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The Pb(Zr(,,Tigg)O3/ZnO/GaN Ferroelectric—
Semiconductor Heterostructure: Insight into the
Interfacial Energy Level Alignments
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1. Introduction

Ferroelectric/semiconductor heterostructures promise to be the

backbone of next-generation “green” data storage devices combining
ultrashort switching times and ultralow switching power with a
simplified device structure and low-cost processing. One promising

Ferroelectric/semiconductor heterostructures
have drawn increasing attention due
to their promising applications in elec-
tronics.3l An aggressive prospect is to

candidate to realize such resistive memory devices is the ferroelectric-
Pb(Zry ;,Tip g)O3/semiconductor-ZnO/GaN heterostructure. A detailed
knowledge about the energy level alignments in this heterostructure

is of utmost importance to understand the charge carrier transport
mechanism as that is what determines the macroscopic performance
of corresponding ferroelectric/semiconductor-based electronic devices.
Employing hard X-ray photoelectron spectroscopy, favorable type-I|
energy level alignments at the Pb(Zr, ,,Tig)O3/ZnO and ZnO/GaN
interfaces are found with, however, significantly lower offsets in the
valence as well as the conduction band for the latter. As a result, the
formation of a high-resistance state and a low-resistance state can be
explained by a combination of polarization effects and related changes
in the energy level alignment. The charge carrier transport through the

utilize the switchable polarization of ferro-
electrics to control the charge distribution
in the semiconductor layer by inducing an
electric field at the ferroelectric/semicon-
ductor interface.! This opens the route for
large-scale use of ferroelectric materials
in energy conversion applications, e.g.,
in solar water splitting, photovoltaic, and
solar fuel devices.®) Moreover, ferroelec-
tric/semiconductor field-effect transistors
(FETS) have been proposed, with the poten-
tial to exceed the performance of existing
FET technology for non-volatile memory
applications.?l Especially the combination
of ultrashort switching times and ultralow

Pb(Zry 3, Tipg)O3/ZnO/GaN heterostructure may in the low-resistance
state be limited by the significant hole barrier at the ZnO/GaN interface.
The gained insight opens a new route for device optimization by
deliberate interface engineering promising improved tunable resistive

memory devices.

switching power with a simplified device
structure and low-cost processing make fer-
roelectric/semiconductor heterostructures
the prime candidate to be used in next-
generation “green” data storage devices.
Zinc oxide (ZnO) is an attractive semi-
conductor candidate material for forming
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ferroelectric/semiconductor heterostructures, due to its excel-
lent material compatibility with ferroelectrics,”® such as
Pb(Zr,Ti)O5 (PZT). High-quality PZT/ZnO heterostructures can
be fabricated without using a buffer layer, and its application
in memory devices has been investigated.’! In addition, due to
its direct wide bandgap (E"° =3.37eV), ZnO is a candidate
material employed in short-wavelength light-emitting devices
(LED), especially in GaN-based LEDs because of their same
wurtzite crystal structure, small lattice mismatch of 1.9%, and
similar energy bandgap (Eg™ =3.40 eV).1!

To understand the electronic properties of PZT/ZnO/GaN
heterostructures, it is crucial to have detailed insight into the
energy level alignment at the PZT/ZnO/GaN interfaces. Energy
level alignments of the involved interfaces have previously been
constructed using published electron affinity and work function
values, and they suggest the presence of, e.g., a valence band
offset (VBO) of 0.48 eV and a conduction band offset (CBO) of
0.85 eVl at the PZT/ZnO interface and a VBO of 0.6 eV at
the ZnO/GaN heterostructure.' However, directly measured
energy level alignment data for ZnO/GaN and/or PZT/ZnO
heterointerfaces are scarce. For the ZnO/GaN heterostructure, a
VBO of =1.0 eV,! derived by ultraviolet and X-ray photoelectron
spectroscopy measurements, has been reported. The significant
deviation of this measured value from that suggested based on
reported electron affinities and work functions (0.6 eV, see above)
highlights the importance of experimentally derived insights into
the energy level alignment at the PZT/ZnO/GaN interfaces.

To close this knowledge gap, we report on directly meas-
ured shallow core level (CL), and valence band maximum
(VBM) derived density of states (DOS) of ZnO/GaN and
PZT/ZnO/GaN heterointerfaces as probed by hard X-ray photo-
electron spectroscopy (HAXPES). The corresponding energy
level alignments are derived and discussed. This information
is expected to be used to explain and predict the charge carrier
transport in PZT/ZnO/GaN-based electronic devices, which will
ultimately guide further deliberate optimization efforts.

