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Effect of Hydrofluoric Acid in Oxidizing Acid Mixtures on the
Hydroxylation of Silicon Surface

Sanjukta Guhathakurta and Anuradha Subramanian®

Department of Chemical and Biomolecular Engineering, University of Nebraska Lincoln, Lincoln,

Nebraska 68588, USA

Silicon (100) wafers, predipped in 1:20 (v/v) HF water, were treated separately with four different acid mixtures, viz., HNO;,
H,S0,-H,0,, HNOs-HF, and H,SO,-H,0,-HF, for different time durations. Subsequent vigorous rinsing with deionized water
rendered the wafer surfaces with hydroxyl termination. Synthesized surfaces were characterized by diffuse-reflectance infrared
Fourier transform spectroscopy (DRIFTS), ellipsometry, contact angle and atomic force microscopy. Surfaces treated with HNO;
and H,SO,~H,0, showed increasing hydrophilicity at room temperature due to the formation of silanol (—SiOH) terminated
chemical oxides, with continuous oxide growth. An increase in hydrophilicity was observed during the first 15 min of treatment
with HNO;-HF and H,SO,—H,0,-HF acid mixtures, causing a decrease in the hydrophilic character with longer incubation times.
DRIFTS analysis confirmed the addition of HF in the oxidizing acid mixture controls chemical oxide proliferation, through
creating a surface with mixed —SiOH and silicon hydride (-SiH,) termination. Prolonged incubation in acidic mixtures containing
HF resulted in a logarithmic increase of —SiH, coverage, rendering the surface hydrophobic. Incubation for 15 minutes in each of
the four acid mixture systems generated surfaces with comparable hydrophilicity, controlled oxide growth and reduced surface

roughness.

© 2007 The Electrochemical Society. [DOI: 10.1149/1.2779951] All rights reserved.

Manuscript submitted April 20, 2007; revised manuscript received July 25, 2007. Available electronically September 24, 2007.

Modification of solid surfaces to enable the covalent immobili-
zation of biomolecules has become an important step in the genera-
tion of surfaces with tailored binding properties. ! Surfaces based on
silicon (Si) have found applications in micro- and opto electronic
devices, memory chips, and sensitive biological sensors. Recently,
silicon based surfaces have shown promising results in biomaterial
applications due to therr favorable surface modification properties to
anchor biomolecules.> A general methodology for the attachment of
biologically relevant molecules to silicon surface demands surface
functionalization through hydroxylation and termination of surface
with silanes (Fig. 1).

A bare silicon wafer is covered with a layer of native oxide
(Si0,_,), the nature of which is different from the wet chemically
grown oxide.* Native oxide has siloxane rings which are very stable
against hydrolysis, therefore are hydrophobic in nature. Molecular
properties of silicon are strongly dependent on the nature of the
surface functional groups. The unsaturated surface valencies (sur-
face dangling bond) are satisfied by the surface hydroxyl function-
alities (—SiOH groups) through different wet-chemical treatments.
This is the first step in the attachment of biologically relevant mol-
ecules to silicon surface (see Fig. 1).

Various wet-chemical methods have been developed in the semi-
conductor industry to clean wafer surfaces with various functional
group terminations. 57 The acid treatment oxidizes the contaminants
present on the surface along with surface oxidation, leading to the
formation of a wet-chemical oxide (SiO,_,) following the logarith-
mic growth law and renders the surface hydrophlllc after water rins-
ing, with the installation of SiOH groups

Along with the growth of wet-chemically grown chemical oxide
on a semiconductor grade silicon wafer, contamination becomes a
critical issue as metal ions and particulate get adsorbed easily on
hydrophilic, wet-chemically grown oxide surface.” HQSO4—H202
(sulfuric-hydrogen peroxide acid mixtures, known as SPM'%) is well
known to produce uniform SiOH on the surface of silicon
nanoparticles. ' But H,SO, is a viscous acid and sulfur removal
often becomes difficult by routine water rinsing which results in a
sticky, contamination prone surface.'” Washing with mild alkaline
solution (e.g., sodium hydroxide, NaOH) is not advisable because of
adsorption of metal ions, their aqua-, and hydroxo complexes on to
the silica surface.* Nitric acid treatment is recommended by the
American Society for Testing and Materials (ASTM) for standard

* E-mail: asubramanian2@unl.edu

surface treatment of medical devices (ASTM-1386).12 HNOs; is less
viscous than H,SO, and easily rinsable, but it is known to produce
thicker oxide than SPM because of its strong oxidizing nature.'”

Recently, extensive X-ray photoelectron spectroscopy (XPS)
study has shown that the inclusion of a minute amount of HF with
SPM during the wet-cleaning step increases rinsing efficiency by
reducing sulfur (S) contamination and controlling growth of the ox-
ide layer 3 It has been hypothesized that the inclusion of HF during
the oxidation step renders a surface hydrophobic as most surface
dangling bonds are occupied with fluorine (Si—F) and reduces S
adsorption on the surface. Followed by aqueous rinsing, passivation
by fluoride (F~) can be potentially removed to render the surface
hydrophilic via the exchange of fluorine with OH™ groups. 1415 Re-
searchers have been able to reduce S contamination on surfaces up
to few atomic percent with controlled oxide growth % The addition
of a low concentration of HF into the HNOj3 solution (known as SE,
slight etch) controls oxide growth by competitive oxidation and
etching together. 101 Further, nonrinsed surfaces prepared with SE
were blow-dried easily, whereas sulfuric-peroxide-fluoride mixture
(SPFM) treated surfaces were difficult to dry.lo An atomic force
microscopy (AFM) study did not show any noticeable increase of
micro roughness with the addition of HF in parts per million levels
(ppm).

