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ABSTRACT: Doped ferroelectric HfO2 is highly promising for integration into
complementary metal-oxide semiconductor (CMOS) technology for devices such as
ferroelectric nonvolatile memory and low-power field-effect transistors (FETs). We report
the direct measurement of the energy barriers between various metal electrodes (Pt, Au, Ta,
TaN, Ti/Pt, Ni, Al) and hafnium zirconium oxide (Hf0.58Zr0.42O2, HZO) using internal
photoemission (IPE) spectroscopy. Results are compared with valence band offsets
determined using the three-sample X-ray photoelectron spectroscopy (XPS) as well as the
two-sample hard X-ray photoelectron spectroscopy (HAXPES) techniques. Both XPS and
IPE indicate roughly the same dependence of the HZO barrier on metal work function with a slope of 0.8 ± 0.5. XPS and HAXPES-
derived barrier heights are on average about 1.1 eV smaller than barrier heights determined by IPE, suggesting the presence of
negative charge in the HZO.

KEYWORDS: internal photoemission spectroscopy, X-ray photoelectron spectroscopy, hafnium zirconium oxide, ferroelectric,
energy barriers

■ INTRODUCTION

Ferroelectric materials based on HfO2 have been highly
researched in recent years for multiple microelectronic
applications. One application with a large degree of recent
interest is the use of ferroelectric materials in negative
capacitance field-effect transistors (FETs) to achieve subthres-
hold swings steeper than the thermionic limit of 60 mV/
decade for conventional FETs.1 Ferroelectric materials,
including HfO2, have demonstrated negative differential
capacitance2,3 and FinFET structures utilizing these materials
have exhibited subthreshold slopes less than 60 mV/decade.4

Other potential applications are for nonvolatile memory, such
as ferroelectric random access memory (FRAM)5 and
ferroelectric tunnel junctions (FTJs).6 Compared to traditional
ferroelectrics, such as lead zirconate titanate, HfO2-based
ferroelectric materials are of particular interest due to the ease
of integration with existing silicon CMOS processing, where
HfO2-based materials are already used for the gate dielectric.
Ferroelectricity in HfO2 has been attributed to a metastable
noncentrosymmetric orthorhombic phase.7 The stability of this
phase can be improved with a number of dopants, one of
which is zirconium,8−10 where the relative ratio of Zr to Hf
may be used to control the ratio of phases present and thus the
dielectric response.11 The lower annealing requirements,
strong polarization response, and broad orthorhombic phase
composition range of zirconium doping of HfO2 (Hf1−xZrxO2
or HZO) make it an attractive choice for device applications.12

Successful integration of HZO materials into memories or
FETs necessitates an understanding of the band offsets of these
materials with various electrodes. According to the zero-order
Schottky−Mott rule, the band offset or barrier, φBn, between
the Fermi level of the metal, EFM, and the conduction band of
an insulator should vary as φBn = ΦM,vac − χi, where ΦM,vac is
the vacuum work function of the metal and χi is the electron
affinity of the insulator. In practice, however, this is typically
not the case.13,14 Metal-induced gap state (MIGS) theory, a
more advanced theory that considers charge transfer into
intrinsic (metal induced) interface traps (the gap states),
predicts the formation of an interfacial dipole that drives EFM
toward the charge-neutral level of the insulator, ECNL,i. ECNL,i is
the energy at which the dominant character of the interface
traps states switches from donor-like in the lower part of the
gap to acceptor-like in the upper. This can result in Fermi level
“pinning” or insensitivity of φBn to ΦM,vac. Pinning is, in
general, enhanced for high dielectric constant (κ) materi-
als,15−17 of which Hf1−xZrxO2 could be categorized, and would
result in less control over threshold voltage of ferroelectric-
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based transistors. In addition to dipoles due to induced
interface traps, other nonidealities such as dipoles due to
interfacial chemical reactions and scavenging of oxygen,
interface and oxide trapped charge due to point defects,18

