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Abstract 
Process optimization for 3D sequential integration of FDSOI CMOS transistors 

 
 Low temperature (LT) process is gaining interest in the frame of 3D sequential 

integration where limited thermal budget (<650 ºC) is needed for top FET to preserve bottom 
FET from any degradation and also in the standard planar integration for achieving ultra-thin 
EOT and work function control with high-k metal gate without gate-last integration scheme.  
In this work, LT Solid Phase Epitaxial Regrowth (SPER) has been investigated for reducing 
the most critical thermal budget which is dopant activation.  

From previous works, LT activated devices face several challenges: First, higher junction 
leakage limits their application to high performance devices. Secondly, strong deactivation of 
the metastable activated dopants was observed with post anneals. Thirdly, the dopant weak 
diffusion makes it difficult to connect the channel with S/D.  

In this work, it is shown that the use of FDSOI enables to overcome junction leakage and 
Boron deactivation issues thanks to the defect cutting off and sinking effect of buried oxide. 
As a consequence, dopant deactivation in FDSOI devices is no longer an issue. Finally, 
implants conditions of LT transistors have been optimized to reach similar performance than 
its standard high temperature counterparts.  

 
Keywords: 3D sequential integration, Solid Phase Epitaxial Regrowth, low temperature 

process, deactivation, fully depleted devices.  
 

Résumé 
Optimisation du procédé de réalisation pour l'intégration séquentielle 3D des transistors 
CMOS FDSOI 
 

L’activation à basse température est prometteuse pour l’intégration 3D séquentielle où le 
budget thermique du transistor supérieur est limité (<650 ºC) pour ne pas dégrader le 
transistor inférieur, mais aussi dans le cas d’une intégration planaire afin d’atteindre des EOT 
ultra fines et de contrôler le travail de sortie de la grille sans recourir à une intégration de type 
« gate-last ». Dans ce travail, l’activation par recroissance en phase solide (SPER) a été 
étudiée afin de réduire le budget thermique de l’activation des dopants.  

L’activation à basse température présente plusieurs inconvénients. Les travaux 
précédents montrent que les fuites de jonctions sont plus importantes dans ces dispositifs. 
Ensuite, des fortes désactivations de dopants ont été observées. Troisièmement, la faible 
diffusion des dopants rend difficile la connexion des jonctions source et drain avec le canal.  

Dans ce travail, il est montré que dans un transistor FDSOI, l’augmentation des fuites de 
jonctions et la désactivation du Bore peuvent être évités grâce à la présence de l’oxyde enterré.  

De plus les conditions d’implantation ont été optimisées et les transistors activés à 
650  ºC atteignent les performances des transistors de référence.  

Mots-clés: Intégration 3D séquentielle, recroissance en phase solide, procédés à faible 
budget thermique, désactivation, transistors totalement déplétés.  
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Chapter I : Introduction 
 

Abstract- The MOSFET scaling is vital for the unprecedented development of 

integrated circuits (IC). However, the scaling of MOSFET has been suffering from the short-

channel effect (SCE) and the increasing interconnection delay. Another difficulty for further 

scaling is the increasing production cost from technologies for achieving small dimension. 

One attractive way to alleviate these challenges and to continue Moore’s law would be 3D 

integration i.e. stacking devices on top of each other.  

In this introduction chapter, we will recall the challenges of device scaling and explain 

why 3D integration is interesting. In the second section, different approaches of 3D 

integration (3D parallel/sequential integration) will be reviewed and compared, and the 

advantages of 3D sequential integration will be highlighted. In the third section, the 

challenges of 3D sequential integration will firstly be reviewed. Then solutions achieved in 

the previous work will be reviewed. In the end, the remaining challenges at the beginning of 

this PhD project and the motivations of this work will be described. 
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I.1 Why 3D? 

In last few decades, life has been dramatically changed in various aspects by the 

development of electronic devices, such as the personal computer, digital camera, cell phone 

and multimedia players, which have been getting faster, more portable, more functional, 

without increasing the cost [Haselman’10]. All of these are realized based on the scaling of 

the metal-oxide-semiconductor field-effect-transistor (MOSFET) which constitutes the basic 

unit of the integrated circuits (IC). Since the 1960s, the physical dimensions of MOSFET 

have been continuously scaled down following Moore’s law (Fig.I.1), which predicts that the 

number of transistors per IC is doubled every 18 months [Moore’65].  

 
Fig.I.1 Trends in digital electronics [Schwierz’10]. The evolution of MOSFET gate length in 
production-stage integrated circuits (filled red circles) and International Technology Roadmap 
for Semiconductors (ITRS) targets (open red circles). As gate lengths have decreased, the 
number of transistors per processor chip has increased (blue stars). 

The further scaling of MOSFET on 2D IC is impeded by the following limitations:  

(I) Device performance: Short Channel Effect (SCE) of scaled MOSFET tends to be 

more serious, which will strongly increase the leakage current and power 

consumption [Roy’03, Yang’08]. To continue the miniaturization of MOSFET, 

introduction of new technologies has been necessary (Fig.I.2): (a) high-k/metal gate, 

strained silicon, gate-last structure have been needed [Kuhn’12, Nishikawa'09]; (b) 

some changes are now required in the MOS architecture for better electrostatic 

control: fully depleted silicon-on-insulator (SOI) [Skotnicki’11, Planes’12, 

Khakifirooz’12, Faynot’10] and multi-gates structures [Bohr’11] are brought up into 

production; (c) and high mobility materials for enhanced carrier mobility are 

forecasted to keep up with the performance increase requirements [Kuhn’12].  



Chapter I: Introduction 

~ 10 ~ 
 

(II) Fabrication limitations: In front end of line (FEOL) process, the miniaturization of 

device feature requires more complex photolithography and etching systems, raising 

the production cost [Khorram’12]. Reliability and variability [Kuhn’11, Mazurier’11] 

are also becoming serious concerns as device scales down. 

(III) System performance: Device engineers have been boosting device performance at 

the cost of device leakage [Haensch’08]. Moreover, the interconnection length is 

getting longer and longer. As a result, the power consumption and RC delay increase 

dramatically.  

Fig.I.2. Scaling trend and evolution of technologies projected by ITRS 2011 [ITRS’11]. 

To push the limits of Moore’s law, 3D integration is very 

attractive [Iyer’09]. 3D integration can help to shorten the long 

horizontal interconnections into vertical connections, which can help to 

reduce power dissipation and RC delay. In addition, depending on the 

3D integration approach, 3D integration might offer the following 

benefits: increased performance, reduced power, small form factor, 

reduced packaging, increased yield and reliability, reduced overall cost, 

multi-functionality and flexible heterogeneous integration [Lu’09]. As 

shown in Fig.I.3, future 3D integration enables multi-functionalities IC 

with high integration density. 

Fig.I.3 A vision of 
future 3D hyper-
integration [Lu’09].
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I.2 How to obtain 3D? 

In this thesis, we focus on the wafer level 3D integration with crystalline Si on both 

bottom and top layer. The basic concept of 3D integration is to stack multiple 2D active layers 

to achieve higher integration density and shorter interconnections. Based on this concept, 

there are different manufacturing technologies to realize 3D integration: (I) 3D parallel 

integration where the chips/wafers are firstly preprocessed, followed by the bonding and 

connections between layers; (II) 3D sequential integration where the active layers and the 

devices on different active layer are fabricated sequentially one after the other.  

I.2.1 3D Parallel integration  

In the parallel 3D integration, multiple 2D chips are firstly fabricated in parallel by 

standard CMOS processes. Considering the realization of bonding and connection of different 

layers, there are different techniques. Through-Silicon-Via (TSV) is one interesting way. 

There are mainly four integration schemes for TSV, e.g. via first, via middle and via last 

[Knickerbocker’08]. A schematic plot of 3D integration by via middle is shown in Fig.I.4. 

Carrier Wafer

Carrier WaferCarrier WaferCarrier Wafer

1. FEOL                  2. Cu via                          3. BEOL               4. Attach to Carrier

5. Wafer thinning6. Wafer Backside
Processing

7. Align and Bond to 
Bottom Layer

8. Remove 
Temporary Carrier

Carrier Wafer

Carrier WaferCarrier WaferCarrier Wafer

1. FEOL                  2. Cu via                          3. BEOL               4. Attach to Carrier

5. Wafer thinning6. Wafer Backside
Processing

7. Align and Bond to 
Bottom Layer

8. Remove 
Temporary Carrier

 
Fig.I.4. Schematic view of the 3D stack fabricated by 3D parallel integration process with via 
middle scheme [I-micronews]. 

3D parallel integration is challenged by the following factors:  

(I) The interconnection density is limited by the alignment precision of bonding 

[Koyanagi’09]. In 3D parallel integration the best bonding alignment reported is 



Chapter I: Introduction 

~ 12 ~ 
 

in the range of 0.18 μm [Topol’05] to 0.5 μm [Chen’07, Koyanagi’09]. Even for 

an alignment of 0.1 μm, the maximum TSV density is limited to be around 2x108 

vias/cm2, which is much lower than 1010 contacts/cm2, the contact density in 

planar integration of 45 nm node [Batude’09a]. So the highest integration density 

and yield achievable in a 3D design are limited, due to the large landing area 

required to yield the 3D vias [Steen’07].  

(II) The TSV trench has extremely high aspect ratio (up to 10) [Wolf’08] and thus 

imposes challenges on the fabrication processes, such as dry etching, deposition 

and filling of vias.  

(III) TSV generates stress which can degrade the carrier mobility, reliability and 

variability of transistors in the vicinity of the TSV [Ryu’12]. To avoid these 

degradations, devices should be located outside the Keep Out Zone (KOZ) 

surrounding each TSV [Ryu’12, Mercha’10]. In [Mercha’10], KOZ of TSVs with 

5.3 μm diameter and 40 μm depth are studied: KOZ is demonstrated to be 20 μm 

for a single TSV and increases to  200 μm for a large TSV matrix for analog 

FETs with 0.5% ΔIdsat threshold. This seriously limits utilization of the third 

dimension. 

I.2.2 3D Sequential integration  

Unlike 3D parallel integration, in 3D sequential integration, the devices on different 

layers are fabricated sequentially. As illustrated in Fig.I.5, the bottom devices are firstly 

fabricated (Fig.I.5-a). Then, Inter Layer Dielectric (ILD) and top active layer are realized 

(Fig.I.5-b). Thirdly, top FETs are fabricated.  

BOX
S D

S D

Si
BOX

S D

Si

(a) Bottom FET                   (b) ILD deposition &   (c) Top FET
top active layer realization

BOX
S D

Si

Salicide
Poly
MG
HK

ILD

c-Si

BOX
S D

S D

Si
BOX

S D

Si

(a) Bottom FET                   (b) ILD deposition &   (c) Top FET
top active layer realization

BOX
S D

Si

Salicide
Poly
MG
HK

ILD

c-Si

Fig.I.5. Schematic plot of 3D sequential integration: (a) fabrication of bottom FETs; (b) 
deposition of Inter Layer Dielectric (ILD) and realization of top active layer;  and (c) 
fabrication of top FETs. 

 



Chapter I: Introduction 

~ 13 ~ 
 

Depending on how the top crystalline active layer is achieved, there are mainly two 

approaches of 3D sequential integration: the concept will be briefly introduced in the 

following sub-sections. In [Batude’09a], detailed review of the history of 3D sequential 

integration is made. In 3D sequential integration, the alignment between top and bottom 

layers is limited by lithography. Alignment around 10 nm can be achieved, which is much 

better than that of 3D parallel integration [Batude’11b]. 

I.2.2.1 Top active layer: Seed Window based 
Recrystallization/Epitaxy 

Seed Window (SW) based techniques 

mainly have two groups:  

(I) SW based recrystallization 

(Fig.I.6):  (a) Seed Window 

formation; (b) Deposition 

of amorphous Si (a-Si); (c) 

re-crystallization (by laser 

anneal [Jung’10] or RTP @ 

600°C [Kumar’01]) with 

the seed information 

through SW.  

(II) SW based epitaxial regrowth (Fig.I.7): (a) Seed Window growth; (b) 

formation of Damascene channel and epitaxy growth of crystalline Si (c-Si); 

(c) Planarization of top active c-Si. The SW based epitaxial regrowth can also 

be applied to achieve top Ge layer [Feng’06]. 

Fig.I.7 Vertical Schematics of the formation of single-crystalline Si layer on Inter Layer 
Dielectrics (ILD) [Jung’07]. 

Fig.I.6. Vertical schematic illustrations and 
TEM image of a laser-crystallized single-
crystalline Si layer on ILD [Jung’10]. 
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The main disadvantages of SW methods are summarized below:  

(I) The integration density is limited. Since seed windows are needed for the 

recrystallization of the amorphous layer, and grain boundaries [Jung’10] exist in 

the middle of two seed windows, the coverage of top active layer over the 

bottom substrate is limited. 

(II) The control of thickness of top active layer is poor. As a consequence, this 

approach is not suitable for the fabrication of Fully Depleted Silicon On Insular 

(FDSOI) devices. 

(III) The quality of top active layer is poor. Defects have been observed in the 

regrown top Si layer between two seed window [Jung’10] and the regrown Ge 

layer in the seed window region [Feng’06]. 

I.2.2.2 Top active layer: Molecular bonding 

To overcome the limitation of the former approach for realizing top active layer, 

molecular bonding is a promising technique. CEA-LETI has demonstrated molecular bonding 

for the realization of top active layer with high crystalline quality, as illustrated in Fig.I.8 

[Batude’11b].  

2-Hydrophilic bonding & anneal (200°C)

Si

1-CMP planarization

BOX
Si

SiO2

BOX
Si

BOX
Si

Bonding
interface

3-Initial substrate removal

Wafer bonding process flow

2-Hydrophilic bonding & anneal (200°C)

SiSi

1-CMP planarization

BOX
Si

SiO2

BOX
Si

BOX
Si

Bonding
interface

3-Initial substrate removal

Wafer bonding process flow

Fig.I.8.Description of  the process flow of molecular wafer bonding in 3D sequential 
integration at CEA-LETI [Batude’11b].  

 

Firstly, after the fabrication of the bottom MOSFET using the standard FDSOI process, 

inter layer dielectric is deposited and then planarized by chemical mechanical polishing. 

Secondly, hydrophilic bonding of SOI substrate is carried out, a low temperature annealing 

(200 ºC) was performed to strengthen the bonding interface. Then, the initial substrate (handle 

wafer) is removed by selective etching, and top active layer with high crystalline quality is 

realized for the fabrication of top FET. Also, molecular bonding offers the possibility to co-
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integrate different surface and channel orientations such as <100> for bottom active layer and 

<110> for top layer without any additional process challenges [Vinet’11]. 

I.2.3 Why 3D sequential integration with wafer bonding for top 
active layer? 

Considering the realization of top active layer, the molecular bonding technique can offer 

the following advantages with respect to the recrystallization/regrowth technique:  

(I) SW is avoided and higher integration density can be achieved. 

(II) The bonded top active layer offers better thickness control and better quality than 

that of top active layer by the recrystallization/regrowth technique. In addition, 

the film thickness can be accurately controlled. 

(III) It allows independent optimization of pFETs and nFETs by fabricating them on 

different layers, through different choices on channel orientation/material and 

strain options [Vinet’11].  

(IV) The process temperature is much lower. The thermal budget of the molecular 

bonding is 200 ºC, which avoids degrading the performance of bottom devices. 

 

Comparing to 3D parallel integration, 3D sequential integration with wafer bonding for 

top active layer offers the following advantages: 

(I) It offers higher integration density thanks to its much higher alignment (~10 nm 

with respect to 0.5 μm).  

(II) In addition, 3D sequential integration allows the interconnection at transistor 

scale and thus makes full use of the third direction.  

(III) The fabrication of TSV with high aspect ratio is avoided.  

3D sequential integration with the top active layer by wafer bonding is the best candidate 

for high density 3D IC integration [Batude’09a, Batude’11b]. Bottom and top FETs scaled 

down to 50 nm with an ultrathin ILD of 23 nm have been demonstrated (Fig.I.9) [Batude’11a]. 

The transfer voltage characteristic of functional 3D inverter with a pFET (LG=50 nm) stacked 

on top of an nFET (LG=50 nm) is shown in Fig.I.10, which stands for the inverter with the 

smallest transistors achieved in 3D sequential integration scheme [Batude’11a].  
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Fig.I.9 TEM cross-sections of stacked 
transistors with record LG=50 nm and ultra 
thin interlayer dielectric TILD=23 nm, 
TSi=10 nm [Batude’11a]. 

Fig.I.10 Inverter transfer voltage characteristic 
with pFET (LG=50 nm) stacked over nFET 
(LG=50 nm) [Batude’11a]. 

 

I.3 Challenges of 3D sequential integration 

Compared to 3D parallel integration, 3D sequential integration faces some challenges in 

fabrication. The bottom FETs have to go through the realization of top active layer and the 

fabrication of top FETs, whose thermal budget can degrade the bottom transistor:  

(I) The silicide of bottom FETs can be degraded. As shown in Fig.I.11, after 

annealing at 650 ºC anneal for 10 minutes, NiSi agglomerates and the sheet 

resistance is greatly increased (Fig.I.11).  

(II) Extra dopants diffusion in bottom transistor can be induced, which will result in 

serious short channel effect in consequence.  

In the previous work at CEA-LETI [Batude’09a], efforts to overcome the challenges 

have been made mainly in two aspects: 

(I) Improving the thermal stability of silicide: NiSi has been stabilized up to 40 

minutes anneal at 650 ºC, by Platinum incorporation together with the Fluorine 

and Tungsten implantation (Fig.I.11). The thermal stability of NiSi sets the 

maximum temperature allowed for top FET fabrication to be 650 ºC.  So for the 

realization of top active layer and the fabrication of top FET, the processing 

temperature should remain below 650 ºC. 

(II) Using low thermal budget process for the realization of top active layer and the 

fabrication of top FET: (a) The molecular bonding of top active layer has been 



Chapter I: Introduction 

~ 17 ~ 
 

realized with a maximum thermal budget of 200 ºC; (b) Considering the 

fabrication of standard FDSOI FETs, the highest thermal budget is the 

source/drain dopants activation (>1000 ºC). To avoid such a high thermal 

budget, Low Temperature (LT @ 600 °C) Solid Phase Epitaxial Regrowth 

(SPER) has been applied to replace conventional spike anneal which features a 

peak temperature above 1000 ºC. 
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Fig.I.11 Evolution of silicide sheet resistance with annealing 
duration at 650 ºC (a) and SEM observations of (b) NiSi after 
(650 ºC, 10 minutes) anneal and (c) NiSi+Pt+W+F after (650 ºC, 
40 min) anneal [Batude’08]. 

 

However, with the introduction of LT SPER for dopants activation of top FETs, 3D 

sequential integration faces new challenges which will be discussed in the following section. 

I.4 Remaining challenges at the beginning of this PhD 

At the beginning of this PhD project, 3D sequential integration faces the challenges of 

optimizing LT SPER process.  

LT SPER activation has the following properties: 

(a) Low diffusion which allows shallow junction; 

(b) High dopant activation above solid solubility at thermal equilibrium; 

(c) Residual End Of Range (EOR) defects. 

Due to the specific properties of LT SPER, the main challenges of its application for FDSOI 

device fabrication are:  

(1) Full pre-amorphization of the active Si layer, which can prevent the amorphous layer 

from recrystallization during LT SPER anneal; 
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(2) Source/drain to gate overlap might not be achieved, due to the weak diffusion of LT 

SPER activation. This tends to degrade the access resistance and ION performance in 

consequence;  

(3) High Gate Induced Drain Leakage (GIDL) current can be induced either due to the 

abrupt junction or due to the residual defects;  

(4) The LT SPER activated dopants are not thermally stable and tend to deactivate 

during post activation anneals. In addition, this deactivation can be enhanced by the 

residual EOR defects. 

In this work, we have focused on overcoming the challenges above and the context of 

this work will be introduced in the following section. 

I.5  Context of this work 

In Chapter II, the mechanism and process flow of LT SPER will firstly be introduced, 

followed by the review of the properties of LT SPER and the challenges for its application for 

FDSOI fabrication. 

After that, process optimization of n&p FDSOI FETs will be discussed to overcome the 

first two challenges: to avoid full pre-amorphization of active layer and to obtain source/drain 

to gate overlap in LT SPER process. The modification of effective work function of metal 

gate during activation anneal will be compared in LT and HT processed devices. This can 

help to gain some insight into the possibility of using LT SPER activation with gate first 

integration scheme for the fabrication of small scale transistors, instead of using gate-last 

integration which increases the complexity and cost of fabrication process. 