The goal of our research is to generate Si-based surfaces with
protein binding capabilities that can be further used in biosensor or
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Figure 1. Schematic representation of surface modification of p-type silicon
(100) wafer for silanization. The first step is hydroxylation using different
oxidizing and oxide-etching mixture, followed by water rinsing.
Generated SiOH group on Si(100) is then made to react with
y-aminopropyltriethoxysilane (APTES) to get silane modified surface. This
functionalization can be used for different purposes further.
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biomaterial applications. Biocompatibility of a surface is dependent
on its surface chemistry, microstructure, and the in vitro interaction
with surface oxide. ' It is important to control surface chemistry of
an ideally flat, unreconstructed, semiconductor grade silicon (100)
biomaterial to get improved quality of surface oxide with good
amount of hydrophilicity, metal-particulate contamination free sur-
face with minimum microroughness. Longer contact time in oxidiz-
ing, oxidizing-etching mixture with silicon surface may result in
more or less hydrophilicity on the surface. In our present study, we
have investigated the nature of the surface termination and effected
surface properties: hydrophilicity, thickness and microroughness de-
pending on the different reaction time and methods of treatment
used. The underlying hypothesis is that surfaces, pre-exposed to HF
and then subjected to oxidizing-etching mixture will result in greater
hydrophilicity, a desired feature for surfaces in biomaterial applica-
tion. In our study, we have investigated four treatments (HNOs,
HzSO4—H202, HNO';—HF, and H2504—H202—HF) to evaluate the
hydrophilic nature of the surface depending upon the contact time
with silicon wafer and further characterized the resultant surface
with diffuse-reflectance infrared Fourier transform (DRIFT) spectra,
ellipsometry, contact angle analysis, and AFM.

Experimental

Materials.— Silicon (100) wafers, p-type, 2 in. diam., one side
polished were purchased with resistivity <0.01. Hydrofluoric acid
(ACS grade, 48—-51%), nitric acid (NF grade, 20-70%), sulfuric acid
(ACS plus, 90-98%), hydrogen peroxide (ACS reagent, without sta-
bilizer, 30% in water), ethanol (200 proof), diiodomethane (99%),
a-bromonaphthalene (97%), ethylene glycol (99.8% anhydrous),
glycerol (99%) were used throughout the experiments and used as
received. A Teflon beaker was used for HF treatments. Deionized
water (DI water) with resistivity 18 M{) cm was used throughout
the reactions.

Sample preparation.— Silicon wafers were cut into pieces (1
X 1 cm). Prior to acid treatments, wafers were rinsed and sonicated
with ethanol (three times) followed by DI water rinsing (three times)
for 2 min. Experiments with HF were carried out in Teflon beakers.
Wafers were dipped into 1:20 v/v HF water for 2 min and rinsed
with DI water vigorously for 5 min. Wafers were then soaked in
HNO;, 4:1 v/v mixture H,SO4~H,0O,, mixture of HNO; and
500 ppm HF, mixture of 4:1 v/v mixture of H,SO,, H,O,, and
100 ppm HF followed by the methods discussed elsewhere 0 and
allowed 5, 15, 30, 45, and 60 min for reaction. In HNO3 and SE
treatment, 80°C temperatures were maintained whereas SPM and
SPFM mixtures were highly exothermic (~120°C). After rinsing
with DI water for 15 min., surfaces were dried under nitrogen flow
and stored in vacuum desiccators. Both concentrations of HF (
500 ppm of HF in SE and 100 ppm of HF in SPFM) were selected
to achieve higher hydroxyl content (SiOH) on Si(100) surface after
water rinsing with reasonable low oxide etching rate and low surface
microroughness.m In a separate experiment, wafers were directly
exposed to all four oxidizing acid mixtures with no prior HF dip-
ping.

Surface characterization.— The hydroxylated silicon surfaces
were characterized by DRIFTS, ellipsometry, contact angle analysis,
and AFM techniques.

DRIFTS.— DRIFT spectra were collected on a Nicollet 20SXB
operating in Kubelka-Munk mode at a 4 cm™' spectral resolution
with 512 scans, with nonabsorbing potassium bromide (KBr) as
background. Bare, unprocessed silicon wafer was considered as
standard. The sample was mounted in a dry air purged sample cham-
ber to remove all atmospheric moisture on the substrate. The scan
number was kept high to reduce noise in the spectra, created by
reflection from the surface. All spectra were baseline corrected and
automatically smoothened using Omnic software. The DRIFT spec-
tra were five times weaker than the attenuated total reflectance

(ATR) ones, but the positions of the main bands were consistent
with literature. ® Because of the weakness of DRIFT spectra, it was
difficult to avoid the appearance of false bands from the CO, and
hydrocarbons inclusions in the detector window. Scans were taken
immediately after sample preparation. Peakfit V4.11 software was
used to calculate the area under certain spectrum region and decon-
volute spectra where local maxima-minima were not clearly visible.

Ellipsometry.— The thickness of the surface film was measured
using HS-190, variable-angle spectroscopic ellipsometry (VASE),
operating in the UV-visible region. Spectroscopic ellipsometry mea-
surements were done immediately after sample preparation. All
measurements were done in air and the hydroxylated surface was
modeled using the Cauchy model. Formation of SiO,_, could not be
avoided when measurement was done in air. Each reported value
represents the average value of at least three separate thickness val-
ues from three different sets of experiments.

Contact angle— Advancing contact angle measurement was
performed following sessile drop method with OCA 15, SCA 20,
Data Physics Instrument GmbH. DI water, ethylene glycol, glycerol,
diiodomethane, and «-bromonaphthalene were used to perform
these tests. The size and volume of the drops were kept constant (
1 wL with flow rate of 0.1 pL/s). Contact angle measurements were
done after an average 68 h of sample preparation to get measurable
data on highly hydrophilic surfaces (to prevent droplet spreading
due to high hydrophilicity). To avoid spreading of the drops and
droplet shape variation, contact angle values were recorded within
15-20 s after placing the drop. Each reported value is the average of
at least three drops on different areas of a wafer. Repeated measure-
ments from three different sets of reactions show all contact angle
values with £5° variation. All measurements were conducted in air
and at a temperature of 23°C.

