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Abstract— Device-to-device variations in ferroelectric
(FE) hafnium oxide (HfO,)-based devices pose a crucial
challenge that limits the otherwise promising capabilities
of this technology. Previous simulation-based studies have
identified polarization (P) domain nucleation and polycrys-
tallinity as key contributors to variations in HfO,; however,
experimental validation remains limited. Here, we experi-
mentally investigate variations in remanent charge (Qpg) of
Hfg 5Zrg 505 (HZO)-based metal-FE—insulator-metal (MFIM)
capacitors across different set voltages (Vgg7) and FE layer
thicknesses (Tgg). Our measurements reveal a honmono-
tonic behavior of the standard deviation of Qg (o(QpR))
with Vger peaking near coercive voltage (V(), which is
consistent with previous simulation-based predictions. In
the low- and high-Vger regions, Qg variations are primar-
ily dictated by saturation charge (Qg) variations, which
in turn, mainly originate from charge trap effects at the
FE-dielectric (DE) interface and the polycrystallinity of FE.
On the other hand, at the mid-Vger region peak, the Qg
variations are attributed to the V variations, which arise
from an additional (and dominant) effect of multidomain
(MD) P switching. Notably, sharp P switching associated
with domain nucleation amplifies the variations, resulting
in a peak of Qg variations in this Vger range. Furthermore,
we observe that as HZO thickness (Tgg) is scaled down,
the nonmonotonicity in variations with Vger is reduced,
primarily due to reduced domain nucleation and smaller
grain sizes. We experimentally establish a strong correla-
tion of Qg with Qg in the low- and high-Vger regions and
with V¢ in the mid-Vger region across various Tgg. Finally,
our experimental findings are corroborated by simulations
using a 3-D phase-field model.

Index Terms— Charge trapping, device-to-device varia-
tions, domain nucleation, ferroelectric (FE) layer thickness,
Hfg.52rg 505 (HZO), polycrystallinity, set voltage.

|. INTRODUCTION
ERROELECTRIC (FE) materials are considered promis-
ing candidates for nonvolatile memory applications due
to their electric-field driven low power write and other unique
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characteristics [1], [2], [3], [4]. The discovery of ferroelec-
tricity in doped hafnium oxide (HfO,) has triggered immense
attraction by virtue of its CMOS compatibility [5], [6]. This
has led to the integration of HfO, in various devices, such
as ferroelectric RAM (FERAM) [7], [8], FE field effect
transistors (FEFETS) [6], [9], and ferroelectric tunnel junctions
(FTJs) [10], [11] and their use in a range of applications
[1], [2], [3], [4]. Among various dopants for HfO, (Si [12],
Al [13], Y [14], and La [15]) [16], Zirconium (Zr) stands
out for its lower annealing temperature (400 °C) required
for FE properties [17], [18]. A low thermal budget facilitates
the integration of Zr-doped HfO, (HZO) with front-end-of-
line (FEOL) conventional CMOS devices without introducing
additional stress [18].

Despite their potential, several challenges hinder the com-
mercialization of FE HZO devices [19], [20], [21], [22],
[23], [24], [25]. Among these, device-to-device variations
significantly impact the performance of HZO-based systems
[21], [22], [23], [24], [25], [26]. In particular, in the context
of multistate storage [multiple intermediate polariaztion (P)]
[27], [28], [29], where the state of FE-based devices is
determined by applied set voltage (Vggr) (or reset voltage
(Vreser)), device-to-device variations are shown to be signifi-
cantly dependent on Vggr (or Vgesgr) [24], [25]. For example,
the read current [24] and threshold voltage [25] of FEFET,
determined by the remanent charge (Qg) of the FE layer in
the gate-stack, have been experimentally shown to display
nonmonotonic dependence on Vsgr (or Vrgser).

Several factors have been suggested as causes of these
variations in HZO-based metal-FE—insulator-metal (MFIM),
including polycrystallinity [30], [31], [32], multidomain (MD)
P switching [33], [34], [35], and the charge trap effects at
the FE-insulator or dielectric (DE) interface [36], [37], [38].
Multiple simulation-based studies have highlighted the role
of polycrystallinity and MD P switching in governing the
trends in the variations of coercive voltage (V¢) and Qg
from the standpoint of HZO-based MFIM capacitors [34],
[35]. The variations in P switching in polycrystalline HZO
devices are attributed to the dependence of Qr and V¢ on
the crystal orientation angle of the grains [34] as well as the
phase stabilization between orthorhombic (0-) and tetragonal
(z-) phases [32], [39], [40]. MD P switching, prevalent in
HZO due to its low gradient energy [33], is another crucial
factor dictating variations due to its random nature (especially
domain nucleation) [35]. Based on the phase-field simulations,
the works in [34], [35], and [41] have shown that P switching

1557-9646 © 2026 IEEE. All rights reserved, including rights for text and data mining, and training of artificial intelligence
and similar technologies. Personal use is permitted, but republication/redistribution requires IEEE permission.