and interfacial layers due to reactive electrodes can also cause
observed band offsets to deviate substantially from ideal
calculated values. All of these nonidealities are affected by
process details such as the deposition method, subsequent
anneals, and specific material interfaces. Thus, it is beneficial
for integration efforts to characterize the barrier height
between various metals and the HZO material. Techniques
to measure barrier heights include X-ray photoelectron
spectroscopy (XPS), hard X-ray photoelectron spectroscopy
(HAXPES), and internal photoemission (IPE) spectroscopy.
Although XPS is widely used and can assess valance band
offsets between adjacent materials, IPE is the only technique
capable of direct measurement of the barrier heights inside an
actual working device structure.14,19,20 HfO2 and ZrO2 in
metal/oxide/semiconductor (MOS) devices have been ex-
tensively characterized with IPE. To date, however, there are
few previous reports of IPE of metal/insulator/metal (MIM)
devices,13,21−24 and no previous IPE reports measuring the
energy barriers between Hf1−xZrxO2 materials with composi-
tions and processing conditions that may stabilize the
ferroelectric phase and various metals.
In this work, we use IPE to directly measure the metal Fermi

level to conduction band barrier heights of six commonly used
metals (Pt, Au, Ta, TaN, Ti/Pt, and Al) in direct contact with
Hf1−xZrxO2 in functioning MIM capacitors. We compare the
IPE results with XPS and HAXPES measurements of valence
band offsets in several of these systems. Although polarization
magnitudes measured in these samples are less than expected
(due to the processing limitations imposed by the IPE sample
requirements), the barrier differences observed here may be
clearly attributed to the electrode/HZO electronic structure
and should prove valuable for HZO device design.

■ EXPERIMENTAL SECTION
Metal/insulator/metal capacitor structures were fabricated for IPE
measurements of barrier heights. First, a 100 nm thick TaN blanket
bottom electrode was deposited via pulsed DC sputtering from a TaN

target on lightly doped Si substrates with a native oxide. Then, HZO
was deposited in an Ultratech Savannah S100 flow-through style
atomic layer deposition (ALD) system at 150 °C using tetrakis-
(dimethylamino)hafnium (TDMA-Hf, held at 75 °C) and tetrakis-
(dimethylamino)zirconium (TDMA-Zr, held at 75 °C), with H2O
(held at ∼40 °C) as the oxidizing agent for both. A 20 nm thick HZO
film was deposited using 102 ALD supercycles, each comprising 1
ZrO2 cycle (0.25 s TDMA-Z/30 s N2/0.015 s H2O/30 s N2) and 1
HfO2 cycle (0.15 s TDMA-H/30 s N2/0.015 s H2O/30 s N2).

11 The
ALD growth per cycle of HfO2 and ZrO2 was 0.109 and 0.097 nm,
respectively, resulting in a slightly Hf-rich composition of
Hf0.58Zr0.42O2. Note that our prior work on a composition series
across HfO2 to ZrO2 showed that a similar 1:1 Hf/Zr ALD cycle ratio
process resulted in a 20 nm thick ferroelectric HZO film with high
remanent polarization and low leakage current and motivates the
usage of this composition in this study.11 Following HZO deposition,
a rapid thermal anneal was performed at 600 °C for 30 s in an N2
environment. Films were heated at a rate of ∼20 °C/s. The sample
was then diced and different electrodes were applied for the various
experiments. By processing in this manner, the HZO composition and
thermal history were held constant and differences could be attributed
to the electrode/HZO electronic structure.

The deposition of the top electrode depended on the needs of the
analytical technique. For IPE measurements, the photoresist was
deposited and patterned, followed by either e-beam evaporation of
approximately 10 nm of either Au, Al, Ta, Pt, or Pt/Ti (8.5 nm of Pt
with 1.5 nm Ti as an adhesion layer) using a Temescal FC-2000 or
sputter deposition of 10 nm TaN in a Denton Discovery 550 using a
TaN target at room temperature in Ar. Finally, 75−200 μm diameter
circular top electrodes of these metals were formed via a liftoff
process. For XPS measurements, blanket films of TaN, Pt, Au, Ni, and
Al were prepared with thicknesses described below. Metal layers for
HAXPES measurements were deposited via radio frequency
sputtering using a Lesker Lab 18 instrument through a shadow
mask to define 10 nm thick, 2 mm square pads of Pt and Au.

