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ABSTRACT X-ray reflectivity measurements of increasingly more complex
interfaces involving silicon (001) substrates reveal the existence of a thin low-
density layer intruding between the single-crystalline silicon and the amorphous
native Si0, terminating it. The importance of accounting for this layer in modeling
silicon/liquid interfaces and silicon-supported monolayers is demonstrated by
comparing fits of the measured reflectivity curves by models including and

excluding this layer. The inclusion of this layer, with 6—8 missing electrons per

silicon unit cell area, consistent with one missing oxygen atom whose bonds

0.4 06 0.8
q,(A™)

remain hydrogen passivated, is found to be particularly important for an accurate and high-resolution determination of the surface normal density profile

from reflectivities spanning extended momentum transfer ranges, now measurable at modern third-generation synchrotron sources.
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olished silicon wafers are by far the
P most widely used substrates for study-
ing deposited and self-assembled
organic thin films due to their low cost and
angstrom-scale roughness. Such films are
used in organic field-effect transistors,’ 3
photovoltaic devices,* biosensors,® and
more, and for elucidating the basic science
underlying self-organization of matter in
two dimensions.>~8 At the surfaces of these
wafers the single-crystal silicon is invari-
ably terminated by a few-nanometer-thick
native SiO, layer, which is, in most cases,
amorphous,” and the thickness of which is
limited by the Cabrera—Mott mechanism."®
The structure of the transition layer between
the silicon and the native oxide is neither
well characterized nor well understood at
present.'! 13
A method of choice for studying the
structure of Si-wafer-supported organic thin
films is X-ray reflectivity (XRR)."*'> Progress
in X-ray beam generation, shaping optics,
and detector development at synchrotrons
enables extending XRR measurements to
larger momentum transfers and lower back-
ground scattering. In this article, we show
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that the combination of (1) different soft-
matter terminations of the Si/SiO, interface,
(2) an extended measurement range, and
(3) detailed XRR modeling leads to an im-
proved angstrom-scale resolution description
of monolayer organic films and an entirely
new representation of the underlying Si/SiO,
interface.

Tidswell et al's pioneering study'® of
the structure of self-assembled monolayers
of octadecyltrichlorosilane (OTS) on silicon
successfully modeled the SiO, layer by
a single slab of uniform density, slightly
lower than that of silicon. While this model
yielded good fits to the XRR measured over
the limited momentum transfer range ac-
cessible at that time, the resultant Si/SiO,
interface width was unphyiscally sharp,
only 1 A. Tidswell's model was subsequently
used in numerous studies of silicon-
supported organic monolayers'’ %% and
for clean thermally grown Si/Si0,.?” In
these studies an unphysically sharp Si/SiO,
interface is obtained from the model fits. We
note that for many self-assembled mono-
layers, such as OTS, reliable studies are
made possible by the low-energy surface,
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Figure 1. Molecular illustrations of the interfaces studied. XRRs of (a) and (b) are shown in Figure 2, XRR of (c) is shown in
Figure 3, and XRR of (d) is shown in Figure 4. The arrows in (b) represent the reflected and refracted beam at each interface.

which prevents the adsorption of contaminants with-
out the need for UHV conditions.

We present here a high-resolution XRR study of
native-oxide-terminated (007)-cut silicon substrates
(1) in contact with an organic liquid, (2) covered by
an OTS monolayer, and (3) covered by an OTS mono-
layer and in contact with water. A sapphire (0001)
substrate in contact with the same organic liquid is also

EXPERIMENTAL SECTION

XRR measures R(q,), the reflected intensity fraction of an
X-ray beam of wavelength 1 incident on a sample at a
grazing incident angle o. g, = (47/A) sin o is the surface-normal
scattering vector, shown in Figure 1a. R(q,) is related, within
the first Born approximation,'*'> to the surface-normal (2)
electron density profile p(z) through a Fourier transform,
R(q.) = Re(q)|po ™" [(dp(2)/dz) explig.2) dz|*. Re(g,) is the Fresnel
reflectivity of an ideally flat and abrupt interface separating
bulks of a density difference po. A widely used method for
extracting a structured interface's p(z) from a measured XRR is
by modeling the interface by a stack of “slabs”, each of a uniform,
but variable, electron density, p;, thickness, d;, and interslab
Gaussian roughness of width a,-.”"s R(g,) corresponding to
this model p, obtained analytically through the equation above,
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studied, for comparison. Molecular illustrations of these
interfaces are presented in Figure 1. The study reveals a
hitherto unreported low-density layer at the junction
between the truncated silicon lattice and the native
oxide. The inclusion of this layer in models for silicon-
supported organic monoalyers yields for the first time
physically acceptable values for all of the model-defin-
ing parameters, including those of the oxide.

is then fitted to the measured XRR curve, yielding the values of
pi. di, and o;.

