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1. Introduction

The heterostructures of wurtzite semiconductors and perovskite ferroelectric oxide integrate
the rich properties of perovskites together with the superior optical and electronic properties
of wurtzites, thus providing a powerful method of new multifunctional devices. The electrical
and optical properties of the heterostructures are strongly influenced by the interface band
offset, which dictates the degree of charge carrier separation and localization. It is very
important to determine the valence band offset (VBO) of semiconductor/ferroelectric oxides
in order to understand the electrical and optical properties of the heterostructures and to
design novel devices. In this chapter, by using X-ray photoelectron spectroscopy (XPS),
we determine the VBO as well as the conduction band offset (CBO) values of the typical
semiconductor/ferroelectric oxide heterojunctions, such as ZnO/SrTiO3, ZnO/BaTiOs,
InN/SrTiO3 and InN/BaTiO3, that are grown by metal-organic chemical vapor deposition.
Based on the values of VBO and CBO, it has been found that type-II band alignments
form at the ZnO/SrTiO3 and ZnO/BaTiO3 interfaces, while type-I band alignments form at
InN/SrTiO3 and InN/BaTiOj3 interfaces.

For many years, heterojunctions have been one of the fundamental research areas of
solid state science. The interest in this topic is stimulated by the wide applications
of heterojunction in microelectronics. Devices such as heterojunction bipolar transistors,
quantum well lasers and heterojunction field effect transistors (FET), already have a significant
technological impact. The semiconductor-ferroelectric heterostructures have attracted much
attention due to their large potential for electronic and optoelectronic device applications
(Lorentz et al., 2007; Losego et al., 2009; Mbenkum et al., 2005; Voora et al., 2009; 2010). The
ferroelectric constituent possesses switchable dielectric polarization, which can be exploited
for modificating the electronic and optical properties of a semiconductor heterostructure.
Hysteresis properties of the ferroelectric polarization allows for bistable interface polarization
configuration and potentially for bistable heterostructure operation modes. Therefore, the
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heterostructures of wurtzite semiconductors and perovskite ferroelectric oxides integrate the
rich properties of perovskites together with the superior optical and electronic properties of
wurtzites, providing a powerful method of new multifunctional devices (Peruzzi et al., 2004;
Wei et al., 2007; Wu et al., 2008). It is well known that the electrical and optical properties of
the heterostructures are strongly influenced by the interface band offset, which determines
the barrier for hole or electron transport across the interface, and acts as a boundary condition
in calculating the band bending and interface electrostatics. Therefore, it is very important
to determine the valence band offset (VBO) of semiconductor/ferroelectric oxides in order to
understand the electrical and optical properties of the heterostructures and to design novel
devices.

Zinc oxide (ZnO) is a direct wide bandgap semiconductor with large exciton binding energy
(60 meV) at room temperature, which makes it promising in the field of low threshold
current, short-wavelength light-emitting diodes (LED) and laser diodes (Ozgur et al., 2005).
It also has a growing application in microelectronics such as thin film transistors (TFT) and
transparent conductive electrodes because of high transparency and large mobility. Indium
nitride (InN), with a narrow direct band gap and a high mobility, is attractive for the near
infrared light emission and high-speed/high-frequency electronic devices (Losurdo et al.,
2007; Takahashi et al., 2004). Generally, ZnO and InN films are grown on foreign substrates
such as c-plane and r-plane sapphire, SiC (Losurdoetal., 2007; Song etal., 2008), (111)
Si and GaAs (Kryliouk et al., 2007; Murakami et al., 2008). SrTiO3 (STO) single crystal is
widely used as a substrate for growing ferroelectric, magnetic and superconductor thin
films. Meanwhile, STO is one of the important oxide materials from both fundamental
physics viewpoint and potential device applications (Yasuda et al., 2008). The electron density
and hence conductivity of STO can be controlled by chemical substitution or annealing in
a reducing atmosphere. Furthermore, a high-density, two-dimensional electron (hole) gas
will lead to tailorable current-voltage characteristics at interfaces between ZnO or InN and
STO (Singh et al., 2003). In addition, the lattice polarity of ZnO and InN (anion-polarity or
cation-polarity) is expected to be controlled by the substrate polarity considering the atomic
configuration of STO surface, which is also important to obtain a high-quality ZnO or InN
epitaxial layer (Murakami et al., 2008). Thus, it is interesting to grow high quality wurtzite
ZnO and InN films on perovskite STO substrates, and it is useful to determine the valence
band offset (VBO) of these heterojunctions.

The heterojunction of semiconductor-ZnO or InN/ferroelectric-BaTiO3 (BTO) provides an
interesting optoelectronic application due to the anticipated strong polarization coupling
between the fixed semiconductor dipole and the switchable ferroelectric dipole (Lorentz et al.,
2007; Losego et al., 2009; Mbenkum et al., 2005; Voora et al., 2009; 2010). ZnO TFT, highly
attractive for display applications due to transparency in the visible and low growth
temperatures, are limited by large threshold and operating voltages (Kim et al., 2005). BTO,
as a remarkable ferroelectric material with a high relative permittivity, can be used as the
gate dielectric to reduce the operating voltages of TFT for portable applications (Kang et al.,
2007; Siddiqui et al., 2006), and as an attractive candidate as an epitaxial gate oxide for
field effect transistor. In addition, the free carrier concentration in the ZnO channel can be
controlled by the ferroelectric polarization of BTO dielectric in the ZnO/BTO heterostructure
tield-effect-transistors, thus demonstrating nonvolatile memory elements (Brandt et al., 2009).
In order to fully exploit the advantages of semiconductor-ferroelectric heterostructures, other
combinations such as InN/BTO should be explored. As a remarkable ferroelectric material
with a high relative permittivity, BTO can be used as a gate dielectric for InN based field
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effect transistor. More importantly, InNN/BTO heterojunction is promising for fabricating
optical and electrical devices since oxidation treatment is found to reduce the surface electron
accumulation of InN film (Cimalla et al., 2007). Therefore, it is important to determine
the VBO of these semiconductor/ferroelectric heterojunctions to design and analyze the
performance of devices.