2. Results and Discussion

First, we focus on the determination and discussion of the
VBM position with respect to the Fermi level (Eg) of the GaN
substrate and the 40 nm thick ZnO/GaN sample. The corre-
sponding HAXPES spectra of the shallow CL region show all
expected lines, e.g., O 2s, Ga 3d, and Zn 3d (see Figure 1a). The
VBM positions were estimated by linear approximation of the
leading edges of the spectral onset to the respective baselines,
as shown in Figure 1b. The selection of data points used in
the linear fit of the leading edge has a potential effect on the
obtained VBM value. We chose several different sets of points
over the linear region of the leading edge for linear approxima-
tion and found the uncertainty of VBM related to the choice
of data points was less than 0.05 eV for GaN and 0.03 eV for
ZnO in the present work. Together with the uncertainty of the
energy calibration of the electron analyzer and beamline, we
estimate the total error to be in the order of +0.10 eV in both
cases. As displayed in Figure 1b, the VBM of the GaN substrate
was determined to be (—3.30 £ 0.10) eV, agreeing with previously
reported values ranging from 2.7 to 3.5 eV.*167] The proximity
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Figure 1. a) 2 keV excited HAXPES spectra of the valence band (VB) and
shallow core level (O 2s, Ga 3d, Pb 5d, and Zn 3d) region of the GaN sub-
strate, the 7 and 40 nm thick ZnO films on GaN, and the 5 nm PZT/7 nm
ZnO/GaN layer stack. b) Magnified (renormalized) view of the valence
band maximum (VBM) regions from (a). The linear approximation of
the leading spectral edges and the correspondingly derived VBM values
(£0.10 eV) are indicated. For the 7 nm ZnO/GaN layer stack, the expected
VBM positions of GaN and ZnO are indicated by the arrows using the
VBM values of the GaN and 40 nm ZnO/GaN sample and considering
interface induced band bending derived from the shift of the shallow core
levels (Zn 3d and Ga 3d; see Table S1in the Supporting Information). For
the 5 nm PZT/7 nm ZnO/GaN sample, the arrow indicates the VB onset
attributed to ZnO.

of the VBM value of GaN to its bandgap energy (3.40 eVI'l)
implies that Ep is near the conduction band minimum (CBM).
Assuming flat band conditions at the sample surface, this indi-
cates pronounced n-type conductivity of the GaN substrate, in
agreement with the doping concentration stated in the Experi-
mental Section (i.e., 1 x 10'®® cm™3). The VBM of the 40 nm ZnO/
GaN sample is located at (—3.33 £ 0.10) eV, which agrees well
with previous reports for ZnO (3.2-3.5 eV).[18-20]

The VBM regions of the heterointerface samples (i.e., samples
that have a cover layer thickness that allows probing the under-
lying material) are more difficult to interpret directly due to the
superposition of signals from multiple layers. This is promi-
nently demonstrated by the Ga 3d (of GaN) and Zn 3d (of ZnO)
shallow CL lines in the spectra of the 7 nm ZnO/GaN and the
5 nm PZT/7 nm ZnO/GaN sample, respectively. The proximity of
the n-GaN and ZnO VBM values make the direct determination
of the VBM alignment from the spectrum of the 7 nm ZnO/GaN
impossible; the seemingly more pronounced foot at the spectral
onset will be discussed below. In contrast, the VBM of PZT is
expected to be at significantly lower values; previously reported
values range between 1.4 and 1.7 V.22l Close inspection of the
VB onset of the 5 nm PZT/7 nm ZnO/GaN sample in Figure 1b
indeed shows a significant foot, which we ascribe to the VBM of
PZT. The derived VBM position is (1.34 = 0.10) eV in agreement
with the literature values mentioned above. The kink around
3 eV is attributed to the VBM of ZnO, as discussed below.

