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  Abstract 

This review focuses on material challenges associated 

with III-V co-integration with Si for future CMOS. 

There is a huge volume of literature on this topic as 

implementation of III-V monolithic integration with Si 

has been the holy grail for last four decades; targeting a 

wide range of applications  including RF devices, LEDs, 

lasers, photo-detectors and the like. The key drivers have 

been the cost reduction, scalability with Si wafer 

diameter, and accessibility to highly scaled integrated 

circuits next to III-V devices. With the current focus on 

CMOS the pace of progress on monolithic integration 

has accelerated by leaps and bounds partly because of its 

vast impact on CMOS scaling, and partly due to the 

aggressive CMOS roadmap requirements. The 

discussion below concentrates on In0.53Ga0.47As channel 

which is the dominant III-V material being pursued for 

future technology. Despite the narrow focus, 

fundamental and engineering challenges posed by this 

material encompass a broad range of material topics 

including epitaxial growth, crystallographic defects and 

their dynamics during growth and subsequent processing, 

clever device architecture to alleviate adverse impact of 

defects on device leakage, and innovative engineering 

for material improvement. 
 

Introduction 

  

Relentless scaling of CMOS transistors has continued 

despite formidable challenges in lithography and 

processing. This trend is expected to continue to 5 nm 

and beyond CMOS (Figure 1). However, scaling to 

sub-20-nm lithographic dimensions presents unique 

challenges that will slow the pace of conventional 

Moore’s scaling. The increase in the drive current in 

scaled devices for faster switching speeds at lower 

supply voltages has largely occurred at the expense of an 

exponentially growing leakage current, thus leading to a 

large standby power dissipation. This strategy has 

worked well until recently because our computation 

needs have been dominated primarily by high 

performance end products (mainframes, desktops, PCs). 

However, with the recent shift of paradigm in user 

choice towards low form-factor hand-held gadgets, 

performance requirements for computing have shifted 

towards low-power consumption. Current exploration of 

high carrier mobility channels is being fueled by ever 

reducing low-power requirements at high performance 

for future products. 

        Changing the device architecture (e.g. FinFET, 

Trigate, Nanowire) can improve the electrostatics of a 

transistor and achieve lower power high performance 

devices.  However these improvements have not gone far 

enough and fundamental improvement in device 

performance are needed.  The fundamental 

improvements arise from the improved carrier mobility 

achieved by changing the device materials. Novel strain 

engineering techniques, such as epitaxial growth of 

embedded –Ge:H. SiGe, and Si:C in source-drain  
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Figure. 1. CMOS technology roadmap extending to 5 nm and 

showing poly contact (PC) pitch requirements from 32 nm to 5 nm 

nodes. 

regions, and application of compressive and tensile 

dielectric liners (in particular, Si3N4 ) to n and p-FET 

devices have already been implemented successfully  in 

CMOS products since 90 nm node for performance 



improvement. Further strain scaling would require 

higher Ge and C concentrations, but these higher 

concentrations have a negative effect on the strain in 

SiGe and Si-C due to increased relaxation in these layers. 

It is clear that further carrier mobility enhancements 

need to be achieved intrinsically by replacing the 

channel materials with high mobility materials in 

conjunction with previous strain enhancement. This is 

evident in IBM’s 22 nm CMOS [1] where record 

performance p-FETs was demonstrated by introducing a 

SiGe channel with high hole mobility.  

There are several materials to choose from.  Figure 3 

shows electron and hole mobilities in Si, Ge, and most 

promising III-V channel materials. Figure 2 shows well 

known lattice parameter – energy band gap relationship 

in Si, Ge and III-V compounds. To further scale pFET 

mobility either high % Ge or pure Ge is being considered 

as the channel material. For future high performance 

n-FETs both Si and non-Si channel materials including 

sSOI, biaxially strained Si on graded SiGe, and 

In0.53Ga0.47As are being explored. The biggest boost in 

n-channel performance is expected from In0.53Ga0.47As 

because of its x6 higher mobility than strain Si (Figure 3). 

