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In this work, an in-situ ozone treatment is carried out to improve the interface thermal stability of HfO2/Al2O3
gate stack on germanium (Ge) substrate. The micrometer scale level of HfO2/Al2O3 gate stack on Ge is studied using
conductive atomic force microscopy (AFM) with a conductive tip. The initial results indicate that comparing with a non in-
situ ozone treated sample, the interface thermal stability of the sample with an in-situ ozone treatment can be substantially
improved after annealing. As a result, void-free surface, low conductive spots, low leakage current density, and relative
high breakdown voltage high-κ/Ge are obtained. A detailed analysis is performed to confirm the origins of the changes.
All results indicate that in-situ ozone treatment is a promising method to improve the interface properties of Ge-based
three-dimensional (3D) devices in future technology nodes.
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1. Introduction
Germanium (Ge) has recently been regarded as a promis-

ing channel material for metal–oxide–semiconductor field-
effect transistor (MOSFET) due to its high hole and electron
mobilities, which are 4.2 and 2.6 times higher than those of Si,
respectively.[1–3] To obtain Ge MOSFET with superior electri-
cal properties, it is essential to realize a high-κ/Ge gate stack
with ultrathin equivalent oxide thickness (EOT) and good
high-κ/Ge interface. However, direct deposition of high-κ di-
electric on the Ge surface results in poor interface quality and
high interface state density.[4,5] Moreover, due to Ge oxides
inevitably forming at the high-κ/Ge interface, the formation
and desorption of GeO at high-κ/Ge interface generate a huge
number of defects and traps in the high-κ film in the depo-
sition process or subsequent annealing treatment.[6,7] To cope
with these challenges, various techniques such as GeOxNy pas-
sivation layer, stress-relieved pre-oxide method and plasma
post oxidation (PPO) method have been proposed.[8–11] These
techniques have been proven to work very well on planar de-
vices. However, with the continuous development and pop-
ularization of three-dimensional (3D) devices (FinFET etc.),
these techniques become challenging to controlling the non-
planar interface. For example, application of the PPO method
to 3D structures is challenging due to an anisotropic nature of
plasma processing. Thus, new techniques to improve the high-

κ/Ge interface are desirable to realize high performance 3D
devices. Recently Ando et al. reported that an in-situ ozone
treatment can improve the interface quality of SiGe FinFET
due to the spatial diffusivity of the gas.[12] In addition, us-
ing in-situ cycling ozone treatment to improve the interface of
Al2O3/GeOx/Ge gate stack planar device has been investigated
by Yang et al.[13] The good electrical behavior of high-κ mate-
rial has been gained from measurements performed on macro-
scopic transistors using a standard electrical characterization
method. However, the mechanism of this method to improve
the high-κ/Ge interface is still unclear. Due to the fact that the
conductive atomic force microscopy (CAFM) is able to char-
acterize the gate dielectric on a nanometer/micrometer scale,
showing properties to which the standard electrical character-
ization techniques are blind.[14,15] Therefore, in this paper, an
in-situ ozone treatment is used to improve the interface qual-
ity of the high-κ/Ge structure deposited by atomic layer depo-
sition (ALD). The mechanism of this method to improve the
high-κ/Ge interface is investigated by conductive atomic force
microscopy and x-ray photoelectron spectroscopy (XPS).

2. Experiment
Prior to the dielectric stack formation, p-type (100) Ge

substrates with a resistivity of 0.1 Ω·cm∼1.0 Ω·cm were
cleaned by acetone, de-ionized water, and dilute HF (hydroflu-
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oric acid:de-ionized water = 1 : 500) aqueous solution etching
to remove the native oxide. After a pre-clean,∼ 0.5-nm Al2O3

was deposited by ALD at 300 ◦C using TMA and H2O as pre-
cursors, followed by an in-situ ozone treatment for 120 s at
300 ◦C. The gas flow of O3 was 200 sccm, corresponding to
the vapor pressure of 15 hPa. Then 4-nm HfO2 was deposited
by ALD at 300 ◦C using TEMAHf and H2O as precursors.
The sequence was performed continuously without breaking.
HfO2/Al2O3 gate stacks with in-situ ozone treatment were do-
nated as sample A, and gate stacks without in-situ ozone treat-
ment were donated as sample B. After that, the post depo-
sition annealing (PDA) was performed for the HfO2/Al2O3

gate stacks at 500 ◦C in N2 ambient for 60 s, which was
compatible to the source/drain formation activation annealing
process. Then, the CAFM (Bruker Dimension Edge system)
was used to study the electrical properties of gate stack di-
electrics on a micrometer scale. A Pt-coated conductive tip of
the CAFM on the bare high-κ dielectric was used as a gate
electrode of an MOS structure. The XPS (Thermo Scientific
K-alpha system) was used by adopting the monochromatic Al
Kα source (hν = 1486.7 eV) to investigate the origin change
of the HfO2/Al2O3 gate stack on Ge.

