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The growth process of GeO, films formed by plasma post-oxidation (PPO) at room temperature (RT) is investigated
using angle-resolved x-ray photoelectron spectroscopy (AR-XPS). The experimental results show that the distributions of
the Ge*t states, a mixture of the Ge2" and Ge3t states, and the Ge!™ states are localized from the GeO, surface to the
GeO,/Ge interface. Moreover, the Ge! states are predominant when the two outermost layers of Ge atoms are oxidized.
These findings are helpful for establishing in-depth knowledge of the growth mechanism of the GeO, layer and valuable
for the optimization of Ge-based gate stacks for future complementary metal-oxide—semiconductor (MOS) field-effect

transistor (CMOSFET) devices.
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1. Introduction

As Si transistor technology advances beyond the 10-nm
node, it has been more difficult to further enhance the per-
formance of MOSFETs on the Si platform owing to the in-
herent limitations of the Si material itself. The device re-
search community is increasingly paying close attention to
the replacement of Si in the transistor channel with novel and

(1.21' Among several possible candi-

high-mobility materials.
date materials, Ge is a promising material that can offer in-
creases in the electron and hole mobilities by factors of ap-
proximately two and four, respectively, compared with those
of Si and can provide compatibility with conventional Si inte-

1341 However, several issues still need to

gration technologies. |
be resolved before Ge can be completely applied to field-effect
transistors (FETSs) as a proven technology to attain a high per-
formance. One of the critical issues is to provide a high-quality
interfacial layer, which can avoid causing a substantial degra-
dation in the drive current in both the low equivalent oxide
thickness (EOT) and short-channel regimes.m

Recently, wide ranges of materials and processes have
been researched to achieve superior Ge surface passiva-
tion, including nitride, P11 §j,[12-151 g 116-20] and Ge diox-
High-
quality GeO, has recently been reconsidered as a promis-

ide or suboxide (GeO,)!?*381 passivation layers.

ing passivation layer owing to its extremely low Dj (~
6 x 101 ev~1l.cm=2)3% and its potential to enable high-
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performance Ge n-MOSFETs.[*! GeO, or GeO, can be
grown by thermal oxidation at atmospheric pressure!?!->?! and
high pressure (~ 70 atm; 1 atm=1.01325x10° Pa),[>3?4 re-
spectively, as well as plasma post-oxidation (PPQ)[33-38:41-46]
or ozone oxidation.[*3%! Lee et al.'>*! proposed a two-step
oxidation process with high-pressure (70 atm) oxidation and
low-temperature oxygen annealing to form an ideal GeO,/Ge
stack based on thermodynamic and kinetic control. A GeO,
thickness of about 20 nm and D; < 10! eV—l.cm™2 near
the midgap were obtained with a peak electron mobility of
1100 cm?- V157!, Kuzum et al.'*"! used ozone oxidation to
grow GeO, and achieved a mobility that is ~ 1.5 times higher
than the universal Si mobility. Zhang et al.*’! demonstrated
that by using the electron cyclotron resonance oxygen PPO
method, the EOT of the HfO,/Al,03/GeO,/Ge gate stack can
be scaled down to 0.7 nm—0.8 nm while maintaining Dj; at a
level of 10'! eV~!.cm~2. Further, the peak electron and hole
mobilities were 689 ¢cm?-V—1.s7! and 546 cm?-V—1.s71, re-
spectively.

In order to further improve the interfacial properties using
PPO, it is necessary to understand the distributions of various
Ge oxidation states in the GeOy interfacial layer. In this paper,
the areal intensity ratios of these oxidation states in a GeO,
interfacial layer formed by PPO technology are investigated
using angle-resolved x-ray photoelectron spectroscopy (AR-
XPS). Moreover, the distributions of the Ge oxidation states
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are obtained by these areal intensity ratios.

