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Fabricating GeQO; passivation layer by N,O plasma oxidation
for Ge NMOSFETSs application”
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In this paper, oxidation of Ge surface by N, O plasma is presented and experimentally demonstrated. Results show that
1.0-nm GeO;, is achieved after 120-s N, O plasma oxidation at 300 °C. The GeO,/Ge interface is atomically smooth. The
interface state density of Ge surface after N»O plasma passivation is about ~ 3 x 101 ecm~2.eV~!. With GeO, passivation,
the hysteresis of metal-oxide—semiconductor (MOS) capacitor with Al, O3 serving as gate dielectric is reduced to ~ 50 mV,
compared with ~ 130 mV of the untreated one. The Fermi-level at GeO,/Ge interface is unpinned, and the surface potential

is effectively modulated by the gate voltage.
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1. Introduction

As the scaling of Si-based metal-oxide—semiconductor
field-effect transistors (MOSFETs) approaches its fundamen-
tal limitation, the introduction of novel material such as high
carrier mobility material is becoming essential to further in-
crease the drive current. As for the channel material, Ge is
considered as a competitive candidate due to its higher and
more symmetric carrier mobility. For Ge MOSFETsS, high
dielectric constant material (high K) is utilized as gate di-
electric, such as Al,Os, HfO2, and ZrO,.!'"-3! However, the
performance of Ge MOSFETs is far from satisfactory, espe-
cially for the n-type metal-oxide—semiconductor field-effect
transistor (NMOSFET). One of the critical issues is Fermi-
level pinning at Ge surface. Fermi-level at Ge surface is
proved to be pinned at charge-neutral level (CNL), which is
just ~ 0.1 eV above the valence band, caused by a large num-
ber of the interface states.!*! The low position of CNL would
result in negative fixed charge at the interface of metal-oxide—
semiconductor (MOS) capacitor. Therefore, electrons were
repelled from the interface, leading to poor performance of
NMOSFETSs. P! Many pre-gate passivation methods have been
proposed to solve this problem. It was reported that GeO, is
an alternative passivation method due to its low interface trap
density, and Fermi-level at GeO,/Ge interface is unpinned, 6!
exhibiting great potential for fabricating high performance
Ge NMOSFET.":8] The Fermi-level pinning also results in
Schottky-like behavior of metal/n-Ge contact, irrespective of
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the metal work function.'¥! GeO, with an appropriate thick-
ness can also be introduced as an inserting layer between the
metal and Ge substrate to de-pin the Fermi-level.” GeO, has
been reported to be grown by O, thermal treatment, ozone oxi-

n.['"%171 However, GeO, grown

dation, and O, plasma oxidatio
by N;O plasma oxidation was rarely investigated. It is known
that the energy needed to break the nitrogen—oxygen bond in a
N, O molecule (242 kJ/mol) is smaller than that of the oxygen—
oxygen bond in an O, molecule (494 kJ/mol).!"®! In addition,
plasma treatment is proposed due to its low temperature char-
acteristics, which is compatible with Ge MOSFET fabrication
process. So, N>O plasma oxidation may provide an alternative
method for growing a high quality GeO, passivation layer.
However, previous studies reported that the plasma pro-
cess would induce damage to the substrate or thin gate oxide
of MOSFETs.[!”1 Tt must be pointed out that the damage just
occurs in the etching process or in the presence of metal or
polysilicon electrodes. In the etching process, ions are accel-
erated by bias or self-bias voltage induced by reactive ion etch-
ing (RIE) power to the substrate, resulting in physical damage.
As for the case in the presence of a metal or polysilicon elec-
trode, ions and electrons accumulate on the electrode, leading
to steady-state voltage on the electrode, which would degrade
the underlying gate oxide. To avoid the physical damage re-
sulting from ion bombardment, only inductive coupled plasma
(ICP) power for generating plasma is applied during the pro-
cess. The reactants for oxidation transfer to the substrate by
diffusion. Also, for plasma oxidation treatment, plasma treat-
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ment may be carried out without an electrode. In this work,
oxidation of the Ge surface by N,O plasma created in an
ICP chamber is experimentally investigated. It is found that
stoichiometric GeO, is achieved after oxidation. The inter-
face state density at GeO,/Ge is low, and the Fermi-level at
GeO,/Ge interface is unpinned. With GeO; passivation, the
hysteresis of MOS capacitor with Al,O3 serving as gate di-
electric is reduced to ~ 50 mV.

2. Experiment

P-type (100) Ge substrates with a resistivity of 3 Q-cm—
3.6 Q-cm were utilized to fabricate MOS capacitors. After be-
ing cleaned by diluted HCI solution, the samples were loaded
into the ICP chamber to be treated with N,O plasma oxida-
tion. The power of the N,O plasma was fixed at 1000 W at
a pressure of 20 mTorr (1 Torr=1.33322x10? Pa), and the
exposure time was 120 s. N,O plasma oxidation was per-
formed at 300 °C. A sample without passivation was fabricated
as a control sample. Then, 10-nm Al,O3 was deposited by
atomic layer deposition (ALD) system at 200 °C, followed by
TiN, (80 nm) gate deposition and patterning. Ti(~ 20 nm)/Al
(~ 200 nm) back contact was deposited to reduce contact re-
sistance. Finally, post metallization annealing was carried
out in ambient N,. The chemical composition of the inter-
facial layer after N,O plasma oxidization was characterized
by x-ray photoelectron spectroscopy (XPS) using Al Ka x-ray.
Capacitance—voltage (C-V) measurement was performed us-
ing Agilent 4294A precision impedance analyzer to electri-

cally characterize the nMOS capacitors.