As shown in Figure 1b, each interface in the model splits the
incident wave into a reflected and a refracted wave. These
interfere in the far field, modulating the measured XRR curve.
Thus, it is sometimes possible to infer qualitatively from the
modulations of the measured XRR the number, thicknesses, and
densities of the slabs that need to be included in a model to
successfully describe the observed XRR, as we show below.

RESULTS AND DISCUSSION

Figure 2a (symbols) shows a measured Fresnel-
normalized XRR (RRF) of a simple, unstructured, sapphire/
bicyclohexyl (BCH) solid/liquid interface (symbols, 2.1,
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illustrated in Figure 1a). The bulk liquid termination
keeps the substrate's surface clean during the XRR
measurements without having to resort to UHV condi-
tions. Sapphire, single-crystal Al,O3;, has no surface
oxide layer distinct from the bulk. Therefore, a model
consisting of just two semi-infinite slabs,?® one repre-
senting the sapphire and the other the liquid bulk,
provides here a good fit to the data (solid line).
The monotonic, finite-width transition between the
two bulks in the corresponding density profile in
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Figure 2. (a) Measured, Fresnel-normalized, X-ray reflectiv-
ity (symbols) from a sapphire/bicyclohexyl (BCH) (2.1) and
silicon/BCH (2.2—2.4) solid/liquid interface, measured at
beamline P08,”® PETRA I, DESY, with 1 = 0.689 A. Lines
show fits to a simple model of two semi-infinite, uniform-
density slabs (2.1 and 2.2, illustrated in Figure 1a) and to
a model with a distinct oxide layer, excluding (2.3) and
including (2.4, illustrated in Figure 1b) a depletion layer at
the SiO,/silicon interface. (b) Surface-normal density pro-
files corresponding to the fits in (a) with (solid lines) and
without (dashed lines) interfacial roughness. Areal coloring
corresponds to Figure 1. All curves are vertically spaced for
clarity.

Figure 2b is due to the interfacial roughness. The
best-fit parameters, listed in Table 1, are all physically
acceptable.

In contrast with the monotonically decreasing RRF of
the sapphire/BCH interface (symbols, 2.1 in Figure 2a),
the silicon/BCH interface's RRF (symbols, 2.2—2.4 in
Figure 2a) is non-monotonic, exhibiting a pronounced
dip at g, ~ 0.7 A~ and a broad, shallow peak centered
at g, ~ 0.5 A7, It is not surprising, therefore, that the
simple model of two semi-infinite slabs, which repro-
duced well the former (ling, 2.1), is inadequate for the
later, as demonstrated in 2.2 (line). Moreover, obtaining
a dip in an RRF requires the presence of at least
two interfaces in order to generate reflected waves
that then interfere destructively in the far field due
to their different optical path lengths. The presence
of such a dip in 2.2 reveals, therefore, the existence of
at least one additional interface to the single one
observed at the sapphire/BCH model in 2.1. Tidswell's
model introduces a second interface by adding be-
tween the bulks of the silicon and the BCH an oxide
slab of a density slightly lower than that of the silicon.
The best fit of this model (line, 2.3 in Figure 2a, and
corresponding p in Figure 2b) yields an oxide thickness
doxide = 13.7 A. While this model does produce the
required dip at g, ~ 0.7 A~", in order to yield sufficient
depth, the fit drives the Si/SiO, interfacial roughness
to zero, giving rise to an unphysically sharp interface.
Moreover, the shallow peak, mentioned above, and the
rise in RRF after the dip are not well reproduced by this
model (see 2.3).

TABLE 1. Fit Parameter Values for the Various Samples Shown in Figures 2—47

sapphire- BCH Si-BCH

curve 21 22 23

o (e/k) 1.18 0.71 0.71
o) 17 25 0

o (e/B)

d

o)

