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ABSTRACT: The effect of the “waking” and subsequent “poling”
operations on the electron barriers at both top and bottom
electrode interfaces in operating ferroelectric hafnium zirconium 20 }
oxide (HfyZrysO0,, HZO) metal/ferroelectric/metal (MFM)
devices are measured for the first time via internal photoemission
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leaving the bottom barrier essentially unchanged. Poling operations
(application of a longer 10 ms unipolar pulse) were found to
significantly decrease both top and bottom barriers. The poling direction (polarity) had relatively little impact. The barrier for the
top interface under positive (P]) and negative poling (P1) was 2.1 and 2.2 eV, respectively, while the bottom barrier was 2.3 eV for
P| and 2.4 eV for Pf. All barrier heights remained unchanged after several months at room temperature. Potential physical
mechanisms responsible for the changes observed under electrical operation are consistent with movement and/or creation of
charged oxygen vacancy defects.
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1. INTRODUCTION Kraut X-ray photoelectron spectroscopy (XPS) method of
determining band offsets requires three different samples and
does not represent operational devices."" Hard X-ray photo-
electron spectroscopy (HX-PES) has been used to measure the

Exponentially increasing energy usage for computation, driven
by data centers and artificial intelligence applications, is rapidly
approaching worldwide energy production and may soon limit

growth of computational capacity."”” Computing technologies top electrode/HZO interface of devices during operation;
with increased energy efficiency are needed. Ferroelectric however, HX-PES requires access to synchrotron facilities, and
materials have long attracted interest for applications in the >10s of pm diameter probe sizes make measuring
ferroelectric random access memory (FeRAM), negative individual devices challenging.'” In contrast, internal photo-
capacitance field effect transistors (NC-FETs), ferroelectric emission (IPE) spectroscopy allows straightforward “in situ”
tunnel junctions (FTJs), and high-k capacitors.” > These measurement of both top and bottom internal barriers inside
applications are of particular interest for lowering the energy operating devices. IPE spectroscopy is an optoelectronic
cost associated with computing. Since the first report in 2011 technique that involves measurements of current in a biased
of ferroelectric behavior in  thin-flm-doped Hf0,° Zr- device while under simultaneous ultraviolet illumination.' '
substituted HfO, (Hf,_.Zr,0, or HZO) has become a leading A previous comparison of XPS and IPE measurements on a

candidate ferroelectric material for Si complementary metal
oxide semiconductor (CMOS) technology.”” This is
primarily due to the potential ease of HZO integration, as
HfO,-based materials are already widely used as the gate
dielectrics. To fully understand the operation of electronic
devices constructed with HZO, knowledge of the electron
energy barriers or band offsets between HZO and adjacent
metal electrodes in operating devices is required. In FTJs, for
example, the tunneling electroresistance (TER) is thought to
depend critically on changes in barrier height.'” The standard

similar materials system has shown that XPS measurements are
insensitive to trapped charge, which is known to play critical

EEIAPPLIED
L ERIALS

Received: January 11, 2024
Revised:  April 5, 2024
Accepted: April 23, 2024
Published: April 30, 2024

© 2024 American Chemical Society https://doi.org/10.1021/acsaelm.4c00073

v ACS Pu bl ications 3249 ACS Appl. Electron. Mater. 2024, 6, 32493256


https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jessica+Haglund"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Takanori+Mimura"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jon+F.+Ihlefeld"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="John+F.+Conley+Jr."&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acsaelm.4c00073&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c00073?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c00073?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c00073?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acsaelm.4c00073?fig=tgr1&ref=pdf
https://pubs.acs.org/toc/aaembp/6/5?ref=pdf
https://pubs.acs.org/toc/aaembp/6/5?ref=pdf
https://pubs.acs.org/toc/aaembp/6/5?ref=pdf
https://pubs.acs.org/toc/aaembp/6/5?ref=pdf
pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acsaelm.4c00073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/acsaelm?ref=pdf
https://pubs.acs.org/acsaelm?ref=pdf

ACS Applied Electronic Materials

pubs.acs.org/acsaelm

(a)

Native SiO,
P- doped Si

(b)

Intensity (a.u.)