Impressive device results have recently been reported on 

self-aligned In0.53Ga0.47As-channel MOSFETs grown on 

InP. Peak transconductance of > 2200 µS/µm with an 

effective channel length of 30 nm and supply voltage of 

0.5 V (Figures 4 & 5) was achieved, thus validating 

scalability of III-V for future CMOS [2]. These 

 
Figure. 2. Energy gap versus lattice parameter of Si, Ge, and III-Vs. 

Note that all high mobility II-Vs have a low band gap. 

 

 

 

 

 

 MOSFETs operate within ~ 20% of the ballistic limit [2]. 

It is clear that co-integration of InGaAs based n-channel 

with Si has the potential of achieving the ultimate 

on Si and on the approaches being taken to address the 

challenges. It should be borne in mind that successful 

monolithic integration of III-V on Si not only changes 

the landscape of future CMOS but also opens 

unparalleled opportunities for integrating 

opto-electronics, high speed I/Os, and RF devices on Si. 

 

 
 

Figure. 4. A schematic diagram of III-V MOSFET with self-aligned 

contacts. The integration scheme for high-k, metal gate, spacers, and 

selective epi are analogous to that used for Si MOSFET technology. 

(ref 2)  

 

 

Figure. 3. Electron and hole mobilities, and energy band gap of 

IV group and III-V semiconductors.   



 
Figure. 5. Saturation transconductance GMSAT vs. VGS characteristics 

of self-aligned 20-nm-thick In0.53Ga0.47As channel MOSFETs with 

channel/ barrier doping NA ~ 1 x 1017 cm-3, and effective channel 

Length, LEFF = 30, 40, and 160 nm. The drain bias VDS = 0.5 V. 

Highest peak GMSAT = 2230 µS/µm achieved at LEFF = 30 nm. (ref 2) 

 

Co-integration of Si and non-Si Channel Materials  

 
An ideal approach to co-integrate III-V with Si would be 

to bond III-V to Si in an analogous manner to what is 

routinely done to produce SOI wafers.  This is not a 

manufacturable option due to incompatibility in wafer 

diameters of III-V and Si starting substrates. Typical 

product Si wafers are > 200 mm in diameter, these  

diameters have not yet been reached with III-V materials.  

This leaves the only known manufacturable option to 

co-integrate III-V with Si is by epitaxial growth of III-V 

on Si. However, a large lattice mismatch between 

In0.53Ga0.47As (8%) and Si leads to a high density of 

misfit dislocations, stacking faults, micro-twins, and 

anti-phase boundaries (APDs) at the growth interface. It 

is interesting to note that in III-V materials, the higher 

the carrier mobility (Figure 3), the higher its lattice 

mismatch with Si (Figure 2). Innovative substrate 

engineering is therefore required to fill the huge gap that 

currently exists between the required defect density 

value and that required for CMOS products. 

        Previously published data both on Si and III-V 

based devices clearly indicates that misfit dislocations 

contribute to junction leakage (Figure 10) and degraded 

device reliability [3]. Success of future high performance 

CMOS will depend heavily on controlling defect 

densities such that the target stand by current (Ioff) values 

are met.  For high performance and low power CMOS 

products these values are typically ~ 100 nA/µm and a 

few pA/µm, respectively. Based on previously published 

results defect density should be controlled to < 103 cm-2 

to meet these Ioff targets.  However, typical defect density 

for In0.53Ga0.47As on Si is currently at > 109 cm-2 due to > 

8% lattice mismatch [4].  Similarly, defect density for a 

Ge p-channel grown on Si with 4% lattice mismatch is at 

> 107 cm-2 even after post-epi cyclic annealing [5].  

 

Materials: Grand Challenge 

 
The grand material challenge is how to control or 

eliminate crystallographic defects in highly lattice 

mismatched III-V channel materials for future CMOS. 

