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Reflection electron energy loss spectroscopy
for ultrathin gate oxide materials

Hye Chung Shin,® Dahlang Tahir,” Soonjoo Seo,® Yus Rama Denny,?
Suhk Kun Oh,? Hee Jae Kang,”* Sung Heo,  Jae Gwan Chung,©
Jae Cheol Lee® and Sven Tougaard®

The band alignment of HfZrO, gate oxide thin films on Si (100) deposited by the atomic layer deposition method has been
investigated using reflection electron energy loss spectroscopy and XPS. The band gap of HfZrO, gate oxide thin film is
5.40 + 0.05 eV. The valence band offset (AE,) and the conduction band offset (AE.) are 2.50 +-0.05eV and 1.78 --0.05eV,
respectively. These values satisfy the minimum requirement for the hole and electron barrier heights of larger than 1 eV for
device applications. We have demonstrated that the quantitative analysis of reflection electron energy loss spectroscopy
spectra obtained from HfZrO, thin films provides us a straightforward way to determine the optical properties and the inelastic

mean free path of ultrathin gate oxide materials. Copyright © 2012 John Wiley & Sons, Ltd.
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Introduction

Reflection electron energy loss spectroscopy (REELS) is surface sen-
sitive and capable of analyzing electronic and optical properties of
ultrathin gate oxide materials because the low-energy-loss region
reflects the valence and conduction band structures of solids.
When the energetic electrons are impinging upon a solid, the inci-
dent electrons are inelastically scattered through interaction with
either outer-shell or inner-shell atomic electrons!" Excitation of
outer-shell electrons can result in an energy loss of less than
100eV. It provides a straightforward way to obtain the dielectric
function and, thereby, the electronic properties of a solid and to
determine the inelastic scattering properties, which is important
for surface electron spectroscopy analysis. The plasmon loss corre-
sponds to a collective oscillation of the valence electron. The
energy of the plasmon loss is related to the density of valence
electron and is sensitive to the change in the band structure.

Recently, REELS has been successfully used to investigate ultra-
thin gate oxide materials adopted in CMOS.2® Among the can-
didates of gate oxide materials in CMOS, Hf-based and Zr-based
high-k gate dielectrics are highly promising and thus have been
extensively studied.”~”! We focused on how to obtain the band
gap and the optical properties of ultrathin gate oxide materials
through a quantitative analysis of REELS spectra obtained from
HfZrO, thin films.

Within the view point of electron spectroscopy, the inelastic
mean free path (IMFP) is a very important factor for surface
analysis.*®! We demonstrated how to obtain the IMFP values
from the REELS of the HfZrO, gate oxide thin film.

Experiment

HfZrQ, thin films were grown on p-Si (100) substrate by alternating
atomic layer deposition processes for HfO, and ZrO, contents in a
controlled manner. Hence, the composition and the thickness of a

thin film can be controlled by varying the number of cycles and
deposition time for HfO, and ZrO, contents, respectively. The com-
position of thin films was confirmed by XPS quantification. Prior to
growing oxide films, p-type Si substrates were cleaned by using
the Radio Corporation of America method.® Hf[N(CHs)(CH>CHs)ls
and Zr[N(CHs)(CH,CHs)l, were used as precursors for HfO, and
ZrO,, respectively. Oz vapor was used as oxygen source. The thin
films were grown in N, atmosphere supplied as the purge and car-
rier gas. The substrate temperature was kept below 300 °C during
the thin film deposition. The physical thickness of the thin film was
7nm. REELS spectra were obtained using the VG ESCALAB 210
with LaBg electron gun and recorded at a constant pass energy
mode of 20eV. The incident angle of primary electrons and the
take-off angle of reflected electrons were 55° and 0° from the sur-
face normal, respectively. XPS spectra were obtained with Mg Ko
source (1253.6 eV) and pass energy of 20 eV. The binding energies
were referenced to C 1s peak of hydrocarbon contamination at
285eV. The primary electron energies were 1.0, 1.5 and 1.8 keV.
The energy resolution, given by the full width at half maximum
of the elastic peak of backscattered electrons, was approximately
0.8 eV and the energy loss range was measured up to 100eV.
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Results and discussion

