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“The man who goes farthest is generally the one
who iswilling to do and dare. The sure-thing boat
never gets far fromshore.”

Dale Carnegi
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Introduction to Chapter |

The purpose of this chapter is to present the lhsory of Metal-Oxide-Semiconductor Field
Effect Transistor (MOSFET) electrical behavior dahd principles of its functioning. The main general
concepts and parameters of the field are introduced

The first part is dedicated to the geometric desiom of the device itself as well as its
functioning. Starting from a description of the MEEST as an ideal switch, more realistic elements are
then added step by step leading to an accuratesepation of its modes of operation.

The second part focuses on the miniaturizatiordtodserved in the microelectronic devices from
its original formulation to its practical implematibn. The issues arising from reaching ultra-
aggressively scaled devices are also presented.

Finally, the last three sections are an introdunctibthe thesis work presented in this manuscript:
tackling the contact resistance issue. These palitde respectively dedicated to present the theor
behind the contact resistance, to introduce thex@iena occurring at the real metal/semiconductor

interfaces and finally to present the state-ofdhezoncerning contact resistance engineering.

15
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1.1 Operative principle of MOSFET for digital logic

In this part, the basic electrical behavior of a #®ET is described. The first section focuses on
the ideal operation of such device in order to givguick overview of the main transfer charactesst
and equations. In the second and third sectiontdiifons arising from the MOSFET switching physics
in itself as well as its practical integration aliscussed. Finally the last section presents netmn

dynamical performance evaluation.

1.1.1 Basic ideal MOSFET operations

As its name suggests, the fundamental stack oMEDSFET (Metal-Oxide-Semiconductor Field
Effect Transistor) is composed of three main elésmérhe first is a semiconductor (e. g. Si, Ge,dA6)
where a current of electric carriers can take platese carriers travel between two reservoiredall
source and drain via a path called channel. The sfahis channel, open or closed, is controllgdb
field effect [Lilienfeld_192%. This field arises from the bias of an elemenlechgate which consists in
a metallic electrode separated from the channal dhglectric layer called gate oxide.

Depending on the dopants introduced in the soundedaain, the current carriers flowing in the
channel can be electrons (the MOSFET is referreasttdMOS because electron carry an Negative
charge) or quasiparticles equivalent to a lackletteons called holes (the MOSFET is referred to as
PMOS for Positive charge).

Tvgs
Id A
Gate V ION rTT T T T
= ds
OFF-state ON-state
0 e Channel Dr3
Substrate (P) ol | NIIVIOS @IVds> 0‘
a) Jr_ b) vt Vgs

Figure I-1 : (a) Schematic of a traditional bulk NO&; (b) Ideal §-Vy4s curve of a NMOS when biasing the drain with a
positive voltage.

16
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The relative position of the MOSFET main elemeastslustrated in Figure I-1 (a) in the case of
a bulk NMOS. The gate bias required to actuatét®SFET depend on its nature i.e. NMOS or PMOS.

As presented for the NMOS in Figure 1-1 (a) while source and drain are n-type semiconductor
the substrate is p-type. In order to allow floweigctrons from one reservoir to the other, a sugerpn
condition is to induce a sufficient amount of etens in the channel region which then become the
majority carriers at the top surface of the p-tgpbstrate. This can be done by using the field@bate.
The gate acts as the switch of the transistor asdtt be positively biased in the case of a NMOS.
Moreover, the amount of electrons attracted inctrennel has to overcome the amount of holes ilyitial
present in the p-type substrate. One can distihgaisypical value of the gate bias called threshold
voltage and noted: where this transition occurs. The ideal curveéhefdrain current as a function of the
gate-to-source biasd(- Vgg) of a NMOS is presented in Figure I-1 (b) andsttates the transition from
the OFF-state to the ON-state occurring wkigyequalsw.

Similar considerations can be adapted to a PMO$8winiainly differs from the fact that instead
of actuating the device with positive biases, negabnes have to be applied. Therefore, PMOS and
NMOS are two switches with dual operating modesambe used together as elementary elements for
digital gates and circuits. Thus this paradigmaied CMOS standing for Complementary Metal Oxide
Semiconductor.

The model proposed above presents the MOSFET ateahswitch actuated by the gate bias.
Nevertheless, the functioning of such device ispestect:
* The transition from the OFF-state to the ON-stateat as steep as introduced before in
Figure I-1. The slope of thg-VgsaroundV: is not infinite but has a limited value.
* In the OFF-stateMgs< Vy) the current flowing from the source to the drasimot zero.
This current is called leakage current and is resjide for energy consumption even in
the OFF-state.
When applying a bia¥gs, the density of electrons is larger in the dr&antin the source. Thus,
even when the gate is biased below the threshdtdgedVi, a diffusion current occurs in the channel
because of the gradient of reservoir majority easrbetween the source and the drain. The diffusion

current density occurring in the channel for a NM@&Sice is described by Equation (I-1).

17
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. dn(x)
Jairf = —qDn I (-1)

where the x axis is taken along the chanm@) is the density of electrons afy is a diffusion constant
which is a characteristics of the semiconductorennait

Integrating Equation (I-1) in the channel and cdaseng that the variation of the electron density
is linear, Equation (I-2) can be obtained.

n(0) —n(Ly)

L (12

Iy = qAD,

wheren(0) andn(Lg) are respectively the density of electrons in theree and the drain arflis the
cross-sectional area of the current flow.
According to Bze 198l the two densities mentioned above can be fowuiguEquations (I-3)

and (I-4) wherep, referred to the surface potential inside the ckann

n(0) = noeqkq%s (1-3)

q(@s—Vas) -
n(Lg) =nge kT ‘ (-4)

Then by including Equations (I-3) and (I-4) in Etjaa (I-2 ), the drain current is described by Bipra
(I-5).

A q9s _qVgs
Iy = qunnoe KT (1—e k7)) (I-5)

In this equation, one can see that the currentgeregentially proportional to the surface potential.
In order to investigate the subthreshold regime, lihk between this surface potential and the gate
voltage has to be established. Based on Figur¢hislcalculus can be easily summed up by a capacit
divider as shown in Figure I-2.

18
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Chapter | MOSFETSs miniaturization: expectations &ndts

V v
N 1 . ad . ad .
% cpsT cpsT cps_l_

— Channel Cdep -1 —

= C,, = Cuep

Figure I-2: Capacitive divider used to evaluate tim between the surface potential and the gat&ge. GhannellS
composed by &pand G, in parallel, the latter being negligible compartxthe former when the gate voltage is
lower than the onset of inversion.

Because the gate is biased below the thresholdgmlhe density of electrons in the channel is
low compared to the density of ionized dopantghla condition, the capacitance due to the inversio
layer can be neglected compared to the depletipaati@nce. By applying the capacitive divider tis th

situation, one can obtain Equation (I-6).

Cox Vos

=V — ==
s g Cox + Cdep n (|-6)

With

(I-7)

Combining Equations (I-5) and (I-6), the drain ewmtiqbecomes:

qVgs 1%

A 229s _4Vas
la = q 7 Danoe ™ (1 —e™ &) (1-8)
g

19
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As mentioned previously, the transition from theFastate to the ON-state cannot be considered
infinitely steep and then the definition 6f as theVys at which the transition occurs is inaccurate. In
experimental studies, the most accurate methocttactV; is the transconductance peak or double-
derivative method$imoen_1996 Defining the transconductance gccording to Equation (I-9)is

defined as the gate voltaygs corresponding to the maximum of thg,,/dV,s curve.

_aly
AV (I-9)

9m

Considering this definition of the threshold vokaghe associated threshold currkemd defined
by Equation (I-10):
qVt Vs

A 9% _Vas
I, = qL—DnnoekT"(l —e KkT) (1-10)
g

Thus one can rewrite Equation (I-8) and obtainl(J-1

q  Vgs—Ve)

I; = I,ekT 7 (1-11)

The two investigated parameters, i.e. the leakageet and the subthreshold slope, can be
obtained using the expressionlg@in Equation (I-11).

As presented in this equation, the drain curreanigxponential function of the gate bias in the
subthreshold mode. Thus, when plottiggas a function of in a logarithmic scale, the representative
curve is a straight line. The slope of this curvecalled the “subthreshold slope” and its oppasiee
subthreshold swing (noted SS). The latter can b&uated by deriving Equation (I-11) leading to #}1

Moreover, the drr can be evaluated when considerMg = 0 in Equation (I-11) leading to
Equation (I-13).

av, kT Cae
SS=—9 — " In(10 (1+—p> .
dlog(ly) ~ q O+ (-12)
q Vi Vi
lopr = I,e FTT = [,¢ SSTR{I0) (-13)

One can see that the subthreshold swing appedys tokey parameter to evaluate the static

performance of a more realistic transistor. Indesgtlicing the leakage current and ensuring at time sa

20
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time an ultra-steep switch from the OFF-state # @iN-state can be achieved by approaching the SS
value to zero (thus tending towards an ideal sWitch
Nevertheless, based on Equation (I-12), the SSrldwit is obtained wherCy,, = C,, and

reaches%TIn(lo) which corresponds to 60 mV.deat 300K.

While the gate acts as the switch of the MOSFET @ordrol the presence or the absence of
charge carriers in the channel, making these caft@w is controlled by the bias of the drain. Bading
on the magnitude of this bias, two regimes can isénduished: the ohmic and saturation modes.
Considering a long channel model, these two regraase described as follow.

In the former,lqis notedlq,in and is almost linearly proportional ¥ys at low Vgs as shown in
Equation (I-14).

Lo = w Vis (1-14)
dlin — /JeffCoxL_ (Vgs - Vt)Vds - T
g

whereu, ¢ is the charge carrier effective mobilitg,, is the gate oxide capacitance per unit arés,
the gate width and, is the gate length.

WhenVgsis increased and reached the valuesa= Vgs- W, the transistor passes to the saturation
mode which can be described as follow: since tfecebe bias seen by the part of the channel dose
the drain isVgq, as the bias on the drain is increased, the actltalge difference between the drain and
the gate is reduced. Wheéfys finally reachesVus sas Vga IS lower tharVt. If the drain is biased at higher
voltages, the carriers continue to be acceleratedhie channel is pinched-off close to the drairthis
regime, the drive curremg obtained from this trade-off is constant witly as described in Equation (I-
15).

W 2
lgsar = Uerr Cox E Vds,sat (I-15)

Typical l4-Vgsandlg-Vas curves of a NMOS are presented in Figure 1-3 (&) ®). In Figure 1-3
(a) one can see that the actual electrical respafrs®OSFET is far from the expected ideal oneeSEn

non-idealities arise from the founding principldstee MOSFETS in itself meaning that such a type of
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devices is theoretically unable to present an idgeéper switching profile. Additionally to these
theoretical limitations, transistors present alsarapitic elements arising from their practical

implementation which limit even more the functiogin

NMOS @ V,.> 0

Weak
inversion

Strong
inversion Saturation

mode gs

! > V | | |
a) Vt gs b) Vg Vd

Figure 1-3: Typical (a) 4-Vygs and (b) k-Vas curve for a NMOS.

1.1.3 Parasitic elements in a real MOSFET

In this section, parasitic elements arising frore thtegration of MOSFETs are described.
Although they are not taken into account in the ebtofreviously presented, these additional
contributions have a significant impact on the desiperformances in both static (DC) and time-
dependent (AC) regimes.

I.1.3.a  Access resistance

The previous description of the transistor assuthes the source and drain are perfectly
conducting elements and that no interface effectsits between them and the channel. In real devices
several parasitic resistances have to be considmiddthen alter the previous model. According to
[Ng_1986, the components to consider are four in numbdraae represented in Figure [-4:

* Reostands for contact resistance and arises fromntieeface between the contact metal and the

source/drain semiconductor. Although its origin argression will be extensively discussed in sastio
1.3 and .4 R, can be approximated by Equation (I-16).

Reo = pc/WeLe (I-16)
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wherep, is the contact specific resistivityy/. its width andL,. its length. While the resistivity depends
only on the nature of the metal/semiconductor fater (materials, cleaning treatment, doping
concentration, etc./. andL. only refer to geometrical parameters. Thus, fa@iven interface the

contact resistance varies with its size.

1%}
Contact 8
Width ’ S
(]
<
L\&_//g
Junction ds ds
a)
Reo R Vgs a
R acc 8
b) sh c) Q
RSp = Q:B

Figure 1-4: (a) Schematic diagram of the sourceidnaegion showing the current path and (b) repreaaton of the
associated components of resistance. (c) ScheM&BFET circuit showing access resistances notedsR

* R refers to the sheet resistance of the source eaid demiconductors. Usually, in order to
reduce this component and to ensure the thermhbllistaof the metal/semiconductor interface, an
intermetallic compound is intentionally formed la¢ tsource/drain surfaces prior to metallizationewh
the source and drain are based on silicon, thisgssois called silicidation.

* The last two resistances &g, andRaccdefined as the spreading and accumulation resessanc
They are gate-voltage dependedg] 1986. On the one hand, when the current reaches th@kthe
source and drain regions and the field lines ansttizted in a smaller area. This phenomenon esred
to as crowding effect and induces the resistdRgeOn the other hand, at the metallurgic junctions
(source/channel and channel/drain interfaces)ctimeentration of carriers abruptly varies leadiog t
modification of the transport properties. This leol the apparition of the resistarRgc

All this components are often treated as a singlagtic contribution called access resistance and

referred to afaccessas defined in Equation (I-17).

Raccess = Rco + Rsh + Rsp + Racc (|'17)
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Being in series with the channel these parasiststige components may have a significant
impact on the transistor electrical behavior. Itthe®en biasing a transistor, a part of the appl@thge
drops in the source and the drain due to theircat®snl access resistance. This leads in turn doverl
effective bias applied on the channel. As showRigure I-4 (c), this effective bias can be notgegﬁf

and can be found solving (I-18).

Vdeff = Vds - (Rs,access + Rd,access) X Ids (|-18)

s =

It is worth noting that this problem is self-consrs since finding’desff require knowind s which

is itself a function oneSff.

As for the resistive aspect, a MOSFET presents quemasitic capacitive elements which will
degrade its performance. While the resistive oreeg& fan impact in both the static and the dynamic
regimes, the stray capacitances mostly degradeytieemic performance.

The MOSFET schematic including these parasitic ciégraces is shown in Figure I-5. Therefore,

the total capacitance of the g&igwtis described by Equation (I-19).

C

stot = Cge + 2 X Cip + 2 X Cop + 2 X Cop + 2 X Copacer (1-19)

Cir andC,, are respectively the inner-fringe and overlap capaces and represent the capacitive effect
between the gate and the source/drain throughctgply the gate oxide and the channel, and ordy th

gate oxide. WhileC;; has a remote effect,, has a direct coupling but only occurs when the gat
overlaps the source/drain. For their pagt; andCs, ... are called outer-fringe and spacer capacitances.

They are capacitive couplings occurring through spacer between the gate and respectively the

source/drain and the metallic plug.
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C
| “spacer
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O s 4 Dra
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TG
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Figure I-5: Schematic of a MOSFET presenting thénnparasitic capacitors.

While C, is the actuation capacitance used to switch tite sf the channel, the other capacitors

have no operative interest but increase the oveaglhcitance of the devices. Thus when a MOSFET is

working, a part of the energy required to dynaniycsvitch its state is wasted due to theses camacit

1.1.4  Device performance

As mentioned previously, the digital gates anduiiscare based on the simultaneous use of
PMOS and NMOS devices. One of the most basic elemendigital circuit is a CMOS inverter. This
elementary brick is only composed by a NMOS andvBOB having the same bias on their gate and
sharing their drains (as shown in Figure 1-6 (a#halyzing the performance of this elementary
component allows to explain the behavior of momnglex structures such as NOR and NAND gates.
In particular the intrinsic delay of the inverterd key parameter in dynamic regime.

As presented in Figure I-6 (b) and (c), whénis set at the supply voltage of the circuit (noted
Vud), the NMOS is in its ON-state and can thus benaitastied to finite resistance while the PMOS is in
its OFF-state and can be assimilated to an opeglswihen, the output of the inverter is set to.@Ovi
the contrary, wheii, is ®t at0 V the NMOS and PMOS are respectively in their OFF @iN-state
and thusVout is set toVaa. While one of them is used as a pull-up (outpwdg), the other is used as a

pull-down (output to GND) with always exactly ontloeem in its ON-state.
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a) Vid b)  Vgq ) Vg
(%) ‘
Qo
=
Q.
—-— - —“— A A E a
Vout 0 Vad
2 A
Vin S T 1T \\\ -
2
= = = = J_— =
Vin = Vag Vin=0
Output discharging Output charging
by n-MOS by p-MOS

Figure I-6: (a) Static CMOS inverter whergq\étands for supply voltage; (b) and (c) Model fespectively high and low
input. In (b) and (c) the arrows represent the diien of the current.

The description above allows to understand theclrasponse of an inverter from a static point
of view. Nevertheless, the transfer of the biasnfrihhe input to the output is not instantaneous and
presents a transient signal. Indeed, the next ssaggen itself composed by transistors. As introed
in Figure 1-6, transferring a bias to the inputtloé next stage basically consists in charging tie g
capacitance of a transistor at the consideredthiasigh the channel resistance of the previousestag
Assuming, that the transistors continuously opeiratgaturation, the typical delay is approximatgd b
Equation (1-20).

CytotVaa
Tint = 2 2= g,totRON (|-20)
Id,sat
With
Ron = Vaa/lasar (I-21)

According to this simple model, it appears thatde&y of an inverter increase with ;.. and
Ron. While a part of these parameters is due to thetfoning of the MOSFET and cannot be reduced
such as g, another part is mainly due to parasitic elemantsstrongly depends on the device geometry
and implementation.
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.2 MOS scaling
For decades, one of the driving force of the milercteonics industry has been to reduce the

dimensions of the transistor leading to an increddbe transistors density per chip and thus rexduc
the manufacturing price per transistbtdore_196% Beyond the economical benefit, it was also shown
that such a reduction of dimensions would leadgaia in terms of device performan&snnard_197}

In this section, while the first part will be dedied to the main concepts of transistor scaling as

well as the expected performance improvementssékcend part will focus on the limitations of such

scaling.

1.2.1 Costs reduction and performance improvement

As introduced previously, for many years the indusias been focusing on following the law
predicted in 1965 by Gordon MoorBlpore_196%. This law stipulates that in order to reduce ¢bst
per transistor, and thus the cost to manufactuwdymts, the number of transistors per unit arealsho
be increased. Doing so implies introducing new etbgy enablers and funding research and
development groups and then leads to an increabe abst of a given wafer. Nevertheless, the dgnsi
of transistors in this same wafer being increabedattual cost per transistor in reduced.

Even being just a prediction and not a physical liwe trend has been observed for decades. In

2014, this same trend was still presented as nelemad achievable for next generation transisters a

shown in Figure I-7Bohr_2014.
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Figure I-7: lllustration of the reduction of the stoper transistor if following the scaling policBghr_2014]
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Practically, Moore’s law predicts that the densityransistors on a chip has to double every two
years to minimize manufacturing costs. Stated witear way, it means that the surface of a transisto
has to be divided by two from one generation tortbgt one. Considering that the surf&&®of a
transistor of the generatians approximately given by its widiv" multiplied by its Contact Poly Pitch
(notedCPP") as presented in Figure I-8, one can obtiff*,W"*', CPP"*1} from Equation (I-22) for
the next node generatior1.

S* _W"XCPP" 2 V2

= “Wn x — n— pynttl x n+1 _
> z WX —-CPP" =W CPP (1-22)

Sn+1 —

From this equation, it appears that in order taicedthe area by a factor two, both We and
the CPP" must be reduced by a factor ~0.7.

Contacts CPP

|- —| poco

\ A

\

\4

<+—>

Top view — Lcont

Lgate
Figure 1-8: Top view of two MOSFETS in series.

Besides presenting a financial interest, scaliegdivices also present a real interest in terms of
performance and energy consumption. The Dennaadighamed after Robert Dennard who wrote its
founding paper) states that if one manages to stlllke dimensions of a transistor by a scalingda
namedl/x thus all the electric quantities will scale withHDennard_1974 Indeed, if the gate length
and width are scaled by a factidk thus theRoncan be considered as constant for a given set tefriaks.
Thus dividing the bias by leads to a current also reduced«oyf one roughly defines the power per
device by Equation (I-23) and the delay by (I-24):
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P=UI (1-23)

T=RC=— (1-24)

then this power is multiplied by a scaling facfide? and the delay by a factdrx. All these scaling
changes are summed up in Table I-1. It is wortlingahat dividing the power of a device k¥while
increasing the density ky# actually leads to power density per unit of areastant with the scaling.

This assertion is very important since it ensu@sverheating due to device scaling.

Table I-1: Changes in integrated circuit performaneghich follow from scaling the circuit dimensigbennard_1974]

Parameter’s Name Parameter’s Value  Scaling Factor
Device dimension tow L W 1/k
Doping concentration Ny N, K
Voltage U 1/k
Current I 1/k
Capacitance C~ eWL,/t,, 1/k
Delay time / circuit T~ UC/I 1/k
Power dissipation / circuit Ul 1/k?
Power density / area UI/WLg 1

Nevertheless, these Moore’s and Dennard’s laws we@icted during an era referred to as the
“happy scaling years” where transistors were varge by today’s standards. At this time, reducireg t
gate length was not a threat for the transistoctioning and the parasitic elements were negligible
compared to the other device parameters. Thess geamow over and the improvements due to the
classical scaling have reached saturation.

As we reached ultra-scaled devices, the paradegiments presented in section 1.1.3 become
prevalent. Additionally, phenomena called shorteie effects, appeared at the end of the happingcal
era, are becoming more and more predominant.
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In order to follow Moore’s law and then to scale tBPP by a factor 0.7 from a node generation
to another, the gate length has been reduced mdmmare aggressively over the past half centurggjoi
from 10umin 1971 to 22nmin 2014 (reddujeller_2006 and JAuth_2012). Nevertheless, for the latest
generations scaling this length was not triviateinew phenomena appeared.

Indeed, as the gate length reaches the same drdegnitude as the depletion-layer widths of
the source and drain junctions, these regions bigoverlap. Parasitic effects called Short Channel
Effects (referred to as SCE) appear and lesserelgwtrostatic control of the channel by the gate
[Yau_1974 As presented in Figure 1-9 for a NMOS, evendfhias is applied on the gate and the drain,
the energy barrier in the channel is modified. Ttihesgate loses a part of its electrostatic comnahe
channel leading in turn to threshold voltage reidnctThis effect is often called itself Short Chahn
Effect even if this term gathers other phenomenaredver, the source and drain energy profiles being
no longer independent, when a bias is appliedealthin an additional reduction of the channelibarr
occurs and the threshold voltage is again redutexifman_197P This second short channel effect is

called Drain Induced Barrier Lowering (noted DIBL).

Gate I Gate
1 1 I 1
11 . ]

1 1 1 1Y)
[} X
—/1 \\~ I POt N
Substrate . Substrate

Source

Without
Drain Bias

Source

With
Drain Bias

Drain ! Drain
c) f)

Figure I-9: Schematic of (a) a long-channel and ddjhort-channel MOSFET representing the deplatgions
(dashed lines). The associated energetic diagraphoited (b,e) without and (d,f) with drain bias.
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The two phenomena discussed above lead tooaniricrease and a threshold bias roll-off.

Therefore they mainly have an impact on the OFEestad on the switching of the advanced nodes.

[.2.2.b Parasitic increase issue

Additionally to these short-channel phenomena ardihitation of the scaling arises from the
parasitic elements. Indeed as we scale the deviweparasitic resistances and capacitances whach w
negligible for long-channel transistors become alent.

As presented previously, reducing the gate length limited since SCE and DIBL occur altering
the electrostatic control of the channel. Thusroheo to keep reducing th@PP, other dimensions have
been recently reduced such as B@COor the contact lengthcon (see Figure 1-8). Nevertheless, this
approach also presents its own drawbacks.

Indeed, while reducinOCO would increaseCspacer(Figure 1-5), reducing the contact length
would increase the contact resistaRsg(Figure 1-4) if the interface stays the same (Equa(l-16)).
The example of the contact resistance is addresdédure 1-10. As shown in this figure, reduci@g§P
while keeping a specific contact resistivigy of 10 Q cm2 would make the contact resistai;g a

major contribution of the total access resistaRge.;-

Rsh + Rsp it Racc

100
o R, (for p. = 10780.cm?)
oy
1S -
1Bl Bl Bl =
¥y
= £ g Q 2 £
€ 60 —n ] w Q e S -
=.- O n 0 W (=] <
G < o~ S.- ~ N
@ 40 — —
8
®
o
20 -
0 ‘ 1 .
230 180 113 90 64 46
CPP (nm)

Figure 1-10: Access resistance as a function ofGoatact Poly Pitch singling out the contributiohtbe contact
resistance [Hutin_2014]
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As presented before, the reduction of dimensionghef elementary nodes involves new
challenges. New device architectures as well asviaitive materials and processes have been proposed
over the past 15 years in order to perpetuate d gtexrtrostatic control of the channel ON and OFF

states while reducing the parasitic resistancecapdcitance contributions.

Due to the preponderance of the short channelteffeew architectures have been adopted since
the 32 nm node as alternatives to the Si-bulk MOBSHREe FIinFET (Fin Field Effect Transistor)
[Hisamoto_199Band the FDSOI (Fully Depleted Silicon On InsutatfColinge_198% While the
FINFET is a 3D device, the FDSOI remains a planehitecture. In both cases, the channel is no more
doped with the complementary polarity of the tratwmi (P for NMOS and N for PMOS) but remains
intrinsic. Even if the FINFET is mentioned in tlaldwing since it represents the leading candidate
advanced nodes, FDSOI transistor is more exterysiledcribed and has been used as elementary device

in this thesis work due to its interest increase.

% FinFET

First introduced in mass production by Intel at #22enm node, this architecture is now widely
used by most of the foundries; TSMC for its 16 md &amsung and Global Foundries for their 14nm.
More recently a second generation of industrialFEifi was presented for the 14nm node of Intel
[Natarajan_2014

Being non-planar, the FINFET of Figure I-11 is e=g@nted in 3D in order to grasp the main
features of this architecture. As one can notieg tihe operative part of the semiconductor (thecnu
the channel and the drain) has a high aspectaatas calledin. One transistor is composed of several
fins with common source, drain and gate in ordegrisure a high ON-state current. The channels are
separated the one from another by a buried oxide.

The main advantage of this architecture is thagtite follows the topography of the fin. While
in planar architecture only the top surface of¢hannel is perfectly controlled by the gate, inFERT
presenting thin fin almost all the channel is ia ticinity of the gate oxide and thus the wholeiimvell
controlled.
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A-A B-B’

Source

Figure 1-11: 3D scheme of a FINFET and the corrasgiog cross sections A-A’ and B-B’ from [Nataraj@914] (the
scale are not precise in the original publication)

« FDSOI

This architecture has been mainly developed inShblicroelectronics/CEA-LETI ecosystem
during the past decade but begins to attract atemtecause of its relative simplicity compared to
FInFET [Gwennap_2016Indeed, being planar, this architecture is nsam@lar to the conventional bulk
MOSFET than the FINnFET. More recently, Global Faigglhas announced the launch of a 22 nm node
on a FDSOI platform.

The main characteristic of this architecture leamghe introduction of Silicon On Insulator (SOI)
substrate which features a thin silicon top layetap of a Buried Oxide (BOX). For ultra-thin SQiet
channel is fully depleted and the transistor itecaFully Depleted Silicon On Insulator (FDSOI).

The principle of this architecture is similar thtat of the FINFET: since it is ultra-thin (lesaith
10 nm), the whole depth of the channel is effetyieentrolled by the gate. However, FDSOI presents
its own advantages and drawbacks. As shown in Eifd@, the active zone is separate from the bulk
substrate by the BOX thus avoiding one of the lgakaurrent contribution. Moreover, this BOX can be
used as a back gate. Even without back biasingl¢kie, integrating a ground plane under the BOX
with a doping specie opposed to the source andhdalow to increase the threshold voltage
[Fenouillet_2009 Thus using different ground planes on the samp allows to implement multi ¥/
technology YWeber_201D In addition, a bias can be applied on this bgate and also modifies the

threshold voltage of the devices.
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Figure I-12: 3D scheme of a FDSOI and the corresing B-B’ cross section from [Planes_2012]

[.2.3.b  Parasitic contributions in new architectures

As presented previously in Equation (I-20), an éase in both parasitic capacitances and
resistances would lead to an inverter delay inereasl by extrapolation to a degradation of theudisc
performance.

Therefore, in order to maintain device performafmereduced MOSFET dimensions, key
technology and design enablers have to be ideahtilieying to analyze the evolution of the marked an
to plan and control the technological needs of i@lpction, the International Technology Roadmap for
Semiconductors (ITRS) has been periodically rekkaseer the past 20 years. In the issue of 2013
[ITRS_201B the problematic of contact resistivity reductiwas discussed and the target of®XD cm?
was mentioned as a key objective for next nodegdgerformance.

In this work, the parasitic contribution of the tact resistance is addressed. The two next
sections are entirely dedicated to introducing tieory of an ideal contact as well as presenting
phenomena occurring at real metal/semiconductatioms. Finally, the state-of-the-art associateithé&o
non-alloyed contact engineering is presented wirephesents the core of this thesis work.
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In this section, the different contributions of tbentact resistivity are presented for the more

intuitive case of an n-type semiconductor.

When a metal and an n-type semiconductor are btdagbther, a transfer of electrons occurs at
the interface in order to reach an electrostatigliggium. The direction and the magnitude of thexcéron
flow is determined by the difference between théaingork function () and that of the semiconductor
(®sg). One can distinguish two cases as explainedgarEil-13:

- If &m > &5, the electrons flow from the semiconductor irtie tmetal. This regime is called

“depletion” since it induces a reduction of the signof carriers at the semiconductor surface.

This flow of electrons generates a negative chatgie metal surface, counterbalanced by a

positive charge in the semiconductor due to thesgmwee of non-compensated ionized donor

impurities.
- If @sc> P, the electrons flow from the metal into the semductor. This regime is called
“accumulation” since an excess of carrier is obsefin the semiconductor. Therefore a negative

charge (respectively positive) appears in the semaactor (respectively in the metal).