2627 28 29 30 31 32 33
2-Theta (°)

40

(c)

20F

Polarization (u(‘/tmz)
]

20}

-40
40

(d)

20F

Polarization (p('/cmz)
=

204

40 N " N N N N N
-4 -3 -2 -1 0 1 2 3 4
Electrical Field [MV/cm]

Figure 1. (a) Schematic cross section of the MFM devices used in this work illustrating the terminal bias scheme used for IPE. (b) Grazing-
incidence XRD pattern of the 17 nm thick HZO films used in this study (the vertical dashed lines denote the expected positions of the monoclinic
(m), polar orthorhombic (o-p), antipolar orthorhombic (o-ap), and tetragonal (t) reflections). Plots of polarization vs electric field sweeps (c)

before and (d) after the wake-up process.

roles in the operation of HZO MEM devices.”' HZO in as-
fabricated devices tends to be primarily in the nonferroelectric
monoclinic, tetragonal, or antipolar orthorhombic crystal
structures.”' ~*° Inducing ferroelectric behavior in HZO
devices (waking) often requires repeated electric field
cycling.*~** It is thought that the field cycling during waking
induces the transformation of nonferroelectric tetragonal and/
or antipolar orthorhombic phases to the ferroelectric
orthorhombic phase and possibly the formation or redis-
tribution of charged defects (most likely oxygen vacancies,
which will be generically termed V" unless specific charge
states are discussed).”””** Subsequent “poling” of the devices
via application of a single 100X longer positive or negative
unipolar pulse aligns the ferroelectric domains and sets the
polarization state to either P| (positive bias on top electrode)
or P1 (negative bias on top electrode). It is also thought that
the relatively long duration stress during the poling process
involves the creation of V5" and/or drift of V4" to one of the
electrode interfaces.”””’ Due to the potential involvement of
charged defects and the creation and flipping of ferroelectric
(FE) domain dipoles, both the waking and poling processes
might be expected to impact the energy barriers at the HZO/
electrode interfaces. Although IPE measurements of the band
offsets between post-deposition-annealed ferroelectric HZO
and various metal electrodes were recently reported by Jenkins
et al,”" there have been no reports on the effect of the waking
and poling operations on energy barriers in these devices.

In this work, IPE was used to measure in situ HZO/
electrode energy barriers in operating TaN/HZO/TaN metal/
ferroelectric/metal (MFM) device structures for the first time.
Top and bottom electrode interfaces of as-fabricated (pristine),
awoken, positive poled, and negative poled devices were
measured and compared. Results are discussed in light of
literature V5" models.

2. EXPERIMENTAL SECTION

MFM devices were fabricated following procedures published
previously.®® In brief, a blanket TaN bottom electrode was first
deposited on Si using DC magnetron sputtering in Ar from a sintered
TaN target. HZO was then deposited at 260 °C via plasma-enhanced
atomic layer deposition (ALD) within an Oxford FlexAL II
instrument. Seventeen supercycles of 6 cycles of tetrakis(ethylmethyl-
amido)hafnium (TEMA-Hf)/O,-plasma and 4 cycles TEMA-Zr/O,-
plasma were performed to achieve a final thickness of 17 nm with a
target composition of Hf,;Zr,sO, (differential growth rates of HfO,
and ZrO, result in the 6:4 cycle ratio having a composition of nearly
HfysZr,50,). A 17 nm thick layer of HZO was selected for this study
to facilitate IPE by isolating interface limited conduction from any
direct tunneling through the HZO film. Following HZO deposition, a
blanket 20 nm layer of TaN was sputtered, and the sample was
annealed at 600 °C for 30 s in dynamic N, at 1 atm within an
Allwin21 AccuThermo 610 rapid thermal annealer. The top TaN was
then stripped via immersion in an SC-1 bath. Finally, S nm TaN/5 nm
Pd was then deposited through a shadow mask to form 100, 200, and
300 um diameter dots to serve as optically transparent top electrodes.
A cross-sectional schematic of the completed MFM structure is shown
in Figure la. The phases present in the film were assessed using
grazing-incidence X-ray diffraction (XRD) with a Rigaku Smartlab
instrument with Cu Ka radiation.