Figure 1 shows the REELS spectrum for HfZrO, gate oxide thin
films. The band gap was determined from the onset of energy
loss spectrum. The method was previously described in our
papers.>®! The measured band gap for the HfZrO, gate oxide
thin film was 5.40 eV. The valence band spectrum was measured
to obtain the valence band offset at the dielectric/Si interface.
The XPS valence band spectrum is shown in Fig. 2. The valence
band maximum (VBM) was determined from the intersection of
two lines, which met the linear fits of the valence band leading
edge and the background. The valence band offset was obtained
from the energy difference between the VBM of the gate dielec-
tric and that of Si. The VBM of p-Si bulk is positioned at 0.24 eV.
We do not take into account any possible band bending of silicon
at the interface between the gate oxide thin film and the Si sub-
strate. The valence band offset (AE,) was 2.50 + 0.05 eV. The band
gap and the valence band offset allow us to determine the

conduction band offset (AE.) using the following expression:>*!

AE. = Eg(oxide) — E4(Si) — AE, (oxide/Si). (M

Here, E4 (oxide) and Eg (Si) are the band gaps of an oxide thin
film and silicon, respectively. AE. of HfZrO, is 1.78 4 0.05 eV. This
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Figure 1. Reflection electron energy loss spectrum for HfZrO, thin film
at the primary beam energy of 1500 eV.
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Figure 2. Valence band spectrum for HfZrO, thin film.

value meets the requirement for electronic devices in which the
barrier height is larger than 1 eV. Interestingly, our results show
that the band gap, the valence band offset, and the conduction
band offset of the HfZrO, are located midway between HfO,
and ZrO,, which is consistent with the literature.>!

We also studied the optical properties of the HfZrO, thin films
using the REELS spectra in conjunction with the Tougaard-
Yubero QUEELS-g(k,m)-REELS software package.*'® The experi-
mental inelastic scattering cross-section from the measured
REELS spectrum is compared with that of the QUASES-XS-REELS
software.””) The procedure for a quantitative analysis of REELS
has been described elsewhere.*® The comparison between the
theoretical and the experimental inelastic scattering cross-sections
allows us to determine the dielectric function of the HfZrO,
thin films. We define K., as the experimental cross-section and
A as the inelastic mean free path. The quantity of K.y, (AE) multi-
plied by A is obtained by the multiple-scattering background
subtracted from the measured REELS spectrum. The theoretical
inelastic-scattering cross-section, K, multiplied by A is then calcu-
lated using the dielectric response theory. Assuming that the
inelastic process follows a Poisson distribution, then the single
inelastic-scattering cross-section K. (E, AE) can be obtained from
the effective inelastic-scattering cross-section averaged over all
possible paths traveled by the electrons that have been inelasti-
cally scattered only once. In this model, the response of the mate-
rial to a moving electron is described by the dielectric function ¢,
which is conveniently represented with the energy loss function
(ELF) Im (—1/¢). To estimate the ELF, we parameterized it as a
sum of Drude-Lindhard type oscillators®™'" given by

n

m{ﬁ} =6(ho —Eg)- Y

2
= (WPl — PP 0?)" +y2h 0?

Aiviho

where the dispersion relation is given in the form

h2k2
haoi = hwoi + o —— 3)
2m

Here, A, y; and w; are the oscillator strength, the width, and the
energy position of the ith oscillator, respectively, and %k is the mo-
mentum transferred from the REELS electron to the solid. The
dependence of gy on k is generally unknown, but we can use
Egn (3) with o; as an adjustable parameter. The step function
0(hw — Eg) is included to describe the effect of energy band gap
Eg4 in semiconductors and insulators. Here, 8(hw — Eg) =0 if hw < Eg
and 6(hw — Eg) =1 if hw > Ey. The band gap £, was estimated from
the onset of the energy loss in the REELS data as shown in Fig. 1.
The experimental inelastic cross-sections multiplied by A after
background subtraction were fitted with fitting parameters of the
Ai, vi, hw;, and o;, until good agreement with the calculated inelastic
cross-section multiplied by A at several primary electron energies is
reached. The energy loss function Im (—1/¢) is adjusted to make
sure that it fulfills the well-established Kramers-Kronig sum

