Appl. Phys. A (2016) 122:1027
DOI 10.1007/s00339-016-0569-7

Structural, electrical, band alignment and charge trapping
analysis of nitrogen-annealed Pt/HfO2/p-Si (100) MIS devices
Arvind Kumar1 • Sandip Mondal1 • K. S. R. Koteswara Rao1

Received: 23 June 2016 / Accepted: 11 November 2016 / Published online: 17 November 2016
 Springer-Verlag Berlin Heidelberg 2016

Abstract Low leakage current density and high relative
permittivity (dielectric constant) are the key factor in
order to replace the SiO2 from Si-based technology
toward its further downscaling. HfO2 thin films received
significant attention due to its excellent optoelectronic
properties. In this work, ultra-thin (17 nm) HfO2 films
on Si substrate are fabricated by RF sputtering. As
deposited films are amorphous in nature and in order to
get the reasonable high dielectric constant, the films are
annealed (700 C, 30 min) in nitrogen environment. A
high refractive index (2.08) and small grain size (*10)
nm were extracted from ellipsometry and XRD,
respectively. The AFM study revealed a small RMS
surface roughness 9 Å. For electrical characterization,
films are integrated in metal–insulator–semiconductor
capacitors structure. The oxide capacitance (Cox), flat
band capacitance (CFB), flat band voltage (VFB), and
oxide-trapped charges (Qot) calculated from high-frequency (1 MHz) C–V curve are 490, 241 pF, 1.21 V
and 1.8 9 1012 cm-2, respectively. The dielectric constant calculated from accumulation capacitance is 17.
The films show a low leakage current density
6.8 9 10-9 A/cm2 at ?1 V, and this is due to the
reduction in oxygen vacancies concentration as we
performed annealing in N2 environment. The band gap
of the films is estimated from O 1s loss spectra and
found 5.7 eV. The electron affinity (v) and HfO2/Si
barrier height (conduction band offset) extracted from
UPS spectra are 1.88 and 2.17 eV, respectively. A trap
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state with 0.99 eV activation energy below the conduction band edge is found and assigned to the fourfold
coordinated oxygen vacancy in m-HfO2.

1 Introduction
The downscaling of electronic devices has headed the
SiO2 layer used as a gate dielectric becoming so thin
that the gate leakage current becomes too large [1].
This led to the replacement of SiO2 by a physically
thicker layer of a higher dielectric constant or ‘high-j’
oxide such as TiO2, ZrO2 and HfO2 or may be their
combinations [2, 3]. Among all these high-k, HfO2 is a
promising functional material and has received significant attention due to its fascinating physicochemicaloptoelectronic properties. HfO2 has high dielectric
constant (*30), large band gap (5–6 eV) and excellent
thermodynamic stability [4]. In addition to that, it has a
large conduction and valence band offset to silicon,
which is essential to maintain the requirement of low
leakage current density. There are an increasing interest
of using HfO2 as the gate dielectric in thin-film transistors (TFTs) with metal oxides such as zinc oxide
(ZnO) and indium gallium zinc oxide (IGZO), channel
layers [5, 6]. The fabrication of HfO2 films by electron
beam evaporation, ion-assisted electron beam evaporation, sputtering, chemical vapor deposition and atomic
layer epitaxy is broadly explored [7–10]. Recently HfO2
dielectric layer also shows the potential of its use in
TFT and sensor application with higher mobility channel layer using two-dimensional materials (graphene
and MoS2) [8, 11–14]. Organic semiconductor (P3HT,
pentacene)-based TFT with HfO2 dielectrics layer has
been reported previously [15–17]. Zhang et al. [18]