Atomic force microscopy.— Surface topography was obtained
with automated AFM, The Digital Instruments Nanoscope Illa Di-
mension 3100 SPM, operating in tapping mode. A silicon tip with a
cantilever length of ~125 wm, width ~30 pwm, thickness ~3 pum
was used and a characteristic frequency of 300-330 kHz was em-
ployed for capturing the image. All images were taken in air atmo-
sphere with 512 scans. All three-dimensional (3D) images of the
wafer surfaces were obtained from 2 X 2 pm wafer regions. Root
mean square (rms) (in nm) gives the value of roughness, created by
different methods

Rums = V[2(z, — 2)2/(N = 1)] [1]

R, (root mean square deviation of surface roughness) values can
be calculated using the above equation where z,, (nm) is the height
of a random location on the scanned surface, 7 is the mean height
(nm) of all measured heights, and N is the sample size (i.e., number
of height values).

Results and Discussion

Diffuse-reflectance infrared Fourier transform spectroscopy
analysis.— Treatment of surfaces with HF prior to incubation in
oxidizing/oxide-etching mixtures, typically results in a surface with
hydrogen termination [silicon dihydride, SiH, mainly for
Si(100)].'7" The wet chemical etching-oxidation method of the hy-
drogen terminated wafer initiates the exchange reaction of surface
Si—H with Si—OH. The surface condition of Si (100) depends on the
pH used (Table 1V). Figures 2-5 show the DRIFT spectra of all the
surfaces treated with HNO;, H,SO,~H,0,, HNO;-HF, and
H,S0,~H,0,—HF, respectively, in the region of 3500-4000 cm™.
Strong absorptions were observed at 3718-3720 cm™! in all spectra
obtained which corresponded to the —SiO-H stretching (v)
vibrations.”’ A broader peak at 3720 cm™! indicates broader distri-
bution of —Si—OH groups and a well-ordered surface structure. In all
spectra, a stretching in the 1200-1280 cm™! region was observed
(not shown), which corresponded to an asymmetric Si—O-Si stretch-
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Figure 2. DRIFT spectra in the spectral region of 35004000 cm™, for the
Si(100) surfaces treated with 20~70% HNO; and temperature maintained at
80°C for (b) 5 min, (c) 15 min, (d) 30 min, (e) 45 min, and (f) 60 min. pH of
the acid varied between 1.4 and 1.5. Stretch at 3718 cm™ corresponds to
SiOH. All spectra were compared with the reference unmodified blank
Si(100) wafer [shown in (a)].

ing (vsi o.s;).>! When surfaces were treated with SPFM and SE,
little humps in the region of 2000-2300 cm™! were observed. Fig-
ures 6A and 7A show absorption band in the 2000-2300 cm™' re-
gion due to the absorption from SiH, groups.”’lgll'23 The typical
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Figure 3. DRIFT spectra in the spectral region of 3500-4000 cm™, for the
Si(100) surfaces treated with 4:1 v/v mixture of 90-98% H,SO, and 30—
50% H,0, for (b) 5 min, (¢) 15 min, (d) 30 min, (¢) 45 min, and (f) 60 min.
Exothermic reaction mixtures were maintained ~120°C. pH of the acid
mixture varied between 1.2 and 1.5. Stretch at 3718 cm™" corresponds to
SiOH. All spectra were compared with the reference unmodified blank
Si(100) wafer [shown in (a)].
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Figure 4. DRIFT spectra in the spectral region of 3500-4000 cm™', for the
Si(100) surfaces treated with oxide-etching mixture of 20-70% HNO; and
500 ppm of 48-51% HF and temperature maintained at 80°C for (b) 5 min,
(c) 15 min, (d) 30 min, (e) 45 min, and (f) 60 min. pH of the acid mixture
varied between 0.2 and 0.4. Stretch at 3720 cm™' corresponds to SiOH. All
spectra were compared with the reference unmodified blank Si(100) wafer
[shown in (a)].

tripartite structure was not visible in the weak DRIFT spectra. All
spectra were further deconvoluted in the region of 2000-2300 cm™!
and only surfaces for 5 min treatments are shown in Fig. 6B and 7B.

Kubelka-Munk (a.u)
E

//\,—M
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L 1 I 1 1 " 1 1
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Figure 5. DRIFT spectra in the spectral region of 3500-4000 cm™', for the
Si(100) surfaces treated with 4:1 v/v mixture of 90-98% H,SO,, 30-50%
H,0, and 100 ppm of 48-51% HF for (b) 5 min, (c) 15 min, (d) 30 min, (e)
45 min, and (f) 60 min. Exothermic reaction mixtures were maintained at
~120°C. pH of the acid mixture varied between 0.1 and 0.4. Stretch at
3720 cm™! corresponds to SiOH. All spectra were compared with the refer-
ence unmodified blank Si(100) wafer [shown in (a)].
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Figure 6. (A) DRIFT spectra in the spectral region of 2000-2300 cm™!
(responsible for Si—H, vibration), for the Si(100) surfaces treated with oxide
etching mixture of 20-70% HNO; and 500 ppm of 48-51% HF at 80°C for
(b) 5 min, (c) 15 min, (d) 30 min, (¢) 45 min, and (f) 60 min. pH of the acid
mixture varied between 0.2 and 0.4. Stretch at 3720 cm™' corresponds to
SiOH. All spectra were compared with the reference unmodified blank
Si(100) wafer [shown in (a)]. (B) Deconvolution of the peaks in the spectral
region of 2000-2300 cm™" for the surface treated with oxide-etching mixture
of 20-70% HNO; and 500 ppm of 48-51% HF at 80°C for 5 min using
software Peakfit v4.12. Y denotes deconvolved data whereas Y2 denotes raw
data with sum curve. Deconvolution shows tripartite structure of SiH,.

