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For high-performance nanoscale Ge-based transistors, one important point of focus is interfacial

germanium oxide (GeO,), which is thermodynamically unstable and easily desorbed. In this study, an
atomic-layer-deposited AIN buffer layer was introduced between the crystalline ZrO, high-K gate
dielectrics and epitaxial Ge, in order to reduce the formation of interfacial GeO,. The results of X-ray

photoelectron spectroscopy and high-resolution transmission electron microscopy demonstrate that the

AIN buffer layer suppressed the formation of interfacial GeO,. Hence, significant enhancement of the
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electrical characteristics of Ge metal-oxide-semiconductor (MOS) capacitors was achieved with a two-

orders-of-magnitude reduction in the gate leakage current, a 34% enhancement of the MOS
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1. Introduction

Over the last decade, it has become increasingly difficult to
improve the performance of silicon (Si) metal-oxide-
semiconductor (MOS) field-effect transistors (FETs) via
conventional device scaling. Due to high carrier mobility,
germanium (Ge) and III-V compound MOSFETs have been
regarded as very promising candidates for the further
improvement of device performance and scaling.'* However,
the lack of high-quality and thermodynamically stable gate
dielectrics is a major problem in implementing Ge and II-V
semiconductors as the channel materials.>™*° For Ge, it is diffi-
cult to suppress the formation of a low-K germanium oxide
(GeO,) interfacial layer (IL) at the high-K and Ge interface,
which limits the minimum achievable equivalent oxide thick-
ness.'>? In contrast to the SiO,/Si system, interfacial GeO, has
been reported to be thermodynamically unstable.” The smaller
conduction band offset at the GeO,/Ge interface also results in
an increase in the gate leakage current.”® Therefore, it is
essential to prevent the formation of interfacial GeO, in high-
performance Ge-based MOSFETs."*'*

Many methods have been used to passivate the defects and
achieve a stable high-K/Ge interface, such as the use of ultrathin
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capacitance, and a lower interfacial state density. The results indicate that the AIN buffer layer is effective
in providing a high-quality interface to improve the electrical performance of advanced Ge MOS devices.

Si, high-quality Ge oxides, and rare-earth oxides (Y,03, SmGeO,,
etc.).***'” One of the most widely used methods is the insertion
of an Al,O; buffer layer between the high-K oxide and Ge
because of the high bandgap and good thermal stability of
Al,0,.'®" Besides, it has been reported that nitrogen incorpo-
ration into GeO, yields an improvement in the thermal stability
and the dielectric constant.>*** However, an unstable GeO, is
usually formed at the Al,0;/Ge and Ge-oxynitride/Ge interfaces.
Furthermore, the use of germanium nitride (Ge;N, or GeN,) as
the gate dielectric and the buffer layer has been demonstrated
to exhibit well-behaved capacitance-voltage characteristics.”*>*
This improvement in the electrical performance may be the
result of the suppression of interfacial GeO, because the prep-
aration of the nitride does not involve the use of oxygen.

AIN is a good material for gate dielectrics and buffer layers
because it has a higher dielectric constant than GeO,, good
chemical stability, and a wide bandgap of ~6.2 eV.?*% AIN thin
films are conventionally prepared by chemical vapor deposition
(CVD) and sputtering.**** However, the typical deposition
temperature for AIN prepared using CVD is greater than
700 °C,*" which is unfavorable for the integration of semi-
conductor processing. Besides, it is difficult to deposit high-
quality nanoscale thin films using sputtering.®* Recently,
atomic layer deposition (ALD) has been reported for the prep-
aration of high-quality nanoscale AIN thin films at low
temperatures.>®** In this paper, remote plasma ALD (RP-ALD)
was used to deposit a nanoscale AIN buffer layer between the
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crystalline ZrO, high-K gate dielectrics and Ge. The interfacial
GeO, was suppressed by the AIN buffer layer, so the capacitance
equivalent thickness (CET), the interfacial state density (D;,) and
the gate leakage current (/) of Ge MOS capacitors were signif-
icantly improved.