123

1027 Page 2 of 8

reported the ALD HfO2 deposition process on the Ge
substrate. Insulating films fabricated at room temperature exhibit inferior properties and higher leakage current because of the several traps existent of within the
film and interface of Si/HfO2. Hence, high-temperature
annealing (600–800 C, 1 h) is traditionally required to
improve the electrical properties of such thin films [19].
Higher-temperature annealing for sufficiently long time
may grow the thicker interfacial layer. This will lower
the effective dielectric constant of gate stack. On the
other hand, annealing in nitrogen atmosphere may
reduce the density of traps present in MIS stack and
help to reduce the interlayer thickness. The effect of
nitrogen (N2) ambient annealing on structural characteristic of HfO2 film has been investigated previously
[20]. The results of these studies show that the crystallization temperature of HfO2 gate dielectric is
improved by the nitrogen ambient during post-deposition annealing (PDA) process.
In the present work, we investigate the 30-min N2
annealed ultra-thin (17 nm) films deposited by RF sputtering technique. The structural, electrical and dielectric
properties of thus prepared HfO2 thin films have been
investigated on the MIS device structure.
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2.2 Characterizations
The X-ray diffraction (XRD) patterns have been recorded
with Rigaku X-ray diffractometer over a 2h range of 20–
70 in grazing incidence X-ray diffraction (GIXRD) mode.
The operating voltage and current was 40 kV and 30 mA,
respectively. Ellipsometry data were measured with variable angle spectrometer (M-2000, J.A. Woollam Co., Inc.,
USA). Atomic force microscopy (AFM) was used for
roughness analysis. X-ray photoelectron spectroscopy
measurements were recorded with an AXIS ULTRA from
AXIS 165 using monochromatized Al Ka as the excitation
source. The binding energies are calibrated to surface
adventitious carbon (284.4 eV). The band gap of HfO2 is
estimated from the O 1s energy loss spectrum. The ultraviolet photoemission spectroscopy (UPS) was used for the
determination of electron affinity of HfO2. Agilent 4294A
Precision Impedance Analyzer unit was used to record
capacitance–voltage (C–V) and current–voltage (J–
V) characteristics. The electrical measurements were
repeated after few months to check the reproducibility of
the MIS devices.

3 Results and discussion
2 Experimental
2.1 Fabrication of MIS devices
Nano-crystalline HfO2 thin films were fabricated on the ptype Si (100) substrates held at room temperature by
sputtering of HfO2 target (99.99 % pure) in an optimized
oxygen partial pressure of 0.03 Pa and sputtering power
of 60 W. The target to substrate distance was fixed at
7.5 cm. The sputtering chamber was evacuated to an
ultimate vacuum of 5 9 10-6 Torr before admitting the
reactive gas into the system. Prior to the deposition, the
target was sputter cleaned in pure argon atmosphere to
remove contaminations from the target surface. Thickness
of the films are monitored by quartz crystal oscillator and
later verified with ellipsometry technique. Prior to the
deposition, Si wafer was cleaned with piranha solution
(H2SO4:H2O2 3:1) followed by dipping with 1 % HF for
10 s to remove any native oxide layer present and then
dried using N2 gas. The films were annealed in a preheated furnace in N2 atmosphere (700 C, 30 min). The
electrical measurements were carried out using 150-nmthick Pt top electrodes obtained by sputtering. A metal
mask was used to pattern the gate area. We have fabricated a lot (70–80 devices) of MIS devices to check the
quality and reproducibility.
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Figure 1 depicts the grazing incidence X-ray diffraction
(GIXRD) pattern of 700 C-annealed HfO2 films. GIXRD
mode is preferred due to small thickness of the films. An
intense peak at 2h = 28.47 is observed, which revealed the
crystallized monoclinic phase of HfO2. The average grain
size calculated using dominating (-111) plane and Debye–