In Chapter III, the third challenge of high GIDL current in LT SPER will be discussed. 

Firstly, it is shown that, for devices on thick SOI, the minimum drain current achievable of LT 

activated devices is 1.5 decades higher than that on conventional spike activated devices. The 

higher leakage can be induced either by the higher EOR defects density or by the higher 

junction abruptness. Then, an improved method is proposed for distinguishing the dominant 

generation mechanisms of higher GIDL current in LT SPER activated transistors: the EOR 

defects are found to play a major role. After that, GIDL performance of LT SPER activated 

FDSOI devices on extremely thin SOI will be compared to its HT counterparts. 
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In Chapter IV, the forth challenge, about deactivation of LT SPER activated dopants, 

will be discussed. To gain insight into the possibility of applying LT SPER activation in 3D 

sequential integration for both bottom and top FETs, the deactivation of LT SPER activated 

boron and arsenic on SOI samples with different Si thickness was studied.  

In the end, the conclusions of our work and perspectives of 3D sequential integration will 

be shown. 
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Chapter II : Optimization of LT FDSOI transistors 
 

Abstract- As discussed in Chapter I, in the 3D sequential integration scheme, the top 

FET can not be fabricated with conventional FDSOI process, due to its high thermal budget. 

In conventional FDSOI fabrication, the most critical thermal budget is the dopant activation 

anneal. Generally, the dopants are activated by spike anneal with a peak temperature around 

1050 ºC. If conventional FDSOI process is applied for top FET, the bottom FETs will suffer 

from the high thermal budget of top FET. As a consequence, the bottom FET performance 

will be degraded. Particularly, a salicide agglomeration is expected to occur and degrade the 

access resistance seriously. Moreover, the dopants of bottom FET will diffuse, which will 

deteriorate the SCE control. 

To avoid such a high thermal budget of top FET, High Temperature (HT, ~1050 ºC) 

dopant activation has been replaced by Low Temperature (LT, <650°C) Solid Phase Epitaxial 

Regrowth (SPER). 

In this chapter, the mechanism and properties of LT SPER are briefly introduced in the 

first section. In the second section, the challenges of applying LT SPER for dopant activation 

of top FDSOI devices will be discussed in detail. In the third section, for both nFET and pFET, 

we will present the process optimizations required to reach similar performance to standard 

high temperature process: (1) The influence of LDD implant tilt on the trade-off between IOFF-

ION and SCE control will be analyzed for optimization; (2) The influence of activation anneals 

on the quality of gate to channel interface will be studied, proposals are also given to optimize 

device performance. In addition, in terms of effective work function modification and 

threshold voltage tuning, the additional advantage of LT SPER activation will be analyzed. 

This allows the further application of gate first integration scheme for the fabrication of high 

performance FDSOI at 20 nm node. Conclusions are given in the fourth section. 
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II.1 LT SPER activation 

In standard MOSFETs, conventional high temperature activation is applied for dopant 

activation. However, as devices scale down, conventional HT anneal is facing the following 

challenges:  

(I) The diffusion of dopant atoms during the activation anneal can degrade the short 

channel effect (SCE) control [Falepin’05];  

(II) Dopant activation level is limited by the solid solubility, which confines the 

optimization of access resistance and ION performance [Foggiato’06];  

(III) For scaled transistors, higher equivalent oxide thickness (EOT) is induced by the 

regrowth of interfacial SiO2, consequently SCE control and ION are further 

degraded [Batude’09c, Gusev’06];  

(IV) Challenge of threshold voltage (VTH) tuning: during HT (700-900 ºC) 

[MacKenzie’07] anneal, the effective work function of metal gate tends to 

migrate towards mid-gap, which imposes challenges to achieve high 

performance devices with low VTH [Wen’05, Hasan’07].  

To overcome the challenges of HT anneal described above, LT SPER activation appears 

to be a promising alternative technique. In this section, the mechanism and properties of LT 

SPER activation will be described. As illustrated in Fig.II.1, LT SPER includes 3 steps 

[Olson’88, Colombeau’04a]:  

BOX

a/c int.

(a) Pre-amorphize       (b) Dopant implant        (c) Anneal @ 600°C

BOX

a/c int.
Si                                   Si Si

BOX

EORa-Si

BOX

a/c int.

(a) Pre-amorphize       (b) Dopant implant        (c) Anneal @ 600°C

BOX

a/c int.
Si                                   Si Si

BOX

EORa-Si

Fig.II.1 Schematic plot of LT SPER process: (a) the active layer is partially pre-amorphized; 
(b) dopant atoms are implanted into the semiconductor layer; (c) low temperature activation 
anneal (500-600 ºC), the pre-amorphized region recrystallizes and dopant atoms get activated. 
a/c int.: amorphous-crystalline interface. EOR: End Of Range defects. 

 

(a) Pre-Amorphization- During ion implantation into single crystalline Si, the implanted 

ions tend to lose energy initially through elastic collisions with electrons of Si atoms 
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(electronic stopping), and then through inelastic collisions with the nuclei of Si atoms (nuclear 

stopping) [Ziegler’98]. During nuclear collision, if the energy transferred to a lattice Si atom 

exceeds a certain value (displacement energy for Si), the lattice Si atom will be displaced, 

meanwhile, a Si interstitial and a vacancy are generated and named as “Frenkel pair” 

[Nastasi’96]. Not only the primary implanted ions, but also the recoiled lattice atoms can 

collide with lattice atoms and introduce Frenkel pairs, this process is called collision cascade. 

In the collision cascade, many Frenkel pairs are recombined and only a fraction of the Frenkel 

pairs remain. The number of Si interstitials and vacancies that remain after ion implantation is 

dependent on the implant conditions (ion mass/dose, wafer temperature, and implantation 

dose rate). Higher defect density is expected for higher ion masses, energies and doses. 

In the surface region of the implanted Si layer, when the generated defects accumulate 

into successive cascades, the highly damaged c-Si would become amorphous [Pelaz’04]. 

Generally, heavy atoms (e.g. Si, Ge) are used for Pre-Amorphization Implant (PAI). However, 

for heavy dopant atoms, (e.g. BF2, As), pre-amorphization implant is not applied, since the 

dopant implant itself can amorphize the active layer. 

(b) Dopant implant- Following pre-amorphization, dopant atoms are implanted into the 

active region. Thanks to the pre-amorphization implant, channeling effect is avoided. As a 

result, a shallower dopant profile can be achieved after the implant. 

(c) LT SPER anneal- During the LT anneal, in order to minimize the free energy, the 

amorphous Si layer re-crystallizes, taking the underlying crystalline Si layer as a seed. Also, 

in the previous amorphous region, dopant atoms take the substitutional lattice position and 

become activated, as shown in Fig.II.2 (b). Frenkel pairs tend to recombine during the LT 

SPER anneal. In the crystalline Si region, the amount of Si vacancies is not enough to 

recombine with all the Si interstitials, so a band of Sii.remains just below the previous a-c 

interface. During LT SPER anneal, the Sii agglomerate into larger extended defects (such as 

defects clusters, {311}, dislocation loops) which are more stable [Claverie’02, 

Colombeau’04a, Kah’08]. Due to the facts that defect agglomeration/nucleation is faster than 

the LT SPER rate and self-diffusivity of Si is smaller in a-Si than in c-Si, the residual defects 

after LT SPER are located just below the former a/c interface, in the “end of range” region of 



Chapter II: Optimization of LT FDSOI transistors 

~ 23 ~ 
 

the pre-amorphization implant [Colombeau’04a, Pawlak’04a]. The residual defects are named 

End Of Range (EOR) defects. 

Fig.II.2 Defects and dopant profile evolution during LT SPER process. (a) Distribution of 
dopant, Si vacancies (Siv) and Si interstitials (Sii) after PAI and dopant implants. (b) During 
LT SPER anneal, with the bottom c-Si as a seed, a-Si recrystallizes towards its surface. (c) 
After LT SPER, dopants are highly activated and EOR defects are left below the former a/c 
interface [Cowern’05]. a/c int.: amorphous-crystalline interface. EOR defects: End Of Range 
defects. 

 

Regrowth speed- LT SPER can occur at temperatures as low as 500 °C [Suni’82]. The 

regrowth rate is independent on the energy of pre-amorphization implant. However it is 

dependent on annealing temperature, crystal orientation and dopant incorporation. The 

regrowth rate increases with annealing temperature, as illustrated in Fig.II.3 [Johnson’07]. It 

is reported that for undoped crystalline Si, the regrowth rate is about 2.5 times higher in 

<001> Si than that in <110> Si [Csepregi’75]. Considering the influence of dopant 

incorporation, boron (B), arsenic (As), phosphorus (P) and aluminum (Al) are all shown to 

enhance SPER rate (Fig.II.3). And the incorporation of boron is shown to induce the strongest 

enhancement of SPER rate (Fig.II.3) [Johnson’07].  
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Fig.II.3 Arrhenius plot showing the 
temperature dependence of the SPER rate for 
intrinsic and uniformly doped a-Si layers. The 
incorporation of aluminum (Al), arsenic (As), 
phousphorous (P) and boron (B) increases the 
regrowth speed [Johnson’07]. 

Fig.II.4 Arsenic-enhanced SPER rates for 
the front interfaces of buried a-Si layers 
normalized to the corresponding intrinsic 
SPER rate from [McCallum’99]. 

 

What’s more, it is reported that the enhancement of the regrowth rate increases with the 

dopant concentration (Fig.II.4) and implanted dose (Table.II.1). In our LT FDSOI process, to 

ensure the successful regrowth of an entire a-Si layer around 20 nm, LT SPER anneal is 

carried out at 600 ºC for 1 minute. 

Table.II.1 Comparison of regrowth rates after 1·1015 cm-2 Ge PAI implants in Bulk Si and 
SOI, both without and with 500 eV boron implants with doses from 2·1013 cm-2 to 2·1015 cm-2 
[Hamilton’05b]. 

Regrowth rate (Å/sec)

Boron dose 
(cm-2)

8KeV Ge 
Bulk

8KeV Ge 
SOI

20KeV Ge 
SOI

20KeV Ge 
SOI

0 N/A N/A 2.7 2.6

2x1013 3.5 3.7 3.7 3.9

2x1014 4.0 4.2 4.0 4.4

2x1015 5.2 4.8 5.2 5.0

Boron dose
increases

Regrowth rate
increases

 

Advantages of LT SPER- Considering the junction, LT SPER offers the following two 

advantages:  
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(I) Abrupt junction can be achieved by optimizing the PAI implant and dopant 

implant. Thanks to the low diffusion of dopants at this temperature (500-600 ºC), 

the activated dopants are mainly confined in the previous amorphous region 

[Jin’02];  

(II) High dopant activation is introduced by the non-thermal equilibrium activation 

process. The activated dopant atoms are in the metastable phase and high 

activation level, above solid solubility, can be achieved [Lindsay’04a]. 

Moreover, at device level, LT SPER activation is promising for two additional 

advantages:  

(III) Smaller EOT has been reported, thanks to the lower regrowth of interfacial SiO2 

during the lower thermal budget anneal [Batude’09c] [Ragnarsson’06];  

(IV) Better work function control is expected, thanks to its low thermal budget 

[MacKenzie’07]. By replacing the high temperature thermal anneal, the 

migration of effective work function towards mid gap can be avoided. Thus, a 

wider choice of materials is expected for effective work function tuning. 

The advantages above make LT SPER a great candidate for ultra-shallow junction 

formation in advanced CMOS nodes [Lindsay’04b, Ragnarsson’06]. 

Disadvantage of LT SPER- However, the drawback of LT SPER is that due to the low 

thermal budget, End OF Range (EOR) defects can not be fully healed out after LT SPER 

anneal. As shown in Fig.II.5, the residual EOR defects are located just below the former a/c 

interface [Colombeau’04a].  

Fig.II.5 XTEM micrographs of SPER isothermally annealed at 600 ºC [Colombeau’04a]. 
After LT SPET anneal, EOR defects are left below the a/c interface. 

During post anneal, the EOR defects evolve and act as a source of Si interstitials (Sii) 

[Hamilton’07, Hamilton’05a]. The presence of Sii can influence the dopant profile and device 

performance in three aspects: 
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(I) Dopant deactivation: The LT SPER activated dopants are in a meta-stable state 

[Lindsay’04a] and tend to deactivate during post activation anneals. As a result, 

LT SPER might lose its advantage in terms of high dopant activation. For 

activated boron atoms, due to the formation of Boron Interstitial Clusters (BICs), 

the activated boron atoms can be deactivated [Colombeau'04b]. The deactivation 

of boron in the temperature range of 700-900 ºC has been widely reported 

[Hamilton’06b, Hamilton’07, Pawlak’04b]. The activated arsenic atoms tend to 

become deactivated through the formation of As-Si vacancy clusters. Arsenic 

deactivation has been observed at temperatures around 550 ºC over 20hours 

[Nobili’99]. 

(II) Transient Enhanced Diffusion (TED): TED is a transient effect observed during 

the initial stage of post implantation anneals, and the diffusion coefficient is 

much higher than the typical value [Claverie’96, Claverie’03]. As shown in 

Fig.II.6, the TED of boron mainly occurred very quickly. After the initial 35 

minutes, the dopant profile is stabilized and the diffusion during the following 

145 minutes is negligible [Michel’87].  It has been proven that the TED of boron 

is induced by the emission of Si interstitials from EOR defects [Eaglesham’94], 

which poses one challenge to the formation of ultra-shallow junction.   

 
Fig.II.6  Isothermal anneals of B in Si showing transient effect of transient enhanced diffusion 
[Michel’87]. The TED of boron mainly occurs during the initial post anneal, and the boron 
diffusion after the initial 35 minutes can be neglected. 

 

(III) Leakage increase: The EOR defects might induce higher leakage through the trap 

assisted tunneling and SRH generation [Chang’95]. On the other hand, thanks to 
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the low thermal budget of LT SPER, very abrupt junction can be achieved. 

However, the abrupt junction might induce higher electric field and increase the 

band to band tunneling leakage [Endoh’90]. 

In this section, the general challenges of LT SPER anneal on bulk device have been 

reviewed. In the following section, the specific challenge of LT SPER for FDSOI fabrication 

will be discussed. 

II.2 Challenges of LT SPER FDSOI 

II.2.1 Full pre-amorphization of Si 

For scaled FDSOI devices, channel thickness should be decreased to maintain good 

electrostatic control of gate over channel and to suppress short channel effect. For a gate 

length of 20 nm, the Si thickness (TSi) should be below 6 nm. Since the activated dopants are 

confined in the amorphous region, the active region should be amorphized as deep as possible 

(Fig.II.7), to improve access resistance and ION performance as a consequence.  

BOX

6nm
>1nm

As deep 
as poss.Ta-Si

Tseed

BOX

6nm
>1nm

As deep 
as poss.Ta-Si

Tseed

Fig.II.7 Schematic plot of a-Si and seed layer after LDD implant for access resistance 
reduction . 

 

However, it is mandatory to avoid full pre-amorphization of the implanted active region. 

In our work, it is demonstrated that, for successful regrowth of the amorphous layer, the 

minimum crystalline Si seed thickness allowed is 1 nm [Xu’10]. As shown in Fig.II.8, lateral 

recrystallization is unable to promote S/D regrowth. In Fig.II.9, the sheet resistance of arsenic 

doped (3keV through 3 nm SiO2) Si film is plotted as a function of Si thickness (TSi) for 

several doses. Sheet resistance follows the theoretical 1/TSi law up to a critical thickness 

(dependent on the dose) for which the film is fully amorphized during implantation, leading to 
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a dramatic increase of sheet resistance. From these data and atomistic Crystal TRIM (CTRIM) 

[Posselt’94] simulations providing amorphization thickness, it is deduced that the minimum 

silicon thickness required for efficient recrystallization is around 1 nm. 

 

[Å][Å]

Fig.II.8 XTEM of a FDSOI FET after 
amorphizing implantation and 600 °C 
annealing. No lateral recrystallization is 
observed outside the gate. 

Fig.II.9 Sheet resistance as a function of 
Silicon thickness of a As implanted (3keV 
through 3 nm screen oxide) SOI film. 

Thus the scaling down of FDSOI imposes challenges to the integration of LT FDSOI, 

especially when LDD is implanted before Raised Source and Drain (RSD) epitaxy. To 

overcome this challenge, the integration scheme should be modified [Grenouillet’11]. One 

way is extension last, that is to do amorphization implant after RSD epitaxy. The other way is 

extension first, in which amorphization implant is made before RSD epitaxy, but with a SiN 

capping layer on top of the active region. However, for both integration schemes, it is 

necessary to carry out accurate CTRIM or KMC (Kinetic Monte Carlo [Mok’07]) simulations 

to predict the amorphous Si thickness and to define the proper LDD implant energy. 

II.2.2 LDD to gate underlap 

In conventional high temperature FDSOI process, extension last is applied. As shown in 

Fig.II.10-(a), the LDD implant is carried out after the fabrication of first spacer and RSD 

fabrication, with a tilt of 20 º. During the following HT activation anneal, the dopant atoms 

get activated and diffuse towards the channel. In consequence, LDD to gate overlap is formed 

(Fig.II.10-(b)). However, in LT FDSOI process, due to the low diffusion of LT SPER 
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activation, LDD to gate underlap can occur, as illustrated in Fig.II.10-(c). The underlap will 

degrade the access resistance and ION performance in consequence. 

BOX

Underlap

BOX

overlap

BOX

(a) As implanted                     (b) HT anneal              (c) LT SPER anneal 

Tilt 20°

BOX

Underlap

BOX

overlap

BOX

(a) As implanted                     (b) HT anneal              (c) LT SPER anneal 

Tilt 20°

Fig.II.10 Schematic of as implanted dopant profile (a), LDD to gate overlap achieved in HT 
activation anneal (b), and LDD to gate underlap occurred in LT SPER activation anneal (c).  

 

To overcome the challenge above, there are two possible solutions. The first possible 

solution is extension first: make LDD implant with low tilt of 7/10 º before first spacer and 

RSD epitaxy (Fig.II.11-(a)). However, SCE control might be degraded due to the lateral 

spreading of implanted dopant atoms. In addition, the gate stack tends to be damaged due to 

the amorphization implant. The second possible solution is extension last, where higher tilt is 

applied to achieve wider as-implanted profile in the lateral direction [Shibahara’07, 

Kentaro’07]. Thus LDD to gate overlap may be achieved after LT SPER anneal, as shown in 

Fig.II.11 (b). In addition, the gate stack can be protected from being damaged by the LDD 

implant. 

BOX BOX

(a) Extension first                             (b) Extension last  

Low tilt:7° Higher Tilt:20-30°

BOX BOX

(a) Extension first                             (b) Extension last  

Low tilt:7° Higher Tilt:20-30°

Fig.II.11 Schematic plots of possible solutions to maintain LDD to gate overlap with LT 
SPER activation process: (a) LDD implant before the first spacer; (b) LDD implant with 
higher tilt between 20 ° and30 º after RSD epitaxy. 
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II.3 LT FDSOI performance optimization 

The goal of this work is to get over the challenges above and find process conditions for 

achieving HT device performance with a LT (<650 ºC) process. In this section, we will focus 

on surmounting the two challenges of LT process: full pre-amorphization of active Si and 

LDD to gate underlap. The fabrication and optimization of LT nFETs and LT pFETs will be 

discussed in III.3.1 and III.3.2, respectively.  

II.3.1 nFET performance optimization 

II.3.1.1 nFET Fabrication 

The full process flow of LT/HT FDSOI nFETs (TSi~6 nm) is presented in Fig.II.12. The 

gate stack includes SiO2(0.8 nm, plasma oxidation)/HfSiON(~1.9 nm)/TiN(5 nm, atomic 

layer deposition). The HfSiON layer is obtained by plasma nitridization (at 950 ºC) of atomic 

layer deposited HfSiO. The first SiN spacer is about 8 nm. Arsenic only LDD implant is 

applied, since arsenic can self-amorphize the implanted active region. To overcome the first 

challenge (full amorphization of active Si layer), arsenic implant is made after Si RSD epitaxy. 

Also, the implant energy has been optimized with KMC simulation, to ensure a residual seed 

thickness about 2 nm. Generally, LDD implant tilt of 20 º is used for HT process. However, to 

solve the second challenge of LT SPER (LDD to gate underlap), higher tilt might be required. 