In both cases, the zone of the semiconductor wiheratate of charge is different from a stand-alone
semiconductor is referred to as Space Charge Rég@rinafter noted SCR). According to Gauss law
these charges induce an electric potential andahuslt-in electric field which counters the ekects

flow leading to an equilibrium. The two regimes egpresented in Figure 1-13 (b) and (c).
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Figure 1-13: (a) Reference case. (b) Depletion é)daccumulation regime equilibria occurring whennging a metal
in contact with a n-type semiconductor

The surface charge modification and the inducedtrtepotential generation have a strong
impact on the electrostatic landscape of the samdiector and thus on its energy band edge diagram. A
presented in Figure I-14 (a) and (b), a bendinthefenergy band whose magnitude and sense depend
on the difference between the metal and the semigtiar workfunctions appears in the SCR. In this
figure, Ec, Ev andEr respectively refer to the conduction and the wadpands of energy and the Fermi
level.

The bending occurring in the SCR has a significammtact on the way the contact reacts to an
electric bias; thus the casés > &scand®sc > @mhave antipodal behaviors.

As one can notice in Figure 1-14 (c) and (d) whitadth represent the case &f > ®sc, when
biasing the semiconductor the electrons have tihgugh the energetic barrier induced by the bemdin
of the band diagram. While this barrier is alwappéding the current when applying a negative bias o
the metal, it can be overcome when applying a pesiine. The contact response to an external electr
bias is thus strongly asymmetric and one can defireverse and a forward bias. This type of congact

often found highly resistive and is called Schottky
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a) b)

Metal Semiconductor

V<0 p

4 V>0

Figure I-14: Simplified band diagram of a metalyipé semiconductor contact in (a) depletion andag@@umulation
regimes ; (c) and (d) represent thia, > ®sc case under respectively a negative and a posiia® b

On the contrary, in the case ®f. > ®@mthe electrons do not encounter any barrier whatneer
bias is. Therefore the contact response to anredtelectric bias is linear and symmetrical. Tlyset of
contact is often found highly conductive and isezhlOhmic. The typical shape of the current deresity
a function of the applied bias is represented &ih ltypes of contacts in Figure I-15 by only coesidg
the thermionic theory. Even being simplified, thieory gives a first glimpse at the contact |-V
characteristic asymmetric behavior by only considethe electrons flowing above the barrier but not
through it (for detailed theory see Chapter II).
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Figure I-15: Schematic of the current density ascfion of the contact bias for (left) Schottky dright) Ohmic contacts
when considering thermionic emission.

The height of the barrier induced by the band bempét the metal/semiconductor interface, called
Schottky Barrier Height (SBH), is thus one of thajon parameters to consider when trying to optimize
a contact. Being notedl), in the following, one can determine this SBH froine simplified band
diagram of Figure 1-14 and obtain Equation (I-25).

(1-25)
Dpn = Py — P
Proposed by SchottkySghottky 1940 this theory implies that the electrical behavaira
contact can be totally tuned by choosing a mettl am adapted workfunction when trying to connect a
given semiconductor. Following this theory, a higbrk-function metal would induce a large Schottky
barrier on n-type semiconductor whereas a low worlction metal would lead to a small one.

A similar reasoning can be applied to a p-typeisenductor although the majority carriers to
consider are holes. In this case, an Ohmic cordaditained if the workfunction is high comparedhe
valence band of the semiconductor id&,> ®sc.+ Egwhile a Schottky one results from implementing a

contact with a low workfunction metal i.@m< ®sc+ E.

Figure 1-16 represents the gap of common semicdodsias well as the workfunction of several
common metals. Following Schottky’'s ideal theonpplementing ohmic contacts should be easily

addressed by selecting adapted metal workfunctions.
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Figure 1-16: Various metallizations and their cosponding ideal metal workfunction [Kulwicky 1991]
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In a real metal/semiconductor contact, such a siigltheory cannot be considered. The band

diagram as presented in Figure 1-14 is actuallgrgfty modified by energetic states generated at the

interface.

1.4.1 Interface states

A metal/semiconductor junction being far from idepérasitic electrostatic defects distributed

within the forbidden gap of the semiconductor apgahe interface. Several interface states osigin

have been proposed during the last forty yearsibueal consensus has been reached so far.

As proposed by Rowe in 197R¢we_ 197} the two main interface defects are Default-Iretlic

Gap States also called intrinsic interface statesed DIGS in the following) and Metal-Induced Gap

States also called extrinsic interface states hbtksS in the following).

.4.1.a

Default-Induced Gap States

The evaluation of the properties of a semicondu@a. its electronic affinity and forbidden gap

of energy) often relies on considering a perfegstal with an infinite lattice. When consideringeth

surface of a semiconductor or its interface witlothar material this assumption is no longer true.

© 2017 Tous droits réservés.
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Therefore, the properties found for a bulk matecehnot be applied in such a case. As presented in
Figure 1-17, all those surface imperfections, darggbonds and foreign adatoms induce symmetry and
periodicity breakings in the crystal. These defatiiius induce states of energy which are not taken
account in the bulk semiconductor theory. Thosatma@dl states can have their energy level in the
forbidden gap of the semiconductor and are refaoes Default-Induced Gap StatBafdeen_ 1947

biGS MIGS

O ! R

- ooooooo| *» |  =E====== -

Infinite crystal (o) | - .
0000000 ' e No electron
I \s\‘ ‘/(E/ in the gap

| e
. %‘es/v —F&y

Finite crystal
Broken symmetry
Dangling bonds

Surface reconstruction | §
(o) I
Contacted material |0k I € \f\ﬂ\e' "
onBac ed material | S . i Electrons in
roken symmetry 000 | | e th
Foreign ad-atoms |99, d\f\ e €gap

I wWe E,
Figure I-17: DIGS and MIGS representations

Therefore these states can be observed on adrareanductor surface and their density should
be modified by other materials deposition. Nevdebg the induced modification mechanism is narcle
and depends on the considered surface. Accordirigotwe Rowe_197h DIGS of a Ge(111) and
Ge(100) are totally removed by metallization indiolemical bondings while DIGS of an Ge(110)

seem to be insensitive to the metal overlayers.

In order to explain the interface states origira dfletal/Semiconductor (MS) interface without
considering only defects, Hein proposed in 1965eav rtheory based on the wave mechanics
[Hein_196%. The electrons in the metal can be considerddeasand described by plane waves. When
the metal is deposited on a semiconductor, theseeplaves can penetrate in the conduction andoslen
bands as Bloch waves but also in the forbiddenafj@mergy. As shown in Figure I-17, in this rande o

energy, the plane waves can only penetrate by limgnand act as evanescent waves. Therefore, they
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only have significant amplitude in a few atomicdey from the interfacex8 A [Hein_196%, ~ 3 A
[Tersoff_1981. Additional states are thus generated onlyewegal atomic layers and form a continuum
of states in the band gap. They are called the IMetaiced Gap States. According to Rowe, MIGSs
should be the major source of gap states aftertallimation since the major part of intrinsic s&teve
been removed by chemical bondifpwe_197p

In this section, the notion of effective metal viianktion is introduced but a more detailed
theoretical presentation of the energy band diagiaitulation and its modification due to parasitic
surface states is given in Chapter Il

Due to the presence of these interface stategjeéhémodel of M-S contacts is no longer relevant
to describe real interfaces and SBHs are in pmadband different from the theoretical predictions.
Interestingly these effective SBHs are nearly irtelent from the metal workfunctions and are pinned
around a given value depending on the considemaiceaductor Bardeen_194]7 This phenomenon is
referred to as Fermi Level Pinning (noted FLP).

In 1947, Bardeen calculated that an interface stidasityV;, = 103cm~2eV 1! leads to a total
pinning of the Fermi LevelHardeen_194]7 At that time, such a density of interface states quite
common and DIGS seemed to be a good explanatidaLier However, nowadays the interface quality
having improved, interface states densities atotitcm=2eV ! are reached but the M-S contacts still
present FLP. Thus DIGS theory is not sufficienptedict a high density of interface states. Oratiner
hand, a study carried out by Hasegawal. [Hasegawa_199%hows that the SBH depends also on the

metal deposition conditions which cannot be exgdihy the MIGS model.

In practice in order to maintain the formalism ah8ttky’s theory, the effective SBH is often

translated into an effective metal workfunctiorshswn in Equation (I-26).
o = ol — o, (1-26)
The FLP is thus represented by the effective behnav the metals when contacted to the

semiconductor. As presented for the case of SigarE 1-18, the actual control of the effective alet

workfunction can be far from expected. Insteadanfihg the possibility to control workfunction betere
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3 and 6 eV, the effective metal workfunction appeabe pinned around 4.7 eV, i.e. a midgap value,

with only small variations around this poiMighimura_2008
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Figure 1-18: Effective metal workfunction as a ftion of their ideal values for common metals whentacted to Si
(adapted from [Nishimura_2008]).

Considering the energies of the conduction andnealdands of Si to be respectively 4.05 and
5.17 eV, contacts made on n- or p-Si in practiselten non-ohmic highly resistive junctions. Siatlly,
still in Figure 1-18, the effective metal workfumms on Ge are found to be really close to its ivede

band. Thus contacts to p-type and n-type Ge respéctesult in ohmic and Schottky junctions.

The FLP thus represents one of the major stumldekblfor future CMOS scaling since it
prevents from reducing the contact resistivity t#reh leads to an increase of the contact resistahea

reducing its area.
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In order to tackle this issue, two paradigms areetvable. Indeed, a rough approximation of the
contact resistivity,. is given by Equation (I-27) with andp,, two constants experimentally determined

andN the doping concentration.

Ko
Pe = PeoeXp[—2+] (1-27)

Then reducing the contact resistivity can be adddw decreasing the effective SBH of the junction

or by increasing the doping concentration.

When considering the transport theory in a contidt,simple model of thermionic emission
(electron passing above the barrier) is not fulfeguate since it does not encompass the quantum
tunneling probability across the barrier. To do enge has to involve Field and Thermionic Field
Emissions (resp. FE and TFE) which are fully démxdiin Chapter 1l. Basically, these theories, based
on quantum tunnelling probability, assert that $wfficiently thin space charge region the major
contribution to the transport is due to the elatttnneling through the barridP@dovani_196p

Referring to the space charge region widtiWas;, Equation (I-28) gives its dependenceﬂftﬁf

and the doping concentration.

eff
Wscr = E X cpﬂ (1-28)
q N

Wheres is the dielectric constant (or relative permityyiof the semiconductor argpis the elementary
charge of the electron.

Increasing the doping concentration could thud teaeducing the width of the space charge region
while keeping the SBH constant. Nevertheless, reduthe contact resistivity using this approach
requires to reach an ultra-high doping level at ititerface. In some cases in order to ensure good
transport properties despite a high SBH, the dopamgentration has to reach values around its 8ibyub
limit in the considered semiconductor. Even belgptetically predicted, the solubility limit remaim
practice difficult to achieve using conventionahaaling processes and the actual electrically activ
dopant concentrations are lower than this value ekample, considering a midgap FLP in Si and thus

a SBH about 0.55 eV and assuming an electricatiy@érsenic concentration limit & x 102° cm™3
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[Thompson_1998 p.. is limited to aboutl x 10~7Q.cm?, so that reaching the ITRS target is not
achievable.

However, metastable configurations where the etadly active dopant concentration is close to
the solubility limit can be obtained at ultra-higiemperature using pulsed laser annealing
[Plummer_200]JL Being metastable, the obtained system is vemgibée to subsequent annealing steps
such as silicide formation. Thus allowing a 2Dfarm surface annealing, the pulsed laser would also
be used to form the silicide since it is expectedrbvide locally higher temperatures without daimgg
the underlying layerdHuet_2014.

Recently, combining dopant activation by pulseciasnnealing with Ge amorphization of the

source and drain prior to the silicidation, theorgelow o of 1.5x10° Q.cm? was reportedvu_201%

Recently, it was shown that a counter-intuitiverapph aiming at reducing the FLP could consist

in inserting a thin dielectrics at the interfacéween the metal and the semiconduc@uorinelly 2004

The actual resistance of such contacts, called (Mi&al/Insulator/Semiconductor), arises from
a tradeoff between the SBH reduction through FLBgation and the tunnel resistance induced by the
insertion itself.

The former, i.e. reducing the FLP, is still not inelderstood. Nevertheless, several mechanisms
have been proposed to explain this effect andealinsto point out an interface states density deerea
In the following, the MIGS reduction model is maimliscussed and is extensively described in Chapter
II. As presented in Figure I-19 (a), according lics tmodel the insertion acts as an additional earri
which the plane waves of the metal have to crossder to penetrate the semiconductor. Therefbee, t
density of metal plane waves actually going acties®ntire dielectric and penetrating the semicotatu
forbidden gap of energy is lower than for a diremitact on semiconductor i.e. the density of MIGS i
reduced Connelly _200% Intuitively, the propensity of the insertiong$oreen the plane waves from the
metal is linked to its thickness. The thicker theertion, the lower the density of MIGS is. Moregve
for a given dielectric thickness, the attenuatibthe MIGS density is proportional to the Band Gdip
Energy (BGE) of the insertion.

Nevertheless, as presented in Figure 1-19, amertion acts as a barrier for the parasitic plane
waves responsible for the MIGS, it also acts asamidy for the electrons responsible for current
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conduction. For a given insertion thickness, thiuged tunnel resistance for electrons (resp. hades)
related to the offset between the conduction (regfence) band of the dielectrics and that of the
semiconductor. These parameters, presented ine-leR0, are referred to as Conduction and Valence
Band Offsets (noted CBO and VBO) and roughly spegalkthe higher they are, the higher the tunnel
resistance per unit length is.

a) Metal I Semiconductor b)

...........................................

(a.u)
et

g

3
<
%

oy

~1nm

Interfacial layer thickness (a.u.)

N

p, specific contact resistivity

(U

Figure 1-19: (a) The band diagram shows that gagiest face a larger minimum barrier than do freer@rstates, and
thus are more rapidly attenuated, allowing freer@ans to tunnel while blocking the MIGS. (b) Theioum insulator
thickness is where the gap states are effectivetykbd while free carrier tunneling is still suféat [Connelly_2004].

Finally, the total resistance is thus due to tleelépff between those two contributions. As
presented in Figure I-19 (b), the resistance amatibn of the insertion thickness is a typical hijse
curve and the optimum thickness is obtained byifigthe best compromise between the FLP mitigation
and the induced tunnel resistance.
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[.5.2.b State-of-the-art

Since 2004, many materials and deposition apprcablage been reported. A summary of
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Figure 1-20: MIS contact simplified
band diagram illustrating the notions
of Conduction and Valence band
offsets respectively relevant when
addressing n- and p-type
semiconductors.

experimentally demonstrated MIS insertions is pnesskin Table I-2.

Table 1-2: Experimental work on MIS structure. Tdielectrics in blue present a low band offset coragdo the

semiconductor.

Semiconductor Interface Layer References
Si SiN4 Connelly_2004; Connelly 2006
TiO2 Agrawal_2014
LaOy; TiOy; ZrO Majumdar_2014
Ge GeNy Lieten_2008
GeQ,; AlOx Nishimura_ 2008
SIiN Kobayashi_2009
MgO Lee_2010; Zhou_ 2010
Al20g3; TiO2 Lin_2011; Lin_2012
ZnO Manik_2012
TiO2 Tsui_2013
TiO2/n*Si Menghini_2016
GeSn GeSn© Chen_2016
GaAs SiN Hu_2008 ; Hu_2009
Al203 Hu 2010 ; Hu 2011”
InGaAs AbO3 Hu 2010
GaSb TiO2 Yuan_ 2011
MoS, TapOs Lee 2016
46
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Although those studies were mainly focusing on aoinperformance enhancement, some of them

bring important physical considerations on both Fligins and its mitigation mechanisms.

L)

% Performance achievements
The contact enhancement can be seen from 2 maspgaives: evaluating its effective SBH or

its electrical transport properties.

* SBH reduction
Using MIS contact approach, large SBH reductiongehldeen observed. Being the firsts to
propose the insertion of a dielectric, Conneityal. reported a SBH reduction of 0.25 eV usingN\si
between Mg and n-SCjonnelly 2006 Nishimuraet al.demonstrated similar results on Ge and obtained
high SBH reduction of 0.41 eV in the Al/G@B®-Ge systemNishimura_2008 The first results on IlI-
V were introduced by Het al. who achieved a SBH reduction of 0.51 eV at theH4aAs interface
[Hu_2008.

e Contact resistivity reduction

Although studying the effective SBH reflects theFFmitigation, it does not give an indication
on the actual contact resistivity which also in@sdhe insertion-induced tunnel resistance. Stgpyiis
actual overall contact resistivity has led the camity to focus on low band offsets dielectrics.

Indeed, the latest studies on MIS contacts aimeedaicing the tunnel resistance induced by the
dielectric insertion. Liret al. found that the current density of an A¥Bk/Ge stack is substantially
affected by the dielectric thickness while in arfTAD2/Ge stack the injected current remains high and
almost constant when increasing the insertion tiesk as shown in Figure I-2lii_2011. Doing so
the highest reported SBH reduction value of 0.51&&¥¢ found to be associated with an increase of the
injected current density at a bias voltage of 0.kyabout 900 times. In 2012, Marek al. worked on
Ti/n-Ge junctions and managed to reduce again igleatric-insertion-induced barrier by using doped
ZnO as an interfacial layeManik_2012.
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Figure 1-21: (left) Band diagram comparison betwdegh and low workfunction metals and (right) thesspective
impact on the current density at an Al/Ge interfiida_2011].

** Physical considerations
* [nvestigation on the FLP origin

On top of having a real interest in terms of confgerformance, the study of MIS contacts can
also help to identify the contribution of both théGS and the MIGS in the FLP. In 2010, Zhetual.
found that the FLP at the Fe/n-Ge interface wathé&ureduced when using sulfur passivation of tee G
prior to Fe deposition than when inserting MgO heswthe two elements Fe and @adu_201] The
sulfur passivation was obtained by using aqueots)d$ and was supposed to act on the dangling bonds
of the Ge. This seems to support that the surfeatessdue to native defects at the Ge, which can be

considered as DIGS, play a prevalent role in the Ebmpare to MIGS.

* Pinning at another value

In 2012, Linet al.presented a specific contact resistance studyuascton of the oxide thickness
in metal/TiQ/n-Ge stacks where the top electrodes were AlnBtTa [Lin_2013. For all metals, the
insertion of TiQ reduced the contact resistance. For Pt, whictahadeal metal workfunction that lies
below the Ge valence band edge, Fermi-level depgnsinould actually increase the specific resistivit
for n-Ge substrate. The opposite behavior beingmiesl, the reduction of the contact resistanceoieem
likely attributed to electric charges or dipolesrs metal/TiQ interface which effectively pin the metal
Fermi level closer to the Ge conduction band edgfger than Fermi level depinning by interfacesestat
reduction.
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Recently a new way to act on the SBH has beenftigatsd in the context of CMOS technology
gate stack engineering. Working mainly on Si, & baen found that dipoles formation at a high-ktSiO

interface can lead to dramatic gate stack SBH Bétimuta_200[¢

Studies trying to adapt this method of SBH engimgein the frame of contact resistivity
reduction were performed and are gathered in biu€able I-3. In the following, such contacts are
referred to as Metal Insulator/Insulator/Semicondu@JliIS) contacts.

Table 1-3: Experimental work on SBH engineeringe Téferences in blue focus on MIIS contact applocest.

Semiconductor | Interface Layer 1 | Interface Layer 2 References
Si SIQ HfLaOx Yamamoto 2007
HfO2, Y203, Al203 Kamimuta_2007
HfO2, Al2O3 Iwamoto_2008
HfO2, Y203, Al2Os, Kita_2008
Lax03 Coss_2009, Coss_2011
AlOx, LaOx Wang_2010
HfO,, LaxOs Charbonnier_2010
HfO2 Leroux_ 2013
La20Os Ang 2012
GaAs TiQ HfO>, Al.O3 Hu 2011

Physical origins of such interfacial dipoles aréclear and several theories have been suggested.
The most accepted theory was proposed by Kita awdiffi [Kita_2008 and attributes the dipole
formation to the difference of the dielectrics ogggsurface density] at the interface. This difference
should induce an oxygen transfer from the highéwo-the lowers oxide. This transfer in a form of an
O? is compensated by an oxygen vacancy\amd leads to the dipole creation as shown in Eitp22.
A second theory, proposed by Kirsehal. [Kirsch_2008, asserts that the interface dipole arises

from the polarization of the interface chemical #®mand thus is proportional to the electronegativit

difference between the components of these bondsieSresults of Kirsch_2008 are in direct

contradiction with the oxygen vacancy theory.
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Figure 1-22: lllustration of Kita and Toriumi’'s mad for dipole generation. Under the difference betw the surface
oxygen densities of the two dielectric, transfeD&foccurs and creates a dipole [Kita_2008].

I.5.3.b State-of-the-art

7

+» Gate stack studies

In order to clarify the contribution of the intecfal dipoles, studies were performed by Leretix
al. in 2010 and 2013 in TiN/HfedSiO:/Si stacks presenting various thicknesses of eaeleatiic
[Charbonnier_2010, Leroux_201L3

Voltage drops attributed to dipoles, interface gearor bulk charges were considered in this
study. The contribution of the charges at the fater between two materials noted patd mat was

calculated using Eqaution (1-29).

Qmatl /mat2
= X tmat2 (|'29)
Emat2

|4

whereQ,,q¢1/mat2 1S the density of charges per surface unit airttegface between maand mad, &,,4¢-
is the dielectric constant of maindt,,,., is the thickness of mat
Similarly, the contribution of the bulk charges afmaterial noted matvas calculated using
Equation (1-30).
(1-30)

1
V= X fpmatl(t) tdt

Emat1

wherep,,..:1(t) is the density of charges per volume unit at tetlck in mat.
Applying Equations (I-29) and (I-30) to the TiN/H#SIO./Si stacks, it was possible to link all
these voltage drops to the flat band voltage) and Equation (I-31) was obtained.
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Qsi/sioz

1
Vip = O — D5 — 6V1 — Xtsiog —— X .[ Psioz(t) tdt — 6V2
€si02

S .
5102 (|-31)

QS'OZ HfO02
 <Si02/Hy0 X prfOZ(t) tdt

X thfoz —
EHfO2 €Hfo2

wheredV1 andéV2 are the interfacial dipole®s;/sio. andQsioz/ur02 are the interfacial fixed charge
densities per surface unit angg;,, and pyro, are the densities of bulk charge per volume unit
respectively in the Sigand the HfQ.

Using structures presenting a bevel of SilBe dependence 8fz as a function of the thickness

of SIO; for different thicknesses of Hi®ayers was measured and shown in Figure 1-23 (a).
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Figure 1-23: Investigation of the interfacial charg, interfacial dipoles and bulk charges in diglieanulti-layers using
(a) a bevel of SigfLeroux_2013] and (b) three-layers stack with adalie thickness [lwamoto_2008]

The linear dependence Bf; with SiCG; thickness indicates that there is no bulk changhiis
dielectric layer. Moreover the independence ofsii& with the HfQ thickness at zero EOT (Equivalent
Thickness Oxide) implies the presence of a dipblena interface of the stack and the absence of any
isolated fixed charge at HBIO, interface or any bulk charge in the Hf€ince any of them would lead
to increasing shifts when HiQhickness increases.

Investigating this aspect, lwamotet al [Ilwamoto_2008 studied various bilayer-high-k-
dielectrics-based stacks. As shown in Figure I)3the \Es shift only occurs when the thickness of the

bottom high-k dielectric layer is changed indicgtithat the high-k/Si@interface contribution is
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dominant in the dipole formation. Moreover, theapdndence of ¥ saturation regarding the high-k
thickness in Figure 1-23 (b) also indicates thad Ws shift is not due to the fixed bulk charges in the
high-k.

Thus, these two studies seem to be in agreemenmthétfact that only the high-k/Siinterface
participates to the SBH engineering via the germaratf interfacial dipoles.

K/

% MIIS contacts

More recently, the work on dielectric-dipole-mitigd Schottky Barrier Height in gate stacks has
been the origin of first studies of contact resistareduction [Coss_2009 - Coss_2011’] [Hu_201@’].
these studies, dielectric bi-layer insertions wesed in metal/semiconductor contacts in order th bo
unpin the Fermi level in the semiconductor and ceduthe SBH by forming a dipole at the
dielectric/dielectric interface.

The first study of Cos®t al. [Coss_200P consisted in comparing TaN/LafSiO/Si and
TaN/AIO/SiO./Si contacts for both n- and p-type Si. It was fdinat the AIQ insertion reduces the
SBH on a p-type Si while increasing it on an n-t§geThe opposite observation was made for thexLaO

insertion. The results for a p-type substrate aesgnted in Figure 1-24 (a).
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Figure 1-24: (a) SBH modification induced by LaOxdaAlOx layers on p-Si [Coss_2011] and (b) contasistance
modification induced by Al203, TiO2 or Al203 + Ti@¥ers on GaAs [Hu_2011].

Presenting the same metallization, the ability éduce the SBH in both n- and p-Si by just
changing the high-k dielectric was attributed t@ae generation. Moreover the obtained dipole
orientations are in good agreement with the dipotentation predicted by Kita and Toriumi
[Kita_200§. In 2011, 40nm p-FIinFETs with novel contacts wiataricated and shown to have reduced
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parasitic specific contact resistivity comparedtihe control devicesJoss_201JL A reduction of
10 2.cm? was evaluated by statistical analysis and wasgiigldue to a SBH reduction of 100 meV.

As shown in Figure 1-24 (b), by comparing MIIS AlA®3/TiO2/n-GaAs and MIS Al/TiGn-GaAs,
Hu et al. observed that inserting 7 A of &5 additionally to a TiQleads to an extra contact resistance
reduction[Hu_2011]. This enhanced bell curve was attributed to a digotmation at the interface
between the two high-k dielectrics.

Even not explicitly introduced by Kita and Toriustheory Kita_200§ the dipole formation at

the high-k/high-k interface should be in agreemwitih their model. Indeed, according to this model a
dipole should be present between two oxides as dsripey do not have the same oxygen atoms areal
density. Nevertheless, before this study all trezkst were based on dipole formed at high-kéSiO
interfaces (such as LaSiO, or AlO./SiO,) and interfaces between two high-k dielectricsereund

to present no dipole (such as@4/HfO2 in [lwamoto_200Bas mentioned above).
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In this chapter, key notions of CMOS technologyiateduced. The tendency of miniaturization
Is also evoked in order to understand the limitegimduced by the MOSFET parasitic elements.

In this framework, the importance of reducing tloatact resistivity in order to maintain future
nodes performances is emphasized. More particuldmyyissues occurring at the metal/semiconductor
contacts are presented in contrast with the idealain

The theory of effective Schottky Barrier Height uetlon based on layer or bi-layer insertions is
exposed as well as the state-of-the-art of thid.ficcording to some studies, it appears that itk sipe
tunnel barrier induced by the dielectric insertaon optimum configuration can be found in which the

overall contact resistivity is lower.
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Most of the studies presented in the Chapter | peréormed in a non-industrial environment
and were more focused on achieving a proof of queher than implementing MIS or MIIS contacts
in existing manufactured products with all theinstraints.

Consequently, no attention has been so far deditatthe efficacy of the dielectric insertion as
a function of the doping concentration of the addeel semiconductor. Studies based on relatively low
doped substrates exhibit high dielectric inserétiitacy whereas doping concentration needs tddie h
is most of the manufactured products. Additionallizen processing wafers containing both NMOS and
PMOS, contacts to n- and p-type semiconductor dsetperformed. Therefore the solution chosen to
address the contact resistivity reduction has teffieient on both polarities of substrate and dtiaot
lead to an extensive process complexity. Howevestrof the studies presented in the state-of-the-ar
focused on stand-alone contact optimization withnsaght on co-integration.

Therefore, the work of this thesis consists in:

e Analyzing the optimal co-integration scheme of Mt®ntacts on n- and p-type
semiconductors presenting relatively high dopingcemtration.

» Evaluating the impact such contacts have on advbNE@SFETSs nodes.

* Implementing a MIS contact module in an indusiiasemi-industrial environment using
the materials commonly found in advanced microebeits.

» Gauging the effective electrical properties of Mishtacts.
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Chapter Il
MIS contacts modeling and simulation
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Introduction to Chapter Il

As presented in Chapter |, according to recent ewad researches Metal/lnsulator/
Semiconductor (MIS) contacts are potential canegl&d ensure reduction of access resistance fmefut
CMOS technology nodes. Nevertheless, those stueBes focused on stand-alone contact current-bias
characteristics with no insight on neither the aktfmpact of such contacts on aggressively scaled
devices, nor constraints in terms of n- and p-MOBS-Eo-integration. Moreover, all the studies so far
were performed in the static regime (DC) whileséss to be relevant for digital applications toleate

the impact on time-dependent MOSFET performance) (#@n using MIS contacts.

In this chapter, modeling and simulation are usedéentify the dielectric interlayers of interest
in the framework of MIS contacts. After presentthg algorithm used in the analytical simulatiorg th
intrinsic current-voltage characteristics of staoRe contacts are generated. Then the impactiof th
MIS module is evaluated on MOSFETs in both DC airdgimes.

The stand-alone contact part follows on highly dgad works on solid-state physic&ze 1981,
Monch_199aandMonch_1994but also on a more recent study developedungta 201 Bfocusing on
MIS contacts on Ge. The third part, however, dgahith the impact on devices performance, is believ

to be unprecedented.
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II.1 Analytical algorithm presentation

The three parts of this section are dedicated ¢ontbdeling of the contacts. For the sake of

simplicity these parts follow the algorithm of Fregul-1.

- (DCNL' cDm' tins' Egins tins' gins' \
A. FLP mitigation .
(MIGS Model) Voltage sharing
-
‘ cDmeff ‘ Vins
4 A
B. 1-D semiconductor band edge evaluation
\§ J
4 ‘ A
C. Ty transparency calculation
\§ J
4 ‘ A
D. J-V characteristics generation
\§ J

Figure 11-1: Algorithm used for J-V calculationsh& Metal Induced Gap States (MIGS) attenuation-th&smi Level
Pinning (FLP) alleviation and the Schottky Barrideight (SBH) image force lowering are considered.