Absorption at 2122, 2167, and 2207 cm™' (Fig. 6B and 7B) are
mainly from silicon dihydride (vSi_H2).19 Absorptions at 2260 cm™!
(Fig. 6B and 7B) (vgi_y) correspond to the stretching mode of oxy-
gen back bonded silicon monohydride (O-SiH).*'**

It is well known that the integrated absorbance in the Fourier
transform infrared is proportional to the surface density of
molecules.'® Integrated absorbance between 980 and 1300 cm™!
from Si—O-Si remains stable during chemical treatments and can be
used as an internal reference. Hence the amount of Si—-H, was esti-
mated by the integrated absorbance ratio of SiH, (2000-2300 cm™)
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Figure 7. (A) DRIFT spectra in the spectral region of 2000-2300 cm™!
(responsible for Si—H, vibration), for the Si(100) surfaces treated with
4:1 v/v mixture of 90-98% H,SO,, 30-50% H,0, and 100 ppm of 48-51%
HF for (b) 5 min, (c) 15 min, (d) 30 min, (¢) 45 min, and (f) 60 min. pH of
the acid mixture varied between 0.2 and 0.4. Stretch at 3720 cm™' corre-
sponds to SiOH. All spectra were compared with the reference unmodified
blank Si(100) wafer [shown in (a)]. (B) Deconvolution of the peaks in the
spectral region of 2000-2300 cm™! for the surface treated with 4:1 v/v mix-
ture of 90-98% H,SO,, 30-50% H,0, and 100 ppm of 48-51% HF 5 min
using software Peakfit v4.12. Y denotes deconvolved data whereas Y2 de-
notes raw data with sum curve. Deconvolution shows two humps responsible
for SiH,.

to Si—O-Si (980-1300 cm™!) as shown in Fig. 8. A logarithmic
trend was visible in both the surfaces treated with HNOs;—HF and
H,SO4~H,0,-HF; however, both the treatment protocols yielded
surfaces with a continuous increase of SiH, coverage making the
surface hydrophobic with a lapse of time.

Ellipsometry analysis and determination of surface hydroxyl
group density.— Figure 9 shows the change of thickness of hy-
droxyl terminated chemical oxide layer on silicon wafer surface, as
measured by VASE and modeled by Cauchy layer approximation.
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Figure 8. Change of intensity ratio due to Si—H, vibration bands (in
2000-2300 cm™' wave number region) for surfaces (predipped in 1:20 v/v
HF solution) treated with (a) 20-70% HNO; and 500 ppm HF, (b) 4:1 v/v
mixture of 90-98% H,SO,, 30-50% H,0, and 100 ppm HF for different
contact times, followed by DI water rinsing and drying in nitrogen atmo-
sphere. Si—O vibrations (in the range of 9801300 cm™') were considered as
internal standard for comparing all DRIFT spectra. Both the treatments show
continuous increase of SiH, coverage and finally reach to saturation.

The thickness of bare, unmodified wafer was also measured and
modeled considering the native oxide layer and from corresponding
refractive indices reported in literature. The thickness, observed over
time, increased for surfaces treated with HNOz and SPM. Change of
thickness was more for HNO; compared to SPM because of its
strong oxidizing property. For surface treated with SPFM and SE,
there was not much variation in thickness. This indicated a con-
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Figure 9. Change of thicknesses (nm) measured with ellipsometry for
Si(100) surfaces (predipped in 1:20 v/v HF solution) treated (a) 20-70%
HNO;, (b) 4:1 v/v mixture of 90-98% H,SO, and 30-50% H,0,, (c) mix-
ture of 20-70% HNOj; and 500 ppm HF, (d) 4:1 v/v mixture of 90-98%
H,S0,, 30-50% H,0, and 100 ppm HF for different contact times, followed
by DI water rinsing and drying in nitrogen atmosphere.

trolled oxidation on surface in the presence of HF in acid mixture by
competitive oxidation-etching reaction. All thickness values are re-
corded in Table I.

DRIFTS analysis, coupled with a method developed by Pliskin
and modified by Nagasawa, was used to quantitatively assess the
surface hydroxyl group density.zz’23 Assuming that density of the
SiO, film is 2.2 g/cm? and A" is the absorptivity per cm of film, the
number of SiOH in cm? (Ngy) can be obtained as follows

Noy = 2.4 X 100 X H X Ajgsy X ¢ [2]

where ¢ is the thickness of the oxide film (cm). Table I shows the
results of the calculation according to Eq. 2 for the different surfaces
prepared. A continuous increase in the number of hydroxyl groups
for surfaces treated without HF was observed, but for the surfaces
treated with SPFM and SE, there was an initial increase in the num-
ber of SiOH groups followed by a decrease at higher incubation
times. This is in agreement with Fig. 8, where the qualitative SiH,
coverage was shown to increase logarithmically. An increase in hy-
drophilicity can be attributed to higher SiOH formation for surfaces
treated with SPM and HNOj, observed from Table 1. For surfaces
treated with SPFM and SE, there was an initial increase in hydro-
philicity due to the formation of SiOH, whereas SiH, formation was
comparatively less. With longer reaction times, the formation of
SiH, dominated and attained saturation thereby making the surface
hydrophobic. It is hypothesized that the concurrent formation of
SiOH and SiH, is a competitive process.

