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ABSTRACT A low temperature (Tmax = 350 °C) process for Germanium (Ge) on insulator (GOI) substrate
fabrication with thicknesses of less than 25 nm is reported in this paper. The process is based on a single
step epitaxial growth of a Ge/SiGe/Ge stack on Si, room temperature wafer bonding and an etch-back
process using SigsGeps as an etch-stop layer. GOI substrates with surface roughness below 0.5 nm,
0.15% tensile strain, thickness nonuniformity of less than 3 nm and residual p-type doping of less than
106 cm—3 were fabricated. Ge pFETs are fabricated (Tmax = 600 °C) on the GOI wafer with 70% yield.
The devices exhibit a negative threshold voltage of —0.18 V and 60% higher mobility than the SOI pFET

reference devices.

INDEX TERMS GOI, wafer bonding, selective etching, GOI MOSFET, 3D integration.

I. INTRODUCTION

Monolithic 3D integration has been proposed as a way of
increasing device packing density and reducing the length
of interconnects [1]. Integration of two tiers of CMOS using
fully-depleted (FD) Si MOSFETSs has been demonstrated [2].
Improved performance of top tier devices can potentially be
achieved by high mobility channel materials such as III-V
nFETs and Ge pFETs [3]. The thermal budget for device
fabrication at the upper tiers is coupled with the thermal
stability limitations of existing devices in the lower tiers.
Competitive monolithic 3D integration is feasible within
a maximum process temperature of 500 °C - 550 °C for the
upper tier devices [4]. Pulsed laser annealing has the poten-
tial to activate dopants at temperatures as low as 500 °C [5].
Interconnect thermal stability is yet another challenge. State-
of-the-art ultra-low-k dielectrics are suitable for T=500 °C
processing [6]. It has also been demonstrated [7] that Cu
lines can withstand temperatures up to 525 °C without
degradation.

The process temperature budget of Ge pFET fabrication
is inherently low compared to Si, making fully depleted Ge
channel pFETs a potential candidate for top tier devices.
High performance FD Ge pFETSs require a thin monocrys-
talline Ge device layer with a low residual doping concen-
tration which can be challenging using H implantation and

Smart Cut [8] or using Ge grown on GaAs [9]. Moreover,
GOI pFETs commonly suffer from the off-state leakage and
positive threshold voltage which can be potentially attributed
to the poor quality Ge/BOX interface [10] or p type residual
doping [11]. In this work we demonstrate a low tempera-
ture (T=350 °C) GOI process based on Ge Strain Relaxed
Buffer (SRB) growth and incorporating a Sigs5Gegs etch
stop layer to achieve thin Ge device layers. Long channel
GOI pFETs are fabricated to validate the substrate quality.
The devices demonstrate negative threshold voltage (V) of
-0.18 V and 60% higher mobility compared to SOI pFET.

In this extended paper Raman spectra were obtained in
order to determine the strain in the Ge layer. Additionally
with further electrical characterization and analysis, the back
interface quality of the Ge channel was investigated. A qual-
itative explanation of the back gate influence to the device
behavior is presented.

Il. EXPERIMENTS

The GOI fabrication process is schematically depicted
in Fig. 1. 100 mm Si wafers were cleaned in a
Piranha (H2SO4:H;0; 3:1) solution followed by a 5% HF
dip. The wafers were immediately loaded in the epitaxial
reactor and baked at 1050 °C for 90 s to remove the native
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FIGURE 1. Low temperature GOI fabrication process flow through 3 steps:
Al 03/Ge(25 nm)/SiGe(10 nm)/Ge(3 xm) stack deposition on Si, room
temperature wafer bonding and thermal annealing at 350 °C, removal of
Si, Ge and SiGe layers by dry and wet etching.

