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High-quality dielectric/Ge interface and low gate leakage current are crucial issues for high-performance nanoscaled

Ge-based complementary metal-oxide—semiconductor (CMOS) device.

In this paper, the interfacial and electrical

properties of high-k HFGAON/LaTaON stacked gate dielectric Ge metal-oxide—semiconductor (MOS) capacitors with
different gadolinium (Gd) contents are investigated. Experimental results show that when the controlling Gd con-
tent is a suitable value (e.g., ~ 13.16%), excellent device performances can be achieved: low interface-state density
(6.93 x 10! cm™2.eV~!), small flatband voltage (0.25 V), good capacitance—voltage behavior, small frequency disper-
sion, and low gate leakage current (2.29x 10~% A/cm? at Vg = Vi +1 V). These could be attributed to the repair of oxygen
vacancies, the increase of conduction band offset, and the suppression of germanate and suboxide GeO, at/near the high

k/Ge interface by doping suitable Gd into HfFON.

Keywords: Ge MOS devices, HfGdON dielectric, interface quality, leakage current density

PACS: 77.55.D-, 77.55.dj, 77.55.F—, 81.15.—z

1. Introduction

Recently, it has become increasingly difficult in further
scaling down the geometric dimension of Si-based metal—
oxide—semiconductor field-effect transistor (MOSFET). For
overcoming the obstacle, Ge-based and III-V compound
semiconductor-based MOSFETs (e.g., GaN-HEMTs) with
high-k gate dielectric have been extensively studied to fur-
ther improve the scaled CMOS technology due to their higher
electron and/or hole mobilities than those of silicon.!'=% For
Ge MOS, unstable and water-soluble GeO, (x < 2) degrades
the Ge/gate-dielectric interface quality, resulting in poor elec-
trical properties,’! which has hampered the development of
Ge MOSFET. In order to solve this problem, different surface
passivation layers, such as LaTaON, [#! ZrON, ! NbSiON, 0]
etc.!"=14 have been investigated and exhibited good inter-
face quality in the presence of Ge. On the other hand, Hf-
based oxide has been considered as one of the most promis-
ing high-k materials and used as gate dielectric due to its
high k value (~ 25) and large band gap (~ 5.8 eV).!!>16]
However, it has been found that the electrical properties
of the device will be degraded due to intermixing between
Ge and Hf.[.27-141 Although the incorporation of nitrogen
(N) into HfO, could suppress Ge and O diffusion and im-

17,18

prove the interfacial property,!!7-18] it reduced the valence- and

(191 Fortunately, some recent investi-

conduction-band offsets.
gations have demonstrated that the Gd-doped HfO; can in-

crease the conduction-band offset and transform HfO, from

DOI: 10.1088/1674-1056/ab4e7e

the monoclinic phase to the cubic phase, thus diminishing the
leakage, improving the interface quality, and also augmenting
the k value of dielectric.[?%211 So in this work, the effects of
Gd content in HFGdON gate dielectric on interface and elec-
trical properties of Ge MOS devices with LaTaON interlayer
are further investigated so that Gd content is optimized to ob-
tain high-quality dielectric/Ge interface and excellent device
performances.

2. Experiments

Ge MOS capacitors were fabricated on (100) n-type
Ge wafers with a resistivity of 0.02 Q.cm-0.1 Q-.cm. The
wafers were cleaned by using ethanol, acetone, and trichloroe-
thylenein in sequence, followed by dipping them in diluted HF
(1:50) for 30 s, and then rinsed with deionized water for sev-
eral cycles to remove the native oxide. After drying by N», the
wafers were transferred immediately to the vacuum chamber
of a sputtering system. Before deposition, the vacuum cham-
ber was evacuated to a base pressure of 5.0 x 107* Pa. A
~ 2-nm LaTaN film was deposited by cosputtering of La target
and Ta target at room temperature in an Ar/N, (= 15/6) ambi-
ent atmosphere, followed by an in-situ deposition of ~ 8-nm
HfGdON film by cosputtering of HfO, target and Gd target in
the same ambient. The Gd content was adjusted by changing
the Gd-target power as shown in Fig. 1. Then, a postdeposi-
tion annealing (PDA) was carried out in Ny (500 sccm)+0,
(50 sccm) ambient atmosphere at 500 °C for 5 min to convert

*Project supported by the National Key Research and Development Program of China (Grant No. 2018YFB2200500) and the National Natural Science Founda-
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LaTaN into LaTaON and reduce the oxygen vacancy in HfG-
dON film. The Al was thermally evaporated and patterned
by lithography, and used as a gate electrode with an area of
7.85 x 107 cm?. Finally, postmetallization annealing was
carried out in a forming gas (95% N,+5% H;) at 300 °C for
20 min.

