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In this study, the authors investigated an anomalous gate current hump after dynamic negative bias stress (NBS) and negative-bias
temperature-instability (NBTI) in HfxZr1−xO2 and HfO2/metal gate p-channel metal-oxide-semiconductor field-effect transistors.
This result is attributed to hole trapping in high-k bulk. Measuring gate current under initial through body floating and source/drain
floating conditions indicates that holes flow from source/drain to gate. The fitting of the gate current-gate voltage characteristic curve
demonstrates that Frenkel-Poole mechanism dominates the conduction under initial. Next, fitting the gate current after dynamic NBS
and NBTI indicates Frenkel-Poole then tunneling mechanisms, finally returning to the Frenkel-Poole mechanism. These phenomena
can be attributed to hole trapping in high-k bulk and the formula Ehigh-k εhigh-k = Q + Esio2εsio2. To further understand the gate
current hump, both Zr-undoped and 8 ∼ 10% Zr-doped in high-k bulk devices were used for comparisons. These results indicate
that initial gate current is also a significant factor in generating the anomalous gate current hump, and all results obey the hump
generation condition of JTunneling � JFrenkel-Poole.
© 2013 The Electrochemical Society. [DOI: 10.1149/2.027309jss] All rights reserved.
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As metal-oxide semiconductor field-effect transistors (MOSFETs)
continue to shrink, the scaling of SiO2 gate dielectrics is reaching its
critical limit of only a few atomic layers thick. This scale causes an
increase in gate current, a rise in power dissipation, and degradation
in performance. After many years of research and development, one
valid way to solve these problems is by replacing conventional SiO2

gate dielectric with high-k dielectric, especially with HfO2 gate di-
electric. HfO2 gate dielectrics have been successfully implemented at
the 32 nm technology node and smaller. Furthermore, high-k gate di-
electric can be integrated with strained-silicon,1,2 silicon on insulator
(SOI)3,4,5, and multi-gate techniques to improve device characteris-
tics. High-k dielectric also can be combined with thin-flim transis-
tor device6–10 and memory device.11–13 HfO2 dielectrics have been
heavily studied in recent years to replace SiO2-based dielectrics.14,15

However, HfO2 suffers from charge trapping,16,17,18 mobility degrada-
tion, threshold voltage (Vt) instability, and positive bias temperature
instability (PBTI) issues. HfxZr1−xO2 dielectrics recently have been
shown in the development of advanced devices to be a superior gate
dielectric.19–23 In material characteristics, doping Zr in HfO2 causes
gate dielectrics to transform from a monoclinic to a tetragonal crys-
tal structure after annealing, leading to an increase in the value of
the dielectric constant. In addition, the grain sizes of HfxZr1−xO2

gate dielectrics are small and stable when compared with HfO2 gate
dielectrics. In electrical characteristics, the increasing value of the
dielectric constant leads to a decrease in Vt. Diminishing grain size
causes HfxZr1−xO2 dielectric to oxidize more completely during an-
nealing, resulting in a reduction in charge trapping, an increase in
mobility, and a decrease in PBTI.24,25 Thus, the devices used in this
study are HfO2 and HfxZr1−xO2 dielectric p-MOSFETs. This study
mainly focuses on hole trapping which induces an anomalous gate cur-
rent hump after dynamic NBS and NBTI in Zr-undoped and Zr-doped
devices. The causes of the hump are explained in this letter.

The HfO2, HfxZr1−xO2 (x = 3% ∼ 5%), and HfxZr1−xO2 (x = 8%
∼ 10%)/metal gate p-MOSFETs used in this study were fabricated
through the gate last process. First, high quality thermal oxide with
thickness of 10 Å was grown as an interfacial layer on a (100) Si
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substrate. Second, HfO2, ZrO2, and HfO2 dielectrics were deposited
in that order by atomic layer deposition (ALD). Then, after annealing,
2 nm thick HfxZr1−xO2 was formed. This annealing process may
result in crystallization into either monoclinic or tetragonal crystal
structures. For HfO2 dielectric devices, HfO2 dielectrics were only
deposited by ALD, and 2 nm thick HfO2 was formed in this step.
Finally, TixN1−x was deposited by physical vapor deposition (PVD).
This is because a metal gate can eliminate gate depletion and resist
remote phonon scattering.26,27 The dimensions of the devices in this
study were 0.5 μm width and 1 μm length in dynamic NBS and
0.3 μm width and 1 μm length in NBTI. The p-MOSFETs are stressed
in the dynamic condition with 50% duty cycle. A pulse train with high-
voltage of Vt−1.1 V or Vt−0.8 V, low-voltage of 0 V, and frequency of
10 kHz was applied on the gate terminal. Then the p-MOSFETs were
stressed in NBTI with Vt−1.8 V at 125◦C. To further understand gate
current, the Zr-undoped and 8% ∼ 10% Zr-doped devices in high-k
bulk were used for comparisons. Ig−Vg transfer curves were measured
with the source, drain, and body terminals all grounded (SDB) with
Vg given from 0 V to −1.3 V. Then through the body floating (BF)
and source/drain floating (SDF) processes, the current path and carrier
polarity were confirmed. Next, the Ig−Vg curve is fitted by Frenkel-
Poole current and tunneling current after 0 s and 1000 s stress. The
formula of Frenkel-Poole mechanism is shown below:

