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Metal-oxide-semiconductor capacitors were fabricated on germanium substrates by using
metalorganic-chemical-vapor-deposited HfO2 as the dielectric and TaN as the metal gate electrode.
It is demonstrated that a surface annealing step in NH3 ambient before the HfO2 deposition could
result in significant improvement in both gate leakage current and the equivalent oxide thickness
~EOT!. It was possible to achieve a capacitor with an EOT of 10.5 Å and a leakage current of
5.0231025 A/cm2 at 1 V gate bias. X-ray photoelectron spectroscopy analysis indicates the
formation of GeON during surface NH3 anneal. The presence of Ge was also detected within the
HfO2 films. This may be due to Ge diffusion at the high temperature~;400 °C! used in the
chemical-vapor deposition process. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1737057#

There have been extensive studies on high dielectric
constant~high-k! oxides as a possible replacement for con-
ventional silicon oxide in complementary metal-oxide-
semiconductor~CMOS! devices which require an equivalent
oxide thickness~EOT! of below 2 nm. Among various
high-k materials, HfO2 and Hf oxide-based compounds1

have been identified as promising candidates to meet the
scaling requirements stated in the International Technology
Roadmap for Semiconductors. However, severe surface car-
rier mobility degradation has been observed in metal-oxide-
semiconductor field-effect transistors using high-k gate
dielectrics.1 This is one of the major challenges in the inte-
gration of high-k dielectrics in CMOS technology. A poten-
tial solution to this problem is to use germanium as the sub-
strate, where Ge has a higher hole and electron mobility than
that of Si. However, changing the substrate from silicon to
germanium will itself bring new challenges in the formation
of high-k gate stacks.

Rosenberg and Martin2 have reported MOSFETs on Ge
substrates using a pure Ge channel and a germanium oxyni-
tride gate dielectric~GeON! layer of 25 nm thick. Recently,
Shanget al.3 reported well-behaved Ge MOSFETs with 6 nm
GeON on top of a 3 nm low temperature oxide gate stack.
However, the EOTs of the above dielectrics are too large for
a modern device. On the other hand, high-mobilityp-channel
germanium MOSFETs with ultralow EOT~6–10 Å! have
been reported with ultrathin ZrO2 deposited by sputtering at
room temperature.4 Germanium-on-insulator~GOI! devices5

have also been successfully demonstrated with Al2O3 gate
dielectrics. CVD HfO2 Ge MOS capacitors were first re-
ported by Baiet al.6 It was found that surface NH3 annealing
is effective in improving the electrical performance. How-
ever, physical characteristics were not evaluated for further
understanding. Thus, it is of great importance to study the
effect of surface NH3 annealing on the Ge substrate, and to
combine the physical and electrical characterization of the
CVD HfO2 layers on Ge substrates.

The experiment was carried out onn-type ~100! Ge wa-
fers ~Sb doped, resistivity50.04– 0.08V cm). Ge substrates
were dipped first in NH4OH ~1:4, 300 s! to remove the native
Ge oxide, then in H2O2 ~1:5, 60 s! to form a chemical oxide
on the surface, and again in NH4OH ~1:4, 300 s! for chemi-
cal oxide removal.7 Following that, annealing in a NH3 am-
bient (purity599.999%) was performed inside a chamber
with a base pressure of 531026 Torr and at a constant tem-
perature of 600 °C. After that, HfO2 was deposited in another
chamber using metalorganic chemical-vapor deposition
~MOCVD!, with Hf tert-butoxide as the metalorganic precur-
sor in an N21O2 ambient at 400 °C with a base pressure of
331023 Torr. A vacuum load lock was used to store and
transfer wafers. A postdeposition anneal~PDA! was then per-
formed in a rapid thermal processor in N2 ambient under 760
Torr at 600 °C for 30 s. After that, a layer of 150 nm TaN was
sputtered at room temperature. This was followed by lithog-
raphy and dry etching processes. The final step was an an-
nealing in H21N2 ambient at 300 °C. High-resolutionex situ
x-ray photoelectron spectroscopy~XPS! analysis was per-
formed with standard Al x-ray source. Capacitance–voltage
(C–V) and leakage current–voltage (J–V) characteristics
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were measured by an Agilent 4284A LCR meter and a
HP4156A semiconductor parameter analyzer, respectively.
High-resolution cross-sectional transmission electron micro-
graphs~HR-XTEM! were also taken for physical character-
ization.