See https://www.ieee.org/publications/rights/index.html for more information.
Authorized licensed use limited to: Purdue University. Downloaded on April 06,2026 at 18:00:14 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0009-0004-5687-2374
https://orcid.org/0009-0003-9782-7687
https://orcid.org/0000-0002-5308-1065
https://orcid.org/0000-0001-8466-9745
https://orcid.org/0000-0001-5609-9722

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 73, NO. 4, APRIL 2026

2258
(a) (b) v, () a0
Vapp j‘{’” 30/ Tre=10nm
Vser fp===p= ==~ Measured.
) =
w =S §A7%
,_uI HzO (F) | § L~
£ C\lf(()ﬁ/l()l) /
P -20 g3
< | 2
Tee=5,7, and 10 nm ‘fixed;' o5 0 5 o
Area= Tr x (20 pym)? RESET 0.1ms Vapp (V)
(d) (e) (UN

150 3 o * Measured

Fitted Curve (positive V) | T
= Fitted Curve (negative V)| |
|

|

f 100
5

s J 50
< of —

1 (nA)

0

-50

Exp. Exp

Tee=10nm| —100 Tee'=10 nm "

0 10 20 30 40 0 10 20 30 40 -10 -5 0 5 10
Time (us) Time (us) Vapp (V)

Fig. 1. (a) Schematic of the fabricated HZO-based MFIM capacitor.
(b) Waveform of 10-kHz applied voltage (Vapp). (c) Measured Q-V
curves averaged over 50 MFIM capacitors with 10 nm of FE layer
thickness (Tgg) for different set voltage (Vsgr). (d) Waveform of pulses
with various amplitudes for leakage current measurement and (e) their
corresponding current response and the definition of leakage current
(leak) in steady state (inset: zoomed-in view of / around 20-23.5 us).
(f) Measured iz for different voltages and its fit curves.

mechanisms (domain nucleation and domain growth) and
domain characteristics are Vsgr and Trg-dependent, which
causes Qg variations to depend on Vggr and Tpg strongly.
Despite these insights from simulations, experimental valida-
tion of these trends, especially with regard to Tpg, is limited.
Moreover, exploring the correlation of variations with factors
(like domain nucleation, polycrystallinity, and traps) is crucial
for advancing the understanding of device-to-device variations
in HZO devices.

This work experimentally characterizes the variations in Qg
as a function of Vsgr and Trp and provides evidence that
aligns with previous simulation-based analyses and insights.
By measuring Qr from charge—voltage (Q-V) characteristics
across 50 MFIM capacitors, each for three different Trg, we
capture the relation between Qg, Vsgr, and Tgg. The key
contributions of this work are summarized below.

1) We experimentally establish that the standard deviation
of Qr (0(Qgr)) exhibits a nonmonotonic trend with
respect to Vsgr, peaking at Vsgr near Ve.

2) Our measurement results reveal that the o7(Qg) depends
on Trg, exhibiting distinct trends across low-, mid-, and
high-Vsgr ranges.

3) By analyzing the correlation between Qgr, V¢, and
saturation charge (Qs) measured across different Vggr
and Tpg, we discuss the role of polycrystallinity, charge
trapping effect, and domain nucleation in dictating the
Qr variations.

4) We support our experimental findings with the interpre-
tations from our in-house 3-D phase-field model.

[1. MFIM CAPACITOR FABRICATION AND
MEASUREMENTS

We fabricate HZO-based MFIM capacitors comprising
70-nm tungsten (W) for the top and bottom metal electrodes,
an FE HZO layer with various thicknesses (Tpg =5, 7, 10 nm),
and a 3-nm Al,O3; DE layer, as shown in Fig. 1(a). The DE

layer in the MFIM stack passivates the HZO/electrode inter-
face [42] and suppresses trap-assisted leakage [43], improving
reliability. In addition, the DE layer provides a depolarization
field across the FE layer, which is exploited in multiple
applications such as FTJ [44]. A thickness of 3-nm balances
interface passivation/leakage blocking with strong capacitive
coupling to HZO, providing an effective barrier without weak-
ening FE switching [36], [45].

The MFIM fabrication process is as follows. First, the
W bottom electrode is deposited on a bare Si wafer using
sputtering. Atomic layer deposition (ALD) is then utilized to
deposit HZO and Al,O; layers at 200 °C. Following this,
W is sputtered to form the top electrode. This is followed
by 30 s of rapid thermal annealing (RTA) at 300 °C in the
nitrogen (N,) atmosphere. The capacitor area is defined by
the top electrode, patterned as a circle with a 20-um radius
via photolithography and lift-off. Because of this relatively
large device area, any marginal dimensional variation intro-
duced during the lithography or lift-off process is negligible
compared to the total capacitor area and does not mean-
ingfully influence the extracted P values or their variation
characteristics. Moreover, any area variation would result in
only Vgpr-independent scaling of the extracted measured Qg
thus having no impact on the nonmonotonic Vsgr-dependent
variation trends, discussed in this work.

