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We investigate the effect of strain and oxygen vacancies (VO) on the crystal and optical properties
of oxygen deficient, ultra-thin (4–30 nm) films of SrTiO3-d(STO) grown heteroepitaxially on
p-Si(001) substrates by molecular beam epitaxy. We demonstrate that STO band gap tuning can be
achieved through strain engineering and show that the energy shift of the direct energy gap transi-
tion of SrTiO3-d/Si films has a quantifiable dimensional and doping dependence that correlates well
with the changes in crystal structure.VC2015 AIP Publishing LLC.
[http://dx.doi.org/10.1063/1.4936608]

Oxide heterostructures and surfaces have attracted con-
siderable attention in recent years due to the discovery of
two dimensional electron gases (2DEG),1superconductiv-
ity,2and quantum confinement.3The physical properties of
these interfaces can be controlled through carrier manipula-
tion using polar discontinuities, band bending, doping, epi-
taxial strain, and stoichiometry.
SrTiO3-d(STO) is a diverse and highly controllable ma-

terial and has been studied extensively. Bulk STO has a per-
ovskite structure and is a wide band gap insulator with an
indirect band gap of 3.2 eV.4It has a large dielectric constant
that is temperature, frequency, and electric field dependent,5

making it potentially suitable for a range of applications.
Further, strain engineering of STO can be achieved with lat-
tice mismatch through substrate choice, doping, or stoichio-
metric variations, all of which can alter the crystal structure
and electronic properties. Additionally, STO becomes con-
ductive when doped with Nb or La or when oxygen vacan-
cies (VO) are induced.

6,7These VOin STO can generate
electrons as conduction carriers and can cause blue light
emission at room temperature (RT) when induced through
Arþirradiation.8However, VOare also known to increase
the leakage current in STO-based devices, thus limiting their
suitability for many applications.9

STO can be integrated with Si and the STO/Si hetero-
structure has been used as a virtual substrate for oxide
growth. The heteroepitaxy of STO on Si is rather challenging
because of the high reactivity of Si with O2,

10but it has been
demonstrated that STO can be grown epitaxially on Si(001)
through a 45rotation of the STO unit cell with respect to Si
resulting in a 1.7% compressive strain.11–13

Although STO is paraelectric, ultrathin STO films
become ferroelectric at T¼300 K for sufficiently large biax-
ial strains induced by epitaxial growth either on Si or other
oxide substrates.13,14Ferroelectricity in 100 nm, O2deficient,
tetragonal STO homoepitaxial films has been also reported at
T¼300 K.15

In this report, we investigate the effects of strain and VO
on the lattice constant and optical properties of ultrathin
STO (4–60 nm) films grown heteroepitaxially on p-Si(001)

substrates under different O2pressures,P(O2), and demon-
strate that band gap tuning through strain engineering by
varying the STO film thickness (d) and VO. No post-growth
anneals were performed, preventing the formation of a SiO2
interfacial layer and contrasting this study from earlier
reports of 50–100 nm thick STO/Si films with a SiO2interfa-
cial layer.16,17The dielectric function is measured using
spectroscopic ellipsometry (SE), and for a thin (d¼4.5 nm),
highly strained film, a maximum blueshift of 250630 meV
is observed in the first direct energy transition (Edi) com-
pared to the STO bulk value of 3.75 eV. This blueshift
decreases with either an increase indor a decrease in VO.
The STO/Si samples were grown by molecular beam epi-

taxy (MBE) using a growth procedure reported elsewhere18,19

in a 3 in. DCA Instruments M600 system. Reflection high
energy electron diffraction (RHEED) was used to monitor the
surface quality and stoichiometry, and, due to the strong reac-
tivity of Sr with O2, the Sr flux had to be adjusted for each
P(O2) and all films were Ti-terminated.
All films were characterized by XRD using a Bede D1,

anddand root mean square roughness (RMS) were deter-
mined using x-ray reflectivity (XRR) and the Bede REFS
software package.20,21Topography and RMS were measured
with a Veeco Dimension 3100 atomic force microscope
(AFM), and the carrier density and mobility were determined
through Hall measurements. The RT optical properties of
STO/Si were measured using a Woolam M-2000 Variable
Angle SE (VASE) at angles of 45–70, photon energy of
1.5–6.0 eV, and 10 meV steps.
Two sets of samples are investigated: Set A consists of

STO/Si thin films grown under the exact same conditions,
TS¼500C,P(O2)¼4 108Torr, but withd:4.2–30 nm. Set
BconsistsofSTO/SigrownatTS¼500C,d¼9.060.5 nm,
andP(O2)variedfrom4 10