To study both the cleaning and surface nitridation effects
on Ge substrates before HfO2 deposition, the Ge 2p3 core-
level XPS spectra are characterized and shown in Fig. 1. The
line with closed boxes is the signal of the Ge sample~sample
A! right after the cleaning. The main peak located at 1217.8
eV is attributed to metallic Ge 2p3 spectrum from the sub-
strate. The shoulder, ranging from 1219 to 1221 eV, is attrib-
uted to GeOx (x<2) bonds,8 which is believed to be intro-
duced during sample transportation. The circle-dotted line, as
shown in Fig. 1, is the signal of the Ge sample~sample B!
annealed in NH3 ~10 min! after the same cleaning procedure.
It is observed that the small shoulder in sample A has
evolved to a broad peak~;1219.5 eV!. Considering all the
possible bonds that the Ge atoms may have, it is reasonable
to infer that the broad peak consists of two types of Ge
bonds: the Ge-O~1220.1 eV! and Ge-N~1218.9 eV!. De-
tailed curve fitting was carried out with Shirley background
and Gaussian-Lorentzian lines~not shown here!. A Chi
square of 4.151 is obtained, and the fitting result verifies that
the whole Ge 2p3 signal consists of three peaks which are
identified as metallic Ge~1217.8 eV!, Ge-N bond~1218.9
eV!, and Ge-O bond~1220.1 eV!, respectively.8 The nitro-
gen existence is also confirmed by the N 1s spectrum~inset
of Fig. 1!. The concentrations of oxygen and nitrogen were
quantified by integrating each peak area and subtracting the
background, and a layer of GeO0.83N0.17 is found on top of
the Ge substrate after surface nitridation. To clarify the oxy-
gen source in the GeO0.83N0.17 during the NH3 annealing,
one more sample~sample C! was put in the NH3 treatment
chamber under same temperature without NH3 flow for 10
min after the same cleaning procedure. The XPS result is
also shown in Fig. 1 with the empty-triangle line. It clearly
shows that, comparing to sample A, there is no substantial
oxidation in the sample C. This means that the oxygen de-
tected in the GeO0.83N0.17 of sample B is likely introduced by
a NH3 gas source, even though the NH3 gas purity is
99.999%~with the main impurities of O2 , H2O, and H2).
This high oxygen concentration in GeON after surface nitri-

dation implies that Ge is easier to be oxidized than nitrified.
To investigate the effect of surface nitridation on the

following deposited HfO2, XPS spectra of Ge 2p3 and Hf
4 f for HfO2 deposited on germanium with and without sur-
face NH3 annealing~30 s! are shown in Fig. 2. For compari-
son, the XPS spectrum of Hf 4f peak for HfO2 deposited on
Si with PDA is also plotted in Fig. 2. No substantial binding
energy difference is observed in Hf 4f peaks between the Si
and Ge substrates. On the other hand, Ge 2p3 peaks at
1220.1 eV were detected and are identified as Ge-O bonds
for both of the Ge samples with and without surface nitrida-
tion. Since there are no metallic Ge bonds found in these
signals, the Ge signals are believed to be from the as-
deposited HfO2, which implies that Ge is incorporated in the
HfO2 films. This Ge incorporation phenomenon may result
from the Ge diffusion from substrate during the CVD depo-
sition process~;400 °C!. Further, since no Ge-Hf bond is
detected in both samples, the dielectrics are of good electri-
cal insulating property in terms of chemical states. Consid-
ering the chemical similarities between Ge and Si,9 two
kinds of possible structures may exist for the Ge incorpo-
rated HfO2 film. The first is that the dielectric film could be
a mixture of HfO2 and GeO2. Another is that the film is
hafnium germinate and the Hf 4f bonding is not affected by
the vicinity of the Ge atom. However, this cannot be ad-
dressed by analyzing the O 1s signal in this experiment be-
cause it overlaps with the GeLMM Auger signal.

