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Abstract— Integrating germanium (Ge) thin film on silicon-
on-insulator (SOI) substrate and fabricating Ge fin field-effect
transistors (FinFETs) are demonstrated in this paper. Directly
grown Ge film on a high-resistivity thin SOI substrate provides
a good platform for fabricating advanced Ge devices. The SOI
structure could effectively suppress junction leakage; therefore,
high ION/IOFF ratio (∼ 5 × 105, at VD = 0.1 V) of the drain
current is achieved. Tri-gate structure provides better short-
channel control abilities for the Ge FinFETs, and the drain-
induced barrier lowering and threshold voltage (VTH) shift
can be maintained at the level of ∼110 mV/V and ∼0.1 V,
respectively, for Ge n-channel FinFET with Lchannel = 120 nm
and WFin = 40 nm. Multifin Ge FinFET with Lchannel = 170 nm
and WFin = 50 nm is also illustrated. Both N− and P−FinFETs
possess high ION/IOFF ratio over 104. Besides, the subthreshold
swing could be reduced around 25% after forming gas annealing.

Index Terms— Epitaxial Ge on silicon on-insulator (SOI)
substrates, fin field-effect transistors (FinFETs), forming gas
annealing, Ge CMOS, germanium.

I. INTRODUCTION

H IGH-MOBILITY materials have been widely investi-
gated to pursue the feasibility of them replacing tra-

ditional Si CMOS technology. Ge has been considered a
promising candidate for fabricating CMOS devices due to its
higher electron and hole mobilities than Si. Besides, lower
operating voltage can be used because of its lower energy
bandgap (Eg = 0.66 eV), allowing for green electronic
applications. High-performance Ge planar n- and p-MOSFETs
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with different passivation methods were demonstrated in the
previous reports [1]–[4]. Source current (IS) always depicts
better OFF-state behavior than drain current (ID). This is
due to the fact that Ge possesses lower bandgap and high
intrinsic carrier concentration (ni ). Both contribute to the
reverse junction leakage as the drain is biased. To overcome
this problem, an SOI-like structure such as the germanium-on-
insulator (GeOI) prepared by condensation [5], [6] and smart-
cut [9] method could effectively suppress the bulk leakage
current. By fabricating Ge MOSFETs on GeOI substrates,
excellent OFF-state behavior and high rectifying ratio of ID

could be achieved [5]–[8]. Furthermore, high intrinsic dielec-
tric constant of Ge (κ ∼16.1) will make ultrasmall Ge channel
devices suffer from severe short-channel effects (SCEs) and
then increase the difficulties for the sub-14-nm applications.
Therefore, the device structure with strong SCE immunity
shall be employed. For Si technology, ultrathin-body SOI FETs
and tri-gate FETs are known to be able to effectively suppress
the SCEs. But, ultrathin-body SOI FETs need a much thinner
Si channel than tri-gate (or Fin) FETs to have the same sound
electrostatic integrity in the channel. So, the tri-gate structure
is more suitable for the sub-14-nm devices. For the Ge devices,
p-channel gate-all-around FETs [10]–[12] and FinFETs [13],
[14] have been realized with well-behaved short-channel
performance. Nevertheless, the n-channel FETs encountered
more difficulties, including larger interface states [15], dopant
loss [16], and Fermi-level pinning [17].

In this paper, we integrate the Ge thin film on the thin SOI
substrate by epitaxial method and fabricated Ge FinFETs with
the gate-last processing. The nFET of Lchannel = 120 nm and
WFin = 40 nm depicts high ION/IOFF ratio (> 105), excellent
drain-induced barrier lowering (DIBL) (110 mV/V), and sub-
threshold swing (SS) (144 mV/dec). The dependence of SCE
on fin width is briefly discussed. The forming gas annealing
(FGA) effect on the improvement of device characteristic is
also presented. Finally, the multifin Ge n- and p-FinFETs are
also fabricated with a 50-nm fin width. The results demonstrate
the possibility of realizing advanced Ge CMOS structure on
the Si-based platform.