J = CEi exp

(−q(φB − √
q Ei/πεi )

kT

)
, [1]

where C is the pre-exponential factor, ϕB is Frenkel-Poole trap energy
level, Ei the electric field in the isolation, and εi is dielectric constant in
the isolation. Then, the formula of tunnel mechanism is shown below:

JαE2
i exp

(
−4(

√
2m∗

h(qφ0)1.5)

3qh̄Ei

)
, [2]

where m∗
h is hole effective mass for SiO2, and qφ0 is an effective

tunneling barrier height. All experimental curves were measured using
an Agilent B1500 semiconductor parameter analyzer and a Cascade
M150 probe station.

Figure 1a and 1b show the Id−Vg and Ig−Vg transfer characteristic
curves with −50 mV drain voltage under dynamic NBS during 1000 s
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Figure 1. (a) Id−Vg and (b) Ig−Vg transfer characteristic curves of 8% ∼ 10%
Zr-doped device as function of stress time under dynamic NBS. A pulse train
with high-voltage of Vt−1.1 V, low-voltage of 0 V and frequency of 10 kHz was
applied on the gate terminal as stress. The sweep was done at Vd = −0.05 V.
Inset (b) shows Vt-time curves under dynamic NBS.

for the devices with 8% ∼ 10% Zr-doping in high-k bulk, respectively.
A pulse train with high-voltage of Vt−1.1 V, low-voltage of 0 V and
frequency of 10 kHz was applied on the gate terminal to stress. Clearly,
the Vt shift in the negative direction and on-current is degraded after
the dynamic NBS, as shown in Fig. 1a. Furthermore, subthreshold
swing degradation is slight. Thus, Vt shift can be mainly attributed to
hole trapping in high-k bulk. The inset in Fig. 1b shows the �Vt-time
curves. Vt total shift is 390 mV in the negative direction under the dy-
namic NBS at 1000 s. In addition, the gate current generates an anoma-
lous hump under this dynamic NBS. This gate current hump appears
clearly in Fig. 1b after 10 s dynamic NBS, when Vt shifts 220 mV,
as verified in the inset of Fig. 1b. With hole trapping increasing,
the gate current hump becomes clearer. Therefore, the hump is only
generated when enough holes are trapped in high-k bulk.

To further understand the causes of the hump, it is necessary to
fit and distinguish gate current at initial. Figure 2 shows Ig−Vg char-
acteristics with body floating (BF), source/drain floating (SDF), and
source/drain/body all grounded (SDB). Obviously, the Ig−Vg charac-
teristic curve in BF is similar to that in SDB, and the Ig−Vg charac-
teristic curve in SDF is much smaller than those in both SDB and BF.
These results indicate that holes transfer from the source/drain to the
gate, rather than electrons transferring from gate to body. Moreover,
gate current fitted under initial from Vg = −0.86 V to Vg = −1.3 V, as
shown in the inset of Fig. 2, confirms that gate current is the Frenkel-
Poole mechanism. Hence, these results show that holes transfer from
source/drain to gate with the Frenkel-Poole mechanism.

After confirming the Frenkel-Poole mechanism under initial, the
Ig−Vg characteristic curve is fitted after 1000 s dynamic NBS in
Fig. 3a, with details of each section in Fig. 3b–3d. Clearly, section
A indicates the Frenkel-Poole mechanism, from Vg = −0.44 V to
Vg = −0.56 V, while section B is tunneling mechanism, from Vg

= −0.80 V to Vg = −0.92 V, and section C is again Frenkel-Poole
mechanism, from Vg = −1.16 V to Vg = −1.3 V. In addition, at
Vg < −0.9 V (Vt), Frenkel-Poole mechanism transfers to tunneling
mechanism with increasing Vg. On the contrary, tunneling mechanism

Figure 2. Ig−Vg characteristic curves in the SDF, BF, and SDB conditions.
Inset shows that gate current is fitted by Frenkel-Poole model under initial.