An electrode replacement procedure was used to maximize the
ferroelectric phase fraction in the HZO films, while still allowing for
IPE measurements. It is well-known that performing the crystal-
lization anneal without a top electrode leads to large monoclinic phase
fractions.® The very thin top electrodes required for optical
transparency for the IPE measurements would challenge the ability
of the top electrode to provide a sufficient membrane force to prevent
formation of the monoclinic phase (see, for example, ref 32).
Furthermore, a S nm thick Pt layer would likely dewet under a 600 °C
anneal, leaving large uncertainty in the actual electrode area. As such,
a TaN electrode replacement procedure was used,’’ which resulted in
minimal formation of the monoclinic phase, as shown in Figure 1b.
Only a single reflection is observed in the 26°—33° 26 range, which
can be attributed to the ferroelectric orthorhombic phase (denoted as
o-p), antipolar orthorhombic phase (denoted as o-ap), or tetragonal
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phase (denoted by the subscript t). Electrical analysis shown below
confirms large fractions of the ferroelectric phase.

The typical coercive field, &, of HZO is +1.0 MV/cm. To wake-up
the ferroelectric, the 200 pm devices were cycled with S000 square
waves of +5 V (& 2.5 MV/cm) voltage pulses at 10 kHz using a
Radiant Technologies Precision LC II ferroelectric tester with the
drive output connected to the top electrode. The last cycle of the
waking process ended with a negative bias applied to the top
electrode. The 300 um diameter electrode devices were left pristine.
Once a device was awoken, a single 10 ms unipolar pulse to the top
electrode of either +4 V (positive poled, P|) or —4 V (negative poled,
P1) was used to change the state of the device, applied using an
Agilent E4980A LCR meter. Both the waking and poling operations
were performed at applied fields above the & of 1 MV/cm. Poling of
the HZO occurred whenever the applied voltage exceeded +2.6 V
(£1.5 MV/cm) and increases with time spent under bias.

IPE measurements were performed using a house-built system. The
light beam from a 150 W Xe arc lamp was passed first through a
Princeton Instruments monochromator to select a single photon
energy and then through bandpass filters to remove unwanted
frequencies. The beam was then focused onto the top electrode of the
MEFM structure. Electrical contact with the bottom TaN electrode was
made by scratching through the HZO dielectric layer and soldering
indium to the bottom electrode. Probes were landed on a top Pd/
TaN electrode and the bottom indium electrode contact. A Keithley
617 electrometer was used to measure the current, and the voltages
were swept using a Yokogawa GS200 DC voltage source. Positive
(negative) applied voltages correspond to emission from the bottom
(top) barrier. To avoid unintentional poling of the devices, maximum
applied fields were limited to +0.88 MV/cm (£1.5 V), below &
Devices were swept between applied voltages from +1.5 V (0.88 MV/
cm) to —1.5 V (—=0.88 MV/cm) or from —1.5 V to +1.5 V with
voltage steps of +0.1 V. At each applied voltage, the monochromator
swept the photon energy, E,, from 1.7 to 5.5 eV, and the average
current, I, was measured at each energy. The quantum yield, Y, was
calculated at each photon energy using

Y(E) = (1~ Typ) 2t

P dark Plamp(EP) (1)
where Iy, is the current without light (determined by taking a 30 s
average of the current in the dark at each voltage) and Py, is the
power of the lamp at each photon energy. Next, Y'/? vs E, was plotted
at each electric field in the HZO (&yz0, corrected for the built-in
electric field due to the electrode work function difference), and the
most linear section was used to extract the onset threshold of IPE,
@tiwesn: Y2 was used to account for the energy distribution of carriers
in the metal electrode."® The built-in voltage across the HZO, V,;, was
found by determining the voltage at which the dark current switches
from negative to positive and was taken as the voltage at which &£y, =
0 (HZO bands are flat). &7 was determined by subtracting V;; from
each applied voltage and then dividing by oxide thickness. Finally,
@umesn values were plotted vs the &,0"/? to accurately account for any
field-induced barrier lowering (Schottky plot). Linear fits were used to
extrapolate the £y, = 0 barriers, @,,,. The IPE ¢, estimation error is
+0.1 eV for different devices but less than +0.03 eV for repeated
measurements on the same device. Devices were measured pristine,
after waking, and after subsequent poling with either positive or
negative voltage. To avoid potential IPE induced flipping of FE
dipoles, the maximum applied field reached for most IPE measure-
ments was +0.88 MV/cm. The only time this field was exceeded was
for the pristine (unwoken) devices. Although some of the limited
number of FE domains present in the unwoken devices may have
aligned with the applied field, the extracted barriers were within
experimental error for sweeping from both positive to negative and
negative to positive. For the positive (negative) poled devices, IPE
measurements were started at +0.88 MV/cm (—0.88 MV/cm), the
same polarity as the poling voltage. Thus, the polarization state was
not affected by the IPE field until potentially reaching the highest
fields at the opposite polarity or the last few data points of the
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measurement which were not used for extrapolation. Pristine and
woken devices were measured with both positive and negative sweep
directions. IPE measurements were started within 10 min of the
preceding electrical operation.