3. Results and discussion

The chemical states of Ge surface before and after N, O
plasma oxidation are studied by XPS measurement, as shown
in Fig. 1. For the sample without N,O plasma oxidation, the
Ge 3d peak centered at 30.231 eV corresponds to that of the
bulk Ge, and a chemical shift of 2.674 eV toward the bulk Ge

3+ 116 which may be the native

indicates the presence of Ge
oxide or originates from air oxidation after HCI cleaning. As
for the sample oxidized by N>O plasma, the Ge 3d spectra
can be deconvoluted into two evident components of Ge** at
32.9914 eV and Ge® at 29.7917 eV, suggesting the formation

20211 Figure 2 shows the transmis-

of stoichiometric GeO,.!
sion electron microscope (TEM) images of the MOS capacitor
without (a) and with (b) N,O plasma oxidation. As shown in
Fig. 2(a), the GeO,/Ge interface is smooth compared with that
in the control sample, indicating that N»O plasma oxidation

would not induce surface roughness degradation.
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Fig. 1. (color online) Ge 3d spectra on Ge substrate before (a) and after
(b) N,O plasma oxidation.

Fig. 2. Cross-sectional TEM images of samples without (a) and with
(b) N»O plasma treatment.

Figure 3 shows the typical C—V characteristics of nMOS
capacitors without (a) and with (b) N,O plasma oxidation
treatment. The hump in the depletion region near the inver-
sion of the C-V curve with a frequency of 100 kHz can be as-
cribed to a weak inversion response. However, previous stud-
ies suggest that impurities diffused from the gate dielectric act
as minority generation/recombination centers in Ge,??! which
would enhance the minority generation. The hump is invisible
for the sample passivated by N,O plasma, indicating that the
formed GeO; may block the impurities from diffusing from
the gate dielectric into the Ge substrate. The hysteresis be-
tween forward and reverse sweeping results from a slow in-
terface state, as illustrated in Fig. 3(b). The hysteresis is re-
duced from 130 mV to ~ 50 mV by N,O plasma treatment,
which is much less than by thermal oxidation (~ 120 mV) and
comparable to electron—cyclotron-resonance plasma oxidation
(~ 50 mV).['7] The interface state density is extracted based
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on high-low frequency method,!?*! which can be expressed as

C
Dit:ﬂ <
q

where Dy, is the interface state density, g is electronic charge,

follows:

le/Cox Chf/Cox ) ’ (1)

1—Cit/Cox 1 —Cii/Cox

Cox 1s the capacitance of gate oxide, Cif and Gy are the
MOS measured capacitances with low and high frequencies,
for example 1 kHz and 1MHz.
ties of treated and untreated capacitors are shown in Fig. 4.

The interface state densi-

It is shown that GeO, passivation by N,O plasma oxidation
can reduce the interface state density located at 0.11 eV be-

low the midgap to ~ 3 x 10'! eV-~lem™?

compared with
~ 1.0 x 1012 eV~'.cm~2 of the control sample. GeO inter-
layer is a robust passivation for reducing interface state den-
sity and achieving high interface quality between substrate and

high K dielectric.
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Fig. 3. (color online) C-V characteristics of nMOS capacitor sample
without (a) and with (b) N,O plasma oxidation treatment.

The surface potential as a function of gate bias of N,O
plasma oxidation-treated sample is extracted by Berglund
method,?*! as presented in Fig. 5. As mentioned above, poor
dielectric/Ge interface would induce Fermi-level pinning at
CNL due to a large number of interface states. The modu-
lation of surface potential is ~ 0.74 eV, which is larger than
the bandgap of Ge (0.66 eV). Therefore, the Fermi-level can
sweep entirely across the bandgap as gate voltage sweeps,
which can be ascribed to high quality GeO,/Ge interface with

a low density of interface states. In addition, the gate voltage
needed to modulate the surface potential from the flat band to
the onset of strong inversion is 0.06 V larger than 2yg (yp is
the energy between the flat band and midgap), implying that
~ 80% of gate voltage is utilized for surface potential modu-
lation and ~ 20% is employed for charging the interface traps
in the bandgap of Ge, which is comparable to that of GeN,
passivation.!?>! The Fermi-level at GeO,/Ge interface is un-
pinned, which is promising for high performance NMOSFET

fabrication.
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Fig. 4. (color online) Interface state density distributions in the lower
half of the p-Ge band gap of MOS capacitor fabricated without and with
N;O plasma treatment.
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Fig. 5. (color online) Surface potential as a function of gate voltage.

4. Conclusions

In this paper, oxidation of Ge surface by N,O plasma
is investigated. Stoichiometric GeO, is formed after N,O
plasma oxidation. The interface between GeO, and Ge sub-
strates is smooth with an interface state density of ~ 3 x
10 ¢cm~2.eV~!. In addition, the Fermi-level at GeO,/Ge in-
terface is unpinned. N> O plasma oxidation is proved to be an
effective way to fabricate high quality GeO, passivation layer.
Due to low temperature, the method is promising for Ge high
performance NMOSFET fabrication.
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