Figure 3. (a) Ig−Vg transfer characteristic curves under initial and after dy-
namic NBS. Gate currents after dynamic NBS are fitted by (b) Frenkel-Poole
model in section A, (c) tunneling model in section B, and (d) Frenkel-Poole
model in section C.

transfers to Frenkel-Poole mechanism when Vg > −0.9 V (Vt). Then,
Frenkel-Poole current path and tunneling current path are a series;
whichever current is smaller dominates the current path. Therefore,
Frenkel-Poole mechanism dominates current path because JFrenkel-Poole

� JTunneling while tunneling mechanism dominates current path when
JFrenkel-Poole � JTunneling. Therefore, the conditions under which a hump
is generated is JFrenkel-Poole � JTunneling. The current mechanism can-
not be confirmed in the areas between sections A and B, from Vg

= −0.56 V to Vg = −0.8 V as well as between sections B and C,
from Vg = −0.92 V to Vg = −1.16 V because JFrenkel-Poole ≈ JTunneling.

Figure 4a and 4b shows that energy diagrams for Vg = 0 V with
and without hole trapping in the high k bulk, respectively. Note that
Ehigh-k becomes large and ESiO2 becomes smaller with hole trapping.
An increase in Ehigh-k produces a larger Frenkel-Poole current, and

Figure 4. The energy band diagram of HfxZr1−xO2/metal gate MOSFETs in
the Vg = 0 V condition (a) without and (b) with hole trapping. (c) The energy
band diagram of HfxZr1−xO2/metal gate MOSFETs for Vg < Vt with hole
trapping. (d) The energy band diagram of HfxZr1−xO2/metal gate MOSFETs
for Vg > Vt with hole trapping.
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Figure 5. The electric characteristic parameters of (a) Vt (b) GMmax, and (c)
Id for Zr-undoped, 3% ∼ 5% Zr-doped, and 8% ∼ 10% Zr-doped devices.

a reduction in ESiO2 produces a larger �Etrap, causing tunneling cur-
rent to decrease. �Etrap indicates the energy from the valence band
at the surface to trap level. Therefore, with increasing hole trapping,
JFrenkel-Poole is larger than JTunneling. Since the hump generation condi-
tion is JFrenkel-Poole � JTunneling, hole trapping leads to a more significant
hump. In Fig. 1a and 1b, it can be observed that the more holes that
are captured in high-k bulk, the clearer gate current hump we can see.
Figure 4c shows energy diagrams in the Vg < Vt situation with hole
trapping. The electric field must follow the formula Ehigh- k εhigh-k = Q
+ Esio2εsio2 = (Q/Esio2 + εsio2) Esio2 = ε′ Esio2, where Q indicates
the quantity of hole trapping (Q > 0), Esio2 indicates the electric
field in the SiO2, and Ehigh-k is the electric field in the high-k. The
voltage across gate oxide is small when Vg < Vt. Hence, Q/Esio2

cannot be ignored (Q � Esio2), resulting in εhigh-k < ε′ and Ehigh-k

> Esio2. When Vg is swept from 0 V to Vt on the device with a large
amount of hole trapping in high-k bulk, most of the gate voltage occurs
across the HfxZr1−xO2 layer. This is the reason why JFrenkel-Poole after
dynamic NBS appears earlier than JFrenkel-Poole under initial. Neverthe-
less, relatively smaller voltage occurs across the SiO2 layer, leading
to a slight rise in JTunneling due to a small variation in �Etrap. With
an increase in Vg, JFrenkel-Poole increases significantly while JTunneling

changes only slightly. This causes JFrenkel-Poole to change to JTunneling.
At the beginning stages, JFrenkel-Poole appears in section A (Fig. 3a)
owing to the supply of holes exceeding the demand (JTunneling

� JFrenkel-Poole). Next, JTunneling appears in section B (Fig. 3a), be-
cause the supply of holes is unable to meet the demand (JTunneling

� JFrenkel-Poole). Figure 4d shows energy diagrams in the Vg > Vt con-
dition with hole trapping. The electric field should also obey formula
Ehigh-k εhigh-k = Q + Esio2εsio2 = (Q/Esio2 + εsio2) Esio2. On the contrary,
Vg occurring across SiO2 and HfxZr1−xO2 in the Vg > Vt condition
is large, causing Q/Esio2 to be ignored (Q � Esio2). This result leads
to εhigh-k > εsio2 and Ehigh-k < Esio2. Therefore, with increasing Vg,
�Etrap decreases, and JTunneling increases sharply due to the exponen-
tial dependence on �Etrap. This is the reason why JTunneling changes to
JFrenkel-Poole. Finally, JFrenkel-Poole appears in section C (Fig. 3a), since
the supply of holes exceeds the demand (JTunneling � JFrenkel-Poole).