Ferroelectricity was established in the devices prepared for IPE via
polarization-field measurements made using a Radiant Technologies
Precision LC II Ferroelectric Tester with a 1 ms measurement period.
The resulting polarization hysteresis responses are shown in Figure 1.
The magnitudes of the polarization are significantly lower than
typically observed for this composition of HZO suggesting that the
films are not predominately ferroelectric. This is attributed to the
necessity of processing these films without a postmetallization anneal
to maintain continuous, optically transparent electrodes for the IPE
measurements. Regardless, each film showed a hysteretic response
and clear polarization saturation was observed for most electrodes.

Figure 1. Polarization-field response for metal/HZO/TaN capacitors with (a) aluminum, (b) gold, (c) tantalum, (d) TaN, and (e) Ti/Pt top metal
contacts.
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IPE measurements of barrier heights were conducted using a
homebuilt system. Light from a 150 W Xe arc lamp was passed
through a monochromator to select a single wavelength to reach the
MIM test device. Using a probe station, a voltage was applied to the
bottom (TaN) electrode of the test device and the top electrode was
grounded. Application of a positive (negative) voltage to the bottom
electrode would result in net electron emission from the top (bottom)
electrode to the conduction band of the HZO for transport to the
opposite electrode. At each applied voltage, the monochromator
swept the photon energy, hυ, from 2 to 5 eV and the current, I, was
measured. In some cases, photon energies as low as 1.5 eV and as high
as 6.0 eV were used (indicated in the text). The current was
normalized by subtracting the dark current for each applied bias and
then converted to quantum yield, Y. Using an algorithm, the spectral
threshold, φthresh (the photon energy at the onset of IPE), at each
insulator electric field, E, was extrapolated from the most linear region
of Y1/2 vs hυ curves to the baseline x-intercept.25 The square root of Y
was used to account for the energy distribution of carriers in the metal
electrode. E was corrected for the built-in field, Ebi, that arises due to
the effective work function difference of the metal electrodes and was
taken as the field at which electron emission switches from the top to
the bottom electrode. Finally, to correct for any image force or field-
induced barrier lowering that may be present, zero-field barrier
heights, φBn, were extrapolated from Schottky plots of the φthresh
values vs E1/2. IPE φBn values have an estimated accuracy of ±0.1
eV.14,20,25

Lab-based XPS was conducted using a Kratos AXIS Supra
instrument with a monochromatic Al Kα X-ray source and a
hemispherical analyzer. The spot size was an elliptical 300 by 700
μm. Multiple locations on a given sample were analyzed to evaluate
consistency across the surface. Core level peak positions varied by
only 0.1 eV across any given surface. High-resolution spectra (pass
energy 20 eV) were acquired with 20−50 meV step sizes. At this pass
energy, the Kratos instrument has an energy resolution of 0.55 eV
with Al Kα radiation. The valence band offsets (VBOs) between
various metals and HZO were determined using the three-sample
method as originally described by Kraut et al.26−28 Samples were
grounded to the sample holder using conductive silver paint. Blanket
metal films of 0, 20, and 2 nm were used to measure the core level to
the valence band of the HZO, top metal, and the difference between
the core levels of the metal and HZO, respectively. For HZO, the Hf
4f and Zr 3d were measured as well as the valence band. For the
metals, the following core peaks were used: Ta 4f, Al 2p, Pt 4f, or Au
4f.
HAXPES measurements were performed at the National Institute

of Standards and Technology beamline 7-ID-2 at the National
Synchrotron Light Source-II, Brookhaven National Laboratory. The
beamline is equipped with a double crystal monochromator (DCM)
for photon energy selection and a 200 mm radius concentric
hemispherical electron analyzer (CHA) oriented with the center of
the acceptance cone parallel to the photon polarization vector.
Measurements were made at two photon energies to provide different

