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ABSTRACT: The chemical-physical properties of native oxide layers, spontaneously forming on crystalline Si wafers, can be 
strictly correlated to the dopant type and the doping level. In particular, our investigations have focused on oxide layers 
forming upon air exposure in a clean room after Si wafer production, for doping concentration levels from ≈ 1013 to ≈ 1019 cm-

3. In order to determine these correlations, we have studied the surface, the bulk, and its interface with Si. The surface is 
investigated with contact angle, thermal desorption and atomic force microscopy obtaining information on the surface 
energy, cleanliness, and morphology, respectively. The thickness is measured with Ellipsometry and the chemical 
composition with X-ray Photoemission Spectroscopy. The electrostatic charges within the oxide layer and at the interface 
with Si are studied with Kelvin Probe Microscopy. We find that some properties show an abrupt change, i.e. thickness, while 
others present a maximum, i.e. silanol concentration and Si intermediate-oxidation states, at a critical doping concentration 
of ≈ 2.1·1015 cm-3. Additionally, two electrostatic contributions originate from the silanols present on the surface and the net 
charge distributed within the layer. Lastly, the surface roughness also depends on the doping concentration, showing a 
minimum at the same critical doping concentration. These findings can be fully reproduced for oxide layers re-grown in a 
clean room after a chemical etching of the native ones. 

1. 1. 1. 1. IIIINTRODUCTIONNTRODUCTIONNTRODUCTIONNTRODUCTION    

It is widely believed that the chemical-physical properties 
of native silicon oxides (n-SiOx), i.e. spontaneously formed 
upon exposure to clean room air after wafer production 
(also known as unintentional silicon oxide), cannot be 
controlled and therefore is irreproducible. This conviction 
probably arises from microelectronic manufacturing, 
where n-SiOx was discarded as an ultra-thin dielectric layer 
because of its low breakdown voltage1 and recurring 
current leakages,2 and thus systematically removed in order 
to produce ultraclean Si surfaces for the fabrication of 
electronic devices.3 This opinion has become popular with 
time in other scientific fields and it has been only partially 
studied. Consequently, the literature is not abundant and 
scattered over a period of fifty years. 

Morita and co-workers4 have systemically studied n-SiOx, 
explaining the time evolution of its growth, measuring the 
thickness and resolving its chemical composition with X-ray 
photoemission spectroscopy (XPS). The doping of the 
crystalline Si, type (n- or p-) and concentration N, was 
mentioned as possibly correlated to the chemical and 
physical properties of the n-SiOx but not deeply 
investigated. A direct correlation between N and the 
chemical composition of n-SiOx was found by Ying et al.,5,6 
but their works are limited to crystalline and polycrystalline 
n-type Si substrates, lightly (N ≈ 8·1014 cm-3) and heavily (N 
≈ 1·1020 cm-3) doped. To the best of our knowledge, 

Wolkenberg’s work7 is the sole example of a systematic 
investigation of n-SiOx for different doping types and 
increasing concentrations, spanning over six order of 
magnitude. The author identified oxide defects as 
responsible for the chemical and physical properties of the 
n-SiOx versus doping, however experiments and theory do 
not fit together. 

To investigate such inconsistency, this work examines in 
depth the chemical and physical properties of n-SiOx grown 
on crystalline Si substrates, doped with different types of 
dopants and with an increasing doping concentration from 
≈ 1013 to ≈ 1019 cm-3. Our investigations have focused solely 
on n-SiOx grown in a clean room after wafer production (“as 
received”) or regrown in a clean room after removal of the 
pristine layer. 

A complete picture of n-SiOx vs. N and dopant type can be 
obtained investigating the samples from the surface to the 
n-SiOx/Si interface. The surface was investigated in terms 
of: (i) surface energy with Contact Angle measurements; (ii) 
surface cleanliness using Thermal desorption (TD); and (iii) 
surface morphology with Atomic Force Microscopy (AFM). 
Then, the bulk was investigated in terms of thickness (iv) 
and chemical composition (v) by means of Ellipsometry and 
XPS, respectively. Finally, the electrostatic charges at the n-
SiOx/Si interface (vi) were studied with Kelvin Probe (KP). 



 

2. 2. 2. 2. EXPERIMENTAL EXPERIMENTAL EXPERIMENTAL EXPERIMENTAL AND METHODSAND METHODSAND METHODSAND METHODS    

2.1 Silicon wafers The experiments were performed on 
commercial polished Si wafers with a diameter of 10 cm (4-
inch) and a thickness of (525±25) μm. The wafers were 
produced by different companies (e.g. Sil’tronix-France, 
Siltronic-Germany) in different periods, using either the 
Czochralski (CZ) or the floating zone (FZ) methods. Each 
wafer has a different resistivity ρ (in Ω·cm), i.e. a different 
doping concentration N (in cm-3), obtained by incorporating 
a dopant (viz. B, P or As) in Si during the semiconductor 
ingot growth. All wafers have the same crystal orientation 
(100). 

Table 1. List of the silicon wafersa 

n° Dopant -type ρ (Ω·cm) N (cm-3) 

1 As n < 0.0015 (6.2±0.3)·1019 

2 B p < 0.005 (2.1±0.1)·1019 

3 P n 0.07-1 (7.3±6.8)·1016 

4 B p 0.1-0.5 (1.4±1.1)·1017 

5 B p 0.8-1.2 (1.6±0.3)·1016 

6 B p 1-5 (1.0±0.7)·1016 

7 P n 1-10 (3±2)·1015 

8 B p 1-10 (9±8)·1015 

9 B p 2-10 (4±3)·1015 

10 B p 5-10 (2.1±0.7)·1015 

11 P n 5-10 (7±2)·1014 

12 P n 7 (6.5±0.1)·1014 

13 B p 10-12 (1.4±0.1)·1015 

14 B p 14-22 (8±2)·1014 

15 B p 140-360 (7.3±3.2)·1013 

16 B p 500-1000 (2.0±0.7)·1013 

a Progressive number of wafers, dopants, and consequent 
extrinsic Si type, i.e.  n- or p-type. The resistivity range ρ 
measured and reported by producers considers the changes of 
ρ overall the wafer surface.8 Such resistivity ranges are then 
converted into average doping concentration N by using an 
online calculator (last column).9 In particular, N was calculated 
averaging the doping concentration of the extremes, i.e. their 
sum divided by 2, while the absolute error reported in the last 
column is the half of their difference. For wafers with not 
precise (wafers 1 and 2) or precise (wafer 12) resistivity, N is 
fixed to the converted ρ value, e.g. 0.0015 Ω·cm corresponds to 
6.2·1019 cm-3, whereas their absolute errors are calculated 
from specific relative errors reported in the literature,10 i.e. 4% 
and 1% for not precise and precise resistivity, respectively.  

2.2 Storage The silicon wafers were singularly stored in 
plastic carrier trays to avoid any possible electrostatic 
charge effect caused by storing conditions in wafer 
cassettes.11 This precaution reduces greatly the organic 
matter accumulated on the wafer surface, that results 
minimal and morphologically invisible.12 The carrier trays 
were then stored in an archiving box inside a closet and, as 
a standard procedure, they were opened only under a 
vertical laminar flow hood for the time strictly necessary to 
prepare the samples. This procedure grants a minimal 
particle contamination, consisting of a single or, at most, 

few nanometric objects, ≈ 10 nm high and ≈ 100 nm wide, 
on a 30 × 30 µm2 area.  

2.3 Sample preparation The samples were prepared 
manually cleaving the wafers in ≈ 1×1 cm2 chips.13 To avoid 
Si powder contamination, the wafer polished surfaces are 
placed face-down on a clean science precision wipe during 
the cleaving procedure (Kimtech, Kimberly-Clark's, Dallas, 
TX, USA). Lastly, the sample is cleaned with acetone vapors 
to remove physical or chemical contaminants.14,15 

2.4 Contact angle measurements The surface energies 
were measured through the method proposed by Owens 
and Wendt (O-W),16 from contact angles of different 
characterization liquids measured with the sessile drop 
technique (Contact Angle Meter, GBX Scientific LTD, 
Ireland). The contact angle θ (in rad) of a liquid drop on a 
solid surface is related to the energies (in dyn·cm-1) of the 
liquid-vapor surface (γLV), solid surface-vapor (γSV), and the 
solid-liquid interface (γSL) according to the Young equation: ��� = ��� + ��� cos 
 (1) 

In general, the surface energy γ is due to polar (dipole-
dipole and dipole-induced dipole) and dispersive (induced 
dipole-induced dipole) forces at the surface. As described 
by Fowkes,17 the surface energy of a liquid and a solid can 
be written as a sum of their polar (γp) and dispersive force 
(γd) components (γ = γp + γd). Based upon this additivity, the 
O-W model proposes the following semi-empirical formula 
to calculate γSL:16 

��� = ��� + ��� − 2 
������� + �������� (2) 

Combining the Equations 1 and 2, one obtains the following 
linear relation: 

����1 + cos 
� = 2 
������� + �������� (3) 

Since γSV has to be found, Equation 3 is divided by (γL
d)½: 

����1 + cos 
�
2����

= ���� + ����������� (4) 

that, with respect to the liquid drop (γLV, γL
d and γL

p), is a 
straight line: 

� = ����� + ����  ⇒  � = �1 + cos 
����2����
, � = ������� (5) 

The liquids employed (through their polar, γL
p, and 

dispersive, γL
d components) and their correspondent θ 

determine the x and y values. Following the Equation 5, the 
polar (γS

p) and dispersive (γS
d) components of the sample 

surface can be obtained from the slope and the y-intercept 
of the data linear fit. The O-W model assumes a negligible 
surface pressure πSV (also known as spreading pressure, 
same units of the surface tension),18 which is an additional 
pressure arising from the molecules adsorbed on the 
surface that, in some cases, can affect the contact angle 
measurements. 

By definition, πSV = γS -γSV where γS is the surface energy of a 
solid surface in vacuum,18 which is the sample energy. In the 
case of contact angle measurements performed in air, the 
amount of adsorbed molecules, mainly water, depends on 
the Relative Humidity (RH) and the temperature (TA) of the 



 

environment. In our operational conditions (RH ≈ 40%, TA = 
26°C), the adsorption isotherm plot for water molecules ad-
sorbed on amorphous silica (that is similar to the n-SiOx) re-
ports an amount of absorbed water molecules in the range 
of 1-2 µmol·m-2,19 corresponding to a negligible πSV of a few 
dyn·cm-1.20 

Although the O-W model is unable to discern the origin of 
the surface forces, it is a simple method to evaluate the polar 
and dispersive components of the solid surface that pro-
vides experimental results comparable to those obtained 
with more sophisticated models.21 The use of the O-W 
model is suitable for a moderately polar surface22 like the n-
SiOx that is expected to be a substrate chemically inert23,24 
or, at most, weakly interacting.25 

On the basis of availability in laboratory,26,27 high surface 
energy bipolar liquids, i.e. deionized water, glycerol, eth-
ylene glycol and dimethylformamide, were chosen for hav-
ing the largest possible range of liquid surface energies (γLV 
= γL, see Table 2). The correspondent polar (γL

p), and disper-
sive force (γL

d) components  of these liquids, hence their γL, 
were obtained averaging the values taken from the litera-
ture28–35 with the standard deviation as the absolute error.36 

Table 2. Liquid energy valuesb 

Liquid 
γL 

(dyn·cm-1) 

γLp 

(dyn·cm-1) 

γLd 

(dyn·cm-1) 

water 72.8±0.1 50.8±0.4 22.0±0.3 

glycerol 63.6±0.3 28±2 35.8±1.6 

ethylene 

glycol 
48.2±0.4 17.9±1.4 30.4±1.8 

dimethyl-
formamide 

37±1 7.7±0.4 29.1±1.4 

b Characterization liquids with decreasing total energies γL and 
the correspondent polar γLp and dispersive force γLd compo-
nents. Values and errors were obtained averaging those from 
the literature. The range of liquid energies γL is consistent with 
the range adopted for common contact angle measurements.37  