II. EXPERIMENTAL

A. Substrate Preparation

(100)-oriented SOI substrates with 10- to 20-ohm-cm resis-
tivity were used as the starting substrates. The 50-nm Si
device layer was trimmed down to 20 nm by wet oxidation
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and wet etching. Then, the wafers were cleaned by standard
cleaning with HF-last process and loaded into an ultrahigh-
vacuum CVD chamber immediately. The 60-nm Ge layer
was grown at 420 °C with germane (GeH4) precursor. Last,
in situ postdeposition annealing (PDA) was performed at
900 °C for 10 min at high vacuum ambient (5 × 10−9

torr) to reduce dislocations. X-ray diffraction spectrum and
transmission electron microscopy (TEM) were used to identify
the crystallinity of the grown Ge thin films.

B. Device Fabrication

Ge FinFETs were accomplished by the gate-last processing.
A 60-cycle atomic layer deposition (ALD)-Al2O3 layer was
deposited as the screen oxide to avoid the channeling effect,
and the source/drain implantation regions were defined by
e-beam lithography, which indicates that there was a dummy
photoresist gate between the source and drain. The channel
length (Lchannel) was defined as the dummy photoresist gate
length. Phosphorus (for NFET) and boron (for PFET) were
implanted at a dose of 1 × 1015 cm−2 and an implant
energy of 20 keV. After removing the photoresist and screen
oxide, a 100-nm plasma-enhanced CVD (PECVD)-SiO2 was
deposited, and the dopant activation was carried out. The
n-type and p-type dopants were activated at 600° C for 10 s
and at 500 °C for 10 s in N2 ambient, respectively.

Active area, including the fin region, was also defined by
e-beam lithography. Then, the PECVD oxide was used as a
hard mask, and Ge active area was etched by Cl2/HBr-based
reactive ion etching (RIE). In order to eliminate the damages
created during RIE, the wafer was carefully dipped in dilute
H2O2 (1:10) for 5 s. After removing the capped oxide, the
wafer was cleaned by dilute HF (1:20) to reduce the native
oxide, and a thermal GeO2 was grown at 520 °C for 30 s
in O2 ambient as the surface passivation layer. A 60-cycle
ALD-Al2O3 layer was used as the gate dielectric, followed by
the gate region lithography and Pt/Ti deposition. Therefore, the
metal gate definition was performed by the lift-off process. At
the back-end of line, source drain contacts were defined, and
Pt/Ti was used as the contact metal.

Fig. 1(a) shows the schematic structure of the Ge FinFET.
The Al2O3/GeO2 bilayer dielectric with Pt/Ti lift-off gate was
used as the gate stack. The source/drain area was approxi-
mately ∼650 μm2 each side. In order to reduce the mismatch
during the lithography alignment, the implantation region was
set to be larger than the active area. Similarly, the gate-to-
source/drain overlap was 300 nm on each side to make sure
that the metal gate could align to the channel region. Fig. 1(c)
shows the cross-sectional TEM image of Ge FinFET along
A-A’ in Fig. 1(a). The Ge fin height (HFin) was 60-nm, which
equaled the epitaxial film thickness, and the fin width (WFin)
was around ∼40 nm. A 20-nm Si seed layer was still under
the Ge fin. The thickness of Al2O3 and GeO2 was ∼5.5 and
∼1.5 nm, respectively.

III. RESULTS AND DISCUSSION

A. Characterization of the Epitaxial Ge Film

Fig. 2 shows the XRD analysis of the epitaxial Ge on the
SOI substrates with two different thicknesses. We can see

(b)

(a)

Fig. 1. (a) Schematic view of the Ge FinFET structure fabricated and
(b) cross-sectional TEM image of the Ge fin along A-A’ in (a). Fin height
of Ge region is 60 nm, and the fin width is 40 nm. The gate stack is
Pt/Ti/Al2O3/GeO2.

Fig. 2. XRD spectra of ∼30- and 60-nm epitaxial Ge films on the SOI
substrates.

that the Ge (004) peak is near 66°, since the substrates were
annealed at 900 °C at the final step, indicating that the strain in
the film is fully relaxed during the high-temperature PDA. The
XRD intensity will be affected by the film thickness; therefore,
the Ge (004) peak is higher in the 60-nm epitaxial Ge film.
The full-width at half-maximum value of the 60-nm Ge film is
0.228, which is lower than that of the 30-nm Ge film (0.365).
This means the 60-nm Ge film has better crystallinity.

