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This paper gives a short overview of issues
associated with the surface preparation of
silicon surfaces for advanced gate dielectrics
and the appearance and nature of the wafer
surface after different chemical treatments.
The main portion of the paper demonstrates
the use of electrochemical open-circuit
potential (OCP) measurements as a simple
and powerful technique to investigate and
characterize wet silicon surface-preparation
processes. This technique provides unique
information about the evolution of
semiconductor surface reactions in wet-
chemical environments and permits the
investigation of the kinetics of oxidation and
etching processes in situ and in real time. Very
good agreement between results obtained by
this technique and results from multiple
internal reflection–Fourier transform infrared
spectroscopy (MIR–FTIR), X-ray photoelectron
spectroscopy (XPS), spectroscopic
ellipsometry (SE), and contact-angle studies
is presented in this paper. A model is also
presented which permits the correlation of the

measured open circuit potential difference to
the thickness of a growing native oxide. The
etching behavior of an ultrathin thermally
grown silicon oxide layer in hydrofluoric acid
(HF) is discussed as a new result obtained
using the OCP technique.

Introduction
Few semiconductor processing steps have attracted as
much interest over the last decade as the gate dielectric
formation and the prior surface preparation. In the early
days of solid-state device technology, the importance of
clean substrate surfaces was already recognized to have a
critical impact on the performance of simple transistors on
germanium [1]. Since that time, with the introduction of
silicon as substrate material and the rapid progress made
with it, contamination issues have become even more
critical, resulting in the implementation of more effective
wafer cleaning: traditional wet-chemical processes [2– 6]
and combinations with gas/vapor-phase dry processes [7].
As a result, much progress has been made in the last
decade in defect reduction, with a focus on heavy metals,
alkali, and other light elements, organic contamination,
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particles, and in general residues of any kind which are
foreign to the surface. Now, with the rapid approach of
advanced gate dielectrics only a few atomic layers in
thickness, and also the increasing interest in high-k
materials, new questions arise and expressions such as
“materials foreign to the surface” take on a new meaning.
For example, should native oxides or wet-chemically grown
oxides, which are residues from the prior cleaning process,
be considered as harmful and therefore stripped before
any gate dielectric growth? Or, alternatively, can these
oxides be grown in a clean, reproducible way to become a
valuable part of the final dielectric material? Where is the
“native” oxide located after dielectric formation: on top of
a thermally grown dielectric (at the interface with the gate
material) or at the silicon–substrate interface in the event
that a dielectric is deposited on top? To be able to define
optimized solutions for each individual problem, it is of
critical importance to understand the surface chemistry of
silicon and silicon dioxide (often referred to as silica) and
to investigate and influence the physicochemical processes
at the semiconductor/electrolyte interface. As gate
dielectric formation on real devices takes place on
structured wafers, optimizing the surface-preparation
process becomes a multivariable problem, because
questions involving chemical components, mixing ratios,
maximum allowable treatment time, temperature, and
tooling must be answered for multiple materials exposed
simultaneously.

In this paper, a short overview is initially given of
the appearance and nature of the silicon surface after
different chemical treatments and the associated positive
and negative aspects. In the main section, a powerful but
simple technique for monitoring and characterizing silicon
surface processes in wet-chemical environments (in situ
and in real time) is demonstrated on the basis of a review
of experimental results and recently published papers.

Chemical composition of the silicon surface

● Contamination issues
The chemical state of the silicon surface after a cleaning
process can be either in an oxidized form or oxide-free,
bare silicon, terminated by Si–H groups. Termination of
the silicon surface with deuterium, halogens such as
bromine and iodine, and alkoxy groups (Si–O–R, where
R is an organic group) is also being investigated [8 –12].

The silicon surface, after a wet cleaning step and a final
oxidative step, appears hydrophilic; i.e., a layer of water is
absorbed when the wafer is removed from an aqueous
liquid such as de-ionized (DI) water. The thickness of this
SiO2 layer is between 0.6 and 2.0 nm, its nominal value
depending on oxidation conditions and the measurement
techniques used. This chemical oxide (often referred to as
“native” oxide) forms a passivation layer with a dangling-

bond defect density in the range of 1012 cm22 at the
Si/SiO2 interface [13, 14]. The defect densities reported
are about two orders of magnitude higher than for
thermal oxides. However, recent studies suggest that the
quality of the native oxides is strongly dependent on the
applied chemistry in which they are formed, and that
higher-quality oxides can be obtained with alternate
chemistries such as DI water/ozone [15–18]. Wet-chemical
oxides protect the Si surface from some recontamination
or at least render the surface less sensitive. On the other
hand, such thin oxides left on the surface are detrimental,
for example, to epitaxial silicon deposition and might
become increasingly critical for subsequent thermal
oxidation as the gate oxide thickness decreases. For such
purposes, cleaning sequences which end with an HF step
(i.e., processing with a native-oxide-free surface) might be
preferred. Such a surface after HF cleaning is hydrophobic
(i.e., aqueous liquids do not adhere to the surface), and
the silicon dangling bonds are passivated with hydrogen
atoms. The hydrogen passivation is very stable, and
surface-state densities are extremely low.