The contact angle measurements were performed on wa-
fers 1, 3, 5, 8, 9, 10, 12, 13, 14 and 16 (see Table 1). The 
measured θ for each liquid represents the average of three 
θ values in three different sample regions (see Supplemen-
tary Materials). Prior to contact angle measurements, sam-
ples were cleaned with a solvent-cleaning process.38 The 
samples were washed in acetone, isopropanol, and deion-
ized water with steps of 5 min each, and, finally, they were 
dried with a pure nitrogen stream. As proved by repeated 
contact angle measurements on the same sample,36 the ini-
tial θ is restored after the solvent-cleaning process. Such 
solvent-cleaning process is able to remove most of contam-
inants adsorbed on the n-SiOx surface.39 

The contact angle hysteresis H helps to better characterize 
the n-SiOx surfaces. Measuring advancing θa and receding θr 
contact angles is more meaningful than a static, metastable 
angle θ, somewhere in between θa and θr.40 The Young’s 
equation (Equation 1) applied to a specific liquid-solid sys-
tem determines a unique (static) contact angle θ for the 
three unique thermodynamic parameters γLV, γSV and γSL If 

the three-phase contact line moves when expanding (add-
ing liquid) and contracting the liquid drop (removing liq-
uid), θ changes becoming “dynamic”. In the expanding (con-
tracting) process, θ reaches an equilibrium angle θa (θr).41  

These angles are the minimum, θr, and the maximum, θa, of 
an angle interval depending on both the liquid and the sur-
face. The difference between θa and θr normalized with re-
spect to θa is the dimensionless reduced hysteresis H,42 i.e. 
H = (θa-θr)· θa

-1, which mainly depends on the roughness 
and/or the chemical heterogeneity of the surface.43,44 The 
hysteresis experiments were performed only with deion-
ized water (relatively nonvolatile) because of H yielded a 
unique value for each surface, independently of the contact 
liquid used.45 During the experiments, the drop volume may 
vary from 1 (removing liquid stage) to 7 µl (adding liquid 
stage) in ≈ 12 s and θ is measured each ≈ 300 ms to follow 
its dynamics. These experimental conditions are compara-
ble with the literature.45  

2.5 Thermal desorption measurements The thermal de-
sorption (TD) measurements were performed in vacuum 
(base pressure 1·10-8 mbar). To obtain an initial chemically 
clean surface, the sample was sonicated in acetone (15 min), 
2-propanol (15 min), treated with piranha solution 
(H2SO4/H2O2, 3/1 v/v, 15 min) (Caution: preparation of the 
piranha solution is highly exothermic and reacts violently 
with organics), rinsed with DI water, and finally baked in air 
at 120°C for 15 min. To reproduce an amount of airborne 
contaminants comparable to the storage life of the other 
samples, the sample was then stored for 14 months in a 
plastic carrier tray (cp. Section 2.2). 

As reported in the literature,46,47 a temperature TS of ≈ 450 
°C permits a complete desorption of the airborne contami-
nants from the silicon oxide surface. The sample was me-
chanically fixed with metal clamps on the sample holder and 
heated up to 450°C using the Joule effect with a power of 14 
W. As monitored by a K-type thermocouple, the maximum 
TS was reached with a heating rate of ≈ 8°C/min. The 
amount of desorbed molecules was measured with a Resid-
ual Gas Analyser (RGA) composed of a triple-filter quadru-
pole (HAL/3F 301 RC, Hiden, UK) and equipped with a Far-
aday Cup detector. 

2.6 Functional groups on the n-SiOx surfaces The main 
functional groups present on n-SiOx surfaces are siloxane 
bridges (Si–O–Si) and hydroxyl groups (Si–OH),48 and both 
can be responsible for θ changes.49,50 In particular, the Si–O–
Si functional group promote surface polar interactions due 
to their structural arrangements,51 polar interactions that 
are responsible for unintentional physical and chemical ad-
sorption of airborne contaminants.52 Conversely, such po-
larity can exploited to adsorb intentionally silane molecules 
on the n-SiOx surface in both solution or vapor.53,54 Silane 
molecules adsorbed on the n-SiOx surface form a Self-As-
sembly Monolayer (SAM) whose surface coverage Θ (in per-
centage) is correlated to the surface density of the –OH 
groups. From this perspective, silane molecules act as a 
“probe molecule” that visualize the spatial distribution of 
the –OH groups on the sample surface.55 

Tridecafluoro-1,1,2,2-tetrahydrooctyl-1-trichlorosilane 
(TFOCS, Sigma-Aldrich, purity 97 %, used without further 
purification) was deposited from a vapor phase on the sub-
strate evaporating pure molecules under vacuum (≈ 1 



 

mBar, obtained by using a vacuum membrane pump with-
out gas purging. The experimental protocol and the vacuum 
system are equal to the ones reported in Ref. [56]). Before 
any treatment with TFOCS, the n-SiOx samples were soni-
cated in acetone (15 min), 2-propanol (15 min) and water 
(15 min), and then baked at 120°C in air (15 min). This sol-
vent-cleaning process removes most of the airborne con-
taminants usually covering the n-SiOx surface exposed to 
air.57 Then, the n-SiOx samples were exposed to TFOCS va-
por atmosphere at room temperature for 30 min in a vac-
uum desiccator. Prior to characterization, the substrates 
were aged under low-vacuum conditions for at least 24 
hours. The functionalization experiments were performed 
on wafers 1, 5, 7, and 14 (see Table 1). The SAMs were im-
aged with Scanning Electron Microscopy (SEM-FEG 
HITACHI 4000, Japan).  

2.7 Morphology of the n-SiOx samples The topographic 
images of the n-SiOx surfaces were collected with an AFM 
(SOLVER HV-MFM, NT-MDT Zelenograd, Moscow, RU) op-
erating in intermittent contact, using HA_NC cantilevers 
(NT-MDT, Cantilever A: ω0 = (235 ± 10) kHz and k = (12 ± 2) 
N∙m-1, Cantilever B: ω0 = (140 ± 10) kHz and k = (3.5 ± 0.7) 
N∙m-1). Surface imaging was performed in air with opera-
tional conditions of RH = (71 ± 15) % and TA ≈ 25°C. The 
imaged area was fixed to 1 μm x 1 μm, a size that permits to 
appreciate different nanometric features at smaller and 
larger length-scales.58 The morphological evolution of the n-
SiOx vs. N can be described by the roughness σ,59 and the 
Height-Height Correlation Function (HHCF)60 (see Supple-
mentary Materials). The morphological measurements 
were performed on wafers 1, 3, 5, 7, 8, 9, 10, 11, 12, 13, 14 
and 16 (see Table 1). 

2.8 Ellipsometric measurements of the n-SiOx thick-

nesses The n-SiOx thickness, t, was measured in air by ana-
lyzing ψ-Δ parameters obtained by using a Spectroscopy El-
lipsometer (SE, MM-16, Horiba Jobin Yvon, Kyoto, Japan) 
with a fixed angle of incidence of 55°. 

 
Figure 1. n-SiOx model adopted to simulate experimental 
ellipsometric spectra. 

Although ultrathin Si oxide was studied for several years,61–

64 evaluating its thickness from SE measurements is not triv-
ial. Several issues concerning the interfacial layer near the 
Si substrate make it hard to model the n-SiOx. Such interfa-
cial layer consists of few atomic layers containing Si atoms 
in intermediate oxidation states, i.e., Si20, SiO, and Si203, and 
it occupies ≈ 50 % of the whole n-SiOx thickness,65 whereas 
the remaining ≈ 50 % is occupied by an over layer com-
posed solely of SiO2.65–68 The spatial distribution of each in-
termediate oxidation state is still unknown (in particular 
with respect to the doping concentration N), thus making 
hard determine the refractive index of each intermediate 

oxidation layer61–63 and their mutual correlations.62 The sur-
face roughness  and the water layer adsorbed on the n-SiOx 
surface due to RH,64,69–71 affect as well SE measurements.  
Furthermore, SE measurements of ultrathin layer are less 
sensitive to ψ,71 so experimental data are virtually limited 
to Δ.  Solve some of such issues is out the scope of this paper, 
however they are useful to set up a model of the n-SiOx as 
(see Figure 1): i) a water layer absorbed on the n-SiOx sur-
face, assumed to be conformal to the surface roughness and 
≈ 0.4 nm thick (about 2 monolayers of water at RH ≈ 65 
%);72,73 ii) a layer to model the n-SiOx surface and its rough-
ness, as measured by AFM (see Section 2.7). As mentioned 
above, it is composed solely of SiO2; iii) a layer to model the 
n-SiOx bulk; and iv) the Si substrate. Layers ii) and iii) are 
described by the Bruggeman Effective Medium Approxima-
tion (BEMA).74 

Since ellispometric measurements are performed in the 
same day and within few hours, the water layer thickness 
can be considered constant to ≈ 0.4 nm for all samples. The 
thickness of the n-SiOx (surface) layer is determined by the 
average roughness σ of the sample surface measured by 
AFM that is obtained by averaging horizontal topographic 
profiles.75 By approximating the average topographic pro-
file to a sinusoidal trace, σ is the average oscillation ampli-
tude with respect to the mean level height.76 Accordingly, 
the thickness of the n-SiOx (surface) layer is 2·σ and, due to 
periodic oscillations, it is composed of the 50 % of voids and 
the 50 % of SiO2. This composition for rough surface is com-
monly adopted in SE simulations (see Table 3).77 In view of 
interfacial layer issues, the thickness of the n-SiOx (bulk) 
layer is unknown and left free in simulations. Its composi-
tion is modelled as two consecutive half-spaces: the upper 
one is made of SiO2, the lower one as a silicon rich SiOx oxide, 
which in turn can be optically modelled by an effective me-
dium composed by SiO2 and Si with equal volume frac-
tions.62,65 An alternative composition has been used for the 
n-SiOx sample with the lowest N (fractions reported within 
brackets in Table 3). 

Table 3. Composition of layers modelling n-SiOxc 

Layer Composition Thickness 

water H2O – 100% 0.4 nm  

n-SiOx 

(surface) 
SiO2 – 50 %, Voids – 50 % AFM  

n-SiOx 

(bulk) 

SiO2 – 75%; Si - 25 %  

(Si – 25 %, SiO2 – 25 %, 
Voids – 50 %) 

calculated from 
simulations 

Si 

substrate 
Si – 100% Semi-infinite 

c Layers and their BEMA fractional compositions adopted to 
model n-SiOx samples. For Si and SiO2, optical data useful for 
interpreting experimental results were taken from Palik’s 
book.78 Water and voids have n = 1.33, k = 0 and n = 1, k = 0, 
respectively. Fractions in brackets are used solely for the n-
SiOx sample with lowest N.   

Within BEMA approximation, simulated data based on the 
model of Figure 1are expected to match experimental data 
within a margin of error of ± 10 %.79 Calculated thicknesses 
of n-SiOx samples are obtained by fitting ψ-Δ spectra with 



 

the method of minimum χ2 estimation. The ellipsometric 
measurements were performed on wafers 1, 3, 5, 7, 9, 10, 
12, 13, 14 and 16 (see Table 1). 