To further understand the generation of gate current hump, the
Zr-undoped and 8% ∼ 10% Zr-doped devices in high-k bulk are com-
pared after dynamic NBS. Before this comparison, it is necessary to
confirm the dielectrics of devices containing Zr. Thus, the electric
characteristic parameter of Zr-undoped, 3% ∼ 5% Zr-doped, and 8%
∼ 10% Zr-doped devices are compared. Figure 5a, 5b, and 5c clearly
show an increase of Zr concentration in high-k bulk, a decrease in
Vt, an increase in GMmax, and an increase in Id at higher levels of
Zr doping. First, Vt decreases since the value of dielectric constant
(εr) increases in the Zr-doped device. Second, GMmax increases since

Figure 6. Id−Vg transfer characteristic curves for (a) Zr-undoped and (b) 8%
∼ 10% Zr-doped devices as function of stress time under dynamic NBS with
Vd = −0.05 V. A pulse train with high-voltage of Vt−0.8 V, low-voltage of
0 V and frequency of 10 kHz was applied on the gate terminal to stress. Ig−Vg
transfer characteristic curves of (c) Zr-undoped and (d) 8% ∼ 10% Zr-doped
devices as function of stress time under this dynamic NBS with Vd = −0.05 V.
Insets (c) and (d) show Vt-time curves under dynamic NBS for Zr-undoped
and Zr-doped devices, respectively.

the grain size of Zr-doped devices diminishes, leading to more com-
plete oxidization in Zr-doped devices after annealing. Hence, charge
trapping decreases and mobility increases. Third, Id increases due to
Vt decreasing and GMmax increasing. All these electric measurement
results show a good fit with previous research.19,20 Therefore, we can
infer that the dielectrics of devices actually contain Zr.

After comparison of these electric characteristic parameters, Zr-
undoped and 8% ∼ 10% Zr-doped devices were stressed in dynamic
NBS. Fig. 6a and 6b shows the Id−Vg transfer characteristic curves
with −50 mV drain voltage under the dynamic NBS during 1000 s
for Zr-undoped and 8% ∼ 10% Zr-doped devices in high-k bulk,
respectively. A pulse train with high-voltage of Vt−0.8 V, low-voltage
of 0 V and frequency of 10 kHz was applied on the gate terminal as
stress. Obviously, both Vt curves shift in the negative direction and
on-current is degraded after the dynamic NBS. Furthermore, both
subthreshold swing degradations are slight. Thus, Vt shift can be
attributed mainly to hole trapping in high-k bulk. Next, to further
understand gate current hump generation, Fig. 6c and 6d are compared
with Fig. 1b. Figure 6c and 6d show the Ig−Vg transfer characteristic
curves with −50 mV drain voltage after dynamic NBS in Zr-undoped
and 8% ∼ 10% Zr-doped devices in high-k bulk, respectively. A pulse
train with high-voltage of Vt−0.8 V, low-voltage of 0 V is given to
stress and a frequency of 10 kHz was applied on the gate terminal.
Obviously, the gate current hump appears in the Zr-undoped device,
but does not in the Zr-doped device. The inset of Fig. 6c and 6d shows
the �Vt-time curves. Vt shifts 140 mV in the negative direction in
the Zr-undoped device, while shifting 81 mV in the negative direction
in the Zr-doped device. This evidence indicates that hole trapping in
the Zr-undoped device is more significant than in the Zr-doped device
after dynamic NBS. This is because diminishing grain size makes
the HfxZr1−xO2 dielectric oxidize more completely during annealing
than does the HfO2 dielectric, causing a reduction in hole trapping
after dynamic NBS. According to the previous ratiocination, the gate
current hump appears when JTunneling � JFrenkel-Poole. Hole trapping can
enhance this condition, making the hump more prominent. Therefore,
one reason for the gate hump is that enough hole trapping has occurred
in the high k layer, while the other reason is the initial gate current. In
order to confirm these two reasons, Fig. 1b and Fig. 6d with the same
dielectric device, but different stress conditions, should be compared.
Thus, the initial gate current is about the same, at about 64 pA. The
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Figure 7. Id−Vg transfer characteristic curves of (a) Zr-undoped and (b)
8% ∼ 10% Zr-doped devices before and after NBTI at 125◦C measured at
30◦C with Vd = −0.05 V. Vt−1.8 V was applied on the gate terminal to
stress. Ig−Vg transfer characteristic curves of (c) Zr-undoped and (d) 8%
∼ 10% Zr-doped devices before and after this NBTI measured at 30◦C with
Vd = −0.05 V.

