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Abstract— The impact of various postdeposition anneal-
ing (PDA) ambiences (N2, O,, and NH3) on the hole mobility
of germanium (Ge) pMOSFET with GeO,/Al, 03 gate-stack is
investigated. It is found that the mobility is about 10% higher
after N, PDA, while it is about 10% smaller after O and NH3
PDA than that without PDA. The physical origin is attributed
to the remote Coulomb scattering. The Ge/GeO, interface
charge Q1 decreases, but the GeO5/Al;,03 interface dipole
Quipole increases after PDA in Ny, Oz, and NH3. The higher
mobility after N PDA is due to a smaller Q; and Qgjpole;
while the lower mobility after O, and NH3 PDA is due to a
larger Qgipole- All these three PDA ambiences are beneficial
to reduce the gate leakage current. Therefore, PDA in N; is
a balance approach for both the hole mobility improvement
and gate leakage current reduction.

Index Terms—Dipole, gate leakage current, interfacial
charges, mobility, postdeposition annealing (PDA).

|. INTRODUCTION

ERMANIUM (Ge) is a very promising material because
Gof its higher mobility for the application of Ge CMOS
circuit [1], especially for Ge pMOSFET. The effective mobil-
ity, as a crucial parameter for device performance, suffers from
several scattering mechanisms. Mobility is severely limited by
surface roughness scattering at high normal field, and it can
be improved by reducing the interface roughness or root mean
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square [2], [3]. Ge interface engineering has always been a key
to achieve high-mobility MOSFET. On the one hand, a good
interface quality can ensure a small-surface roughness [3], [4].
On the other hand, Coulomb scattering from the density
of interface traps (Dj;) can be greatly suppressed through
sufficient passivation of Ge MOS interface [5]-[8] with a low
Dj; of 10" cm~2.eV~! level. Forming gas annealing was used
to improve the Ge/Al,Os3 interface quality by inserting a GeO»
interlayer (IL) [9], [10]. In addition, the hydrogen annealing
induced out-diffusion of oxygen is also beneficial for mobil-
ity improvement by reducing the Coulomb scattering from
the substrate oxygen atom [11]. References [12]-[14] have
demonstrated that remote Coulomb scattering (RCS) from
the gate-stack also plays an important role on the mobility
degradation of Ge MOSFET. Three kinds of charges: Ge/IL
interface charge, IL/high-x interface charge, and IL/high-x
interface dipole, exist in the Ge gate-stack and deteriorate car-
rier mobility of Ge MOSFET [13], [14]. However, how these
charges affect mobility is not comprehensively understood and
still not clear.

In this paper, we first investigate the mobility change in
various PDA ambiences (N2, O, and NH3) compared with
that without annealing. Then, we analyze the change of
the interfacial charges and dipole in Ge gate-stack induced
by PDA. These results show that various PDA ambiences have
different effects on the fixed charges and dipole, and cause the
mobility variation. In addition, we also investigate the effect
of PDA on gate leakage current. The result shows that N»
annealing is beneficial for both the mobility and gate leakage
current improvement.

Il. EXPERIMENT

First, Ge MOSFET was fabricated. After the n-type Ge
substrate (~1.6 x 10" ¢cm™3) cleaning by diluted HF, the
GeO,/Al, O3 gate-stack was deposited immediately in atomic
layer deposition (ALD) chamber. GeO, by ozone oxidation
was grown at 300 °C for 25 min. The 7-nm Al,O3 was
deposited using trimethylaluminium and H»O as precursors
at 300 °C. One sample without annealing was as the con-
trol sample. The others went through PDA in Nj, O, and
NH3 ambiences at 400 °C for 30 min. Al was used as the
gate electrode by e-beam evaporation. The boron ion was
implanted using an energy of 5 keV with a dose of 10'> cm~2,
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following which activation annealing was performed at 400 °C
for 1 min in N». Finally, a Ni source/drain contact was formed
by e-beam evaporation.