In this chapter, we will first present several methods to determine the energy discontinuities.
Then, by using x-ray photoelectron spectroscopy (XPS), we determine the VBO as well as
the conduction band offset (CBO) values of the typical semiconductor/ferroelectric oxide
heterojunctions, such as ZnO/STO, ZnO/BTO, InN/STO, and InN/BTO, that are grown by
metal-organic chemical vapor deposition. Based on the values of VBO and CBO, it has been
found that type-II band alignments form at the ZnO/STO and ZnO/BTO interfaces, while
type-I band alignments form at the InN/STO and InN/BTO interfaces.

2. Measurement methods

The energy band edge discontinuities at heterostructures can be determined by applying a
large variety of experimental techniques, such as electrical transport measurements including
capacitance-voltage (C-V) and current-voltage (I-V), optical measurement, photoemission
measurement (Capasso et al., 1987). For many years, analysis of the capacitance-voltage
and current-voltage of heterojunctions have proven to be important probes for determining
the energy barriers of pn junction, Schottky barriers and heterojunctions. The energy
discontinuities can be determined by C-V measurement, since the C(V) function has the form
of:

_ 2(e1N1 +e2Np)

o -1/2 1
ean, -V ®

where €; and € are the dielectric constants of materials 1 and 2, N; and N, are the dopant
concentrations of materials 1 and 2, Vp is the diffusion potential, while q is the electronic
charge. Therefore, the plot of C~2 versus V gives a straight line, intercepting the V-axis
exactly at V=Vp. Based on this quantity, the conduction band discontinuity energy, AE., can
be obtained to be

AE. = qVp + 6y — (Egl — 51), (2)

for anisotype pN heterojunctions; and
AE. =qVp + 6y — 01, 3)

for isotype nN heterojunctions. Where J; and &, refer to the position of the Fermi energies
relative to the conduction band minimum (or valence band maximum) in n (or p)-type
materials 1 and 2, respectively. That is,
N.;
8 =kTIn(=),i =1,2. 4
Here, kT is the Boltzmann energy at the temperature T, N, is the effective conduction band

density of states,
 2(2mm*kT)2

M= ©
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which is a function of the reduced effective mass of the electron (m*) and of temperature (T).
Therefore, the difference in the Fermi energies between materials 1 and 2 can be simplified to
give

3 m;
Uy ¢ 2kTin(™2
N, D2 2 ml
for an nN heterojunction. Thus once the diffusion potential Vp is determined, it is relatively
straightforward to obtain the conduction band discontinuity. Indeed, as can be seen from the
equation above, it is not necessary to have a highly precise measurement of any of the material
parameters such as the bulk free carrier concentration or the effective density of states, since
AE; depends only logarithmically on these parameters. On the other hand, the dependence
of AE; on Vp is linear, and, therefore, it is important that the measurement of the diffusion
potential be as accurate as possible.
The current density is given simply by

o — &, = kTIn ( ), (6)

2 q99s

J = A" Texp(=922), 7)
where ¢p is the barrier height, from which the energy band offset can be determined. The
transport measurements have the advantage of being a relatively understanding means of
acquiring data using simple structures, but the accuracy of these techniques has never been
considered to be particularly high, basically due to the existence of parasitic phenomena
giving rise to excess stray capacitances or dark currents, which introduces variables cannot
be easily treated in the overall analysis and confuse the measurements.
The optical measurement techniques are based on the study of the optical properties of
alternating thin layers of two semiconductors. The quantized energy levels associated with
each well depend on the corresponding discontinuity, on the width of the well and on the
effective mass. The processes involving the localized quantum well states will introduce series
of peaks both in the absorption and photoluminescence spectra. From the position in energy
of the peaks in each series, it is possible to retrieve the parameters of the well and in particular
the value of AE¢- and AEy. However, this approach requires the fabrication of high-quality
multilayer structures with molecular beam epitaxy, and can only be applied to nearly ideal
interface with excellent crystal quality.
For x-ray photoelectron spectroscopy (XPS), it is well established that the kinetic energy,
Ek, of electrons emitted from a semiconductor depends on the position of the Fermi level,
Er, within the semiconductor band gap. This aspect of XPS makes it possible to determine
Er relative to the valence band maximum, Ey, in the region of the semiconductor from
which the photoelectron originate. Therefore, besides analyzing the interface elemental and
chemical composition, XPS can also be used as a contactless nondestructive and direct access
to measure interface potential related quantities such as heterojunction band discontinuites.
This technique was pioneered by Grant ea al (Grant et al., 1978). Since the escape depths of
the respective photoelectrons are in the order of 2 nm only, one of the two semiconductors has
to be sufficiently thin. This condition may be easily met when heterostructures are grown by
molecular beam epitaxy (MBE) or metal-organic chemical vapor deposition (MOCVD). The
XPS method for determining VBO is explained by the schematic band diagram displayed in
Fig. 1, in which an idealized flat band was assumed. Based on the measured values of AE¢;,
the core level to Ey binding energy difference in bulk semiconductors A and B, (E4, -E{}) and
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(Eg -EB), respectively. By inspection of Fig. 1, it can be seen that
AEy(B — A) = (E¢, — Ey) — (E¢ — Ey) + AEcL(A - B). (8)