● The hydrophilic surface—Si–(OH)x

Unlike thermally grown oxides, which have been
characterized quite extensively because of their
technological significance, wet-chemical oxides are not
very well understood; more thorough investigations have
recently been undertaken [17, 18]. Wet-chemically grown
oxides are hydrophilic in contrast to thermal oxides.
This difference is caused by the way the oxygen atom is
bound to the silicon on the surface. Thermal oxides are
characterized through the formation of siloxane rings,
which are very stable against hydrolysis. Wet-chemically
grown oxides are generally covered with surface hydroxyl
groups (Si–OH) called silanol groups, and are very similar
in their behavior with respect to silica gels, which are used
for metal adsorption (ion exchange resins), as a substrate
for catalysts, and for other applications [19]. Geometrical
considerations and chemical measurements indicate an
average surface density of around five (typical range 2–12)
hydroxyl groups per nm2 [20]. It is important to note that
not all hydroxyl groups formed on a surface are chemically
equivalent owing to structural differences in their
coordination, but in general the surface hydroxyl groups
on a hydrous oxide have donor properties similar to
those of their corresponding counterparts in solution, the
hydroxides. The sorption of metal ions and protons can
be understood as competitive complex formation with
deprotonated surface groups (Si–O2) which behave like
Lewis bases. This means that the adsorption of species
on a hydrous oxide surface of Si can be compared with
complex formation reactions in solution, as demonstrated
by Schindler et al. [21]. However, the extent of adsorption
also depends strongly on the surface charge of the oxide
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(i.e., the number of hydroxyl groups and the degree of
dissociation) and, obviously, on the pH of the solution.
More recent studies are extensively investigating the
interaction between metal contamination in liquid and
the silica surface [22, 23].

Besides being responsible for metal contamination, the
surface charge of wet-chemically grown oxides on a wafer
surface is also responsible for particulate contamination.
An excellent chemical particle-removal process is to
increase pH in order to obtain a negative (and, to most
particles), repulsive surface charge by deprotonating the
surface silanol groups. However, because this negative
surface charge is very attractive to metal contaminants,
a good balancing of chemical processes is needed to
remove both particulates and metals and to avoid their
redeposition.

● The hydrophobic surface—SiHx

When the oxide layer from a crystalline silicon substrate
is removed with HF, a hydrophobic surface with unique
properties is obtained: i.e., having a good resistance to
chemical attack and a low surface recombination velocity,
which means a surface with a very low surface-state
density. Since the late 1980s it has been accepted that
such a surface is hydrogen-terminated instead of having
F2 bonded to the Si atoms [24 –29]. Although the
mechanism is not completely understood, it is known that
the etching of SiO2 from a silicon surface occurs in two
steps. First, the oxide layer (Si41) is rapidly dissolved in
HF, forming SiF6

22 ions in solution, with the reaction rate
dependent on the HF concentration. In the second step,
anodic dissolution of the last monolayer of oxidized Si
(Sin1 with n 5 1, 2, 3) occurs, resulting in a hydrogen-
passivated Si surface with mainly dihydride species
on the (100) surface and monohydride species on the
(111) surface [26, 30, 31]. More details on the etching
mechanism are discussed in this paper, in the section in
which this reaction path is monitored in situ and in real
time.

As has been mentioned, this hydrogen-passivated
surface exhibits good stability over a period of hours,
shows less organic recontamination than silica
surfaces [32–34], and has fewer problems with metallic
contamination. Only noble metals such as Cu and Ag can
deposit electrochemically on the surface, which leads to a
dramatic roughening of the surface [35–37]. In general,
however, such problems are observed only rarely in a
device fabrication environment because of the high
dilution of HF with high-purity DI water. In addition,
the plating of Cu onto silicon during the etching process
can be prevented by adding a sufficient amount of HCl
(hydrochloric acid) to the HF solution [38]. The major
difficulty with having HF as the last processing step (HF-
last processing) is the wafer rinsing and drying process.

In the pre-gate-oxidation preparation step, device
wafers after HF processing have both hydrophobic and
hydrophilic areas (mixed surfaces); also, the opened,
active areas are not 100% H-passivated and have fluoride
adsorbed. This requires very careful rinsing with DI water,
which may slowly reoxidize the surface when it contains
higher levels of dissolved oxygen. A very sophisticated
drying process must also be applied [33, 39 – 41].
As another complication, surface-roughening effects
introduced by the cleaning process must be considered,
but so far no clear correlation to gate dielectric quality
has been found [42, 43]. However, in the case of extreme
surface roughness it has been shown recently that the
tunneling current is increased, primarily because of
the resulting oxide nonuniformity [44].

Considering the problems associated with hydrophilic-
last cleaning (metal contamination, possible impact of
native oxide on dielectric properties), HF-last cleaning
sequences seem very attractive; it would be expected that
improved gate reliability and oxide integrity could be
achieved. However, so far experimental proof for the
superiority of HF-last cleaning has not been reported [45].
This might be because of uncertainty involving the extent
to which HF-last processing on structured wafers really
results in H passivation, and, if so, how stable this
passivation is. In fact, final H passivation requires a
sufficiently long over-etch time, which is sometimes
difficult to achieve, and, as mentioned earlier, requires
an optimized rinsing and drying process. An effective
measurement technique is needed in order to optimize
surface-preparation processes such as HF etching and
native-oxide passivation. Such a technique was introduced
in 1995 [46 – 48]; it is based on measurement of the
time evolution of the open-circuit potential (OCP)
of a semiconductor surface when it is immersed in
an electrolyte. Earlier work has already shown that
characterization by electrochemical OCP measurements
can assist significantly in optimizing wet etching of
metals and silicides on top of silicon [49].