2. Experimental

In order to fabricate the GeO,/Ge interface, an HF-last
process (100:1 H,O:HF for 2 min) was carried out to remove
the native Ge oxide on a Ge (100) wafer. Subsequently, the
wafers were immediately capped with a 3-nm-thick Al,O3
layer by atomic layer deposition (ALD) at a substrate temper-
ature of 300 °C with AI(CH3); (trimethylaluminum, TMA)
and HO as precursors. Finally, the Al,03/GeO,/Ge structure
was fabricated at room temperature (RT; ~ 20 °C) by PPO.
The inductively coupled plasma (ICP) was made up of an Ar
(650 sccm) and O; (50 sccm) gas mixture, and the microwave
power was 96 W. The bias voltage between the plasma source
and the samples was less than 1 V. AR-XPS (Thermo Scien-
tific ESCALAB 250xi) was performed with a monochromatic
Al Ko radiation source. All high-resolution spectra were ob-
tained with a pass energy of 15 eV. The takeoff angle was 90°
when the photoelectron emission direction was normal to the
sample surface.

The thickness of GeO, interface layer was controlled by
regulating the time of post plasma oxidation, and the thickness
of GeOy interface layer was calculated as follows. According
to the theory of x-ray photoelectron spectroscopy that the in-
tensity attenuation of photoelectron with characteristic energy
obeys the exponential distribution, if each layer of atoms emits
a photoelectron intensity /y toward the surface, then the mea-
sured intensity of electrons (I’) of a given layer arriving at the
surface layer will be

t
I'=1I- - 1
0 exp( ?LEk~sin6>7 M)

where ¢ is the distance of that layer from the surface, A, is
the photoelectron mean free path, and 0 is the angle between
the horizontal surface and the emitting light. Since the core
electrons are tightly bound, it is rational to assume that the
photoelectron intensity Iy originating from the plane of each
layer is the same. All the measured intensity of photoelectron
(I) originating from the surface to the given layer would be
obtained by integrating Eq. (1) from O to ¢,

I = —Iy-Ag, sin- <exp<—w> —1>. @)
k

Equation (2) corresponds to the case of a single material sam-
ple. If other materials (A) are stacked above the material to be
tested (B), the measured intensity of photoelectron (/) origi-
nated from overall material (B) will be

I = —Iy-Agy,-sin6- (exp<_xEt.Bsine> - 1>
kB

A
or( -2 ma) v

The gate-stack structure of the sample is shown in Fig. 1.

Al,O3

GeO,

Fig. 1. (color online) The gate-stack structure of the sample.

On the basis of the above discussion, the equations of
measured intensity of Ge and GeO, are shown as follows:

e (6) = —Io e AGE,, -sin6 - <exp(_m> - 1)
Gesq
X sin 9~exp(—GiGeox>
)‘G:MX -sin @

« exp <_ dAlea)
'1&2(?3 -sin 0

dcontaminants
X exp ( Act;l;tiaminants .sin @ ’ “)
GeOy -
IGeo, (9) = —1Ij Geo, ')LGe3dA -sin @
" (exp (dGO> _ 1)
GeOx  _:
AGCM sin @
. dai,0
x sin@-exp| — —m—
251293 sing
Ge3d
% ex i dcontaminants (5)
p lcontaminants .sin @ ’

Ge3d

GeOy
160, () _ AGeyy" Poeo,

IGe(e) B )bgezd PGe
dgeo )
| eX _ —1 . 6
( 7 (g ) ©

Here IGeo,(0) and Ig.(6) is the areal intensity of GeO, and

Ge, respectively, which is measured at the takeoff angle of 6.
PGeo, and pge is the germanium-atomic-density of GeO, and
Ge of each atomic layer, respectively. dcontaminants> @Al,05, and
dgeo, are the thicknesses of contaminants, Al;O3, and GeOy,
respectively. lg:gx, lg;d, 2,8162323 ,and lé‘ég;aminams are the in-
elastic mean free path of photoelectrons of Ge 3d in GeOy,
Ge, Al,O3, and contaminants, respectively. The items about
Al,O3, contaminants, and any other material layer located
upon the GeO, and Ge layers can be eliminated by dividing
Eq. (4) from Eq. (5), because the intensity attenuation of Ge
3d of GeO, and Ge from such layers are the same. Then, the
thickness of GeO, interface layer can be calculated by Eq. (6).
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The A5%0x