oxide. The epitaxial growth was performed in reduced pres-
sure chemical vapor deposition at 20 Torr using SiH4/GeHy
as Si and Ge precursors respectively. Three micrometer thick
Ge SRB was grown on Si wafers using a two-step process
(Tstep1= 400 °C, Tsep2 = 600 °C) [12] followed by a 10 nm
Sip5Gegs growth at 500 °C and a 25 nm Ge device layer
grown at 400 °C, all in a single step epitaxy. A 10 nm Al,O3
layer was deposited by atomic layer deposition (ALD) at
200 °C and the wafer was bonded at room temperature to
a thermally oxidized Si wafer and post annealed at 350 °C
for 8 hours. Inductive coupled plasma (ICP) dry etch was
used to thin down Si to about 100 pwm, which was subse-
quently removed by TMAH (5%, T= 90 °C) solution with
a selectivity >1000:1 towards Ge. The Ge SRB was etched
with diluted standard clean 1 (SC-1) (NH4OH:H,0,:H,O
1:1:100) with a selectivity >400:1 towards SigpsGep.s which
acts as an etch stop layer. Finally, the remaining Sig 5Geg 5
etch stop layer is removed by TMAH (5%, T= 80 °C) with
a selectivity >5:1 towards the Ge device layer.

Raman Spectra of the GOI layer were obtained using
a pu-Raman Spectrometer equipped with a 532 nm Ar laser
with initial power of 5 mW. The laser was focused to
1 um spot using a 100x objective lens, and the power
was sufficiently low to eliminate the heating effect. Tapping
mode atomic force microscopy (AFM) and spectroscopic
ellipsometry (SE) were used for evaluating the surface rough-
ness and the thickness homogeneity of the GOI wafer
respectively.

Ge pFETs were fabricated on the GOI wafers for electri-
cal characterization of the transferred layer according to the
process flow shown in Fig. 2. Active area was defined by
etching the Ge layer down to the BOX. The gate dielectric
stack was formed by thermal oxidation (O, T=550 °C) and
~5 nm ALD AlLO3 (4.3 nm EOT) followed by physical
vapor deposition (PVD) of 12 nm TiN and low pressure
chemical vapor deposition of 80 nm in-situ phosphorous
doped poly-Si (T= 560 °C) as the gate electrode. A hard
mask of 40 nm plasma enhanced chemical vapor depo-
sition (PECVD) SiO, was used for gate patterning. The
source/drain was implanted with BF, at 48 keV energy and

VOLUME 6, 2018

Process step Process Tax

@ GOl fabrication 350 °C
i GeO,/Al,O4/TiN/Poly-Si gate 560 °C
BF, implantation Room T
Gate spacer formation 400 °C
Dopant activation 600 °C
TiW/Al metallization 400 °C

FIGURE 2. Fabrication process flow for the GOl p-MOSFET and associated
process temperatures.

1015 cm~2 dose. Gate spacers were formed by 12 nm ALD
Si0; followed by 50 nm PECVD SiN. Dopant activation was
performed by rapid thermal anneal (RTA) at 600 °C for 1 min
in Np ambient. An interlayer dielectric of 400 nm SiO, was
deposited by PECVD and contact holes were etched with
a combination of RIE (CHF3/CF4) and 1% HF dip. Finally,
100 nm PVD TiW and 500 nm PVD Al was used to form
the device contacts.

Reference SOI devices (Ts; = 25 nm) were fabricated
employing the same process as GOI devices with the fol-
lowing differences. Thermal SiO; (4.5 nm EOT) was used as
gate dielectric. The source/drain was formed by BF; implan-
tation (energy=9 keV, dose=10'> cm~2) and activation by
RTA in N3 at 1000 °C for 10 s. After metallization, forming
gas anneal was performed at 400 °C for 30 min.
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FIGURE 3. Removal of the Sig 5Geg 5 etch stop layer and formation of
Si0, during diluted SC-1 etch. Due to the presence of SiO, the Sig 5Geg 5
etch rate becomes negligible thus achieving selectivity >400:1 towards Ge
SRB.