The Q-V measurements of 50 fabricated MFIM capacitors
for each Tpg are performed using a Radiant Premier II FE
Tester through a probe station. The applied voltage (V) is
swept at 10-kHz frequency from a fixed Vgggser to different
Vser values [see Fig. 1(b)]. Note that this biasing scheme
is consistent with the programming methodology used in
previous experimental works such as [27]. Moreover, it is
notable that the voltage ramp rate change due to different Vgr
has a negligible impact on Q-V hysteresis and V¢, as shown
in Fig. 2(a). For consistency, Vggser for each Tgg is selected to
obtain a similar magnitude of average electric field (E-field)
across the FE layer at Vggser (= —10.0, =8.3, and -7.1 V
for Tgg = 10, 7, and 5 nm). (Note: the E-field is estimated by
using phase-field simulations.) To reduce the effect of cycle-
to-cycle variations [34], the Q-V curves used in the analysis
are averaged over five measurement cycles. The Q—V loops
(including major and minor loops) reach different Qg values
depending on Vggr [see Fig. 1(c)].

To mitigate the influence of static leakage current (Ijeqx)
through the MFIM stack [see Fig. 1(a)], we perform a separate
leakage measurement and subtract leakage charge (Qjeqx) from
the measured Q-V for each individual MFIM sample. (Note,
we do not use the PUND technique to eliminate leakage since
it also eliminates other components of charge, such as the
nonswitching DE component, which we want to keep in our
study). For the leakage measurement, we first apply voltage
pulses (25 us) of varying amplitudes to each MFIM capacitor
[see Fig. 1(d)]. Ijear is measured during a stable time frame
where the transient current has decayed [see Fig. 1(e)]. To
obtain the Q.. over the V,,, sweep duration that needs to
be deducted from the measured Q-V, we need to integrate
Ijeqr for the time window during which V,,, is applied for the
O-V measurements. We calculate Q.. using in the following
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equation: )
Qlear (V (1) = /0 Liear (V (7)) dt ey

where [, is fit to the measured data [see Fig. 1(f)] based on
an exponential equation given below

Lea (V) = Ip + Ae®Y. 2

This is a phenomenological model consistent with established
leakage physics, such as WKB tunneling through thin oxides
[46] and field-enhanced trap-assisted tunneling [47].

Fig. 2(a) illustrates the O—V plots (with leakage component
removed) averaged for the 50 MFIM capacitors for Tpr =
10, 7, and 5 nm for various Vggr. All these curves start from
negative Qg (Qs-) at the fixed Vggser, pass negative Qg (Qgr+)
at V,,, = 0V, and reach varying Q values depending on Vggr.
After that, Q returns to Qs_ as V,,, is swept backward from
Vser to Vegser. Note, the O—V curves reach positive Qg (Qs.)
only for the major loop, where |Vsgr| = |Vgeser -

The positive Qr (Qrs+) is measured at Vg, = 0 V on
the return path from Vsgr to Vggser for each cycle. Ve is
extracted as the voltage where Q = 0 uC/cm? on the path
from Vggser to Vggr in the major loop. Note that we consider
the scenario where different Vggr values are applied to achieve
multiple states of the MFIM from an initial fixed reset state
(spontaneous state after the application of fixed Vrgser). We
characterize the standard deviation of Qg (0(Qg+)) to analyze
the device-to-device variations in Qg.. Note, analyzing Qg_ for
different Vggser (after the application of fixed Vsgr application)
is equivalent to our analysis. Hence, here, we focus on the
trends in Qg variations.

I1l. EXPERIMENTAL RESULTS
A. Non-Monotonic Trend of Qg, Variations With Vser

Fig. 2(b) shows the measured Qg,; distributions for 50
MFIM capacitors with Trg = 10 nm at various Vsgr val-
ues, revealing a significant dependence of Qg, variations on

with Teg = 10 nm at Vger = 6.6 V. (b) Q-V minor loops (Vser = 6.6 V)
with different V. At Vserrange around Vi, Qp, is largely dependent on
Ve. (c) Measured Vi distribution from 50 MFIM capacitors of different
Tre. (d) Measured V¢ distribution (top) and box plot depicting the Q
variations around V; (bottom) of 50 MFIM with Teg = 10 nm.

Vser. 0(Qr+) shows a nonmonotonic behavior with respect
to Vser (as also predicted via simulations in [35]). Initially,
the distribution shows a mild reduction in o(Qg;) as Vsgr
increases from 4.0 to 5.9 V (region-1 or low-Vggr range).
The distribution substantially increases its spread as Vsgr
increases from 5.9 to 6.4 V (region-2 or mid-Vggr range).
As Vggr increases further, 0(Qg+) reduces (region-3 or high-
Vser range), followed by a slight increase as Vggr is increased
further. It can be observed in Fig. 2(c) that 0"(Qg,) exhibits a
peak at a particular Vsgr, which is annotated as V.. Given
that the mean Qgr, (U(Qr+)) at Vpeqr is close to 0 uC/ecm? [see
Fig. 2(c)], it follows that o-(Qg.) reaches a peak point around
Vser ~ Ve.