Decades of research on this topic have led to the 

following five main schemes for defect reduction: (i) 

growth of a thick (several microns) graded buffer layer to 

create a virtual substrate of a desired lattice parameter [6], 

(ii) post-epi annealing processes which exploit both the 

thermal energy and CTE (coefficient of thermal 

expansion) mismatch to mobilize and annihilate defects 

[7], (iii) layer transfer of the low-defect region of the 

graded buffer layer on an insulator (e.g., sSOI) [8], (iv) 

aspect ratio trapping [8,9], and (v) growth of elastically 

relaxed nanowires [10-12]. Examples of each of these 

methods and recent progress made in defect reduction is 

discussed below.  

 

Defect Reduction: Graded Buffer Layers 

 

The concept of a graded buffer layer to create a virtual 

substrate is known since early 70s and pioneering           

 
 
Figure. 6. A cross-section TEM micrograph showing an 

In0.53Ga0.47As layer grown on Si via buffer layers of GaAs and 

InAl0.52As0.48. Reduction in defect density in the surface region is 

evident (ref 4). 



research was done in early 80s particularly on SiGe 

graded buffer layers (GBL) to control defects in strain-Si 

grown above it. A relaxed SiGe GBL creates a larger 

lattice on Si, i.e., “virtual substrate” and is utilized as the 

epitaxial template for growing Si in a state of biaxial  

tension which can have x2 higher electron mobility than 

conventional Si [6]. A few microns of buffer layer is 

typically required to reduce defect density. Similar GBL 

concept has been applied successfully to reduce defect 

density in In0.53Ga0.47As on Si, Ge, and GaAs substrates 

(Figure 6) [4]. Typical defect density reduction from an 

abrupt to graded layer can be several orders of magnitude 

depending on the thickness of the layer (Figure 9). 

However, despite a > 3 µm thick layer, the best defect 

density in In0.53Ga0.47As is still in the 108 cm-2 range [4]. 

 

 
 

 
Fig. 7. Defect reduction in GaAs layers grown on Si by cyclic 

annealing in AsH3 ambient. Higher the anneal temperature, bigger the 

defect reduction (ref 7) 

 

Defect Reduction Post-Epi Anneal 

 

Pronounced defect reduction by ~ 3 orders of magnitude 

(from 109 to 106 range) by cyclic annealing has been 

demonstrated on Ge grown on Si despite a 4% mismatch 

[5]. Typically, a Ge layer of ~ 1 µm is grown followed by 

multiple cyclic anneals at > 850o C in H2 under reduced 

pressure in an epitaxial reactor. A similar approach has 

been applied to reduce defect density in InP grown on 

GaAs [7] (Figure 7). It was shown that annealing at > 

700°C is essential for defect reduction. However, unlike 

Ge where post-epi annealing can be performed at near its 

melting point, this is not possible in III-V materials 

because of high volatility of the group V element. 

Consequently, it remains a challenge to significantly 

reduced defect density in III-Vs via cyclic annealing. 

 

Defect Reduction:  Layer Transfer 

 

If we assume that non-Si channels will always have 

higher crystallographic defect density than bulk-Si, what 

are our options to minimize their impact on device 

leakage? A well proven approach to control device 

leakage on a defective substrate is that by transfer the 

defective region onto a dielectric layer (SiO2). Figures 8a 

and 8b defects in a SiGe GBL and strain-Si, and that in 

sSOI after the layer transfer of strain-Si onto SiO2. 

Figures 9a and 9b show XTEM micrographs 

corresponding to Figures 8a and 8b. When the defect 

strain-Si is transferred onto SiO2 (Figure 9b), Ioff was 

reduced by > 6 orders of magnitude (Figure 10). 

     

Figure. 8. A schematic diagram showing (a) defect propagation from 

the SiGe growth interface to the strain-Si surface, (b) layer transfer of 

the strain Si layer onto SiO2 grown on Si. (ref 3).                               

                 

Figure 9. XTEM micrographs corresponding to Figures 8a and 8b 

diagram showing (a) defects in SiGe GBL/strain-Si and(b) in sSOI 
(ref 6).                                