2.9 X-ray photoemission spectroscopy measurements 
X-ray photoemission spectroscopy (XPS) was performed 
with an ultrahigh vacuum (UHV) apparatus (base pressure 
2×10−8 mbar) using a non-monochromatic Mg Kα excitation 
source (1253.6 eV, XR-50, Specs) with a constant power of 
125 W and a hemispherical energy analyzer (Phoibos 100, 
Specs, Germany). The XPS experiments were performed on 
wafers 1, 3, 5, 10, 14 and 16 (see Table 1). The n-SiOx sam-
ples were fixed on a sample holder with a conductive carbon 
tape, that is also electrically grounded. The photoelectrons 
coming from the sample were collected along the direction 
normal to the surface on an area of 7 × 3 mm2, as selected 
by the XPS analyzer. All the spectra were calibrated with re-
spect to the position of C 1s, corresponding to 285.0 eV. The 
Shirley background was subtracted, and fitting of the Si 2p 
peaks was performed using the CasaXPS software.80 

2.10 Kelvin probe measurements The work function (WF, 
in V) was measured employing macroscopic Kelvin Probe 
(KP), performed under ambient conditions using a 2 mm di-
ameter gold tip amplifier (Ambient Kelvin Probe KP020 
from KP Technology Ltd., Wick, UK). The WF measurements 
were performed at a fixed probe-sample position (mean 
distance ≈ 0.5 mm) by applying two DC voltages (- 7 and 7 
V) to a mechanically oscillating probe (frequency in the 
range 50 – 80 Hz).81 The sample WF is obtained by averag-
ing measured potentials for approximately two minutes.  

For each measured sample, we probed at least four different 
locations using the average and deviation as the mean value 
and corresponding error (as the minimum error value was 
set 0.01 eV). The KP measurements were performed on wa-
fers 1, 2, 3, 4, 5, 6, 7, 8, 10, 11, 13, 14, 15 and 16 (see Table 
1). The wafers 2, 4, 14 and 15 were specifically added to the 
KP measurements to complete some missing doping con-
centration. Before and after each measurement, the probe 
calibration was done using as a reference a freshly cleaved 
Highly Oriented Pyrolytic Graphite (WF = 4.65 V). 

Airborne contaminants on the n-SiOx surface,82 T and RH83 
can affect the KP measurements. To obtain reproducible 
and comparable results the samples were cleaned with the 
procedure described in Section 2.5 and stored in a low vac-
uum (≈ 1 mbar) for 6 months. Then, they were exposed to 
air for a week to stabilize the surface with the same amount 
of surface contaminants and all the wafers were measured 
consecutively in the same session of measurements to keep 
constant TA (22 °C) and RH (≈ 55 %). Temperature changes 
of few Celsius degrees do not affect KP measurements84 
whilst an appreciable change of the WF vs. RH is observable 
only after the 70 %.85 

3. RESULTS3. RESULTS3. RESULTS3. RESULTS    

3.1 Surface energy of the n-SiOx samples and their polar 

and dispersive components As shown in Figure 2a, the 
surface energy γS of the n-SiOx samples depends on both 
doping types (squares for p-type and dots for n-type) and 
the doping concentration N from ≈ 1013 to ≈ 1019 cm-3. In 
particular, p-type samples doped with B show a strong de-
pendence of γS vs. N, presenting a peak in the range [5·1014; 
4·1015] cm-3 with a maximum of ≈ 50 dyn·cm-1 for N ≈ 

2.1·1015 cm-3 and a baseline of (19±8) dyn·cm-1. n-type sam-
ples doped with As and P are independent of N and, within 
the experimental errors, γS is constant to (27±6) dyn·cm-1. 
In this framework, the surface wettability of the n-SiOx sam-
ples can be modulated varying both N and the dopant type. 
Specifically, it doubles at N ≈ 2·1015 cm-3 with respect to the 
peak baseline value, viz. N ≤ 5·1014 cm-3 and N ≥ 4·1015 cm-3. 

The interval of γS for the n-SiOx samples ranges from ≈ 25 to 
≈ 50 dyn·cm-1, in agreement to the literature for glass, (52.4 
± 9.9) and (53.9 ± 10.8) dyn·cm-1,26,86 quartz III, (51.4 ± 1.1) 
dyn·cm-1,87 n-SiOx, (52.5 ± 1.5) and (52.5 ± 1.5) and (39.64 ± 
0.01) dyn·cm-1,88,89 and thermal SiO2, 45.9 dyn·cm-1.90 Such 
values are however lower than the generally accepted val-
ues for thick thermal SiO2 (≈ 80 dyn·cm-1)91 and 3D-silicates 
like quartz (quartz I in Ref. [87] ≈ 70 dyn·cm-1). This discrep-
ancy between measured and expected γS values may indi-
cate some chemical contamination of the n-SiOx surfaces, 
which alters the surface properties. A good test bench for 
surface chemical contaminations is the water contact angle 
θW. In a first approximation, it is representative of the sur-
face wettability, i.e. the cohesion of atoms and molecules to 
the solid surface: θW ≤ 90° corresponds to a surface with a 
greater wettability (hydrophilic), while θW ≥ 90° to a lower 
one (hydrophobic). The water contact angle θW is also 
linked to γS through Equation 1 for which a larger γS implies 
a lower θW and vice versa. The measured θW of the n-SiOx 
samples ranges from 52 to 96° where the majority of them 
are hydrophilic, whereas the remaining samples are hydro-
phobic. Such θW values are however larger than the ex-
pected values for clean SiO2 that should be < 30°.87,91,92 This 
is consistent with airborne contaminants deposited on the 
n-SiOx surfaces along their storage time in air,93 and thus the 
measured θW/γS is higher/lower than the expected one. 



 

 

Figure 2. Surface energy γS values (a) and correspondent polar, 
γSp (b), and dispersive, γSd (c), components vs. N. Square red 
points refer to p-type samples, while circular blue points refer 
to n-type samples. Dashed green lines are guide-to-the-eye ob-
tained by fitting data with Gaussian peaks (a, b) and a straight 
line (c). 

As reported previously,94 the variability of the contact angle 
θ (for all liquids) on n-SiOx surfaces depends upon the 
chemical history of those surfaces. The wafers used in this 
work were produced by different companies in different pe-
riods, therefore their chemical history is unpredictable (cp. 
to Section 2.1). Advanced or aggressive chemical cleaning 
methods95 can be used to clean the n-SiOx surface and thus 
obtain the expected contact angles. Besides, the solvent-
cleaning process described in Section 2.4 is the most em-
ployed process to clean n-SiOx. Therefore, the experimental 
results reported in this work are potentially useful for other 
future research works. Nevertheless, two key points (re-
lated themselves) need to be satisfied in view of such limi-
tations: i) the trend of γS observed in Figure 2a should be 
reproducible upon the n-SiOx regrowth; and ii) airborne 
contaminants effects should be similar upon the same 
chemical history (i.e. all n-SiOx samples have to be exposed 
to clean room air for the same time period). 

The n-SiOx was removed using HF as described in the RCA 
Standard Clean procedure,96 then it was left to regrow for 
21 days in clean room air (ISO7 classification, average am-
bient conditions during regrowth are RH = (80 ± 7) %, TA ≈ 
16°C). This time period is long enough to grow the 80% of 

the n-SiOx thickness, whereas the saturation thickness can 
be reached after about one year.5,66,97 

 

Figure 3. Plots of the surface energy γS (a), polar γSp (b) and 
dispersive γSd (c) components of the n-SiOx samples regrown 
for 21 days. Square red points refer to p-type samples, while 
circular blue points refer to n-type samples. Dashed green lines 
are guide-to-the-eye obtained by fitting data with Gaussian (a, 
b) and Pseudo-Voight (c) peaks. 

As shown in Figure 3a, the surface energy γS of the regrown 
n-SiOx samples preserves its dependence vs. N, with a 
marked peak in the range [5·1014; 4·1015] cm-3. The maxi-
mum of ≈ 65 dyn·cm-1 is obtained at N ≈ 2.1·1015 cm-3 (con-
sidering the x- and y-axis absolute errors), while the base-
line is shifted to a larger value of (36±8) dyn·cm-1. This re-
sult is in agreement with the behavior of RCA-cleaned sur-
faces reported in the literature:98 within few hours, the SiO2 
recovers its wettability properties. Comparing one to one 
the data of “as received” and regrown n-SiOx samples, the 
latter curve is shifted up of ≈ 15 dyn·cm-1 and its trend is 
preserved with respect to “as received” samples. The meas-
ured θW of regrown n-SiOx samples is reduced ranging from 
33 to 73°, thus all samples are hydrophilic.  

The polar and dispersive force components, i.e. γS
p and γS

d, 
of “as received” n-SiOx samples are shown in Figure 3b-c. 
Due to the energy additivity, viz. γS = γS

p + γS
d, the γS plot is 

the graphical sum of the energy offset due to the dispersive 
component (Figure 3c) plus the peak shape of the polar 
component (Figure 3b), that drives the trend observed in 
the γS plot. The dispersive component arises from random 



 

fluctuations in the electron density leading to temporary di-
pole interactions. As such, the dispersive component does 
not depend strongly on the atomic structure. The differ-
ences in the total surface energies of each n-SiOx sample is 
thus mainly due to their polar components, which are as-
cribable to the dipole moments of the characterization liq-
uids (see Table 2, all liquids are polar) interacting with per-
manent and/or induced dipoles (e.g. hydrogen bonds) on 
the n-SiOx surface by Coulomb interactions. At room tem-
perature, the n-SiOx surface is partially covered by hydroxyl 
functional groups (–OH), e.g. ≈ 70%.70 Such –OH groups are 
polar and thus responsible for γS

p measured by contact an-
gle. Moreover, its trend suggests a dependence of –OH vs. N. 
For regrown n-SiOx samples, the polar component γS

p pre-
serves the trend observed in the “as received” n-SiOx sam-
ples and mainly determines the γS peak shape (Figure 3b). 

As shown in Figure 2c, the dispersive component is con-
stant, γS

d = (19±3) dyn·cm-1, and independent of both N and 
the dopant type. Within the experimental error, this γS

d 
value is equal to the one obtained on bare thermal SiO2.91 
Since n-SiOx is amorphous99, no permanent dipole due to the 
atomic structure is expected, and thus the peak of the polar 
component γS

p of the p-type (and the first value of the n-
type, see Figure 2b) provides evidence that surface wetting 
is modulated by the electrostatic force.100,101 Together with 
dipoles induced by –OH groups, electrical charges due to N 
or the dopant type (or both) might be responsible for such 
Coulomb interactions. However, it is not clear if these addi-
tional charges are located within the oxide layer or at the 
Si/SiOx interface. For regrown n-SiOx samples, γS

d is clearly 
different with respect to the “as received” n-SiOx samples 
(Figure 3c). As expected for the RCA-cleaning SiO2 sur-
faces,102 the initial constant dispersive component, (19±3) 
dyn·cm-1, is reduced as a whole forming U-shape curve with 
a baseline of (15±2) dyn·cm-1 and a minimum of ≈ 5 dyn·cm-

1 in correspondence to the γS
p maximum (Figure 3c). While 

the shape is clearly different from the “as received” n-SiOx 
samples (Figure 2c), both baselines are equal within the ab-
solute errors, suggesting that γS

d depends on time. Actually, 
the over layer of the n-SiOx samples takes longer time to sta-
bilize and thus some instabilities are expected. 

As crosscheck experiments, γS, γS
p and γS

d of the “as re-
ceived” n-SiOx samples were also measured with other 
three liquids: water, diiodomethane (non-polar) and nitro-
methane, obtaining the same trends (see Supplementary 
Materials). Measurements of hysteresis H provide other de-
tails on surface wettability. The plot of H vs. N in Figure 4 
shows, for the p-type samples, a monotonic increase of H 
with increasing N for N < 2·1015 cm-3. For the n-type sam-
ples, H decreases linearly with increasing N in a semi-log 
scale. Regardless of the dopant type, the maximum H values 
are in the range [7·1014; 2·1016] that includes the range of 
the peak shape observed in the γS plot. The H values range 
from 0.2 to 0.4, in agreement with values reported for Si 
substrates45,103 and quartz.104 As expected for all real sur-
faces86 and independently on N, H is observed for all n-SiOx 
samples because of the chemical heterogeneity of their sur-
faces. Airborne contaminants and/or Si–O–Si groups forms 
spatial surface domains,105,106 driving the θ hysteresis. In-
deed, if a surface originally has a high surface energy, like 

oxides,107 it may adsorb airborne contaminants from the en-
vironment to reduce its surface energy. Thus, it becomes 
more hydrophobic than it originally was.108  

 

Figure 4. Plot of the hysteresis H vs. N. Two monotonic trends 
for the p- and n-type substrates are clearly visible. Square red 
points refer to p-type samples, while circular blue points refer 
to n-type samples. 