In order to account for band bending induced by the inter-
face formation, we consult the energy shifts of the shallow CLs
upon layer deposition. Note that the Ga 3d line overlaps with
Pb 5d derived states for the PZT/ZnO/GaN sample, which has
to be taken into consideration in the fit model. Furthermore,
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Figure 2. 2 keV excited Ga 3d and O 2s HAXPES spectra for a) the GaN
substrate and b) the 7 nm ZnO/GaN sample. Pb 5d/O 2s and Zn 3d
HAXPES spectra are shown in (c) for the 5 nm PZT/7 nm ZnO/GaN
sample and in d) for the 40 nm ZnO/GaN, in e) for the 7 nm ZnO/GaN,
and in f) for the 5 nm PZT/7 nm ZnO/GaN samples, respectively. The
inset in panel (d) shows the O 2s line (with presumably some Ga 3d
derived spectral remnants) on a magnified (15x) scale. Open points rep-
resent the experimental data, and solid black lines represent the total fit
after (Shirley) background subtraction. For the individual fit components,
Voigt (mixed Lorentzian-Gaussian) line shapes (or doublets thereof)
were employed. The residua are shown as solid gray lines below the data/
fit. The fitted peak positions!'>2%32-3%] are summarized in Table ST in the
Supporting Information.

the shallow CLs in Figure 1, especially the Zn 3d line, are of low
enough binding energy that they will have some band-like char-
acter, and we also note that their spectral width varies between
samples. We, therefore, in the fitting procedure for the Zn 3d,
allow the width of the Voigt peaks (see respective FWHM—full
width at halfmaximum-—values in Table S1 in the Supporting
Information) to vary while maintaining the spin-orbit split-
ting and branching ratio. The resulting Zn 3d energy posi-
tions therefore have a relatively larger uncertainty due to this
imperfect treatment of the effects of band dispersion and of
the potential for separate contributions from surface, bulk, and
interface.

Figure 2 displays the HAXPES spectra of Ga 3d, Pb 5d, and
Zn 3d CLs, fitted by Voigt (mixed Lorentzian—Gaussian) peaks
after subtraction of Shirley backgrounds. Figure 2a—c shows the
Ga 3d spectrum of the GaN substrate, the 7 and 40 nm ZnO/
GaN, and the 5 nm PZT/7 nm ZnO/GaN heterojunctions. The
spectra of the first two samples were fitted by three contribu-
tions, two Ga 3d lines (assigned to the bonding configurations
of Ga-N, Ga-O224) and one broad O 2s line. Ga oxide often
forms at the GaN surface when exposed to ambient conditions
or at the ZnO/GaN interface during ZnO deposition, as Ga can
diffuse from the GaN surface, bonding with oxygen.[?>?l Each
Ga 3d species was fitted by two spin—orbit components (Ga 3ds,
and 3ds,) with an orbital splitting of 0.45 eV?*] and a branching
ratio of 3:2. The binding energy shift between the Ga-N and
Ga—O component was 0.75 eV for all samples.?”) The Ga 3d
spectral range of the 5 nm PZT/7 nm ZnO/GaN sample is dom-
inated by the Pb 5ds, and 5ds;, doublet (spin—orbit separation:
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2.52 eV, branching ratio: 3:2).3% Furthermore, an increase in
the O 2s line intensity can be observed, in agreement with the
increased oxide layer thickness present on the GaN substrate
and the higher relative O content in PZT compared to that in
ZnO. The fits of the Zn 3d spectrum of the 7 nm and 40 nm
ZnO/GaN and 5 nm PZT/7 nm ZnO/GaN heterojunctions
are shown in Figure 2d—f. One superposed double-peak repre-
senting the Zn 3ds,, and 3d;;, contributions with a spin—orbit
splitting of 0.3 eV and an area ratio of 3:2 (and allowing for
different FWHMs, see above) is sufficient to result in a reason-
able fit. The parameters deduced from Figure 2 are summa-
rized for clarity in Table S1 in the Supporting Information.

The VBO at the ZnO/GaN heterojunction can be calculated
by using the following equation!"3¢!
VBO(ZnO/GaN)=(Ga 3d -~ VBM)“" —(Zn 3d - VBM)**

—(Ga3d-Zn3d) @

interface

Using the values in Table S1 (Supporting Information),
we can compute the VBO at the ZnO/GaN interface to be
(0.69 £ 0.14) eV =([20.65 — 3.30] — [10.64 — 3.33] — [20.12 — 10.77]
eV). Note that we used the Ga 3d binding energy values of the
Ga-N contribution for the VBO determination. The respective
CBO at the ZnO/GaN interface was then estimated employing
the following formula
CBO(ZnO/GaN)=VBO-(Ef™ - Eg™) 2)