3. Results and discussion

Figure 1 shows the surface roughness of the HfO2/Al2O3

gate stacks on Ge before and after annealing. Surface rough-
ness of all films is extracted from the AFM images and ex-
pressed as the root mean square (RMS) value. As shown in
Fig. 1, uniform surface morphology is observed for all the
samples and nearly identical RMS value (∼ 0.1 nm) is ob-
tained except the annealed sample B. Furthermore, the RMS
value of sample A decreases from 0.088 nm to 0.064 nm after
annealing, whereas that of sample B increases from 0.102 nm
to 0.211 nm after annealing. Commonly, the densification of
the film results in the decrease of the RMS value. The in-
crease of the RMS value suggests that the different changes
occur in sample B after annealing. Moreover, after anneal-
ing, a large number of voids are observed in sample B. For
the HfO2/Al2O3 gate stacks on Ge substrate, the voids may
be attributed to the volatilization of GeO during the anneal-
ing. Because the formation and desorption of GeO occur in a
uniform or nonuniform model for the high-κ/Ge system, the
volatilization of GeO results in the formation and growth of
the voids.[16,17] The results suggest that the HfO2/Al2O3 gate
stacks on Ge with an in-situ ozone treatment can suppress the
volatilization of GeO after annealing, which is of benefit to
improving the interface thermal stability of HfO2/Al2O3 gate
stacks on Ge.
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Fig. 1. (color online) AFM surface images of the HfO2/Al2O3/Ge structure
before and after annealing.
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Fig. 2. (color online) CAFM images of sample A ((a) as-deposited and (b)
annealed) and sample B ((c) as-deposited, (d) annealed).

Figure 2 shows the current images of the HfO2/Al2O3

gate stacks on Ge substrate before and after annealing. Cur-
rent images are measured by conductive AFM when apply-
ing a sample bias of 10 V. The current images will provide
information about the spatial distribution of the HfO2/Al2O3

gate stacks conductivity. As shown in Figs. 2(a) and 2(b), the
density of leakage spots in as-deposited sample A decreases
significantly after annealing. It can be explained by the fact
that the impurity concentration and defects decrease due to the
thermal annealing supplying enough thermal energy for the
by-products residing and dangling bonds decomposition and
re-composition, leading to the HfO2/Al2O3 gate stack becom-
ing a good gate dielectric insulator.[18,19] However, as shown
in Figs. 2(c) and 2(d), the density of leakage spots in sample B
increases significantly after annealing, which indicates that the
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conductive paths increase significantly. This may be caused by
the fact that the formation and desorption of GeO lead to the
local fluctuations in composition and/or structures, and/or by
defects in the HfO2/Al2O3 gate stacks. It deteriorates the in-
terface and high-κ film quality and leads to the gate leakage
spots increasing obviously.

The conductions of the samples are analyzed in more de-
tail through the I–V curves measured on fixed locations. Fig-
ure 3 shows the I–V curves measured by conductive AFM us-
ing a Pt-coated tip at room temperature. As shown in Fig. 3,
the breakdown oxide voltage of 7.67 V for the as-deposited
sample A is measured at the leakage current of 1 nA while
that of the as-deposited sample B is 7.16 V. After an in-situ
ozone treatment, the increase of the breakdown oxide voltage
may be related to the increase of high Ge4+ density at the in-
terface, and improve the interface quality due to the strong
oxidation ability of ozone.[9] After the samples experience the
thermal treatment, the breakdown oxide voltage of sample A
increases to 8.19 and that of sample B decreases to 5.26 V.
The results indicate that the in-situ ozone treatment improves
the thermal stability of the high-κ/Ge interface due to the sup-
pression of the GeO volatilization. As a result, the electrical
characteristics of the HfO2/Al2O3 gate stacks on Ge substrate
are substantially improved after annealing.
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Fig. 3. (color online) I–V curves of the HfO2/Al2O3 gate stacks on
Ge substrate measured at the positions of conductive spots in CAFM
images using a Pt-coated tip.