In order to further identify the quality of the epitaxial
films, the TEM was used. The cross-sectional TEM images
are shown in Fig. 3(a)–(c). We can see that the film roughness
is deteriorated for the 30-nm Ge film. The maximum thickness
variation is around 20 nm. We speculate that the strain in the
films is large after the epitaxial Ge growth. During PDA, the
strain tends to relax through surface rippling. However, thicker
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Fig. 3. Cross-sectinal TEM images of the (a) ∼30-nm Ge film and (b) 60-nm
Ge film. (c) Zoom-in TEM image of the 60-nm Ge sample.

Ge films can avoid this problem as shown in Fig. 3(b)–(c),
because the strain relaxes mainly through the formation of
misfit dislocations. This can be confirmed by the 60-nm Ge
film. It shows a flat surface, and relatively large density of
misfit dislocations are observed at the Ge/Si interface. For
device fabrication, we use the 60-nm Ge film to perform the
Ge FinFETs process.

B. Electrical Properties of the n-Channel Ge FinFET

The ID–VG transfer characteristics of the n-channel Ge
FinFET with an Lchannel of ∼120 nm and WFin of ∼40 nm are
shown in Fig. 4(a). The drain current is normalized by 160 nm
(2 × HFin + WFin). Although the S/D areas (650 μm2) are
very large in our device, we can see that the GeOI structure
is capable of effectively suppressing the junction leakage
current. Therefore, very high ION/IOFF ratio for ID is obtained;
∼5 ×105 at VD = 0.1 V and ∼104 at VD = 1 V. The
threshold voltage is 1.1 V because we used a high-work-
function metal (Pt, �m ∼5.6 eV) as the gate electrode. The
Ge channel was undoped, and the S/D doping was directly
performed by the heavily doped S/D without extensions or
halo implant. The tri-gate architecture does provide better gate-
control ability, and the DIBL is only ∼110 mV/V. The SS is
144 mV/dec. In the OFF-state region, the leakage increases
with raising the negative gate and drain biases, indicating that
the origin is the gate-induced drain leakage. The overlapping
area is large in our device; however, for general gate-last
processing, the replacement gate technique could efficiently
reduce the overlapping area. Fig. 4(b) shows the ID–VD

output characteristics. The driving current is 120 μA/μm at
VG − VTH = 0.9 V and VD = 1 V.

(b)

(a)

Fig. 4. (a) ID−VG transfer characteristics and (b) ID−VD output charac-
teristics of the n-channel Ge FinFET with Lchannel of ∼120 nm and WFin of
∼40 nm.

The VTH shift, DIBL, and SS versus channel length for
the Ge FinFETs with 40- to 100-nm fin width are shown in
Fig. 5(a)–(c). For WFin � 60 nm, the VTH shift and DIBL
increase obviously when Lchannel <170 nm, indicating that
the gate loses control toward the channel. In contrast, reducing
fin width to 40 nm could provide better electrostatic control,
and the VTH shift and DIBL can keep at the level of ∼0.1 V
and ∼110 mV/V for Lchannel = 120 nm, respectively. The SS
for the long-channel devices is approximately 150 mV/dec,
independent of the fin width. Nevertheless, the OFF-state
leakage current significantly increases for the short-channel
devices, degrading the SS as WFin � 60 nm. But, as WFin =
40 nm, the subthreshold leakage current can be suppressed,
hence the SS does not degrade obviously for the devices with
Lchannel <170 nm. Based on these results, further improvement
in SCEs could be expected as the fin width is reduced to less
than 40 nm.

For the planar MOSFETs, the driving current could be
boosted by increasing the effective channel width. Similarly,
the effective channel width of FinFETs could be enlarged by
increasing the number of fins. Fig. 6 shows the top-view SEM
image of the multifin structure after the active area definition.
The fin width is ∼ 50 nm, and the fin pitch is 400 nm. The
electrical characteristics of the five-fin n- and p-channel Ge
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Fig. 5. (a) Threshold shift, (b) drain-induced barrier lowering, and
(c) subthreshold swing versus channel length for the n-channel Ge FinFETs
with 40 ∼ 100 nm fin width.

Fig. 6. SEM image of the multifin structure. The fin pitch and fin width are
400 and ∼ 50 nm, respectively.