Second, Ge MOS capacitor was fabricated. The gate struc-
tures grown by ALD with the same Al,O3 and different
GeO; thicknesses, and the same GeO, and different Al,O3
thicknesses, namely, the terraced GeO;, and Al,Os3 structures,
were used. For the terraced GeO; structure, GeO, with ozone
oxidation was grown at 300 °C, 350 °C, and 400 °C for 25 min
in ALD chamber to obtained different GeO, thicknesses [15];
the 10-nm Al O3 was formed on GeO,. For the terraced Al, O3
structure, GeO, was grown at 300 °C and different Al,O3
thicknesses (5, 10, 15, and 20 nm) was formed on GeQO,. One
sample with the terraced GeO, and Al,O3 structures had no
PDA process. The others went through PDA in N3, O, and
NH3 ambiences at 400 °C for 30 min. Al was used as the
gate electrode by e-beam evaporation. The terraced GeO, and
Al,O3 structures were aimed to extract the interfacial charges.
Here, the dielectrics with large physical thicknesses were used.
It can be a way to ensure the mobility extraction only from
the carrier inversion and reduce the interference from the gate
leakage. In addition, using large physical thickness helps make
a more obvious thickness gradient to improve the accuracy
of experimentally extracted charges [16]. To investigate the
gate leakage current, a group of GeO»/Al,O3 gate-stack MOS
capacitors without and with N», Oy, and NH3 PDA were
fabricated. GeO; was grown at 300 °C for 25-min, and 4-nm
AlpO3 was deposited in the ALD chamber. Al was a gate
electrode.

XPS measurement was performed. The 0.7-nm GeO; was
grown by ozone oxidation on the clean Ge surface, and 2-nm
AlpO3 was then deposited on GeO;. One sample was as the
reference sample and the others went through annealing in
N3, O,, and NHj3 ambiences at 400 °C for 30 min. The
XPS measurement was performed using Thermo Scientific
ESCALAB 250xi equipped with a monochromatic Al Ka
radiation source. The pass energy was set as 15 eV. All of
the data were collected at a takeoff angle of 90° relative to
the sample surface.

IIl. RESULTS AND DISCUSSION

A. Hole Mobility for Different PDA Ambiences

Fig. 1(a) shows the drain and source current at a drain
voltage of 0.05 V, and Fig. 1(b) shows the 14—V, characteristics
at two drain voltages of 0.05 and 0.5 V for various PDA ambi-
ences at 300 K. The larger drain OFF-state current is due to

Fig. 2. Gate-to-channel capacitance (Cqc) plots of Ge pMOSFET
(a) without PDA and with PDA in (b) No, (c) NHz, and (d) O». (e) Dj; for
different PDA ambiences.
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Fig. 3.  TEM images and EDS depth profiles for Ge/GeO5/AloO3
structure without PDA and with PDA in N», O», and NH3.

the graded p-n junction between the drain region and channel.
According to the source current, the ratio of the Ion/Iopr is
about 1 x 103, and the subthreshold swing (SS) is 142 mV/dec.
The effective region of inversion carrier concentration Ns for
mobility extraction begins with 1 x 10'> cm~2 which is over
the OFF-state region, and the result of 1 x 103 ON-OFF ratio
can satisfy our experimental requirement for mobility analysis.
From Fig. 1, I increases slightly in N;, while it is decreases in
O, and NH3 compared with the /g without PDA. Fig. 2 shows
the Cgc—V, characteristics at multiple frequencies and the Dj;
for various PDA ambiences. Well C-V plot indicates good
interface quality. The Dj; was obtained by the low-temperature
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Fig. 4. Hole mobility versus Ns of Ge pMOSFET at 300 K in various
PDA ambiences.

conductance method. All the PDA samples have almost the
same Dj. In addition, the nearly coincident C—V curves at the
depletion region indicate that the Ge/GeO, interface quality
keeps unchanged for different PDA ambiences. Moreover,
the SS in Fig. | also indicates no difference of the Ge/GeO;
interface quality among various PDA ambiences.

