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Abstract— In this paper, we demonstrate InGaAs FinFETs 

3D sequentially (3DS) integrated on top of a fully-depleted 

silicon-on-insulator CMOS.  Top layer III-V FETs are fabricated 

using a Si CMOS compatible HKMG replacement gate flow and 

self-aligned raised source-drain regrowth. The low thermal 

budget of the top layer process caused no performance 

degradation of the lower level FETs. Record ION of 200 µA/µm (at 

IOFF = 100 nA/µm and VDD = 0.5 V) for 3DS integrated III-V 

FETs on silicon is demonstrated, with a 50% reduction of RON 

compared to previous work. The achieved improved performance 

can be attributed to the introduction of doped extensions 

underneath the gate region as well as improvements in the direct 

wafer bonding technique.  

Keywords—3DS, III-V, FinFETs, sequential integration, 

wafer bonding, monolithic integration 

I.  INTRODUCTION 

3D sequential (3DS) integration – the sequential fabrication of 
multiple transistor levels – is considered a key technology in 
the CMOS roadmap [1]. Compared to 3D packaging using 
through-silicon vias, where levels are fabricated in parallel, 
then bonded together with low-resolution alignment, 3DS 
integration allows for alignment of subsequent levels as well 
as inter-level interconnects limited only by the resolution of 
the stepper. Key challenges of this technology include thermal 
budget management [2] and integration of channel layers with 
low defect density. 

3DS integration facilitates not only traditional scaling 
motivators [3]–[5], such as power density and delay reduction 
through shorter interconnects, but also “More than Moore” 
approaches, such as monolithic integration of functionally 
different layers, e.g. for photonics, RF and sensing. III-V 
materials [6] are attractive in such systems, both as CMOS and 
RF performance boosters through high electron mobility, as 
well as enablers of new functionalities e.g. as direct band gap 
materials. Hybrid solutions, combining Si CMOS and III-V 
channels [7], [8], furthermore, can leverage the low thermal 
budget process of III-V FETs [9], typically sub-600 oC, to 
avoid degradation of reliability and performance of the bottom 
level Si CMOS. 

In this work we demonstrate InGaAs FinFETs using a Si 
CMOS-compatible low-thermal budget process flow 3D 
sequentially integrated on Si CMOS. Through improved III-V 
wafer bonding and doped spacer extensions, devices with 
record ION for a 3DS III-V FET are demonstrated. 

II. DEVICE FABRICATION 

The 3DS integrated stack is composed of InGaAs FETs and 
FinFETs fabricated on top of a fully-depleted silicon-on-
insulator (FDSOI) Si CMOS layer, as schematized in Fig. 1a. 
TiN/W contacts are used to connect the two tiers as well as for 
local interconnects. A standard gate-first FDSOI fabrication 

 
 
 

Figure 1 a) Schematic of the 3DS integrated stack, InGaAs nFETs on top 
of fully-depleted silicon-on-insulator Si pFETs and nFETs. A gate-first 

process is used for the Si CMOS and a RMG process for the InGaAs 

nFETs. b) Detailed TEM image of the InGaAs FET gate region. High 
crystalline quality for the InGaAs channel is shown. The Al2O3/HfO2 gate 

oxide and the approximately 4 nm thick SiNx spacers are highlighted. c) 

TEM cross-section of the 3DS integrated stack both transistor levels. 
Cross-section along the gate showing an InGaAs nFET with LG = 60 nm 

on top of a Si pFET. W inter-layer contacts are also shown. 
 

 



flow is carried out for the bottom Si CMOS layer [10]. The 
active device layer is patterned on a silicon-on-insulator (SOI) 
substrate and optimized gate high-k (HK) dielectric, gate 
metal and poly-Si gate are deposited on the mesas. 
Subsequently, gate patterning is followed by spacer formation. 
N+-Si raised source/drain (RSD) is carried out for the nFET 
and p+-SiGe for the pFET. Extension implants, both for 
n/pFET, and annealing is then performed, followed by spacer 
deposition and patterning. Highly doped source/drain contacts 
are obtaining by doping implantation and salicidation with 
Ni/Pt silicide.  