rule, "
2 [ 1 d(hw) 1
;/ Im{s(hw)} ho 1 2 )
0

Here, n is the index of refraction in the static limit. The index of
refraction for HfZrO, is 1.8 (which is a weighted average for the
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refractive indices of HfO, and ZrO,, and see also Ref. 12). The
parameters in the ELF were determined through a trial-and-error
procedure until the experimental and theoretical inelastic scatter-
ing cross-sections multiplied by A are comparable. The parameters
were determined from the REELS spectra for primary energies of
1.0, 1.5, and 1.8 keV.

Figure 3 shows the experimental and theoretical scattering
cross-sections multiplied by A as a function of energy loss at the
primary energy of 1.0, 1.5, 1.8 keV. The plot shows that the exper-
imental and theoretical results are in good agreement. The result-
ing oscillator parameters of the ELF for the HfZrO, thin film are
tabulated in Table 1, which is in turn plotted in Fig. 4. Figure 4
shows the loss function Im {—1/¢} and the corresponding surface
energy loss function of the HfZrO, thin film for the energies rang-
ing from 0 to 80eV. As shown in Table 1 and Fig. 4, there are nine
oscillators in the vicinity of 10.5, 15.6, 18.0, 21.5, 26.7, 34.5, 39.5,
46.5, and 57 eV for the ELF for HfZrO,. The sharp energy loss peak

0.04 .I.'"ZTO‘ —{+ Theoretical Fit
0.03 Ny, Experimental
0.02

E, = 1800 ¢V

E, = 1500 eV

E,= 1000 eV
N

0 10 20 30 40 50 60 70
Energy Loss fio [eV]

Figure 3. Experimental Ake., for HfZrO, (red line) obtained from the
REELS compared with theoretical Aky, (blue line) evaluated using the
simulated energy loss function.

Table 1. Parameters used to model energy loss functions of HfZrO,
thin films on p-Si (100) substrates that give the best fit to the experi-
mental cross-sections at 1.0, 1.5, and 1.8 keV
heoi (eV) A (eV?) vi (eV)
HfZrO, 10.5 5.89 5.0
(Eg=5.40) 15.6 31.30 33
(2;=0.02) 18.0 25.24 5.0
215 72.70 6.5
26.7 169.64 8.5
34.5 6.56 25
39.5 54.95 55
46.5 110.09 8.0
57.0 830 10.0
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Figure 4. Energy loss function and surface energy loss function of
HfZrO, thin film on Si(100) substrate.

at 15.6eV may be interpreted as a collective excitation of the
bound electrons. However, the oscillator strength correlated
with the number of electrons contributed to the excitation,
namely, the strength of the peak maximum around 26.7 eV. It
indicates that the plasmon excitation is not exhausted at the
energy around 15.6eV and in fact the strength maximum around
26.7eV is associated with a collective excitation of the entire
valence band. The loss function, Im {—1/¢} allows us to perform
a Kramers-Kronig transformation to calculate the real part, Re
{1/} of the reciprocal of the complex dielectric functions. Thus,
the real part ¢, and the imaginary part ¢, can be obtained using
Im{—1/¢} and Re{—1/g}.I""

Figure 5 shows the values of the real part ¢; and imaginary part
&, (corresponding to the absorption spectrum) of dielectric func-
tions. These variations of ¢; and ¢, describe the insulating behavior
well. The peak positions of the real part of dielectric function ¢; at
7.7¢eV and the imaginary part of dielectric function ¢, at 89eV
indicate that the absorption is high at these frequencies. In the
absorption spectrum described by ¢,, the strong absorption below
8.9¢eV is associated with a transition of the valence band electrons
into the unoccupied d states in the conduction band.['*'*!