In the following, after a brief theoretical introduction,
the applicability of OCP measurements in the study of wet-
chemical oxidation of Si by SPM (H2SO4;H2O2 5 4;1)
and SC1 (NH4OH;H2O2;H2O 5 0.25;1;5) mixtures
and the removal of the resulting oxides by HF and caustic
mixtures are reviewed. A new application of this technique
for investigating and characterizing the etching behavior of
thermally grown ultrathin dielectric materials is demonstrated
for the first time.

Theoretical considerations
Immersion of a semiconductor in an electrolyte which
contains one or more redox couples results in a charge-
transfer process between the two phases until electrostatic
equilibrium (equality of the free energies of the electrons
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in both phases) is obtained or, in other words, until the
Fermi levels (EF) in the solid and the solution become
equal. This produces an electric field at the solid/
liquid interface, causing the formation of an electrical
double layer, as in the case of a metal electrode. But
semiconductors differ from metals in the nature of their
potentials and potential distribution in two important
ways:

1. The electrochemical potential of electrons in a
semiconductor can be varied over a wide range by the
addition of a trace quantity of suitable impurity (e.g.,
p- or n-doping with boron or phosphorus, respectively).

2. The dielectric constant of most semiconductors is in the
range from 10 to 20. This, coupled with low free-carrier
densities, enables such materials to support extensive
space charges, in contrast to the behavior of a metal
in this respect.

Under these conditions, two diffuse layers are formed at
the interface when a semiconductor is immersed in an
electrolyte: one in the electrolyte (Gouy layer) and the
other in the semiconductor (space-charge layer). These
two layers, together with an intermediate region (the
Helmholtz layer), form the electrical double layer. The
ions that form the electrolyte region of the double layer
can approach the interface to the distance of the outer
Helmholtz plane. Between this plane and the surface of
the semiconductor exists a potential difference fH, the
Helmholtz potential. This interface distance between
charges corresponds to the ionic radius, including the
solvating shell, and may be considered as a charged
capacitor. The overall potential difference fGa (Galvani
potential) between the bulk of the semiconductor and the
bulk of the electrolyte is given by the sum of the electrical
potential differences fS and fG in both diffuse layers,
and fH:

fGa 5 fS 1 fH 1 fG . (1)

The Gouy layer is a diffuse space-charge region extending
out from the electrode. Its thickness becomes negligible
and indistinguishable from the Helmholtz double layer for
moderate ion concentrations. Therefore, if the electrolyte
solution is concentrated, above ;1022 M, fG (the
potential drop in the Gouy layer) is negligible [50]. This
simplifies the model; the potential drop may occur entirely
within the semiconductor (fS) or within the electric
double layer in solution (fH). However, in practice
the potential drop occurs partly in the semiconductor
and partly in the Helmholtz layer, so that there are
two processes that must come to equilibrium—
electron exchange and adsorption/desorption of ions. It is
experimentally found that the potential drop across the
Helmholtz double layer is sensitive to the electrolyte

composition and is therefore determined by the
absorption/desorption of ions, especially in the case of
an insulator surface (i.e., SiO2). On the other hand, the
Helmholtz double layer shows an insensitivity to electron
transfer which is related to its thickness of only 1/100 to
1/1000 the thickness of the space-charge layer. Therefore,
if charge is transferred from the bulk to the surface, giving
a voltage change, or if a voltage is applied, only a small
fraction of the voltage change appears in VH, but, instead,
is distributed over the space-charge layer. The role of the
space-charge layer in the semiconductor is to adjust the
carrier concentration at its surface in order to make the
net rate of electron transfer between the involved band
and the redox couple in the electrolyte equal to zero. This
is achieved by bending of the conduction and valence
band relative to the flat-band potential, which is the
potential at which no space-charge layer exists. Additional
complications arise because charges on the semiconductor
side of the interface may also exist in surface states,
which are energy states located at the surface within the
bandgap. However, this potential drop is distributed over
the total interface, Q. Any variations of the overall voltage
developed by this electrochemical cell can be measured
against a reference electrode at open circuit with a high-
impedance voltmeter, so that negligible current can flow
through the cell. In such a measurement setup, additional
potential drops are involved at the electrolyte/reference
electrode, reference electrode/metal, and semiconductor/
metal interfaces. The semiconductor/metal interface is
an ohmic contact; i.e., the potential distribution at this
contact remains unchanged during any variations of
the electrode potential and also the potential drops at
the other two additional barriers. The measured electrode
voltage (V ) is then given by

V 5 fS 1 VH 1 V0 , (2)

where V0 contains all of the additional, constant potential
drops (including the potential drop in the Gouy layer,
which is considered to be negligible, as discussed above).