probe depths: 2010 and 6007 eV. A small component of the third-
order beam was present in the 2010 eV measurement, but peak shapes
and positions were checked to verify that no third-order signal
interfered with the primary photopeaks. Depth sensitivity is
dependent on the photoelectron inelastic mean free path, which for
Hf 4f electrons in Pt are 2.0 ± 0.3 nm at 2010 eV photon energy and
4.8 ± 0.7 nm at 6007 eV photon energy, as calculated by the TPP-2M
formula.29 For 2010 eV photon energy, Si(111) crystals were used in
the DCM and the CHA pass energy was set to 50 eV; for 6007 eV
photon energy, Si(220) crystals were used in the DCM and the CHA
pass energy was set to 200 eV. Under these conditions, the
experimental energy broadening is estimated to be 0.25 eV for
2010 eV photon energy and 0.58 eV for 6007 eV photon energy, as
determined from the full width at half-maximum of a Gaussian
function convolved with a step function fit to the Fermi edge of a gold
film. The CHA was operated in an angular mode for all measurements
to minimize the effect of beam alignment on the detector transmission
function.30 Further details of the beamline and endstation have been
published previously.31 HAXPES was performed on Pt/HZO and Au/
HZO samples. For HAXPES barrier height calculation using the Kraut
method, only two samples for each respective interface are necessary,
since a relatively thick (10 nm) metal contact may be deposited on
the HZO. The X-ray energy was tuned to obtain the XPS spectra from
either (i) only the metal (using low energy 2010 eV X-rays) or (ii)
both the metal and the underlying HZO (using higher energy 6007
eV X-rays). For the HZO reference sample, data was collected from a
spot several mm away from the nearest electrode. HAXPES samples
were mounted on a metal sample holder with conductive copper tape
for electrical contact to the back side. To ensure the beam spot was
centered on the electrode, the sample position was scanned across the
2 mm electrode to maximize the metal core line of interest while
simultaneously minimizing the Hf 4f signal, which may arise from
uncovered HZO. Samples were mounted at a 15° incident angle (75°
takeoff angle).

■ RESULTS AND DISCUSSION
Shown in Figure 2 are representative plots of Y1/2 vs hυ of
HZO MIM devices taken at an applied field of |0.75 MV/cm|
for Pt, Al, Ta, and Pt/Ti top electrodes and TaN bottom
electrodes, and |1.1 MV/cm| for Au top electrodes. Several
features merit comment. Tailing of the Y1/2 vs hυ curve at low
photon energies is typically seen for IPE of metal/insulator
interfaces and may be due to either conduction band tailing in
the HZO insulator, as was previously reported for HfO2 and
ZrO2,

32 or the presence at the injecting interface of either an
interfacial layer or laterally nonuniform trapped charge. The
discontinuity seen at around 3.6 eV is a measurement artifact
associated with the filter being changed at this photon energy.
The Y1/2 vs hυ plots in Figure 2 appear to show an increase

in slope at around 4.6−4.9 eV. To investigate, the photon

Figure 2. Representative Y1/2 vs hυ plots for HZO MIM devices for emission from the (a) Au, Pt, Al, Ta, and Ti/Pt top electrodes as well as (b) the
TaN bottom electrode (open symbols) for all devices, with the TaN top electrode (solid triangles) included for comparison. The dashed lines
indicate the linear regressions that were used to determine the field-dependent φthresh value. Data were taken at approximately |0.75|MV/cm, except
for Au (approximately 1.1 MV/cm).
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energy for the Pt top electrode device was extended out to hυ
= 6 eV in Figure 3. A large secondary increase in yield is

apparent. From the intersection of a linear regression of this
secondary slope to the baseline IPE slope, the onset is
estimated to be about 4.9 eV.14,33 (Note that although a single
data point at 6 eV shows another uptick in yield, one cannot
reliably interpret this data point as our IPE system is unable to
extend the measurement beyond 6 eV.)
Possible origins of the increase in yield at around 4.9 eV in