Fig. 3 shows the transmission electron microscope (TEM)
images and energy dispersive spectrometer (EDS) depth pro-
files for Ge/GeO,/Al, O3 structure without PDA and with PDA
in Np, O, and NH3. PDA does not change the physical
thickness of the gate dielectrics. EDS results show that O, Ge,
and Al elements have almost the same trend after PDA. The
not exact match among all the PDA curves is due to the
measurement error. There is no GeO; regrowth after PDA. The
maximum Cg. successively increases for the Na, O3, without,
and NH3 annealing samples. The maximum of Cgcis different
after PDA in N, NH3, and O,. This phenomenon can be
attributed to the dielectric constant change induced by different
ambiences. Although the very low level of the introduced
atoms, the interaction between them and the dielectric may still
change the value of the dielectric constant and the maximum
of the capacitance. Hole mobility is extracted by split C-V,
as shown in Fig. 4. The mobility has an obvious variation
among different PDA ambiences. Compared to the sample
without PDA, the hole mobility increases in N>, while it
decreases in O, and NH3.

This mobility change is investigated from the viewpoint
of the scattering mechanism. First, we consider the phonon
scattering. Because we use the same substrate material and
measure the /g and Cgc at the same temperature, the phonon
scattering should have the same effect on mobility and not be
responsible for the mobility variation in different ambiences.
Second, the surface roughness scattering is dominant in the
region of high inversion charges (Ns) [3], [17]. Moreover,
from the HRTEM results, as shown in Fig. 3, there is no
difference at the Ge/GeQO, interface after PDA. Therefore,
the PDA does not affect the interface quality and surface
roughness. Third, we consider the Coulomb scattering from
the Dj.. We have demonstrated a Dj; of 3 x 1011 ev—!.cm™2
for a GeO; thickness of 0.7 nm [14], [18]. The Dj; is almost
the same for all the PDA samples, and it has the same
scattering effect on the mobility. The same Dj; for all the
samples could not explain the mobility change after different
PDA ambiences. The mobility change is induced by the gate
charges in the gate-stack. For the GeO,/Al,O3 gate-stack, the

RCS from the fixed charges at the Ge/GeO, and GeO,/Al,03
interfaces and dipole at the GeO,/Al,O3 interface degrades
the mobility of Ge MOSFET [13], [14]. The change of these
charges in the gate-stack by PDA is a possible reason for the
mobility variation. In the following, we investigate the RCS.

B. Charge Distribution for Different PDA Ambiences

The RCS is strongly correlated with the charge distrib-
ution in gate-stack. Thus, we first experimentally explore
the charge distribution in the Ge gate-stack after PDA in
various ambiences. We obtained the interfacial charges from
the relationship between the flat voltage (Vgg) and equiv-
alent oxide thickness (EOT) of MOS capacitors. The Vrp
was obtained from the shift by fitting the experimental and
theoretical C—V curves considering the quantum effect. In this
paper, we fabricated MOS capacitors with different GeO;
thicknesses and the same Al,Oj3 thickness. For the terraced
GeO; structure, the MOS capacitor has a group of values of
Vrs and EOT for each GeO; thickness. Then, several groups
of Vgg and EOT can be obtained from the C—V curves of MOS
capacitors with different GeO, thicknesses. The relationship
between Vg and EOT for the Al/Al,Os/terraced GeO,/Ge
MOS capacitor can be described as

Vis = —2LEOT — 2L gor?
£0Er 2¢ep¢:
& — &
=L o, 4 G2 9P o1 LAy g ()
£0&r e0€?

where Q1 is the areal charge at the GeO,/Ge interface, Q7 is
the areal charge at the Al,O03/GeO; interface, p; is the bulk
charge density in GeO», p is the bulk charge density in Al,O3,
go is the vacuum permittivity, ¢, is the relative permittivity
of SiOy, &1 is the relative permittivity of GeOy, ¢ is the
relative permittivity of Al,O3z, EOT is the equivalent oxide
thickness of the whole gate-stacks, EOT, is the equivalent
oxide thickness of the Al,O3 dielectric, A means Vgg shift
due to the electric dipole at the Al,O3/GeO; interface, and
¢ms 1s the vacuum work function difference between the
Al gate electrode and Ge substrate. Similarly, we fabricated
MOS capacitors with different Al,O3 thicknesses and the
same GeO; thickness. For each Al,Os thickness, the Vgp
and the corresponding EOT can be acquired from the C-V
measurement. When Al, O3 thickness varies, several groups of
Vs and EOT can be obtained from the C-V curves of MOS
capacitors for the terraced Al,Os structure. The relationship
between Vg and EOT for the Al/terraced Al,O3/GeO,/Ge
MOS capacitor can be described as

+ EOT
Vep = 21 Q2p0r 2P lgor - 222 gor?
£0&r g0&? £0&7
EOT, ¢
L QRO 2202 pyp2 L Ay e @)
g0Er 2epe:

where EOT) is the equivalent oxide thickness of the GeO;
dielectric.