Experimental details

OCP The measurement of the open-circuit potential is
performed between a working electrode and a reference
electrode at an open circuit at which no (or negligible)
current flows through the electrochemical cell during
the measurement. In practice this is accomplished by
connecting both electrodes through a mV-meter with
extremely high input impedance (.1012 V-cm). The mV-
meter applied in this work also enables the connection
of a temperature probe and acts as the interface to
a computer, which samples the potential and the
temperature as a function of time (up to several hundreds
of measurement points per second). Silicon device wafers
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[CZ, 125 and 150 mm, p-type, boron-doped, 16 –24 V-cm,
with (100) surface orientation] have been applied as
working electrodes, except in Figure 15 (shown later),
where only pieces of a p-type, 200-mm wafer were used
(total area of sample exposed to liquid was 3 cm2). The
wafer was mounted in a specially designed single-wafer
holder made of PFA (perfluoroalkoxy copolymer) so
that only the polished front side of the wafer (about
95% of the area) was exposed to the electrolyte under
investigation. Ohmic contact between the silicon electrode
and the wiring was established by sputtering 700 nm of Al
on the back side of the p-type wafer, followed by sintering
at 4358C for 30 minutes. For the experiment displayed
in Figure 15, a different approach, creating the ohmic
contact on the back side of the sample with an In/Ga
eutectic mixture, was used. To realize a chemically
compatible and stable reference potential, several different
approaches have been tested. For absolute measurements,
a standard Ag/AgCl electrode [3M KCl/sat. AgCl,
1204 mV vs. N.H.E. (normal hydrogen electrode) at 208C]
fitted with a PFA capillary salt bridge has been used very
successfully in HF, SC1, and aqueous NH3 solutions. The
leakage rate of this capillary was determined to be less
than 200 ml saturated KCl electrolyte per 24 hours.
Measurements in this paper which refer to Ag/AgCl are
measured relative to this setup with the capillary salt
bridge, except for Figure 15, where a gel-filled reference
electrode was applied. Other reference systems tested
were also based on Ag/AgCl standard reference systems,
but their absolute potentials vs. N.H.E. were not
determined; measurements involving these systems are
referred to an arbitrary reference. These deviations in the
reference potential were introduced through additional
junctions (glass fiber) and leaking of chemicals into the
reference system.

A special reference system has been developed in order
to provide contamination-free measurements. In this case,
a second Si wafer encapsulated in PFA has been used as
the reference electrode. This “reference wafer” is of the
same type as the working electrode, with one difference:
It is already in a passivated state; i.e., all major surface
reactions (oxidation, etching) are completed, resulting
in a sufficiently stable reference potential. This stability
is achieved by immersion of the reference wafer in
the solution at least 20 –30 minutes before the actual
measurement (depending on the process, longer times may
be required). Then the working electrode is immersed,
and the potential changes due to the ongoing surface
reactions (on the working electrode) are measured vs. the
Si reference wafer. In this case, the potential is referred to
a Si reference. Under certain circumstances (e.g., when
measuring in HF), it is advantageous to use a different
wafer type as reference system [e.g., wafers with (111)
orientation or different doping] to achieve a more stable

reference potential. Throughout the paper, all chemical
concentrations given in percentage are weight % if not
stated otherwise. Also, all measurements were performed
in open tanks, exposed to clean-room air, so all chemical
solutions can be considered as saturated with oxygen.

As is shown in the following discussion, there is a very
good correlation between measurement results obtained
with this OCP technique and results obtained with well-
established surface-characterization techniques. However,
the OCP is influenced in a very complex way by several
processes occurring simultaneously which are described
in summary by only one measurement value at a time,
reflecting any changes at the semiconductor/electrolyte
interface by a chemical (e.g., oxidation, etching,
dissolution) or physical process (e.g., adsorption). By
calibrating the OCP responses with well-established
surface-characterization techniques, the time-dependent
variation of the OCP can be used as a signature for the
ongoing surface reactions, leading to a qualitative and
eventually quantitative understanding.

MIR–FTIR Double-side-polished IR samples [p-type,
(100) surface orientation, 10 –25 V-cm] were immersed
sequentially in a 0.5% HF mixture after an SPM/DI-rinse
pretreatment. At preselected times determined from the
OCP curve, the samples were removed from the HF bath
and immersed for a maximum of five seconds in DI water
and then blow-dried with N2. The samples were then
transferred to a Mattson-galaxy FTIR spectrometer
and measured within 20 minutes after preparation with
p-polarized light at a resolution of 4 cm21 in the range
from 2030 to 2170 cm21. All samples were measured with
the initial SPM oxide as reference.

SE Si wafers of the same type as used for the OCP
measurements (see above) were immersed together with
the working electrode in different SPM or SC1 test
solutions after an HF/DI-rinse pretreatment. After the
SPM or SC1, the wafers were rinsed for ten minutes
in DI water and then blow-dried with N2. Spectroscopic
ellipsometry measurements were performed immediately
after sample preparation, using a SOPRA ES4G
ellipsometer (photon energy range 2.76 – 4.86 eV in 21
equidistant points, angle of incidence: 808). To obtain
more accurate tan C, cos D data, three measurements
per wavelength were averaged.

XPS Samples were prepared in the same way as
described above for SE and then analyzed, looking at
the Si 2p, O 1s, and C 1s lines.

Experimental results and discussion
The experimental results are discussed in order of the
simplicity of the chemical reactions occurring on the
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electrode surface. The initial reaction is with the SPM
(sulfuric acid/hydrogen peroxide) mixture, which oxidizes
the silicon surface. This is followed by measurements in
HF (hydrofluoric acid), where two consecutive processes
occur: first, the chemical dissolution of SiO2, followed by
electrochemical etching of the last monolayer of Si. The
third part of the experimental discussion deals with the

dissolution of SiO2 in NH4OH (aqueous ammonia)
solutions, where, besides chemical and electrochemical
etching of the surface, rate-determining adsorption
phenomena are most probably involved. In the final part,
we briefly investigate the SC1 mixture (aqueous
ammonia/hydrogen peroxide/water), which involves
oxidation and dissolution reactions occurring
simultaneously.