Thus, to apply XPS for AEy measurements, it is essential to determine the bulk semiconductor
material parameters (Ecp-Ey) for those semiconductors forming the heterojunctions. A
primary difficulty with measuring (Ecr-Ey) is the accurate determination of the Ey position
in photoemission spectra. The most frequently employed method involves extrapolation of a
tangent line to the leading edge of the valence band spectrum to the energy axis, this intercept
is defined as Ey. Substituting these values to Eq. 8, the VBO of heterojunction A/B can be
obtained.

A B
A
E.' =& } AE, ]
E =
F B—
EA B
g +E9 .
A E 7y Ev
m
uw EA _Y A
g’ o A B
% (ECL‘EV)
o]
e B
. (Ea-E)* 4 EcL
v AEc.
Ec A Y v

Fig. 1. Schematic energy band diagram illustrating the measurement of VBO by XPS.

3. Experimental

Several samples, bulk commercial (001) STO, (111) STO and (001) BTO substrates, thick
(several hundred nanometers) and thin (about 5 nm) ZnO and InN layers grown on the
commercial STO and BTO substrates were studied in this work. To get a clean interface,
the STO and BTO substrates were cleaned with organic solvents and rinsed with de-ionized
water sequentially before loading into the reactor. The thick and thin heterostructures of
ZnO/STO, ZnO/BTO, InN/STO and InN/BTO were deposited by MOCVD. More growth
condition details of the ZnO and InN layers can be found in our previous reports (Jia et al.,
2008; 2009a;b; 2010a;b; 2011; Li et al., 2011).

XPSs were performed on ThermoFisher ESCALAB 250, PHI Quantera SXM, and VG MKII
XPS instruments with AlKa (hv=1486.6 eV) as the x-ray radiation source, which had been
carefully calibrated on work function and Fermi energy level (Er). Because all the samples
were exposed to air, there must be some impurities (e.g., oxygen and carbon) existing in the
sample surface, which may prevent the precise determination of the positions of the valence
band maximum (VBM). To reduce the undesirable effects of surface contamination, all the
samples were cleaned by Ar™ bombardment at a low sputtering rate to avoid damage to the
samples. After the bombardment, peaks related to impurities were greatly reduced, and no
new peaks appeared. Because a large amount of electrons are excited and emitted from the
sample, the sample is always positively charged and the electric field caused by the charge can
affect the measured kinetic energy of photoelectron. Charge neutralization was performed
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with an electron flood gun and all XPS spectra were calibrated by the C 1s peak at 284.8 eV
from contamination to compensate the charge effect. Since only the relative energy position in
each sample is needed to determine the VBO, the absolute energy calibration for a sample
has no effect on the ultimate result. The surfaces of samples were examined initially by
low-resolution survey scans to determine which elements were present. Very high-resolution
spectra were acquired to determine the binding energy of core level (CL) and the valence
band maximum energy in the survey spectra. All the CL spectra were fitted to Voigt (mixed
Lorentz-Gaussian) line shape with a Shirley background. Since considerable accordance of the
fitted line to the original measured data has been obtained, the uncertainty of the CL position
should be less than 0.03 eV, as evaluated by numerous fittings with different parameters. The
VBM positions in the valence band (VB) spectra were determined by linear extrapolation of
the leading edge of the VB spectra recorded on bulk substrates and thick films to the base
lines in order to account for instrument resolution induced tail (Zhang et al., 2007), which
has already been widely used to determine the VBM of semiconductors. Evidently, the VBM
value is sensitive to the choice of points on the leading edge used to obtain the regression
line (Chambers et al., 2001). Thus, several different sets of points were selected over the linear
region of the leading edge to perform regressions, and the uncertainty of VBO is found to be
less than 0.06 eV in the present work.

4. VBO for ZnO/STO heterojunction

Figure 2 (a) shows the x-ray 0-26 diffraction patterns of thick ZnO films on (111) STO
substrates. The diffractogram indicates only a single phase ZnO with a hexagonal wurtzite
structure. Only peaks of ZnO (0002) and (0004) reflection and no other ZnO related peaks are
observed, implying a complete c-axis oriented growth of the ZnO layer. The highly oriented
ZnO films on STO substrate strongly suggest that the nucleation and crystal growth is initiated
near the substrate surface. The full width at half maximum (FWHM) of symmetric (0002) scan
is about 0.85° along w-axis, as shown in the inset of Fig. 2(a). X-ray off-axis ¢ scans are
performed to identify the in-plane orientation relationships between the film and substrate.
The number of peaks in a ¢ scan corresponds to the number of planes for a particular family
that possesses the same angle with the film surface. Figure 2 (b) shows the results of x-ray
¢ scans performed using the {1122} reflection of ZnO (20=67.95°, x=58.03°) and the {110}
reflection of STO (20=32.4°, x=35.26°). Only six peaks separated by 60° are observed for the
ZnO {112} family, which has six crystal planes with the same angle with the growth plane
(x=58.03°), as shown in Fig. 2 (b), indicating a single domain. From the relative position
of ZnO {112} and STO {110} families, the in-plane relationships can be determined to be
[1120]ZnO||[011]STO. The atomic arrangement in the (0001) basal plane of ZnO is shown
in Fig. 2 (c). The growth in this direction shows a large lattice mismatch of about 17.7%