Figure 3~a! shows theC-V characteristics of the HfO2
Ge MOS capacitor (area5100mm3100mm, sweeping
from inversion to accumulation! with surface nitridation, and
its J-V curve is plotted as inset. For comparison, bothC-V
andJ-V characteristics of the HfO2 Ge MOS capacitor with-
out surface nitridation~same dimension! are also included.
By fitting the C-V data in a computer while taking into ac-
count the quantum confinement effects, it is shown that a
small EOT of 10.5 Å and a low leakage current of 5.02
31025 A/cm2 at Vg51 V can be achieved for the MOS ca-
pacitor with surface nitridation. While for the MOS capacitor
without surface nitridation, an EOT of 16.8 Å is obtained
with a leakage current of 1.01 A/cm2 at Vg51 V. Figure 3~b!
shows the gate leakage current density as a function of EOT
together with published data.4–6 Thus, though the Ge incor-
poration in HfO2 films is observed for both samples with and

FIG. 1. Ex situ XPS analysis of the NH3 annealing effect on the Ge sub-
strates with the Ge 2p3 spectra. The inset is the N 1s signal from the
sample after NH3 annealing. GeON is formed on the germanium surface.

FIG. 2. High-resolution XPS spectra of Hf 4f and Ge 2p3 for HfO2 depos-
ited on Ge substrates. Normal position of the Hf 4f signal implies chemi-
cally good quality of the film. Ge was detected to be incorporated in the
as-deposited films.
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without surface nitridation, and both samples show similar
chemical states, the NH3 annealing is very effective in im-
proving the electrical properties of Ge MOS capacitors. The
smaller EOT of the MOS capacitor with NH3 annealing may
indicate a smaller thickness of the dielectric and/or the inter-
facial layer than the capacitor without NH3 annealing. How-
ever, the leakage current result is different from high-k MOS
capacitors on silicon substrates where a larger dielectric/
interfacial layer usually yields a smaller gate leakage current.
Considering together the fact that there is no significant
chemical bonding difference in the dielectrics of both
samples, the large difference of the leakage currents could be
likely attributed to the interfacial layer. Therefore, the large
leakage current of the Ge MOS capacitor implies the poor
quality of interfacial layer (GeOx) when there is no surface
nitridation. Regarding the work function of TaN,10 the device
without NH3 anneal has a closer flatband voltage to the ideal
one than the device with surface nitridation. The negative
shift of the flatband voltage of the surface nitridation device
may be due to significant positive charge (;5.331012

cm22) introduced by the NH3 annealing.
HR-XTEM image of the Ge MOS capacitor with NH3

anneal is presented in Fig. 4~a!. The dielectric thickness mea-
sured from the TEM picture is;51 Å and the dielectric
constant of dielectric is;18.9. From Fig. 4~a!, it is also
noticed that, unlike the interfacial layer on the Si substrate,11

the interfacial layer on Ge substrate is crystallized. The crys-

tallized interfacial layer may be related to its high oxygen
concentration, since GeO2 induced by gaseous O2 on the Ge
substrate was found to be polycrystalline.12 It is also noted
from the TEM picture that the dielectric film has recrystal-
lized, which implies that the crystallization temperature of
the HfO2 film with Ge is lower than 600 °C. For comparison,
the TEM image of the MOS stack without a NH3 anneal is
also presented in Fig. 4~b!. A nonuniform interfacial layer is
observed between the dielectric and the substrate. This could
be due to the nonuniform oxidation behavior of the
germanium,12 which degrades the MOS leakage current.

In summary, the surface NH3 annealing effects on the
physical and electrical properties of MOCVD HfO2 Ge MOS
capacitors have been investigated. It is found that GeON is
formed during surface nitridation (NH3 annealing!. Germa-
nium is found to be incorporated within CVD HfO2 films, in
addition, the electrical characteristics of HfO2 Ge MOS ca-
pacitors show that surface nitridation is very effective to im-
prove the electrical properties in terms ofI g and EOT.
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FIG. 4. HR-XTEM of the MOS structure of TaN/MOCVD HfO2 /Ge ~a!
with and ~b! without surface NH3 annealing.

FIG. 3. ~a! C–V curves were measured at a frequency of 100 kHz andJ–V
curves were plotted as inset.~b! Gate leakage currents atVg51 V with
respect to different EOTs were plotted together with published data.
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