In this figure, the parameters above the boxesharenain physical values used as inputs for the
simulations.®cnt, @m and EginsStand for the charge neutrality level, the metatkftasnction and the
energy band gap of the dielectric insertion, reSpely. As explained in section I.1.1.a, they dhe
main electrostatic parameters used to calculatefiieetive metal workfunctiom®mest tins andeins are
theoretical properties of the dielectrics and tp#g in the voltage sharing module (section l14)and
the tunneling probability calculation (section IBH).

After an extensive description of the physics & Bermi Level Pinning (FLP) in the first sub-
section, the second one is dedicated to its ingratite 1-D band-edge diagram of Metal/Semicondsctor
(MS) and Metal/lnsulator/Semiconductor contacts§MModels of interface electric transport are then
presented in the third sub-section including themu, thermionic-field and field emissions theorass
well as the Wentzel-Kramers-Brillouin approximatiffwks). The latter is then used to generate I-V

characteristics of contacts as a function of tle¢ediric interlayer nature and thickness.
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Chapter Il MIS contact modeling and simulation

1.1.1 Fermi Level Pinning

As mentioned in Chapter I, the actual contact betwe metal and a semiconductor is far from
being ideal since it presents interface states hvhie not taken into account in the ideal Schostky’
theory. These states have a major impact on thegfiion of the Schottky barrier and lead to consater
effective metal workfunction rather than an idea¢ Freeouf 198]L

In this section, the module used to calculate ffectve metal workfunction as a function of the

density of gap states is presented for the casaontype semiconductor.

II.L1.1.a Effective metal workfunction expression

The typical physical quantity used to describegap states distribution is the Charge Neutrality
Level noted CNL in the following and referred todgsor @, depending on the convention (see Figure
1I-2 (a) and (c)).

Semiconductor Semiconductor

i

Negatively
charged since {

occupied

I

()
~—

Positively {-—T+
charged since § ; &

unoccupied

c)

Figure I1-2: Band-edge diagram illustrating the ampt of charge neutrality level. The Fermi levetred surface is
different from the bulk one since it tends to minéthe surface charge.
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According to Tersoff, the CNL is an intrinsic propeof the semiconductor. If describing the
states in the gap of the semiconductor as a lioeabination of valence and conduction Bloch states,
then the CNL corresponds to the energy level wheregap states cross over from the valence- to the
conduction-band dominated charactBersoff 1984 This level of energy is called the branchingrpoi

The surface states above the CNL are accepto(rietral if unoccupied and negatively charge if
occupied) while the surface states below this larel donor-like (neutral if occupied and positively
charge if unoccupiedowley 196% Therefore, if @, is below the bulk Fermi level as in Figure II-2
(a), a global negative charge appears at the agterdue to the occupied acceptor-like interfadestén
order to counterbalance this negative charge, dnmmHevel of the surface gets further away from th
conduction band, generating more uncompensatetiygosins. This leads to an expanding of the SCR
and the band bending is increased bringing the Hexral closer tap, (Figure 1I-2 (b)). Reciprocally,
if @, is superior to the Fermi level (Figure II-2 (c)pasitive surface charge appears, the accumulation
region expands bringing the Fermi level closeb§aat the surface as in Figure 11-2 (d).

In both cases, the surface states tend to redeagaiih between the charge neutrality level and the
Fermi level. In the extreme cases, when the sustates density is very high, the Fermi level imed

around the charge neutrality level. This phenomesoeferred to as the Fermi Level Pinning (FLP).

When contacting a metal and a semiconductor, agehaansfer at the interface should also be
accounted for. At equilibrium, the total chargettod semiconductor surface (the surface statestipdus
depletion region charges) is equal to the oppadithe charge on the surface of the metal.

This problem has been intensively studied over#as. The most common way to evaluate the
impact of these charges has been to use the dtayele-model Monch_1994 also called the fixed-
separation modellung_2001 In this model, the net charge resulting from ¢fag states is assumed to
be positioned at a fixed fictitious distanéeaway from the metal. In this configuration, Gagsgw

allows expressing the potential across the intefdayer, leading to Equation (lI-1pge 19811

(Eg — q®y)) — q®o) (I1-1)

bn
gSC SC

2qN,462 kT D6
‘pm_(psc_(pifr];f: \/q—d<¢’0 —7>—q i

where@,, is the metal workfunctionp,,. is the semiconductor workfunctios,. is the permittivity of the
semiconductor,cblf,’:f is the effective Schottky barrier for the elecsoiV; is the donor impurities

concentrationD;, is the interface states density ahib the fictitious interfacial layer thickness.
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One can introduce the quantities:

2qN 462 qD;;8 £
a= " o= a=—1i—> (II-2)
Esc Esc €sctq°Dit6

ConsideringN, between 1t and 16° at.cm® compared to standards of microelectronic deviegs,
around 16* F.m* for silicon andD;; between 18and 16° ev'.m?, ¢; can be neglected compared30 The
SBH can then be expressed by Equation (lI-3).

eff Ey
(Dbn = C3(Pp — D) + (1- C3)(? — D) (11-3)

The quantitye; is frequently referred to as the “slope paramatetédS and can also be defined

as in Equation (lI-4)Cowley_ 1965

o (Il-4)

S

It is representative of the controllability of t&8H level by the choice of the metal on a scale
from O to 1. In an ideal contact whéy — 0, S — 1 and the SBH is perfectly modulated by the metal
work-function. In a totally pinned contact whég — oo, S - 0 and the SBH is independent of the
metal work-function.

As mentioned in Chapter I, instead of considertmgydontribution of both the ideal metal work
function and the interface states, another wayxforess the Fermi level pinning using the fixed-

separation model is to consider an effective metak function as in Equation (lI-5).
eff _ _
Py =Sy + (1 =5)Pcn. (1-5)
Using the previous definition @,‘;’lff, Equation (11-6) is obtained.

eff _ peff
Pon’ = P = Psc (11-6)

The diagram fromNlishimura_2008presented in Figure 1-18 for the Si case can Heiplotted

in another form using the concept of slope paranmateshown in Figure 11-3.
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Figure I1-3: Effective metal workfunction as a ftino of the ideal one from [Nishimura_2008]

As an illustration, the charge neutrality lew®) of Ge has been located at 0.09 eV above the
valence band and associated to a slope para®etd).05in [Dimoulas_200p These values confirm a
strong FLP on Ge leading to effective metal worktions independent from the ideal ones and almost
aligned to the valence band of Ge.

Except the density of interface states, all theampaters of this model are known when
considering a given metal/semiconductor or mewlieor/semiconductor system. Thus, this model

allows calculating the effective metal workfunctias a function of the interface states density.

A way of evaluating the density of gap states ataieemiconductor contacts was described
initially by Ménch (Mdnch_1990 The main assumption of this model is to consttierMetal Induced
Gap States (MIGS) as the main origin of the intrfatates. More recently, it was extended to MIS
contacts on Ge ilQupta_2013

According to this model, the density of MIGS at Metal/Semiconductor (MS) interface is given
by Equation (lI-7).
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2
Do N
MIGS T[achg (”-7)

where a,, is the lattice parameter of the semiconductor aciet to the metal ank, is its energy
bandgap. Based on a penetration of electrons ah#tal in the adjacent material as evanescent waves
the density of MIGS is expected to fall off expotially with a decay lengtlds. given by Equation (lI-

8).

hZ

- 2nmyas E, (1-8)

55 C

wherem,, is the free electron mass alds Planck’s constant. The density of MIGS at dadliset from

the interface is then given by Equation (11-9).

t

Duigs(t)=Dpyjgse Sse (11-9)

When the metal is directly contacted to the sendaotor, the density of MIGS at the MS
interface can be evaluated by applying Equationr7)liwith the parameters of the considered
semiconductor in Il. 2. This value can thus be ueezl/aluate the slope parameter according to kmuat
(11-10).

ES Cc SS c

S ey =
Esc + q26Dit Esc + q25D18”GS

(1I-10)

One has to note that this expression is appropftata metal/semiconductor interface if only
considering the MIGS as the source of the interfsteges. This expression is thus modified by the

insertion of a dielectric.

Adding an Insertion Layer (noted IL below) betwdlea metal and the semiconductor of a contact
has two main effects: Equation (II-1) resultingrfrthe resolution of the Gauss’s law at the intexfisc
modified and the actual density of MIGS in the ssmductor is reduced i.8;, is not equal tdJ, ;s

anymore.
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Indeed, solving Gauss’s law at the interface casid an interlayer presenting a thickngss
leads to a slope paramegegiven by Equation (11-11).

_ €0 (€L X Egc)
g0(&r, X €5c) + @*Dyp X (8sc€p, + trrEsc)

(II-11)

Additionally, as illustrated in Figure 1I-4 (a) ar(@), the dielectric acts as a barrier for the
electrons of the metal. The electrons propagatbendielectric as evanescent waves, their amplitude
drops and the probability for them to reach theisenductor is lessened. Then the MIGS density

observed at the semiconductor interface is reduced.

Metal Semi Metal Diel Semi

L § EEEEEEEEEEEEEE
.
.
.
*
*

Reduced
tunneling
probability

b)\

Figure II-4: (a) and (b) scheme of the energetiad@&dge diagram illustrating the role of barriergked by the dielectric.

Therefore, the actual density remaining at thelatst/'semiconductor interface can be obtained
by calculating the decay length of the insertdgnusing Equation (l1-8) and substituting the dietect
insertion thicknesf in Equation (lI-9). As an example, this model wasdito evaluate the density of

MIGS at the Si surface as a function of the dielechickness in the cases of TA(BEN4 and AbO3

insertion. The results are shown in Figure I1-5.
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Figure II-5: Normalized calculated MIGS densitytlaé surface of silicon for various dielectrics.

As illustrated by this figure, a discontinuity ibserved at 0 nm. This value actually corresponds
to a metal/semiconductor contact with no inserbetween these two materials. Thus, passing froo O t
even 1 A corresponds to a major change i.e. intioduthe dielectric. This discontinuity is
mathematically expressed in Equation (lI-7), siobanging the materials at the contact with the meta
leads to a modification dby;s.

Moreover, it appears that the28k and SiN4 curves feature a steeper slope than that of tBe Ti
This difference arises from the disparity betwebe tecay lengths of the considered materials.
According to Equation (11-8), this characteristength is inversely proportional to the product o t
lattice parameter of a material times its gap ofrgp. Applying the calculation to the considered
dielectrics leads for example to decay length adatiree times higher for the Ti@han the AOs.

Finally, the slope parameter to consider in a MdStact is given in Equation (11-12).

_ €o(€r, X €c)
€0(€rL X €s¢) + @ Dprgs(trn) X (Bsc€rp + tir€se)

(1I-12)
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One can notice in this expression tiat is not equal taDy,zs anymore, but tyss(t;,) which

represents the density of MIGS having managed tinigaigh the entire insertion.

The variation ofs as a function of the density of MIGS is plottedHigure 11-6.
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Figure II-6: Slope parameter S as a function of ittheersed normalized MIGS density fop@d, StNsand TiQ insertion
layer.

As described previously, in Figure II-6, a firsbdris observed when passing from a zero to a
non-zero thick insertion corresponding to a chaofgbe interface nature itself (MS to IS). Thisfsig
inversely proportional to the decay length and $etmdan almost direct depinning in the case el§i
(slope parameter above 0.8 at ultra-thin insertidhn one can see that when the remaining deoisity
MIGS is only 1% of the initial value then the sloparameter S is close to the unity. Nevertheless,
reaching this value is not achieved at the sanairiess for all the dielectrics: around 3 A foe®@d and
SisN4 and around 14 A for Ti©
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Chapter Il MIS contact modeling and simulation

11.1.2 1-D band edge diagram evaluation

In this section the case of n-type Si is presehtedimilar developments can be extended to p-

type Si and other semiconductors.

II.L1.2.a The image force

Having expressed the slope parameter and thudfdatiee metal workfunction as a function of

the insertion nature and thickness, the simulataanbe used to generate the energy band-edgemiagra

A first refinement to consider in order to gener@at®chottky barrier profile as realistic as possibl

is the image force or Schottky effe€towler_1928§. This effect arises from the exchange of charges

between the metal and the semiconductor an

d igridused by a workfunction difference or an extérna

bias. In this configuration, it can be shown tlne €lectric field Ecreated by an approaching carrier in

the semiconductor at a distance x from the in

distance —x from the interface (Figure 1I-7).

