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Thermal stability and energy-band alignment of nitrogen-incorporated
ZrO2 films on Si„100…
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Thermal stability and energy-band alignment of ZrOxNy films on Si are investigated using x-ray
photoelectron spectroscopy and spectroscopy elliposometry �SE�. The results show that the Zr–N
bonds in as-oxidized ZrOxNy films are thermally unstable, while the N–O bonds in ZrOxNy matrix
are stable even at high annealing temperature of 900 °C. Optical properties are also analyzed based
on the SE fitting results. The slight blueshift in the absorption edge indicates the increased band gap
from 3.9 to 5.1 eV after the additional annealing. Based on the valence-band spectrum results,
zero-field energy-band alignments for ZrOxNy /Si and ZrOxNy /SiO2/Si stacks are extracted.
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With the continual scaling down of feature sizes in
complementary metal-oxide semiconductor �CMOS� de-
vices, the conventionally used SiO2 gate dielectric thickness
has been pushed below 15 Å, which causes reduced dielec-
tric reliability and significant gate leakage current.1,2 As a
result, research has focused recently on investigating high-k
gate dielectrics, which may potentially replace SiO2 in ad-
vanced CMOS technologies.1 As a conventional high-k can-
didate, ZrO2 has been received considerable attention.3–8

However, ZrO2 is a poor barrier to oxygen diffusion,
which causes the uncontrolled low-k interfacial layer
growth between ZrO2 and Si substrate during high tempera-
ture annealing processing9,10 and, hence, imposes serious
concern to equivalent oxide thickness �EOT� scalability.
Many reports show that nitrogen incorporated high-k oxides
have increased crystallization temperature and decreased cur-
rent leakage11–14 because of the reduction in transition-metal
coordination. Furthermore the presence of N in high-k oxides
also reduces oxygen diffusion and impurities penetration
through high-k oxides.15,16 However, there are relatively few
reports on the optical properties and electronic structure of
ZrOxNy on Si in relation to annealing temperature. In this
letter, we focus on the thermal stability and optical proper-
ties, as well as valence- and conduction-band offsets of
ZrOxNy films on Si.

The ZrOxNy films were prepared by two subsequent pro-
cedures. Firstly, the targeted ZrNx films were deposited on
Si�100� substrates �n type, �=1–10 � cm� by radio fre-
quency �rf� sputtering of Zr target �99.99%� in Ar/N2 ambi-
ent. Secondly, the ZrNx films were subjected to an ex situ
thermal oxidation in O2/N2 ambient �O2=2 SCCM and N2
=98 SCCM� for 5 min at 500 °C. To evaluate the oxides
response to the additional high temperature annealing, the
as-prepared ZrOxNy films were subjected to a postoxidiza-
tion annealing in O2/N2 ambient at 800 and 900 °C for
5 min. VG ESCALAB MK II x-ray photoelectron spectros-
copy �XPS� was used to study the chemical bond and chemi-
cal composition of the ZrOxNy films. Ex situ spectroscopic
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phase-modulated ellipsometry �model UVISE JOBIN-
YVON� has been employed to investigate the optical prop-
erties of ZrOxNy.

Figure 1 shows the Zr3d portion and N1s portion of the
XPS signal. XPS analysis shows a slight higher Zr3d binding
energy in the as-deposited ZrNx films than that of the stan-
dard Zr–N bond �not shown here� because the residual oxy-
gen in the deposition chamber always exists during the Zr
sputtering. In Fig. 1�a�, there is a doublet corresponding to
3d5/2 and 3d3/2 features at 181.8 and 184.1 eV for as-
oxidized sample. After annealing at high temperatures, the
Zr3d peaks show a slight blueshift and stabilize at 182.2 and
184.6 eV for 3d5/2 and 3d3/2 features, respectively. In Fig.
1�b�, N1s spectrum from normal ZrNx and as-oxidized
sample exhibits two peaks at around 395.5 and 402.6 eV,
whereas only peaks at 402.6 eV are found for the annealed
ones. The core level peak located at 395.5 eV corresponds to
the atomic nitrogen of Zr–N bonds, while that at 402.6 eV to
the N–O bonds. Similar peaks are also found in Hf–N bonds
at 396 eV.17 Since there is no any N1s peak at around
402.6 eV for ZrO2 system in the energy range of
392 –408 eV �as shown in the inset of Fig. 1�b��, we can
conclude that the peaks at 402.6 eV are related to ZrOxNy
matrix. According to Pauling theory,18 ionicity in a single
bond increases with the difference in values of electron nega-

FIG. 1. XPS core level spectra of Zr3d and N1s for ZrOxNy films: �a� core
level spectra of Zr3d and �b� core level spectra of N1s. The inset in �b� shows
the XPS spectrum of ZrO2 in the energy range of 392–408 eV. There is no

observable N1s peak, indicating no nitrogen adsorbed in ZrO2 films.