Fig. 5(a) and (b) shows the Vgg—EOT plots of the terraced
GeO; and Al;O3 structures for the samples without and with
PDA in N, Oy, and NH3 ambiences. A linear relationship
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Fig. 6. (a) Charge values with the respective polarity and (b) charge
absolute value of the interfacial and dipole charges in the Ge gate-stack.

between Vg and EOT can be observed from all the samples.
Bulk charge p; and p2 in GeO; and Al,O3 are negligible.
Therefore, the fixed charge Q; at the Ge/GeO; interface
is obtained from the slope of (1). The fixed charge O, at
the GeO,/Al,O3 interface is obtained from the slope of (2)
subtracting the Q;. The dipole Qgipole at the GeOy/Al;O3
interface can be obtained from the intercept of (1) or (2). The
dipole at GeO2/Al, 03 interface may be modeled by a parallel-
plate capacitor with an effective thickness Tefr. The Tefr is the
inner distance between the positive and negative charges of
the dipole which is taken as ~0.3 nm [19], [20]. The charge
distribution is shown in Fig. 6 for different PDA ambiences.
Fig. 6(a) shows the charge distribution with the polarity change
for various PDA ambiences: both the quantity and polarity
of the interfacial charges and dipole change after PDA. The
polarity of Q1 becomes negative in N, Q> becomes positive,
and Qgipole becomes negative in N, O, and NH3 compared
with the sample without annealing. Because the RCS only
depends on the charge quantity but not on the polarity, thus,
we compare the absolute charge value, as shown in Fig. 6(b).
The charge density Q; decreases after PDA in N3, O,, and
NH3, Q> increases in N> while the decrease in O, and NHas,
and Qgipole increases in N3, Oz, and NH3 compared with the
sample without annealing. The dipole density is almost one
order of magnitude larger than Q1 and Q>.

The dipole is also confirmed from the XPS spectra. Fig. 7
records the Ge 3d and Al 2p spectra with and without PDA.
There is no obvious change of the GeO, intensity. It can be
seen that N», Oz, and NHj3 annealing makes the peak position
of Ge 3d9¢02 and Al 2pA1293 shift to a lower binding energy.

Al>,O3/GeOs interface.

These results also show a dipole at the GeO,/Al;Osinterface,
which can cause the GeO; and Al;O3 band bending at the
interface, and therefore, result in the shift of GeO, and Al,O3
core level. The successively larger shift of Ge 3d9¢©? and
Al 2pA1203 binding energy in Ny, Oy, and NH3 also shows a
larger and larger dipole at the GeO,/Al, O3 interface. The XPS
results are consistent with the dipole change in Fig. 6. The
reason can be explained, as shown in Fig. 8. A positive dipole
induces decreased Al,O3 energy band level. At the same time,
the energy band bends downward and upward in the GeO; and
Al O3 side, respectively. Therefore, the distance between Ge
3d9¢02 and Ge 3d0es"P5(Ge 3d9€02_Ge 3d0esUP) and distance
between Al 2pA1203 and Ge 3dCeUP(Al 2pA203_Ge 3d0esub)
increase. A negative dipole induces increased Al,O3 energy
band level. At the same time, the energy band bends upward
and downward in the GeO, and Al,O3 side, respectively.
Therefore, the core level shift 5(Ge 3d0e02_Ge 3dGesub) and
S(Al 2pA203_Ge 3d0esub) decrease. The larger the negative
dipole, the smaller the 6(Ge 3d9¢02-Ge 3dCUP) and (Al
2pA203_Ge 3300 are. A more detailed explanation for the
dipole formation can be found elsewhere [21].