3. RESULTS AND DISCUSSION

Shown in Figures 1c and 1d are plots of nested polarization vs
applied field for a series of +1 to +5 V sweeps with a
measurement period of 1 ms taken on 100 ym diameter Pd/
TaN/HZO/TaN/Si devices (schematically shown in Figure
la), measured before and after wake-up field cycling,
respectively. The unwoken sample exhibits hysteretic response
with a degree of imprint and poor saturation at positive fields.
Following the wake-up process, well-saturating hysteresis is
observed with coercive fields of approximately +1 MV/cm
(£1.7 V) and remanent polarization of ~20 xC/cm? which is
typical of HZO films prepared at this thickness with TaN
electrodes.”**

Figure 2 shows Y2 vs Ep curves for pristine, woken, and
poled devices for photoinjection from either the (a) top and

x 103
2.5
a) Top Electrode : : -
20 ¢ I 1sA
. e 1
= Pristine
1.5 f 1 L4
s A Woken o
> 10 b ® Pos. Poled i H
o Neg. Poled : :
s 1 1
0.3 1 1
1 1
0.0 L A A
x 103
2.5
b) Bottom Electrode : : .'
2.0 | 1 I,
. 1 [k
= Pristine 1 q
~ 5 [ 4 Woken -'_: A
T e Pos. Poled
1.0 | e Neg. Poled
0.5
0.0
0 1 2 3 4 5 6

Photon Energy (eV)

Figure 2. IPE yield plots for emission from (a) top or (b) bottom
electrodes for pristine/unwoken (red squares), woken (blue
triangles), positive poled (purple circles), and negative poled devices
(green circles) at an applied bias of 10.7 VI. Colored lines indicate
linear fits used for extrapolation of @,y The pink arrow indicates
the approximate onset of IPE current while the purple vertical dashed
line at 5.2 eV indicates the approximate onset of photoconduction.
The region between the blue and purple vertical dashed lines at 4.1
and 5.2 eV, respectively, is likely due to interaction with oxygen
vacancies.

(b) bottom electrodes, at V,,, = +0.7 or —0.7 V, respectively.
All yield curves showed three distinct features: (i) an initial
increase in yield at around 2—2.4 eV, (ii) a change in slope
(decrease or reversal) at approximately 4.1 eV, (iii) an abrupt
increase in yield at 5.2 eV. The initial increase of yield
indicated the onset threshold of IPE, @y, at the voltage
applied, for photoinjection of electrons from the electrode into
the conduction band of the HZO. According to Afanas’ev,
there are very few reports of photoemission of holes from
metals into insulating oxides and none with a barrier height
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more than 2 eV.** Holes excited by IPE would have a low
lifetime and thus a low quantum yield due to the high density
of filled states in the metal above the valence band of the
insulator.””** Wronski et al. have reported IPE of holes into
semiconducting hydrogenated amorphous silicon from various
metals, but all with hole barrier heights of <1 ev.®

The increase in yield at 5.2 eV was the onset of
photoconduction. It corresponds to the band gap of annealed
ALD HZO measured via spectroscopic ellipsometry (5.2
eV),*® and is less than band gap values reported for either ALD
HfO, or ZrO, (5.6 and 5.4 eV, respectively) measured via
reflection electron energy loss spectroscopy (REELS).'**” The
onset of photoconduction occurred at approximately 5.2 eV
regardless of electric field sweep direction for both bottom and
top electrodes in pristine, woken, and both negative and
positive poled devices, indicating that the transformations in
the crystal structure due to the waking and poling operations
did not appreciably change the bandgap. The onset of
photoconduction occurred at higher energy than the 4.9 eV
reported by Jenkins et al. for IPE of unannealed HZO
deposited by thermal ALD, which may have been impacted by
band tailing, V,* density, or relatively higher monoclinic phase
fractions which have a lower bandgap than the orthorhombic
phase.”"**