(%M x100%) along the direction of <1120> 7,0, although it shows a much smaller
STO

lattice mismatch of 1.91% (m\”/QT\/E’Z”O x100%) along the direction of <1100>7,0 when
STO

ZnO rotated 30° in plane.
For ZnO/STO heterojunction, the VBO (AEy) can be calculated from the formula

AEy = AEcy + (EZns, — EGw) — (B3 — Evian), )
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Fig. 2. X-ray 0-26 (a), w (inset of (a)), and ¢ (b) scans and atomic arrangement (c) of ZnO films
on (111) STO substrate.

where AE;=(EZ10/STO_EZnO/STO) ig the energy difference between Zn 2p and Ti 2p CLs

Ti2p Zn2p
measured in the thin ZnO/STO heterojunction sample, and (E%Tz(z-Ef,%%) and (E%Z%—E‘Z,%%)

are the VBM energies with reference to the CL positions of bulk STO and thick ZnO film,
respectively, which are obtained by XPS measurement from the respective STO substrate and
thick ZnO film.

Figure 3 shows the XPS Ti 2p and Zn 2p CL narrow scans and the valence band spectra
from the STO substrate and the thick ZnO/STO samples, respectively. As shown in Fig.
3(a), the Zn 2p CL peak locates at 1021.69+0.03 eV. Fig. 3(e) shows the VB spectra of the
thick ZnO sample, and the VBM position is determined to be 1.06+0.06 eV by a linear fitting

depicted above. As a result, the energy difference of Zn 2p to ZnO VBM (E%Z%—E‘Z,’é%) can

be determined to be 1020.631+0.03 eV. Using the same Voigt fitting and linear extrapolation

methods mentioned above, the energy difference of Ti2p to STO VBM (E%rz(z—E‘S/%%) can be

determined to be 457.3240.06 eV. The CL spectrum of Zn 2p and Ti 2p in thick ZnO film
and bulk STO are quite symmetric indicating the uniform bonding state and the only peaks
correspond to Zn-O and Ti-O bonds, respectively. The measurement of AE¢; for the Ti 2p and
Zn 2p CLs recorded in the thin ZnO/STO junction is illustrated in Fig. 3(c) and (d). After
substraction of the background, the spectra of Ti 2p and Zn 2p CLs were well Voigt fitted and
the energy difference of Ti 2p and Zn 2p CLs (AE() can be determined to be 562.69+0.03
eV. It is noteworthy that the Ti 2p peak is not symmetric and consists of two components by
careful Voigt fitting. The prominent one located at 459.22 eV is attributed to the Ti emitters
within the STO substrate which have six bonds to oxygen atoms, and the other one shifting
by ~2 eV to a lower binding energy indicates the presence of an interfacial oxide layer. This
phenomenon is similar to that observed in the interface of LaAlO3/SrTiO3, and the shoulder
at lower binding energy is attributed to TiO, suboxides, which is expected on account of the
TiOy-terminated STO initial surface (Kazzi et al., 2006). The fair double-peak fitting shown

www.intechopen.com



312 Ferroelectrics - Characterization and Modeling

in Fig. 3(d) confirms the presence of TiO, suboxides. Substituting the above (E%};‘;-E%ﬁ%),

(E%Z%—E%’é%) and AE; into Eq. 9, the resulting VBO value is calculated to be 0.62+0.09 eV.

(b) STO: Ti2p 4

i)

458.30 eV ¢

ey

010 1015 1020 1025 1030445 450 455 460 465 470
[(d) ZnO/STO: Tizp
| 459.22 eV

Intensity (arb. units)

—_

010 1015 1020 1025 1030445 450 455 460 465 470

' (€) ZnO: VBM [ (f) STO: VBM

6 4 =2 0 2 4 6 8
Binding energy (eV)

Fig. 3. Zn 2p spectra recorded on ZnO (a) and ZnO/STO (c), Ti 2p spectra on STO (b) and

ZnO/STO (d), and VB spectra for ZnO (e) and STO (f). All peaks have been fitted to Voigt

line shapes using Shirley background, and the VBM values are determined by linear

extrapolation of the leading edge to the base line. The errors in the peak positions and VBM

are £0.03 and £0.06 eV, respectively.

The reliability of the measured result is analyzed by considering several possible factors that
could impact the experiment results. The lattice mismatch between ZnO and STO is about
~17.7%, which will induce a much smaller critical thickness than 5-10 nm, compared with
the lattice mismatch of BaTiO3 grown on STO (2.2%) and a critical thickness of 5-10 nm
(Sun et al., 2004). Meanwhile, the ZnO epitaxial layer grown on STO substrate by MOCVD is
characterized by columnar growth mode, which provides strain relief mechanism (Fan et al.,
2008). Thus, the ZnO overlayer in the heterojunction is almost completely strained and the
strain-induced piezoelectric field effect can also be neglected. In addition, the error induced
by band bending is checked to be much smaller than the average standard deviation of +0.09
eV given above (Yang et al., 2009). Since the factors that can affect the ultimate result can be
excluded from the measured result, the experimental obtained VBO value is reliable.