Figure 3 include the onset of direct photoconduction in the
HZO, subthreshold photoconduction due to the presence of
band tail states in the HZO, or photoconduction due to
photoemission from defects such as oxygen vacancies32,34−40

close to the VB edge. The strong increase in yield at 4.9 eV
occurs at a much lower energy than previous calculations and
measurements of the band gaps of HfO2, ZrO2, and c-HZO
(5.6−6, 5.4−5.8, and 5.4 eV, respectively), suggesting that
photoconduction across the band gap of HZO is not the
origin.6,13−15,34 Recent spectroscopic ellipsometry measure-
ments of an identically processed c-HZO film with a TaN
bottom electrode show optical absorption features at 4.3 and

4.9 eV in addition to an indirect band gap of 5.2 eV.41 The 4.9
eV defect band energy detected by spectroscopic ellipsometry
is consistent with the onset of photoconduction in this work
and suggests that it is the origin of the observed feature.
(Additional details supporting this discussion may be found in
the Supporting Information.)
To extract the zero-field barrier heights, φBn, and to correct

for image force barrier lowering that may be present, Schottky
plots are shown in Figure 4 of the IPE φthresh values vs the
electric field in the insulator, |E|1/2. φBn values are summarized
in Table 1 and range from 2 eV for the Ti/Pt top electrode to
3.4 eV for Pt and Au. For Au, Al, and TaN electrodes with
HZO, we find electron energy barriers of 3.3, 2.6, and 2.7 eV,
respectively, each approximately 0.2 eV lower than for the
respective HfO2 barriers measured by Jenkins et al.,20,25

pointing toward a slightly lower band gap for HZO as
compared to HfO2. Considering the TaN electrodes for the
nominally symmetric device, IPE measurements yield φBn = 2.7
and 2.5 eV for the bottom and top electrodes, respectively. For
bottom electrode TaN with opposing Ta and Ti/Pt electrodes,
φBn values of 2.7 and 3.0 eV, respectively, are obtained. These
TaN values are within the wide range of IPE values reported
for as-deposited and annealed TaNx/HfO2 (2.1−3.0 eV).42,43

Whereas barrier heights at semiconductor/insulator interfaces
have been reported to be relatively insensitive to the
deposition method,14 metal/insulator interfaces can be more
sensitive to processing conditions such as deposition method,
temperature, and precursor chemistry and it is likely that the
differences in φBn we observe for TaN are due to differences in
the interfacial region resulting from differences in processing
and chemical reactivity of the top electrode.13,14 The
differences in the slope of the Schottky plots between the
various TaN bottom electrodes also suggest differences in the
near interfacial regions of each bottom TaN interface.
(Additional comparison to previous IPE results may be
found in the Supporting Information.)
Figure 5 shows representative core peaks and valence band

XPS spectra for the case of Al on HZO. For the thick Al metal

Figure 3. Representative Y1/2 plot for emission from the Pt electrode
with the hυ range extended to 6 eV. The dashed lines show the onset
of IPE (green), and the potential onset of photoconduction (red).

Figure 4. Schottky plots of φthresh vs |E|
1/2 for electrons emitted into the conduction band of the HZO from (a) all top electrodes and (b) all

bottom TaN electrodes measured in this work. Linear regressions of the data are shown as dashed lines, with the y-intercepts giving the extracted
φBn for each metal. In (a), Au, Pt, Al, Ta, and Ti/Pt top electrodes are shown as closed symbols. In (b), TaN bottom electrodes are shown as open
symbols with the shape matching that of the corresponding top electrode (italicized). For comparison, the top TaN electrode from (a) is copied in
(b) using the same closed triangle.
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contact, the Al 2p core peak (Figure 5a) was measured along
with the valence band (Figure 5b). The Al 2p peak in Figure 5a
shows the typical doublet of the Al 2p3/2 and Al 2p1/2 for
metallic Al, along with a large component at around 75.5 eV
attributable to the native oxide at the Al surface. For TaN and

Ta, the Ta 4f core peak was measured. For Au and Pt, the Au
4f and Pt 4f core peaks were measured, respectively. For Ni,
the Ni 3s and Ni 3p peaks were both measured with no
significant difference in the resulting calculated VBO. Peak
positions were obtained by determining the peak maxima. The

Table 1. Summary of Barriers Measured in This Worka

top
electrode

ΦM
(eV)

IPE φBn
(eV)

XPS VBO
(eV)

XPS φBn
(eV)