With decreasing Trp, the nonmonotonicity of o (Qgy)
becomes less prominent, with the peak value of o (Qgy)
decreasing as Tpgp scales down. We report the peak value
reducing from 5.34 pC/cm2 at Trg = 10 nm to 1.41 ,uC/cm2
(0.26x) and 0.71 uC/cm2 (0.17x) at Trpg = 7 and 5 nm. To
understand this reduction, we plot the measured V¢ distribu-
tions in Fig. 3(c). We observe a decrease in V( variations as
Trg decreases. Since Q. variations are largely influenced by
Ve in the mid-Vggr range [see Fig. 3(b)], Qg variations also
decrease with Trg scaling. Compared to Trg = 10 nm, o(V¢)
reduces to 0.17x at Tpg = 7 nm and 0.12x at Trg = 5 nm.
Therefore, we can correlate a decrease in the peak o (Qgy)
primarily with lower V¢ variations at a scaled Tgg. Also, the
Ve distributions explain the V)eq shift toward lower Vsgr. The
mean value of V¢ (u(V¢)) shows a shift to a lower value as
Trg is scaled (5.8 — 53 — 5.0V for Tgg = 10, 7, and
5 nm). This is primarily due to an increase in E-field for lower
Tre at a given V,p,. This aligns with V.4 shifts shown in
Fig. 2(b) (6.6 — 58 — 54V for Tpg = 10, 7, and
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Fig. 4. Q-V curves of individual and averaged 50 MFIM capacitors at
(a) Vger=10.0Vand (c) Vger=5.9 V. (b) Q-V major loops (Vger=10.0
V) with different Qg,. (d) Q—V minor loops (Vger = 5.9 V) with different
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Qg_ is negatively correlated with Qg,. (e) Distribution of Qg,—1(Qs,)
from 50 MFIM capacitors of different Tee. The o(QRg,) trends in Fig. 2(c)
at the low and high-Vser range follow that of the Qg, distribution.

5 nm). These results illustrate that V., is linked to V¢
and decreases as Trg is scaled. Furthermore, as Trg scales,
a pronounced “W”-shaped nonmonotonicity with two local
minima is observed in the o(Qg.)-Vsgr plot, which will be
discussed in more detail later.

However, 0(Qg+) in low- and high-Vggr regions does not
display any trend depending on Trg (unlike in mid-Vsgr).
In these regions, o(Qg) is the highest for Trg = 5 nm,
followed by 10 and 7 nm for both low- and high-Vggr regions
[see Fig. 2(c)].

To understand the trend in the high-Vggr regions, let us
look at Fig. 4(b), which points to a relationship between Qs.
variations and Qg variations. In particular, MFIM samples
with lower Qg, are likely to exhibit lower Qg.,. Measured Qs
distributions for each Trg in Fig. 4(e) show that the variation is
the largest for Trg = 5 nm, followed by 10 and 7 nm, reflecting
the trend observed in Qg variations in the high-Vsgr region.

In the low-Vsgr region, two key factors dictate Qg vari-
ations. First, lower (more negative) Qs results in a lower
Or+, as shown in Fig. 4(c), indicating that the variations in
Qs directly drive Qg variations. Second, because Qs- (<

0) and Qs (> 0) are both governed by similar mechanisms
associated with interface-traps and polycrystallinity, the two
quantities are correlated across devices. In particular, a higher
interface trap density increases the charge magnitude via two
mechanisms: 1) direct charge addition, where a higher magni-
tude of trapped charge (Q;,) (positive for V,,, > 0 and negative
for V45, < 0) increases both |Qg,|and |Qs_| due to charge
balance (Qrr ~ Opg + Qir where Qrgpg is the Q across FE/DE
layer) [36]; and 2) E-field enhancement, where more trapped
charges increase the effective E-field across the FE layer (due
to lower Qpg and depolarization field), leading to larger |Qs|
(details in Section IV-A). In addition, polycrystalline factors,
such as lower grain angle (6) or higher o-phase fraction, yield
larger Q magnitude. Accordingly, |Qs.| and |Qg_| exhibit a
positive correlation, which means that a more positive Qg
corresponds to a more negative Qs [see Fig. 4(b)]. In other
words, a negative correlation is established between Qs; and
Or+, Where a larger value of Qg is associated with a smaller
(more negative) value of Qg_, which, in turn, leads to a
smaller value of Qg in the low-Vggr region. Furthermore, the
consistency in the trend of o(Qg,) and o(Qs,) with respect
to Trg [see Fig. 4(d)] substantiates the correlation of Qg.
variations on Qg variations in the low-Vggr region.

B. Correlation Analysis for Qr, With V¢ and Qs,

To further understand the relationships between Qg:, Ve,
and Qs., we present scatter plots in Fig. 5(a) showing the
correlation of measured values of Qg, with Qg, and V across
different Vgr values for 50 MFIM capacitors at Trg = 10 nm.
At low-Vggr (= 4.0 V), Qg+ shows a strong correlation with
QOs., suggesting that Qg variations at the low-Vsgr range are
mainly driven by factors influencing Qs.. As Vsgr approaches
the mid-Vsgr range (close to V), the correlation between Qg
and Qg. becomes weaker [Vsgr = 6.4 V in Fig. 5(a)]. With
a further increase in Vggr (high-Vsgr range), the correlation
between Qgr, and Qgs, becomes strong again. Notably, Qg
negatively correlates with Qg at the low-Vggr range (4.0 V),
while it correlates positively at the high-Vsgr range (10.0 V).
At high-Vggr, MFIM with higher Qg yields higher Qg., as
discussed in Section III-A, leading to a positive correlation.
On the other hand, in the low-Vsgr range, Qg. is mainly
determined by Qs-, i.e., higher Qg_ (less negative Qs_) yields
higher Qg,. Now, recalling the negative correlation between
QOs- and Qs,, a higher (less negative) Q implies a lower Qs..
As discussed before, by combining these two observations, we
can deduce that lower Qg results in higher Qg, in the low-
Vsegr range. This results in a negative correlation at Vggr =
4.0 V.