3.2 Surface cleanliness of the n-SiOx samples Highly re-
producible surface energy measurements need an evalua-
tion of the surface cleanliness of the n-SiOx samples. As in-
ferred from the contact angle measurements, the n-SiOx sur-
face accumulates airborne contaminants forming spatial 
surface domains or, possibly, a continuous film.109 Time-of-
Flight Secondary Ion Mass Spectrometry (ToF-SIMS) has 
successfully identified adsorbed organic contaminants such 
as hydrocarbon, phthalates and aliphatic amines.110–112 
They are originated from the dispersion of volatile organic 
compounds (VOC) in the cleanroom air. Accordingly, the 
surface contamination changes with time (almost saturat-
ing within few hours),113 also known as “surface aging”, 
which in turn increases the contact angle θ up to a satura-
tion.114,115 On silica, which is similar to n-SiOx, the aging ef-
fect causes an increase of the water contact angle of about 
10 degree after 20 days of ambient air exposure.116 This ag-
ing effect can be reduced by cleaning the n-SiOx surface with 
the solvent-cleaning process prior contact angle measure-
ments (cp. to Section 2.4). As proved in the master thesis of 
Della Ciana,36 this procedure grants freshly cleaned surfaces 
and high reproducible θ measurements.  

For a quantitative evaluation, the TD measurements were 
performed on the sample with the highest expected amount 
of surface contaminants, i.e. the sample with the highest 
surface energy γS (≈ 47 dyn·cm-1, wafer 5, see Table 1) for 
which the molecular adsorption from airborne contami-
nants is the highest.117 Increasing TS from 20 (TA) to 450°C, 
the contaminants are progressively desorbed, granting a 
minimal surface contamination.47 The residual gas due to 
heating is analyzed with RGA, producing a beam of ions via 
collisions between the residual gas and the electrons emit-
ted from a hot cathode. The ions are filtered according to 
their mass-to-charge ratio, m/z. An output current is meas-
ured with a Faraday cup revealing the amount of ions with 
a given m/z passing through the filter. These measurements 
were performed at 20, 100, 200, 300 and 450°C. 

As shown in Figure 5, no significant difference can be ob-
served between the n-SiOx sample and the empty sample 



 

holder (control experiment), even at 450°C, where the con-
taminants are expected to be fully dispersed in the residual 
gas. At TS ≈ 450 °C, the vacuum pressure rises to 1.5·10-7 
mbar and RGA reveals only H2, CO, CO2 and H2O molecules,12 
like the XPS and ToF-SIMS measurements.111 This result 
confirms that the storage procedure adopted herein en-
sures minimal surface contamination. 

 

Figure 5. Partial pressures (PP, in mbar) of the residual gas el-
ements, identified by m/z, for the sample holder (yellow bars) 
and the sample holder with the n-SiOx sample (blue bars). The 
elements are expressed in mbar because their ion currents are 
singularly proportional to a (partial) pressure118 whose inte-
gral sum returns to the total pressure of the vacuum chamber. 

3.3 Surface coverage of the TFOCS SAMs on the n-SiOx 

surfaces The airborne contamination of surfaces is rela-
tively fast and unavoidable. On the other hand, it is a neces-
sary step to equilibrate the high reactive –OH groups in air. 
Prior to functionalization, n-SiOx samples were cleaned us-
ing a stronger cleaning-process (sonication and backing in 
air, cp. to Section 2.6) than the one based on solvents. This 
process removes most of contaminations partially restoring 
the original –OH surface density. Such –OH groups interact 
with the TFOCS molecules,119 although the growth mecha-
nisms of SAMs120 and steric constraints121 do not allow to 
form perfectly packed SAMs. Consequently, the surface cov-
erage Θ of SAMs is somehow, but not exactly, proportional 
to the –OH surface density. 

As shown in Figure 6, Θ describes a downward parabola-
like in a semi-log scale with a maximum at N ≈ 1.6·1016 cm-3 
where surface –OH groups is maximized. Vice versa, the pa-
rabola is upward for Si–O–Si with a minimum at the same N. 
Accordingly, Θ is clearly dependent on N, but it seems inde-
pendent of the dopant type. 

These parabolic trends agree with what was observed with 
the γS peak in Figure 2, suggesting a key role of the func-
tional groups on γS. Moreover, Θ is consistent with the liter-
ature where, at room temperature, the n-SiOx surface is par-
tially coated by –OH groups for about 70 %.70 As proved by 
Yu et al.,122 γS of glassy silica is increasingly proportional to 
the surface density of the –OH groups: a higher density 
means a higher surface energy and thus a more hydrophilic 
surface (the majority of the “as received” n-SiOx samples 
and all regrown ones are hydrophilic). The siloxane bridges 

Si–O–Si act in the opposite direction, reducing γS for an in-
creasing surface density of Si–O–Si.123,124 Comparing Figures 
5 and 1, the maximum (minimum) –OH (Si–O–Si) surface 
density at N ≈ 1.6·1016 cm-3 has γS ≈ 18 dyn·cm-1, whereas it 
increases to ≈ 35 dyn·cm-1 for the minimum (maximum) –
OH (Si–O–Si) group density at N ≈ 8·1014 cm-3. In view of this 
result, the Si–O–Si groups influence γS more than the –OH 
ones because the airborne contaminations should reduce 
the polar contribution of the –OH groups through, for in-
stance, deprotonation.125 In conclusion, mutual effects of the 
functional groups modulate γS of the n-SiOx samples re-
ported in Figure 2. 

 

Figure 6. (a, b) SEM images of TFOCS SAMs (bright regions) on 
the n-SiOx samples (dark regions) with the largest and the low-
est Θ (images size 60 × 40 µm2). (c) Plot of Θ (in %) vs. N. for 
the hydroxyls (tie) and siloxane bridges (cross) for n- (blue) 
and p-type (red) samples. 

3.4 Morphology of the n-SiOx samples At a first glance, the 
surfaces of the n-SiOx samples have similar topographic im-
ages, composed of nanometric grains forming a smooth sur-
face with a sub-nanometric roughness (see Figure 7a). Since 



 

topographic images were collected in air, a water layer ≈ 12 
Å thick is adsorbed on the n-SiOx surface due to the RH (≈ 
70 %),72 and it mimics the surface roughness.76  

The simplest morphological descriptor, shown in Figure 7b, 
is the rms roughness σ, which is the standard deviation σ = 
⟨(h−⟨h⟩)2⟩ of the distribution of the film height h and the 
standard deviation error is its absolute error.59 If Δσ is 
smaller than the z sensitivity of the AFM piezoelectric tube, 
i.e. 0.025 nm,126 the error bar is set to the z sensitivity (or a 
multiple of it), while the σ values are approximated to the 
closest multiple value. 

 
Figure 7. (a) AFM topographic image of a n-SiOx surface. 
Roughness σ (b) and roughness exponent α (c) plots vs. N. 
Square red points refer to p-type samples, while circular 
blue points refer to n-type samples. 

The roughness plot of Figure 7b shows a marked difference 
between p- and n-type doping, as for the surface energy γS. 
The p-type samples describe an upward parabola-like trend 
in a semi-log scale, specular to the downward parabola-like 
of the surface energy γS. This trend suggests a correlation 
between σ and γS for which a smoother surface corresponds 
to a larger surface energy: the minimum σ coincides with 
the maximum γS at N ≈ 2.1·1015 cm-3. The n-type samples fol-
low a similar trend but inverted and less prominent. 

The n-SiOx samples present self-affine surfaces that can be 
studied using the Height-Height Correlation Function 
(HHCF).60,127 The HHCF in a log-log plot shows two different 
regions, correlated and uncorrelated, characterized by a 

slope and a plateau, respectively (see Supplementary Mate-
rials). Such regions are separated at ζ, also defined correla-
tion length, at which HHCF forms a “knee”.58 For all the n-
SiOx surfaces, ζ ≈ 20 nm corresponds to the average grain 
size of the oxide films.128 In the correlated region, HHCF is ∝ 
L2α where L is the length between any two points of the sur-
face and α is the roughness exponent.129 A surface profile 
with α that tends to 0 corresponds to a smooth surface, 
while α → 1 is representative of a jagged one.130 As shown in 
Figure 7c, α for the n-SiOx samples is always larger than 
0.65, so the surface profiles are jagged and dependent on 
the dopant. Like roughness, α for the p-type samples de-
scribes an upward parabola-like in a semi-log scale with a 
minimum at N ≈ 2.1·1015 cm-3 and two maxima at ≈ 2·1013 
and ≈ 1.6·1016 cm-3. On the other hand, α is equal to ≈ 0.8 for 
the n-type samples then it decreases to ≈ 0.65 for the largest 
N, viz. ≈ 6.2·1019 cm-3. A comparison between the topo-
graphic profiles for minimum and maximum α of the p-type 
samples can provide some insights on the surface wettabil-
ity.131 

 

Figure 8. Topographic profiles of a n-SiOx surface (a). Rough-
ness σ (b) and Hurst exponent Hh plots vs. N. 

Figure 8 suggests the physical reason of the α modulation: a 
profile with relatively larger and smoother oscillations (red 
profile) has a relatively larger α value, while relatively small 
oscillations forming a more jagged profile (blue profile) has 
relatively lower α value.132 The roughness exponent α, 
equivalent to the Hurst exponent, is related to the fractal di-
mension Df of a surface through the simple relationship  Df 
= 3 – α, where, in agreement to the aforementioned obser-
vations on the topographic profiles, a larger value of α cor-
responds to a locally smooth surface, while a smaller one 
corresponds to more locally jagged morphology.129,133  The 
α vs. N plot in Figure 7c is therefore inverted in the Df  vs. N 
plot. As proposed by Packham,134 the surface energy γS is 
proportional to ζ 2-Df = ζ α-1 , so the smaller is α the smaller is 
γS, being ζ constant for all the n-SiOx samples. This agrees 
with the evidence that the larger is the roughness, the 
higher is the surface energy.134 The surface roughness is 
therefore not responsible for the large modulation of γS ob-
served in Figure 2.135 

The scale-length of σ is indicative of a surface morphologi-
cally clean. In fact, the “as received” n-SiOx samples exposed 
to airborne contaminations present several molecular ag-
gregates (tens of nm height and hundreds of nm wide) on 



 

their surfaces.136 As proved by the topographic image of Fig-
ure 7a (and others topographic images reported in the Sup-
plementary Materials), such possible aggregates are re-
moved by using a solvent-cleaning process, leaving the n-
SiOx surface featureless. Water contact angle measurements 
have shown that the n-SiOx surfaces are not chemically 
clean and, as modelled in Ref. [39], airborne contaminants 
were possibly adsorbed flat on the n-SiOx surface in order 
to equilibrate –OH groups. Topographic AFM images of Fig-
ure 7a and in the Supplementary Material seem confirm this 
model since no molecular aggregates are visible (or, at most, 
they are thinner than the AFM z-sensitivity, i.e. 0.025 nm).76 
On the contrary, such molecules can be indirectly detectable 
by measuring the Skewness and Kurtosis of surfaces height 
distributions.137–139 Both statistical parameters show a min-
imum at N ≈ 2.1·1015 cm-3, consistent with less adsorbed air-
borne contaminants that are, possibly, more conformal to 
the surface roughness with respect to others n-SiOx samples 
(see Supplementary Materials).  