-~

~—

P

terttracts a particle with an opposite charge bairag

Semiconductor |
|
~~~~~ I

——

—

v

Figure 1I-7: Schematic of the electric field linesrresponding of two equal but opposite charges.

The electrostatic force between these tw
the potential in Equation (1I-14).
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—q?
F(x) = qE(x) = reg (22)2 (11-13)
° q
¢, (X) = —fx E;(x)dx = Toneon (I1-14)

WhereF (x) is the electrostatic forcé&; (x) is the electrostatic field anpl (X) is the electrostatic

potential. This induced potential needs to be addede potential of the semiconductor i.e. tdodsid-

edge diagram. Therefore the typical barrier modifan occurring at the interface is pictured inuFeg

1-8.

Schottky Effect
Ideal potential
Band Diagram l
A Am A ™ \A/ P L -
qd, S A a2
(no SE) E
q®, (SE) ¢

Semiconductor

Figure 11-8: Barrier lowering at a metal/semicondoc Interface due to image force. The initial bamris assumed

triangular.

One can see in this figure that the principal eéftddhe image force is to reduce the barrier at th

interface. The magnitude of this correction is oftegligible compared to the height of the baitslf

and thus have a small impact on the forward curiéexertheless, the reverse current roughly haaimg

exponential dependency with the SBH even a smaktwan has to be taken into account.
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This mathematical model is however an approximadg to treat the Schottky effect. Indeed, as
formulated in Equation (I1-13), the carriers arensidered as point charges and their electrostatic
potentials are treated in a classical way. Nevertise some studiesifrstein_1978 have pointed out
that such a problem should be treated with the tyguamechanics. In this paradigm, the carriers do no
have a precise positiorbut have a probabilitj}? (r, t)|? to be observed at the distamcat a given time

t. The image force potential induced by this chaatge distancé€ is expressed in Equation (II-15).

FG) = fo CI¥@OF (1I-15)

w 26(r—1" r

For electrons having their energy below the tdpthe barrier, the wave packet of the
semiconductor are still considered as plane wavéhieuprobability to find a carrier in the barrismot
|¥(r,t)|? but TR|¥W(r,t)|?, whereTRis the probability of transmission. Therefore, &ocarrier in the
barrier, the Equation (lI-15) leads to Equatior1(®).

PG = f" q*TRI|¥ (r, t)|?

T (1I-16)

—00

This equation implies that the potential generdigda carrier depends on the probability of
transmission - thus on the barrier’s shape - aadd¢o a modification of the potential of the barrirhis

problem is thus self-consistent and can be solyatebative simulationsHutin_2010Q.

In order to be able to link the simulated band diagwith transport properties, its evaluation has
to encompass the bias voltage. To do so, the aféegivtential differencel¢®’/ is defined using
Equation (lI-17). This physical value corresponalshte actual difference between the vacuum level of
the two materials once having including the FLP @nedapplied bias.

ApeTT (V)= ul — i — V (11-17)

In this equation, the convention is that the biakage is applied on the metal and the groundtisse
the Si.

This overall effective contact potential leads teotage sharing between the dielectric insertion

and the semiconductor as shown in Figure 11-9.

1
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Metal | Semiconductor

Figure 11-9: Band diagram showing the different ploal quantities used in the voltage sharing module
As one can see from this figure:
21T W) =yl —psi =V = Vi + Vi (II-18)

Nevertheless, solving the voltage sharing of Equafll-18) is not straightforward. Indeed, the
part of the applied bias which drops in the Si eauhie occurrence of a charge at the IL/S interface
which in turn establishes a voltage drop within ithterlayer. Thereforé/s; andV;; are linked by the

system of Equations (11-19).

Vsi = A(Peff(V) -V

Vi, = —0si (11-19)

The surface charg@g; can be obtained by solving Poisson’s equat®re[ 198[land appears to be

related to the voltage drop in Si via théunction presented in Equation (11-20).

78

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

Chapter Il MIS contact modeling and simulation

F(Vs) =

.2 Vsi) : Vsi) i
Ve kT Jn; [eqk_g_q(vsl)_l] +[e—q(k—ﬁ L 405

1 .
TLnebye «| Ng? KT KT (1-20)

where Lp.p,. is the Debye lengthy; is the intrinsic carrier concentration ang is the doping
concentration. The typical charge versus Si biggaged in Figure 11-10 (a).

The problem represented by the system of Equafitil®) is self-consistent and can be solved
using a proper simulation module. Solving the \gdtasharing gives the actual voltage drop in the
dielectric layer, the surface charge density ira&d finally the resulting surface potential in 8n

illustration of such a voltage sharing is giverFigure 11-10 (b) in the case of an 8k insertion.
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Figure 11-10: (a) Evolution of the charge at therface of the semiconductor as a function of itfae potential and
(b) resulting insertion voltage drop as a functiithe insertion thickness in the case ofAl In these figures, the bias
is applied on the metal and the ground on the semdactor.

As one can see in Figure 11-10 (a), the dependentlye semiconductor surface charge upon the
bias is strongly asymmetrical. The surface changghé forward regime is several order of magnitude
higher than that of the reverse regime if consitga similar magnitude of bias. Being directly kokto
this surface charge, the bias drop occurring iniigertion is dramatically different when biasirng t

contact in forward or in reverse as shown in Figid® (b) in the case of ADs.
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The two previous sections explained how to caleutae Fermi level pinning at MS and MIS
interfaces, and thus led to evaluating the effecBBH as a function of the insertion layer naturé a
thickness. Adding a module to include the imagedopall the needed inputs to generate the 1-D band-
edge profile of the contact as a function of thgliag contact bias, the dielectric thickness amddbping
concentration in the semiconductor are known.

Combining this generated 1-D band structure ofctir@act with theories of interface transport, it
Is possible to evaluate the current across MS aifsl &dntacts. These theories are presented in the

following.

As succinctly mentioned in Chapter |, several ma®dras are traditionally considered at a
metal/semiconductor interface:

e Thermionic Emission (TE), the carriers are emitted above the Schottky éxarfihis
mechanism mainly occurs in moderately doped serdiectors (under 18at.cmd).

* Field and Thermionic-Field Emission (resp. FE and FE), the carriers are emitted
through the barrier. These mechanisms more spaityfioccur in highly doped
semiconductors (degenerate). While FE is a puredlimg process, TFE is tunneling of
thermally excited carriers which thus see a thirdbegrier than in the case of pure FE.

The decomposition of the interfacial current intwe tthree contributions listed before is
represented in Figure 1I-11 for both the forward #me reverse regimes in the case of a degenarated

type semiconductor.
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Chapter Il MIS contact modeling and simulation

Metal Semiconductor Metal Semiconductor

TFE

Forward bias Reverse bias

-

Figure [I-11: Contribution of the three main meclgns to the interfacial current under forward arelerse bias.

K/

#* Thermionic Emission
This model was one of the first theory used towielly describe the emission occurring at the
metal/semiconductor interface. Presented by BeBethp 194p it is supposed that the carriers are
emitted above the barrier and that a negligible arhof tunneling occurs through this barrier. This
model relies on several assumptions:
» The SBH is much larger th&T/qi.e. 26 meV at 300K.
* The net current is the sum of the current flowirgyt the metal to the semiconductor and
the one flowing from the semiconductor to the metal
» There is no collision between electrons nor reitecat the interface.
The current density flowing from the semiconductor the metal results from integrating the
concentration of electron having energy larger ti@top of the barrier and moving towards theibarr

as in Equation (11-21).

400

JV) = j quxgc(E) F(E)dE (11-21)

eff
Ect+o,,

wherev, is the velocity of the carrierg.(E) is the density of states af{E) is the Fermi Dirac

distribution. Assuming a parabolic distribution time conduction band, solving this integral in the
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direction “semiconductor towards metal” gives tloeresponding current noted As,,, (V) and given
by Equation (II-22) (a full description of the denstration can be found [$ze_1981).

ff
\ qP, qv
o) = 177 o (225 ) (2 0
In this equationA™ is called the Richardson constant for thermiomigssion and is defined by
Equation (11-23).
_ Amm’k?

A= (11-23)

wherem™ is the electron effective mass in the semiconducto

One can see in Equation (II-22) that the densitthefmionic current depends exponentially on
the difference between the applied bias and tlee®edle barrier. When the magnitude of the biaewgr
than that of the barrier, the semiconductor stifisents a depletion zone and almost no currens&€sos
the interface. However when the applied bias alltwseach the flat band or the accumulation regime,
the barrier which was on the path disappears andutrent increases exponentially.

A similar expression can be found for the currémtving from the metal to the semiconductor
and is presented in Equation (11-24). Nevertheligsthis direction the barrier height seen by thgiers
remains the same and does not depend from theapj@ged to the contact. Therefore the current is

constant as shown in Equation (lI-24).

i
. q9P,
Juos(V) = —A"T? exp (— %) (11-24)

Finally by applying the assumption that the totairent is the sum of the two contributions, one

can obtain Equation (11-25).

d)eff

1o (<5 fen (1) 1 1.25)

At the time it was proposed, this model was vetraative to address the contact resistivity issue.

]n(V) =

The major considered parameter was the Schottkyiebaand its link with the resistivity was

straightforwardly obtained by deriving the currambund zero with respect to the bias.
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However, experimental data have shown to preseoéssxcurrents compared to the ones
predicted by this model, and especially for degateesemiconductordPpdovani_196p Thus new

models of interface barrier crossing have to besicaned.

+ Thermionic-Field and Field Emissions
As a matter of fact, the J-V characteristics ol@diaxperimentally do not present a constant ultra-
low reverse current as predicted by the thermiadssion. According to Padovani and Stratton
[Padovani_196FK when considering highly doped semiconductors libgier is thin enough for the
carrier to tunnel through it.
In order to take into account this additional cdmition, the notion of tunnelling or transmission
probability TR(E) is introduced. Keeping the Richardson constanveotion, this probability can be

used to calculate the tunnelling current densityndsquations (lI-26) and (11-27).

eff

A*TzEc+d>bn
S =S [ BEVTREV.N - fEVIE  (1-26)
Ec
Ec+oS
A'T?
Jios =" [ WENDIRED.-FEVIE  ge27)
Ec

One can see from Equation (11-26) that the curdamtsity from the semiconductor to the metal
can be obtained by multiplying the tunneling prabigb TR(E,V)across the barrier by the occupation
probability in the semiconductgt(E, V) and the vacancy probability in the meftal- £, (E, V)], and
summing on the relevant energy interval.

Similarly the current density from the metal to #emiconductor can be obtained with the same

calculation but swapping the occupation and vacg@nolabilities as shown in Equation (11-27).

The full demonstration of this calculation and thsulting expression for currents across the MS

interface when considering the Tunneling-Field &redd Emissions can be found iRddovani_196p
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% Characteristic energy Eoo
These three mechanisms are co-existing and comdgpa specific range of energy. Depending
on the doping and the temperature, the apportiohofehe magnitude of these mechanisms varies. The

characteristic enerdsoo representative of this repartition is given in Etjon (11-28).

gh ’ Ny
Eyo = 7 *
My &

wheremy is the tunnelling effective mass of the majorigyreers,h is the reduced Planck constant and

(11-28)

N, the doping concentration. According to Padovaxi &tratton Padovani_196F a rough criterion to
discriminate the dominant transport mechanism st&& comparindoo with kT.

* If Eoo << KT, the TE regime is dominant

* If Eoo= kT, the TFE regime is dominant

e If Eoo >> KT, the FE regime is dominant

As evoked before, inserting an interlayer dielectrenerates a modification of the band edge
diagram since it induces i) a FLP mitigation andiivoltage drop sharing between the semiconductor
and the dielectric.

Additionally the interlayer also generates an extranel barrier that the carriers have to cross.
Thus in order to simulate transport in MIS struesyra simple model was proposed in 1967
[Schewchun_196.7This model consists in modulating the curremtssing the barrier found using the
previous models by a transmission probability. Tinsmission is mathematically expressed as an

exponential decay of the current as a functiorhefdielectric thickness as shown in Equation ()-29

T(8) = exp(—+/{6) (11-29)

¢ is given in n? and represents the barrier induced by the imse(ftdefined in Chapter | as CBO for
electrons and VBO for holes) adds the dielectric thickness in A.
Then if noting/,, /, ins the current without insertion arig,; the current with the insertion one

can obtain Equation (11-33).

Jins(V) = Jwjo ins(V) exp(—/8) (11-30)
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The previous models used to describe the diffetamsport mechanisms lean on extensive

approximations in order to be easily implementetth\&ivery low computation time. Nevertheless, some

of these approximations seem not compatible wighstfstem we tried to simulate:

The criterion Eo less or greater tharkT does not take into account the bias applied
on the contact.Thus, the apportionment of the different mechanisimeonduction is
only meaningful at zero bias.

The mathematical approximations for thermionic emision are made for high
barrier compared to kT while we tried to obtain very low barrier contakloreover, it
seems that this restriction is not straightforwsirete the current taking place above the
barrier would reasonably by a major contributiothia case of an ultra-low barrier.

Only the height and the width of the barrier are téken into accountbut never its shape
while the actual energy band diagram presentsympotial bending.

The barrier in the insertion is taken into accountin Equation (lI-29) by the given
value . However under biasing, the barrier of energy dees stay rectangular but
features a triangular shape. Thus, its actual dérarsi not constant along the direction
perpendicular to the interface.

Due to the barrier lowering, the rough criterion cansisting in comparing Eoo with KT
seems not to work properly for degenerate semicondtors. Indeed, according to
Equation (11-28), increasing the doping concentratiends to afgoincrease and thus
should lead to the predominance of the Field EmissNevertheless, due to the image
force lowering, the effective SBH cannot be congdes a constant value. Since its value
is lowered as the doping concentration increades,contribution of the Thermionic

Emission also increaseld(itin_201Q.

Therefore, &wxes approach was considered in order to be as prasipessible even if suffering

from a very high computation time. To do so, Equati (II-26) and (1I-27) were considered but the

tunneling probabilityTR(E,V)was not simplified depending on the transport me@m but calculated

using theTwks approximation. Named after Wentzel, Kramers anidldgin, this method consists in

considering a tunneling probability according taugton (11-31).

© 2017 Tous droits réservés.

85

lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

x2(E,V)

TRE,V) = exp |2 f \/%(Ec(x,V)—E)dx (11-31)

x1(EV)

x1 andx2 are the turning points and correspond for eacbrganergy to the boundaries between
which tunneling occurs. An illustration of thesargs is given in Figure II-12. One can see in flgsre
that a carrier evolving at a given eneigyencounters at eachbetweenxl andx2 a potential barrier
with a height ofE.(x,V) — E. Then the total barrier for each energy is obthibg integrating the
elementary height between the two turning points.

Metal Semiconductor

E.(x,V)-E

Figure 11-12: lllustration of the notion of turningoints for an N-type semiconductor.

Equation (11-31) can be applied to all the barrieasriers encounter. Thus for a given energy,
they could have to cross the dielectric and/ordépgletion region. These two cases have been treated
separately by splitting the total transparencynin spatial domains corresponding to each matemnicl a
by considering proper tunneling massesleading to Equations (11-32) and (11-33%4e_198]L The
resulting transparency is given by the producheftunneling probabilities as shown in Equatior8@)
and illustrated in Figure 11-13.
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IL pIL
—2f [P ECWOE), if < EMNV,x)
WKB(E V) “Je h

Jif E > EIL(V,x) (11-32)
1
2mSt (ELL(v,x)- -E) si
i —2 e if E<EZY(V,x)
Tika(E,V) =1 ¢ f”j h® . si (11-33)
Jif E > ESH(V,x)
1
THs(E, V) = Thhep (B, V) X Tigp(E, V) (11-34)
Ins Semi
A A A
E E E
\W |
|
Ec
M o T 1 o0 Y1 o

Twis(E,V) T{/IL/KB (E,V) TWKB (E,V)

Figure 11-13: Schematic of the tunneling probald of each domain and the resulting total one.

[.1.3.e J-V Characteristics calculation
Combining Equations (11-26), (11-27) and theds approximation leads to Equation (11-35) which
allows a calculation of the current density asracfion of the applied bias.

Jy =21 j TE9 (V) fsi (B, V) — figee (B, V))E (11-35)
87

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

Therefore the goal of this algorithm is to genethké characteristics as a function of the contact
parameters such as the doping concentration, thlectlic insertion thickness and nature and the

metallization. In order to link the generated eiedransport characteristics, the contact restgtivan
be obtained using Equation (II-36).

M}‘l

pe) = {2 (1-36)

It is worth noting that this value is natpriori considered constant since depending on the inputs
the resulting contact can be found non-linear &ng its resistivity would be a function of the bias

In order to evaluate the relevance of our simutetjadhe contact resistivity of silicon-based
insertion-free contact was evaluated as a funafdhe substrate doping concentration and the &fkec

metal workfunction. The results are plotted in Fegll-14 along with experimental measurements of a
PtSi/n-Si contact taken frons{avitsky 2008

* PtSi/n-Si %e\\ o
N ' =B
= [Stavitsky 2008] ®<
(&)
G o001y n-Sj o
P //k ®m’A‘ Ge\ln
= 1E-4 /
) <o o
g A @m:L\Ae\IA
X 1e6 Sx " A
§ O/a'?a/ @ _=4.2eV
8 1E-8 /
3 %
1E-10- T T T T T T
0 2 4 6 8 10
1/7N4(10-10cm3/2)

Figure I1-14: Contact resistivity to n-Si as a fuion of the doping concentration for (colored) slatad system
presenting various metal work functions for an agtion bias of 1V; and (black stars) experimente$imh-Si system
[Stavitsky 2008].
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The PtSi metal workfunction varying between 4.8 &ntl eV depending on the fabrication

process conditiond\iranjan_2006, simulated results seem consistent with the ewxpartal values.
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Following the algorithm of Figure 1l-1 and implentery all the calculations presented in the
previous section allow to generate MS and MIS adstaurrent density as a function of the doping

concentration of the substrate, the dielectric matihe dielectric thickness and the metallization.

The ideal case of zero barrier contact withoutrinse was first simulated using the algorithm.
The doping concentration was considered equal #at@m?, the ideal metal work function was set to
match the conduction band of Si and the slope peaten8 was set to 1 (no FLP). The results obtained
for a forward biasing are presented-igure 11-15.

10
& ] Ng=10%%atm/cm?
&
<
[ee]
o
<
6 -
Z
>
=
n
C 4
O
o
)
o 2
| -
| -
-
o
0 T T T T i
0,0 04 0,8 1,2

Figure I1-15: Forward current density as a functiofthe bias voltage for an unpinned metal basedaxi without any
insertion.

As expected for a zero-barrier contact the regylturrent density versus bias characteristic is
linear. By taking the inverse of the slope oneaecess the contact resistivity. In this case, tlee/was
found to be equal to 1.42 x ¥@.cm2.
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As shown in Equation (II-36), the same value caridomd by simplifying the supply function
difference by a rectangular function equal to Weein the Fermi level of the metal and that of & an

equal to zero otherwise; and by assumiffy,az (E, V) value of 1 due to the lack of barrier.

A +00
J0) =52 [ T E V) ~ fe B V))E

If &/ =0 = Tf(E,V) =1 (11-37)
AT
= J(V) = pm XV

= p(V) = {d{;‘f)}_l =2 =142 x 107 0.cm?

This contact resistivity corresponding to a zeradbkacontact can be considered as the ultimate
achievable limit for a real contact between a matal a semiconductor. Therefore, using this sineplif
model, the ITRS targeted valuemfequal to 18 Q.cm?2 appears to be the fundamental limit valuénef t
contact resistivity scaling for silicon material.

However, it has to be noted that using full bantidier quantum transport approach, the intrinsic
lower limit of contact resistivity with 9at.cm?® doped n-Si was actually found to be around 2 %°10
Q.cm? Maassen_2013

Aiming at finding realistic solutions in an induatrclean room environment, standard dielectric
insertions (AtOs, SkN4 and TiQ) and capping metallizations (Zr, Ti and Pt) wevasidered. The main
parameters of these materials used for the siroukatare presented in Table II-1 (partially found in
[Gupta_2013]).
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Dielectric  Band Relative Relative  Conduction band Valence band
gap permittivity massm”  offset4EJS (eV) offset4dE/S (eV)
E, (eV) e
SiO, 9 3.9 0.3 3.5 4.4
Al,O, 8.8 9 0.2 2.8 4.9
Si;N, 5.3 7 0.2 1.9 1.8
TiO, 3.05 80 0.3 -0.06 2.01
Metal Ideal workfunction

(eV)
Zr 4
Ti 4.33
Pt 5

A first simulation study was dedicated to evalugte influence of the substrate doping

concentration on the properties of a given M, | &dombination. The I-V calculation algorithm was

applied for a Ti/TiQ/Si contact. The insertion thickness was varieavbeh 0 and 10 A and the n-Si

doping concentrations ofdN10t 10°, and10”at.cm®*were considered.

The current amplification factor as defined in Epra(11-38) was calculated as a function of the

dielectric thickness, considering the three domiagcentrations and a bias of -0.1 eV. The resuéis a

plotted in Figure 1I-16.
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o 10° 18 3
—A=N =10"° atom/cm A )
5] S X Ti/TiO,/n-Si
® == N,=10"" atom/cm _
o —>— N =10%° atom/cm® @V=-01v
c d-
(@)
= A
CU _________
2 10° pee—mt T -
=t ~
£ / Ny
< 100 ,
c .
[¢D) / - -——-—-—V
= ] s
O 10 I -~

Oxide Thickness (A)

Figure 11-16: Current amplification factor at -0.1V¥ersus the insertion-free case as a function ®fTi® interlayer
thickness for various dopant concentrations.

It appears that while the current is multipliedebfactor of 1@when inserting a 1 nm thick TiO
layer between the Ti metallization and &®H.cm® n-doped Si, the amplification factor drops down to
unity on a 18at.cm® doped Si.

This significant degradation of the current ampétion factor is mainly due to the difference of
transport mechanisms occurring at the interfacevdat a lowly doped Si based contact and a highly
doped one.

* At low doping concentration, the space charge reggtends on a significant width and the
carrier emission in the reverse forward is neatyefy thermionic. Thus the initial resistance
(without insertion) is prominent and considering thhodel of emission, it is exponentially related
to the barrier height (please refer to the Equd(ibR5)). Consequently, the tunnelling resistance
induced as the dielectric thickness increases ih@fsame order of magnitude of the initial
interfacial resistance, and even a slight modifoicabf the SBH can result in a large reverse-bias
current enhancement.

* On the contrary, at high doping concentration, ititerface barrier is extremely thin and the
electric transport is a mix between FE, TFE andfi@€hanisms. The initial interface resistance

Is low compared to that of the previous case. Tiedlsicing the SBH has less impact on the
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interface resistance and the tunnelling resistainceiced by the dielectric is no longer

compensated. The expected current gain is then modest.

These considerations are summarized in Figure.ll-17

MS contacts MIS contacts
2 - [ — E
B CD A 0 0
q
E qCDmeff , \ 1 peft ax q(Dmeff qCDbeﬂ ax
'g — e rrn T o EC e EC
» Ee E;
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g E, ~— E,
S Metal SC Metal SC
o
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3 Raep Ren
W —W—
Rpis>> Ryys
" —— N
: 1
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a qCDmeff A Iq beff qu q(bmeﬁ qq)beff VEC
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m Rtun RdeP
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Figure 1I-17: Schematics aiming at explaining thepdndency of the insertion efficacy as a functicthe substrate
doping concentration

This notion is of prime importance since it medret some results of the state-of-the art showing
massive gains due to the use of MIS contacts on dmped substrates cannot be transposed
straightforwardly on a high doping substrates. Asllastration, FLP mitigation at the Al/n-GaSb was
carried out by introducing ADz and TiQ insertions in Yuan_201]L The substrate being lightly doped
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with a carrier concentration of ~¥at.cm®, the current of the contact was amplified by adaof 1¢*
when inserting a Tielayer. As spectacular as this improvement may seentacts for advanced CMOS
devices will realistically be made on degeneratkged source and drain in order to meet the inidiistr

requirements. In other words, MIS contacts in silevices lead to a lower enhancement.

I1.2.2.b Dielectric thickness optima

Simulations were then performed at doping concéatra of 1G%at.cn® for both n- and p-type
Si in order to be representative of industrial desi Since MIS contacts are believed to be amaliee
to ultra-high implantation, no higher doping conication was considered.

The usual barrier deposited prior to metallizati@ing TiN/Ti [Kamgar_1983 J-V plots were
generated for Ti/Si interfaces as presented inrEigul8 (a) and (b). The reference cases of pdyfec
linear ohmic contacts with=10" Q.cm2,p.=10% Q.cm2 ancp.=10°Q.cm? are also plotted along in these

figures in shades of grey.

n-Si

: Nd:]_o20 atom/cm® Na:102° atom/cm®
o 9
o~ 10°3 __ 10
E N
S £
< <
8
g 10° 4 /D/D <
@ = .
c ] \I\
8 107 o 10 .
- a ™
g g \-’
et c H
5 10°3 ST
(@) —2—p_=10" Qcm? 5 —&—p =10° Qcm?
1 ——p=10° Qcm2 QO —>—p,=10° Qcm?
5 ] Pcle'7 Qcm? Ti liner . pC:lO'7 Qcm? —a—Tiliner
10 T T T T T T T T 10° T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0
a) Bias (V) b) Bias (V)

Figure 11-18: J-V characteristics of Ti liner contaon (a) n-Si and (b) p-Si compared with ohmierefices opx=107,
~=10% andp=10° Q.cm2. The workfunction of Ti is considered equat.&8 eV and no intermixing with Si is
assumed for the simulations.

One can notice that the Ti liner contacts are Hiygbetter on p-type Si due to the FLP being
closer to the valence band (Figure I-18). If comepawith the reference linear contacts, the Ti
metallization appears to have performance slighibgvep.=10' Q.cm? case in the reverse regime and

closer top.=108 Q.cm?2 one in forward.
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As presented in Chapter | and particularity inTable I-2, AbOs and TiQ have been intensively
investigated so far in the state-of the-&s.reported in Table 1I-1, these dielectrics hawghly different
parameters. Thus, trying to quantify the impacdthef dielectric properties on the transport, simoiet
were run for those insertions. For simulations,tthekness of the dielectrics were taken equal3,

and 10 A and the top electrode was kept in Ti. fEselts are presented in Figure 11-19.
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Figure 11-19: J-V characteristics of Ti-contacts ) AbOs/n-Si, (b) AOs/p-Si, (c) TiQ/n-Si and (d) TiQ@'p-Si stacks.

It appears that inserting an>8k layer strongly degrades the current density oh betand p-Si
(Figure 11-19 (a) and (b)). However, the degradabbthe current at a given thickness and biagjisdr
on p-Si than on n-Si and even a slight enhancecanbe observed for the n-type case if keeping an
insertion as thin as 3A. While the current on pisShlso degraded using TiGnsertions, a slight
improvement is observed around 0 V on n-Si foriektiess insertion of 5 A. In Figure 11-19 (c), dioe
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this absence of dramatic degradation, the thickoe3$O, was increased above the 10 A limit set for

the other configurations.

These results come from two main origins. Firg,dissimilarity between the VBO and CBO of
both TiQ and AbOs (Table II-1) participate to the different obserdmzhaviors. Considering basically
that the Tvks approximation leads to an exponential variatiorthef tunnelling barrier opacity as a
function of its height, even a small differencetle inputs can lead to a considerable change in the
outputs. The VBO and CBO of thea@sbeing respectively equal to 4.9 @h8 eV explain the observed
degradation of the current density. Similarly, doi¢he parameters of T¥x@®vVBO of 2.01 eV and CBO
of -0.06 eV), only improvement on n-Si is observed.

Secondly, the MIS approach leads to a FLP reduciiben, as the thickness of the dielectric is
increased, the effective work function of the meataids toward its ideal workfunction. Here, the
considered metallization being Ti, an n-type metfa¢, FLP mitigation leads to the lessening of the

effective work function and then to a degradatibthe contacts made on p-type.

In order to find an optimal configuration of corttac p-type substrates, the Ti metallization was
replaced by Pt due to its appropriate workfunctérd eV [Niranjan_2006. Based on this value this
metal is considered as p-type and should leadS8H reduction on p-Si as the FLP is reduced. The
cases of TiQand SiN4 insertions were simulated, the former to keepstrae dielectric as the one used
on n-Si, the latter to reduce slightly the VBO (&\8 instead of 2.01 eV). The results are respdgtive
presented in Figure 11-20 (a) and (b).
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Figure 11-20: J-V characteristics of Pt-contacts pfSi presenting (a) Tiand (b) SiNs insertions.

These results show a clear degradation of the mudensity for both configurations whereas the
metallization has been changed in order to obtagdaction of the SBH on p-Si. This suggests that t

tunnel barrier induced by the dielectric insertibas a prevailing impact on the contact electangport

compared to the SBH.

Finally, in order to fully benefit from the FLP nection, a n-type metallization was considered
on n-Si substrate, namely, Zr. Considering theltesd Figure 11-19 (c), TiQwas kept as an insertion

of choice for n-Si based contacts. Results ardaiisg in Figure [I-21.
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Figure II-21: J-V characteristics of Zr-contacts arSi presenting Tiginsertions.
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While results of Ti/TiQ/n-Si contacts just feature a slight increase efdirrent density for a

TiO2 insertion below 5 A, Zr/Ti@n-Si contacts present a large improvement up ustiA, with no
further increase observed above this value. Comdiaidielectric featuring an ultra-low CBO and an n
type metal, this configuration appears to be thst benfiguration to contact n-Si.

The optimal configurations corresponding to eachlmoation of metal and dielectric were added
to the Ti-liner reference and the ideal ohmic casebare plotted in Figure 11-2Bprrel_2014.
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Figure 11-22: J-V characteristics for (a) n-type $&d contacts presenting Ti and Zr metallizatiorth WiO; interlayer and
(b) p-type based contacts presenting Ti and Pt litions with various interlayer natures and tkiesses. The scales of
the two figures are different [Borrel_2016].

By looking between -1 V and 1 V, it appears thatyoine Zr/TiG/n-Si contact presents
performance significantly better than the®X®.cm?2 case but fails to reach the targeted @@m2 one.

Concerning the p-Si, no optimal insertions was tbwhen simulating Ti@ SkN4 and AbOs dielectrics.
If considering parameters found iGypta_2013, Robertson_2J02nd represented in Figure 11-23, it

seems that the issue of contacting p-Si with a 8fifroach can be extended to a lot of other diédsctr
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Figure 11-23: Conduction and Valence Band Offset$t of various dielectric [Gupta_2013, Robertsod02).

However, the current density simulated in the adsa Pt liner contact comes out to be higher
than that of the Ti liner reference (Figure 11-22)( Despite a non-mitigated FLP, the 0.82 eV ddfee
between Ti and Pt nominal workfunctions induce®a-negligible effective workfunctions difference
between these two metallizations. The resultingatiffe SBH is consequently lowered, leading in turn
to a significant increase in current density.

Finally, by looking at Figure 11-22 (a) and (b)gtbptimal co-integration configuration emerging
from the analytical simulations is Pt/p-Si and Z83(15A)/n-Si.

[1.2.2.c Dielectric induced non-linearities

It is worth noting that inserting a dielectric laymetween the metal and the semiconductor not
only acts on the contact conductivity but also tsnsymmetry. As explained in Figure 11-10, when
applying a positive bias to the metal, the Si béiripe accumulation regime features a signifisamtace
charge. Then considering the system of Equatidsi(li.e. the self-consistent voltage sharing (e
the Si and the dielectric, this surface chargelt®guan extensive voltage drop in the dielectFigure
11-10).

Consequently, the actual bias seen by the Si wikicesponsible for the band bending and the
carrier injection is found to be only a fractiontbé applied bias. Notably, the Pt/B{®A)/p-Si contact
features a forward current lower that its reverse.d o our knowledge, this can only occur in MIS

contacts.
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Therefore, one can notice that neither associatorgact resistivities with MIS contacts nor
comparing these contacts with linear referencedréghtforward. As a matter of fact, some contacts
may appear to perform poorly at first glance orl¥{+1V] interval, yet feature very low resistivigt
low biases.

For example, Zr/Tig(15A)/n-Si contact has a conductivity close to peel08 Q.cm? reference
at +1V while it appears to be closer to the®X0.cm? ideal ohmic contact around 0 V. Similarly,
considering the case of a Ti/Ti#D-Si contact, the current amplification factor adunction of the

thickness was plotted in Figure 11-24 for differeaintact biases.
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Figure [I-24: Current amplification factor as a fation of the TiO2 interlayer thickness at thredediént bias voltages.

The current amplification factor of this contacsme trivial variation with the applied bias. While
an insertion of 10 A ensures a 2 times current divgtion at 0.4 V, it also makes it lower by alrhas
factor 2 at 1V.

For this reason, it seems that associating a gogriact resistivity to such non-linear non-

symmetric contacts is a sensitive problem.

In section 1.2, using the 1-D analytical algorithtlS contacts J-V characteristics were
generated. From analyzing the transport propediesich contacts, several main conclusions can be

drawn.
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Firstly, when considering a zero-barrier contdm, ¢ontact resistivity value is found around 10
9 Q.cm2. This case can be seen as the ultimate adiéelait for a real contact between a metal and a
semiconductor due to the absence of barrier. Toeréfis legitimate to consider the ITRS targetahlie
of o equal to 168 Q.cm? as the fundamental limit value of the contasistivity scaling for silicon
material. Even if more complex models (such asaio full band calculationilaassen_2013 found
this limit slightly above 18°Q.cm2, it seems that the room for improvement wheroies to contact
resistivity lowering is narrow.

Secondly, the current amplification factor indudag a dielectric insertion is found highly
dependent on the doping concentration of the serdioctor. More precisely, the enhancement generated
by an insertion appears significantly degraded wdwemacting a highly doped semiconductor. Therefore
some improvements found in the state-of-the-art sem spectacular but are actually performed on
lowly doped semiconductors. Contacts for advandeiDS devices will however realistically be made
on highly doped source and drain in order to mketihdustrial requirements. In other words, MIS
contacts in such devices lead to a modest enhamteme

Thirdly, the different combinations of dielectriaad capping metals used in the study point out
the lack of suitable insertions to address the paSe (using theoretical valence band offsets)eblaer,
it also appears that working in the barrier lowgmparadigm, as opposed to the barrier narrowing one
implies to address n- and p-type semiconductoriesrespectively with n- and p-type capping neta