The change in slope seen in all curves at 4.1 eV and the yield
behavior between 4.1 to 5.2 eV was consistent with an optical
absorption observed between approximately 4 and S eV in
ALD-prepared HZO that was attributed to V5" as well as
REELS feature starting at about 1 eV below the CB of Ar"
sputtered HfO,.'*° This energy range was also consistent
with modeling and ab initio DFT calculations of V5" energy
levels.””*”~*! The decreased yield slope in this range was thus
likely due to photoemission from the HZO VB into oxygen
vacancies competing with IPE as well as possibly neutralizing
some positive charge which could inhibit IPE. The onset of the
slope change remains approximately the same for pristine,
woken, and poled devices for emission from both top and
bottom interfaces, indicating the energy levels of these defects
was not significantly impacted by these electrical operations. As
discussed below, the detailed shape of the yield behavior in this
region was dependent upon the interface and the operational
state of the device and was likely related to the density and
position of defects with respect to the interfaces.

Shown in Figure 3 are Schottky plots of Qe Vs Eox'/> for
emission from (a) top and (b) bottom electrodes. ¢, were
extracted by extrapolation to zero field and were independent
of the sweep direction used to acquire yield plots (less than
+0.03 eV difference, well within experimental error). For the
pristine devices, the ¢, of the top TaN/HZO and bottom
HZO/TaN interfaces were approximately 2.6 and 2.9 eV,
respectively. Though nominally symmetric, the top and bottom
interfaces experienced different processing. The bottom HZO/
TaN interface was formed via ALD of HZO on TaN, whereas
the top TaN/HZO interface was formed by first sputtering 20
nm of TaN on HZO and then annealing for 600 °C for 30 s in
N,. Following the annealing, this sacrificial TaN layer was
stripped, and then S nm of new TaN was deposited. The TaN
sputter deposition/annealing/stripping/redeposition sequence
likely led to the greater formation of V" in the HZO near the
top TaN electrode.””** The V" near the surface and/or the
formation of an interfacial dipole likely contributed to the
lowering of the top electrode barrier in the pristine devices.
Both top and bottom ¢y, values are within the 2.5-3.0 eV
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Figure 3. Schottky plots for emission from (a) top and (b) bottom
electrodes for pristine, woken, and poled devices. The inset in (b)
shows a band diagram with £y;0 = —0.42 MV/cm applied to top
electrode, illustrating the alignment of the band of V5" gap states
throughout.

range reported by Jenkins et al. for bottom ALD HZO/TaN
barriers with a variety of top electrode metals.””*® For their
TaN/HZO/TaN devices, Jenkins et al. measured 2.7 eV for
the top TaN/HZO barrier, within error of our result, but only
2.5 eV for the bottom HZO/TaN barrier, substantially less
than the 2.9 eV seen here. The difference is likely due to
differences in processing. In Jenkins et al.”' the thermal ALD-
prepared HZO was annealed directly following deposition
(600 °C for 30 s in N,), whereas in this work, HZO was
deposited via plasma enhanced ALD and annealing took place
after TaN deposition. The difference in ¢, for nominally the
same material stack emphasizes the need to measure barriers in
the specific device structures used.

The waking process resulted in an increase in @, of the top
interface, from 2.6 to 2.9 eV, but no significant change in the
bottom barrier. The waking procedure opens the ferroelectric
hysteresis loop and involves conversion of the material from
tetragonal and/or antipolar orthorhombic to polar ortho-
rhombic (ferroelectric) and is thought to involve the
redistribution/movement of oxygen vacancies (which tend to
be positively charged).””***””" As the two orthorhombic
hafnia crystal phases have similar bandgaps and the tetragonal
phase has a much larger bandgap,”>® the increase in the top
electrode electron ¢y, is likely due to a redistribution of V*
away from the top interface and toward the bulk of the
material. The device thus appeared more symmetric with ¢,
of 2.8 and 2.9 eV for the top and bottom electrodes,
respectively. Note that oxygen vacancies have been observed to
move at fields around 1.5 MV/cm."**"** This is approximately
equal to the coercive field but well above the maximum fields
of +0.88 MV/cm applied during IPE.