● Oxidizing environment (SPM)
When Si is oxidized, the Si/SiO2 interface is being
displaced step by step from the original Si surface and
located deeper within the Si wafer. For this process, the
oxidizing species moves through the oxide layer to react
with Si at the interface. Since such an oxidation process
involves a drastic change in the chemical and physical
appearance of the Si surface, a change in the potential
distribution at the interface is expected. Figure 1 presents
a typical time response of the OCP of a hydrogen-
passivated Si surface during immersion in a strongly
oxidizing chemical mixture. The results from three
identical measurements are presented to demonstrate
the high reproducibility of the measurement method.

A very sharp decrease of the potential to more negative
values is initially observed, yielding a characteristic
minimum potential which in the subsequent discussion is
called the point of minimum potential, or PMP. In this
initial phase (lasting around four to five seconds), the
hydrophobic surface turns into a hydrophilic one by
exchanging its surface hydrogen atoms with partly
protonated hydroxyl groups, as shown in Figure 2. This
first step is believed to be an oxidative attack on the
hydrogen-passivated silicon by strong oxidizing species
existing in this mixture. A free hydroxyl radical is shown
as an example; it is an intermediate in the reduction
of H2O2, S2O8

22, and H2SO5 (Caro’s acid).
After this initial drop, the OCP reverses the direction

with a decreasing rate as the oxidation process continues.
Further steps involve back-side oxygen insertion, resulting
in a wet-chemical oxide of a few monolayers’ thickness
[52]. It should be noted here that the general appearance
of OCP measurement curves is very similar for most of
the electrolytes investigated in this work. However,
significant differences exist and are discussed as they
appear.

Test results for the oxidizing power of an SPM mixture
are shown in Figure 3. A fresh mixture of sulfuric acid
and hydrogen peroxide was prepared and immediately
measured with the OCP setup using a hydrogen-passivated
silicon wafer as working electrode. The chemical mixture
was then allowed to cool down for more than 20 hours
before being remeasured with the same procedure. In
addition to a lowering of the temperature, most of the
hydrogen peroxide in the mixture decomposed. Both
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changed parameters yielded a chemical solution with
strongly reduced oxidation potential. The slope obtained
from these curves is the potential change after the PMP
and DOCP, which is defined as the potential difference
between the PMP and the final potential at which a quasi-
steady state of the oxidation reaction is reached, or the
measurement is stopped (i.e., when the sample is removed
from the solution).

Investigations made with SE on these two oxides
show a small but clear and significant difference in
oxide thickness as interpreted from the difference in the
refractive index between them and also relative to an H-
passivated surface which was also measured. Because of
the lack of an appropriate physical model for the oxide
layers, real («r) and imaginary («i) parts of the dielectric
functions are calculated assuming that no surface layers
are present on the Si substrate; they are then compared
with reference data [53] for a bare Si surface to obtain D«r

and D«i (pseudodielectric functions, Figure 4). By using
this approach, the small difference between the two
thin oxide layers is strongly amplified. Additional XPS
investigations on these two different oxides (Figure 5)
confirmed the findings with SE.

These investigations suggest that the slope of the
potential change after the PMP and the absolute
difference between the PMP and the final potential (DOCP)
can be correlated respectively to the oxidation rate and
the resulting oxide thickness. Table 1 lists values for the
oxide thickness calculated from SE and XPS data by
applying models used for very thin (2–3 nm) thermal

oxides. An additional measurement was carried out with
an SPM mixture at 758C. The difference in the oxide
thickness between SE and XPS is related to the models

Table 1 Calculated oxide thickness from XPS (dXPS) and
spectroscopic ellipsometry (dSE) measurements and correlation
to the potential difference between the PMP and the potential
after 600 s immersion time (DOCP).

Sample
treatment

dXPS
(nm)

dSE
(nm)

DOCP
(mV)

SPM, 218C 0.5 0.6 120
SPM, 758C — 0.9 250
SPM, 958C 0.8 1.1 405
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applied for the calculations. For further calculations, the
values calculated from SE measurements are used.

Figure 6 shows the correlation between DOCP and oxide
thickness, calculated from SE and XPS measurements.
Assuming an additional point at dox 5 0 when DOCP 5 0,
a parabolic dependence of the potential on the oxide

thickness was found, confirming the theoretical findings
[48]. In this theoretical approach, assuming that the
semiconductor surface is depleted during the whole
oxidation process, the Poisson equations for the system
electrolyte/SiO2/Si have been solved. Also, fH was
assumed to be constant during the whole oxidation
process.

