G20 Electrochemical and Solid-State Letters, 14 (5) G20-G22 (2011)
1099-0062/2011/14(5)/G20/3/$28.00 © The Electrochemical Society

Effective Electrical Passivation of Ge(100) for HfO, Gate
Dielectric Layers Using O, Plasma
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The O, plasma pretreatment was investigated for passivation for HfO, high-k Ge metal-oxide-semiconductor devices. With proper
in situ O, plasma passivation, the capacitance—voltage hysteresis was substantially reduced from ~900 to ~50 mV for the HfO,/
Ge gate stacks. Capacitors show well-behaved capacitance—voltage characteristics on both p- and n-type Ge substrates, indicating
an efficient electrical passivation of the Ge interface. The interface trap density for both types of Ge substrates after passivation is
below 4 x 10" eV~'cm 2. A leakage current density of 1.5 x 107 and 2.1 x 10~ A/cm? was obtained for the HfO,/p-Ge and
HfO,/n-Ge capacitor with equivalent oxide thickness of 1.8 nm at Vg = 1 V, respectively.
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Continuous scaling of the complementary metal-oxide-semicon-
ductor (CMOS) devices is pushing the traditional SiO, gate dielec-
tric to a fundamental limit. Novel gate dielectric materials with a
higher permittivity are in great demand in order to reduce the equiv-
alent oxide thickness (EOT) and control the leakage current at ac-
ceptable level.! HfO, is a promising candidate for gate dielectric
due to its relatively high dielectric constant, wide bandgap, and
good thermal stability. Germanium (Ge) received an intensive inter-
est because of improved electron (3900 vs 1400 cm?/Vs) and hole
(1900 vs 500 cm?/Vs) bulk mobilities over Si.> However, one of the
critical issues for Ge is the poor interface quality. Attempts at direct
formation of a high-k dielectric on Ge have not been successful.*~>
Proper passivation of the Ge surface is required before it can be
used as a channel material. Different approaches have been
employed for Ge surface passivation including H,O prepulsing,’
thermal oxide treatmentj’9 ozone oxidation,m‘ll atomic O beam,12
epitaxial Si passivation,'® and surface nitridation.'* A relatively low
interface trap density (to the low to mid of 10" eV~'cm™2) was
obtained for various dielectric including Al,O3;, HfO,, and ZrO,.
Promising electrical properties and small capacitance—voltage (C-V)
hysteresis was achieved by adding an interlayer (IL) either GeON'?
or TaON'® for HfO, dielectric while GeO, is commonly believed to
be a poorly passivating oxide. In recent articles, it has been demon-
strate that GeO, can also act as a promising electrical passivation
layer for high-k dielectric deposited by means of atomic layer depo-
sition (ALD).”® However, very large C-V hysteresis (~900 mV)
was observed for the HfO, gate stack by using thermally grown
GeO, passivation layer.”® In previous literatures, excellent electri-
cal characteristics in GeO,/Ge MOS capacitors (MOSCAPs) grown
by electron cyclotron resonance generated oxygen plasma were
reported.'” A high quality of germanium oxide was obtained by
using atomic oxygen exposure. ©= However, GeO, exhibits a low
dielectric constant (5-6)"” and water solubility and, therefore, is not
suitable to be used by itself as a gate dielectric. A combination of
GeO, and a dielectric with higher & value (e.g., HfO, or ZrO,) is of
great interest to obtain a low EOT and meet the requirements for
future scaling. Recently, promising results were obtained for TiO,
dielectric on Ge using ultrathin HfO,/GeO, IL.° In this work, we
investigate the HfO, gate dielectric on Ge and the GeO, passivation
layer formed by remote radio frequency (rf) generated O, plasma.
Air exposure was avoided between Ge passivation and subsequent
ALD HfO, deposition. Interface trap density (D;,), fixed charge den-
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sity, and gate leakage current density (J,) were comprehensively
evaluated for the MOSCAPs on both p- and n-type Ge substrates.