Following waking, devices were positively or negatively
poled by application of a unipolar positive or negative bias
pulse to the top electrode. For both P] and P1, a large
reduction in both top and bottom ¢, was observed. For P
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devices, the top/bottom electrode barriers were 2.2/2.4 €V,
respectively, a decrease of 0.6/0.5 eV for each barrier as
compared to the woken only devices. For P|, the top/bottom
electrode barriers were 2.1/2.3 €V, a decrease of 0.7/0.7 eV,
respectively, as compared to the woken devices. The reduction
of both barriers after both poling operations cannot be due to
FE domain alignment. Poling pulses are 100X as long as the
waking pulses, representing a significant stress to the FE layer,
and it is likely that the generation of additional V5" throughout
the HZO may be responsible for barrier reduction. Movement
of V" from the bulk toward the interfaces or ionization of pre-
existing neutral vacancies are additional possibilities. The
slightly larger decrease in the bottom barrier for P| as
compared to the P1 is consistent with the drift of V" toward/
away from that interface during positive/negative poling,
respectively, and is discussed more below. Poling polarity did
not have a large impact on either the asymmetry or the top
barrier. Though both barriers are slightly smaller for P| than
for P1, suggesting additional creation of V5" throughout, the
top barriers were within experimental error.

In metal-induced gap state theory, charge transfer at intrinsic
traps at the metal/insulator interface creates an interfacial
dipole that drives the Fermi level, Eg, toward the charge neutral
level of the insulator, Ecyy,; the energy at which the dominant
character of the amphoteric interface states switches from
donor-like in the lower part of the bandgap to acceptor-like in
the upper part. A metal on an insulator will thus behave as if it
has an effective work function, @y . where @y ¢ = Ecyp; +
S(Pyrrec — Ecnry) and S = dgp,/d®y """ Baumgarten et
al. recently proposed an approach to interpreting band
alignment within the framework of this model by taking into
account the impact of changes in oxygen vacancy density on
Ecnp- They point out that Ecyy; should depend not only on
the intrinsic (induced) interface traps but also on “extrinsic”
traps such as oxygen vacancies (which are actually also intrinsic
in the sense they do not involve impurities) so that Ecyy; =
Ecnpine — Ecnidep where Ecnpine and Ecnpger are the charge
neutral levels for the intrinsic induced interface states and the
Vo' defects, respectively. Thus, in order to compensate for the
additional positive charge introduced by additional oxygen
vacancy defects, as proposed for the poled devices, the overall
Ecnp,; would need to move upward toward the CB to produce
compensating negative charge in the amphoteric intrinsic
interface traps below the Fermi level. This would in turn result
in smaller ¢,’s, consistent with what we observe.

IPE measured ¢y, values for pristine, woken, and poled
devices are summarized in Table 1 and illustrated using energy
band diagrams in Figure 4. All measured ¢, were, within
experimental error, independent of bias sweep direction. @y,
were found to remain stable for at least 3 months at room
temperature, suggesting that V" retain their charge state and
do not appreciably drift’ when left under an internal poling
field at room temperature. As seen in Table 1, the difference in

Table 1. IPE Measured @y, t0pr Ponpottoms APbny and Vy; of
TaN/HZO/TaN MFMs in Various Operational States

Pontop Pbnbottom Ay, Vi

woken poled (eV) (eV) (eV) V)
unwoken  N/A 2.6 29 0.3 0.3
woken no 2.8 2.9 0.1 0.1
woken negative, P 2.2 2.4 0.2 0.2
woken positive, P| 2.1 2.3 0.2 0.1
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Figure 4. TaN/HZO/TaN MFM band diagrams illustrating IPE
measured ¢y, for (a) pristine, (b) woken, (c) P1, and (d) P| devices.
The rectangles represent the orientation of ferroelectric domains
while the red V" indicate relative position within the HZO. The
dashed gray reference band diagram in (b), (c), and (d) is the pristine
band diagram from (a).