ΔφBn IPE-
XPS (eV)

HAXPES
VBO (eV)

HAXPES φBn
(eV)

ΔφBn IPE-
HAXPES (eV)

ΔφBn XPS-
HAXPES (eV)

IPE φBn,TaN
(eV)

Pt 5.65b 3.4 2.6 2.6 0.8 3.06 2.1 1.3 −0.5 2.7
Au 5.22c 3.3 3.44 1.8 1.54 3.08 2.1 1.2 0.4 2.7
Ti/Pt 4.33b 2 3.0
TaN 4.5d 2.7 3.5 1.7 1 2.5
Ta 4.25b 2.3 3.24 2.0 0.34 2.7
Al 4.28b 2.6 4.6 0.6 2 2.8
Ni 5.15b 3.31 1.9

aIncluding metal work functions (ΦM) from literature, IPE barrier heights, XPS valence band offsets, XPS determined barrier heights, the difference
between IPE and XPS barrier heights, HAXPES VBOs, HAXPES φBn, the difference between IPE and HAXPES barrier heights, the difference
between XPS and HAXPES barrier heights, and the IPE barrier height of the opposing TaN bottom electrode. A HZO band gap of 5.2 eV was
assumed. bReference 47. cReference 48. dReference 49.

Figure 5. XPS spectra (y-axes in arbitrary units of intensity) showing (a) Al 2p and (b) Al VB for thick Al on HZO, (c) Hf 4f and (d) HZO VB for
bare HZO, and (e) Al 2p and (f) Hf 4f for thin Al on HZO.
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valence band edge for the thick metal contacts was a clear step
function and the position of the edge was taken as the center of
the step.44 The edge shown in Figure 5b for Al has a poor
signal to noise due to the native oxide which decreases counts
at the valence band.
For the measurement of HZO as the substrate, either the Zr

3d or Hf 4f peaks (as shown in Figure 5c) could be used with
no significant difference on the resulting calculated VBO. For
example, for the HZO/Ta interface, the VBO was 3.24 ± 0.11
eV when using the Zr 3d, and 3.31 ± 0.10 eV when using the
Hf 4f. In Figure 5d, the valence band of HZO was measured to
determine the valence band maximum (VBM). The valence
band was also fit with the Heaviside step function to determine
the VBM which, for the case of nonmetals, is the energy at
which photoemission ceases. The intersection point between
the two linear regions defined by the steep valence band cutoff
and a linear extrapolation of the baseline is estimated from the
Heaviside fit. This method has generally been more repeatable

for determining the position of the VBM as it accounts for a
much greater number of data points than simple extrapolations
of the two linear regions.45 There are possibilities for error in
the determination of peak positions and valence band edges;
however, these errors are generally less than differences from
sample-to-sample variability or heterogeneity across a given
sample. The VBM of bare HZO was found to vary within 0.3
eV across samples from various depositions over several years.
In this work, a self-consistent set of samples, including the bare
HZO, was used for each VBO determination. Heterogeneity
across a given sample could yield a deviation of ∼0.1 eV in the
VBO as determined from up to three points on each sample.
The Hf 4f of HZO is shown in Figure 5c. In Figure 5e,5f, the
Al 2p and Hf 4f peaks are for the thin Al sample.
Figure 6 shows the HAXPES photoemission spectra for the

10 nm Pt/HZO sample using both 2010 and 6007 eV X-rays.
Shown in Figure 6a, the Hf 4f was not observed through the
overlying 10 nm thick Pt using low energy 2010 eV X-rays

