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The Effect of Nanoscale Nonuniformity of
Oxygen Vacancy on Electrical and Reliability

Characteristics of HfO2 MOSFET Devices
Hokyung Park, Minseok Jo, Hyejung Choi, Musarrat Hasan, Rino Choi, Paul D. Kirsch, Chang Young Kang,

Byoung Hun Lee, Tae-Wook Kim, Takhee Lee, and Hyunsang Hwang

Abstract—To understand the influence of oxygen vacancies in
HfO2 on the electrical and reliability characteristics, we have
investigated area-dependent leakage-current characteristics of
HfO2 with large-area device and conducting atomic force mi-
croscopy (C-AFM). Unlike with the large-area analysis with typ-
ical capacitor and transistor, a clear evidence of oxygen vacancy
was observed in nanoscale-area measurement using the C-AFM.
Similar observations were made in various postdeposition an-
nealing ambients to investigate the generation and reduction of
oxygen vacancy in HfO2. With optimized postdeposition annealing
for oxygen vacancy, significantly reduced charge trapping was
observed in HfO2 nMOSFET.

Index Terms—Charge trapping, conducting atomic force mi-
croscopy (C-AFM), hafnium oxide, oxygen vacancy.

I. INTRODUCTION

H IGH-κ GATE dielectrics have been investigated to re-
place silicon dioxide (SiO2) as the gate dielectric for fu-

ture CMOS technologies [1]–[3]. Among the high-κ dielectrics,
the Hf-based dielectrics are intensively studied due to their
compatibility with the conventional CMOS process [3]–[5].
However, to implement Hf-based dielectric into conventional
CMOS process, threshold voltage (Vth) instability and relia-
bility degradation issues caused by charge trapping should be
solved [6]–[8]. When physical thickness of high-κ dielectric
is decreased, a significant improvement of device performance
was observed, owing to the reduction of charge-trap site [9].
But, without clear understanding on charge-trapping mecha-
nism, a high-performance transistor with good reliability may
not be achieved.

Recently, either by physical analysis or atomic simulation,
oxygen vacancy was proposed to explain the origin of charge
trapping in high-κ dielectric [10]–[12]. Due to the analysis
difficulty of nanoscale behavior with capacitor and transistor,
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oxygen-vacancy generation and passivation during the fabrica-
tion process have not been clearly understood. For that reason,
C-AFM was used to understand the nanoscale behavior of HfO2

[13], [14]. However, a systematic nanoscale analysis of HfO2

depending on postdeposition annealing (PDA) has not been
carried out. In this letter, we will investigate the electrical char-
acteristics of HfO2 in nanosize area with C-AFM measurement
and correlate this result with oxygen vacancy.

II. EXPERIMENTS

After standard cleaning of 200-mm n-type silicon wafer,
SiOx interfacial layer was formed with an ozone oxidizing
method. A 3-nm-thick HfO2 was deposited by atomic-layer-
deposition method. Then, PDA was performed at 700 ◦C for
1 min in various ambients (NH3, N2, and O2). To observe the
electrical characteristics depending on PDA, Pt/HfO2 capacitor
and TiN/HfO2 MOSFET were fabricated by using the con-
ventional CMOS process. To fabricate HfO2 MOSFET with
minimal interfacial layer regrowth and boron diffusion into a
dielectric, one set of MOSET samples was performed with
PDA in NH3 ambient. To understand the charge-trapping effect
depending on the PDA, another set of MOSFET samples was
performed with an additional O2 PDA after the NH3 PDA.
Finally, forming gas annealing (H2/N2 = 3%/97%) was per-
formed at 400 ◦C for 30 min in atmospheric ambient.

For nanoscale-area analysis of HfO2, a C-AFM measurement
in atmospheric ambient was employed. A Pt-coated Si can-
tilever was used as a nanosize tip. The size of the C-AFM tip is
around 300 nm2. To measure the wide range of leakage current,
a source and measure unit in Agilent 4155 was connected to
the AFM system. To avoid the damage of the tip from ionic
contamination during measurement, electrons were injected
from the substrate [15].

III. RESULTS AND DISCUSSION

Gate leakage-current density (Jg) (at Vg − Vfb = 1 V) and
capacitance–voltage characteristics of 3-nm HfO2 depending
on PDA are shown in Fig. 1. Due to the uniform depositions
of HfO2 film, all measured spots showed uniform distribution
of Jg . The reduction of Jg and the increase of equivalent oxide
thickness (EOT) was observed in N2 and O2 PDA samples
(around 0.2 nm) and can be explained by interfacial-layer
regrowth during the PDA process.
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Fig. 1. Gate leakage-current density and capacitance–voltage characteristics
of 3-nm HfO2 depending on PDA. Gate leakage current of each sample was
extracted at Vg − Vfb = 1 V, and measured area is 2.5 × 10−5 cm2.