5i0, o (e/B) 0.67
d(® 137
o) 24
o (e/R)
d (k)
o)

o (e/k)
d (k)
o)

o (e/R)
d (k)
o)

o (e/R)
d (k)
o)

o (e/R)

substrate

Sifsi0,

head group 1

head group 2

alky1 chain

depletion zone

top bulk 0.33 033 033

“Bold values correspond to fixed parameters as discussed in the text.
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Si-0TS $i-0TS-(H,0)'°
24 3.1 3.2 33 34 4.1 42
0.71 0.71 0.71 0.71 0.71 0.71 0.71
1.5 0 1.5 0 1.5 1.5 1.5
051 057 0.56 0.56 0.56
1.5 1.5 1.5 1.5 1.5
1.5 1.5 1.5 1.5 1.5
071 0.66 0.71 0.70 0.71 0.71 0.71
10.7 124 8.8 159 13 9.0 9.0
21 09 26 26 34 3.0 3.0
0.54 045 0 0 0 0
7.2 83 1.7 1.7 1.7 1.7
48 25 23 28 26 26
0.71 0.71 0.71 0.71
1.7 1.7 1.7 1.7
17 3.1 25 25
0.29 031 0.34 031 030 030
217 19.9 24 23 217 217
32 3.0 24 3.0 26 26
0
13
25
0.33 0.33
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Following extensive tests with numerous different
models, we found that the discrepancy between this
model and experiment could be fully eliminated by
including an electron depletion layer at the Si/SiO,
interface, as illustrated in Figure 1b. This fit (line, 2.4
in Figure 2a and corresponding p in Figure 2b) gives
doxige = 10.7 A, along with a physically acceptable oxide
roughness of 2.1 A. The presence of the depletion layer
is also responsible for a more subtle effect. The close-
spaced interfaces of this layer give rise to a long-period
modulation of the RRF. Over the g, range measurable
here, this modulation provides an increasing-intensity
envelope to the amplitude of the shorter-period RRF
modulation originating in the two interfaces of the
oxide layer. This rising-intensity envelope is responsi-
ble for the enhancement of the g, ~ 0.5 A~" shallow
peak and the RRF rise in 2.4 after the dip as compared
to 2.3, thus achieving a better fit in 2.4. The measured
RRF is now well reproduced by this model over the
entire g, range, thus enhancing the confidence in the
corresponding density profile derived (2.4 in Figure 2b).

The inclusion of a depletion layer at the Si/SiO,
interface in the model discussed above is also moti-
vated by experimental studies showing the presence
of various oxidation states of silicon at the Si/SiO,
interface,3*~32 in part due to dangling bonds'' and
hydrogen,’ resulting from the mismatch in bond den-
sity between Si and SiO,. Furthermore, theoretical
studies also predict an interfacial layer with reduced
density,* attributed inter alia to voids at the Si/SiO,
interface in the Si—O—Si bridge bonds model.3*

As we have shown in previous studies, for very
thin layers,'”?°3%3% such as the depletion layer at the
Si/SiO; interface, it is not possible to refine d and p
independently in a fit. The fit is sensitive only to their
product. Hence in the fits we used a fixed d = 1.5 A
for the transition layer. From this, and the fitted p,
we calculated that the depletion is equivalent to ~6—8
missing electrons in the electron density profile per
unit Si cell area (5.43 A x 5.43 A). This corresponds to
one missing oxygen atom whose bonds remain hydro-
gen passivated. The number of missing electrons
matches well the value approximated from the model
of Morita et al,® showing the existence of hydrogen-
terminated silicon atoms and voids above the Si—O—Si
bridge bonds at the Si/SiO, interface.>* The fit-refined
oxide thickness, dsio, = 10.7 A, also agrees well with
literature values for the thickness of the native oxide of
silicon determined by X-ray photoelectron spectroscopy.’

In the following, we show how the inclusion of the
transition oxide region provides for a much improved
interpretation of our XRR measurements for OTS self-
assembled monolayers prepared on the native SiO,
layer of a silicon substrate, illustrated in Figure 1c.
The OTS monolayer was prepared by a well-established
procedure®®* *® using a BCH/OTS solution under
ambient atmosphere. Whereas other solvents, such
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Figure 3. (a) Measured, Fresnel-normalized X-ray reflectiv-
ity (symbols) from a silicon-supported OTS monolayer
carried out at beamline ID10,%” ESRF, with 1 = 0.590 A along
with fits (lines) to four different models discussed in the text.
(b) Surface-normal electron density profiles corresponding
to the respective fits in (a), with (solid lines) and without
(dashed lines) surface roughness. Areal coloring conforms
to that in Figure 1. The blue corresponds to Tidswell's OTS
headgroup model.'®