So in LT splits, a split with LDD implant tilt of 30 º is processed in addition to the split with 

LDD tilt of 20 º. Considering dopants activation anneal, standard HT spike anneal with a peak 

temperature of 1080 °C is applied in standard HT process, whereas, in LT integration scheme, 

dopants are activated using LT SPER anneal at 600 °C for 1 minute.  
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SOI with TSi=6nm

SiO2/HfSiON (950°C)/TiN

HDD implant (As 3KeV 2E15 cm-2 tilt 7°)

Activation anneal 600°C/1080°C

18 nm Si RSD epitaxy (750°C)

8nm offset SiN spacer (750°C)

LDD implant (As 9KeV 1E15 cm-2 tilt 20°/30°/20° T=-100°C)

Second spacer (625°C,2h)

Salicidation and BEOL

LT / HT nFET

Activation anneal 600°C/950°C

SOI with TSi=6nm

SiO2/HfSiON (950°C)/TiN

HDD implant (As 3KeV 2E15 cm-2 tilt 7°)

Activation anneal 600°C/1080°C

18 nm Si RSD epitaxy (750°C)

8nm offset SiN spacer (750°C)

LDD implant (As 9KeV 1E15 cm-2 tilt 20°/30°/20° T=-100°C)

Second spacer (625°C,2h)

Salicidation and BEOL

LT / HT nFET

Activation anneal 600°C/950°C

Fig.II.12 Process flow of LT/HT FDSOI 
nFETs. 

Fig.II.13 TEM coross section of LT FDSOI 
nFET with Si RSD. The TEM is taken after 
the salicidation step. The nFET features a 
gate length (LG) of 30 nm, and the Si 
thickness (TSi) in the channel is about 6 nm.

TEM cross section of LT nFET is shown in Fig.II.13. The nFET features a gate length of 

around 30 nm and a Si channel thickness around 6 nm. Also, the TEM figure shows good 

quality of RSD, which indicates the successful regrowth of amorphous Si layer during LT 

SPER activation. 

Considering the electrical performance, for LT/HT nFETs with the same LDD implant 

tilt of 20° and LG/W=30 nm/10 μm, ID-VG and ID-VD performances are firstly compared. For 

intuitive comparison, ID-VG and ID-VD curves of LT/HT devices with close VTH are shown in 

Fig.II.14 and Fig.II.15, respectively. There are two phenomena unexpected: (I) The IDmin of 

LT/HT devices are close to each other, unlike the 1.5 decade higher IDmin in our former LT 

devices [Xu’10]; (II) For LG/W=30 nm/10 μm, the LT activated devices overtake their HT 

counterparts. This is more obvious from the comparison of ID-VD curves at different gate bias 

overdrive (Fig.II.15). This indicates that the S/D can be connected to channel without 

increasing the implant tilt.  

As we discussed in section II.2, due to the low diffusion of LT SPER activation, higher 

LDD implant tilt might be required to maintain the LDD to gate overlap. However, it is 

observed that without increasing the LDD implant tilt, even better performances are achieved 

in LT process. So, what is the optimized implant tilt for LT activation? To find the solution 
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and gain more insight into these phenomena, in the following sections, we will statistically 

analyze the electrical performance of different splits in detail. 
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Fig.II.14 ID-VG curves of LT/HT nFETs 
(tilt=20 º, LG=30 nm/W=10 μm), with LDD 
implant tilt of 20 º, at |VD|=0.05/0.9 V. Similar 
device performances are achieved. 

Fig.II.15 ID-VD characteristics of LT/HT 
nFETs (tilt=20 º, LG=30 nm/W=10 μm) at 
different gate bias overdrive. LT nFET 
outperforms its HT nFET counterpart. 

II.3.1.2 IOFF-ION and SCE control 

To optimize the LDD implant tilt of LT FDSOI nFETs, statistical analysis of IOFF-ION 

and SCE control of different LT/HT nFETs will be carried out in this section. 

Fig.II.16-(a) shows the statistical IOFF-ION characteristic of LT/HT nFETs with various 

gate length and implant tilt. LT nFETs feature a better ION/IOFF ratio than HT nFETs.  
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Fig.II.16 IOFF-ION trade-off of HT/LT nFETs with W=10 μm, LG between 30 nm and 10µm in 
(a). For W=10 μm, LG=30 nm, the IOFF-ION trade-off is highlighted in (b). At a constant IOFF of 
10-9 A/µm, ION of LT nFETs are ~ 10% higher than that of HT nFETs.  
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For a constant IOFF of 10-9 A/µm, ION of LT nFETs are about 10% higher than that of 

HT nFETs. Fig.II.16-(b) highlights the 10% improvement of IOFF-ION trade-off of LT splits 

with LG=30 nm, W=10 μm. 

To gain more insight into the trade-off between access resistance (Raccess) and SCE 

control, the RTOT (VD/ID at |VD|=50 mV/|VG-VTH|=0.8V) vs. DIBL trade-off of LT/HT nFETs 

is compared in Fig.II.17. The LT/HT splits show similar Raccess and SCE control trade-off, 

which indicates that the LDD extension is overlapped to gate for LT nFET splits with implant 

tilts of 20 º and 30 º.  

Fig.II.17 RTOT-DIBL of HT/LT nFETs with 
W=10 μm, LG between 30 nm and 100 nm. 
LT nFETs show similar RTOT-DIBL trade-
off as that of HT nFETs. 

Fig.II.18 Subthreshold swing (SS) versus LG 
roll-off for LT/HT nFETs with W=10 μm. 
Similar SS-LG are observed for LT/HT nFETs 
with LDD implant tilt of 20 º. LT with higher 
tilt of 30 º induce higher extension to gate 
overlap and degrade the SS. 

However, the two comparisons above are not sufficient to conclude about which 

implant tilt (20 º or 30 º) is better optimized for LT nFETs. In order to find the optimized 

LDD implant tilt, the SCE control of different nFET splits need to be compared and discussed 

in detail.  

From the subthreshold swing (SS) versus LG plot (Fig.II.18), threshold voltage (VTH) 

versus LG plot (Fig.II.19) and DIBL-LG plot (Fig.II.20), it is observed that similar SCE 

control is achieved in LT/HT nFETs with the same implant tilt of 20 º. The LT nFETs with 

higher tilt of 30 º degrades the SCE seriously, as indicated by the higher SS (Fig.II.18), 

degraded VTH roll-off (Fig.II.19) and higher DIBL (Fig.II.20). This degradation can be 

explained by the higher lateral spreading of as-implanted profile, which induces higher LDD 
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to gate overlap and shorter effective gate length. In addition, as discussed previously, for the 

two LT splits with tilt 20 º and 30 º, the increase of tilt does not improve the ION-IOFF trade-off. 

So we can conclude that, contrarily to our initial expectation, to achieve the same Raccess and 

SCE control trade-off as its HT counterparts, there is no need to increase the LDD implant tilt 

in LT nFETs. 
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Fig.II.19 VTH versus LG roll-off for LT/HT 
nFETs with W=10 μm. Similar VTH-LG are 
observed for LT/HT with tilt 20 º. For LT split 
with higher tilt of 30 º,  VTH roll-off is degraded 
due to the higher LDD to gate overlap. 

Fig.II.20 DIBL versus LG roll-off of 
LT/HT nFETs with W=10 μm. With the 
same LDD tilt of 20 º, similar DIBL-LG 
are observed for LT/HT nFETs. For LT 
splits, higher LDD implant tilt of 30 º 
degrades the DIBL-LG characteristic, 
which indicates that higher LDD to gate 
overlap is obtained. 

 

II.3.1.3 LG dependence of device performance 

Very interesting LG dependence of device performance has been observed. In Fig.II.21 

and Fig.II.22, the maximum conductance (Gmax) at VD=50 mV and IDlin (@ VD=0.05V, VG= 

0.9 V) are plotted as a function of LG, respectively. It is observed that for LG>70 nm, the HT 

split shows better device performance than the LT split. However, for LG≤70 nm, Gmax and 

IDlin of LT nFETs overtake that of HT nFETs. As highlighted in Fig.II.21 and Fig.II.22, for 

LG=30 nm, 17% and 13% enhancement of Gmax and IDlin are obtained on LT splits. 
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Fig.II.21 Gmax(@VD=50 mV)-LG plot of 
LT/HT nFET with the same tilt of 20 º. For 
LG≤70 nm, Gmax of LT split outperforms that 
of HT split. 

Fig.II.22 IDlin (ID at VG=0.9 V and 
VD=50 mV) versus LG plot of LT/HT nFETs 
with the same LDD implant tilt of 20 º. For 
LG≤70 nm, IDlin of LT nFETs outperforms that 
of HT nFETs. 

What are the possible causes of this interesting phenomenon? On one hand, considering 

the different device performance of long transistors in LT split, there might be two reasons: 

(I) Due to a difference in the access resistance achieved by LT/HT activation; 

(II) Due to a difference in the interface quality and carrier mobility; 

On the other hand, considering the performance enhancement of LT short transistors, a third 

possible cause related to the regrowth of interfacial SiO2 layer might be responsible for the 

performance improvement on LT short transistors. 

(III) As discussed in section II.2, LT SPER activation is expected to offer better 

control of the interfacial SiO2 regrowth, which tends to increase the EOT of 

short transistors. As a consequence, device performance enhancement is 

expected on LT short transistors.  

In the following sections, the three aspects above will be discussed in detail. 

II.3.1.4 Access resistance analysis 

To understand why the ON state performance of LT long devices (LG>80 nm) is not as 

good as their HT counterparts, the analysis and comparison of access resistance (Raccess) offer 

an interesting insight. Using Y function method [Ghibaudo’88], the extraction of Raccess of 

LT/HT nFETs is plotted in Fig.II.23. It is observed that the access resistances values are 

270Ω.μm and 280Ω.μm for HT and LT process, respectively. The difference of Raccess 

between HT and LT splits is not large enough to explain the gate length dependence of device 
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performance. Also, it is confirmed that, in LT SPER activation, LDD extension is overlapped 

to gate without increasing the LDD implant tilt.  

Fig.II.23 Extraction of access resistance of LT/HT 
nFETs with tilt 20 º. Close access resistance are 
obtained in LT SPER and conventional HT process. 
This extraction is based on Y function method 
[Mourrain’00, Ghibaudo’88], where β is the 
transconductance gain and θ1 is the mobility 
attenuation factor acounting for the mobility 
decrease with the tranverse electric field. 

II.3.1.5 Gate to channel interface quality 

The activation anneal can also influence the gate to channel interface quality and carrier 

mobility in consequence. The effective carrier mobility (μeff) versus effective field (Eeff) plot 

is very useful to analyze whether the interface quality and the transport of carriers are 

degraded. 

Based on the measurement of Cgc-VG and ID-VG curve at low VD, μeff can be extracted as 

a function of Eeff, the extracted μeff of LT/HT nFETs (LG=W=10 μm) are compared in 

Fig.II.24. It is found that at an Eeff value 0.1 MV/cm, μeff of LT split is decreased by 30%. 

This decrease might be induced by higher remote Coulomb scattering, which might indicate 

higher interface state density (Dit) in LT split. 

To confirm the hypothesis above, the Dit value of LT/HT splits are extracted and 

compared using the conductance method. Dit of LT and HT split is about 9.5x1011 cm-2 and 

2x1011 cm-2, respectively. The higher Dit of LT split is in agreement with the conclusions from 
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μeff analysis above (Fig.II.24). In addition, the higher Dit can explain the higher SS of LT 

splits. As shown in Fig.II.25, for LG>100 nm, SS of LT nFETs are about 5 mV/dec higher 

than that of HT nFETs. 

Fig.II.24 Extracted μeff-Eeff plot using the 
split C-V method. The μeff of LT nFET is 
degraded due to higher remote Coulomb 
scattering, which is consistent with the 
higher Dit of LT split.  

Fig.II.25 SS-LG plot of LT/HT splits of long 
transistors with LG>100 nm. The subthreshold 
swing of LT devices are about 5 mV/dec 
higher than that of HT devices. 

 

In LT process, the lack of HT activation anneal degrade the gate to channel interface 

quality, mobility and SS performances as a consequence. For our future study, to further 

improve the gate to channel interface quality, forming gas anneal (FGA) should be optimized. 

Indeed, higher pressure FGA with pure H2/D2 anneal has been reported to be effective to 

reduce Dit [Diouf’12, Park’05]. 

However, for the LT SPER activated splits, the better performance of short transistors 

can not be explained by its similar access resistance and degraded interface state quality, 

compared to its HT counterparts. In the following section, EOT of LT and HT activated splits 

will be compared. 

II.3.1.6 EOT-LG extraction 

There is standard capacitance-voltage method for EOT extraction on big transistors. 

However, for short transistors, accurate EOT extraction is very challenging, due to the lack of 

exact gate length and the enhanced influence of parasitic capacitance. In this section, an 
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improved method will firstly be introduced and then applied experimentally for the extraction 

of EOT on small FDSOI transistors. 

II.3.1.6.1 Theory of EOT extraction on small FDSOI transistors 

Firstly, a brief introduction about different components of gate to channel capacitance 

(Cgc) will be given. As illustrated in Fig.II.26, the main contributions include [Balestra’10, 

Lacord’12]: 

BOX

VG (AC)
Ground

CoxCifCov

Cof

BOX

VG (AC)
Ground

CoxCifCov

Cof

Fig.II.26 Identification of the contributions 
to gate to channel capacitance (Cgc) of a 
metal gate SOI MOSFET. 

Fig.II.27 Identification of the parasitic 
capacitance components in the inversion and 
accumulation region of FDSOI nFET. 

 

Cox: gate capacitance, due to gate dielectric. Cox depends on the thickness of gate 

dielectric and its dielectric constant. Also, quantum effect can decrease the gate capacitance 

slightly. 

Cov: total contribution of the overlap capacitance, due to the overlap between S/D 

extension and gate. The overlap is strongly dependent on the integration process (LDD 

implant tilt/energy, thermal process and so on). Cov is independent on LG, however it is 

inversely proportional to EOT. Cov is proportional to W and Lov. Since VG can change the 

charge state of the overlap region, Cov also varies with VG. 

Cof: total contribution of the outer fringing capacitance, due to fringing fields between 

gate and RSD/SDE, through the vertical spacers and filling oxide. Cof is independent on LG 

and EOT. Also, it does not vary with VG since the RSD region is highly doped and can be 

taken as a metal layer. 
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Cif: total contribution of the inner fringing capacitance, which is due to the fringing fields 

between gate and SDE through the semiconductor. For bulk nFET, in the inversion and 

accumulation region, Cif is shielded to zero due to the electron/hole gas. However, as 

illustrated in Fig.II.27, for FDSOI nFETs under accumulation bias, due to the lack of hole 

source, there is no hole gas in the channel and the contribution of Cif can not be neglected. So, 

for FDSOI devices in accumulation the total parasitic capacitance (Cpar) includes Cov, Cof and 

Cif. In the inversion region, Cif disappears due to the existence of electron gas, Cpar includes 

Cov and Cof only [Ben Akkez’11, Ben Akkez’12]. Cif is also influenced by EOT of gate stack. 

The different dependence of Cox, Cov, Cof, Cif on VG, LG, EOT, W and Lov (LDD to gate 

overlap length) are summarized in Table.II.2. All 4 components are proportional to gate width. 

Table.II.2Dependence of Cox, Cov, Cof, Cif on VG, LG, EOT, W and Lov (LDD to gate overlap 
length). 

 
EOT can be extracted by fitting between measured Cox-VG curves and simulated Cox-VG 

curves with quantum effect taken into consideration. For devices with long LG (e.g. 10 μm) 

and wide W (e.g. 10 μm), LG and W can be taken as equal to the mask defined gate length 

(LGmask) and gate width (Wmask). Neglecting the contribution of Cif in the minimum 

capacitance of the full Cgc-VG cuve (Cmin) and the dependence of Cov on VG, the gate 

capacitance normalized by the gate area (Cox_A) can be calculated using the following 

equation:  

maskGmask

gc
ox WL

CC
AC

×
−

= min_  (Eq.II.1) 

However, for small scale transistors (LG<100 nm), the lack of knowledge on the exact 

value of LG can introduce huge errors on the calculation of Cox_A. Especially for our samples, 

where gate stack trimming (wet etching) is carried out to get the targeted gate length. The 



Chapter II: Optimization of LT FDSOI transistors 

~ 40 ~ 
 

inaccurate Cox_A calculation will in turn induce errors in EOT extraction. In addition, the 

contribution of Cif in Cmin and the dependence of Cov on VG can not be neglected anymore. 

Therefore, Eq.II.1 is not applicable to calculate Cox_A of small scale transistors.  

For two short devices with close gate length (L1, L2, ΔL~10 nm) and same gate width, 

EOT of the two devices are close to each other and the influence of threshold mismatch can 

be neglected [Romanjek’04]. As a result, the parasitic capacitances and their dependence on 

VG can be taken as the same, and the gate capacitance can be calculated using the following 

equation: 
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)12(
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12

 (Eq.II.2) 

In this method, due to the limitation of C-V test equipment, Wmask should be as high as 

possible.  

II.3.1.6.2 Experimental extraction of EOT  

In our experiment, Cgc-VG of devices with different LG (30/40/50/60/70/80 nm and 

10 μm) and 10 μm gate widths are measured. To improve the measurement accuracy, long 

integration time is applied for short devices with LG≤80 nm. The extracted EOT of LT/HT 

devices with different LG are plotted in Fig.II.28.  

 
Fig.II.28 Extracted EOT as a function of LG in LT/HT 
nFETs. As device scales down, the EOT regrowth is 
smaller for LT process. 
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It is obvious that for both LT and HT devices, there is an increase of EOT as devices 

scale down, which is consistent with the assumption that the SiO2 regrows mainly in the 

boundary of the gate to channel interface. However, the EOT increment of LT split is lower 

than that of HT split. This phenomenon is consistent with the better control of interfacial SiO2 

regrowth in LT process [Batude’09c, Ragnarsson’06].  

II.3.1.7 Explanation of performance dependence on LG 

To summarize, the LG dependent performance can be explained by the joint influence of 

EOT, mobility and their dependence on gate length. Firstly, for LT long transistors, the 

slightly higher EOT (Fig.II.28) and much lower carrier mobility result in smaller Gmax and ION 

than that of HT split. Secondly, as LG decreases to less than 80 nm, EOT of LT transistors are 

smaller than that of HT nFET (Fig.II.28), which can help to improve the conductance of LT 

device relatively. However, still the influence of lower mobility of LT device due to higher Dit 

is dominant, so Gmax and ION of LT devices are still lower than that of HT devices. Thirdly, for 

LT nFETs with LG≤70 nm, the benefits of lower EOT dominates over the drawback of higher 

interface state density and the performance of LT devices outperforms that of HT split in 

consequence. 

II.3.2 LT FDSOI optimization: pFETs 

II.3.2.1 pFETs fabrication 

Fig.II.29 shows the fabrication of LT/HT FDSOI pFETs (TSi~6 nm). For HT split, the 

gate stack consists of SiO2(0.8 nm, plasma oxidation)/HfSiON(1.9 nm)/TiN(5 nm, ALD). The 

HfSiON layer is achieved by plasma nitridization (950 ºC° of HfSiO. However, in LT splits, 

the plasma nitridization is suppressed and HfSiO layer is used. The first spacer is about 8 nm, 

followed by the epitaxy of SiGe (30%) raised source and drain. Then, Ge pre-amorphization 

implant is carried out with optimized energy to avoid full amorphization of active region. 

After that, B LDD implant is followed. Considering the LDD implant tilt of LT splits, two 

implant tilts of 30 º and 20 º are used. While only the one split of tilt 20 º is used for standard 

HT pFET. After second spacer fabrication and HDD implant, activation anneal is made. Spike 
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anneal (peak T=1050 °C) is applied in standard HT pFET, while LT SPER anneal (600 °C/1 

min) is used for LT pFET splits. 

Fig.II.30 illustrates the TEM cross section of FDSOI pFET with SiGe RSD. The TEM is 

made after LDD implant. On this batch, the Si channel is around 6 nm. However, due to the 

weak selectivity of SiGe epitaxy, SiGe has grown not only above the c-Si in the S/D region, 

but also above the poly-Si of gate. In consequence, there is a SiGe “mushroom” on top of the 

gate. The black capping layer on top of the SiGe mushroom and RSD is introduced during 

TEM sample preparation. As we can see from Fig.II.30, the SiGe mushroom introduces an 

additional layer above the original gate stack and the fist spacer. As a consequence, more 

serious shadow effect and much larger shadow area [Kim’00, Jeong’07] are expected in the 

LDD implant with tilt, than the case without SiGe mushroom.  

