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Optical properties of SrTiO3 on silicon(100)
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Epitaxial buffer layers enable the many functionalities found in perovskites to be integrated with
silicon. However, epitaxial growth of SrTiOj3 on silicon is tricky and has so far only been achieved
by molecular beam epitaxy. Nonetheless, previous investigations of these films were limited by the
amorphous layer occurring at the interface. Through a combination of improved interface quality
and an improved model, we report the optical properties of SrTiO; films on Si(100) investigated by
spectroscopic ellipsometry. We find that the data are best described by a model with two different
SrTiO; layers, potentially resulting from variations in the oxygen content. © 2013 American
Institute of Physics. [http://dx.doi.org/10.1063/1.4789752]

SrTiOj; is an important material for a wide range of appli-
cations, due to its unparalleled dielectric,1 fe:rroelectric,2 and
piezoelectric properties.® The potential applications are lim-
ited, however, by the difficulty of integrating them with sili-
con technology. Towards this goal, it was recently
demonstrated that the perovskite SrTiO; can be grown on
Si(100) directly,* the most popular substrate in modern devi-
ces. Such integration can be used as a stepping stone to the
integration of other perovskites with silicon, as SrTiO; serves
as an excellent substrate for their growth. Indeed, this
approach has been used to incorporate BaTiOs,’
Pb(Zr,Ti)0s,° BiFeOs,” PbMg, ;3Nb, 3053-PbTiOs,* and other
important perovskites with silicon.

When these films are sufficiently thin (5-6 unit cells
thick), they are commensurately strained in biaxial compres-
sion resulting in robust ferroelectric behavior. The ferroelec-
tricity in SrTiO5/Si (100) thin films is perhaps not surprising
given the strong sensitivity of SrTiO5 to strain” and chemical
composition. This further suggests that the electronic and op-
tical properties of SrTiOj3 films on Si (100) will be modified
from their bulk values. Nonetheless, standard molecular
beam epitaxy (MBE) techniques typically resulted in a com-
plex interfacial layer. Thus, previous attempts to investigate
the optical properties of SrTiO5 films on Si were only able to
determine the average response of the film. Since recent
improvements in the growth of SrTiO; via MBE have
enabled films with no interfacial SiO,, we have revisited the
optical properties of these films. Through a combination of
improved film quality and a model for analysis, we have
determined the dielectric function of these SrTiO; films as
well as the interfacial layer.

The optical properties were measured using a variable
angle spectroscopic ellipsometer (VASE) with a rotating an-
alyzer and an autocompensator from J.A. Woollam Co., Inc.
The VASE instrument measures the ratio of 7, to 7y (the
complex reflectance parallel and perpendicular to the plane
of incidence). This ratio is typically expressed in terms of ¥
and A defined as
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For a bulk crystal, the Fresnel equations relate the ellipso-
metric parameters to the optical constants directly without
any need for further analysis. However, for anisotropic crys-
tals or layered materials there exists no analytical formula to
directly extract the optical constants of the film from ¥ and
A. In this case, measurements are performed at multiple
angles of incidence, then the data are fit to extract the optical
constants. Nonetheless, by measuring ¥ and A at various
angles of incidence, one can determine the thickness and op-
tical constants of constituent members of a multilayered ma-
terial. Additionally, all the measurements can be done non-
invasively and non-destructively.

The optical constants of the silicon substrate are sensi-
tive to its doping level. Thus, we took data on a silicon sub-
strate from the same batch. Knowing the optical constants of
the substrate allowed us to precisely model the SrTiO5/Si
system. The SrTiO; thin film was prepared by MBE via a
kinetically controlled growth process. The native surface
oxide of the silicon substrate was thermally removed in situ
prior to film growth via a strontium-assisted deoxidation pro-
cess. The details of the growth can be found elsewhere.* To
prevent the interference from the substrate, the back surface
of the silicon substrate is roughened intentionally.'® Ellipso-
metric parameters of the SrTiO3/Si film were measured from
0.75eV to 5.5eV with 0.05eV resolution, except in the
range 2.4 to 4.6 eV where it was measured with 0.001 eV to
properly capture the critical points of Si and SrTiOj;. The
measured ¥ and A are shown in Fig. 1.

From Fig. 1, we can see there are several features in the
experimental data. The feature around 1.4 eV results from in-
terference. The peak at 3.4eV is the natural result of the E;
critical point of the silicon substrate.'' There are also two small
features around 3.7 eV and 4.7 eV. The former feature is due to
the direct gap of the SrTiOj; film and the latter one is due to the
higher energy critical point of the SrTiO; film at 4.7 eV.