2. Experiments

The gate stacks in MOS capacitors are plotted schematically in
Fig. 1. A Ge epitaxial layer was grown by remote plasma chem-
ical vapor deposition using GeH, at 375 °C on a highly-doped
(0.001-0.003 Q cm) n-type Si substrate. After pre-cleaning, the
samples were immersed in dilute HF (1 min) and then rinsed
with de-ionized water (30 s) for several cycles, in order to remove
the native oxide on the Ge. The gate stacks, which were
composed of ZrO,, Al,03/ZrO,, and AIN/ZrO,, were then
immediately deposited by RP-ALD (Fiji, Ultratech) at 250 °C.
Tetrakis(dimethylamino)zirconium (TDMAZ), trimethylalumi-
num (TMA), O, plasma, and N,/H, plasma were respectively
used as the precursors and reactants for Zr, Al, O, and N. A
platinum (Pt) top electrode with an area of 3 x 10~* cm?* was
deposited by radio-frequency sputtering, and then an
aluminum (Al) back contact was then produced by thermal
evaporation. Finally, all samples were annealed in a furnace at
450 °C in N, ambient for 30 minutes.

The chemical bonding in the gate stacks was determined by
X-ray photoelectron spectroscopy (XPS) using Al Ka radiation at
1486.6 eV. The cross-sectional images of the gate stacks were
observed using high-resolution transmission electron micros-
copy (HRTEM, Philips Tecnai F20 G2 FEI-TEM, 200 kV). The
crystalline phases of ZrO, were measured by grazing incident
angle X-ray diffraction (GIXRD) using Cu Ko radiation at an
incident angle of 0.5°. The capacitance density versus voltage
(C-V), the leakage current density versus voltage (I-V), and the
conductance density versus the frequency (G-f) curves of the
gate stacks were characterized using an Agilent B1500A semi-
conductor device analyzer at room temperature.

3. Results and discussions

Fig. 2 shows the Ge 3d XPS spectra of the ZrO,, Al,05/ZrO,, and
AIN/ZrO, gate stacks with and without the annealing treatment,
which reveals the oxidation states of Ge. The XPS spectra can be
decomposed into the peaks corresponding to the binding
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Fig. 1 Schematic of the (a) ZrO,, (b) Al,O3/ZrO,, and (c) AIN/ZrO, gate stacks.
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energies at 29.4 eV (Ge), 31.7 eV (GeO), 33.6 eV (GeO,), and
30.9 eV (Ge-N).* The XPS spectra of the samples without the
annealing treatment are shown in Fig. 2(a)-(c). The presence of
the GeO oxidation state in the ZrO, sample (Fig. 2(a)) is attributed
to the supply of oxygen from ZrO,. Fig. 2(b) reveals that the
interfacial GeO was suppressed in the Al,0;/ZrO, gate stack
compared to that in the ZrO, sample, which can be deduced from
the lower Gibbs free energy of Al,O; than that of ZrO,.** It can be
seen in Fig. 2(c) that the AIN buffer layer led to the formation of
Ge-N bonds, and the GeO oxidation states were almost absent in
the AIN/ZrO, sample because oxygen was not involved during AIN
deposition. The result also suggests that the diffusion of oxygen
from ZrO, toward the interface was effectively blocked by the AIN
buffer layer, and so the formation of interfacial GeO, was sup-
pressed. Moreover, Fig. 2(d)-(f) are the XPS spectra of the samples
treated with the annealing process. As compared with Fig. 2(a)
and (b), the annealing treatment gave rise to an increase in the
GeO signals and the formation of GeO, oxidation states in the
ZrO, and Al,05/ZrO, gate stacks:**

2GeO — GeO, + Ge

The decomposition of GeO into GeO, and Ge is ascribed to
the lower Gibbs free energy of GeO, than that of GeO.** The
outcome indicates that the annealing process facilitated the
formation of interfacial GeO,. Notice that no obvious interfacial
GeO, appeared in the XPS spectrum of the AIN/ZrO, gate stack
as shown in Fig. 2(f). The result confirms again that the AIN
buffer layer could effectively restrain oxygen diffusion during
the ZrO, deposition and annealing processes.