We analyze the forward I–V curves in terms of various
conduction mechanisms to find that the data can be fitted best
to the Frenkel–Poole (FP) mechanism.[20] The Frenkel–Poole
mechanism refers to a conduction mediated by carrier-trap
states, which gives the J–E relation as follows:[21]

J = AE× exp

−qφt

kT
+

√
q3Eb/πε0εs

kT

 , (1)

where J is the current density, E the electric field over the en-
ergy barrier at the tip-semiconductor interface, q is the electron

charge, k is the Boltzmann constant, ε and εs are the vacuum
and relative dielectric permittivity of the semiconductor, re-
spectively. T is the temperature, φt is the barrier height for
electron emission from the trapped state, and C is a constant.
The electric field dependency in the FP process can be lin-
earized when plotting Eq. (1) as

ln(J/E) = A(T )×
√

E +B(T ), (2)

A(T ) =

√
q3/πε0εs

kT
, (3)

B(T ) =−qφt

kT
+ ln(C) , (4)

where A(T ) and B(T ) are the slope and y-intercept, respec-
tively. The measured I–V curves in Fig. 3 are plotted as
ln(J/E)∼ E1/2 as shown in Fig. 4. The measured I–V depen-
dence generally follows a trend of Eq. (2) although they fluctu-
ate. The fitted linear lines in Fig. 4 suggest that the conduction
through the oxide is consistent with the FP mechanism. The
re-plotted data show that A(T ) and B(T ) are affected by the
in-situ ozone treatment, especially after annealing, which are
related to the barrier height φt for electron emission from the
trapped state and the dielectric permittivity εs respectively.
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Fig. 4. (color online) ln(J/E)∼ E1/2 from the measured I–V curves in
Fig 3.

To evaluate the variation of the barrier height φt and the
dielectric permittivity εs for HfO2/Al2O3 gate stacks on Ge
substrate slope and y intercept values of the fit (solid) lines
in Fig. 4 are shown in Fig. 5. According to Eq. (3), the di-
electric constant of the HfO2/Al2O3 gate stacks on Ge sub-
strate can be qualitatively analyzed. For sample A, the slope
of the HfO2/Al2O3 gate stacks on Ge increases from 0.00881
to 0.00889 after annealing, which indicates that the dielectric
constant of the high-κ gate stack decreases slightly after an-
nealing. It may be caused by the growth of the interfacial layer
with low dielectric constant after annealing. However, the
slope value of sample B decreases from 0.00687 to 0.00589
after annealing, which indicates that the dielectric constant in-
creases after annealing. This may be explained by the fact that
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the thickness of the interfacial layer with low dielectric con-
stant decreases due to the GeO volatilization, which leads to
the total dielectric constant of HfO2/Al2O3/GeOx gate stacks
increasing after annealing. Moreover, the intercept value of
sample A increases a little after annealing, whereas that of
sample B decreases significantly after annealing. It is con-
sidered that the density of trap centers in sample A is higher
than that in sample B when the trap barrier heights for both
samples are assumed to be identical. Although sample B has
larger dielectric constant values than sample A, the electrical
charactersitics of the HfO2/Al2O3 gate stack on Ge are totally
deteriorated due to the GeO volatilization. The results indicate
that an in-situ ozone treatment can improve the interface ther-
mal stability of the HfO2/Al2O3 gate stack on Ge, making it
become a promising method to improve the interface proper-
ties of the Ge-based 3D devices.
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Fig. 5. (color online) (a) Slope and (b) y-intercept values of the fit
(solid) lines in Fig. 4.