Fig. 2. Charge-trapping characteristics depending on N2 and O2 PDA. To
maximize the charge trapping in HfO2 layer, 10 MV/cm of electrical field
(Vg − Vfb/EOT) stress was applied to the gate. At this field, electrons are
injected through the triangular region of HfO2 conduction band. To generalize
the results, 12 different spots were measured for the same PDA condition.

To investigate the charge-trapping behavior depending on
PDA, 10 MV/cm of constant field stress was applied to N2 and
O2 PDA samples (Fig. 2). At this field, electrons are injected
through the triangular region of HfO2 conduction band, and
charge trapping in HfO2 layer can be maximized. The oxygen
PDA sample showed a minimal charge trapping, whereas the
sample with N2 PDA showed a significant charge trapping and
a soft breakdown during stress. Considering a similar accumu-
lation capacitance after PDA, the increased charge trapping and
soft breakdown in N2 PDA might be explained by the increased
charge-trap site in HfO2.

To clearly understand the dielectric property of HfO2 de-
pending on PDA, electrical characteristics in nanoscale regime
were evaluated with C-AFM. Before nanoscale analysis of
HfO2, 3-nm-thick SiO2 was measured as a control (data
not shown here). C-AFM measurement with SiO2 showed a
uniform current flow and breakdown field regardless of the
measured spot and area, suggesting that the distribution of
traps in SiO2 is quite uniform. This uniform gate leakage
current in SiO2 also suggests that measurement error induced

Fig. 3. I–V characteristics of 3-nm HfO2 in nanoscale area depending on
PDA. PDA was performed at 700 ◦C for 1 min in (a) NH3, (b) N2, and (c) O2

ambients. Inset represents the generation and passivation of oxygen vacancy
depending on PDA.

by surface contamination is negligible. On the other hand, the
current–voltage (I–V ) characteristics of HfO2 in nanoscale-
area were somewhat different from that of SiO2. Fig. 3 shows
the I–V characteristics of HfO2 depending on PDA. A wide
distribution of gate leakage current (Ig) was observed in HfO2

with N2 PDA. Compared with N2 PDA, NH3 PDA showed
the reduction of Ig variation in low-voltage region (4–6 V).
Considering the band bending of dielectric and the I–V char-
acteristics together, nitrogen incorporation is effective for the
trap passivation in HfO2 layer and reduces Ig variation. The
weak improvement of Ig in high-voltage region (> 6 V) can
be understood by the reliability characteristics of thin SiOx

interfacial layer [13]. However, even if nitrogen incorporation
into HfO2 helps the reduction of Ig, HfO2 still showed the large
variation of Ig . This result indicates that the origin of nanoscale
nonuniformity of Ig in HfO2 cannot be fully cured with nitro-
gen. Compared with NH3 and N2 PDA, the sample with O2

PDA showed a significant reduction of Ig variation. Consider-
ing a similar EOT with N2 PDA, the significant reduction of Ig
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Fig. 4. Single pulsed Id–Vg characteristics of 3-nm HfO2 nMOSFET. Com-
pared with NH3 PDA, O2 PDA followed by NH3 PDA showed a significant
reduction of charge trapping during measurement.

variation after O2 PDA could not be explained with interfacial-
layer regrowth. The reduction of Ig variation after O2 PDA
can be explained by the successful passivation of oxygen-
vacancy-related traps in HfO2 [10]. Based on these findings,
the nanoscale nonuniformity of Ig in HfO2 should be explained
by oxygen vacancy and can be cured with oxygen treatment.

The Ig variation in the nanoscale area can be understood with
the inset of Fig. 3. During NH3 and O2 PDA, nitrogen and oxy-
gen incorporated into HfO2 dielectric and passivated trap sites.
However, during N2 PDA, only oxygen migration occurred due
to the inert property of N2 gas. Thus, a wide variation of Ig was
observed in N2 PDA because of the increased oxygen-vacancy
site in the HfO2 layer.

The effects of oxygen-vacancy passivation on charge trap-
ping and reliability were evaluated by single pulsed Id–Vg mea-
surement (Fig. 4). Compared with NH3 PDA, O2 PDA followed
by NH3 PDA showed a significant reduction of hysteresis. The
significant reduction of hysteresis also suggests the effective
passivation of oxygen vacancy in HfO2 layer.

IV. SUMMARY

The charge-trapping characteristics of the HfO2 and the ef-
fect of oxygen-vacancy site are clearly correlated with large and
nanoscale-area analyses. C-AFM study of HfO2 in nanoscale-
area showed that the nanoscale nonuniformity of gate leakage
current is strongly dependent on the PDA conditions. The sig-
nificant reduction of gate leakage-current nonuniformity after
oxygen annealing indicates that the oxygen vacancy can be a
major source of gate leakage current and origin of charge-trap
sites in HfO2. To a achieve high-performance HfO2 transistor
with good reliability, a careful optimization of dielectric prop-
erties to minimize oxygen vacancies is necessary.
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