Ge(100) wafers (resistivity 0.05-0.1 Q cm) were cleaned in a
0.5% HF solution followed by 5 min in deionized (DI) water. Then,
the wafers were immediately loaded into the homebuilt ALD cham-
ber through a loadlock. The details for the ALD setup were given in
our previous work.?""*? Prior to the HfO, deposition, Ge wafers
were pretreated with surface oxidization at 250°C by using an O,
plasma [remote inductively coupled plasma (ICP) source, down-
stream configuration]. The Ge wafers were exposed to the O,
plasma at 200 W with a pressure around 1 x 10~> mbar, and the
exposure time was varied from 30 to 60s. HfO, dielectric were sub-
sequently grown by plasma-enhanced ALD (PE-ALD) with Tetraki-
s(ethylmethylamido)hafnium(IV) (TEMAH) and O, plasma at
250°C. Comparing to conventional thermal ALD, PE-ALD is con-
sidered a promising approach to deposit films at lower temperature
with a high quality due to the higher reactivity of radicals. Addition-
ally, degradation of hygroscopic GeO, IL was suppressed due to the
absence of using HO when using PE-ALD. No air exposure for the
samples during the O, plasma pretreatment and PE-ALD deposi-
tions. The samples remain stationary in the ALD chamber while the
plasma source was separated from the ALD chamber through a com-
puter controlled valve during the precursors pulse time to avoid con-
tamination of the ICP source. A shadow mask was used to pattern
the sputtered 50 nm thick Pt gate electrodes. A Ti(20 nm)/Pt(40 nm)
bilayer structure was deposited as back electrode by sputtering.
Postmetallization annealing (PMA) was conducted in a forming gas
ambient at 350°C for 30 min before electrical measurements. The
thickness of the films was measured both by ellipsometry and x-ray
reflectivity (XRR). The chemical composition of the film was ana-
lyzed by depth profiling x-ray photoelectron spectroscopy (XPS)
using Al Ka x-rays. The C-V measurement was carried out using an
HP 4192A impedance analyzer at various frequencies. The current
was measured with a Keithley 617 electrometer, and the applied
voltage to the capacitors was calibrated with a HP 3478A
multimeter.

The C-V hysteresis characteristics for the Pt/HfO,/GeO,/p-Ge
MOSCAP without and with surface passivation are shown in Fig. 1.
A very large C-V hysteresis (~900 mV) at flatband voltage was
observed for the sample without surface passivation independent of
the measured frequency (Fig. 1a), which is consistent with previous
articles.” It is believed that the hysteresis is caused by the intermix-
ing of GeO, and HfO,. By using O, plasma pretreatment, much
lower hysteresis (~50 mV) was obtained although the HfO, deposi-
tion process is similar when compared to the MOSCAP without pas-
sivation. It might be due to the more uniform and stable GeO, IL

Downloaded 19 May 2011 to 157.193.57.116. Redistribution subject to ECS license or copyright; see http://www.ecsdl.org/terms_use.jsp



Electrochemical and Solid-State Letters, 14 (5) G20-G22 (2011) G21

L (a) 151 (b)

NE“’ —tm— —*—1000 KHz —=—1000 KHz
5 —v—250 KHz —o—1000 KHz
2 N —:—100 KHz
E
[
o5}
go.
S 0.5}
o
©
o -

2 1 0 1 2 3 ] 0 1

Gate bias (V) Gate bias (V)

Figure 1. C-V hysteresis characteristics for HfO,/p-Ge(100) gate stack with
Pt as top electrode: (a) without O, plasma passivation and (b) with O, plasma
passivation.

created by O, plasma treatment when it is conducted directly prior
to the ALD process. For the MOSCAP without O, plasma pretreat-
ment, the O, plasma during the initial ALD cycles may induce an
intermixing reaction with the uncovered Ge surface and also the
adsorbed TEMAH precursors (before the formation of a continuous
HfO, film), which results in a nonuniform interface and more inter-
mixing between HfO, and Ge substrate and, therefore, a larger C-V
hysteresis.