© 2006 American Institute of Physics1-1
AIP license or copyright; see http://apl.aip.org/apl/copyright.jsp

http://dx.doi.org/10.1063/1.2209882
http://dx.doi.org/10.1063/1.2209882
http://dx.doi.org/10.1063/1.2209882


232901-2 Zhu et al. Appl. Phys. Lett. 88, 232901 �2006�
tivity between two elements belong to this bond. Since the
electronegativity of oxygen is larger than that of nitrogen
�3.5 vs 3.0�, the Zr–O bond involves a larger charge transfer
than that in the Zr–N bond.19 In our case, nitrogen atoms
substitute the oxygen sites in the lattice of ZrO2 crystal for
as-oxidized ZrOxNy, which contributes to the decrease in
ionicity and then the lower bonding energy for Zr3d. After the
additional high temperature annealing, oxygen oxidizes ni-
trogen sites in Zr–N bonds, resulting in the slight increase in
Zr3d binding energy, similar to that of Hf–N bonds.16 How-
ever, there are no significant changes in N1s peaks at
402.6 eV, indicating the stabilized Zr–O–N bonds even for
high annealing temperature at 900 °C. Using standard sensi-
tivity factors for O1s, N1s, and Zr3d, the average nitrogen
composition is determined to be 10.5 at. % for the normal
ZrNx film, 7.4 at. % for as-oxidized films, and 4.2 and
4.3 at. % for the annealed ones at 800 and 900 °C,
respectively.

As a useful and nondestructive technique, spectroscopic
ellipsometry �SE� has been employed to investigate the op-
tical characteristics of ZrOxNy films as a function of anneal-
ing temperature. A simple two-layer optical model on silicon
has been established for simulating the as-oxidized ZrOxNy
films: homogeneous ZrOxNy films and surface rough layer
which was assumed to be consisted of voids and ZrOxNy
based on the Bruggeman effective medium approximation
�BEMA�. However, there is a Si–O–Si asymmetrical stretch-
ing mode for the annealed samples in the Fourier transform
infrared �FTIR� spectroscopy spectrum �not shown here�, in-
dicating the additional interfacial growth. Therefore SE op-
tical model should add an additional component of interfa-
cial layer for the annealed ones to obtain a reasonably good
fit. For ultrathin layers, the accurately determination of each
fitting parameter is a difficult matter because of the correla-
tion among them. In order to get the high accuracy, the thick-
ness of the surface rough layer is set at a certain value from
the atomic force microscopy �AFM� analysis. The surface
rough layer thickness is listed in Table I, which is double the
AFM root-mean-square �rms� values based on the reports of
Song et al.20

Although the lowest �2 values �goodness of fit� are al-
ways larger than 1 �Table I�, the fitted curves approach the
experimental SE data very well �not shown here�. Table I
summarizes the SE fitting results. Since there is no observ-
able Si–O–Si asymmetrical stretching mode in the FTIR
spectrum for as-oxidized sample �not shown here�, the inter-
facial layer is not considered. After annealing at 800 °C,
there is only a little interfacial growth between ZrOxNy films
and Si substrates, resulting in a 1.1 nm interfacial layer.
While for ZrOxNy films annealed at 900 °C, there is a thick

TABLE I. ZrOxNy spectroscopic ellipsometric fitting results. sr represents
the SE surface roughness of ZrOxNy films and rms represents the AFM
root-mean-square surface roughness.

Temperature �°C� As-oxidized 800 °C 900 °C

AFM rms �nm� 0.4 0.5 0.4
SE sr �nm� 0.8 1.0 0.8
ZrOxNy thickness �nm� 14.3 14.6 15.2
Interfacial layer �nm� ¯ 1.1 2.6
�2 2.1 2.0 1.4
Eg �eV� 3.9 5.1 5.1
interfacial layer of 2.6 nm, indicating the significant interfa-
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cial growth consistent with the FTIR results. The SE fitting
results indicate that our SE optical model adequately de-
scribe the measured data.

Figure 2 shows the refractive index n and extinction co-
efficient k of ZrOxNy films extracted from SE fitting results.
It is clearly seen that the optical constants �n ,k� are signifi-
cantly affected by the additional high temperature annealing.
For the as-oxidized ZrOxNy films, the optical constants �n ,k�
are much larger than the annealed ones. Since our XPS re-
sults indicate the reoxidization of Zr–N bonds in ZrOxNy
matrix during ex situ annealing, we attribute the decrease in
optical constants �n ,k� to the reoxidization of Zr–N bonds
and the annihilation of defects in ZrOxNy films caused by
more incorporation of oxygen, consistent with the literature
reports that the higher nitrogen concentration always results
in the higher refractive index.4,21 While increasing the an-
nealing temperature further, there is no significant change in
the optical constants, indirectly indicating the stabilized Zr–
O–N bonds, consistent with the XPS results.