To further confirm our result, it would be very useful to compare our experimental results
with a theoretical model proposed by Monch (Monch etal.,, 2005). The VBOs of ZnO
heterojunctions are predicted based on the difference of the respective interface-induced gap
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states (IFIGS) branch-point energies and electric dipole terms. That is
AEy = Eoi(T) = Euor(T) = ¢y, — ¢y, + Dx(Xer — Xa1), (10)

where the p-type branch-point energy 4)5 p(l") = Epp — Ey(I') is the energy distance from the

valence band maximum to the branch point of the IFIGS and X; is the electronegativity of the
respective semiconductor. The subscripts r and [ stand for the right and left side, respectively,
of the heterostructure. The dipole parameter Dy is determined by the density of states and
extension of the IFIGS at their branch point. This dipole term can also be neglected, just
like the common semiconductor heterojunctions, since the electronegativities of the atoms
constituting ZnO/STO heterojunction differ by up to 10% only. Through analysis of the VBO
values reported for ZnO heterostructure (Monch et al., 2005), the dependence of VBO on the
p-type branch-point energy is obtained to be

AEy = @opol¢y, (Z110) — ¢y, (semi)]. (11)

With the p-type branch-point energies of ZnO (3.04 eV) (Monch et al., 2005) and STO (2.5
eV) (Monch et al., 2004), and the slope parameters ¢, for insulator heterostructures of
1.14~1.23, a VBO of 0.64+0.21 eV would be calculated, which is in good agreement with
the experimentally determined value of 0.62+0.09 eV. It implies that the IFIGS theory is not
only widely used to the group-IV elemental semiconductors, SiC, and the III-V, II-VI, and
[-1III-VI; compound semiconductors and their alloys (Monch et al., 2005), but also applicable to
the semiconductor/insulator heterostructures. In addition, the resulting AEy is a sufficiently
large value for device applications in which strong carrier confinement is needed, such as
light emitters or heterostructure field effect transistors. For instance, the valence band offset
in the Zng 95Cdg 050/Zn0O system is only 0.17 eV (Chen et al., 2005), which is less than that of
ZnO/STO.

Finally, the CBO (AE¢) can be estimated by the formula AEC=AEV+E§”O-E§TO. By

substituting the band gap values (EgZ”O=3.37 eV (Su et al., 2008) and E§T0=3.2 eV (Baer et al.,
1967)), AEc is calculated to be 0.794+0.09 eV. It would be interesting to compare
our experimental values with the electrical transport results by Wu et al (Wuetal,
2008). They have investigated the temperature dependent current-voltage characteristic of
ZnO/Nb:SrTiO; junction, and found that the effective barrier height (¢.¢) is 0.73 eV, which
is directly considered to be the CBO in n-N heterojunctions (Alivov et al., 2006). It can be seen
that the effective barrier height in Wu’s work is consistent with our CBO value. Accordingly,
a type-II band alignment forms at the heterojunction interface, in which the conduction and
valence bands of the ZnO film are concomitantly higher than those of the STO substrate, as
shown in Fig. 4.

5.VBO for ZnO/BTO heterojunction

In x-ray 6-20 diffraction measurements, as shown in Fig. 5 (a), the ZnO/BTO sample presented
the only peak of ZnO (0002) reflection and no other ZnO related peaks were observed,
implying a complete c-axis oriented growth of the ZnO layer. From the pole figure of ZnO
{1011} family, shown in Fig. 5 (b), twelve peaks separated by 30° are present, although ZnO
has a sixfold symmetry about the [0001] axis, indicating that the ZnO film is twinned in the
growth plane by a 30° in-plane rotation. The relative intensities of the two sets of peaks is
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Fig. 4. Energy band diagram of ZnO/STO heterojunction.

related to the proportion of the two domains, indicating that the two domains are almost
equal in amount.

@

BTO (001)

Intensity (arb. units.)

Fig. 5. X-ray 6-20 diffraction pattern (a) and pole figure (b) of the thick ZnO films on BTO
substrates.

For ZnO/BTO heterojunction, the VBO (AEy) can be calculated from the formula
AEy = AEcy + (EZ5), — EGERY) — (Efiay — EVm), (12)

where AEc;=(EZ10/BTO_EZn0/BTO) s the energy difference between Zn 2p and Ti 2p CLs

Ti2p Zn2p
measured in the thin ZnO/BTO heterojunction, while (E%g?-Egg%) and (E%ZZOP-E%%%) are the