Thus, it finally comes out that the optimal configtion consists in a dual-insertions dual-metatiazs
scheme which is far from simple from a process fimint of view.

Finally, the MIS contacts feature non-linear nomsyetrical J-V characteristics. Therefore,
when plotting MIS J-V characteristics with thatidéal ohmic references in order to compare them is
not straightforward. As a matter of fact, some aotg may appear to perform poorly at first glanceo
[-1V;+1V] interval, yet feature very low resistiyiait low biases. For this reason, it seems thatcésing

a given contact resistivity to such non-linear symmetrical contacts is a sensitive problem.
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Chapter Il MIS contact modeling and simulation

11.3 Impact on devices performance
This section addresses the impact of MIS contattMOSFETSs in both DC and AC regimes.
While the former is assessed frég¥Vgs characteristics of transistors flanked by MIS jums, the latter

involves evaluating the intrinsic delay on simuthting oscillators circuits.

1.3.1 DCimpact

As stated previously, in the majority of casegtimetions J-V characteristics are neither perfectly
linear nor symmetrical in a [-1V,+1V] range of hid®r this reason, the contact resistivity of such
contacts cannot be considered constant and hasexttacted as the function of the bias.

Nevertheless, the extraction bias has to be bessedhas close as possible to the bias used when
contacts are plugged to a transistor. Indeed treting the resistivity at an arbitrary bias, €./, could
lead to significant discrepancies between the etddaresistivity and the one effectively resultirgm
the operative contact biasing.

As presented in Figure 11-25, the effective op&ationtact bias to consider arises from solving

the voltage sharing between contacts and MOSFEhwapplying a supply voltagéisasVas

Vias=Vad

>
— 1
— > >
Vi v, eff Vi

Figure I1-25: Voltage sharing between the MOSFET és contacts when applyingd/Vae is the effective supply
voltage biasing the transistor block

Moreover, as illustrated in this figure the two tawmis are in a back-to-back configuration
meaning that while one of them is biased in thevéwd regime the other one is necessarily biasduein
reverse regime. In the case of non-symmetricalamisf the operative bias is thus even harder ioalef
since each contact have a different effective biaen applyingVad on the MOSFET. Therefore this
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problem boils down to treating two back-to-backd#i®e and one resistor in series which is a self-

consistent problem and can be solved using nunesiioalation.

Toward this goal, compact models were built gglementary SPICE components i.e. resistors
and diodes in order to reproduce the electricaabien of all the analytically-calculated MIS diod&s/
characteristics of section I1.2. The current dgnaias converted in a current using the projectedart
dimensions on active areas for future generatiéi® @am node MOSFETs i.e. 130 nm by 30 nm. As an

example the SPICE compact model fit performedHerTi/TiOx(5A)/n-Si is presented iRigure 11-26.

4 R
O Analytical I-V Ti/TiO,(5A)
1 === Spice Ti/TiO,(5A)

w
1

Contact Area
=130nm x 30nm

Current (mA)
N

[EN
]

10 -05 00 05 1.0
Bias (V)

Figure 11-26: Overlays of I-V characteristics obted with analytical 1-D modelling and |-V charadggics
reconstructed by combining elementary SPICE commusne

The contacts modelled by SPICE were then pluggezhoh side of 10FDSOI p- and n-MOSFET
SPICE blocks developed in STMicroelectronics. Témultinglg-Vas atVgs=0.7V are presented in Figure

[I-27 and compared to MOSFETs which are simulated inolydinear contactwith resistivity

respectively equal tp.=107 Q.cm2,p.=108 Q.cm2 andp.=10°Q.cm2.
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Chapter Il MIS contact modeling and simulation
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Figure 11-27 : Simulated drain current as a function afYor ohmic and MIS contacts assumingm(Zr)=4.1 eV,
q@m(Ti)=4.33 eV and dm(Pt)=5 eV for scaled (a) p-MOSFET and (b) n-MOSKEJ=18 nm, W=130 nm)

Whereas the comparison of the studied contacteqmeaince with the ohmic references was not
immediate by looking to the J-V characteristicg-dV;+1V] range, considering their impact &nVas
ensures a proper ranking of the different MIS jiorg with the references. It appears that the adtim
contact configurations as Pt/p-Si and Zr/Ii®A)/n-Si perform respectively slightly above the®
Q.cm2 and below the 10Q.cm2 ideal contacts.
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These results obtained on n-FETs suggest thafféatiee contact resistivity value recommended
by the ITRS can be approached using the MIS corteategy. Nevertheless, p-FETs performance suffer
from the lack of low VBO dielectrics and judgindaly from the impact on static output currentgéems

that the equivalent contact resistivity on p-FESsdpped around £@.cmz.

Again, it is worth noting that the near-equivalengeterm of DC performance between the
Zr/TiOz(15A)/n-Si and the 18Q.cm?2 could easily have been missed by merely laphin)-V curves on
an extended [-M;+Vqd interval. Indeed, the effective biases acros eantact aVqq equal 0.7V were
plotted agains¥gsfor a Ti insertion-free contact, Ti/TE&nd Zr/TiQ MIS junctions in Figure 11-28 and

appear to vary by one decade depending on thedmesi contact.

Ti
Insertion Free Ti/TiO, Zr [ TiO,
0,70 I 0,70
Il Reverse Biased Contact |
I Forward Biased Contact I
0659 [__IChannel + R, + R, -0,65
a L
o i
© 0,604 L 0,60
)]
) I
0,15
< L0,10
= L
o 0,101 I
> 10,05
0,05 I
0,00 i () 00
00 02 04 06 0002 04 06 0002 04 06
Vgs(V) Vgs(V) Vys(V)

Figure 11-28: Sharing of Mvoltage between the contacts and the transistarkbfor insertion free contact, Ti/TUBA)
and Zr/Tig(15A)MIS contacts.

In the ON-State\(ys=V 4d) the total parasitic voltage drop is measure®8trhV for the reference
configuration, whereas the Ti/Ti®A) bilayer adsorbs 102 mV and the Zr/H{OB6A) stack only 17
mV.

Moreover, SPICE simulations allow to extract thasbat each node of the circuit and then to
know exactly the voltage drop occurring in the reeebiased contact, the forward biased one and the
inner MOSFET. One can see in Figure 11-28, thatnels the respective contribution of the forward and

reverse contacts are equal in the case of Zp(5ik) combination, they differ in the cases of the irsert
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free and the Ti/Tig(5A) contacts. This difference can be seen in Figu2l(a). Indeed, in this figure
one can see that the J-V characteristics is muak syonmetrical in the case of Zr/TiBA) based MIS
contact than in the cases of the other two contdtisrefore when plugged to a transistor and thus i
back-to-back configuration, the voltage drop isabakd in the case of Zr/Ti(BA) i.e. the reverse
contact and the forward one have the same contibuivhereas it is unbalanced in the cases of the
insertion free and the Ti/T¥{BA) contacts.
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The DC characteristics improvement relying on egl@rt contact resistivity reduction is a first
figure of merit which can be used to evaluate thigability of a MIS contact. Nevertheless, as sdate
previously the equivalent resistivity has to besidared at the actual operative contact bias shmeé-

V characteristics of the majority of MIS contacte aeither perfectly linear nor symmetrical. Alrgad
important in the static study, this assertion isremnore relevant in the time-dependent regime simee
applied bias/appis no longer constant apeériodically varies betweehand+V qq.

Moreover, a non-conformal dielectric insertion alesults in what can be modeled by a capacitor
(Cwmis) in parallel with the contact diodBys) as shown ifrigure 11-29[Borrel_2015’]. A non-conformal
dielectric can typically results from using Phys$i¢apor Deposition (PVD) techniques.

C

spacer
M
cspacer / v
| C_..
epi
Cis
- g | Cof M
- mis L] —
: COV
R
Cif MIS
5D\ b) SC

Figure 11-29: (a) Structure of a transistor preserg the usual parasitic capacitances and the omeioed by the
dielectric insertion. (b) Equivalent electric blodiagram for non-conformal dielectric deposition.

As seen in Chapter I, the typical figure of mefitea used in the ITRS is reminded here in
Equation (II-39). In this approximation, the delafya transistor charging the gate of another tstosi
depends on botRon andCy ¢

Cg,totVdd _

Tint = = Cg,totRon (11-39)

I d,sat

Therefore, though irrelevant in DC regin@@us may have a significant impact on the dynamic
response of a transistor featuring MIS contacthdiuld be noted that the considered MIS contasstsyb
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based on ultrathin high-k dielectric insertion® tksulting capacitors are substantial i.e. tmepact is

expected to be considerable.

Consequently, studying the effect of the MIS cotgtam the 10nm node AC performance was
achieved through evaluating its influence on thaylef inverter composed with such MOSFETSs.
This gauging was performed using ring oscillatorsted R.Os in the following. Indeed, the

frequency of an oscillator can be calculated dsguation (11-40) Mandal_2010Q.

_ 1
2Ny,

fo (11-40)
whereN is the number of stages of the R. O. (here 7)m@pds the delay of each stage. Then knowing
the variation of the frequency of a R.O. gives asde the delay of one stage, which is represerptafi
the resistive and capacitive elements induced byMiiS contact. The ranking of the junctions was
performed by correlating the R.Os frequency wité type of contacts flanking the MOSFETSs of the

inverters.

From this perspective, ring oscillators were impdaed using SPICE simulation. As illustrated
in Figure 11-30 (a), inverters based on p- and n3FETs flanked by MS or MIS contacts were generated
using the SPICE blocks defined previously. 7-std&)€¥s were implemented with various combinations
of dielectric insertions and metallizations (seguiFé 11-30 (b)). Finally the frequency of R.Os
oscillations was extracted for each combinatiore @&cillations of the reference case of Ti linentect
on both n- and p-FETs is represented in FiguréI(e3 along with the optimal case of a Pt linerteah
on p-FET and a Zr/Ti@MIS contact on n-FET.
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Figure 11-30: (a) Elementary inverter presenting $1tontacts. (b) 7 stages ring oscillators were &itedl. (C)
Resulting probed node bias as a function of the fion Ti liner and MIS contacts optimal configurats at \i¢=0.7 V.

In order to compare the time-dependent results th#glDC ones, the different configurations of nd an
p-type Si based MS and MIS contacts are the sartteeasnes presented in Figure II-22 and Figure 1I-
27. The R.O. oscillation frequencies are preseirtdéigure 11-31 for the considered combinations of
contacts along with that of R.Os composed by p-raMOSFETSs flanked bp=107 Q.cm2, pc=108
Q.cm2 andpc=10° Q.cm? ohmic contactdBorrel_2014§.
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Figure 11-31: Oscillation frequency of the R.Osafunction of Wy for different combinations of MIS and MS contacts
[Borrel_2016].

The reference case of insertion-free Ti contactdath p- and n-FETs performs in the AC regime
slightly below thep:=10% Q.cm? ideal case. Since these contacts do not grasgrinsertion, there is no
additional capacitive contribution to consider. fidfere the AC and DC results are in concordance.

As presented in the previous section, p-FETs pexdoce suffering from the lack of low VBO
dielectrics, all the combinations of contacts imad) an insertion on the p-FETS feature poor cstodh
frequency. Thus, a single-insertion single-metatlan scheme cannot be considered. Finally, the
optimal configuration was found to be the same rasDC i.e. the combination of Pt/p-Si and
Zr/TiOz(15A)/n-Si.

It is interesting to note that while it could not perh as well as the 100Q.cm2 limit in DC, this
configuration outperforms it in the dynamic regimberefore, the non-conformal insertion implemented
in the n-FETs contacts which was initially chosemptimize the contact resistivity seems to feature

additional impedance reduction in the AC regime.
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I1.3.2.b Contact complex impedance

Sacrificing some degree of accuracy for the sakguafitative understanding, notional contacts
made of an ideally linear resistor in parallel wéttcapacitor were connected to p- and n-MOSFETS.
Those RC blocks were not fitted on analytically giawed MIS contacts as before. Instead, the R and C
parameters were considered arbitrarily tunableuamelated. Delays of R.Os based on 10FDSOI plugged

with these contacts are plottedrigure 11-32.

Single Inverter Delay (ps) @ Vdd=0.7V
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Figure 11-32: Delay of a single inverter vs contaesistivity and MIS capacitance in the notionaseaf a non-
conformal insertion based MIS contact presentingigh-V characteristic.

In order to highlight the effect of the capacitanitee range of the resistance was intentionally
chosen higher compared to the intrinsic MOSFETstasce and thus to the ITRS targetpgf10°
Q.cm?, Doing so, the R.Os delay is dominated byctrgact impedance if no capacitance is added to the
contact. Moreover, to grasp the impact of commethegiric insertions, the range of capacitance @& Ti
and SiNa insertions have been added to Figure 11-32. Thuktiess of the layers was considered between

1Aand1nm.
Results of Figure 1I-3Zuggest that for a given resistance, increasingctiméact capacitance

reduces the inverter delay. As a matter of faa, cbmplex impedance of a contact composed by a

capacitor in parallel with a resistor is expressefllowing Equation (11-41).
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R
Y1 = T4 jRCw (1-40)

whereR is the equivalent resistivity of the conta€Cltjs its capacitance and is the frequency of the
applied bias. It is worth noting that the complepedance is equivalent Rif w=0 i.e. if the transistor
is used in DC regime.

The magnitude of this complex impedance i.e. itsluhas is therefore expressed by Equation (l1-
42).

RZ

2edl = (T Rec7a0

(11-42)
Therefore, the capacitance primarily acts as a tshapacitor reducing the conduction path

impedance in the AC regime. For a given frequerfcihe resistance is non-negligible, this modulus

tends to|Zeq| ~ |—=—. Then a low capacitance will lead to high impedantiile a high capacitance

o
will lead to a low impedance.

Nevertheless, the single inverter delay was caledlasing independently varyiigandC. This
configuration could not occur in practice since Yaeation of either the resistance or the capac#af
a MIS contact leads to the variation of its coupdet. Moreover the dielectric layer necessarily

introduces current-voltage non-linearity which ¢ taken in account in this ideal case.

Aiming at investigating all the foreseeable intéigia schemes, the case of a conformal
deposition of the dielectric insertion was simutai€onformal deposition can typically be obtainethg
Atomic Layer Deposition (ALD) or Chemical Vapor Degition (CVD). Then an additive sidewall

capacitanceQuis, siad in series with the spacer orsface) is present as shown in Figure 11-33.
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Figure 11-33: (a) Structure of a transistor presenting the uspalasitic capacitances and the ones induced by the
conformal dielectric insertion. (b) Equivalent eiéc block diagram for conformal dielectric depasit.

For similar reasons th&iwis is expected to be large i.e. the considered Mi$auts are based on
ultrathin high-k dielectric insertion&wis, sidelS also expected to be extensive. Neverthelesaghai
series WithCspace; its high value will results in a poor impact dre R.Os frequency. The modified R.O.

oscillation frequencies are presented in Figui@4ll-
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Figure 11-34: 7 stages R.O. oscillation frequensyafunction of the supply voltage for conformalectric insertions.
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Featuring the same ranking of the different costaonfigurations as in the non-conformal case,

a slight gain is observed when using a conformalodition. The net effect is equivalent to slightly

lowering the lateral parasit{Cspacerfor little to no penalty on the DC current flow.

A summary of all the single inverter delays versuegration scheme and type of deposition is

shown in Table II-2.

Table 11-2: Single inverter delay extracted frone tting oscillator frequency as a function of thetawts used to plug the
transistors. The color code refers to the condurcgéficiency of the contact.

Contacts Single Inverter Delay | Conformal vs.
(ps) @V,44=0.7V Non-Conformal
Gain
p-side n-side Non- Conformal
Conformal
Single MIS | Pt/TiO,(5A) | Ti/TiO,(5A) 3.589 3.407 5.1%
Dual MIS | Pt/SisN,(5A) | Zr/TiO,(15A) 3.549 3.389 4.5%
Reference Tiliner Tiliner 3.319
Ohmic 1e-8 le-8 2.973
Ohmic 1e-9 1e-9 2.481
Hybrid Ptliner | Zr/TiO,(15A) 2.210 2.116 4.3%

In this table, the first column refers to the tygentegration: “Ohmic” stands for contacts made

of ideal ohmic contacts; “Single MIS” and “Dual MI&orresponds to MIS contacts on both p and nFETs

using same or different dielectrics to addressweepolarities respectively. Finally “Hybrid” refetto

the case in which one polarity features a MS cdntéde the other a MIS one.

© 2017 Tous droits réservés.
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In this chapter, the study of the MIS contacts @ffe impact on aggressively scaled transistor
DC and AC performance is carried out.

In the first part, performing 1-D analytical modejiof MS and MIS it is shown that no optimal
single-insertion single-metallization co-integration n- & p-Si can be found. This issue arises ftam
main origins. On the one hand, the basic idea fgusllS contacts being to mitigate the Fermi level
pinning, the effective metal work function tendghe ideal one. Then, in order to induce a low &&kyo
barrier height on respectively n- and p-Si, the selmo metallization has to be an n- and p-metal,
respectively. Therefore a single-metallization sebecannot be considered in order to address
simultaneously both polarities. On the other hahd tunneling resistance induced by a given digtect
is not the same for the electrons and the holesle\e resistance seen by the former is propaatitm
the dielectric conduction band offset to the Sg time seen by the latter is linked to the valeramelb
offset. Considering dielectric properties from st@te-of-the-art, it seems not possible to finthaertion
inducing a low tunneling resistance for both typesarriers and, even more, it appears that natioge
can lead to an improved contact on p-Si. Finalg dptimal configuration is found to be a dual-
“insertion” (resp. low CBO insertion and no inserj and a dual-metallization (resp. n- and p-mgtals
Based on the generated I-V characteristics, tméigaration would be Zr/Ti@n-Si and Pt/p-Si.

In the second part, evaluating the impact of MS &fi& contact on the MOSFETs DC
performance, the optimal contact on p-Si is founble roughly performing above ideal®Q.cm2 ohmic
contact while the optimal MIS junctions on n-typew&s equivalent to a 10Q.cm2 ohmic contact.
Complementarily, in the third part, we highlighathihe shunt capacitor induced by a dielectricrinze
on the conduction path has a significant impactA@ performance, allowing an extra improvement
beyond the 18 Q.cm? ideal case.

In conclusion, even though the implementation ef dptimal integration scheme remains non-
trivial, the study of AC regime response implieagassessment of the initial projections on theiptess
impact of MIS contacts obtained by only considetimg DC impact.

In this Chapter, the considered dielectrics areirassl ideal and presenting their theoretical
properties (e.g. valence and conduction band affseystallinity...). The FLP mitigation is attritaal to
the MIGS attenuation without considering DIGS amakstany defects.

Nevertheless, in reality, the dielectric actualgadies can appear very far from ideal:

* The different parameters of the dielectrics usegdadorm the simulations are set at their

theoretical value. When considering real experimgntmplemented ultra-thin dielectrics,
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these physical quantities do not rely on bulk progs but often arise from non-crystalline
phenomena.

* When working in the MIS contacts paradigm, thekhass of the considered insertions is
typically in sub-nanometer range. At this scalegrea small density of defects cannot be
neglected. Then, depending on the process conglitibthe dielectric fabrication, it can be
foreseen that the DIGS might have a significantaotpn the FLP mitigation as well as on
the transport properties.

* Moreover, still based on considering the sub-nartenseale of the dielectric thickness, it is
reasonable to suspect that the interactions ooguat the different interfaces (M/I and I/S)
might also have a non-negligible incidence on #sailting stack.

Therefore this study of the MIS contacts wouldmete been complete without practical implementation
of such junctions as well as their experimentakabizrization.

In this context, while the next chapter will be aded to present the deposition techniques, the
different implemented dielectrics and their resigtphysical and chemical properties, the fourthptéra

will deal with the electrical characterization dfet resulting MIS contacts encompassing all the
experimental deviations.
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Chapter Il Implementation and physico-chemical rettéerization of ultra-thin dielectrics

Introduction to Chapter Il

In the previous chapter, simulation was presented first approach used to screen the potential
candidates for MIS contacts application from a th@ocal point of view. Whereas using modeling
allowed to gather fundamental understanding of suettacts, DC and AC SPICE simulations enabled
to link stand-alone contact |-V characteristics hwitheir impact on MOSFETs performance.
Nevertheless, modeling and simulations are basedssamptions which can be overly simplistic as

discussed in the conclusions of the previous chapte

In Chapter Ill, practical concerns about ultra-ttiielectric implementation are discussed. In thst fi
part, an overview is dedicated to the differengdic phenomena suspected to arise during theegsoc
of fabrication. In the second part, physico-chemmiteracterizations are presented for differentksta
with a specific attention to the interactions ocmg at the interfaces between materials withinNi8

contacts.
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[11.1 Deviation from ideal process flow

In this first section, the focus is set on paragihenomena possibly occurring at the critical step
of the fabrication process.

11.1.1 Control of the substrate surface oxidation

According to the theory of tunneling, one of thgan@arameters to consider in order to evaluate
the dielectric induced tunnel resistance at a gihi@kness is the Conduction and Valence Band ®ffse

(resp. CBO and VBO). These values are representEdyure 11.23 and reminded here in Figure 1l1-1.
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Figure IlI-1: Conduction and Valence Band Offset<Si of various dielectric [Gupta_2013, Robertsob02).

To grasp an idea of the induced tunnel barrier, $&h be compared to Az since their CBO
and VBO values present similar high values. In @G&al, simulations of AIOs show significant
degradation of the current density of contacts thasethis insertion as presented in Figures llg)@agd
(b). This deterioration appears to be significarsrewith only a 3 A thin dielectric (one decadeuwfrent
less on p-Si presenting a doping concentrationefL&° at.cnt).

Now going back to Sig) a small thickness of 3 A roughly correspondshtond length of O-
Si-O [Baur_1977 meaning only 2 mono layers of substrate oxideal be therefore anticipated that
even a small regrowth of substrate oxide could leadiramatic degradation of the MIS contacts
properties.
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Therefore a particular attention should be paidawtrolling the quality of the substrate surface

but also to evaluate the thickness of a hypothigtitarfacial oxide.

In order to start from the most favorable surfaeges the substrates have to be cleaned prior to
the dielectric deposition by removing the nativedexand passivated to prevent re-oxidation. HF-last
cleaning has been over the years a process ofechmiperform the oxide removal on Si. It has been
shown [Chabal_1989 that this technique generates a passivated stwbssurface saturated in Si-H
bonds. This passivation ensures a relative statfitthe surface and a delay of re-oxidation. When
considering the oxide thickness regrowth as a fandaif time of air exposure in minutes, the grovate
was found to be around 0.2 nm.dechfidende 198B

Thus, in a case of a short queue time betweenl¢la@iog of the substrate and the deposition of
the dielectric, it seems possible to perform ths@ps in two different tools without obtaining an
important substrate oxide regrowth. Fabricating temples in industrial and semi-industrial
environments, the queue time between processesavavoidable. Most of the experiments presented
in this work were carried out with a maximum detdy? hours between the cleaning and the insertion

deposition (unless otherwise specified).

Beside oxidation occurring in the environment, deposition technique used to implement the
dielectric on H-passivated Si also plays an impurtale in the interface quality. Depending on the
precursors and on the temperature of process, chemdactions can occur at the substrate surface

introducing new layers formation (such as silicate3ubstrate oxide regrowth.

+» Chemical Vapor Deposition (CVD)

In 1998, Gilmeret al. [Gilmer_1998 studied the interface quality resulting from t6&D
deposition of a thick Ti@layer. The dielectric was implemented in Ultra Higacuum (UHV) CVD
reactor using tetranitratotitanium (TNT) precursor HF-passivated Si and operating at 280°C. An
important amorphous layer of approximately 2 nrthiokness was found at the interface between TiO
and Si. Without managing to clearly identify itsxgoosition, this layer was assumed to be siliconl@xi
or Ti-silicate.

Similarly, Al203 deposition on Si(100) using medium temperaturé®{@) CVD was studied
[Klein_1999. It was found that implementing a thin film of53nm actually results in obtaining two
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sublayers of approximately 1.7 nm. Using X-ray Bet#ctron Spectroscopy (XPS), the interfacial layer

close to the substrate was found to consist in Ai@onds thus considered as an Al-silicate layer.

+* Atomic Layer Deposition (ALD)

Starting from a stable SiOpresenting a thickness of 7 A, studié3aifnlencourt_2003,
Damlencourt_200bshowed that using ALD of Hf9could lead to an increase of the substrate oxide
from 7 to 12 A (using HfGIH2O precursors at 350°C). In the same time, the tieisk of Si@was found
to be insensitive to depositions ofz@ (TMA/H 20 at 300°C).

Nevertheless, a surface presenting hydrogen-tetedrsdlicon is much more reactive than a 5iO
layer. It was foundRranck_2003that ALD deposition of AdOs(TMA/H20 at 300°Cpn HF-passivated
surface leads to an oxide regrowth of 4 A. Tryingovercome the substrate oxide regrowth,etlal
[Ho_2009 studied the deposition of HiQusing ultra-low temperature ALD i.e. 100°C (TEMABO
precursors). Using this process, high number of AlyDles (up to 30) were achieved with no evidence

of silicon oxide interfacial layer.

Once the MIS contact stack is implemented, theedigt shares an interface with both the
substrate and the metal. Thus several mechanismsocars in the stack and can lead to a transfer of
elements from one layer to another. Moreover, dutimeir fabrication, samples undergo parasitic
thermal budget which can enhance these mechanSorsidering the ultra-low thicknesses of the
dielectric, these effects can have a significamtdaot on the composition of the layers and on theahc

MIS contact configuration.

The two main mechanisms considered in this worklealiffusion of oxygen and the nucleation

of a new oxide phase, both of them eventually coogito a certain extent through the contact.

+» Diffusion of oxygen
The mechanism of diffusion of an element occuhenva gradient of concentration of this
element is present in a systefiick_1859. A flux appears flowing from the regions of highe

concentration toward the ones with low concentratikhis phenomenon is described by the Fick’s first

law which expresses the flfxaccording to Equation (l1-1).
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J=-DVC (1-1)

whereD is the diffusion coefficient in m2lsandC is the concentration of the considered element in
mol.n3. From this equation, one can notice that the ntadaiof the flux is proportional to the gradient
of concentration.

Considering the Fick’s first law as the drivingrde for diffusion, the variation of the
concentration as a function of time varies follogvthe Fick’s second law expressed in Equation2)II-
[Fick_1855.

aC

— = DAC -2
o (1n-2)

In solids, the diffusion coefficieri? follows an Arrhenius law described in Equation-8).

D = Dye 7 (111-3)

whereD, is the maximal diffusion coefficient in m£andE, is the activation energy in J. This activation

energy partially depends on the crystal structanghich the diffusion takes place.

Being based on oxidized insertions, the MIS costatiidied in this thesis work present a strong
gradient of oxygen concentration. It is thus expédhat a diffusion of this element can occur fiibie
insertion toward the metal and/or the semicondudbese two materials presenting different crystal
structures and thus different activation energg txygen may present an asymmetric diffusion.
Moreover, the diffusion being thermally activatéte parasitic thermal budget undergone by the sampl
during the process of fabrication amplifies thigffigient and thus enhances the different diffusion

occurring through the contact.

7

% Nucleation of new phases

The phenomenon of diffusion is limited by the s@alubility in the host material. At some point
it can be energetically favorable for the matenaleact with the oxygen thus forming a more stalele
phase. Metal and semiconductor have the tendendgatoire such a chemical reaction leading to
oxidation [Totten_2006 This chemical reaction is expressed by Equa(iibi).
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2x 2
7Mat+02 =;Matx0y (1-4)
whereMat is the metal or the semiconductOrjs the oxygen ang andy are integers.

Starting from a notional system under an oxygesgurep,, of 1 bar and a temperature of 298K,

the standard Gibbs energy of formation can be nhéted according to Equation (l1I-5jbbs_ 1878
AGP = AHP — TAS? (I11-5)

with AH}’ andAS}’ respectively the standard enthalpy and the stareferopy of formation. f,, differs

from 1 bar, the Gibbs energy of formation can Hewated using Equation (111-6).
AG, = AG}’ — RTIn(p,,) (1n-6)

with R the universal gas constant ahthe absolute temperature.

The Gibbs energy represents the driving force efréaction Mellor_1923. If AG}’ IS negative,
the reaction of Equation (llI-4) can take placenirthe left to the right and the considered matexéal
spontaneously oxidize. KG)? Is positive, the oxide phase formation of Equatidik4) cannot happen.
The notion of “possibility” is here of prime imparice. IfAGJ9 is negative, the reaction can take place
but does not necessarily take place. HoweveﬂiGﬁ IS positive, it is impossible that the oxide phase

formation of Equation (111-4) occurs since therensdriving force favoring this reaction.

In this thesis system however, the metal and tibstsate are not in contact with air but with a
dielectric layer containing oxygen. In order toidefthe equivalent reaction occurring at one os¢he
interfaces, two reactions, one of oxidation and oheeduction, have to be considered resultindhan t
system of Equations (111-7).

X t4+0 2 Mat.0
—Ma =—Ma
y 2y T

2

-7
M,0 —ZZM+O ( )
w ZW_W 2
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whereMat is the metal or the semiconductor adigh,, is the initial dielectric insertion. Combining the

equations of this system leads to the equivaleatdtien at one interface:
X 1 1 z
;Mat+wMZOW =;Matx0y +WM (|||-8)

In order to know which oxide is more stable, trendtird Gibbs energy of reaction is defined as
in Equation (I11-9).

AG? = Z AGP (products) — Z AG (reactants)

1 1 (111-9)
= ;AG}’(MatxOy) — WAG]?(MZOW)

If AG? is negative, the driving force is favorable taeaation of Equation (111-8) from the left to
the right. It is then possible théfiat gets oxidized to the detriment 0, which is reduced. AG? is
positive, the reaction of Equation (IlI-8) cannapipen form the left to the right and the dielectric
insertion cannot be reduced.

Thus, knowing the Gibbs energies of formation pne=etin Equation (111-9) allows a first forecast
of potential oxide formation for common metals artde subsequent “stability” of the
metal/insulator/semiconductor contact. These vataasbe found in the literature, as in [Alcock 200

and [Humpston_2004], and are reported for severanson metals in Table III-1.

129

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

Table llI-1: Gibbs energy of formation in kJ.mokorresponding to the oxidation of various commoatais
[Alcock_2000, Humpston_2004].

. . . Gibbs Energy of Gibbs Energy of formation
Element  Work Function (eV)  Associated Oxide formation (klg.ymol‘l) correspondingiz 1/2 0, (kJ.mol?)
PbO -190 -190
Pb 3.8 PbO, -210 -105
Pb,0, -570 -142,5
Ti 4.1 TiO, -880 -440
Al 4.2 Al,0, -1580 -526
Zn 4.2 Zn0O -300 -300
sn 43 SnO -260 -260
Sno, -490 -245
Ag 43 Ag,0, -10 3,3
cr 4.4 Cr,0, -700 -233,3
cu 46 CuO -130 -130
Cu,0 -150 -150
Pd 4.6 PdO -221 -221
Ni 5.0 NiO -235 -235
Au 5.4 Au,0, +50 +50
Pt 5.4 PtO -221 -221

Nevertheless, evaluating the enthalpy of react®fust a way to predict which reaction is
favorable in terms of driving force. In practiceedmas also to evaluate the energy needed to neceat
new phase which represents a barrier of energydaome.

According to Rbraham_197} if considering one droplet of radiu®f the new phase and noting

Agj? the Gibbs energy of formation per unit volume arttie surface tension of the interface between

the droplet and its surrounding, the Gibbs enefgyacleation is expressed in Equation (I11-10).
AGO(r) = * 3Ag? + 4mr? (In-10)
(r)= 3r°Agy + 4nro

The first term of this equation is a volume ternd agpresents the gain in terms of Gibbs energy
when replacing a droplet of the new phase in tligirone. The second term is a surface term and
represents the cost of energy at the interface detvihe two phases. In the case of a negA@?e
(favorable driving force), the typical curve 86 °(r) as a function of is represented in Figure III-2.
This curve presents a barrier of energy that tlsesy has to overcome in order for the reaction to

effectively occur.
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Chapter Il Implementation and physico-chemical rettéerization of ultra-thin dielectrics

AGO(r), Surface tension

Barrier of energy

N\

v

Resulting energy

Volume driving
force

Figure 111-2: Typical curve ofAG°(r) as a function of in the case of a favorable enthalpy of formatien wolume unit.

To summarize, the stability of an oxygen-based rtitse is governed by the phenomena of
diffusion and of new phase nucleation. While tharfer is only driven by the gradient of oxygen
concentration, the latter is based on energetisiderations. The evaluation of the Gibbs energy of
formation allows to anticipate which reaction coolttur. However, it does not ensure this reacton t
actually take place since the barrier of energyaed by the nucleation has to be overcome. Morgover
all the values of Gibbs energy, surface tensiondaffigsion coefficient can only be found in thesliature
for the case of bulk materials presenting a deficrgdtal structure. In the case of this work, theat

thin layers are possibly amorphous and these vahigist be inadequate.

[1.L1.2.b MIS instability in the state-of-the-art
% Oxygen-diffusion-induced substrate re-oxidation

As mentioned earlier, using ultra-low temperatuleDAof HfO, (TEMAH/D2O precursors at
100°C), Heet al [Ho_2003 managed to achieve high number of ALD cyclest(p0) with no evidence
of silicon oxide interfacial layer formation. Neteeless, trying to evaluate the robustness of 8taok,
post-deposition annealings were performed at vartemperatures. It was shown that a 450°C anneal
(duration not given) was sufficient to form SiGRamping up to 700°C led to the regrowth of aX.2
thick silicon dioxide. This oxidation was attribdte the diffusion of oxygen contained in Hf@to Si.

Before the annealing the hydrogen atoms preserite &ifQy/Si interface act as a barrier for diffusion.
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The annealing removes the remaining hydrogen dodslthe excess oxygen contained in the HtO
penetrate the Si leading to the oxidation.

++ Dielectric degradation by oxygen diffusion

More recently, Yuet al. [Yu_2015 have studied the stability of Tibased MIS contacts as
function of the annealing temperature. Using Tiatietation, it was shown that even a moderate post-
metal thermal budget, here 370-400°C for severalutes, was enough to deteriorate the insertion. As
shown in Figure 111-3, this degradation was atttdzlito the diffusion of oxygen in the top Ti layerd
was confirmed by simulation. Figure IlI-3 (c) shothe resulting Ti layer containing diluted O after
500°C annealing.

~Xx10F
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Figure 111-3: (a) Simulated O profile in a MIS caut presenting 1 nm ALD Ti@fter 1 min RTP only considering
diffusion of O. (b) and (c) TEM of the corresporgdaxperimental sample respectively before and afteealing
[Yu_2015].