Gesq
spectively. The pgeo, and pge are taken as 2.53 x 102 cm™

and 4.42 x 10?2 cm—3.147

and Ag;d are taken as 2.48 nm and 2.64 nm, re-
) 3

3. Results and discussion

In order to investigate the oxidation states and their distri-
butions in the GeO, interfacial layer formed by PPO, the XPS
spectra of the Ge 3d core level were recorded and analyzed.
Figure 2 shows the Ge 3d XPS spectra for Al,03/GeO,/Ge
structures with different GeO, thicknesses at a takeoff angle
of 90°. In order to quantitatively estimate the various states
of the Ge components, the Ge 3d spectra were deconvoluted
into five peaks related to the Ge substrate (Geo), Ge subox-
ide (Ge!™, Ge?*, and Ge3*), and GeO, (Ge**), as shown in
Fig. 2. Further, the chemical shifts of Ge! ™, Ge?>*, Ge*, and
Ge*t relative to Ge? are taken as 0.8, 1.8, 2.75, and 3.4 eV,
respectively.[*3521 A spin—orbit splitting of 0.585 eV and a
branching ratio of 2:3 are used for the 3ds, and Ge 3d3 ), dou-
blets of the Ge 3d line shape. The Shirley background is used.
The full width at half maximum (FWHM) is 0.57 eV for Ge®
and Ge!t, 0.9 eV for Ge?t, 1.12 eV for Ge3*, and 1.2 eV
for Ge**.[52] In addition, the symmetric Lorentzian—Gaussian
convolution function is used, and the optimized percentage of
the Lorentzian—Gaussian function is found to be 20%.

To obtain a better understanding of the oxidation process,

oxidation states of Ge. Figure 3 shows the areal intensity ra-
tios of the various states of Ge components as a function of
the takeoff angle for a GeO, thickness of 0.59 nm after decon-
volution of the spectra in Fig. 1. Considering that the spectra
obtained with smaller takeoff angle are more sensitive to the
surface, the photoelectrons received at a takeoff angle of 35°
more often originate from the Ge atoms in the surface layer
compared to those received at 90°. Therefore, the results mea-
sured at 35° are more likely to reflect the surface elements,
whereas those measured at 90° reflect the elements in the en-
tire sample.

It can be clearly observed from Fig. 3(a) that Ge*/Ge?
(x=1, 2, 3, 4) decreases with increasing takeoff angle, sug-
gesting that all oxidation states are located above the Ge°
states. A similar phenomenon is observed in Figs. 3(b), 3(c),
and 3(d), indicating that the Ge*" (x = 2, 3, 4) states are lo-
cated above the Ge!™ states, and the Ge*™ states appear above
the GeZt and Ge3* states. In contrast, the ratio of Ge31/Ge?t
in Fig. 3(c) increases with increasing takeoff angle, demon-
strating that the Ge>" states are located above the Ge>™ states.
On the basis of the above discussion, the distributions of the
various oxidation states of Ge in 0.59-nm-thick GeO, are ob-
tained as follows. The Ge*T, Ge2T, Ge3*, and Ge! ™ states are
localized from the GeO, surface to the GeO,/Ge interface but
not in the order of Ge**, Ge3*, Ge?T, and Ge!™ predicted by

it is necessary to clarify the depth distributions of the various the layer-by-layer growth mode.*8)
(a) 0.45 nm (b) 0.54 nm
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Fig. 2. (color online) Ge 3d XPS spectra for Al;03/GeO,/Ge structures with different GeO, thicknesses at a takeoff angle of 90°.
The Ge 3d spectra consist of five peaks related to the Ge substrate (Ge?), Ge suboxide (Ge'*, Ge>*, Ge>*), and GeO, (Ge*T). The
spin—orbit splitting of the Ge 3ds, and Ge 3d;, doublets is 0.585 eV.
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Fig. 3. (color online) Areal intensity ratios of various states of Ge components as a function of the takeoff angle for a GeO, thickness
of 0.59 nm. According to these results, the depth distributions of the Ge oxidation states are obtained.
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Fig. 4. (color online) Areal intensity ratios of Ge'/Ge® (x =1, 2, 3, 4) as a function of the GeO, thickness for takeoff angles of 35°
and 90°. The relationship between the distributions of the Ge*+ and Ge? states can be acquired from these results.