1Il. RESULTS AND DISCUSSIONS

The etch stop mechanism of SigsGeg s is depicted in Fig. 3.
Initially both Si and Ge atoms are oxidized by SC-1 and the
etch rate is ~3 nm/min. A SiO; film is formed on the surface
which protects the layer from further oxidation, while Ge
oxide is soluble in water and is removed from the surface.
After removing 2 nm of the Sig5Geq 5 layer, the etch rate of
Sip5Geg.s drops significantly due to the formed SiO,. This
film protects the remaining Sig 5Geg s and the underlying Ge
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FIGURE 4. AFM surface morphology of GOI substrate over 10 x 10 xm?2
area showing surface roughness below 0.5nm.
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FIGURE 5. Thickness distribution of the top Ge layer in a fabricated
100mm GOl wafer. Only a small non uniformity was observed
(Tge = 22.5+2.5 nm, 10 mm edge of the wafer is not measured).

device layer from the SC-1 etchant. The surface roughness
of the GOI wafer was below 0.5 nm as measured by AFM
(Fig. 4). The Ge thickness over the wafer was measured by
spectroscopic ellipsometry to be 22.5 nm + 2.5 nm (Fig. 5).

The Ge thickness variation mainly comes from non-
uniformity in the TMAH etch of the SipsGegs etch stop
layer. This non-uniformity can be further reduced by employ-
ing single wafer spray etching tool instead of the wet etch
bath used in this work. The sheet resistance of the 3.5 um
thick Ge SRB was 300 ©/7 indicating an unintentional
p-type doping below 10'® cm™ in accordance with the
residual doping concentration commonly found in epitaxially
grown Ge layers [13].

Fig. 6 shows the Raman spectra of both the unstrained Ge
and GOI layers. The Ge-Ge peak for the unstrained Ge layer
is at 300 cm™! which is aligned with literature data. The
small Raman shift for the GOI layer is attributed to 0.15%
tensile strain in the layer. This strain is induced in the layer
during the cool down step of the Ge SRB epitaxial growth,
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FIGURE 6. Raman spectra of the GOI layer shows a shift compared to Ge
which indicates 0.15% tensile strain in the active GOI layer.

as a result of the thermal expansion coefficient mismatch
between Si and Ge.

The cross-section TEM images of a fabricated GOI pFET
are shown in Fig. 7. The Ge active layer thickness is in
accordance with the ellipsometry data shown in Fig. 5.

The source and drain (SD) regions are completely recrys-
tallized through the post ion implantation annealing step.
However, some twining defects stemming from the ion
implantation are still present in the SD region.

| ALD sio; ~10 am
Drain

Source

/

SiO; ~130 nm

Si substrate

FIGURE 7. TEM image of 0.8 um gate length GOI p-MOSFET and a close-up
of the GeO,/Al, 03 /TiN/poly-Si gate indicating the thicknesses of the
composing layers.

Well-behaved Ip-Vg characteristics of a 0.8 um gate
length MOSFET are displayed in Fig. 8 showing the transis-
tor turning on and off at both low and high Vp without back
biasing. The GOI MOSFET also exhibits a sub-threshold
slope (SS) of ~170 mV/dec that is similar to the results
reported in literature (Table 1) as well as 60% higher long
channel mobility compared to the reference SOI devices
(Fig. 9). The influence of the back bias on the Ip-Vg char-
acteristics, the threshold voltage V7 and the subthreshold
slope SS is displayed in Fig. 10 and Fig. 11 respectively.
For positive back bias (> 20V), the back interface is in accu-
mulation, V1 does not depend on Vpg and SS is slightly
degraded from the minimum value. The interface state den-
sity of the front gate is Dj_front =~ 4.5 - 102 eV—lem—2
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FIGURE 8. Well-behaved transfer characteristics of a p-channel 0.8 um
gate length device fabricated on the GOI. The SS was extracted at
Vp=-0.1V.