Figure 6. HAXPES photoemission spectra (y-axes in arbitrary units of intensity) for a sample with a 10 nm Pt film on HZO using low- and high-
energy synchrotron X-rays. Shown are the Hf 4f signal for (a) 2010 and (b) 6007 eV; the Pt 4f signal for (c) 2010 and (d) 6007 eV; and the VB for
(e) 2010 and (f) 6007 eV X-rays. The solid line in panels (e) and (f) show a Fermi step function fit to the data.
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(since the information depth was less than 10 nm), whereas in
Figure 6b, increasing the energy to 6007 eV reveals the
presence of a Hf 4f signal, demonstrating that the buried HZO
can be observed through the Pt overlayer. Thus, the Pt 4f
(Figure 6c) and VB (Figure 6e) peaks of the Pt film measured
using 2010 eV X-rays are representative of the “thick metal”
sample required for the VBO determination, while the Hf 4f
(Figure 6b) and Pt 4f (Figure 6d) measured using 6007 eV X-
rays are representative of the “thin metal” sample. The VB is
dominated by the overlying Pt contact for (e) 2010 and (f)
6007 eV X-rays. For the HZO reference, the Hf 4f signal was
recorded at a spot several mm from the nearest metal
electrode. Some small metal signal is present which may arise
from either residual metal on the surface or the bottom TaN
electrode, evident by the small signal at the Fermi level in
Figure 7b; however, HZO valence band features dominate the
spectrum and the VBM can be determined as above.
Summarized in Table 1 are barrier heights (φBn) measured

in this work by IPE, XPS, and HAXPES along with metal work
functions (ΦM) from literature. Band diagrams based on IPE
and XPS results are shown in Figure 8, assuming a HZO band
gap of 5.2 eV.41 With the exception of the Ta interface, the
estimated XPS barriers are significantly lower than the IPE
barriers (0.8−2 eV) with an average offset of approximately 1.1
eV. The HAXPES ϕbn barrier values for Pt and Au are also
much lower than the IPE values. The offset between the XPS
and HAXPES vs IPE values is too large to be explained from
any possible errors in the determination of energy positions for
any of the techniques. The offset might be explained by the
presence of a negative charge in the HZO. Possibilities include
Ta ions in the HZO,43 Hf3+ that forms to compensate for
oxygen vacancies, remanent ferroelectric polarization charge at
the surface, or process-induced damage. Neither lab-based XPS
nor HAXPES revealed signatures for Hf3+, though it could be
present in a near interface region. The ferroelectric polarization
is not likely to be the origin. The devices are nominally
unpoled because they had not been subject to an electric field
sufficiently greater than the coercive field. The lack of

significant device-scale poling is supported by pyroelectric
measurements on as-prepared TaN/HZO/TaN devices
showing a response that is nearly an order of magnitude
smaller than the poled value (4 μC/m2 K as-prepared vs 27
μC/m2 K after the measurement of a single hysteresis loop).
During the IPE measurements of the barriers at the top
electrode/HZO interface, the application of the electric field
could align the ferroelectric polar vector toward the top
electrode. This would result in a net positive charge in the
dielectric at that interface that would act to lower the energy
barrier. As a larger barrier is measured for the IPE
measurements with respect to the XPS and HAXPES
measurements, this cannot explain the difference. The presence
of charge in the insulator can, however, lead to errors in
estimating band alignment via XPS as the Kraut method for
determining VBO with XPS assumes a constant energy for the
vacuum level across the interface (HZO/metal). This charge is
not a factor in the IPE method in which the externally applied
bias allows a constant Fermi level across the interface.14,46

Note that X-ray induced positive charging likely did not affect
these results. Peak broadening, shifted spectra, or other
distortions from charging were not observed. X-ray charging
would result in larger rather than smaller barriers and thus
cannot explain the systematic offset observed between XPS and
IPE. X-ray charging also cannot explain the discrepancy in
barrier heights between XPS and HAXPES as the change in
VBO would be in the same direction (either larger or smaller)
for both Au and Pt. As seen in Table 1, HAXPES measured a
slightly higher VBO for Pt and a slightly lower VBO for Au.
Note that a difference of +0.5 or −0.5 eV from photoemission
is well within reason given the range of barrier heights plotted
vs work function. It is more likely that the differences in VBO
between HAXPES and XPS, which require two and three
samples, respectively, are associated with differences in sample
preparation and/or sample storage and handling. Besides X-
rays, a likely source of oxide charging is during the sputtering
or e-beam evaporation of the top electrodes. As is common in
this field, no postmetallization anneal was performed to heal

Figure 7. (a) Hf 4f peak and (b) VB of the bare HZO sample are shown from HAXPES at 6007 eV (y-axes in arbitrary units of intensity).