In order to investigate the origin changes of the
HfO2/Al2O3 gate stacks on Ge substrate before and after an-
nealing, figure 6 shows the XPS core-level spectra of Ge3d

for HfO2/Al2O3 gate stacks on Ge substrates measured by
XPS. All peaks are referenced to those of the Ge substrate at
a binding energy of 29.4 eV. As shown in Fig. 6, the Ge3d

peak of sample A can be fitted to four peaks, which are lo-
cated at the binding energy of 29.4 eV, 30.0 eV, 31.1 eV,
and 33.2 eV, respectively. They are attributed to the Ge sub-
strate, GeOx or germanate, GeO2, respectively.[22] After an-

nealing, the peak intensities of GeO2 and GeOx or germanate
peaks increase a little due to the diffusion of the atoms, and
the peak composition of GeOx or germanate increases from
7.91 at.% to 10.54 at.%. For sample B, the Ge3d peak can
also be fitted to four peaks, which are located at the bind-
ing energies of 29.4 eV, 30.0 eV, 31.0 eV, and 33.1 eV, re-
spectively. They are attributed to the Ge substrate, GeOx or
germanate, GeO2, respectively.[22] After annealing, the peak
intensities of GeO2 and GeOx or germanate peaks decrease
significantly. It can be explained by the fact that the GeO
volatilization is caused by the GeO2/Ge interface reaction
through the GeO2+Ge→2GeO(↑).[23] The GeO2 and Ge sub-
oxide are consumed by the reaction of the GeO generation.
The GeO diffusing out to the air generates a number of voids
in the HfO2/Al2O3 gate stack, which is confirmed by AFM
results. Houssa et al. demonstrated that Al incorporation
close to the dielectric/Ge interface tends to form germanate
layers.[24] Moreover, Shibayama et al. reported that AlGeO
appears at the interface of Al2O3 on Ge substrate after the
O2 annealing at 550 ◦C, and it is located at a binding en-
ergy of 31.6 eV.[25] Therefore, we conclude that the peak of
sample A located at the binding energy of 31.1 eV is more
likely to be that of a germanate or germanate mixed with the
germanium suboxide, which acts as a barrier and suppresses
the GeO volatilization after annealing. In addition, the peak
of sample B located at the binding energy of 31.0 eV should
be more likely to be that of germanium suboxide instead of a
germanate.[8]

Figure 7 shows the Al2p spectra of the HfO2/Al2O3 gate
stacks on Ge substrate before and after annealing. The Al2p

spectrum of Al2O3 with a thickness of 20 nm deposited by
ALD is given as the reference. The binding energy of Al2p in
the 20-nm Al2O3 is located at 74.5 eV, which indicates the ox-
idation state of Al in the Al2O3 deposited by ALD is 3+.[26]

For sample A, the binding energy of the Al2p decreases from
74.3 eV to 74.1 eV after annealing. Compared with the Al2p

peak of bulk Al2O3, the Al2p peaks of sample A undergo a shift
toward lower binding energy. This behavior may be caused by
the formation of aluminum germanate,[26] which is consistent
with the Ge3d spectra. For sample B, no change is observed
in the binding energy of the Al2p before and after annealing.
Moreover, the binding energy of 74.4 eV is very close to the
Al2p peak of bulk Al2O3, which indicates that nearly no ger-
manate is formed. From these XPS analyses, it can be con-
cluded that sample A with an in-situ ozone treatment can sup-
press the formation and desorption of GeO during annealing,
and the interface thermal stability of the high-κ/Ge gate stack
is improved.
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Fig. 6. (color online) Ge3d spectra of the HfO2/Al2O3 gate stacks on Ge substrate before and after annealing.
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Fig. 7. (color online) Al2p spectra of the HfO2/Al2O3 gate stacks on Ge
substrate before and after annealing.

4. Conclusions

In this work, an in-situ ozone treatment is carried out to
improve the interface thermal stability of HfO2/Al2O3 gate
stack on Ge substrate. The micrometer scale level of the
HfO2/Al2O3 gate stack on Ge is studied using CAFM with
a conductive tip. The initial results indicate that in-situ ozone
treatment can form an interfacial germanate to suppress the
GeO volatilization after annealing, which is confirmed by

AFM and XPS results. For the HfO2/Al2O3 gate stack on Ge
with an in-situ ozone treatment void-free surface, low conduc-
tive spots, low leakage current density, and relative high break-
down voltage, high-κ/Ge are obtained after annealing. The
electrical properties of the high-κ/Ge with an in-situ ozone
treatment can be substantially improved compared with those
of non in-situ ozone treated high-κ/Ge samples. All testing
results indicate that in-situ ozone treatment is a promising
method to improve the interface thermal stability of non-planar
Ge-based devices in future technology nodes.
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