 

 

 

Figu 10. The degrading effect of defects in buffer layer on device 

leakage can be minimized by converting strain-Si on GBL to strain-Si 

on insulator (sSOI). This scheme reduces device leakage by six orders 

of magnitude. (ref 3) 
 

Defect Reduction:  Aspect Ratio Trapping (ART) 

 
The most extensively studied method to reduce defects 

in III-Vs on Si is by ART [8, 9]. Figures 11a and 11b 

show the concept and implementation of the ART 

methodology, respectively, to grow InP on Si. Promising 

results have been achieved in reducing defects in 

In0.53Ga0.47As (and even in InAs) on Si. The InP grown 

by ART in Figure 11 serves as the lattice matched 

template for subsequent growth of In0.53Ga0.47As. Defect 

trapping clearly occurs predominantly at the bottom of 

the trench resulting in higher structural quality surface 

region. Recent realization of short channel MOSFET 

devices fabricated with In0.53Ga0.47As by the ART 

method on a 300 mm Si substrate serves as the testament 

that III-V integration with Si is quite possible [9]. 

      

Si

III-V

 

Figure 11a. A schematic diagram showing the concept of ART. 

Trapping of planar defects occurs at the bottom of the trench with 

aspect ratio of > 2:1. 
 

 

 
 
Figure 11b. Demonstration of planar defect trapping at the bottom of 

a trench when InP is grown on Si with a GaAs buffer layer. (ref 8) 
 

 

Defect Reduction:  Nanowire Growth 

 
Fabrication of III-V nanowires (NWs) grown on Si by 

both catalyst-free bottom up as well as top down 

approaches [10-12] is becoming an active area of 

research because of two reasons: (i) excellent device 

electrostatics, and (ii) a viable path to dislocation free 

growth of bottom up In0.53Ga0.47As NWs on Si. 

Uninhibited elastic relaxation of In0.53Ga0.47As occurs 

during the NW growth on Si due to availability of free 

edges thus obviating dislocation formation in the NWs. 

A varying range of InxGa1-xAs compositions in NWs by 

both molecular beam epitaxy (MBE) and metalorganic 

chemical vapor deposition (MOCVD) methods have 

been successfully demonstrated.  Nevertheless, growth 

induced planar crystallographic defects, such as stacking 

faults, twins, and antiphase boundary are still present in 

NWs. Gate-all-around (GAA) NW MOSFETs with 

excellent device electrostatics have been reported by 

various groups in the last few years. Figures 12a and 12b 

show III-V NW MOSFETs from recently published 

results with well-behaved device electrostatics (DIBL 35 

mV V-1 and SS slope 75 mV/dec for Lg = 200 nm). Even 

more impressive electrostatics have been demonstrated 

on top down InGaAs NWs with 7mV V-1 and 

sub-threshold slope (63mV/dec) [12].  

 

Conclusions 

 
Finally, a number of   manufacturing challenges can arise 

even when a known and successful material solution is 



 

Figure 12a. A schematic diagram showing MOSFETs consisting of 

an array of bottom up “core-multishell NWs”, grown on <111> Si. 

Layers of InP, InAlAs and InGaAs are grown around an InGaAs core. 

(ref 10) 
 

 

 

Figure 12b. Id – Vg characteristics of the MOSFETs of Fig 11a 

showing excellent device electrostatics. (ref 10) 

 

scaled to a large form factor substrate, i.e., 300 mm Si: (i) 

compositional uniformity, (ii) thickness uniformity, (iii) 

variation of defect distribution across the Si wafer, (iii) 

varying defect density vs pattern dimensions, and (iv) 

cross contamination of neighboring devices among 

others. In parallel, rapid progress is required to address 

formidable device and process challenges associated 

with III-Vs including demonstration of low leakage 

devices at < 20 nm channel length, integration schemes 

for p-FETs which are compatible with  III-V processing, 

high-k/metal gate stack with interface charge of < 1011 

cm2 eV-1, contact resistance of < 10-9 ohm-cm2 and so on.  

Whether Si/non-Si co-integrated technology for future 

nodes will be ready in the timeframe that is necessitated 

by the CMOS scaling roadmap remains debatable. 
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