TABLE 1. Comparison of gate length, body thickness, EOT, subthreshold
slope and long channel mobility of GOl MOSFETs.
L (um) Ty (nm) EOT SS i Reference
(nm) | (mV/dec) | (cm*/Vs)
0.8 25 4.3 170 170 This work
10 45 - 210 - [10]
0.07-2.5 60-80 1.8 95-105 110 [11]

9 60 2.1 145 350 [13]
0.1 10 4.5 175 10 [16]
0.17 3 - 116 - [17]
>100 2-25 - >190 5-250 [18]

0.1-0.5 25-90 3 165-220 - [19]
180
°
160 I | ] s ]
% GOl : s
- 140 re o tge=25 nm S
= 120 SOl ~ ®eg, ~60% -
o t.=25 nm L™
100 - = o E
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FIGURE 9. A mobility increase of 60% in GOI devices compared to the
reference SOI devices is observed.

and was extracted from the SS. When a negative back gate
voltage (Vpg) is applied, the Ge/BOX interface approaches
inversion, the front gate control over the channel is gradually
lost thus the subthreshold slope increases and the transistor
does not turn off. When the back bias is small (< 20 V) the
back interface is depleted, the front V1 depends linearly on
the back bias and SS reaches the lowest value [14], [15].
The back interface of the devices is depleted at Vgg =0V
confirming the low residual doping of the Ge channel as
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FIGURE 10. Ip-Vg characteristics of a p-channel 0.8 xm gate length device
fabricated on the GOI with the back bias ranging from -60 V to 60 V.
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FIGURE 11. Front gate threshold voltage and subthreshold slope
dependence of the back bias when the back interface is in inversion,
depletion and accumulation.
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FIGURE 12. CV characteristics of Ge/Al, 03 MOS capacitors with D;; of
3 -4.10"2 ev-'cm~2 which is in line with MOSFET data.

well as that the number of fixed charges at the Ge/BOX is
small. The interface state density of the Ge/BOX interface
is Dijt—pack &~ 1 —2-10'2 eV~lem™2 and was obtained from
the linear part of V1 vs. Vg curve in Fig. 11. This value
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FIGURE 13. Measured Vy data over a wafer of fabricated p-channel GOI
devices. The V; median is -0.18 V. Devices that are either not working or
out of the displayed Vg range are marked in black (in those areas, Ge was
not perfectly bonded to the oxide and consequently was removed during
the etch-back).

is in line with Djt_cap ~ 3 — 4 - 102 eV—lcm™2 that was
extracted from the CV curves of Ge/Al,O3 MOS capacitors
displayed in Fig. 12.

A wafer map demonstrating the VT variation on the wafer
is displayed in Fig. 13. The devices that are not working (do
not turn on and off) or with Vt out of the presented range are
marked in black. A 70% yield was achieved. The devices that
failed are in the areas where Ge was not bonded properly and
thus was removed during the etch-back process. The median
of the Vr is -0.18 V whereas the reference SOI pFETs with
TiN gate exhibit VT of —0.65 V. TCAD simulations that
assume no oxide charge and no fixed charge at neither front
nor back interface, give a Vr shift of 0.47 V between SOI
and GOI devices which is in line with our experimental data.

IV. CONCLUSION

A low temperature (Tpax = 350 °C) GOI process based on
Ge SRB growth and a Sig 5Geg 5 etch stop layer was demon-
strated. Employing a highly selective diluted SC-1 etchant
for Ge removal allows a 10 nm Sig 5Geg 5 layer to be used as
an etch stop. Using this technique, GOI substrates were fabri-
cated with Ge thickness of 22.5 &+ 2.5 nm, surface roughness
below 0.5 nm and 0.15% tensile strain. The residual p-type
dopant concentration was estimated to be below 10'® cm~3.
Ge pFETs were fabricated (Tpax = 600 °C) on the GOI
wafers with 70% yield and the devices exhibited a VT of
—0.18 V and 60% higher mobility compared to the SOI
pFET reference.
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