (3) quantitative point spectroscopy
data is obtained.

change in capacitance and conductance as it would be highly desirable for a device showing no imperfec-
tions.
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