A first inter-layer dielectric (IL0) is deposited and 
planarized by chemical-mechanical polishing (CMP). After 
that, vias are etched to the RSD contacts, filled out with 
TiN/W and subsequently planarized to form the interlayer 
contacts for the 3DS stack. Afterwards, a second thin inter-
layer dielectric (IL0’) is deposited on the Si CMOS devices 
and CMP is performed to planarize the layer. This represents a 
crucial step in achieving low-defect density and high mobility 
in the 20 nm In0.53Ga0.47As layer sequentially integrated on the 
Si CMOS wafer by direct wafer bonding [11]. The bonding 
was performed with a 2-inch donor InP wafer.  

Compared to our previous 3DS integration work [12], we 
introduced three new modules in the III-V FET process flow, 
consisting in SiNx spacers, doped extensions underneath the 
spacers and improvements in the wafer bonding technique.  

A replacement metal gate (RMG) process is carried out on 
the top bonded layer for the nFET fabrication. Planar and fins 
structures are patterned by electron beam lithography and dry 
etching. The interlayer alignment accuracy is the same as in 
the Si CMOS layer. After active area patterning, the RMG 
process starts by deposition of a dummy metal gate. Then the 
gate pattern is defined by e-beam lithography and dry etching 
and subsequently SiNx spacers are deposited and formed by 
RIE. Doped extensions are obtained by under-etching the III-
V below the spacers followed by self-aligned in-situ doped 
contacts formation. N+InGaAs RSD epitaxy is done by metal-
organic chemical vapor deposition (MOCVD). After 
depositing an etch-stop layer and an encapsulation oxide layer 
(ILD1), planarization by CMP and dummy gate removal is 
carried out. An optimized HK and metal gate featuring a 
scaled bilayer Al2O3/HfO2 (approximately 0.5 nm/3 nm thick) 
dielectric and TiN metal are deposited on the exposed InGaAs 
channel. Afterwards, a new encapsulating ILD2 layer is 
deposited and again planarized. Finally, contact vias are 
opened and filled with W.  

Fig. 1b shows a TEM image of the high-quality InGaAs 
channel, highlighting spacers as well as the HK layer.  A TEM 
cross-section of the fabricated InGaAs FET on top of Si pFET 
is shown in Fig. 1c.      

III. RESULTS 

Output and subthreshold characteristic, after 3DS integration, 
are shown in Fig. 2, for bottom level Si n-FinFET and p-
FinFET devices with LG = 60 nm showing well-behaved 
transistor characteristics. We have previously demonstrated 
interlayer functionality in III-V/Si 3D SRAM cells [12]. Fig. 3 

shows subthreshold slope in saturation for Si p- and n-
FinFETs with fin width of Wfin = 30 nm before and after 3DS 
integration of the top III-V transistor layer. No significant 
impact on the bottom layer is observed post-integration. In 
Fig. 4 and 5, respectively, III-V FinFETs output and 
subthreshold characteristics for short (LG = 50 nm) and long 

 
 
Figure 2 a) Output characteristic and b) subthreshold characteristic of Si 

n-FinFET (blue) and p-FinFET (green) with LG = 60 nm after top-layer 
3DS integration. 

 

 
Figure 3 Subthreshold slope of Si CMOS n- and p-FinFETs in saturation, 

for devices with fin width of 30 nm before and after 3D sequential 
integration of the top III-V transistor level. Negligible change of SS is 

observed as a result of the 3DS integration.  

 

 
 

Figure 4 Output characteristic of InGaAs FinFETs for LG = 50 nm and LG 

= 300 nm, with Wfin = 50 nm showing well-behaved characteristics. 

 



(LG = 300 nm) gate lengths are reported for fin width of 50 
nm. An excellent ION of 200 µA/µm is achieved for the short 
channel device at IOFF = 100 nA/ µm and VDD = 0.5 V. For the 
same device drain-induced barrier lowering (DIBL) of 80 
mV/V and SSLIN = 77 mV/dec is reported. The 
transconductance is gm = 1.1 mS/µm for this device. Fig. 6 
shows ION versus LG for III-V FinFETs and planar FETs. For 
FinFETs, ION peaks at LG = 50 nm, after which short-channel 
effects (SCE) impact SS. For planar devices, the IOFF increases 
more strongly, limiting scalability, and at LG = 100 nm, the 
IOFF = 100 nA/µm target is no longer met.  