Contact angle analysis and measurement of absolute hydrophi-
licity.— Contact angle has been explored to estimate the absolute
values of hydrophilicity, surface tension components and polar or
apolar nature of the surfaces generated. Contact angles were mea-
sured using three polar liquids (DI water, ethylene glycol, and glyc-
erol) and two apolar liquids (diiodomethane, o-bromonaphthalene);
a-bromonaphthalene  (y{ =0, vy =0, VEW =444 mI/m?,
= 44.4 mJ/m?) was used to calculate the apolar component of the
surface energy while diiodomethane (y; = 0.7 mJ/m?, v =0,
viV = 50.8 mJ/m?, y_ =50.8 mJ/m?), ethylene glycol (y;
= 1.92 mJ/m?, y; = 47 mJ/m?, y;" =29 mJ/m?, y_ = 48 mJ/m?)
were used to calculate the polar component of the surfaces following
the equations developed by Fowkes (Eq. 3) and Van Oss—
Chaudhury-Good (Eq. 4), respectively?®

(1 + Cos 8) = 2(y§“/yp™)1”2 [3]

(1+ Cos 0)yp =2[(vs™ - yt™M'" + (v§ - vD'"* + (v5 - vD']
(4]

0 is the contact angle between a drop of liquid and a chemically
homogeneous, nonadsorbing, smooth and horizontal solid surface;
S, L, LW subscripts correspond to solid, liquid, Lifshitz—van der
Waals interactions for the apolar nature of surface; vy stands for
interfacial tension (mJ/m?); ygr, ¥s. Y. correspond to interfacial
tension between solid surface and liquid, solid surface tension, lig-
uid surface tension, respectively; y*, y~ correspond to asymmetric
electron-acceptor and electron-donor interactions between surface
and liquid. The values of v§, g, yéw depend on the functional
groups present on the surface. A quantitative estimation of hydro-
philicity is possible through knowledge of the surface polarity and
the free energy of hydration (i.e., the interaction free energy between
a surface and water, AG,,), Gibbs free energy of hydration (AGg,)
and the rule coined by Van Oss. According to Van Oss, a substrate
wig 2l%e hydrophilic or less hydrophilic (hydrophobic) depending
on~™

AGg, > 0, AG,,, < — 113 mJ/m?

substrate is hydrophilic or more hydrophilic
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Table I. Thickness (nm) measured with ellipsometry and corresponding number of surface hydroxyl groups (-SiOH) per cm? of surface area
(calculated using Pliskin method) of Si(100) surfaces (predipped in 1:20 v/v HF solution) treated with (a) 20-70% HNOs;, (b) 4:1 v/v mixture
of 90-98% H,SO, and 30-50% H,0,, (c) mixture of 20-70% HNO; and 500 ppm HF, (d) 4:1 v/v mixture of 90-98% H,SO,, 30-50% H,0,,
and 100 ppm HF for different contact times, followed by DI water rinsing and drying in nitrogen atmosphere.

HNO; H,S0,-H,0, HNO;-HF H,S0O,-H,0,-HF
No. of No. of No. of No. of
SiOH per SiOH per SiOH per SiOH per
Time Thickness unit area Thickness unit area Thickness unit area Thickness unit area
(min) (nm) (X 10" cm?) (nm) (X 10" cm?) (nm) (X 10" cm?) (nm) (X 10" cm?)

0 1.9 - 1.9 - 1.9 - 1.9 -
5 2.0 0.1 2.1 0.3 2.1 0.4 2.1 0.5
15 2.0 0.5 2.3 0.4 2.2 0.4 2.3 0.5
30 2.8 0.9 2.6 0.7 24 0.6 24 04
45 3.1 1.2 3.0 1.3 2.6 0.4 2.6 0.1
60 44 2.7 34 1.7 33 0.1 2.8 0.3

AGg, <0, AG,, > - 113 mJ/m?
substrate is hydrophobic or less hydrophilic.

AG,,, and AGg, can be obtained from the Young-Dupre equation
and the following equations respectively”™

surface treated with oxidizing acid mixture without HF, which fi-
nally reaches saturation (not shownin figure). In the case of surfaces
treated with oxidizing-etching acid mixture with HF, a decrease in
¥s was noticeable from 15 min onward after an initial increase in-
dicating the hydrophobic nature of the surface. The values of vyg
from the oxidizing-etching acid mixture treated surfaces after 45 or

AGg, = —yI(1 + cos 0,,) [5] 60 min were similar to bare, unmodified, hydrophobic silicon wafer.
The only reason for developed hydrophobicity was attributed to the
«/ZW = [ygL“\,V - (ywa 2T+ 2[{(Y D = (Vi) PH () = (vi) formzfltion of SiH, whif:h was further cor}ﬁrmed from Ta}blF: I (de-
6 creasing number of —SiOH groups) and Fig. 8 (logarithmic increase
(6] of SiH,). Different values for calculated AG,,,, AGy, are summa-
rized in Table III. From this table and following the above rule
AGgys == 2V (7]

where, vav is the total surface tension of water (yVTv =72.8 mJ/m?),
0, is the contact angle measured with DI water and ., the total
interfacial tension between the silicon surface and water.

The change in contact angle, when measured with water, for
different incubation times in the oxidizing-etching solution, is
shown in Fig. 10. In the case of surfaces treated with oxidizing acid
solution (without HF), the contact angle was observed to decrease
continuously indicating an increase in the hydrophilic nature of the
surface. However, for surfaces, treated with oxidizing-etching mix-

tures that included HF, contact angle values were observed to de- —— treated with HZSO _|-|20
crease initially, indicating the hydrophilic nature of the surface. Af- A— treated wit H\K)il-F 2
ter 15 min, an increase in the contact angle values was observed 3

indicating an increase in the hydrophobic nature of the surface.
Similar trends were observed when surface contact angles were
measured with other polar liquids like ethylene glycol and glycerol.
The values are summarized in Table II. Using Eq. 3 and 4, the apolar
and polar components (with both negative and positive polar com-
ponent) of hydroxylated wafers were calculated and the change of
negative polar component of surface tension (vyg) with time of treat-
ment is shown in Fig. 9. The apolar component of surface tension
variation was similar to the contact angle variation. The variation of
positive polar component was very small and negligible; hence the
surface can be identified as unipolar with negative charge on the
surface.