3.5 Ellipsometric measurements of the n-SiOx As re-
ported in the literature,7,97,140,141 the n-SiOx thickness t cal-
culated from ellipsometric data is always below 5 nm for all 
N values. In such a thickness range, the ellipsometric param-
eter ∆ carries the most of the information on t and the n-SiOx 
refractive index n, whereas the other parameter Ψ is largely 
insensitive on both.71 As largely recognized in the litera-
ture,61,142 the simultaneous determination of t and n of ultra-
thin films from solely ∆ data is not practically feasible, ex-
cept for special experimental arrangements capable of de-
coupling the t and n effects from both ∆ and Ψ parameters. 
The inverse problem, i.e. evaluation of t from ∆ if n is fixed, 
is instead an easy task to achive.11,97 Optical data are there-
fore fixed for the layers shown in the n-SiOx model (see Fig-
ure 1), except for the thickness of the n-SiOx (bulk) layer, t’, 
that is calculated by fitting ellispometric data. This choice 
avoids speculations on the spectral form of the dielectric 
constants of the layers. 

 
Figure 9. Plot of the ∆var vs. N obtained by using the ellipso-
metric parameter ∆ as shown in Equation 6. Circular red 
points refer to p-type samples, while the blue ones refer to 
n-type samples. 

In the framework of the model air/oxide/substrate,93 layers 
composing the oxide (the water layer included, see Figure 
1) have refractive indexes smaller than the one of Si (n = 
3.8823 at 633 nm). The value of ∆ measured at 633 nm is 
therefore smaller than the bare Si substrate ∆Si (∆Si = 179.80, 
see for instance Ref. [78]), becoming even smaller if the 

thickness t increases or n decreases. Accordingly, the exper-
imental shift (variation) of ∆, ∆var, can be measured as: ∆���= ∆� − ∆ (6) 

The trend of ∆var at 633 nm is strongly dependent on N: it is 
relatively low for N < 1015 cm-3, then it increases within a 
transition region 1015 cm-3 < N ≤ 4·1015 cm-3, after which it 
saturates for N > 4·1015 cm-3 (see Figure 9). This result sug-
gests a variable oxide thickness on N, thinner for the lower 
N and thicker for the higher ones. Being ∆var derived from 
experimental data, the trend observed in Figure 9 is inde-
pendent to the model adopted in the simulation. 

Table 4. n-SiOx thicknesses as calculated from SE datad 

N (cm-3) -type σ (nm) t' (nm) t (nm) 

(2.0±0.7)·1013 p 0.5 

(0.45) 

0.1 

(0.44) 

1.1 

(0.89) 

(7±2)·1014 n 0.2 0.54 0.94 

(8±2)·1014 p 0.2 0.84 1.24 

(1.4±0.1)·1015 p 0.2 1.39 1.79 

(2.1±0.7)·1015 p 0.2 1.37 1.77 

(3±2)·1015 n 0.2 1.40 1.80 

(9±8)·1015 p 0.2 1.34 1.74 

(1.6±0.3)·1016 p 0.2 1.48 1.88 

(7.3±6.8)·1016 n 0.2 1.60 2.00 

(6.2±0.3)·1019 n 0.15 1.39 1.69 
d n-SiOx thicknesses, t, calculated as t’ + 2·σ where t’ is the 
thickness of the n-SiOx (bulk) layer as evaluated by fitting 
SE data, and σ is the roughness measured by AFM (cp. to 
Figure 7b). Since fitting has an expected margin of error of 
about the 10 %, σ is rounded to ≈ 0.2 nm for all N except for 
the N interval limits, i.e. ≈ 0.5 nm for N ≈ 2.0·1013 cm-3 and ≈ 
0.15 nm for N ≈ 6.2·1019 cm-3. For N = (2.0±0.7)·1013 cm-3, 
the simulation was repeated by using a different composi-
tion of the n-SiOx (bulk) layer (see Table 3) and leaving free 
the thickness of the n-SiOx (surface) layer. The calculated 
thickness in such conditions is t ≈ 0.89 nm (values in brack-
ets) that is consistent with t ≈ 1.1 nm, as calculated with the 
method adopted for all N. 

To obtain quantitative results from experimental ∆-Ψ spec-
tra, the oxide layer was modelled as described in Section 
2.8. The total thickness t of the n-SiOx is strictly correlated 
to the model assumptions; if the water layer and the rough-
ness are neglected, t = t’ and the n-SiOx thickness will be un-
derestimated. Conversely, the oxide model is closer to a 
“real” n-SiOx sample if they are considered. As explained in 
Section 2.8, the water layer thickness was fixed to ≈ 0.4 nm 
whereas the roughness is determined by AFM measure-
ments (cp. Section 3.4 and Table 4). Although composed of 
two half-spaces, the n-SiOx (bulk) layer is considered as a 
whole with thickness t’.  



 

 

Figure 10. Thickness t = t’ + 2·σ of n-SiOx vs. N as obtained from 
ellipsometric measurements. Square red points refer to p-type 
samples, while circular blue points refer to n-type samples. 

As expected, the n-SiOx thickness t follows ∆var data (Figure 
10), hence t is thinner for N < 1015 cm-3, then it increases 
within a transition region 1015 cm-3 < N ≤ 4·1015 cm-3, after 
which it saturates to thicker value for N > 4·1015 cm-3. More-
over, t trend is qualitatively similar to a step-like function, 
viz. a logistic one, whit a step foot at (0.9 ± 0.1) nm, the thin-
nest t, and a step head at (1.81 ± 0.04) nm, the thickness sat-
uration (see Supplementary Materials). 

These results confirm the validity of the model adopted to 
describe the n-SiOx. The surface roughness and the water 
layer have a moderate impact on the calculated thickness t’. 
The method of minimum χ2 estimation returns values < 1, 
indicating good agreement between the experimental data 
and simulated model and discrepancies smaller than the ex-
pected 10 %. 

The n-SiOx sample with the lowest N, i.e. ≈ 2·1013 cm-3, turn 
out to be more complex. The sample roughness σ is the high-
est, i.e. ≈ 0.5 nm (cp. Figure 7b), but the thickness t is ex-
pected to be the thinnest, i.e. lower than 1 nm. Since 2·σ is 
the average peak-to-valley distance that characterizes 
roughness oscillations, the morphology of this sample 
should be dominated by the roughness. On this basis, data 
simulation for this specific sample was done in two ways: 
first, t is calculated by using constraints of other samples 
and, second, a specific composition of a “rough layer” (Si – 
25 %, SiO2 – 25 %, Voids – 50 %, see Table 3) was introduced 
and the simulation constraint of fixed roughness was re-
moved. Both simulations return consistent t values of 1.1 
and 0.89 nm for the first and the second model, respectively 
(see Table 4, in average ≈ 1 nm). The discrepancy between 
them is within the expected error (± 10 %) and χ2 estima-
tion has values < 1 in both cases.  

The n-SiOx thickness changes suddenly at N ≈ 1015 cm-3, 
within the interval [5·1014; 4·1015] cm-3 where the surface 
energy γS presents its maximum. Moreover, t seems inde-
pendent of the doping type having a minimum and a maxi-
mum thickness for both doping types. Notably, the maxi-
mum thickness is consistent with the self-limited growth 
theory of n-SiOx.143,144 As reported in the literature,145 air-
borne contaminants might influence the accuracy of t meas-
urements thus increasing its absolute error. 

3.6 Chemical composition of the n-SiOx layers As ob-
tained from the XPS measurements, the chemical elements 
composing the n-SiOx samples are: C (C 1s, 284.6 eV), O (O 

1s, 532.2 eV) and Si (Si 2p, 99.0 eV – see Table 5 and Supple-
mentary Materials). Their chemical states agree with the 
ones found by Morita et al.97 for Si substrates covered with 
a n-SiOx layer. Plotting data of Table 5 (see Supplementary 
Materials), the Si 2p percentage decreases slightly linearly 
with increasing N, while C 1s signal increases. Conse-
quently, the oxygen atoms O 1s are roughly constant. The C 
1s peak identifies a carbonaceous contamination (mostly 
hydrocarbons)146 adsorbed on the n-SiOx surface and pro-
duced by VOC dispersed in air.100,111,147 In agreement with 
the model for adsorption of organic contaminants on a n-
SiOx surface in a cleanroom,148,149 the contamination layer 
was measured as ≈ 0.16 nm thick,57 herein rounded to ≈ 0.2 
nm to consider the C 1s variations of the n-SiOx samples. 
This approximation seems reasonable in view of the mini-
mum roughness measured with AFM (≈ 0.2 nm, see Figure 
7b). If the thickness of the contamination layer was larger, a 
smoothening effect in the topographic profiles (Figure 8) 
should be expected150 and the large roughness variation ob-
served in Figure 7b should flatten out.  

Table 5. Chemical elements of n-SiOxe 

N (cm-3) Si 2p (at.%) O 1s (at.%) C 1s (at.%) 

(2.0±0.7)·1013 61.3 ± 1.0 27.4 ±1.0 10.3 ± 1.0 

(8±2)·1014 61.3 ± 1.0 28.1 ±1.0 10.6 ± 1.0 

(2.1±0.7)·1015 64.4 ± 1.0 26.9 ±1.0 8.7 ± 1.0 

(1.6±0.3)·1016 50.2 ± 1.0 26.8 ±1.0 23.0 ± 1.0 

(7.3±6.8)·1016 59.0 ± 1.0 29.8 ±1.0 11.2 ± 1.0 

(6.2±0.3)·1019 53.2 ± 1.0 28.8 ±1.0 18.0 ± 1.0 

e Chemical elements in atomic percentage (at.%), i.e. the per-
centage of one kind of atom relative to the total number of at-
oms, composing the samples. 

Most of the O atoms are bond to the Si ones, forming a vari-
ety of Si oxides, which are spatially distributed within the 
entire thickness of the amorphous n-SiOx layer. Specifically: 
i) an interfacial layer near the Si substrate (Si) that consists 
of few atomic layers containing Si atoms in intermediate ox-
idation states, i.e., Si1+ (Si20), Si2+ (SiO), and Si3+ (Si203). This 
interfacial region occupies ≈ 50 % of the whole n-SiOx thick-
ness.65 Compared to an ultrathin thermal SiO2 with a similar 
thickness (≈ 2 nm), it occupies ≈ 20 %, i.e. few SiO2 mono-
layers;151,152 ii) the remaining ≈ 50 % of the n-SiOx thickness 
is occupied by an over layer composed solely of Si4+ 
(SiO2).65–68 The Si intermediate-oxidation states can be dis-
criminated with the Si 2p core-level chemical shifts.153 Per-
forming high resolution XPS measurements of the Si 2p sig-
nal, the Si intermediate-oxidation states can be discrimi-
nated using as references the binding energies (BE) of both 
the Si substrate and the Si4+ (SiO2), which are 99 and 103 eV, 
respectively. The measured shifts of the core-level binding-
energies with respect to the Si substrate are: 1.75, 3.0, and 
3.9 eV for Si2+, Si3+ and Si4+, respectively. These shifts are in 
agreement with the ones obtained by Himpsel et al..153 The 
shift of the Si+1 energy is not measurable being it lower than 
the instrumental sensitivity (XPS measurements were per-
formed with a laboratory scale system). The Si intermedi-
ate-oxidation states are obtained from the fit of the XPS Si 
2p signal with pseudo-Voigt functions, referring them to the 
Si 2p doublet with a fixed energy separation, viz. Si 2p1/2 –Si 



 

2p3/2 = 0.63 eV, an identical (constrained) FWHM for Si 2p1/2 
and Si 2p3/2 and a constrained area ratio (1:2) between Si 
2p1/2 and Si 2p3/2 (see Supplementary Materials). This pro-
cedure is repeated for all the n-SiOx samples with increasing 
N. 

 

Figure 11. Peak areas Λi vs. N of the Si substrate (a) and inter-
mediate-oxidation states Si2+ (b), Si3+ (c) and Si4+ (d). Square 
red points refer to p-type samples, while circular blue points 
refer to n-type samples. 