Now, let us discuss the correlation of Qg, with V¢
[see Fig. 5(b)]. In the low-Vgr range (Vsgr = 4.0 V),
Qg+ shows minimal correlation with V. As Vggr increases,
approaching 6.4 V (mid-Vsgr), a strong negative correlation
emerges showing that capacitors with low V¢ undergo higher
P switching at a given V,,,. In the high-Vsgr range, the corre-
lation becomes weak again, indicating a reduced influence of

Ve on Qg
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Fig. 5. Measured correlation plots of Qr,—u(Qpg,) with (a) Qs,—(Qs,) and (b) Ve—u(Ve) of the 50 MFIM capacitors with Tge = 10 nm and the
correlation coefficient of Qg, with (c) Qs, (o(Qr., Qs.)) and (d) V¢ (o(Qpg., V¢)) as a function of Vger for different Tre.

The correlation coefficient (p) of Qg+ with Qg, (0(Ors+,
Os+)) [see Fig. 5(c)] and V¢ (o(Qgr+, Vi) [see Fig. 5(d)]
across different Vggr values summarize the discussion above.
Initially, o(Qg+, Os+) is around —1, indicating a strong negative
correlation. It approaches 0 at Vsgr ~ Ve and reaches +1 at the
high-Vggr values. For p(Qg+, V), the coefficient dips to almost
—1 around V¢, representing a substantial negative correlation,
and remains closer to 0 at other Vsgr values. We also observe
that these trends hold for all Trg (with some differences that
will be discussed subsequently).

IV. ANALYSIS OF Qg, VARIATION: MECHANISMS FOR
DIFFERENT Vser RANGES

A. Qg, Variation Mechanism in the Low- and High-Vset
Regions

Here, we focus on three main mechanisms for Qg vari-
ations: MD P switching, polycrystallinity, and the charge
trapping at the FE-DE interface. As we will discuss, MD P
switching is not a major contributor to the variation in the
low- and high-Vggr range due to small P switching in the
former and nearly complete P switching in the latter region.
Therefore, the primary influence on the variations comes from
charge trapping [36], [37], [38], and polycrystallinity [34],
[40]. The strong correlation between Qg; and Qg. observed
experimentally confirms that the Qg, variations are mainly
driven by Qgs, variations [see Fig. 4(b) and (d)] originating
from charge trap effects and polycrystallinity.

Charge trapping affects Qg variations through two mech-
anisms. First, trapped charges directly influence P within
the FE layer [36], [37]. Second, trapped charges modify the
depolarization field across the FE layer [48], resulting in a
change in the domain wall (DW) density [41].

Apart from charge trapping, polycrystallinity is another key
contributor to the Qg variations. In polycrystalline HZO, the
grain orientation angle (§)—the angle between the P direction
(c-axis of the orthorhombic unit cell) and the physical out-
of-plane axis—governs P switching. Since the component of
the applied E-field along the c-axis contributes to switching

[34], variations in € among grains lead to a nonuniform P
switching. In particular, grains with larger 6 are stimulated
with a weaker effective E-field, which leads to higher V.
Due to the resultant suppressed P switching, a fraction of the
original P domains remains even after the P switching in the
major loop, leading to a reduction in Qg for higher 6 [34]. In
addition to the grain orientation angle effect, polycrystallinity
also contributes to Qg variation through its impact on phase
stabilization between o- and r-phases [40]. The #-phase lowers
the overall Qg and exhibits a higher DE constant [49] than the
o-phase. This effect is particularly relevant as the #-phase is
known to be stabilized by smaller grain sizes, which are more
prevalent in thinner HZO films [40].

To investigate the impact of charge trapping, we analyze
dQ/dV,,, in voltage regions with minimal P switching and
dominant DE response. Previous studies have shown that
trapped charges at the FE-DE interface [36] result in different
dQ/dV,,, in the nonswitching region [37]. This effect is
experimentally demonstrated in Fig. 6(a), which compares the
Q-V characteristics of two MFIM capacitor samples in our
study. One device shown with black symbols reaches a higher
Qs for high-Vggr, indicating a higher trapped charge density
compared to the other device (red symbols). Importantly, the
device with a higher interface trap density (black symbols)
exhibits a steeper slope of dQ/dV,,, in the nonswitching region
compared to the lower trap device (red symbols).

The plots in Fig. 6(b)—(d) confirm a positive correlation
between Qs, and dQ/dV,,, across all Trg. The most plausible
origin of this positive correlation is interface charge trapping,
while the contributions from MD P switching and polycrys-
tallinity play a minor role in this specific trend. This can
be understood as follows. First, switching in the low-Vggr
region is minimal, and in the high-Vsgr region where Qg.
is defined, most FE domains have already switched; therefore,
the random component of MD switching is largely suppressed.
Second, grain angle variations due to polycrystallinity do not
affect dQ/dV,,, to a significant extent since the background
permittivity is independent of the c-axis orientation [34].