VBM energies with reference to the CL positions of bulk BTO and thick ZnO film, respectively.
Figure 6 shows the XPS Ti 2p and Zn 2p CL narrow scans and the valence band spectra from
the bulk BTO, thick and thin ZnO/BTO samples, respectively. For the thick ZnO film, the Zn
2p CL peak locates at 1022.04+0.03 eV, and the VBM position is determined to be 2.44+0.06
eV by a linear fitting described above, as shown in Fig. 6(a) and (e). The energy difference
between Zn 2p and VBM of thick ZnO film (EZ;9 +-E7%)) is deduced to be 1019.60+0.09
eV, which is well consistent with our previous reports (Zhang et al., 2007). It can also be
clearly seen from Fig. 6 that the CL spectra of Zn 2p and Ti 2p in the thick ZnO film and
thin ZnO/BTO heterojunction are quite symmetric, indicating a uniform bonding state and
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Fig. 6. Zn 2p spectra recorded on ZnO (a) and ZnO/BTO (c), Ti 2p spectra on BTO (b) and

ZnO/BTO (d), and VB spectra for ZnO (e) and BTO (f). All peaks have been fitted to Voigt

line shapes using Shirley background, and the VBM values are determined by linear

extrapolation of the leading edge to the base line. The errors in the peak positions and VBM

are +0.03 and £0.06 eV, respectively.
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Fig. 7. Energy band diagram of ZnO/BTO heterojunction.
the only peaks correspond to Zn-O and Ti-O bonds, respectively. However, the Ti 2p peak
in the bulk BTO is not symmetric and consists of two components by careful Voigt fitting.

The prominent one located at 457.12+0.03 eV is attributed to the Ti emitters within the BTO
substrate, which have six bonds to oxygen atoms. The other one shifting by ~2 eV to a lower
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binding energy is attributed to TiO, suboxides on account of the TiO-terminated BTO initial
surface (Kazzi et al., 2006). It is interesting that the Ti 2p peaks transform from asymmetry
in bulk BTO to symmetry in the thin ZnO/BTO sample, implying that the TiO, suboxides
in the BTO surface is oxidized completely to the highest valence of Ti**. The VBM value of
bulk BTO is determined to be 1.49+0.06 eV using the linear method. The Fermi level of an
insulator is expected to be located in the middle of the forbidden energy gap, so the VBM
will be one-half of the band gap of insulators (You et al., 2009). For BTO, the VBM should
be 1.55 eV calculated from the band gap of 3.1 eV (Boggess et al., 1990), which is in good
agreement with the measured value (1.49£0.06 eV) in the present work. Using the same fitting
methods mentioned above, the energy values of CL for the thin ZnO/BTO heterojunction can
be determined, as shown in Fig. 6. Substituting the above values into Eq. 12, the resulting
VBO value is calculated to be 0.48+0.09 eV.

A small lattice mismatch is present between the BTO[011] direction and the hexagonal

apothem of ZnO, which is only about 0.8% (W x100%) (Wei et al., 2007). This
BTO

lattice mismatch is so small that the strain-induced piezoelectric field effect can be neglected
in this work (Su et al., 2008). In ZnO/MgO heterostructure, the 8.3% mismatch brings a shift
of 0.22 eV on VBO (Li et al., 2008). By linear extrapolation method, the strain induced shift in
ZnO/BTO is less than 0.02 eV, which is much smaller than the aforementioned deviation of
0.09 eV. The error induced by band bending is checked to be much smaller than the average
standard deviation of 0.09 eV given above (Yang et al., 2009). So the experimental obtained
VBO value is reliable.

To further confirm the reliability of the experimental values, it would be useful to compare
our VBO value with other results deduced by transitive property. For heterojunctions formed
between all pairs of three materials (A, B, and C), AEy(A-C) can be deduced from the
difference between AEy(A-B) and AEy(C-B) neglecting the interface effects (Foulon et al.,
1992). The reported VBO values for some heterojunctions are AEy(ZnO-STO)=0.62 eV
(Jia et al., 2009b), AEy (Si-STO)=2.38 or 2.64 eV, and AEy (Si-BTO)=2.35 or 2.66 eV (Amy et al.,
2004), respectively. Then the AEy (ZnO-BTO) is deduced to be 0.59, 0.64, 0.9 or 0.33 eV, which
is comparable to our measured value 0.48+0.09 eV. Since the samples were prepared under
different growth conditions, the different interfaces are responsible for the difference between
our measured value and the results from the transitivity. In addition, the resulting AEy is a
sufficiently large value for device applications which require strong carrier confinement, such
as light emitters or heterostructure field effect transistors (Chen et al., 2005).

Finally, the CBO (AEc) can be estimated by the formula AEC=AEV+E§”O—E§ TO, By

substituting the band gap values at room temperature (Eg”oz3.37 eV (Suetal., 2008) and

Eg T0=3.1 eV (Boggess et al., 1990)), AE( is calculated to be 0.7540.09 eV. Accordingly, a type-II
band alignment forms at the heterojunction interface, in which the conduction and valence
bands of the ZnO film are concomitantly higher than those of the BTO substrate, as shown in
Fig. 7.

6. VBO for INN/STO heterojunction

Figure 8 (a) shows the typical XRD 6-26 patterns of InN thin films deposited on (001) STO
substrates. InN crystals shows an intense diffraction line at 20=31.28° assigned to the (0002)
diffraction of InN with hexagonal wurtzite structure, implying that the c-axis of InN films
is perpendicular to the substrate surface. Figure 8 (b) shows the results of x-ray off-axis
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¢ scans performed using the {1011} reflection of InN (20=33.49°, x=61.86°) and the {111}
reflection of STO (20=39.96°, x=54.74°) to determine the in-plane orientation of the InN film
relative to STO. Although InN has a sixfold symmetry about the [0001] axis, the presence of
twelve peaks separated by 30° for {1122} reflections indicates that the InN films is twinned
in the growth plane by a 30° in-plane rotation. The relative intensities of the two sets of
peaks is related to the proportion of the two domains, indicating almost the same amount
for the two domains. Comparing the locations in ¢-space of the InN{1011} with STO{111}
families, the two-dimensional epitaxial relationships for the two domains can be derived to
be [1100]InN/|[[110]STO for one domain and [1120]InN||[110]STO for the other. The atomic
arrangements for the two domains are illustrated in the schematic drawings of Fig. 8(c).