High-frequency (HF, 1 MHz) capacitance—voltage (C-V)
and gate leakage current density versus gate voltage (Jg—V;)
characteristics were measured by HP4284A precision LCR
meter and Keithley 4200-SCS semiconductor parameter ana-
lyzer respectively under a light-tight and electrically-shielded
condition at room temperature. The physical thickness of the
gate dielectric was determined by a spectroscopic ellipsome-
ter. The x-ray photoelectron spectroscopy (XPS) was em-
ployed to investigate the compositions and chemical states of
the samples.

| Ge wafer |

!

| cleaned by organic solvents |

!

| remove oxide by HF dip |

|

| drying by N |

!

~2 nm LaTaN deposited
by cosputtering

HfGdON film deposition
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Al
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Fig. 1. Process flow chart of Ge MOS capacitor with gate stacked di-
electric of HFGAON/LaTaON/Ge.

3. Results and discussion

The compositions and chemical states of four samples
with different Gd contents (from O to 45%, as analyzed be-
low) are investigated by etching the HfGdON gate dielectrics
to a thickness of ~ 4 nm from the Ge surface using an in-situ
Art ion beam in the XPS chamber. The binding energy is
calibrated by centering the Ge 3d at 28.8 eV, and all peaks
have their own fixed full wide at half maximum (FWHM).
Firstly, the spectrum of La 3d is shown in Fig. 2(a), and two

strong peaks at 851.40 eV (La 3d; ;) and 834.50 eV (La 3ds)»)
are detected. The spin—orbit splitting energy of 16.9 eV is
in a good accordance with that of La;O3/LaON, and the La
3ds,, peaks related to La,O3 are located in a binding-energy
range of 834.2 eV-837.0 eV,?!! confirming the presence of
Lay03/LaON in the interlayer. The spectrum of Ta 4f is shown
in Fig. 2(b), in which two strong peaks are located at 26.18 eV
(Ta 4f7/;) and 28.01 eV (Ta 4fs /2), respectively. The spin—
orbit splitting energy is 1.83 eV, which is close to a stan-
dard value of 1.9 eV, indicating the presence of Ta’* from
TayOs/TaON.[22)

(a) La 3ds/2 La 3ds/2

|_834.50

5 :
1 801.4? \ 1

65 860 855 850 845 840 835 830 825

(b) Ta 4fs)s |
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o

30 29 28 27 26 25 24
Binding energy/eV

Fig. 2. XPS spectrum of HfGAON/LaTaON/Ge MOS with Gd content of
~ 13.16% for (a) La 3d and (b) Ta 4f. Other samples with Gd incorporation
have similar results.

The Gd 4d core-level spectrum is shown in Fig. 3(a), and
two strong peaks of Gd 4d3/; (~ 147.47 eV) and Gd 4ds),
(~ 142.43 eV) are detected, which can be fitted well by spin—
orbit splitting energy of about 5.0 eV, confirming the formation
of Gd>03/GdON. %3] In addition, an extra peak (~ 140.65 eV)
can be observed, which can be attributed to the electrostatic
interaction between Gd 4d core level and a partially filled Gd
4f level because Gd belongs to the heavy lanthanide group
element. /24 Figure 3(b) is the N 1s spectrum, showing the in-
corporation of nitrogen into the gate dielectric film.
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Fig. 3. XPS spectra of HFGAON/LaTaON/Ge MOS with Gd content of
~ 13.16% for (a) Gd 4d and (b) N 1s. Other Gd-doped samples have
similar results.
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Figure 4 demonstrates the core-level spectra of Hf 4f,
and all of them are deconvoluted into two peaks of Hf 4fs
and Hf 4f; 5, which are in accordance with spin—orbit split-
ting energy of about 1.7 eV.[?>27] From the above XPS re-
sults, it can be suggested that the HFGAON dielectric film is
formed. By calculating the peak-area ratio of Gd 4d to Hf
4f for each of the three Gd-doped samples, their Gd content
values [Gd/(Gd+Hf)] are obtained to be 13.16%, 29.86%, and
45.47%, respectively. Compared with the control sample with-
out doping Gd, the sample with the Gd content of ~ 13.16%
possesses a 0.2-eV binding energy shift of the Hf 4f peak,
which, obviously, is caused by the incorporation of gadolin-
ium into HfON film. As the Gd/(Gd+Hf) atomic ratio in-
creases, the Hf 4f peaks shift to higher binding energy, which
is consistent with the results in Refs. [28] and [29] and can be
attributed to the suppression of oxygen vacancies by doping
Gd, to reduce the local electronic density of states. [20-28:30]