8to 4 107Torr.
Fig.1(a)shows 2h-xXRD survey scans for three films

from Set A withd¼4.5, 8.6, and 14.8 nm. Only STO(001)
and (002) peaks are present. No other orientations or phases
were detected other than peaks attributable to the Si substrate
(and the X-ray source emitting not only by CuKa, but also
CuKband WLa). The dashed line corresponds to the Bragg
reflection from bulk STO(002). Because of the lattice mis-
match, the STO(002) peak shifts to lower angles for thina)ntheo@txstate.edu
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films and approaches the bulk value asdincreases and the
lattice relaxes. The samples’ Si(004) substrate peaks were
aligned, and the shift of the STO(002) film peak relative to
bulk was measured for both sets. Fig.1(d)shows anx 2h
high-resolution scan around STO(002) ford¼29.7 nm with
a full width half maximum (FWHM) of 0.156, very close to
the calculated Scherrer value of 0.142, confirming the high
crystalline quality of the films.22Epitaxy is demonstrated in
theU-scan (Fig.1(c)) taken of the STO(011) and Si(022)
planes, showing clear 4-fold symmetry and a 45 in-plane
rotation of STO with respect to Si. Additionally,dand RMS
were determined by fitting the measured XRR data (Fig.
1(b), fittings overlaid). The films were atomically flat with
RMS of 0.295 nm, 0.321 nm, and 0.35 nm for the 29.7 nm,
9.6 nm, and 4.5 nm films, respectively. These results were
also verified by AFM as shown in Figs.1(e)and1(f)for the
4.5 nm and 29.7 nm films with a measured typical RMS of
less than 0.2 nm.
As reported earlier, the 1.7% compressive strain

between the STO film and Si is accommodated by an out-of-
plane expansion, reducing the symmetry from cubicm3mto
tetragonal4/mm, thus increasing in the tetragonality (cs/as,
whereasandcsare the in-plane and out-of-plane lattice con-
stants of the film).15For the 4.5 nm sample,c¼3.960 Å(Fig.
2(a), left axis) corresponding to 1.5% strain. Asdincreases,
cand strain decrease through the formation of dislocations,

and ford¼15 nm,c¼3.905 Å, the value for bulk STO, indi-
cating that the film is fully relaxed, consistent with earlier
results.15

Fig.2(b)(left axis) shows the increase incwith VOfor
Set B grown atP(O2)¼4 108–4 107Torr. To quantify
the oxygen deficiency,d, we measured a sheet carrier con-
centration,ns 5 1013cm2ford¼9 nm film grown at
P(O2)¼4 108Torr corresponding tod 0.05%, assum-
ing that each VOcontributes two electrons in SrTiO3-d. For
the films grown atP(O2)¼4 107Torr,d 0.005%. Strain
andcincrease with VO, withcchanging from 3.911 to
3.921 Å. Such an increase has been reported for STO films
grown by Pulsed Laser Deposition (PLD) at lowP(O2)on
STO and SrRuO3(SRO) substrates

15,23and in bulk STO sub-
strates that were reduced (annealed in UHV).24In agreement
with our results, a decrease ofcfrom 3.92 to 3.905 Åwas
observed for 20 nm STO films grown on LaAlO3(LAO) by
Laser-MBE whenP(O2) was changed by an order of magni-
tude.25The increase inc, and thus the tetragonality, is asso-
ciated with RT ferroelectricity.15Theoretical calculations26

predict a transformation from a paraelectric tetragonal phase
to a non-centrosymmetric ferroelectric phase for films with
an in-plane compressive strain greater than 0.75% due to
the strong coupling of strain and polarization.27Ac/aratio
of 1.02 for a 4 nm thick STO/Si film was reported by Woicik
et al.26Although we do not have a reliable estimate of the
tetragonality, piezoresponse force microscopy on the 4.5 nm
sample confirmed that RT ferroelectricity.
The tetragonality increase is attributed to Coulomb

repulsion between atoms around VO.
23The two electrons

associated with a removed O atom are mainly localized on
the 3d(z2) orbital of the two neighboring Ti atoms, effec-
tively replacing one Tiþ4atom with two Tiþ3and thus
increasing the Ti ionic radius andcas well as the tetragonal
distortion,c/a. Similar trends have been predicted computa-
tionally through Density Functional Theory (DFT),28,29con-
sistent with our results. Sr/Ti non-stoichiometry could also
lead to a change inc. It is difficult to disprove the existence

FIG. 1. (a) 2h-xXRD survey scan of three films of STO/Si(001) grown at
P(O2)¼4 108Torr. (b) XRR with fitted curves overlaid in black were
used to determined. (c) Off-axisU-scan of the STO(011) and Si(022) peaks
demonstrating a single in-plane orientation of the 29.7 nm STO film. (d)
STO(002) rocking curve for a 29.7 nm film. (e) and (f) Contact AFM topo-
graphical images of the 4.5 and 29.7 nm films showing an RMS of
1.0–1.3 Å.