Fig. 1 GIXRD patterns of 700 C-nitrogen-environment-annealed
HfO2 films. The film shows a monocline phase of HfO2
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Scherrer formula was found to be 10 nm. The other peaks
are marked in the plot according to JCPDS card [21].
Surface roughness is an important factor towards the use
of thin films in electronics device. A rough surface can trap
the carrier and degrades the device performance. Hence, a
fairly small surface roughness is desirable for device
application. The AFM image of HfO2 thin films on p-Si
(100) substrate is depicted in Fig. 2. A smooth, homogenous, uniform and crack-free surface with small roughness
was observed. The root mean square (RMS) roughness
value of the films deposited in this study was found 9 Å
which is a quite low value and in expectable range for the
CMOS applications [1].
The XPS measurements were performed to explore the
chemical composition, valence state of Hf and oxygen
vacancy, related defect sites in HfO2. Figure 3a shows the
Hf 4f XPS core level spectra; this can be de-convoluted
into three distinct peaks. The binding energies of Hf 4f7/2
and Hf 4f5/2 are 16.43 and 18.11 eV, respectively. A small
peak at 15 eV is also observed, and this can be assigned to
the Hf–Si bond. This concludes the presence of silicate
layer at the interface. The separation in Hf 4f peaks indicates the presence of Hf in Hf4? state [22]. Figure 3b
shows the O 1s XPS core level spectra; this can be deconvoluted into two distinct peaks. The strong XPS signal
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at 530.2 eV is ascribed to Hf–O bonding of HfO2. The
other peak located at 531.6 eV corresponds to Hf–Si–O
bond and verifies the formation of silicate layer as suggested by Hf 4f spectra [23, 24]. The composition of HfO2
was extracted from the area of the XPS Hf 4f and O
1s peaks using CASA XPS software, and it was 1.94.
Figure 4 shows the experimental UPS spectra of HfO2
films. From the previously published work, we know that
the energy difference in elastic peak (e.g., oxygen peak—
EO 1s) and onset of inelastic losses (Eloss) corresponds to
energy gap (Eg), i.e., Eg = Eloss - EO 1s [25]. As we can
see in Fig. 4, the loss spectra and background zero level
intersect at 535.9 eV, i.e., Eloss = 535.9 eV; as we know
from Fig. 4b, the O 1s is at 530.2 eV, i.e.,
EO 1s = 530.2 eV. Hence, the band gap of HfO2 films was
found 5.7 eV, as shown in the inset of Fig. 4. This is in
good agreement with the HfO2 thin films reported by other
techniques and theoretically [6, 27]. The barrier height
HfO2/Si stack is extracted by UPS and XPS (first, electron
affinity of HfO2 is calculated, and this is subtracted from
the electron affinity of Si) spectra. We followed the method
adopted by Liu et al. [28] and found the electron affinity (v)
1.88 eV, which is similar to the described in Ref. [29].
From electron affinity, HfO2/Si barrier height (conduction
band offset) is estimated and found to be 2.17 eV. The

Fig. 2 AFM image of 700 Cannealed HfO2 films. The RMS
roughness is estimated to be 9 Å
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Fig. 4 UPS spectra of HfO2 thin films. The band gap estimation from
the O 1s plasmon loss spectra is shown in the inset

Fig. 3 a Hf 4f XPS core level spectra of HfO2 thin films. The
difference of 1.68 in the binding energies of Hf 4f7/2 and Hf 4f5/2
suggests Hf in Hf4? state. b The O 1s spectra of HfO2 films

simplified band alignment of Pt/HfO2/p-Si MIS device is
shown in Fig. 5; the Pt work function on the HfO2 films
was taken from Ref. [30].
Figure 6 shows the experimental and fitted W–D–k plot
of HfO2 thin film deposited on Si. Fitting the optical constants of thin films with a Cauchy dispersion model by
spectroscopic ellipsometry (SE) parameters allows the
estimation of thicknesses of the films. The thickness and
refractive index were estimated 17 nm and 2.08 at the
wavelength of 550 nm, respectively. The refractive index
as a function of wavelength is shown in the inset of Fig. 6.
The density (q) is estimated from the formula; q ¼
11:36 n  14:43 where ‘n’ is the refractive index at
550 nm wavelength [31]. The ‘n’ and ‘q’ values are 2.08
and 8.51 g/cm3, respectively. The density of the films is
close to the bulk value (9.68 g/cm3). The high value of
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Fig. 5 Simplified band alignment of Pt/HfO2/p-Si MIS device
derived from UPS and XPS spectra. Pt work function on HfO2 thin
films is taken from the Y. C. Yeo article. The trap level at 0.99 eV
below the conduction band edge is estimated from the trap-assisted
tunneling model

refractive index (or density) proposing a well-packed and
pore-free nature of the films.
Figure 7 shows a C–V characteristics of Pt/HfO2/p-Si
MIS capacitor at different frequencies from 1 kHz to
1 MHz. The well-behaved C–V shows proper accumulation, depletion and inversion regions. The schematic diagram of the MIS structure is depicted in the left-side inset
of Fig. 5. The dielectric constants (j) is calculated from the
C–V plot using the relation 1:
j¼

Cox tox
e0 A

ð1Þ

where Cox is the accumulation capacitance, tox is the oxide
film thickness and e0 is the permittivity of free space, and
A is the area of the device.
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Fig. 6 Experimental and Cauchy dispersion model fitted W–D–k plot
of curve of HfO2 thin film deposited on Si. The refractive index as a
function of wavelength extracted from ellipsometery data is shown in
the inset. The high value of refractive index at the 550 nm wavelength
suggests a well-packed HfO2 thin film