Fig. 8 shows the on-resistance RON versus LG. Compared to 
previously reported 3DS integrated III-V on Si CMOS [13], 
we achieve a  reduction of RON by approximatively 50%. The 
reduction of RON can be explained by a lower defect density at 
the bonded InGaAs layer interface, yielding a higher electron 
mobility, obtained via improvements to the wafer bonding 
technique. The saturation of RON at short LG may be caused by 

e.g. SCE reducing gm due to high output conductance. Another 
explanation is an inhomogeneous distribution of defects in the 
channel, particularly a higher density near the n+ contact 
regions, causing a reduction of the effective mobility in scaled 
devices. From long-channel devices, an access resistance of 
100 Ωµm is obtained by linear extrapolation.  

Subthreshold slopes versus gate length and fin width are 

 
 
Figure 5 Transfer characteristic of InGaAs FinFET for LG = 50 nm and 
LG = 300 nm, with Wfin = 50 nm. Devices with at LG = 50 nm show ION of 

200 µA/µm (at IOFF = 100 nA/µm and VDD = 0.5 V), a record value for 

3DS integrated InGaAs FET, enabled by SS in saturation of 92 
mV/decade and transconductance of 1.1 mS/µm. 

 

 
 

Figure 7 a) SSLIN versus LG for planar (green) and FinFETs (blue) 

structures. b) SS in linear and saturation region versus fin width. 

 
 

Figure 6 ION versus LG for III-V Planar and FinFET structures. ION peaks at 
LG = 50 nm. Below LG = 50 nm, short-channel effects degrade 

performance for FinFETs while planar scalability is limited to LG = 100 

nm by the off current. 

 
 

Figure 8 RON versus LG for III-V FinFETs structures from this work 

compared to other 3DS integrated on Si CMOS work. A two-fold 
reduction for RON is demonstrated, as result of the improvements 

introduced in the III-V nFET processing. An access resistance of 

approximatively 100 Ωµm is extracted through linear extrapolation at LG = 
0 nm. 

 

 
 
Figure 9 a) VT versus LG for planar (green) and FinFET (blue) devices 
with Wfin = 50 nm showing VT roll-of onset at LG = 50 nm. b) Drain-

induce barrier lowering versus LG for planar and FinFETs. 



shown in Fig. 7a and 7b, respectively. As also observed for 

ION, scaling LG beyond 50 nm in FinFETs with Wfin = 50 nm 

causes SCE, increasing SS due to a lack of electrostatic 

control. Further scaling of Wfin will enhance off-state 

performance and scalability. For very long gate lengths (LG > 

5 µm) planar devices outperform FinFETs due to process-

induced long-scale fin roughness. 

Finally, threshold voltage and DIBL behavior with LG 

scaling is shown (Fig. 9a,b). VT roll-off onset is observed at 

LG = 50 nm for FinFETs and 500 nm for planar FETs. 

Similarly, a strong increase of DIBL is observed at 30 nm for 

FinFETs and 500 nm for planar FETs. Both cases indicate a 

strong increase of electrostatic control in FinFET devices. 

Fig. 10 shows a benchmark of ION (IOFF = 100 nA/µm and 

VDD = 0.5 V) for state-of-the-art III-V-on-Si FETs, both with 

and without 3DS integration on Si CMOS [13]–[18]. Peak ION 

at LG = 50 nm represents the highest value reported for III-V 

FETs 3DS integrated on Si CMOS and approaching the record 

value for all III-V-on-Si devices, showing that III-V FETs can 

be 3DS integrated with minimal loss of performance. 

IV. CONCLUSIONS 

In this work we have demonstrated InGaAs FinFETs 3DS 

integrated on FDSOI Si CMOS. The low thermal budget of the 

III-V top layer process flow enabled maintained Si CMOS 

performance post-3DS integration. By improvements to the 

wafer bonding technique and with the introduction of doped 

extensions, we achieved a record ION of 200 µA/µm for 3DS 

integrated III-V FETs on Si and approaching the record for all 

III-V-on-silicon FETs. These results show that 3DS 

integration of III-V FETs on Si CMOS can be performed with 

minimal performance degradation in both transistor levels. 
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