The electron donation interaction component, or negative polar
component of surface tension (yg), is proportional to the number of
electron donating groups, which is the hydroxyl group here. The
electron donation interaction component (vyg) increased continu-
ously through 60 min for surfaces treated with oxidizing acid mix-
ture without HF indicating increasing hydrophilicity. This fact is
further confirmed from the increasing number of —SiOH groups on
the surface from Table I. However, yg for surfaces treated with
oxidizing-etching acid mixture with HF showed a decrease after
15 min of treatment indicating the hydrophobic nature of the sur-
face. Total surface tension change calculation (yg), obtained by the
summation of y]s“w and 2. (y§+yg), showed an initial increase for the

developed by Van Oss, it can be concluded that surfaces treated for
30, 45 and 60 min without HF in acid mixture, were more hydro-
philic than surfaces treated for 5 and 15 min. Again, surfaces were
more hydrophilic below30 min (approx.) when treated with HF in
acid mixture than those surfaces treated for longer than 30 min.

ol  —a—treated with HNO,

=D FH

Contact angle (6, )

Time of treatment (mmins)

Figure 10. Change of contact angles (6., measured with water), for
Si(100) surfaces treated with (a) 20-70% HNO;, (b) 4:1 v/v mixture of
90-98% H,SO, and 30-50% H,0,, (c) mixture of 20-70% HNO; and
500 ppm HF, (d) 4:1 v/v mixture of 90-98% H,SO,, 30-50% H,0,, and
100 ppm HF for different contact times, followed by DI water rinsing and
drying in nitrogen atmosphere.
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Table II. Contact angles (0) measured with water (w), ethylene glycol (EG), glycerol (G) for Si(100) surfaces treated with (a) 20-70% HNO;,
(b) 4:1 v/v mixture of 90-98% H,SO, and 30-50% H,0,, (¢c) mixture of 20-70% HNO; and 500 ppm HF, (d) 4:1 v/v mixture of 90-98%
H,S0,, 30-50% H,0,, and 100 ppm HF for different contact times, followed by DI water rinsing and dried in nitrogen atmosphere.

HNO; H,S0,~H,0, HNO;-HF H,S0,~H,0,-HF

Time

(min) Ow Ok e O Ok e Oy Ok 0 Ow Ok 06

0 71.3 50.5 77.1 71.3 50.5 77.1 71.3 44.1 37.2 71.3 44.1 37.2

5 46.1 39.9 41.2 41.6 32.2 41.4 44.1 26.7 29.6 39.6 29.1 33.1
15 38.2 31.1 37.1 38.3 27.8 37.8 37.2 20.1 27.3 35.8 21.1 32.5
30 37.5 26.4 34.2 37.7 25.2 349 49.6 25.3 48.3 40.1 23.6 36.5
45 33.1 23.7 33.1 36.4 24.2 333 58.6 27.3 55.8 48.5 26.3 38.4
60 30.0 21.7 28.4 34.3 22.6 29.6 79.9 44.3 66.8 75.8 43.7 68.9

From Fig. 8 and 10 and Table I, it can be concluded that an
increase in the number of hydroxyl groups correlates with decreas-
ing values of contact angles and yéw, and increasing values of yg
for surfaces treated with HNO5; and H,SO,—H,0,. For surfaces
treated with HNO3;—HF and H,SO,—H,0,-HF, with an initial in-
crease in the number of hydroxyl groups, there was a competitive
formation of SiH,. Initially, the concentration of SiOH was esti-
mated to be more than SiH,, hence a decrease in contact angles and
yls‘w and an increase in vyg were observed. With longer reaction
times, SiH, coverage on surfaces was estimated to be more than
SiOH coverage. This was supported by the increase in contact angle
values and vy5".

Surface roughness determination by atomic force microscopy.—
Figure 11 shows the three-dimensional (3D) views of surfaces ob-
tained with AFM imaging. Surface roughness of the hydroxylated
wafers was similar except for surfaces treated with HF for 45 and
60 min. These values were significantly higher than virgin wafer or
wafer treated for 15 min. Three-dimensional views have been shown
for the surfaces treated with all four methods for 15 and 60 min.
HNOs-HF and H,SO4,—H,0,—HF showed a large value of rms in-
dicating a very rough surface. The virgin wafer had roughness of
0.268 nm (not shown) which increased by 3.5 times for the surface
treated with HNOs;-HF and 2.8 times for the surface treated with
H,SO,~H,0,-HF for 60 min. These results could serve as a precau-
tionary measure for not using these methods for longer reaction
times where roughness may be a factor.

In the separate control experiments, the surfaces were exposed to
different oxidizing (HNOs, SPM) and oxidizing-etching (SE, SPFM)
solution for the same reaction times without any HF predip and
characterized with DRIFTS and ellipsometry. Ellipsometry showed
(figure not shown) high thickness values for all the surfaces (not
predipped in HF) treated with oxidizing (HNOs;, SPM) and
oxidizing-etching (SE, SPFM) solution, compared to surfaces pre-
dipped with HF. Area calculation for Si—O in the DRIFTS spectra in
the region of 9801300 cm™!, showed much higher values for acid

mixtures treated surfaces without HF predip than with HF predip.
The calculated of number of hydroxyl groups, based on Pliskin
methods, showed almost similar values for acid mixtures treated
surfaces without HF predip to surfaces with HF predip (figure not
shown).