For a more objective understanding of the distributions of
the Ge oxidation states during the oxidation process, the areal
intensity ratios of various Ge oxidation states as a function of
the GeO, thickness for takeoff angles of 35° and 90° have been

investigated, as shown in Figs. 4, 5, and 6.

It can be clearly observed from Fig. 4 that the values of
Ge*t/GeY (x =1, 2, 3, 4) at a takeoff angle of 35° are higher
than those at 90° for GeO, thicknesses of 0.42—0.75 nm, sug-
gesting that all Ge oxidation states are located above the Ge°

states. A similar phenomenon is observed for the results in
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Fig. 5, indicating that the Ge** (x = 2, 3, 4) states are located
above the Ge!™ states, and the Ge** states are located above
the Ge3* states. Figure 6 shows Ge3*/Ge?* and Ge**/Ge? " as
a function of the GeOy thickness. For Ge*>*/Ge?" in Fig. 6(a),
Ge>/Ge”* for a takeoff angle of 90° is larger than that for
35° for some GeO, thicknesses and smaller for other GeO,
thicknesses. These results indicate that the Ge>" states appear
above the Ge3™ states for some GeO, thicknesses and below
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the Ge3* states for other GeO, thicknesses. Figure 6(b) shows
Ge*t/Ge?t as a function of the GeO, thickness. The Ge**
states are located above the Ge>* states. According to the dis-
cussion above, the distribution of the Ge oxidation states of
the GeQ, interfacial layer during the oxidation process are ob-
tained as follows. The Ge** states, a mixture of Ge2T and
Ge3t states, and the Ge!™ states are localized from the GeO,
surface to the GeO,/Ge interface.
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Fig. 5. (color online) Areal intensity ratios of Ge*t/Ge!™ (x =2, 3, 4) and Ge**/Ge3* as a function of the GeO, thickness for takeoff

angles of 35° and 90°.
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Fig. 6. (color online) Areal intensity ratios of Ge3*/Ge>* and
Ge**/Ge”* as a function of the GeO, thickness for takeoff angles of
35° and 90°.

Figure 7 shows the areal intensity ratios of Ge**/Ge!™
(x =3, 4) and (Ge** +Ge**)/Ge!" as a function of the GeO,
thickness for a takeoff angle of 90°. It can be clearly observed
that almost all areal intensity ratios (except for three) were less
than 1.0, indicating that the number of Ge!™ states existing in
a GeO, layer with a thickness of 1 nm or less is far greater
than the numbers of Ge*>* and Ge** states and even greater
than their sum. The Ge—Ge distance in GeO; is in the range of

3.05 A-3.15 A,153! which means that two layers of Ge should
be oxidized for 0.7-nm-thick GeO,. Consequently, the Ge!*
states are predominant when the two outermost layers of Ge
atoms are oxidized.
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Fig. 7. (color online) Areal intensity ratios of Ge**/Ge!* (x =3, 4) and
(Ge>* +Ge*+)/Ge!* as a function of the GeO, thickness for a takeoff
angle of 90°.

4. Conclusions

In summary, the growth process of a GeOy film formed by
PPO at RT is investigated on the basis of AR-XPS. In addition,
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the distributions of various Ge oxidation states are obtained

by the areal intensity ratios of these states. It is experimentally

found that the distributions of the Ge*™ states, a mixture of the

Ge?t and Ge®t states, and the Ge!' ™ states are localized from
the GeO, surface to the GeO,/Ge interface. Furthermore, the
Ge!™ states are predominant when the two outermost layers of

Ge atoms are oxidized. These experimental results are help-
ful for optimizing Ge-based gate stacks for future CMOSFET
devices.
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