Because of a strong overlap between the Ge 3d peak and
Hf or Ta peak,®!) the Ge 2p;  core level spectrum for each
of four samples is used to investigate interfacial quality be-
tween the high-k stack and Ge substrate as shown in Fig. 5.
The peaks from GeO,, GeO,, and Ge substrates are found
to be located at 1221.1 eV, 1218.8 eV, and 1217.5 eV,[32] re-
spectively. For the Gd-doped samples, a peak with a binding
energy (BE) value of 1216.2 eV is observed, which belongs to
Gd 3d;, whose BE value is between 1212 eV and 1227 e V.1
A peak with a BE value of 1219.9 eV in Fig. 4(a) originates
from HfGeO,, which is formed due to the Hf and O diffusing

onto the surface of Ge substrate during the 500-°C PDA. 34!
The O 1s core level spectra of four samples in Fig. 6 further
confirm the formation of HfGeO, and Ge suboxides as indi-
cated by the Ge—-O-Hf and O-Ge peaks, respectively. The
HfGeO, peak has a positive shift of BE (Agg = 2.40 eV) rel-
ative to the peak of the Ge substrate as shown in Fig. 5(a).
Obviously, as Gd content increases from 0 to 13.16%, this
shift decreases (Agg = 1.76 eV), indicating the suppression of
the Hf diffusion by Gd incorporation. However, as Gd con-
tent increases to higher values, a turnaround of Agg occurs,
indicating the augment of the germanate due to the distortion
of crystal structure by excessive Gd incorporation (29.86%
and 45.47%).1331 To further analyze the effects of Gd doping,
the area ratios of Ge suboxide to Ge 2p peak for four sam-
ples are calculated to be 12.06%, 5.39%, 7.72%, and 10.85%,

Hf 4f 45.47% Gd

=2 I . I . I . 1 . 1
£ [—Hf4f D 20.86% Cd
E 1 1 1 1 1 1 1 1 L
~
z HF 4f 13.16% Gd
2
o)
45 1 ' 1 ' 1 L 1 i I f
=

—— Hf 4f . control sample

—
HE 4f;75/ ~_/ \Hf 4f; .
22 20 18 16 14 12

Binding energy/eV

Fig. 4. XPS spectra of Hf 4f for four samples with (a) 0% Gd, (b)
13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.
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Fig. 5. XPS spectra of Ge 2p for four samples with (a) 0% Gd, (b) 13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.
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(a) control sample
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Fig. 6. XPS spectra of O 1s for four samples with (a) 0% Gd, (b) 13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.

corresponding to the samples with Gd content increasing from
0% to 45.47% respectively, implying that the formation of the
unstable GeO, can greatly be suppressed due to an effective
blocking role of Gd against O diffusion for the sample with
Gd content of 13.16%, and however, with the incorporation of
excessive Gd, e.g., 29.86%, even 45.47%, the peak area ratio
of GeO, gradually increases and the interface quality is de-
graded due to the increased O diffusion. The peak intensity of
the O-Ge bond in O 1s XPS spectra presents the same change
trend in Fig. 6.

Based on the above XPS analyses, it can be suggested that
the incorporation of an appropriate amount of Gd into HfON
can suppress the formation of germanate and suboxide GeOy,
and however, excessive Gd incorporation into HFON will be
counterproductive. So it is important to control the Gd content
entering into HfFON for the purpose of improving the interfa-
cial quality between HfGdON dielectric and Ge substrate.

Figure 7 demonstrates the typical HF C-V curves of the
control sample (HfON) and three HFGdAON samples. Appar-
ently, the control sample has a much smaller accumulation ca-
pacitance (Cox) than those HFGAON samples, indicating that
the incorporation of Gd into the HfON dielectric can increase
its permittivity (k). The increased k value is attributed to the
transformation of crystal structure wherein Gd*>* replaces a
part of Hf**. As is well known, the ionic radius of Gd3*
(~ 0.105 nm) is slightly larger than that of Hf*t (~ 0.08 nm),
which increases the length of the anion—cation bond, resulting

in the enhancement of the molecular polarizability. 3!