The Al 2p XPS spectra of the Al,05/ZrO, and AIN/ZrO, gate
stacks are shown in Fig. 3. The Al-O bond (75.6 eV) was present
in the Al,03/ZrO, sample due to the introduction of the Al,O3
buffer layer. The Al 2p peak of the AIN/ZrO, sample was located
near 74.6 €V, which is associated with the Al-N bond because
AIN was substituted for the Al,O; buffer layer.*® Depositing ZrO,
on the AIN buffer layer results in a slight shift in the Al 2p peak
(~75 eV) from the standard Al-N bond at 74.6 eV toward the Al-
O bond at 75.6 eV, indicating the partial oxidation of AIN.

The HRTEM images of the ZrO,, Al,05/ZrO,, and AIN/ZrO,
gate stacks are shown in Fig. 4. It is seen that the total physical
thickness of all the samples was approximately 7.5 nm. The
ZrO, layer featured a crystalline lattice in the images for all of
the samples, which demonstrates that ZrO, was crystallized
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Fig. 2 The Ge 3d XPS spectra of the (a) ZrO,, (b) AlbOz/ZrO,, and (c) AIN/ZrO, gate stacks without the annealing treatment and the (d) ZrO,, (e)
Al,O3/ZrO,, and (f) AIN/ZrO, gate stacks treated with the annealing process (in a furnace at 450 °C for 30 minutes in N, ambient). The intensity of
the Ge peak of each sample was normalized to one. The annealing treatment facilitated the formation of interfacial GeOy in the ZrO, and Al, O3/
ZrO, gate stacks. The interfacial GeO, was significantly suppressed in the AIN/ZrO, gate stack.
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Fig. 3 Al 2p XPS spectra of the Al,O3/ZrO, and AIN/ZrO, gate stacks.
The Al-O (75.6 eV) and Al-N (74.6 eV) bonds were present in the
AlLO3/ZrO, and AIN/ZrO, samples.

during thermal annealing.*® In Fig. 4(a), there is an obvious and
rough interfacial GeO, layer in the ZrO, sample. An Al,O; buffer
layer and interfacial GeO, are observed in the Al,03/ZrO, gate
stack as shown in Fig. 4(b). Fig. 4(c) reveals a sharp interface
without interfacial GeO, between AIN and Ge, indicating that
the AIN buffer layer was capable of suppressing interfacial GeO,.
The HRTEM results are in good agreement with the Ge 3d XPS
spectra shown in Fig. 2.

The GIXRD patterns of the ZrO,, Al,0;/ZrO,, and AIN/ZrO,
gate stacks are shown in Fig. 5. There is an obvious diffraction
peak at 26 = 30.4° in all of the samples, which corresponds to

594 | RSC Adv., 2019, 9, 592-598

the tetragonal (101) phase (88-1007 JCPDS) or the cubic (111)
phase (49-1642 JCPDS) of ZrO,.*” The tetragonal/cubic phase in
ZrO, had a much higher dielectric constant than amorphous
ZrO,, which allows further CET scaling.*® Although tetragonal/
cubic ZrO, was thermodynamically stable at temperatures
greater than 1170 °C,** the tetragonal/cubic phase had been
observed in nanoscale ZrO, thin films.** The presence of
tetragonal/cubic ZrO, in the nanoscale layers, as shown in
Fig. 5, is consistent with the results of previous studies.****
The C-V curves of the ZrO,, Al,03/ZrO,, and AIN/ZrO, gate
stacks are shown in Fig. 6(a). The capacitance of the AIN/ZrO,
sample was much greater than that of the ZrO, and Al,05/ZrO,
samples. Table 1 shows the CET and the effective dielectric
constant (keg) of the ZrO,, Al,03/ZrO,, and AIN/ZrO, gate stacks.
These values were derived from the C-V curves. The CET and kes
values of the ZrO, sample are 2.35 nm and 12.42 nm, respec-
tively. The k. of the ZrO, sample is much lower than the
dielectric constant of tetragonal/cubic ZrO,,*>** which can be
deduced from the presence of low-K interfacial GeO, in the ZrO,
sample, as shown in the XPS spectrum and the HRTEM image
(Fig. 2(d) and 4(a)). Although the low-K interfacial GeO, was
suppressed by the Al,O; buffer layer, as demonstrated by the
XPS spectrum (Fig. 2(e)), the introduction of the Al,O; buffer
layer between ZrO, and Ge still caused a slight degradation of
the CET (2.38 nm) and ke (12.29) of the Al,03/ZrO, gate stack
because Al,O; has a lower dielectric constant than ZrO,. The
substitution of AIN for Al,O; as the buffer layer led to a signifi-
cant decrease in the CET (1.75 nm) and an increase in the kg