FIG. 2. Out of plane lattice constant,c, calculated from XRD. (a)c(left-
axis) andEdi(right-axis) vs.dfor Set A. (b)c(left-axis) andEdi(right-axis)
vs. P(O2) Set B.
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of a small amount of non-stoichiometry even in homoepitax-
ial STO thin films30and is especially problematic in PLD31

growth compared to MBE32since the deposition rates of Sr
and Ti cannot be independently controlled.
The dielectric functions of semiconductors change sig-

nificantly with strain,33doping,34quantum confinement,35–37

etc. Therefore, the increase incand strain with VO is
expected to affect the electronic structure of STO/Si. To
observe this change, SE was used to measure the films’
dielectric function.
The optical properties of the Si substrates (from the

same wafer batch used for the STO/Si films) and a STO bulk
crystal were also measured by SE. A wavelength by wave-
length approach was used to model the Si substrate layer and
to allow for the extraction of the optical properties of the
STO film from a least square regression analysis and an
unweighted error function. The data were analyzed as ambi-
ent/film/substrate model, and the optical constants of STO
were fitted. Fig.3shows the real,e1;and imaginary,e2;parts
of the complex pseudodielectric function,e¼e1þie2for
three of the STO/Si samples, including the fits to the Tauc-
Lorentz (TL) model (black line). This pseudodielectric

function represents the as-measured dielectric properties of
the film/substrate stack prior to modeling and therefore
includes the interference fringes resulting from the interface
observed as an increase in absorption withdat lower energy
(Fig.3(b)). A sum of TL oscillators can be used to fully
describe the optical properties of the films. The TL oscilla-
tors, typically used for amorphous semiconductors and thin
films, consist of a Lorentz function multiplied by a step func-
tion38to denote the absorption at the band gap edge and gave
us the best fit compared to all other models. The mean
squared error (MSE) was<3.0. The SE data were fitted well
using only two TL oscillators. We also used models that
accounted for graded compositions and interfacial layers but
were found to be insignificant in improving the MSE.
Including an effective medium Bruggeman model did not al-
ter the results as expected, which agrees with our TEM data
that do not show a SiOxlayer at the interface as opposed to
other reports16that observe an effect of the interfacial SiOx
layers. Thedof the films as determined by XRR and SE
were similar, evidencing the correctness of our fitting proce-
dure. An indirect band gap energy of 3.25 eV was measured
for bulk STO but for the thin films the optical absorption is
very weak. Attention was focused on the strong absorption
edge ofEdiaround 3.7 eV. The onset of this strong absorp-
tion ranges from 3.86–4.2 eV depending on bothdand VO.
Additionally, STO also has a critical point at 4.7 eV that can
be seen in our data for thicker films.
For a semiconductor, near the absorption onset for the

lowest, direct transition energy,Edi, the absorption spectrum
versus photon energy, E is given byaðEÞnðEÞE/
ðE EdiÞ

1=2forE>Edi, wherea¼4pk=kis the absorption
coefficient equivalent toe2E

2/ðE EdiÞ
1=2(Tauc Law),39

consistent with our findings. Fig.3(d)shows a plot of
ðe2E

2Þ2vs Ejust for the STO layer of Set A, near the vicinity
of the bulk STOEdiof 3.75 eV. The plot is linear, as
expected, even for the thinnest film, and from the extracted
interceptEdiis calculated for both sets of films. The critical
point analysis using Eq. (1) for expressing the dielectric
function of the films is valid for three dimensions according
to the dimensions of the wave vectors that participate in the
optical transitions. Since we are measuring ultra-thin films,
we also plotted ee2E

2
vs:E using the 2-D expression

e2E
2/lnðE EgÞ, but the plot was non-linear.