Analysis of results and mechanism.— From the results discussed
above, it was quite evident that hydrophilicity due to silanol group
was found to increase for treatments without HF (SPM and HNO3),
and there was no evidence of SiH, formation from DRIFTS and
contact angle analysis. However, there was significant change ob-
served in the treatment with SPFM and SE where HF was added in
ppm level. The number of hydroxyl group is increasing initially and
then decreasing as shown in the Table 1. Surface coverage plot of
SiH, (Fig. 7) also shows a logarithmic increase of SiH, which satu-
rates after 45 min for both SPFM and SE treated surfaces separately.
Therefore competition must exist between etching reaction and oxi-
dation, resulting in less SiOH than SiH, after a certain reaction time.
Based on the mechanism published carlier,*'” an alternative reaction
mechanism (Fig. 12) has been proposed to better explain the results.

The native chemical oxides on bare silicon wafer are different
from wet chemically grown oxide because of the oxygen bound to
the silicon surface.* Native oxide has siloxane rings which are very
stable against hydrolysis, rendering the surface highly hydrophobic;
1:20 v/v HF-water mixture (1.1-1.2 M) treatment etches the hydro-
phobic native SiO, layer following the reaction, as denoted by Eq. 8
and leaves the surface hydrogen passivated

SiO, + HF = 2H* + SiF; + 2H,0 (8]

In diluted HF, HF dissociates forming H*, F~, HF, and HF dimer-
izes (as denoted by Eq. 9-11."7 The etching reaction of SiO, with HF
included, involves H*, F~, HF,, (HF),

HF = H* + F- [9]

HF + F~ = HF, [10]

Table III. Change of Gibbs free energy (—-AGgy, mJ/m?) and free energy of hydration (~AGgys, mJ/m?) for Si(100) surfaces (predipped in
1:20 v/v HF solution) treated with (a) 20-70% HNO;, (b) 4:1 v/v mixture of 90-98% H,SO, and 30-50% H,0,, (c) mixture of 20-70% HNO;
and 500 ppm HF, (d) 4:1 v/v mixture of 90-98% H,SO,, 30-50% H,0,, and 100 ppm HF for different contact times, followed by DI water

rinsing and drying in nitrogen atmosphere.

HNO, H,S0,-H,0, HNO,-HF H,S0,-H,0,-HF
Time
(mln) _AGSW _AGsws _AGSW _AGsws _AGSW _AGsws _AGSW _AGsws
0 -96.1 -45.2 -96.1 -45.2 -96.1 -45.2 -96.1 -45.2
5 —123.1 -29 -127.2 -23 -125.0 1.6 -128.9 -12.1
15 -130 -12.1 -129.9 4.5 -130.8 10.2 -131.8 27.9
30 -130.5 12.8 -130.4 16.9 -119.9 -17.1 -128.4 11.9
45 —133.8 20.6 -131.4 27.8 -110.6 -38.9 -120.6 -7.1
60 —135.8 35.6 -132.9 34.7 -85.6 -54.6 -90.6 -27.8
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Figure 11. (Color online) Three-
dimensional views of the Si (100) treated
with  (a) HNO; for 15 min (rms:
0.288 nm), (b) HNO; for 60 min (rms:
0.689 nm), (c) H,SO,~H,0, for 15 min
(rms: 0.204 nm), (d) H,SO,~H,O, for
60 min (0.565 nm), (e) HNO;-HF for
15 min (rms: 0.382 nm), (f) HNO;-HF
for 60 min rms: 1.202 nm), (g
H,SO,~H,0,~HF for 15 min (rms:
0357 nm), (h) H,SO,~H,0,~HF for
60 min (rms: 0.962 nm) reaction time.

2HF = (HF), [11] HF(HF > (HF), > H* > (HF,)” = (HF),F- = F).!” The etch-

It was reported that HF is a very weak acid above 1 M and etching ing rate is low correspondingly as etching of SiO, mainly takes
is carried out mainly by HF and (HF), due to nondissociation of place with HF,. Concentrations and corresponding pH measure-
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ments have been tabulated in Table IV. Diluted HF leaves the sur-
face H terminated (mainly Sin).19 A hydrogen passivated surface
shows good stability and resistance to further oxidation and is less
prone to organic and metallic recontamination than the silica
surface.*

Oxidation of H-terminated surface in aqueous solution was initi-
ated by the exchange reaction of surface Si—-H with Si—~OH. HNO;
and SPM systems contain strong oxidizing species (see Table IV).
The first step is the conversion of the hydrophobic surface to a
hydrophilic one by exchanging its surface SiH atoms with partly
protonated hydroxyl groups (as denoted by Eq 12) because of the
oxidative attacks of oxidizing species present in the acid.* Immedi-
ately, the rate of oxidation goes down and backside oxygen insertion
results in a layer of hydrophilic wet chemical oxide [(a) of Fig. 11]
as depicted in Fig. 12A

Si-H + H,0 — SiOH + H, [12]

That point of zero charge (pzc) for SiO, is in the neighborhood of
pH 2-3 and at lower pH, the surface is positively charged via pos-

(d
Direct adsorption of H at surface

dangling bond to form SiH,; F
terminationat surface step

sible surface reactions that are denoted by Eq. 13 and 14.

SiOH + H* = SiOH** [13]
SiOH = SiO™ + H* [14]
As the pH is in the range of 1-1.5 (less than pzc 3)*" surface pro-

tonation is the predominant mechanism in the formation of SiOH>*.
In Si—-OH, —OH group is highly electronegative and thereby induc-
ing & + + on the silicon atom bonded directly to it and less 8+ on
next neighboring silicon atom. During water rinsing, a water mol-
ecule attacks polarized Si®**~Si®* and forms both Si—H and SiOH as
denoted by Eq. 15

Si®**-Si** + H,0 — SiH + SiOH [15]
After breaking the Si®**-Si®*, SiH and SiOH face each other.”' OH~
attacks the interior of SiH forming SiOH and two such neighboring
SiOH forms Si—O-Si by condensation causing the logarithmic

growth of oxide. This reaction mechanism of HNO; and SPM ac-
counts for the increasing hydrophilicity with increasing number
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Table IV. Concentration and pH of (a) 20-70% HNO;, (b) 4:1 v/v mixture of 90-98% H,SO, and 30-50% H,0,, (c) mixture of 20-70% HNO;
and 500 ppm HF, (d) 4:1 v/v mixture of 90-98% H,SO,, 30-50% H,0,, and 100 ppm HF.