This journal is © The Royal Society of Chemistry 2019
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Fig. 4 Cross-sectional HRTEM images of the (a) ZrO,, (b) Al,O3/ZrO,, and (c) AIN/ZrO, gate stacks. There is a sharp interface between AIN and

Ge in the AIN/ZrO, sample.

: t-(101) —— AIN/Zro
1c-(111) 2
— Zro,

Intensity (arbitrary units)

P Y A A A i A A A A A A
26 28 30 32 34 36 38 40 42 44 46 48 50
20 (degree)
Fig. 5 GIXRD patterns of ZrO,, Al,O3/ZrO,, and AIN/ZrO, gate stacks.

The obvious diffraction peak at 20 = 30.4° is associated with tetrag-
onal/cubic ZrO,.

(16.72) of the AIN/ZrO, sample, which is mainly attributed to the
suppression of the interfacial GeO,, as clearly shown in Fig. 2(f)
and 4(c).
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and a lower Jg than the ZrO; or Al,O3/ZrO, samples.
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Fig. 6(b) and Table 1 show the I-V curves and the J, of the
Zr0,, Al,03/ZrO,, and AIN/ZrO, gate stacks. The ZrO, sample
had a high J, value of 1.82 x 10" A cm ™ as a result of the
leakage current path via the grain boundaries in crystalline
ZrO,. Due to the high bandgap of Al,O3, the presence of the
ALO; buffer layer resulted in a decrease in the J, (2.60 x 10> A
cm %) of the Al,03/ZrO, sample. There was a significant
reduction in the J, (1.12 x 10> A cm™?) of the AIN/ZrO, gate
stack, which is two orders of magnitude lower than that of the
ZrO, sample because of the insertion of the AIN buffer layer.
This can be understood from the suppressed growth of inter-
facial GeO,, which has a low conduction band offset of only
~0.8 eV.**

The D, value was measured by the conductance (Nicollian—
Goetzberger) method.*** Fig. 7(a) shows the equivalent parallel
conductance over the angular frequency (Gp/w) as a function of
the frequency of the ZrO,, Al,05/ZrO,, and AIN/ZrO, gate stacks.
The value of D; was estimated from the maximum value of Gp/w
as:®

2.5 (Gp
D, = =2 (&
' Aq(w)max

-
ee

10°
Vil
10° . Zr02
10° —o— Alp03/ZrO9
i —— AIN/ZrOy

Leakage Density (A/lcm?

-8 A A L
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5
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(@) C-V and (b) -V characteristics of the ZrO,, Al,O3/ZrO,, and AIN/ZrO, gate stacks. The AIN/ZrO, gate stack had a higher capacitance
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Table 1 The capacitance equivalent thickness (CET), the effective
dielectric constant (k.¢), the gate leakage current (Jg), and the inter-
facial state density (D) of the ZrO,, Al,O3/ZrO,, and AIN/ZrO, gate
stacks®

Sample CET (nm) ke Je(Aem™) Dy (ecm™? eV
Zr0, 2.35 12.42 1.82 x 10! 9.08 x 102
Al,05/Zr0, 2.38 12.29 2.60 x 1072 6.46 x 10
AIN/ZrO, 1.75 16.72 112 x107°  3.85 x 10™?