measured top and bottom barriers, Ag,,, is consistent with
electrical measurements of V.
The Schottky (image force) barrier lowering as &yzo is
increased may be described by
%0
PresnGi1z0) = @ — 4| T
thresh \ "HZO bn q 4ﬂ€0€r

)

where ¢ is the electronic charge, €, is the permittivity of free
space, and €, is the relative dielectric constant of the dielectric.
Looking closely at Schottky plots in Figure 3a,b, it is seen that
the poled devices demonstrate significantly different behavior
than the pristine and woken devices. Whereas the pristine and
woken/not poled devices show a negative slope throughout, as
expected from eq 2, the slopes of both the positively and

negatively poled devices are relatively independent of /&, at

low \/&4,0 and then positive at \/&;,o above ~600 V'/? cm™"/?

or &z ~ 042 MV cm™), still below the &. Although it is
typically reported that high-k dielectrics show little to no field-
induced barrier lowering in IPE measurements, a positive slope
at higher &0 is not expected.'”'>*° A possible explanation
for the positive slope is the neutralization of V4" by injected
electrons at &, greater than 10.42 MV cm™ (1600 V'/?
em™)). Vo* in HZO are reported/predicted to lie at around
1 eV below the conduction band edge.*”*® As shown in the
band diagram inset in Figure 4b, at 1600 V> ¢cm™"? and
above, the V5" defect band begins to align with the Fermi level
of the cathode. This energy alignment, combined with the long
duration of the IPE measurement, allows the possibility of
electrons tunneling into V', neutralizing them. Neutralization
would effectively increase the barrier to charge transport,
decreasing yield. Since the IPE characterization measurement
progresses from low &y,o to high &0, @y, extrapolations
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below 1600 V'? ¢cm™"? are not impacted by defect
neutralization. As &gy is increased above 1600 V2 cm™'/2,
however, more and more defects are accessible to tunneling
from the cathode, leading to an increasing reduction in positive
charge, which progressively increases ¢y, .q,. The region above |
600 VY2 ¢cm™!?| was thus excluded from the ¢,
extrapolations. The positive Schottky slope is only seen in
the poled devices and is consistent with the strongly reduced
top and bottom ¢, which would increase tunneling
probability. Both the positive slope and reduced barriers are
evidence in support of increased V" density or ionization of
existing neutral oxygen vacancies near the interfaces and
possibly throughout the poled devices.

Shown in Figure S are families of yield plots for emission
from top (a, ¢, ¢, g) and bottom (b, d, f, h) electrodes of TaN/

5 X 103

(a) Top: Pristine Top (b) Bottom: Pristine
4 12MV/em ] 9 1.4 MV/em
3 F e .

(c) Top: Woken (d) Bottom: Woken

-0.88 MV/cm
0.82 MV/cm

Y12

. (e) Top: P4 0ssMV/en] | (f) Bottom: P4
<3
I 0.47
>2 F MV/em””
. L
: i
0 5&“_\ 2
5
(g) Top: PT (h) Bottom: PT
3
s 0.5 MV/cm
>
2 -0.47 MV/ecm
1 0. 4| -4
A.x ) .1
0 Baca—3 " L [ RIS
1 2 3 4 5 61 2 3 4 5 6

Photon Energy (eV) Photon Energy (eV)

Figure S. Plots of Y'/? vs incident photon energy for (a, b) pristine
unwoken, (c, d) woken, (e, f) P|, and (g, h) P?. Highlighted in each
plot are sweeps taken at £yy70 = +£0.1 MV/cm, +0.3 MV/cm, and the
maximum field attained.