FinFETs with Lchannel =∼ 170 nm are shown in Fig. 7(a)
and (b), respectively. Obviously, the output current is boosted
by increasing the number of fins, and the rectifying ratios of
both the n- and p-channel FinFETs exceed 104 at VD = 0.1 V.
However, the p-FinFET depicts higher SS (∼237 mV/dec),
revealing higher subthreshold leakage current, and the junction
should be further improved to suppress the OFF-state leakage.

(a)

(b)

Fig. 7. (a) ID−VG transfer characteristics and (b) ID−VD output char-
acteristics of the five-fin n- and p-channel Ge FinFETs with an Lchannel of
∼ 170 nm and WFin of ∼ 50 nm.

Fig. 7(b) shows the ID–VG of n- and p-channel Ge FinFETs.
The epitaxial Ge on the SOI substrate provides well-behaved
output electrical characteristics of Ge FinFETs.

C. Characteristics With Forming Gas Annealing

Fig. 8 shows the ID–VG transfer characteristics of the
n-channel Ge FinFET with an Lchannel of ∼90 nm and WFin of
∼40 nm before and after FGA (H2:N2 = 5:100) at 300 °C for
30 min. The driving current is decreased after FGA, indicating
that the total resistance increases and the output performance
degrades, as shown in the inset of Fig. 8. Since the S/D
region is directly exposed to RTA ambient without intermetal
dielectric protection, phosphorus might get out-diffused during
FGA, inducing the S/D series resistance degradation.

Passivating the dangling bonds at the oxide/Ge interface by
hydrogen is insufficient, which has already been demonstrated
in the previous reports by both theoretical [18] and exper-
imental results [19]. However, the SS is decreased around
20%–25% after FGA in our experiment. We roughly calculated
the interface states density (Dit) by the subthreshold swing
equation of the double-gate devices [20], [21], and the Dit
is around ∼7 × 1012 cm−2−eV−1 before FGA and ∼4.8 ×
1012 cm−2−eV−1 after FGA. The interface state density is
higher than that of the RTO-grown GeO2 passivated planar
MOSFET [22]. We consider that the {110} sidewall orienta-
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Fig. 8. ID−VG transfer characteristics of the n-channel Ge FinFET with
an Lchannel of ∼90 nm and WFin of ∼ 40 nm before and after FGA. Inset:
Total resistance of the device before and after FGA.

tion of the channel surface is not the main origin of causing
higher amount of Dit, because it has been proved that the Dit
of GeO2 passivated MOSCap is independent of the surface
orientation of Ge [23]. The GeO2 passivation layer was grown
by ex situ RTO, and the GeO2 layer may be damaged by the
moisture before loading the samples into the ALD system.
Besides, R. Zhang et al. [24] reported that thin GeO2 will
be damaged severely during ALD deposition process, causing
the dramatic increase of Dit . We speculate that these damages
can be repaired by FGA. Moreover, FGA could increase more
Ge4+ oxidation states to reduce Dit [25]. Therefore, we regard
that FGA is still a promising procedure for fabricating Ge
MOSFET with the GeO2 passivation process.

IV. CONCLUSION

We integrated the epitaxial Ge films on the SOI substrate
and fabricated the gate-last n-channel Ge FinFET. By optimiz-
ing the epitaxial Ge thickness on the SOI substrate, flat and
relatively low-dislocation-density Ge film could be obtained.
By employing the high-quality Ge on the SOI substrate,
the SOI-like structure could effectively suppress the junction
leakage, hence a high rectifying ratio of drain current could
be achieved. However, the high series resistance of the Ge
NMOSFET, which was induced by the Fermi-level pinning
and dopant out-diffusion, degraded the output characteristic,
and this is still the main challenge for improving the driving
current. The tri-gate structure also plays an important role
in controlling the SCEs. Shrinking the Ge fin width could
improve the electrostatic control, and the VTH shift, DIBL,
and SS could still maintain at the same level when the
Lchannel = 120 nm. Multifin Ge n- and p-channel FinFETs
with well-behaved electrical outputs were also demonstrated.
The effect of FGA was also examined in this paper. The SS is
improved after FGA, indicating that the Dit was reduced from
7 × 1012 to 4.8 × 1012 cm−2-eV−1 after FGA. Based on our
demonstration, we believe Ge is still one of the candidates for
the next-generation CMOS technology.
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Chi-Chung Kei, photograph and biography are not available at the time of
publication.

Chien-Nan Hsiao, photograph and biography are not available at the time of
publication.
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