2.0
—s— control sample

N [ ——13.16% Gd

I, 1.6F —— 29.86% Gd

E | —+45.47% Gd

= o1af

~

9) L

9]

<

& 0.8F

3 [

g

< 0.4rf

O -

0 E 1 1 1 1 1 1

-2 —1 0 1 2 3
Gate voltage/V

Fig. 7. Typical HF C-V curves of four samples with different amounts
of Gd.

The permittivity can be calculated fromB”l k = (1 +
87am /3Vm)/(1 — 47ay /3Vm) where ap, denotes the molecu-
lar polarizability and Vj, is the molecular volume. Obviously,
the k value of HfGAON dielectric increases with the molec-
ular polarizability increasing. In addition, the k value of the
monoclinic HfO, is lower than that of the cubic HfO,. With
the Gd incorporation, the content of longer O—Gd bond in-
creases as confirmed by the XPS spectrum of O 1s, and the
monoclinic HfO, is transformed into the cubic HfO, due to
substitution of O-Gd for O-Hf,!?°! which plays a role in in-
creasing k value too. But the k value will not always increase
with the Gd content increasing as demonstrated by the mea-
sured results. The extracted electrical parameters from the C—
V curves are listed in Table 1. The equivalent k value of the
gate dielectric is calculated from k = Coxtox /€A, Where foy is

the thickness of gate dielectric and A is the area of capacitor.
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The value of Vy, is determined by the flat-band capacitance, 133!

and the oxide-charge density (Qox) is calculated from Qyx =
—Cox (Vb — ®ms ) /¢, where @ is the work-function difference
between Al and Ge. The interface-state density near midgap
(Dy) is estimated by the Terman’s method. "] Obviously, the

k value increases firstly and decreases then as the Gd content
increases, and reaches a maximum value (~ 20.5) for Gd con-
tent of ~ 13.16%. the k value for the samples decreasing with
excessive Gd doping can be attributed to lower permittivity of
the pure Gd, O3 than that of HfO,.

Table 1. Electrical and physical parameters extracted from the HF C-V curve of four samples.

Hf,_,Gd,ON k Dylem2.eV~! Vio/V J/(Alem?)@Vy = Vi +1V Qox/em™2
Gd (0%) 16.04 6.98x10'2 0.44 5.73%x10~4 —3.74x10"2
Gd (13.16%) 20.51 6.93x 10" 0.25 2.29x1076 —2.73x10"2
Gd (29.86%) 18.87 2.82x10'2 0.36 1.39%1073 —2.99x10"2
Gd (45.47%) 18.61 5.59%10'2 0.41 1.38x10~4 -3.36x10'2

The hysteresis behaviors of the C-V curves for the four
samples are presented in Fig. 8. To quantify their differences,
the hysteresis voltages are calculated each as an averaged
value between 0 V and 1 V, which, specifically,are 168 mV,
13 mV, 17 mV, and 20 mV for the samples with increasing
Gd content. Compared with the control sample, the Gd-doped
samples exhibit small hysteresis, implying a low density of
defects in the LaTaON IPL and near/at the HHfGdON/LaTaON
interface due to the suppression of oxygen vacancies by dop-
ing Gd.!*! But for excessive Gd content, the crystal structure
is distorted, resulting in the formation of more germinate and
GeO, near/at the high-k/Ge interface due to enhanced diffu-
sion of Hf and O towards the Ge surface as confirmed by the
above XPS analyses, thus increasing hysteresis.

2.0
[(a) control sample

1.6}  (HfON)
1.2¢

------------

.....
&5

.......
.....
Jose
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0.4r
[ cooooooo0moooso™™ —O— reverse

e
..................

F(c) 29.86% Gd L (d) 45.47% Gd
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—0O— reverse [ cocomooooeonooooood® —O— reverse

002 10 1 2 3 -2 -10 1 2 3
Gate voltage/V

§ —o— foward

Fig. 8. Hystereses of C-V curves for four samples with (a) 0% Gd, (b)
13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.