Authorized licensed use limited to: Purdue University. Downloaded on April 06,2026 at 18:00:14 UTC from IEEE Xplore. Restrictions apply.



2262

IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 73, NO. 4, APRIL 2026

_4 L L L L L
0 -8 -4 0 4 8 -0.10 -0.05 0.00 0.05
© Vapp V) « dQ/AV,,, — u(dQ/AV,,,)(uFicm?)
C T T T T T T T T
$2*TFE=10nm o 1 $2'TFE=5nm ® .
= o® c N} °
s 1 N7 S 1 N
9 0% 9 O gpdes
=0 = 0r e 0y Tegd
¥ N° 5 O-\d o °
o -1t 6d o -1t ¢§ °
<& X
Lot Lo} ]
(2] » Y Qo
c 3 Polycrystallinity effect: < 3 @  Polycrystallinity effect:
79[ °  grainorientatonangle]  ~°[®  phase stabjlization ]
-0.10 -0.05 0.00 0.05 -0.10 -0.05 0.00 0.05
dQ/dV,,, — u(dQ/AV,,,)(uFicm?) dQ/dV,,, — w(dQ/AV,,, ) (uFicm?)
Fig. 6. (a) Q-V loops with different trapped charge densities. The

black Q-V loop features higher dQ/dVy, and Qg, than the red curve,
representing a higher trapped charge density and the measured corre-
lation plots of Qg,—u(Qs,) with dQ/AV app—u(dQ/AdVapp) for Tee = (b) 7,
(c) 10, and (d) 5 nm. For Tge = 10 and 5 nm, polycrystallinity intro-
duces additional variation to Qgs, and dQ/dVpp, reducing the correlation
coefficient. At 10 nm, the effect of grain orientation angle is significant,
whereas the phase distribution effect is large at 5 nm.

Third, variations in the f7-phase fraction could affect both
Qs+ and dQ/dV,,,, but would tend to produce a negative
correlation between Qs and dQ/dV,,, since a higher t-phase
fraction increases background permittivity while reducing the
switchable P. This is inconsistent with the observed positive
correlation between Qg. and dQ/dV,,,. In contrast, a higher
trap density increases both Qg and dQ/dV,,, because traps
add charge and also modify the electrostatics of the FE-DE
stack in a way that enhances the effective E-field across the
FE layer. Therefore, the positive correlation in Fig. 6(b)—(d)
highlights the significant role of charge trapping in governing
Qg variations, which in turn contribute to Qg, variations in
the low- and high-Vggr ranges (as discussed in Fig. 5).

Although the interface charge trapping remains the domi-
nant source of Qg, variation, polycrystallinity does play some
role, particularly at Tpr = 5 and 10 nm, leading to larger
dispersion than Trg = 7 nm. For Tpg = 10 nm (thickest HZO),
the larger average grain size [30] results in the smaller number
of grains (Ngqin) Within a fixed cross-sectional area; hence, the
statistical averaging effect becomes less effective and the grain
angle effect is more pronounced [26]. Grains with a large 6
contribute to smaller out-of-plane P, reducing |Qs|. Thus, the
variations in the grain orientation angle increase the spread in
the Qg [see Fig. 6(c)].

This dependence is further corroborated by the unique
correlation observed for Trg = 10 nm between Qg, and V¢
[see Fig. 5(d)]. Since increased 8 leads to lower Qg, and
higher V¢, these two parameters exhibit a nonzero corre-
lation when the grain angle effect becomes prominent. In
the low-Vsgr region, where Qg, shows a significant negative

correlation with Qg this 6-driven correlation yields a positive
P(Or+, V). Experimentally, at the low-Vggr, devices with
Trg = 10 nm display p(Qg+, V) = 0.538, higher than that
of Trp = 7 nm (—0.272) and 5 nm (0.163) [see Fig. 5(d)].

Conversely, for Tpr = 5 nm, the polycrystallinity effect is
dominated by phase stabilization rather than grain orientation.
The reduced Trg restricts grain growth, increasing the prob-
ability of stabilizing 7-phase over the o-phase [40]. Because
the f-phase exhibits a higher dQ/dV,,, and lower Qgs., device-
to-device differences in the local o-/t-phase fraction introduce
variations that oppose the trap-induced positive correlation.
Therefore, the phase distribution is responsible for the larger
dispersion observed in Fig. 6(d) for Trg = 5 nm (compared to
the other Trg values).

It is notable that the charge trapping is a dominant source
of Qg, variation in this work. This can be attributed to the
large cross-sectional area of our experimental MFIM samples
(=nx (20 /,zm)z), which makes the impact of Ng,,;, on vari-
ations relatively less significant. However, for scaled devices,
polycrystallinity can be a significant contributor, as has been
shown in previous simulation studies [34].