The IMFP can be obtained from the ELF. The IMFP is highly
important for the quantitative analysis of electron spectroscopy.
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Figure 5. Optical properties of HfZrO, thin films. Real part (¢;) and imag-
inary part (e,) of dielectric function.
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Figure 6 shows the theoretical inelastic scattering cross-section
K¢ for the HfZrO, thin film at the primary beam energy of
1.0 and 1.8keV. Inelastic electron scattering cross-section K. is
related to the probability that the electron loses energy #m per
unit energy loss and per unit path length traveled in the solid,
and this includes the surface, bulk, and the interference excitation
effects. Because of the interference effects, surface excitations can-
not be separated from an experimental inelastic cross-section but
can be approximately calculated individually from the following

expression:''7

Ks = / (Ksc - Kinf)dhwy (5)

where K; is the inelastic electron scattering cross-section because
of the surface and K. is the inelastic electron scattering cross-
section for electrons moving in an infinite medium because of bulk
excitation. The inelastic electron scattering cross-sections K. and
Kins obtained by the QUEELS-g(k,)-REELS software for HfZrO, gate
dielectrics are shown in Fig. 6. As the primary beam energy
increases, the inelastic cross-section generally decreases. As the
primary energy is lowered, the value of K; increases because the
probability of the surface excitations is higher. In this work, we
determined 2°¢ and A™™ from the inverse of the theoretically deter-
mined cross-section as defined in the form!®'®'”!

-1

1<(Ep) = /Ksc(Eo,ha))dhw and
0

—1

A (Eg) = / King(Eo, how)dha (6)
0

Here, 1€ is the IMFP estimated from the cross-section, which
includes the surface, bulk, and the interference excitations, and
A" is the IMFP estimated from the cross-section of the bulk exci-
tation. These IMFP values for HfZrO, thin films with the primary
electron energy of 1.0, 1.5, and 1.8keV are given in Table 2. The
IMFP values for ZrO, thin films with the primary electron energies
of 0.5, 1.0, 1.5, and 2.0 keV are also shown for comparison' with
Arppam Values, which are calculated from the Tanuma-Powell-
Penn (TPP-2 M) formula [17]. As can be seen in Table 2, the A*¢
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Figure 6. Inelastic electron scattering cros-sections K. and K, obtained
by utilizing QUEELS-¢(k,w)-REELS software for HfZrO, thin films at the
primary energies of 1.0keV and 1.8 keV.

Table 2. Inelastic mean free path (IMFP (A)) of HfZrO, and ZrO,™ for

primary energies from 1.0 to 1.8 keV determined in this paper
HfZrO, ZrO,

EO(eV) AsC )Linf ASC kinf )“TPP—ZM

500 76 9.6 1.3

1000 14.9 18.0 14.9 17.9 18.7

1500 220 259 22.0 258 255

1800 264 307

2000 29.0 334 31.9

values for both ZrO, and HfZrO, are about 10-20% shorter than
A" The A" values for ZrO, are in good agreement with those of
TPP-2 M, because TTP-2M include only the bulk cross-section.
The difference between the 15 and the A™ may be caused by
the surface inelastic scattering cross-section, which is not included
in the bulk value A™. In any practical application of surface analysis
by electron spectroscopy, the experimental IMFP values consider-
ing the surface inelastic scattering cross-section can be more use-
ful. The IMFP estimated from the quantitative analysis of REELS
provides a straightforward way to obtain the IMFP values for oxide
thin films.

Conclusion

The band alignment of HfZrO, gate oxide thin film on Si was
investigated using the REELS and XPS analysis. The band gap
of HfZrO, gate oxide thin film is 5.40 +-0.05eV. The valence
band offset (AE,) and the conduction band offset (AE.) are
2.5+0.05eV and 1.78 £ 0.05 eV, respectively. Our results meet
the requirement of the hole and electron barrier heights of
larger than 1 eV for device applications.

The optical properties and the inelastic mean free paths of
HfZrO, gate oxide thin films were obtained by using a quantita-
tive analysis of REELS spectra. REELS provides us a straightfor-
ward way to obtain the electronic and optical properties and
the IMFP values for high-k gate oxide materials.
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