The general form of the obtained relationship between
the measured potential difference (DOCP) and the resulting
oxide thickness (dox) is given by

V 5 m 1 ~ p 1 o!dox 1 ndox
2 , (3)

with

m 5
qQox

2

2Nsub«Si

, p 5
qQoxNox

2Nsub«Si

, o 5
qQox

«ox

, n 5
qNox

2

8Nsub«Si

, (4)

where V is the measured DOCP (V); q (electronic charge)
5 1.6022 3 10219 C; «ox (dielectric constant for thermal
oxide) 5 0.34 3 10219 F-nm21; «Si (dielectric constant for Si)
5 1.05 3 10219 F-nm21; Nsub (doping level of the Si substrate,
equivalent to a boron-doping level of 7 3 1014 cm23)
5 6.5 3 1027 nm23; Nox 5 charge in the oxide (nm23); and
Qox (charge on the oxide surface1) 5 4.92 3 1026 nm22.
By fitting this function to the experimental results
displayed in Figure 6, with Nox as fitting parameter and
calculating the single terms, it can easily be seen that the
terms m, p, and o are negligibly small, resulting in a
simplification of the equation to

V 5 ndox
2 , (5)

and yields: Nox 5 1.06 3 1023 nm23 (i.e., 1.06 3 1018 cm23).
This value is in very good agreement with literature
data for wet-chemical oxides (grown in acid mixtures)
ranging from 2 3 1011 cm22 to 6 3 1012 cm22, where the
oxide charge density has been determined with a surface-
charge analyzer2 [54].

With this correlation between oxide thickness and
potential change, it is now possible to calculate dox(t) for
an OCP(t) curve, which is shown in Figure 7 (by using
the results from SE measurements). In the beginning, the
calculated dox(t) follows (with relatively good agreement)
the logarithmic law which was proposed for the oxidation
process of several metals [55] and silicon [56] at elevated
temperatures:

dox 5 k log ~1 1 bt!, (6)

where dox is the oxide growth in time t, and k and b are
constants.

1 Qox can be calculated assuming that all positive charge on the oxide surface
originates, depending on the pH of the electrolyte, from protonated surface silanol
groups (Si–OH2

1); see [48].
2 P. Snee, Motorola, East Kilbride, UK, private communication.
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● Acid-etching environment (HF)
Another way to estimate the relative difference in the
thickness of native oxides on semiconductors is to monitor
the OCP as a function of time while dissolving the oxide
in an appropriate medium, e.g., HF. Figure 8 presents
the results obtained when the two different oxides under
investigation (see Figure 3) are etched off in 0.5% HF.
The PMP is found to be the point which marks the time at
which the major part of the oxide is chemically dissolved
and another process (electrochemical etching) begins to
determine the potential change (see discussion below). By
assuming that the oxide dissolution time changes linearly
with the oxide thickness, a shift of the PMP by a factor of
2 would be expected from the SE and XPS measurements
given above, which indeed was observed. The sensitivity of
this technique for determining relative differences in the
oxide thickness by comparing the time required for various
samples to reach the PMP can be strongly increased by
using lower HF concentrations, as is later demonstrated.

Figure 9 presents the typical time evolution of the OCP
of a p-type Si substrate immersed in a 0.25% HF solution
after SC1 oxidation and DI rinse. The measurement was
performed under clean-room light conditions. The initial
OCP value was difficult to quantify because of the finite
time needed for immersion of the working electrode
(0.5 to 1 s), but was found in general to be near the final
steady-state potential (and, in many cases, higher). In
the initial stage of the reaction, the native oxide layer is
dissolved, resulting in a drift of the OCP to more negative
values [57]. After reaching a characteristic minimum
(the PMP), which is defined by several parameters

(e.g., thickness of the oxide, etch speed, pH of the mixture,
illumination), the OCP reverses direction until it reaches a
quasi-steady-state potential. Here no further major surface
changes occur, except for a slow chemical corrosion of Si.
This results in a slow increase of the potential with time
depending on illumination and wafer doping [48]. Figure 9
also displays the reproducibility of OCP measurements
in HF (HF mixture in an open tank prepared freshly
every day). The same pretreatment and measurement
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procedure was performed six times on three different days
with two different Si electrodes of the same type.

Figure 10 again shows a very schematic and simplified
representation of the major changes on the silicon (100)
surface when immersed in an oxidized state in an HF
solution. In the first step, the wet-chemical oxide is
dissolved by HF molecules, forming SiF6

22 ions in solution,

which results in a fast drop of the potential to more
negative values. The second major step is the etching of
the last monolayer of Si21, which is bonded to the bulk
material. As a result of this process, the potential again
shifts to more positive values. Finally, a relatively constant
potential is reached, indicating that a nearly complete
hydrogen passivation of the silicon surface has been
obtained. This final potential is a mixed potential, or
so-called corrosion potential, which is determined by
the anodic and cathodic processes occurring at the
interface. Correlation with contact-angle measurements
(Figure 11) and MIR–FTIR (Figure 12) shows that the
quasi-steady-state potential indicates the relative
completion of the hydrogen surface passivation layer.
Recent work exploring these cathodic and anodic
processes partially by using open-circuit potential
measurements has been reported by L. Torcheux et al.
[58] and V. Bertagna et al. [59, 60]. In these studies, the
electrochemical properties and reaction kinetics at the
mono- and polycrystalline silicon surfaces in HF solutions
as a function of exposure to light, doping type, dopant
concentration, oxygen content in the electrolyte, and
deposition conditions for the polycrystalline material have
been investigated. The phenomenon of electroless plating
of Cu contamination onto the silicon surface from HF
solutions is also discussed.

Figure 12 shows an OCP curve of a p-type Si wafer
immersed in a 0.1% HF solution under clean-room
light conditions. The measurement was performed
vs. a hydrogen-passivated Si wafer of the same type as
the working electrode. After the OCP measurement,
appropriate times for the treatment of IR samples were
chosen from the curve. The preconditioning for the
electrode as well as for the IR samples was an SPM
oxidation, ten minutes at 1018C, followed by a ten-minute
DI-water rinse. The integrated absorbance has been
normalized under the assumption that a 99% coverage of
the surface with Si–Hx groups is eventually reached, which
is in agreement with measurement results obtained by
Gräf et al. [61].