The MOS devices properties on Ge are strongly correlated to the
oxidation states of Ge at the interface. Complete Ge oxidation
(GeO, or Ge*") at the interface is considered the best passivation
IL. XPS results indicate a high quality of GeO, IL formed by O,
plasma, evidenced by the chemical shift of ~3.4 eV of Ge 3d refer-
enced to Ge bulk and absence of apparent Ge suboxide contribution
(not shown). Ge 3p has no overlap with Hf or O peaks and was,
therefore, selected for XPS analysis for the samples after HfO, dep-
osition.” The IL retains its GeO, nature mostly, and the atomic ratio
of Ge/O at the interface is close to 1:2. A chemical shift of ~2.8 eV
was observed for the Ge 3p binding energy (BE) compared to the
bulk Ge, as shown in Fig. 2. The shift is smaller than that for Ge*"
(3 eV) while larger than Ge*' (2.5 eV), and the degradation is due
to the subsequent HfO, deposition iprocess, which caused partial
intermixing of the GeO, and Hf02.7‘ L2 However, the degradation
is not significant because the decrease of BE shift is only ~0.2 eV.
XPS measurement also shows the atomic concentration of Ge in
HfO, films is less than 3%, which indicates a sufficient suppression
of Ge outdiffusion by using rf-GeO, and in situ PE-ALD HfO,. This
observation is consistent with small C-V hysteresis properties—
large hysteresis is usually caused by the bulk oxide traps related to
Ge outdiffusion.”?

MOSCAPs with various thicknesses (3—18 nm) of HfO, were fab-
ricated, and capacitance at strong accumulation was measured for
the MOSCAPs with passivation (data not shown). EOT was
extracted by fitting the C-V characteristics based on the Ge-simula-
tor, taking the quantum-mechanical effect into consideration. Based
on the equation EOT = f; + (ksio /kox)tox, €Xtrapolation suggests a
relative dielectric constant of HfO,k.y is ~24 and the EOT contrib-
uted from the GeO, interlayer #; is ~1 nm, which gives the physical
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Figure 2. (Color online) XPS Ge 3p spectra at the GeO,/Ge interface for
the HfO,/GeO,/Ge stacks. Two components were extracted: Ge and GeOx.

thickness of GeO, around 1.4—1.5 nm, considering the GeO, dielec-
tric constant of ~5.6."° It is worth mentioning that the HfO, film
grown by thermal ALD (using H,O) exhibits a lower & value of ~18.

Figure 3 shows the C-V characteristics of the Pt/HfO,/GeO,/Ge
MOSCAPs measured at different frequencies (200 Hz to 1000 KHz)
on both p- and n-type Ge(100). The thickness of HfO, is around
5 nm for both stacks. EOT increased around 15% after annealing in
forming gas anneal (FGA) ambient at 350°C for 30 min. Well-
behaved C-V curves are observed for both gate stacks without sig-
nificant frequency dispersion, stretch out, or bumps in the depletion
region. The C-V characteristics also show evidence of inversion
with a minority carrier response at a low frequency and a flat C,;,, at
a high frequency. This indicates the efficient electrical passivation
of the Ge interface. It should be noted that an inversion layer was
formed at relatively high frequency (1 kHz) compared to Si. This is
related to the short minority carrier response time in Ge, which is
related to the small bandgap of Ge (~0.66 eV). It has been reported
previously that the transition frequency from low frequency to high
frequency behavior is around 6 kHz for Ge, which is about 2 orders
of magnitude higher than Si MOSCAP (~70 Hz).** D;, was calcu-
lated based on the high-low frequency,24 and the Berglund integral
method was used to relate the gate voltage to the corresponding sur-
face potential.”® The plots for the Dj, obtained by this method are
shown in the inset of Fig. 3. It was limited in the depletion region to
avoid the weak inversion response. The D;, at flatband condition is
33x 10" eV 'em > and 3.7 x 10" eV~'em ™ for the HfO,/GeO,/
p-Ge and the HfO,/GeO,/n-Ge MOSCAPs, respectively. It shows
substantially a lower D;; comparing to the GeO,Ny, IL formed by in
situ NH; plasma (~6 x 10'" eV~'em™) although the subsequent
HfO, deposition is identical.?®