32

Fig.2(a)(right axis) shows the extractedEdias a function
ofdfor Set A, where Fig.3(b)shows a plot ofEdias a function
of theP(O2)forSetB.Edidecreases from 4.1060.02 eV for
the thinnest film of 4.5 nm to 3.8560.03 eV for thed¼30 nm,
closer to the bulk measured value of 3.7360.02 eV. The indi-
rect band gap around 3.2060.12 eV can also be observed for
the thicker films but is much weaker, and addependence study
was not attainable.
The blueshift of the band gap can be attributed to the

effects of the increased strain for the thinner STO films. It
has been reported that 13 nm thick STO films grown on
KaTaO3substrates under a 2.2% (at max) biaxial tensile
strain exhibit a blueshift inEgof 230 meV compared to bulk
STO.40OurEdiare in agreement with calculations

41predict-
ing that under 2% compressive biaxial strain and the asso-
ciated ferroic distortions, the STO indirect band gap
blueshifts and widens by 0.2 eV, comparing well to the

FIG. 3. As measured complex dielectric function and fits to the TL model
(black line) for Set A, and bulk Si and STO. (a)e1, and (b)e2. (c) Absorption
coefficient,a, around 2.6 eV for just the STO films. (d) Onset of absorption
for the three films after removing the substrate optical properties through
modeling.ðe2E

2Þ2vs:Eis linear as expected for a direct optical transition.
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0.25 eV widening of theEdithat we extracted. According to
DFT calculations,41as the symmetry of the tetragonal phase
is lowered compared to the cubic phase, conduction (primar-
ily Ti 3d) and valence (primarily O 3d) states are allowed to
mix and repel each other, and thus, the STO band gap is wid-
ened through new orbital mixing. A blueshift in the band gap
has been observed as the strain increased in other systems
such as in CdTe/GaAs layers where the value of the critical
point energy-shift increased linearly.42

A smaller blueshift of theEdiwith increasing VOwas
measured for Set B as shown in Fig.2(bottom, right axis).
This decrease ofEdiwithP(O2) correlates well with the
smaller, as compared to Set A, change incbut can also be
attributed to the decrease of the electron concentration as the
amount of VOdecreases due to the Burstein-Moss effect, a
blueshift of theEdiwith increasing doping level after par-
tially filling the conduction band with electrons. For Set A,
we measuredns 5.4 1013cm2, roughly independent ofd
as expected, so the blueshift cannot be attributed to the
Burstein-Moss effect. For Set B, since the carrier concentra-
tion increases with the amount of VO, a Burstein-Moss effect
cannot be ruled out. Nevertheless, the contribution of the
electrons on the conductivity would also appear in the SE
data as an increase of k at low energies (described by Drude
theory) that was not observed in the data.
An intriguing feature of the STO optical spectrum is a

broad, strong absorption peak (0:8 105cm1) centered
around 2.7 eV that is especially prominent for all films with
d<6 nm (only the 4.5 nm film is shown in Fig.3). The
increase in the absorption coefficient around 2.7 eV with a
sharp cutoff is consistent with the reports of blue light emis-
sion around 2.9 eV observed in the photoluminescence emis-
sion spectra of Arþirradiated single crystal STO samples
and oxygen deficient STO films grown epitaxially on
undoped STO and was shown to correlate to the metallic na-
ture caused by oxygen deficiency8and Ti3þ formation.43

Moreover, strong absorption has been observed from oxygen
deficient STO films23below 3.2 eV, and has been attributed
to the formation of defect states due to VOthat appear as a
shallow defect level just below the conduction band and tran-
sition metals substituting for Ti3þproduce various optical-
absorption bands below the absorption edge of STO.44It has
also been calculated that the electronic band structure for an
oxygen-vacancy STO(001) Ti-terminated surface, some con-
duction band Ti 3d states cross the surface and become occu-
pied, and the surface becomes metallic.38Since the volume
charge carrier and VOconcentration are lowest for the thin
films, we would expect the 2.7 eV absorption peak to persist
for the thicker samples. Another possibility is quantum con-
finement. SE has been successfully used in ultrathin
(d<10 nm) silicon-on-insulator35films for critical point
analysis and to show that dimensional confinement in Si
increases theE1transition energy by 75 meV compared to
bulk Si.45A conduction band offset of 0.1 eV between p-Si
and STO has been reported46so the electrons in the thinner
samples may experience dimensional confinement effects
due to this potential barrier for electrons from STO to Si that
may be amplified by ferroelectricity. The origin of this
strong absorption will be further investigated.

We provide experimental evidence that the optical
response of ultrathin STO films on Si is altered through ei-
ther doping or strain engineering and that the shift ofEdihas
a quantifiable dimensional and doping dependence that cor-
relates with the changes in crystal structure. Understanding
the physics behind dimensional or doping changes in the
dielectric function has both fundamental and practical appli-
cations as the desired optical properties can be engineered by
designing the structure or the optical properties can be used
to determine the oxygen deficiency.
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