Figure 8. IPE (blue) and XPS (orange)-derived band diagrams. IPE φBn values are shown. EG,HZO = 5.2 eV was assumed.
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this damage and thus this is likely that process-induced
charging is a source of the offset between IPE and XPS.
The IPE measured and lab-based XPS estimated HZO φBn

values are plotted in Figure 9 vs literature values of ΦM for

each electrode. It is seen that both XPS and IPE show
essentially the same dependence of φBn on ΦM. In MIGS
theory, intrinsic (induced) interface traps at the metal/
insulator interface create an interfacial dipole that drives EFM
toward ECNL,i (the charge-neutral level of the insulator) so that
the metal assumes an effective work function, ΦM,eff = ECNL,i +
S(ΦM,vac − ECNL,i), where ΦM,vac is the vacuum work function
of the metal and the slope parameter, S = dφBn/dΦM,vac.

16,17

Ideal Schottky−Mott theory corresponds to S = 1 so that φBn
should be directly proportional to ΦM, whereas when S = 0,
EFM is pinned at ECNL,i. Empirically, it has been found that S =
1/(1 + 0.1(ε∞ − 1)2) so that higher-κ dielectrics are expected
to more effectively “pin” EFM at ECNL,i. For the HZO in this
study, it is seen that the estimated S for the IPE data, based on
the slope in Figure 9, is 0.84. For the XPS data, S is estimated
to be 0.76. For both techniques, there is a larger degree of
variation in the lower work function metals. Al is the biggest
outlier for both techniques, perhaps due to interfacial layer
formation and/or oxygen scavenging. Both the value of S and
the significant scatter are consistent with previous reports of
IPE barriers for HfO2 and ZrO2, which reported S ≈ 0.7, and
are an indication of nonidealities at the interfaces such as oxide
charging, interfacial dipoles, and, especially for the reactive
electrodes, interfacial layers.14

Thus, despite the average 1.1 eV offset, ϕbn values derived
using IPE and XPS show similar S values (0.84 vs 0.76),
revealing the same qualitative trend of ϕbn on ΦM. These
results indicate that though HZO φBn can be increased by
increasing ΦM, the change of φBn is less than would be
expected in the ideal Schottky−Mott model, suggesting that
some Fermi level pinning (which reduces the impact of
changes of work function) is present, as expected for a high-κ
dielectric based on the MIGS theory.

■ SUMMARY AND CONCLUSIONS
Direct measurements of the energy barrier between various
metal electrodes and the Hf0.58Zr0.42O2 conduction band via
IPE spectroscopy are reported for the first time. ALD HZO
devices with TaN bottom electrodes and Al, Au, Ta, TaN, and
Ti/Pt top electrodes all showed a clear hysteretic response,
although polarization magnitudes were significantly smaller

than typically reported due to a lack of a postmetallization
anneal imposed by IPE sample requirements. For metals with
which direct comparisons could be made, the barrier heights of
HZO were consistently found to be 0.2 eV lower than for
HfO2. The onset of photoconduction was measured to be 4.9
eV, consistent with recent ellipsometric analysis, suggesting
that this is a sub-band-gap defect band of this particular
composition of crystalline HZO. Both IPE and XPS reveal the
same qualitative dependence (S = 0.76−0.84) of the HZO
energy barrier on metal work function, indicating that tuning
through the choice of the metal electrode is possible. XPS and
HAXPES-derived barriers, determined from band offsets
measured using either the three-sample or two-sample method,
respectively, were on average roughly 1.1 eV lower than IPE
ϕbn, pointing to the presence of negative charge in the HZO
film, potentially due to process damage incurred during top
electrode deposition.
In summary, we find that HZO/electrode energy barriers

can be tuned using metals with different vacuum work
functions, but measured ϕbn’s are larger than predicted by
the ideal theory (ΦM−χi), indicating that metals behave as if
they have a higher effective work function. Direct measurement
of HZO-metal barriers using IPE is very useful for under-
standing device behavior and should help enable the
integration of ferroelectric HfO2-based devices into more
complex devices and circuits.
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