Figure 12 shows that the etching of the last monolayer
of oxidized Si occurs slowly before the PMP and yields
;10% coverage of the surface by Si–Hx groups at the
PMP. This electrochemical etching of the surface
influences the OCP curve and appears to become the only
dominating surface reaction after ;350 s, where the IR
and the OCP curves match. This finding was confirmed by
XPS measurements [48]. The fit of the MIR–FTIR data
(integrated absorbance) was performed using the so-called
Johnson–Mehl equation [62], which is a general empirical
equation for a quantitative description of overall
transformation kinetics:

X 5 1 2 exp @2~kt! f#, (7)
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where X is the volume fraction transformed, k the
reaction-rate constant (t21) and f the time exponent
(dimensionless). Originally developed for nucleation and
growth processes of layers on a solid surface, this theory
shows good applicability for the problem described here,
where one monolayer must be removed.

Figure 13 presents the results of an experiment in which
the etching of equal wet-chemical oxides (SPM/DI rinse)
and the buildup of H passivation as a function of the HF
concentration (i.e., total fluorine concentration) were
studied. A significant change in the slope of the OCP
before and after the PMP was obtained, resulting in a
major time delay in reaching the final surface passivation
with a reduced HF concentration. Recently Chyan et al.
[63] were not able to reproduce these typical OCP curves,
which are obtained when etching silicon oxides in HF
[46, 47]. Instead, when immersing a “thin native oxide” in
0.01% HF, they observed only the initial potential drop,
which took ;150 –200 min to reach a value close to the
PMP. To explain these rather strange findings, it is
possible that their HF concentration was even lower than
the reported 0.01%. This would extend the etching process
to very long times or render it impossible to reach H
passivation. They also reported that the sample surface
after the measurement was highly hydrophobic and
hydrogen-terminated (measured respectively by contact
angle and infrared absorption). Instead of H termination,
the hydrophobicity of the sample might indicate that
the etching process was disturbed by heavy organic
contamination on the surface. However, it is difficult
to explain their IR absorption findings, as well as
their baseline potential for the HF-etched silicon sample
(in 0.49% HF) without further details.

It has been shown (Figure 8) that the OCP technique
is very sensitive for determining small differences in the
thickness of native oxides. Figure 14 presents another
instance in which small chemical differences of the surface
were investigated. Initially the electrode was passivated in
a 0.5% HF solution. In the first case (“HF after HF”), the
electrode was removed from the bath and immediately
immersed again. In the second case, the electrode was
removed from the HF solution and rinsed in DI water for
ten minutes and then immersed again in the HF bath.
While the HF-treated surface immediately returned to the
initial quasi-constant potential, the DI-rinsed sample
required 30 – 40 s to achieve the steady state. The
difference is small but again significant, and is believed
to be due to the reoxidation of the silicon surface in the
DI water, which was also observed by Gräf et al. [61].

Very recent work in this field carried out at IBM
demonstrates that the OCP technique can also be applied
for the investigation of the etching behavior of thermally
grown or deposited dielectric materials. An example is
given in Figure 15, which represents the etching process

of a 2.5-nm oxide (O2, 7008C, 8 min, as measured by
ellipsometry) when immersed in a 0.1% HF solution. In
general, the OCP response measured during the etching of
a thermally grown oxide is very similar to that observed
with native oxides. However, there are some significant
differences, the first being a delay in the initial potential
drop (1) about 32 s after immersion of the sample in the
HF. A possible explanation for this behavior is that an
etch barrier is reached within the oxide. This is believed
to be the interface between the annealed chemical oxide
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(“residue” from the hydrophilic-last cleaning before the
oxidation process) and the thermally grown part of the
dielectric layer. The second difference is observed in the
lower part of the curve at ;260 s after immersion of the
sample (2). This deviation of the potential is believed to
signal the initial breakthrough of the HF to the bare
silicon and the initial accumulation of H-terminated
silicon bonds (discussed earlier). The appearance of this
second potential deviation gives an indication of the
uniformity of the etching process, since the main potential
change is still determined by the dissolution of the silicon

dioxide until the PMP is reached. In cases (1) and (2), the
surface re-establishes a new surface charge, which causes
an adjustment of the carrier distribution in the space-
charge layer of the semiconductor.

● Caustic etching environment (aqueous solution of NH3)
Another medium in which SiO2 dissolves is an aqueous
solution of ammonia (NH3). It is a component of the SC1
mixture, where it has the role of slowly dissolving the
formed oxide in order to under-etch particles and by
doing so remove them from the substrate surface. Under
conditions in which the dissolution reaction is faster than
the oxidation of the Si by H2O2, OH2 attacks the surface
and causes surface roughening. To evaluate the speed of
the dissolution reaction, several OCP measurements have
been performed. The electrode was preoxidized with a
0.25:1:5 SC1 mixture (volume ratios NH4OH/H2O2/H2O)
at room temperature for ten minutes. Then the electrode
was rinsed for ten minutes in DI water and subsequently
immersed in an NH4OH (30%)/H2O mixture (0.25:6
volume ratio, i.e., ;1.4 mol-l21 NH3 z H2O) at different
temperatures. The results are displayed in Figure 16.