To further illustrate the interface quality of the samples,
the frequency dispersions of the C-V curves for the four sam-
ples are shown in Fig. 9. Once again, the sample with Gd con-
tent of ~ 13.16% exhibits the smallest frequency dispersion,
and as Gd content increases, the frequency dispersion grad-
ually becomes bigger due to the same causes as the above,
indicating the excellent interface quality for the 13.16%-Gd

sample, which is further supported by its smallest Dj; as listed
in Table 1.

2.0 [ (a) control sample
1.6f  (HfON)

F(b) 13.16% Gd

1.21

-1 MHz -#1 MHz

0.81 -8-800 kHz -e-800 kHz
' -A-500 kHz -A-500 kHz
0.4 -¥-300 kHz -¥-300 kHz
i 4100 kHz

4100 kHz

L (c) 29.86% Gd (d) 45.47% Gd

Capacitance/pF-cm—2
o
o

-#1 MHz
-0-800 kHz
—4-500 kHz
-¥-300 kHz
~4-100 kHz ~4-100 kHz
-2 -1 0 1 2 3 -2 -1 0 1 2 3
Gate voltage/V

-#-1 MHz

-0-800 kHz
—A-500 kHz
-¥- 300 kHz

Fig. 9. Frequency dispersion of C-V curves for four samples with (a) 0%
Gd, (b) 13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.
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Fig. 10. Plots of gate leakage current density versus gate voltage for
four samples.

Figure 10 shows typical gate leakage properties of the
four samples. The leakage current densities of all the Gd-
doped samples are lower than that of the control sample due
to the increase of conduction-band offset (AE.)2Y) and the
decrease of oxygen vacancies in the HfGdON film to differ-
ent amounts. Furthermore, the lower electronegativity (~ 1.2)
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and larger ionic radius (~ 0.105 nm) of Gd** also contribute
to the decrease of leakage current for the Gd-doped sam-
ples. However, the quantity of Gd** substitution for Hf**
increases with Gd content increasing, which causes lattice to
distort. Consequently, the 13.16%-Gd sample has the lower
gate-leakage current than other Gd-doped samples (e.g., at
Vo=V +1V,Jy=573x10"* Alem?, 2.29x 1076 A/em?,
1.39%107° A/ecm?, and 1.38x10~* A/cm? for the samples
with increasing Gd contents respectively, as listed in Table 1),
which is ascribed to its better interface quality and suppressed
formation of Ge suboxide as confirmed by the above XPS
analyses.

In addition, the AFM images of the gate—dielectric sur-
face of all the samples are shown in Fig. 11. The root-mean-
square (RMS) values of their surface roughness are 0.544,
0.206, 0.23, and 0.437 for the control sample and the sam-
ples with Gd contents of 13.16%, 29.86%, and 45.47%, re-
spectively. With Gd incorporation, the HFGdON surface be-
comes smoother, but the excessive Gd incorporation generates
the larger lattice strain in HfGAON due to substitutional in-
crease, leading to larger RMS value. In fact, there is a one-
to-one correspondence between the surface roughness and the
gate leakage current or interface-state density, as shown by the
above experimental results.

(b)

pm
903.7

Fig. 11. AFM images of gate—dielectric surface for four samples with (a) 0% Gd, (b) 13.16% Gd, (c) 29.86% Gd, and (d) 45.47% Gd.

4. Conclusions

In summary, the effects of the Gd content in HFGAON
gate dielectric on interfacial and electrical properties of the
Ge MOS capacitor with LaTaON as interlayer are investi-
gated. It is found that reasonable Gd incorporation in HfON
(e.g., ~ 13.16% Gd) exhibits superior interfacial and elec-
trical properties, which is due to the formation of less ger-
manate and the suppression of unstable Ge suboxides. Fur-
thermore, the Gd-doped HfON can obtain larger conduction
band offset (AE;) and effectively suppress the formation of
oxygen vacancies, which contributes to small gate leakage cur-
rent (2.29%x 107 A/cm? at Ve = Vip +1 V) and low interface-
state density (6.93x10'! cm=2.eV~!) for the 13.16%-Gd sam-
ple. However, when excessive Gd is incorporated, the per-
formance of the device is deteriorated due to the distortion of
crystal structure and poor interface quality. For Gd content be-
low 13.16%, it deserves to further investigate their effects on
device performances for determining the optimal Gd content

in the gate stacked dielectric of HFGAON/LaTaON, and thus
achieving more excellent electrical performance of Ge MOS
device.
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