SOI with TSi=6nm

SiO2/HfSiO(N)/TiN

Activation anneal 600°C/1050°C

18 nm SiGe (30%) RSD epitaxy (650°C, 11min)

First SiN spacer (750°C)

LDD implant Ge+B tilt 20°/30°/20°

Second spacer (TEOS 625°C +SiN 590°C)

Salicidation and BEOL

LT / HT pFET

HDD implant

SOI with TSi=6nm

SiO2/HfSiO(N)/TiN

Activation anneal 600°C/1050°C

18 nm SiGe (30%) RSD epitaxy (650°C, 11min)

First SiN spacer (750°C)

LDD implant Ge+B tilt 20°/30°/20°

Second spacer (TEOS 625°C +SiN 590°C)

Salicidation and BEOL

LT / HT pFET

HDD implant TSi 6nm

LG 30nm

c-Si 2nm

Mushroom

Gate
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Due to sample 
preparation

θ
θ

Shadow effect: w/ SiGe mushroom

Shadow effect: w/o SiGe mushroom
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c-Si 2nm

Mushroom
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SiGe RSD

Due to sample 
preparation

θ
θ

Shadow effect: w/ SiGe mushroom

Shadow effect: w/o SiGe mushroom

Fig.II.29 Process flow of LT/HT FDSOI 
pFETs. Ge PAI is carried out before dopant 
implant. boron atoms in the LT split are 
activated by LT SPER anneal at 600 ºC. 

Fig.II.30 TEM coross section of FDSOI 
device with SiGe (30%) RSD. The TEM is 
made after LDD implant.  

 

For pFETs with LG of 30 nm, ID-VG and ID-VD curves of LT (tilt 30 º) and HT (tilt 20 º) 

pFETs are compared in Fig.II.31 and Fig.II.32, respectively. It is observed that the ID-VG and 

ID-VD performances of LT pFET are similar to that of HT pFET. 
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Fig.II.31 ID-VG curves of LT (tilt 30 º) and HT 
(tilt 20 º) pFETs with LG/W=30 nm/80 nm at 
|VD|=0.05/0.9 V. Similar ID-VG performances 
are achieved. 

Fig.II.32 ID-VD (@different gate overdrive) 
of LT (tilt 30 º) and HT (tilt 20 º) pFETs 
(LG/W=30/80 nm).Similar performances of 
LT/HT pFETs are demonstrated. 

To optimize the LDD implant tilt of LT pFETs, the trade-off between IOFF-ION and SCE 

control of different splits have to be statistically analyzed. Firstly, the IOFF-ION performances 

of LT/HT pFETs are compared in Fig.II.33. Similar IOFF-ION trends have been demonstrated 

for LT (tilt 20 º/30 º) and HT (tilt 20 º) pFETs. However, from the RTOT-DIBL plot (Fig.II.34), 

it is observed that LT splits degrade the RTOT of devices, especially for the LT split with lower 

tilt of 20 º. For LT pFETs with higher LDD tilt of 30 º, the RTOT-DIBL performance is closer 

to that of HT pFETs.  

Fig.II.33 IOFF-ION trade-off of LT/HT pFETs 
with LG between 30 nm and 100 nm, 
W=80 nm. Similar performances are achieved 
in LT (tilt 30 º) and HT (tilt 20 º) pFETs. 

Fig.II.34 RTOT-DIBL of LT/HT pFET with 
LG between 30 nm and 100 nm, W=80 nm. 
LT devices show higher RTOT than 
conventional HT split. 

Secondly, to analyze the dependence of SCE on process parameters, the SS-LG and 

DIBL-LG characteristics of different splits are compared in Fig.II.35 and Fig.II.36, 
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respectively. It is shown that similar SCE control is achieved in LT pFETs with LDD implant 

tilt of 30 ºand HT pFETs with LDD tilt of 20 º. 

Fig.II.35 Subthreshold swing (SS) versus LG 
roll-off for LT/HT pFETs. Similar SS-LG are 
observed for LT tilt 30 º and HT tilt 20 º.  

Fig.II.36 DIBL versus LG roll-off for LT/HT 
pFETs. Similar DIBL-LG are observed for 
LT tilt 30 º and HT tilt 20 º.  

 

Taking both IOFF-ION and SCE control into consideration, for LT pFETs, higher tilt of 

30 º is required to get similar device performance as its HT counterparts. However, in this 

batch, there is a SiGe “mushroom” on top of the gate, which induces serious shadow effect 

during LDD implant. In our future work, LT SiGe epitaxy with good selectivity is mandatory. 

In such a case, getting rid of the strong shadow effect due to the “mushroom”, the optimized 

LDD tilt required for LT SPER activated pFETs should be lower than 30 º. 

II.3.2.2 Gate stack quality  

The activation anneal might influence the gate to channel interface quality. For LT/HT 

splits, the distribution of interface states are extracted using the charge pumping method. As 

shown in Fig.II.37, LT splits show higher Dit than HT splits, however, the energy level of the 

interface states are mainly located close to the conduction band. Dit values for interface states 

close to the valence band are very low and close to each other.  

The effective mobility of holes are also extracted and compared in Fig.II.38. It is 

observed that the μeff of LT splits is slightly degraded compared to that of HT split. For pFETs 

under inversion gate bias, only the interface states with energy level close to the valence band 

can influence the effective mobility of holes. The slight degradation of μeff in LT process 
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might be related to the fact that the high-k dielectrics in LT/HT splits are different and the 

charge state in them might be different. 

Fig.II.37 Dit distribution as a function of trap 
energy on LT/HT pFETs. The mean Dit value of 
LT/HT process are 2.0x1012 eV-1 cm-2 and 
6.7x1011 eV-1 cm-2. 

Fig.II.38 Extracted effective mobility 
(μeff) of holes as a function of effective 
electric field of LT/HT pFETs.  

II.3.3 Work function engineering for VTH tuning 

In the gate first integration scheme, the HT dopants activation anneal tends to move the 

effective work function of metal gate towards mid-gap. As a result, it is very challenging to 

modify the threshold voltage for High Performance (HP) application, especially for pFET. 

Thus, the possibility of tuning VTH with different metal gate materials is limited. To overcome 

this challenge and broaden the range of material choices for effective work function tuning, 

gate-last is proposed [Veloso’11]. However, gate-last process is more complex, the removal 

and replacement of dummy gate stack and the deposition of the metal fill in narrow gate 

trench opening have presented challenges [Maszara’05, Young’11]. LT activation anneal is 

attractive for its compatibility with the thermal budget requirement of HK/MG 

[Girginoudi’08]. It might enable the continuous application of gate first integration scheme 

for HP FDSOI device for future advanced technology node. 

Our experiment is summarized in Fig.II.39. 0.8nm interfacial SiO2 is achieved by plasma 

oxidation. In LT/HT processes, HfSiO/HfSiON is used as high-k dielectrics, respectively. 

5 nm TiN is realized by atomic layer deposition. 
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SOI with TSi=6nm

SiO2/HfSiO(N)/TiN

Activation anneal 600°C/1050°C

18 nm SiGe (30%) RSD epitaxy (650°C, 11min)

First SiN spacer (750°C)

LDD implant (As for nFET, Ge+B for pFET)

Second spacer (TEOS 625°C +SiN 590°C)

Salicidation and BEOL

LT / HT n&pFET

HDD implant

SOI with TSi=6nm

SiO2/HfSiO(N)/TiN

Activation anneal 600°C/1050°C

18 nm SiGe (30%) RSD epitaxy (650°C, 11min)

First SiN spacer (750°C)

LDD implant (As for nFET, Ge+B for pFET)

Second spacer (TEOS 625°C +SiN 590°C)

Salicidation and BEOL

LT / HT n&pFET

HDD implant

Fig.II.39 The process flow of LT/HT 
n&pFETs. In HT split, HfSiON is used, while 
HfSiO is applied for LT split.  

Fig.II.40 Cumulative distribution of VTH of 
LT/HT n&p FETs (LG=W=10 μm). Compared 
to HT devices, VTH of LT devices migrate 
towards positive direction: +50 mV for pFET, 
and +100 mV for nFET. 

 

The metal gate consists of 5 nm TiN by ALD. The VTH of LT/HT n&p FETs are 

compared in Fig.II.40. It is found that, for HT n&p FET, the VTH distribution is symmetric. 

This indicates that, in HT process, the work function of metal gate is close to mid-gap. 

However, for LT n&p FET, it is found that VTH moves towards the positive direction: 

+50 mV for LT pFET and +100 mV for LT nFET. This indicates that the effective work 

function of TiN metal gate with LT process is higher than that with HT process. For LT nFET, 

the VTH migration is 50 mV higher than that of LT pFET. This might be explained by the Dit 

distribution (Fig.II.37). We assume that above mid-gap, Dit is uniform with a concentration of 

2.1x1012 eV-1 cm-2 (Dit_LT) and 6.7x1011 eV-1  cm-2 (Dit_HT) for LT and HT devices. The 

influence of different Dit distribution on VTH of nFETs can be calculated by: 

( )
AC

EgHTDLTDq
V

ox

itit

TH _
2

__ ×−×
=Δ  (Eq.II.3) [Cristoloveanu’95] 

where q stands for elementary electric charge, Eg the Si band gap. THVΔ  is calculated to be 

about 52 mV, which corresponds to the amplitude difference in VTH migration. Since the Dit 

close to the valence band is very low, its influence on VTH migration of pFETs can be 

neglected.  

So we can conclude that, the effective work function of LT process is 50 mV higher than 

that of HT process, which explains the 50 mV higher VTH of LT pFETs. With LT SPER 

activation, the metal gate work function moves less towards the mid-gap, this increases the 
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possibility of VTH tuning by allowing more material choices for metal gate. Also LT SPER 

offers the possibility of maintaining gate first integration scheme, which can help to reduce 

the integration cost. 

II.4 Conclusions 

In this chapter, we have reviewed the mechanism and properties of LT (<600 ºC) SPER 

anneal. For the application of LT SPER in FDSOI fabrication, the challenges are discussed in 

detail: (1) Full amorphization of active region; (2) LDD to gate underlap due to the weak 

diffusion of LT SPER; (3) Leakage increase due to EOR defects; (4) Dopant deactivation 

during post activation anneals . Considering the first two challenges, possible solutions are 

explored to achieve similar device performance (IOFF-ION and SCE control) in LT/HT devices: 

Firstly, to avoid the first challenge, making LDD implant after RSD regrowth together with 

accurate prediction of implant energy by CTRIM or KMC simulations is efficient. 

Considering the second challenge, the modification of LDD implant tilt is shown to be an 

effective way to modify the LDD to gate overlap.  

With the two approaches above, we obtain LT n&p FETs (LG=30 nm) with similar 

performances as its HT counterparts. Similar IOFF-ION and SCE control can be achieved by 

optimizing the LDD implant tilt.   

For nFET, there is no need to increase the LDD implant tilt in LT split. For LT/HT 

nFETs with the same LDD implant of 20 º, similar IOFF-ION and SCE control are achieved. 

Also, it is found that LT SPER anneal can help to control the regrowth of interfacial SiO2 and 

to improve the device performance of small scale devices. However, for the same gate stack 

(SiO2/HfSiON/TiN), LT SPER activation induces higher interface state density. As a result, in 

LT nFET, the effective mobility of electrons is seriously degraded. However, thanks to the 

low thermal budget, better EOT control are experimentally observed on LT split with short 

gate length, which accounts for their better performance than that of its HT counterparts.. 

 For LT pFET with 8 nm first spacer and SiGe “mushroom” on top of gate, a higher LDD 

implant tilt of 30° is required to get similar performance as for HT pFET. For further 

optimization, selective SiGe epitaxy at low temperature is required. Then, the shadow effect is 

expected to be weakened and the optimized LDD tilt required for LT pFET might be lower 
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than 30 º. In addition, for LT/HT pFETs, LT splits show much higher Dit, but the interface 

states mainly locate close to the conduction band. Similar distributions of interface states 

close to the valance band are observed. 

In LT process, to further improve the quality of gate to channel interface, further 

improvements of forming gas anneal (e.g. higher pressure forming gas anneal) are interesting. 

In addition, it is observed that the LT SPER activation helps to avoid the problem of 

effective work function modification during HT process, which is one of the main reasons 

why gate-last technology is raised. This allows us to broaden the metal gate material choice 

for work function tuning for different applications and increase the possibility of maintaining 

gate first integration scheme. 
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Chapter III : GIDL optimization of LT transistors 
 

Abstract- As discussed in Chapter II, LT SPER anneal can offer highly doped abrupt 

junction, but EOR defects are left below the previous a/c interface. These two properties can 

introduce challenges to maintain the gate induced drain leakage (GIDL) at a low level. On one 

hand, the abrupt junction can induce high electric field and high band to band tunneling 

leakage as a consequence. On the other hand, the residual EOR defects can increase trap 

induced leakage. 

In this chapter, we will firstly briefly remind the definition of the GIDL current and the 

generation mechanisms of GIDL. Then, we will show that, for FDSOI MOS transistors on 

thick SOI, LT SPER activated devices show much higher GIDL than standard HT activated 

devices. To improve the leakage performance, it is mandatory to figure out the dominant 

mechanism responsible for the GIDL increase of LT SPER activated devices. As a 

consequence in the second section, we will review the traditional method for GIDL 

mechanism discrimination. However, the traditional method is limited by the lack of accurate 

tunneling model and knowledge of electric field. In this work, one novel approach will be 

proposed to distinguish the dominant GIDL mechanism. This method is theoretically verified. 

However, to apply it on FDSOI, there are additional challenges. So, a detailed methodology 

for GIDL extraction will be derived specifically for FDSOI MOS transistors.  

By using the GIDL analysis method, it is found that, for LT SPER activated FDSOI 

MOS transistors on 25 nm SOI, the higher GIDL is induced by the residual EOR defects. 

Defect engineering has to be made to further improve GIDL performance of LT SPER 

activated devices. In the end, we will show that by thinning the Si thickness in the channel, 

the EOR defects density and GIDL leakage in consequence can be reduced. This 

improvement is introduced by the enhanced defect cutting off effect and defect sinking effect 

of BOX. 
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III.1 Gate Induced Drain Leakage (GIDL) 

In this section, we will firstly recall what GIDL is and how GIDL influences device 

performance. Then the GIDL generation mechanism will be reviewed in detail. 

III.1.1 GIDL and its generation mechanisms 

The gate induced drain leakage was firstly studied in MOSFET in the late 80s by the 

Berkeley group [Chan’87, Chen’87]. For a MOSFET under accumulation bias (Fig.III.1), 

GIDL arises from the gate to drain overlap region. GIDL mainly impacts the device 

performance by limiting the minimum drain current achievable (IDmin), as shown in Fig.III.2 

[Xu’10].  

BOX

VG>0V

VD<0V

P+ drainP+ source

BOX

VG>0V

VD<0V

P+ drainP+ source

Fig.III.1 Schematic plot of GIDL occurrence 
in the gate to drain overlap region of a pFET 
under accumulation bias. 

Fig.III.2 Schematic plot of GIDL and its 
influence on the drain current vs. gate voltage 
characteristic. The minimum ID achievable 
(IDmin) is limited by GIDL. 

Fig.III.3 shows the generation mechanisms of GIDL. With the downscaling of 

MOSFETs, the gate dielectric thickness is decreased and the drain doping concentration is 

increased [ITRS’11, Wang’98]. As a consequence, in the gate to drain overlap region, the 

electric field is enhanced both in the vertical and lateral direction. On one hand, under strong 

electric field, the surface of the overlap region is deeply depleted. As shown in Fig.III.3-(b), 

electron-hole pairs can be generated by Band To Band Tunneling (BTBT), Trap Assisted 

Tunneling (TAT) and Shockley-Read-Hall (SRH) recombination in the vertical direction 

[Wang’98, Yuan’07, Chen’89]. On the other hand, under large |VDG| bias, the channel and 

drain forms one reverse biased p-n junction in the lateral direction. BTBT, TAT and SRH 
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recombination in the space charge region can also contribute to gate induced drain leakage 

(Fig.III.3-(c)) [Yuan’07, Huang’97, Chang’95].  

Fig.III.3 Schematic of the location of lateral channel to drain junction and vertical gate to 
channel junction in the gate to drain overlap region (a). Band diagram of band to band 
tunneling, trap assisted tunneling and SRH recombination in the vertical gate to drain 
extension overlap (b) and lateral channel to drain junction (c).  

 

Table.III.1 Dependence of BTBT, TAT and SRH recombination on Temperature (T), electric 
field and junction quality (abruptness/trap density). 

Trap densitydependentinsensitiveTAT

Trap densityinsensitivedependentSRH Recombination

AbruptnessdependentinsensitiveBTBT

Junction qualityField (F)Temperature (T)Mechanisms

Trap densitydependentinsensitiveTAT

Trap densityinsensitivedependentSRH Recombination

AbruptnessdependentinsensitiveBTBT

Junction qualityField (F)Temperature (T)Mechanisms

GIDL is influenced by the temperature, electric field and junction quality. As 

summarized in Table.III.1, BTBT, TAT and SRH recombination have different dependence 

on temperature (T), electric field (F) and junction quality (abruptness and defect density). 

BTBT is insensitive to temperature. However, BTBT increases dramatically with electric field 

[Kane’60], which is larger for more abrupt junction [Czerwinsk’03]. As a consequence, 

BTBT is stronger for more abrupt junction. Similar as BTBT, TAT is independent on T and 

dependent on F. However, as the influence of junction quality is concerned, TAT generation 

is strongly dependent on the trap density [Weber’06]. Unlike BTBT and TAT, SRH 

recombination is very sensitive to temperature and insensitive to electric field. Also, SRH 

recombination is more influenced by the trap density [Hurkx’92]. 
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III.1.2 Influence of LT SPER on GIDL 

In our experiment, p&n FDSOI MOS transistors were fabricated on thin SOI wafers (TSi 

around 25 nm) with an HfO2/TiN metal gate stack. The process flow is shown in Fig.III.4. 

Process splits are summarized in Fig.III.5-(a). In processes A and B, dopants were activated at 

600 ºC through LT SPER. Process A is used for the fabrication of top FET in 3D monolithic 

integration (Fig.III.5-b), in order to protect bottom transistors (Process C) from any 

degradation. In process C, dopants were activated by means of a standard HT spike anneal 

with a peak temperature around 1050 ºC. Processes A/C and B respectively feature a 5 nm 

and 3 nm dielectric thickness. Also, the HfO2/TiN/Poly-Si gate stack was processed below 

600 ºC in order to ensure that the overall thermal budget of the LT transistors is kept below 

600 °C. 

25nm Si FDSOI
HfO2/TiN patterning

Salicidation

Low T spacers
LDD/Halo implant

HDD implant
HT 1050℃/ LT 600 ℃

25nm Si FDSOI
HfO2/TiN patterning
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Low T spacers
LDD/Halo implant

HDD implant
HT 1050℃/ LT 600 ℃
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Fig.III.4 Process flow of LT/HT FDSOI 
devices on 25 nm Si. 

Fig.III.5 (a) Table of samples with process 
splits (b) MEB cross section of devices with 
process A (top FET) and C (bottom FET). 

 

As discussed in Chapter II, the drain junction of LT SPER activated device has two 

properties: (1) highly doped abrupt junction; (2) EOR defects left below the junction. As a 

result, LT SPER can increase GIDL [Xu’10]. On one hand, the highly doped and abrupt 

junction results in high electric field and high BTBT leakage consequently. On the other hand, 

the residual EOR defects can increase the GIDL leakage by enhancing TAT and SRH 

recombination. 
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In this experiment on 25nm SOI, LT SPER activated devices show much higher GIDL 

than standard HT activated devices. Fig.III.6 shows typical ID-VG curves of LT/HT activated 

n&p FETs in the saturation region. It is obvious that LT SPER activated devices show much 

higher GIDL current. Fig.III.7 shows the statistical plot of IDmin (at |VD|=1 V). It is found that 

IDmin of LT SPER activated devices are about 1.5 decades higher than HT activated devices. 

To decrease the leakage, it is mandatory to identify the dominant GIDL mechanism (trap 

induced leakage or tunneling leakage). 
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Fig.III.6 ID-VG (@|VD|=1V) curves of LT 
SPER/HT spile activated n&p FETs with 
LG=150 nm. The Si thickness in the channel 
is about 25 nm. 

Fig.III.7 Statistical IDmin at room temperature 
of n&p FETs activated by RTP and LT 
SPER. IDmin is the smallest ID achieved at 
|VD|=1V. 