Using the room temperature bandgap for bulk ZnO and
GaN (3.37 and 3.40 V), we estimate the CBO at the ZnO/
GaN interface to be (0.72 £ 0.14) eV. The corresponding energy
level alignment diagram is shown in Figure 3a. It reveals a
type-1I energy level alignment at the ZnO/GaN heterointer-
face, which is in agreement with ref. [10] and allows for effec-
tive charge carrier separation. The absolute energy difference
between the here-derived VBO and the offset of 1.0 eV reported
in ref. [10] could be explained by the GaN substrate; its doping
concentration is approximately one order of magnitude lower
in our case compared to ref. [10]. Because of the large offsets in
the valence band and conduction band, extremely strong carrier

(a) (b)
GaN ZnO/GaN PZT/ZnO/GaN
surface interface surface surface
EF e e— SrECSrSrw L e e G EF
1.34
3.30 3:33 VBM
VBM I 0.69

Figure 3. Schematic presentation of the energy level alignment at a) the
ZnO/GaN interface and b) the position of the energy levels at the surface
of the 5 nm PZT/7 nm ZnO/GaN sample as derived from HAXPES meas-
urements (for the valence band). The position of the conduction bands
are estimated (and thus shown in gray) based on Equation (2) using the
bulk bandgap energy of ZnO, GaN, and Pb(Zr,Ti)O; of 3.37,1011 3 40,0
and 3.60 eV, respectively.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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confinement can be expected. This is very useful for unipolar
electronic device applications, allowing for the realization of,
e.g., high electron mobility transistors.>’]

The comparison of the position of the energy levels at the
surface of the 40 nm ZnO/GaN sample in Figure 3a with that
of the 5 nm PZT/7 nm ZnO/GaN sample surface in Figure 3b
gives some hint of the energy level alignment at the PZT/
ZnO interface and, thus, to some degree completes the align-
ment picture in the whole PZT/ZnO/GaN layer stack. How-
ever, note that the thickness of the ZnO varies for these sam-
ples and thus we cannot exclude that the offsets at the ZnO/
GaN interface also change when considering the relevant
layer stack that contains a ZnO layer of only 7 nm instead of
40 nm for which the energy level alignment of the ZnO/GaN
interface was derived. Furthermore, the additional deposition
of 5 nm PZT can also impact the electronic structure of the
buried ZnO/GaN interface. Neglecting also any impact on the
band bending due to interface formation, the VBO at the PZT/
ZnO interface can be estimated to be near 2 eV. Using a bulk
bandgap energy of 3.60 eVI? for Pb(Zr,Ti)O; and employing
Equation (2), this would result in a CBO in the same order
of magnitude. Unfortunately, based on the available shallow
CL HAXPES data, it is not possible to derive a more detailed
picture of the interface induced band bending. However, the
comparison of the Zn 3d line of the 40 nm ZnO/GaN with
that of the 5 nm PZT/7 nm ZnO/GaN sample reveals a shift
of 0.25 eV to lower binding energies (see Table S1 in the Sup-
porting Information). Additionally, the VB onset attributed to
ZnO in the spectrum of the 5 nm PZT/7 nm ZnO/GaN sample
is shifted by =0.3 eV toward Ep compared to the VBM of the
40 nm ZnO/GaN, as indicated by the arrow in Figure 1b.
This suggests an interface induced upward band bending in
the ZnO toward the PZT/ZnO interface. Thus, for the 5 nm
PZT/7 nm ZnO interface the VB and CB offsets of around
2 eV estimated above can be considered a higher bound limit.
Directly taking the indicated ZnO VB onset in the spectrum of
the 5 nm PZT/7 nm ZnO/GaN sample in Figure 1b at around
3 eV as the true VBM value, and comparing to the VBM value
of the PZT gives a smaller VBO value of =1.7 eV. Note that this
value already contains any interface-induced band bending
effects. In any case, the derived VBO is much larger than the
value suggested based on electron affinity values from lit-
erature (0.48 eV, see above),[2*l emphasizing the need for a
direct determination of energy level alignments.

Based on this discussion we conclude that, like the ZnO/
GaN interface, the PZT/ZnO interface has a type-II energy level
alignment, however, the offsets in the valence and conduction
band are significantly larger. Using the reversible polariza-
tion of the ferroelectric (see schematic presentation in Figure
S1 in the Supporting Information)—which can be modulated
by an external electric field—it is possible to reversibly switch
between a high-resistance state and a low-resistance state (see
the Supporting Information for more details) as a result of
the combination of polarization effects and related changes in
the energy level alignment, in agreement with ref. [13]. This
explains why the PZT/ZnO heterojunction is a promising can-
didate structure for applications in resistive memory devices.
Furthermore, we find the transport barrier for holes (i.e., VBO)
to be smaller than the barrier for electrons (i.e., CBO) at the
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PZT/ZnO interface, which is the ideal configuration for the
low-resistance state as the electrical conductivity is dominated
by the hole current in that case.] However, the charge carrier
transport through the PZT/ZnO/GaN heterostructure might in
this situation be limited by the significant hole barrier at the
ZnO/GaN interface (see Figure 3a). Besides, the rectification
ratio could benefit from an increased barrier height difference
(AH = CBO — VBO). Thus, improved tunable resistive memory
devices could be realized by deliberate interface engineering of
the PZT/ZnO/GaN heterostructure.