gate current of the device with a lower stress voltage displays no hump,
while that with a higher stress voltage exhibits one. These results also
show that enough hole trapping can generate a gate current hump.
Next, a comparison of Fig. 1b and Fig. 6c with different dielectric
devices and stress conditions indicates that both devices have the gate
current hump. The inset of Fig. 6c shows that gate current begins to
display a hump when �Vt = 24 mV; in contrast, the inset of Fig. 1b
shows that gate current begins to display a hump when �Vt = 220 mV.
Obviously, the gate current of the Zr-undoped device more easily
displays a hump. This result can be attributed to initial gate current.
The initial gate current of the Zr-undoped device (378 pA) is larger
than that of the Zr-doped device (64 pA), as shown in Figs. 1b and
6c. In addition, because the hump generation condition is JTunneling

� JFrenkel-Poole, the initial gate current is Frenkel-Poole current, as
shown in Fig. 2. Therefore, whichever Frenkel-Poole current is larger
between the undoped or Zr-doped devices generates the gate current
hump more easily. Therefore, the gate current hump requires not only
sufficient hole trapping in high k bulk, but also requires a sufficiently
large initial gate current. These results obey the hump generation
condition JTunneling � JFrenkel-Poole.

Figures 7a and 7b shows the Id−Vg transfer characteristic curves
measured at 30◦C with −50 mV drain voltage before and after NBTI at
125◦C for the Zr-undoped and Zr-doped devices, respectively. Clearly,
on-current are both degraded and Vt shifts in the negative direction at
1000 s NBTI. Furthermore, subthreshold swing degradation is slight.
Thus, Vt shift also can be attributed mainly to hole trapping in the
high-k bulk. Figure 7c and 7d shows Ig−Vg transfer characteristic
curves at the same conditions for the same devices, respectively. Ob-
viously, after NBTI, the gate current hump is significant in Zr-undoped
devices while not appearing in the 8% ∼10% Zr-doped devices. This
is because hole trapping in the high-k layer after NBTI is more and
the initial gate current is larger in the Zr-undoped device as previously
concluded. Figure 8a–8d shows section details of the fitting gate cur-
rent before and after NBTI described completely in Fig. 7c. Clearly,
section A indicates the Frenkel-Poole mechanism, from Vg = −0.98 V
to Vg = −1.3 V; section B is also the Frenkel-Poole mechanism, from
Vg = −0.52 V to Vg = −0.62 V; section C is tunneling mechanism,
from Vg = −0.68 V to Vg = −0.78 V; and section D is again Frenkel-
Poole mechanism, from Vg = −1.2 V to Vg = −1.3 V. The results
show that gate current at initial is Frenkel-Poole mechanism while
after NBTI alternates as Frenkel-Poole, tunneling, and Frenkel-Poole
mechanisms. These phenomena of gate current hump after NBTI are

Figure 8. Gate currents after NBTI are fitted in Zr-undoped devices by (a)
Frenkel-Poole model in section A under initial, (b) Frenkel-Poole model in
section B, (c) tunneling model in section C, and (d) Frenkel-Poole model in
section D.

similar with that after dynamic NBS. Thus, this gate current hump is
also generated by hole trapping in high-k bulk.

In this paper, the Vt shifts in the negative direction and a hump
is generated in the Ig−Vg transfer characteristic curves after dynamic
NBS and NBTI, results of hole trapping in high-k bulk. Fitting and
distinguishing gate current under initial shows holes transfer through
the Frenkel-Poole mechanism from the source and drain. Gate current
fitting after dynamic NBS and NBTI indicates that JFrenkel-Poole changes
to JTunneling when Vg < Vt owing to the influence of Ehigh-k > Esio2, while
JTunneling changes to JFrenkel-Poole when Vg > Vt due to the influence of
Ehigh-k < Esio2. These phenomena can be attributed to the fact that the
electric field must follow the formula Ehigh-k εhigh-k = Q + Esio2εsio2.
Subsequently, from Zr-undoped and Zr-doped devices after dynamic
NBS, we conclude that the gate current hump requires both sufficient
hole trapping and larger initial gate current. These results obey the
hump generation condition JTunneling � JFrenkel-Poole.

Part of this work was performed at United Microelectronics Cor-
poration. The work was supported by the National Science Council
under Contract No. NSC 101-2120-M-110-002.
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