% These values were extracted from the C-V, I-V, and G-f curves as
shown in Fig. 6 and 7. The leakage current density J, was determined
at Vg, (flat-band voltage) +1 V. The AIN/ZrO, gate stack exhibited
a significant improvement in CET, k., Jg, and Dy, over the ZrO, and
Al,03/ZrO, samples.

where A is the area of the MOS capacitors. The Dy, distributions
in the bandgap of the ZrO,, Al,03/ZrO,, and AIN/ZrO, gate
stacks are shown in Fig. 7(b). Since the weak inversion response
results in the overestimation of D, for Ge at room tempera-
ture,” the minimum D;, values near the mid-gap were adopted
to characterize the interfacial quality of the ZrO,, Al,03/ZrO,,
and AIN/ZrO, gate stacks.”® As shown in Table 1, the minimum
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Fig. 7
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D, of the ZrO,, Al,03/ZrO,, and AIN/ZrO, samples were 9.08 x
10”2 cm 2 eV !, 6.46 x 102 cm 2 eV}, and 3.85 x 102 cm™?
eV, respectively. Owing to the high thermal stability of the
Al,O; buffer layer and the reduced growth of interfacial GeO,,
the D;; of the Al,05/ZrO, gate stack was lower than that of the
ZrO, sample. The introduction of the AIN buffer layer caused
a further decrease in D;, of the AIN/ZrO, gate stack, which is
ascribed to the suppression of interfacial GeO, by the AIN buffer
layer. Because remote N,/H, plasma was used as the reactant in
the deposition of the AIN buffer layer, hydrogen passivation of
the interfacial states also led to decrease in D;; of the AIN/ZrO,
sample.*®

The C-V curves of the ZrO,, Al,03/Zr0O,, and AIN/ZrO, gate
stacks at various frequencies are shown in Fig. 8. In the
frequency range from 1 kHz to 100 kHz, the frequency
dispersion is 4.2%, 2.2%, and 1.4% for the ZrO,, Al,03/ZrO,,
and AIN/ZrO, gate stacks at an accumulation bias of 2 V. The
larger capacitance at a high frequency of 1 MHz was deduced
from the parasitic inductance.*® The relatively low-frequency
dispersion in the AIN/ZrO, gate stack was correlated with the
lower D;. as compared with the ZrO, and Al,03/ZrO,
samples.**

Mid-gap
10" T T T v
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° AI203IZr02
— A AIN/Zr02
5
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o 10°F o5 -
1 [ ]
£ I
O
—
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(a) Gp/w versus the frequency of the ZrO,, Al,O3/ZrO,, and AIN/ZrO, gate stacks. The AIN/ZrO, gate stack had the lowest value of (Gp/

®)max. and so the Dy, of the AIN/ZrO, sample was lower than that of the ZrO, and Al,Os/ZrO, gate stacks. (b) D, distributions versus bandgap
energy, which were extracted from the conductance method, of the ZrO,, Al,O3/ZrO,, and AIN/ZrO, gate stacks.
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4. Conclusion

In this study, the electrical and structural characteristics of the
ZrO,, Al,03/Zr0,, and AIN/ZrO, gate stacks on Ge were investi-
gated carefully. The introduction of an Al,O; buffer layer
between ZrO, and Ge resulted in a decrease of J, value due to the
high bandgap of Al,O;. However, it is difficult to prevent the
growth of unstable, low-K interfacial GeO, using an Al,O; buffer
layer because oxygen was involved during the deposition of
Al,O;. The formation of interfacial GeO, was significantly sup-
pressed by an AIN buffer layer, as evidenced by the XPS and
HRTEM characterizations. This produced a significant
enhancement in the electrical characteristics, including the
CET, ke, Jo» and Dje of the AIN/ZrO, gate stack. The results of
this study show that an AIN buffer layer is an effective approach
to high-quality interfacial engineering for high-performance
high-K gate stacks in advanced Ge MOS transistors.
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