B. Qg, Variation Mechanisms in the Mid-Vser Region

In the mid-Vsgr range, Qg, variations are mainly dic-
tated by V¢ variations as shown in the correlation plots
[see Fig. 5(a)]. The sharp Q increase with increasing Vi,
in the mid-Vggr region amplifies V-induced Qg variations
[see Fig. 3(a) and (d)], which leads to the o(Qg;) peaks as
shown in Fig. 2(c). According to the previous simulation-based
studies [34], [35], the strong influence of domain nucleation
around the mid-Vsgr range leads to large variations in Qg,.
Domain nucleation features inherent randomness and sharp P
switching (a large amount of P switched in a small voltage
range). The randomness of domain nucleation arises from the
polycrystallinity of HZO and random MD P configurations
[34], [35]. This leads to different samples nucleating at differ-
ent V,,,, represented by the V¢ variations [see Fig. 3(c)]. Due
to the sharp P switching associated with domain nucleation,
a subset of samples with lower V¢ (early nucleating samples)
reaches a higher P at a given V,,, [35]. As shown in Fig. 3(d),
this effect broadens the P distribution around Ve due to
the sharp P switching, and leads to large Qg variations
[see Fig. 3(a)] as V,p, returns from Vsgr ~ Ve to 0 V.

The impact of Trg on o(Qg,+) peaks is consistent with the
attribution of polycrystallinity and MD effect on Qg, varia-
tions. In a thinner FE layer, the —P domain patterns become
denser to compensate for increased depolarization energy [41].
This increased domain density limits the room for domain
nucleation and thus suppresses it. Therefore, DW motion
becomes a prevalent P switching mechanism in a thinner FE
layer, leading to reduced randomness and, consequently, lower
Ve [see Fig. 3(c)] and Qg, variations [see Fig. 2(c)].

C. Origin of the “W”-Shaped ¢(Qgr,) Dependence on
Vser

The observed nonmonotonic “W”-shaped dependence of
0(Qg+) on Vsgr, particularly evident in thinner HZO films
(specifically, Trg = 5 nm), arises from the interplay between
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Fig. 7.
exhibiting different charge trapping density (red: high/black: low) at
Vser = (a) 4.0, (b) 5.2, (c) 5.4, (d) 6.1, and (e) 7.1V, illustrating the
origin of the “W”-shaped o(Qg,) trend versus Vger.

Q-V hysteresis loops of two MFIM devices with Tge = 5 nm

P switching dynamics (specifically, MD switching) and the
electrostatic contributions of interface trapped charge. We can
explain the four distinct regions of this “W”-shape: 1) initial
decrease in variations at the low-Vggr, 2) subsequent increase
at the mid-Vsgr followed by a 3) decrease, and 4) final increase
at high-Vsgr—by considering two representative MFIM sam-
ples with different charge trapping density as shown in Fig. 7.
In this comparison, Sample 1 (red) exhibits a larger |Qs| than
Sample 2 (black), which indicates a higher interface trapped
charge density for Sample 1.

First, in the low-Vggr region, P switching is minimal and
primarily governed by DW motion. At Vggr = 4.0 V [see
Fig. 7(a)], Sample 1 exhibits a larger |Qg_| due to higher
trap density at the interface. This leads to larger |Qg.| due
to the dominance of the nonswitching characteristics, with P
switching being minimal at this voltage. The differences in the
trap charges between Sample 1 and Sample 2 (and in general,
all the samples) lead to some variations in Qg.. At the same
time, higher trapped charge density reduces the potential drop
across the DE layer, resulting in a stronger E-field across the
FE layer for Sample 1. Thus, when Vggr is increased to 5.2 V,
the enhanced field in Sample 1 acts as a stronger driving field
for DW motion, yielding larger P-switching at Vsgr = 52 V

than Sample 2 [see Fig. 7(b)]. This effect reduces the gap
in Qg+ between the two samples (and in general, across the
device population), resulting in the initial decrease in o (Qg ).

Second, as Vggr approaches the mid-Vggr region around
Ve, (here, Vsgr = 5.4 V), the dominant switching mechanism
transitions to domain nucleation. Nucleation is an inherently
random process, which significantly increases the variation in
P switching and leads to the broadening of the Q. distribution
as shown in Fig. 7(c).

Third, with a further increase in Vsgr (Vser = 6.1 V), the
majority of P domains have switched as V,,, surpasses the
Vc range. This restricts random nucleation to a small number
of remaining unswitched regions. As a result, the contribu-
tion of random nucleation diminishes, and the Qg, values
converge [see Fig. 7(d)], causing o(Qgy) to correspondingly
decrease.

Finally, in the high-Vsgr region (Vsgr = 7.1 V), the variation
increases once more. Because random P switching effects
are greatly reduced in this region, the variation is driven
again by the charge trapping effect. In particular, Sample 1
maintains a higher |Qg.| than Sample 2 because the higher
trapped charge density 1) increases the effective E-field across
the FE layer by reducing the potential drop across the DE
layer, and 2) screens the internal depolarization field more
effectively, which stabilizes a higher |Qg| for Sample 1.
Because of the stronger E-field and screening effect, Sam-
ple 1 shows a larger Q change than Sample 2 as Vggr
increases further into the high-Vggr region (Vsgr = 7.1 V) [see
Fig. 7(e)]. This divergence widens the Qg. gap between the
two samples, causing the final increase in o(Qg.) at the
high-VSET.

This “W”-shaped trend is most pronounced in scaled films
(specifically, Tpr = 5 nm). As Tgg is reduced, o(Qg.) in the
mid-Vsgr region reduces, whereas that in the low- and high-
Vser regions remains approximately unchanged. Consequently,
0(Qg+) in the mid-Vggr region becomes comparable in mag-
nitude with that in the low- and high-Vggr regions as Tpg
decreases, which makes the overall “W”-shaped o (Qgr+)-Vser
trend more pronounced.