Keeping in mind these parasitic phenomena, insetigere implemented in the frame of MIS
contacts. HF-last passivation was considered asetheéred cleaning of the Si surface before dielect
deposition and the queue time between these twis stas kept under 4 hours. Furthermore, these
parasitic effects being thermally activated, thecpss temperatures were kept as low as possible.
Unfortunately, a CVD-deposition of W was mandatopkrformed at 440°C in the fabrication process.
This step occurring after the MIS contact impleraéion, it might induce modifications of the dielect
insertion. Thus before electrical characterizatbthe samples, a study of the effective resulsitagks

was performed to analyze the possible redistributithe elements and particularly of the oxygen.
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Three insertions were studied in this work, FiBIfO, and AbOs, and can be considered from
two points of view.

On the one hand, the dielectrics generate a turméarrier that the carriers have to cross to
generate the current. According to the VBO and QB€ented in Figure 1ll-1 and as stated in Chapter
I, the transmission probability notddof both holes and electrons across these digdedor a given
thickness can be sorted as in Equation (l11-11).

Trio, > Turo, > Ta,o, (In-11)

As presented in Chapter I, the tunnel resistandeded by AIOs is so large that no optimal
thickness was found in a physically achievable eaf8A when inserting between Ti and n-Si). Thanks
to its ultra-low CBO, TiQis however considered as the most promising lsiyetied in Chapter 1l and
specifically to address n-type Si. Even thoughaswot studied, reasoning only on the CBO and VBO,
HfO2cana priori be considered as an intermediate candidate.

On the other hand, one has also to consider thdistaf these dielectrics when contacted with
the substrate and the metal top electrode. As predan section 111.1.2, a first rough image of the
dielectric stability can obtained by looking at tBi#bbs energy of formation. If considering the \edwof

Table 1lI-1, AG]? of the dielectrics can be sorted as in Equatit+l Q).

_AGP(AL0;) | AGR(HFO,)  AGH(Ti0))

: : . (I11-12)

Comparing Equations (IlI-11) and (11l-12), it agps that the stability of the considered
dielectrics is ranked in the inverse order thaiir timeluced tunnel barrier. Then the process window

find a dielectric both conductive and stable appéaibe reduced.

In order to evaluate the actual stability of thdsdectrics, experiments were carried out in both
STMicroelectronics and LETI clean rooms. In therfer, an attempt to implement Ti@sing an indirect
process route was performed by depositing a TirlayeSiQ. In the latter, Hf@ and AbOs were
implemented using Atomic Layer Deposition (ALD) position of TiQ was performed using Chemical

and Physical Vapor Depositions (respectively n@#D and PVD).
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As mentioned in part 111.1.2, when implementing ielectric by conventional deposition, the
oxygen contained in the insertion can move awamfits original position. This phenomenon is often
seen as a detrimental effect since the consideedetcttic is the insertion one wants to implement.

Nevertheless, in theory this phenomenon can alsasbd to create the insertion. Indeed, Ti is
well known to be a getter of oxygen i.e. it hasghapensity to attract the surrounding oxygem [2000Q.
Moreover, the Gibbs formation energy of Ti oxidengelower than that of the Si (Table 1lI-1), the
reduction of the latter and the oxidation of theanfer are energetically favorable. Therefore,
implementing a layer of Ti on top of a Si€buld in theory result in the pumping of the oxygem is
referred to as scavengingrido 2009

Additionally, as evoked in the introduction, a ustdposition technique can lead to a substrate
re-oxidation. This Si@oxide leads in theory to a dramatic current deg@iad and a particular attention
should be dedicated to tackle this re-oxidationngshis scavenging-based implementation technique
has the advantage to avoid bringing oxygen frorowside source namely from the precursors or from
an @ plasma. Thus in case of an actual scavengingteffexresulting substrate oxide can be expected

to be thinner than the one observed after a comraitdeposition technique.

+» State-of-the-art

In 1983, Butzet al.[Butz_198Bobserved such reduction of the Si-O bonds at rtemperature
when depositing 5 A of Ti on a thermally oxidizedevertheless, upon a sufficient annealing oP8Q0
it was found that these bonds were not stable lzeadTi-Si was instead preferentially formed.

Similarly, in 2010, Oswald@swald_201Dfound that depositing an ultra-thin layers of ofi
various thicknesses on a thick thermal 8&ads to the formation of a Ti oxide layer. Nevel#iss, the
formation of a TiSiy layer was observed even at room temperature. iSumgly this layer was found to
be on the top of Ti oxide layer and not at therfiaize between SiQand TiQ. For instance, in the case
of a Ti deposition of 53 A, the resulting stack Viasnd to be Ti(18A)/TiSiy(22A)/TiO«(24A)/SiCy.

** Process flow
Attempts to implement insertions of TiQusing scavenging of SpOwere performed in

STMicroelectronics cleanroom.
In this part, for the sake of simplicity, the degtion of the process begins at the entrance of the

contact module. Nevertheless, planning electribafacterizations of the resulting contact, wafése a
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underwent modules of well and S/D implantationgpStof fabrication occurring in the contact module

for scavenging-based Ti@re presented iRigure 1lI-4.

Off-line tests In-line tests
Split  |S01|S02|S03(S04(S05|S06|S07|S08
| Chemical Oxide | HF1% + SC1 + HCl X | x| x| x| x
1 XPS X
| In—Iir|1e| XPS | Degas (390°C, 30s) + Ti 11 A x | x| x| x|x
| Endura Process | e CleE] -
T Anneal (390°C, 10s) X X
| In-line XPS | Anneal (390°C, 20s) X X
Anneal (390°C, 30s) X X
TiN 200 A X | x| x| x
XPS X | X | x| X

Figure IlI-4: Process flow restricted to the contaodule in the case of the scavenging-based. TiO

After having undergone all the steps of implantatithe wafers entered the scavenging module
with a chemical cleaning comprising a HF (1%), d $diluted NHOH and HO;) and a HCL cleanings.
While the former is used to remove the existingamiolled oxide, the 2 other steps eliminate tlgaaic

and metallic contaminations and ensure the regrafvéhcontrolled 9 A thin chemical SiO

Prior to going through the Ti deposition and animgpsteps, a first XPS measure was performed
on the in-line tests wafers (SO05 to S08) in ordepbtain a reference spectrum just after the initia
cleaning. This in-situ XPS is based on a monochtechAl Ka source. Its resolution does not allow to
separate the two components of the Si2p peak {&&md Si2p.2). The results are shown in Figure IlI-
5 (a) et (b) respectively representing the Si2ptaedO1s binding energy regions.
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Figure IlI-5: XPS spectra of (a) Si2p and (b) O&gions between the chemical cleaning and the Togigpn.

According to Wagner_197p the binding energy of the component represerdgaif the Si-Si
bonding is considered at 99.3 eV while that of 81 at 103.3 eV. These values were thus used to
calibrate the binding energies of the measuredtspda the O1s region, the signal was found celter
around 532.3 eV and as expected corresponds ©.&&@npound YWagner_197p

The scavenging module consisted then to depobinari layer of 11 A using RF PVD (Radio
Frequency PVD). This deposition had to be precdned degassing step (noted Degas in Figure 111-4
and performed during 30 s at 390°C) used to vadaetany residual moisture that remained after tiee p
clean. After the deposition of Ti, in-situ annegbnwere performed without vacuum break. These
annealings were expected to enhance the reactithe §i,Si,O} system. All of them were performed
at 390°C but for various times, 0, 10, 20 and 3spresented in Figure 111-4.

The wafers were then split along two routes. Thesotedicated to perform off-line physico-
chemical and electrical characterizations (S0104) Sinderwent the full process of the module heyt
were capped by 200 A of PVD TiN. The others (S05S@8) were used to perform in-line XPS
measurements of the resulting stack and thus wetreapped.

7

** Physico-chemical characterizations
The XPS measurements of wafer S05 obtained akedeposition of Ti are presented in Figure

[11-6 (c) and (d) and are compared to the resuitsimed prior to the deposition in (a) and (b).
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Figure 111-6: In-line XPS measurements of S05 @)kefore and (c) (d) after Ti deposition.

As shown in Figure IlI-6 (c), the deposition ofifiduces a shift of -1.7 eV of the O1s core level.
Moreover, this core level is not symmetrical andtdiees a shoulder on the higher energy. Such a
resulting peak has already been observed by Fetaa. [Fulton_2002 and was attributed to the
formation of an intermediate Ti-silicate in betwete SiQ and TiQ. Nevertheless, this shoulder
remains low and the O1s core level seems to berdded by the Ti@signature. Considering the Si2p
region (Figure 111-6 (d)), the magnitude of the@ieomponent appears unmodified by the Ti deposition
as expected if the scavenging effect had pumpedxigen from the Si@layer. However, its position
is shifted by -1eV.

Therefore, these observations suggest that the @b &i-O bonds has not been decreased but
that their chemical environment has been modi#extording to[Fulton_2002 this phenomenon is also

a signature of the formation of a Ti-silicate.

In order to study the influence of the thermal betdan the scavenging enhancement, similar XPS
measurements were performed on S06, SO7 and S§&8 @eneal lasting 10 s, 20 s and 30 s). This
influence was evaluated through the evolution & 8O component position and also through its

relative intensity compared to the Si-Si signalsits are plotted along in Figure III-7.
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Figure 11-7: (black) Evolution of the Si-O bindirgnergy and (blue) relative intensity Si-O / SaSia function of the
undergone process split.

As clearly illustrated by this figure, the disappeeae of the Si-O component as expected in the
case of a successful scavenging process is notvaloséOn the contrary, Figure IlI-7 suggests that t
component intensity is enhanced by thermal budgmicerning its position, even if a slight shift ena
the higher energies is observed if increasing tireealing time, the Si-O peak remains in the siicat
range of binding energy (around 102.5 eV).

XPS gives information about the nature of the boitisis it can be completed by other physical
characterizations in order to obtain details alibatspatial organization of the elements in theksta
Time Of Flight Secondary lon Mass Spectrometry (T®)MS) was used to analyze the composition of
the thin films. The technique was used on S05 @&lvéhich represent the most extreme cases in terms
of annealing budget i.e. respectively no anneal3fhd of annealing. An overlay of their depth desfi

Is presented in Figure 1lI-8.
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Figure 11-8: Overlay of the TOF-SIMS depth profilef SO5 and S08 resp. no anneal and 30 s at 390°C.

This overlay suggests that some Si has alreadysditf in the Ti layer before the annealing since
its spectrum features a small shoulder in thisargl his observation seems in agreement with th® XP
evidence of silicate formation.

However no diffusion and inter-mixing of Si and dccurs during the annealing since their
before- and after-thermal-treatment curves areep8yfoverlapped. The only major change can be seen
on the oxygen curves. Indeed, the concentratiamxpfien contained at the Ti layer surface is ina@das
by the annealing whereas no variation can be se¢hei SiQ region. This implies that the oxygen
incorporated in the Ti layer does not come from3i@; but possibly from the residual oxygen of the

annealing chamber.

Combining XPS and TOF-SIMS it seems reasonabléatmeate that the scavenging effect does
not take place when depositing Ti over Sil@termixing of the elements occurs and forms aléyer
similar to Ti-silicate. Thus the Si-O componentrsegth XPS is representative of the bonding between

Si and O in the silicate. Its increase in term &Xintensity is not a signature of an increasa©$ But
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of oxygen content in the silicate region. This asgtion seems confirmed by the TOF SIMS oxygen
depth profile.

According to Fulton_2002, titanium silicates are expected to exhibit @éaband gap of energy.
Thus it seems likely that such a large gap diglewtould induce a significant tunnel barrier forthohe

electrons and the holes.
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% Preliminary study

Prior to implementing AO3 and HfQ on electrical test structures, a study of theircdimon
kinetics had to be performed. Indeed, in ordeufpsess the native oxide on the substrate surfaldé,
cleaning is performed prior to ALD deposition. Hax@e such cleaning modifies the state of surfack an
thus has an impact on the deposition kinetics.sve by Bendeet al.[Bender_200], the growth of
high-k materials directly on silicon surfaces (ik#--cleaned surfaces) leads to a delay of nucleatio
This delay has been attributed to the lack of rate sites, namely OH groups, necessary to iritia
ALD growth.

Study of nucleation delay and deposition kinetidssHIO. has already been studied in
[Damlencourt_2003, Damlencourt_2Q09he deposited thickness as a function of the Adyale

number is plotted in Figure 111-9.
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Figure 111-9: HfO, thickness as a function of the number of ALD syolea HF-passivated Si from [Damlencourt_2005].

Similarly to Bender_200J1 Damlencouret al. observed a delay when depositing Hffh HF-
passivated Si. It was found that after 20 ALD cg¢lburing which almost no H#s actually deposited,
growth started to recover a classical kinetic. edjehe growth rate after this delay of nucleatias

found equal to the one obtained on Sgrface.

141

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

Working with the same deposition tool and precigsbe. Pulsar™ thermal reactor from ASM
Microchemistry Ltd with HfC/H20, these kinetics were considered consistent wibeements
preformed in this thesis. Depositions of 15, 20,3fh 35 and 40 cycles were performed in ordebtaia
HfO. layers between 0 and 15 A.

Trying to obtain information about the nucleaticglay and the deposition kinetics of28k on
HF-passivated Si, similar experiments were carpat Starting from a HF-cleaned surface, ALD
deposition of AlOs presenting a variable number of cycles were peréol. Pulsar™ reactor from ASM
Microchemistry Ltd was used with TMAAD precursors at 300°C. The resulting thicknesslgdAwas
measured using Angle Resolved X-ray Photon ElectBpectroscopy (ARXPS). Figure 111-10

summarizes the obtained results.
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Figure 111-10: ALOs thickness as a function of the number of ALD syole HF-cleaned surface.

It appears that similarly to H#Dthe deposition of ADs on HF-passivated Si suffers from a delay
of nucleation compared to a growth on Si@dditionally, the growth rate obtained after thiscleation

regime is close to the ideal one obtained orpSi@re around 1 A per cycle. Depositions of 4,28,15,
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18 and 22 cycles were performed in order to obti®s layers between 0 and 15 A (thickness range
similar to the HfQ experiment).

Using ARXPS, the substrate oxide regrowth thicknedaced by ALD was also evaluated. This
measurement was performed after ALD@{ deposition on both thin SiGand HF-last passivated Si.
The former being used as a reference case wasebtasing a chemical cleaning designed to produce
an 8 A thick substrate oxide. Figure l1I-11 gathiese results.
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Figure IlI-11: Substrate oxide thickness measurgdRXPS after ALD deposition on Si@ HF-last passivated Si.

It appears that measurements on the &@rence case are consistent with the expectad vh
8 A. Nevertheless, this thickness seems to increétbethe number of ALD cycles. This observation is
in disagreement withQamlencourt_200Bin which the thickness of SiQwvas found insensitive to the
deposition of AiOsby ALD.

On the HF-passivated surface, similarly Fognck 2003 it was found that ALD deposition of
Al 03 using TMA/HO at 300°C leads to a Si€hickness around 4 A. This value was observed é&wen
a low number of ALD cycles and appeared stable theesrange of deposited A)s thickness. Although
this value seems low, as mentioned in the intradncsuch a layer could theoretically leads to gehu

degradation of performance.
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In this part, the description of the process beginthe entrance of the contact module for the

sake of simplicity. Nevertheless, to make electrateracterizations of the resulting contacts pguesi

wafers also underwent modules of implantationstastistructures patterning.

Including the number of cycles determined in theiprinary study, samples based on the process

flow presented in Figure 111-12 were fabricated.

5
| HF-Last Clean | -

I Split |AO1|A02/A03|A04|A05|A06/A07|A08IA09|A10/A11]A12
| ALD AL,O,Process | Al,03 ALD 300°C (cycles) | 4 | 8 |12[16|18|22| 4 | 8 [12|16|18|22
e nie'ta”, ~tion | Ti_ PVD 100°C 30 nm Aodododode

e TiN_PVD 100°C 60 nm x [ x [ x [ x [ x| x
| AlCu pad | W CVD 440°C 500 nm X [Px [P [ [P [Px

5
| HF-Last Clean | -

1 Split |H01|HO2|HO3|HO4|HO5|HO6{HO7|HO8HO9H10H11H12
| ALD HfO, Process | HfO, ALD 300°C (cycles) |15]20|25]|30|35|40|15|20|25|30|35]40
| Contact rrlleltallization | "' e X

n [TiN_PVD 100°C 60 nm X X | X [ x| x| X X | X
| AlCu pad | W CVD 440°C 500 nm X X Px [PX [Px [Px x | x

U

Figure 111-12: Process flow of the ADsand HfQ MIS contact module.

HF-last passivation was considered as the requiesthing of the Si surface before dielectric

deposition and the queue time between these tvps stas kept under 4 hours. ALD deposition was
performed at 300°C for both AD; and HfQ.
On some wafers presenting a low number of ALD cdiee thickness of the dielectric was close

to the monoatomic layer. It was thus expected shah a thin layer was not able to act as an efficie

barrier for the oxygen contained in the ambientBnerefore, the queue time between the deposition

the dielectric and that of the metal was also kegpdw 4 hours in order not to limit the air expasof

the high-k/Si stack.

Since TiN/Ti has been the classical metallizatiomicroelectronics for 30 years [Maeda_1987]

and aiming at addressing a system close to thesindLrequirements, the same metal was chosdreas t

top electrode of the MIS contact. However, as preskin Table IlI-1, Ti is expected to enhance the

pumping of the dielectric insertion oxygen. In artie evaluate the impact of such a layer, stackl wi

and without Ti layers were implemented as detditefeigure 111-12.

No annealing was intentionally applied to the Mightacts. Nevertheless, some steps require

relatively high process temperature. This is theecaf the CVD deposition of W which has to be
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Chapter Ill Implementation and physico-chemical reltéerization of ultra-thin dielectrics

performed at 440°C. Considering the thermally atéd problems mentioned in the introduction, namely
the substrate re-oxidation and the scavengingetitblectric by the top metal, such an annealing ma
have a significant impact on the resulting spatisiribution of the elements.

In order to probe the actual distribution of theneénts, observations of the resulting stacks were
performed. The main characterization tool was tten8ing Transmission Electron Microscope (STEM)
presenting High-Angle Annular Dark-Field (HAADF)@iklectron Energy Loss Spectroscopy (EELS)

detectors. TOF-SIMS was also used to perform deifiling of the elements in presence.

% Al,03 based MIS contacts
* Impact of the Ti layer
Aiming at probing the samples during their procefstbrication, wafers were taken out of the
clean room to perform STEM-HAADF observations. Toleracterization was performed just before
the deposition of W which can be considered asotilg process step at high temperature (440°C).
Observations were performed on A06 and A12 i.eOAbased MIS contacts respectively without and
with Ti layer. Thus it was possible to evaluate itt@act of this layer on samples before any thermal

budget was applied. The resulting observationpasented in Figure 111-13.

il TN | T TiN

a) A06 — Without Ti b) A12 — With Ti

Figure I11-13: STEM-HAADF observation of (a) AO6da(b) A12 i.e. AlOs; based contacts resp. without and with Ti.

In STEM-HAADF images, the contrasts are the ofpasithe ones of conventional microscopy.

Thus the darkest areas can be attributed to théeBgy elements or to the least dense layers. Thien,
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often considered as a signature of oxide layersh@&svn in Figure I11-13 of A06, a sharp dark sepiara
between the Si (arranged layer at the bottom) hediN (lighter textured layer at the top) is olhset.
This layer is assumed to be thex®d insertion. Comparatively, in sample A12, no neatiridary is
observed and the cross-over from the Si to theigibbmposed of two layers presenting a gradient of

shades of grey.

TOF-SIMS profiles were also acquired for these damm order to find the composition of the
different stacks. For the sake of simplicity, otilg distribution of Al, O and Si are shown in FiguH-
14. While, its part (a) displays the overlay of &@ and A12 profiles, part (b) only features the and

O-components of A12.
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Figure 11l-14: (a) TOF-SIMS profiles of AO6 and All2. resp. AlOs based MIS contacts without and with Ti and (b)
basic deconvolution diagram of the Al and O compésef the Ti-based sample TOF-SIMS profile.

As presented in Figure 1ll-14 (a), TOF-SIMS prddilebtained with and without Ti feature
significantly different Al- and O-components. Iretbase of sample A12, these elements exhibit peaks
two times wider than A06 ones with lower maximadems that these spectra can be both deconvoluted
into two components having almost the same posé®presented in Figure IlI-14 (b). Then it appears
that the initial AbOs insertion can be separated into two regions.

The TOF-SIMS observations are in agreement withSh&M images. Both indicate that the

presence of Ti in the stack induces the dilutiorthef initial AbOs. The two regions arising from the
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deconvolution of the Al- and O-components TOF-SIM3\12 seem to be legitimately associated with

the two layers observed in the STEM images andhdisished by looking at the shades of grey.

e Impact of the annealing
Similar observations were performed after the 440%@ W deposition in order to evaluate the
impact of the thermal budget on the elements digtion. Comparison of the images taken before and

after the W deposition is shown in Figure IlI-15.

a) A06 — without Ti & before W  b) A06 — without Ti & after W
4 nm

e Ti N 4 nm
-

c) A12 - with Ti & before W d) Al2-with Ti & after W

LI TiN| [ TiN

Figure 111-15: STEM-HAADF observation of A06 and2Mdefore and after the 440°C CVD deposition of W.

The stack of AO6 seems not modified by the anngassociated to W deposition and the dark
region between the Si and Ti is attributed to thgOA insertion. However, even though the pictures

147

© 2017 Tous droits réservés. lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

corresponding to the A12 samples before and dfeeW deposition appear similar, the top transition
region (at the left of the picture) appears thickieer this process step.
In order to have a more precise idea of the elemistribution, the EELS detector was used to

probe these 4 samples and the corresponding wafitedisplayed in Figure I11-16.
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Figure 111-16: EELS profiles of A06 and A12 befened after the 440°C CVD deposition of W.

As expected the EELS signal of the sample A06 isattered by W deposition. Concerning
sample Al12, the ideal expected stack appears gmadified by the deposition of Ti without having
undergone the annealing of the W process step. #Hawtbe EELS signal of A12 suggests that this
440°C annealing extends the evolution of the elésndistribution in the case of a Ti capping. As
observed in Figure 1lI-16, the initial ADs layer seems to result into two sub-layers. Platdaatured
by the Si and Ti signals imply that these sub-lay@e ternary systems respectively composed of {Si,
Al, O} and {Ti, Al, O}. Moreover the O-component &12 after annealing spreads significantly over
the Ti layer.
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L)

% TiO2 based MIS contacts

In the case of Tig the tunnel resistance induced by the dielecsriasisumed to be lower than
that of the two other dielectrics. Hence, the maxmthickness of Ti@was increased compared toB4
and HfQ. For the CVD-deposited Tigised in this work, the growth rate was assumecetarbund 1
A per 3.66 s. Considering this value, thicknessfe8, 12, 18 and 24 A were targeted as displayed in
Figure I11-17.

0

HF-Last Clean -
T Split {TO1|T0O2|T0O3|TO4({TO5|{T06

| |

| CVDTIO, Process | TiO, CVD 400°C (sec) 22(88(22(44 6688
| L | | Ti  PVD 100°C 30 nm
| |

Contact metallization TiN_PVD 100°C_60 nm

i
AlCu pad W  CVD 440°C 500 nm

O

Figure I11-17: Process flow of the TKEOMIS contact module.

Overall considerations about the process flow andas to the ones presented in the ALD part.
An HF-last clean was performed prior to the digiedhsertion disposition and the queue time betwee
these two steps was kept below 4 hours. Titaniumgbexpected to scavenge the insertion, wafers with
and without Ti were implemented. However, sincedbstruction of the Ti@insertion by the Ti was
already reported inYlu_201% the insertion stability was only evaluated ompé presenting a TiN

metallization and only two wafers were implementeth Ti.
* [nsertion stability
STEM-HAADF observation of TO6 was executed jusemathe deposition of W. This sample

presents TiN metallization and was thus expectdebtstable. The resulting observations are predente
in Figure 111-18.
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Figure 111-18: STEM-HAADF observation of TO6 afthe 440°C CVD deposition of W.

This picture implies that the interface between @i Si can be divided into two different layers:
a first one darker than Si and a second one lightan TiN. In STEM-HAADF, a dark region being
attributed to a layer with a low density, the regad the surface of Si could reasonably an oxigerla
In contrast, the region at the interface with Ti&lry light can be attributed to layer containingtahe

elements a lack of oxygen and nitrogen.

In order to have a more precise idea of the elendésttibution, EELS observations was
performed on the sample TO6 and are exposed inmd=1gel9.
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Figure 111-19: EELS profiles of TO6 after W depasit.
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Surprisingly, the spectrum of Ti does not featung shoulder in the region in which the BO
layer was expected to be. However, the spectra ah® O feature shapes which tend to indicate an
important interface rearrangement. Indeed the @l@rcannot be fitted by a single peak as it wolokd
expected in the case of a well-defined Fl@yer but features a main peak and a shoulderdstingly,
this main peak is shifted toward the Si and onby shoulder takes place at the interface with the Ti
spectrum. Besides, the Si profile exhibits an ingodrplateau in the interface region. The positbn
this plateau seems to match with the position ef iiein peak of the O profile. This suggests the
formation of an important SiQayer on the surface of the substrate. Finallg,itlterface between the

induced SiQ and the TiN appears to be composed of Ti, Si and O
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In Chapter Ill, dielectrics insertions for MIS cants are studied through the prism of their
practical implementation.

Trying to benefit from STMicroelectronics cleanrooenvironment, a first pragmatic
implementation technique is presented. Based osdénenging effect, i.e. pumping of oxygen by metal
this experiment aims at fabricating ultra-thin Yi@yer while using only tools already used in prctcan
line. Nevertheless, it finally appears that eveifi®x formation is thermodynamically favorable, the
scavenging effect expected in a Ti/2Kdack is not the prevalent one and other intevastlead to the
creation of Ti-silicate layer.

Besides TiQ, HfO, and AbOs implementations based on traditional depositiahtejues are
presented, namely, CVD and ALD. The redistributiddnthe constituent elements actually taking place
in the MIS stacks are evaluated as a function efttdp metal and the subsequent thermal budget
undergone during the process flow. A particulaergton is paid to the phenomena of substrate re-
oxidation and insertion scavenging. These intevastare believed to be the main source of intengixi

issues and MIS stack degradation.

To summarize, it appears that stable ultra-thitedtec insertions are not easily achieved. Indeed,
in this range of thickness, the interface phenonieEt@me prevalent.

Working with the classical metallization used i t#C chips manufacturing industry, namely
WI/TIN/Ti, the presence of Ti at the vicinity of tliéelectric insertion leads to its degradationufng
Al>03 and TiQ). Moreover, such a scavenging effect is enhangednly subsequent thermal budget.
Thus, being performed at 440°C, the deposition ofisound high enough to amplify elements
redistribution through the stack. Even in the azfs®elow W deposition process, in a full CMOS prsge
wafers are also submitted to steps required tadatier the metallic interconnections of metals. Ehes
steps are typically performed around 400°C. Theti%contact dedicated to CMOS industry should be
unaltered by such thermal budget.

Additionally, as demonstrated in Chapter II, in erdo enhance the performance of the MIS
contacts, the polarity of the metal should mat@&dhe of the substrate. Thus in order to addreégpen-
Si, metal with a workfunction even lower than tb&fi should be chosen (in Chapter Il, Zr is used f
the simulations). Known to be reactivg [2015, such metals might lead to a higher degradatidhe

dielectric.
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Finally, as presented in the introduction and mpheliminary study of ALD based dielectrics, a
regrowth of the substrate oxide seems unavoidabknworking at 300°C on a H-passivated surface.
This layer has undoubtedly a significant impacttioa electrical transport and should be tackled. It
appears from the state-of-the-art that such a vareeduction was obtained by either working atdow
temperature or performing additional surface trestimThe former was achieved by etaal.[Ho 2003
who studied the deposition of HiQusing ultra-low temperature ALD i.e. 100°C (TEMADIO
precursors). Using this process, high number of AlyDles (up to 30) were achieved with no evidence
of silicon oxide interfacial layer. The latter wiasestigated by Damlencouwet al.[Damlencourt_200_
who performed Cltreatment between the HF-passivation and the diededeposition. Doing so, the
resulting stacks were found to feature only a 26 SiQ regrowth which only corresponds to the

bonding length between Si and O.

In the next chapter, the electrical propertieshee resulting stacks will be evaluated. Potential
deviations from performance predicted by the theong the simulation will be analyzed and linked to

the parasitic chemical interactions presented iapBir 111.
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Chapter 1V Electrical characterization of MIS coota

Introduction to Chapter IV

In the previous chapter, MIS contacts incorporatiagous dielectrics were studied through the
prism of the redistribution of their constituergmlents. A particular attention was paid to the phena
of substrate re-oxidation and insertion scavengihgse interactions were believed to be the mairceo

of intermixing issues and MIS stack degradation.

In Chapter 1V, the electrical properties of thessutting stacks are evaluated. In the two first
parts, current techniques of characterization dmd associated test structures are presented. Some
important limitations are outlined. The third pgmesents the main information about integration,
materials and structures required to perform thestigity extraction. In the fourth part, electricasults

of the MIS contacts implemented in this work angorged.
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When dealing with Metal/Semiconductor (MS) or MAtedulator/Semiconductor (MIS) contacts
and trying to characterize them, several figuresefit can be considered. One of the most imporsant
the resistance associated with the interface lvaarid called the contact resistance. The magnibfide
this resistance depends mostly on the doping cératem near the semiconductor surface and on the
effective Schottky Barrier Height (SBH).

However in the case of a significant barrier heightl/or a low doping concentration at the
interface, the I-V characteristic of a given comhtaould actually turn out to be non-linear. Thus
associating a resistance with such a contact iemger relevant. In this case, measuring the effect
SBH or generating the |-V characteristics allowgtasp the extent of the non-linearity and the arhoun
of forward and reverse currents.

In this section, the main notions used in the stétne-art to characterize linear and non-linear

contacts are introduced.

As introduced in Chapter |, when dealing with tlomtact resistanck., the notion of contact
resistivity p.. is often used in order to describe the electpcaperties of a contact independently of its
geometry. Thus, the nature of a contact interfarebe defined by its resistivity and the resistasfcn
actual contact presenting this interface is assumbd obtained by dividing the resistivity by geface
(Equation (IV-1)).

R, = (IV-1)

Experimentally, the notion of “specific’ contactsrgtivity is often considered and defined
according to Equation (IV-2) consideriNgs the bias across the contact and J the curasity flowing
through it Chang_1971

.

dv

Therefore, measuring the resistivity around zeb giwes the specific contact resistivity. If the

contact is considered linear, this value is assuméd consistent at any bias. The Schottky banegeght
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being very difficult to extract properly, the spgécicontact resistivity is often preferred in thate-of-
the-art as the figure of merit of choice to define performance of contacts.
Nevertheless, in the case of a non-linear cong88H evaluation and I-V generation cannot be

avoided.

For a long time, the current flowing in Schottkyntacts has been attributed to Thermionic

Emission (TE) Bethe_194p According to this theory, the current is expeskas in Equation (IV-3).

1(V) = AA'T? exp <— qqﬁf) ex (%) -1 (IV-3)

kT

WhereA s the area of the contael; is the Richardson consta e{:f is the effective SBH and
V is the bias. Nevertheless, deviations from thalidé& theory were observed and attributed to the
phenomenon of image force lowerirtége 196}

In order to fit the experimental results with thE theory, Equation (IV-3) was modified into

Equation (IV-4) introducing a dimensionless paranegtcalled the ideality factor.

eff
AL T? o [ — P [ (ﬂ)_ ]
[(V) = AA*T exp< o) |exp iT 1 (IV-4)

Taking the logarithm of the current in the forwaegime { > 0), one can obtain Equation (IV-

5).
eff
— *m2 qd’bn qV
In[(V) =InAAT? ===+ (IV-5)

The ideality factor can thus be calculated usirgy $tope of the straight line of the | vs. V

characteristics. Doing so the ideality factor ipmssed according to Equation (I1V-6).

q (d(ln 1))‘1 V-6)

=%\ Tav

Then, passing the logarithm of the square of thepazature in the left-hand side of Equation
(IV-5) leads to Equation (IV-7) .
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9By’ AV
kT nkT

I
1n< S“t) — InAA" — (IV-7)

TZ

Plotting this equation as a function of the inveddethe temperature allows to extract the
Richardson constam® from the intercept an@lf{:f —V from the slope. Such a plot is called a

Richardson plot.

Therefore, one can see that there are two waysHaracterizing a contact depending on its
linearity. If the contact is linear thus only theesific resistivity is required to fully characteei the
contact. However if the contact is not linear, emoomplex experiments have to be performed in order
to generate the full I-V characteristics, thus wallgg to extractcplf,{f andn. Both methods require

dedicated contact test structures.
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Several structures have reached over the yearsaaje&onsensus and are often used to extract
the specific contact resistivity or the SBH, or eve generate the I-V characteristics of the cdstalthe

main ones are presented in the following part asdrdaroduced by order of complexity.

¢+ Principles
The back contact measurement is one of the simmplettods to implement since it requires only
one step of photolithography. As shown in FigurellMt is basically composed of the probed contact
(MS or MIS), the substrate and a back contact.

Probed

/ interface
| Contact 1

>

A

top

Substrate

WC

N

»
»

Contact 2 \
\ Nearly ohmic
back contact

Figure IV-1: Schematic of a back contact measurémen

In order to measure a signal representative opthbed contact, its aré&qp is small compared
to that of the back contaébo. Additionally, the material composing the back cahia often chosen
among the metals having shown in the past a neartjic behavior on the semiconductor substrate.

This method is thus very simple to implement anaften used in the state-of-the-art to generate