(b) INN{101} (20=33.49", 1=61.86") ]

STO{111} (20=39.96°, x=54.74")

5‘0 6‘0 7.0 80 —1‘50 —1‘00 —5‘0 6 SIO 160 150
20 (deg.) ¢ (deg.)

STO(003)

Intensity (arb. units.)

20 30 40

(©) ) asto

Fig. 8. X-ray 0-260 (a) and ¢ (b) scanning patterns, and atomic arrangement (c) of the thick InN
films on (001)STO substrates.

For InN/STO heterojunction, the VBO (AEy) can be calculated from the formula
AEy = AEcy + (Epphy — Eviin) — (Ey — Evem). (13)

where AECL=(EIT'}2I\;/ 5 TO-E%Z%/ 5 To) is the energy difference between In 3d and Ti 2p CLs

measured in the thin InN/STO heterojunction, while (E%TZ(;—E‘S/%%) and (E%%-E{}%VM) are the
VBM energies with reference to the CL positions of bulk STO and thick InN film, respectively.
Fig. 9 shows In 3d, Ti 2p CL narrow scans and valence band spectra recorded on thick InN,
bulk STO and thin InN/STO heterojunction samples, respectively. The In 3d spectra in thick
InN films include two peaks of 3d5,, (443.50£0.03 eV) and 3dj3,, (451.09+0.03 eV), which
are separated by the spin-orbit interaction with a splitting energy of around 7.57 eV. Both
peaks are found out to consist of two components by careful Voigt fitting. The first In 3d5,,
component located at 443.50+0.03 eV is attributed to the In-N bonding, and the second, at
444.5240.03 eV, is identified to be due to surface contamination. This two-peak profile of the
In 3d5/; spectra in InN is typical and have been demonstrated by other researchers (King et al.,
2008; Piper et al., 2005; Yang et al., 2009). Comparison of their binding energy separation with
previous results, we suggest that the second peak at 444.524+0.03 eV to the In-O bonding is due
to contamination by oxygen during the growth process. The ratio of In-N peak intensity to
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Fig. 9. In 3d spectra recorded on InN (a) and InN/STO (c), Ti 2p spectra on STO (b) and

InN/STO (d), and VB spectra for InN (e) and STO (f). All peaks have been fitted to Voigt line

shapes using Shirley background, and the VBM values are determined by linear

extrapolation of the leading edge to the base line. The errors in the peak positions and VBM

are £0.03 and £0.06 eV, respectively.
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Fig. 10. Energy band diagram of InN/STO heterojunction.

the oxygen related peaks indicates that only a small quantity of oxygen contamination exists
in our samples. Both the Ti 2p spectra in bulk STO and thin InN/STO heterojunction are
quite symmetric, indicating a uniform bonding state. Using the linear extrapolation method
mentioned above, the VBM of InN and STO are 0.45+0.06 eV and 1.911+0.06 eV respectively.
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Compared with the spectra recorded on the InN and STO samples, the In 3d core level shifts
to 443.68+0.03 eV and Ti 2p shifts to 458.17+0.03 eV in thin InN/STO heterojunction. The
VBO value is calculated to be 1.134+0.09 eV by substituting those values into Eq. 13.

Reliability of the analysis of the measured results is provided by considering possible factors
that could impact the experimental results. InN is a kind of piezoelectric crystal, so the strain
existing in the InN overlayer of the heterojunction will induce piezoelectric field and affect the

results. The lattice mismatch between InN and STO is larger than 9.8% (% x100%),
STO

so the InN layer can be approximately treated as completely relaxed and this approximation
should not introduce much error in our result. In addition, the energy band bends downward
at the surface of InN film and there is an electron accumulation layer (Mahboob et al., 2004),
so the energy separation between VBM and Fermi level can be changed at the InN surface,
which could impact the measured VBO values of the heterojunctions. However, both the CL
emissions of In 3d and Ti 2p at the InN/STO heterojunction are collected from the same surface
(InN surface), thus, the surface band bending effects can be canceled out for the measurement
of AE(}, as was the measurement of the band offset of the InN/AIN heterojunction by others
(King et al., 2007; Wu et al., 2006). Since the factors that can affect the results can be excluded
from the measured results, the experimental obtained VBO value is reliable.

Making use of the band gap of InN (0.7 eV) (Yang et al., 2009) and SrTiO3 (3.2 eV) (Baer et al.,
1967), the CBO (AE() is calculated to be 1.37 eV and the ratio of AE-/AEy is close to 1:1. As
shown in Fig. 10, a type-I heterojunction is seen to be formed in the straddling configuration.
So STO can be utilized as the gate oxide for InN based metal-oxide semiconductor, the
gate leakage is expected to be negligible, which is different from the Si based devices
(Chambers et al., 2000).