As a first result, the XPS measurements confirm that the 
samples consist of a Si substrate covered with a n-SiOx layer; 
actually, increasing the angle between the surface normal 
and the analyzer (grazing incidence), the signal from the n-
SiOx increases (not shown). 

The Si substrate and its intermediate-oxidation states (Si, 
Si2+, Si3+, Si4+) vs. N are shown in Figure 11. To compare 
them, the entire area of the XPS spectra of the Si 2p signal 
(Λ, in percentage, is 100 %) is used as reference as previ-
ously done by Himpsel et al.153 The deconvolution of the Si 
2p spectra in peaks centered at a specific BE permits to 
measure the peak area Λi of each component, i.e. Λi is the 
area of the i peak referred to Si, Si2+, Si3+ or Si4+. As it can be 
seen in Figure 11, the chemical composition of the n-SiOx 
layer depends markedly on N. The Si substrate peak, ΛSi, in-
creases slightly up to N ≈ 2.1·1015 cm-3 and then it decreases 
rapidly with increasing N (Figure 11a). The n-SiOx thick-
ness, t, which increases from less than 1 nm to about 2 nm 
in the same N range, is responsible for the partial screening 
of the Si substrate signal. At the opposite side, the SiO2 de-

scribes a parabolic-like trend in a semi-log scale with a min-
imum just above N ≈ 1·1016 cm-3 where ΛSi4+ is reduced by 
half (Figure 11d). Inspecting the Λi percentages, the XPS sig-
nals are mainly originated from the Si substrate and the SiO2 
over layer. Other intermediate-oxidation states, Si2+ and 
Si3+, evolve with N forming a variable transition region be-
tween Si and SiO2: ΛSi2+ increases roughly linearly with N 
while ΛSi3+ has a cusp-like trend with a minimum at N ≈ 
2.1·1015 cm-3 (Figure 11b and 11c). The XPS measurements 
do not depend on the dopant type. 

A simple model proposed by Oh,152 based on XPS data and 
numerical simulations, limits such a transition region to 
three atomic layers composed of Si and O atoms (4.1 Å 
thick), where the intermediate-oxidation states are sequen-
tial: Si1+/Si2+ are in contact with the Si substrate, Si2+/Si3+ 
are in the middle of the interfacial region, and lastly Si3+/Si4+ 
are just below the SiO2. This simplified model was refined 
by Bongiorno et al.154 performing numerical simulations on 
XPS data available in the literature. From these simulations, 
the transition region presents fixed atomic ratios between 
the intermediate-oxidation states, i.e. Si1+:Si2+:Si3+ = 1:2:3, 
and its thickness is larger than three atomic layers, increas-
ing up to 10 Å due to disordered and distorted atomic 
bonds.155  

The role of the doping concentration N on the transition re-
gion has been studied for moderate (N ≈ 6·1015 cm-3) and 
heavy (N ≈ 1020 cm-3) doped Si substrates with P and B do-
pants, observing a significantly higher amount of Si3+ in 
heavily P doped Si substrates.5,6,156 The description of the 
transition region emerging from these studies is more com-
plex than a sequence of intermediate-oxidation states along 
its thickness, comprising overlapping zones and depend-
ence on N (as seen in Figure 11).5,6 The XPS spectra collected 
before and after the TD experiments corroborate this model 
(cp. Section 3.2). As expected, the chemical composition of 
the oxide is preserved because TS ≈ 450 °C is significantly 
lower than 700 – 800 °C, needed to decompose it.157 How-
ever, a little appreciable variation can be found in the Si 2p 
fit (spectra not reported): i) before TD,  ΛSi3+ and  ΛSi4+ are 
3.7 and 14.5 %, respectively; ii) after TD, they shift to 2.1 
and 15.7 %.  As reported in the literature,97 this is possibly 
due to an initial de-oxidation of Si-O or Si-OH groups. Lastly, 
the C 1s peak does not change, i.e. carbonaceous contamina-
tions are preserved at each TS and they can only be removed 
chemically. 

Following the original idea of Morita,97 the XPS data are also 
useful to evaluate the n-SiOx thickness t. Seah et al. proposed 
a simple method to measure ultra-thin t using the equa-
tion:151 != ℓ� #$ ∙ cos &

∙ '( )1
+ Λ� +, + 0.75 ∙ Λ� 1, + 0.5 ∙ Λ� $, + 0.25 ∙ Λ� 2,34 ∙ �Λ� + 0.75 ∙ Λ� 2, + 0.5 ∙ Λ� $, + 0.25 ∙ Λ� 1,�5 

(7) 

where ℓSiO2 is the inelastic mean free path (29.64 Å for Mg 
Kα), ε is the emission angle of the detected electrons with 
respect to the surface normal; herein ε = 0 degree, and R0 = 
0.9329 is an experimental scaling factor.158     



 

Compared to t measured with ellipsometry, the one meas-
ured with XPS produces smaller values (cp. Figure 10 and 
Figure 12); probably, the spatial distribution of the atoms 
composing the intermediate-oxidation state (Si3+, Si2+ and 
Si1+) confined at the Si/thermal SiO2 interface is oversimpli-
fied in the formulation of Equation 7, devised for ultrathin 
thermal SiO2. As shown in Figure 12, this oversimplification 
produces smaller values with a mild correlation with N, 
leaving t constant to ≈ 0.55 nm up to ≈ 1·1017 cm-3, after 
which it increases to ≈ 1 nm. As for the ellipsometric meas-
urements, t is not apparently influenced by the dopant type. 

 

Figure 12. Thickness t of the n-SiOx layer vs. N, obtained with 
XPS. Square red points refer to p-type samples, while circular 
blue points refer to n-type samples. 

3.7 Oxide and interfacial charges measured by Kelvin 

Probe In Kelvin Probe (KP) measurements, a contact poten-
tial difference (CPD, in V) is generated between the surfaces 
of a metal, the KP tip, and a semiconductor covered with an 
ultra-thin oxide layer, the n-SiOx sample, brought both 
nearby (separated by 0.2 mm) and in electrical contact. 
Their Fermi levels equalize and electrons in the material 
with the lower WF flow to the one with the higher one. The 
KP tip, an Au disk with diameter of 2 mm, and the n-SiOx 
sample form a parallel plate capacitor, on which equal and 
opposite surface charges are accumulated. The voltage de-
veloped over this capacitor, viz. CPD, is measured applying 
an external backing potential to the capacitor until the sur-
face charges disappear. The WF is usually defined as an en-
ergy measured in eV, whereas the potential CPD obtained 
from the KP measurements is measured in V. For con-
sistency, the energy is converted in potential through the 
relationship WF (in V) = WF (in eV)/e, where e is the ele-
mental charge. If the work function of the tip, WFT, can be 
obtained from calibrating it on a reference sample (cp. Sec-
tion 2.10), the work function of the sample, WF, is related to 
the CPD as:159 WF = WF8 − CPD (8) 

Equation 8 is valid for ideal and flat band conditions.160  By 
definition, the WF (in eV) of a bare semiconductor, i.e. with-
out the n-SiOx, is: WF = <= − <> + <?@ (9) 

where EC is the conduction band energy, EF the Fermi energy 
and EEA the electronic affinity (for Si, EEA = 4.05 eV). Equa-
tion 9 in potentials is: WF = A= − A> + B (10) 

where χ = 4.05 V. Being χ independent of the doping,161 the 
WF changes are due to the modulations of Fermi energy in-
duced by N. In this work N is adopted for both dopant types, 
while NA and ND are usually used in semiconductor physics 
for distinguishing p-type and n-type semiconductors, re-
spectively. Accordingly, readers have to consider N as NA or 
ND for p- or n-type n-SiOx samples, respectively. 

The position of the Fermi level VF for extrinsic and non-de-
generate semiconductor (i.e. with moderate doping concen-
tration), can be written as:162 

�C� A= − A> = DE'( )F=F 5
�G� A> − A� = DE'( )F�F 5 (11) 

where VV is the potential relative to the valence band energy 
EV (VV = EV/e), while NC and NV are the effective density of 
states (in cm-3) in conduction and valence band, respec-
tively. 

Combining Equations 12 and 11:  

�C� WF = B + DE'( )F=F 5
�G� WF = AH + B − DE'( )F�F 5 (12) 

where VB is the potential relative to the bandgap EB and VB = 
VC – VV. As shown in Equations 13, WF vs. N describes a 
straight line in a semi-log plot for both n- (a) and p-type (b) 
semiconductors. Using logarithm properties, ln(NC,V·N-1) = 
ln(NC,V) - ln(N), the straight line has negative and positive 
slopes for n- (Equations 13a) and p-type (Equations 13b) 
semiconductors, respectively. 

The WF data of the n-SiOx samples shown in Figure 13 do 
not follow the straight lines predicted by Equation 12, 
which are therefore valid only for bulk Si. Such discrepan-
cies are due to the n-SiOx covering the Si surface. Charges 
within and on the surface of this passivation layer cause the 
Fermi level pinning, i.e. band bending of the energy levels 
(including the vacuum level) of a surface potential Φ0 (in 
V),163 so CPD’ ≠ WFT – WF (CPD’ is the measured potential, 
not the ideal CPD for a bulk Si). The potential Φ0 is zero in 
flat band condition (CPD’ = CPD),164 positive for depletion 
and inversion, and negative for accumulation. According to 
the Bardeen model,165 Φ0 specifies the level below which all 
the surface states must be filled for charge neutrality at the 
Si surface, and roughly it is ≈ ⅓·VB. The n-SiOx on the Si sur-
face contains, as summed up by Sze,164 fixed, trapped and 
interfacial charges and mobile ionic charges together with 
an additional electric dipole in the transition region.166,167 It 
is reasonable therefore to suppose that a depletion or an ac-
cumulation layer is formed for both n- and p-type samples 
across the n-SiOx/Si interface due to a mutual charge ar-
rangement. As explained by Schroder,168 such depletion (or 
accumulation) layer is due to image charges in Si induced by 
the electrical charges on the n-SiOx surface. Depending on 
the sign of surface charges, the majority carriers in Si flow 
towards (accumulation) or outwards (depletion) the n-
SiOx/Si interface.  

Using Equation 10 and Figure 1 of Ref. [165] (referred to a n-
type Si), the work function at the interface of the sole Si af-
fected by band bending, WF’, is: 



 

WFI = |AH − Φ4| + B ≈ 23 AH + B (13) 

The surface states density (≈ 1012 cm−2 in Si)169 is usually 
larger than the intrinsic Si surface charge density (≈ 106 
cm−2), therefore Φ0 is independent of N,170 as well as EB that 
is independent of N for N < 1017 cm-3. Samples 1 and 2 in 
Table 1 are affected by a slight EB reduction, but this effect 
is neglected in the context of this manuscript.171 In the end, 
Equation 13 is independent of N. 

The dependence of WF’ on N is recovered from the oxide 
charge density ρox (C·cm−3) and the surface charge density 
QS (C·cm−2) on the oxide surface (as shown in Figure 5b of 
Ref. [168]). It is not possible to know the exact distribution 
ρox of charges in the n-SiOx so, for convenience, it is repre-
sented as an effective sheet of charges with surface density 
Q (C·cm−2) placed at distance xC from the n-SiOx/Si interface, 
i.e. ρox = Q·δ(x – xC) where δ(x – xC) is a Dirac delta func-
tion.172 On the other hand, the net charge QS of the n-SiOx 
surface, either positive or negative, is generated by: i) the 
type of –OH groups, i.e. isolated, germinal, vicinal or H-
bonded;173 ii) the bond angles of the Si–O–Si groups;174 and 
iii) the surface defects produced by stress and strain of the 
oxide when the –OH groups interact with VOC for equili-
brating the n-SiOx surface.175 Such net charge QS generate 
image charges in the Si,168 and so it is correlated to N, 
whereas there is no evidence that ρox depends on N.164 

As observed by ac Surface PhotoVoltage,176 QS induces a sur-
face potential VS that is detectable only in the depletion/in-
version region, viz. if QS is positive for p-type Si or negative 
for n-type Si. 