 

III.2 Discrimination of GIDL mechanism 

In this section, we will firstly review the traditional method for GIDL generation 

mechanism analysis and its limitations. Secondly, a new method will be proposed for proper 

analysis of GIDL generation mechanism.  

III.2.1 Traditional method  

The analysis of GIDL generation mechanism has two main challenges: (1) BTBT 

modeling is still under debate, and it is often difficult to link comprehensive but complex 

numerical simulations with simple current based electrical extraction [Chen’01]; (2) BTBT is 
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a strong field dependent mechanism [Kane’60, Keldysh’58]. However, little is known about 

the actual electric field in the device. 

To cope with these two difficulties, conventional extraction methods proceed with two 

main assumptions: (I) analytical model of GIDL current; (II) model of the electric field in the 

analytical expression of GIDL current.  We will firstly review the assumption about GIDL 

current model. The local generation rate of tunneling component can be expressed by the 

following equation [Kane’60, Keldysh’58]: 
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where A’ is the tunneling pre-exponential constant dependent on the effective mass of 

electron/hole and the energy band gap of Si [Kane’60]. F(x,y) stands for the local electric 

field. The unknown/unsure constants, σ and Γ, are used to reflect the overall disagreement of 

the literature on the form of the pre-exponential factor. σ is reported to be -0.5 in [Kane’61] or 

-1.75 in [Keldysh’58, Tanaka’94]. Considering the value of Γ: for BTBT, 2 and 3 are reported 

in [Kane’61] and [Schenk’93], respectively; For TAT, 2.5 in [Keldysh’58, Tanaka94] or 3.5 

in [Schenk’93] are reported. 

A large consensus has been obtained on the exponential term in Eq.III.1. B is a 

parameter proportional to the effective band gap raised to 1.5 [Keldysh’58, Tanaka’94], 

Kane’61]. For band to band tunneling, B is proportional to Eg
1.5, and its theoretical value is 

about 21 MV/cm for silicon [Chan’87]. However, for trap assisted tunneling, B is a constant 

proportional to (Eg-Et)1.5, where Et is the energy level of traps. Compared to band to band 

tunneling, a smaller B value is expected in trap assisted tunneling [Chang’95]. The extraction 

of B value is taken as an effective way to gain some insight into the generation mechanism, 

and especially to discriminate BTBT and TAT. 

Despite the discrepancies about the values of σ and Γ, the total GIDL current is obtained 

from the double integral of Eq.III.1 over space: 

∫ ∫= dxdyRI TunnelGIDL   (Eq.III.2) 

However, there is no a priori information on the 2D electric field. The electrical 

extraction of B must rely on a more simple expression of GIDL current. Normally, F is 
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assumed to be a constant independent on space and GIDL current is simply expressed as 

[Chan’87, Chen’87, Endoh’90, Yuan’08]: 
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where F is the effective electric field, independent of space. The value of γ differs between 

literatures. Indeed, γ=1 is used in [Chan’87, Endoh’90, Jomaah’96], while γ=4 was used in 

[Bouhdada’97].  For the extraction of B, the following equation can be obtained based on 

Eq.III.3: 
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⎛

Γ
σ   (Eq.III.4) 

Assuming a given value of Γ (Eq.III.1), B can be obtained from the derivative of the left hand 

side of (Eq.III.4) with respect to 1/F.  

The second assumption made by these methods is a consequence of (Eq.III.4). To 

experimentally extract B value, an assumption is required on the modeling of the electric field 

under different gate and drain bias (VG, VD). Also, the extracted B value is strongly dependent 

on the calculation of the electric field. Since tunneling can happen in both the vertical gate to 

channel junction and the lateral channel to drain p-n junction, different equations have been 

used to model F in the vertical and lateral direction. In the literature, F is widely taken as the 

maximum electric field in the vertical [Chen’87, Chan’87] and lateral direction [Yuan’08]:  

EOT
F DG

vertical 3
VV

max_
Δ−

=    (Eq.III.5) 

)(qN0
max_ biDG

Si
lateral VVF +=

ε
  (Eq.III.6) 

In equation (Eq.III.5) and (Eq.III.6), EOT is the equivalent oxide thickness, q the electron 

charge, N0 the doping concentration in the channel and Vbi the built-in potential of the 

junction, VDG is the drain to gate voltage difference. ΔV correspond to the potential difference 

required to obtain corresponding states in the valence and conduction band and thus enable 

BTBT. ΔV is often taken constant and equal to 1.2 V in the early papers [Chen’87, Chan’87]. 

However, this expression does not take the flat band voltage and doping profile in the overlap 
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region into consideration. Much work has been done to improve the electric field calculation. 

Considering the influence of the flat band voltage and assuming that the drain doping profile 

is uniform [Chen’01], the maximum vertical electric field could be expressed as: 

EOT
V

F SfbDG
vertical 3

V
max_

ψ−−
=   (Eq.III.7) 

where Vfb is the flat band voltage in the overlap region. ψS is the surface potential in the 

overlap region expressed by: 
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where ND is the drain doping concentration in the gate to drain extension overlap region. This 

method offers more accurate calculation of vertical electric filed [Chen’01]. However, 

experimentally, it is difficult to get accurate information about the doping profile in the 

overlap region. The doping profile in the drain to gate overlap region is assumed to be 

uniform, which can also introduce errors. 

To summarize, the traditional method for B extraction is limited by the assumptions on 

the tunneling model and electric field model. For accurate extraction of B value, the 

inaccurate assumption about γ should be overcome. Also, it is necessary to improve the 

extraction of electric field under different gate and drain biases, which is the purpose of next 

section [Rafhay’11, Rafhay’12]. 

III.2.2 Improved approach  

The aim of the new approach proposed in this work is to minimize the assumptions made 

on the GIDL current. The basic equivalence of (Eq.III.1) and (Eq.III.2) will be kept. However, 

the model of F(VG,VD) will be experimentally tested instead of being assumed as an a priori 

and the value of γ will be extracted experimentally. 

Prior to the extraction of B, the test of the field model is carried out using the activation 

energy of the leakage current. In many papers [Tieman’63, Rosar’00, Jang’99, Saino’00, 

Eneman’09, Weber’06, Czerwinski’03], activation energy (Ea) of GIDL has been used to 

discriminate or identify the mechanisms involved in junction leakage or tunneling current.  

The activation energy of GIDL current is defined by: 
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It is well known that SRH current is characterized by a large activation energy (a few 

hundreds of meV, i.e. close to Eg/2) [Rideau’10]. On the contrary, the activation energy of 

BTBT is small (below 0.1eV), like most tunneling mechanisms [Saino’00, Eneman’09]. 

These phenomena have been well observed [Jang’99] and modeled in MOS tunneling diodes 

[Lin’01], where both mechanisms have been found to occur at different regime. To further 

illustrate this discrepancy, the activation energy of field enhanced SRH [Weber’06, Hurkx’92] 

and BTBT [Kane’61] have been calculated as a function of electric field Fig.III.8-(a). For 

field enhanced SRH recombination [Weber’06], the activation energy is calculated by: 
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where                                      
( )
hq

Tkm
F b

3*24
=Γ   (Eq.III.11), 

with  kB being Boltzmann’s constant,  T the absolute temperature, m* the effective tunneling 

mass, q the elementary electron charge and ħ the reduced Plank’s constant. For BTBT, the 

activation energy is calculated based on Kane’s model, with the dependence of Si energy band 

gap on temperature taking into account (Eq.III.3).  
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Fig.III.8 (a) Activation energy (Ea) of field enhanced SRH current [Weber’06] and BTBT 
[Kane’61] as a function of the electric field. (b) Inverse of Ea of BTBT [Kane’61] as function 
of the electric field. 
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In the case of tunneling dominated GIDL, the activation energy can be calculated from 

(Eq.III.3) and (Eq.III.9), as: 
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 (Eq.III.12) 

If we assume that the electric field is independent on temperature, then (Eq.III.12) can be 

simplified as: 
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For tunneling dominated GIDL current, the activation energy can be approximated by the 

following equation: 

( ) DG V,V
b

a T1/kF
1E
∂

∂
≈

B   (Eq.III.14) 

Therefore, for tunneling dominated GIDL, the left hand side term in (Eq.III.14), which can be 

obtained from I-V-T measurements, is inversely proportional to the field F, as illustrated in 

Fig.III.8-(b). Hence, the dependency of the electric field with the external bias could be 

deduced from plot of the inverse of Ea versus F, VG or VDG. If a linear dependency of 1/Ea 

with VG or VDG is obtained, this suggests that F follows equation (Eq.III.5). In this case, the 

ΔV parameter of (Eq.III.5) could be extracted from the measurement, instead of being fixed to 

an arbitrary value [Chan’87, Chen’87]. This can help to reduce the error made on the field 

modeling. Other field model could also be adjusted using this approach. However, note that 

an absolute extraction of F is not possible unless a hypothesis on B is made. Since the aim of 

the extraction method is to determine B, only relative bias trends could be extracted from the 

inverse of the active energy. 

After the partial validation of the field model presented above, we can write (Eq.III.3) as: 
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which can also be written as: 
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γ and B can be extracted respectively from the slope and the intercept of the straight line 

obtained by plotting the left hand side term in (Eq.III.16) as a function of the field F. Hence, 

contrary to the previous method, this approach does not make any assumption on γ to extract 

B. The following section will illustrate the influence on B extraction of an a priori assumption 

on γ, as done in the conventional method. 

III.2.3 Theoretical variation of the new approach  

In this section, the robustness of the new approach presented in section III.2.2 will be 

tested and benchmarked with the extraction methods proposed in the literature [Chan’87, 

Chen’87, Endoh’90, You’99, Jomaah’96].  

To this end, the GIDL current will be calculated using (Eq.III.1) and (Eq.III.2). Two 

simple field profiles will be considered for the double integral (Eq.III.2) of BTBT generation 

rate: a constant one and a linearly varying one. The extraction of B will then be carried out on 

the calculated currents, using either the conventional (Eq.III.4) or the new approach (Eq.III.14) 

and (Eq.III.16). 

Firstly, a constant field is considered. Fig.III.9 shows the relative errors between the set 

value of B in (Eq.III.1) and the extracted value of B by (Eq.III.4) and (Eq.III.16), as a 

function of the set values of B. As expected, in the constant field case, the GIDL currents are 

the same in (Eq.III.2) and (Eq.III.3). As a result, both methods manage to accurately extract B 

and the relative errors of extracted B equals to zero (Fig.III.9). Using the slope of 

(dln(IGIDL)/dF)·F², the new method also enables to extract the accurate value of γ used for the 

calculation of BTBT generation rate (Eq.III.1). When Γ in (Eq.III.1) is set to 2, γ of (Eq.III.3) 

has been extracted to be 2 (other Γ value gave the same agreement between set and estimated 

values). 

Then, a linearly varying field (parabolic potential) is considered for the integral in 

(Eq.III.2). In this case, (Eq.III.2) is no longer equal to (Eq.III.3). In addition, a particular 

choice of field value must be performed to use the extraction methods. It appears that using 

the maximum field of the profile, as done in [Chan’87, Chen’87], ensures the best extraction 
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of B with the new approach (Eq.III.16). However, an overestimation of B has been obtained 

when using the conventional methods (Fig.III.9). 

In these conditions, the γ value extracted with the slope of (dln(IGIDL)/dF)·F² is not 

strictly equal to Γ of (Eq.III.1), due the double integral over space of (Eq.III.2). For example, 

if Γ is set 2, the γ extracted is found equal to 2.5. This difference between the Γ field exponent 

of the BTBT generation rate and the γ one of the GIDL current has already been underlined in 

[Bouhdada’97]. Therefore, γ depends not only on the physics of the constant field BTBT 

generation rates, but also on complex 2D field profile in the device. As this field profile is 

unknown and differs between technologies, the experimental extraction of γ is hence 

compulsory. In particular, this slight difference between Γ and γ causes a significant 

overestimation of B by the conventional method, as illustrated in Fig.III.9. 
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Fig.III.9 Relative error of B extraction as a 
function of  B values set in (Equ.III.1). 

 

Fig.III.10 (a) Relative errors on the ΔV 
extraction as a function of the set ΔV. (b) 
Relative error on the B extraction assuming 
5% error on ΔV. 

 

The small extraction error obtained with the new method tends to confirm that (Eq.III.2) 

can be approximated by (Eq.III.3) provided that the maximum field of the profile is used (e.g. 

instead of a mean field). In other terms, weak fields do not significantly contribute to the 

GIDL current compared to the maximum one, because of the steep exponential GIDL 

dependence with field. 

Also, the extraction of ΔV is tested by assuming a constant field, defined as in (Eq.III.5). 

Fig.III.10-(a) plots the error between the ΔV set in (Eq.III.5) and the one extracted using the 
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inverse of Ea, as a function of the set ΔV. It shows that, although the field is constant, the 

extraction of ΔV is not strictly exact. An error of 5 % can be obtained if ΔV = 0.8 V. This is a 

consequence of the approximation carried out in (Eq.III.4) where σ·dln(Eg(T))/d(1/kbT) has 

been neglected. 

Finally, the consequence on the extraction of B with a 5 % error on ΔV, is shown in 

Fig.III.10-(b). It can be seen that the overestimation of B is kept below 5%, which indicates 

that the new method does not amplify the error made on the field on the extraction of B. 

III.3 Experimental GIDL mechanism discrimination in SOI 

The new approach proposed for GIDL analysis is very attractive. However, compared to 

bulk devices, to make GIDL mechanism analysis on FDSOI MOS transistors, there are 

additional challenges. In this section, firstly, for FDSOI devices, the flow of GIDL generated 

carriers will be compared to that of bulk devices. Then, the additional challenges for GIDL 

analysis on FDSOI will be discussed. A practical methodology will be proposed to overcome 

the additional challenges enabling the new approach to be properly used for GIDL mechanism 

analysis on FDSOI MOS transistors. 

III.3.1 Specific challenges of SOI 

III.3.1.1 Gate current identification 

Compared to bulk device, the GIDL current on SOI devices can not be measured directly 

as there is no contact to the body. For thin gate oxide MOSFETs biased in the accumulation 

regime, the apparent GIDL may contain a certain amount of tunneling current through the 

gate. Fig.III.11 compares the different carrier flows on bulk and SOI pFETs under 

accumulation bias. In bulk devices, the GIDL current can be easily identified by substrate 

current measurements, since tunneling generated electrons naturally flow through the reverse 

biased drain-to-substrate junction, toward the substrate. However, in FDSOI MOS transistors, 

the generated electrons can either recombine with holes injected from the source and gate, or 

tunnel through the gate.  
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Fig.III.11 Schematic plot of electron and hole flows under accumulation bias, on bulk (a) and 
FDSOI device (b). 

 

To investigate this effect in FDSOI, full current-voltage (I-VG) measurements have been 

performed on pFET samples of A and B. Fig.III.12-(a) shows the I-V characteristics of all 

three terminals (source, drain and gate) for sample A, which features a 5 nm thick HfO2 layer. 

It shows that drain current (ID) is equal to source current (IS) in the accumulation regime, 

while gate current (IG) is at least two decades smaller. IG contribution to ID can therefore be 

neglected and drain current is hence dominated by carrier generation at the junction. To 

confirm that IG contribution to ID can be neglected, the dependence of gate current with gate 

voltage overdrive (VG – VTG), is compared at different VD Fig.III.13-(a). It is found that, at 

the same gate voltage overdrive (VG – VTG), IG at different VD are the same, which indicates 

that contribution of IG in GIDL current can be neglected. 

Fig.III.12 Absolute drain (ID), source (IS) and gate (IG) current for pFETs from process A with 
5 nm HfO2 (a) and B with 3 nm HfO2 (b). The source is grounded and the drain is biased at -
0.2 V to -1.2 V, with a step of -0.2 V. 

 



Chapter III: GIDL optimization of LT transistors 

~ 63 ~ 
 

The same analysis was carried out on sample B which features a thinner HfO2 layer of 

3 nm. The I-V characteristics are shown in Fig.III.12-b. For large VG, IG gets closer to ID and 

IS begins to depart from ID. Fig.III.13-b plots IG against VG-VTG for sample B. For (VG – 

VTG) > 0.5 V, IG increases if VD decreases (|VD| increases). This increase of IG corresponds to 

the contribution of electrons that are generated at the junction and flow through the gate. 
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Fig.III.13 Gate current (IG) versus gate voltage overdrive (VG-VTG) of samples A and B. VTG 
is defined as the gate voltage where the gate current equals one critical gate current (5x10-13 
and 1x10-12 A/µm for sample A and Sample B, respectively) 

 

To gain more insight into this effect, the source currents were plotted as a function of 

gate voltage for different values of VD in Fig.III.14. Source current is the sum of a positive 

GIDL component with a negative gate tunneling component. Therefore IS can be negative if 

dominated by gate tunneling or positive if dominated by GIDL carrier generation at the 

junction. From Fig.III.14-(a), it is clear that in device A, the source current is always 

dominated by the positive tunneling GIDL component. However, in device B (Fig.III.14-(b)), 

for intermediate VD values (-0.4 or -0.6 V), source current is first dominated by the tunneling 

GIDL at low VG values (current takes positive values). At higher VG, this positive 

contribution is then decreased by gate tunneling: this confirms that in this thin oxide device, 

for the bias conditions highlighted in Fig.III.14-(b), part of the GIDL generated electrons can 

then tunnel through the thin gate oxide or be recombined by holes injected from the gate if the 

vertical field is large enough. 
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Fig.III.14 IS-VG characteristics of (a) sample A (HT pFET, 5 nm HfO2) and (b) sample B (LT 
pFET, 3 nm HfO2). 

In conclusion, to ensure correct extraction of the GIDL parameter B, it is first mandatory 

to determine the bias conditions (VG, VD) where ID is dominated by the GIDL current. 

Plotting IG(VG-VTG,VD) and IS(VG) is an effective and simple way to determine these bias 

ranges.  In our experiment, sample B can not be used for GIDL mechanism analysis due to the 

contribution of gate tunneling leakage. 

III.3.1.2 SRH identification 

In both the traditional approach and new approaches, it is assumed that GIDL is 

dominated by tunneling contributions (BTBT and TAT). However, the apparent GIDL current 

can be dominated by field enhanced SRH current [Weber’06], instead of tunneling current. 

The presence of field enhanced SRH generation can cause severe errors on the extraction of B. 

In order to distinguish between SRH and tunneling (BTBT and TAT), it is useful to extract 

the activation energy of currents. As discussed before, SRH current is strongly dependent on 

temperature [Czerwinski’03], contrary to BTBT even when trap assisted [Eneman’09]. As 

shown in Fig.III.8-(a) before, to quantify this discrepancy, the activation energies of BTBT 

[Kane’60] and field enhanced SRH [Weber’06] have been calculated as a function of the 

electric field. The universal shape of these curves shows that, at low field (lower than 

0.9 MV/cm), activation energy is much larger for the SRH process than for BTBT. In contrast, 

at higher field (larger than 0.9 MV/cm), the activation energy of BTBT is smaller than the 
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field enhanced SRH one. Therefore, if the value of activation energy is larger than around 

0.1 eV, it can be conclude that GIDL current is dominated by field enhanced SRH. While for 

Ea values smaller than 0.1 eV, GIDL current is dominated by BTBT [Weber’06, 

Czerwinskia’03, Eneman’09].  

In conclusion, B extraction should be extracted in the regimes where the activation 

energy is smaller than 0.1 eV, in order to ensure that field enhanced SRH is negligible 

compared to tunneling. 

III.3.2 Experimental results on FDSOI 

In our experiment, we have focused on the GIDL mechanism discrimination of sample A 

and C with 5 nm HfO2, where the gate tunneling components can be neglected. ID(VG) 

measurements at different VD and different temperatures were carried out (Fig.III.15).  
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Fig.III.15 Drain current versus gate voltage (ID-VG) 
characteristics of a pMOSFET from process A at different 
temperature (T). 

On this device, IG has been confirmed to be much lower than ID and independent on VD, 

as in Fig.III.12. After a required threshold voltage shift, which eliminates the field 

dependence with temperature, activation energies have been calculated and plotted in 

Fig.III.16, as a function of VGS (a) or VDG (b) for different VD. At low VGS or VDG, i.e. in low 

field conditions, the activation energy is found to be larger than 0.1 eV and to strongly 

decrease with increasing VG and |VD|. At higher bias (i.e. higher field), Ea was smaller than 

0.1 eV. According to the models used in Fig.III.8-a, it is thus concluded that the current is 
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governed by field enhanced SRH for VDG values below 1.2 V and by tunneling for larger 

values. Extraction of B has therefore been carried out above 1.2 V. 
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Fig.III.16 Activation energy (Ea) versus (a) gate voltage (VG) (b) drain to gate voltage (VDG) 
plotted for different VD biases (pFET).  