To properly extract the optical constants of SrTiO;
as well as determine the homogeniety of the film, the dielec-
tric function (€(E) = ¢;(E) + iez(E)) of the SrTiO; film is
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FIG. 1. Experimental data of ¥ and A measured at various angle of inci-
dence. Inset: Schematic view of the one layer model. Legend: Numbers indi-
cate the angle of incidence.

defined using a sum of Tauc-Lorentz (TL) oscillators that are
widely applied to interpret amorphous materials and thin
films.'* The imaginary part of the dielectric function in this
model can be written as'?

ALE(C(E — E,)*
(E2 — E2)* + C2E?

&(E) = O(E — Ey), 2)

where E, is the peak transition energy, A, is the oscillator
strength, E, is the band gap, C is the broadening term, and ©
is the step function. The real part is obtained from a Kramers-
Kronig transformation. From the formula, we see that the sud-
den onset of absorption due to a band gap is included via a
step function multiplied by a standard Lorentz oscillator.
However, in the analysis of dielectric response of crystals, the
parameters of each TL oscillator itself do not have a real phys-
ical meaning, but rather function to model the behavior of
dielectric function phenomenologically. What is meaningful
is the optical constants described by the sum of the TL oscilla-
tors.'®!* Nonetheless, since the same approach was applied to
all materials studied, relative trends between the materials are
faithfully reproduced. First, we tried to fit the data with a
one layer model including only a single layer of SrTiO; thin
film on the silicon substrate (shown in the inset of Fig. 1). The
difference (0¥ = Weasurea — Prir) between the measured
(Wneasurea) and the fit (Wr;;) with one SrTiO; layer is shown
in Fig. 2. Similar results were seen in dA. From Fig. 2 it is
clear that the fit does not work well, especially in the region
above the band gap of SrTiO; and at the E; critical point of
silicon. Various models were tried to account for the possible
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FIG. 2. Difference between measured ¥ and the fits of the two models. A
significant improvement in the quality of the fit is obtained through the two-
layer model, especially near the E1 critical point of silicon(3.4ev). Legend:
T and O indicate two-layer and one-layer model respectively. Numbers indi-
cate the angle of incidence.

strain induced by the substrate and oxygen deficiency during
the growth."> This included a graded model where the dielec-
tric function varies continuously along the direction normal to
the surface of the film. In addition, an effective medium layer
between the SrTiO; layer and the silicon substrate was added
to account for a mixture of SrTiO; and silicon.'® However,
these models did not substantially improve the fit. The failure
of these models led us to try a less intuitive, though simpler
model where there are two layers of SrTiOs in the film with
different optical constants (shown in the inset of Fig. 2). The
improved model resulted in a dramatic improvement of
reduced chi-square (y?/v, where v is the number of degrees
of freedom) from 7.9 to 3.7. From Fig. 2, we can clearly see
the dramatic reduction in 6 for the second model. This is
especially true at the E; critical point of the silicon substrate.
The reason is a reduction in the absorption of the second layer
of the SrTiO; films (see Fig. 3), which allows more light to
reach the silicon substrate.

From the fit, the thickness of the top (second) layer is
75.1 £0.1 nm (25.4 = 0.1 nm), giving a total thickness of the
SrTiO3 film of 100.5 = 0.2nm. This is in good agreement
with the nominal thickness determined from in-situ RHEED
during the MBE growth of the film."> We present the dielec-
tric function of both layers in Fig. 3. Data for the second
layer is only displayed below 3.76 eV since this is the energy
where the penetration depth is smaller than the thickness of
the top layer (see Fig. 4). As a comparison, the bulk SrTiO;
is also measured with spectroscopic ellipsometry with reso-
lution 0.05eV from 0.75eV to 5.5eV. The optical constants
of the bulk are also extracted by the sum of TL oscillators. A
3.0 = 0.1 nm-thick Bruggeman effective medium approxima-
tion layer was added to account for the surface roughness.'’
The extracted optical constants are in good agreement with
the literatures'”"'® and plotted in Fig. 3 as well. From Fig. 3,
we can see that the onsets of €;(E) shift from the bulk value
indicating the band gaps of both layers shift to lower energy.
The reasons for the shifts will be discussed later.