I-V characteristics. If the requirements presemqexiously are met, the generated signal is betid¢ge
be a signature of the probed contact. One of th& significant illustrations of the contact asymret
study using the back contact measurement can Imel ioyNishimura_200Band is presented in Figure
IV-2.
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V (V) vV (V)

Figure IV-2: J-V characteristics of Al/Gel@e diodes taking from [Nishimura_2008].

In this figure, it appears that the reverse biagedent increases on n-Ge and decreases on p-Ge
when increasing the thickness of Gef3 indicated by the yellow arrows. Contacts onenp@senting
2.2 nm of Ge@are eventually found linear and symmetrical (ijnsgtch MIS contacts could not have
been defined just by associating them a value siftigity around zero. Additionally, if varying the
temperature, this method also allows extractingitleality factor and the effective SBH using the

Richardson plot.

% Issues

As powerful and simple as this method might seemesdiscrepancies arise when looking at the
measured forward saturation current density. Indeefigure V-2, the highest level of forward cemt
injection is found around 2@\.cm2 at 1 V. Using Ohm’s law, this value could reasupde attributed
to a contact resistivity of 10Q.cmz2. It seems that a contact presenting such mqomoact resistivity can
hardly be found linear. Whereas the former suggestggh SBH, the latter requires an ultra-low one.
Some other studies, such Majnik_2012, associated the same level of saturation curfi€AtA.cn? at
1 V, with contact resistivities around 10Q.cm2. These resistivities were obtained with other

measurements structures and seem not to be cansistie the back contact measurement.
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Chapter IV Electrical characterization of MIS coota

As first discussed by Norddlprde 1979 such difficulties arise if the substrate matksrresent
parasitic resistors comparable to the probed corgacstance.

In [Werner_1988 two main discrepancies were observed betweedeal diode behavior and
its actual measured |-V characteristics: an enlthneeerse current and lowered forward one. Whereas
Figure IV-3 (a) illustrates these discrepanciegufe 1V-3 (b) proposes an equivalent block diagram

accounting for the modified levels of current. Béiures are adapted frorderner_1988

—— Measured contact /!

1074 - - = Theoretical diode I.’
Shunt .
10* . . .
contribution /
< J/ Substrate
€. . contribution 'y
e 0I0),
S / I A Rshunt
10° ,l'
'I
. /
\
10" '
T T T T T T T T 1 w
-1.0 0.5 0.0 05 1.0 R
a) Bias Voltage (V) b) substrate

Figure IV-3: (a) Overlay of the theoretical Schetitontact |-V characterisitc and its actual measuome and (b)
equivalent block diagram proposed in [Werner_19&8gncompass parasitic effects.

It can be seen from this study that the lowerederurin the forward bias region seems to be
legitimately attributed to the substrate contribnti However, in this study the reverse current
enhancement was attributed to a shunt resistos dtnint seems to be readily explicable by an actual
electrical shunt in the structure. It seems howévat this enhanced reverse current is due thepmah
occurring across the Schottky Barrier at the silicurface. Since the model used to describe the
theoretical diode electrical behavior leans on Trhenic Emission, such a reverse current is notrtake

into account.
In order to illustrate the discrepancies inducedhayback contact method, simulations similar to
the ones presented in Chapter |l were performedtats consisting of Ti/n-Si and Ti/TiD-Si were

considered. To ensure the efficiency of the sliif@ertion at improving the contact resistance,\a lo

doping concentration of i&410'8 at.cm® was considered.
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Stand-alone contacts were first modelled and th€icharacteristics were simulated as if there
was no external set-up. Thus the obtained charsiitsr were considered as intrinsic. These same
contacts were then converted in SPICE compact reoaell plugged into a SPICE-simulated back
contact structure. Their I-V characteristics warsutated in this configuration, thus encompassimay t
external set-up. Thus the obtained characteristiese considered as extrinsic. The results of both

configurations are gathered in Figure 1V-4.

¢ Stand-alone Ti/n-Si Artificial forward
10° Back contact Ti/n-Si lessening

O Stand-alone Ti/TiO,/n-Si 8
—~ Back contact Ti/TiO,/n-Si
S:, 10* = e Substrate contribution o
— <o
[ 0]
o 10™ o) °
O -
T 103 Misleading
o 10 symmetrization
®
=) 5
© 10
>
LLl

107 Actual
reverse improvement
T T T T T T T T T
-1.0 -0.5 0.0 0.5 1.0

Bias (V)

Figure 1V-4: Comparison between I-V characteristi¢stand-alone Ti/n-Si and Ti/T#D-Si contacts and their
corresponding curves measured in a back contaatsire.

One can notice that the current is not impactethbyback contact set-up when looking at the
reverse biases. However, it appears that the fdnaarent of both contacts saturates around the sam
value when plugged in the back contact structusengparound 4 orders of magnitude. In Figure 1V-4,
the contribution of the substrate was added ine&$he. Its level of current in the forward biasegion
matches the value of saturation of the probed ctsmitdhus it seems reasonable to conclude that for
large enough forward bias, the contacts becomesductive that the resistance of the substratenoan
longer be neglected. In such a configuration, theasured |-V characteristics become more
representative of the substrate than of the probathcts.

This substrate contribution prevents from evalugagiroperly the forward current of both contacts

and leads to a contact asymmetry undervaluatiatedd, in the case of a Ti/Ti@-Si contacts, the |-V
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appears symmetrical when measured with the bactacowhile it is actually not the case. Therefore,
even if introducing a dielectric layer truly impes/ the contact symmetry by increasing the reverse
current, the measured I-V characteristics couldb®tinterpreted as an evidence of a transition from

Schottky to Ohmic behavior.

%+ Principles

Developed by BergeBlerger 1972 this method is the most used technique in thtesbf-the-
art and thus it benefits from a lot of technicatdmentation.

Essentially, the experimental set-up consists sérées of contacts presenting the configuration

one wants to probe, spaced from each other with@easing pitch (Figure 1V-5).

V)
J
N
| Contact | | > [ 5 ] [ Contact |
Sy Fee . o0 < >
Ll L2 L3
AN
L
Ry =Ko
Substrate

Figure IV-5: Cross section of the TLM measurem@&he pitch between two consecutive contacts isaorgtant.
In such a configuration, at a given lengththe measured resistance is given by Equation (I1V-8)
Ry (L) = 2R + %RSH (IV-8)
WhereRc is the contact resistance one wants to pradbis, the width of the active area aReh

is its sheet resistance in Olm/Thus performing this measurement for each diffelength allows to

plot the total resistand®r as a function of the space between contacts aigume-1V-6.
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L, L L, L,
—2L;

Figure 1V-6: Schematic of atRrersus L characteristics obtained from a TLM meeasient. By, R and Ly are shown on
the plot.

Finally, extrapolating the intercept of the cur¢é @&qualO gives a total resistance equal to twice
the contact resistance.

Nevertheless passing from the contact resistanite tesistivity is not as trivial as dividing iyb
the area of the contact. Indeed as presented urd-ity-7 (a), the region under the contact can be
modelled by a transmission linBdrger 1972 (hence the name of transmission line model).

Rep =t petgm =Ko
SUu
w w Contact front
Contact Contact edge
Relem | Relem | |Retem L /
dx dx dx -
g =
AN A/ <
Re gy RiEMdy Ry
Substrate Substrate
a) b)

Figure IV-7: Cross section of the region under tloatact presenting (a) the equivalent transmissios electric block
diagram and (b) a scheme of the current line. Tiekhess of the lines represents the magnitudeeotarrent density.

In this model, the substrate and the contact serdae divided in elementary segments of length

dxand widthW. Each of these elementary substrate and contaobp® presents a resistance per length
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unit respectively equal ®2¢™ andRé™. Thus the current flowing toward the contact seeeeral
available paths of conduction. As illustrated igu¥e V-7 (b), following the path of least resistarthe
current does not flow uniformly in the contact. Therrent distribution depends on both the sheet
resistance of the substrate and the contact nagysti

If the elementary contribution of the contact igthcompared to that of the substrate, then the
current will tend to maximize the surface it takesross the contact. In extreme cases, the wholace
of the contact is used to propagate the currenttla@aontact resistivity can be found using Equmatio

(IV-9). This configuration is called the electrilgashort contact limit case.
pc =RWL, (IV-9)

Inversely, if the elementary contribution of thdstate is high compared to that of the contact,
then the current has the tendency to cross theacbirtterface as close to the contact front edge as
possible (Figure IV-7). In this case, the currembids propagating in the substrate, the density is
significant at the front edge of the contact wheréas negligible at its far edge. In this caselyca
portion of the contact is used to propagate thesotr The characteristic length in which the cutiien

spread is called the transfer length and is nbtetts definition can be found in Equation (1V-10).

Pc

RSH

Ly = (IV-10)

Experimentally the transfer length can be obtaibgextrapolating the intercept of the plotted
curve atRr equalO as show in Figure IV-6. Thus the resistivity canfbund using Equation (IV-11) and

this configuration is called electrically long cant limit case.
pc=RWLr (IV-11)

In intermediate cases, it can be sho®arger_1972that the link between the contact resistance

and resistivity is expressed by Equation (IV-12).
Lc
pe = R.W Lrtanh (L_> (IV-12)

T

Considering the Taylor series of the hyperboligyert, this latest expression accounts for both

extreme cases of long and short contact.
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From combining Equations (1V-10) and (1V-12), Eqoat(IV-13) is obtained.

R
Pe tanh| L, SH

Pc =RW
¢ ¢ SH Pc

(IV-13)

This equation appears to be transcendental andctusot be solved easily. Thus it is worth
noting that one of the major interests of the TLMthod is to allow the evaluation of the transfeigk,
the sheet resistance and the contact resistanarimentally with almost no ex ante assumption.

Knowing these physical values, Equation (IV-12) oaad directly.

* Issues

First, in some cases, the sheet resistance oktheesnductor layer directly beneath the contact
can be modified. For example, such an alteratioghinbe brought by the alloying at the metal-
semiconductor interface.

In that case, Figure IV-6 is no longer true anéa model is requiredjeeves_1982According

to this model, the transfer length in no longemidwsing Equation (IV-10) but Equation (1V-14).

Ly = |2 (IV-14)
Rgk

where Rk is the sheet resistance beneath the contact.

In order to address this phenomenon, an additionehsurement called “end resistance
measurement” should be performed and can be foufReieves_1982In this work, such refinement is
not considered since the alloy formation in MIS teats is expected to be negligible.

Moreover, working with alloyed contacts on 1lI-\t,has been showed iGhegin_201pthat
using the end resistance measurement could leadctmsistent results such as negative contact

resistances.

Besides, as powerful as this method may be, it doesnable to characterize a non-linear contact.
Indeed, this method relies on the assumption thatcbntact resistance is constant. Thus only the

contribution of the substrate changes when switgfriom one spacing to another one. Nevertheless in
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the case of a non-linear contact, its resistanceevavith the bias applied to the contact. Thusmwhe

increasing the spacing, both the voltage dropeémstibstrate and the contact bias are changing.
Additionally, trying to divert the TLM setup to abh an I-V signature of the contact is limited.

Indeed as presented in Figure 1V-8, working at gnen spacing results in having two identical dede

in series.

Cone

one

D

| Contact 1 | Contact 2 |

Substrate \Vi

Contact 1 Contribution
a) b) Contact 2 Contribution
_~ Resulting Effective |-V

Figure IV-8: (a) Schematic of the TLM measurementva consecutive pads and (b) sketch of the cporeding |-V
characteristics.

In this configuration, the signal is always limiteg the diode biased in its reverse regime. Thus,
neither the full I-V characteristic of the probexhtact nor an information on its asymmetry candamé
using this set up.

However, as presented iDyibois_2004 fitting FE, TFE and TE models on the experiménta
reverse dominated current of this back-to-backigométion allows to extract information about tHg+6

at the interface.

%+ Principles
Introduced by Proctaet al.in 1983 Proctor_1983, the Cross Bridge Kelvin Resistor is the most
complicated structure presented in this work.
As shown in Figure 1V-9, it cannot be explaineddm}y looking at a cross section but requires

3-D plotting in order to grasp its complexity. Snitis composed of an arm of metallic interconiwect
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and another of semiconductor separated by a vepiag, this structure requires at least 3 levdls o

photolithography.

a) 1

Interconnection

Q) Plug AN

Cont
b) Substrate

Figure IV-9: (a) Schematic top view of a CBKR stuue, (b) cross-section of this structure along &4’ direction and
(c) 3-D view of the CBKR.

The measurement consists in forcing a known cuifrem the semiconductor branch 2 to the
metal branch 1 while the voltage is measured betle® semiconductor branch 3 and the metal branch
4. In theory and providing that the input resistaif the voltmeter is infinite, only the voltageogr
occurring in the central vertical part is actualyaluated and the parasitic resistances of therdiit
branches are not sensed by the measurement. Moyé&oy@lug being made of metal, its resistance can
be neglected compared to the contact resistaPiEctor 1983 Thus the measured resistariReis
directly assimilated to the contact resistancehis simple model, called zero dimensional or Q#i2,

resistivity can be obtained using Equation (IV-15).

Ry =2=2% (IV-15)

+ Data treatment
Although the CBKR measurement allows to screerctmribution of the different branches of
its structure, the data should not be treatednaglgias in the 0-D model. Indeed, whereas it isahotiys
the case, the contact window is considered peyfatitined with the edges of the top and bottomriaye

Moreover, in this model, the current is consideasdiniformly spread along the contact.
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Therefore, when treating the extracted data solgirtipe CBKR-evaluated contact resistivity is
often found very different from the ones extractedthe same system but using different structures
(TLM for example). Typically, using the 0-D model treat CBKR data suffers from a lack of accuracy
for contact resistivity below 10Q.cm? [Finetti_1984. More complicated models were thus studied and

are presented in the following.

. One-dimensional model (1-D)

Two main refinements are introduced by the 1-D rhodle discussed in the TLM part (1V.2.2),
the current does not flow uniformly from the senmdactor to the contact. Besides, a significant
underlapped region can be present between the atoatedl the semiconductor underlying layer
represented by in Figure IV-10. To account for these major diéieces from the ideal case, the region
under the contact can be modelled by a transmidsierblock diagram as presented in Figure 1V-7.
Proposed initially in Berger_1972 to treat the TLM structure, this equivalent blodlagram was
extended to the CBKR structure by Lehal.[Loh_198T.

Considering the position reference presented iarEit)/-10, the potential along the line between
0 andL. is expressed by Equation (IV-16).

X
cosh(E)
Vi) = Vem—7 - (IV-16)
cosh(L—C
T

whereVkis the total potential dropped across the contact.
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R BV, $'\/\,$«/\, Current
e injection branch

2 Potential probing branch -

Figure IV-10: Cross-section of the CBKR structuperposed with the one-dimensional transmission irodel
approximation. The origins of position and eledtipotential are also represented.

Thus when probing the voltage drop with the deéidaemiconductor branch, one does not only
measure the contact potendalbut the average potential in this branch overange [0 ; Lc + J]. This
problem was addressed by O&bal. [Ono_2002 who considered the sharing of the potential in the

probing branch as expressed in Equations (IV-1V3}18) and (1V-19).

1
V(x) = Vg——— LS <y < :
cosh(f—C) §<x<0 (IV-17)
T
cosh(i
L
V(x) = Vk—LT 0<x<L, (IV-18)
cosh(L—C)
T
L
V(x) = Vi[1+ Ly tanh (L—) (x = L,)] L,<x<L,+6 (IV-19)
T

The current flowing across the contact can thuexXpgessed as a function of the potential drop

across it in Equation (I1V-20).
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1=V, YL anh (L) (IV-20)
= anh | — -
k Pc Ly
Therefore, integrating the potential along the prglbranch and dividing this average potential
by the injected current gives an expression ofiteasured resistan&g as a function of the geometrical

parameters (Equation (IV-21)).

p. + LyRgy coth (f—;) 5+ %52 4 LRy —L 5

sinh(f—;) (IV-21)

R, =
k (L +26)W
One can see from this expression that the measesexiance includes the contact resistance but
also the geometrical effect resulting from the higgement margin between the edges of the contatt an

the underlying layer.

. Two-dimensional model (2-D)

In the 1-D model, the only considered margin isdhe along the x-axis as defined in Figure IV-
10. Nevertheless, CBKR measurement suffers frorarasgic effect called “lateral current crowding”
which may also strongly affect the measurementsracy Finetti_1984. As in the 1-D model, the
crowding region is characterized by its widtbut this time not only along the current injectlananch
but also in the perpendicular direction. To illasérthis configuration, the CBKR is here considédreth
the top view and not from a cross section (Figid 1 (b)). Foré > 0, the lateral current flow gives an

additional voltage drop that is included in the swead voltag&/ [Stavitski_200[
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Figure IV-11: Top view of the CBKR structure of éa)ideal case presenting no alignment margin (kalistic case
with a margino.

In order to take into account this parasitic cdmittion, the 2D-model was developed by Schreyer
and SaraswatSchreyer_1986 The resistance measured using the CBKR strucsustll referred to as
Rk and is the sum of the actual contact resistdtc@nd the parasitic resistanBg.ominduced by the

current crowding. It was shown iB¢hreyer_198ahatR« could be expressed by Equations (IV-22) and

(IV-23) .
Ry = R¢ + Rgeom (IV-22)
_ Pc ‘l'Rsh(g2 6
Re= Tt s | 2w =5 (IV-23)
% lssues

It can be seen from the 1-D and 2-D models thavtitage measured with the probing branch is

actually not straightforwardly representative d# tholtage actually dropping in the contact. Thamefo
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plotting the injected current as a function of tmeasured voltage does not actually give a signal
representative of the contact.

Moreover, one can see from Equations (IV-21) anel3) that knowing the sheet resistaicg
of the semiconductor is required when using the &fid 2-D models. However, unlike the TLM
measurement, the CBKR structure does not allowedasure this parameter. Therefore, solving these
equations imply assuming the value Ry or using another structure on the same wafer o iga

accuracy.

The three main structures used in the state-o&thée probe contact have been presented.
Although the back contact measurement is easilyamented and theoretically able to provide full I-V
of a contact, its output is dramatically impactedtbe substrate contribution. In extreme cases, the
resulting |-V characteristics is only a signatuféh® substrate and does not reflect the contact.

TLM and CBKR require higher complexity of fabricati but ensure a better probing of the
contact. TLM provides an accurate value of the acintesistivity but fails to supply I-V charactdics.

To achieve such characterization, CBKR can be imptged but imply a complex data post-treatment
to suppress the parasitic current crowding effeatilitionally, even if the substrate is not probed
series with the contact, its contribution does adtdw to obtain the |-V characteristics in a latgas

range. Pros and cons of each technique are sunedaniZable 1V-1.

Table IV-1: Summary of the advantages and disadwggst of each contact probing technique

Theoretical ability to

Technique Fabrication complexity probe non-linear Impact of the substrate

contact I-V (atlow pe)
Back contact 1 level Full I-V Total screening
TLM 2 levels No [-V No impact
CBKR 3 levels Reduced-window I-V Reducing the probing
window
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Before presenting the experimental electrical tssthe key information about the integration is
presented in this section as long as the main ¢ggexoperties of the materials. Finally, sinceytaee
required in order to use the different resistigkyraction models, the dimensions of the CBKR $tnes
are reported.

The substrates used in this work consist in Sitf808iC; (145nm)/Si. In the following, both the
top Si and the type of wafers will be indifferentgferred to as Silicon On Insulator (SOI). Thedexof
145 nm under the SOl is called Burried OXide aneed®OX. The substrate characteristics are detailed

in Figure 1V-12.

P-type implantation: N-type implantation:
- Specie: BF, - Specie: As

_ Dose: 1¢15 at/cm? - Dose: 2215 at/cm?

Oxn\de Energy: 4 keV \ - Energy: 5 keV

= 3 nm

SOl 30 nm

BOX \ 145 nm

Bulk substrate 725 um

Figure IV-12: Schematic of the substrates usethi;mwork. The conditions of ion implantation areniaded.

These wafers underwent an ion implantation prostsgsin order to modify the conductivity of
the top SOI. This implantation was performed thtoag3 nm thin top oxide in order to prevent from Si
surface damaging. n- and p-type Si were obtain@aguespectively As and BHRmplantation. The
implantation conditions are detailed in Figure 1¥-Finally the dopants were electrically activabgd
performing a spike annealing at 1050°C.

S-process TCAD simulation was performed to contretdose and energy of the implantation
into a doping concertation profile of dopants. Tihwsfile is plotted in Figure 1V-13 as a functiohtbe
depth for both p- and n-implantation.
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Chapter IV Electrical characterization of MIS coota
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Figure 1V-13: Overlay of simulated As and B concatibn profiles. Inset: zoom on the SOI region.

According to the simulations, the concentrationBo&cross the p-type Si is found extremely
uniform, only varying between 1.0x¥0and 1.6x18& at.cm®. Concerning the As profile in n-Si, the
concentration is much less uniform since its vajoes from 4.5x18 at the top of the SOI to 1.2x30
at.cmiat its bottom (inset of Figure 1V-13)

As a first approximation, the doping concentratisrconsidered equal to its mean value in the
thin film, 1.32x1G3° and3.23x1G3%at.cm?for B and As respectively. Considering the typiadistivity
vs. doping concertation abacus in Figure IV-14 @gample available inJayant Baliga_201)), the
resistivity of p-Si and n-Si can be approximatenuad 9.6x1@ and 3.3x16 Q.cm. Thus considering a
SOl thickness of 30 nm leads to sheet resistancevaf respectively 320 and 1Q0o for p- and n-Si

respectively.
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Figure IV-14: Typical plot of the resistivity adanction of the doping concentration [Jayant Balig810].

IV.3.2 Dielectric characteristics
IV.3.2.a Expected thickness

Using the deposition kinetics presented in Chalptém the cases of ALD AIOs and HfQ, the

number of ALD cycles were converted in a theorétisposited thickness. The projected values are
given in Table IV-2.

Table IV-2: Projected deposited thickness efAland HfQ based on the kinetics study of Chapter Ill.

Al ;05
Cycles 4 8 12 16
Thickness (A) 0.8 1.7 3.8 9
HfO,
Cycles 15 20 25 30 35 40
Thickness (A) 1.3 24 51 79 10.6 134

In the case of Tig) the tunnel resistance induced by the dielectriassumed to be lower than
that of the two other dielectrics. Hence, the maxmthickness of Ti@was increased compared toB4
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Chapter 1V Electrical characterization of MIS coata

and HfQ. For the CVD-deposited Tiised in this work, the growth rate was assumecetarbund 1
A per 3.66 sec. Considering this value, thicknesge, 12, 18 and 24 A were targeted.

IV.3.2.b Expected tunnel barrier

As presented in the previous Chapters, initial gagsibout the dielectrics tunnel barrier are based
on theoretical Conduction and Valence Band Off€BO and VBO). Although it has already been
introduced before, the bar chart gathering the @B@VBO found in the literature is reminded in Fegu
IV-15.

SizN,
La,O4
Y203
Al,O4
SiO,

Conduction Band Offset to Si (eV)
%) s ©

|
i

& N
(A9) IS 0118S}JO pued d2UdBA

Figure 1V-15: Conduction and Valence Band OffsetSitof various dielectric [Gupta_2013, Robertsod02).

Considering these VBO and CBO, the transmissiobaiiity of both holes and electrons across

these dielectrics for a given thickness can beedas in Equation (1V-24).
TTiOZ > THfOZ > TA1203 (IV'24)

As presented in Chapter I, the tunnel resistandeded by AIOs is so large that no optimal thickness
was found in a physically achievable range (3 Amimserting between Ti and n-Si). Thanks to itsault
low CBO, TiG is however considered as the most promising latyetied in Chapter 11, specifically to
address n-type Si. Even though it was not studeskoning only on the CBO and VBO, Hf€ana

priori be considered as an intermediate candidate.
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In the following, the metal thickness is taken dgagardless of the dielectric insertion to ensure

a valid comparison. The common stacks used intbik was TiN(60nm)/Ti(3nm) or TiIN(60nm).

In the state-of-the-art, the value of 4.33 eV isenfquoted as the work function of Ti
[Wright_2007, [Ramaswamy_200Q8Ti can thus be considered as an n-type metalsaexpected to be

a good candidate to contact n-type Si.

According to the state-of-the-art, determining twerkfunction of TiN can however be
problematic. Indeed, this physical value dependsresively on the deposition technique, the thicknes
of the layer and the thermal annealing. In thiskyd&thysical Vapor Deposition (PVD) was used to
deposit a 60 nm thick TiN layer. No intentional ealing was performed but the deposition of the
capping W layer was performed at 440°C for seveaialites.

In [Matsuhashi_199%4 a workfunction of 4.95 eV and 4.8 eV was found TiN before and after
400°C annealing respectively. Nevertheless the siepo technique was not mentioned in the study.
Coupling both I-V and C-V measurements, a PVD-diedsTiN workfunction was however extracted
between 4.4 eV and 4.5 eV inifna_2012 for a 300 nm thick TiN layer as deposited or sitbed to a
short annealing at 400°C under forming gas. Theselitons were thus close to the one used in this
work but the layer was significantly thicker. Filyain [Lujan_2002, a workfunction of 4.8 eV was
found in the case of a PVD-deposited TiN annealed2®°C for 30 minutes. Considering these
observations, TiN waa priori considered as a p-type metal presenting a wortifum around 4.8 eV.

Nevertheless, the possibility to deviate from figare was kept in mind.

As presented in sub-section 1V.2.3, the dimens@rGBKR are of prime importance since most
of the parasitic effects of this structure are wehliby the current non-uniformities. This phenonmgno
called current crowding, is layout-dependent.

In this work, the CBKR test structures can be dididhto two sets as presented in Figure 1V-16.
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b)

Large semiconductor layer set Narrow semiconductor layer set
* W,=18um * W,=225um
e L,=1,2,3,4and 6 um * L,=0.35,0.45,0.55and 0.75 um

Figure 1V-16: Main dimensions of the CBKR strucgiused in this work.

As noted in this figure, each set is associated gven semiconductor widW, here 18 and
2.25um, but feature several contact sizeS’he underlap parametdrused as an input in the 1-D and
2-D models is therefore not constant and has tevialuated for each contact size using Equation (IV-
25).

5= (IV-25)

Hence, the underlap parameter appears significatié large semiconductor layer set of CBKR
and particularly for the 1 and 2 um contact. Tleireing equal to 8.5 and 8 um respectively, impadrtan

parasitic effects are expected.
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In this section, the electrical properties of th@2F, HfO2- and AkOs- implemented MIS contacts
were investigated using TLM and CBKR structuresitatted on 200 mm wafers in the clean-room of
CEA-LETI. Such characterizations can be conside®dhe ultimate figure of merit to evaluate an
insertion efficacy. First, all the transport prapes are evaluated without assuming any theoretical
physical parameters such as the band offsets ofdiglectrics. Moreover, the measurements are
performed on structures presenting processing i@nts similar to the ones one would encounter when
implementing these contacts on a device. Theretbie,resulting MIS contacts, having undergone
parasitic effects such as substrate re-oxidationrmetal induced scavenging, closely reflect the
performance expected when defining these contacisgla MOSFET fabrication flow.

In the following the contact resistivities of timaplemented contacts are first extracted from
TLM measurements. As presented in sub-section 4y @nsidering the dimensions of the CBKR, the
parasitic effects are expected to be significahtiST the TLM-extracted resistivities being lessacted
by these parasitics are used as references. Itiaddis presented in section IV.2, TLM measuresient
allow the extraction of the sheet resistafReg This parameter is of prime importance since #l&
required to fit the 1-D and 2-D models for CBKR si@ments. For these two reasons, first extractions
are presented using TLM and followed by the CBKR<Nn

As explained in sub-section 1V.2.2, the resistiwfythe sheet under the contact can be modified
by the process steps performed during the contmtichtion. In the case of MIS contacts this
modification is considered negligible. By extensias a first approximation the sheet resistance was

also considered unaltered in the case of a MS contd subjected to an intentional silicidation gass.

The sheet resistance of the top SOI was extractegaich batch of wafers. The resulting values
are gathered in Table IV-3.
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Table IV-3: TLM-extracted sheet resistance as &tion of the contact configuration.

Contact Sheet Resistancet/no)
configuration
p-Si n-Si
Reference MS 420 230
AlL,O;-MIS 420 230
HfO,-MIS 520 250
TiO,-MIS 510 225

The first striking observation is that the extractalues are far from the projections performed
in sub-section IV.3.1. Indeed, based on the impléant conditions and on TCAD simulations, the sheet
resistance was estimated around 320 and¥t0respectively for the p-Si and the n-Si. In theesasf
the reference metal/Si contacts, whereas an ire@&30% is observed for the p-Si, the sheet r@sist
of n-Si is more than doubled (+ 109%).

Additionally, the sheet resistance of p-Si appesagsificantly different from one process to
another. As a matter of fact, when the Si of théahy@ Si reference presents a sheet resistanc20d®4

0, the one of the Hf@based MIS contacts batch is found around G20.

The variation of the sheet resistance — comparabde@xpectations but also from one contact
configuration to another one - seems hardly explaa by an alteration of the substrate properties
induced by the fabrication of the contact itselideéed, even if implementing the contact could modif
the substrate at the bottom of the contact cawitg,unlikely that it would induce such a strorftpage
on a large scale. Besides, reasoning in termsesfrial budget, its level remains globally the same
regardless of the type of implemented contacts.

Therefore, the variation of sheet resistance nfightits origin in a substrate modification during
its processing itself. In other words, such anratien could arise from a change of the thicknddb®
silicon and/or of its doping concentration. The etheesistance being inversely proportional to the
thickness, a doubled value o§iRwould correspond to a thickness divided by twalsavariation seems
unlikely to happen. However, the dependence of ¢ the doping concentration being exponential, it

thus seems more likely that the actual doping caotnagons are lower than the expected one.
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References consisting of direct TiN/Ti and Ti catgato Si were measured using the TLM
technique. No silicidation process was performeerntionally on these reference layers. The resuéis

presented in Table IV-4.

Table 1V-4: Contact resistivities of the refereddBl/Ti/Si and Ti/Si contacts extracted using TLKistures.
Associated resistivity

Process

(108 Q .cm?)
p-Si n-Si
Reference TiN/Ti/Si 29 3.7
Reference TiN/Si 26 3.1

For each polarity of Si, the contact resistivitiaee nearly equivalent regardless of the
metallization in direct contact with the Si. Onlglégght improvement is observed on both p-Si arél n-
when using TiN (respectively -10% and -16% in teohgesistivity).

Considering the difference of ideal metal workfumetof Ti and TiN presented in sub-section
IV.3.3, it would have seemed logical to obtain r@éaincrease (resp. decrease) of the contactivtyist
on n-Si (resp. p-Si) when passing from Ti to TiMisTlack of variation seems to be consistent with a
strong FLP at the metal/Si interface, hence an stiroonstant effective metal workfunction regardless

of the metal.

Also from Table 1V-2, it appears that for both alétations the resistivity on n-Si is one order
of magnitude lower than that of p-Si. This effeghdind its origin in the difference of SBH for eteons
and for holes and/or in the difference of surfaoping concentration between the two polarities of
silicon. Indeed, an overly simple approximationgamed in Equation (IV-26) consists in linking the
contact resistivity, the SBH and the doping conaitn of surface Si by an exponential law.

chsz
Pe = PeoeXp[—2+] (IV-26)

Thus, if just considering the impact of doping camication and assuming the values of surface
doping concentrations obtained by the TCAD simalati(Figure 1V-13), 1.1x¥0 at.cm?for p-Si and

4.4x13° at.cm?for and n-Si, it seems legitimate to find a lowesistivity on n-Si than on p-Si.
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However, the FLP is also expected to generate faatefe workfunction closer to the valence
band than to the conduction bamtlghimura_2008 Therefore, now reasoning in terms of SBH, due to
FLP the barrier encountered by holes should berdwan that seen by electrons.

IV.4.1.c MIS contacts

Having no information on either the linearity ofetltontacts or on their resistivity, TLM
extractions have been attempted on all the conibimabf capping metals, dielectric insertions and S
polarities (n & p). The results are presented guFe 1V-17 for the combinations for which the TLM
extrapolation treatment was possible. The MS refsge correspond to thicknesses equal to zero.
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Figure IV-17: TLM extracted contact resistivity the function of the thickness ob®@4, HfO; and TiQ in the cases of Ti
and TiN metallizations.

% TiOz and HfO; insertions
Presenting similar behavior, the cases of;la@d HfQ are treated together. For these dielectrics,
only the case of a Ti metallization is commentettsiit appears that the resistivity extraction was

possible in the case of a direct TiN capping metal.
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The performance of the MIS contacts are found 8gmtly degraded compared to the MS ones
(thickness equal zero). As previously mentioned, ghbstrates used for the Hf@®Si and TiQ/p-Si
contacts fabrication feature higher sheet resistémat the ones used for the metal/p-Si refereficdse
I\V-3). Therefore, these substrates might have @ta@weping concentration than the reference oneseSi
the contact resistivity exponentially depends aa fihysical value, the significant difference betwe
the references and the HiP-Si and TiQ/p-Si contacts in terms of contact resistivity (e [V-17)
could patrtially find its origin in a difference dbping concentrations.

Besides, the performance of the contacts basedSimsgound significantly degraded compared
to the ones on n-Si. This seems consistent witlfietttethat Ti is used as capping metal. Being &ype-
metal, in case of FLP mitigation, contacts are etg@to be improved on n-Si and degraded on p-Si.
Moreover, as presented Figure IV-15, TiQ and HfQ feature much higher valence band offsets that
conduction ones. Thus, for a given insertion théds) the induced tunnel resistance is expected to b

much higher for holes than for electrons.

However for the same reasons, the observed degradditperformance on n-Si compared to the
reference was not foreseen and particularly incee of TiQ. Indeed, as presented in Figure IV-15,
TiO> features no conduction band offset to Si and thusot believed to induce a tunnel barrier for
electrons.

Even if the TiN/Ti/TiQ/Si stack has not been explicitly characterizedCimapter Ill, two