 

Following the identification of the suitable range of bias voltages for B extraction, the 

inverse of the activation energy has been used to study the dependence of the field with VDG. 

In most cases, Ea
-1 has been found to be a linear function of VDG, as shown in Fig.III.17. 

These results suggest that the field model F= (VDG–ΔV)/3EOT used by conventional methods 

[Chan’87, Endoh’90] is correct, provided that ΔV is extracted from the intercept of Ea
-1 with 

the VDG axis for each VD and each temperature. This procedure is illustrated in Fig.III.17.  

The (dln(ID)/dF)·F² function has been calculated using the field obtained with the 

extracted ΔV. The results are shown in Fig.III.18 for pFETs of sample A and C. The 

parameter B has been found equal to 11 MV/cm for LT pFET and 20 MV/cm for HT pFET. 

Also, for nFETs the same analysis is carried out on LT/HT nFET with 25 nm Si channel 

(Fig.III.19 and Fig.III.20). Also, B value (12 MV/cm) of LT nFET is found to be lower than 

that of HT nFET (25 MV/cm). 

As discussed before, the value of B is proportional to the effective band gap raised to 1.5, 

thus the lower B value of LT process indicates that the effective band gap has been lowered 

by the traps. This is in accordance with our expectation: in LT SPER activation, EOR defects 

are not fully healed out due to the low thermal budget, leaving a higher density of residual 

EOR defects below the LT SPER junction. This suggests the presence of a larger defect 
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density in LT SPER junctions. In contrast, B takes an almost ideal value in HT activated 

devices, confirming the absence of defects for the standard high temperature spike anneal. 
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Fig.III.17. Extraction of ΔV using the inverse 
of EA versus drain-to-gate voltage (VDG) plot 
(pFETs with 25 nm Si channel). 

Fig.III.18. Extraction of B from the 
d(ln(ID))/dF·F2 versus F characteristic (pFETs 
with 25 nm Si channel). 
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Fig.III.19. Extraction of ΔV using the inverse 
of EA versus drain-to-gate voltage (VDG) plot 
(nFETs with 25 nm Si channel). 

Fig.III.20. Extraction of σ and B from the 
d(ln(ID))/dF·F2 versus electric field 
characteristic (nFETs with 25 nm Si channel).

III.4 GIDL improvement by defect engineering 

As shown in the section above, for LT SPER activated device, higher GIDL leakage is 

induced by the EOR defects. To control the GIDL current in LT SPER activated devices, 

defect engineering has to be carried out to reduce the residual EOR defects density. The use of 

extremely thin SOI (ETSOI), i.e. with a thickness around 10 nm and below, is an effective 

way to reduce the EOR defects density.  

It has been reported that SOI can help to reduce the EOR defect density by two effects. (I) 

Defect profile is cut off effect thanks to the BOX [Hamilton’07, Fazzini’08a, Saavedra’02]: 



Chapter III: GIDL optimization of LT transistors 

~ 68 ~ 
 

compared to bulk sample, on SOI samples, after implantation, part of Si interstitials (Sii) go 

into the BOX and get blocked there. Thus, the initial Si interstitials available for the formation 

of EOR defects is lower, and less EOR defects are formed after EOR activation anneal. (II) 

Defect sinking effect of BOX during the post activation anneals [Fazzini’08b, Aboy’07, 

Bazizi’10, Hamilton’06a]: During the post activation anneals, the EOR defects will evolve as 

a source of Sii. On bulk sample, the Sii tend to move toward the top surface of active Si layer, 

which acts as a defect sink. However, for SOI samples, the BOX can act as an additional 

defect sink, competing with the top surface of active Si layer. As a result, the EOR defect 

density is expected to be lower in LT SPER SOI process. Moreover, for the same implant, the 

defect cut off effect and defect sinking effect can be enhanced by thinning the thickness of 

SOI. This offers us one interesting way to reduce defect density in LT SPER process. 

In our experiment, GIDL performance of LT SPER is greatly improved on ETSOI of 

6 nm. As shown in Fig.III.21, similar cumulative distribution of IDmin is obtained on LT/HT 

nFETs. The GIDL improvement on ETSOI might indicate lower EOR defects density than 

that on 25 nm SOI. To confirm this hypothesis, the B value has been extracted to figure out 

the dominant GIDL generation mechanism. As shown in Fig.III.22, B is extracted to be 

18 MV.cm-1 and 12 MV.cm-1 for 6 nm and 25 nm SOI, respectively. Compared to the nFET 

on 25 nm SOI, the higher B value of ETSOI (6 nm) indicates that the effective band gap is 

higher, which in turn indicates that the EOR defects density has been greatly reduced. 
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Fig.III.21. Cumulative distribution of the 
IDmin value for LT and HT devices with 6 nm 
Si channel. 

Fig.III.22. GIDL current parameter B 
extraction of different HT/LT nFETs with 
different Si channel thickness. 
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This phenomenon is in accordance with the KMC process simulations [Sklénard’12]. 

With 2D KMC simulations, it is observed that, after LT SPER activation, the EOR defects 

density on 6 nm ETSOI is much lower than that on 25 nm SOI. The reduction is explained by 

the enhanced defect cutting off effect of BOX on ETSOI [Sklénard’12].  

 

Fig.III.23 Schematic plot showing (a, d) implantation induced surface 
amorphization (a-Si layer) and Sii distribution before LT SPER, (b, e) available Sii 
for EOR formation  and (c, f) recrystallized surface and residual EOR defects after 
LT SPER anneal, for bulk and SOI samples, respectively. In SOI, part of Sii are 
blocked by BOX (as shown by the dashed line in (e)), the initial number of Sii 
available for EOR formation is lower, and less EOR defects are formed (f) than that 
on bulk samples (c).  

Compared to bulk sample, the BOX on SOI sample can cut off the as implanted profile 

of Si interstitials. As shown in Fig.III.23-(e), part of Si interstitials go into the BOX and are 

blocked within the BOX. As a result, the Sii available for the formation of EOR defects are 

less than that of bulk, and lower EOR defect density can be achieved after LT SPER 

activation anneals. Compared to bulk, LT SPER on SOI samples offers the benefits of lower 

EOR defects for the same pre-amorphization implant [Fazzini’08a, Fazzini’08b, Saavedra’02]. 
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For the same amorphization implant, the defect cutting off effect is enhanced with the 

decrease of Si thickness. 

III.5 Conclusions 

In this chapter, the definition of gate induced drain leakage is firstly recalled. Then , the 

three possible mechanisms of GIDL current are reviewed: band to band tunneling, trap 

assisted tunneling and SRH recombination. Experimentally, LT SPER devices on 25 nm SOI 

show higher GIDL than HT activated devices. Theoretically, this increase can be induced by 

either the higher EOR defects density or the abrupt junction from LT SPER. For the 

optimization of GIDL leakage on LT SPER devices, it is very important to analyze the 

dominant leakage mechanism on LT SPER devices. 

Considering the method for GIDL mechanism analysis, firstly the limits of traditional 

characterization of GIDL were reviewed, namely the lack of accurate model of GIDL current 

and the inaccurate calculation of electric field. An improved approach has been proposed for 

GIDL mechanism analysis that overcomes these limitations by proposing an experimental 

determination of the electrical field.  Relying on the determination of γ and ΔV, which are 

significant modeling parameters of the GIDL current, the new approach proposed in this work 

has been found to lead to weaker error than the previously proposed methods. To properly 

apply the new approach for GIDL analysis to FDSOI MOS transistors, a detailed 

methodology of the correct extraction conditions has been proposed: simple and efficient 

ID(VG), IS(VG) and IG(VG) curves are used to identify the devices, bias ranges and 

temperatures for which the GIDL current is dominated by tunneling. The application of this 

methodology has shown that GIDL characterization can provide a relevant and effective 

feedback about junction quality. With the extraction of the parameter B, we can distinguish 

whether GIDL is dominated by TAT or BTBT. 

Using the new approach with the methodology proposed, we were able to demonstrate 

that the B value of LT SPER devices is lower than that of HT devices. It indicates that the 

effective band gap is reduced by the defects and LT SPER activation results in a larger defect 

density which is responsible for the higher GIDL. 
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 To reduce the EOR defects density and device leakage of LT SPER activated device, 

ETSOI is demonstrated to be an effective way. This improvement is due to the enhanced 

defect cutting off effect and defect sinking effect of BOX by locating the EOR defect band as 

close to the BOX as possible. Same IDmin performance has been achieved on LT/HT nFETs 

with 6 nm SOI. Extraction of B is consistent with IDmin improvement in LT SPER devices on 

ETSOI. Indeed, B of LT SPER activated devices on ETSOI (6 nm) devices is much higher 

than that on 25 nm SOI. The higher B value of LT ETSOI devices is consistent with the 

higher effective band gap and lower defect density expected. 



Chapter IV: Deactivation of LT SPER activated dopants 

~ 72 ~ 
 

Chapter IV : Deactivation of LT SPER activated dopants 
 

Abstract- In 3D sequential integration, LT dopant activation of top FET is mandatory to 

protect bottom FET. LT SPER is a suitable technique for the activation of top FET. As shown 

in Chapter II, similar device performance has been achieved by optimizing the LDD 

implantation conditions: implant tilt and implant energy. As detailed in Chapter III, by using 

the defect cutting off effect and defect sinking effect of BOX, similar leakage performance 

can be achieved with LT activated device as with HT devices. In addition, thanks to its low 

thermal budget, LT process also shows better EOT regrowth control [Batude’09c, 

Ragnarsson’06, Sklénard’12] and allows more material choices for threshold voltage tuning 

[MacKenzie’07]. So, it is very interesting to use LT activation for dopant activation not only 

of top FETs, but also of bottom FET. 

However, one challenging issue for LT SPER is that the activated dopants are metastable 

and tend to deactivate during the post anneal: the activated dopants tend to form clusters with 

defects and become deactivated [Pawlak’04b]. In 3D sequential integration, for top FET, the 

activated dopants will endure the thermal budget of salicidation (450 ºC) and Back End Of 

Line (BEOL) process (400 ºC). For bottom FETs, the activated dopants will endure the 

following thermal budget: (1) BEOL of bottom FETs (400 ºC); (2) Wafer bonding (200 ºC); 

(3) Top FET fabrication (600 ºC); (4) BEOL of top FETs (400 ºC). One of the main 

challenges of LT SPER is the dopant deactivation during post activation anneal, which will in 

turn degrade the access resistance and ION in consequence. So, to apply LT SPER for dopant 

activation, it is necessary to study the deactivation of dopants in the temperature range of 

400 ºC to 600 ºC. 

In this chapter, we will firstly review the defect evolution and dopant (boron and arsenic) 

deactivation mechanisms. Then, compared to bulk devices, the possible advantage of BOX in 

FDSOI will be discussed. In the third section, the design of experiments for deactivation 

analysis will be shown. In the forth section, we will compare the activation of dopants in 

LT/HT activation. In the end, the deactivation of boron and arsenic on SOI and its 

dependence on the distance between EOR defects and BOX will be analyzed. 
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IV.1 Defect evolution and dopant deactivation 

The thermal stability of LT SPER activated dopants is strongly related to the existence of 

EOR defects after LT SPER anneal [Solmi’02, Colombeau’04]. In this section, we will firstly 

review how the defects evolve during the post activation anneal. Then, the deactivation 

mechanisms of boron and arsenic will be reviewed, respectively. 

IV.1.1 Defect evolution during post activation anneal 

As discussed in the former chapters, due to the low thermal budget of LT SPER, EOR 

defects are left below the previous a-c interface after the LT SPER activation anneal. During 

the post activation anneals, the EOR defects tend to evolve with the emission of Si interstitials 

(Sii) [Hamilton’06a].  

Fig.IV.1 Sii concentrantion during post activation anneal on bulk [Hamilton’06a] (a) and SOI 
[Fazzini’08a] (b) samples. On bulk sample, most of the Sii flows to the top surface, whereas 
the Sii can flow either to the Si top surface or the Si/BOX interface on SOI sample. 

The Si interstitials can migrate towards the available defect sinks, like the Si top surface 

and Si bottom surface on bulk samples, as shown in Fig.IV.1-(a). The migration of Sii is 

dependent on the distance between the EOR defects band and the defect sink, which 

influences the supersaturation gradient of Sii. For very thick bulk samples, most of the Sii 

diffuse towards the top surface, which is located closer to the EOR defects band and results in 

a higher defects gradient, compared to the bottom Si surface. However, for SOI samples, the 

Si interstitials can move towards either the Si surface or the BOX (Fig.IV.1-(b)). The fluxes 

of Si interstitials flowing towards the Si top surface and Si/BOX interface is dependent on 

their distances to the EOR defects band, respectively [Hamilton’06b]. A model for calculating 
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the Si interstitial fluxes towards the two defect sinks has been proposed in [Fazzini’08a]. The 

flux of Si interstitials towards the closer defect sink is higher. 

IV.1.2 Dopant deactivation mechanisms 

During LT SPER anneal, high dopant activation level, above solid solubility, can be 

achieved. However, the activated dopants are in a metastable state and tend to become 

deactivated via the formations of clusters with defects. In this section, we will first introduce 

the solid solubility of impurity at different temperatures. Then the deactivation mechanism of 

boron and arsenic will be reviewed respectively. 

IV.1.2.1 Solid solubility  

At a given temperature, there is 

an upper limit to the amount of an 

impurity which can be absorbed by 

silicon, which is called the solid 

solubility limit for the impurity. In 

addition, at a given temperature, there 

is also an upper limit to the amount of 

an impurity which can be electrically 

activated in Si, which is called the 

solid solubility of electrically active 

dopant. In Fig.IV.2, for boron, 

phosphorus, antimony and arsenic, the 

solid solubility of dopant atoms and 

electrically active dopant atoms are 

plotted as a function of diffusion 

temperature, in the temperature range 

of 900-1200 °C [Fair’77]. When the 

temperature is below 1000 °C, smaller solid solubility of both dopant atoms and electrically 

Fig.IV.2 Solid solubility and electrically active 
impurity concentration limits in silicon for arsenic 
(As), phosphorus (P), boron (B) and antimony (Sb) 
[Fair’77]. 
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active dopant atoms are expected as temperature decreases. In [Vick’69], it is reported at 

700 °C, the solid solubility of active boron in c-Si is approximated 2.0x1019 cm-3. 

IV.1.2.2 Boron deactivation mechanism 

For boron, high activation levels around 1.5-2x1020 cm-3 have been reported by LT 

SPER [Duffy’04, Cristiano’04, Lerch’05, Aboy’05]. This activation level is well above the 

equilibrium solid solubility. In [Cristiano’04], for LT SPER anneal at 650 °C, boron 

activation around 1.5x1020 cm-3 has been demonstrated which is a decade higher than the 

solid solubility of boron in Si at 650 °C (1.5x1019 cm-3). The boron concentration above the 

activation level is electrically inactive even after full recrystallization by LT SPER. The 

inactive boron atoms exist in the form of immobile Boron Interstitial Clusters (BICs) which 

are formed during the regrowth of the amorphized layer [Aboy’06, Pelaz’09, Aboy’11]. 

Even though high activation level can be achieved, the activation state realized during 

LT SPER is metastable. There is a high risk that the activated boron atoms in the regrown Si 

layer tend to deactivate during the post activation anneals. After post anneal at 700 °C for 

100 seconds, 40% deactivation of SPER activated boron has been observed [Mokhberi’02].  

There is one important question raised: how do the active boron atoms get deactivated 

during the post activation anneal? As discussed in section IV.1.2, during the post activation 

anneal, Sii are emitted from EOR defects and move towards the top surface of Si, going 

through the highly activated boron region (Fig.IV.3). During this process, inactive BICs are 

formed and part of the activated boron atoms is deactivated. The reaction can be written as: 

BICSiB i ⇔+   (Eq.IV.1) 

The deactivation process will continue until the concentration of Sii drops to its 

equilibrium values at the anneal temperature. Then the dissolution of BICs start to be 

dominant, with the emission of active boron atoms (boron reactivation) [Aboy’06]. 

Consequently the dose of active boron starts to increase. The critical post anneal when the 

BICs dissolution becomes dominant depends on many process parameters: the implant, the 

post anneal duration and temperature. It has been reported that for one specified implant, as 
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the anneal temperature decreases, a longer anneal duration is required for the BICs dissolution 

to occur [Aboy’06, Cristiano’06], as illustrated in Fig.IV.4. 

 

Fig.IV.3 Schematic of EOR defects 
evolution and of Sii flux for LT SPER 
activated boron on bulk sample during post 
activation anneal. Sii flow towards the Si top 
surface and deactivate boron through the 
formation of inactive BICs. Reducing Sii 
flux towards Si top surface is thus important 
to prevent boron deactivation. 

Fig.IV.4 Time evolution of the Rs of a 
0.5keV, 1015 cm−2 boron implant during 
annealing at different temperatures ranging 
from 750 to 900 °C subsequent to SPER 
[Aboy’06]. Experimental data (symbols) are 
taken from [Lerch’05]. 

 

Compared to bulk samples, SOI structure offers the possibility to control the deactivation 

of LT SPER activated boron. On one hand, as illustrated in Fig.III.23, part of the defect 

profile is cut off by the BOX. So the initial number of Sii is lower and the EOR density after 

SPER is lower than that in bulk [Hamilton’07, Fazzini’08, Saavedra’02]. On the other hand, 

the Si/BOX interface can also act as a defect sink (Fig.IV.1 and Fig.IV.5), competing with the 

Si top surface [Ferri’07, Aboy’07, Bazizi’10]. For both the Si top surface and the Si/BOX 

interface, the defect sinking efficiency is dependent on its distance to the EOR defects band: 

the smaller the distance is, the stronger the sinking effect will be [Hamilton’07, Bazizi’10]. 

Theoretically, by locating the EOR as close to the BOX as possible, the Sii flux flowing to the 

Si/BOX interface can be increased. As a consequence, the net Sii flux moves towards the top 

Si surface is smaller and boron deactivation get decreased. As shown in the literature, boron 

deactivation has been widely studied in the temperature range of 700 °C to 900 °C 

[Hamilton’07, Fazzini’08, Aboy’07, Bazizi’10]. 
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Fig.IV.5 Schematic of EOR defects evolution and of Sii flux for LT SPER activated boron 
on SOI during post activation anneal. Sii can flow either to the Si top surface or to the 
Si/BOX interface. In the doped region, boron is deactivated through inactive BICs 
formation with the Sii flowing to the Si top surface.  

 

However, in the case of 3D sequential integration, the temperatures of interest are much 

lower than that in the previous works. For the top FETs, the post activation anneals 

correspond to LT salicidation anneal (450 °C) and back end processing (~400 °C). For the 

bottom FETs, the maximum processing temperature is reached during LT top FET dopant 

activation (~600 °C). In this work, boron deactivation was studied between 400 °C and 

600 °C, in order to verify the possibility of using LT SPER in 3D sequential integration for 

bottom and top pFETs. Moreover, the sheet resistance of boron doped LT SPE junction will 

be analyzed to figure out the potential of using LT SPER for ultra-shallow (~10 nm) junction 

formation.  

IV.1.2.3 Arsenic deactivation mechanism 

With the continuous scaling down of device dimensions, highly doped, abrupt junctions 

are needed. Arsenic has been widely used for the fabrication of nFET, thanks to its low 

diffusivity and good solid solubility. As devices scales down, high arsenic activation is 

required to reduce the access resistance. This might be achieved by using non-equilibrium 

activation techniques (e.g. flash or laser anneal, LT SPER) [Giubertoni’10, Martinez-

Limia’08]. 
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LT SPER anneal after an amorphizing arsenic implant is a viable alternative to 

conventional spike anneal thanks to its high activation above active solid solubility and low 

dopant diffusion [Martinez-Limia’08]. In [Lietoila’80, Lietoila’81], after LT (560 °C) SPER 

anneal for 4 minutes, the concentration of active arsenic reaches 5x1020 cm-3 which is more 

than 2 decades higher than 2x1018 cm-3 (calculated according to [Nobili’99]), the solid 

solubility of electrically active arsenic in Si at 560 °C. In addition, the LT SPER activated 

arsenic atoms mainly locate in the former amorphous Si region thanks to its weak dopant 

diffusion. 