Components,
ions, associated

Composition Concentration pH with treatments
(1:20 v/v) HF: water 1.1-12 M 0.1-0.2 HF, (HF),
HNO;, 32-11.1 M 1.4-1.5 H;0%, NO3
H,S0,-H,0, H,SO, 13.3-147 M 1.2-15 H,0%, H;SOj, HSO;
H,0, 1.8-29 M SO;, H,SOs
HNO;-HF HNO; 32-11.1 M 0.2-0.4 H;0%, NO3, HF,
HF (5.7-6.1) X 107* M (HF),
H,S0,-H,0,-HF H,SO, 13.3-147 M 0.1-0.4 H,0%, H3SOj, HSOj,
H,0, 1.8-29 M SOy, H,SOs,
HF (2.4-2.5) X 107* M HF, (HF),

SiOH group formations accompanied by logarithmic increase of ox-
ide with time (see Table I and II and Fig. 9).21

HF is very strong below 0.05M and dissociates readily
(HF > H* > F~ = (HF,) =~ (HF,)” =~ (HF),F)."” Etching with
such a solution takes place mainly through (HF,)~ and the rate is
higher. It was shown that the addition of acid in diluted HF moves
the equilibrium of Reaction 8 toward the left which in turn results in
nil or minimal formation of HF, due to the unavailability of F."
Only HF and (HF), will then be available in the oxide-etching mix-
ture. This concept can be used here where we have added ppm level
of HF in SE and SPFM. Addition of HF reduces pH of the SE and
SPFM solution toward 0.2-0.4 from 1.0 to 1.5 (see Table 4). In such
low pH solution with the unavailability of (HF,) and (HF),F~, dis-
solution of SiO, is low and the surface is mainly terminated with
SIH,. The reaction mechanism follows the same path of Fig. 12A
with the formation of SiOH terminated chemical oxide. But in SE
and SPFM, a competitive oxidation and etching can be expected due
to the presence of HF resulting in a controlled growth of the oxide
layer (see Fig. 9). Competitive dissolution of wet-chemical oxide in
SE and SPFM system takes place in two steps:

The first step is the dissolution of oxide by HF forming SiFg~
ions in the solution which involves fluoride absorption. Fluoride
absorption (-SiF formation) occurs through the surface complex-
ation reaction (known as inner sphere complexation process), shown
in (a) to (b) formation of Fig. 12B.?” This Si-F bond induces polar-
ization of underlying Si—O bonds leading to the detachment of the
surface silicon atom (c) of Fig. 12B with the attack of H,O. The
second step of SiO, dissolution in SE and SPFM takes place by
etching the last monolayer of Si>* and resulting in a SiH, terminated
surface. It is shown in (d) of Fig. 12B. SiH, formation mainly occurs
through adsorption of H at the surface dangling bond. The adsorbed
fluoride passivation can be potentially removed and the final SiH,
surface structure can be obtained [(e) of Fig. 12B], when rinsed with
DI water. A SiH, terminated surface is highly hydrophobic, as seen
from contact angle values that are greater than 40°. During the treat-
ment with SE and SPFM, there must be a competitive formation of
wet-chemical oxide [(a) of Fig. 12] and its dissolution to result in a
SiH, terminated structure [(e) of Fig. 12]. This is supported by
DRIFTS data at the 2000-2300 cm™! region for SiH, vibration in
Fig. 6 and 7 and contact angle values. Though figures are not in-
cluded here, higher values obtained for the area integral over
980-1300 cm™! region of DRIFTS and higher values of thickness,
obtained by ellipsometry for surfaces that were not pre-treated with
HF, can be attributed to the lack of the etching action of HF which
removes SiO, and controls the oxide growth.

Conclusion

Investigations were undertaken on Si(100) surfaces that were
subjected to four different chemical treatments. Resultant surfaces
were characterized by DRIFT spectral analysis, ellipsometry, contact
angle analysis, and AFM techniques, as a function of reaction times

to elucidate the time dependent evolution of surface properties.
Omission of HF from the acid treatment mixtures resulted in sur-
faces with greater hydrophilic character with no detectable SiH,.
These surfaces may be prone to organic and metallic contaminants
accompanied by an oxide layer. While both HNO; and
H,SO4~H,0, treatments for longer duration (30-60 min) yield a
comparable number of hydroxyl groups, the thickness of the oxide
layer was found to be higher for HNO; treated surfaces. Surfaces,
treated with H,SO4—H,0O,, were sticky and contamination prone.
We have studied in detail the impact of inclusion of HF in oxidizing
acid mixtures. Inclusion of HF results in a mixed character, that
contains both SiH, and SiOH and the nature of which depends upon
the reaction times. Longer incubation times yield a surface with
predominant SiH,coverage, whereas lower incubation times yield a
surface with greater SiOH coverage.

For attaching biologically relevant molecules, silanization is an
important step on hydroxylated silicon wafers (Fig. 1). Depending
upon the final intended application of surfaces, a method can then be
selected for surface modification with proper reaction time to get a
hydrophilic surface with controlled oxide growth, free of contami-
nation and with minimum surface roughness. To get a surface with
higher silane grafting density, one may not need mixed termination
of surface with SiOH and SiHy. In that case HNOj5 treatment could
be better over SPM, SE, and SPFM with a shorter reaction time, and
dangerous acid mixture handling (SPM, SPFM, and SE) can be
avoided.
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