Fig. 7 Capacitance–Voltage (C–V) characteristics of 700 C-annealed HfO2 MIS device from 1 kHz to 1 MHz. The schematic
diagram and dielectric constant (j) as a function of frequency are
shown in the inset of the figure

The oxide capacitance (Cox), flat band capacitance
(CFB), flat band voltage (VFB), oxide-trapped charge (Qot)
calculated from the high-frequency (1 MHz) C–V curve are
490, 241 pF, 1.2 V, 1.8 9 1012 cm-2, respectively. A high
dielectric constant 17 at 1 MHz frequency was observed.
The dielectric constant as a function of frequencies is
shown in the right-side inset of Fig. 7. The dielectric
constant changes from 21 to 17 with increasing frequency
from 1 kHz to 1 MHz. The dielectric polarization, presence of oxide traps (mainly oxygen vacancies) in the oxide
and the presence of interface defect at the interface of Si/
HfO2 are the main reason for the frequency dispersion of

Page 5 of 8 1027

dielectric constant [32]. Small frequency dispersion is the
indication of good interface and low concentration of traps
present in MIS structure.
The leakage current density of 700 C-N2-environmentannealed HfO2 film is shown in Fig. 8a. The asymmetrical
nature of current density curve in gate and substrate injection mode is due to the different barrier height faced by the
carriers at the Pt/HfO2 and HfO2/Si interfaces. A small
leakage current density 6.8 9 10-9 A/cm2 at ?1 V was
achieved. The improved leakage current density is due to the
N2 environment annealing, growth of the interfacial SiOx
and silicate layer formation in between HfO2 and Si. The N2
annealing is reducing the oxygen vacancies concentration
and enhancing the stoichiometry. This is also reducing the
possibility of oxygen diffusion into the Si due to the
quenching of atomic vibration of Si atoms and hence
reduces the thickness of interlayer formed during annealing
and beneficial to achieve the smaller EOT. For the clear
comparison about the quality of our device with previously
reported work, various parameters of our device are tabulated in Table 1 and compared with previous work in which
devices are fabricated by sputtering and other techniques
[8, 9, 16, 39]. In addition to that, as we have prepared a lot of
MIS devices, we have selected five to six devices randomly
for measurement and we found similar results for each
device. We have also repeated the electrical measurement
after few months and did not observe any changes in electrical characteristics. Hence, the MIS devices presented in
this articles are of high quality, have no variation in performance and show a very good reproducibility.
The leakage current conduction mechanisms of the
HfO2 MIS devices are investigated; numerous conduction
mechanisms are dominant at different bias voltages. In gate
injection mode, for the low-field region Poole–Frenkel (PF)
mechanism dominates and is shown in Fig. 8b. The emission of trapped electrons into the conduction band of HfO2
is accountable for this and given by
"
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ#
qE=per
q/t
JPF ¼ CE exp 
þq
ð2Þ
kT
kT
where C, E, q, er, k and T are the trap density-related
constant, electric field, electronic charge, dynamic dielectric constant, Boltzmann constant and absolute temperature, respectively.
To clarify the PF emission-controlled leakage current in
HfO2 MIS device, a plot of ln (J/V) versus V1/2 is depicted in
Fig. 8b and it is linear for the small biases voltages. The er
value calculated from the slope is 4.91, and this is close to the
optical dielectric constant (eop) obtained from the ellipsometry (eop = n2 = 4.33, ‘n’ is the refractive of thin film at
550 nm) [33]. Hence, it can be understood that the leakage
current in the low-field region is controlled by PF emission.
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Fig. 8 a Semi-logarithmic forward and reverse bias current–voltage
curves of the 700 C-annealed HfO2 films on p-Si substrate. The
asymmetrical nature of current density curve in gate and substrate
injection mode is due to the different barrier height faced by the

carriers at the Pt/HfO2 and HfO2/Si interfaces. b PF emission in gate
injection mode. c The Fowler–Nordheim (FN) tunneling plot of ln (J/
V2) versus 1/V. d The double-logarithmic plot of current density
versus the applied voltage at the higher voltages

Table 1 Technology comparison of HfO2 MIS devices fabricated by various techniques to present work
Fabrication
method