7.VBO for InNN/BTO heterojunction

Intensity (arb. units.)

10 20 30 40 50 60 70 80
20 (deg.)

Fig. 11. X-ray 0-26 scanning patterns of the thick InN films on BTO substrates.

In x-ray 0-26 diffraction measurements, as shown in Fig. 11, the thick InN/BTO sample
presented the only peak of InN (0002) reflection and no other InN related peaks were
observed, implying a complete c-axis oriented growth of the InN layer. For InN/BTO
heterojunction, the VBO (AEy) can be calculated from the formula

AEy = AEcy + (Epphy — Evin) — (Efhy — EVim), (14)
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Fig. 12. In 3d spectra recorded on InN (a) and InN/BTO (c), Ti 2p spectra on BTO (b) and

InN/BTO (d), and VB spectra for InN (e) and BTO (f). All peaks have been fitted to Voigt line

shapes using Shirley background, and the VBM values are determined by linear

extrapolation of the leading edge to the base line. The errors in the peak positions and VBM

are £0.03 and £0.06 eV, respectively.
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Fig. 13. Energy band diagram of InN/BTO heterojunction.

where AECLz(EIT’;ZI\;J /B TO-E%ZQ]/ BTOy is the energy difference between In 3d and Ti 2p CLs

measured in the thin heterojunction InN/BTO, while (E%Tz(;-Egg%) and (Efﬁ%-E{}g‘fM) are the
VBM energies with reference to the CL positions of bulk BTO and thick InN film, respectively.
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Figure 12 shows the XPS Ti 2p and In 3d CL narrow scans and the valence band spectra
from the bulk BTO, thick InN and thin InN/BTO samples, respectively. For the In 3d spectra
of both the InN and thin InN/BTO samples, additional low intensity higher-binding-energy
components were required. These extra components are attributed to In-O bonding due to
oxide contamination when InN is present at the surface (Piper et al., 2005), as shown in Fig.
12(a). In the thin InN/BTO sample shown in Fig. 12(c), they are attributed to In-O bonding
at the InN/BTO interfaces, and/or inelastic losses to free carriers in the InN layer (King et al.,
2008). The CL peak attributed to In-N bonding locates at 443.674+0.03 eV and 443.984+0.03 eV
for thick InN and thin InN/BTO, respectively, as shown in Fig. 12(a) and (c). It is interesting
that the Ti 2p peaks transform from asymmetry in bulk BTO to symmetry in the thin InN/BTO
sample, as observed in the thin ZnO/BTO heterostructure (Jia et al., 2010b). Using the same
fitting methods mentioned above, the VBM value for the bulk BTO and thick InN films can
be determined, as shown in Fig. 12 (e)and (f). Substituting the above values into Eq. 14, the
resulting VBO value is calculated to be 2.25+0.09 eV.

The reliability of the measured result is analyzed by considering several possible factors that
could impact the experiment results. Both the CL emissions of In 3d and Ti 2p at the InN/BTO
heterojunction are collected from the same surface (InN surface), so the surface band bending
effects can be canceled out for the measurement of AEc;. Another factor which may affect
the precision of the VBO value is the strain-induced piezoelectric field in the overlayer
of the heterojunction (Martin et al., 1996). There is a large lattice mismatch of about 7.1%

(M x100%) between the hexagonal apothem of InN and the BTO[011] direction.

2apTo

It is comparable with that of the INN/ZnO heterojunction (7.7%), and the InN thin film of 5
nm is approximately treated as completely relaxed (Zhang et al., 2007). So the strain-induced
piezoelectric field effect can be neglected in our experiment. Thus, the experimental obtained
VBO value is reliable.

To further confirm the reliability of the experimental values, it would be useful to compare our
VBO value with other results deduced by transitive property. The reported VBO values for
ZnO/BTO and InN/ZnO heterojunctions are AEy(ZnO-BTO)=0.48 eV (Jia et al., 2010b), and
AEy(InN-ZnO)=1.76 eV (Yang et al., 2009), respectively. Then the AEy(InN-BTO) is deduced
to be 2.24 eV, which is well consistent with our measured value 2.2540.09 eV.

Finally, the CBO (AE) can be estimated by the formula AEC=E§ TO—E?N -AEy. By substituting

the band gap values at room temperature (Ei,”N =0.7 eV (Yang et al., 2009) and EgBTO=3.1
eV (Boggess et al., 1990)), AE( is calculated to be 0.154+0.09 eV. Accordingly, a type-I band
alignment forms at the heterojunction interface, as shown in Fig. 13.

8. Conclusions

In summary, XPS was used to measure the VBO of the ZnO(or InN)/STO(or BTO)
heterojunctions. A type-IIband alignment with VBO of 0.62+0.09 eV and CBO of 0.79+0.09 eV
is obtained for ZnO/STO heterojunction. A type-II band alignment with VBO of 0.484+0.09 eV
and CBO of 0.754-0.09 eV is obtained for ZnO/BTO heterojunction. A type-I band alignment
with VBO of 1.13+0.09 eV and CBO of 1.37+0.09 eV is obtained for InN/STO heterojunction.
A type-I band alignment with VBO of 2.2540.09 eV and CBO of 0.15+0.09 eV is obtained for
InN/BTO heterojuncion. The accurately determined result is important for the design and
application of these semiconductor/ferroelectric heterostructures based devices.
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