Optical absorption properties of ZrOxNy films are also
studied, the absorption coefficients ��� are calculated using
�=4�k /� �where � is the wavelength of a photon and k is
the extinction coefficient� as a function of photon energy
�h��. Optical band gap energies Eg can be obtained by ex-
trapolating the linear portion of the curves relating ��h��1/2

and h� to ��h��1/2=0. The extracted optical band gap �Eg�
shows a slight blueshift from 3.9 to 5.1 eV after the addi-
tional high temperature annealing in N2/O2 �shown in Table
I�. Our XPS results indicate that some nitrogen atoms sub-
stituted oxygen sites in the lattice of ZrO2 crystal, which
contributes to the low Eg values for as-oxidized ZrOxNy
films because of the mixture between N2p states and O2p
states.22 After the additional high temperature annealing, the
Zr–N bonds are fully oxidized, resulting in the blueshift in
band gap energy. Since there are some N atoms in the ZrO2
matrix for the annealed films, the band gap energies are still
slightly lower than that of the stoichiometric ZrO2 about
5.5 eV.23

XPS valence-band spectrum method can be used to de-
termine the band alignment of dielectric/semiconductor het-
erostructure. Figure 3 shows the valence-band spectrum of
15 nm as-oxidized and 900 °C annealed ZrOxNy films and
clean Si�100� substrates. The results indicate a valence-band
offset of 2.27 and 2.78 eV for as-oxidized and 900 °C an-
nealed ZrOxNy on Si, respectively. The existence of Zr–N

FIG. 2. Extracted refractive index and extinction coefficients for ZrOxNy

films on Si. ��: as-oxidized, �: 800 °C annealed, and �: 900 °C annealed.�
bonds results in the lower valence-band edge for as-oxidized
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ZrOxNy. Similar effects are also observed for HfSiON
system.24 The slightly lower valence-band offset for 900 °C
annealed ZrOxNy than that of the stociometric ZrO2 about
2.95 eV �Ref. 25� is due to the formation of the stabilized
Zr–O–N bonds. For as-oxidized ZrOxNy films, the
conduction-band offset can be obtained by simply subtract-
ing the valence-band offset and the energy gap of the sub-
strate from the band gap of ZrOxNy,

�EC�ZrOxNy – Si� = Eg�ZrOxNy� − �EV�ZrOxNy – Si�

− Eg�Si� ,

where �EC�ZrOxNy –Si� is the conduction-band offset,
Eg�ZrOxNy� is the band gap of ZrOxNy, �EV�ZrOxNy –Si� is
the valence-band offset, and Eg�Si� the band gap of Si sub-
strate. Similarly, for ZrOxNy /SiO2/Si system, the
conduction-band offset can also be derived,

�EC�ZrOxNy – SiO2� = Eg�SiO2� − �EV�SiO2 – Si�

+ �EV�ZrOxNy – Si�

− Eg�ZrOxNy� .

The energy-band lineup between SiO2 and Si is obtained
from the literature reports.23 Using valence-band spectrum
results and the SE measured band gap for ZrOxNy, the
conduction-band offset is determined. Figure 4 shows the
zero-field energy-band alignment for ZrOxNy /Si and
ZrOxNy /SiO2/Si stacks. Since the conduction-band offset of
SiO2/Si is larger than that of ZrOxNy /Si, the formation of a
thin SiO2 interfacial layer will help to the improved interfa-

FIG. 3. Valence-band spectrum for ZrOxNy films on Si: �a� as oxidized, �b�
900 °C annealed, and �c� clean Si�100� substrates.

FIG. 4. Zero-field energy-band profile of ZrOxNy /Si system and
ZrOxNy /SiO2/Si stacks for �a� as-oxidized and �b� 900 °C annealed
ZrO N , respectively.
x y
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cial properties. However, such layer should be carefully
controlled.

In summary, ZrOxNy films have been prepared by ex situ
thermal oxidization of ZrNx films on Si. XPS and SE results
indicate that the bulk Zr–N bonds in as-oxidized ZrOxNy film
are thermally unstable, while the Zr–O–N bonds are stable
even at high temperature of 900 °C. The decrease in refrac-
tive index and extinction coefficients are attributed to the
reoxidization of Zr–N bonds and the annihilation of defects
in ZrOxNy films by more incorporation of oxygen. Optical
absorption properties are also extracted. The slight blueshift
in the absorption edge indicates the increased optical band
gap. Interestingly, there is only a slight interfacial growth
after annealing at 800 °C, while the significant interfacial
growth occurs after annealing at 900 °C, indicating the
stable interfacial properties up to 800 °C. Based on the
valence-band spectrum results, the zero-field energy-band
alignments for ZrOxNy /Si and ZrOxNy /SiO2/Si stacks are
also extracted.
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