The responses obtained are very different from those
of OCP curves discussed to this point, but they are again
highly significant and reproducible. In the initial phase (1),
the potential drops rapidly to a minimum. After that the
potential increases (2) until it reaches a certain maximum.
In the next part of the curve (3), the potential again drops
back to more negative values, close to the initial PMP.
After it has reached a minimum, the OCP increases again
(4) to more positive values until it decays (5) to a more
negative value, where the Si corrodes very heavily under
H2 gas evolution (6). A possible explanation for this very
interesting behavior is as follows. In part (2) of the curve,
adsorption of NH3 and/or NH4

1 molecules takes place on
the negatively charged silica surface. As has been reported
[19, p. 317], this process reduces the rate of dissolution
of silica. When a certain coverage is attained, where the
formation of surface complexes increasingly weakens the
Si–O back bonds, dissolution can proceed [20, p. 175].
Once the dissolution process is initiated, it proceeds at a
rate that is strongly dependent on the temperature until
all of the SiO2 is dissolved (3). This is demonstrated with
measurements at different temperatures. The next step
is similar to what has been observed in HF solutions, in
which the last monolayer of Sin1 (n 5 1, 2, 3) must be
etched electrochemically (4) with a possible buildup of an
over-voltage to activate the Si back bonds for the further
etching reaction. Once the maximum is reached, the
potential moves (5) toward the corrosion potential for
Si in NH4OH (6). H2 gas-bubble evolution from the Si
surface happens about halfway after the maximum along
the curve (5). It has also been observed that the electrode
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surface remains hydrophilic until about halfway between
(5) and (6).

● Oxidizing and etching environment (SC1)
The last mixture discussed here is the SC1 solution, which
is the most complicated chemical mixture to be analyzed
with the OCP technique because two overall reactions
occur simultaneously. The first is the oxidation of Si to
SiO2 by H2O2/HO2

2, and the second the OH2-catalyzed
dissolution of SiO2 by H2O. In a first experiment, the
temperature dependence of the reactions at a p-type
Si surface was studied. The results are presented in
Figure 17. While the room-temperature measurement
rapidly reaches a quasi-constant potential, it takes
considerable time for the 708C experiment to do so. This
might be explained by the increased dissolution rate of
the oxide compared to the low-temperature process. The
consequence is that a much longer time is needed to find
a condition of equilibrium between the processes—the
dissolution of the oxide on the oxide/electrolyte interface
and the continuous oxidation process at the oxide/silicon
interface. The relative difference in the oxide thickness
between the samples after the SC1 treatment at the two
temperatures has been determined by OCP measurements
in 0.25% HF, resulting in a small difference of the
responses. It appears that the sample after the high-
temperature SC1 treatment achieves a lower PMP and
reaches H passivation a little faster [48]. Additional XPS
investigations revealed no significant difference between
the two oxides. However, SE studies showed a small but
significant and reproducible difference [48]. It can be
speculated that the high-temperature process causes more
etching of the surface. Especially at the beginning, the
etching process appears dominant; thus, a higher degree
of surface roughness could be the reason for the small
differences observed.

Another question which frequently arises is whether sonic
agitation of the chemical mixture influences the surface
reaction. To evaluate this, a Si electrode was immersed
in a circulated SC1 tank at room temperature once with
and once without sonic agitation (300 W, 854 kHz).
Since the results showed no significant difference
between the OCP responses, it can be concluded that
sonic agitation does not influence the surface reaction.

Interesting observations have recently been made by
using the OCP technique to investigate metal adsorption
from SC1 mixtures onto the silica surface [64, 65]. In
these reports it has been demonstrated that the OCP
technique can also be used as a very sensitive monitoring
technique for low levels of metal contamination in
chemical cleaning mixtures. As discussed earlier in this
paper, metal ions or their aqua- or hydroxo-complexes can
adsorb onto the silica surface and so change the surface
potential, i.e., the charge residing on the surface. This

change causes a redistribution of charge carriers in the
space-charge layer of the semiconductor and therefore can
be measured quantitatively by monitoring the open-circuit
potential.

Summary
The rapid approach of advanced gate dielectrics and
increasing interest in high-k materials raise new challenges
for the cleaning community. The influence of native oxides
on the final dielectric property of the gate material must
be better understood, and significant research work is still
necessary to develop and optimize adequate cleaning
processes. In this paper, a technique based on OCP
measurements is a promising candidate as an efficient and
simple characterization tool for this task which has the
capability to deliver the necessary information. It has been
demonstrated that this technique provides information
about the evolution of semiconductor surface reactions in
wet-chemical environments and enables the study of the
kinetics of oxidation, dissolution, and etching processes
in situ and in real time. OCP results presented in this
paper are in good agreement with results obtained from
MIR–FTIR, XPS, SE, and contact-angle studies, and
demonstrate very good repeatability and high sensitivity.
A model was also developed which makes it possible to
obtain quantitative information on the thickness of a
growing native oxide at any time. With this model
it is possible to study the kinetics of wet-chemical
oxidation processes on semiconductor surfaces (a very
difficult and time-consuming process until now), as well as
the dissolution and etching behavior of semiconductor
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oxides and substrates [13]. It has also been shown for
the first time that the OCP technique can be applied
for the investigation of thermally grown oxides. Initial
results yielded unique information on the structural
composition of an ultrathin dielectric layer and the
uniformity of the etching process.
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