3. Conclusion

We report for the first time the directly measured, favorable,
type-II energy level alignments at the PZT/ZnO and ZnO/
GaN heterointerfaces. Employing hard X-ray photoelectron
spectroscopy, we find a valence band offset of (0.69 + 0.14) eV
at the ZnO/GaN interface. Considering the bulk bandgaps of
ZnO and GaN, we determine the conduction band offset to
be (0.72 + 0.14) eV. For the PZT/ZnO interface, we find for
both, the valence band and conduction band offset, a higher
bound limit of around 2 eV. Considering the spectral onsets in
the respective HAXPES spectrum of the valence band, we esti-
mate the valence band offset to be =1.7 eV. Considering revers-
ible polarization effects and related changes in the energy
level alignment, high-resistance and low-resistance states
can be realized at the PZT/ZnO/GaN ferroelectric/semicon-
ductor heterostructure. In the latter case, we find that charge
carrier transport might be impeded by the significant hole
barrier (i.e., VBO) at the ZnO/GaN interface. This work is of
utmost significance in laying the foundation for insight-driven
improvements of tunable resistive memory devices.

4. Experimental Section

To study the energy level alignment at the ZnO/GaN heterointerface,
undoped (but natively n-type) 7 and 40 nm thick ZnO layers (henceforth,
referred to as “7 nm ZnO” and “40 nm ZnO”, respectively) were
deposited by 90° off-axis rf-magnetron sputtering on commercial
(MTI Co.) GaN/Al,O3 (001) substrates (“GaN substrate”). In order to
study the impact of Pb(Zr,Ti)O; (PZT) deposition on the energy level
alignment at the ZnO/GaN interface, a 5 nm thick PZT layer (“5 nm
PZT") was deposited by 90° off-axis rf-magnetron sputtering on a 7 nm
ZnO/GaN/Al,0; (001) heterostructure. Note that while in real-world
ferroelectric applications, the PZT layer would likely be thicker; due to the
high resistivity of the PZT, this study is limited to the implementation of
5 nm thick PZT layers. However, even for PZT layers down to a thickness
of 4 nm stable ferroelectric polarization has been reported,® warranting
relevance of the results of this paper. The commercial GaN/Al,O; (001)
substrate consists of a 4000 nm thick GaN layer with Ga polarity and
n-type conductivity with typical carrier concentrations of 1 x 10'® cm™.
Before film deposition, the GaN substrates were cleaned by immersing
in acetone and ethanol for 1 min and 30 s, respectively, in an ultrasonic
bath. To produce highly crystallized thin films, ZnO and PZT layers
were fabricated at temperatures of 500 and 550 °C, respectively, while
maintaining the base pressure of the vacuum system at 1 x 107 Torr. To
obtain a material deposition rate of =<1 nm min~, the ZnO layers were
prepared under 10 mTorr partial pressure of pure Ar, gas flow employing
30 W sputtering power. The PZT layer was prepared (on ZnO/GaN)
using a partial pressure of 30 mTorr of Ar/O, mixture (2:1) gas flow
employing 150 W sputtering power.

© 2020 The Authors. Published by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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The prepared GaN substrate, 7 nm ZnO/GaN, 40 nm ZnO/GaN,
and 5 nm PZT/7 nm ZnO/GaN samples were studied by HAXPES using
the HIiKE endstation,?? located at the BESSY Il KMC-1 beamlinel®! at
Helmbholtz-Zentrum Berlin fiir Materialien und Energie GmbH (HZB),
using a photon energy of 2 keV. The photoelectrons were analyzed using
a hemispherical analyzer (VG Scienta R4000). The Au 4f;, line of a clean
Au foil was set to 84.00 eV to calibrate the binding energy scale. The
measurements focus on probing the shallow core levels (Ga 3d, Pb 5d,
O 2s, and Zn 3d) together with the valence band region to ensure a
similar probing depth, simplifying data evaluation.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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