For a small perturbation of the thermodynamic equilibrium, 
VS produced by the depletion region of width w at the n-
SiOx/Si interface is:177 

A� = NFOP
2&�  (14) 

where εSi = ε0·εr (in F·cm-1) is the vacuum permittivity ε0 
times the relative permittivity of Si (11.68). On the contrary, 
VS = 0 in charge accumulation.   

To measure the effect of work function differences and 
charge density on CPD, the flat-band condition VFB of MOS 
capacitor can be employed.160 In the depletion condition, 
CPD’ due to WF’ is:168 CPDI = VRS + A� � + ATU + A� (15) 

Since under good experimental conditions there is no 
charge density in the air, Equation 15 reduces to: CPDI = VRS + ATU + A� (16) 

In accumulation, Equation 16 is independent of N since VS = 
0 but this in contradiction with the data reported in Figure 
13. On the other hand, this observation suggests that the n-
SiOx samples are always in the depletion condition for both 
n- and p-type, in agreement with ac Surface PhotoVoltage 
results.176 

Integrating the charge density ρox described by a delta Dirac 
function at xC, the n-SiOx potential drop Vox is then given 
by:172 

ATU = N ∙ �= ∙ V&TU = N ∙ ! ∙ W�=! X ∙ V
&TU  (17) 

where εox = ε0·εr (in F·cm-1) is the vacuum permittivity ε0 
times the relative permittivity of n-SiOx (3.9, assumed equal 
to the thermal one). 

The flat-band voltage VFB, i.e. CPD of Equation 8, is:160 

A>H = CPD ≈ CPDI − N ∙ ! ∙ W�=! X ∙ V
&TU − NFOP

2&�  (18) 

which is 

WFI ≈ WF − N ∙ ! ∙ W�=! X ∙ V&TU − NFOP
2&�  (19) 

Equation 19 correlates the measured WF’ to the WF in a flat 
band condition (Equation 8). The bulk WF of Si crystal (100) 
n- and p-type doped is 4.85 V, which is larger than WF’ data 
(see Figure 13), thus giving indirectly evidence of a poten-
tial due to the oxide and the depletion layer (see Equation 
19). 

 

Figure 13. Plots of WF vs. N for p- (left y-axis) and n-type (right 
y-axis). Square red points refer to p-type samples, while circu-
lar blue points refer to n-type samples. 

Equation 19 has been used to fit the experimental WF’ val-
ues using as fitting parameters the oxide charge density Q 
times the ratio xC·t-1, the depletion layer width w and the 
charge sign, i.e. sgn(eQ) and sgn(eNw) that is negative or 
positive for electrons or holes, respectively. The oxide thick-
ness t measured with ellipsometry is function of N, increas-
ing monotonically vs. N and independent of the dopant type 
(Figure 9). Nevertheless, its dependence on N is a step-like 
function with an abrupt thickness change at N ≈ 1015 cm-3. 
For simplicity without losing generality, t has two values: t1 
≈ 0.97 nm and t2 ≈ 1.81 nm (see Supplementary Materials). 
Equation 19 must be satisfied for both the thickness values, 
so the fitting parameter (xC·t-1)·Q must be equal for t1 and t2. 
This condition corresponds to three variables (xC1, xC2, Q) 
and two equations (the fitting parameter for p- and n-type 
n-SiOx samples, see Figure 13) so, to be satisfied, Q and xC1 
are assumed constant (but different for p- and n-type) and 
xC1 is arbitrarily fixed to ½·t1. In other words, Q remains con-
stant for all thicknesses, but it changes its position xC within 
the oxide.  

Table 6. Fitting parameters of the WF(N) datad 

  p n 

xC1 nm 0.485 0.485 

xC2 nm 0.484 0.485 

Q ×1013 cm-2 (1.82±0.04) (1.83±0.04) 



 

sgn(eQ)  + + 

w nm (3.0±0.3) (1.3±0.1) 

sgn(eNw)  – + 

d Fitting parameters obtained fitting the WF data in Figure 12 
with Equation 19 and fixing xC1 = ½·t1. 

Within the experimental errors, the effective sheet charge 
density in the oxide Q (positive sign, holes) is constant for 
both dopant type (see Table 6) and in agreement with the 
literature where it runs from ≈ 9·10-11 to ≈ 3·10-13 cm-2.178–

180 The position xC2 is slightly reduced or it remains in the 
same position of the arbitrarily fixed xC1, so Q remains close 
to the Si/n-SiOx interface even though the thickness is in-
creased, as reported by Hattori.141 This result agrees with 
the XPS results for which an increase in thickness corre-
sponds to an increasing percentage of the more (electronic) 
stable SiO2 (cp. Section 3.6). As expected, the width of the 
depletion layer w is small (in the nm range) because the 
charge exchange between the crystalline Si substrate and 
the amorphous n-SiOx is much less facilitated than a p-n 
junction where w ≈ 1µm.181 The sign of the depletion region 
(minus and plus for p- and n-type, respectively) reflects the 
presence of charges with opposite sign at the oxide surface, 
possibly due to the –OH functional groups and their interac-
tion with the airborne contaminations or the Si-O-Si groups 
(cp. to Section 3.3).182,183 For the p-type n-SiOx samples, the 
oxide surface charges are positive and they shift bands 
downwards towards a higher depletion. In the n-type ones, 
the negative charges on the oxide surface compensate the 
positive interfacial charge and shifts the bands upwards to-
wards depletion rather than accumulation (see Figure 3 of 
Ref. [163]). Accordingly, w is larger in p-type n-SiOx samples 
rather than in the n-type ones (see Table 6). 

4. DISCUSSION4. DISCUSSION4. DISCUSSION4. DISCUSSION    

Amongst the others, the surface energy γS of the n-SiOx sam-
ples merits a particular consideration. As proved in Section 
3.1, γS vs. N is reproducible regardless of the chemical his-
tory of the n-SiOx samples. This point is pivotal to contest 
the statement marking the n-SiOx as irreproducible. Both 
the growth149,184 and the surface111,113 of n-SiOx depend, in 
principle, on the airborne contaminants; so, they should be 
different for different VOC. On the contrary, the reproduci-
bility of γS vs. N experiments proved that γS is independent 
on the presence of VOC whereas the dependence on N is 
preserved. 

As proved in a similar experiment,185 the SiO2 over layer 
starts to grow after two weeks of clean room air exposure. 
The initial Si surface after HF etching terminates with –H 
groups that, in time, form –OH and Si-O-Si functional groups 
at the SiO2/air interface. Both functional groups modulate 
the charge distribution of the n-SiOx surface; the Si-O-Si 
groups by changing their bond angle along time,185,186 and 
the –OH groups though their natural polarity. 

In view of the results described in Section 3.3, γS shows a 
maximum at N ≈ 2.1·1015 cm-3 for which the concentration 
of the –OH groups are maximal (highest Θ, tie in Figure 6c) 
and the one of Si-O-Si groups is minimal (lowest Θ, cross in 
Figure 6c). Thus, the highest concentration of the –OH 
groups increase γS

p and decreases γS
d whereas the lowest 

concentration of the Si-O-Si groups increases both γS
p and 

γS
d. For the additivity introduced by Fowkes,17 γS has its 

maximum of ≈ 50 dyn·cm-1 at N ≈ 2.1·1015 cm-3 (Figure 2a), 
where this maximum is slightly reduced by the reduction of 
γS

d due to the highest concentration of the –OH groups (Fig-
ure 6c). On the other hand, the concurrent contribution of 
the –OH and Si-O-Si groups to γS

d makes it constant and in-
dependent of N. 

As –OH groups are polar in nature, the n-SiOx surface should 
be hydrophilic,187 as it actually is for most of “as received” 
n-SiOx samples and all the regrown ones. Such groups are 
also reactive, i.e. able to interact with molecules, and thus 
VOC absorbs immediately on the n-SiOx surface for equili-
brating it. All the n-SiOx samples reported herein are less hy-
drophilic than the clean SiO2,87,91,92 confirming that VOC are 
adsorbed on the surface for all samples (see rendering in 
Figure 14a). 

Despite to the presence of adsorbed VOC, the measured po-
lar component of the surface energy, γS

p, increases, as ex-
pected,188 for increasing surface density of the –OH groups 
(cp. Figure 6c to Figure 2b and 3b). This behavior suggests 
that the polarity of –OH groups is only weakened by the ad-
sorbed VOC but not cancelled. 

At the opposite, γS
p is reduced for increasing Si-O-Si den-

sity.189 The combination of the opposite effects of –OH and 
Si-O-Si groups on γS

p explains peaks in Figure 2b and 3b.  

Regarding the measured dispersive component, γS
d, it in-

creases (decreases) with decreasing (increasing) concen-
tration of the Si-O-Si (–OH) groups.190,191 On the basis of this 
latter statement, the –OH concentrations on n-SiOx depends 
on N in the initial period of the oxide growth (at most in the 
first three weeks) in which γS

d shows a minimum (Figure 
3c). Thereafter, γS

d stabilizes within (at least) one year and 
the N dependence is lost (Figure 2c). 

On the basis of the aforementioned arguments, the n-SiOx 
surface seems consistent with a solid surface mosaic of the 
two regions,106 one of relatively low, the other of relatively 
high surface energy due to Si-O-Si (and SiO2) and contami-
nated –OH groups, respectively (see red and green areas in 
the sketch of Figure 14b). The local contact angle depends 
on the surface energy of the region with which the liquid is 
in contact. Therefore, the static contact angle can vary, and 
the surface gives rise to hysteresis. This scheme is similar to 
the chemical heterogeneous surface described by the Cas-
sie-Baxter wetting.192 



 

 

Figure 14. Sketches of the n-SiOx surface with heterogeneous 
chemical regions. (a) Rendering of a silicon oxide (silica) sur-
face under typical experimental conditions (RH ≈ 60 % with 
physisorbed VOC molecules).193 Grey: SiO2 bulk; Green: -OH 
groups on the silica surface; Black/White/Red/Blue: carbon, 
hydrogen, oxygen, nitrogen atoms belonging to VOC molecules 
(for instance, Adipic Acid and 3-Methyl-5-pyrazolone as re-
ported in Ref. [147]) physisorbed on the surface; Cyan: isosur-
face representing a layer of physisorbed water molecules (≈1.5 
nm thick); (b) Top view of the possible configuration of the liq-
uid drop (blue area) pinned to heterogeneous superficial re-
gions due to a different chemistry. For instance, heterogeneity 
could comprise regions with relatively low (green area, Si-O-Si) 
and relatively high (red regions, contaminated –OH groups) 
surface energy. Inset: Cross-section of a n-SiOx sample with a 
carbonaceous layer deposited on the native oxide due to the 
airborne contaminations (the oxide and carbonaceous layer 
thicknesses in the figure are proportional).;  

Beyond the chemical heterogeneity of the surface, its rough-
ness affects γS.135 Contrarily to the ordinary evidence, i.e. the 
larger is the roughness the higher is γS, the surface energy is 
larger where the surface is smoother (see Section 3.4). This 
apparently contradictory result depends on the concentra-
tion of the –OH groups, that is highest for the smoothest sur-
face. In other words, the surface roughness changes are so 
small that γS is mainly driven by the –OH groups.194 

The contact angle θ of a characterization liquid (water in the 
reference) on a SiO2 surface (thermal SiO2) depends also 

strongly on the oxide thickness t. 195 Specifically, cos θ in-
creases linearly for increasing t (up to 2 nm) showing a sur-
face wettability evolving from less (θ → π/2) to more hydro-
philic (θ → 0). Such a θ variation can be ascribed to the 
structure or composition of the oxide. Combining the XPS 
(Section 3.6) and thickness data (Section 3.5), this hypothe-
sis is also confirmed for the n-SiOx. The thickness t changes 
abruptly around N ≈ 1015 cm-3 (Figure 10), where Si3+ and 
Si4+ densities are in (or close to) their minima. Concurrently, 
the monotonic increase in t suggests a structure of the Si in-
termediate-oxidation states dependent on N because, for in-
stance, the minimum thickness t = 0.9 nm at N ≈ 2·1013 cm-3 
has relatively high values of both the Si3+ and Si4+ densities. 
In other words, the Λi percentages in the n-SiOx are not pro-
portionally distributed to the thickness t as proposed by 
Seah for the thermal SiO2.151,196 This picture makes the t 
measurements of n-SiOx more complex than the thermal 
SiO2 ones. 