Thickness
(nm)

Annealing
temp. (K)

Dielectric
constant (j)

EOT
(nm)

VFB
(V)

Leakage current
(A/cm2)

References

E-beam

32

300

19

6.6

-1.6

1.2 9 10-7

[8]

Sputtering

18

500

15.43

4.5

-0.95

1.6 9 10-5

[9]

ALD

50

200

15

13

–

1 9 10-9

[16]

Spin-coating

30

750

10–11

11

-1.1

4 9 10-8

[39]

Sputtering

17

700

17

3.9

1.21

-9

6.8 9 10

Present work

ALD atomic layer deposition, E-beam electron beam deposition, VFB flat band voltage, EOT equivalent oxide thickness

Fowler–Nordheim (FN) tunneling-derived leakage current density is expressed as [34],
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ


q2
8p 2qm 3=2
2
/B
JFN ¼
E exp 
ð3Þ
3hE
8ph/B
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where q, h, UB, E and m* are the electronic charge, Plank’s
constant, barrier height, electric field and effective mass in
the oxide layer, respectively.
The FN curve [ln (J/V2) vs. 1/V] is shown in 8c.
Equation 3 is well fitted in intermediate region. The barrier
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heights (UFN) are estimated to be 0.99 eV. The oxygen
vacancy is the main electron defect site in HfO2. In HfO2/
Si system, oxygen vacancy can transfer electron into the Si
and become positively charged, for example to acceptor
states, even if there is no interstitials. The trap related to
oxygen vacancies lies just above the Si conduction band
edge, and positions of trapping levels below the oxide
conduction band edge depend on the annealing temperature, deposition and calculation methods [35–38]. The trap
activation energy (0.99 eV) is very close to fourfold oxygen vacancies-related defect (1.18 eV) as described by
Chen et al. [26]. In their study, the band gap was 5.94 eV
and the band gap of our film is 5.7 eV. Moreover, the
difference in Ut value is 0.19 eV and the difference in band
gap is 0.24 eV. Hence, we can assign this trap level to
fourfold oxygen-related vacancy traps.
A strong accumulation layer formed in the Si vicinity
for the high voltages. Space-charge-limited current (SCLC)
controlled the current density at higher voltages and given
by [34]
9
JSCLC ¼ ei lhV 2 d3
8

ð4Þ

where ei is the permittivity of oxide, l is the mobility, h is
the ratio of free to shallow trapped charge, V is the voltage,
and d is the thickness of the oxide layer.
Figure 8d depicts the ln (J) versus ln (V) plot. The plot is
linear with the exponent 1.79, which is very close to 2. This
suggests nearly power law dependence for the higher bias
voltage. As suggested previously that SCLC mechanisms
can be verified if the lh multiplication is small due to the
low carrier mobility in the oxide layer and large number of
trap occupancy [34]. From the experimental current densities (J) versus voltage plot and using Eq. 4, the lh product was found to be 10-10 cm2 V/s, which is quite low
value. We can suggest that SCLC controls the current
conduction at the higher voltage region despite ultra-thinness of dielectric layer. Hence, it can be concluded that the
SCLC mechanism is governing the leakage current in this
region.

4 Conclusions
High-quality HfO2 thin films successfully integrated in
MIS device. MIS capacitor was fabricated, structural,
optical, electrical and dielectric properties have been
investigated. A smooth surface and high dielectric constant
(j = 17) at 1 MHz was estimated in the present study.
Equivalent oxide thickness (EOT) and leakage current
density are found to be 3.9 nm and 6.8 9 10-9 A/cm2 at
?1 V. The improved leakage current density is due to the
N2 environment annealing, growth of the interfacial SiOx
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and silicate layer formation in between HfO2 and Si. The
N2 annealing is reducing the oxygen vacancies concentration and enhancing the stoichiometry. The band gap of the
film is estimated from O 1s loss spectra and found to be
5.7 eV. The electron affinity (v) and HfO2/Si barrier height
(conduction band offset) extracted from UPS spectra are
1.88 and 2.17 eV, respectively. A trap state with 0.99 eV
activation energy below the conduction band edge is found
and assigned to the fourfold coordinated oxygen vacancy in
m-HfO2.
Acknowledgements AK would like to thank UGC, New Delhi, for
the research fellowship.
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