phenomena could provide a suitable explanationhisrunexpected high resistivity. On the one hand,
Yu et. al[Yu_2015% showed that even without performing annealingplementing a contact to n-Si
composed of a 1nm-thick ALD-deposited pi@ay lead to significant contact resistivity. Thlectrical
conductivity degradation was found despite a |&ige mitigation, resulting in a low SBH, and wasghu
attributed to a large CBO of the amorphous 2TiOn the other hand, still inYp_201% it was shown
that the oxygen of the insertion should reasondlfyse in Ti if directly contacted to the TiQayer. In
that case, the resulting contact can be assimikated MS interface presenting a metal with a highly
degraded conductivity.

For these Hf@and TiQ, no optimal MIS contact configuration was foundl @he resistivity of

each MS contact reference remains the lower one.
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L)

% AlbOs insertions

The case of AlDz-based MIS contacts presents a behavior far diffdrem the HfQ- and TiQ-
based ones. First, the performance of contacts®irdpes not feature the same significant degradati
Even more, an improvement is observed and the éeghédshaped curve is obtained with an optimal
theoretical thickness of 3.8 A for both TiN/Ti afiiN metallizations. A degradation is only obserwed

the case of n-Si substrates.

This observation appears inconsistent with theiainiexpectations. Indeed, Ti being
presumptively considered n-type and TiN p-type,rdsponse of the contact resistivity to the dielest
thickness increase would be complementary. In otherds, whereas contacts on p-Si would be
improved with TiN and degraded with Ti, contactsreBi would be degraded with TiN and improved
with Ti. However, in this work the tendency of thentact resistivity is the same regardless of the
metallization type.

This consideration may have two principal explamadi On the one hand, the ideal workfunction
of TiN was assumed to be around 4.8 eV meaningchusa p-type metal. As presented in sections
IV.3.3, this value is not a real consensus in tiatesof-the-art and discrepancy between the assumed
value and the effective one might be the origithefobserved electrical behavior. On the other hiénd
assuming that Ti is effectively n-type and TiN jp¢y such behavior could be explained by considering
that the dielectric does not mitigate the FLP bduices a FLP at another energy in the Si bandgahh S
a result has already been obtained.in [2013 when contact resistivity improvement was observed
n-Ge for both Ti and Pt. In this case, Pt is dasgsly a p-type metal with a high work function &dP
mitigation would lead to contact degradation onen-G

Finally, considering the valence and conductiorduaffsets of Figure IV-17, AD3z was expected
to feature a significant tunnel resistance for blotthes and electrons. Thus, contact degradation was

foreseen for both Si polarities regardless of tlekiunction attributed to the capping metal.

+*+ Optimal configurations

The optimal thicknesses corresponding to each auatibn are gathered in Table IV-5 along
with their associated contact resistivity. The Xt table indicates that the TLM extraction wa$ no
possible for the MIS combination. Besides, resisgis in blue were obtained with MIS contacts wiasre

the ones in red correspond to MS contacts.
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Table IV-5: Contact resistivities of the@®, HfO, and TiQ MIS contacts extracted using TLM structures.
Associated resistivity

Process Best configuration (A) (10°Q .cm?)
p-Si n-Si p-Si n-Si
TiN/Ti/Al ,O/Si 3.8 0 11 3.7
TiN/ALLO,/Si 3.8 0 9.5 3.1
TiN/Ti/HfO ,/Si 0 0 29 3.7
TiN/HfO,/Si X X X X
TiN/Ti/TiO ,/Si 0 0 29 3.7
TiN/TIO,/Si X X X X

To summarize this sub-section and as highlightethisytable, the main conclusion remains that
the ranking of the dielectrics in terms of indutexdnel resistance is far from expected. Indeed, &>
initially anticipated as the best candidate for Mt#itacts but actually results in the most ressttacks
of the study. This phenomenon seems to be attdiaotthe intermixing of elements occurring in the,{

Si, O} set and leading to the destruction of th@zlinsertion. On the contrary, an improvement on p-Si
was found when using 4Ds.

The TLM method, being based on the assumptiorthiegbrobed contact is linear, does not allow
probing all the implemented contacts. ThereforangiCBKR enable the characterization of the
nonlinear fabricated contacts. Moreover, for thetaots for which the TLM extraction was possibte, i
also enables a comparison of the figures obtaiydabth methods.

As presented in sub-section IV.2.3, the models tsétlthe data extracted by CBKR require the
knowledge of the sheet resistance of the underlgagmiconductor layer. Nevertheless, this structure
does not allow its evaluation. Therefore, the valieeind by TLM measurements and gathered in Table
IV-3 are here considered. Prior to treating all the doatlons of metals and dielectric and presenting
the associated results, a protocol was evaluated caference case. Indeed, several models being

available in the state-of the art, namely 0-D, addl 2-D, a first test was achieved on the TiN/cSie.
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The |-V characteristics of CBKR structures presemtiifferent contact sizes were extracted for

the case of TiN/n-Si. The I-Vs corresponding to lHrge semiconductor layer set are plotted in Fgur

IV-18.
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Figure IV-18: I-V characteristics of CBKR structgrpresenting different contact sizes for the cdseN/n-Si.

Using the I-V characteristics plotted in Figure 18; the resistance of the TiN/n-Si contact was
extracted as a function of the contact size. Fttivese extracted values with the CBKR models ptese
in sub-section 1V.2.3 would allow to obtain the remponding contact resistivity. Nevertheless, sdver
models being available, the data treatment waspeed in the other way around in order to discraten
the most effective one.

Indeed, since the TLM extraction was possible amdbntact, its contact resistivity and the sheet
resistance of the n-Si are known. Therefore, th&sevalues were used as inputs in the 0-D, 1-DZnd
D models and the resulting curves were compardatigexperimentally extractek. The overlay is
plotted in Figure 1V-19or the three models and for the experimental nreasent.
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Figure IV-19: CBKR resistance as a function of thatact length. The plot is an overlay of theg@nerated with the 0-
D, 1-D and 2-D models and the ones experimentadigsured.

It results from this figure that the 0-D and 1-Dadets are clearly not matching the experimental
data when assuming a contact resistivity equdiemhe obtained by TLM.

Using the 0-D model, no fit can be obtained evewing the input parameters over a wide range.
Indeed, this model cannot feature the differencevden the two sets of contacts presented in IV.3.4.

Concerning the 1-D model, a match is only obsefeedhe 0.75 pm and 6 pm contact lengths.
A global fit (not shown here) can be obtained vagyilrastically the inputs of contact resistivityde®i

sheet resistance. The values required to obtaapproximate match being considered unrealistis, thi
model was judged irrelevant.

Only the 2-D model allows an overall overlap witle &xperimental CBKR measurements when
using the values found in TLM. As one can see,ntla¢ch is particularly conclusive for the “narrow
semiconductor layer” set of contacts i.e. 0.35500155 and 0.75 pum long contacts and can be even
improved if using g@c equal to 3x18 Q.cm2.

For the large semiconductor set, a discrepancigssmwed at 1 and 2 um. Nevertheless, a perfect
match can be obtained if the contact resistivitpcseased by one order of magnitude i.e. consideai
pc equal to 3x10 Q.cm? as displayed in Figure 1V-20.
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Figure IV-20: CBKR resistance as a function of tbatact length. The plot is an overlay of theg@nerated with the
same 2-D model but presenting different contadgstiegty as input.

From the preliminary test performed on TiN/n-Siereince, only the 2-D model is considered as
reliable. By fitting this model separately on bdiie narrow and the large semiconductor layer dets o
CBKR structures, two resistivities can be assodiatéh the probed contact. A discrepancy of one

decade was found between these two values in feeafaliN/n-Si.

IV.4.2.b CBKR I-V characteristics generation

[-V characteristics were generated for all theat#ght combinations of dielectrics, capping metals
and Si polarities and for all the size of contabge to the large number of resulting curves,tal itV
characteristics are not presented here. However,résults obtained with the TiN/T¥#D-Si and
TIN/Ti/TiO2/n-Si are displayed in Figure 1V-21 for the sakéllastration.
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Figure 1V-21:CBKR-generated IV-characteristics i®7-based MIS contacts presenting (a) TiN/Ti and (b) T

metallizations.

It appears that withdrawing the Ti layer at theedircontact with Ti@leads to a swing from

Ohmic to Schottky behavior. This loss of lineargtyeasonably at the origin of the impossibilityptobe
the TiN/TiOx/n-Si contact using TLM. Similar observations candxtended to TiN/Tiglp-Si but also
to TiN/HfO2/n-Si and TiN/HfQ/p-Si.

In the following, contact resistances are extractethe CBKR-generated I-V characteristics for

all the combination of MS and MIS contacts and2He model is used to extract the contact resistivit
from it. As explained in the protocol test perfodnan the TiN/n-Si, this model is separately fittad

the large and the narrow sets and thus leads &xthaction of two resistivities per contact condtian.

+» Contacts presenting both TLM and CBKR extractions

A comparison between all the TLM and CBKR resisiiéd is achieved. Since the TLM method

is expected to extract a resistivity around zertsvior non-resistive contacts, the CBKR resistarme

© 2017 Tous droits réservés.

194

lilliad.univ-lille.fr



These de Julien Borrel, Lille 1, 2017

Chapter IV Electrical characterization of MIS coota

also extracted around zero to ensure a consistamparison. Both TiN/Ti/AlOs/p- & n-Si and
TiN/Al 203/p- & n-Si have been considered. However, sincé botmbinations feature almost the same
electrical behavior (Figure 1V-17), only contactshwTi are presented for the sake of clarity. Rissate
plotted in Figure IV-22.
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Figure IV-22: Contact resistivity of TiN/Ti/ADs/p- & n-Si extracted around zero using TLM and 2aDdel CBKR
(narrow and large sets).

From this figure, it results that the CBKR-extrattesistivities follow the same trend as the
TLM-extracted ones. However, values extracted ftioenarrow set are found below the TLM-extracted

ones whereas values extracted from the large sdband above them.

A similar protocol was applied to TiN/Ti/Hfp- & n-Si contacts and the results are reported in
Figure 1V-23.
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Figure 1V-23: Contact resistivity of TiN/Ti/H#p- & n-Si extracted around zero using TLM and 2aDdel CBKR
(narrow and large sets).

Similar observations than that of thex®¢-based contacts can be made on ones based an HfO
The CBKR-extracted resistivities present the saefeabior than that of the TLM-extracted ones and
surround them.

The position of the TLM-extracted resistivitiesatdlely to the ones extracted with the narrow
and large CBKR sets seems to vary with the magaitafl the resistivity. For example, in the
TiN/Ti/HfO 2/p-Si case, the TLM-extracted resistivities appeaser to the large CBKR set extracted
ones whereas they are closer to the narrow sedatett ones in the TiN/Ti/Hfén-Si case. Therefore,

additional calculations were performed to check trend.

To measure the relative position of the differesistivities, a coefficient notedcan be defined
by Equation (IV-27)

_ log(p™™) —log(ps " "™

= IvV-27
log(pT7*h) — log (o) (v=27)
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wherepltM  pCBERM andpCBKRL are the contact resistivities respectively exedavith the TLM, the

narrow set of CBKR and the large set of CBKR.

To graphically visualize the variation of tle parameter, the case of TiN/Tik&k/n-Si is

represented in Figure IV-24.
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Figure IV-24: Contact resistivity of TiN/Ti/ADs/ n-Si extracted around zero using TLM and 2-D mh@EBXKR (narrow
and large sets).

As illustrated in this figure, the numerator of BEtjon (IV-27) represents the distance between
the resistivity extracted by TLM with the one exted by the narrow set of CBKR and the denominator
represents the distance between the resistivitpetetd by the large set of CBKR with the one exé@ac
by the narrow set of CBKR.
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Thus, taking this convention, is a parameter comprised in the [0 ; 1] interifakr is close to O,
the resistivity extracted by TLM is close to theeaxtracted by the narrow set of CBKRulfs close to

1, the resistivity extracted by TLM is close to thee extracted by the large set of CBKR.

In order to verify the previously intuited trend.ia correlation between the relative positions of
the TLM-extracted resistivities with the magnitudiethe resistivity, thex parameter is plotted as a

function of the TLM-extracted resistivities in FigulV-25 for all the MS and MIS combinations.
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Figure IV-25:a parameter as a function of the TLM-extracted tésiges for all the MS and MIS combinations.

From this plot, it appears that threparameter indeed varies with the magnitude ofctirgact

resistivity and seems to follow a linear trend wipéstted in a semi-log scale.

As mentioned previously, the 2-D model was seerginghsidered as the only reliable model to
fit the data extracted by CBKR. A significant disgancy was observed when fitting the large
semiconductor layer set and the narrow one. By eoim@ these value with the TLM-extracted resisjivit
and studying the parameter, it results that whereas the narrowf$eBKR turns out to be more suitable

to probe low contact resistivities, the large oeerss more accurate for the high contact resigsuiti
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The final protocol consists in:

- giving the priority to the TLM measurement whée tinearity of the contact allows it;

- extracting the resistivities around zero usif@BKR measurement if the probed contact is not linea
- choosing between the narrow and large set ertlaessistivities according more trust to the forimher
the magnitude of the contact resistivity is beld ©.cm? or to the latter if the resistivity magnituide

above 16 Q.cmz2.

7

+» Contacts only presenting CBKR extractions

In view of the previous section, a fitting of thBKR data is attempted on the contacts for which
the TLM extraction was not fruitful, namely, TiN/G#/n & p-Si and TiIN/TiQ/ n & p-Si. Having no
preconceived idea on the magnitude of the redigtofithese contacts, both the narrow and large et

CBKR were used. However, no extraction was expartaily possible with the narrow one.

The results of TiN/Hf@ n- & p-Si are displayed in Figure 1V-26.
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Figure IV-26: Contact resistivity of TiN/Tip- & n-Si extracted around zero using 2-D modeK&glarge set).

A significant degradation of the contact resisyivétobserved for both TiN/Tig&p- & n-Si stacks.
This high magnitude might explain the impossibilibyprobe the narrow set of CBKR. In this set, the
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contact areas being ultra-small, the resultingadnesistance is dramatically high and the setammot
even measure the signal. For example for a 35@nmdontact, its area is 0.1225 pm? and the agsdcia
resistance is thus around*4Q in the case of the TiN/Tig p-Si.

This degradation can seemingly be attributed tddhraation of a Si@layer. Indeed, as observed
in Chapter Ill, an important elements intermixirgeors in the samples initially meant to preseni@y T
insertion. In TiN/TiQ/Si stacks, although the absence of Ti as cappyeriwas expected to bring

stability, the vicinity of the Ti@layer with the Si leads to an important oxygen pung by the latter.

Besides, the behavior of the resistivity as a fimcof the theoretical insertion thickness is not
straightforward. In the TiN/Tign-Si case, the U-shaped curve is observed deSmtdigh contact
resistivity range. If the global electrical trangpproperties are driven by an important Si@growth
inducing dramatic degradations, it seems impossiaéethe FLP mitigation might lead to a noticeable
improvement.

Additionally, in the TiN/TiQ/p-Si case, when plotting the contact resistivigyagunction of the
theoretical insertion thickness, a bell-curve isefved. This type of curve being not predictedHwy t
MIGS theory, a dedicated section is devoted toeffesct in section 1V.5.2.

As plotted in Figure IV-26, similar degradation wadso obtained on TiN/Hf¢d n- & p-Si.
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Figure IV-27: Contact resistivity of TiN/TUp- & n-Si extracted around zero using 2-D modeK®&g(large set).
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Chapter 1V Electrical characterization of MIS coata

Nevertheless, due to an issue during the procefdbatation of these samples, only two HfO
thicknesses are available.
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In Figure IV-18, it is worth noting that whereastbias applied on the whole structure was
comprised between -1.2 and 1.2 V, the range of unedsbias is only between -0.06 and 0.06 V. If
considering the top view of the CBKR structure igufe 1V-28, this significant voltage drop can be

attributed to the resistance of the semiconduatandh 2.

1

met § CD Vapp

’ \\LL——<—«/»—

3

Figure 1V-28: Top view of the CBKR structure.

Indeed, even if the contribution of branch 2 is matasured when using the CBKR convention
(measurement between 4 and 3), it is still involirethe current injection path. In a case of a aont

presenting a low resistivity, Equations (I1V-28) giid-29) can be obtained.

Vapp =~ Rsi X Lapp (IV-28)
Vines = Ry X Iapp (IV-29)

Thus the lower the contact resistivity of the pmlzentact, the higher the injected current, the
higher the voltage drop occurring in the semicomolubranch 2 and then the lower the range of the
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Chapter 1V Electrical characterization of MIS coota

measured bias. One of the initial purposes of uUSIBER is to obtain the full I-V characteristics thie
contact on an extended range in order to visualingpothetical non-linearity and/or a non-symmetry.

One can see that this seems not achievable dhestparasitic substrate resistance.

IV.5.2 The TiN/TiO,/Si case

As discussed previously, the behavior of the TibLIBI contact resistivity as a function of the
theoretical insertion thickness is not straightfarsk In order to underline this trend, the nornediz

contact resistivity is considered in Figure 1V-29.
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Figure 1V-29: Contact resistivity of TiN/Th- & p-Si as a function of the dielectric insertio

While the n-Si based contact resistivity featuretaasical U-shaped curve, the one based on p-
Si follows a bell-shaped curve when increasing diedectric insertion thickness. Although such a
dependence has seldom been reported in the paggrsiesults can be found iRy 2012 In this
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study, considering Hf©@and TiQ based contacts, bell-shaped curves were obtaihed wtroducing

bulk charges in the dielectric inserted betweerypp metal and n-Ge.

In the simulation module used to evaluate the Hufegented in Chapter II), its intensity is
calculated using an interface charge model injtigikveloped in Monch_199Q Basically the link
between the slope parame$snd the charges is described by Equation (1V-30).

_ d(p;lff _ €sc
- dP, e +q%5D;

(IV-30)
where qb,ff T is the effective metal workfunctiom,, is the ideal oneg,. is the permittivity of the

considered semiconductor (here Si) @pdis the density of the interface charge.

So far the interface charges were attributed soteMIGS without considering any fixed charge
induced by defects also called Defects Induced Sapes (DIGS). Nevertheless this type of model
cannot predict the results obtained in Figure IVa28 particularly the bell-shaped curve.

As presented in Equation (IV-31), using analytismhulation, charges were introduced at the

interface between the dielectric and the subsimabeder to account for the DIGS contribution.

ES c

S =
Esc T qZS(DMIGS + Dpgs)

(IV-31)

A notional case was studied considering a megdilbn presenting an ideal workfunction of 4
eV. The variation of the effective workfunction a$unction of the dielectric thickness was genetate
for different interface charge densities. In Figlwe30, the effective metal workfunction normalizey
its value without dielectric insertion, and thusmete FLP, is plotted as a function of the dielect
thickness for the different DIGS density.
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Chapter IV Electrical characterization of MIS coota

= = |deal MIGS attenuation model
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Figure 1V-30: Effective metal workfunction as adtian of the dielectric insertion considering varoDIGS density at
the semiconductor/dielectric interface.

Regardless of the DIGS density, the metal alwagdsstrom a complete FLP state for ultra-low
dielectric thicknesses. One can see that for lo@®densities, the variation of the effective metal
workfunction is close to the trend predicted bydeal MIGS attenuation model (dashed line). Then fo
a thick enough dielectric, the FLP is totally métigd, the effective workfunction tends towardsitieal
one (4 eV) making such a contact suitable for retgp

Nevertheless, when the parasitic gap states arendted by the DIGS rather than the MIGS, one
can see that after a first decrease of the effeatietal workfunction a relapse is observed. When
considering a negligible tunneling resistance & 10O, layer, such a variation would lead to a bell-
shaped curve for p-type substrates and thus compldia the experimental results of Figure 1V-29.

It seems that the contribution of DIGS and MIGSthe Fermi level pinning has still to be
investigated since the ideal MIGS model attenudtda to explain particular trends like the bétlaped

curve.
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In Chapter 1V, dielectrics insertions for MIS coctis are studied through the prism of their
electrical properties.

Transmission Line Model and Cross Bridge KelviniRies measurements are performed in order
to probe MS and MIS contacts. Aiming at probingetiént type of dielectrics, ADs3, HfO, and TiQ
are implemented. As presented in Chapter Il, baseitheoretical band offsets considerations, whereas
Al203 and HfQ are expected to generate significant tunnel resistéor both holes and electrons, TiO
seems to be a suitable candidate for MIS applicatitiowever, Chapter Ill shows that important
redistributions of elements might occur in the d¢desed stack and thus that the electrical reswltgdc
be far from expected.

In this context, direct electrical characterizatiaran be considered as the ultimate criterion to
evaluate an insertion efficacy. First, all the sjaort properties are evaluated without assuming any
theoretical physical parameters such as the bdsdtsfof the dielectrics. Moreover, measuremerds ar
performed on structures presenting processing @nt similar to the ones one would encounter when
implementing these contacts on a device. Theretbeeresulting MIS contacts, submitted to parasitic
effects such as substrate re-oxidation or metauded scavenging, closely reflect the expected

performance when defining these contacts durindSMET fabrication flow.

In this work, it is found that the parasitic phereara such as substrate re-oxidation or insertion
degradation lead to a significant discrepancy betwibe expected performance of a contact and the on
it actually presents.

Although TiQeis a priori a promising dielectrics, it is found that conthased on this dielectric
feature poor properties regardless of the metéltiza In the case of TiN/Ti metallization, the
degradation is attributed to the dilution of thggen in the 30 nm thick TMu_201%. In the TiN/TiG:/Si
contacts, an even higher contact conductivity l@sgeis observed. As presented in Chapter Ill, the
insertion stability expected with the withdrawaltb& Ti capping metal is actually not achieved. The
tremendous degradation can thus be attributedetdattmation of a SiQlayer to the detriment of the
TiOz one.

In terms of electrical properties, the:8k is eventually found to be the dielectric presemtime
best results. An effective gain compared to ther®fSrence is obtained on p-Si achievrg9.5x10°

Q.cmz2,
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The electrical results also raise unanswered dauestiFirst, when characterizing8k-based
contacts, the behaviors of the contact resistwitie a function of the dielectric thickness arerlgea
equivalent regardless of the metallization in dicntact with the Si. Considering the differenteleal
metal workfunction of Ti and TiN presented in suztson IV.3.3, it would have seemed logical to abta
a large increase (resp. decrease) of the contsistivity on n-Si (resp. p-Si) when passing fromtdi
TiN when mitigating the FLP. Such behavior couldesglained by considering that the dielectric does
not alleviate the FLP but induces a FLP at anothagére Lin_2013.

Additionally, when characterizing Tibased contacts to p-Si, a bell-shaped curve isrobd
when plotting the contact resistivity as a functafnthe dielectric insertion thickness. Althougttisu
dependence has seldom been reported in the pasarsiesults can be found ifRpy_ 2012 Such
behavior being not predicted by the classical Mi@&lel can however be obtained by simulation when
introducing DIGS at the dielectric/Si interface.

Therefore it seems that the contributions of DIG8 MIGS to the Fermi level pinning have still

to be investigated as well as the mechanisms aoguluring FLP mitigation.
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As a consequence of the MOSFET miniaturizationdrélowed by the industry, parasitic
elements are becoming prevalent. In this framewadkicing the contact resistivity appears essetatial
maintain future nodes performance. NeverthelessmiFéevel Pinning (FLP) occurring at the
metal/semiconductor interface hinders a propernapétion of its electrical properties and leads to
significant contact resistivity. According to reteatademic research, Metal/Insulator/Semiconductor
(MIS) contacts have emerged as potential candidatesnisure the reduction of access resistance for

future nodes.

So far, most of the MIS contacts studies were peréd in a non-industrial environment and
were more aiming at a proof of concept rather timyplementing MIS or MIIS contacts in existing
manufactured products with all their fabricatiomswaints.

Consequently, no attention had been so far dedicatéhe efficiency of the dielectric insertion
as a function of the doping concentration of thdragsed semiconductor. Studies based on relatively
lowly doped substrates exhibit high dielectric miea efficacy whereas doping concentration needs t
be high in most of the manufactured products.

Additionally, when processing wafers containingtbbMOS and PMOS, contacts to n- and p-
type semiconductor have to be made. Thereforedh#i@n selected to address the contact resistivity
reduction should be fit for both polarities of stthte while preferably not leading to a substantial
increase of process complexity. However, most efstindies presented in the state-of-the-art focased
unipolar contacts optimization with no particulasight on co-integration.

Finally, all the studies were performed so fathia static regime while it seems to be relevant for
digital applications to evaluate the impact on tidependent MOSFET performance when using MIS

contacts.

Therefore, the work of this thesis consists in:
* Analyzing the optimal co-integration scheme of Mt®ntacts on n- and p-type
semiconductors presenting relatively high dopingcemtration.
» Evaluating the impact such contacts have on advbNE@SFETS nodes.
* Implementing a MIS contact module in an indusiiasemi-industrial environment using
materials commonly found in advanced microelect®ni

» Gauging the effective electrical properties of Mishtacts.
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In Chapter II, the study of the MIS contacts effezimpact on aggressively scaled transistor DC
and AC performance is carried out. Performing 1rBlgical modeling of MS and MIS, it is shown that
no optimal single-insertion single-metallization-iotegration on n- & p-Si can be found. This issue
arises from two main origins.

On the one hand, the basic idea of using MIS costasing to mitigate the Fermi level pinning,
the effective metal work function tends to the id@ze. Then, in order to induce a low Schottky iearr
height on n- and p-Si respectively, the chosen liretion has to be an n- and p-metal respectively.
Therefore a single-metallization scheme cannotdmesidered in order to address simultaneously both
polarities.

On the other hand, the tunneling resistance indioged given dielectric is not the same for
electrons and holes. While the resistance seehéfotmer is proportional to the dielectric condmat
band offset to Si, the one seen by the lattemigelil to the valence band offset. Considering digtec
properties from the state-of-the-art, it seemspuassible to find an insertion inducing a low turing!
resistance for both types of carriers. Even mocejnsertion is identified in this work as a suitbl
candidate to improve contact on p-Si. Finally th&roal configuration is found to be a dual-“inserti
(respectively low CBO insertion and no insertiomdaa dual-metallization (respectively n- and p-
metals). Based on the generated |-V characterjgtics configuration would be Zr/T#h-Si and Pt/p-
Si.

Evaluating the impact of MS and MIS contacts onM@SFETs DC performance, the optimal
contact on p-Si is found to be roughly performibge ideal 1§ 2.cm2 ohmic contact while the optimal
MIS junctions on n-type Si is equivalent to a’X0.cm2 ohmic contact.

Finally, it is highlighted that the shunt capacitoduced by a dielectric insertion on the
conduction path has a significant impact on timpestelent performance, allowing an extra improvement

beyond the 18 Q.cm? ideal case.

A simulation strategy is presented as a first apgndo screen the potential candidates for MIS
contacts application from a theoretical point oéwi Whereas using modeling allows to gather
fundamental understanding of such contacts, DCARDGPICE simulations enable to link stand-alone
contact I-V characteristics with their impact on BEETs performance. Nevertheless, modeling and

simulations are based on assumptions and hypothdsels can be overly simplistic.
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In Chapter lll, it appears that stable ultra-thielectric insertions are not easily achieved.

Working with the classical metallization used i t#C chips manufacturing industry, namely
WI/TIN/Ti, the presence of Ti at the vicinity of tliéelectric insertion leads to its degradatiornugfng
Al203 and TiQ). Additionally, as demonstrated in Chapter llpider to enhance the performance of the
MIS contacts, the polarity of the metal should rhdtee one of the substrate. Thus in order to addres
type Si, metal with a workfunction even lower ththat of the Ti should be chosen (in Chapter IljZr
used for the simulations). Known to be reactiveshsmetals might lead to a higher degradation of the
dielectric.

Moreover, such a scavenging effect is enhancednlyysabsequent thermal budget. In a full
CMOS process, the wafers undergone the steps egkfoifabricate the metal interconnects. Thesesstep
are typically performed around 400°C. Then a MI&taot dedicated to CMOS industry should be
unaltered by such thermal budget. In this work,deposition of W is performed at 440°C and is found
high enough to enhance the elements redistribtiimugh the stacks.

Finally, as presented in the preliminary study bDased dielectrics, a regrowth of the substrate
oxide seems unavoidable when working at 300°C drpassivated surface. This layer has undoubtedly
a significant impact on the electrical transpo ahould be tackled.

In Chapter 1V, dielectrics insertions for MIS coctis are studied through the prism of their
measured electrical properties.

Transmission Line Model and Cross Bridge Kelvin iBes measurements are implemented in
order to probe MS and MIS contacts. Aiming at pngbdifferent type of dielectrics, &Ds, HfO> and
TiO2 are implemented. As presented in Chapter Il, basetheoretical band offsets considerations,
whereas AIO3 and HfQ are expected to generate significant tunnel resistdor both holes and
electrons, TiQ@seems to be a suitable candidate for MIS applisatiblowever, Chapter Il showed that
important redistributions of elements might ocauthe considered stacks and thus that the eldctrica
results could be far from expected.

Therefore, direct electrical characterizations lbarconsidered as the ultimate figure of merit to

evaluate an insertion efficacy. First, all the sjaort properties are evaluated without assuming any
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theoretical physical parameters such as the bdsdtsfof the dielectrics. Moreover, the measurement
are performed on structures presenting processedramts similar to the ones one would encounter
when implementing these contacts on a device. Térerehe resulting MIS contacts, having undergone
parasitic effects such as substrate re-oxidationrmetal induced scavenging, closely reflect the

performance expected when defining these contacisgla MOSFET fabrication flow.

In this work, it is found that the parasitic phereara such as substrate re-oxidation or insertion
degradation lead to a significant discrepancy betwthe expected performance of a contact and its
effective one.

Although TiG; seemsa priori a promising dielectrics, it is found that contabtsed on this
dielectric feature poor properties regardless efrtietallization. In the case of TiN/Ti metallizatjghe
degradation is attributed to the dilution of thanCthe overlaying Ti. In the TiN/Tie)Si contacts, an
even higher contact conductivity lessening is olesgrAs presented in Chapter lll, the insertiobisity
expected with the withdrawal of the Ti capping rhataactually not achieved. The tremendous
degradation can thus be attributed to the formaifaa SiQ layer to the detriment of the Ti@ne.

In terms of electrical properties, the28% is eventually found to be the dielectric presemtime
best results. An effective gain compared to ther®fSrence is obtained on p-Si achievimg9.5x108

Q.cm2,

From this work, it appears that MIS contact paradigight not be the best candidate to address
the contact resistance issue occurring in adva@®@S technology. Due to the high level of dopants
activation required in this field, the actual eiéiscy of such contacts is far from the initiallypexted
one. Thus, remaining of great interest, MIS comtatiould be considered for other types of substrate
and/or other types of applications. From this pecsipe, the impact of such contacts should be exadhi
in the framework of contact engineering kawly doped substrates such as 111-V materials or Ge
typically presenting a doping concertation belovd @R at.cm® when using conventional techniques
[Lind_20164, [Hsu_2016. Besides, as presented in Chapter Il, MIS costatto present a shunt
capacitor inducing an extra reduction of their iaigoece when used in the AC regime. Thus, the impact
of using MIS contacts should also be examined enfthmework ofCM OS for high radio frequency

applications.
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However, even if redefining a more suitable fiefdapplication, some issues still have to be
addressed in order to make the use of MIS contaatstic.

First, it seems that the contributions of DIGS ati&GS to the Fermi level pinning have still to
be investigated as well as the mechanisms occudanigg FLP mitigation. Indeed, the comparison of
the actual electric behavior of the probed contadtls their expected one raises some yet unanswered
questions. When characterizing@®b-based contacts, the resistivity as a functionhef dielectric
thickness is nearly independent from the metalbratype in direct contact with Si. Considering the
difference of ideal metal workfunction of Ti andNTiit would have seemed logical to obtain a large
increase (resp. decrease) of the contact resjsowvitn-Si (resp. p-Si) when passing form Ti to &hd
mitigating the FLP. Such behavior could be expldity considering thathe dielectric does not
mitigate the FLP but induces a FLP at a different energy value. Additionally, when characterizing
TiO2-based contacts to p-Si, a bell-shaped curve isrebd when plotting the contact resistivity as a
function of the dielectric insertion thickness. dtigh such behavior is no predicted by the claksica
MIGS model, similar results can be obtained by $athon when introducin@l GS at the dielectric/S
interface.

Finally, the simulation methodology developed irater 1l underlines theecessity of insertion
bandgap engineering in order to implement dielectrics presenting lowrtel barrier for current carriers.
Since considering conventional dielectrics of theesof-the-art does not enable finding any suéabl
candidate for p-type semiconductor, a special attershould be paid to develop insertion featutow
valence band offset to the considered substraten finis perspectiveypes of materials emerging in
the CM OSfield, such as 2-D materials, should beinvestigated asinsertionsfor MIS contacts.
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