as toluene, hexane, and cyclohexane can be success-
fully used,*" an ultradry environment*? provides lower
coverage monolayers. In Figure 3, we show our XRR
results for the OTS monolayer (symbols) along with fits
using four different density profiles (colored lines).
In Tidswell's model'® (line, 3.1 in Figure 3a, and corre-
sponding density profile in Figure 3b), the oxide is
described by a lower density slab and the OTS mono-
layer is described by two slabs, one for the headgroups
and one for the alkyl tails. This model provides a poor fit
at high g,. Further, the Si/SiO, interface is unphyiscally
sharp, of width ~0 A, and the headgroup layer thick-
ness of 7.2 A is much larger than the expected 3.4 A
Si—0—Sibond length.** Inclusion of the depletion layer
at the Si/SiO, interface solves the first two problems
and yields an excellent agreement with the measured
RRF (3.2), however at the cost of an 8.3 A headgroup
thickness, even thicker and more unphysical than the
previous fit (see the corresponding density profile in
Figure 3b). As we have shown recently,** the larger g,
range now accessible for XRR measurements supports
a more detailed and higher-resolution modeling of the
OTS headgroups. Here we split the single headgroup's
slab into two: a low-density slab adjacent to the native
oxide, representing the sparse bonds of the OTS's Si
atoms to the native oxide's oxygens, and a high-density
one, representing the Si—O—Si cross-links of the OTS
molecules. As 3.3 and the corresponding density profile
in Figure 3b show, using this more detailed model
for the OTS monolayer with the Tidswell model for
the Si/SiO, still provides a poor fit. However, inclusion of
the depletion layer at the Si/SiO, interface (3.4 and
corresponding density profile in Figure 3b) yields a near
perfect fit over the full, extended g, range measured,
as well as physically acceptable best-fit parameter
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Figure 4. (a) Measured, Fresnel-normalized X-ray reflectiv-
ity (symbols), from ref 19, of a dry (4.1) and a water-
immersed (4.2) OTS-monolayer-covered silicon substrate,
with the original fits from ref 19 (dashed red lines) and the
present fits discussed in the text (solid blue lines). (b)
Surface-normal electron density profiles corresponding to
the present model's fits for the dry (thick blue line) and
water-immersed (thin black line) OTS-covered wafers.
values (see Table 1). In particular, the low- and high-
density slabs representing the headgroups' layer now
have a combined thickness of 3.4 A. This is in excellent
agreement with the Si—O—Si bond length, obtained as
twice the 1.7 A Si—0 bond length.*® Also, the roughness
at all interfaces of the slabs describing the OTS mono-
layer now refines to values within 0.3 A of each other,
providing a further check on the model's, and fit's,
physical acceptability.

To further validate the presence of a depletion slab
at the Si/SiO, interface, we reanalyzed the data of
Mezger et al.'® employing both the Tidswell model that
they used and the present model. These RRF curves,
shown in Figure 4a, were measured for dry (4.1) and
water-immersed (4.2) OTS-monolayer-covered silicon
(001) substrates, prepared similarly to ours, discussed
above. For the dry sample our model shows a slight
improvement at high g, over the Tidswell model. For
the wet sample, however, the Tidswell and the present
model both yield practically overlapping fits (Tidswell's:
dashed red line, present: blue line) over the limited
g, range measured. It should be emphasized that
identical parameter values were used for fitting both
RRF curves, adding only a previously established deple-
tion slab'”?353¢ at the OTS/water interface. However,
to fit the Si/OTS/water XRR with the Tidswell model,
the hydrocarbon layer thickness had to be reduced
by ~7%, as compared to that of the nonimmersed
sample."® For both models the water density depletion
adjacent to the hydrophobic OTS amounts to approxi-
mately half a water monolayer. Together, these results
further support the validity of our model and, in particular,
the presence of a low-density layer at the Si/SiO, interface.

CONCLUSIONS

In conclusion, using high-resolution XRR measure-
ments on different soft-matter terminations of silicon
(001) substrates, we demonstrate the existence of
a low-density, few-angstrom-thick, transition layer
at the Si/SiO, interface. This finding supports previous
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theoretical models and simulations of the Si/SiO,
interface.3* For the increasingly more complex inter-
faces measured, we model the surface-normal electron
density profiles by both the widely used Tidswell
model,’® which does not include this transition layer,
and a new model that includes it. The comparison of
the resulting model fits of the measured XRR curves
demonstrates that it is imperative to include this layer
in the model in order to obtain physically acceptable
parameter values, along with a good fit to the mea-
sured XRR curve over the full extended g, range
now measurable at third-generation synchrotrons.
We hope that this study, resolving discrepancies
between measured and model fits of XRRs in specific
systems, will enhance the ability to model realistically
and accurately other silicon interfaces as well.
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