 

Figure 15. Plot of the thickness data collected from several ref-
erences (see citations in the main text) vs. N for n-SiOx grown 
on Si (100) substrates. The values were obtained with XPS (red 
triangles), ellipsometry (blue stars) or other techniques (green 
cross). 

The thickness values obtained are consistent with many 
studies using the same (Ellipsometry and XPS)97,197–200 or 
other (Atom Probe and Transmission Electron Microscopy) 
201–204 techniques. As shown in Figure 15, t is included in the 
interval [0.75, 2.2] nm (see dotted lines), like the range ob-
tained in this work. Notably, thicknesses obtained by 
Wolkenberg’s7 by SE (blue stars) plotted vs. N show a tran-
sition region around N ≈ 1016 cm-3, similar to our findings 
(see Figure 10). For the XPS data (red triangles), this transi-
tion region shifts to N ≈ 1020 cm-3, in rough agreement to 
Figure 12 (only one thickness at N ≈ 6.2·1019 cm-3). This shift 
is ascribable to the model adopted for evaluating the thick-
ness calculated from the XPS data that is constructed for 
thermal SiO2. As confirmed by the ellipsometric measure-
ments, the transition region, and so its chemical composi-
tion and structure, is markedly different between n-SiOx and 
thermal SiO2.205 The n-SiOx thickness data evaluated with el-
lipsometry are therefore more robust and reliable although 
specific attention to some technical aspects is needed. As 
previously mentioned, the thickness values obtained by el-
lipsometry are dependent on the model adopted to describe 
the n-SiOx. The one described herein is feasible, yet simple: 
three layers were used to describe the n-SiOx sample, one of 



 

them is the water layer absorbed on the n-SiOx surface (see 
Figure 1). Although there is consensus on both the structure 
of the water layer on SiO2,72 and its evolution for increasing 
RH,73 there is not on its total thickness206 and the thickness 
of a single monolayer of water (experimentally,207 0.18 nm, 
and theoretically,208 0.28 nm). At RH ≈ 65 %, the number of 
water monolayer spans from 2.572 to 4.573 therefore the to-
tal thickness of the adsorbed water can span roughly from 
0.4 to 1.2 nm. By using an average value of 0.8 nm, the n-
SiOx thickness t obtained by ellipsometric measurements is 
increased by 0.55 nm, independently to N. In simple terms, 
the change of the water layer thickness causes an offset of 
the whole set of data shown in Figure 10. The composition 
of the n-SiOx (bulk) layer might be critical for the model. To 
test it, the Si concentration (see Table 3) was varied from 0 
% to 50 %, returning a t changes of ± 0.13 nm with respect 
to the thickness obtained at 25 % (see Table 4). Once again, 
this is independent to N and also the Si concentration at 25 
% shows the minimum χ2 in data fitting, thus corroborating 
the composition adopted herein 

Lastly, the electrical charges are considered. As obtained in 
Section 3.7, negative and positive charges, QS, are present on 
the outer surface of n-SiOx due to silanols (see Table 6), 
whereas positive fixed charges, Q, are present within the ox-
ide. The effect of QS on the surface wettability is included in 
the effect of the –OH and Si-O-Si groups presented in Section 
3.3, while the one of fixed charges has to be investigated. As 
proved by Stoneham et al.,101 fixed charges change θ (free of 
charges) to θC (with charges) and, in particular,  θC is re-
duced with increasing surface potential (i.e. θ > θC1 > θC2 for 
0 < V(θC1) < V(θC2)).209 If one assumes that charges only can 
affect the liquid–vapor surface energy γSL, charge effects are 
accounted by the Young–Lippmann equation:210   

cos 
= = cos 
 + Δγ=���  
(20) 

where the contact angle θ of the “ideal” charge-free oxide 
changes to θC arising from the polarization associated with 
charges in the oxide.211 Equation 20 must satisfy the condi-
tion θ > θC, correspondent to cosθ < cosθC, hence ΔγC·γSL

-1 has 
to be > 0.  

Table 7. Relative permittivity and dipole moments of the 

characterization liquidse 

Liquid εr µ 

  D 

water 80.1 1.87 

glycerol 47 2.56 

ethylene 

glycol 
37 2.27 

dimethyl-
formamide 

37.71 3.86 

e Relative permittivity and dipole moment (in Dalton, D) of the 
characterization liquids as tabulated in Ref. [212]. 

In the limit of a very thick oxide, a single charge e placed 
within n-SiOx at a distance x from the outer surface contrib-
utes with a polarization energy u(x) (in V) of the n-SiOx – 
liquid system of: 

[��� = N4 ∙ � ∙ &TU )&TU − &�&TU + &� − &TU − &� �&TU + &� �5 (21) 

where εL = ε0·εr (in F·cm-1) is the vacuum permittivity ε0 
times the relative permittivity of the characterization liq-
uids and εair = ε0 because εr for air is about 1. Based on the 
relative permittivity of the characterization liquids re-
ported in the literature (see Table 7), the term in brackets 
does not largely contribute to u(x) because it varies solely 
of the  6 % passing from water to dimethylformamide. From 
now on, water is taken as the test liquid for calculations and 
the term in brackets is thus – 1.50. The limit of a very thick 
oxide corresponds to a minimum oxide thickness tsat for 
which the fixed charge Q in the oxide becomes constant to 
Qsat (saturation region). As proved by Wolkenberg et al.,213 
tsat and Qsat depend on N with the lowest tsat at ≈ 300 Å for 
the highest Qsat ≈ 2·1012 cm-2 and the highest N. With de-
creasing N, tsat progressively increases, while Qsat progres-
sively decreases. 

To calculate u(x) in the limit of a very thick oxide layer, the 
charge e is placed arbitrarily in the position ½·tsat from the 
outer surface (like in Section 3.7). The function u(x) for tsat 
> 300 Å, u(½·tsat), is ≈ u(∞) for an oxide layer infinitely thick 
because u(x) ~ x-1 diverges very slowly for x → ∞. As calcu-
lated from Equation 21, u(½·tsat) is 0.116 V and, as reported 
by Stoneham et al.,101 ΔγC(∞) ≈ ΔγC(½·tsat) = e·Qsat·u(½·tsat) 
that, for Qsat ≈ 2·1012 cm-2, results  – 0.37·10-7 J·cm-2 = – 0.37 
erg·cm-2 = – 0.37 dyn·cm-1. 

For an ultra-thin oxide layer (t < 50 Å), like the n-SiOx sam-
ples, Stoneham et al. proposed a simple empirical form for 
ΔγC(t) referred to ΔγC(∞) for a very thick oxide layer:101 Δγ=�!�Δγ=�∞� = 1 − 0.7 �=!  

(22) 

where the surface energy change ΔγC, due to an effective 
sheet charge density Q (C·cm−2), is related to the surface en-
ergy change for a very thick oxide layer ΔγC(∞). Like in Sec-
tion 3.7, Q is centered at a plane a distance xC and calculated 
integrating a charge density ρox which is described by a delta 
Dirac function at xC: Q δ(x – xC), but xC is referred to the outer 
surface rather than the n-SiOx/Si interface. In view of this, 
Equation 22 is conveniently referred to the n-SiOx/Si inter-
face: 

Δγ=�!� = Δγ=�∞� ^1 − 0.7 �! − �=�! _
= Δγ=�∞� `0.3 + 0.7 �=! a 

(23) 

Using both water as the characterization liquid (γLV = 72.8 
dyn·cm-1) and the data of Table 6, the charge contribution 
ΔγC/γLV is – 0.0033 and – 0.0022 for xC1·t1

-1 = 0.5 and xC2·t2
-1 

= 0.27, respectively. The minus sign remains because Q is 
positive (see Table 6). Using Equation 20, cosθC1 < cosθC2 
where θC1 and θC2 are referred to the charge Q in the posi-
tions xC1 and xC2 for thicknesses t1 and t2. Thus, θC1 > θC2 and 
hence a thinner n-SiOx with higher charge should increase 
the contact angle θ. In contrast to the literature,209 this re-
sult reveals that surface charges QS, determined by the –OH 
groups, give the main electrostatic contribution to θ 
whereas Q reduces this contribution. Stoneham et al.101 
have also evaluated Q from contact angle data collected 
from Williams et al. work195 reporting a value of Q equal to 



 

a few units of 1013 cm-2, in agreement to the results reported 
in Table 6. 

In summary, the surface energy γS presents a peak around 
N ≈ 2.1·1015 cm-3 because: i) the chemical and physical prop-
erties of the n-SiOx samples present an abrupt chemical-
physical change (thickness and some Si intermediate-oxida-
tion states); ii) the –OH groups concentration and some 
other Si intermediate-oxidation states have maxima. The 
electrostatic charges may also contribute, while the changes 
in surface roughness do not. 

5. CONCLUSIONS5. CONCLUSIONS5. CONCLUSIONS5. CONCLUSIONS    

Herein, we have demonstrated that the chemical-physical 
properties of the native silicon oxide layers (n-SiOx) can be 
controlled via doping of the Si substrate. Si wafers with N 
increasing from ≈ 1013 to ≈ 1019 cm-3, covered with a n-SiOx 
grown in the clean room after production, have been ana-
lyzed using different techniques. For a critical level N ≈ 
2.1·1015 cm-3, all the properties present either an abrupt 
change or a maximum. These findings are fully reproducible 
after oxide removal and regrowth in clean room air, thus 
giving the same chemical history to n-SiOx samples. Addi-
tional experiments are necessary to: i) clarify the nature of 
this critical N value, although some literature results sug-
gest a correlation among N ≈1015 cm-3, the chemical stoichi-
ometry214 and/or the oxygen concentration88 of the n-SiOx; 
ii) elucidate the role of the crystallographic orientation of 
the Si substrate; and iii) investigate if the method to fabri-
cate wafers (CZ or FZ) affects the n-SiOx. These queries 
might be discerned by following the oxide growth step by 
step for all N.97,215,216 

Airborne contaminants, adsorbed on n-SiOx surfaces when 
exposed to air, are crucial to equilibrate a portion of–OH 
groups. Nowadays, their presence is observed through Con-
tact Angle measurements deviations in water contact angle, 
hysteresis measurements, or as a carbonaceous layer atop 
the n-SiOx by XPS. Scanning probe microscopy measure-
ments might be useful to visualize them directly, as chemi-
cal heterogeneous regions, or indirectly, through morpho-
logical analysis.76,217,218   

The results reported in this work confirm that the n-SiOx is 
a “non-innocent surface”, as defined in the literature.219 
Such results are also potentially important for experiments 
where the n-SiOx is used as low-interacting substrate, like 
aggregation phenomena of molecules or nanometric ob-
jects. As previously reported,220 the surface molecular diffu-
sion is driven by the interfacial properties of the substrate 
and so it can be systematically modulated by using a set of 
n-SiOx with increasing N. A few examples of aggregation 
phenomena adopting this strategy are reported in the liter-
ature: few of them use substrates with completely different 
chemical-physical properties,221 but others follow this way 
tuning finely the molecular aggregation through the prop-
erties of the substrate.23,24,76,222   
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