C. RCS for Different PDA Ambiences

There are three kinds of charges in the Aly03/GeO,/Ge
gate-stacks, including the Ge/GeO; interface charge (i,
GeO,/Al O3 interface charge O, and interface dipole Qgipole-
First, we discuss the effect of the Ge/GeO;, interface
charge Q1. The mobility limited by the Coulomb scattering
from Qg is proportional to 1/Q1 [24], [25]. The mobility will
degrade with increased fixed charges at the Ge/GeO; interface.
The value of Q after PDA in N, O,, and NH3 is much
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smaller than that without annealing. This indicates that the
Coulomb scattering from Qg is sufficiently suppressed by
PDA. However, we observe the mobility increasing in N, and
decreasing in O> and NH3. The mobility must be affected by
the charges at the GeO,/Al, O3 interface. Second, we consider
the effect of the GeO2/Al; O3 interface charge Q2 and Quipole-
The GeO,/Al;03 interface charge Q> and dipole Qdipole
have the same physical distance from the channel surface.
However, the Qgipole (~1013 cm’z) is an order of magnitude
greater than Q) (~10!2 cm_z), and it has a more remark-
able effect on the mobility degradation than Q>. The RCS
rate is proportional to the fixed charge density in the gate-
stack [22], [23]. The amount of dipole is a key factor to
determine the mobility. The mobility should decrease with the
fixed charge density since the RCS potential increases, i.e.,
RCS increases. The dipole moment increases from 0.19 eV
without annealing to 0.22, 0.29, and 0.37 eV after PDA in
N2, O, and NHj3, respectively. The increased dipole will
scatter carrier more severely. Np can increase mobility, while
0O, and NHj3 reduce mobility as a joint result of Ge/GeO,
interface Q1 and GeOy/Al, O3 interface Qgipole- N2 improves
the mobility because of the much lower Q;. The reduction of
Q1 has a major responsibility for the mobility improvement.
However, although a remarkable reduction of Q1 in O, and
NH3, the mobility still shows a decline which is due to an
enormous increase of dipole. Therefore, the dipole plays an
important role on the mobility degradation. N, annealing is
helpful to the mobility promotion.

D. Gate Leakage for Different PDA Ambiences

To analyze the changes of gate leakage current I, after PDA,
we measured [, from different devices with Ge/0.7-nm
GeOy/4-nm AlpO3/Al structure. Fig. 9 shows the gate leakage
current variation in different PDA ambiences. It can be seen
that the gate leakage current displays an obvious improvement
after PDA. The leakage current in N is one order of magni-
tude smaller than that of the sample without PDA. NH3 and O,
PDA make a more excellent gate leakage current performance,
which is 103-10* lower than that of the without PDA sample.
Fig. 6 indicates a reduction of fixed charges at the Ge/GeO,
interface, which may contribute to the improvement of gate
leakage current. The gate current is closely related to the inter-
facial defect [12], [26], [27]. For the GeO; IL by ozone oxi-
dation, we obtained positive charges at the Ge/GeO> interface.

Our previous report [28] demonstrated that the positive charge
is due to the oxygen vacancy. An amount of defect induced
by oxygen vacancy exists at the Ge/GeO; interface, and grade
in the bulk GeO;. The gate leakage current can be affected
by the oxygen vacancy due to the charge trap and detrap. The
IL thickness is verified by HRTEM. The GeO; thickness does
not change after PDA. Therefore, the passivation of oxygen
vacancy at the Ge/GeO; interface is responsible for the gate
leakage current improvement after PDA. O, annealing has a
much better passivation of oxygen vacancy and reduces the
gate leakage current. These results demonstrate the importance
of PDA to reduce the gate leakage current and improve the
MOS capacitor performance.

IV. CONCLUSION

‘We demonstrated the effect of PDA ambiences on the mobil-
ity of Ge pMOSFET and gate leakage current of Ge MOS
capacitor. The mobility variation results from the interfacial
charge and dipole change induced by various PDA ambiences.
N; PDA is beneficial but O, and NH3 PDA are detrimental to
the mobility improvement. However, the three PDA ambiences
are all helpful to reduce the gate leakage current. N, annealing
is a balance approach for the mobility promotion and gate
leakage current reduction.
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