After LT SPER, in the former a-Si region, arsenic atoms exist mainly in three forms: (1) 

activated arsenic (As+); (2) inactive AsV clusters; (3) inactive SiAs precipitates 

[Giubertoni’10].  In [Martinez-Limia’08, Pichler’08], a model has been proposed to describe 

the three different forms of arsenic atoms in the previous a-Si region (Fig.IV.6):  

α<1

β>1

α<1

β>1

 
Fig.IV.6 Activation state after SPER. Csol

As+ and Csol
As,tot are the active 

solubility concentration and the solid solubility concentration for the 
SPER temperature, respectively [Martinez-Limia’08, Pichler’08]. 

(I) Active As+: its concentration is well above the limiting value for equilibrium 

conditions, which is named as the active solubility concentration (CAs+
sol).  

(II) Inactive AsV clusters: they exist for arsenic concentration above the As+, up to a 

concentration exceeding the solid solubility (α>1). 

(III) Inactive SiAs precipitates: which exist at even higher concentrations than the 

AsV clusters and As+. 

The solid solubility (Csol
As,tot) and active solid solubility of arsenic (Csol

As+) can be expressed 

by the following equations: 
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where kT is in eV [Nobili’99].  

However, as for boron after LT SPER, the highly activated arsenic by LT SPER is not 

thermally stable and will deactivate towards the active arsenic solubility at equilibrium during 

the subsequent anneals [Giubertoni’10, Nobili’99]. In [Lietoila’81], for LT SPER samples 

annealed at 570 °C for 4 minutes, an additional anneal of 36 minutes at 560 °C introduces 

24% deactivation of the initial active arsenic dose. So the deactivation of LT SPER activated 

dopants is a critical challenge for its application in nFET fabrication. For the metastable 

activated arsenic above the equilibrium solid solubility, deactivation tends to continue until 

reaching the solid solubility at thermal equilibrium. In [Nobili’99], the deactivation of the 

laser annealed arsenic is studied: High arsenic activation above 1020 cm-3 was achieved and 

the implantation induced defects ware removed by high power laser anneal. It is found that 

the deactivation of arsenic lasts for more than 160 hours during post anneal at 500 ºC towards 

the thermal equilibrium solid solubility. 

The dominant deactivation mechanism is the formation of As-Vacancy (V) clusters with 

the injection of Sii [Rousseau’98, Tsamis’05]. Theoretical studies have suggested that AsV, 

As2V, As3V, As4V, As2V2 and As3V2 all may play a role in arsenic deactivation [Harrison’04]. 

However, most of the As-Vacancy clusters exist in the form of As2V, As3V and As4V, which 

are more energetically favored [Kong’08, Skarlatos’07, Pinacho’05]. The deactivation 

mechanism can be described by the following macroscopic reaction: 

in SiVAsnAs +⇔   (Eq.IV.4) 

where n stands for the arsenic atoms participating in the clusters with values between 2 and 4 

[Tsamis’05, Skarlatos’07]. As shown in (Eq.IV.4), Si interstitials are injected during the 

deactivation, which has been experimentally reported in [Rousseau’98, Tsamis’05, 

Skarlatos’07].  
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In order to figure out the possibility of applying LT SPER activation for the fabrication 

of FDSOI nFETs, it is important to confirm that high activation of arsenic is achieved not 

only after LT SPER but also after the subsequent annealing during the further processing of 

device. However, until now, there is little study on the deactivation of LT SPER activated 

arsenic on ETSOI.  

During the LT SPER, residual EOR defects are left below the previous a-c interface and 

tend to act as a source of Si interstitials during post activation anneal. From (Eq.IV.4), it 

might be expected that the super-saturation of Si interstitials tends to make the reaction move 

backward and delay arsenic deactivation. On the opposite, if there is a lack of Si interstitials, 

the deactivation reaction might tend to move forward, resulting in the decrease of carrier 

concentration and the increase of sheet resistance. As discussed in Section.IV.2, on SOI 

samples, thanks to the defects cutting effect and defect sinking effect of BOX, by locating the 

EOR band close the BOX: less EOR defects will be formed after LT SPER and the Sii flux 

towards the Si top surface is reduced during post anneal. Does this lower Si interstitial flux 

enhance the arsenic deactivation on SOI compared to bulk? Does arsenic deactivation limit 

the application of LT SPER? 

In the following sections, we will compare the sheet resistances of boron/arsenic doped 

junctions by LT SPER and conventional HT process, to figure out the possibility of using LT 

SPER to replace conventional HT process. Also we will analyze the influence of Si/BOX 

interface on the deactivation of LT SPER activated arsenic during the post activation anneal 

between 400 °C and 600 °C, to study the possibility for using SPER for the fabrication of top 

and bottom nFETs in 3D sequential integration. Boron and arsenic will be discussed in 

section IV.2 and IV.3, respectively. 

IV.2 Boron activation and deactivation: Experiment and results 

IV.2.1 Experiment 
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Fig.IV.7 Schematic representation of the experimental P splits with Ta-Si the 
amorphized Si thickness and Tseed the residual crystalline Si layer(which will 
act as a seed layer during the following SPER anneal). 

 
SOI wafers with a BOX of 145 nm and different Si thickness (Tsi) are used in the 

experiment. Different pre-amorphization implantations are used to achieve different 

amorphous Si thickness (Ta-si) and seed thickness (Tseed). The splits are schematically 

summarized in Fig.IV.7. For LT SPER activated splits, the EOR defects are located just 

below the a-c interface, so the distance from the top of EOR band to the BOX (TEOR_BOX) can 

be approximated taken as Tseed.  

To compare boron activation between LT SPER and HT spike anneal, samples of type (a) 

were fabricated (Fig.IV.7). In spike split, BF2 (9 kev/1x1015 cm-2) is implanted. In SPER split, 

a 1x1015 cm-2 dose of Ge was implanted at 11 kev, to pre-amorphize 20 nm Si. In order to 

obtain the same as-implanted boron profile as spike split, boron (2 kev/1x1015 cm-2) was 

implanted for SPER split. Then the samples were activated by either LT SPER (600 °C for 

1 min in N2) or HT spike (1050 °C). 

To study the thermal stability of LT activated dopants and its dependence on the distance 

between the EOR defects layer and the BOX, experiments were carried out on SOI samples 

(Fig.IV.7-(b)), with three different Si thicknesses (1240 nm, 20 nm, and 15 nm). To pre-

amorphize 10 nm Si, Ge (4 kev/1x1015 cm-2) was implanted, followed by boron implant 

(1 kev/1x1015 cm-2). As shown in Fig.IV.7-(b), there are three different crystalline Si seed 

thicknesses (1230 nm, 10 nm and 5 nm). LT SPER anneal is applied to activate the boron 

atoms. All the samples were post-annealed in N2. Different temperatures (400 °C, 500 °C, 

600 °C) and anneal durations (0, 2, 10 hours) have been experimented.  
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The sheet resistance (Rs) of each sample was measured by four point probe method. 

Moreover, active dopant dose and carrier mobility were extracted independently from Hall 

measurements. 

IV.2.2 Boron activation study 

Post Anneal: NO 400°C/2h  500°C/2h 600°C/2hPost Anneal: NO 400°C/2h  500°C/2h 600°C/2h  
Fig.IV.8 Rs comparison of LT SPER and HT spike 
activation for the same as-implanted boron profile. In LT 
SPER split, 20 nm of Si was pre-amorphized on 25 nm SOI. 

 

The Rs values of SPER and spike activated samples are compared in Fig.IV.8. It is 

shown that, in both the initial activated and post annealed samples, LT SPER samples of 

group (a) always show lower Rs than HT spike samples. Our implant condition is close to the 

LDD implant in standard FDSOI device, and we can conclude that LT SPER can provide 

similar or even slightly lower sheet resistance as the standard HT process at CEA-LETI. In 

conventional HT process, BF2 is implanted, and the boron profile is overlapped to that of F, 

boron tend to form clusters with F and become deactivated [Cowern’05, Harrison’07].  

 

For one of the samples in group (b), 10 nm was pre-amorphized on 15 nm SOI (Fig.IV.7-

(b)). From Hall Effect measurement, the active boron dose is about 3.3x1014 cm-2, and the 

average active boron concentration value is around 2x1020 cm-3, which is in accordance with 

the literature [Jain’04]. To conclude, for the fabrication of ultra-shallow junction, LT SPER 

Boron is suitable for the fabrication of FDSOI pFETs. 
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IV.2.3 Boron deactivation study 

To analyze boron deactivation, Rs values before and after post activation anneals were 

compared. In Fig.IV.9, sheet resistance values are plotted as a function of post activation 

anneal duration at 400 °C and shown to be stable at this temperature. This means that the 

access resistance of LT top pFETs in 3D sequential integration is stable through the back end 

process. 

Fig.IV.9  Sheet resistance evolution of 
boron doped junction as a function of anneal 
time at 400 ºC. Boron is shown to be stable 
at this temperature. 

Fig.IV.10 Sheet resistance evolution of boron 
doped junction as a function of anneal time at 
500 °C. During the initial phase of anneal, Rs 
increases for TEOR_BOX =1230 nm and 10 nm, 
whereas it decreases for TEOR_BOX=5 nm. 

 

However, at 500 °C, it is shown in Fig.IV.10 that an increase of Rs is observed during 

the first 2 hours of the post anneal for high TEOR_BOX (1230 nm and 10 nm) samples, while a 

decrease was observed for the low TEOR_BOX (5 nm) samples. To gain more insight on this 

phenomenon, Fig.IV.11 plots Rs as a function of anneal temperature for the same 2 hours 

duration. For TEOR_BOX=1230 nm or 10 nm, Rs starts to increase with anneal temperature 

above 500 °C. In contrast, for TEOR_BOX=5 nm, smaller Rs values can be reached after a post 

activation anneal at 500 °C or 600 °C for 2 hours.  
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Fig.IV.11 For boron doped junctions by LT 
SPER activation, sheet resistance evolution 
with boron doped junction with 2 hours 
annealing. Above T=500 °C, Rs start to 
increase with T for TEOR_BOX=1230 nm or 
10 nm, while it decreases slightly for 
TEOR_BOX=5 nm. 

Fig.IV.12 For boron doped junctions by LT 
SPER activation, the active dose and carrier 
mobility extracted from Hall effect tests and 
plotted as a function of post activation anneal 
temperature (annealing time t=2hours). 

 

Indeed, sheet resistance can be expressed by [Cristiano'04]: 

( ) ( )∫
= Xj

0
dxxCxμq

1Rs         (Eq.IV.5) 

where Xj is the junction depth, C(x) the carrier concentration along depth direction x, µ(x) the 

concentration dependent carrier mobility and q the electronic charge. According to (Eq.IV.5), 

Rs reduction can result from either higher carrier concentration or higher carrier mobility. 

To distinguish between the two possible causes of Rs variation, Hall Effect 

measurements were performed to extract active dose Ns and carrier mobility µ (Fig.IV.12). 

For TEOR_BOX=5 nm, higher Ns and slightly lower μ were observed after anneal at 500 °C or 

600 °C for 2 hours. The higher Ns is an indication of boron reactivation. Our interpretation is 

that low TEOR_BOX samples benefit from two phenomena (Fig.IV.13): (i) the initial EOR 

defects density is lower than that of thicker samples due to the defects profile cutting effect of 

BOX, and (ii) EOR defects are located closer to the BOX, so that the sinking effect of 

Si/BOX interface is stronger than that of Si top surface. As a result, most Sii are absorbed by 

the BOX, and the concentration of Sii is decreased. As a consequence, the boron deactivation 

reaction (Eq.IV.1) is reversed, and boron get reactivated.  
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Fig.IV.13 For the same pre-amorphization, Sii flux during post anneal 
on LT SPER boron samples with high (a) and low TEOR_BOX (b). 

 

As TEOR_BOX=5 nm corresponds to the LDD implant in our LT FDSOI process, we can 

conclude that LT boron SPER activation is compatible with the fabrication of top and bottom 

FDSOI pFETs in LT 3D sequential integration. Compared to boron deactivation on thick TSi 

samples, FDSOI offers one solution to overcome the challenge of boron deactivation, which 

is challenging for the LT fabrication of scaled pFETs. 

IV.3 Arsenic activation and deactivation: Experiment and results 

IV.3.1 Experiment 

Schematic plots of N splits are summarized in Fig.IV.14. Same as boron splits discussed 

in the section above, SOI wafers with 145 nm BOX and different Si thickness (TSi) are used in 

the experiment. In group (a), arsenic (10kev/1E15cm-2) implantations are used for Ta-si=20 nm. 

While in group (b), for Ta-si=10 nm, arsenic self-amorphization (4kev/1E15cm-2) is used. Then 

the samples are activated by either LT SPER (600 °C/1min/N2) or spike (1080 °C). After 

activation, to study the thermal stability of the activated dopants, the samples are post-

annealed at 400/500/600 °C for 2h and 400/500 °C for 10h in N2. 
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Fig.IV.14 Schematic representation of the experimental N splits 
with Ta-Si the amorphized Si thickness and Tseed the residual 
crystalline Si layer(which will act as a seed layer during the 
following LT SPER anneal). 

 

IV.3.2 Arsenic activation: LT SPER versus spike 
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Fig.IV.15 Rs comparison of LT SPER and HT spike activation 
for samples with the same arsenic implantation. 20 nm of Si 
was pre-amorphized on 25 nm SOI. 

 

In Fig.IV.15, the sheet resistance values of LT SPER and spike activated samples are 

compared, before and after different post activation anneals. It is found that the sheet 

resistance of LT SPER and HT spike samples are similar, both just after the activation (no 

post anneal) and after post activation anneals. Since this implant condition is close to the LDD 

implant in standard FDSOI nFETs, and we can conclude that LT SPER can provide similar or 
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even slightly lower sheet resistance as the standard HT FDSOI nFETs process at CEA-LETI. 

LT SPER activation of arsenic is applicable for the fabrication of FDSOI nFETs in 3D 

sequential integration.  

IV.3.3 Deactivation of LT SPER arsenic on SOI 

For LT SPER activated arsenic, as shown in Fig.16, it is found that arsenic is stable at 

400 °C. So LT SPER activated arsenic is suitable for the fabrication of top nFETs, for it can 

survive to the back end process of top FET. However, for post activation anneal at 500 °C 

(Fig.IV.17), Rs increases with anneal duration which indicates dopant deactivation. In 

addition, it is observed that the deactivation increases with anneal temperature (Fig.IV.17). 

Fig.IV.16 Rs of arsenic doped junction as a 
function of post activation anneal time at 
400 ºC. Arsenic is stable at 400 ºC. 

Fig.IV.17 Rs as a function of post activation 
anneal time at 500 ºC. Rs increases with 
anneal duration. 

 

Also, from Fig.17 and Fig.IV.18 it is found that Rs increase is even higher for the case of 

lower TEOR_BOX. This might be interpreted by the fact that arsenic deactivation is caused by 

the formation of AsV clusters with the emission of Si interstitials. On samples with lower 

TEOR_BOX: (I) the initial EOR defects density is lower thanks to the stronger defects cutting-off 

effect; (II) the concentration of Si interstitial is even lower due to the stronger defect sinking 

effect of the Si/BOX interface. As a consequence, the arsenic activation reaction (Eq.IV.4) 

might tend to move in the forward direction and arsenic deactivation is enhanced on samples 

with smaller TEOR_BOX. 
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Fig.IV.18 For As doped junction activated with LT SPER, from T=500 °C, 
Rs increases with T, for the same anneal duration of 2 hours. 

We can conclude that LT SPER activated arsenic are not stable during post anneal at 

500-600 ºC. In contrast with boron, on ETSOI samples, deactivation of LT SPER activated 

arsenic is enhanced. However, as shown in Section.IV.3.2, we still managed to achieve 

similar sheet resistance in LT SPER samples and standard HT process, which allows us to use 

LT SPER in 3D sequential integration for FDSOI nFETs on both the top and bottom layers in 

3D sequential integration. 
 

IV.4 Conclusions 

In this Chapter, to gain insight on the possibility the activation and thermal stability of 

LT SPER activated dopants (both boron and arsenic) is compared to that of conventional HT 

processes. 

For boron:  

It is found that the LT SPER activated boron is stable at 400 °C and suitable for the 

fabrication of top FDSOI pFETs in 3D sequential integration. 

Based on the analysis of Rs result and Hall effect test results, we can conclude that, for 

the application of LT SPER on SOI, boron deactivation are well controlled and boron 

reactivation is observed after 500 °C/600 °C anneal for 2 hours. This is obtained by locating 

the EOR band as close to the Si/BOX interface as possible: the Sii cutting off effect of BOX 
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and strong defect sinking effect of the Si/BOX interface is enhanced, which help to well 

control boron deactivation and make reactivation to be the dominant reaction. 

In addition, for the implantation into 25 nm SOI structure, which is similar to the LDD 

implant in FDSOI: it is observed that the sheet resistance of LT SPER activated junction is 

similar to that of conventional spike activated junction, both initially after the activation 

anneal and after post activation anneal between 400 °C and 600 °C.  

So we can conclude that LT SPER activated boron is suitable for the fabrication of both 

top and bottom FDSOI pFETs in the 3D sequential integration scheme. 

 

For arsenic: 

Unlike boron, since arsenic is deactivated through the formation of As-Vacancy clusters, 

arsenic deactivation can not be reduced by reducing TEOR_BOX and even higher arsenic 

deactivation is observed for smaller TEOR_BOX.  

However, considering the activation of arsenic in the case of FDSOI application, LT 

SPER activated junctions show similar sheet resistance as that of conventional spike activate 

junctions, both initially after the activation anneal and after the post activation anneal in the 

temperature range between 400 °C and 600 °C. So the LT SPER activated arsenic can be 

applied for the fabrication of bottom and top FDSOI nFETs in the 3D sequential integration 

scheme. 



Chapter V: Conclusions and perspectives 

~ 90 ~ 
 

Chapter V : Conclusions and perspectives 
V.1 Conclusions 

3D sequential integration with wafer bonding of top active layer is the only solution to 

make full use of the third dimension. It can help to reduce the length of interconnection wire, 

RC delay and power dissipation. It also allows independent optimization of top and bottom 

transistors for improving system performance.  

However, LT (<600 °C) process is mandatory for the fabrication of top FET. Low 

temperature solid phase epitaxial regrowth is an interesting candidate for dopants activation 

thanks to its following advantages: (1) High dopants activation level above the solid solubility 

limit at thermal equilibrium; (2) Abrupt and ultra-shallow junctions induced by its low 

diffusion; (3) Its low thermal budget broadens the choice of materials for metal gate work 

function tuning. 

So, it is interesting to apply the LT SPER activation technique for the fabrication of 

FDSOI devices on both the bottom and the top layers in 3D sequential integration scheme. 

However, it is also very challenging. In this thesis, we have reviewed the challenges and 

found the solutions to overcome the main challenges. 

In Chapter II, the mechanism and properties of LT SPER anneal is firstly reviewed. 

Then, we focused on solving two of the challenges for its application for FDSOI FETs. 

(I) Preventing full pre-amorphization of active layer: Crystalline seed layer is 

necessary for successful recrystallization of the previous amorphized layer. For 

FDSOI, the active layer is very thin, integration scheme and implant conditions 

should be optimized. In our work, the following two ways were successfully 

applied to avoid the full amorphization of the thin active Si layer of FDSOI 

devices: (a) LDD implant is carried out after the epitaxy of raised source and 

drain; (b) Accurate prediction of implant energy by KMC simulation. 

(II) Preventing LDD to gate underlap: Due to the low diffusion of LT SPER, LDD 

and gate might be underlapped, the access resistance and device performance 

might be degraded. The modification of LDD implant tilt is expected to be an 

efficient way to adjust the LDD to gate overlap. In our work, similar 
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performances are achieved on LT and HT devices with short gate length 

(LG=30 nm). Similar IOFF-ION and SCE control can be achieved by optimizing 

the LDD implant tilt. 

(1) For LT FDSOI nFETs, the LDD implant tilt does not need to increase. 

With the same LDD implant of 20 º, similar IOFF-ION and SCE 

control are achieved. Thanks to the low thermal budget of LT SPER 

activation, it is found that the regrowth of interfacial SiO2 at the 

boundary of gate to channel interface is well controlled. This helps to 

improve the device performance of small scale devices in LT process. 

However, higher interface state density is found in LT SPER process.  