D. Analysis of Factors Affecting Qg, Variations Using
3-D Phase-Field Model

To gain further insights into the mechanisms governing
the Qg variations, we utilize a calibrated 3-D phase-field
model [34], [35] to simulate the MFIM structure. Our 3-D
multigrain phase-field framework calculates the P profile in
an MFIM stack by solving time-dependent Ginzburg—Landau
(TDGL) and Poisson’s equations. The model includes the
polycrystalline nature of HZO by associating the 3-D grain-
growth model with 6 (details in [34] and [35]). It should be
noted that the trap effect is not considered explicitly; instead,
it is abstracted within calibrated parameters in the model.
Thus, this model-based analysis sheds light only on the MD
and polycrystallinity effects on the Q. variations. The black
solid line in Fig. 8(a) represents the calibrated Q-V curve
from the model for Trg = 10 nm, which closely matches the
average of measured Q-V curves over 50 MFIM capacitors
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(black symbols). The P profiles from the phase-field simulation
[see Fig. 8(b)] illustrate the voltage dependence of P switching
mechanisms in the FE layer.

As expected, domain nucleation is observed at the V,,
around the mid-Vggr range (5.2-6.8 V), which explains the
significant variations observed in this region. The model also
demonstrates a reduced chance of domain nucleation at smaller
Trg due to denser +P domains at Qg_ [see Fig. 8(c)] [41].
These results are consistent with experimental data indicating
the significant impact of domain nucleation on Qg, variations
in the mid-Vggr range and its dependence on Tgg. In low- and
high-Vsgr ranges, DE response and DW motion are prevalent
mechanisms. As the randomness and magnitude in P switching
reduce, the role of the MD effect in dictating Q. variations
becomes marginal.

Our model suggests that grain angle variation due to poly-
crystallinity plays a key role in Qg variations in the low
and high-Vggr regions (recall, traps are not included in our

model). At V,,, = 10 V, more —P domains are observed
in the grain with # = 20° (compared to 6 = 0°), leading
to lower Qg, [see Fig. 9(b)]. Since the DE response is
prevalent during the backward V,,,, sweep from 10 to 0 V [see
Fig. 9(a)], lower Qg directly leads to lower Qgs.
Likewise, in the low-Vggr range, polycrystallinity-induced
Qs_ variations lead to Qg variations. Furthermore, our model
predicts increased V¢ in the grain with 6 = 20° as discussed
before. Therefore, our model corroborates the discussions in
the previous sections that grains with larger 6 exhibit smaller
Qs and increased V.

Before concluding, we put the results into perspective
for memory applications. The trends reported in this article
have important implications for HZO-based memory read
operation, especially for multilevel memories that program
and sense intermediate P states. Even in a binary operation,
the nonmonotonic dependence of o (Qg.) on Vsgr is relevant
for memory optimization because a practical write scheme
may exploit intermediate states to reduce the required set
voltage and switching energy. In this context, the broad-
ened Qg distribution in the mid-Vsgr range can degrade
state distinguishability and thereby increase the error prob-
ability [50]. This variability is expected to be exacerbated
in nanoscale devices, where statistical averaging over many
grains is reduced, and the impact of structural nonuniformity
becomes more pronounced [26]. Furthermore, the observed
dependence of o (Qg+) on Trgg, specifically the suppression of
variations in the mid-Vggr region with Trg scaling, could have
important implications for Tpg optimization. As discussed in
[50], the reduction in o(Qg+) observed in thinner FE layers
translates to lower error probability, which can outweigh the
tradeoff of increased write-energy cost (due to an increase
in capacitance with Tpg scaling). By experimentally confirm-
ing the dependence of o(Qg.) on Tpg, this work provides
evidence that Tpp optimization is an effective knob for man-
aging variations and enabling robust operation of HZO-based
memories.

V. CONCLUSION

We experimentally investigated Qg variations in HZO-based
MFIM capacitors and their dependence on Vsgr and Trg.
We established the experimental evidence of the previous
simulation-based analysis showing the nonmonotonic behavior
of 0(Qgr+) with Vggr. By analyzing the correlation between
measured Qg, V¢, and Qg across different Vggr values, we
identified the dominant factors governing Qy variations. In the
low- and high-Vggr regions, Qg variations are mainly driven
by Qs, variations. Our analysis suggests they originate from
charge trapping at the FE-DE interface (as suggested by the
positive correlation between measured values of dQ/dV,,, and
QOs.) and polycrystalline effects due to grain angle variations
(dominant at large Trg) and o-/t-phase distribution (dominant
at small Trg). Conversely, near the mid-Vggr region, Qg,. varia-
tion is primarily dictated by V¢ variation resulting from MD P
switching combined with polycrystallinity. The random nature
and sharp P switching associated with domain nucleation
amplify the Qg variations, which lead to peaks in o (Qgy).
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This effect diminishes as Trg decreases due to suppressed
domain nucleation as well as reduced polycrystallinity. As a
result, Tpg scaling reduces the peak variations in Qg,.
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