HZO/TaN MFM devices in the pristine (unwoken), woken,
negatively poled, and positively poled states. Note that the
maximum (o obtained is lower for the poled devices as they
typically broke down near the end of the measurement, for the
negative (positive) poled devices as the oxide field was
becoming increasingly positive (negative). For the positive
poled devices, the IPE measurement had to be started at a
lower positive field to avoid breakdown. As discussed above,
the reduction in yield slope between 4 and 5.2 eV is consistent
with photoemission into V". The magnitude of slope change
is thus likely an indication of V5" density. With the exception
of the positively poled state, the slope reduction in this region

3254

is more dramatic for the top electrode than for the bottom.
This suggests a higher density of V" near the top interface and
indeed, in all operational states, the top barrier is smaller than
the bottom barrier (see Figure 4). This is likely the result of
initial processing and is consistent with defect distributions
postulated by other research groups.””**™*’ The slope change
tends to be more pronounced at higher fields and peaked yield
behavior (decreasing yield) can be observed in the top barrier
for the unwoken, woken, and negatively poled devices, the
exception being the positively poled devices. The increasingly
peaked behavior at higher fields can be explained by the
combination of photoemission and the alignment of Fermi
level of the cathode at around 0.42 MV/cm (0.35 MV/cm is
highlighted in Figure 5) with defect levels located closer and
closer to the cathode (see Figure 4b), so that more and more
defects are neutralized by electron tunneling.

For the woken state, the unchanged bottom barrier and
slightly increased top barrier, suggests movement of V" away
from the top interface. However, yield curves for both
electrodes (Figure Sbf) were qualitatively similar to the
pristine state (Figure Sa,d), suggesting that the V" did not
move very far. For the Pf, both barriers were reduced. The
pronounced yield peaking (even at low voltages) for the top
electrode (Figure Sc) combined with the reduced slope change
in the bottom electrode as compared to woken (Figure Sg)
suggests either preferential generation of V" near, or drift of
Vo' toward, the top interface under the negative poling field.
The opposite situation is observed for P|. Here, the top
electrode (Figure Sd) shows less pronounced peaking than for
P1, while the bottom electrode (Figure Sh) shows more slope
change than the top electrode, consistent with movement of
V" toward the bottom electrode.

In summary, the effect of the “waking” and subsequent
“poling” operations on the interfacial electron barriers, ¢, of
operating ferroelectric TaN/HZO/TaN MFEM devices were
measured for the first time. The results were found to be
generally consistent with V" models, although experimental
techniques such as electron paramagnetic resonance (EPR)
would be required to confirm defect structure and directly
measure point defect density.”® IPE spectroscopy measure-
ments of the top and bottom (TaN/HZO and HZO/TaN)
@y, for pristine devices were 2.6 and 2.9 eV, respectively. The
onset of photoconduction at 5.2 eV matched the reported
bandgap of Hf, sZr, sO,. Though nominally symmetric, the top
and bottom interfaces experienced different processing, likely
resulting in the formation of additional V" near the top
electrode, which in turn reduced the ¢, of the top interface.
The initial asymmetry due to processing was found to persist
during device operation. The waking operation increased the
top TaN/HZO barrier to 2.8 eV from 2.6 eV for the pristine
(unwoken) devices while leaving the bottom HZO/TaN
barrier unchanged at 2.9 eV, likely due to redistributing some
Vo' away from the immediate vicinity of the top interface.
Subsequent positive and negative poling operations were found
to significantly decrease both top and bottom barriers,
consistent with the formation of additional positively charged
Vo' throughout the HZO. Poling polarity had relatively little
impact. The ¢, for the top interface was 2.1 eV for P| and 2.2
eV for Pt, while the bottom barrier ¢y, was 2.3 for P| and 2.4
eV for P1. The slight differences between barriers in the poled
devices are consistent with models of V" drift toward/away
from the respective interfaces. Both interfaces of devices in all
operational states showed decreased yield slope in the region
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from 4 eV to the onset of photoconduction, with some devices
even showing decreasing yield. This region is consistent with
the absorption range of V5" in HZO and the magnitude of the
changes correlate with barrier heights, suggesting that this
photon energy region is sensitive to V5" density due to
photoemission from the VB and tunnel injection from the
cathode. There was no change in the onset of photoconduction
regardless of poling, waking, or wait times. All barrier heights
remained unchanged after several months at room temper-
ature, indicating little change in crystal structure or migration
of V', even for poled devices.

4. CONCLUSION

This work demonstrates the impact of the waking and poling
operations on interfacial electron barriers in HZO MFM
devices and illustrates the importance of direct in situ IPE
measurements of both barriers in operating devices, measure-
ments not generally possible with XPS. Further, this work
points toward the importance of controlling oxygen vacancy
concentrations and charge states as a necessary step toward
developing reliable ferroelectric hafnia-based devices.
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