In inset (c) of Fig. 3, we plot (& (E) x E2)?, since in the
vicinity of direct gap, e(E) has the energy dependence
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FIG. 3. Real and imaginary parts of the dielectric functions of the top layer
SrTiO; (red), second layer SrTiO; (blue), and bulk SrTiO; (green). Inset:
(a) Fit of the optical indirect band gap for the bulk. (b) Fits of the optical

indirect band gaps for both top and second layers of SrTiOs. (c¢) Fits of the
direct band gaps for top layer and bulk SrTiO3.

(e2(E) (E%)*Z(Eﬁc — 1)/2).1 As expected, we observe a lin-
ear function of energy whose intercept gives a direct gap of
3.77 £0.03eV close to the bulk gap value of 3.78 = 0.12eV
determined by the same method. Since there is only limited
data for the second layer, the direct gap cannot be determined.
Also, at the edge of the indirect band gap, €;(E) has the
energy dependence given by & (E)  (E —E, — E,,)Z, where
E,, is the energy of phonon mode."” Thus, the optical indirec'lt
gap of both layers is determined by a linear fit between ¢, (E)?
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FIG. 4. Penetration depth of the top layer. The red line indicates the thick-
ness of the top layer.
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and the photon energy19 (Inset (b) of Fig. 3). The results are
2.51£0.01eV (228 =0.01eV) for the top (second) layer,
which are significantly lower than bulk value 3.04 = 0.15eV
(Inset (a) of Fig. 3) determined in the same manner.

According to band structure calculations of bulk
SrTiO5,'®2Y the highest valence bands are formed by O 2p
electrons and the lowest conduction bands are formed by Ti
3d electrons. The indirect gap is the transition between the
I' point and the R point and the direct gap occurs at the I"
point.18 Reduction of the indirect gap has been reported in
the literature and was attributed to the effects of strain®'-*
and oxygen deficiency.”*** In our case, it is hard to reach a
firm conclusion for the reason for the reduced indirect gap.
Commensurate growth on silicon corresponds to 1.7% com-
pressive strain at room temperature.® In the tight bonding
approximation, as the compressive strain reduces the lattice
constants of SrTiOs, orbital overlap increases resulting in a
reduction of the band gap. The reduction of the band gap due
to the effect of strain has also been observed in SrTiO5 thin
films (14 nm) grown on LaAlO; (3% compressive strain).?!
Also, substrate induced strain could also cause optical anisot-
ropy in the epitaxial film, which is not included in the two-
layer model, so the structure obtained by the two-layer
model may only be an approximation.

Nonetheless, we believe strain is not the cause of the two
layers or reduction in the gap we observed. Specifically, it is
hard to see how strain relaxation would result in two distinct
layers rather than a gradual change. Furthermore, it has been
shown that strain relaxation takes place quickly if the thick-
ness of the SrTiO; film exceeds a critical value.” In particu-
lar, the strain is nearly fully relaxed in films of only 50 nm
(whereas our films are 100nm). Thus, strain is less likely to
be the reason for reduction of the indirect band gap. Oxygen
deficiency is more likely to be the cause of the two layers we
observe. Indeed, it is well known that oxygen vacancies can
act as shallow donors.?® Kim et al. investigated the effect by
optical absorption spectra on 100-nm-thick SrTiOj thin film
deposited with different partial pressure of oxygen (Py,).**
They find anomalous absorption peaks below the optical band
gap of bulk SrTiO; and the peak shifts to lower energy as Py,
decreases. Based on a density-functional-theory (DFT) calcu-
lation, they argue that the effect should be due to Sr—O-0O va-
cancy. Kan et al. found that the oxygen deficiency of SrTiO;
caused by Ar" irradiation will induce luminescence at 2.8 eV
below the gap.?” The observation of a reduced indirect gap in
these experiments is consistent with our results. Moreover, the
deficiency of oxygen is also consistent with the film growth
procedure.'® The oxygen was turned off at the very beginning
of the growth to prevent the formation of SiO,. Then, the oxy-
gen was reintroduced later. Thus, the existence of the two
layers is likely caused by the deficiency of oxygen.

In summary, spectroscopic ellipsometry has been per-
formed on SrTiO; thin film grown on Si (100). The data are
best described by a two layer model. The dielectric function
of the second layer changes significantly from bulk. We as-
cribe this to the effect of oxygen deficiency at the beginning
of growth.

Work at the University of Toronto was supported by
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