Figure 4 represents the surface potential of HfO,/GeO,/Ge
stacks, extracted by the Berglund method for both p- and n-Ge(100).

Figure 3. C-V characteristics of HfO, on
Ge(100) substrate with O, plasma passiva-
tion measured at various frequencies: (a)
HfO,/GeO,/p-Ge and (b) HfO,/GeO,/n-
Ge MOSCAPs. The thickness of HfO,
and GeO, is ~5 and 1.4 nm, respectively.
The insets show the energy distribution of
the D;, for both the MOSCAPs.
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Figure 4. Surface potential as a function of gate bias for both types of
capacitors.

The modulation of surface potential with the gate bias indicates that
the Fermi level at the surface is swept through the entire Ge bandgap
(~0.66 eV), which indicates that the Ge surface is unpinned. The
effective workfunction of the gate electrode in the MOS stack can be
extracted by estimating the flatband voltage for a series of capacitors
with various EOT. Under conditions of minimal bulk dielectric
charge, a plot of Vgg vs EOT is supposed to follow the relation ¢ Vgg
= Oms — (Qsix X EOT)/e,y, where the slope (Qy,) is the fixed charge
density at the dielectric/semiconductor interface, and the linear inter-
cept (dms) is the metal/semiconductor workfunction difference.
Extrapolation (data not shown) suggests fixed charge densities around
3% 10"* em ™2 and an effective workfunction of Pt of ~4.8 eV.
Figure 5 shows the comparison of the J, as a function of EOT
according to the published data and this work. A J, of 1.5 x 1077
A/em?® and 2.1 x 10™* A/em?® was obtained for the HfO,/p-Ge and
HfO,/n-Ge capacitors with EOT of 1.8 nm at Vgg*1 V, respec-
tively. With the decreasing thickness of HfO, and GeO,, an EOT
of 1.3 nm and J, of 1 x 107% Ajem?® at Vgg=1 V were achieved. A
low J, indicates a high quality of the HfO, films deposited by PE-
ALD compared to other process. Hf 4f XPS spectra are investi-
gated, and stoichiometric HfO, was obtained by PE-ALD without
a significant binding energy shift or defects. XRR results suggest
that the density of the HfO, approaches its bulk value. High den-
sity and high quality of HfO, films grown by PE-ALD are related
to the highly reactive O radicals and the absence of H,O during
the ALD process, which avoids degradation of the GeO, IL during
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Figure 5. Comparison of J, at Vgg =1 V with respect to different EOTs
according to the published data and this work.

the ALD growth. A comparison of the HfO, dielectrics grown with
both thermal ALD (using H,O) and PE-ALD on the identical GeO,
IL formed by in situ O, plasma treatment was conducted. Substan-
tially a higher C-V hysteresis (250 vs 50 mV) and also a lower
dielectric breakdown was observed for the capacitor with the ther-
mally grown HfO, compared to the PE-ALD grown HfO,,
although the GeO, IL was identical.

To conclude, the MOSCAPs demonstrate a very promising com-
prehensive device performances including excellent C-V character-
istics on both p- and n-type Ge(100), small C-V hysteresis, low Dy,
and low J,. The good overall behavior is due to the combinations of
three factors, i.e., high quality of GeO, formed by O, plasma, high
quality of HfO, grown by PE-ALD, and absence of air exposure
(i.e., in situ).
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