(2) For pFETs with 8 nm first spacer and a SiGe “mushroom” on top of 

gate, a higher LDD implant tilt of 30° is required for similar device 

performance of LT and HT pFETs. For further optimization, LT SiGe 

epitaxy with high selectivity is mandatory to whittle the shadow effect 

of gate stack. Consequently, the optimized LDD tilt required for LT 

pFET might be lower than 30 º. In addition, LT splits show higher mean 

value of Dit which mainly locate close to the conduction band. 

In addition, it is observed that the LT SPER activation might help to avoid the problem of 

effective work function migration during HT activation. This allows us to broaden the choice 

of metal gate materials for work function tuning of different applications.  

In Chapter III, the possible mechanisms of GIDL current are firstly reviewed. Then the 

experimental observation and possible causes of 1.5 decades higher GIDL current of LT 

SPER devices on thick SOI (25 nm) are introduced: higher trap assisted tunneling due to the 

higher EOR defects density or higher band to band tunneling due to the abrupt junction. It is 

important to distinguish the mechanism responsible for the leakage increase of LT activated 

devices. To do this, one interesting way is to extract GIDL parameter B, which is dependent 

on the effective band gap of Si. And smaller B vale is expected for trap induced leakage. 

Then, the limits of traditional mechanism analysis of GIDL are reviewed: the lack of 

accurate model of GIDL current and the inaccurate calculation of electric field. An improved 

approach is proposed for GIDL mechanism analysis, overcoming the limitations of traditional 

method by experimental determination of the electrical field. To properly apply the new 
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approach for GIDL analysis to FDSOI devices, a detailed methodology for proper extraction 

conditions has been proposed: ID(VG, T), IS(VG, T) and IG(VG, T) curves are used to identify 

the devices, bias ranges and temperatures for which the GIDL current is dominated by 

tunneling and the contribution of gate leakage is neglectable. 

For devices on 25 nm SOI, using the new approach with the methodology proposed it is 

found that the high GIDL current of LT transistors is due to the residual EOR defects. 

Compared to HT devices, lower B value is observed on LT devices, which indicates that the 

effective band gap is reduced due to the existence of residual EOR defects which attribute to 

the GIDL generation. 

To reduce the EOR defects density and the GIDL leakage of LT SPER transistors on SOI, 

extremely thin SOI is demonstrated to be an efficient way. On extremely thin SOI, the defect 

cutting off effect and defect sinking effect of BOX can be enhanced, the density of residual 

EOR defects is much lower than that on thick SOI. Same IDmin performance has been achieved 

on LT/HT nFETs with 6 nm SOI. Extraction of the GIDL parameter B is consistent with IDmin 

reduction in LT SPER devices. B value of LT SPER activated devices on ETSOI (6 nm) is 

much higher than for 25 nm SOI, which indicates the higher effective band gap and lower 

EOR defect density on ETSOI. 

In Chapter IV, the activation and thermal stability of LT SPER activated boron and 

arsenic is studied. To confirm whether LT SPER activation is compatible with the 3D 

sequential integration scheme, we explored the deactivation of LT SPER activated dopants in 

the temperature range of 400 °C to 600 °C.  

Considering the thermal stability of LT SPER activated dopants on SOI samples: 

For boron, it is found that by locating the EOR band as close to the Si/BOX interface as 

possible, boron deactivation is well controlled and boron reactivation is observed after 

500 °C/600 °C anneal for 2 hours. On one hand, the EOR defects density is lower thanks to 

the Si interstitial cutting off effect of BOX. On the other hand, the defect sinking effect of the 

Si/BOX interface is stronger, which helps to limit the boron deactivation and to make 

reactivation to be the dominant reaction.  
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On the contrast, since arsenic is deactivated through the formation of As-Vacancy 

clusters, arsenic deactivation can not be reduced by reducing TEOR_BOX and slightly higher 

deactivation is observed for smaller TEOR_BOX.  

However, in the case of FDSOI source drain fabrication, for both boron and arsenic, it is 

observed that the sheet resistances of LT SPER and HT activated junction are similar, both 

initially after the activation anneal or after the post activation anneals at different temperatures 

between 400 °C and 600 °C. So LT SPER appears to be suitable for the fabrication of both 

bottom and top FDSOI transistors. 

V.2 Perspectives 

Based on the working experience of the author, future works in the following aspects are 

proposed, for the goal of applying LT SPER for the fabrication of sub-22nm devices: 

(I) Considering the gate stack: Higher interface state density has been observed in 

the LT splits. To further improve the performance of LT SPER activated devices, 

it is necessary to improve the quality of gate to channel interface in LT process. 

Further optimization of forming gas anneal (higher pressure/longer duration or 

pure H2) are interesting. This is very critical for achieving LT fabricated devices 

with good reliability. In addition, there is lack of research about VTH tuning with 

different metal gate materials in LT process for different applications. This can 

help to optimize the systemic performance of 3D sequential integration, e.g. 

matched VTH of nFET and pFET are critical to ensure good static noise margin 

performance of SRAM. 

(II) Considering junction profile: On LT SPER activated nFETs, surprisingly, it is 

found that LT S/D are overlapped to gate without increasing the LDD tilt, 

compared to that in HT process. This might be caused by the transient enhanced 

diffusion of arsenic towards the channel? It is very interesting to quantify the 2D 

dopant profile. Also, accurate TCAD simulation of LT SPER processed 

MOSFET is interesting for offering guideline to optimize process parameters. 
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(III) Considering LT FDSOI pFETs, to ensure high hole mobility and low device 

leakage, optimization of LT SiGe RSD epitaxy with high selectivity is required 

for high quality of the interface between SiGe RSD and Si channel. 
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Résumé en français 

Chapitre I: Introduction 
L'augmentation de densité d'intégration des technologies CMOS est vitale pour 

poursuivre le développement des circuits intégrés (IC). Cependant, la réduction des 

dimensions du transistor MOS se heurte à l'augmentation des effets canal court (SCE, pour 

Short Channel Effects), à l'allongement des délais d'interconnexion et à la croissance des coûts 

de production. Un bon moyen de remédier à ces défis et de poursuivre la loi de Moore serait 

l'intégration 3D, qui consiste à empiler les composants les uns au dessus des autres. 

Nous expliquons comment une intégration 3D séquentielle, mettant en jeu une technique 

de collage de plaques pour réaliser la couche active supérieure, est la seule solution pour tirer 

pleinement parti de la troisième dimension. Elle peut aider à réduire la longueur des lignes 

d'interconnexions, les constantes de temps RC associées et la dissipation de puissance. Elle 

permet également d'optimiser indépendamment les transistors supérieur et inférieur pour 

améliorer les performances du système. 

Toutefois, avec cette approche, il est indispensable d'utiliser des procédés de fabrication 

à basse température (<600 °C) pour fabriquer les transistors de la couche supérieure. La 

recroissance épitaxiale en phase solide (SPER, pour Solid Phase Epitaxial Regrowth) à basse 

température (LT) est une technique intéressante pour l'activation des dopants. Elle présente 

les avantages suivants: (1) bonne activation des dopants, au-dessus de la limite de solubilité 

solide à l'équilibre thermique, (2) faible diffusion des dopants permettant la réalisation de 

jonctions abruptes ultra fines; (3) faible bilan thermique, élargissant le choix des matériaux 

pour l'ajustement du travail de sortie de la grille métallique. 

En raison de ses propriétés spécifiques, les principaux défis posés par l'utilisation de la 

technique LT SPER pour la fabrication de transistors SOI totalement désertés (FDSOI) sont 

les suivants: 

(1) En cas d'amorphisation complète du film SOI, il peut être impossible de recristalliser 

correctement la couche amorphe pendant le recuit SPER à basse température;  
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(2) Du fait de la fable diffusion des dopants pendant l’activation SPER à basse température, il 

peut être nécessaire de redimensionner les étapes de réalisation des régions dopées de 

source/drain pour assurer leur recouvrement par la grille, sous peine de dégrader la 

résistance d'accès et la performance ION du transistor;  

(3) En raison de la raideur des jonctions ou de la présence de défauts résiduels, on risque 

d'observer de forts courants de fruite, et en particulier du GIDL (pour Gate Induced Drain 

Leakage, fuite de drain induite par la grille); 

(4) Les dopants activés par LT SPER ne sont pas dans des états thermodynamiquement 

stables et tendent à se désactiver lors des recuits ultérieurs. La désactivation peut en outre 

être renforcée par la présence résiduelle de défauts d'implantation enterrés (défauts EOR, 

pour End Of Range) non recuits. 

Dans ce travail, nous avons cherché à résoudre les quatre défis ci-dessus. 

Chapitre II: Optimisation des transistors FDSOI activés à basse 

température 
Dans ce chapitre, nous rappelons les mécanismes mis en jeu pendant le recuit LT SPER. 

Nous nous concentrons ensuite sur la résolution des deux premiers défis mentionnés plus haut 

pour l'application de cette technique à la fabrication de transistors FDSOI. 

(I) Pré-amorphisation de la couche active: En FDSOI, la couche active est très mince. La 

méthodologie d'intégration et les conditions d'implantation doivent être optimisées pour 

en éviter l'amorphisation complète. Dans notre travail, nous avons combiné avec succès 

les deux méthodes suivantes: (a) l'implantation LDD est effectuée après l'épitaxie des 

source et drain surélevés; (b) l'énergie d'implantation est prédite avec exactitude par 

simulation KMC (Kinetic Monte-Carlo). 

(II) Recouvrement de grille: l'objectif est d'assurer le recouvrement des zones de source et 

drain par la grille.. L'ajustement de l'angle d'implantation LDD (pour Lightly Doped 

Drain, zones faiblement dopées de source et drain) devrait être un moyen efficace pour 

régler le recouvrement de grille. Dans notre travail, nous avons obtenu des 

performances similaires pour des composants LT et HT à grille courte (LG=30 nm). 

L'optimisation de l'angle d'implantation LDD permet d'atteindre des performances 

similaires en termes de compromis IOFF-ION et de contrôle des effets de canal court. 
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(1) Pour les transistors nFET FDSOI activés à basse température, il n'est pas 

nécessaire d'augmenter l'angle d'implantation LDD. Avec la même implantation 

LDD à 20º, on atteint des IOFF-ION et un contrôle SCE similaires à basse et haute 

température (Fig.1 et Fig.2). L'analyse détaillée des résultats a permis d'identifier 

la raison de ce résultat inattendu. On constate que, grâce à son faible bilan 

thermique, l'activation SPER, permet de mieux contrôler la recroissance de SiO2 

à l'interface entre canal et diélectrique de grille. Cela contribue à améliorer les 

performances des dispositifs à grille courte réalisés à basse température. 

Cependant, on obtient des densités d'états d'interface plus élevées avec le 

procédé LT SPER. 

  

Fig.1 Compromis IOFF-ION pour les nFETs, 
de largeur W=10 μm, et de longueur de 
grille LG comprise entre 30 nm et 10 µm. A 
courant IOFF donné, de 10-9 A/µm, ION est 
environ 10% plus grand dans les nFETs LT 
que dans les nFETs HT. 

Fig.2 Dérive du DIBL à faible longueur de 
grille pour les nFETs LT et HT. W=10 μm. 
Pour un même angle d'implantation de 20 º, 
on obtient des courbes DIBL-LG similaires 
pour les deux types de transistors. Pour les 
dégroupages à basse température, la 
caractéristique DIBL-LG est dégradée par 
l'utilisation d'un angle d'implantation de 30 º, 
ce qui est le signe d'un recouvrement de grille 
plus important (canal plus court). 

 

(2) Pour les transistors pFET, qui avaient été réalisés avec un premier espaceur de 

8 nm de largeur, et présentaient une excroissance SiGe en forme de champignon 

sur le dessus de la grille, un angle d'implantation LDD de 30° a été nécessaire 

pour obtenir des transistors pFET LT présentant des performances similaires aux 

pFETs HT. Pour poursuivre l'optimisation, il sera nécessaire de recourir à une 

épitaxie à basse température de SiGe, avec une sélectivité plus grande que dans 

le procédé actuel, afin de limiter l'effet d'ombrage de l'empilement de grille. 

L'angle optimal d'implantation LDD des pFETs LT pourra alors être 
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éventuellement inférieur à 30º. Par ailleurs, pour les transistors LT, on a obtenu 

une densité d'états d'interface (Dit) supérieure, principalement localisée près de la 

bande de conduction. 

En outre, on a constaté que l'activation LT SPER pourrait aider à éviter le problème de la 

migration du travail de sortie effectif vers le milieu de la bande interdite qui est observée lors 

de l'activation HT. Cela nous permet d'élargir le choix des matériaux pour le réglage du travail 

de sortie de la grille métal, en fonction des applications. 

Chapitre III: Optimisation du GIDL dans les transistors activés à basse 

température 
Dans ce chapitre, nous passons d'abord en revue les mécanismes susceptibles de 

provoquer l'apparition d'un courant de fuite GIDL. Les résultats expérimentaux font apparaître 

un courant GIDL plus grand de 1,5 ordres de grandeur dans les transistors réalisés par SPER 

LT sur SOI épais (25 nm). Nous en analysons les causes possibles: augmentation du courant 

tunnel assisté par pièges en raison de la densité de défauts EOR plus élevée ou augmentation 

du courant tunnel bande à bande en raison de la jonction abrupte. Il est important d'identifier 

le mécanisme responsable de cette augmentation des fuites dans les dispositifs LT. Pour ce 

faire, une technique intéressante consiste à extraire l'un des paramètres du courant GIDL, le 

paramètre B (équation Eq.III.1 de la page 54), qui dépend de la largeur de bande effective de 

silicium. Un courant tunnel assisté par pièges se traduit par une plus petite valeur de B. 

Ensuite, les limites de l'analyse traditionnelle du mécanisme de GIDL sont examinées: 

manque de précision du modèle de courant et calcul imprécis du champ électrique. Une 

méthodologie détaillée a été mise en place pour déterminer les conditions d'extraction 

appropriées: dans le cas des composants FD-SOI, l'ensemble des courbes ID(VG, T), IS(VG, T) 

et IG(VG, T) sont utilisées pour identifier les composants, plages de tension et gammes de 

température pour lesquels le courant de fuite de drain est dominé par le courant GIDL et la 

fuite directe de grille est négligeable. Nous proposons pour l'analyse du mécanisme de GIDL 

une approche améliorée qui surmonte les limites de la méthode traditionnelle pour la 

détermination expérimentale du champ électrique. 
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Pour les dispositifs sur SOI 25 nm, la nouvelle méthodologie proposée montre que le 

courant GIDL élevé observé dans les transistors LT est dû à des défauts EOR résiduels. Par 

rapport aux dispositifs HT, on extrait pour B des valeur inférieures dans les composants LT 

(Fig. 3), ce qui indique que la largeur de bande effective est réduite en raison de l'existence de 

défauts EOR résiduels qui contribuent à la génération GIDL. 
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Fig.3. Extraction du paramètre B du courant 
GIDL pour des transistors nFETs HT et LT 
présentant des épaisseurs de canal (épaisseur 
du film SOI) différentes. 

Fig.4. Fonction de répartition du courant de 
drain minimum IDmin pour des transistors 
nFETs HT et LT sur film SOI de 6 nm 
d'épaisseur. 

 

Pour réduire la densité de défauts EOR et le courant de fuite GIDL des transistors 

activité par LT SPER, l'utilisation de films SOI extrêmement minces SOI s'avère un moyen 

efficace. Sur SOI très mince, l'oxyde enterré coupe une partie de la distribution des défauts 

ponctuels générés lors de l'implantation et joue le rôle de surface recombinante pour les 

défauts pendant les recuits. La densité de défauts EOR résiduels qui en résulte est 

significativement plus faible que sur SOI épais. De fait, sur des films SOI de 6nm d'épaisseur, 

il a été possible d'atteindre les même performances en termes de courant IDmin pour des NFET 

LT et HT (Fig.4). La valeur extraite pour le paramètre B du GIDL est compatible avec la 

réduction de IDmin pour ces dispositifs SPER LT sur SOI mince. En effet, la valeur de B 

extraite pour les dispositifs LT activés par SPER sur ETSOI (6 nm) est beaucoup plus grande 

que pour un SOI épais de 25 nm (Fig. 3). Cette valeur plus élevée de B est le signe d'une plus 

grande largeur de bande effective et d'une plus faible densité de défauts EOR sur ETSOI. 
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Chapitre IV: Désactivation des dopants activé par LT SPER 
Dans ce chapitre, nous étudions l'activation et la stabilité thermique du bore et de 

l'arsenic après activation par LT SPER. Pour vérifier si l’activation LT SPER est compatible 

avec le schéma d'intégration 3D séquentielle, nous avons exploré la désactivation des dopants 

activés par LT SPER dans une gamme de température allant de 400 °C à 600 °C, plus faible 

que celle généralement étudiée dans la littérature, mais qui est celle pertinente pour notre 

technologie. 

En ce qui concerne la stabilité thermique des dopants activés par LT SPER sur des 

échantillons SOI, nous avons obtenu les résultats suivants: 

Pour le bore, on constate qu'en localisant la zone de défauts EOR aussi près que possible 

de l'interface Si / BOX, la désactivation du bore est bien contrôlée. On peut même observer 

une réactivation pour des recuits de 2 heures à des températures supérieures à 500 °C-600 °C 

(Fig.5). L'explication proposée est la suivante. D'une part, la densité de défauts EOR est 

inférieure du fait que le BOX tronque la distribution spatiale des atomes Si interstitiels. 

D'autre part, l'effet recombinant de l'interface Si/BOX est d'autant plus fort que cette interface 

est proche des défauts EOR, favorisant ainsi le flux des interstitiels vers le BOX plutôt que 

vers la surface supérieure de la zone dopée. Sachant que le mécanisme principal de 

désactivation du bore est lié à la formation d'agglomérats bore-interstitiel (BIC, pour Boron 

Interstitial Clusters), on comprend que cette modification de la direction du flux d'interstitiels 

permet de limiter la désactivation du bore, voire de le réactiver. 

En revanche, l'arsenic est désactivé par la formation d'agglomérats As-lacune. De ce fait, 

la désactivation d'arsenic ne peut pas être réduite en diminuant la distance TEOR_BOX entre 

défauts EOR et BOX. On observe une désactivation légèrement plus élevée pour les petits 

TEOR_BOX (Fig.6). 
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Fig.5 Résistivité (en Ω/carré) pour une 
jonction dopée bore, activée par SPER LT 
puis recuite pendant 2h à différentes 
températures. 

Fig.6 Résistivité (en Ω/carré) pour une 
jonction dopée As, activée par SPER LT puis 
recuite pendant 2h à différentes températures. 
L'abscisse à l'origine correspond à la 
résistivité après activation. 

Dans tous les cas, tant pour le bore que pour l'arsenic, on observe que la résistance de 

couche mesurée pour des jonctions source/drain FD-SOI activées par SPER LT est similaire à 

celle obtenue par activation HT, aussi bien au début, juste après le recuit d'activation, qu'après 

des recuits post-activation à différentes températures entre 400°C et 600°C. En conséquence, 

la SPER LT semble convenir pour la fabrication des transistors FDSOI des couches inférieure 

et supérieure. 

Chapitre V: Conclusions et perspectives 
L’activation à basse température est prometteuse pour l’intégration 3D séquentielle, où le 

bilan thermique du transistor supérieur est limitée (<650 °C) pour ne pas dégrader le transistor 

inférieur, mais aussi dans le cas d’une intégration planaire afin d’atteindre des épaisseurs 

équivalentes d'oxyde (EOT) ultra fines et de contrôler le travail de sortie de la grille sans 

recourir à une intégration de type « gate-last ». Dans ce travail de thèse, l’activation par 

recroissance en phase solide (SPER) a été étudiée afin de réduire le bilan thermique de 

l’activation des dopants.  

L’activation à basse température présente plusieurs inconvénients. Les travaux 

précédents montrent que les fuites de jonctions sont plus importantes dans ces dispositifs. 

Ensuite, des fortes désactivations de dopants ont été observées. Troisièmement, la faible 



Résumé en français 

~ 102 ~ 
 

diffusion des dopants peut rendre difficile la connexion des jonctions source et drain avec le 

canal.  

Nous avons montré que, dans un transistor FDSOI, l’augmentation des fuites de jonction 

et la désactivation du bore peuvent être évités grâce à la présence de l’oxyde enterré. De plus 

les conditions d’implantation ont été optimisées et les transistors activés à 650 °C atteignent 

les performances des transistors de référence.  

Enfin, les perspectives d'optimisation que nous proposons pour la suite de ce travail 

concernent notamment la qualité de l'interface, l'optimisation du profil de jonction et 

l'utilisation d'une épitaxie de SiGe à basse température pour réaliser les source et drain 

surélevés.
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